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Several identified interneurons in the cricket cercal afferent sys-
tem display directional sensitivity to wind stimuli: the spike
frequency of these cells depends on the wind direction with re-
spect to the animal’s body. Factors determining the directional
sensitivity of one of these identified interneurons (interneuron
10-3) were studied in detail. This cell has 3 dendritic branches
that arborize in 3 distinct regions of the terminal abdeminal
ganglion. Using 2 independent methods, it was demonstrated
that the dendrites have different receptive fields to wind stimuli.
First, small patches of filiform hairs, whose aflferents projected
to individual dendrites, were isolated and selectively stimulated.
In each case the response of the cell matched the receptive field
of the afferents in the patch. Second, a laser beam directed
through the stereo dissecting microscope was used to photo-
inactivate small portions of the cell in situ during intracellular
recording. By isolating or ablating individual dendrites, the con-
tributions of each of the 3 dendrites to the overall receptive field
were assessed. Although the receptive field of the whole cell
could be predicted by a summation of the receptive fields of all
3 dendrites, the precise directional sensitivity of the cell could
not be predicted by a simple linear summation of the receptive
fields of each dendrite. Two factors were found to account for
this nonlinearity of summation. The first factor was polysynap-
tic inhibition from other interneurons within the terminal ab-
dominal ganglion. Wind directions that activate inhibition in
interneuron 10-3 were identified, and the specific classes of fili-
form afferents that activate the inhibitory pathway were deter-
mined. The net effect of the inhibition was to “sharpen” the
directional sensitivity of 10-3 by selectively decreasing the cell’s
response to specific excitatory inputs. The second factor that
contributed to directional sensitivity was the complex electro-
anatomy of the interneuron. The probable location of the spike-
initiating zone (SIZ) was determined by using the laser photo-
inactivation technique. The relative efficacies of synaptic inputs
onto the 3 different branches were then interpreted with respect
to their different electrotonic distances from the SIZ. On the
basis of the data obtained in this report, we present a qualitative
model for the basis of directional sensitivity in this cell.

The relationship between the structural and functional prop-
erties of neurons has long interested theoretical and experimen-
tal neurobiologists. In very few instances, however, has it been
possible to test directly how the distribution of excitatory and
inhibitory inputs to different dendritic regions of a cell results
in an integrated output that is relevant to the behavior of the
animal. These anatomical relationships are of special interest
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in sensory systems where primary sensory neurons form a *‘to-
pographic map” of their receptive fields within the CNS. For
example, visual space, auditory space, and body representation
are all “mapped” onto the CNS with specific coordinate systems,
In the cricket cercal afferent system, wind direction with respect
to the animal’s body is mapped functionally in the terminal
abdominal ganglion. The function of the sensory interneurons
in all these systems is to “interpret” these maps of sensory space.
This functional interpretation is dependent on neuronal struc-
ture at 2 different levels. At a “macroscopic” level, the number
and position of a neuron’s dendritic branches determine the
afferent inputs it receives. At a more microscopic level, the fine
structure of the individual dendritic branches determines how
synaptic inputs and endogenously generated currents are inte-
grated and transformed into the signals the neuron transmits to
other cells. The focus of the work presented here is the exam-
ination of the structure/function relationships of an identified
wind-sensitive sensory interneuron in the cricket CNS.

The primary afferent input to this interneuron is from sensory
neurons associated with filiform hairs on the cerci (Edwards and
Palka, 1974) located at the end of the abdomen of the cricket.
Each filiform hair is innervated by a single sensory neuron
(Gnatzy and Tautz, 1980) that fires a burst of action potentials
when the hair is deflected in its socket (Palka et al., 1977; Tobias
and Murphey, 1979). The afferents have been divided into 4
groups based on their directional sensitivity, and each class of
sensory afferent terminates in a different region of the cercal
glomerulus in the terminal ganglion (Bacon and Murphey, 1984).
By focusing on these 4 main afferent classes, the cercal glomer-
ulus can be represented as being divided into functionally dis-
tinct regions representing 4 different wind directions (Bacon and
Murphey, 1984). There is good evidence that the sensory affer-
ents provide monosynaptic excitatory input to the wind-sensi-
tive interneurons (Bacon and Murphey, 1984; Callecetal., 1971;
Shepherd and Murphey, in press).

The spatial organization of the afferent terminals has impor-
tant functional consequences for the wind-sensitive interneu-
rons. An interneuron with dendrites located in one or more of
the neuropil regions could receive input from afferents sensitive
to those respective wind directions, the sum of which would
then represent the “receptive field” of the interneuron. This
model was first tested by Bacon and Murphey (1984) and good
qualitative agreement was obtained between the receptive fields
of the interneurons and the anatomical predictions. However,
it is important to distinguish between the overall receptive field
of a neuron and its precise “directional sensitivity,” which is
its differential responsiveness to wind stimuli from different
directions within its receptive field. Although the model of Ba-
con and Murphey (1984) adequately accounts for the receptive
fields of some of the identified interneurons, it cannot explain
why an interneuron is much more responsive to a narrow range
of wind orientations within its broad receptive field (Jacobs and
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Miller, 1985). The experiments described in this paper were
designed to elucidate the mechanisms by which the precise di-
rectional sensitivity of one particular interneuron results from
the integration and transformation of synaptic inputs from dif-
ferent regions of its receptive field. Two factors significantly
influence the integration of excitatory inputs within the cell.
First, inhibitory inputs have been shown to “sharpen” the di-
rectional sensitivity of the cell (Levine and Murphey, 1980a, b).
The inhibitory pathway has been shown to be polysynaptic,
on the basis of the long and variable latency of the IPSP (Levine
and Murphey, 1980b). In these earlier studies, however, sound
stimuli were used to stimulate the afferents. Unlike wind, sound
is bidirectional and can only distinguish between 2 of the 4
classes of afferents. This has led to some misconceptions re-
garding the source of both excitatory and inhibitory inputs to
the interneuron. In this report, we present the results of exper-
iments using wind, a unidirectional stimulus, to activate the
afferents, These experiments characterize the orientations from
which wind stimuli activate inhibitory inputs, and demonstrate
how these inhibitory inputs affect directional sensitivity.

A second factor that contributes to synaptic integration in the
interneuron is its “electroanatomy.” The efficacy with which a
particular synaptic input can influence the output of a neuron
is determined by the attenuation of the PSP between the input
and the spike-initiating zone (SIZ). The location of the SIZ in
interneuron 10-3, and the location of the 3 different input
branches with respect to it, are therefore very important deter-
minants of the cell’s directional sensitivity. Using the laser pho-
toinactivation technique to produce lesions at specific sites along
the major neurite of 10-3, we have located the probable SIZ of
this cell. On the basis of this knowledge, the relationship between
the activity recorded in the cell body and the spiking output
from the SIZ is explained, and a qualitative model of the cellular
basis of directional sensitivity is presented. Preliminary reports
of portions of this work have been presented elsewhere (Jacobs
and Miller, 1985; Miller and Jacobs, 1984).

Materials and Methods

Experiments were performed on adult female crickets, Acheta domes-
ticus, 3-24 hr after their final molt. Each cricket was mounted on a
Sylgard block that was glued to a Plexiglas platform. Calibrated air-
streams were delivered to the cerci of the cricket through a laminar flow
nozzle. House air was supplied to the nozzle through a pressure regu-
lator, and controlled with a solenoid-driven valve. For each experiment,
the pressure was adjusted while the filiform hairs were observed through
the dissecting microscope, and was set to a level that caused an im-
mediate, stable deflection of the hairs, with no observable rebound or
vibration. In control experiments (n = 5, data not shown), at least 3
different directional plots were recorded from the same cell, each pro-
duced using a different pressure. The pressures were one-half, one, and
two times the pressure used in subsequent experiments. For these dif-
ferent plots, although the absolute values of the responses at any par-
ticular location varied with wind velocity, the normalized polar plots
showed no significant variability. The nozzle was mounted on a free-
standing carousel that could be rotated around the cricket 360 degrees
in the horizontal plane. To measure the directional sensitivity of the
interneuron, recordings were obtained in response to wind puffs at 11
positions at 30° intervals around the animal. The nozzle was aligned
with a protractor affixed to the platform to support the cricket in order
to insure consistency in stimulus orientation. The recorded response of
the neuron to a given stimulus was quantified by measuring the area
under the waveform directly from a Nicolet digital oscilloscope, using
a standard program. Both inhibitory and excitatory responses could be
measured in this way. Each directional sensitivity measurement was
repeated at least 3 times in all experiments.

Intracellular recording

For routine intracellular recording, the terminal ganglion was exposed
(Matsumoto and Murphey, 1977) and stabilized in the body cavity with
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a small steel platform, and bathed in physiological saline (O’Shea and
Adams, 1981). Microelectrodes were filled with 2 M potassium acetate
and had resistances between 20-40 MQ. For photoinactivation exper-
iments, the tips of electrodes were filled with 3% 6-carboxyfluorescein
(Kodak) in distilled water and the shanks filled with 2 M potassium
acetate. These electrodes were beveled to a resistance of 40-60 MQ. The
electrodes in all experiments were coated with silver paint to within 1
mm of the tip. The silver paint was connected to the driven shield in
the headstage of the amplifier. For most experiments, signals were re-
corded with a Getting amplifier, displayed on a Nicolet digital oscil-
loscope and stored on floppy disks. For photoinactivation experiments,
a single electrode voltage clamp (SEC) was used in current clamp mode
for injecting current and recording voltage simultaneously. This was
used to determine the current-voltage relationship of the cell and to
determine the apparent reversal potential for synaptic potentials.

Anatomy

The interneurons were injected with 100 mm hexaminocobaltic chloride
(Scientific Products) by applying constant +3 nA current for 10 min.
The preparation was stored at 4°C for 1 hr to allow diffusion, and
processed for silver intensification of cobalt (Bacon and Altman, 1977;
Murphey et al., 1980). Wholemounts were mounted in a mixture of
Canada balsam and xylene and drawn at 400 x with a camera lucida
affixed to a Zeiss microscope. The stereo pair photograph was made
using the technique of Tieman et al. (in press).

Photoinactivation of individual dendrites

The technique used in these experiments was a modification of the one
developed by Miller and Selverston (1979) for killing whole cells in the
stomatogastric ganglion and is described in detail elsewhere (Jacobs and
Miller, 1985; Kater et al., 1986). The light source wasa 10 mW helium—~
cadmium laser (Liconix) directed through the optics of a stereo dis-
secting microscope (Wild M5APO) using a specially designed epifluo-
rescence attachment. The microbeam could be focused to a spot ap-
proximately 30 um in diameter. The laser microscope was mounted on
a platform that could be moved independently of the preparation so
that the microbeam could be moved to any region of the ganglion, and
thus localized to any part of a dye-filled neuron. The beam was aligned
with a graticule in the eyepiece of the microscope and thus could be
positioned to the appropriate location on the preparation without ac-
tually illuminating the cell.

The photoinactivation procedure was as follows: Signals were re-
corded with a SEC in current clamp mode at a cycle frequency of 2-3
kHz. The headstage of the SEC was constantly monitored with a ded-
icated oscilloscope to insure critical capacitive compensation. First,
fluorescein was injected iontophoretically, using a steady —3 nA current
for approximately 5 min, or until the cell body appeared yellow/green.
The preparation was shielded from room light to protect against non-
specific photoinactivation damage. Then the current/voltage (I/V) re-
lationship was measured using the hyperpolarizing half-cycle of a 0.25
Hz sine wave (—2 nA maximum amplitude) from a waveform generator.
Responses to wind stimuli from 11 different directions were then re-
corded. Next, a single dendrite was illuminated with the laser, using
multiple exposures 1-2 sec in duration. If the cell was illuminated for
a period longer than 5 sec, it would begin spiking rapidly, the spikes
would broaden, and the cell would steadily depolarize to ground, in-
dicating irreversible damage to the entire cell. This was a frequent cause
of failure in these experiments. The success rate was approximately 1
in 10 attempts. By using short periods of illumination and monitoring
the spontaneous activity of the cell, the photoinactivation could be
limited to a specific region without damaging the rest of the cell. In
most experiments, the cell depolarized as much as 5 mV 1 to 2 min
after the illumination, but repolarized within 15 min. After the cell
stabilized, a second I/V measurement was taken to check for nonspecific
damage. If the input resistance was decreased with respect to the pre-
illumination control, indicating a current shunt, the results were dis-
carded. The criteria used to determine acceptable data were (1) an
increase in input resistance to a new stable value after the photoinac-
tivation and (2) no apparent change in the resting membrane potential
at the end of the experiment.

All experiments reported in this work were repeated at least 3 times,
with similar results.
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Figure 1. Interneuron 10-3. Stereo-
micrograph of a wholemount prepa-
ration stained with hexaminocobaltic
chloride and silver-intensified. Each
of the 3 distinct dendritic regions has
been labeled X, Y, or Z. (Stereogram
was prepared by Dr. David Tieman.)

Results

Anatomy of interneuron 10-3

In the terminal abdominal ganglion there are two 10-3 inter-
neurons, each a mirror-symmetric homolog of the other. Each
interneuron has 3 dendrites, each located in different, non-
overlapping regions of the terminal ganglion. To simplify the
presentation of the results, the 3 dendrites have been designated
X, Y, and Z (Fig. 1). The arborization of these dendritic branches
in different neuropil regions with respect to the topographic
“map” of afferent terminals has important functional conse-
quences for the interneuron. A puff of wind from a particular
direction deflects a specific subset of the filiform hairs to its
optimal stimulus orientation and consequently stimulates the
associated subset of sensory afferents. Wind blown at the cerci
from another direction will activate a different subset of affer-
ents. Therefore, at the level of the sensory afferents, the direction
of a particular wind stimulus is encoded by the specific popu-
lations of afferents that respond to that stimulus. Wind direction
isencoded anatomically in the CNS by the segregation of afferent
terminals into different local regions.

When the locations of the 3 dendrites of interneuron 10-3
were compared with the 4 regions of afferent termination de-
scribed by Bacon and Murphey (1984, Fig. 9), there were clear
areas of overlap between the dendrites and selected classes of
afferents. Dendrite X was located in a neuropil region occupied
primarily by afferents that respond to wind directed at the lateral
face of the left cercus, the lateral “T™ hairs. Dendrite Y over-
lapped with afferents from the right cercus stimulated by wind
directed at the front of the animal, the anterior “L” hairs. Den-
drite Z overlapped with afferents stimulated by wind directed
at the medial face of the right cercus, the medial T hairs. The
remaining class of afferents, the posterior L hairs, had virtually
no overlap with this interneuron. Likewise, medial T and an-
terior L hairs on the cercus ipsilateral to the axon, and lateral
T hairs ipsilateral to the soma, did not overlap with the cell.

The anatomy suggests that each of 10-3’s dendrites should
receive input from a different class of afferents. The summation
of these 3 inputs must contribute to the response properties of
the neuron.

Directional sensitivity of 10-3

The response properties of interneuron 10-3 to wind stimuli
from different orientations were recorded intracellularly from
the cell body (n = 45) and plotted in polar coordinates (Fig. 2).
The response of 10-3 to a wind puff from an optimal stimulus
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orientation was composed of a depolarization and a burst of
action potentials that was maintained for the duration of the
stimulus (Fig. 2, 2). The interneuron was maximally sensitive
to wind from the left side of the animal’s body. The response
was greatly reduced in amplitude on the right side and inhibited
by wind directed at the right rear.

As a first step in relating each response to selective activation
of a different set of afferents, the movements of the hairs on the
cerci were observed at each stimulus orientation. By observing
which of the 4 classes of hairs were deflected by a stimulus from
a particular orientation, the anatomical map discussed above
(Bacon and Murphey, 1984) was used to predict which of the
3 dendrites of 10-3 should be activated by the stimulus. This
is indicated by the letters X, Y, and Z around the perimeter of
the polar plot (Fig. 2). These observations were used to compare
the observed activity in the interneuron to activation of different
classes of hairs presumed to provide input to each dendrite.

The maximal responses in neuron 10-3 occurred at positions
that should primarily activate dendrites X and Z. At positions
that should activate dendrite Y alone (5 and 6), the cell fired at
a much lower frequency. The response properties of the inter-
neuron demonstrated in Figure 2 fit the anatomical predictions
for the receptive field reasonably well. However, the maximal
directional sensitivity occurred when afferents overlapping with
2 of the 3 dendrites were activated, and the response decreased
in magnitude at other positions. At some positions, however,
the cell was strongly inhibited by the wind stimulus (Fig. 2, 4).
These positions activated sets of afferents that do not overlap
anatomically with interneuron 10-3 and thus may have been
activating a polysynaptic inhibitory pathway.

These results suggest that the anatomy of the interneuron can
be used only to predict its excitatory receptive field, i.e., the
orientations from which wind stimuli will evoke an excitatory
response. Dendritic anatomy cannot be used to predict the origin
or efficacy of inhibitory inputs, nor can it be used to predict the
relative efficacies of stimuli from different orientations within
the receptive field. However, the net response of the cell must
be due to summation of excitatory and inhibitory inputs from
both cerci, and the response to inputs from each cercus should
be separable and specific to particular dendrites. The experi-
ments in the following sections were designed to characterize
the response of 10-3 in terms of excitatory and inhibitory inputs
to individual dendrites.

Excitatory receptive fields of individual dendrites

The anatomical data suggest that each of 10-3’s dendrites over-
laps with a separate class of afferent, sensitive to a different wind
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Figure 2. Directional sensitivity of interneuron 10-3. Polar plot of the directional sensitivity is shown in the center, surrounded by examples of
intracellularly recorded responses from 6 different stimulus orientations. Response amplitude at each wind orientation on the polar plot was
measured by integrating the area under the intracellularly recorded response for the first 100 msec following stimulus onset. For example, the area
measured from trace 3 is shown shaded. Areas for all orientations were scaled to the maximum area value and plotted as a function of stimulus
orientation. Outer circle, 1.0, represents maximum area value for this experiment. Inner Circle is labeled 0, and values inside this circle represent
inhibition of 10-3, i.e., a net hyperpolarization below the resting level. These conventions are the same in all subsequent directional sensitivity
plots. The letters at each stimulus orientation refer to activation of afferent populations presumed to provide excitatory input to dendrites X, Y,

and Z (see Fig. 4).

direction. If this is true, and if single classes of afferents could
be isolated and stimulated selectively, then the resulting re-
sponse of 10-3 should be different for each of these classes. The
following experiments were designed to test this prediction by
reducing the afferent input in each case to a single class of hairs.

For comparison with the following experiments, the direc-
tional responses of 4 different afferents, located on the right
cercus, were obtained by recording intracellularly in their axons
(superimposed in Fig. 3). These afferents represent the 4 main
groups described by Bacon and Murphey (1984). There was
considerable overlap between the response curves for the medial
T (n = 4) and posterior L (n = 3) afferents, and between the
curves for lateral T (n =4) and anterior L (n = 4) afferents,
Among afferents from the same class (not shown), the curves
overlapped to a much greater extent.

The hairs associated with these different classes of afferents
have been mapped on the cercus in detail by Bacon and Murphey
(1984) and more recently by Walthall and Murphey (1986).
Using these maps, we isolated small patches of 4 to 6 hairs on
one cercus; all other hairs were covered with Vaseline (see Ma-
tsumoto and Murphey, 1977, for methods). In all experiments,
the cercus contralateral to the one with the isolated patch was
left uncovered long enough to identify the interneuron, and then
covered with Vaseline, leaving only those hairs in the patch free
to move. After the sensitivity of the interneuron to this reduced
afferent input was measured, the hairs in the patch were plucked.
If a response could still be recorded from 10-3 after all hairs
were removed, the experiment was discarded.

The results of 3 such experiments are shown in Figure 4. When
the patch of intact hairs consisted of lateral T hairs on the left
cercus (ipsilateral to the axon), the response of the cell was
maximal for wind directed at the lateral face of the left cercus
(n = 4) (Fig. 44). At other positions the response was negligible.
When the patch consisted of 4 anterior L hairs on the right

cercus (ipsilateral to the soma), the response of the cell was
maximal to wind blown at the front and right side of the animal’s
body (n = 4) (Fig. 4B). Wind from the rear evoked no excitatory
response from the cell. Figure 4C demonstrates the response of
the interneuron to 4 medial T hairs on the cercus ipsilateral to
the soma (n = 4). Note that the response of the cell was maximal
to wind blown at the medial face of the cercus. Thus, in each
case the receptive field of 10-3 matched the receptive field of
the hairs in the patch. Note that the receptive fields for indi-
vidual dendrites, as shown in Figure 4, are larger than the re-
ceptive fields for individual afferents shown in Figure 3. This
indicates that the receptive field of each dendrite is made up of

ANTERIOR "L"

LATERAL "7

MEDIAL "T"
3

POSTERIOR *"L"

Figure 3. Comparison of the directional sensitivites of 4 different fili-
form afferents located on the right cercus. Each afferent represents a
different functional class and has a distinct directional sensitivity to
wind stimuli. Coordinate system, see Figure 2.
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Figure 4. Directional senstivities of individual dendrites of 10-3. 4, Response of 10-3 to wind stimuli with the afferent input reduced to 4 lateral
“T* hairs on the cercus contralateral to the soma. Recordings from maximal and minimal positions, records I and 2, respectively. B, Same as 4,
except with afferent input reduced to 4 anterior “L” hairs on the cercus ipsilateral to the soma. C, Same as A4, except with afferent input reduced
to 4 medial “T” hairs on the cercus ipsilateral to the soma. D, Superposition of curves from 4, B, and C. E, A control in which directional
sensitivity was measured with both cercl intact.

a combination of the receptive fields of all of the afferents that
synapse with it.

The directional curves for all 3 excitatory patches have been
superimposed and compared to a curve from a control exper-
iment in which both cerci were intact (Fig. 4, D, E). Itis apparent
that the interneuron tested with each patch in isolation was
maximally sensitive at different wind positions. In addition,
there were considerable overlaps between the directional curves.
When the composite plot (Fig. 4D) was compared with a control
(Fig. 4E) in which both cerci were intact, the range of sensitivity
of the 3 curves (i.e., the receptive field) matched that of the
control.

No other classes of hairs evoked an excitatory response in 10-
3. However, 2 classes of hairs, lateral T hairs on the cercus
ipsilateral to the soma and posterior L hairs on either cercus,
evoked an inhibitory response in interneuron 10-3. The nature
and significance of these inhibitory inputs will be considered in
detail below.

Photoinactivation of individual dendrites

The experiments described above provide strong correlative
evidence that the excitatory input to 10-3 is mediated by the 3
classes of hairs that overlap anatomically with its 3 dendrites.
They also suggest that each dendrite might exhibit a unique
directional sensitivity. To definitively test for this possibility, it
was necessary to isolate one dendrite from the rest of the neuron
in situ. This was accomplished by selective photoinactivation
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experiments using a laser microbeam. In one set of photoinac-
tivation experiments, dendrite Y was ablated, and the subse-
quent effects upon directional sensitivity observed (n = 3). In
order to simplify this experiment, the cercus contralateral to the
soma was covered with Vaseline in order to block the inputs to
dendrite X. The results of this experiment are shown in Figure
5C. The outer solid curve represents the directional sensitivity
to inputs onto dendrites Y and Z from the cercus ipsilateral to
the soma, before photoablation. After illuminating dendrite Y,
the cell was allowed to stabilize for 15 min, and its “new”
directional sensitivity was measured and plotted as the dashed
curve. Both curves in Figure 5C were scaled to their own max-
imum values. The response of 10-3 was most sensitive to wind
directed at the medial face of the right cercus. An example of
the response before and after the photoinactivation is shown at
3 positions on the curve. Wind directed at the front of the animal
at position 3, which is an optimal stimulus for dendrite Y, failed
to elicit an excitatory response as it had in the control. The
response recorded after photoinactivation appeared to be weak-
ly inhibitory. This experiment demonstrates that the Y dendrite
receives input from a select class of afferents, the anterior L
hairs, that respond to wind directed at the front of the animal.

In a second set of photoinactivation experiments, dendrite Z
was isolated from the neuron by illuminating the region indi-
cated with an asterisk in Figure 54 (Jacobs and Miller, 1985).
Under these conditions, the directional sensitivity of the laser-
transected cell was changed: the cell was maximally sensitive to
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Figure 5. Photoinactivation of den-
10m drite Y in a preparation with left cer-
cus covered with Vaseline. 4, Arrow
on the drawing of interneuron 10-3
indicates site of illumination. Asterisk

100msec

indicates site of illumination for the
s |
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wind blown at the medial face of the right cercus, the optimal
stimulus for the afferents that overlap with dendrite Z (Fig. 5D).
Thus, by isolating dendrite Z and the soma from the rest of the
neuron with the photoinactivation technique, we determined
that this dendrite receives excitatory input from medial T af-
ferents. In addition, it receives no visible inhibitory inputs and
is located proximal to the spike-initiating zone of the neuron.

The directional sensitivities -of interneuron 10-3 after these
2 different photoinactivation experiments were very similar
(compare dotted lines in Fig. 5, C, and D). In each experiment,
the directional sensitivity of dendrite Z was revealed: in the first,
by isolating dendrite Z from the rest of the dendrites; in the
second, by mechanically blocking the input to dendrite X and
photoinactivating dendrite Y.

Inhibitory inputs to interneuron 10-3

Inhibitory inputs have been shown to affect the directional sen-
sitivity of many of the identified interneurons in this system
(Levine and Murphey, 1980a, b; Matsumoto and Murphey,
1977). In particular, the effects of inhibitory inputs to interneu-
ron 10-3 were demonstrated as effectively sharpening the di-
rectional sensitivity of this cell. To characterize the mechanisms
by which this “sharpening™ is achieved, it was necessary to
determine which stimulus orientations were most effective in
eliciting inhibitory responses in the interneuron. Cell body re-
cordings from interneuron 10-3 in an animal with both cerci
intact revealed that wind stimuli aimed at the rear of the cercus
ipsilateral to the soma resulted in an inhibitory response (n =
45) (Fig. 6, A, B). At this orientation, the neuron was hyper-
polarized (as indicated on the polar plot by points within the
inner circle).

In order to determine the source of the inhibitory input, the
response of interneuron 10-3 to inputs from each cercus was
recorded independently and compared to the response with both

isolation of dendrite Z from a differ-
ent experiment. B, Sample responses
are shown at 3 different stimulus ori-
entations before and after photoinac-
tivation. Bottom traces indicate wind
stimuli. C, Directional sensitivity plots
of the response of 10-3 to wind stim-
uli to the cercus ipsilateral to the soma
before (solid line) and after (dashed
line) dendrite Y was illuminated with
the laser. Both directional plots were
scaled to their own maximum values.
D, Directional sensitivity plots of in-
terneuron 10-3 measured before and
after dendrite Z was isolated from the
rest of the neuron by photoinactiva-
tion at the site in A4 indicated with an
asterisk (Jacobs and Miller, 1985).

cerci intact. To do so, we initially recorded the responses of
10-3 with both cerci intact, and then with one of the cerci
covered with Vaseline. Covering one of the cerci with Vaseline
silences all of the afferents that project to 10-3 in the respective
hemiganglion. The other 10% of the afferents that cross the
midline do not overlap anatomically with interneuron 10-3
(Murphey and Lemere, 1984). When the cercus ipsilateral to
the soma was blocked, there was a reduced sensitivity response
of the interneuron to wind, from some orientations more se-
verely than from others (n = 8) (Fig. 64, dotted line). The max-
imum response still occurred at the stimulus orientation that
should stimulate lateral T hairs overlapping with dendrite X
(Fig. 64, 1). The response decreased abruptly at the rear of the
animal (2) and was inhibited at stimulus orientations (3) around
the right side of the animal’s body. Note that the response mea-
sured at position 2 in the control was excitatory with both cerci
intact and inhibitory after the cercus was covered. This indicates
a co-activation of excitatory and inhibitory inputs at this stim-
ulus orientation with both cerci intact.

When the cercus contralateral to the soma was covered (Fig.
6B, dotted line), the directional sensitivity of the neuron was
also reduced in area and was quite different in shape, as com-
pared to both the control (solid line) and the response to inputs
to the left cercus alone (dotted line) (# = 13). With only the right
cercus intact (dotted line), the interneuron was sensitive to in-
puts activated by wind from the front (1) and the left rear (2)
of the animal, and inhibited by inputs from the right rear (3).
In this experiment, the dotted curve representing excitatory in-
puts to dendrites Y and Z extended outside the area of the
control curve at the rear of the animal (2). This suggests that
excitatory inputs from the right cercus are normally masked by
co-activation of inhibitory inputs from the left cercus at these
wind positions (Edwards and Palka, 1974). It appears that in-
hibitory inputs were maximally activated in both experiments
by wind blown at the rear of each cercus (3 on each plot). This
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Figure 6. Activation of inhibitory inputs to interneuron 10-3 by wind stimuli. 4, Directional sensitivity plot of interneuron 10-3 to inputs from
both cerci was measured and plotted in the solid line. After covering the cercus ipsilateral to the soma (see drawing, lef?), directional sensitivity
was measured again, scaled to the control curve, and plotted (dashed line). Sample responses recorded for 3 different positions (indicated by numbers
on the polar plot) are shown below the plot for inputs from both cerci and for the remaining left cercus. B, Complementary experiment, in which
the cercus contralateral to the soma was covered (drawing, leff). Solid line indicates responses to inputs from both cerci; dashed line (scaled to the

control) represents responses to inputs from the ipsilateral cercus.

result suggests that inhibitory inputs to this interneuron can be
activated by afferents on either cercus. The inhibitory inputs
have 2 effects on this cell, depending on the stimulus orientation
from which they are activated. At some orientations, inhibition
can completely block spiking activity (Fig. 6, 4, B, 3). At other
orientations it can suppress some of the activity evoked by
excitatory inputs coactivated by the stimulus (Fig. 6, 4, B, 2).

Since it was quite difficult to determine whether or not a
particular wind stimulus activated only inhibitory inputs, small
patches of hairs were isolated and stimulated independently in
order to identify the class of afferents responsible for activating
inhibition. As is shown in Figure 7, 3 populations of afferents
activated inhibitory input to 10-3: posterior L hairs on both
cerci (n = 12) (Fig. 74), and lateral T hairs on the cercus ipsi-
lateral to the soma (n = 4) (Fig. 7B). None of these hair classes
overlaps anatomically with 10-3, and therefore must be stim-
ulating an inhibitory interneuron or interneurons with input
dendrites in these neuropil regions.

Summation of inputs

The data indicate that the directional sensitivity of 10-3 results
from a summation of both excitatory and inhibitory inputs from
both cerci. To assess the degree of nonlinearity in the summation
of these different inputs at different stimulus orientations, the
optimal approach would be to (1) record the response of the
neuron to inputs from both cerci, (2) record the response to each
cercus independently, and (3) compare the sum of the responses
of the 2 single cerci to the control case with both cerci intact.
Any regions within which the sum and control curves are not
superimposable would indicate a deviation from linearity. Un-
fortunately, this experiment is impossible, since the only feasible

way to block afferent inputs from a cercus is with Vaseline, and
this procedure is irreversible. However, by recording from one
10-3 and its mirror-symmetric contralateral homolog in the
same experiment, it was possible to carry out an equivalent
experiment (n = 7) (Fig. 8). First, the directional sensitivity of
the interneuron was measured in an animal with both cerci intact
(Fig. 8C). The cercus ipsilateral to the soma was then covered
with Vaseline and the responses were measured a second time.
These responses represent the contribution of inputs from the
cercus contralateral to the soma (Fig. 84). To obtain a set of
responses representing the contribution from the other cercus
in the same animal, the contralateral homolog of 10-3 was im-
paled, and its directional sensitivity to the remaining intact
cercus was measured. This directional sensitivity curve was then
reflected 180° around an axis along the center of the animal, so
as to represent the complementary inputs to the initial 10-3
from the cercus ipsilateral to the soma (Fig. 8B8). Both curves
were scaled to the maximum response recorded in the control.
The linear sum of these 2 curves was calculated and superim-
posed (dashed line) on the original control curve (Fig. 8C, solid
line). In general, the directional sensitivity of the summation
curve matched that of the control curve. However, the sum was
greater than the control at almost all positions. This mismatch
can be explained as a result of (1) nonlinear summation of
excitatory inputs, and (2) co-activation of excitatory and inhib-
itory inputs. These points will be considered in detail in the
discussion.

Input/output relationship of 10-3

The information extracted from the sensory input to this inter-
neuron is transferred to thoracic ganglia by patterns of action
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Figure 7. Classes of afferents that activate inhibitory inputs onto 10-
3. A, Response of 10-3 to wind stimuli with afferent input reduced to
a patch of posterior “L” hairs on the cercus ipsilateral to the soma. No
excitatory responses were recorded from any stimulus orientation. Max-
imal inhibitory response is shown in position I. At position 2, recorded
IPSP was smaller. B, Same as 4, except with afferent input reduced to
a patch of lateral “T”* hairs on the cercus ipsilateral to the soma. Position
1 demonstrates the IPSP evoked by the stimulus in the optimal ori-
entation. At position 2, which is polar opposite to position I, an IPSP
is evoked at the end of the stimulus. Each record is an average of 5
trials.

potentials, which are generated through summation of complex
synaptic currents at the SIZ. In the experiments presented in
the following section, the factors that influence the integration
of inputs at the SIZ were examined.

Location of the spike-initiating zone
Spontaneous and evoked action potentials, as recorded in the
cell body of interneuron 10-3, appear as small (3-5 mV) tran-
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sients. This implies that the cell body and proximal dendritic
membrane are incapable of sustaining a regenerative action po-
tential, owing, presumably, to either a low density or a total
lack of active conductance channels. The severe attenuation of
the action potentials suggests that the boundary between the
“passive” and “active” membrane is located some distance out
along the major neurite. In order to determine where the active
membrane begins, a series of focal laser ablations were per-
formed. The rationale was that a transection of the dendrite
proximal to the active membrane would eliminate action po-
tentials, and that a transection of the dendrite distal to the
boundary would not.

For the series of photoablation experiments described pre-
viously (Jacobs and Miller, 1985), the neurite was lesioned with-
in the region labeled “1” in Figure 9. After such ablations, all
spiking activity in the neuron ceased. Neither wind-evoked de-
polarization nor direct intracellular depolarization could evoke
spikes from such cells. Thus, the SIZ must be located at or
beyond the intersection of dendrite Y with the main neurite.

In an attempt to locate the SIZ more precisely, the laser was
used to irradiate several spots along the axon for periods of 3—-
5 sec (2 in Fig. 9). There were no observable changes in spike
amplitude or duration resulting from these irradiations. This
indicates that these ablations were distal to the SIZ. However,
when the laser was aimed at the position marked with a short
arrow in Figure 9, there was an immediate (within 1 sec) broad-
ening of the spikes (n = 7). Within 1 min, all spiking activity
had ceased completely. Thus, there can be no active membrane
between the site marked with an arrow and the cell body, and
this region must represent the transition between active and
passive membrane in the cell. Therefore, the SIZ must lie at or
beyond this region of the cell. Since this region is also the site
of convergence of all dendritic inputs, it would receive the max-
imum depolarization from excitatory synaptic inputs. It is thus
likely to be the normal site of spike initiation. The precision of
this technique was judged to be within approximately 100 um,
the total area that was visibly deteriorated when a spot of 30
um diameter was irradiated with the laser.

Summation of inputs at the spike-initiating zone
An analysis of the input/output characteristics of a neuron re-
quires simultaneous monitoring of subthreshold synaptic input

3
1.0 1.0
é’.-.----n--.. B
CERCUS CERCUS =ms BOTH CERCI
CONTRALATERAL IPSILATERAL
TO SOMA TO SOMA LINEAR SUM

Figure 8. Nonlinearity of summation of inputs from each cercus. 4, Directional response of 10-3 to inputs from the cercus contralateral to the
cell body after right cercus was covered with Vaseline. Values for this plot were scaled to the maximum response when both cerci were intact (solid
linein C). B, Directional response of the contralateral homolog of 10-3 to the intact right cercus in 4. These values were also scaled to the maximum
response of the control. This curve has been reflected 180° around the axis of the animal’s body. C, Solid line is the control directional response
recorded with both cerci intact, prior to measuring the response shown in A or B. Dashed line represents the linear sum of curves A and B.
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Figure 9. Location of the spike-initiating zone. Records from an ex-
periment in which a laser beam was directed at several different sites
on 10-3. When positions within region 2 were illuminated for 5 sec,
spontaneous activity was unchanged. Top record was taken after the cell
was illuminated at the region marked with an asterisk. When the po-
sition indicated with the large arrow was illuminated, spikes broadened
immediately, and spike-generating ability was lost (lower 3 traces).

and spiking output. Levine and Murphey (1980b) have shown
that passively propagated spikes recorded in the cell body of
neuron 10-3 occur one-for-one with spikes recorded extracel-
lularly from the axon. Thus, by recording intracellularly from
the soma of this neuron, it is possible to monitor synaptic input
and spiking output simultaneously.

To measure the input/output relationship of this neuron to
wind stimuli, the response properties of the neuron to wind
stimuli were measured and evaluated in 2 ways (n = 12). The
area under each response for the first 100 msec after stimulus
onset was measured at each wind position, scaled to the max-
imum value of all such responses, and plotted in polar coor-
dinates (Fig. 104, solid line). This plot represents the summed
synaptic inputs, and also the receptive field, as monitored at the
soma. The action potentials recorded from these records were
counted for the same time period, normalized to the maximum
value, and superimposed on the same polar plot (Fig. 104,
dotted line). This curve represents the spiking output of the cell.
The output curve of 10-3, evaluated in this way, was very similar
to the input curve from most stimulus orientations. However,
there was a region in the lower left quadrant in which synaptic
input seemed substantially larger than spiking output; i.e., the
cell was depolarized to approximately the same level as in re-
sponses at other positions, but only a few spikes were produced.
Therefore, the same apparent depolarization evoked at these
stimulus orientations was much less effective in eliciting action
potentials.

There could be several resons for this discrepancy. The first,
and most obvious, is that the relative amplitudes of synaptic
inputs, as observed in the cell body, will be different from their
relative amplitudes summed at the SIZ. Recordings made at the
soma are likely to overestimate the relative contribution of the
proximal dendrite Z to the overall response. Second, co-acti-
vation of inhibitory inputs that synapse onto dendrite X would
“shunt™ the contribution of dendrite Z’s inputs to spike initi-
ation.

In order to test these possibilities, the input/output (I/0O) re-
lationships for inputs to 10-3 were examined for each cercus
independently. In Figure 5, Band C, directional sensitivity plots
based on spike counts and PSP areas are superimposed for each
cercus. In both experiments, the directional sensitivity with both
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cerci intact was measured first; then 1 cercus was covered with
Vaseline and the sensitivity was measured a second time. The
curves were normalized to control responses from each exper-
iment. Thus each curve represents the contribution of inputs to
10-3 from 1 cercus to the control response.

The 1/0 relationship for inputs onto dendrite X revealed little
if any discrepancy between the area under each response and
the number of spikes produced (n = 4) (Fig. 10B). The direc-
tional sensitivity of the cell was nearly identical when measured
with the 2 different methods. The 1I/0 relationship for inputs to
dendrites Y and Z showed a large difference between synaptic
inputs and the output produced (n = 5). The outer solid curve
obtained by taking the area under each response is biased to-
wards inputs from the rear and left side of the animal. The inner
dashed curve, which represents spiking output, exhibits a re-
duced directional selectivity. By comparing the relative number
of spikes produced by inputs from the left cercus (Fig. 10B) to
the right cercus (Fig. 10C), it was obvious that inputs to dendrite
X via the left cercus were far more effective for spike initiation:
than inputs to dendrites Y and Z combined. This is easily under-
stood, since dendrite X is located significantly closer to the SIZ
than either dendrite Y or Z. As a result, more action potentials
would be produced by input to dendrite X. Thus, dendrite X
appears to have a much larger influence on the directionally
selective spiking output of this neuron than either of the other
2 dendrites. These experiments reveal that the directional sen-
sitivity, unlike the receptive field of a neuron, is directly related
to the location of the SIZ.

Discussion

This work demonstrates a strong correlation between the den-
dritic anatomy of interneuron 10-3 and its directionally selective
response properties. The position of each dendrite with respect
to the highly ordered primary afferent projection determines
which excitatory inputs the cell can receive. By altering the
neuron’s structure in situ, we have shown that this structure-~
function correlation is causally related to the excitatory receptive
field of this interneuron. The experiments show that each den-
dritic branch of 10-3 receives input from a different class of
afferents, and is therefore maximally sensitive to a different wind
direction. These inputs in combination produce the overall ex-
citatory receptive field of the neuron.

Two separate techniques were used to determine the receptive
fields of individual dendrites: reducing afferent input to single
classes of hairs, and selective laser photoinactivation. Data were
compared for each dendrite (Fig. 11). When dendrite Z and the
soma were isolated from the rest of the dendritic field (Jacobs
and Miller, 1985), the directionality of excitatory input matched
that of medial T hairs (Fig. 114). The fact that their curves are
so similar demonstrates that medial T hairs on the cercus ip-
silateral to the soma provided the excitatory input to dendrite
Z. This result is the most direct demonstration of the directional
sensitivity of an individual dendrite in that the photoinacti-
vation experiment isolates the dendrite from the rest of the cell.

The directional sensitivity of dendrite Y can be characterized
by a consideration of the photoinactivation experiment pre-
sented in Figure 5. In this experiment, the cercus contralateral
to the soma was blocked, leaving the cercus ipsilateral to the
soma intact. Thus, only dendrites Y and Z were receiving direct
afferent input. By subtracting the response after dendrite Y was
photoinactivated from the control curve, the response attributed
to dendrite Y was obtained (Fig. 11C). This ‘“difference” curve
represents the contribution of dendrite Y to the overall receptive
field. This resembles the directionality when only anterior L
hairs on the cercus ipsilateral to the soma were free to move
(dashed line).

The directional sensitivity of dendrite X was determined in
2 ways: (1) by measuring the response of the neuron with stimuli
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Figure 10.

Input/output relationship of 10-3, derived by measuring both the area under each response and counting the number of action potentials

for the first 100 msec after stimulus onset. The solid lines represent area measurements normalized to control values; dashed lines represent the
number of action potentials normalized to control values. 4, I/O relationship of 10-3 for inputs to 10-3 with both cerci intact, scaled to the
maximum value. B, I/O relationship for inputs to 10-3 from the cercus contralateral to the soma. Both curves were normalized to a control with
both cerci intact (not shown). C, I/O relationship for inputs to 10-3 from the cercus ipsilateral to the soma. Both curves were normalized to a

control with both cerci intact (not shown).

to a patch of lateral T afferents (Fig. 11B, dashed line), and (2)
by recording the directional sensitivity with only the cercus
contralateral to the soma intact (solid line). The range of wind
stimulus orientations over which the neuron was most sensitive
was nearly identical in the 2 experiments. Therefore, the main
excitatory input to 10-3 from this cercus was mediated through
lateral T afferents that synapsed selectively with dendrite X.

Thus, by comparing 2 independent but complementary tech-
niques, we can see that each dendrite of interneuron 10-3 has
a distinct receptive field. The overall receptive field of this in-
terneuron results, to a first-order approximation, from a sum-
mation of these excitatory inputs.

However, the findings presented in Figure 10 indicate that
the cell’s directional sensitivity cannot be precisely predicted
from a direct linear summation of these excitatory inputs. Three
factors could contribute to this nonlinearity of summation. First,
if any membrane near the input synapses has regenerative prop-
erties, then doubling the amplitude of excitatory input might
activate regenerative currents that would augment the synaptic
currents. This would result in a positive nonlinearity, i.e., a
response greater than double the initial response. Second, if the
membrane were purely passive, activation of an excitatory syn-
apse would bring the membrane potential closer to the synaptic
equilibrium potential. Doubling the amplitude of the synaptic
conductance change would then cause less than twice the voltage
response, since the driving potential would be effectively re-
duced. Third, co-activation of an excitatory input with a strong

inhibitory input (with a reversal potential near resting potential)
would sum to an unpredictable, and apparently “nonlinear,”
intermediate value.

To understand how these factors might influence the direc-
tional sensitivity of 10-3, consider first the responses recorded
in region 1-5 in Figure 8. These responses are thought to result
from the summation of excitatory afferent inputs to all 3 den-
drites. The linear sum of the responses resulting from stimuli
to single cerci (dashed curve) results in a value that is larger
than the control (solid curve). This is most likely due to a non-
linear summation of excitatory inputs near their excitatory re-
versal potential. The region of the curve at position 6 has been
shown previously (Fig. 5) to activate inhibitory inputs to the
interneuron. Here, the summed response was larger than the
control. This is because the amplitude of the inhibitory response,
as measured by the area under the voltage deflection, did not
accurately reflect the strength of that inhibitory input. A large
inhibitory conductance change might not cause a significant
hyperpolarization, since the reversal potential may be near the
resting potential. However, if it were co-activated with an ex-
citatory conductance change, it could be a very effective shunt,
causing an apparently nonlinear cancellation of the excitatory
postsynaptic potential. Finally, at position 7, an unexpected
result was obtained. This region of the curve was thought to be
due primarily to the contribution of excitatory inputs to dendrite
Y. However, the summed response was larger than the control,
indicating a co-activation of an inhibitory response masked by



2308

ssse MEDIAL "T" PATCH

Jacobs et al.

sses | ATERAL "T" PATCH

Vol. 6, No. 8, Aug. 1986

ssss ANTERIOR "L* PATCH

=== "|SOLATED" w CERCUS =en‘|SOLATED"
DENDRITE Z CONTRALATERAL DENDRITE Y
TO SOMA

Figure 11. Comparison of directional sensitivities of 10-3’s dendrites, obtained with different methods. 4, Directional sensitivity of dendrite Z.
Dotted line represents the response of 10-3 to a patch of medial “T” hairs (from Fig. 4C). Solid line represents the response of the cell when dendrite
Z was isolated by photoinactivation (Fig. 5D, dotted line). B, Directional sensitivity of dendrite X. Dotted line represents response of 10-3 to a
patch of lateral “T” hairs (from Fig. 44). Solid line represents response to inputs from the intact cercus contralateral to the cell body. C, Directional
sensitivity of dendrite Y. Dashed line represents response of 10-3 to a patch of anterior “L” hairs on the cercus ipsilateral to the soma (from Fig.
4B). Solid line represents directional sensitivity of dendrite Y determined by photoinactivation. This curve was obtained by subtracting the dashed

line from the solid line in Figure 5.

excitation. This result was corroborated by the experiments,
illustrated in Figure 7, in which lateral T hairs on the cercus
ipsilateral to the soma were shown to activate polysynaptic in-
hibitory inputs.

We have analyzed how 2 additional aspects of the interneu-
ron’s structure affect the integration of synaptic inputs. First,
the relative efficacies of excitatory inputs to each dendrite are
scaled according to the electrotonic distance between each input
site and the SIZ. Second, inhibitory inputs act to sharpen the
directional response of the cell by suppressing excitatory inputs
outside the range of the cell’s optimal directional response. The
location of inhibitory inputs with respect to the individual den-
drites and to the SIZ can effectively limit the spiking output of
the cell and thus enhance directional sensitivity.

Location of the spike-initiating zone
The most probable location of the SIZ was shown to be at or
very near the junction between the axon and the neurite seg-
ments linking all 3 dendritic arborizations. The proximity of an
individual dendritic branch to the SIZ affects its relative con-
tribution to the spiking output of the cell. Stimuli to dendrite
X were found to be the most effective—a direct result of their
proximity to the SIZ. The relative strengths of inputs to den-
drites Y and Z were found to be less than those to X, though
their absolute strengths could not be quantitatively determined.
A qualitative estimate of relative synaptic efficacies can be
obtained by considering the patch experiments shown in Figure
4. Relative efficacies can be measured by the number of action
potentials produced during a wind stimulus oriented in the op-
timal direction for each patch of hairs. If the response of 10-3
for each patch is compared (see Fig. 4), the dendrites can then
be ranked in order of relative efficacy for spike initiation: den-
drite X > dendrite Y > dendrite Z. However, this is a rather
crude measure, since “similar”” amounts of synaptic current (i.e.,
4 hairs in each patch) were injected into dendrites of widely
different surface areas. Also, different patches might differ in
synaptic efficacy; the number of synapses onto neuron 10-3 from
each patch of hairs might be different. Despite these drawbacks,

this finding suggests that synapses onto dendrite X are the most
effective for spike initiation. This corroborates the observation
that inputs to dendrite X through the cercus contralateral to the
soma (Fig. 10) are responsible for the majority of action poten-
tials, and therefore crucial to the determination of the direc-
tionally selective output of this neuron.

Source of inhibitory inputs onto 10-3

The other major determinant of directional selectivity in this
system is inhibitory input. The degree to which the excitatory
response is suppressed appears to be a function of the balance
between the number of afferents that provide excitation versus
those that activate inhibition. For example, with both cerci
intact, stimulus orientations optimal for dendrite Z also activate
the inhibitory pathway via afferents on the opposite cercus. In
contrast, stimuli optimal for dendrite X do not co-activate either
class of afferent that activates inhibition. Therefore, excitatory
inputs to dendrite X are not suppressed by inhibition, whereas
inputs to dendrite Z are suppressed. Consequently, the excit-
atory response of the interneuron is only suppressed within a
specific range of stimulus orientations. Activation of posterior
L hairs by wind from the rear of the animal or of lateral T hairs
on the cercus ipsilateral to the soma was most effective in ac-
tivating the inhibitory pathways.

The activation of inhibitory inputs to 10-3 studied by Levine
and Murphey (1980a, b) differs from that presented here, which
can be attributed to the method used in their experiments to
stimulate the afferents. The main differences between the 2 stud-
ies have to do with inputs to 10-3 from the cercus ipsilateral to
the soma. Levine and Murphey (1980a, b) identified L hairs as
providing excitatory input and T hairs as mediating inhibition.
This study, using wind stimuli, showed that T hairs provided
excitation to dendrite Z, that anterior L hairs provided excita-
tion to dendrite Y, and that inhibition was activated via pos-
terior L hairs on both cerci and lateral T hairs on the cercus
ipsilateral to the soma (see Fig. 7). A model of the directional
sensitivity of 10-3 put forth by Kamper (1985) is also in error
with respect to the connectivity patterns both of excitatory and
inhibitory inputs.
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Location of inhibitory inputs on interneuron 10-3

The location of the inhibitory synapses on the dendrites of 10-3
is of crucial importance to the integration of excitatory inputs.
As first shown by Rall (1964), the most efficient location for
inhibitory synapses would be at or near the SIZ of the neuron.
In 10-3, inhibitory synapses to branch X near the SIZ could
limit the spiking output of the cell very effectively. Since the
excitatory synaptic current generated on any of the other den-
drites must flow to this region, an inhibitory shunt could prevent
the neuron from firing in response to stimuli from several ori-
entations. Thus, relative suppression of excitatory inputs from
each individual dendrite need not be achieved by activation of
inhibitory synapses on that dendrite. In order to selectively
suppress excitatory inputs from a particular dendrite, inhibitory
inputs located near the SIZ must be co-activated at the same
stimulus orientations that evoke excitatory afferent input to that
dendrite. This co-activation is accomplished through a different
class of afferents from those that provide the excitatory input.
The experiments described here have demonstrated that (1)
stimuli optimal for dendrite X do not co-activate inhibition, (2)
stimuli optimal for dendrite Y co-activate weak inhibition, and
(3) stimuli optimal for dendrite Z co-activate strong inhibition.
This selective suppression of excitatory inputs acts to “sharpen”
the directional sensitivity of the neuron.

Although, to date, no inhibitory interneurons have been iden-
tified in this system, on the basis of what has been demonstrated
in the experiments reported here, the structure of a putative
wind-sensitive inhibitory interneuron can be predicted. This
interneuron should have input branches located along the ven-
tral midline in a position to receive excitation from posterior L
hairs, and an output region that would overlap with dendrite X
of interneuron 10-3.

A cellular mechanism of directional sensitivity

An anatomical analysis of this neuron allows a prediction of its
receptive field, yet gives no indication as to the relative weight-
ing of each of the dendrites in terms of controlling the spiking
output of the cell. In fact, it would appear from an analysis of
Figure 10 that this cell could function almost “normally” (i.e.,
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Figure 12. A cellular mechanism of
directional sensitivity. Schematic dia-
gram of 10-3 with all excitatory and
inhibitory inputs indicated. Letters (X,
Y, Z) adjacent to sample records in-
dicate excitatory inputs to each den-
drite and co-activation of inhibitory
inputs (7).

100msec

have the same general directional sensitivity) with half of its
inputs blocked, as long as the inputs close to the SIZ were intact.
We have shown that inhibition and electroanatomy are very
important determinants of directional sensitivity in this cell.
The structure/function analysis of 10-3 described in this paper
incorporates these factors, and provides a precise framework
from which to analyze the behavior of the neuron. If the analysis
is correct, it should be possible to explain the response properties
of 10-3 to a wind stimulus from any orientation.

To test our understanding of this system, 4 responses of 10-3
were chosen from an experiment in which both cerci were intact.
Each response shown in Figure 12 was labeled according to the
activation of excitatory input to each dendrite (X, Y, Z), and
activation of inhibitory inputs (I) according to wind stimulus
orientation. Record 1 demonstrates the response of 10-3 to
activation of excitatory inputs to all 3 dendrites simultaneously.
This stimulus orientation provided the maximum synaptic cur-
rent to the SIZ, the majority of which was from inputs to den-
drite X. Consequently, the recorded depolarization was maxi-
mal and more spikes were produced than for any other stimulus
orientation. Record 2 demonstrates co-activation of excitatory
inputs to dendrite Z (on the cercus ipsilateral to the soma) and
polysynaptic inhibitory inputs. The depolarization was about
75% of the amplitude of that in record 1; however, only 2 spikes
were produced. Since the excitatory input was coming in very
close to the recording site, there was little decrement of the
synaptic potential. However, simultaneous activation of inhib-
itory synapses near the SIZ could shunt all but 2 of the spikes
that would otherwise have been produced by the depolarization.
Record 3 demonstrates the activation of the inhibitory pathway.
The stimulus orientation was optimal for activation of inhibi-
tion by inputs from both cerci. Record 4 demonstrates the ac-
tivation of excitatory inputs to dendrite Y. Synaptic potentials
to this dendrite may have been too far away, electrotonically,
to be recorded in the cell body, so the response was limited to
passively propagated spikes initiated at the SIZ. The spike fre-
quency was half that observed in record 1 and could have been
due to less total synaptic current, which is a function of co-
activation of weak inhibitory inputs and passive attenuation en
route to the SIZ.
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Comparisons with sensory systems in other animals

The functional implications of dendritic geometry have been
studied in a variety of sensory systems subserving several dif-
ferent sensory modalities. In systems where primary afferents
are arranged topographically, the receptive fields of sensory in-
terneurons are highly correlated with the position and shape of
their dendritic fields. For example, hair follicle afferents from
the cat hind limb terminate topographically in the dorsal horn
of the spinal cord according to the location of their peripheral
fields (Brown et al., 1977). The dendritic trees of spinocervical
tract interneurons occupy discrete regions within the afferent
array and their peripheral receptive fields are correlated with
the location of the dendritic arbor (Brown et al., 1980a, b).

In the cat visual system, dendritic geometry is thought to
influence the receptive field characteristics of cells at several
levels in the visual pathway. In the lateral geniculate nucleus,
X cells have dendrites oriented perpendicular to the laminae,
which is thought to maximize the preservation of retinotopy
and thus enhance the cells’ responsiveness to high spatial fre-
quencies (Stanford et al., 1983). W cell dendrites are oriented
parallel to the laminae, which ensures convergent input from
many afferents and results in a large representation of visual
space that may be important in ocular dominance mechanisms
(Stanford et al., 1983). In area 17, first-order neurons have den-
dritic fields that are elongated parallel to the pial surface. Since
the sensory input is organized topographically, it is suggested
that dendritic field shape could determine the receptive field
shape of these cells (Tieman and Hirsch, 1985).

Inputs to acoustic interneurons in the nucleus laminaris of
the chick auditory system are organized tonotopically across the
nucleus, and the position of an interneuron is correlated with
its optimal response frequency (Rubel and Parks, 1975; Young
and Rubel, 1983). The dendrites of these cells are spatially seg-
regated into dorsal and ventral regions, which divide inputs of
the same frequency from the ipsilateral and contralateral ears,
respectively. In this system, the spatial segregation of inputs is
thought to be involved in binaural processing of sound, and thus
dendritic position plays more of an integrative role in signal-
processing rather than specifying the optimal frequency of the
cell.

It is important to distinguish between one role of neuronal
structure—determining the overall receptive field of a neuron—
and another—optimizing the sensitivity of the cell within its
receptive field. Optimal sensitivity has been demonstrated in
many systems to be a function of the effects of inhibitory inputs
and the integrative properties of the cell. For example, the ori-
entation selectivity of neurons in the cat visual system has been
shown to be enhanced in both adult cats (Sillito, 1975; Sillito
et al., 1980) and young kittens (Sato and Tusumoto, 1984) by
GABAergic inhibition. In the crayfish mechanosensory system,
inhibitory inputs from nonspiking interneurons play a major
role in shaping the directional responses of these neurons (Rei-
chart et al., 1983). The function of the inhibitory interneurons
is to suppress the response of the directionally selective projec-
tion interneurons to stimuli common to both sides of the animal,
and to accentuate the difference between stimuli to either side.

The results presented here on interneuron 10-3 have shown
that a major determinant of the directional sensitivity of the
cell is the location of the spike-initiating zone with respect to
the distribution of excitatory and inhibitory inputs. Thus the
cell responds maximally to inputs within a small region of its
overall receptive field. A quantitative study of crayfish visual
interneurons has yielded a similar result (Kirk et al., 1983): the
receptive field of these cells is correlated with the position of
the dendritic field, yet maximal sensitivity occurs within a small
sector of the field and is directly correlated with dendritic den-
sity.
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To conclude: It is likely that the mechanisms underlying di-
rectional sensitivity and sensory processing that are described
here in detail for cricket interneurons operate in a variety of
vertebrate and invertebrate systems. It is now apparent that
there are several levels at which a neuron’s function must be
related to its structure. In this system, the position of dendrites
with respect to the topography of the afferent map determines
the types of excitatory input the cell can receive. The location
of the SIZ determines the relative weighting of each dendrite
and inhibition acts to selectively suppress particular excitatory
inputs. All 3 mechanisms work in combination to produce a
directionally selective output unique to that interneuron.
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