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Abstract Sensory responses of various descending brain
neurons, their modulation during standing or walking,
and the correlation of such modulations with stimulus
category were investigated. Stimuli involving (1) static or
moving grating, artificial calling songs with (2) the
conspecific and (3) an ultrasound frequency, or (4) air
puffs to the cerci were presented to crickets walking in an
open loop paradigm. The morphology of different de-
scending interneurons in the brain and thoracic ganglia
is described, together with their respective response
properties. Some cells were excited, others inhibited by,
and only some were directionally sensitive to the opto-
motor stimulus. Responses to artificial calling songs
with conspecific and ultrasound frequency differed in the
way the syllables of the sounds were coded and in
the representation of ipsi- and contralateral stimuli. The
majority of cells tested responded to air puffs. Stimulus
representation differed among individuals of morpho-
logical types, but was very similar among individual
interneurons of the morphologically homogenous i5
group. Stimuli approximating predators (air puffs, ul-
trasound) were usually represented during walking and
standing; however, most neurons only responded to the
other stimuli only during walking. These results indicate
that the same neurons show different responses, and may
have different functions, under different behavioral
conditions.

Key words Walking behavior - Stimulus
representation - Categorial response - Context
dependence - Gating
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Introduction

Animals cope with stimuli of various modalities en-
countered while performing different behaviors. Stimuli
can fall into different categories. They may be attractive,
like the calling song of a male cricket (Regen 1913;
Thorson et al. 1982), or they may elicit escape responses
if they resemble signals produced by a potential predator
(Camhi et al. 1978; Hoerner 1992; Pollack and Hoy
1989; Thorson et al. 1982). However, the behavioral
reaction of the animal depends not only on the stimulus
category, but also on the context in which it is encoun-
tered (Nolen and Hoy 1984; Ritzman et al. 1980). How
is this reflected in the activity of the central nervous
system?

The insect brain receives input of different sensory
modalities that converge onto several separate networks
thought to extract behaviorally relevant features. Some
of these are the direction of movement (Borst and Ege-
lhaaf 1990; Hassenstein and Reichardt 1956) or the de-
tection of a target (e.g., Egelhaaf et al. 1993; Gilbert and
Strausfeld 1991; Strausfeld 1991; Warzecha et al. 1993).
In crickets, a network of local brain neurons serves to
recognize the pattern of the conspecific song (Schild-
berger 1984b). The locust ocellar system is regarded
as important for flight stabilization (Rowell 1993).
Furthermore, it has been shown that the interactions of
different modalities in different neuronal subsystems
influence the behavior in several insects (e.g., Boehm
etal. 1991; Robert and Rowell 1992a, 1992b; Schildberger
1984a; Stout et al. 1987; Weber et al. 1987; Zeiner and
Tichy 1998). Thus, the systems mentioned above, and
various other systems, together may determine the
choice of the appropriate behavior to be performed in a
given situation.



In insects, descending neurons connect the brain with
the ganglia of the ventral nerve cord. As their number is
relatively small (ca. 200-300 pairs) compared to the
brain and thoracic neurons, they form a bottleneck for
the multitude of sensory information converging onto
the brain. Together, their summed activity may largely
control the behavior of the animal. In grasshoppers and
crickets, identified descending neurons are necessary
and sufficient to induce singing under some, but not all,
conditions (Hedwig 1994, 1996, 2000). In crickets, a
command-like descending neuron for walking (Boehm
and Schildberger 1992), and another group of de-
scending cells which seems to be important for deter-
mining rotational velocity (Staudacher and Schildberger
1998) have been found. A number of ultrasound-sensi-
tive descending interneurons have been reported to be
highly active in flying crickets and probably mediate
negative phonotaxis (Brodfuehrer and Hoy 1989, 1990).
In a fly, the direct coupling of specific visual descending
neurons to flight motor neurons has been reported
(Gronenberg and Strausfeld 1992; Gronenberg et al.
1995). This seems to serve as a fast circuit for pursuing
small, fast-moving targets by the fly (Milde and
Strausfeld 1986; Strausfeld and Gronenberg 1990). In
flying locusts, a large descending neuron, DCMD,
which responds vigorously upon approach to looming
objects, is important for mediating collision-avoidance
(Gabbiani et al. 1999; Rind and Simmons 1999). Several
descending neurons in locusts have been shown to
partially overlap in their response characteristics to
various combinations of wind and wide-field visual
stimuli (e.g., Hensler 1992b; Rowell and Reichert 1986;
Simmons 1980a). Therefore, it is assumed that they
contribute to flight stabilization as a population of cells,
as assumed for descending brain neuron activity in
walking locusts (Kien 1983).

In this study, descending brain neurons (DBN) are
described morphologically and their response charac-
teristics are reported for stimuli of different categories.
This allowed investigating whether the same cell repre-
sents stimuli of different categories (e.g., positive taxis
versus negative taxis) in the same way. Furthermore, it
allowed investigating if and how categorial responses
depend on behavioral context (e.g., walking or stand-
ing). The results shed some light on the coding of be-
havior by descending neurons. Preliminary accounts of
this study were published in abstract form (Staudacher
1994).

Materials and methods

Only a short description of the experimental procedures is given
here, as the experimental setup and procedures have already been
described in detail (Staudacher and Schildberger 1998). Adult
female Gryllus bimaculatus DeGeer from a laboratory stock were
used at the age of 14-28 days. The neck of the animal was glued
to an inverted yoke in a manner that allowed the animal to
freely move all legs and other appendages. The connectives
between suboesophageal and first thoracic ganglion (cervical or

neck connectives) were exposed from the dorsal side and stabi-
lized with a silver platform to allow intracellular recording in the
axons of descending cells. The animals were positioned on the
top of a hollow Styrofoam ball supported by air bearings. When
the animal moved its legs, it moved the ball. Thus, the movement
of the ball, which was detected by an infrared camera, repre-
sented the intended walking direction and speed of the animal
which in fact remained stationary. A microprocessor transformed
the camera signals into DC signals, representing the translational
and rotational velocities. Experiments were performed under
darkroom conditions. Vertical black and white stripes (width 25°)
could be projected onto a circular curtain surrounding the ani-
mal. Turning the projection of a static grating On and Off al-
lowed assessment of the type of illumination change to which the
cells responded, although the receptive fields were not known.
Furthermore, at other times the grating was moved to the left or
right with contrast frequencies up to 11 Hz. A phototransistor
on the curtain monitored if the pattern was turned On or Off
and any movement of the grating. Its signal represents the visual
stimulus in recordings and subsequent graphs. Two speakers
situated in front of the animal 50° left and right of the midline,
allowed presentation of acoustic stimuli composed of chirps
presented at a rate of 2 Hz. Each chirp consisted of four sylla-
bles of 20 ms duration separated by 20 ms pauses modeled after
the natural calling songs of males of this species. Carrier fre-
quencies of 5 kHz were used to approximate a conspecific male’s
song and 20 kHz to approximate the sonar of a flying bat, thus
eliciting positive and negative phonotaxis respectively. Air puffs
with a maximum velocity of 2 m s~ were directed via a nozzle
at the cerci of the animal. They were used to mimic the
approaching tongue of striking a toad. Usually, three consecutive
pulses, each 100 ms in duration, were delivered with a frequency
of 2 Hz. The air puffs may also have reached mechanosensory
structures other than those of the cerci. Data were recorded on a
tape recorder (Racal Store 7 DS) and evaluated off-line using
various programs on a Macintosh computer (SuperScope; Excel
98; StatView 4.0; GB-Stat 5.0.4). Neurons were stained with
Lucifer Yellow or Neurobiotin and detected with the PAP
method (Taghert et al. 1982) or the ABC method (Horikawa and
Armstrong 1988). In both cases DAB served as chromogen.
Anatomical descriptions refer to the embryonal neuraxis (Boyan
et al. 1993) and cells are named according to Staudacher (1998).
The terms ipsilateral and contralateral refer to the location of the
soma of the recorded interneuron in the brain, unless otherwise
stated.

Results
General results

In this cricket, the somata of the approximately 200
pairs of DBNSs are located in different clusters of the rind
of the brain (Staudacher 1998). Recordings of seven of
these descending cells are presented here. Descending
brain neurons are usually classified according to their
arborization patterns in the brain. The data presented
here, show that both major classes, i.e., ipsi- and con-
tralateral, descending brain neurons can be further
subdivided into four major morphological types with
regard to their branching patterns in the ganglia of the
ventral nerve cord. Type I cells (e.g., Fig. 6A; DBNi5n—1)
have arborizations on the ipsilateral side of their axon
in the medial parts of the suboesophageal ganglion
(SOQG) and the thoracic ganglia (T1, T2, T3). Type II
neurons have only axon ipsilateral arborizations in-
cluding one prominent branch, which runs towards the



root of the large leg nerve (N5) in each thoracic gan-
glion. Depending on whether they arborize in the SOG
and extend into the abdominal ganglia this group can be
further subdivided into four subtypes (Ila-d: Fig. 5A,
DBNi5 neurons; Ila: Fig. 4A, DBNc5—4; I1d: Fig. 7A,
DBNc5-5). Type III neurons have bilateral medial
arborizations in the SOG and the thoracic ganglia and
prominent arborizations extending towards the roots of
NS ipsi- and contralateral to their axon (Fig. 3A,
DBNc4-1). A type IV neuron, represented by DBNc4-2
(Fig. 2A) has bilateral median branches in SOG and
T1-3 and an axon ipsilateral branch reaching towards
the root of N5 in T1 and T2, but an axon contralateral
one in T3. More data are needed to judge if cell types I,
II1, and IV can be subdivided in the same way as the
type II neurons.

A summary of the physiological data is given in
Table 1. Except for one cell (DBNil-3: Fig. 1), the
DBNs were not active when the animal was standing
and no stimulus was being presented. When the animal
was walking spontaneously (i.e., was not experimen-
tally stimulated), all cells fired some action potentials
with variable instantaneous spike frequencies (Table 1;
range of mean values: 0.88-168.45 Hz). Only two cells
(DBNil-3: Fig. 1; DBNc4-1: Fig. 3) failed to respond
to the auditory stimuli tested. As a rule, neurons which
responded to the artificial calling song with the con-
specific carrier frequency (5 kHz) also responded to the
same temporal stimulus pattern with a frequency of
20 kHz; however, their response characteristics often
differed according to carrier frequency (e.g., DBNc5—+4:
Fig. 4). Many, but not all neurons also responded to
the visual stimulus of a moving grating. Most cells
responded with a short burst of action potentials to
the “lights off” stimulus with a static grating (e.g.,
DBNc4-1; cf. DBNc2-1: Staudacher and Schildberger
1998). Only one cell was found that decreased its firing
frequency upon “lights off” (DBNil-3: Fig. 1B). Re-
sponses to stimulation by air puffs to the cerci were
found in the majority of the cells tested. Cells re-
sponded typically with a short burst of action poten-
tials that occurred regardless of whether the animal
was walking or not (e.g., DBNi5-1-19: Fig. 5B). Only
the 15 neurons showed any correlation between neural
activity and translational or rotational velocity of
the walking animal in any stimulus situation tested
(Pearson’s correlation coefficient, criteria: r>0.5,
P=0.0002). This correlation between the strength of a
stimulus response and the rotational velocity of the
animal has been reported earlier (Staudacher and
Schildberger 1998). In the majority of cells, the
responses to the moving grating and the artificial
calling song of 5 kHz (both elicit positive taxis
behavior) were gated, appearing only during walking.
In contrast, responses to air puffs and 20-kHz stimuli
(both elicit negative taxis behavior) were not dependent
on the walking activity of the animal. Only few cells
failed to show such modulations, or showed a different
type of response modulation.

No context-dependent modulation
of sensory responses: DBNil-3

The soma of this ipsilateral descending neuron (Fig. 1A)
is located in the lateral dorsal rind of the protocerebrum.
The primary neurite runs medially towards the dorsal
medial protocerebrum, where most of the branches are
located. From this region, one branch runs in a ventral
anterior direction towards the medial ocellus tract. Some
arborizations are also found in the dorsal deutocere-
brum. This cell is similar to the O3 neuron (Goodman
1976; Williams 1975) and to an un-named cell reported
by Boehm and Schildberger (1992; Fig. 5). Physiological
responses may show some differences, but the stimulus
programs and parameters used in this study were dif-
ferent too. Therefore, it remains unclear whether this
is the same neuron or a sibling with slightly different
response characteristics.

The DBNil-3 cell was the only one recorded which
was tonically active even when the animal was standing
(Table 1). Furthermore, it was the only cell which did
not show any sign of context-dependent gating. During
walking, its firing frequency increased significantly (Ta-
ble 1; r-test: P<0.0001). When the lights were turned
Off, the firing rate of the cell decreased, while turning the
lights On resulted in a phasic burst of action potentials
(Fig. 1B). Both responses occurred in the walking and
the standing animal (Fig. 1B left and right part, re-
spectively), i.e., they were not gated by the walking ac-
tivity of the animal. When visually stimulated with the
grating moving left (ipsilaterally) the walking animal
showed a strong turning tendency to the left side, i.c.,
intended to show optomotor behavior, and changes
from light to dark led to short reductions in the activity
of the neuron (left part in Fig. 1C). When the animal was
standing, the overall activity of DBNil-3 decreased.
However, it still responded to the moving grating with
short reductions of its activity (right part of Fig. 1C). A
comparison of the post-stimulus-time histograms for
ipsi- and contralateral movement of the grating shows

no obvious principal differences in these responses
(Fig. 1D, E).

Modulation over time: DBNc4-2

The soma of this contralateral descending neuron is lo-
cated in the ventral pars intercerebralis from where its
primary neurite runs posteriorly dorsad (Fig. 2A). Some
branches are located in the dorsal protocerebrum. The
main arborizations, however, are located in the medial
to ventral deutocerebrum. A few branches are also
found in the contralateral dorsal deutocerebrum, before
the axon descends and runs to the thoracic and then
further on into the abdominal ganglia (Fig. 2A).

This is the only neuron showing a time-dependent
modulation of one sensory response. The cell responded
to the artificial calling song of 5 kHz and 20 kHz if they
were presented ipsilaterally (Fig. 2B-E). And only the
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Fig. 1 A Morphology of the ipsilateral descending brain neuron
(DBNi)I-3 in the brain; undetermined cell type. B Turning
the lights Off decreases and On increases the neural activity.
C Stimulation with a grating moving to the left (ipsilateral) side
(second trace). In the left part the walking animal shows an
optomotor response, i.e., intends to turn left. In the right part the
animal is standing. The cell responded with a reduction of its
activity to light/dark changes during walking and standing. D Post-
stimulus-time histogram (PSTH): grating moving left (ipsilateral;
contrast frequency: 1.6 Hz). The graph illustrates the drop in the
activity of the cell to light/dark changes. E PSTH: grating moving
right (contralateral; contrast frequency: 1.4 Hz). If not stated
otherwise, the following conventions are valid for this and all
following figures: anatomy — brain morphology was reconstructed
from serial vibratome sections (50 pm). Morphology in the other
ganglia drawn from wholemount photographs. Recording exam-
ples: first trace: intracellular recording; other traces: as labeled.
PSTH: bin width 10 ms. PSTH and schematized stimulus pattern
(dark: off; light: on; or: four syllables) have the same time scale.
Unless otherwise stated, the crickets are walking during the time
periods represented by the graphs

representation the ultrasound stimulus was modulated
over the period of 27 min. At a carrier frequency of
5 kHz (90 dB SPL) only the first syllable of each chirp
was represented in the response of the neuron (Fig. 2B;
mean latency: 31.3+11.4 ms, mean+SD; n=27). This
did not change within 27 min (cf. Figs. 2B and 2C). In
contrast, when the animal was walking, the cell re-
sponded to 20 kHz 80 dB SPL with a representation of
all four syllables (Fig. 2D; mean latency: 32.1+7.2 ms;
n=062). In the course of time, even in the walking ani-
mal, only the first syllable was represented (Fig. 2E: after
27 min). In contrast to another cell from the same cluster
(see below), DBNc4-2 responded with a short burst of

Grating left (ipsi, 1.6 Hz)

m

Grating right (contra, 1.4 Hz)
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number of occurrences

o

0 350
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action potentials to turning the lights On. Furthermore,
the response to the moving grating was gated by the
walking activity of the animal.

Examples for context-dependent gating
of categorial responses

In all other descending neurons, representations of
stimuli eliciting positive taxis behavior (moving grating,
conspecific calling song) were modulated by the walking
activity of the animal. In contrast, responses to stimuli
approximating predators (air puffs, ultrasound), and
thus belonging to a different category, were represented
during standing and walking. This means, the cells re-
sponded to these stimuli independent of the behavioral
context. The following cells shall exemplify these find-
ings and detail variations in response properties with
regard to auditory stimuli.

DBNc4-1

In the brain, this cell is morphologically very similar to
DBNc4-2 (cf. Fig. 2A) and in the ventral ganglia it also
branches ipsi- and contralaterally (Fig. 3A). Differences
in this branching pattern, however, indicate that it is a
different cell of cluster c4, and that it belongs to DBN
type III.

In this neuron, responses to the moving grating were
gated, while the cell responded to air puffs during
walking and standing. The DBNc4-1 cell responded
with a short burst of action potentials at light Off. Like



B 36 5kH.290 dB °SPL left (ipsi): start C 36- as B: 27 min later
‘.. ’ .. e ° .. ‘. :%' ... .= .. ° .
Bl eam w oe B PR et
A R L e O T
518 s ° ° e et . £18: } ‘o. .‘ " ° .o'o N
o1 .L . ° u'..:-' . t 4 3 b .“.- . * . .. .
g $o o ° . .. ° . - _g :0 %% . . . .:o .
® :o L '° ..o: e °° * @ :o‘: .. * 3 ". . 0'.
M § b ‘.og . .. i°* :.:"u..-' -'- '0’00
o} i : ?. i -.' . ...’. .. 0- 57 '- 'f o o8 4 .
0 250 500 0 250 500
D 3s; 2{0 £<Hg 80 dB SPL left (ipsi): start E 36; as D: 27 min later
3 0 % 4 %e® it . °* )
‘o - e ?:. . : 4 & @ . . .. L 2
2 ?.t;z - g veoe
8 Ei ‘.. ; i. ¢ .® :°.. hd 8‘ E ‘. . .o .. . '
©“ 181 '}. ". o« oo hd w189 ¢« * o .
2 k & .* . d 2 k : .. '. e ® .
S il : . 2 .
- E 1f.& et Seee e (S © tes . .
e = ﬁ :.Fz * 0 * ° .'. ° 3 ﬁ o.'. ' e
N S11 1 ST N | #S PP
o 250 ' 500 0 250 500
tAP [ms] tAP [ms]

200 pm

DBNc4-2, the DBNc4-1 responded to the moving
grating. Although the animal showed an optomotor re-
sponse, the cell only responded to ipsilateral movements
of the grating (Fig. 3B; first part). Contralateral move-
ments of the grating were not represented by the cell,
even though the animal intended to turn with the grating
(Fig. 3B; second part). The response characteristics were
not altered at different contrast frequencies of the grat-
ing (cf. Fig. 3B, C, and D). Responses to the moving
grating clearly depended on the walking activity of the
animal, i.e., were gated (Fig. 3E, F). Air puffs elicited
short bursts of action potentials (latency: 103.9+
55.2 ms; n=29) and triggered escape runs of the animal
(Fig. 3G).

DBNc5—4

The primary neurite of the DBNc5—4 neuron runs pos-
terior to the medial posterior protocerebrum (Fig. 4A)
and has some ipsilateral arborizations there. On the
contralateral side, this cell arborizes in the dorsal

Fig. 2 A Morphology of the contralateral descending brain
neuron (DBNc)4-2; type IV cell. B, C No time-dependent change
in the response to 5 kHz. B Beginning of the recording, cell
responds to the first syllable of an artificial calling song presented
ipsilaterally (5 kHz, 90 dB SPL). C Response to the same stimulus
as in B remains unchanged even 27 min later. D, E Time-dependent
change in the response to ultrasound. D All four syllables of the
ipsilateral stimulus of 20 kHz, 80 dB SPL represented. E About
27 min later the cell only responded to the first syllable of the same
stimulus. Dot plots: each dot represents the time of occurrence of
one action potential (14 P). Dot plots and the schematized stimulus
pattern (four syllables) have the same time scale

posterior protocerebrum and the dorsal anterior deut-
ocerebrum.

This example shows striking differences in the context
dependence of the conspecific calling song which elicits
positive phonotaxis and ultrasound which leads to neg-
ative phonotaxis and was not gated. The cell responded
only weakly to the contralaterally presented calling song
with a carrier frequency of 5 kHz 90 dB SPL (Fig. 4B;
mean latency: 39.9+12 ms; n=10). However, if the
same stimulus was presented ipsilaterally, all four
syllables of a chirp were represented by the cell (Fig. 4C;
mean latency: 31.3+£11.4 ms; n=15). Moreover, the cell
only responded to the artificial calling song with the
conspecific carrier frequency while the animal was
walking (Fig. 4F). Its response characteristics changed
dramatically when the carrier frequency was 20 kHz: all
four syllables of the calling song were then represented
with good fidelity, but only if the stimulus was presented
contralaterally (20 kHz 90 dB SPL; Fig. 4D; mean
latency: 30.4+ 5.2 ms; n=17). Only the first syllable was
represented strongly when the same stimulus was pre-
sented from the ipsilateral side (Fig. 4E; mean latency:
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Fig. 3 A Morphology of DBNc4-1; type III cell. B The cell
responds to ipsilateral, but not to contralateral grating movement
(first and second part, respectively). C The cell’s activity is
phasically increased by light/dark changes to ipsilateral visual
grating movement. D No response to contralateral grating
movement. E, F Context dependence: the cell does not represent
the moving grating while the animal is standing. G The neuron
responds to air puffs

32.6+2.6 ms; n=17). Furthermore, responses to the 20-
kHz stimulus were not dependent on the walking activity
of the animal (Fig. 4G). Whenever the cerci were
stimulated with air puffs, the cell responded with a
short burst of action potentials (mean latency: 53.63 +
22.43 ms, n=14).

DBNi5—1-19

The morphology of the cells of the ventral i5 cluster in
the brain has been described in detail earlier (Staudacher
1998). All four subtypes are shown in Fig. SA.

For this group of neurons, context dependent gating
could be established for the conspecific calling song.

Like in most other cells described here, ultrasound and
air puffs were represented during standing and walking.
The cells from cluster i5 only responded to 5-kHz
stimuli if the animal was walking and only if they
were presented ipsilaterally (range of mean latencies:
33.3+£5.2ms; n=31to 42.5+ 6.3 ms; n="7). In contrast,
responses to 20-kHz stimuli were not gated and did not
depend on the side of the presentation (cf. Staudacher
and Schildberger 1998). The mean latencies for ipsilat-
eral stimulation with 20-kHz ultrasound ranged from
29.4+6.6 ms; n=16 to 34.5+£7.9 ms; n=15, and from
24.5+10.0 ms; n=36 to 27.7+3.6 ms; n=233 for con-
tralateral stimulation. All but one tested DBNi5 cell
responded to air puffs delivered to the cerci. Neurons
representing this stimulus did so during standing and
walking. Stimulation induced phasic increases in the
cells’ activity, i.e., short bursts of action potentials
(Fig. 5B; mean latency: 55.82+21.18 ms; n=43), and
often, but not always, escape runs of the animals were
triggered by the air puffs. All DBNiS5 cells, which were
tested with the moving grating, showed only weak re-
sponses during walking. Usually, their activity was
higher during ipsilateral movement of the grating than
during contralateral stimulation (Fig. 5C). The ipsilat-
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eral movement was represented by a phasic increase of
the neuron’s activity (Fig. 5D). During contralateral
movement of the grating, the response was weaker or
no response was found (Fig. 5E). However, more data
are needed to gain a clear-cut picture of the different
responses of the i5 cells to visual stimuli.

DBNi5n-1

The perikaryon of this neuron is located in a small
ventral medial cluster (Fig. 6A). By making a latero-
dorsal curve between the peduncle and the o-lob the
primary neurite runs to the dorsal protocerebrum. The
main arborization zone of the cell is located dorsally,
posteriorly and laterally to the central complex. In the

protocerebrum, a prominent median collateral branches
off and runs parallel to the axon. The arborizations
given off from this collateral and the axon are located
ipsilaterally in the dorsal proto- and deutocerebrum.
Like many others, DBNiSn—1 responded to 5 kHz
only during walking. The post-stimulus-time histograms
(PSTHs) show that DBNi5n—1 responded strongly to
both, the ipsilaterally presented artificial calling song
with the conspecific carrier frequency and ultrasound
(Fig. 6B-F). When a stimulus of 5 kHz 90 dB SPL was
presented ipsilaterally all four syllables were represented
by the cell (mean latency: 46.9 +16.7 m; n=45; Fig. 6B,
D). However, only the first syllable was represented
during contralateral stimulation (mean latency:
36.1 £4.4 ms; n=16; Fig. 6B; middle part and Fig. 6C).
When stimulated with 20 kHz 90 dB SPL from the
ipsilateral side, single syllables were represented only
weakly, while the whole chirp was represented strongly

>

Fig. 5 A Morphology of all four subtypes ({la—d) of the DBNi5
cluster. B These cells respond to air puffs during standing and
walking. C The neuron shows higher activity during ipsilateral than
during contralateral visual grating movements (first and second
part, respectively). D During ipsilateral grating movement, the
cell’s activity increases phasically with light/dark changes. E No
response to contralateral grating movement
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(mean latency: 34.4£11.6 ms; n=27; Fig. 6F). The cell side (mean latency: 37.0+7.5 ms; n=11; Fig. 6E).
responded only very weakly when the animal was stim- This was one of the few cells that did not respond to
ulated with 20 kHz 90 dB SPL from the contralateral stimulation of the cerci with air puffs.
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DBNc5-5

The ipsilateral arborizations of this neuron from the
ventral cluster ¢5 (cf. DBNc5S-4, Fig. 4) are located
dorsal to the central complex in the diffuse neuropile
of the posterior lateral protocerebrum (Fig. 7A). Its
axon descends contralaterally without further branch-
ing.

The animal walked throughout the experiment.
Therefore, no statement can be made about walking-
dependent gating of the sensory responses of this cell.
However, the auditory response characteristics of this
cell were reversed in a manner suggesting mirror sym-

T 250 " 500

tAP [msl

250 " 500

metry with regard to DBNc5-4 (cf. Fig. 4B to Fig. 7C,
Fig. 4C to Fig. 7D, Fig. 4D to Fig. 7E, and Fig. 4E to
Fig. 7F). During walking, the cell responded to all four
syllables of an artificial calling song of 5 kHz 90 dB SPL
only when it was presented contralaterally (Fig. 7C;
mean latency: 24.5+ 1.0 ms, n=36). The recording pre-
sented (Fig. 7B; first and last parts) shows that this
response was not dependent on the walking direction
of the animal. An ipsilateral presentation of the same
stimulus only led to a weak response (Fig. 7D; mean
latency: 46.0 £ 11.5 ms, n=28), even though the animal
itself was showing phonotactic behavior (Fig. 7B; middle
part). The PSTHs show that the response properties of
the cell were different for stimulation with 20 kHz
(Fig. 7E, F). Here, the response to a stimulus of 20 kHz
85 dB SPL was represented more strongly when pre-
sented ipsilaterally (mean latency: 34.5+10.5 ms,
n=22), while there was no response to contralateral
stimulation. When air puffs were delivered to the cerci,
the cell responded with a few action potentials (mean
latency: 69.07 £26.85 ms, n=9).
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90 dB SPL. C All four syllables are represented during contralateral
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Discussion
Sensory responses and brain morphology

The anatomy and physiology of a number of descending
brain neurons has been described in several insects (e.g.,
Bacon and Moehl 1983; Boehm and Schildberger 1992;
Boyan and Williams 1981; Brodfuehrer and Hoy 1990;
Gebhardt and Honegger 1997; Griss and Rowell 1986;
Gronenberg and Strausfeld 1991; Hedwig 1994; Hensler
1988; Hoerner and Gras 1985; Homberg 1994b; Horse-
man et al. 1997, Kanzaki et al. 1991; Olberg 1986;

Richard et al. 1985; Rind 1990; Rosentreter and Schu-
ermann 1982; Rowell and Reichert 1986; Staudacher
and Schildberger 1998; Williams 1975; Ye and Comer
1996). The different cells shown here have partly over-
lapping sensory response characteristics, thus resembling
parallel descending pathways. Nevertheless, the cells can
be divided into two groups based on a combination of
brain morphology and response characteristics. Group 1
neurons strongly responding to visual stimuli have their
branches in the dorsal medial protocerebrum, or even
send branches into ocellar tracts (cf. Staudacher and
Schildberger 1998). Their responses to air puffs may be
mediated by branches in the posterior dorsal protoce-
rebrum, where the giant ascending cercal interneurons
terminate (Boyan et al. 1989). Most cells of the group II
also responded to air puff stimulation and have branches
in the same area. Group II, and the majority of de-
scending brain neurons shown here responded to an
artificial calling song of 5 kHz and 20 kHz, but their
responses to these frequencies often differed strongly.
Moreover, their response properties were also very
different from responses of the auditory receptors and
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primary interneurons recorded under similar ““free-field”
conditions (Boyd and Lewis 1983; Horseman and Huber
1994a, 1994b; Stabel et al. 1989). Compared to latencies
known from ascending primary interneurons, the la-
tencies of the auditory responses of descending neurons
are relatively long. They range from 25 ms to 47 ms for
5 kHz and 24 ms to 35 ms for 20 kHz (cf. Brodfuehrer
and Hoy 1990; Schildberger 1984b). These long latencies
indicate that some preprocessing might take place before
the descending cells are activated. Local brain neurons
are candidates for this and the ipsi- and contralateral
connections. Some such cells have been described pre-
viously, and some even have branches in the dorsal
posterior protocerebrum where many descending neu-
rons have large arborization zones (Boyan 1980; Brod-
fuehrer and Hoy 1990; Schildberger 1984b; this study).
It therefore seems to be of general importance for un-
derstanding the responses of descending brain neurons
and their significance to elucidate their connections in
the dorsal protocerebrum.

In insects, descending cells only represent about 0.3—
1.5%, of the brain neurons, which illustrates the large
degree of convergence of other neurons onto them
(Staudacher 1998). Therefore, it is not surprising that
most descending neurons respond to more than one type
of stimulus (e.g., Boehm and Schildberger 1992; Brod-
fuehrer and Hoy 1990; Gronenberg et al. 1995; Hensler
1992b; Hoerner 1992; Kanzaki et al. 1991; Rowell and
Reichert 1986; Strausfeld et al. 1984; this study). In the
cells presented here, stimulation with a combination of
stimuli often led to increased firing activity. It has pre-
viously been reported that stimuli which separately led
to only weak responses led to stronger responses when
they are combined, or that their responses added up
arithmetically when combined (Boehm and Schildberger
1992; Hensler 1988; Milde and Strausfeld 1990; Olberg
and Willis 1990; Reichert and Rowell 1986). Such
properties are referred to as situation- or context-de-
pendent responses rather than multimodal responses
(Reichert and Rowell 1986). Situation-dependent re-
sponses might be regarded as a basis for behavioral
changes which occurred when different stimuli were
combined (Boehm et al. 1991; Weber et al. 1987), al-
though behavioral changes may also result from simul-
taneous alterations in the activity of parallel pathways
responding to different modalities.

Connections to the ventral nerve cord

This report, and other studies, show brain and ventral
ganglion morphology and physiological properties of
insect descending brain neurons (e.g., Burdohan and
Comer 1996; Griss and Rowell 1986; Hedwig 1986, 1994;
Hensler 1988; Olberg 1986; Olberg and Pinter 1990; Ol-
berg and Willis 1990; Richard et al. 1985; Rind 1983a,
1990; Simmons 1980b; Staudacher and Schildberger
1998; Strausfeld et al. 1984). The information for the
DBNIiS5 cluster (Fig. 5) presented here shows that it might

not always be sufficient to describe input regions and
sensory responses for identifying neurons individually:
(1) the 19 15 cells are morphologically very similar in the
brain (Staudacher 1998), and (2) their response properties
are very similar (Staudacher and Schildberger 1998; this
account). However, data presented here show consistent
variations of the arborization patterns of descending
brain neurons in the suboesophageal ganglion, in the
thoracic ganglia, and in their connections to the abdom-
inal ganglia, which defines different types and subtypes.
The arborizations of descending brain neurons are
usually located in the dorsal to medial areas of the
ventral ganglia (e.g., Hoerner 1992; Richard et al. 1985;
Staudacher and Schildberger 1998; this study). Con-
nections from descending cells to cells in the subo-
esophageal ganglion may be important in both walking
and flight and for changing metabolism and breathing
pattern according to ongoing behavior (Kien 1983;
Ramirez 1988, 1998). The dorsal to medial location of
their branches in the thoracic ganglia suggests connections
to flight motor neurons and bimodal flight/walking
motor neurons (Pflueger et al. 1986; Ramirez and
Pearson 1988). Only in a couple of cases have direct
connections of descending brain neurons with flight
motor neurons been shown. In these examples, fast
reactions seem to be necessary in order to successfully
stabilize flight (locusts: Hensler and Rowell 1990;
Reichert and Rowell 1985; Simmons 1980a; moths: Rind
1983a, 1983b) or pursue a small, fast moving target
(flies: Gronenberg and Strausfeld 1991). Direct connec-
tions to bifunctional motor neurons and to flight and leg
motor neurons have been described for descending cells
involved in initiating escape reactions resulting in flight
(locusts: Burrows and Rowell 1973; Simmons 1980b;
flies: Milde and Strausfeld 1986, 1990; Trimarchi and
Schneiderman 1995a, 1995b, 1995¢). Although many
descending brain neurons have collaterals to the root of
the large leg nerve N5 in the thoracic ganglia, direct
connections to neurons intimately involved with walking
and their significance remain to be shown for most of
them. It seems likely, however, that the majority of de-
scending neurons connect at least to premotor inter-
neurons, like non-spiking cells which have been shown
to be important for appropriately configuring the tho-
racic circuits for different motor tasks (Driesang and
Bueschges 1996). Furthermore, many descending neu-
rons run into and arborize in the abdominal ganglia
(E.M. Staudacher, unpublished observation). Although
the significance of their abdominal branches is not yet
known, it is conceivable that they play a role during
various behaviors. In insect flight, for example, move-
ments of the abdomen contribute to steering and stabi-
lization (Baader 1990, 1991; Moiseff et al. 1978; Pollack
and Hoy 1981) just as do leg movements (Arbas 1986;
May and Hoy 1990; Miles et al. 1992). Generally, it
seems that indirect connections could be of major im-
portance for behavioral choice, while fast, direct con-
nections might primarily serve to modify ongoing
behavior or mediate startle responses. In addition,



connections to cells in the suboesophageal ganglion and
abdominal ganglia may help to tune the whole animal to
the chosen behavior.

Neurotransmitters and function of descending
brain neurons

What we now know about two type II neurons of the
same cluster, DBNc5-4 and DBNc5-5 (Figs. 4 and 7,
respectively), exemplifies the need for data on the im-
munocytochemistry of descending cells. Both neurons
respond to the artificial calling song with the conspecific
and ultrasound carrier frequency. However, their direc-
tional characteristics seem to be reversed. One can
imagine that either cell could be involved separately in
eliciting positive or negative phonotaxis. However, be-
cause of the mirror symmetry of their response charac-
teristics, and because their branches reach into the same
regions, it is currently difficult to imagine how their si-
multaneous activity might be integrated to produce
positive and negative phonotaxis. One might speculate
that they can contribute to organized phonotaxis only if
they either connect to opposing neural elements in the
thorax, use different transmitters, or both. From other
systems, it also becomes increasingly clear that neuro-
modulation may play an important role for the config-
uration of the motor circuits (cf. Driesang and Bueschges
1996), appropriately fine-tuning the behavior of the an-
imal or switching to another behavior (Harris-Warrick
et al. 1997; Kupferman et al. 1997). It is, therefore, clear
that a combined view of morphology, immunocyto-
chemistry (Homberg 1994a; Wendt and Homberg 1992),
and physiology would be of general value to functionally
interpret data on descending brain neurons.

Descending activity and behavior

Clear examples of descending brain neurons being more
or less crucial for specific behaviors are very rare for any
animals. The Mauthner cell in the medulla oblongata of
fishes, elicits a so-called “C-start™, a fast escape reaction
(Eaton and Bombardieri 1978). Later, it was shown that
another pathway exists which elicits a very similar re-
action with a slightly longer latency (Eaton et al. 1982,
1984). Therefore, in a strict view, the Mauthner cell does
not fulfill the criteria of sufficiency and necessity (Kup-
fermann and Weiss 1978). Systematic manipulations of
the activity of cricket descending brain neurons during
standing and walking led to the characterization of one
descending neuron necessary and sufficient to initiate
and sustain walking activity (Boehm and Schildberger
1992). In both grasshoppers and crickets, Hedwig (1994,
1996) identified command-like neurons necessary and
sufficient for singing. However, at least in grasshoppers,
the whole behavioral sequence seems to be controlled by
the sequential activity of a set of neurons, not just by
a single command cell (Hedwig and Heinrich 1997).
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Highly significant correlations of neural activity and
behavioral parameters are commonly accepted as
evidence that the activity of a given neuron could be
relevant for a specific behavior. Such correlations could
not be established for the cells described here, except for
the 15-cells (cf. Staudacher and Schildberger 1998).

However, many of the descending neurons in other
studies, and many described here have partly overlap-
ping stimulus/response characteristics, and thus proba-
bly represent parallel descending pathways (e.g., Boehm
and Schildberger 1992; Hensler 1992b; Kanzaki et al.
1991; Olberg 1986). Moreover, differences in their arb-
orization patterns indicate that some of the descending
brain cells may connect with the same, yet others with
different, neural circuits in the ventral nerve cord. Dif-
ferences in their transmitters would further define their
impact on the local networks controlling motor behav-
ior. This suggests similarities regarding how motor tasks
are represented in the vertebrate nervous system. For
example, the weighted activity vector of a population of
cells in the motor cortex, each cell of which is not very
precise and has slight differences in its tuning, leads to a
more precise representation of reaching movements
(Georgopoulos 1991, 1996; Georgopoulos et al. 1986).
Walking behavior of cats and swimming in lampreys
also seems to depend on the context-dependent activity
of parallel descending pathways (Deliagina et al. 2000;
Grillner 1975; Grillner and Wallén 1984; Grillner et al.
1991). Similarly, it has been proposed that the distrib-
uted activity in parallel pathways codes for insect
behavior (Kien 1983; Rowell 1993), suggesting a com-
parison with “across-fiber” patterns like that reported
for vertebrate gustation (Erickson 1963; Pfaffmann
1955). Sparks et al. (1997) agree that decision-making in
invertebrates and vertebrates probably is based mostly
on the “consensus” of many neurons.

State-dependent changes of the impact of neural key
elements may be of additional importance in under-
standing how a heterogeneous group of neurons could
contribute to the production of a variety of specific be-
haviors. Such context-dependencies have been described
before. Air puffs to the cerci of a walking cockroach
elicit escape runs, but initiate flying in the same animals
if they have lost tarsal contact with the ground (Ritz-
mann et al. 1980). An ultrasound avoidance reaction to
bat-like sounds only occurs in flying crickets, although
the ascending auditory key element, Intl, is activated in
the same way in the non-flying and flying animal (Nolen
and Hoy 1984). Recently, Hedwig (2000) described a
similar phenomenon in a command-like interneuron for
singing in crickets, which failed to elicit singing when the
cerci of the animal were stimulated with air puffs. Three
known mechanisms might be important in this context,
all of which have been reported for descending brain
neurons. The integration of the often patterned activity
of descending cells in the ventral nerve cord depends on
context-dependent gating in thoracic motor centers
(Griss and Rowell 1986; Madsen and Miller 1987; Nolen
and Hoy 1984; Reichert and Rowell 1985, 1986;
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Ritzmann et al. 1980; Rowell and Pearson 1983). It has
further been shown in different systems that descending
activity will only influence the activity of the motor
centers given appropriate timing of the descending sig-
nals (Grillner et al. 1991; Reichert and Rowell 1986).
This may play a role in the context-dependent sufficiency
of the command-like interneuron for singing in crickets
(Hedwig, 2000). Findings for another descending neu-
ron, DBNc2-1, hint in a similar direction (Staudacher
and Schildberger 1998). During walking, the activity of
this cell is not correlated with the turning behavior of the
animal, but it can influence turning during flight
(Hensler 1992a). Another mechanism may be that sen-
sory responses of descending neurons themselves depend
on the motor activity of the animal, i.e., context-de-
pendent gating of categorial responses occurs centrally.
Like many other descending cells described here, DBNi5
neurons respond to the auditory stimulus of 5-kHz ar-
tificial calling songs when the animal is walking, but not
during standing (cf. Staudacher and Schildberger 1998).
Furthermore, some DBNi5 cells seem not to respond to
this stimulus when the animal is flying (DBIN2; Brod-
fuehrer and Hoy 1990). This could mean at least one of
two things: (1) DBNiS5 cells don’t respond to the con-
specific calling signal during flight (but we know that
crickets do respond in flight), or (2) their response de-
pends on the correctness of the temporal pattern of the
stimulus. The latter possibility would indicate that the
response of DBNi5 neurons depends on song recogni-
tion and, therefore, that DBNi5 cells are connected with
the output of the recognition network in the brain. We
have no independent demonstration of such a connec-
tion. In contrast, i5 cells and most descending brain
neurons described here responded to ultrasound stimuli
or air puffs to the cerci, both used to mimic predators, in
both standing and in walking animals. Thus, the differ-
ences in the responses to potentially dangerous versus
attractive or other stimuli might reflect a categorization
of stimuli in the descending pathway, which might be
based on relatively simple stimulus parameters (Hoy
1989; Layne et al. 1997). It does not seem surprising that
nearly all the descending neurons responded to air puffs
or that nearly all the auditory descending cells
responded to ultrasound. Due to the large number of
responding cells, which also respond during other be-
havioral contexts, the escape response thus might be
triggered faster and more reliably. Context-dependent
gating might turn off the transmission of responses to
stimuli of some categories during particular behaviors
like standing, maybe also during feeding or post-copu-
latory guarding, and thus may prevent untimely behav-
ioral reactions. On the other hand, it could allow
information transfer about stimuli of a predator cate-
gory during many behavioral contexts, thus always en-
abling escape reactions. Operational tests with stimuli of
different categories during different behavioral contexts
(walking, flying; cf. Ramirez and Pearson 1988) should
help to elucidate the notion of distributed activity of
such neurons and their state-dependent changes.

The emerging picture about how descending neurons
are involved in determining insect behavior may be as
follows. An alteration in the stimulus situation might
change the pattern of activity in a population of parallel
descending neurons. Context-dependent gating might
induce further changes in this “across-fiber” pattern.
Furthermore, the current behavioral state might deter-
mine whether or not the activity of a particular de-
scending cell is gated to local circuits. Thus, various
local circuits in the ventral ganglia might be excited/
inhibited in altered ways. The resulting changes in their
configurations and balance could finally define the be-
havioral reaction actually taken in the given situation.
Consequently, a command-like neuron could be a cell
with a very high influence on certain aspects of the be-
havior in only special contexts, determined by the in-
ternal state of the animal, the preceding and ongoing
behavior, and the particular external stimuli. Under
different circumstances, the influence of the same cell
might be reduced or canceled, like in the descending
brain neuron for singing in crickets (Hedwig 2000,
Fig. 8). This could also explain how a single cell might
be involved in producing different behaviors (Xin et al.
1996). The results presented here suggest that this may
be the case for many of the descending brain cells, in
particular for cells, which respond to the calling song
and ultrasound and therefore are active during both
positive and negative phonotaxis.

However, many more anatomical and physiological
experiments, some of which are indicated above, are
necessary to fully understand the role of descending
brain neurons and how this relatively small popula-
tion of cells contributes to the rich set of behaviors in
insects.
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