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Summary

Single descending brain neurones were recorded and activity of the animal. In contrast to this, responses to
stained intracellularly in the neck connectives of crickets stimuli that elicit negative phonotaxis, such as acoustic
while they walked upon a styrofoam ball under open-loop stimuli of 20kHz, were not gated. This indicates that the
conditions. The animal's translational and rotational gating of sensory responses in these cells depends on the
velocities were measured simultaneously, and various behavioural context of the stimulus.
stimuli were used to investigate the neuronal response  From these findings, we conclude that significant
characteristics. Stimulation with a moving grating or an  information about the properties of sensory processing in
artificial calling song of 5kHz induced optomotor higher-order neurones can only be gained from tests in
behaviour and positive phonotaxis. An acoustic stimulus of behaviourally relevant paradigms. Important
20kHz elicited negative phonotaxis. characteristics might otherwise be missed, thus leading to

We report the first clear evidence for behaviourally —misinterpretations regarding their function.
dependent gating of sensory responses of identified
descending brain neurones. Most descending cells only
responded to visual stimuli or to an artificial calling song Key words: insect, brain, descending neurones, response
of 5kHz while the animal was walking, indicating that the characteristics, behaviourally dependent gating, correlations with
responses to these stimuli were gated by the walking walking, cricket,Gryllus bimaculatus

Introduction

Measuring electrophysiological events in animals behavind990). In crickets, differences in neural events and muscle
normally remains one of the most powerful techniques foactivity were found to depend on the animal’s activity state.
unravelling the neural basis of behaviour. The strength of suc®childbergeret al. (1988) showed that prothoracic auditory
investigations lies in uncovering neuronal events that are natterneurones (e.g. ON1) in walking crickets receive excitatory
found in immobilized animals. Most studies have focused oand inhibitory inputs which are not evident when the animal is
locomotory behaviour, and it is now well established in bottstationary. FoiTeleogryllus oceanicusNolen and Hoy (1984)
vertebrates and invertebrates that the operation of many mot@ported that the dorsal longitudinal muscles that are active
reflexes is modulated in an activity-dependent fashion (foduring behavioural responses to ultrasound in flight are not
reviews, see Pearson, 1995; Prochazka, 1989). In arthropodstivated in response to the same stimulus when the animal is
afferent information from the chordotonal organs sited on a legt rest, although no difference in the firing of sensory
exhibits different effects depending on the step phase. When th@erneurones could be detected. So far, however, activity-
animal is standing, reflexes are employed which resist a flexiatependent modulations and gating have been described only for
of the leg, while in the active state ongoing movements ameurones closely related to, or even belonging to, locomotor
reinforced (stick insect, Driesang and Biischges, 1996; locustetworks.

Wolf and Burrows, 1995; crayfish, El Maniea al. 1991). In Huber (1959, 1960) showed that the cricket brain was crucial
cats, similar rhythmic reflex reversals occur in the Ib afferenfor initiating various behaviour patterns and also for determining
pathway (Gossardt al. 1994). In all cases, these modulationstheir quantitative aspects. This indicates that interactions
are thought to provide the basis for adapting leg movements between sensory processing and command activity take place in
different requirements during walking (e.g. uphill or downhill) the brain. Approximately 200 pairs of descending neurones
or standing. Furthermore, flexible reactions, e.g. to obstacl¢Staudacher and Schildberger, 1995) connect the brain with the
encountered during walking, are made possible (Duysteals  caudal motor centres of the ventral nerve cord and convey
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information about the brain’s decisions (see Hedwig, 1994)within one measuring period (10 ms). Movements of the dots
Various studies on these cells have not only revealed commaabtbng thex-axis represent rotational movements of the ball;
neurones (Bohm and Schildberger, 1992; Hedwig, 1994), bubovements in the y-direction represent translational
have also given indications that distributed neural activity codesiovements (Schildberger and Horner, 1988). The running
for behaviour (locust walking, Kien, 1980; locust flight, average for ten consecutive periods was calculated from these
Hensler, 1998, fly, Gronenberg and Strausfeld, 1990).data and transformed into translational (c snd rotational
However, little is known about whether they have the sam&s™) velocities (Bohmet al. 1991) to give the intended
importance under different stimulus conditions during walkingwalking speed and direction of the cricket.

In the present study, stimuli of different significance to the Two loudspeakers were positioned to the left and right in
insect were used to elicit different natural taxis behaviours, sudiont of the animal at an azimuth of 50 °. The distance between
as optomotor behaviour (Hassenstein, 1951), positive phonotaxfse speakers and the animal was 35cm. The artificial calling
(Weberet al.1981) and negative phonotaxis (Moisefftl.1978;  song consisted of two chirps per second, each chirp containing
Nolen and Hoy, 1986). The behaviour was quantified, whiléour syllables. These had a duration of 20 ms, including rise and
simultaneously recording from single descending brain neuronéall times of 2ms, and were separated by a pause of 20ms.
and testing them for uni- or multimodality and directionality. WeFrequencies of 5 and 20kHz were used with intensities of
measure the response characteristics of descending neurones8med0dB SPL (+2dB). A movable pattern of vertical black-
correlate their activity with the rotational velocity of the animal.and-white bars was projected onto a curtain surrounding the
Moreover, we describe a form of gating of sensory responsesimal using a device developed by Scharstein (1989). The
during cricket walking which occurs in neurones that are notisual field extended 144 ° in azimuth and 65° above and 44°
themselves directly involved in locomotion. Our results show thabelow the animal. The contrast of the stripes was 0.87, and their
the responses of identified descending brain neurones to specifiicith in front of the animal 25 °. The contrast frequencies used
sensory stimuli of different behavioural significance arday between 0.5 and 11.0 Hz. The movement of the grating was
differentially gated in a behaviourally dependent manner whemonitored by a phototransistor placed at the curtain.
the cricket exhibits almost natural walking. Preliminary accounts

of this work have been published as abstracts (Staudacher and Electrophysiology
Schildberger, 1993, 1995) and discussed in a review Intracellular recordings were made from axons of
(Schildberger, 1994). descending brain neurones in the exposed neck connectives.
Microelectrodes were pulled from thick-walled glass
Materials and methods capillaries (Clark 100G GF). The tips were filled with either

3% Lucifer Yellow or 5% Neurobiotin, while the shaft was

Experimental animals and preparation filled with L ithy hiorid 0.1 moft '
The experimental animals, 2- to 4-week-old adult female' © with 0.1 mol I lithium chloride or 0.1 moft" potassium

Gryllus bimaculatusde Geer, were reared in a Iaboratoryagilt\z; g%sgﬁgtli/g(l)ygﬁEmisioggeecétri?/ iiSWZ?edn:g)chrsr?if;nces
culture at a temperature of 22-24°C, a relative humidity oP y

40-60% and with a 12h:12h light:dark regime. They wereSta?'ll'z.eOI b)_l/_han qlndfrlyl/lr;? rsr:ivelr platf(r)\imdandtsn i?(ljei}f:‘lyrmgt
acoustically isolated from males as final instars until used irrﬂe ?r réng.Aﬁ ?rs" Verdiaa Ond ianio ie reetic 356 ir?'ectione tehe
the experiments. electrode. After recording and iontopho ye inj ,

The sides of the animal’s prothorax and the back of the heg&umal was p"'?‘ced in a humidity chamber for 15-24h at 4°C
were attached to a metal holder with a beeswax and resﬁﬂ allow diffusion of the dye. The nervous system was then

mixture in such a way that the antennae, mouthparts, legs aREEf'XGd (4% formaldehyde in Millonig's buffer, pH7.4)

abdomen were free to move. The prothorax and neck were th thin the animal and dissected as a whole chain of ganglia

opened dorsally, the fat body and connective tissue remov (;]m tthre t(:r?'r;gl g?r][glrlon 'E[?l thsht;:ilsn)éfAf;er: fﬁgtwerrzxf‘rtg;?e d
and the gut glued to one side in order to expose the ne at room temperature), the gang

connectives. in different ways depending on the dye used.

Experimental apparatus Anatomical techniques

The experimental arrangement is shown schematically in Lucifer-Yellow-stained cells were processed with an
Fig. 1. The animals were positioned so that they could walk oantibody = against the dye according to the
top of an air-cushioned hollow styrofoam ball (diameter 12 cmperoxidase—antiperoxidase method (Taghett al. 1982).
mass 4.5 g) covered with small reflecting dots (diameter 2 mmNeurobiotin-stained cells were visualized using the
A camera illuminated a field (diameter 3cm) on the ball’'savidin—biotin method (Horikawa and Armstrong, 1988).
equator in front of the animal with infrared light and detectediaminobenzidine served as the chromogen. Cells were
the reflections of the dots (Webefr al. 1981). The positions reconstructed from serial sections or drawn from wholemount
of the dots within this field were measured separately for thpreparations using theamera lucidatechnigue. Descriptions
x- andy-directions at a frequency of 100 Hz. A microprocessonf their morphology refer to the embryonic neuroaxis. Cells
transformed the measured dot positions on-line into analogweere termed ipsilateral (contralateral) descending neurones
voltage values representing the distance moved by the doten their axon left the brain on the side ipsilateral
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(contralateral) to the pericaryon. Soma clusters were namedgression line (same period; StatView 4.0). Pearson’s
according to a system developed on the basis of that given bgrrelation coefficientr) was calculated for these pairs of values

Rosentreter and Schiurmann (1982). and tested against zero usingtest (StatView 4.0). Correlation
_ coefficients greater than 0.5 aRdvalues of 0.0002 or below
Data evaluation were considered as statistically significant. To analyse

Physiological data were stored on magnetic tape (Racabrrelations between neural activity aviebt: or V1ra Values for
Store 7DS). These data were later digitized and, in a first stefhe following (or previous) period, data fdrot and Vra were
evaluated using the SuperScope Il program running on shifted by one cell. Depending on the direction of shift, the first
Macintosh llcx. Data were then transformed into velocity(second)nap value was paired with the second (firggot and
values, times of action potential occurrence and the number ¥fravalue. These data were plotted in the same way as described
action potentials per period in Microsoft Excel 4.0 forabove. Pearson’s correlation coefficientwWas also calculated
Macintosh. Dot plots, post-stimulus-time histograms, scattefior these shifted pairs of values and tested against zero using a
diagrams t-tests and correlation analyses were performed ifrtest (paired or unpaired when appropriate; StatView 4.0).
StatView 4.0 for Macintosh.

Analyses of correlations between neural activity and mean
translational or rotational velocity of the animal were carried out Results
as follows. For 42 stimulus periods, the number of action There are at least 200 ipsi- and contralateral brain neurones
potentials 1ap), and the mean translationdfa, cms?l) and  descending to the thoracic ganglia. Their pericarya are located
rotational ¥/rot, °s?) velocities were evaluated. Each series ofin different clusters in the brain. This paper focuses on two of
values was represented by a separate colomm\rot, VTra) i these neurones to exemplify our finding that many descending
a spreadsheet. The first cell of each column contained the valocells respond to sensory stimuli only when the animal is walking
measured in the first period. Paired valuesspf andVrot Or  and that this activity-dependent gating of sensory responses is
V1ra Were plotted in a bivariate scatter diagram that also gavedependent on the behavioural context of the stimulus.
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Fig. 1. Diagram of the experimental arrangement with all the components for stimulus generation, registration and codififierA,Camp
curtain for projection of the grating; Ca, camera; b, bright; d, dark; IS, rS, left, right speaker; Meas. walk., unit femnesasi the walking
parameters; P, projection unit for visual stimuli; Pt, phototransistor; Stim., stimulus generators for auditory (aud.plafvisyistimulation
(modified after Schildberger and Hérner, 1988).
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The first cell we descibe can be regarded as newly identifieq B
in crickets; it was recorded and stained ten times in diﬁeren/\/ _—
animals. The cell body of this contralateral descending neuron /

is located in clustez2; we therefore call it DBNc2-Héscending - Ve
brain neurone of cluster2 numberl). This first cell responds to <

visual stimulation. The second part of this paper deals with datec %f
(nine recordings and subsequent stainings of the projections up < Q \{'Qv//f
to the brain) from a morphologically and physiologically quite \ Q;\\» Y L

homogeneous group of cells that have their cell bodies in the
ipsilateral clusteri5 (at least 19 neurones; Staudacher and
Schildberger, 1995). Since we are not yet able to distinguish them
individually, they are calledb-type cells and are regarded as
characterized neurones. While they primarily respond to acoustic )\ \/ /

stimuli, some also respond weakly to the moving grating.

DBNc2-1, an identified visual neurone

Morphology [

The large cell body (diameter approximately ud® in
diameter) of the DBNc2-1 neurone (Fig. 2A) lies in the dorsal
clusterc2. The primary neurite describes a latero-ventral-median
curve towards the medial protocerebrum. This neurite branches
at a depth of approximately 1t dorsal to the central complex
(asterisks in Fig. 2A,B). The main ipsilateral arborization zone is
located at the same depth. From here, one prominent large branch \) \/ L/
runs deep into the lateral ocellar root (Fig. 2A,B). The axon aims §V V&
dorsally and turns medially to cross the midline in the dorsal ~ >
commissure XVI (DC XVI; for the locust, see Boyatral. 1993). T1 7 ?
Near the border with the deutocerebrum, the cell gives off some
branches, at a depth of approximately @B0dorsal to the central //\
complex, which reach into the non-glomerular neuropile of the N
dorsal lateral protocerebrum (Fig. 2A). The axon then descends
via the circumoesophageal connective contralateral to the cell
body. In the suboesophageal ganglion and the thoracic ganglia, \) \/
the axon runs in the medial dorsal tract (MDT; for the locust, see \>

Tyrer and Gregory, 1982). The arborizations are located dorsally

and are exclusively ipsilateral (Fig. 2A). The stain always ended 2 ) (

in the metathoracic ganglion. The DBNc2-1 -neurone is probably

homologous to the locust ‘DNC’ (Griss and Rowell, 1986) or the

‘02’ neurone (Williams, 1975). ﬂ

Response characteristics: walkingrsusstanding \) U K/
In the quiescent, unstimulated animal, the DBNc2-1 neurone

remained silent. When the animal walked spontaneously and .7 C.

without stimulation, the cell fired some action potentials, but no

patterned activity occurred (Fig. 3A). Auditory stimulation T3 7 (

elicited no response in this neurone. However, the activity

pattern of the neurone changed quite dramatically when the cell

was optically stimulated with the grating while the animal was n

walking. Fig. 3B shows an example of the response of thezwm

DBNc2-1 cell to the moving grating while the animal exhibits "
hFlg. 2. (A,B) Morphology of the DBNc2-1 cell. (A) Wholemount

optomotor behaviour as shown by the intention to turn to t drawing of the DBNc2-1 cell in the brain (CG), the suboesophageal

s@e of the r_novement. of the grating. This neurone resp_ondegalnglion (SOG) and the three thoracic ganglia (T1, T2, T3).
with 1-6 action potentials to each black/white change (Fig. 3ig) Reconstruction of the protocerebral arborizations of another
and inset) up to the maximal frequency tested (11 Hz). The sh(DBNc2-1 cell based on four serial sections (thicknessm0 locr,
bursts of action potentials in the DBNc2-1 cells upon visualateral ocellar root; n, noduli; p, peduncle; pb, protocerebral bridge;
stimulation depended neither on the direction of patter@sterisk, primary neurite.
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movement nor on the walking direction of the animal (Fig. 3Bstarted to walk again, the cells responded immediately to the
and inset). However, when the animal stopped walking, the cédlack/white changes (Fig. 3C). One out of nine DBNc2-1 cells
no longer responded to the moving grating. At the beginning akecorded showed only a weakening of its responses to the
the recording shown in Fig. 3C, the animal was walking and theoving grating and not a complete cessation of activity when
cell responded. When the animal stopped walking, the neurtiie animal stopped walking. Another of these nine cells only
response to the black/white changes ceased while the animal wasponded to the grating after 3.5min had elapsed, although the
standing (middle part of Fig. 3C). This response decrement animal walked all the time. However, its response characteristics
different from habituation, since changing the direction ofdid not differ from those of the other DBNc2-1 neurones.
grating movement failed to evoke a response when the animalNo significant linear correlations between neural activity, as
was stationary. When the animal resumed walking, the cetepresented by the number of action potentials per stimulus
responded again (last part of Fig. 3C). In contrast to this, the cegderiod, and either the mean translational or rotational walking
responded to the lights being turned off with a burst of actiomelocity within a period were found for any stimulus situation
potentials regardless of whether the animal was walking dested (criteria>0.5,P<0.0002; comparé cells, below).
standing. Interestingly, the cell’s response to the moving grating

did not cease immediately when the anim&lsY) stopped i5 cells, a characterized group of auditory neurones
walking, but after a variable time of 1-4 stimulus periods (onélorphology
stimulus period is 750 ms). In contrast, when the anina8)( At least 19 very similar ipsilateral descending neurones have
HIIENEEE | | il
omv | WL \|l peammml|
ls Forward Translatlonal veI00|ty
20cm s WMVAA.MI\M_‘ WLLTSIIIN N”W\'\MNW WMMMWM A
Rotatlonal velocity |Right
60°st| |y , a0, W S A W N | A

B
i“ H ‘ H [40 mv

Fig. 3. (A—C) Response characteristics of w 200 ms

the DBNc2-1 cell. (A) First trace,
intracellular recording; second trace,
translational velocity (cnT8); third trace,
rotational velocity (°3t). (B,C) First trace,
intracellular recording; second trace, visual ' M fM
stimulus, third trace, translational velocity Grating left (contra; 1.6 Hz)I Y GULLLY
(cms?); fourth trace, rotational velocity A P LA AP AN AL AL | Grating right (ipsi; 1.5 Hz)
(°s™h). Calibration bars in A are valid for
all parts of the figure, except the inset in B.
All examples stem from one recording. i I ;

(A) No stimulation, while the animal is ’ o j/\/ﬂ ' Mmmw/ A AMN/\JWV\}\ N
walking. (B) Stimulation with a moving NN TN ] RASTINRV A A

grating (left or right, contrast frequency 1.6
and 1.5Hz respectively) while the animal C ‘ i ‘
is walking. Inset: expanded intracellular

record. (C) The same situation as in B, but ‘ ‘
the animal stopped walking during the
middle of the sequence. The regular peaks I

in the translational velocity (third trace) LA | LA |

appear to represent single steps of the I |

walking animal. These deflections are not A A " !

correlated with the movement of the “M\' ’ Standing v “"M }"Mm
S Em— —_—

grating or with neuronal activity; they also
occur in the unstimulated but walking S i s *mv-wl/\/\f\m*ﬂj\/\

animal (A). |




564 E. StAUDACHER AND K. SCHILDBERGER

A B their perikaryon in clustei5, which is located in the lateral
/\ _ 7 ventral soma rind of the protocerebrum. Fig. 4A shows a
P reconstruction of oné-type cell. The central arborizations of

~
-~ \ F\ "—//\\\\\/ anotheli5 neurone are reconstructed at higher magnification in
‘ Q 0 ! Fig. 4B. From the ventro-lateral soma, the primary neurite of
7e)
2P

W
“@Q

\)\\/—:\\\Q between the ramification of the alpha-lobe and the peduncle of
N ' the mushroom bodies, the neurite turns posteriorly at the depth

CG
Y
/\ W—”/j_;/\\\\\\ﬁ of the central complex (Fig. 4B). Here, the main arborizations
NN of the i5-type cell arise in the medio-lateral protocerebrum,
posterior to the central complex. However, none of the branches
100 pm enters the central complex. After bending posteriorly, the axon

)\ \/ /< gives off some further branches in the dorsal non-glomerular

deutocerebrum, before it descends through the
SOG }

the i5-type cell runs dorsally in a medial curve. After passing

circumoesophageal connective ipsilateral to the soma. The axon
runs and arborizes exclusively ipsilaterally in the dorsal part of
[ the suboesophageal and thoracic ganglia. Four basic subtypes
of i5 cells can be anatomically distinguished by the presence or
absence of branches in the suboesophageal ganglion and on the
basis of whether or not they descend further to the abdominal
ganglia. Cells from clustés are homologous to locust LG cells
(Williams, 1975) and thel5 cells in Acheta domesticus
(Rosentreter and Schirmann, 1982). The previously described
L/ IDBN cell (Gryllus bimaculatusBoyan and Williams, 1981)
V and DBIN2 neuroneTeleogryllus oceanicy®Brodfuehrer and
Hoy, 1990) probably also belong to tigecluster.

Response characteristics: 5kHz stimuli

The responses d5-type cells to an artificial calling song
with a carrier frequency of 5kHz are shown in Fig. 5. In the
first part of Fig. 5A, the animal was stimulated at 5kHz 80dB
SPL from the side ipsilateral to the cell body of the recorded

=
((\\
\) \/ b neurone (right speaker). The animal walked throughout most of
\> Q the sequence and intended to turn towards the speaker. The cell
5 ( responded to the ipsilaterally presented artificial song by
-

T2 } producing at least one action potential for the first syllable of
each chirp. For four chirps, this auditory response is shown at
a higher temporal resolution in the inset of Fig. 5A. Most of the
i5-type cells ‘copied’ every syllable of the song (Fig. 5C,D),
while some only ‘copied’ the first syllable or the whole chirp.
Dot plots (Fig.5C) and post-stimulus-time histograms
(Fig. 5D) both show that action potentials also appear that are
not stimulus-correlated. These are probably due to noise
introduced by leg movement during walking (Schildbergter
T3 7 ‘ al. 1988). As the second part of Fig. 5A shows,itheells did
not respond to the acoustic stimulus when it was presented from
the side contralateral to the cell body, even though the animal
H walked and intended to turn towards the active speaker (left
speaker; Fig. 5A). Only oné5-type neurone responded,
although very weakly, to a contralateral acoustic stimulus of
Fig. 4. (A,B) Morphology of the5-type cell. (A) The arborizations ' 5Hz 90dB SPL. A similar situation is shown in Fig. 5B for
of ani5-type cell in the brain (CG) were reconstructed from se”althe same neurone. Here, the animal walked while it was

i hick . Th izati i h h . _— .
szgl)izs (s(tog n?fs Tiﬂnzl'?,) Weereargg\';gt'?g?n 'thélee moguﬁis_stlmulated from the ipsilateral (right) and contralateral (left)

(B) Reconstruction of the central arborizations of anawype cell Sid.e (first part of Fig. 53_)- In the last part of this recording, the
based on four serial sections (thicknesga. o, alpha lobe, beta ~ animal stood still while it was stimulated contra- and
lobe; cb, central body; n, noduli; p, peduncle. ipsilaterally. As in the DBNc2-1 neurone, the response of the

200 pm
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Fig. 5. Responses @-type neurones to an artificial calling song at 5kHz. Recordings A and B are for the same cell. Second trace, acoustic
stimulation (each black bar represents one chirp), other traces as in Fig. 3. Calibration bars are valid for both exaptfiesthexagset in

A. (A) Acoustic stimulation, both ipsi- and contralateral, 5kHz 80dB SPL, while the animal is walking. Inset: expandetliiatreeesrding.

(B) Stimulation with ipsi- and contralateral calling song, 5kHz 80dB SPL, with the animal standing in the last part. (C)dat (i)tpost-
stimulus-time histogram for anothiér-cell stimulated ipsilaterally with the calling song (5kHz, 90dB SPL) while the animal was walking.
Both graphs contain data from 20 consecutive stimulus periods. One stimulus period (1 chirp = 4 syllables) is depictezibzhetoatithe
diagrams. Graphs (B,C) and stimulus period have the same timetseatene of occurrence of an action potential. Bin width 10 ms.
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Fig. 6. Responses of abrtype neurone to stimulation with an artificial calling song at 20 kHz. Recording and diagrams are for the same cell.
Traces as in Fig. 5. (A) Acoustic stimulation, both ipsi- and contralateral, 20kHz 90dB SPL, while the animal is walkirdjngy. $teset:
expanded intracellular recording. Calibrations are different from the compressed traces. (B,C) Dot plots and (D,E) pediragrhigtograms

for this cell, stimulated ipsilaterally (B,D) and contralaterally (C,D) with the calling song (20kHz, 90dB SPL). Stimulds gleaan in A

at higher temporal resolution are labelled ‘inset’ in B. Stimulus periods occurring while the animal was standing aréstabditegl in B

and C. Both graphs contain data from 36 consecutive stimulus periods. Graphs (B—E) and stimulus period have the saméatintersrale

of occurrence of an action potential. Bin width 10 ms.
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cell depended on the animal’s activity. The cell did not responsgtanding). Thus, in contrast to the response to 5kHz, the
to the artificial calling song from the ipsilateral (right) sideresponse to ultrasound did not depend on the walking activity
while the animal stood still. However, the first four chirpsof the animal. Moreover, for ultrasound, there was no change
elicited a response of one action potential. As found for than the number of action potentials in the responses of the
DBNc2-1 cell (Fig. 3C), thés cells immediately responded to walking or standing animal.

the calling song when the animal started to walk. ) ) ) ] )
Comparison of different stimulus situations

Response characteristics: 20 kHz stimuli A guantitative comparison of the mean neural activity during

When, as shown in Fig. 6A, the animal was presented with afifferent stimulus and behavioural situations is shown in
acoustic stimulus that had the same temporal pattern as thid. 7. Each column represents the mean neural activity within
calling song but a carrier frequency of 20kHz (intensity 90dBL7 (or four periods for the far right-hand column) periods of
SPL), the cell responded to it regardless of the side from whidhlOms, which is equivalent to one chirp period. When the
it was presented. As the inset of Fig. 6A shows at higheanimal was walking spontaneously, i.e. no experimentally
temporal resolution, the first syllable of the stimulus wagontrolled stimulus was presented, neural activity was
‘copied’ with high fidelity, while the others were not always significantly higher =0.0007) than during standing. While
represented. This is also shown in the dot plots (Fig. 6B,C) arthe animal was walking, an ipsilateral presentation of the
post-stimulus-time histograms (Fig. 6D,E). As in the previougtificial calling song (5kHz 90dB SPL) induced significantly
example, the neurone fired not only in response to the acousgieeater P=0.0002) neural activity than a contralateral
stimulus but also in response to noise introduced by legresentation. Furthermore, activity elicited by ipsilateral
movements. Therefore, its overall activity seems to be highdiresentation of the 5kHz stimulus to the walking animal was
during walking than during standing. As for stimulation at 5 kHz significantly greater than activity elicited by ipsi- and
there were differences in the way that the temporal pattern of t§@ntralateral presentations of the same stimulus while the
acoustic stimulus was represented. Some cells ‘copied’ all tihimal was standind>€0.0001). These findings differ in two
syllables, others only the first two or only the chirp pattern. ways from the results obtained for stimulation with ultrasound

When the animal was walking, all thi&-type cells tested (20kHz 90dB SPL). First, the mean neural activities elicited
responded to the ultrasound stimulus regardless of the directi® iPsi- and contralateral ultrasound stimulation do not differ.
from which it was presented. In contrast to the stimulus ap€cond, no significant differences between neural activity in
5kHz, the neurones responded to the ultrasound stimulus evéte walking and the standing animal were detected.
when the animal was stationary. As the dot plots in Fig. 6B,C , . . .
show, the strength of the neural response to the first sy”amgorrelauons betwe.en_ neural activity and rotational velocity
remains quantitatively unchanged regardless of whether the In i5-type neurones
animal is walking or standing (Fig. 6B,C, standing). In the5kHz ipsilateral
standing animal, however, the response is more apparent, sinceAs described above for the DBNc2-1 cell aifdtype
no walking-induced neural activity appears (Fig. 6A,neurones, there is a link between the animal's behaviour and

Fig. 7. Comparison of the
. i 10
responses when the animal is ]
walking (W, filled bars) and T
stationary (S, hatched bars) of a |
single i5-type cell to the artificial g
calling song presented from either
ipsilateral (ipsi) or contralateral
(contra) at the natural carrier
frequency (5kHz, 90dB SPL) and
at ultrasonic frequency (20kHz,
90dB SPL). The evaluations for
each stimulus/behaviour
combination are based on 17
periods (duration of each period
510ms), except the last (S 20kHz
ipsi), for which only four periods
were available. The error bars give
the standard deviations. Means and
standard deviations are given at the
bases of the columns. Statistically . 6
significant differences are marked W s W s W s W s W S
by parentheses, with tHe values
noted above. APs, action potentials.

P=0.0002

749 P=0.0007 P<0.0001 | P<0.0001

Mean no. of APs per 510 ms

No stimulus 5kHz contra 5kHz ipsi 20kHz contra  20KkHz ipsi
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neuronal activity, since responses to certain stimuli only occuecording in Fig. 8A. Here, the animal was mostly walking
in the walking animal. Moreover, there is also a correlatiofforward and intended to turn to the right. Since the intended turns
between the auditory responsegbetype cells and the rotational are directed towards the active speaker, which presents a

velocity of the animals. An example for this is shown in thephonotactically attractive stimulus (right; ipsilateral; 5kHz
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80dB SPL), this behavioural response is regarded as positiveere made (Fig. 8C—E). During contralateral stimulation with
phonotaxis. At the same time, tifetype cell responded to the 5kHz 80dB SPL, the animal intended to turn towards the
acoustic stimulus. These responses to the acoustic stimulus wepeaker with similar rotational velocities to those during
strong when the animal intended to turn towards the activipsilateral stimulation. In contrast, only a few action potentials
speaker (right, ipsilateral), while they were weak or absent whesccurred and these were not correlated to the rotational velocity
the animal intended to turn away from the speaker. of the animal (Fig. 8C). When no stimulus was presented, the
For a quantitative analysis, the number of action potentials wasiimal’'s rotational velocities were distributed nearly
counted for 42 consecutive stimulus periods (510 mshomogeneously between +15 antls°s? (Fig. 8D). In this
Simultaneously, the mean translational and rotational velocitiesituation, the cell only fired a few action potentials. When
occurring during the same periods were calculated. To testimulated with the grating only (turning right, ipsilaterally), the
whether the neural activity, i.e. the response to the acousimimal’s rotational velocities were quite high (up to 106:°s
stimulus, of the cell within one stimulus period (for example, thd=ig. 8E). Furthermore, the animal intended to turn with the
asterisk in Fig. 8A and the inset) was correlated significantly witldirection of the moving grating, i.e. it showed optomotor
the mean rotational velocity of the previous, the same or theehaviour. Tha5 neurone fired, but its neural activity did not
following stimulus period (p, s, f: as indicated in Fig. 8A and theexceed 10 action potentials per period (Fig. 8E). In none of
inset), correlograms were plotted for each of these combinatiorthese cases, however, could a significant linear correlation
and Pearson’s correlation coefficienty \Were calculated and between neural activity and rotational velocity be detected.
tested for their significancé-tést; P). This analysis revealed no  For seven out of nine recorded and staingdcells,
significant linear correlations between neural activity and thsignificant linear correlations (0.588<0.721 and®<0.0002)
mean rotational velocity within the same (s0.426,P not  were found with the walking parameters of the animal. Most
significant) or previous (r=0.189,P not significant) stimulus of these correlations occurred with rotational velocity and
period. However, the number of action potentials within onespecially with the rotational velocity of the following period.
period was positively correlated to the mean rotationalhis means that changes in the neuronal activity of niany
velocity in the next period (fr=0.668, P<0.0001; Fig. 8B, neurones occur before alterations in behaviour are seen.
y=0.438+2.684). Here, the cell's activity varied between 1 andMoreover, no coupling was found between translational and
24 action potentials per period (abscissa), while the animaliotational velocities since, in these cases, the correlations for
mean rotational velocities during the following period weretranslational and rotational velocity should both be higher than
between-17 and +85°d (ordinate). With increasing numbers 0.5. This indicates that the neural representations of these
of action potentials per period, the mean rotational velocities algzarameters are separated.
increased. The activity within one period is plotted against the
mean rotational velocity of the next period (f). This means that ) _
changes in neural activity take place one period before the mean Discussion
rotational velocity alters. Thus, the animal turns more rapidly Sensory processing and descending cells
towards the sound source when thdype neurone fires more  The descending neurones investigated here respond either to
action potentials in response to the auditory stimulus. visual or to auditory stimuli, and soritecells respond to both.
) N Moreover, different cells exhibit different characteristics with
Other stimulus conditions respect to directionality, sensitivity and gating of responses to
In order to determine whether significant correlations argne modality (Staudacher and Schildberger, 1993), thus
found for other stimulus conditions, the following analysesindicating parallel descending pathways. When stimulated
with 5kHz at 80-90dB SPL under free-field conditions,

Fig. 8. Correlation between the activity of &rtype neurone and the auditory receptors (Boyd and Lewis, 1983) and thoracic first-
rotational velocity of the walking animal. Recordings and graphs are f@?rder interneurones (Stabetl al. 1989; Horseman and Huber,
the same cell. (A) Recording for ipsilateral acoustic stimulation, 5kHZ.994) respond to sound presented from both the ipsi- and
80dB SPL, during walking. Traces are as in Fig. 5. The inset shows fiveontralateral sides. In contrast, titetype cells in the brain
stimulus periods at a higher temporal resolution. (B—E) Correllogramsnly responded to ipsilateral sound presentation. Furthermore,
for the number of action potentials (APs) per stimulus period (510mshe responses 66 cells to 20kHz (80-90dB SPL) did not
versusgmean rotational velocity of the following (f) stimulus period. The (jffer quantitatively when sound was presented from the side
graphs contain data from 42 consecutive stimulus periods, except C, ﬁ%’si- or contralateral to the soma. The same finding was
which only 17 periods were available. (B) Correllogram for ipsilateral, o, oy for DBIN2 cell Teleogryllus oceanicugrodfuehrer
stimulation with an artificial calling song at 5kHz and the rotational o
velocity of the following period. (C) Correllogram for contralateral and Hoy, 1990), a presumgd homolog_uq ofigeells. This is
stimulation with 5kHz 80dB SPL. (D) Correlogram for no stimulation. not only d!ﬁergnt fer their Chara?terlst!cs at SkHz, but also
(E) Correlogram for ipsilateral stimulation with a moving grating from the directionality of prothoracic auditory neurones. In the
(1.5Hz) alone. Significance level usel<0.0002. f, p, s, mean latter, contralateral stimuli of the same intensity also elicit
rotational velocity of the following, the previous or the same stimulugesponses, but the responses are quantitatively weaker. The
period (Fig. 8A); NS, not significant; asterisk, neural activity in oneassumption of different auditory thresholds for 5 and 20 kHz
stimulus period (in A). might explain why 5kHz stimuli are answered only when they
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are presented ipsilaterally. However, it would not explain whygating depends on the carrier frequency of the stimulus. This
the responses to 20kHz are quantitatively the same regardldgsling may explain the results of an earlier report of Boyan and
of the side from which the stimulus is presented. ThereforaVilliams (1981). Using immobilized animals, they found that
these findings indicate that further auditory processing takd®BN responded to 15kHz but not to 5kHz stimulation.
place between the ascending primary interneurones and tBeodfuehrer and HoyTeleogryllus 1990) have shown that the
descending cells. Whether contralateral auditory connectionsgsponse of DBIN2 to ultrasound is quantitatively the same
e.g.via the LBN-e or LBN-i cells Teleogryllus Brodfuehrer  during rest and flight. This lack of gating for ultrasound is
and Hoy, 1990), which also arborize in the dorsal laterasimilar to the situation in the presumably homologidusells
protocerebrum, are involved in forming the responsén standing and walking animals (see Fig. 7). However, the
characteristics ab cells needs to be investigated. DBIN2 cell seems not to respond to 5kHz stimulation during
The data presented in the present paper for the DBNc2{light (Brodfuehrer and Hoy, 1990). If this really were the case,
neurone are based on ten separate recordings and stainirigsvould indicate that gating iib-type cells depends not only
Since we do not know the connectivity of the DBNc2-1 neuronen the frequency of the auditory stimulus but also on the type
and cannot detect graded potentials in these axonal recording$Jocomotor behaviour the animal exhibits.
we are unable to explain two exceptional observations. A modulation of responses to sensory stimuli has been found
However, these examples seem somewhat similar to the ‘lapsés’many other invertebrate and vertebrate systems. However, in
Roeder (1970) described in moth auditory brain neurones or tleentrast to the results presented in the present paper, most of these
changes in the firing pattern of locust suboesophageahodulations are confined to mechanosensory responses closely

interneurones reported by Kien and Altman (1984). related to the animal’'s locomotor systems (for reviews, see
_ _ _ Pearson, 1995; Prochazka, 1989). In grasshoppers, the auditory
Correlations with behaviour response of a thoracic interneurone, the G-neurone, has been

Seven out of nine recordé® neurones showed clear linear shown to be suppressed by a presumed central mechanism during
correlations between their response strength and sensory stimstlidulation (Wolf and von Helversen, 1986). This probably
(e.g. auditory) and the animal's rotational or translationakerves to prevent saturation in the auditory system. To elicit
velocity. These highly significant correlations mostly occur fofjumping in locusts, proprioceptive input from the hindleg has to
the rotational velocity of the animal and therefore indicate thatccur simultaneously with activity in cells descending to the
the activity of these cells might influence the rotationaimetathoracic ganglion (Steeves and Pearson, 1982; Robertson
component of the animal's walking behaviour. This isand Pearson, 1985). This indicates that the influence of
supported by the finding that activity changes in many of thes#escending neurones is limited by a gating mechanism in a way
neurones precede alterations in the rotational/translationttiat depends on the behavioural context. In the stick insect, it was
velocity, thus indicating that these cells could determine thehown that the same afferent information from the femoral
strength of the turning tendency. Furthermore, since significachordotonal organ leads to different responses in the premotor
correlations for translational and rotational velocity do notpathway depending on the activity state of the animal. In the
occur simultaneously, this indicates a neuronal separation @factive animal, a resistance reflex is employed which changes
these walking parameters in tietype cells. to an assistance reflex during walking (see Béssler, 1993;

Most, although not ali5 cells show significant correlations Driesang and Blschges, 1996). These modulations occur in
for only one stimulus situation (see Fig. 8). This may beneurones closely related to the locomotor network or even
interpreted as a hint that turning tendency may be shaped bglonging to the central pattern generator (Driesang and
distributed neural activity (Kien, 1983; Georgopoles al.  Bischges, 1996). In locusts, both presynaptic inhibition of
1986; Gronenberg and Strausfeld, 1990; Hensler,)9%2is  afferents from the femoral chordotonal organ (Burrows and
idea is supported by the finding that the DNC neurone, Blatheson, 1994) and inhibitioria central neurones (Wolf and
presumed homologue of DBNc2-1, is important in flyingBurrows, 1995) are found to play a role in rhythmic reflex
(Rowell and Reichert, 1986; Hensler, 1892but not in  modulation during walking. Similar mechanisms are found in the
walking locusts, although it is active. If thf cells were to  crayfish walking system (El Manira and Clarac, 1991; El Manira
influence turning tendenaya population coding (Georgopolos et al. 1991; Skorupski and Sillar, 1986). In humans, cutaneous
et al.1986), i.e. neuronal assembly (Laurent, 1996), changes neflexes elicited by stimulation of the sural nerve are modulated
rotational velocity should be minor if the activity of only onein a phase-dependent manner (Duysensl. 1990). During
individual of this group is manipulated experimentally. Thislocomotion in cats, the Ib afferent pathway is also modulated
should be seen in a test for sufficiency and necessity (Hedwigyythmically (Gossarat al. 1994; Pearson and Collins, 1993).
1994; Kupfermann and Weiss, 1978) and might provide furthetere, as in the stick insect, unidentified polysynaptic inhibitory

evidence for thés-cells acting as a neuronal assembly. pathways are opened or strengthened during walking (stick
_ _ insect, Driesang and Bulschges, 1996; cat, Gostaatl 1994;
Behaviourally dependent gating Pearson and Collins, 1993). The only other example we know of,

In the present paper, we describe behaviourally dependewhere gating of responses to sensory stimuli occurs on a level
gating in DBNc2-1 descending brain neuronesiasgpe cells.  not directly coupled with locomotor behaviour, as shown in the
Furthermore, in thé5 cells, differential gating is found, i.e. present paper, was reported by Schuller (1979). He described
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neurones in the bat inferior colliculus which only responded t®lanck-Gesellschaft, which granted a graduate students
acoustic stimuli during the animal's own vocalization. Thestipend to E.S.
underlying mechanism, however, remains unclear.

Since we did not record in the brain, no synaptic potentials are
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