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Summary

In extracellular tip recordings from long trichoid adapted action potential response is reduced. Only the
sensilla of male Manduca sexta moths, we studied time of rise of the sensillar potential is differentially
dose—response relationships in response to bombykal affected by adapting pheromone stimuli of different
stimuli of two different durations in the adapted and the duration. The time of rise does not increase after short,
non-adapted state. Bombykal-responsive cells could be but only after long, adapting stimuli. Both short and long
distinguished from non-bombykal-sensitive cells in each adapting stimuli shift the dose-response curves of the
trichoid sensillum because the bombykal-responsive cell sensillar potential amplitude, as well as the initial slope
always generated the action potentials of larger initial of its rising phase, to higher stimulus concentrations
amplitude. The bombykal cell, which was recorded at by approximately one logounit. The shift in the
a defined location within a distal flagellar annulus, dose-response curve of the action potential response is
can resolve at least four logrunits of pheromone larger than for the sensillar potential response, suggesting
concentrations but is apparently unable to encode all that an additional adaptation mechanism acts at the level
stimulus durations tested. Parameters of the amplitude- of action potential generation. Furthermore, a faster
modulated sensillar potential and the frequency- decline of the sensillar potential after short and long
modulated action potential responses were examined in adapting stimuli suggests that the resting potential of the
different states of adaptation. Evidence is presented for olfactory receptor neuron is stabilized.
the existence of several mechanisms of adaptation, which
affect distinct steps of the transduction cascade. After
adapting pheromone stimuli, the sensillar potential rises to  Key words:Manduca sextainsect olfaction, adaptation, pheromone
a lower amplitude and declines faster compared with the sensillum, tip recording, bombykal, action potential, sensillar
non-adapted response. In addition, the frequency of the potential.

Introduction

While the transduction cascade of pheromone-sensitivadapting and non-adapting pheromone stimuli of variable
olfactory receptor neurons (ORNSsS) in insects has beeooncentrations and stimulus durations reach different parts of
thoroughly investigatedn vitro (Breer et al., 1988, 1990; the antenna at various time intervals. It is still unknown how
Boekhoff et al., 1990, 1993; Stengl et al., 1992; Stengl, 1993he moth can recognize relevant pheromone ratios in various
1994; Wegener et al.,, 1993, 1997), little is known aboustates of adaptation. In our study of pheromone-sensitive
olfactory adaptation and the mechanisms involved. Adaptatio®RNs, we examine how adapting pheromone stimuli affect
is a universal characteristic of receptor cells of all sensorthe encoding of different pheromone concentrations (quantity
modalities (Burkhardt, 1961). There are different definitionoding) in the intact moth. We distinguish the rapidly (within
for the term ‘adaptation’ but implicit in any definition is a seconds to minutes) reversible reduction of sensitivity due to
decrease in sensitivity due to the influence of a previougrior stimulation (short-term adaptation) from the decline in
(conditioning) stimulus (Zack, 1979). excitation, as seen during a phasic—tonic response to a

Moths distinguish pheromone mixtures according to thestimulus of long duration (desensitization; Zufall and
concentration ratios of the different pheromone component&einders-Zufall, 2000). Thus, we compare quantity coding in
Thus, differentiation of pheromone concentrations is veryesponse to short (58s) and long (10Cfhs) pheromone
crucial for recognition of prospective mates. Turbulences anstimuli, as possibly encountered during flight to the calling
wind velocities determine the structure of the pheromon&male. We do not examine the more slowly occurring (within
filaments that stimulate the antenna of a flying moth. Thuseveral minutes to hours) reduction of sensitivity due to
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previous strong stimulation as seen during long-term (i.e. Materials and methods

long-lasting) adaptation (Ziegelberger et al., 1990; Marion-Animals and preparation for electrophysiological recordings
Poll and Tobin, 1992; Boekhoff et al., 1993; Stengl et al., panduca  sexta (Johannson) moths  (Lepidoptera:

2001, Dqlzer, 20_02)' ) ) Sphingidae) were raised from eggs, feeding on an artificial diet
Quantity coding in response to adappng Phefomof‘%modified from Bell and Joachim, 1976). The animals were
stimuli has been studied in extracellular tip recordings INcept under a long-day photoperiod $1.7 h L:D; lights off at
saturniid moths, in which the different terms ‘short-term'8_00h) at 24-27°C and 40-60% relative humidity. Male pupae
versus ‘long-term’ adaptation were coined for insect, ore jsolated one day before emergence, gently cleaned with
olfaction (Zack, 1979; Zack-Strausfeld and Kaissling, 19867094 ethanol and allowed to hatch without contact with
Kaissling et al., 1986, 1987). Concernllng ORNs of thepheromone. During their second dark phase, the adults were
hawkmothManduca sextahowever, there is only one study carefylly fixed in a teflon holder without the necessity for
about olfactory adaptation in temporal coding of pheromong asthesia. The flagellum of the right antenna was
pulse trains (Marion-Poll and Tobin, 1992) and a few studieg,mobilized with dental wax (Boxing wax; Sybron/Kerr,

on quality odour coding (Kaissling et al., 1989; Kalinova etRomqus, MI, USA), and the 15-20 most-apical annuli of the
al., 2001). ) o flagellum were clipped off. A glass electrode filled with
Moths detect the pheromones using specialized ORN$3emolymph Ringer (Kaissling, 1995) was inserted into the
which innervate long multiporous trichoid sensilla on thegageliar lumen and sealed with electrocardiogram electrode
antenna in pairs (Keil, 1989). It has been shown that in eagh, (PPG: Hellige, Freiburg, Germany). The tips of long
trichoid sensillum, one of the ORNs (the bombykal cell)iichoid sensilla from the apical row on the 2nd—10th
responds to bombykal, the main component in the conspecifigaining distal annulus were removed using sharpened
pheromone blend (Starratt et al., 1979; Tumlinson et altycens The recording electrode, filled with sensillum lymph
1989). The second cell (the non-bombykal cell) is tuned tginger (Kaissling, 1995), was slipped over one sensillum.
other different pheromone components in different sensillary ‘minimize contributions of the electroantennogram, we

While the study by Kaissling et al. (1989) examined th&ecorded from an annulus close to the tip of the haemolymph
coding of different odour qualities, not much attention Wasjectrode. The connection to the amplifier inputs was

paid to the coding of odour concentrations. Quantification ofgtaplished with Ag/AgCI wires immersed in the electrolytes.
pheromone responseshh sextawas not reliable, because at gjgnals were amplified approximately 200-fold in a custom-
that time it could not be consistently distinguished whetheg ;i amplifier (CHz—2kHz: input impedance 18Q) and

an action potential originates from the spontaneously aCtivﬁassed through a KMz z;nti-aliasing filter (900C/9L8L;
non-bombykal cell or from the bombykal cell. A more recentgequency Devices, Haverhill, MA, USA). Flight activity of
study of trichoid sensilla itM. sextacould distinguish twWo 1o animals was monitored using a piezo-electric element
different nerve impulse classes, termed the small and the®| ceramic. Lederhose Germany) placed at the thorax.
large action potential classes, by amplitude (Dolzer et algy, yata acquisition, a Digidata 1200 B digitizer (Axon
2001). However, it was still not completely resolved whethef,siruments. Union City, CA, USA) and pCLAMP software
the bombykal cell always generates the large or the smalersions 6-8) from the same manufacturer were used. The

action potentials. electrophysiological signal and a highpass-filtered equivalent

Thus, the present study first examines which action pmeni%ut-oﬁ frequency 2z or 5Hz), as well as the piezo signal,
class the bombykal cell from a specific region of a distaj /e continuously recorded on a strip chart recorder
flagellar annulus belongs to, since a clear distinction of bOtt\NindoGraf or EasyGraf, Gould, Valley View, OH, USA).
cells is a prerequisite for an unequivocal quantification of th&ections of the recordings were additionally stored on FM tape
bombykal responses. Then, we examine how a previous Stro(@tore 4 D; RACAL, Bergisch Gladbach, Germany) or digital
stimulus (a conditioning stimulus) can adapt and thus changg i, tape (DTR-1202, Bio-Logic, Claix, France). Voltage
the (_:oding of bpmbykal concen'trations at_ the level of th‘f)olarity is given with the sensillum lymph electrode in
sensillar potential and the action potential response arngterence to the haemolymph electrode. After the recordings,

whether these stimuli affect flight behaviour. In dose—responsgggo, of the moths were in sufficiently good condition to be
curves to short (short-term adaptation) and 1oNGatrmed to the flight cage.

(desensitization) bombykal stimuli, we show that the bombykal

cell can resolve four lag-units of pheromone concentrations Cartridge stimulation

but is apparently unable to encode stimulus duration with all All recordings were performed at room temperature
parameters tested. Finally, we present evidence for th@8-23°C). Charcoal-filtered and moistened air was
presence of several functionally distinct mechanisms of shorpermanently blown over the preparation through a glass
term adaptation, which affect the rising phase of the sensillarartridge (13 min-1). The airstream could be redirected
potential, its decline and the action potential response. lthrough cartridges containing a piece of filter paper
addition, we show at least one additional mechanism ofapproximately m?) loaded with synthetic bombykal (E,Z-
desensitization. None of these bombykal stimuli affected flight0,12-hexadecadienal) generously provided by T. Christensen
behaviour. (Tucson, AZ, USA). Bombykal doses are always given in
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logio-unit intervals; for example, in Fi§, —6 logo bombykal Acquisition protocols and data analysis
dose [1g) means 1ug bombykal. The cartridges were In the beginning of each recording, a series ah\6
placed with the outlet in a distance of 4.%r6 from the calibration pulses was applied to the haemolymph electrode,
recording site. The airstream was switched between thehich was otherwise grounded. The pheromone responses
cartridges using solenoid valves (JFMH-5-PK and MFH-5-1/8were recorded in sweeps ofs3duration at sampling
FESTO, Esslingen, Germany) controlled by the computerfrequencies of &Hz and 1.6kHz (Clampex, episodic
Airstream velocity was monitored with a thermistor (BC32L1;stimulation mode with a gear shift after 1088). The
Fenwal, Framingham, MA, USA) placed near the recordingolenoids were controlled by a digital output signal switched
site and connected to a custom-built anemometer. Limited kp ‘high’ 20 ms after the sweep start. The stimulus airstream,
the specified switching time of the solenoids i), and as monitored by the anemometer, arrived at the recording site
verified by the anemometer recording, the shortest applicab&pproximately 50ns after the trigger signal.
stimulus duration was approximately B@. Doses between  The recordings were evaluated using macros in Clampfit 6,
10%ug and 10Qug bombykal dissolved in n-hexane (Merck, Microsoft Excel, versions 7 and 8, and Automate 4 (Unisyn
Frankfurt, Germany) were applied to the filter paperqid@¥y  Software; Los Angeles, CA, USA) (Dolzer, 2002). For the
100ul per paper), and the solvent was allowed to evaporatanalysis of the sensillar potential, the responses were lowpass-
Stimulus intensity is always given in terms of the bombykafiltered at a cut-off frequency of 3z or 7CHz (Clampfit,
dose applied to the filter paper. Stimulus durations betweeBaussian filter). The evaluated parameters of the sensillar
nominally 10ms and 1009ns were employed. Due to the potential, as illustrated in FigA,B, were: (1) the overall
switching times of the solenoid valves, stimulus duration@mplitude (SP amplitude), (2) the initial slope between the onset
below 50ms are less clearly defined than above this durationf the sensillar potential and the half-maximal SP amplitude
and are only included for completeness. (slope), (3) the half-time of the rising phasg(isd and (4) the

A suction tube of 1@m diameter was placed below the half-time of the declining phasé g deciing. The half-times of
animal to rapidly remove the pheromone after the stimulationthe rising and declining phases were analyzed to compare our
and to avoid uncontrolled stimulation by bombykal leaking outesults with studies on silkmothar{theraeasp.; Zack, 1979;
of the stimulus cartridges, which were put in place as short d&issling et al., 1987; Kodadova, 1993; Kodadovad and
possible (5—33) prior to stimulation. Between the recording Kaissling, 1996), and the initial slope was analyzed as an
sessions, the cartridges were stored at —80°C in individual glagsportant parameter describing the kinetics of the sensillar
scintillation vials. Control cartridges loaded with hexane along@otential.
were prepared and treated the same way. When stored togetheFor the analysis of the action potentials (Hi@), the
with the vials containing the bombykal cartridges, the controlowpass-filtered trace was subtracted from the original
cartridges elicited weak responses after several recordingsponse. This pseudo-highpass filtering procedure, in contrast
sessions, indicating a cross contamination that is also likely to actual highpass filters, does not distort the shape of the
have occurred for the lower stimulus doses (Fig®). This action potentials and therefore allows the analysis of their
effect is presumably enhanced by molecules of the highlgmplitude and waveform (Dolzer, 2002). The action potential
hydrophobic pheromone component adhering to parts of thesponse was characterized by: (1) the peak frequency
electrophysiological set-up. These contaminations influenceomputed from the first five interspike intervals (AP frequency;
the baseline of the dose-response curves, as well as the pé&ig. 1C) and (2) the latency between the beginning of the
stimulus-time histograms at low pheromone doses, but they densillar potential and the first action potential (AP latency;
not affect the main conclusions of our study. A set of stimulu§ig. 1B). In the background activity, action potentials of two
cartridges was used for 5-20 recording sessions; the contminplitude classes were recorded (Dolzer et al., 2001).

cartridges were replaced more frequently. Therefore, when action potentials of two classes, distinct by
_ _ amplitude or by frequency and latency, were observed during
Local stimulation the response, they were analyzed separately. Because

While cartridge stimulation, as described above, was usagsponses of trichoid sensilla from different intact moths varied
in most of the experiments, a small subset of the sensilla wgseatly in amplitude (Tablg), it was impossible to quantify
stimulated locally. In these experiments, the pheromone wabkese variable data sets without normalization. Thus, for the
applied to a piece of thread, which was then inserted into @uantitative analysis, the response parameters were normalized
glass pipette with an opening of approximately ud® to the highest response during the recording from the same
(Kaissling, 1995). The stimulation pipette was placed belovgensillum. The highest response was defined as the largest
the recorded sensillum, and the stimulus airstream wasglue of those parameters that were positively correlated to the
redirected through the pipette for stimulation. The only dosstimulus intensity and as the smallest value of parameters,
tested with local stimulation wasph bombykal; stimulus which were negatively correlated to the stimulus intensity.
durations were between 2fs and 200®ns. Of the data Thus, the normalized responses were computed from:
presented here, only the recordings shown in Figwere Responsem = Response/Responsg and Responsem =
obtained using local stimulation; all other data and results wefResponsgin/Response, respectively. The sensillar potential
obtained with cartridge stimulation. amplitude, the initial slope of the SRz declineand the action
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Fig.1. The pheromone response is characterized t A
parameters. (A) An unfiltered response to ans 1ug BAL
stimulus of lug bombykal (BAL). Action potentia —
are superimposed on the negative deflection of .
transepithelial potential, the sensillar potential (SP).
maximal SP amplitude is measured between the ba
before the response and the negative peak durin
response. The half-time of the rising phage (isd is d-v
determined between the onset of the SP and the tin
potential has reached 50% of SP. The half-time o
decline phaset{2 deciing is measured between the ent
the response, which at short stimulus duration coin  tizrise| | - - t1/2 decline
with the negative peak, and the time the potential — > ¢
decayed to 50% SP. For the analysis of all pararr

describing the SP, the responses are lowpass-filte B C

50Hz or 7CHz. (B) The initial phase of the responsi AP latercy

an enlarged time scale. The initial slope is determine —> 1 5 interspike intervals
dividing 0.5<SP by tij2rise The action potential (AF “"’X"’}‘ - AP frequercy
latency is measured between the onset of the SP a i Slope

peak of the first AP. (C) For the analysis of APs, AVIAt

lowpass-filtered response is subtracted from the ori i I
trace, yielding a straight baseline. The initial |2_mV Y v
frequency is computed from the first five inters) < zrise

.
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Table 1.Variability of unadapted responses to strong stimulation

Mean Median S.D. S.E.M. Min. Max.
DC
SP amplitude (mV) 10.10 10.07 3.45 0.53 3.92 17.02
Initial slope {1V ms-1) 157 164 78 12 50 412
t1/2 rise(MS) 34 35 9 1 13 58
t1/2 decline(MS) 897 788 344 53 435 1847
AC
AP frequency (Hz) 278 296 81 12 99 423
AP latency (ms) 33 27 15 2 5 72

N=73 responses of 43 sensilla. Bombykal dosggl@timulus duration, 50 ms.
DC, variables of the sensillar potential (SP); AC, variables of the action potentialt{ARJs half time of the rising phase of the sensillar
potential;ti/2 decline half-time of the decline phase of the sensillar potential.

potential response were normalized to the largest value duririggquency over time. In time windows (bins) of 8, action
each recording from the same sensillum. Siaeeiseand AP potential responses were added up and plotted over time, with
latency were negatively correlated with stimulus strength, bott=0 being the start of the DC response.

were normalized to the smallest value during one recording.

The inverse normalization of the negatively correlated Stimulation protocols

parameterst{;, riseand AP latency) allowed us to focus on In total, 1462 stimulations (all doses including controls)
responses in the physiological range. Direct normalization ofyere applied to 70 sensilla of 42 animals. Since the
for example, AP latency, either to the largest or smallest valuexperiments were done with a whole-animal preparation, no
of the data set, exaggerates long latencies in response to lomndown of the responses was observed, even during
stimulus intensity and obscures differences in the response tecordings of more thant8with repetitive stimulation.
physiological stimuli of a higher dose. For the investigation of Non-adapted responses were obtained by applying either
desensitization, stimuli of 100@is duration were applied with 50 ms stimuli or 1000ns stimuli of increasing bombykal dose,
60s between consecutive stimulations. The action potentiaeparated by 68 (dose ramp). Control stimuli with only
response characteristics were analyzed with peri-stimulus-tinteexane on the filter paper were applied before each dose ramp.
histograms to evaluate changes in the action potentidh some recordings, additional control stimuli were applied.
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77z Conditioning stimuli (250 ms) Fig.2. The adaptation protocol for short-term adaptation. A
Hl Test stimuli (50 ms) conditioning stimulus of 1Qg bombykal (BAL) and 25fns
5 21 [ Contral stimulus (50 ms) duration was applied 20 before each test/control stimulus ofrb8
2 7 7 7 % % % 7 7 7 duration. Test stimuli of various BAL doses (measured inglog
g 01 g g g units; filled columns) or the control (C; open columns) were applied
'3 -2 g ? ? in increasing order. To avoid accumulative adaptation, stimulus pairs
< é g g g were separated by at least . The time axis is not drawn to
a - é 1 o1 7 7 scale. For test stimuli of 1008s duration, a similar stimulation
é?' —6 g g g protocol was used. The conditioning stimuli were 1660 long,
- % I é é é however, and applied &dbefore the test stimuli.

were quantified. We wanted to know whether the previous
exposure to a conditioning stimulus or the duration of bombykal
stimuli affect quantity coding and influence flight behaviour.
Adapted responses were achieved by conditioning the sensillde responses of, in total, 70 sensilla of 42 animals to bombykal
with 10 g stimuli of 250ms duration, applied 20 before the doses between 1®ug and 10Qug were characterized and
test stimuli of 50ms duration (Fig2). For the 1000ns stimuli, compared in different states of adaptation. Most experiments
the sensilla were adapted by @ stimuli of 1000ms, applied were only performed on a subset of the sensilla.
60s before the test stimuli. To ensure identical conditions,
each test stimulus was preceded by its own conditioning General parameters of the pheromone response
stimulus. The sensilla were allowed to recover for at least Bombykal application causes depolarizing sensillar potentials
10min between every two stimulus pairs to avoidin olfactory receptor neurons (ORNSs), which elicit action
accumulative adaptation. This interval between the stimulugotential responses that are carried along the axons of the ORNs
pairs was chosen because pilot experiments had suggested tinvghe brain to excite postsynaptic antennal lobe neurons. In
complete recovery from adaptation by a stimulus as used in tlextracellular tip recordings, the sensillar potential (SP) in
adaptation protocol after approximatelyntn (Dolzer, 1996). response to pheromone stimulation is measured as a negative
To avoid contamination of our short-term adaptationdeflection of the transepithelial potential. According to previous
experiments by long-term adaptation (which lasts for hourspractice and because the SP is assumed to reflect the
we did not employ pheromone doses higher thamuglO depolarizing receptor potential of the ORNSs, its increase to
bombykal for the 58ns stimuli and we used a maximal dosemaximal amplitude is described as the SP’s rising phase. Its
of 100ug for the stimuli of 1009ns duration. repolarization to the steady-state potential is described as its
decline. Superimposed on the SP, action potentials can be
recorded (Fig8-6). The amplitude of action potentials
Results decreased in response to strong stimulation (Eys3-5).

In extracellular tip recordings from long trichoid sensilla, weWhen action potentials of two classes occurred during a
investigated odour quantity coding by measuring the electricabsponse (Fig3B, 4A,B), they are referred to as small and large
responses to stimulation with bombykal at different doses. Slovaction potentials according to the amplitude of the first action
amplitude-modulated bombykal-dependent sensillar potentiajsotential, i.e. before the stimulus-correlated amplitude reduction
with superimposed, fast, frequency-modulated action potentiateok place. This terminology was introduced previously in

Fig. 3. Cross-excitation of tt A B
non-bombykal cell occurre 10 ug BAL 10 ug BAL
in response to a subset of — —

10pg  bombykal  (BAL)
stimuli of 5Cms duration (se AC wwm“,“, L . m‘“‘ 1 \ l l’ l | | . l
Table2). While in (A) BAL h )

stimuli elicited only larg
action potentials, in (B) sm
action potentials were al
elicited at a lower frequen
and after a longer latenc
Responses of small acti
potentials were not elicited mV

BAL doses below 1Qg. The N O mS 4]. A ‘J“W
terms ‘large’ and ‘smal. e

action potentials refer to the amplitude of the first action potential of each class, before the stimulus-correlated @uptitiosetook place.
AC: pseudo-highpass-filtered traces, obtained by subtracting lowpass-filtered respchizeG#b@sian filter) from the original signals (DC).

DC
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Fig.4. At doses below 1Q)g bombykal (BAL), only
action potentials of the large class were affected by the
stimulus-correlated amplitude reduction. (A) Response
to a 50ms stimulus of g BAL, pseudo-highpass-
filtered as in Fig3. The amplitudes of the large action
potentials were reduced after strong bombykal stimuli ..

and regained their original amplitude in the course of ¢ e 500 ms
several seconds (as illustrated by the broken line).; e

Occasionally, spontaneous small action potentials

occurred during (filled arrow) or after (open arrow) theg C

response. The reduction of the amplitude during bursts
of large (shaded arrow) and small (open arrow) action
potentials was reported previously (Dolzer et al., 2001). P 4
(B) Enlarged view of the marked section in A. (C) Two

small and two large spontaneous action potentials

recorded before the stimulation, plotted at the same

1mVv

amplitude scaling as in B. The small action potential \ e 1mv ) 1mv
during the response was of the same amplitude as the ||
small spontaneous action potentials. 100 ms 20ms

recordings of spontaneously active ORNs (Dolzer et al., 2001amplitude class were observed during the bombykal responses.
Action potentials of two amplitude classes were also observé/hen small action potentials occurred at these dosages, they
between the stimulations. All action potentials, whethercould not be distinguished from spontaneously occurring action
spontaneous or in a pheromone response, were recorded wgibtentials by their frequency or reduction of the amplitude. At
their positive phase first. There was a large variability in botldoses of 1ug bombykal, however, the small action potentials
the sensillar potential and action potential responses amoigcurred at a frequency that could not be considered spontaneous
individual sensilla from different moths (Taldlg Sixty-nine of in 22 of 68 stimuli of 50ns duration (Fig.3; Tabl®).
the 70 sensilla tested responded to bombykal. The only noApparently, the non-bombykal cell was ‘cross-excited’. In the
responding sensillum had no spontaneous action potentipfesence of small action potentials, the SP amplitude was
activity, indicating that it was damaged. significantly larger (10.85+0.64V, N=22) than in responses

To determine whether stimulation with the different stimuliwith only large action potentials (8.75+0.8(/; means 1S.EM.;
of the main pheromone component bombykal alone elicits fligh?<0.01,N=46; Student'd-test). The action potential frequency
activity in the intact, tethered moth, flight activity was recordedf the small action potentials was significantly lower and the
with a piezo-electric element placed at the thorax. In additiorgction potential latency was significantly longer than for the large
since a correlation between flight activity and transepitheliahction potentials of the bombykal cell (TaB)e
potential oscillations was observed previously (Dolzer et al., When cross-excitation occurred during a response {10
2001), the transepithelial potential was continuously monitoredombykal, the stimulus-correlated amplitude reduction of the
between the stimulations. In 18 of 22 animals analyzedsmall action potentials was less prominent than that of the
bombykal stimulation did not elicit flight activity. In three bombykal cells (Fig3B). At lower doses, the amplitude and
cases, the animals exhibited continuous flight activity. In onlyrequency of small action potentials occurring during the
one animal, flight activity occurred immediately after strongresponse was the same as during spontaneous activity
stimulation, whereas the animal was silent before. Oscillationg-ig. 4).
of the transepithelial potential were observed in the recordings

from 16 sensilla. In no case did bombykal stimulation suppress Dose dependence
or detectably influence the oscillations. After distinction of the action potential responses of the
bombykal and the non-bombykal cells, we measured
Specificity of the ORNs dose—response relationships of the bombykal cell in response

Because the two ORNSs per trichoid sensillum can be clearlp 50ms bombykal stimuli to determine the threshold, range
distinguished according to the amplitude of their actiorof resolution and saturation (Fi§s 7). The bombykal
potentials, we wanted to know whether the bombykal cell alwaysesponses varied considerably among individual sensilla and
produces the large or the small action potentials. Unless tl@nong individuals (Tab!&). Therefore, for a quantitative
stimulus dose exceeded (i), only action potentials of the large analysis it was necessary to normalize the response parameters



Stinljlus
N “lr- Irl—“v““ e o) “““—-‘:“w-lr v, CONLrol
S I B e
M:h.‘“ “ || “ J- tor 105 ug
a1 L
‘Jf\ H_ ‘r H o 104 pg
*\ﬂr Mr lr]r" |IJF[ “Jrr Ir 10he
N | I n - " waniver 102 g
f
\ 101 ug
1ug
10ug
BAL

2mV|

100 ms

(see Materials and methods; Frg. The SP amplitude, the
initial slope of the SP and the half-time of the decay phase

Adaptation in moth pheromone sensill®81

Fig.5. Pheromone responses are dose-dependent.
Stimulation with a solvent-loaded filter paper (control) did
not elicit a measurable sensillar potential. The action
potentials of the small class occurred at random. Stimulations
with increasing doses of bombykal (BAL) elicited sensillar
potentials of increasing amplitude, together with large action
potentials at increasing frequency and shorter latency. At
stimulus loads of=102ug, the reduction of the action
potential amplitude during the response became obvious. The
stimulus duration was 5@s and stimuli were applied in
increasing order, separated by intervals o$ §dose ramp).

logio-units of odour concentrations. Th&/ rise
exhibited no dose dependence (MiG).

Short-term adaptation

To evaluate changes in quantity coding after previous
pheromone experience, the sensilla were short-term
adapted. Short-term adaptation is defined here as a
rapidly (within seconds to minutes) reversible reduction
of sensitivity due to prior stimulation with a
conditioning stimulus. Short-term adaptation is
distinguished from long-term adaptation, which lasts for
hours and involves rises of intracellular cyclic GMP
(cGMP) concentrations (Stengl et al., 2001). When the
sensilla were adapted by a strong conditioning stimulus
(10 pg bombykal; 250ns duration) 23 prior to the test
stimulus, the SP amplitude and the action potential
frequency were reduced (Fifs7A,E). In addition, the
decay of the sensillar potential was accelerated
(Figs6B, 7D), as characterized by a fasi@rdeciine The
dose—response curves of the SP amplitude and the initial
slope were shifted to higher stimulus intensities by
approximately one lag-unit (Fig.7A,B), which means
that 10 times more pheromone was needed to elicit the
same response amplitudes. The rise was virtually
dose-independent at a stimulus duration cis0and
was not significantly altered by the adapting stimulus
(Figs6B, 7C). The dose-response curve of the action
potential frequency was shifted by two jeainits, and
the shift of the dose-response curve of the latency
between the onset of the SP and the first action potential
was even larger (FigE,F). For none of the variables
was there an obvious difference in the slopes of the
adapted and the non-adapted dose—response curves.

Desensitization

(tu2 decling, as well as the action potential frequency and Desensitization is the decline in excitation as seen during a

latency, but not the half-time of the rising phase (isd,

phasic—tonic response to a stimulus of long duration and, thus,

were dose-dependent (Figs7). With higher pheromone is distinct from short-term adaptation (Zack, 1979; Zufall and
concentrations, the amplitude of the SP increased, its initidleinders-Zufall, 2000). To determine whether the stimulus
slope became steeper and its decline to baseline became slogeration affects coding of pheromone quantity in the non-
(Fig. 7). The action potential frequency increased, and thadapted and adapted state, we employed pheromone stimuli of
latency to the first action potential was shortened. Th@0 times longer durations. With stimulations of 100€

threshold was between fQug and 162 ug bombykal for all

duration in the absence of a preceding adapting stimulus

these variables. The ORN was able to resolve at least fo(ik=129), the action potential response was phasic—tonic at all



1582 J. Dolzer, K. Fischer and M. Stengl|

Table 2.Cross-excitation of the non-bombykal cell Table 3.Frequency and latency of large and small action
Bombykal dose}(g) 1 10 potentials
Duration (ms) 50 250 50 250 Action potentials Large Small
No. of responses 108 14 68 69 Frequency (Hz) 319+10 e 105+%0
With non-BAL APs 0 0 22 29 AP latency (ms) 23+2 —rk_ 79+5
Only BAL APs 108 14 46 40

Data are means &£.M.; stimulus duration, 50 ms; bombykal dose,
BAL, bombykal; APs, action potentials. 10ug; N=22 [except?, whereN=18: in four responses, the action
potential (AP) frequency over five interspike intervals could not be
determined, since <6 small action potentials occurredp<€01
(Student'st-test).

doses between 1®ug and 10Qug bombykal (Fig8). The
phasic component was more prominent with increasin:

pheromone dose. Thus, this stimulus duration was not reliablyoncentrations and the action potential latency not further
encoded by the phasic part of the action potential responsacreased at all high pheromone concentrations g&igD,F).
After the phasic peak, the action potential frequency declined

to a tonic plateau with a time constant of approximately Encoding stimulus duration

150ms. Thresholds were between -4Qg and 16ug After testing responses to different stimulus concentrations,
bombykal for all variables, and approximately fouripgnits ~ we examined how the bomykal cell can encode different
of bombykal concentrations were resolved (Big. stimulus durations. The stimulus duration ofre® was neither

In contrast to short stimuli of 58s duration, in response to encoded by the sensillar potential nor by the duration of the
100Cms stimuli, theti2 rise Wwas dose-dependent at higher phasic or tonic part of the action potential response &igs
doses of bombykal in the non-adapted state as well as in th@). When different stimulus durations from 28 to several
adapted state (Fi§C; Dolzer, 1996). As for short stimuli, seconds were tested (at a dose cfid@vith an interstimulus
after a preceding adapting stimulus of i) bombykal, the interval of 60s), none of the parameters of the sensillar
amplitude of the sensillar potential was decreased, the initiglotential reliably encoded all stimulus durations (Rigs11).
slope was less steep and the frequency of the action potent@hly stimulus durations of >10fis were distinguished by
response was reduced (Fe\,B,E). In contrast to short ti/2 declineand by the total number of action potentials, but not
stimuli, theti rise was further prolonged after an adapting by the SP amplitudey/, riseand action potential frequency (i.e.
stimulus, the decline not further accelerated at all stimuluthe first five interspike intervals; Figj1).

101 ug BAL

Discussion

In extracellular tip recordings of long trichoid
sensilla, we investigated the electrical responses to
stimulation with bombykal, the main component in the
conspecific pheromone blend. While previous studies
on pheromone sensilla iM. sextafocused on the
specificity of the olfactory receptor neurons (ORNS;
Kaissling et al., 1989; Kalinova et al., 2001) and on
temporal coding in the action potential response
(Marion-Poll and Tobin, 1992), we characterized and
compared the dose dependence of the sensillar

A

Unadapted

Adapted Fig. 6. A strong conditioning stimulus caused adaptation of
the sensillar potential and action potential responses.
(A) Compared with a response without a preceding strong
stimulus (upper trace), the sensillar potential amplitude and
the action potential frequency were reduced (lower trace)

B after an adapting stimulus. (B) After lowpass-filtering and
_ Unadaptec%normalizeo) normalizing both responses to the same maximal amplitude,
o T Adapted esreseme T the faster decline (filled arrow) to baseline of the sensillar

potential in the adapted state (broken line) became obvious.
But the half-time of the rising phast/{ riss open arrow)
was less affected. Stimulus duration wasn&0 BAL,
bombykal.
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Fig. 7. Short-term adaptation of response 3 g 1 B

short ~ (50ms)  stimuli  shifted th =2 9

dose-response curves to higher stim & = 0381

intensities. While the sensillar potential ( g £ 06/

amplitude (A) and the initial slope ( 4 S

encoded concentration changes at d & N 04

>102ug bombykal, the half-ime of tt g g 02!

rising phase t{z rss C) showed n 5 S S

significant dose dependence. The declin 2 1 2 00—

the SP back to baseliné/f deciing D) was
relatively slow, even at low doses. Af
adapting stimuli (dotted lines), the amplitt 1, C )

[0}
of the sensillar potential and its initial slc 8 081 % 0.8
were reduced, whilez isewas not affectec ~ § T/i/‘}/}f 8
Adaptation accelerated the decline of the 8 0.6 i i—_%_x,\i/i < 061
and reduced the action potential freque % 04| T 8 04]
computed from the first five interspi g T i
intervals (AP frequency), while the acti S 0.21 g 021 =
potential latency (AP latency) increas ol —. z ol .
After adapting stimuli, the dose—respo ' b ' ' ' ' ' ' '
curves of those parameters that describe
initial phase of the SP were shifted to 3 1. 1.
right by approximately one lagunit. Thus g E ** g F —— Unadated
10 times more pheromone was neede g 08 ok = 081 -+ v-- Adgpted
elicit the same response (A,B). The decl & 06 v/ i o 06 x
in addition to a right-shift by more than ¢ % AL g
logio-unit, was accelerated even in © 044 * L ,"I ﬁ 0.4 1
baseline region of the dose-response ¢ = ozl 5/‘T\i/} N g o2l 1
(D). The AP frequency and the AP later £ Y] - T T .11 5 :
were shifted by more than one fogmit 2 ol | : I , , < | pE— : : : .
(E,F). The data were normalized to c6 4 =2 0 2 c6 4 =2 0 2
highest response during each recorc log; o bombykal dose (ug) log;o bombykal dose (Lg)

which is the largest numerical value for those

variables positively correlated to the stimulus intensity. The action potential latenty-aigglwhich are negatively correlated to the intensity,
were inversely normalized to the smallest numerical value to focus on responses in the physiological dose range. C,taaejpobsBrat
means 1s.e.M. The stimulus duration was B9s.N=31 (A-D; unadaptedN=24 (E,F; unadapted) amF10 (A—F; adapted). Asterisks indicate
significant differences between the adapted and non-adapted Btde0S; **P<0.01; Student’s-test).

potential and action potential responses in different states ohtive pheromone blend (Vickers et al., 2001), none of the
adaptation. Because the bombykal cell in each sensillutmombykal stimulus protocols changed flight activity of the
always produced the action potentials of larger initialmoth. Whether these different adaptation mechanisms have
amplitude, distinct quantification of bombykal responses waa distinct molecular basis and resemble the mechanisms
possible. Thus, it could be shown that different mechanisms afescribed in vertebrate olfaction (reviewed in Zufall and
adaptation occur inM. sexta at different levels of the Leinders-Zufall, 2000) remains to be examined.

transduction cascade: at the generation of sensillar potentialsin vertebrate olfaction, three stages of adaptation are
and at the transformation into action potentials. In responselistinguished in current recordings vitro by their effects

to short and long pheromone stimuli, a previous strongnd the underlying mechanisms: short-term adaptation,
bombykal stimulus decreased the amplitude and the initialesensitization and long-lasting adaptation (Zufall and Leinders-
slope of the sensillar potential and accelerated its decline. Eufall, 2000). In vertebrates, short-term adaptation reduces the
addition, the initial action potential frequency was reducedmplitude of brief odour-dependent currents after previous
even further than the parameters of the sensillar potentiadtimuli, is C&*-dependent and cGMP-independent, and declines
suggesting that an additional adaptation mechanism acts at tvéhin several seconds. By contrast, desensitization, which
level of action potential generation. At least one adaptatioreduces the amplitude and slows down the kinetics of the
mechanism is stimulus-duration-dependent, because for longdour response during maintained stimulation, is?*Ca
but not short, pheromone stimuli the same adapting stimuluependent and calcium/calmodulin-dependent protein kinase
slowedty/2rise at higher stimulus concentrations. Despite the(CaM kinase)-dependent and lasts longer than short-term
fact that stimulus duration strongly affects flight behaviouradaptation. Long-lasting adaptation, however, is triggered
when freely flyingM. sextamoths are stimulated with the by stronger stimulation, is €&, CQ- and cGMP-dependent
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and lasts many minutes. In the following, we will discuss the Interestingly, none of the sensillar potential parameters and
general characteristics of the bombykal ceMinsextaand the  neither the phasic nor the tonic part of the action potential
different mechanisms of adaptation in moths in the context aksponse encoded all stimulus durations tested. Only longer
known olfactory signal transduction pathways, to look forstimulus durations were distinguished by the overall action

common features between insects and

vertebrates and to suggest a test

hypothesis of olfactory adaptation 20 A Control 20717 10-2ug BAL
insects. ! ! N=15 ! N=16
151 stimulus 154
Specificity of the olfactory receptor - ‘
neurons and behavioural aspects ! 101 !

As described previously (Dolzer
al., 2001; Kalinové et al., 2001), but
contrast to other studies iM. sexte
(Kaissling et al., 1989; Marion-Poll a
Tobin, 1992), two classes of acti

potentials, which can probably B 10-6pg BAL 10-1ugBAL
assigned to the two ORNs in e: 101 N=9 1 N=16
sensillum (Keil, 1989), could | 5]

distinguished by their amplitude in m

of the recordings. Our experime 5]

showed that iM. sexta as in other mot
species investigated, the ORN t
fires the action potentials with t
larger amplitude responds to

main component of the conspec
pheromone blend Bombyx mori
Kaissling et al., 1978; Antherae:
polyphemusand A. pernyj Zack, 1979
Mamestra suasa Lucas and Reno
1989; Mamestra brassicgeRenou an
Lucas, 1994). Only at very hi
pheromone doses was the cell with

smaller action potential amplitu

excited as well. Such cross-excitat

was also,described iA. polyphemu D 104 g BAL 10pug BAL
(Kodadovd and Kaissling, 19¢ N=10 N=15

Kodadova, 1993).

Fig.8. (A-J) Desensitization of pheromc
responses during long pheromone stimuli.
action potential response to long bomb
(BAL) stimuli became more phasic w
increasing stimulus intensity. Peri-stimul
time-histograms (PSTHs) at a bin width
10ms were calculated for action potent
elicited by 1000mns stimuli of BAL, whict
are indicated by the broken lines. WI
phasic—tonic responses occurred at
stimulus intensities, the phasic compot
was more prominent at high intensities. -
indicates the presence of desensitiza
Since the sample sized)( differed for the
individual doses, ally-axes were scaled
4/3xN. The considerable responses elicite
control stimulations with solvent-loaded fil
papers (A) are discussed in the text.

Action potentials per 10 mshin

10-5ugBAL
N=9

1ugBAL
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potential frequency but were not reflected by the duration of Adaptation of the rising phase and the amplitude of the
the action potential response. From analysis of the odour plume sensillar potential
and from antennal lobe recordings, it is known that odour In our study, the rising phase of the sensillar potentials
intensity and duration vary rapidly in nature and can bdéwhich in the extracellular recording appears as a negative
resolved byM. sextaantennal lobe neurons on a milliseconddeflection from baseline to the maximal amplitude) was
time scale (Christensen et al., 1996, 1998; Vickers et al., 2001haracterized using two different parameters, the initial slope
Thus, in their natural environment, moths have to resolve rapiandtiz rise The initial slope, whether determined by a straight
changes in stimulus strength and duration but might not neéihe fit (not shown) or computed frotw2 riseand half the SP
to respond reliably to ongoing odour stimulation over a perioéimplitude, exhibited a clear dose dependence in correlation
of seconds to minutes. with the SP amplitude (Fig&B, 9B). In contrast to studies

In wind-tunnel assays, Tumlinson et al. (1989) foundwith pheromone sensilla of. polyphemusand Antheraea
that both bombykal and (E,E,Z)-10,12,14-hexadecatrienal angernyi (Zack, 1979; Kaissling et al., 1987; Kodadova, 1993;
required to elicit a sequence of anemotaxis and matingodadova and Kaissling, 1996; Pophof, 1998) and benzoic
behaviour. They did not test for activation, however. Ouiacid-sensitive sensilla dombyx moriKodadova, 1993), in
results suggest that bombykal alone is not sufficient to activateur experiments with short pheromone stimtajp, riseshowed
the moths. Neither did bombykal stimulation elicit flight virtually no dose dependence and was not influenced by
activity nor suppress oscillations of the transepitheliadaptation (Fig7C). The major difference in the regimens of
potential, as would have been expected if activation is assumstimulation between our study and the studies mentioned above
to be correlated with octopamine release (Roeder, 1999; Dolzir the stimulus duration (58s versus2s or Es). Thus, we
et al., 2001). Although the experiments were performed duringuspect that the longer stimulus duration, which resulted
the active phase of the nocturnal moths (reared in an inverge a larger total pheromone amount applied, produced
culture), we cannot exclude influences of the preparatiodesensitization and possibly also long-term adaptation, which
procedure or the unnatural situation during the recordingsnight be reflected by a change in the kinetics of the rising
Thus, this finding needs to be confirmed in experiments witkensillar potential phase. This assumption is supported by our
freely behaving moths. Finally, it remains to be tested imecordings inM. sextaat stimulus durations of 1000s
behavioural experiments how the different forms of adaptatio(Figs8, 9). These recordings showed a dose dependence and
affect recognition of the species-specific pheromone blend. prolongation ofti2 rise after adapting pheromone stimuli

Fig. 9. Adaptation of responses to long stirr % 1, A L 14 B

At a stimulus duration of 100@s, the sensill = 08 K= 08/ .
potential (SP) amplitude (A), the initial slc g - * T ]
(B), the half time of the rising phase of the S 0.6 1 = 0.6 */
(tw2 risé C), the half ime of the decline of t 2 | T o4 _—
SP (1/2deciine D) and the action potential (A N 0.4 % ' A
frequency (E) and latency (F) were dc g 0.2 £ 0.2 w X
dependent (solid lines). After adaptation & ’25 0 ;. : . . . § N éT_‘/ll“/ll, -

100Cms stimulus applied 68 before the te
stimuli, these dose-response curves

shifted to higher stimulus intensities (brol 8 4 C 2 1

lines). As with stimuli of 50ns duratior 5 0.8 * 8 0.8 .
(Fig.7), the shift was larger for the ¢/ ’§ 0.6 **/ 8

response than for the SP response. Respon & ™ * */ Ea § 061

the adapted state were recorded to a ma; ‘§ 0.41 S A N 4]

dose of 10ug bombykal. The data we g ]I /I/{ 7 g

normalized to the highest response during = 02 — ¢ g 0.2]

recording, which is the largest numerical ve 0! — T — T ol — T T
for those variables positively correlated to

stimulus intensity. The AP latency antgb rise 3 1- > 1

which are negatively correlated to the inten: & E = F —— Unadated
were inversely normalized to the smal g 08 & 08; -+ v+ Adapted
numerical value to focus on responses in i 0.6 *M . L 6. .
physiological dose range. C, control. C (I % /I
represent means sEM. Sample sizesN) & 04 /‘:e/ o 8047 | /l/l Loy
range between 2 (1®ug; adapted) and : G 0.21 /§ I—T g 02l | I\IM 1’,%
(lpg; non-adapted).  Asterisks  indic % % e R S I R
significant differences between the adapted = 0- C .5 _; 5 5 < 0 C6 9 3 5 '2

non-adapted state R%0.05; **P<0.01;
Student's-test). log;o bombykal dose (g) log,q bombykal dose (1g)
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A B Fig. 10. Encoding of stimulus duration [28s (A), 200ms
(B) or 2000ms (C)] in the bombykal cell. Neither the

evaluated parameters of the sensillar potential nor the action

0.1 mv . . .
potential response appeared to encode stimulus durations of

100 ms 20ms to 2s. At long stimulus durations of 200@s, the
\ / duration of the plateau of the sensillar potential matched the

stimulus duration without being reflected in the duration of

\_—

AC M . . . .
the action potential response. The sensillum was stimulated

oo |
DC 2 mV| locally with a dose of fig bombykal. DC, unfiltered
recording, AC, pseudo-highpass-filtered signal, St, stimulus
1000 ms signal, recorded by a pressure sensor. Above the AC traces,
m

St the initial portions of the action potential responses are
shown as inserts at enlarged scale.

(Stengl, 1993, 1994; Dolzer et al., 1999) in long-term

C
adaptation in moths. Thus, it is likely that?Gaand
cGMP-dependent mechanisms affect the rising phase
\ / of the sensillar potential in response to long and very
. strong pheromone stimuli.

Adaptation of the declining phase of the sensillar
potential

The faster decline of the sensillar potentials in the
short-term-adapted state in response to short stimuli, as
—_— well as to long stimuli (FigéB, 7D, 9D), suggests the

presence of an additional adaptation mechanism, acting

via stabilization of the resting potential. Thus, we
(Fig.9C), as was also found . polyphemugZack, 1979; would expect that either *Kefflux or CI influx is
Kaissling et al., 1987). This might indicate that a stimulusincreasedvia short-term adaptation, possibly together with a
duration-dependent mechanism of adaptation exists that occuesster closure of depolarizing ion channels. Since preliminary
during desensitization and possibly also during long-ternmeasurements with €asensitive dyes (M. Stengl and B.
adaptation, which affects the amplitude and the kinetics of theindemann, unpublished results) suggest that short-term
rising phase of the sensillar potential in different ways. adaptation is caused by prolonged rises in the intracellufdr Ca

Based on the assumption that the sensillar potentiaoncentration while long-lasting adaptation is also due to

predominantly reflects the receptor potential of the adequategGMP-dependent mechanisms, it is likely that opening of
stimulated ORN, the waveform of the sensillar potential isCa&*-dependent Kchannels (Zufall et al., 1991), and possibly
probably governed by the complex processes of the chemalso Ca&*-dependent CI channels (Dolzer, 2002), is
electrical transduction cascade (reviewed by Stengl et akesponsible for the faster decline of the sensillar potential. We
1998). From patch-clamp studies on cultured ORNd.afexta  are currently testing whether large-€hannels or non-specific
we know that after application of a very low dose of bombykalgation channels, which are probably 2Gaand/or cGMP-
inositol (1,4,5)-trisphosphate @PRdependent G4 channels dependent (Dolzer and Stengl, 1998; Dolzer, 2002), might be
open, causing a very transient rise in the intracellularesponsible for this stabilization of the resting potential.
Ca&* concentration (Stengl, 1994). This rapid increase of
intracellular C&* then opens CG4-dependent cation channels, Adaptation of the action potential response
and possibly also Gadependent Cland K channels, which, In accordance with findings . polyphemugKaissling et
as counteracting currents, may determine the kinetics of thed., 1987), inM. sextathe dose-response relationship of the
rising phase and the amplitude of the sensillar potentiaction potential response to short and long bombykal stimuli
(Stengl, 1993, 1994, Stengl et al., 1992, 1998). Because twadter an adapting stimulus underwent a larger shift to higher
of these channel types (which share properties tyithand ~ stimulus intensities than did the relationships of the SP
trpl-like channels) are permeable to?Cand because both are amplitude and the initial slope (Figs 9). This suggests the
closed in a C#-dependent manner, it is very likely that presence of at least one additional mechanism of adaptation,
intracellular C8* rises caused by these channels are involvedcting on the transformation of receptor potentials into action
in short-term adaptation, as has been showDrimsophila  potentials. This transformation process probably takes place in
(Stortkuhl et al., 1999; Montell, 2001). Biochemical andthe soma or axon hillock region, morphologically and
physiological evidence suggests the involvement of cGMRlectrically remote from the origin of the receptor potentials
(Ziegelberger et al., 1990; Boekhoff et al., 1993; Stengl et al(de Kramer et al., 1984; Kodadové, 1993), which favours the
2001; Dolzer, 2002) together with €aconcentration rises assumption of a functionally distinct adaptation mechanism.
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L 1. A Fig.11. Encoding of stimulus duration in the
E bombykal cell was tested with cartridge
g 0381 stimulations at a dose of U@ bombykal N=7).

g 0.6 The sensillar_ potential (SP) amplitude (A), the half
e time of the rising phase of the Si/{ris¢ B), and

ﬁ 041 the action potential (AP) frequency (E) did not
‘_E“ 0.2 encode stimulus durations from &% to 5s. But

5 the declining phase of the SP, as reflected by
zZ

t1/2 decline(C), and the total number of APs (D)
distinguished  stimulus  durations  between

1. B e L4 C approximately 109ns and 5.
¢ 0sl 2 03]
= N
B 061 S 06 strongest stimulus of a protocol that resembles
% 0.41 ﬁ 0.4 our dose ramp as the only adapting stimulus
€ g for a sequence of test stimuli that were applied
2 021 5 02 in increasing order successively. Thus, the
09 e £ Q) e time interval between the adapting stimulus
and the test stimulus was longer for the test
§ 1.D > 1. E stimuli of higher doses, giving the sensillum
5 o more time to recover. In our current study,
& 081 g 087 however, the intervals between conditioning
E 06 & 061 and test stimuli were kept constant (Fy.
c
E 04 % 0.4 Desensitization
C_Ef‘ 0.21 TE“ 0.21 The phasic—tonic action potential response
‘Zs 0- 7 0 500 g 0! = : : _obs_erved with long stimulati(_)_ns _(F'@)
Stimulus duration (ms) 10 Sﬁmalou% durati%)(r)]O(%s) indicates the presence of desensitization (Zufall

and Leinders-Zufall, 2000). Desensitization
quickly stops the response to a stimulus and
thus allows for resolving temporally patterned
We will test whether cGMP- (Zufall et al., 1991; Zufall and odour stimuli. The phasic—tonic pattern of the action potential
Hatt, 1991; Stengl et al., 1992, 2001; Dolzer, 2002) or%d-Ca response cannot be completely due to a nonlinearity in the
dependent phosphorylation of ion channels (Zufall and Hatstimulus concentration, because the plateau of the sensillar
1991; Stengl, 1993) are involved in the adaptation of the actigootential lasts longer than the phasic part of the action potential
potential response. response (FidlO; Kaissling and Priesner, 1970). Since rises in
In A. polyphemusa change in the slope of the dose-responsthe cGMP concentration after adapting pheromone doses are
curves of the action potential frequency, as well as the S®ery slow (Boekhoff et al., 1993), it is likely that mostly2Ga
amplitude andi/2rise, Was found after adapting stimulation and/or phosphorylation-dependent mechanisms and, to a lesser
(Kaissling et al., 1987). Responses to weak stimuli were furtheaxtent, also cGMP-dependent mechanisms are involved in
reduced compared with responses to strong stimuli, leading tiesensitization. Because after long pheromone stimuli
a steeper slope of the dose-response relationship in the adagtetcacellular C8* rises closed IRdependent G4 channels and
state. InM. sexta however, the dose-response curves wer€a*-dependent cation channels but opened protein kinase C-
only shifted to higher stimulus intensities but were notdependent cation channels (Stengl 1993, 1994), it is likely that
obviously altered in their slope. Our study aimed to investigatthese =~ C#&'-dependent  mechanisms  also underlie
stimuli in a physiological range. Thus, we did not routinelydesensitization. We assume that after long, strong pheromone
exceed a stimulus dose of i and did not statistically stimuli the population of the more slowly activating protein
analyze whether there is a change in the slope. In the study kinase C-dependent cation channels, which are leds- Ca
Kaissling et al. (1987), applied pheromone doses werpermeable and which are not blocked by‘Cdominates the
corrected for a nonlinearity in the ratio of the pheromone doslate phase of the sensillar potential and underlies the tonic
loaded onto the filter paper and its release, as found by studigspolarization of ORNSs. Future studies will examine which ion
on radioactively labeled pheromone (Kaissling, 1995)channels and second messenger cascades are involved in the
Because no radioactively labeled bombykal is available to datdifferent states of adaptation to challenge our hypotheses.
we do not know whether the same nonlinearity exists for
bombykal. Nevertheless, we assume that the differences in theThe authors would like to thank Thomas Hoérbrand, Holger
results are rather due to differences in the stimulus protocofchmidt, Markus Hammer and Marion Zobel for insect rearing,
used to adapt the sensilla. Kaissling et al. (1987) used tlighomas Christensen for the generous gift of bombykal, and
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