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Summary

Mechanoreceptors involved in the escape jumping deflection of a single type Il sensilla at frequencies in the
evoked by hindwing stimulation have been investigated in range of 10-120 Hz caused the sensory unit to discharge a
the field cricket Gryllus bimaculatus By partial ablation of  single or a few spikes that were not directly correlated
the hindwing, we found that a mechanosensory system with any specific direction of hair movement nor specific
relevant to the escape behaviour was localized on specific deflection angle. The response probability decreased with
veins of the hindwing tip. Scanning electron microscopy the stimulus frequency to be less than 0.1 at 0.2Hz. The
revealed three types of mechanoreceptive sensillae on the results suggest that type Il sensillae would serve as contact
corresponding region. Based on their morphology, type | mechanoreceptors with a low-cut filter property to obtain
and type Ill sensillae were judged to be trichoid and general information on the presence of stimuli on the
chaetic sensillae, respectively. Type Il sensillae were newly hindwing tip rather than specific information on their
found in this study, having a twisted shaft with a socket- precise positioning or movement.
like structure at its base. They existed almost exclusively
on the tip and middle regions of the hindwing. The
conduction velocity of type Il units was significantly Key words: cricket, Gryllus bimaculatus mechanosensory,
smaller than that of type | units. One cycle of sinusoidal hindwing, escape jumping, sensilla.

Introduction

Sudden or noxious stimulation often evokes escapbas been intensively studied (Boyan et al., 1989; Hustert, 1978,
behaviour in many animals. The occurrence of escap&985; Horner, 1992). On the other hand, mechanical
behaviour depends on the intensity of particular stimulistimulation of the hindwing elicits another type of escape
whereas the motor pattern of escape behaviour varidsehaviour in cricket, consisting of initial jumping and
according to the nature or modality of the stimulus. Thussubsequent running to avoid the stimulus (Hiraguchi and
mechanosensory stimulation of different parts of the bodyamaguchi, 2000). Behavioural and electromyographic
elicits escape behaviour with different directionality (Wine,studies have revealed that the movement pattern of legs in the
1984; Camhi and Tom, 1978). Auditory and tactile stimuliinitial jump is different to that in the jump of the locust
evoke escape behaviour with different motor patterns in insecg&chistocerca gregariéHeitler and Burrows, 1977; Tauber and
(Stumpner and von Helversen, 2001). The stimuli are detectéZiamhi, 1995). Using three types of mechanical stimuli, i.e.
by appropriate sensillae on the body surface or sensory organsnding, touching with a paint brush and pinching with fine
inside the body (Stumpner and von Helversen, 2001). Stimutorceps, Hiraguchi and Yamaguchi (2000) studied which
of different nature or modality are detected by different sensorgtimulus was most effective in eliciting the escape jumping.
systems that activate different motor command systemAlthough bending and pinching were found to be equally
(Krasne and Wine, 1987; Tauber and Camhi, 1995). effective in eliciting a simple response involving kicking or

In the cricketGryllus bimaculatusit is well known that, as running, pinching was the most effective in eliciting escape
in the cockroachPeriplaneta americana(Camhi, 1984; jumping. The mechanosensory system responsible for
Plummer and Camhi, 1981), the air current stimulus applied tdetecting the pinch stimulus and transmitting the information
the cerci evokes escape behaviour that consists of running the central nervous system, however, remains unknown.
forward away from the stimulus source (Gras and Horner, Many types of mechanosensory sensillae, including trichoid,
1992; Tauber and Camhi, 1995). The mechanosensory syst@ampaniform and chaetic sensillae, on the cuticular surface of
that is responsible for detecting the stimulus and transmittinthe insect wing have been reported (Elliott, 1983; Gettrup,
the sensory information to the motor centre for escape runnirtP66; Schaffner and Koch, 1987; Fudalewicz-Niemczyk and



524 T. Hiraguchi, T. Yamaguchiand M. Takahata

Rosciszewska, 1972). It remains to be clarified which types aEmoved, and those with the veins (#2, #3, #7, #8 and #10)
mechanosensory sensillae are present on the distal surfacer@oved by cutting with scissors. The proximal half of the
hindwing. hindwing was left intact. The pinching stimulus was applied
In the present study, we investigated, by partial ablation ab the tip of the hindwing as described elsewhere (Hiraguchi
the vein system, which part of the hindwing was responsibland Yamaguchi, 2000). Each animal was stimulated five
for detecting the touch and pinch stimuli to elicit the escapémes. The rate of occurrence was obtained for each animal
behaviour. We used a scanning electron microscope toy dividing the number of responses by the number of
quantitatively examine how and what types of mechanosensosfgimulations.
sensillae were distributed over the wing surface. By directly
stimulating each of the sensillae, we studied the physiological ~ Electrophysiological recording from the wing nerve
characteristics of afferent activities. The results showed The hindwing was isolated from the rest of the body. The
that a specific type of mechanoreceptive sensillae, havingut-end was protected against desiccation with petroleum
characteristic structure and responsiveness, was abundarly. For recording the type Il unit activity, the cuticle on
present on the tip region of the hindwing that was responsibkbe dorsal side was removed at the branching point of veins
for detecting the stimulus resulting in escape jumping and7 and #8 (Fig. 1C) to expose a branch of the wing nerve.
running. A pair of hook electrodes was placed on the branch in the
vein #7 or #8 and covered with petroleum jelly under a
) dissecting microscope. The electrodes were connected to a
Materials and methods differential amplifier (MEG-2100, Nihon-Kohden, Tokyo,
Experimental animals Japan) whose output was fed to an analogue oscilloscope
We used adult field cricketsGyllus bimaculatusde  (Tektronix 5100, Beaverton, USA) and stored on magnetic
Geer) that were 1-7days after the imaginal moulttapes using a DAT recorder (DTR-1801, Biologic, Claix,
Electrophysiological studies were carried out with crickets thaErance; frequency range DC —20 kHz). In later analyses, the
were within 24 hour after the imaginal moult. Animals wererecorded signal was replayed and fed to PowerLab/8RSP
taken from a breeding colony in our laboratory held at 26—28°CADInstruments, Tokyo, Japan), which was controlled by
under a 12 h:12h light:dark cycle. Both sexes were used in thBhart version 4.0 running on a PowerMacintosh 7300
study. There were no noticeable differences between sexespersonal computer. For measuring the conduction velocity of
the results. Animals were anaesthetized with, @@fore  sensory units, the wing nerve between the hindwing and the
we made preparations. Thirty-three animals were used fanetathoracic ganglion was exposed and isolated together
morphological study and 56 animals were used fowith the wing. Two pairs of hook electrodes were placed

physiological study. along the nerve, separated from each other by approximately
_ _ 2mm. For unknown reasons, the physiological condition of
Morphology of the hindwing the nerve rapidly deteriorated after exposure to saline. Thus,

The structural characteristics of the hindwing werereliable recording was possible for less than 30 min.
examined under a dissecting microscope (SZH-131, Olympus, In order to examine the activity of wing proprioceptors, we
Tokyo, Japan). Fine details were compared with photographmade a head-thorax preparation with the hindwing intact on
of the hindwing taken with a microscopic camera (PM-20pne side (Hiraguchi and Yamaguchi, 2000). An extracellular
Olympus). For scanning electron microscopy, the hindwinguction electrode was placed on the N2D2 of the metathoracic
was isolated from the rest of the body. The specimen was thganglion. This nerve contains only those axons from the
fixed in 100% ethanol, critical point freeze-dried in a vacuunwing proprioceptors (Kutsch and Huber, 1989). The pinching
evaporator, mounted on a peg and coated with gold—palladiurstimulus that was made manually with fine forceps was
A scanning electron microscope (JSM-T300, JEOL, Tokyomonitored by measuring the electrical resistance between the
Japan) was used to compare the results of freeze-dried afudiceps and the insect body.
naturally dried specimens. Veins and other parts of the
hindwing were named according to Fudalewicz-Niemczyk and Mechanical stimulation
Rosciszewska (1972) and Brodsky (1994). In this study, the The single mechanosensory sensilla was directly
veins were numbered successively from the most anterior vegtimulated with a fine tungsten stylus (5@ in diameter)
(Fig. 1C). sharpened by electrolysis. The stylus was attached to a loud

speaker (& impedance, 0.5 W) that was driven by the output
Behavioural experiment of a hand-made amplifier with a current booster circuit. A

In order to find out which part of the hindwing was single cycle of sinusoidal signal was produced by a function
responsible for receiving the effective stimulus for elicitinggenerator (3312A, Hewlett-Packard, Palo Alto, USA) and fed
escape behaviour, selective ablation experiments weiato the amplifier. The stimulus was started at the lower
conducted. Experimental groups included animals with theireversal point of the sine wave in order to avoid sudden
forewings removed, those with the vannus of hindwingmovement at the onset of stimulus. The position of the stylus
removed, those with the vannus and veins (#4, #5, #6 and #®lative to the sensilla was fine-tuned by DC offset of the
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Fig. 1. Morphology of the hindwing and vein diversion. (A) Dorsal view of the hindwing. The forewing was removed to expdsaehe w
hindwing in its folded position. (B) Metathoracic ganglion and schematic diagram of the wing nerve branching pattern, shawiogts (R)
and branched nerves (Br). (C) Schematic drawing of the hindwing extended. Veins are numbered successively from the m@si)aoterio
the most proximal (#10). The dark grey region corresponds to the portion indicated with an asterisk in A. The proximbakgartdving is
covered by the forewing to the level of the 17th or 18th cell from the most distal cell (nsgam.#17.7+£0.2;N=5). The light grey region
indicates the vannus region. The remaining part is called the remigium. (D) Optical microscopic view of the encircled part in C

function generator. Movement of the stylus was monitoredbackground spike discharge in order to unambiguously
not by the driving signal but by a phototransistor coupledliscriminate the elicited spikes from the spontaneous ones.
with a light-emitting diode between which the stylus was

positioned. The stylus could follow up to 120 Hz. The stylus

was placed just in contact with the sensilla under a Results

microscope (BX-60, Olympus) with an objective20) Hindwing morphology

having 7.5mm working distance. Depending on the stylus The hindwings of the cricket are usually folded to cover its
position, the sensilla was lifted or further lowered from itsbody on the dorsal side during resting as well as in action
lying position during the first half of the single sinusoidal(Fig. 1A). The forewing further covers the basal and middle
cycle and returned to the original position during the secongarts of the hindwing, but its distal part is exposed to the
half. The return of the sensilla to its original position was dueurroundings, protruding more posteriorly than the anus
to its elasticity. The shape of the stylus was adjusted for eagkhown by an asterisk in Fig. 1A). Nerves from the

hair and for stimulus direction. metathoracic ganglion innervate the hindwinig the first
In the experiment to measure the conduction velocity obranch of the second nerve root (Fig. 1B). This nerve branch
sensory units associated with type I, Il and campanifornbifurcates in the hindwing hinge. One branch innervates the

sensillae, we used different types of stylus suited fotegula, corresponding to ni@ locust, while the other branch
stimulation of each type of sensillae and adopted pulse functiextends into the wing, corresponding to pli€locust. The
with the duration of 100 ms, instead of a sinusoidal cycle, asitter branches into three fine roots, one of which innervates
the stimulus profile for stylus movement to activate theveins #7 and #8.

sensillae as securely as possible. The pulse interval wasThe dorsal view of the hindwing is illustrated in Fig. 1C,D.
adjusted in each preparation according to the frequency df this study, the veins were numbered successively from the
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Fig. 2. Functional region of the hindwing for detecting mechanical stimuli that elicit escape jumping. (A) Comparison ofirtie@cecc
probability of escape response to the pinching stimuli applied to the hindwing tip. There was no significant differencénbetivarimals
and those animals with the hindwing immobilized (fixed). (B) Experimental setup for recording neural activities from the ametve br
supplying hindwing proprioceptors. Adapted from Kutsch and Huber (1989). A sample record is also shown. (C) Activitie®of piansr
recorded extracellularly. Left and right panels show activities in intact and fixed conditions, respectively. In each pgopelr thece shows
spontaneous activities, whereas the lower trace shows activities during pinching stimulation monitored by the bottom $elvemédiy
drawing of the branching pattern of veins #1—#10. Arrows indicate type | sensillae. The line widths indicate the relaidgs thfickach vein.
The broken lines show thin cuticular layer parts in veins. The double lines show the cutting point for the experimentEshodhawer case
letters show experimental conditions. (E) Comparison of occurrence probability of escape response to the pinching sitinalsi witarthe
hindwing partially removed. A, the vannus removed; b, the vannus and veins #4, #5, #6 and #9 removed; c, veins #2, #@&| #70 #8 a
removed.

most anterior vein (Fig. 1C). Six of the veins (#1, #2, #3, #7hindwing, six veins (#2, #3, #4, #7, #8 and #10) were placed
#8 and #10) were thick, having a rather massive, brownisbn the most dorsal side, and only two of them (#7 and #8) were
cuticular layer. The thin cuticular membrane between veinen the most dorsal side in the distal part of the folded hindwing.
was partitioned into several cells by cross veins (Fig. 1D)Veins #7 and #8, together with the membrane between them,
Between veins #7 and #8, the membrane was made of thigkere directly exposed to the external world.

cuticle. The cells were numbered successively from the most

distal cell. The tip of the forewing that overlapped with the ~ Role of proprioceptors in evoking escape behaviour
hindwing was located at the level of the 17th or 18th cell It has been reported that many kinds of proprioceptors are
(17.7£0.2; mean s.e.m., N=5). Proximal cells were entirely located at the base of the hindwing and in the thorax (Altman
covered by the forewing. The costa, i.e. vein #1, was isolateghd Tyrer, 1974; Gettrup, 1966) to detect the position and
from the rest of the hindwing veins at its basal part, beingnovement of the hindwing. In order to test the possibility that
shorter than the other veins. Veins #2—#9 branched out fromthey trigger the escape behaviour in response to mechanical
few veins at the basal part of the hindwing and extended to ttgtimulation of the hindwing, we immobilized the proximal part
distal part of the hindwing. Vein #10 emerged from anotheof the hindwing (approximately two-thirds of the whole wing)
vein at the basal part. They were placed next to each othby fixing it to the abdominal tergum with a piece of cover glass
when the hindwing was folded. In the middle part of the foldedising wax. The glass was used to prevent, by its own weight,
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Fig. 3. Structure of mechanosensory hairs on the
hindwing surface examined by a scanning
electron microscope. (A,B) Type | sensillae.
(C,D) Type lll sensillae. (E) Histogram showing
the length distribution of sensillae on the
hindwing.

with their forewings ablated, removing a
specific region of the hindwing significantly
affected the occurrence of escape behaviour
elicited by the pinching stimuli applied to the
tip of the hindwing (Fig. 2E). When the
vannus of hindwing was totally removed
(group ‘a’ in Fig. 2E), the rate of occurrence
was 94.0+4.2%N=10 animals). When the
vannus and veins #4, #5, #6 and #9 were
removed (group ‘b’), the occurrence rate was
96.0+2.6% N=10 animals). When veins #2,
#3, #7, #8 and #10 were removed (group ‘c’),
however, the average rate of occurrence was
8.0+£5.3% N=10 animals). The difference in
the rate of occurrence among the three
groups was statistically significaf<0.001;
single classification ANOVA). Planned
comparisons among pairs of means (Sokal
and Rohlf, 1995) revealed that the
101 occurrence rate for group ‘¢’ was
significantly lower than the rate for groups
‘a’ and ‘b’ (P<0.001 for both). These results

I Laasl I-II-I Ll 1 . suggested that the mechanosensory organs
0 ' ' ' ' for detecting the stimuli to elicit escape
behaviour were located on veins #2, #3, #7,
#8 and #10.

304

20+
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transmission of the wing movement caused by pinching Sensillae on the hindwing surface
stimulation to thoracic proprioceptors. The distal half of the Scanning electron microscopy has revealed that there are
forewing was removed. Each of 10 experimental animals waseveral types of hair-like structure on the cuticular surface of
stimulated five times, with an interval between stimulations ofthe hindwing. In the remigium region of the hindwing, we
at least 3min, by single pinching applied manually to thedentified three types of sensory hair structure that existed on
hindwing tip. The rate of response was obtained for eackome of the veins and cross veins and on the specific part of
animal by dividing the number of responses by the number ahembranous cells surrounded by them. The observation that
stimulations. The rate of occurrence of escape behaviour these hairs rested on a socket-like structure suggested that they
response to pinching stimulus in the experimental animalwere all mechanosensory sensillae. In this study, those hairs
(82.0+£6.5%) was not statistically differei®>0.05; Student's with a smooth and thread-like shaft were classified as type |
two-sided unpairedttest; Fig. 2A) from that in intact animals sensillae. They were all longer than 100 (mean *s.EM.,
(90.0£3.3%). The result indicated that the sense orgar264.0+11.Qum, N=50 from six wings; Fig. 3A,B) and their
responsible for detecting the mechanical stimulus applied tmorphology resembled that of sensillae on the cerci of the
the hindwing to elicit escape behaviour were present not at ttogicket and locust (Boyan et al., 1989; Gnatzy and Hustert,
base but on the surface of the hindwing. We also confirmet989; Murphey, 1985) as well as on the body and appendage
physiologically that pinching stimuli evoked no significant surface of other arthropods (Gronenberg and Tautz, 1994).
response of the proprioceptors in either the intact or fixed@hose hairs with a stout and bristle-like shaft were designated
condition (Fig. 2B,CN=6). as type Il sensillae (Fig. 3C,D). Being short in length
The branching pattern of veins in the hindwing is illustrated45.5+1.0um, N=50 from five wings), they appeared to
in Fig. 2D. Six thick veins were located in the remigiumcorrespond to the bristle sensillae reported in the cricket
region. Of these, veins #7 and #8 were the longest. In animgBoyan et al., 1989; Hamon and Guillet, 1996; Murphey,
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1985). The length-distribution histogram (Fig. 3E) showed tha
type | sensillae were discontinuously longer than othe
sensillae, including type Il sensillae.

In the present study, for the first time, we found hairs witt
a shaft that was characteristically twisted and typically restin
in a deflected position, paralleling or making contact with the
cuticular surface (Fig. 4). They were relatively small at low
magnification (Fig. 4A), but observation under higher
magnification revealed their twisted structure (Fig. 4B).
Statistical association between the twisted structure and tt
hair length was demonstrated to be significant usig tast
(P<0.001), indicating that the two populations of hairs, eithe
having or lacking the twisted structure, were different in theil
hair length. Although the hair shown in Fig. 4B looks like it is
standing straight up from the cuticular surface, it was in realit
deflected towards the surface, as shown in Fig. 4C. No sensc
hair structures so far reported in other mechanosensory syste
appear to correspond to the type Il sensillae. They wer
significantly shorter (10.4+0i2m, N=50 from five wings) than
both type | and type Il sensilla®<0.01 for both; Student’s
two-sided unpairetttest). As campaniform sensillae are well
known for reception of cuticular distortion (Schaffner and
Koch, 1987), which is likely to be caused by pinch stimulation
we looked for this type of sensilla carefully in this study.
However, no evidence was found that they were present on t|
hindwing tip.

We have counted under a microscope the number ¢
mechanosensory hairs on the cell surface between, ai
including, veins #7 and #8 using five wings from five animals
It was found that type Il sensillae were most abundant on tt
surface of the middle to distal region, i.e. the sixth and seven
cells from the most distal cell, decreasing in number both i
the proximal and distal directions: there were approximatel
22 type Il sensillae on the seventh cell compared with tw
sensillae on the most distal cell and on a proximal (i.e. 20tt
cell (Fig. 5A). They were mostly confined to the distal part of
each cell on its dorsal side (Fig. 8). No other veins apart fror
#7 and #8 were found to carry type Il sensillae. These sensilli
were also distributed on the surface of veins #7 and #
uniformly over their length on the hindwing (Fig. 5B). By
contrast, type | sensillae were found to exist only on the
proximal region. Type Il sensillae were only scarcely preser.
on the surface of all cells, with a mean number ofFig. 4. Structure of type Il sensillae. (A) An arrowhead indicates the

1.9+0.2 sensillae on each cell (Fig. 5C). sensilla. The sensillae exist near the cross vein, which is swollen in
the distal part of each cell. (B) The twisted hair shaft. Many grooves
Conduction velocity were seen on the surface. Distal is to the right, anterior to the top

In order to measure the conduction velocity of Sensc)r,(A,B). (C) The ha_ir shqft dgflected towards the cuticular .surface.
nerves associated with the type Il sensillae, we stimulated ﬂv|ewed from the distal direction. No pore was found on the tip of the
sensillae and made extracellular recordings from the ner\Shaﬁ‘
axon using two pairs of hook electrodes. For comparison, w
also measured the conduction velocity of nerves associat@nmm. As the campaniform sensillae were not found on the
with type | and campaniform sensillae. In the experimenthindwing tip region, we stimulated those found on the
illustrated in Fig. 6A—C, each type of sensillae was selectivelproximal part of the hindwing. The location of stimulated
stimulated and their nerve activity was recorded at tweensillae is shown schematically in Fig. 6D. For recording type
different sites along the wing nerve (Fig. 6D) using two paird unit activity, the wing nerve was severed distally to the site
of hook electrodes separated from each other by approximatedy stimulation in order to make the unit activity discernible
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single stimulation (Fig. 6A—C). We selected one or two
discernible units and measured their conduction velocity by
dividing the distance between electrodes by the delay time.
The conduction velocity of type I, type Il and campaniform
units is summarised in Fig. 6E. The conduction velocity of the
type | unit (2.4+0.5m<; N=10units from eight animals)
was found to be as fast as that of the campaniform unit
(2.3x0.1ms%;, N=5units from three animals;P>0.05,
Student’s two-sidetitest), whereas the conduction velocity of
the type Il unit (1.4+0.1 nT$; N=6 units from six animals) was
significantly slower than those of the other types of units

0 : : : : (P<0.05). In accordance with its high conduction velocity, the
0 5 10 15 20 type | unit showed significantly large spike amplitude
o0 (465.1+£20.QuV; P<0.05) compared with that of the type Il unit
B —o—Type llon#7 (177.6£7.uV). The spike amplitude of the campaniform unit

(334.948.44V) was not statistically different from that of the
type | unit >0.05). The difference between the spike
amplitudes of the type Il and campaniform sensillae was
statistically significantR<0.05).

—o—Type llon#8

Afferent responses to stimulation of a single type Il sensilla

For studying the response characteristics of type Il sensillae,
we adopted sinusoidal stimulation, instead of the rectangular
stimulation adopted in the preceding experiment (Fig. 6). A
single type Il sensilla was deflected sinusoidally, using one
cycle starting from the minimum point at varying frequency

Number of sensory hairs

504 C (0.1-120Hz). Each stimulation was separated by an interval of
—o—Type | T 260s. When the sensilla was lifted from and returned to its
40 initial lying position (Fig. 7A), almost no spike discharge was
o—Type lll observed at low frequencies (<1 Hz). At higher frequencies, the
304 sensory nerve connected with the sensilla usually responded

with a single or a few spikes. The spike response was always
phasic: sustained spike discharge was never observed in this
study, although the sensilla remained deflected for a while
during stimulation. When the cuticular surface in the vicinity
of the sensilla was directly stimulated, no response was
recorded (Fig. 7A). Since the recording electrode was placed
0 5 10 15 20 several mm away from the sensilla, the relative timing of spike
Distal Cell level Proximal discharge to the stimulus monitor varied depending on the
Fig. 5. Number of sensory hairs on the dorso-distal part of thét'mm,us, frequency.' Even. with the same stimulus frgquency,
hindwing. Means is.e.m. are shown. (A) Type Il hairs on each cell the timing of spike discharge showed fluctuation, as

between veins #7 and #8. Cells are numbered successively from t¥emplified in the responses to 10Hz stimulation in Fig. 7A.
most distal cell, #20 being the most proximal cell. (B) Type Il hairsThe fluctuation was also observed when the sensilla was lifted

on veins #7 and #8. (C) Type | and type Il hairs on veins #7 and #$§tom and returned to the original position (Fig. 7B). The timing
An arrowhead shows the cell to which the hindwing was covered bgf spike discharge fluctuated over a range of >10ms in 10Hz
the distal part of the forewing. stimulation. These observations suggested that activation of the
sensory unit associated with the type Il hair would not be
strictly related to its deflection angle or direction. It thus
from reduced spontaneous spike discharges (Fig. 6A). In otheppeared that a single type Il sensilla would not encode
recordings, the whole hindwing nerves remained intact: thdetailed information on the stimulus; instead, it would carry
type Il and campaniform unit activities were observed amongeneral information on whether the stimulus to the hindwing
many spontaneous spikes but were unambiguously discerniltip is present or not when the stimulus is fast enough (>1Hz).
as they were locked to the stimulus onset (Fig. 6B) or onset It was also noted that the response of a single type Il unit to
and offset (Fig. 6C). Since we simultaneously stimulatedepeated stimulation was of probabilistic nature (Fig. 7C).
several sensillae of the same type for reliable recording of th&hen the stimulus of the same frequency and amplitude was
unit activity, several units were observed to be activated in gepeated 10 times, the probability of spike discharge increased
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Fig. 6. Conduction velocity of the hindwing mechanosensory signals. Two pairs of hook electrodes were placed on the wépgnatedeby
1.8mm from each other. (A) Responses to stimulation of type | sensillae on the proximal part of the hindwing. To elimiaatoapa@pike
activity of other units, the distal portion of the wing nerve was crushed. The upper (elec. 1) and lower (elec. 2) recoldaimeztdy the
distal and proximal electrode, respectively. The bottom trace monitored the stimulus. The lower panel is a partial exgi@sippeofpanel.
(B) Responses to stimulation of type Il sensillae on the distal part of the hindwing. The trace between the upper anel®vscthpamigh-
gain reproduction of the record shown in the upper trace (elec. 1). (C) Responses to stimulation of campaniform semsplaxiomatipart.
(D) Experimental setup and location of each type of sensillae stimulated in the experiment. (E) Conduction velocity dafrthersens
associated with each type of sensillae. I, Il and C indicate type I, Il and campaniform sensillae, respectively.

with the stimulus frequency up to about 0.7+0.1 at 10H=mever caused spike discharge upon stimulation. This failure
(N=100 in 10 animals). At frequencies higher than 10 Hz, theppeared to be due to inadvertent damage to the nerve or to
probability remained unchanged except at 50 Hz. The findingnfavourable axon location within the nerve for the recording
that the maximal probability of spike discharge in response telectrode. The latent period from the stimulus onset to the first
stimulation was approximately 0.7 indicated that a single typsepike discharge in Fig. 8 ranged from 26.4 ms to 28.9 ms (mean
Il sensilla by itself would not be able to detect the stimulug s.e.m., 27.8+0.2ms). This variability was partly due to
with adequate precision for eliciting escape jumping. Thisinintentional differences in the positioning of the stylus for
disadvantage appears to be compensated for by high-dens#igch hair but also appeared to reflect the unstable timing of
distribution of type Il sensillae on the hindwing tip region (seespike discharge in response to deflection of the same hair
Discussion). (Fig. 7). Although a single type Il unit was not reliably

We also examined the response characteristics of 12 typersponsive to hair deflection even within the preferred
sensillae in the same preparation (Fig. 8). Most of them (11/12)equency range, we concluded that the animal would be able
responded to more than three out of five stimulation trials witto respond with escape jumping to the stimulus applied to the
a single or a few spikes. None of the examined units in thisindwing tip by monitoring the spike activity of a population
experiment responded with spike discharge to every trial adf type Il sensillae that are present almost exclusively and close
stimulation. One hair, shown in the top-left corner in Fig. 8together on the exposed surface of the hindwing.
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Fig. 7. Afferent responses to stimulation of a single type Il sensilla. (A) The hair shaft was deflected toward the cuto@amslreturned
to its original position with a tungsten stylus that was moved by a single cycle of sinusoidal function at varying fre@uéentzie$ Hz, 10 Hz
and 100Hz). Three representative records are shown for each frequency. The bottom trace monitors the stimulus. The nighsmosspa
the record when the cuticular surface in the vicinity of the deflected sensilla was stimulated to demonstrate that theespsaisedo
1-100Hz stimulation was directly caused by shaft deflection. (B) The hair shaft was lifted up from the cuticular surfauenaddaets
original position. The polarity of the stimulus monitor (bottom trace) is reversed accordingly. Responses to stimulaticandt IICH#z are
shown. (C) Number of elicited spikes for 10 stimulation trials plotted against stimulus frequency. The chart is basedpenlitheity
responses to lift-up stimulation exemplified in B.

Discussion flight organ (Ellington, 1991; Brodsky, 1994). Studies on the

The present results demonstrate that the escape jumpingssnsory function of the wing have been mostly focused on
the cricketGryllus bimaculatusin response to mechanical mechanoreceptors related to flight control. Many types of
stimulation of the hindwing tip (Hiraguchi and Yamaguchi,receptors have been reported on or in the wings: filiform and
2000) is elicited by a novel class of mechanoreceptive sensill&&mpaniform sensillae on the basal part of the forewing
that are characteristically distributed over the cuticular surfacé-undalewicz-Niemczyk and Rosciszewska, 1972; Elliott et
of the hindwing tip. In the well-known escape behaviour ofl, 1982) and stretch receptors attached to the forewing hinge
crickets and cockroaches in response to air puffing applied {$chaffner and Koch, 1986; Gettrup, 1966). In flying insects,
cerci, the stimulus is detected by filiform sensillae that aréhose sensory organs detecting the distortion of the wing in the
mechanically adapted for detecting specific aspects of tHroximal part of hindwings during flight have been studied in
air current (Kanou et al., 1988; Kanou and Shimozawa, 1984tetail regarding their morphology and physiology (Yack and
Shimozawa and Kanou, 1984a,b; Murphey, 1985). Thé&ullard, 1993). Although Matheson (1997, 1998) reported that
sensillae newly found in this study have a characterististimulation of hindwing tactile receptors elicited scratching
structure that clearly distinguishes them from filiform ormovements of a hind leg in locusts, the sensory function of
trichoid sensillae. In the following sections, we discuss th&indwings largely remains to be thoroughly examined.
structural and functional characteristics of the novel sensillae The field crickeGryllus bimaculatusias a relatively longer

in relation to escape jumping. pair of hindwings than forewings (Fig. 1A,C), with a vein
. _ diversion pattern as simple as that of primitive species
Hindwing as the sensory organ (Brodsky, 1994). It has many long and straight veins, and a lot

There are many studies to date about the insect wing as tbheshort, straight cross veins. Almost an entire portion of the
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hindwing is covered by the forewing, only the distal part beingr'ype 11l sensillae were very sparse throughout the membrane
exposed to the external environmen@Giryllus. In the present between veins #7 and #8 (Fig. 5). These findings suggest
study, we found that a new sensory system resided on this p#rat type Il sensillae are responsible for detecting the

of the hindwing. The results suggested that the hindwing woulchechanosensory stimuli and transmitting the sensory

play an important and unique role in controlling behaviourjnformation to the central nervous system.

acting together with antennae and cerci.
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Morphological characteristics of type Il sensillae

Reception site of mechanical stimulation Compared with the filiform sensillae on cerci, which have

We demonstrated by immobilization experiments (Fig. 2)been reported to be involved in detection of wind stimuli in
that the mechanosensory stimulus applied to the hindwing tigrickets, the type Il sensillae on the hindwing are significantly
to elicit escape jumping was received by exteroceptors oshorter (10.4+0.gm; filiform sensillae, 158.0+68m).
the hindwing rather than proprioceptors at its base or in th€haracteristic to the type Il sensillae was the twisted shaft
thorax. By immobilizing the hindwing and ablating the whole(Fig. 4). Grooves on the shaft surface running in the axial
forewing, we found that the distal part of the hindwing woulddirection clearly indicate the twisted structure. The whole shaft
play an important role in detecting the mechanical stimuliwas most typically deflected at rest, paralleling or making
Partial ablation of the hindwing vein system further showeatontact with the cuticular surface. We think that these
that the mechanosensory receptors responsible for receivistructural characteristics of type Il sensillae are not artifacts but
the escape-eliciting stimuli were mostly distributed on veins #7eflect their original morphology, as filiform sensillae, termed
and #8 (Fig. 2B). Examination of the cuticular surface of theype | in this study, generally stood up vertically on the cuticle
hindwing using a scanning electron microscope revealed thredgth straight external appearance in the same preparation. The
morphological types of sensory hairs. Type | and type Il hairgype Il sensillae (10.4+0{2m in shaft length) were found to
(Figs 3, 4) appeared to be the same as filiform (Gnatzy artak significantly shorter?<0.01) than type | (264.0+1110n)
Hustert, 1989; Murphey, 1985) and bristle sensillae (Boyan etnd type 11l (45.5+1.Qum) sensillae.
al., 1989; Hamon and Guillet, 1996), respectively. Type Il Filiform sensillae on the cerci @ryllus bimaculatuhave
hairs, in contrast, appeared to be a novel type, as no knovaeen reported to range from approximately80to 150Qum
sensillae in insect correspond to these hairs (Mclver, 198%) length, thus having compatible length with type | sensillae
Schwartzkopff, 1964). It should be noted here that, althougbn the hindwing tip (Fig. 3A—C). The cercal sensillae are
we did not encounter other types of sensillae in the presergceptive for air current stimuli (Dumpert and Gnatzy, 1977;
study, this does not entirely exclude the possibility thatBoyan et al., 1989): depending on the hair length, filiform hairs
for example, campaniform sensillae or internal multipolarare thought to be specialised in detecting wind velocity or
receptors might also be present. Further study is needed to testeleration (Kanou and Shimozawa, 1984; Shimozawa and
this possibility. Kanou, 1984b). Having a short and crooked shaft, rather than

Quantitative observation has revealed that the type lthe long and straight shaft of wind-sensitive filiform hairs, the
sensillae were more abundant than the other two types tfpe Il sensillae (Fig. 4) are unlikely to be receptive for air
sensillae on the membranous cells between veins #7 and #8durrent stimuli. The fact that in some cases the type Il hair shaft
the distal to middle regions. Type | sensillae were found onlyas in contact with the cuticular surface further supported this
in the proximal region of the hindwing on the veins #1—#9possibility. In the course of this study, we actually observed
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that wind stimulation applied to the hindwing tip elicited noconduction velocity (Fig. 6) appears to be inconsistent with the
reliable response (data not shown). The morphology of type Hypothesis that it is involved in escape jumping, which, in
sensillae also suggested that the adequate stimulus for thegmneral, should be carried out as quickly as possible. It should
would be touching or direct bending by an external objectbe noted here, however, that the type Il sensillae are activated
Such mechanoreceptive sensillae that are activated by dirdny contact stimuli, i.e. pinching and touching (Hiraguchi and
bending are also well known in insects (Brown and Andersoriyamaguchi, 2000). This is in contrast to the cercal sensillae,
1998; Gaffal and Thei3, 1978; Gnatzy and Hustert, 1989yhich are activated by distant stimuli, i.e. air current, to evoke

Klein, 1981; Murphey, 1985). escape running from the predator (Murphey, 1985). Hence, one
_ _ o _ possibility would be that the response time is not critical for
Physiological characteristics of type Il sensillae escape jumping: it may be elicited in natural conditions by non-

Characteristic to the physiology of type Il sensillae was thaethal stimuli such as biting by nearby conspecifics or hitting
the sensory units associated with the sensilla did not respobg soil lumps. The deflected shaft of type Il sensillae (Fig. 4)
reliably to mechanical stimulation: in the experiment shownwould be advantageous to protect themselves from snapping
in Fig. 7C, the maximal probability of response wasagainst such mechanical stimulation. Further study is needed
approximately 0.7, indicating that the unit would fail toto test this possibility by careful observation of cricket
respond to the stimulus three times in every 10 cases. Thighaviour in their natural habitat.
unreliability might have been caused by inadequate stimulation
in the present study: the twisted and bent structure of the typeWwe thank Professors Masamichi Yamamoto and Fumio
Il sensilla (Fig. 4) made sure stimulation relatively difficult. Yokohari and Dr Iwasaki for their kind advice about using the
The unreliability observed in the type Il unit response mightcanning electron microscope. This study was supported
therefore reflect that of stimulation. The situation that the typi part by Grants-in-Aid (09440274, 11168202) from the
Il sensillae have a shape that is not suited for receiving poiMinistry of Education, Science, Sports and Culture of Japan.
stimuli, however, holds true in the natural environment as well
as in the laboratory. Thus, a sharp and pointed object in the
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