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Summary. Wall-pore olfactory sensilla located in the 
capsule of Haller's organ on the tarsus of Amblyomma 
variegatum ticks bear cells responding to vertebrate 
breath: one of these sensilla contains a CO2-excited re- 
ceptor and a second sensillum has a CO2- inhibited recep- 
tor. Each of these antagonistic CO2-receptors, which 
display typical phasic-tonic responses, monitors a dif- 
ferent CO2-concentration range. The CO2-inhibited re- 
ceptor is very sensitive to small concentration changes 
between 0 and ca. 0.2%, but variations of 0.01% around 
ambient (ca. 0.04%) induce the strongest frequency mod- 
ulation of this receptor. An increase of just 0.0014).002% 
(10-20 ppm) above a zero CO2-1evel already inhibits this 
receptor. By contrast, the CO2-excited receptor is not so 
sensitive to small CO2 shifts around ambient, but best 
monitors changes in CO2 concentrations above 0.1%. 
This receptor is characterized by a steep dose-response 
curve and a fast inactivation even at high CO2- 
concentrations (>2%). In a wind-tunnel, Amblyomma 
variegatum is activated from the resting state and at- 
tracted by CO2 concentrations of 0.04 to ca. 1%, which 
corresponds to the sensitivity range of its CO2-receptors. 
The task of perceiving the whole concentration range to 
which this tick is attracted would thus appear to be 
divided between two receptors, one sensitive to small 
changes around ambient and the other sensitive to the 
higher concentrations normally encountered when ap- 
proaching a vertebrate host. 
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Introduction 

The CO2 contained in vertebrate breath is an activating 
stimulus or attractant for most blood-sucking arth- 
ropods (e.g. mosquitoes: Gillies and Wilkes 1968; tsetse 
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flies: Turner 1971 ; Stomoxys calcitrans: Warnes and 
Finlayson 1985; Simulidae: Fallis and Raybould 1975; 
Tabanidae: French and Kline 1989; Reduvidae: Bernard 
1974; Siphonaptera: Osbrink and Rust 1985). Some 
CO/-sensitive receptors have been described on palps of 
mosquitoes (Kellogg 1970) and on antennae of tsetse flies 
(Bogner 1989). Ticks also respond strongly to breath and 
CO2, and Garcia (1962) has shown that CO2 attracts 
many different tick species. Since that first report several 
authors have devised CO2 baited traps for field sampling 
(e.g. Garcia 1965; Wilson et al. 1972; Gray 1985; Gu- 
glielmone et al. 1985; Norval et al. 1987, 1988), or have 
studied the effects of COE on tick behaviour in the lab- 
oratory (Nevill 1964; Sauer et al. 1974). 

In spite of the above, our knowledge of breath and 
CO2 perception in ticks is fragmentary. Breath- 
stimulated ticks lift their first pair of legs in the air to 
sample the surroundings as insects do with their anten- 
nae. From these observations, and various behavioural 
experiments where different parts of tick appendages 
were amputated or masked (Hindley and Merriman 
1912; Lees 1948), we know of the primordial role of the 
tarsus of leg pair 1 for host odour perception. A large 
number of ultrastructural studies have described dif- 
ferent kinds of olfactory sensilla located on the tarsus of 
the first leg pair (reviews: Waladde and Rice 1982; Hess 
and Vlimant 1986), and the Haller's organ situated on 
the dorsal side of the tarsus (Fig. 1A and B) bears a 
significant proportion of all tick olfactory sensilla. Thus, 
among the 19 tarsal olfactory sensilla of Amblyomma 
variegatum, 3 belong to the anterior pit of Haller's organ 
and 7 to the capsule of Haller's organ. Nevertheless, few 
investigations on physiological and functional charac- 
teristics of the tarsal olfactory sensilla have been under- 
taken in relation to host odour perception. Sinitsina 
(1974) using electrophysiological methods found olfac- 
tory cells responding to breath, mice odours, and n-vale- 
ric acid in the capsule of the Haller's organ in Hyalomma 
asiaticum, but he failed to account for a CO2-receptor. 
On the other hand, Waladde and Rice (1982) mentioned 
the presence in Boophilus mieroplus of cells responding to 
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breath and cow wash in the anterior pit of Haller's organ, 
and changes in the activity of cells from the capsule when 
stimulated with either breath or CO2. But these studies 
were mainly qualitative and apparently involved few 
recordings. The small number of physiological studies on 
olfactory sensilla of ticks may be ascribed to their limited 
accessibility, especially for those located inside the cap- 
sule, as well as the added complication of the high num- 
ber of cells in many of these sensilla. Several questions 
remain unresolved. Do any of these olfactory cells re- 
spond to breath? Where are they located? What are the 
stimuli contained in breath which induce the response? 
Based on complete ultrastructural studies on all tarsal 
sensilla of Amblyomma variegatum (Hess and Vlimant 
1982, 1983, 1986), we have systematically searched for 
tarsal olfactory sensilla responsive to breath and its com- 
ponents. 

Materials and methods 

Tick rearin 9 

Experiments were mainly undertaken with unfed Amblyomma va- 
riegatum males but unfed females were also used for some record- 
ings. Originating from West Africa (Adiopodoumr, Ivory Coast), 
ticks were reared at the Agricultural Research Centre of Ciba-Geigy 
Ltd. (St-Aubin, Switzerland). All stages (immatures and adults) 
were fed on Simmental calves at 22 to 24 ~ Ticks were kept under 
constant darkness at 28 ~ RH except during moulting 
when conditions were 29 ~ and 90% RH. Finally, adults were 
maintained in this laboratory in an environmental cabinet under the 
following conditions: 10 h of darkness at 18 ~ RH and 10 
h of light at 25 ~ RH separated by 2 h "dusk" and "dawn" 
transition periods. 

Light and scannin9 electron microscopy 

Scanning electron microscope examination was made on ticks 
which were killed and fixed in 80% ethanol for several days, cleaned 
with ether/chloroform in a soxhlet extractor for 12 h, dehydrated 
in acetone, and critical point dried in CO2 with a Balzers CPD 
device. The mounted specimens were gold sputtered in a Balzers 
sputtering apparatus, and then observed in a Philips 500 PSEM. 
Light microscopy examination was made on sections of  cut tarsi 
which were fixed in 2% glutaraldehyde (Sabatini et al. 1963), post- 
fixed in 2% OsO4 (Palade 1952), dehydrated in acetone, and em- 
bedded in SPURR. Embedded tarsi were cut, at the level of  the 
capsule of the Haller's organ, in either transversal or sagittal sec- 
tions of 0.5 ~tm and observed under a light microscope (Vanox-S, 
Olympus, Japan) after toluidine blue staining. 

Tick preparation 

The tick was immobilized on a perpex holder on double-sided sticky 
tape. Pedal nerves were destroyed by pinching coxa of the forelegs 
with fine forceps; this prevented muscle activity during electrophysi- 
ological recordings. To make proper recordings from the 7 olfactory 
sensilla located in the capsule of Haller's organ (an olfactory pit 
some 80 lam deep and 60 Ixm wide), dissection was needed to 
improve their accessibility as the opening of  this capsule is just a 
narrow slit of ca. 5 Ixm wide and ca. 50 ~tm long across the tarsus 
(Fig. 1B). The cuticular roof was removed (Fig. 1C) with a piece of 
razor blade in a holder (John Weiss & Son LTD., England) mount- 
ed on a Leitz micromanipulator under an Olympus SZH stereomi- 
croscope at a magnification 192 x (working distance: 48.5 mm). 

Electrophysiology 

In order to improve contact, the tips of sensilla not located in the 
capsule were cut with the flame-pulled tip of a glass rod (1.5 mm 
dia.) oscillating in the ultrasound frequency range (ca. 120 kHz) as 
induced by a piezoelectric transducer disk (n ~ 4322 020 177721, 
Philips, The Netherlands) (Grdde 1989). The recording glass elec- 
trode filled with 0.2 M KC1 was brought into contact with the cut 
tip of the sensillum with a Leitz micromanipulator, and the refer- 
ence glass electrode, filled with 0.2 M NaC1, was inserted in the coxa 
of one of the anterior legs. Electrical activity of capsular sensilla was 
also recorded with glass electrodes gently introduced into the dis- 
sected capsule until cell activity was captured. These recording 
electrodes also contained 1% polyvinylpyrrolidone K90 (Fluka, 
Switzerland), in order to prevent electrolyte flowing from the tip. 
Indeed, tips sometimes broke when they touched cuticular pleo- 
morphs located between sensilla (Fig. 1C). Nevertheless, it was still 
possible to record properly with broken tips of up to ca. 5 ~tm. With 
some experience it was possible to recognize patterns typical of 
different sensilla according to 1) electrode position, orientation and 
depth inside the capsule, as the relative position of each sensillum 
in the cavity was indeed very consistent between individuals, 2) 
typical spontaneous activity of its cells, 3) spike shapes, and 4) 
behaviour of these cells to various stimuli. Tungsten electrodes were 
also used in some cases when the preparation was exposed to a dry 
air stream. 

Recorded signals were fed via a 101 z l)  input impedance pream- 
plifier into a universal AC/DC amplifier (UN4)3, Syntech, The 
Netherlands) and registered on video tapes via a PCM-I  Digital 
VCR-instrumentation recorder adaptator (Medical System Corp. 
Greenvale, USA) onto a video cassette recorder (Grundig VS540 
Monolith, Germany) (Grdde 1985). Records were visualized either 
by playing them back onto a paper recorder (Graphtec WR7600, 
Japan) used in memory mode, or by using the plot or the view 
option of the spike analysis programme SAPID (Smith et al. 1990). 
For the latter, the recordings were fed into a 386 IBM compatible 
computer (Mandax) via the DAS16 analogue/digital plug-in board 
(MetraByte Corporation, USA) at a digitizing rate of 10 kHz. 
Discrimination for the activated cells according to their amplitudes, 
shapes, and spike frequencies was made by eye. This simple method 
was found to be the most appropriate one for the multicellular 
responses evoked by breath in these sensilla. SAPID was quite 
inadequate to properly analyse these multicellular responses be- 
cause of the large number of overlapping spikes and, moreover, 
because of the change in amplitude and/or shape of some spikes. 
The length of spike trains employed for determining activity will be 
indicated for each case in Results. 

Nevertheless, for experiments with long CO2 stimulation, the 
clear nature of the response of CO2-excited or CO2-inhibited recep- 
tors in their respective sensilla allowed us to sort spikes of CO 2- 
receptors with a window discriminator (model 121, W-P Instru- 
ments Inc., USA), whose frequency was converted into a DC vol- 
tage by a frequency-voltage converter (time constant: 1 s) in the 
UN 03 amplifier. Visualisation of the window discriminator upper 
and lower levels on the oscilloscope (Tektronix 5112, USA) allowed 
us to sort spikes properly for unambiguous discrimination for those 
of a CO2-receptor from others in a record. The firing rate of other 
cells was rather low, thus inducing few or no overlapping spikes. 
Nevertheless, some rare spikes, not typical of COz-receptors, were 
occasionally counted. But the error was estimated at less than 5 %. 

Stimulation 

Tarsal sensilla of ticks frequently contain receptors for different 
modalities, i.e. apart from chemoreceptors they may also support 
thermoreceptors and hygroreceptors other than those reported by 
Hess and Loftus (1984). In order to discriminate for responses 
induced primarily by the chemicals being tested here, it was neces- 
sary to maintain the sensillum, as far as was practically possible, in 



Fig. 1. A Tarsus of the foreleg of a female Amblyomma varieyatum. 
The white arrow shows Haller's organ on the dorsal side with 
olfactory sensilla and the opening of  the capsule; scale bar:  200 tam. 
B Haller's organ with the group of  anterior pit sensilla (1) and 
opening of the capsule (2); scale: 30 lam, arrow: proximal end of 
the tarsus. C Capsule of Haller's organ with cuticular roof removed 
revealing two wall-pore capsular sensilla (white arrows) and cuticu- 
lar pleomorphs (*). The 3 dashed white arrows indicate approximate 
electrode positions and angles of approach towards sensilla with 

breath-sensitive cells: a for one inhibited by CO2, b for one excited 
by CO2, c for one insensitive to CO2 (described as a H2S-sensitive 
cell in Steullet and Guerin 1992); scale bar:  20 ~am, black arrow." 
proximal end of the tarsus. D Longitudinal section through the 
capsule showing a sensillum (black arrow) ; the base of a second 
sensiUum is also visible (white arrow); *: cuticular pleomorph;  
scale bar:  50 lam. A, B, and C are scanning electron micrographs, 
D is a light microscope view 
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a controlled air stream. For that purpose, air scrubbed in charcoal 
and silicagel, and humidified to 80% RH, at 224- 1 ~ in a water 
bath, was continuously blown at 10 ml/s through a glass tube onto 
the tarsus. The outlet of the tube (3 mm i.d.) was 5 mm from the 
tarsus, providing an air speed at the level of the preparation of 
about 1.5 m/s. The tip of a 5-ml polypropylene syringe containing 
the odour (breath, COs, or other volatiles) was introduced through 
a septum-covered hole in the tube, 3 cm or 25 cm from its outlet, 
depending of the experiment (see Results). A charcoal-filtered air 
pulse, delivered by a solenoid valve, was administered via a stopper 
at the back of the syringe, so that 2 ml of the syringe content was 
injected in 1 s into the glass tube. To prevent changes in air flow 
during stimulation, a charcoal-filtered air flow of 2 ml/s was de- 
livered via another solenoid valve through a blank syringe into the 
glass tube, and at the same distance from the preparation, during 
stimulus off. Stimulations followed at 3 min intervals. 

C O  2. A range of concentrations of C O  2 w e r e  produced by mixing 
the manometer-controlled outflows from 100% CO2 or 5% CO2/ 
95% 02 gas cylinders in fixed proportions to pure N2. A 5-ml 
syringe with a rubber stopper in place of the plunger was filled with 
precise concentrations of CO2, as confirmed with an IR-gas 
analyser (Binosl, Leybold-Heraeus, FRG). The tip of the syringe 
was then introduced into the glass stimulus-delivery-tube and 2 ml 
of its content flushed over the preparation as described above. As 
the flow rate of the main humidified air flow was 10 ml/s, CO2 
concentration of the stimulus pulse was diluted 6 times in its passage 
to the preparation to provide a range of concentrations from ca. 
0.04 % to 5 % CO2. In longer experiments with continuous or pulsed 
CO 2 stimulation, a mixture of 5% CO2/95% 02 from a gas cylinder 
was injected directly into the glass stimulus-delivery-tube. Various 
concentrations of CO2 were obtained by regulation of a voltage- 
pressure converter which controlled the flow rate of the CO2/O2 
mixture into either the continuous humidified air stream of ca. 
0.04% CO2 or into a dry synthetic air stream of 20% 02/80% N2 
which was free of CO2. In order to prevent changes in air speed at 
the level of the tarsus, two solenoid valves operated alternatively, 
permitting delivery of either the CO2/O2 mixture or an equivalent 
charcoal-filtered air stream into the continuous air flow. 

Breath. Human breath was blown into the barrel of a 5-ml syringe 
used as stimulus cartridge and delivered to the preparation as de- 
scribed above. The CO2 concentration of breath was likewise mea- 
sured with the IR-CO2 analyser. Taking into account a dilution 
factor of 6 in the delivery tube, the estimated concentration at the 
level of the tarsus was therefore ca. 0.6%. 

Other volatiles tested. The following volatiles were also tested: 
methane, ammonia, acetone, 3-pentanone, 4-heptanone, g-buty- 
rolactone, g-valerolactone, g-caprolactone, hexanal, pentanol, 1-oc- 
ten-3-ol, l-octene, propionic acid, n-butyric acid, iso-butyric acid, 
n-valeric acid, iso-valeric acid, heptanoic acid, L-lactic acid (all 
vertebrate-associated volatiles), nonanoic acid, 2-nitrophenol, 2,6- 
dichlorophenol, methylsalicylate (tick pheromone components), 
dichloromethane and distilled H20 (solvent blanks). The purity of 
these products, except for the first two gases, was >99% as in- 
dicated by GC. Ten ~tl of a 10 -3 or 10 -2 M stimulus solution in 
dichloromethane (Merck analytical grade) or in distilled H20 was 
deposited on a piece of filter paper and enclosed in a stoppered 5-ml 
syringe (stimulus cartridge) after evaporation of the organic solvent. 
Three min later, 2 ml of the syringe content was evacuated into the 
delivery tube as described above. Methane was taken from the 
mains. A stock solution of 35% NH4OH diluted 10 or 100 times was 
used as ammonia stimulus. 

Spatial field of  perception of  the capsule of  Haller's 
organ 
Stimulation of the CO2-excited receptor found in one of the cap- 
sular sensilla was made from different points in space around the 

tarsus to determine whether preferential directions exist in the 
capsule's field of perception. For this purpose, female ticks, which 
are slightly bigger than males, were mounted on a pointed perpex 
holder allowing stimulation from almost any direction. A tungsten 
electrode, chosen to economise space in the capsular slit, was gently 
introduced through the slit-like opening of an undissected capsule 
until good contact was made with the sensillum bearing the CO2- 
excited receptor. The recording electrode did not occupy more than 
10% of the slit opening, and thus had a minimal effect on the way 
air could enter the capsule. The reference tungsten electrode was 
fixed in the coxa of one of the anterior legs. CO2 stimulation was 
administered in 1 s into the delivery stream (40 cm/s) blowing from 
the directions indicated in Fig. 7 onto the tarsus, which was placed 
at 15 mm from the orifice of the stimulus-delivery-tube. 

Windqunnel experiments 

Behavioural experiments were made in a wind-tunnel (111 cm long, 
45 cm wide, and 28 cm high) at 224-2 *C and ca. 45% RH. Room 
air was blown down the tunnel by a fan through a charcoal filter 
(Therma, Switzerland) and a glass-fibre net (1.4 mm mesh). Five 
resting males or females, with legs folded under the body, were 
introduced 80 crn downwind from the stimulus source. Ticks were 
discarded unless they remained immobile during the 2 rain prior to 
stimulation. The stimulus source was a humidified synthetic air flow 
bearing various CO2 concentrations which was introduced via a 
nozzle centrally at floor level in the upwind part of the tunnel. This 
stimulus was immediately carried by the wind flowing down the 
tunnel at 20 cm/s to the resting ticks. Laminarity of the flow, wind 
speed, and plume characteristics at the floor were defined with 
cigarette smoke. The stimulus was diluted 25 to 30 times as mea- 
sured by CO2 indicator tubes +5-10% error (Dr~iger, Germany), 
to give a mean concentration from ambient control of ca. 0.04% to 
0.35% CO2 over the resting ticks at the highest level tested. The 
mean CO2 concentration within 8 cm of the source ranged from 
ambient control to 1.1% at the highest level tested. Nevertheless, it 
is important to mention that the plume, as indicated by cigarette 
smoke, had a disrupted structure with some two-fold differences in 
concentration around the mean concentration. Ticks were observed 
during 5 min of stimulation. Individuals initiating locomotion as 
well as those walking upwind to within 8 cm of the source were 
counted. Experiments were replicated 20 times for each CO2 con- 
centration and each sex. 

Results 

Breath only  elicited responses in sensory cells o f  3 of  the 
wall-pore-single-walled sensilla according to Al tner ' s  et 
al. classification (1977) in the capsule of  Hal ler ' s  organ.  
Two of  the 7 capsular  sensilla as well as some pleo- 
morphs  are shown in Fig. 1C, a long with the approxi-  
mate  o r ien ta t ion  of  the recording electrodes used to cap- 
ture electrical activity of  cells which were responsive to 
breath.  The activity pa t t e rn  of  cells recorded f rom each 
of  these 3 electrode or ien ta t ions  was dist inctive an d  con- 
sistent between ticks, and  between the left and  the right 
tarsus of  the same individual  in terms of  the n u m b e r  of  
cells, the spike ampli tudes  and  the spike shapes. Other  
precise or ienta t ions  of  electrode inser t ion permit ted cap- 
ture of  other  pat terns  of  olfactory cell activity which were 
altered by other st imuli  such as methylsal icylate (Hess 
and  Vl imant  1986) or by vertebrate  body  odours  (Steul- 
let, unpubl ished) .  Indeed,  the different or ien ta t ions  of  the 
electrodes to where cell activities were recorded corre- 
sponded to the sensilla locat ions wi thin  the capsule as 
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observed by microscopy. The pattern of cell activity was 
the same whether the tip of the capillary remained un- 
broken (tip diameter < 1 pm) or broke on contact (diam- 
eter up to 5 pm). This result indicated that simple contact 
of the electrolyte with the wall of the sensillum sufficed 
for a good recording. The walls of these sensilla are 
indeed very thin (0.08-0.14 txm) with large and numerous 
pores (0.1-0.16 ~tm dia.) (Hess and Vlimant 1982). Re- 
cordings generally displayed activity of  3 to 5 cells, an 
observation which correlated well with ultrastructural 
studies showing that capsular sensilla in A. variegatum 
contain 3 to 5 sensory cells (ibid.). This and the fact that 
the sensilla were never seen to touch one another in 
sections under high magnification lead to suggest that the 
spikes observed in a given recording were picked up from 
a single sensillum. The fact that electrophysiological ac- 
tivity of  cells responding to breath was captured with the 
electrode inserted in 3 different orientations proximally 
in the capsule suggests that 3 different sensilla were im- 
plicated. Each type displayed a characteristic multicellular 
response. CO2 excited a cell in one of these sensilla (Fig. 2A), 
and inhibited a cell in another sensillum (Fig. 6), whereas 
cells of the third type of breath sensillum did not respond 
to CO2. In the latter, one cell is described as being a 
sulfide-sensitive cell (Steullet and Guerin 1992). Despite 
the difficulty associated with working blindly within the 
capsule, many reproducible recordings were obtained by 

judicious placement of the electrode. This permitted re- 
cordings from 65 breath sensilla bearing the CO2-excited 
cell, 17 breath sensilla with the CO2-inhibited cell, and 
37 breath sensilla with no CO2-receptor, in different 
ticks. 

C02-excited receptor 

Figure 2A illustrates the cell response of  one breath 
sensillum bearing a CO2-excited receptor to increasing 
CO2 concentrations and human breath, all injected 25 cm 
from the outlet of the stimulus-delivery-tube and subse- 
quently diluted in the humidified air stream. Detailed 
sections of some of  these responses are given in Fig. 3. 
As the stimulus onset was not sharp, the phasic portion 
of the response was not so pronounced and the maximum 
frequency occurred between 200 and 600 ms after a 
gradual increase in spike frequency. With the absence of 
a strong phasic part in the response, it was easier to 
categorize the spikes visually (Fig. 3). The firing rate of 
the spike numbered 1 (CO2-excited receptor) induced by 
human breath diluted in clean air was quite similar to 
that induced by the equivalent CO2 concentration (Fig. 
3). This suggests that breath contains nothing else capa- 
ble of  modifying the response of  this receptor. Moreover, 
none of the volatiles, listed in Materials and methods, 
elicited a response from this receptor. 
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Fig. 2. A Representative responses of 
a capsular sensillum bearing a CO 2- 
excited receptor of a male A. variega- 
turn (small biphasic spike 1 with bold 
arrow) to increasing CO2 concentra- 
tions and diluted human breath. 
Stimuli were injected into the stim- 
ulus-delivery-tube 25 cm from its out- 
let, so that the stimulus onset at the 
preparation was not very sharp, and 
cell frequencies increased gradually 
within the first 200 ms of the re- 
sponse. The preparation was main- 
tained in a humidified air stream at 
ca. 0.04% CO2. Four  spike types are 
indicated (see text and Fig. 3); num- 
bering of spike types same for Figs. 2 
and 3. Spike 4 (asterisk) is a sulfide- 
receptor (according to Steullet and 
Guerin 1992). Spike 3 (white arrow) 
is a cell inhibited by increasing CO2 
levels, but activated by breath. Its 
response seemed to be associated 
more with temperature changes as in- 
dicated by its response to turning off 
and on the microscope lamp (B). 
Thus, a T ~ increase activated it, 
whereas a corresponding T ~ decrease 
slightly diminished its activity. T ~ 
changes were measured with a therm- 
istor put  at the place of the prepara- 
tion. In A, horizontal bar, 1 s stim- 
ulation; vertical bar, 1 mV. In B, 
horizontal bar, 1 s; vertical bar, 
1 mV 
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A CO2 0.68% 

B human breath 1 : 6 

Fig. 3A, B. Detailed sections from the recordings illustrated in 
Fig. 2 to show how the 4 spike categories were discriminated visu- 
ally. A Recording from the first 750 ms of stimulation with 0.68% 
CO2, and B recording from the first 750 ms of stimulation with 
human breath diluted 1:6 in air (ca. 0.6% CO2). Spike 1, activated 
either by breath or CO2, is the CO2-excited receptor. Spike 2 is 
another cell with a persistently low firing rate. Spike 3 may be a 
thermoreceptor, responding to a slight increase in T ~ during stim- 
ulation with human breath. Spike 4, which changed its sign during 
stimulation with breath, is a sulfide-receptor responding to H2S 
(described in Steullet and Guerin 1992). Spike numbers underlined 
are overlapping events. Numbering of spike types as in Fig. 2. 
Horizontal bars 100 ms; vertical bars 1 mV 
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Fig. 4. Dose-response curve of the CO2-excited receptor of male 
A. varieoatum established from the first 160 ms of the response 
(phasic part). Preparations were maintained in a humidified air 
stream at ca. 0.04% CO2 into which CO2 stimuli were injected 3 cm 
from the outlet of the tube to the preparation. Data (mean+ SD) 
have been obtained with 4 CO2-excited receptors, all from different 
males. Abscissa: estimated concentrations of CO2 arriving at 
preparations 

F igure  4 shows the dose - response  re la t ion  es tab l i shed  
wi th  CO2-exci ted receptors  f rom 4 different  males  which  
were s t imula ted  with  increas ing  CO2 concen t r a t ions  in- 
jec ted  3 cm f rom the out le t  o f  the s t imulus -de l ive ry- tube  
( sharp  s t imulus  onset) .  The  response  m a g n i t u d e  was de- 
t e rmined  f rom the first 160 ms o f  s t imula t ion  (phas ic  
por t ion) .  The  poss ib i l i ty  o f  ove r l app ing  spikes  was also 
cons idered  in the d e t e r m i n a t i o n  o f  the response  intensi ty.  
The  CO2-exci ted recep to r  r e sponded  to a concen t r a t i on  
range  cover ing  some 2 to 3 log o rders  o f  magn i tude .  A t  
a m b i e n t  c onc e n t r a t i on  o f  ca. 0.04%, ac t iv i ty  was weak  at  
a mean  o f  4.4 impulses /s ,  and  g radua l ly  increased  with 
h igher  concen t r a t ions  up  to  a b o u t  140 impulses /s  for  5 % 
CO2. The  re la t ion  be tween  the CO2 dose and  the tonic  
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Fig. 5A-C. Amblyomma variegatum 
CO2-excited receptor response un- 
der continuous and repetitive 1 s 
stimulation: A 0.7%, B 1.2%, and C 
1.8% CO2. Horizontal bars: stim- 
ulus duration. The preparation was 
maintained in a humidified air 
stream at 0.04% CO2 into which 
stimuli were injected. These re- 
sponse profiles were obtained by 
frequency to voltage conversion of 
the AC signal after sorting spikes of 
the CO2-excited receptor from 
others with a window discriminator 
(see Materials and methods). Re- 
sponses were reproducible 
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portion of the response, established with firing rates ob- 
served after 2 min of exposure to a given CO2 concentra- 
tion, shows that the CO2-excited receptor coded rather 
well constant levels of CO2 higher than ca. 0.1% (Fig. 8). 
With repetitive 1 s pulses of CO2, or with continuous 
stimulations of more than 10 s, strong adaptation only 
occurred at levels as high as 1.8% CO2 (Fig. 5). Even 
then, however, receptor inactivation was remarkably 
fast, returning abruptly to its former level of activity after 
stimulation off (Fig. 2A). At high CO2 concentrations the 
spike amplitude of the CO2-excited receptor sometimes 
diminished as shown in Fig. 2A, but this did not occur 
systematically. No difference between CO2-excited recep- 
tors of males and females was recorded. 

The sensillum housing the CO2-excited receptor also 
had a cell which was inhibited on stimulation with CO2 
in our set-up (cell numbered 3 in Figs. 2A, and 3). 
Nevertheless, this response was not due primarily to 
CO2, since human breath slightly activated this cell. 
Thermosensitivity may be responsible since a slight in- 
crease in T ~ resulting from switching on the microscope 
lamp stimulated this cell, whereas switch-offcaused some 
slight inhibition (Fig. 2B). CO2 stimulation did cause a 
decrease in T ~ (<0.5 ~ and breath stimulation an 
increase in T ~ (< 1 ~ in our set-up. 

C02Hnhibited receptor 

This type of receptor was inhibited by an increase in CO2 
concentration and activated by a decrease. Complete 

Amblyomma I 671 

inhibition of this receptor (bold arrow in Fig. 6) was 
achieved by short 1 s stimulation with diluted breath or 
with the relatively high concentrations of CO2, i.e. 
greater than 0.1%, and reactivation of the receptor was 
clearly delayed after stimulus off. This post-stimulus in- 
hibition was more pronounced with increasing CO2 con- 
centrations and lasted, in any case, significantly longer 
than the complete decline of the CO2-excited receptor. 
Thus, 1 s stimulation with 0.68 % induced a post-stimulus 
inhibition of 1203+283 ms (mean+SD) in 6 CO2- 
inhibited receptors, whereas the complete post-stimulus 
decline of 9 CO2-excited receptors with the same stimulus 
was reached after 313+ 126 ms. Reactivation following 
inhibition due to 1 s CO2 stimulation was typified by a 
burst in spike activity which was stronger the higher the 
CO2 concentration employed. The frequency of the reac- 
tivation, based on the first 400 ms of the response was 
22+8 impulses/s (mean+SD, n=3)  after a 0.1% CO2 
stimulus, 30+14 impulses/s after 0~68% (n=6), and 
35 + 14 impulses/s after 2.16 % (n = 2), whereas activity at 
ambient was 17 • 9 impulses/s (n = 18). As expected, the 
CO2-inhibited receptor was also affected by human 
breath in the same way as with an equivalent concentra- 
tion of CO2. Diluted breath containing ca. 0.6% CO2 
elicited inhibition lasting 1170 • 448 ms (mean • SD, 
n = 6) from stimulation off and a reactivation frequency 
of 25___ 11 impulses/s comparable with 1203___283 ms 
(mean___ SD, n = 6) post-stimulus inhibition and a reac- 
tivation burst of 30+ 14 impulses/s for an equivalent 
CO2 concentration. Nevertheless, as Fig. 7 clearly shows, 
the same CO2 drop could induce a very different reactiva- 
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Fig. 6. Representative responses of a capsular sensillum of a male 
A. varieoatum bearing a CO2-inhibited receptor (bold arrow) to 
increasing CO2 concentrations and diluted human breath. The 
preparation was maintained in a humidified air stream at ca. 0.04% 

C O  2 into which stimuli were injected 25 cm from the outlet of the 
tube. White arrow: receptor activated by an unknown breath com- 
ponent with a latency of ca. 300 ms. Horizontal bar 1 s stimulation; 
vertical scale 1 mV 
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Fig. 7A, B. Adaptation of a CO2-inhibited receptor (bold arrow) of 
a male A. varieyatum at different CO2 concentrations. A Upper 
trace: response profile of the CO2-inhibited receptor, obtained by 
frequency to voltage conversion of the AC signal after sorting spikes 
of the CO2-inhibited receptor from others with a window discrimi- 
nator (see Materials and methods); lower trace: CO2 concentra- 

tions (either 0.04, 0.19, or 0.38%) delivered to the COz-inhibited 
receptor. B Detail of the spike pattern underlying the response 
profile in A, where numbers on the left of each record refer to the 
sections numbered in A. White arrow up, increase in CO2 concentra- 
tion; white arrow down, decrease in CO2, concentration. Responses 
were reproducible 

tion burst in this type of  receptor, depending on the CO2 
conditions pertaining before the drop, i.e. the longer the 
receptor was inhibited by exposure to a given CO2 con- 
centration then the stronger the reactivation. When the 
CO2-inhibited receptor was submitted to long stimula- 
tion with CO2 above ambient as in Fig. 7A, it was first 
completely inhibited but adapted within minutes to 
another frequency level. These observations provided 
evidence for the phasic-tonic characteristic of  the CO2- 
inhibited receptor. 

The tonic responses of  both the CO2-inhibited and the 
CO2-excited receptors after 2 min of  exposure to stable 
concentrations of  C O  2 ranging from 0% to 5% are shown 
in Fig. 8. The tonic response of  the CO2-inhibited recep- 
tor changes most with concentration between 0% and 
0.2% CO2, i.e. the CO2-inhibited receptor codes best 
small shifts in concentration around ambient (Fig. 9). In 
experiments where the CO2 level was changed approxi- 
mately every 5 s, it was clear that the firing rate of  the 
CO2-inhibited receptor was most affected by shifts of  
0.01 to 0.02% CO2 around the 0.05% level (Fig. 9A), than 
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Fig. 8. Dose versus tonic response relationship for both the CO2- 
excited (solid circles) and the CO2-inhibited receptors (open cir- 
cles) of male A. variegatum. The tonic activity was calculated from 
a 4000 ms spike train after 2 min of exposure of the receptor to the 
different CO2 concentrations, obtained by adding different amounts 
of 5% CO2/95% 0 2 into a dry synthetic air flow of 20 % 02/80% 
N 2 to achieve a CO2 range of 0% to 5%. Data points were estab- 
lished with, respectively, 3 CO2-excited and 3 CO2-inhibited recep- 
tors, all from different ticks. Trend lines connect mean values 
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Fig. 9A-D. Modulation of the spike frequency of 
both a CO2-inhibited receptor (A and B) and a 
CO2-excited receptor (C and D) of a male A. va- 
riegatum by small changes in CO 2 concentration 
around 0.05% (A and C) and around 0.12% (B 
and D) in a dry synthetic air stream. Changes in 
CO2 concentration were obtained by varying the 
manometer-controlled flow from a gas tank con- 
taining 5% CO2/95% 0 2 which was added into 
the dry synthetic air stream of 20% 02/80% N 2- 
Response profiles (upper trace in each case) were 
obtained by frequency to voltage conversion of 
the AC signal after sorting spikes of either the 
CO2-excited or the CO2-inhibited receptor from 
others with a window discriminator (see Ma- 
terials and methods). The lower trace in each case 
is the representation of the stepwise changes 
made to the CO2 concentration in time (range 
0.03 to 0.07% in A and C, and 0.07 to 0.18% in B 
and D). Time scale on the horizontal axis l0 s/ 
div. Responses were reproducible 
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Fig. 10A, B. Field of perception of the 
CO2-excited receptor in the capsule of 
Haller's organ established by the re- 
sponse of the sensilla housing this re- 
ceptor in 6 female A. variegatum to a 
CO2 stimulus coming from different di- 
rections around the tarsus. Responses 
(mean + SD) are given as a percentage 
of the response to stimulus delivered 
perpendicularly to the dorsal surface of 
the tarsus (star). Reference response 
shown at apex of octagon. A Re- 
sponses to stimulation at various direc- 
tions perpendicular to the longitudinal 
axis of the tarsus. B Responses to stim- 
ulation at various directions on the 
longitudinal axis of the tarsus. No 
stimulation was possible from the pos- 
terior-ventral direction, where the body 
of the tick was fixed 

by even bigger shifts around 0.12% (Fig. 9B). Even an 
increase of  just 0.001~.002% CO2 (i.e. 1~20  ppm) 
above 0% already elicited a visible decrease in spike 
activity of  the CO2-inhibited receptor. By contrast, the 
COz-excited receptor coded poorly small shifts around 
ambient (Fig. 9C, D), but became much more efficient 
for greater shifts around 0.12 % (Figs. 5, 8). 

None of  the other volatiles listed in Materials and 
methods influenced activity in the CO2-inhibited recep- 
tor. Nevertheless, this receptor was affected by large T ~ 
and humidity changes. A decrease in RH of  some 50% 
or an increase in T ~ of  5 ~ slightly stimulated this 
receptor, while it was mildly inhibited by a large jump in 
RH of 50% or a T ~ decrease of  5 ~ However, the 
response to stimulation with either breath or CO2 was 
not due to T ~ or humidity shifts, as both breath (T ~ 
increase of  < 1 ~ and RH increase of  ca. 2%) and COz 
(T ~ decrease of  < 0.5 ~ and RH decrease of  ca. 10%) 

both inhibited the receptor�9 Moreover, large T ~ shifts 
only elicited slight modulation of  the activity of  this 
receptor when it was exposed to CO2 concentrations near 
ambient (ca. 0.04%), whereas the same T ~ shifts did not 
influence spike frequency in a CO2-free atmosphere. Be- 
cause of  the extreme sensibility of  the CO2-inhibited 
receptors to small changes of  concentration around am- 
bient, the apparent responses of  this receptor to T ~ or 
RH shifts are probably due to the influence of  these 
parameters on the CO2 content of  the air. Human breath 
also activated another cell of  the breath sensillum bearing 
the CO2-inhibited receptor, but the responsible stimulus 
is still unknown (white arrow in Fig. 6). 

Spatial f ieM of  perception o f  the capsule 

The direction from which wind carrying the CO2 stimu- 
lus arrived, as tested in 6 different females, did not have 
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Fig. 11A, B. Behavioural response of male (solid circles) and female 
(open circles) A. variegatum to various CO2 concentrations in a 
wind-tunnel. A Locomotor stimulant effect of various CO2 levels as 
measured by proportion of resting ticks induced to commence 
walking. Lower abscissa the CO2 concentration measured at the 
source, upper abscissa the mean CO2 concentration as it passed over 
resting ticks 80 cm downwind from the source. Above 30%, the 
locomotor effect of the stimulus is significant (P<0.05, the exact 
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method for 2 • 2 tables). B Attraction of CO2 as measured by 
proportion of ticks walking upwind to within 8 cm of the source. 
Lower abscissa CO 2 concentrations at the source, upper abscissa 
mean CO2 concentration at 8 cm from the source. Above 10%, 
attraction is significant (P < 0.05, the exact method for 2 • 2 tables). 
Between 90 and 100 males and females were tested at each CO2 
concentration 

any influence on the response of  the CO2-excited receptor 
enclosed in the undissected capsule (Fig. 10). Indeed, the 
intensity of  the response to stimulation f rom various 
directions did not differ f rom the response to the same 
stimulus directed perpendicularly to the dorsal side of  the 
capsule, taken here as a reference. Thus, despite en- 
closure of  the olfactory sensilla in a capsule on the tarsus 
with a narrow slit as an opening to the exterior, 
A. variegatum is able to detect CO2 effectively, regardless 
of  the direction f rom which air currents approach it. 

Wind-tunnel experiments 

C O  2 is a locomotor  stimulant and at tractant  for both  
sexes o f  A. varieoatum, although males respond better 
than females. Wind-tunnel experiments show that this 
tick species responded best to a very narrow range of  
CO2 concentrations (Fig. l lA, B). Humidified air with 
a mean concentration of  0.15% CO2 passing over the 
resting ticks was the best locomotor  stimulant (Fig. 11A). 
These activated ticks were attracted to within 8 cm of  the 
source when mean CO2 concentrations were between 
0.45% and 0.6%, whereas a mean of  ca. 1.1% CO2 within 
8 cm of  the source was no longer attractive (Fig. 11B). 

Discussion 

CO2 acts as a locomotor  stimulant and an at t ractant  for 
A. varieoatum in the wind-tunnel. A source of  3.5 to 5% 
CO2, diluted by almost  a factor o f  l0 at 8 cm f rom the 

source, and 25 to 30 times at 80 cm downwind where 
ticks were resting, was most  attractive. This suggests that 
the best at tractant  in the field for this species, which 
normally lies in wait in the litter zone, would be a respir- 
ing host reposing or grazing a few meters away. Indeed, 
field experiments with the related species, Amblyomma 
hebraeum, have shown that  this tick is attracted over a 
range of  a few meters to cattle or sheep (Norval  et al. 
1987). The upper  limit of  some 1% CO2 which still at- 
tracted A. variegatum to the source in the wind-tunnel, 
but above which level they were repelled, is not surpris- 
ing. In this laboratory we have frequently observed that  
expiring directly onto an individual o f  this species which 
is running toward the observer results in repulsion. CO2 
levels which cause activation and attraction of  male and 
female A. variegatum in the wind-tunnel correspond to 
the discriminative range of  CO2-receptors as revealed by 
the electrophysiology. Nevertheless, CO2 is a better loco- 
motor  stimulant for males than for females. This dif- 
ference in behaviour should most  probably  be ascribed 
to some internal control at the level of  the CNS as no 
differences have been found between the sexes at the level 
of  the CO2-receptors. 

Despite of  the crucial importance CO2 may play in 
host-finding behaviour of  this species, it is surprising that  
the tick possesses on the tarsus of  its forelegs just one 
CO2-excited and one CO2-inhibited receptor in the cap- 
sule of  the Haller 's  organ. St/impfli (1987) showed that  
A. variegatum no longer responded to CO2 after removal  
or masking of  the tarsus of  each anterior leg. As adults 
of  A. variegatum are often obliged to wait for months  
under occasionally quite adverse environmental  con- 



P. Steullet and P.M. Guerin: Perception of breath components by Amblyomma I 675 

ditions before being provided the chance to find a suit- 
able host, the few CO2-receptors need then to remain 
entirely functional during a long period, ever alert to any 
abrupt change in the CO2 level of its environment. It 
seems therefore quite normal that these cells should be 
well protected from any physical damage or desiccation 
inside the capsule of Haller's organ. Local high humidity 
around sensilla within the capsule permits thinner walls 
with larger pores than in sensilla not located within a 
cavity, factors which consequently increase molecular 
diffusion through the sensillar wall. In Lepidoptera 
(Bogner et al. 1986; Bogner 1990), CO2 receptors are also 
more or less enclosed. Enclosure could furthermore im- 
prove CO2 perception since a higher local RH around the 
sensillum could enhance better adsorbtion of CO2 or its 
derivatives into the sensillar lymph. The rigid architec- 
ture of the capsule does not restrict the passage of vola- 
tiles, at least highly diffusable CO2 molecules, to the 
capsular sensilla, nor is a specific orientation of the tarsus 
vis fi vis the wind direction at all critical. Local air tur- 
bulence around the tarsus, combined with molecular 
diffusion is probably sufficient to permit permeation of 
CO2 and other volatiles into the capsule. 

The main characteristics of the CO2-excited receptor 
of A. variegatum are: 1) a phasic-tonic response, 2) a 
steep dose-response curve covering ~ 3  log orders of 
magnitude from ambient to ca. 5% CO2, 3) adaptation 
occurring only at concentrations as high as 1.8 %, and 4) 
a fast inactivation process after stimulus off even at the 
highest concentrations tested (5%). The steepness of the 
dose-response relationship is not very different from that 
established for the CO2-receptors of Aedes aegypti (Kel- 
logg 1970), Glossina pallidipes (Bogner 1989), Lucilia 
cuprina (Stange 1974) and for the electroantennogram re- 
sponse of Stomoxys calcitrans to CO2 (Warnes and Fin- 
layson 1986). The CO2-excited receptor of A. variegatum 
seems, nevertheless, less sensitive to small changes in CO2 
concentration around ambient than those described for 
haematophagous Diptera and especially mosquitoes 
(Kellogg 1970). However, as in A. variegatum, a fast 
inactivation process characterizes all of these CO2-recep- 
tors (Kellogg 1970). 

A CO2-inhibited receptor has not, to our knowledge, 
been reported previously. This cell is extremely sensitive 
to very small changes in COz levels around ambient 
concentrations, and the tonic part of the response is most 
affected by small changes in concentration of between 0 % 
and ca. 0.2%. Shifts of 0.01 to 0.02% COE around am- 
bient are nicely monitored by the phasic part of the 
response of this receptor. Stimulation with 0.001-0.002 % 
CO2 (10-20 ppm) in a CO2-free atmosphere already 
clearly diminishes the spike frequency of the CO2- 
inhibited receptor. This extreme sensitivity explains why 
large T ~ or RH shifts, which can certainly modify the 
CO2 content of ambient air, can induce small changes in 
the activity of this receptor. This phenomenon has al- 
ready been observed for the very sensitive CO2-receptors 
of Lepidoptera (Bogner 1990). At concentrations up to 
ca. 0.2%, the CO2-inhibited receptor follows changes in 
the order of 0.01% CO2 by modulation of spike fre- 
quency. At higher levels, the receptor is so strongly in- 

hibited that it can no longer monitor abrupt changes in 
concentrations. Our experiments have shown that the 
length of post-stimulus inhibition is concentration de- 
pendent. Furthermore, the reactivation burst after stim- 
ulus off is not only concentration dependent but also 
related to the length of inhibition by CO2. On the other 
hand, the CO2-excited receptor responds weakly to small 
changes in COz concentration near ambient, but perfect- 
ly codes for concentration changes higher than ca. 0.1%. 
In addition, inactivation of the CO2-excited receptor 
even after stimulation with high concentrations of CO2 
is very fast, much faster than the post-stimulus recovery 
of the COz-inhibited receptor for the same CO2 stimulus. 

Consequently, A. varieyatum possesses a CO2 percep- 
tion system operating with divaricate CO2-excited and 
CO2-inhibited receptors, each working most efficiently in 
a different but complimentary concentration range. This 
evidently permits the parasite to perceive the whole range 
of CO2 concentrations to which it is confronted in host- 
finding, i.e. from ambient concentrations to the 5 % level 
of vertebrate breath. However, since the CO2-excited 
receptor operates through the whole range, from ambient 
to at least 5 %, it can not evidently show at the same time 
a very high resolving power for small changes of con- 
centration around ambient. The CO2-inhibited receptor 
compensates amply for this by being very sensitive to 
small CO2 shifts around ambient. The task of perceiving 
the whole CO2 range to which the tick is confronted is 
thus divided between the two receptors. 

The CO2 levels in the litter zone where A. variegatum 
lies in wait for its host vary most probably between 0.03 % 
to ca. 0.09% (cf. Holsher et al. 1980), well within the 
range of the CO2-inhibited receptor. The latter may thus 
be used to detect small alterations in CO2 concentration 
and alert a resting tick to the presence of a host nearby. 
Then the CO2-excited receptor could take over at the 
higher concentrations encountered during orientation to 
the host. 
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