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1. INTRODUCTION

Ground beetles, with more than 32 500 species in 1859 genera, are the 
dominant ground-living invertebrate predators in many ecosystems. 
Because of their potential role in foodweb dynamics and pest control, 
the ecological requirements and feeding habits of ground beetles have 
been investigated in more detail than in any other group of predatory 
arthropods (Th iele, 1977; Lövei and Sunderland, 1996; Kromp, 
1999; Holland, 2002; Symondson et al., 2002; Toft and Bilde, 2002). 
Geographical distribution and habitat selection in ground beetles is 
infl uenced by numerous abiotic and biotic factors such as temperature, 
humidity and light conditions, substrate characteristics, vegetation type, 
food availability and others. Of all their environmental requirements, 
temperature and humidity are undoubtedly the most infl uential factors 
governing choice of habitat in ground beetles (Th iele, 1977; Lövei and 
Sunderland, 1996; Holland, 2002). 

In ground beetles, the range of preferred temperatures is fairly narrow. 
For most species it falls within a range of 15 ºC, and only occasionally 
in a range of 20 ºC. For a large majority of species this range usually 
extends from 10 ºC to 30 ºC. Few animals choose ambient temperatures 
in the range of 30–40 ºC and only a few species exceed this range. Th e 
range of preferred temperatures in stenothermic species is narrower 
than in eurythermic species (Lindroth, 1949; Th iele, 1977). Insects 
are very vulnerable to high temperature injury. Solar radiation can 
quickly elevate body temperature to lethal levels in these small-
bodied poikilotherms. Th eir upper thermotolerance limits do not 
exceed 53 oC, and are usually not much lower than 30 oC (Chown 
and Terblanche, 2007). Temperatures at which total heat paralysis 
begins in various ground beetles lies in a narrow range between 47.4 
and 51.7 oC (Th iele, 1977). Cellular and organismal injuries caused 
by high temperatures (Denlinger and Yocum, 1998; Hochachka and 
Somero, 2002; Robertson, 2004; Klose and Robertson, 2004; Chown 
and Terblanche, 2007) and the physiological basis of various aspects of 
both basal and induced thermotolerance (Denlinger and Yocum, 1998; 
Chown and Terblanche, 2007; Bowler and Terblanche, 2008) have been 
intensively studied and thoroughly reviewed in insects. In addition to 
various mechanisms of thermotolerance, poikilotherms have an array of 
physiological and behavioural mechanisms of thermoregulation that can 
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be elicited to circumvent or minimize potential thermal injury (Chown 
and Nicolson, 2004; Seebacher and Franklin, 2005). Exposure to lethal 
high temperatures can be a daily threat to survival. Steep temperature 
gradients are common near the ground both above and below the 
surface, and the microclimate can be greatly modifi ed, especially when 
vegetation is present. Brief forays into high temperature zones are readily 
tolerated, as long as the insect has the option of retreating frequently 
to a more moderate environment to prevent overheating (Denlinger 
and Yocum, 1998; Chown and Nicolson, 2004). Th ermoregulation is a 
complex process that involves sensing of temporal and spatial variation in 
the thermal environment, and subsequent processing of environmental 
information. Sensing of environmental temperatures would seem 
particularly important for animals that thermoregulate behaviourally, 
such as ground beetles (Coleoptera, Carabidae), because the targeted 
exploitation of diff erent thermal microhabitats requires comparison of 
environmental and internal temperatures (Th iele, 1977; Cooper, 2002; 
Seebacher and Shine, 2004; Seebacher and Franklin, 2005).

Despite the fact that thermoreception is an essential part of 
thermoregulation, it has been relatively little studied in arthropods. Very 
few data are available on sensing of unfavourably high temperatures crucial 
for survival in these poikilotherm animals. Most electrophysiological 
experiments on insect thermoreception have been carried out at moderate 
temperatures, ranging from 15 to 40 °C. No electrophysiological data 
on insect thermoreception is available concerning temperatures above 
40 °C.

Th ermoreceptor neurons have been found in many insects, including 
ground beetles. By reaction type, they function as cold neurons 
responding with a phasic-tonic increase in fi ring rate to rapid cooling, 
and a decline in fi ring after sudden temperature increase (Altner and 
Prillinger, 1980; Ehn and Tichy, 1996; Merivee et al., 2003; Tichy, 2007; 
Ruchty et al., 2009). Cold neurons do not generate spikes immediately 
after rapid increase in temperature. Th e duration of this long interspike 
period depends on the rate of temperature change (Δt) and may last 
up to several seconds or longer in some ground beetles (Merivee et. 
al., 2003). During this non-spiking period cold neurons are not able 
to respond adequately to subsequent rises in temperature. Th erefore, a 
question arises, how high sublethal and lethal temperatures are coded in 



11

the peripheral thermoreceptor neurons in these ground dwelling insects. 
Warm neurons, in which fi ring rate increases with a rapid temperature 
increase, have been found only in larvae of cave beetles, spiders and 
arthropods that feed on the blood of warm-blooded animals and the 
sensory neuron is often located in the same sensillum as the cold neuron 
(Davis and Sokolove, 1975; Altner and Prillinger, 1980; Loftus and 
Corbière-Tichané, 1981; Hess and Loftus, 1984; Ehn and Tichy, 1996; 
Gingl and Tichy, 2001). Warm neurons have not been found in ground 
beetles or in many other non-bloodsucking insects. 

In the ground beetle Pterostichus aethiops, cold neurons are located in the 
antennal campaniform sensilla (Merivee et al., 2003). Similar sensilla, 
4–10 mμ in diameter, have been also found in some other ground beetles 
belonging to the tribes Bembidiini and Platynini. Th ey are located 
pairwise on the ventral side of all nine fl agellomeres. In addition, some 
of them lie at the very tip of the distal fl agellomere (Merivee et al., 2000, 
2001, 2002). 

Ground beetles possess a very well developed ability to distinguish 
between small diff erences (5%) in air humidity and can use humidity 
gradients for orientation (Th iele, 1977; Luff , 1996; Lövei and Sunderland, 
1996; Holland, 2002). However, the  neurophysiological mechanisms 
underpinning hygrosensation in ground beetles have not been studied. 
Insect hygro-sensitive neurons may be located in various types of 
antennal sensilla, often combined with thermo-sensitive neurons (Altner 
and Loftus, 1985; Gödde and Haug, 1990; Nishikawa et al., 1992; 
Iwasaki et al., 1995; Tichy, 2007). However, despite their importance, 
the mechanisms of hygrosensing in insects have been poorly elucidated 
(Chown and Terblanche, 2007). Electrophysiologically, hygroreceptors 
have not yet been demonstrated in ground beetles. Since associations 
of thermo- and hygro-sensitive neurons have frequently been found in 
insect sensilla, hygro-sensitive neurons, together with the cold neuron, 
may also innervate antennal campaniform sensilla in ground beetles, too. 
Indeed, among large spikes produced by the cold neuron, small spikes 
from two other neurons of the sensillum occur on recordings from these 
sensilla of ground beetles (Merivee et al., 2003). However, the function 
of these neurons is not known. 



12

Th us, neuronal mechanisms of thermo- and hygrosensation are purely 
studied in insects. In ground beetles, additional detailed information 
on perception of ambient temperature and humidity conditions may 
be useful for eff ective manipulation of populations of these important 
insects in agricultural lands. In this thesis, thermo- and hygroreception 
of ground beetles with diff erent ecological preferences and daily activity 
rhythms from the tribes Platynini and Pterostichini, were studied. Poecilus 
cupreus, Anchomenus dorsalis and Agonum muelleri are eurythermic species 
of the open countryside, whereas Platynus assimilis and Pterostichus 
oblongopunctatus are stenothermic forest species (Th iele, 1977; Jukes et 
al., 2001; Magura, 2002; Meek et al., 2002; Irmler, 2003). A. dorsalis, 
P. assimilis and P. oblongopunctatus are predominantly night-active (day 
activity 0–15%), P. cupreus is mainly day-active and A. muelleri has both 
diurnal and nocturnal activity (Th iele, 1977; Ribera et al., 1999).
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2. AIMS OF THE STUDY

Th e aims of this study were:

by electrophysiological experiments, to compare responses of the 1) 
antennal thermoreceptor (cold) neurons to rapid temperature 
changes and to steady temperature in some ground beetles, 
belonging to the tribes Pterostichini (I) and Platynini (II), with 
diff erent habitat and temperature preferences, and daily activity 
rhythms;

by electrophysiological experiments, to explain how unfavourably 2) 
high ambient temperatures are coded in the antennal 
thermoreceptor neurons in ground beetles (III);

by behavioural experiments, to explain the eff ect of unfavourably 3) 
high temperatures on the locomotor activity of ground beetles 
(III);

by electrophysiological experiments, to test the response of the 4) 
neurons innervating antennal campaniform sensilla of ground 
beetles to the ambient relative humidity and rapid changes in it 
(IV). 
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3. MATERIAL AND METHODS

3.1 Insects

Th e beetles were collected from local populations in southern Estonia 
and maintained in plastic boxes with moist pieces of brownrotted wood 
and moss at 4–6 ºC until they were used in tests. Th ree to four days prior 
to experiments, the beetles were exposed to room temperature (20–23 
ºC), fed with moistened cat food (Kitecat, Master Foods, Poland) and 
given clean water to drink every day.

For electrophysiological experiments, each test beetle was immobilised 
by placing it fi rmly into a conical tube made of thin sheet-aluminium 
of a size that allowed its head and antennae to protrude a little from the 
narrower end of the tube. Th e wider rear end of the tube was blocked 
with a piece of plasticine to prevent the beetle from retreating out of 
the tube. Th e antennae of immobilised intact beetles were fastened 
horizontally onto the edge of a special aluminium stand with tiny 
amounts of beeswax so that campaniform sensilla at the tip of the antenna 
were visible from above under a light microscope, were well exposed to 
stimulating airstreams with diff erent temperature and humidity levels 
and were readily accessible for microelectrode manipulations from the 
side.

3.2. Electrophysiology

3.2.1 Single sensillum recordings

Tungsten wire (0.08 mm diameter) microelectrodes were sharpened 
electrolytically in a highly concentrated KOH solution. To achieve 
good signal to noise ratio, the indiff erent electrode was inserted into 
the lumen of the fl agellum. Th e recording electrode, approximately 1 
μm in diameter at a distance of 5 μm from the tip, was forced into the 
tiny campaniform sensillum base at the tip of the terminal fl agellomere 
just deeply enough to establish electrical contact. For microelectrode 
manipulations, various mechanical and a motorized micromanipulator 
with push-button control was used under visual control with a light 
microscope at a magnifi cation of 600–800X.
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Signals, fi ltered with a band width set at 100–2000 Hz and amplifi ed 
(input impedance 10 GΩ), were monitored on an oscilloscope screen, 
and transferred to a computer hard disc via an analogue-to-digital input 
board DAS-1401 (Keithley, Taunton, MA, USA) for data acquisition, 
storage, and analysis using TestPoint software (Capital Equipment Corp., 
Billerica, MA, USA). A sampling rate of 10 kHz was used for sampling 
data.

3.2.2 Th ermostimulation and temperature control

Two air streams at diff erent temperatures, emerging at 2 m/s from 
two copper tubes with an inner diameter of 2.5 (I, II) or 8 mm (III), 
were used for cooling or warming the campaniform sensilla. Th e tube 
orifi ces were placed 10 mm from the tip of the terminal fl agellomere. 
Th e temperature of the warm tube was changed gradually by a heating 
coil at its inlet part, connected to a low voltage current transformer. To 
reduce heat exchange, the outlet part of the warm tube was thermically 
insulated by a thick-walled rubber tube. Th e other tube was at room 
temperature (20–23 ºC). Rapid temperature changes were produced 
by presetting the temperature of the air streams and switching between 
them. An electromagnetic air valve (Humphrey Products, MI, USA) 
and a digital timer (Kaiser, Germany) were used for switching. Th e air 
from a small gas pump Fp 09 (VEB ELMET, Hettstedt, Germany) was 
cleaned by a carbon fi lter. In rapid cooling experiments, the duration of 
coolings was 5 s (I, II). In rapid warming experiments, the duration of 
each warming varied from 5 s (I, II) to 20 s (III). When temperature 
jumped to a new constant level, stabilization of the fi ring rate of the 
thermosensitive neuron took up to 1–2 minutes. Th erefore, before each 
next rapid temperature change, the initial temperature of the airstream 
blowing over the tip of the antenna was held constant for 2-3 min to 
guarantee full adaptation of the thermoreceptor. In the slow warming 
test series, the temperature of the warm airstream was increased gradually 
by 1 ºC/120 s from 20 to 50 ºC (III). 

Both the terminal campaniform sensilla and a copper-constantan 
thermocouple made of 0.08 to 0.1 mm wire were located at the 
intersection of the two air streams, with the thermocouple junction 1 mm 
away from the inserted recording microelectrode. Th e signal generated 
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and amplifi ed by a thermocouple circuit, led to the second channel of 
the DAQ board DAS-1401 and was stored on a PC hard disc for further 
data management and calculation of the temperature.

3.2.3. Hygrostimulation and humidity control

Th e humidity stimuli were presented by way of two airstreams driven 
through separate units U1 and U2 to be set at diff erent relative humidity 
(RH) levels (Fig. 1, IV) and fl owing out of 8-mm nozzles at a velocity 
of 2 m/s. Th e portable humidity and temperature indicator HygroPalm 
3 (Rotronic Instrument Corp., USA) was used for measurements of the 
airstreams RH. An electromagnetic air valve (Humphrey Products, MI, 
USA) and a digital timer (Kaiser, Germany) were used for rapid switching 
between the airstreams from units U1 and U2. When fi ring rates of the 
neurons were measured at diff erent constant RH levels, the campaniform 
sensilla to be adapted before each recording, were exposed to a certain 
humidity level for 10 min. All the experiments were conducted at room 
temperature (23 ºC).

For stimulation of the campaniform sensilla, the tube orifi ces were 
placed 10 mm from the tip of the terminal fl agellomere. Both the 
terminal campaniform sensilla and one junction of a copper-constantan 
thermocouple made of 0.1 mm wire were located at the intersection of 
the two airstreams, with the thermocouple junction 1 mm away from the 
inserted recording microelectrode. Signals picked up by the recording 
electrode and those generated by a thermocouple circuit were recorded 
simultaneously for 30 s, starting approximately 5 s before and fi nishing 
5 s after the switching between the airstreams from units U1 and U2 
blowing over the terminal campaniform sensilla. It was observed that 
temperature diff erence of the stimulating airstreams from units U1 and 
U2 did not exceed 0.1 ºC, the error was considered tolerable.

3.3 Behavioural tests

To measure some most important locomotor activity parameters (run 
distance, running speed, total length of runs and number of stops per 
60 s) at diff erent temperatures, the behavioural tests (III) were carried 
out in a specially designed arena. Th is consisted of two boxes. An 
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inner glass box (110×110×30 mm) was placed inside an outer plastic 
box (300×220×90 mm), 30 mm above the bottom. Th e outer box was 
tightly covered with a plate of glass. An IR lamp was set up at about 500 
mm above the arena and connected to a current transformer for slow 
warming (1 ºC/120 s) of the air inside the arena from 20 to 50 ºC. A 
piece of carton (130×130 mm) was placed above the inner box to protect 
it from direct IR radiation. A small fan was used to create air circulation 
and equalise the air temperature inside the arena. Temperature on the 
bottom of the inner box was measured by a thermocouple circuit. Test 
beetles were released one by one into the inner box. Th eir behaviour was 
video recorded (12.5 frames/s) for 60 s at various temperatures over the 
complete range of temperature increase from 20 to 50 oC. 

3.4 Data management and analysis

Th e spikes from three sensory neurons innervating antennal campaniform 
sensilla were distinguished by diff erences in their amplitude (Fig. 3, 
I). Several response characteristics (fi ring rates, peak frequency, long 
interspike period) were measured (Fig. 1, I) and analysed. Firing rate was 
expressed as the number of spikes per second (spikes/s). Th e frequency 
(Hz) of spikes was calculated as the reciprocal of the period between two 
successive spikes. Interspike intervals (ISI) of the recorded spike trains 
were analysed. Th e threshold ISIs and coeffi  cients of variations of ISIs 
(CV) were found from ISI distributions which were used for classifying 
spikes as regular or belonging to a burst (Fig. 1, III). 

Th e quadratic regression functions were calculated for each series of data 
points obtained in the cooling (I, II) and warming experiments (I, II, 
III). New values of the functions were interpolated at fi xed temperature 
changes of 0.5, 1.0, 2.0, 5.0, 10.0, and 15.0 oC, respectively, which 
allowed calculation of mean fi ring rates and comparison of the mean 
responses of diff erent species (I, II). Similarly, in warming experiments, 
mean temperature rises, necessary to cause long interspike periods of 
1, 2, 3 and 4 s, respectively, were calculated for the species studied (I, 
II). In the experiments, specially designed for testing of the responses 
of the thermoreceptor neuron to unfavourably high temperatures, a 
similar interpolating procedure was used. New values of the functions 
were interpolated at fi xed temperatures of 20, 25, 30, 35, 40 and 45 oC, 
respectively, which allowed calculation of mean fi ring rates (III). 
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Video recordings from the behavioural tests (III) were analysed frame by 
frame and locomotor activity parameters of the beetles were measured 
on the PC screen. Th e threshold temperature at which fi rst indications of 
partial paralysis (of the hind legs) were observed was recorded. 

All data were analysed using Statistica (StatSoft, Inc., USA) and Microsoft 
Excel (Microsoft Corp., Redmond, Washington) software. Various 
statistical tests were used for calculating signifi cantly diff erent means. 
All mean response characteristics were accompanied by their standard 
error (SE).
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4. RESULTS

4.1 General remarks 

Five to six tiny campaniform sensilla were observed at the apical margin 
of the terminal fl agellomere in all the ground beetles studied. In single-
sensillum electrophysiological recordings from these apical sensilla, spikes 
of up to three neurons distinguished by their amplitude were observed 
(Fig. 2, I). Only the neuron, which generated spikes with the largest 
amplitude was highly sensitive to temperature. Th is neuron responded 
to rapid decrease in temperature with a phasic-tonic increase of its fi ring 
rate, and vice versa, its fi ring rate decreased in response to temperature 
increase. Th erefore, it was termed the thermoreceptor (cold) neuron. 
Two other neurons of the sensillum were sensitive to ambient RH and 
were classifi ed as moist and dry neurons (IV). Spikes generated by the 
two hygro-sensitive neurons were always smaller in amplitude than those 
from the cold neuron (Fig. 2, IV). However, spike amplitude alone was 
not a fi rm criterion for deciding whether a certain spike was elicited 
by a dry neuron or a moist neuron. Usually, spikes of the dry neuron 
were smaller compared to those of the moist neuron, but the contrary  
was also frequently observed. Th erefore, in this study, discrimination 
between the two hygro-sensitive neurons was based on the response type 
they displayed when RH of the stimulating airstream suddenly changed. 
Th e moist neuron with phasic-tonic increase in its fi ring rate responded 
to rapid increase in RH and vice versa. Th e number of spikes of the 
moist neuron drastically decreased when RH decreased. By contrast, 
spike frequency of the dry neuron fell considerably in response to a rapid 
rise in RH of the stimulating airstream. A strong phasic-tonic increase in 
the number of spikes of the dry neuron was observed when the RH of 
the airstream decreased rapidly. Response of the cold neuron to changes 
in RH was absent or weak, and could be caused, partly, at least, by small 
(<0.1ºC) diff erences in temperature of the stimulating airstreams (Fig. 
3, IV).
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4.2 Responses of the antennal thermoreceptor neuron to 
temperature changes in ground beetles with diff erent ecological 

preferences and daily activity rhythms (I, II)

4.2.1 Stationary fi ring rate of the cold neuron at diff erent steady 
temperatures

In diff erent ground beetles, the stationary fi ring rate of the cold neuron 
was measured in the range of steady temperatures of 23–39 oC. Th e 
stationary fi ring rate/temperature curves of the cold neurons varied in 
the ground beetles studied. At room temperature (23 oC), the stationary 
fi ring rate of the cold neurons in P. oblongopunctatus, P. cupreus and P. 
assimilis was quite low, 22–26 spikes/s, compared to that in A. dorsalis 
and A. muelleri (42 spikes/s). 

In eurythermic open fi eld species, A. muelleri and A. dorsalis, fi ring rate 
did not signifi cantly depend on temperature in the ranges of 23–27 ºC, 
and 23–31 ºC, respectively (Fig. 3, II; regression analysis: F1,34=0.06, 
β=0.04, p=0,81 and F1,43=0.73, β=0.13, p=0.40, respectively). At higher 
temperatures, in A. muelleri and A. dorsalis, stationary fi ring rates 
decreased signifi cantly with a further temperature increase (Fig. 3, II; 
regression analysis: F1,70=17.36, β=-0.45, p<0.01 and F1,34=18.13, β=-
0.59, p<0.01, respectively). In the eurythermic open fi eld species P. 
cupreus, the stationary fi ring rate/temperature curve was quite similar 
to those observed in A. dorsalis and A. muelleri (Fig. 7, I). In contrast, 
in the stenothermic forest species P. assimilis, no plateau occurred in 
the fi ring rate/temperature curve. Instead, trendline decline was nearly 
linear (Fig. 3, II; regression analysis: F1,87=16.32, β=0.40, p<0.01). In 
the stenothermic forest species P. oblongopunctatus, the stationary fi ring 
rate/temperature curve was quite similar to that observed in P. assimilis 
(Fig. 7, I).

4.2.2 Response to rapid cooling

Th e most pronounced event in the response of the antennal cold neuron 
to a rapid temperature decrease was a transient initial burst of spikes 
(Fig. 1, I). Th ereafter, the fi ring rate fell rapidly and then stabilized 
during the 1–120 s following the initial burst. Th e time required for 
fi ring rate stabilization depended on the rate of temperature drop, Δt. 
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A distinct phasic component of the response was evoked already by 
very small changes in the temperature. For example, its peak frequency 
values reached up to 40–70 and 40–120 Hz for a rapid drop of 0.1 
ºC in P. oblongopunctatus and P. cupreus, respectively. Th ese were two- 
to four-fold higher than frequencies observed at steady temperature of 
23 ºC. Th e peak frequencies increased substantially with the increasing 
temperature diff erence between the initial and cooling temperatures in 
both Pterostichini (Fig. 4, I) and Platynini (Fig. 4, II; GLM ANOVA, 
p<0.01). Maximum peak frequencies, reaching up to 420–650 Hz in 
diff erent species, were observed at a temperature decrease of 15 oC (Fig. 
4, I and Fig. 4, II). In Pterostichini (Fig. 4, I), the peak frequencies of the 
initial burst were higher in the eurythermic open fi eld species P. cupreus, 
than in the stenothermic forest species P. oblongopunctatus (two-way 
ANOVA: SS=0.48, df=1, F=4.45, p<0.04). Similar response diff erences 
were also observed in species belonging to Platynini. Signifi cantly higher 
peak frequencies of the initial burst were generated by the eurythermic A. 
muelleri and A. dorsalis compared to those of the stenothermic P. assimilis 
(Tukey HSD, p<0.01).

High frequencies observed in the short initial burst of spikes quickly fell 
to a much lower level but nevertheless remained higher over the whole 
fi ve-second cooling period than at a steady temperature of 23 oC. Both 
the fi rst- and fourth-second fi ring rates of the cold neuron signifi cantly 
increased with Δt increase in all fi ve ground beetles studied (Fig. 5, I 
and Fig. 5, II; GLM ANOVA, p<0.01). In Pterostichini (Fig. 5A, I), 
signifi cantly higher fi rst-second fi ring rates (including the initial burst 
of spikes) were generated by the eurythermic P. cupreus compared with 
the stenothermic P. oblongopunctatus (two-way ANOVA: SS=1.14, df=1, 
F=9.89, p<0.05). Firing rates of the cold neurons of the two species did 
not diff er signifi cantly during the fourth second of cooling, however (Fig. 
5B, I; two-way ANOVA: SS=0.01, df=1, F=0.08, p=0.78). In Platynini 
(Fig. 5, II), stimulus/response curves were highly similar in A. muelleri 
and A. dorsalis (Tukey HSD test, p>0.05). Th e fi rst- and fourth-second 
fi ring rates of their cold neurons varied from 65 to 130 spikes/s and from 
48 to 75 spikes/s, respectively, depending on Δt. In the stenothermic 
forest species P. assimilis, the respective rates of fi ring were lower by 31–
39% compared to those in the eurythermic A. muelleri and A. dorsalis 
(Tukey HSD test, p<0.01).
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4.2.3 Response to rapid warming

Th e fi rst event observed in the response of the cold neuron to a rapid 
increase in temperature was a very long interspike period (LP). Th ereafter, 
the spikes appeared again, but with considerably lower frequencies 
than prior to warming at a steady temperature of 23 oC. Gradually, 
the interspike periods grew shorter (Fig. 1, I). Detectable changes in 
the sequence of spikes were observed even at rapid 0.05–0.1 oC rises in 
temperature. Greater rises in temperature caused a longer long interspike 
period followed by a lower rate of fi ring. In Pterostichini, the rises in 
temperature necessary to evoke long interspike period of equal duration 
were signifi cantly larger in the eurythermic P. cupreus compared with the 
stenothermic P. oblongopunctatus (Fig. 6, I; two-way ANOVA: SS=1.82, 
df=1, F=12.13, p<0.05). Similar response diff erences between eury- and 
stenothermic species were observed in Platynini (Fig. 6, II; Tukey HSD 
test, p<0.01). Th e cold neurons of P. oblongopunctatus and P. assimilis 
more fl exibly responded to the rapid temperature increases than the three 
open fi eld species. For example, in P. oblongopunctatus and P. assimilis, 
an LP of 4 s was elicited by a temperature increase of only 4–5.5 oC. 
In contrast, the cold neurons of P. cupreus, A. muelleri and A. dorsalis 
were much more rigid in this regard. Respective temperature increases 
necessary to elicit an LP of the same length were more than 7.5 oC (Fig. 
6, I and Fig. 6, II). 

4.3 Th e eff ect of unfavorably high temperatures on the antennal 
thermoreceptor neuron and behaviour of P. assimilis (III)

At moderate temperature conditions, below 25–30 oC, the thermosensitive 
neuron from the antennal terminal campaniform sensilla of the ground 
beetle P. assimilis functioned as a typical cold neuron. Th e neuron had a 
regular, relatively high stationary fi ring rate of 20–40 spikes/s (Fig. 2, III) 
which enabled eff ective response to rapid increase as well as decrease in 
temperature. At the beginning of rapid warming, a period of quiescence 
occurred when no spikes were generated. Th ereafter, spikes appeared 
again and their number gradually increased towards the stationary fi ring 
rate. Typical response of the neuron to rapid cooling was a short-lasting 
phasic burst of spikes with very high frequency followed by a quick 
decline in the rate of fi ring and a relatively long-lasting slow stabilization 
period (Fig. 3, III).
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4.3.1 Spike bursting by the thermoreceptor neuron in slow 
warming (1 oC/120 s) experiments

Th e stationary fi ring rate of the thermosensitive neuron decreased from 
40 to 20 spikes/s (one-way ANOVA: F5,71=5.01, p<0.05) when the 
warming temperature was slowly increased from 20 to 30 oC. On further 
temperature increase, the mean rate of stationary fi ring stabilized at 
about 20 spikes/s (Fig. 2, III). It was observed, that during the warming, 
the pattern of fi ring generated by the thermosensitive neuron changed. 
Instead of isolated regular spikes characteristic of the fi ring of the neuron 
at moderate temperatures, a bursting pattern of high-frequency spikes 
appeared (Fig. 4, III). Generation of spike bursts was temperature 
dependent: the number of spikes in a burst increased from 2 to 5 and 
more as the temperature increased from 20 to 50 oC (Kendall test: 
t=0.3, z=2.1, p=0.03, N=11). In some insects, when their campaniform 
sensilla were exposed to temperatures close to 45–50 oC, up to 18 spikes/
burst were produced by the thermosensitive neuron. Spike frequency 
in a burst was positively correlated with the number of spikes per burst 
(Figs. 4 and 5, III) and consequently, also increased with temperature 
increase. Switching from regular to bursting mode of fi ring was not 
sudden, however. ISI analysis showed that burst frequency of the neuron 
gradually increased with temperature increase (Fig. 6, III). A conspicuous 
feature of the neuron was the fact that there existed a large variation in 
the threshold temperature, ranging from 24 to 47 oC (38.3±1.3 oC in 
mean), at which the neuron from diff erent sensilla started to generate 
spike bursts (Fig. 7A, III).

4.3.2 Spike bursting of the thermoreceptor neuron in rapid 
warming experiments

At moderate rapid warming when the temperature jumped from 20 up 
to 35 oC, the length of the silent period (Figs. 3 and 8A, III) depended 
on the rate of temperature increase (one-way ANOVA: F1,57=5.49, 
p<0.05) and lasted up to several seconds. Th en, isolated spikes generated 
by the thermosensitive neuron appeared again. At warming temperatures 
higher than 35 ºC, the silent period (mean duration 6.0±1.15 s) did 
not depend on temperature. Th e mean temperature of rapid warming 
at which the neuron started to produce high-frequency spike bursts was 
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35.1±1.3 oC. Consequently, in rapid warming, spike bursting of the 
thermosensitive neuron began at a temperature which was 3.2 oC lower 
in mean than that in slow warming experiments. Again, it was observed, 
that diff erent neurons started to produce high frequency spike bursts at 
diff erent temperatures ranging from 25 to 43 oC (Fig. 7B, III).

At rapid warming with moderately high temperatures close to 35 oC, the 
mean frequency of spikes in a burst, ranging from 200 to 600 spikes/s, 
was 10–15 times higher compared to the stationary fi ring rate of the 
thermosensitive neuron at 20 oC. Spike bursting continued during 
the whole period of warming until it was replaced with regular fi ring 
immediately after the beginning of rapid cooling. We never observed any 
phasic component in the response of the spike bursting neuron to rapid 
cooling, however (Fig. 8A, III). Mean frequencies of spikes in a burst 
generated by the thermosensitive neuron at 45–50 ºC reached extremely 
high values close to 1000 spikes/s and more. Th e response was not stable, 
however. Th e number of spikes per burst quickly decreased and the mean 
fi ring rate of the neuron fell to zero. It was clear that 45–50 ºC warming 
lasting 20 s, was thermally damaging for the normal functioning of the 
neuron because it generated no spikes for several seconds in response to 
rapid cooling. Th en, in most insects, a few isolated spikes at very low 
frequency were produced by the thermosensitive neuron again (Fig. 8B, 
III). In other cases, after 20 s warming at 45–50 ºC, fi ring activity of the 
neuron was never restored.

4.3.3 Th e eff ect of unfavorably high temperatures on locomotor 
activity

Th e locomotor activity parameters of P. assimilis beetles were measured in 
slow warming (1 oC/120 s) experiments at temperatures ranging from 20 to 
50 oC in the arena. At 20 oC, this night-active ground beetle avoids daylight 
illumination and tends to hide in a shady refuge. When temperature was 
increased by some degrees the beetles left their refuge and started to walk 
slowly around in the arena (Fig. 9, III) accompanied by frequent short 
stops. According to how much the temperature was increased further, 
locomotor activity of the beetles gradually increased up to a panic escape at 
temperatures close to 40 oC. Th ereafter, locomotor activity of the beetles 
signifi cantly decayed (Fig. 10, III). At 44.4±0.6 oC (N=20) the fi rst 
indications of partial paralysis (of the hind legs) were observed.
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4.4 Electrophysiological identifi cation of hygroreceptor neurons 
from the antennal campaniform sensilla in the ground beetle 

P. oblongopunctatus (IV)

4.4.1 Response of the thermo- and hygroreceptor neurons to 
constant RH levels

Th e stationary fi ring rate of the thermo- and hygrosensitive neurons was 
measured at constant RH levels ranging from 20 to 80%. Results of the 
experiments showed that the cold neuron fi red at 30 spikes/s and its spike 
production was not aff ected by the moisture content of the stimulating 
airstream (Fig. 5A, IV). In contrast, a signifi cant dependence of spike 
production of the hygrosensitive neurons on RH was observed. Th e 
fi ring rate of the moist neuron was relatively low but it rose from 7 to 27 
spikes/s when RH was increased stepwise from 20 to 80% (Fig. 5B, IV). 
Compared to the moist neuron, the dry neuron fi red at a considerably 
higher rate, and its activity decreased from 42 to 25 spikes/s in response 
to RH increase from 20 to 80% (Fig. 5C, IV). It was observed, however, 
that the stationary fi ring rate of the hygrosensitive neurons at the same 
RH level may vary to some extent in diff erent campaniform sensilla and/
or in diff erent beetles (Figs. 5 and 6, IV).

4.4.2 Diff erential sensitivity of the hygroreceptor neurons

Diff erential sensitivity is defi ned as the mean change in fi ring rate per 
unit change in the stimulus magnitude. It appeared that the moist 
neuron is not equally well suited for discrimination between two 
constant humidity levels at low and high RH rates. At 20 to 40% RH, 
on average, the steady-state level of RH must increase by 6.7% to raise 
the stationary fi ring rate of the moist neuron by 1 spike/s. At 40 to 80% 
RH, the diff erential sensitivity of the moist neuron was several times 
higher, an average change of only 2 to 3% in steady RH was required for 
an increase of 1 spike/s. In contrast, the diff erential sensitivity of the dry 
neuron was almost equally high over the whole range of RH levels tested, 
varying between 2 and 3%.

Measuring stationary spike frequencies of the two hygrore-ceptor 
neurons at diff erent steady-state RH levels, we observed that the change 
in diff erence between the fi ring rates of the dry and moist neuron 
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was always larger than the change in the fi ring rates of either of the 
neurons. Th us, diff erential sensitivity of the binary system of the two 
hygroreceptor neurons was higher than that of the moist neuron and dry 
neuron separately.

4.4.3 Response of the cold- and hygroreceptor neurons to rapid 
change in RH

Th e campaniform sensillum was stimulated by sudden increase and 
decrease in RH, up to 95% and 5%, respectively, starting each time from 
the RH level of 40%. Response of the cold neuron to the step-changes 
in RH was minimal, and observed during 1–2 s after the beginning of 
humidity change only. Th e fi ring rate of the moist neuron jumped from 
20 spikes/s to about 70 spikes/s when RH was suddenly increased from 
40% to 95%. Th is high rate of spike production quickly decreased, 
however, and during the following 20 s, almost stabilized at the rate of 
40 spikes/s. Response of the moist neuron to a sudden drop in RH from 
40% to 5% was relatively weak, its fi ring rate for a second decreased 
from approximately 20 to 10 spikes/s, but thereafter spike production 
of the neuron increased again and stabilized at the rate of 15 spikes/s. 
Response of the dry neuron to sudden changes in RH was the opposite 
to that of the moist neuron. When RH was increased from 40% to 95%, 
the fi ring rate of the dry neuron quickly dropped from 70 to about 30 
spikes/s, and stabilized at that rate. In response to the rapid decrease in 
RH from 40% to 5%, spike production of the dry neuron phasically 
increased from 80 to about 120 spikes/s followed by a rapid decrease 
and stabilization of the spike production at the rate of 100 spikes/s (Fig. 
6, IV).

4.4.4 Interspike interval (ISI) analysis

Visually, it was observed that the dry neuron always produced isolated, 
highly regular spikes at relatively high frequency ranging from 25 to 80 
spikes/s. Spike generation in the moist neuron was relatively low at all 
RH levels tested (Figs. 2, 5 and 6), in some recordings considerably less 
regular compared to that of the dry neuron. Since irregularities in spike 
generation may be caused by the specifi c response type of a neuron called 
spike bursting, most of the recordings were subjected to ISI analysis for 
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detection of the spike bursts in the spike trains of the neurons if they 
occurred. However, indications of spike bursting were never observed, 
even at extremely low (5%) and extremely high (95%) RH levels. Some 
typical cases of ISI distributions are demonstrated in Fig. 7 (IV).
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5. DISCUSSION

5.1. Responses of the antennal thermoreceptor neurons to 
temperature changes in ground beetles with diff erent ecological 

preferences and daily activity rhythms (I, II)

In this study, it was demonstrated that ground beetles, belonging to the 
tribes Pterostichini (P. cupreus) and Platynini (A. dorsalis, A. muelleri, 
P. assimilis), posess thermoreceptor neurons innervating numerous 
campaniform sensilla on their antennae. By reaction type, they function 
as typical cold neurons showing phasic-tonic increases in fi ring rate 
following rapid decreases in temperature and a decline in fi ring after 
temperature increases. Previously, cold neurons have been found in 
the antennae of the ground beetles P. aethiops (Merivee et al., 2003), P. 
oblongopunctatus (Ploomi et. al, 2004) and in a number of other insects 
(Lacher, 1964; Loftus, 1968; Waldow, 1970; Tichy, 1979; Altner and 
Prillinger, 1980; Altner and Loftus, 1985; Tichy and Loftus, 1987; 
Ameismeier and Loftus, 1988; Gödde and Haug, 1990; Nishikawa et 
al., 1992). Warm neurons, in which fi ring rate increases with a rapid 
temperature increase, have been found only in larvae of cave beetles, 
spiders and arthropods that feed on the blood of warm-blooded animals 
and the sensory neuron is often located in the same sensillum as the cold 
neuron (Davis and Sokolove, 1975; Altner and Prillinger, 1980; Loftus 
and Corbiere- Tichane, 1981; Hess and Loftus, 1984; Ehn and Tichy, 
1996; Gingl and Tichy, 2001). Warm neurons have not been found in 
ground beetles.

At least four types of responses can be distinguished in arthropod cold 
neurons in plots of tonic discharge rates vs. temperature in the range of 
20–40 oC. In the fi rst type, fi ring rate does not signifi cantly depend on 
the temperature (P. americana, Loftus, 1968). Th e fi ring rate/temperature 
curve of the eurythermic open fi eld ground beetle P. cupreus was quite 
similar to that of P. americana (I). Also, in the eurythermic open fi eld 
species, A. muelleri and A. dorsalis, fi ring rate of the antennal cold neuron 
did not signifi cantly depend on temperature in the ranges of 23–27 ºC, 
and 23–31 ºC, respectively. At higher temperatures, the stationary fi ring 
rates of the cold neuron quickly decreased, however (II). In the second 
type, fi ring rate decreases with increasing temperature (Apis mellifi ca L.). 
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Th e spike generation of this neuron generally disappears at 40–45 oC 
(Lacher, 1964). Nearly similar linear decline in fi ring rate of the cold 
neuron was also observed in the stenothermic forest ground beetles 
P. oblongopunctatus (I), P. assimilis (II) and P. aethiops (Merivee et al., 
2003). In the third type, higher fi ring rates are observed at higher steady 
temperatures (locust L. migratoria L. Waldow, 1970; Ameismeier and 
Loftus, 1988). In the fourth type of response, observed in the mosquito 
Aedes aegypti, the mean fi ring rate increased with increasing temperature 
to a peak of 30 spikes/s at 26 oC. Th e activity declined from this peak 
as the temperature was increased further (Davis and Sokolove, 1975). 
Since the stationary fi ring rate of the cold neuron in some ground 
beetles (A. muelleri, A. dorsalis and P. cupreus) did not depend on the 
temperature, in a certain range of temperatures at least, adequate coding 
of steady temperature by this measure is not possible in these species. 
Th e nearly linear decline of the stationary fi ring rate/temperature curve 
in the cold neurons of P. oblongopunctatus (II), P. assimilis (III) and P. 
aethiops (Merivee et al., 2003) suggests that adequate perception of 
steady temperatures, over a wide range, is behaviourally more important 
in these stenothermic forest species than in the eurythermic open fi eld 
species P. cupreus, A. dorsalis and A. muelleri.

Th e stationary fi ring rate of insect cold neurons at temperatures of 20–30 
oC is relatively high (usually in the range of 20–40 spikes/s) providing 
the insect with information about changes in temperature through 
a modulation of frequency of spikes, enabling an insect to respond 
quickly to both rising and falling ambient temperature. In ground 
beetles, remarkable changes in fi ring rate of the cold neuron are elicited 
by sudden increases or decreases of 0.05–0.1 oC. Th e fi rst event observed 
in the response of the cold neuron to a rapid increase in temperature was 
a LP. Th e length of the LP is a positive function of the extent of rapid 
temperature increase in all insects studied (Lacher, 1964; Loftus, 1968), 
including the ground beetles P. aethiops (Merivee et al., 2003), P. cupreus 
and P. oblongopunctatus (I), and A. dorsalis, A. muelleri and P. assimilis 
(II), and, therefore, it may contain useful information on rapid ambient 
temperature increases. On the other hand, it was observed that the LP 
may last several seconds (I, II) or longer, up to 20 s (III), depending on 
species and the rate of the rapid temperature increase. Th is situation may 
be disadvantageous in diurnal ground beetles of the open countryside 
that are running rapidly on the ground unequally heated by the sun. 
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Cold neurons that are not spiking could signal a further rapid decrease 
in temperature but not a rapid increase. Indeed, when the responses of 
diff erent ground beetles to rapid warming were compared with each 
other, it was found that LP in the sequence of spikes of the cold neurons 
were several times shorter in the eurythermic open fi eld ground beetles P. 
cupreus, A. muelleri and A. dorsalis than in the stenothermic forest species 
P. oblongopunctatus and P. assimilis (I, II). No diff erences were found in 
diurnal and nocturnal ground beetles concerning the LP. Furthermore, the 
shortest LP occurred in the responses of the cold neurons of A. muelleri, 
whose diurnal activity percentage is the highest among all the studied 
ground beetle species (Th iele, 1977; Ribera et al., 1999). It should be 
noted, that the proportion of the population exhibiting diurnal activity 
increases considerably with the decreasing strength of illumination in 
the light phase. Unfortunately, this property has not been considered in 
dividing most ground beetles into diurnal and nocturnal species (Th iele, 
1977).

In the ground beetles studied, both the peak frequency of spikes and the 
rate of fi ring at the beginning of the response of the cold neuron to rapid 
cooling by 0.5–15 oC are positive functions of the extent of temperature 
decrease. In diff erent ground beetles, the peak frequencies of spikes of 
the cold neurons reached 420–650 Hz following a rapid temperature 
decrease of 15 oC, which exceeded the stationary frequency of spikes at 
23 oC by 14–19 times. Th erefore, at least during the fi rst seconds of the 
response, the direction as well as the extent of temperature change are 
coded as the spike frequency of the cold neuron. However, over a longer 
time scale, the fi ring rate falls gradually and stabilizes at its stationary 
level. In Pterostichini, the peak frequencies and the fi rst-second fi ring 
rates were higher in the eurythermic open fi eld species P. cupreus, than 
in the stenothermic forest species P. oblongopunctatus. Similar response 
diff erences were also observed in species belonging to the Platynini. 
Signifi cantly higher peak frequencies of the initial burst were generated 
by the eurythermic A. muelleri and A. dorsalis compared to those of the 
stenothermic P. assimilis. 

Th us antennal cold receptors of the ground beetles respond diff erently 
to temperature changes tested which is probably related to the diff erent 
habitat preferences of the species with respect to temperature conditions. 
It appears that antennal campaniform cold receptors allow the ground 
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beetles, running fast on ground unevenly warmed by the sun, to quickly 
and adequately respond to rapid temperature changes, avoid overheating 
and detect thermally favourable refugia off ered by vegetation and 
microrelief. Unfortunately, there are no comparative data concerning 
the responses of thermoreceptors to temperature changes in other insect 
groups with diff erent ecological preferences that would allow for broader 
generalizations.

5.2 Th e eff ect of unfavorably high temperatures on the antennal 
thermoreceptor neuron and behaviour of P. assimilis (III)

In various sensory systems, some neurons have the ability to fi re high-
frequency bursts of spikes followed by long periods of quiescence, a feature 
that is in contrast to tonic or phasic-tonic pattern of spike generation. 
Th eir involvement in neural information processing has generated 
considerable interest because the respective computational advantages of 
bursting and tonic neurons for encoding external signals largely remain a 
mystery (Chacron et al., 2004; Krahe and Gabbiani, 2004). It is known 
that some neurons can display both bursting and tonic fi ring modes 
(Turner et al., 1994; Wang and Rinzel, 1995; Sherman, 2001) depending 
on the particular input. While it has been shown that both tonically 
fi ring and bursting neurons can encode information (Reinagel et al., 
1999; Krahe and Gabbiani, 2004; Eyherabide et al., 2008), one possible 
function of bursting in the transmission of behaviourally relevant sensory 
information is to detect specifi c, potentially interesting or dangerous 
stimulus features and some results do support this hypothesis (Crick, 
1984; Gabbiani et al., 1996; Sherman, 2001; Swadlow and Gusev, 2001; 
Kepecs et al., 2002; Krahe and Gabbiani, 2004; Marsat and Pollack, 
2006). 

In insects, the bursting pattern of spike generation has been mainly 
studied in auditory interneurons (Boyan and Fullard, 1988; Marsat 
and Pollack, 2006; Eyherabide et al., 2008). In the cricket Teleogryllus 
oceanicus, spike bursting is shown to be linked with evasion behaviour. 
Hunting bats detect fl ying crickets using ultrasonic echolocation, and 
crickets respond to bats’ ultrasonic signals with avoidance responses 
(Hoy, 1992), a behaviour that is triggered by high-frequency spike bursts 
generated by the ultrasound-sensitive interneuron, AN2. In contrast, 
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tonic spikes of the AN2 play a role in the acoustic communication 
system of these insects. Bat-evasion behaviour by the cricket would be 
an instance of the context-dependency of the behavioural impact of this 
neuron, the context in this case being the nature of the stimulus (Marsat 
and Pollack, 2006). Extracting specifi c signal features of the stimulus 
by bursts has been demonstrated also in the auditory interneurons of 
moths, in which, because of synaptic summation or facilitation, bursts 
are particularly eff ective in driving their target cells (Boyan and Fullard, 
1988). 

Usually, there are particular spatial and temporal features of neuronal 
inputs that trigger bursts. For instance, pyramidal cells of the weakly 
electric fi sh, Apteronotus leptorhynchus, respond to dynamic broadband 
electrosensory stimuli with bursts and isolated spikes. It was demonstrated 
that bursts exclusively code for low-frequency stimuli, whereas isolated 
spikes code for high frequency stimuli (Oswald et al., 2004, 2007). 
Kepecs et al. (2002) found that bursts occur preferentially on the 
positive slope of the input signal. Th ey found further that the number of 
spikes in a burst signals the amplitude of the slope in a graded manner. 
Recently, it was shown that burst probability and burst characteristics are 
strongly infl uenced by temporal modulations of the acoustic stimulus 
in the grasshopper auditory receptor neurons (Eyherabide et al., 2008). 
Also, in the ultrasound-sensitive interneuron of the cricket T. oceanicus, 
AN2, spike bursts are time locked to large increases in stimulus (sound) 
amplitude, whereas isolated spikes follow smaller peaks (Marsat and 
Pollack, 2006). In contrast, spike bursts generated by the antennal 
thermosensitive neuron of the ground beetle P. assimilis do not encode 
a specifi c temporal signal feature. At high moderate and sublethal 
temperaturesthe neuron has a stable and continuous burst train and no 
temporal information is encoded in the timing of the burst. In this regard, 
spike bursting of the thermosensitive neuron of P. assimilis is similar to 
that of the scleral cold thermoreceptors of the cat (Gallar et al., 2003). 
In both cases, the occurrence of spike bursts and burst characteristics are 
externally determined by the ambient (steady) temperature alone.

Unfortunately, very few data exist on spike bursting in thermoreceptor 
systems. It was observed, however, that cold sensory neurons located in 
the cat sclera produce burst discharges at 26–36 oC. Th eir mean rate 
of fi ring signaled poorly steady temperatures although the organization 
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of their bursting pattern was diff erent for diff erent temperatures. Th e 
functional signifi cance of thermal eye receptors that also respond to 
changes in local blood fl ow remains speculative, however (Gallar et 
al., 2003). A pair of thermoreceptor units, the cold and warm receptor 
neuron, have been identifi ed in the sensilla coeloconica on the antennae 
of the mosquito, Aedes aegypti. At steady temperatures close to 30 oC 
and higher, both of the neurons started to produce spike bursts instead 
of regular fi ring observed at lower temperatures. Th e mean fi ring rate 
of either the warm or cold receptor neuron will not permit reliable 
discrimination between temperatures ranging from 20 to 32 oC. It was 
proposed that the bursty discharge pattern might carry the information 
necessary to allow the diff erentiation between the upper and lower 
regions of the temperature range of the neurons (Davis and Sokolove, 
1975). No link between thermosensory bursts and behaviour was made 
in these studies, however.

On the other hand, in the ground beetle P. assimilis, a link between 
spike bursting by the antennal thermoreceptor neuron and behaviour 
is possible. Temperature preference plays quite a considerable role 
in the geographical and ecological distribution of ground beetles. 
Comparative investigations on a large number of species has revealed 
that their temperature preference is fairly narrow. More than 70% 
species prefer a temperature range of 15 oC, and only occasionally 20 
oC. Th e stenothermic P. assimilis, prefers temperatures ranging from 5 to 
20 oC with a maximum preference of about 10 oC. Th e upper limit of 
the temperature tolerance is extremely uniform in ground beetles. Total 
heat paralysis measured in a number of Harpalus, Dyshirius, Amara and 
Cicindela species occurred between 47.4 and 51.7 oC, i.e. a range of 
only 4.3 oC (Th iele, 1977). Temperature causing total heat paralysis in P. 
assimilis probably lies within the same range. Partial heat paralysis (of the 
hind legs) of P. assimilis measured in this study started at 44.4±0.6 oC. 
Taking into account that in sun-lit areas, ground surface temperatures in 
the biotope of the species may reach 50 oC and more (II), these results 
suggest that it is extremely important for P. assimilis to detect and avoid 
high sublethal and lethal temperatures to survive. 

At moderate steady temperatures, ranging from 20 to about 30 oC, the 
antennal cold-receptor neuron of P. assimilis fi res in a regular manner. 
Its mean fi ring rate decreases from 40 to 20 spikes/s with temperature 
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increase from 20 to 30 oC. At further temperature increase, the mean 
fi ring rate of the neuron stabilizes at about 20 spikes/s. Th erefore, at 
temperatures of 20 to 30 oC, the mean fi ring rate alone can uniquely code 
for temperature while the discrimination between temperatures by that 
measure above 30 oC, including high sublethal and lethal temperatures, is 
not possible. It is of interest that switching from regular mode of spiking 
to bursting mode also started at temperatures close to 30 oC, both in 
slow warming as well as in rapid warming experiments. Th e number of 
neurons fi ring in bursts increased with temperature increase. Our results 
showed that burst characteristics, such as the number of spikes and spike 
frequency within the burst, were also functions of temperature and could 
encode temperature in a graded manner at the higher end of temperatures 
tested, i.e. at 30–45 oC and higher. Th us, our results confi rmed the idea 
that regular and burst fi ring may encode diff erent aspects of the stimulus, 
in this particular instance, diff erent ranges in temperature. Further, it is 
repeatedly demonstrated that in neurons from various sensory systems 
the number of spikes within a burst and burst interspike intervals may 
correlate with particular properties of the external stimulus and may 
precisely encode stimulus intensity (DeBusk et al., 1997; Gallar et al., 
2003; Oswald et al., 2007; Eyherabide et al., 2008)

First thermoreceptor neurons out of approximately 25 located on the 
antennal fl agellum of P. assimilis started to generate spike bursts at 25–30 
oC, which is approximately 15–20 oC below that at which fi rst indications 
of heat paralysis occur, allowing the beetle early detection and escape 
from areas with a unfavourable or dangerously high temperature. Th e 
number of spike bursting neurons increased with temperature increase. 
Maximum temperature at which a certain thermoreceptor neuron of P. 
assimilis started to produce spike bursts was equal to 47 oC. Th is specifi c 
neuron continued normal functioning even at the extremely high 
temperature of 52 oC which is approximately 7–8 oC higher than the 
threshold temperature of partial paralysis of the beetle. In laboratory 
behavioural tests it was observed that this night-active insect, at 20 
oC, avoids daylight illumination and tends to stop in a shady refuge. 
When temperature was raised by some degrees above the upper limit of 
temperature preference of the species, i.e. at temperatures ranged from 20 
to 35 oC, the beetles left their refuge and started to move slowly around 
on the arena. According to how temperature was increased further, the 
locomotor activity of the beetles increased, fi nishing in a panic escape 
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at temperatures close to 40–45 oC. Th us, correlation between the high-
frequency spike bursting of the antennal cold-receptor neurons and escape 
behaviour in P. assimilis is obvious making behavioural thermoregulation 
of the beetle in its habitat with large contrasts in temperature eff ective. 

We conclude that high-frequency spike bursts produced by the antennal 
thermoreceptor neurons of P. assimilis constitute a specifi c neural code, 
signaling the occurrence of high, unfavourable or dangerous ambient 
temperatures in a graded manner. Regular spikes encode temperature 
at the lower end of thermotolerance of the species. Th ere exists a large 
variation in threshold temperature, ranging from 24 to 47 oC, at which 
diff erent antennal thermoreceptor neurons switch from regular spiking 
to bursting. As a result, the number of bursting neurons increases with 
temperature increase. Th erefore, in addition to burst characteristics, the 
total number of bursting neurons may also contain useful information 
on external temperature in P. assimilis. A relationship between the spike 
bursts and locomotor activity of the beetles was found which may have 
importance in behavioural thermoregulation of the species. At 44.4±0.6 
oC, fi rst indications of partial paralysis (of the hind legs) were observed. 
We emphasize, that in contrast to various sensory systems studied (Kepecs 
et al., 2002; Gallar et al., 2003; Oswald et al., 2004, 2007; Marsat and 
Pollack, 2006; Eyherabidae et al., 2008), the thermoreceptor neuron 
of P. assimilis has a stable and continuous burst train and no temporal 
information is encoded in the timing of the bursts.

5.3 Electrophysiological identifi cation of hygroreceptor neurons 
from the antennal campaniform sensilla in the ground beetle 

P. oblongopunctatus (IV)

We have demonstrated, for the fi rst time, that, in addition to the 
thermoreceptor (cold) neuron (Merivee et al., 2003; I, II), two 
antagonistic hygroreceptor neurons (moist and dry) innervate the 
antennal campaniform sensilla in ground beetles (IV). Th e ocurrence of 
two antagonistic hygroreceptor neurons and one thermoreceptor neuron 
forming a triad in a single sensillum has also been described in a number 
of other insects (Waldow, 1970; Tichy, 1979; Yokohari et al., 1982; 
Altner and Loftus, 1985; Tichy, 1987; Iwasaki et al., 1995). Recently, 
it was found that, in the stick beetle Carausius morosus, the antennal 
cold neurons may also respond to humidity (Tichy, 2007). However, 
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no clear sensitivity of the cold neuron to the moisture content of the 
ambient air was observed in P. oblongopunctatus. Th e response to the 
rapid changes in RH was minimal, and observed during 1 to 2 s after 
the beginning of humidity change only, probably due to the temperature 
eff ects accompanied with the method of humidity stimulation used. Th is 
feature of the cold neuron seems to be vital for epigeic insects allowing 
the perception of ambient temperature independently from humidity 
content of the air. Momentary and exact information about ambient 
temperature is extremely important for ground beetles to survive making 
eff ective behavioural thermoregulation of the beetles in their habitat with 
steep temperature gradients possible. Unfavourably high temperatures 
above 40 ºC may be quickly lethal to these insects within  less than 
a minute (Th iele, 1977; Chown and Nicolson, 2004). Recently, it was 
demonstrated that spike bursts generated by the antennal cold neurons 
in Platynus assimilis by some degrees above preferred temperatures may 
contribute to avoidance of high sublethal and lethal temperatures in this 
species (III).

Desiccation may be also dangerous for ground beetles but on a much 
longer time scale. Th e ability of ground beetles to survive in dry air 
fl uctuates over very wide limits. In 13 species, at 20% to 30% RH and 
20 ºC the survival time varied from 18 to 97 h. Th e survival time for 
the eurytopic forest inhabitant P. oblongopunctatus if kept over calcium 
chloride (residual water content 1.5 mg l-1 air) at 21 ºC was 35.6 h, 
and 18 h at 28 ºC (Th iele, 1977). Our results showed that at RH levels 
ranged from 5% to 95%, even at RH extremes, both the moist and dry 
neuron of P. oblongopunctatus did not fi re in a bursting manner similar to 
that observed in the cold neuron at high temperatures (III). 

Our results showed that the moist neuron of P. oblongopunctatus is not 
equally well suited for detecting diff erences in humidity content of the 
ambient air at diff erent humidity ranges. At the dry end (20–40% RH), 
the steady-state humidity must increase by 6.7% to raise the stationary 
fi ring rate of the moist neuron by 1 spike/s. At 40–80% RH, the 
diff erential sensitivity of the moist neuron was several times higher, an 
average change of only 2–3% in steady RH was required for an increase 
of 1 spike/s. In contrast, the diff erential sensitivity of the dry neuron was 
equally high over the whole range of RH levels tested, varying between 
2% and 3%. Similar results were obtained in the stick insect Carausius 
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morosus with average diff erential sensitivities of 16% and 5% for the 
moist and dry neuron, respectively, measured at RH levels ranging from 
0% to 96% (Tichy and Loftus, 1987). In this respect, the dry neuron 
seems better suited for the discrimination of steady-state levels of 
humidity compared to the moist neuron.

Both the moist and dry neuron can be present in the same sensillum, 
and it has been suggested that the integration of their signals in the 
CNS may be important for functional responses to altered ambient 
moisture. Regarding central processing, however, next to nothing is 
known (Altner and Loftus, 1985; Altner and Prillinger, 1980; Chown 
and Terblanche, 2007). Some authors (Altner and Prillinger, 1980; 
Altner and Loftus, 1985) have supposed that the signifi cance of two 
antagonistic hygroreceptor neurons is probably to be sought in the 
time required for information transfer. Th e problem is to keep up with 
events. Both high and low impulse frequencies can serve as vehicles to 
convey information. But the lower the frequency, the longer it takes 
to do so. Since, in both moist and dry ambient air, the frequency of 
one of the hygroreceptor neurons is always high, information can be 
properly supplied on and during both directions of humidity change 
by one or the other neuron. Our data obtained in P. oblongopunctatus 
did not support this supposition because at steady-state humidity levels 
ranged from 20% to 80% the fi ring rate of the dry neuron remained 
always remarkably higher compared to that of the moist neuron except 
for at 80% when the spike production of the two hygroreceptor neurons 
almost equalized approximately at the rate of 25 spikes/s. Approximately 
equal rate of spike production of the two neurons was observed even at 
95% of RH in the experiments when humidity was suddenly increased 
from 40% to 95%.

We suppose that the diff erence of fi ring rates of the two hygroreceptor 
neurons may be important in insect hygrosensation. Our data obtained 
in P. oblongopunctatus showed that the diff erence of fi ring rates of the 
two neurons changed more rapidly than the fi ring rates of either of the 
neurons separately i.e. the binary system was more sensitive to humidity 
diff erences than the moist and dry neuron alone. Computing the 
diff erence of spike frequencies from diff erent inputs is a common feature 
of CNS in insects. Neural integration of sensory input is thoroughly 
studied in their chemoreceptor systems. For example, chemosensory 
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input guiding feeding preferences in phytophagous insects consist 
of positive (stimulant) and negative (deterrent) signals from various 
chemical stimuli, and changes in the balance of these chemicals may 
change preference (Schoonhoven and van Loon, 2002; Chapman, 
2003).

Another advantage of the binary system composed of two antagonistic 
hygroreceptor neurons is that it guarantees immedi-ate and strong 
phasic-tonic response to rapid humidity changes in either direction. In 
the hygrosensing system, high instant spike frequencies of the phasic 
component of the response would allow detection of subtle step-changes 
in humidity with greater sensitivity than diff erences in steady-state values 
of humidity in carabids as well in other insects, for example, in Drosophila 
(Liu et al., 2007). Th us, construction of the hygrosensing system with 
opposing receptor neurons may allow the insects to sensitively detect 
environmental humidity diff erences critical for habitat and microhabitat 
selection, and survival.
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6. CONCLUSIONS

1. By electrophysiological experiments, the thermoreceptor (cold) neuron 
was identifi ed in the antennal campaniform sensilla of the ground beetles 
P. cupreus, A. dorsalis, A. muelleri and P. assimilis (I, II). 

2. Th e stationary fi ring rate of the cold neuron depends on temperature 
and may code ambient temperature in P. assimilis and P. oblongopuncatus, 
but not in P. cupreus, A. dorsalis and A. muelleri, at certain ranges of 
temperature, at least (I, II).

3. In all the fi ve ground beetles studied, two characteristics of the response 
of the cold neuron to rapid cooling (the peak frequency of the initial spike 
burst and the mean fi ring rates at the beginning of the response) depend 
on the rate of temperature decrease and may contain useful information 
on the rapid change in ambient temperature (I, II).

4. Th e length of the long interspike period at the beginning of the 
response of the cold neuron to rapid warming is a positive function of 
the extent of rapid temperature increase in all the fi ve ground beetles 
studied and may also contain essential information on the rapid ambient 
temperature change(I, II).
 
5. Conspicuous diff erences between the responses of the stenothermic 
forest species (P. oblongopunctatus, P. assimilis) and  the eurythermic open 
fi eld species (P. cupreus, A. dorsalis, A. muelleri) to steady temperature 
and rapid changes in it were found, in Pterostichini as well in Platynini 
(I, II).

6. For the fi rst time, temperature dependent high-frequency spike 
bursting of the thermoreceptor neuron was demonstrated in a non-
bloodsucking arthropod (P. assimilis) (III).

7. Th e number of spikes in the burst and spike frequency within the burst 
were temperature dependent and may precisely encode unfavourably or 
dangerously high temperatures in a graded manner (III).

8. Th e threshold temperature of spike bursting varied in diff erent 
neurons from 25 to 47 oC. As a result, the number of bursting neurons 



40

increased with temperature increase. Th erefore, in addition to the burst 
characteristics, the total number of bursting neurons may also contain 
useful information on external temperature (III).

9. Th e link between spike burst generation by the cold neuron and 
locomotor activity in P. assimilis was found and may have importance in 
behavioural thermoregulation of the species (III). 

10. In contrast to various sensory systems studied, the thermoreceptor 
neuron of P. assimilis has a stable and continuous burst train, no temporal 
information is encoded in the timing of the bursts (IV).

11. For the fi rst time, in ground beetles (P. oblongopunctatus), two 
antagonistically responding hygroreceptor neurons (moist and dry 
neuron) were electrophysiologically identifi ed (IV).

12. For the fi rst time, it was demonstrated that the binary system of 
two antagonistic hygroreceptor neurons discriminates diff erences 
between steady-state humidity levels more sensitively than either neuron 
separately (IV). 

13. Th e binary system of two antagonistic hygroreceptor neurons 
guarantees immediate and strong phasic-tonic response to rapid humidity 
changes in either direction. In the hygrosensing system of ground beetles, 
this would allow detection of subtle step-changes in humidity with greater 
sensitivity than diff erences in steady-state values of humidity (IV).
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SUMMARY IN ESTONIAN

JOOKSIKLASTE (COLEOPTERA, CARABIDAE)
TERMO- JA HÜGRORETSEPTSIOON 

Jooksiklasi esineb arvukalt ja liigirikkalt põllumajandusmaadel, kus 
nad röövtoiduliste putukatena on taimekahjurite tähtsad looduslikud 
vaenlased. Väliskeskkonna abiootilistest teguritest on temperatuur ning 
niiskus- ja valgustingimused määrava tähtsusega nende geograafi lisel 
ja ökoloogilisel levikul. Jooksiklaste elupaiga valiku aluseks olevaid 
käitumuslikke ja neurofüsioloogilisi mehhanisme on seni vähe uuritud, 
samas nende mehhanismide tundmine võimaldaks efektiivsemalt 
manipuleerida nende kasulike putukate käitumise ja populatsioonidega 
mahepõllunduse ja integreeritud kahjuritõrje tingimustes.

Jooksiklaste eelistemperatuuride vahemik on üsna kitsas. Enamiku liikide 
jaoks jääb see 15 oC piiridesse ja ainult harva on see vahemik 20 oC. Valdav 
osa metsa- ja avamaastiku jooksiklasi eelistab temperatuure vahemikus 10–
30 oC, vähesed liigid vahemikus 30–40 oC ja vaid üksikud liigid eelistavad 
kõrgemaid temperatuure. Vastavalt sellele, kas eelistemperatuuride 
vahemik on kitsas või lai, jagunevad liigid eurü- ja stenotermseteks. 
Temperatuuri taluvuse ülemine piir on jooksiklastel äärmiselt ühtlane. 
Üldine termoparalüüs algab erinevatel liikidel 47,4–51,7 oC juures.

Maapinnal päikesepaistelistes kohtades võivad temperatuuri gradiendid 
olla äärmiselt järsud ja maksimaalsed temperatuurid küündida üle 50 ºC. 
Päikesekiirguse ja kõrgete välistemperatuuride mõjul võib nende pisikeste 
kõigusoojaste loomade kehatemperatuur kiiresti tõusta letaalsele tasemele. 
Lisaks mitmesugustele termotolerantsi mehhanismidele on kõigusoojastel 
loomadel rida füsioloogilisi ja käitumuslikke termoregulatsiooni 
mehhanisme, mis aitavad vältida keha ülekuumenemist. Seepärast 
peavad kõigusoojased loomad saama kiiret ja adekvaatset informatsiooni 
välistemperatuuride, eriti ohtlikult kõrgete temperatuuride kohta. Kõrgete  
temperatuuride vältimine on ellujäämise seisukohalt otsustava tähtsusega. 
Välistemperatuuride tajumine on eriti tähtis jooksiklastel, kellel esineb 
käitumuslik termoregulatsioon. Vaatamata sellele, et termoretseptsioon 
on termoregulatsiooni oluline osa, on seda lülijalgsetel sh. jooksiklastel 
vähe uuritud. Väga vähe on andmeid, kuidas toimub ebasoodsalt kõrgete 
temperatuuride retseptsioon nendel loomadel.
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Läbikuivamine on putukatele samuti äärmiselt ohtlik, kuid võrreldes 
kõrgete temperatuuride hukatusliku mõjuga toimub see palju pikemas 
ajaskaalas. Hügroreteptorite olemasolu on elektrofüsioloogiliste 
katsetega näidatud paljudel putukatel. Harilikult esineb neil kaks 
niiskusele antagonistlikult reageerivat neuronit (kuiva ja niiske õhu 
neuron) koos ühes ja samas sensillis. Käitumiskatsetega on näidatud, et 
jooksiklastel on väga hästi arenenud võime tajuda väikseid õhuniiskuse 
erinevusi ja nad võivad kasutada niiskuse gradienti orienteerumiseks, et 
vältida ebasoodsaid ja valida soodsaid elu- ja varjepaiku. Kahjuks pole 
neurofüsioloogiliste katsetega hügrotseptorite olemasolu jooksiklastel 
seni näidatud.

Putukate termo- ja hügroretseptorid võivad paikneda kõikjal nende keha 
pinnal, peamiselt aga siiski tundlatel. Harilikult asuvad temperatuuri 
ja niiskustundlikud neuronid koos ühes ja samas sensillis. Jooksiklaste 
tundlate morfoloogiat on suhteliselt hästi uuritud, mis on loonud 
eeldused antennaalsete sensillide funktsiooni uurimiseks. Eelnevalt 
on elektrofüsioloogiliste katsetega näidatud, et jooksiklase P. aethiops 
tundlate kuppeljates sensillides paikneb temperatuuritundlik neuron, 
mis reaktsiooni tüübilt on faasilis-tooniline külmaneuron, mille 
närviimpulsside sagedus hüppeliselt tõuseb puutudes kokku temperatuuri 
järsu langusega ja vastupidi, järsk soojendamine pärsib nende neuraalset 
aktiivsust. Pole siiski selge, kuidas talitlevad antennaalsed termoretseptorid 
erineva elupaiga ja temperatuuri eelistusega ning ööpäevase aktiivsuse 
rütmiga jooksiklastel.

Käesoleva doktoritöö eesmärgid olid:
1) võrrelda erineva elupaigaeelistuse ja ööpäevase aktiivsusega 

jooksiklaste antennaalsete termoretseptorite reaktsioone 
temperatuuri muutustele erinevatesse triibustesse (Platynini ja 
Pterostichini) kuuluvatel liikidel;

2) selgitada, kuidas toimub ebasoodsalt kõrgete välistemperatuuride 
kodeerimine jooksiklaste antennaalsetes termoretseptorites;

3) selgitada ebasoodsalt kõrgete temperatuuride mõju jooksiklaste 
lokomotoorsele aktiivsusele;

4) testida antenaalseid kuppeljaid sensille innerveerivate neuronite 
reaktsioone õhu relatiivsele niiskusele ja selle järskudele muutustele 
jooksiklastel.
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Katsed viidi läbi viie jooksiklase liigiga triibustest Pterostichini ja 
Platynini. Triibusest Pterostichini võeti katsesse kaks liiki: Pterostichus 
oblongopunctatus ja Poecilus cupreus. P. oblongopunctatus on öise 
aktiivsusega stenotermne metsaliik ja P. cupreus on päevase aktiivsusega 
eurütermne avamaaliik. Triibusest Platynini võeti vaatluse alla kolm 
liiki: Anchomenus dorsalis, Agonum mülleri ja Platynus assimilis. A. 
dorsalis on päevase aktiivsusega eurütermne avamaaliik ja P. assimilis on 
öise aktiivsusega stenotermne metsaliik. Eurütermne avamaastikuliik 
A. mülleri võib olla aktiivne nii päeval kui öösel. Katsemardikad koguti 
kohalikest populatsioonidest Lõuna–Eestist.

Elektrofüsioloogilistes katsetes mõõdeti neuronite reaktsioone kasutades 
üksiku sensilli närvi-impulsside rakuvälise registreerimise meetodit. 
Kuppeljaid sensille soojendati ja jahutati õhujugadega, mille kiirus oli 2 
m/s ja mille temperatuuri muudeti vastavalt katsetingimustele vahemikus 
20–50 oC. Temperatuuri mõõtmiseks kasutati tundlikku termopaari. 
Niiskuskatsetes muudeti õhujugade suhtelist niiskussisaldust vastavalt 
katsetingimusetele vahemikus 5–95%. Neuronite reaktsiooni mõõdeti 
toimepotentsiaalide arvuna sekundis (imp/s). Närviimpulsside tippsagedus 
(Hz) arvutati impulssidevaheliste perioodide pöördväärtusena. Andmete 
analüüsimisel kasutati erinevaid statistilisi teste, kasutades arvutitarkvara 
Statistica (StatSoft, Inc., USA). Käitumiskatsed viidi läbi spetsiaalselt 
disainitud areenidel. Mardikate käitumist erinevatel temperatuuridel 
videofi lmiti 12 kaadrit/s. Lokomotoorse aktiivsuse parameetrite 
leidmiseks analüüsiti saadud videomaterjali kaaderhaaval.

Elektrofüsioloogiliste katsete tulemusena tehti kindlaks 
temperatuuritundliku neuroni olemasolu jooksiklaste P. cupreus, A. 
dorsalis, A. mülleri, P. assimilis antennaalsetes kuppeljates sensillides.
Reaktsioonitüübilt on need faasilis-toonilised külmaneuronid, mida 
on leitud ka paljude teiste putukate tundlasensillides, kaasa arvatud 
jooksiklastel P. aethiops ja P. oblongopunctatus. 

Ökoloogiliste nõudluste poolest erinevate jooksiklaste külmaneuronite 
impulssaktiivsust mõõdeti ja võrreldi vahemikus 23–39 oC. 
Külmaneuronite statsionaarne impulssaktiivus 23 oC juures oli suhteliselt 
madal süsijooksikutel P. oblongopunctatus ja P. cupreus ning ketasjooksikul 
P. assimilis varieerudes vahemikus 22–26 imp/s. Tunduvalt kõrgem oli 
see ketasjooksikutel 
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A. mülleri ja A. dorsalis – 42 imp/s. Uuritud liikide külmaneuroni 
reaktsiooni-/temperatuuri- kõverad jagunesid kahte põhitüüpi. 
Stenotermsete metsaliikide P. oblongopuncatus ja P. assimilis 
külmaneuronite impulssaktiivsus langes koos temperatuuri tõusuga 
peaaegu lineaarselt. Samasugust külmaneuroni impulssaktiivsuse sageduse 
korrelatsiooni temperatuuriga vahemikus 20–40 oC on täheldatud ka 
mõnedel teistel putukatel, näiteks mesilasel Apis mellifi ca. Nende rakkude 
impulssaktiivsus kaob harilikult temperatuuridel 40–45 oC. Seda tüüpi 
termoretseptorid võimaldavad putukatel tajuda välistemperatuuride 
erinevusi, kasutada temperatuuri gradiente orienteerumiseks ja soodsate 
varjepaikade leidmiseks.

Eurütermsetel avamaastiku jooksiklastel A. dorsalis ja A. mülleri ei sõltunud 
külmaneuroni statsionaarne impulss-sagedus temperatuurist vastavalt 
vahemikes 23–27 oC ja 23–31 oC. Kõrgematel temperatuuridel täheldati 
siiski olulist impulss-aktiivsuse langust. Liigil P. cupreus oli reaktsiooni-/
temperatuurikõver üsna sarnane nendele, mida täheldati liikidel A. dorsalis 
ja A. mülleri. Külmaneuroni keskmise impulssaktiivuse ja temperatuuri 
vahelise seose puudumist on täheldatud ka mõnedel teistel putukatel, 
näiteks tarakanil Periplaneta americana. Seega näib, et elupaiga tajumine 
laias mõõdukate temperatuuride vahemikus on käitumuslikult tähtsam 
stenotermsetele metsajooksiklastele kui eurütermsetele avamaastiku 
liikidele. Samas, püsitemperatuuride eristamise võime seos nende liikide 
ööpäevase aktiivsuse rütmidega näib puuduvat.

Järsul jahutamisel (Δt=0,5–15 oC) sõltusid kõigi viie uuritud jooksiklase 
külmaneuroni reaktsiooni kaks karakteristikut (reaktsiooni faasilise 
alguse tippsagedus, reaktsiooni alguse impulss-aktiivsus) jahutamise 
määrast (Δt), mistõttu need karakteristikud võivad sisaldada putukale 
kasulikku informatsiooni temperatuuri muutuse kohta. Närvi-
impulsside maksimaalseid tippsagedusi täheldati 15 oC jahutamisel, 
mis olenevalt liigist ulatusid 420–650 Hz. Eürutermsete avamaastiku 
jooksiklaste külmaneuroni närviimpulsside tippsagedused ja reaktsiooni 
alguse impulssaktiivsused olid märgatavalt kõrgemad kui stenotermsetel 
metsaliikidel, nii triibuses Pterostichini kui ka Platynini. 

Järsule soojendamisele reageerisid külmaneuronid lühema või pikema 
vaikusperioodiga, mil närvi-impulsse ei genereeritud. Vaikusperioodi 
pikkus oli temperatuuri kiire tõusu määra (Δt) positiivne funktsioon, 
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mistõttu see reaktsiooni karakteristik võib samuti sisaldada informastiooni 
temperatuuri muutuste kohta. Eurütermsete avamaastiku jooksiklaste 
antennaalsete külmaneuronite vaikusperioodid olid tunduvalt lühemad 
kui stenotermsetel metsaliikidel nii triibuses Pterostichini kui ka 
Platynini. Kuna teiste putukarühmade kohta vastavad võrdlusandmed 
puuduvad, ei võimalda saadud andmed laiemaid üldistusi teha.

Käesolevas töös demonstreeriti esmakordselt temperatuurist sõltuvaid 
kõrgsageduslikke impulss-valanguid mitte-verdimevate lülijalgsete 
külmaneuronitel (P. assimilis). Närviimpulsside arv ja sagedus valangus 
sõltusid temperatuurist, mis võimaldavad jooksiklastel gradueeritud viisil 
täpselt kodeerida ebasoodsalt või ohtlikult kõrgeid välistemperatuure. 
Sensoorsete neuronite valangulisust on varem täheldatud elektrikala 
A. leptorhyncus püramidaalneuronitel, ritsika Teleogryllus oceanicus ning 
rohutirtsu Locusta migratoria auditoorsetel neuronitel jt. Nende liikide 
puhul on vastavate neuronite valangute esinemine ajastatud välistiimuli 
stiimulivõnke maksimumiga, elektrikalal elektrivälja ja ritsikal ning 
rohutirtsul helivõnke maksimumiga. Erinevalt nendest võivad jooksiklase 
P. assimilis külmaneuroni valangute jadad olla stabiilsed ja pidevad, 
valangute ajastamine ei kodeeri ajalist informatsiooni. 

Katseandmed näitasid, et jooksiklase P. assimilis külmaneuronid ei 
hakka valanguid genereerima üheaegselt. Lävitemperatuur, mille 
juures regulaarne impulssaktiivsus lülitus ümber valanguliseks, 
varieerus erinevatel külmaneuronitel 25–47 oC piires. Selle tulemusena 
valanguliste neuronite arv suurenes koos temperatuuri tõusuga. Seetõttu, 
lisaks impulssvalangu karakteristikutele (närviimpulsside arv ja sagedus 
valangus) võib valanguliste neuronite arv  samuti sisaldada kasulikku 
informatsiooni välistemperatuuri kohta. Leiti seos külmaneuroni 
valangulise aktiivsuse ja mardika lokomotoorse aktiivsuse vahel, mis võib 
omada tähtsust liigi käitumuslikus termoregulatsioonis.

Esmakordselt identifi tseeriti kahe antagonistliku hügroneuroni (niiske ja 
kuiva õhu neuron) olemasolu jooksiklastel. Jooksiklase P. oblongopunctatus 
antennaalses kuppeljas sensillis paiknev kuiva õhu neuron reageeris 
õhu relatiivse niiskuse langusele impulss-sageduse tõusuga ja vastupidi, 
õhuniiskuse tõusuga kaasnes neuroni impulss-sageduse langus. Niiske 
õhu neuron reageeris õhuniiskuse tõusule impulss-sageduse tõusuga 
ja vastupidi, õhuniiskuse langus kutsus esile neuroni impulss-sageduse 
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languse. Saadud tulemused on heas kooskõlas kirjanduse andmetega, 
sarnaseid kahe antagonistliku hügroneuroni ja külmaneuroni triaade on 
täheldatud ka paljude teiste putukate antennaalsetes sensillides.

Käesolevas töös näidati esmakordselt, et kahe antagonistliku hügroneuroni 
binaarne süsteem eristab õhu relatiivse niiskuse erinevusi tundlikumalt kui 
kumbki neuron eraldi. Antagonistlike hügroneuronite binaarne süsteem 
garanteerib momentse ja tugeva faasilis-toonilise reaktsiooni õhuniiskuse 
kiiretele muutustele mõlemas suunas. Selline hügroneuronite süsteem 
võimaldab jooksiklastel ja teistel putukatel tajuda kiireid õhuniiskuse 
muutusi tundlikumalt kui erinevusi konstantsete õhuniiskuste väärtuste 
vahel.
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Electrophysiological responses of the antennal
campaniform sensilla to rapid changes of temperature
in the ground beetles Pterostichus oblongopunctatus
and Poecilus cupreus (Tribe Pterostichini) with
different ecological preferences
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Abstract. Cold cells innervating antennal campaniform sensilla of the ground
beetles Pterostichus oblongopunctatus (Fabricius, 1787) and Poecilus cupreus
(Linnaeus, 1758) belonging to the tribe Pterostichini fire at a stationary rate of
22–23 imp s�1 at 23 �C. In P. oblongopunctatus, there is a strong negative corre-
lation between the stationary firing rate of the cold cell and temperature. By
contrast, no relationship between the firing rate and temperature is observed in
P. cupreus. Mean peak frequencies, reaching up to nearly 500 Hz, and first-
second firing rates, reaching up to 140 imp s�1, are observed at the beginning
of the phasic-tonic response to rapid cooling of the cold cells of P. cupreus, which
are significantly higher than those for P. oblongopunctatus. However, firing rates
of the cold cells of the two ground beetles studied do not differ 3 s later, during
the tonic stabilization period of the response. The length of the long interspike
period, lasting up to several seconds, at the beginning of rapid warming, is a
positive function of the extent of change in temperature, and is longer in
P. oblongopunctatus than in P. cupreus. These differences in the responses of the
cold cells are related to the ecological preferences of the two ground beetles.

Key words. Action potential rate, cold cell, long interspike period, peak
frequency, single sensillum recording.

Introduction

Although microclimatic conditions such as temperature,
light and humidity strongly affect habitat selection and
other behavioural activities of insects, morphological, elec-

trophysiological as well as behavioural aspects of thermo-
reception are poorly understood in these animals, including

ground beetles (Thiele, 1977; Chapman, 1998). On a sunny
midday with an air temperature of 22 �C, maximum tem-

peratures of the soil surface heated by the sun in the habi-
tats of diurnally active Poecilus cupreus (Linnaeus, 1758)
reach up to 55 �C. The temperature of the soil surface in

the shadow of plants varies between 16 and 25 �C depend-
ing on the height and density of vegetation. Minimum
temperatures recorded at a depth of 2–3 cm, in places

where thick vegetation shades the ground, are 14–16 �C.
Thus, differences between the temperature extremes
reach up to 40 �C (Merivee E. and Must A., unpublished
data). The running speed of the ground beetles of the tribe

Platynini measured at 20 �C is rather high: 8.1 and 9.9 cm s�1,
respectively, in Anchomenus dorsalis (Pontoppidan, 1763)
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and Platynus assimilis (Paykull, 1790). In Pterostichus niger
(Schaller, 1783) and P. cupreus (Pterostichini) the running
speed is even higher: 16.1 and 10.6 cm s�1, respectively

(Thiele, 1977). Consequently, during 1 s, fast running
ground beetles may encounter these temperature extremes
several times.

Ground beetles live in habitats with an extremely wide
range of temperature conditions, from arctic and alpine
zones to deserts and tropical regions. Some are diurnal,

whereas others are nocturnal. The occurrence of certain
preferences for ambient temperature is demonstrated in a
number of species (Thiele, 1977). Therefore, ground beetles
are suitable insects for evaluating adaptive radiation of

insect cold cells.
In the ground beetle Pterostichus aethiops (Panzer, 1796),

in single sensillum electrophysiological experiments, one of

the cells innervating tiny campaniform sensilla (8–10 mm in
diameter) on their antennae sensitively responds to rapid
cooling and warming. By reaction type, this cell is classified

as a phasic-tonic cold receptor (Merivee et al., 2003).
Morphologically similar campaniform sensilla are found
on the antennae of a number of other ground beetles as
well. There is a group of these sensilla at the very tip of the

terminal flagellomere and up to four sensilla ventrally on
each of the proximal flagellomeres (Kim and Yamasaki,
1996; Merivee et al., 2000, 2001, 2002). Terminal sensilla

are especially favourable for single sensillum electrophysio-
logical studies because they are easily detectable and obser-
vable under a light microscope from above, and accessible

for micromanipulations from the side.
In P. aethiops, it has been demonstrated that the

response characteristics, such as action potential rate

(imp s�1) and peak frequency (Hz) at the beginning of
rapid cooling, and the length of the long interspike period
at the beginning of rapid warming, are all functions of the
extent of temperature change, and vary in different bee-

tles. Unfortunately, no mean response characteristics
have been calculated for this species (Merivee et al.,
2003). In the present study, these mean response charac-

teristics of the thermoreceptive cells innervating antennal
campaniform sensilla of the ground beetles Pterostichus
oblongopunctatus (Fabricius, 1787) and P. cupreus are

reported, allowing a comparison of the responses of
these two species. Some differences in the responses of
their antennal campaniform thermoreceptors could be

expected because these ground beetles prefer habitats
with different temperature conditions, and have different
daily activity rhythms. Poecilus cupreus is a species of the
open countryside, predominantly active at daytime (day

activity of 45–100%), whereas the predominantly noctur-
nal P. oblongopunctatus is a forest species (day activity of
30–45%) (Thiele, 1977). They are abundant in agricul-

tural habitats and may have importance as biological
control agents of pest insects (Thiele, 1977; Kromp,
1999; Symondson et al., 2002). The present study is the

first attempt to compare responses of thermoreceptors
with temperature changes in insects with different ecolo-
gical preferences.

Materials and methods

Test beetles

Test beetles, 10–13 mm in length, were collected at a
forest margin in southern Estonia in April 2003 and 2004,

and maintained in plastic boxes with moistened sand and
moss at �2 �C for a 2 weeks before the tests. Two or three
days before the electrophysiological experiments, the bee-

tles were kept in similar boxes at þ23 �C (room
temperature).
Test beetles were immobilized by placing them tightly

into a special conical tube made of thin sheet-aluminium.

The size of the tube allowed their head and antennae to
protrude only slightly from the narrower end of the tube.
The wider rear end of the conical tube was blocked with a

piece of plasticine to prevent the beetle from retreating out.
The antennae of immobilized intact beetles were fastened
horizontally on the edge of a special aluminium stand with

tiny amounts of beeswax, so that campaniform sensilla at
the tip of the antenna were visible from above under a light
microscope at � 600 magnification, well exposed to cooling
and warming airstreams, and easily accessible for micro-

electrode manipulations from the side.

Single sensillum recordings

Tungsten wire (0.1 mm diameter) microelectrodes were
sharpened electrolytically in a highly concentrated KOH
solution. To achieve good signal to noise ratio, the indif-
ferent electrode was inserted into the antennal lumen in the

central part of the terminal flagellomere, close to the
recording electrode. The recording electrode, approxi-
mately 1 mm in diameter at a distance of 5 mm from the

tip, was forced into the tiny campaniform sensillum base at
the tip of the terminal flagellomere, just far enough to
establish electrical contact. Two mechanical micromani-

pulators were used for all microelectrode manipulations
under visual control with a light microscope at � 600
magnification.
The amplified and band-pass filtered analogue signal was

observed on an oscilloscope screen and transferred to a
computer hard disk via an analogue-to-digital input board
DAS-1401 (Keithley, Taunton, MA) for data acquisition,

storage, and analysis using TestPoint software (Capital
Equipment Corp., Billerica, MA). A sampling rate of
10 kHz was used for sampling data.

Stimulation and temperature control

Two air streams with different temperatures, emerging at
2 m s�1 from two copper tubes with an inner diameter of

2.5 mm, were utilized for rapid cooling and warming of the
campaniform sensilla. The tube orifices were placed 10 mm
from the tip of the terminal flagellomere. The temperature

of the hot tube was changed gradually by a heating coil at
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its inlet, connected to a low voltage current transformer. To
reduce heat exchange with room temperature, the outlet
part of the hot tube was thermally insulated by a thick-

walled rubber tube. The temperature of the other tube was
equal to the room temperature (23 �C). Rapid changes in
temperature were produced by presetting the temperature

of the air streams and switching rapidly between them.
Calculated duration of switching, taking into account the
speeds of the air streams was approximately 5 ms. An

electromagnetic air valve (Humphrey Products, MI) and a
digital timer (Kaiser, Germany) were used for switching.
The air from a small gas pump Fp 09 (VEB ELMET,

Hettstedt, Germany) was cleaned by a carbon filter. The
signals picked up by the recording electrode, as well as
those generated by a thermocouple circuit, were recorded
simultaneously for 10 s, starting approximately 2 s before

and finishing 2 s after the warming or cooling period,
respectively.
In cooling test series, the initial temperature was

increased gradually to a new constant temperature from
23 to 38–40 �C (Dt ¼ 15–17 �C). The cooling temperature
was held constant at room temperature (23 �C). By con-

trast, in warming experiments, the initial temperature was
not changed and the warming temperature was gradually
increased from 23 to 38–40 �C (Dt ¼ 15–17 �C). When the
temperature jumped to a new constant level, stabilization of

the firing rate of the thermocell took up to 1–2 min.
Therefore, before each temperature change, the initial tem-
perature of the airstream blowing over the tip of the

antenna was held constant for 2–3 min to guarantee full
adaptation of the thermoreceptor. In this context, for
clarity, the term ‘steady temperature’ was used when the

temperature was held constant for 2 min or more. The
respective stabilized rate of firing of the cell was temed as
the ‘stationary firing rate’.

Temperature measurement

Both the terminal campaniform sensilla and one junction
of a copper-constantan thermocouple made of 0.1-mm wire

were placed at the intersection of the two air streams using
special centring rods, with the thermocouple junction 1 mm
away from the inserted recording microelectrode. The sec-
ond junction of the thermocouple was at room temperature

(23 �C). The signal generated by the temperature difference
was amplified by a thermocouple circuit and led to the
second channel of the DAQ board DAS-1401 and stored

on hard disk for further data management and calculation
of the temperature.

Data management and analysis

Action potentials from up to three sensory cells innervat-
ing antennal campaniform sensilla were distinguished by
differences in spike amplitudes. Several most crucial

response characteristics of the thermosensitive cell were

measured in rapid cooling and warming experiments using
TestPoint and Statistica (StatSoft Inc., Baltimore, MD)
software: peak frequency values at various Dt, firing rates

per first and fourth second of the response in cooling
experiments, and duration of the long interspike period in
warming experiments. Firing rate per first second of the

response includes an initial, pronounced burst of action
potentials lasting up to 200 ms. The fourth-second firing
rate characterizes the response at the beginning of the slow

stabilization period lasting up to 2 min. The firing rate was
expressed as the number of spikes per second (imp s�1).
The frequency (Hz) of spikes was calculated as the recipro-

cal of the period between two successive spikes. Peak fre-
quency was defined as a spike with the highest frequency
value in the initial burst of the response. The long inter-
spike period at the beginning of rapid warming was mea-

sured in seconds (Fig. 1).
The quadratic regression functions were calculated for

each series of data points obtained in the cooling experi-

ments (Fig. 2). New values of the functions were interpo-
lated at fixed temperature changes of 0.5, 1.0, 2.0, 5.0, 10.0
and 15.0 �C, respectively, which allowed mean response

characteristics of the ground beetle species studied to be
calculated, and a comparison of the mean responses of
different species. Similarily, in warming experiments,
mean temperature rises necessary to cause long interspike

periods of 1, 2, 3 and 4 s, respectively, were calculated for
both species studied. A t-test and analysis of variance
(ANOVA) were used to calculate significantly different

means. Data were log-transformed for normalization. All
mean response characteristics were accompanied by stan-
dard error (SE). Responses of one campaniform sensillum

were recorded from each test beetle.

Results

General remarks on the campaniform sensilla studied

Five to six tiny campaniform sensilla were observed
located at the apical margin of the terminal flagellomere

in the ground beetles P. oblongopunctatus and P. cupreus.
In single-sensillum electrophysiological recordings, action
potentials of up to three cells, identified as an A-, B- and C-

cell, were observed. The A-cell generated action potentials
with the largest amplitude (Fig. 3). Only the A-cell was
highly sensitive to rapid changes of temperature. This cell

responded to decrease in temperature with phasic-tonic
increase of its firing rate, and vice versa, action potential
rate decreased in response to temperature increase.

Therefore, it was termed the cold cell (Fig. 1). Mean sta-
tionary firing rate of the A-cell at room temperature
(23 �C), measured at the beginning of the experiments,
was 22.3 � 2.3 and 22.9 � 1.9 imp s�1 in P. cupreus and

P. oblongopunctatus, respectively. The difference was not
significant (one-way ANOVA: SS ¼ 1.607, d.f. ¼ 1,
F ¼ 0.0287, P ¼ 0.8676). Impulse activity of the B- and

C-cells was also influenced by temperature changes to
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some degree but the responses were without any clear pha-

sic component, and frequently unpredictable. The B- and
C-cells do not appear to function as thermocells, and their
responses were not analysed.

Response of the cold cell to rapid cooling

In cooling experiments, three response characteristics of
the cold cell were measured and analysed: (i) peak fre-
quency of the initial phasic component and the (ii) first-

second and (iii) fourth-second firing rates (Fig. 1). The
initial burst of the sequence of action potentials at the
beginning of a rapid decrease in temperature was the most

visible response of the cold cell. A distinct phasic

component of the response was evoked already by very
small changes in the temperature. For example, its peak
frequency values reached up to 40–70 and 40–120 Hz for a

rapid drop of 0.1 �C in P. oblongopunctatus and P. cupreus,
respectively. These were two- to four-fold higher than fre-
quencies observed at 23 �C steady temperature. These peak

frequencies increased substantially with the increasing tem-
perature difference between the initial and cooling tempera-
tures. Maximum peak frequencies, reaching up to 590 and

630 Hz in P. oblongopunctatus and P. cupreus, respectively,
were observed at a decrease of 15–16 �C. Mean peak
frequencies generated by the cold cell at rapid drops of
temperature are summarized in (Fig. 4). Significantly

higher mean peak frequencies were observed in the ground

Fig. 2. Typical responses of the cold cell to rapid drops in tem-

perature in the ground beetle Pterostichus oblongopunctatus. Rates

of firing during the first second of the response were measured.

Response curves were positively correlated with temperature

changes. Quadratic regression functions were calculated for each

series of data points obtained in experiments. New values of the

functions were interpolated over a range of fixed changes in tem-

perature, which allowed mean response characteristics of the

ground beetle species studied to be calculated, and mean responses

of different species to be compared.

Fig. 3. Action potentials recorded from the antennal campaniform

sensillum of the ground beetle, Pterostichus oblongopunctatus.

(A–C) Showing action potentials of the A-, B- and C-cells, respec-

tively. The spikes with the largest amplitude were generated by the

cold cell (A-cell).

Fig. 1. Typical responses of the cold cell to a rapid decrease and

increase in temperature in the ground beetle Pterostichus oblongo-

punctatus. (A) In cooling experiments, the response characteristics

measured were: peak frequency (Hz) of the initial burst of action

potentials at the beginning of the response; firing rates (imp s�1)

during the first and fourth second of the response. (B) The first

event observed in the response of the cold cell to rapid warming

was a very long interspike period (LP) followed by a diminished

neural activity compared with the activity recorded at the 23 �C
(t1). Temperature rises necessary to evoke LP of 1–4 s were

measured.
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beetle P. cupreus (two-way ANOVA: SS ¼ 0.482, d.f. ¼ 1,

F ¼ 4.45, P ¼ 0.0374).
High frequencies observed in the short initial burst of

action potentials stabilized quickly at a much lower level
but nevertheless remained higher over the whole 5-s cooling

period than at a steady temperature of 23 �C. Mean firing
rates of the cold cell during the first second of the response
at fixed, rapid decreases of temperature are presented in

(Fig. 5). Significantly higher first-second firing rates were
generated by P. cupreus compared with P. oblongopunctatus
(two-way ANOVA: SS ¼ 1.1381, d.f. ¼ 1, F ¼ 9.887,

P ¼ 0.0022) (Fig. 5A).
Firing rates of the cold cells of the two ground beetles

studied did not differ significantly during the fourth second

of the response (two-way ANOVA: SS ¼ 0.0060, d.f. ¼ 1,
F ¼ 0.080, P ¼ 0.7782) (Fig. 5B). Similari to the first sec-
ond response, fourth-second firing rates increased with Dt
increase. The values remained significantly higher than

firing rates at a steady temperature of 23 �C over the
whole range of temperature drops tested. A paired
t-test was used to compare responses at 23 and 23.5 �C
(t ¼�12.2143, d.f. ¼ 7, P ¼ 0.0000 and T ¼ �6.3723,
d.f. ¼ 7, P ¼ 0.0004 in the P. oblongopunctatus and
P. cupreus, respectively).

Response of the cold cell to rapid warming

The first event observed in the response of the cold cell to

a rapid increase in temperature was a very long interspike
period. Thereafter, the action potentials appeared again,
but with a considerably lower frequencies than prior to
warming at a steady temperature of 23 �C. Gradually, the

interspike periods grew shorter (Fig. 1). Detectable changes
in the sequence of action potentials were observed even at
rapid 0.05–0.1 �C rises in temperature. Greater rises in

temperature caused a longer long interspike period

followed by a lower rate of firing. Rises in temperature

necessary to evoke long interspike period of equal duration
were significantly larger in P. cupreus compared with
P. oblongopunctatus (two-way ANOVA: SS ¼ 1.8218, d.f. ¼ 1,

F ¼ 12.1314, P ¼ 0.0015) (Fig. 6).

Firing rate of the cold cell at various steady temperatures

Data with respect to stationary firing rates of the cold
cell at different steady temperatures were obtained in cool-

ing test series where, prior to each successive cooling, initial
temperature was gradually changed and held constant at
the new level for 2–3 min for sufficient adaptation of the

cold cell (Fig. 1). Cooling and warming test series with each
campaniform sensillum lasted up to 1.5 h, and firing rates of
the cold cell at the beginning and end of the experiments, at
the same temperatures (e.g. at 23 �C), varied to some degree,

but the differences were not statistically significant
(t ¼ 1.1913, d.f. ¼ 17, P ¼ 0.2499 and t ¼ 0. 2003,
d.f. ¼ 12, P ¼ 0.8446 in P. cupreus and P. oblongopunctatus,

respectively).

Fig. 4. Mean peak frequencies of the cold cell over a range of fixed

drops in temperature in the ground beetles Pterostichus oblongo-

punctatus and Poecilus cupreus. Vertical bars indicate the SEM.

The number of beetles tested was eight and nine, respectively, in

P. oblongopunctatus and P. cupreus. Note the logarithmic x-scale.

Fig. 5. Mean firing rates of the cold cell to rapid decreases in

temperature in the ground beetles Pterostichus oblongopunctatus

and Poecilus cupreus. Vertical bars indicate the SEM. The number

of beetles tested was eight. Note the logarithmic x-scale. (A) First

second response. (B) Fourth second response.
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In short-lasting (5 s) rapid warming, after the long inter-

spike period at the beginning of the response, action poten-
tials were generated by the cold cell again and their
frequencies gradually grew. Over a longer timescale

(1–2 min), the firing rate of the cell stabilized. The stabi-
lized, stationary firing rates at 23–39 �C were measured and
analysed (Fig. 7). In the ground beetle P. oblongopunctatus,

a strong negative correlation existed between the mean
stationary firing rate of the cold cell and temperature
(regression analysis, B ¼ �0.832 � 0.164, F1,61 ¼ 25.729,

P < 0.0001). By contraat, no relationship between the
stationary firing rate and temperature was observed in
P. cupreus (regression analysis, B ¼ �0.236 � 0.167,
F1,70 ¼ 2.0011, P < 0.1616). When the firing rates of the

cold cells from the two ground beetles were compared, it
was evident that their responses did not differ significantly
at 23–27 �C. However, at higher temperatures (29–39 �C),
differences were statistically significant (Fig. 7).

Discussion

Thermoreceptors of most insects investigated to date,
including those of the ground beetles P. aethiops, P. oblon-

gopunctatus and P. cupreus, are characterized by a sharp

rise in their firing rate when confronted by rapidly falling

temperature. Thus, these sensory cells are referred to as
cold cells. Together with cold cells, hygroreceptive, chemor-
eceptive and mechanoreceptive units may also occur in the

same sensillum (Lacher, 1964; Loftus, 1968; Waldow, 1970;
Tichy, 1979; Altner and Prillinger, 1980; Altner and Loftus,
1985; Tichy and Loftus, 1987; Ameismeier and Loftus,

1988; Gödde and Haug, 1990; Nishikawa et al., 1992;
Merivee et al., 2003). Warm cells have only been found in
a few cases and, in these, the frequency of action potentials
rises sharply with a rapid temperature increase. An example

of this is the warm cell of a thin hair-like sensillum on the
foreleg tarsi of the tick Ixodes ricinus (Gingl and Tichy,
2001). Two long poreless setae located on the foreleg tarsi

of the tropical tick, Amblyomma variegatum, coeloconic
sensillum located at the antennal tip of the mosquito,
Aedes aegypti, and two black-hair sensilla on the antennae

of both larval stages of the cave beetle, Speophyes lucidulus,
contain a pair of antagonistically responding temperature
units (Davis and Sokolove, 1975; Hess and Loftus, 1984;

Altner and Prillinger, 1980 Loftus and Corbicre-Tichané,
1981). Warm receptors may occur also in spiders (Ehn and
Tichy, 1996).
Cold cells of insects have a relatively high stationary

firing rate, usually 10–30 imp s�1, at temperatures of
20–30 �C. However, they have remarkable individual vari-
ability (Lacher, 1964; Loftus, 1968; Davis and Sokolove,

1975; Tichy, 1979; Ameismeier and Loftus, 1988; Gingl and
Tichy, 2001; Merivee et al., 2003). Hence, the mean sta-
tionary firing rates of 22–23 imp s�1, measured in the pre-

sent study at 23 �C, of the cold cells located in the antennal
campaniform sensilla of the ground beetles P. cupreus and
P. oblongopunctatus, agree with results of earlier studies in
other insects.

Fig. 6. Dependence of the duration of the long interspike period,

produced by the cold cell of the ground beetles, Pterostichus oblon-

gopunctatus and Poecilus cupreus, on the extent of temperature rise.

The number of beetles tested was eight. Vertical bars indicate the

SEM.

Fig. 7. Mean stationary firing rate of the cold cell at different

steady temperatures in the ground beetles Pterostichus oblongo-

punctatus and Poecilus cupreus. Vertical bars indicate the SE. A

t-test was performed to compare means. Asterisks show signifi-

cantly different means: *P < 0.05, **P < 0.01; n.s., no significant

difference.
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The mean stationary rate of firing of the cold cell over a
range of steady temperatures from 23 to 39 �C differs sig-
nificantly in the two ground beetles studied. In P. cupreus,

the stationary firing rate does not change with temperature.
This similar to the cold cell observed at 18–36 �C in
Periplaneta americana (Loftus, 1968). On the other hand,

stationary firing decreases with increase in steady tempera-
ture in P. oblongopunctatus, similar to that found for the
cold cells innervating antennal pit pegs of the honey bee

Apis mellifica (L.) over a range of 26–40 �C. The impulse
activity is generally abolished at 40–45 �C (Lacher, 1964).
By contrast to the cold cells of P. oblongopunctatus and

A. mellifica, higher firing rates are observed at higher steady
temperatures in the locust, Locusta migratoria (Waldow,
1970; Ameismeier and Loftus, 1988). A spike activity max-
imum of the cold cell is observed in the mosquito, A. aegypti.

The mean stationary rate of firing increases with increasing
temperature to a peak of 30 imp s�1 at 26 �C. The tonic
activity declines as temperature is increased further (Davis

and Sokolove, 1975). These results suggest that the cold cells
may receive adequate information on ambient steady tem-
perature in some insects (e.g.P. oblongopunctatus,A.mellifica

and L. migratoria) but probably not in others (e.g. P. cupreus
and P. americana, and possibly A. aegypti).
Due to a remarkable stationary frequency of action

potentials (above 10 imp s�1) of the antennal cold cells

of ground beetles over a wide range of positive steady
temperatures, up to lethal high values above 40 �C, the
beetles can quickly and adequately respond to both sharp

increases and decreases in temperature, at least in the
case of relatively small, less than 1 �C changes in tem-
perature. Remarkable changes in firing rate are elicited

by momentary increases or decreases of 0.05–0.1 �C.
When the rapid rise in temperature is of greater magni-
tude, a long interspike period at the beginning of the cold

cell response lasts for several seconds (in honey bees up to
10 s; Loftus, 1968) and, during this period, the cell is
probably unable to respond to a subsequent rapid
increase in temperature. The length of the long interspike

period is a positive function of the extent of rapid
temperature increase in all insects studied (Lacher, 1964;
Loftus, 1968), including the ground beetles P. aethiops

(Merivee et al., 2003), P. oblongopunctatus and P. cupreus.
Larger rises in temperature are required to cause long
interspike periods of equal length in P. cupreus compared

with these of P. oblongopunctatus. In the cockroach,
P. americana, the antennal thermoreceptors are all cold
cells. However, in the antennal lobe, cold- as well as

warm-responsive neurones occur. Information about
cooling and warming, first contained in the output of a
single cold-receptor cell, diverges to form the parallel
pathways of cold- and warm-responsive projection neu-

rones, thereby particularly improving the detection of
fluctuations in temperature (Zeiner and Tichy, 2000;
Fischer and Tichy, 2002). On the other hand, the tick,

I. ricinus, the mosquito, A. aegypti, and the cave beetle,
S. lucidulus, also possess warm cells in addition to cold
cells (Davis and Sokolove, 1975; Altner and Prillinger,

1980; Loftus and Corbicre-Tichané, 1981; Gingl and
Tichy, 2001), probably for obtaining more precise infor-
mation about successive rises in ambient temperature.

Although it is not difficult to envisage the advantage of
having an antagonistic pair of cold- and warm-receptor
cells, several insects possess only cold-receptor cells

on their antennae (Loftus, 1968; Nishikawa et al.,
1991). Further electrophysiological studies should
explain whether warm-receptor cells can be found also

on the body surface of ground beetles.
In the ground beetles P. oblongopunctatus and

P. cupreus, both the peak frequency of action potentials

and the rate of firing at the beginning of the response of
the cold cell to rapid cooling by 0.5–15 �C are positive
functions of the extent of temperature decrease. Therefore,
at least during the first seconds of the response, the direc-

tion as well as the extent of temperature change are coded
as the frequency of cold cell action potentials. However,
over a longer time scale, the firing rate falls gradually and

stabilizes at its stationary level, which is temperature-
dependent in P. oblongopunctatus, but not in P. cupreus.
Significantly higher peak frequencies and first-second

firing rates in response to the same temperature drops are
observed in P. cupreus compared with P. oblongopunctatus.
No differences in firing rates between the two carabid
species’ cold receptors are observed 3 s later, during the

slow stabilization period, however. By that time, firing
rates have decreased significantly compared with the
first second of the response and equalized at cooling tem-

perature of 23 �C.
Thus antennal cold receptors of P. cupreus and P. oblon-

gopunctatus respond differently to temperature changes

tested. This is probably related to the two ground beetles
having different habitats with respect to temperature con-
ditions, and daily activity rhythms. It appears that antennal

campaniform cold receptors allow the ground beetles, run-
ning fast on ground unevenly warmed by the sun, to
quickly and adequately respond to temperature changes,
avoid overheating and detect thermally favourable refugia

offered by vegetation and microrelief.
In the cave beetle S. lucidulus (Corbicre-Tichané and

Loftus, 1983; Loftus and Corbicre-Tichané, 1987),

Locusta migratoria (Ameismeier and Loftus, 1988) and
P. americana (Loftus, 1969; Fischer and Tichy, 2002), the
firing rate of antennal cold receptors changes in response to

slow (approximately 30–50 �C h�1) and very slow
(approximately 2 �C h�1) shifts in temperature, suggesting
that, in the range of 15–40 �C, cold receptors in these

insects may well respond also to steady temperature.
However, in the case of P. americana, Loftus (1968) demon-
strated that cold cells fired equally at steady temperatures
in the range of 18–36 �C. In future experiments, responses

to slow changes in temperature and firing rate/steady tem-
perature curves of the cold cells should be studied in
ground beetles with different ecological preferences, and

the time course of the stabilization of the action potential
rate, when temperature jumps from one level to another,
should be determined.
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Abstract

Responses of temperature sensitive (cold) cells from the antenna of ground beetles (tribe Platynini) were compared in species

with different ecological preferences and daily activity rhythms. Action potential rates were characterized at various temperatures
(ranges 23–39 1C) and during rapid changes in it (Dt ¼ 0:5215 1C). The stationary firing frequencies were nearly twice as high in
eurythermic open field ground beetles Agonum muelleri and Anchomenus dorsalis (firing rates ranging from 22 to 47 imp/s) than in a

stenothermic forest species Platynus assimilis. In the eurythermic species, the firing rate did not significantly depend on temperature
(Anchomenus dorsalis range of 23–27 1C and Agonum muelleri range of 23–33 1C) but plots of firing rate versus temperature showed
rapid declines when lethally high temperatures were approached. In contrast, a nearly linear decline of the firing rate/temperature

curve was observed in Platynus assimilis. Responses to rapid temperature decreases were also considerably higher in eurythermic
species. Both the peak frequency of the initial burst (maximum 420–650Hz) as well as the sustained discharge in the first 4 s of the
response were higher than in Platynus assimilis. Long silent periods, lasting up to several seconds, that occurred at the beginning of
the response to rapid warming were significantly shorter in Agonum muelleri and Anchomenus dorsalis compared to Platynus assimilis.

These findings suggest that the responses of thermoreceptors to temperature changes may be correlated with specific ecological
preferences.
r 2006 Elsevier Ltd. All rights reserved.

Keywords: Thermoreceptor; Cold cell; Action potentials; Firing rate; Single sensillum recording; Temperature; Ground beetles; Ecological preferences

1. Introduction

Ground beetles have great economic importance as they
act as natural enemies of insects that are agricultural pests.
It is therefore of considerable value to study their responses
to external stimuli. Abiotic factors such as temperature,
light and humidity conditions play a considerable role in
the geographical and ecological distribution of carabids.
The range of preferred temperatures is fairly narrow. For
most species it falls within a range of 15 1C, and only
occasionally in a range of 20 1C. For a large majority of

studied forest and field species this range usually extends
from 10 1C (rarely at 5 1C) to 30 1C. Few animals choose
ambient temperatures in the range of 30–40 1C and only a
few species so far investigated exceed this range.
In experiments testing temperature preference, ste-

nothermic species concentrate in a very narrow tempera-
ture range: Oodes gracilis (Villa and Villa, 1833) and Abax

parallelepipedus (Piller and Mitterpacher, 1783) concen-
trate at about 20 1C, Platynus assimilis (Paykull, 1790) at
10 1C. In contrast, eurythermic species show preferences
over a wide range of temperatures: Pterostichus nigrita

(Paykull, 1790) at 20–25 1C and Anchomenus dorsalis

(Pontoppidan, 1763) at 17–25 1C (Lindroth, 1949;
Krogerus, 1960; Kless, 1961; Thiele, 1967, 1977). The
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upper limit of the temperature tolerance is extremely
uniform. In the 16 species of Harpalus investigated by
Lindroth (1949), the temperatures at which partial paralysis
set in (usually in the hind legs) were recorded as well as
those at which total heat paralysis occurred. The mean
temperature for the latter lay between 47.4 and 51.7 1C for
the 16 species investigated, i.e. a range of only 4.3 1C. The
values obtained by Krogerus (1932) for species Cicindela,

Dyschirius and Amara were much in the same region.
To obtain a general measure of extreme soil tempera-

tures in the ground beetles’ (Anchomenus dorsalis and
Agonum muelleri, Herbst, 1784) natural habitats we
measured open field soil surface temperatures in Estonia
on a sunny day (air temperature 22 1C) around noon in
June 2005. Maximum soil surface temperatures in sunny
areas reached 55 1C whereas in shaded areas, temperatures
were recorded between 16 and 25 1C. Soil temperatures
were also measured at a depth of 2–3 cm in shaded areas
and reached minima of 14–16 1C. Thus, the differences
between temperature extremes reached up to 40 1C
(Merivee and Must, unpublished data). We can infer how
often ground beetles might encounter such temperature
extremes during running using data about typical running
speeds. Anchomenus dorsalis has been reported to run at
speeds as high as 8.1 cm/s and Platynus assimilis at 9.9 cm/s.
Even faster speeds, 16.1 and 10.6 cm/s, respectively, have
been recorded for Pterostichus niger (Schaller, 1783) and
Poecilus cupreus (Linnaeus, 1758) of the tribe Pterostichini
(Thiele, 1977). Hence, during 1 s, fast running ground beetles
may encounter these temperature extremes several times.

Ground beetles are well-equipped with thermoreceptors
so that they can avoid lethally high temperatures and find
advantageous temperatures. On their antennae, tiny
campaniform sensilla seem to serve this purpose (Kim
and Yamasaki, 1996; Merivee et al., 2000, 2001, 2002). By
electrophysiological experiments, it is shown that the
sensory neurons innervating these sensilla respond phasic-
tonically to rapid changes in temperature, as is typical in
the cold cells of other insects. Temperature changes
elicit several cold cell response characteristics such as
action potential rate (imp/s) and peak frequency (Hz) at
the beginning of a rapid temperature drop, as well as the
occurrence of long interspike periods at the beginning of a
rapid temperature rise. However, these responses vary
among individuals (Merivee et al., 2003).

In this study, we compare the response characteristics of
the antennal cold cell to rapid temperature changes and to
steady temperature in some ground beetles of the tribe
Platynini, who have different habitat preferences and daily
activity rhythms. Anchomenus dorsalis and Agonum muel-

leri are species of the open countryside, whereas Platynus

assimilis is a forest species (Thiele, 1977; Jukes et al., 2001;
Magura, 2002; Meek et al., 2002; Irmler, 2003). Anchome-

nus dorsalis and Platynus assimilis are predominantly night-
active (day activity 0–15%), Agonum muelleri is with
diurnal as well as nocturnal activity (Thiele, 1977; Ribera
et al., 1999).

2. Material and methods

2.1. Test beetles

Ground beetles were collected at forest margins and on
fields in southern Estonia in May 2004 and maintained in
plastic boxes with moistened sand and moss 1 or 2 days at
room temperature until they were used for experiments. To
obtain recordings, beetles were first immobilized by placing
them tightly into a special conical tube made of thin sheet-
aluminum of a size that the head and antennae protruded
only slightly from the narrower end of the tube. The wider,
rear end of the conical tube was blocked with a piece of
plasticine to prevent the beetle from retreating out of the
tube. The antennae of intact beetles were fastened
horizontally on the edge of a special aluminum stand with
tiny amounts of beeswax so that campaniform sensilla at
the tip of the antenna were visible under a light microscope
(magnification of 600 times). The sensilla were well exposed
to cooling and warming airstreams and were easily
accessible for microelectrode manipulations from the side.

2.2. Single sensillum recordings

The recording tungsten microelectrode, approximately
1 mm in diameter at a distance of 5 mm from the tip, was
forced into the tiny campaniform sensillum base at the tip
of the terminal flagellomere just deeply enough to establish
electrical contact. To achieve good signal to noise ratio, an
indifferent electrode was inserted into the antennal lumen
in the central part of the terminal flagellomere, close to the
recording electrode. Two mechanical micromanipulators
were used for all microelectrode manipulations under
visual control with a light microscope at magnification of
600 times. The amplified and band-pass filtered analogue
signal was observed on an oscilloscope screen and
transferred to a computer hard disc via an analogue-to-
digital input board DAS-1401 (Keithley, Taunton, MA,
USA) for data acquisition, storage, and analysis using
TestPoint software (Capital Equipment Corporation, Bill-
erica, MA, USA). A sampling rate of 10 kHz was used for
sampling data.

2.3. Stimulation and temperature control

Two small copper tubes (inner diameter, 2.5mm)
produced air streams of different temperatures at a velocity
of 2m/s. These air streams were used for rapid heating and
cooling of the campaniform sensilla. The openings of these
copper tubes were placed 10mm from the tip of the
terminal flagellomere. The temperature of the warm tube
was changed gradually by a heating coil at its inlet part,
connected to a low voltage current transformer. To reduce
heat exchange, the outlet part of the hot tube was
thermically insulated by a thick-walled rubber tube. At
the start of each trial, the temperature of the other tube was
equal to room temperature (23 1C). Rapid temperature
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changes were produced by switching between air tubes, i.e.
to change the temperature stimulating the sensillum, the air
stream stimulating the sensillum was replaced by the air
stream from the dormant tube, which had been preset to
the desired temperature level. An electromagnetic air valve
(Humphrey Products, MI, USA) and a digital timer
(Kaiser, Germany) were used for switching. The air from
a small gas pump (Fp 09, VEB ELMET, Hettstedt,
Germany) was cleaned by a carbon filter. The signals
picked up by the recording electrode, as well as those
generated by a thermocouple circuit, were recorded
simultaneously for 10 s, starting approximately 2 s before
and finishing 2 s after the warming or cooling period,
respectively.

In cooling test series, the initial temperature (t1) was
gradually increased from 23 to 38–40 1C. The cooling
temperature (t2) was not changed. In warming experiments,
on the contrary, the initial temperature t1 was not changed
and the temperature t2 was gradually increased from 23 to
38–40 1C (Fig. 1). When temperature jumped to a new
constant level, stabilization of the firing rate of the
thermocell took up to 1–2min. Therefore, before each
temperature change, initial temperature of the airstream
blowing over the tip of the antenna was held constant for
2–3min to guarantee full adaptation of the thermoreceptor.

2.4. Temperature measurement

Both the terminal campaniform sensilla and one junction
of a copper–constantan thermocouple made of 0.1mm wire
were located at the intersection of the two air streams, with
the thermocouple junction 1mm away from the inserted
recording microelectrode. The second junction of the
thermocouple was at room temperature (23 1C). The signal
generated by the temperature difference was amplified by a
thermocouple circuit and led to the second channel of the
DAQ board DAS-1401 and was stored on a PC hard disc
for further data management and calculation of the
temperature.

2.5. Data management and analysis

No morphological data is available concerning the
ultrastructure of the antennal campaniform sensilla in
ground beetles. Action potentials from several sensory cells
innervating these sensilla were distinguished by differences
in spike amplitudes. The spikes with the largest amplitude
were generated by the temperature cell. Several response
characteristics of the temperature cell were measured in
rapid cooling and warming experiments using TestPoint
and Statistica (StatSoft, Inc., USA) software: peak
frequency values and firing rates during first and fourth
second of the response in cooling experiments, and the
duration of the long interspike period in warming
experiments. The firing rate during the first second of the
response includes initial, pronounced burst of action
potentials lasting up to 200ms. The firing rate was

expressed as a number of spikes per second (imp/s). The
frequency (Hz) of spikes was calculated as the reciprocal of
the period between two successive spikes. Peak frequency
was defined as the highest frequency value that occured in
initial burst of the response. The long interspike period
(LP) at the beginning of rapid warming was measured in
seconds (Fig. 2). Quadratic regression functions were
calculated for each series of data points obtained in
cooling experiments (Fig. 2). New values of the functions
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Fig. 1. Example responses of the cold cell from antennal campaniform

sensilla to rapid changes in temperature in the ground beetle Pterostichus

oblongopunctatus (Fabricius, 1787). Response patterns observed in

Pterostichus oblongopunctatus were fully comparable to those of the

examined species of the tribe Platynini. (A) In cooling experiments, the

following response characteristics were measured: peak frequency (Hz) of

the initial pronounced burst of action potentials at the beginning of the

response; firing rate (imp/s) during the first second of the response

including action potentials of the initial burst; firing rate during the fourth

second of the slow stabilization period. (B) The first event observed in the

response of the cold cell to rapid warming was a very long interspike

period (LP) followed by a diminished neural activity compared with the

activity recorded at the 23 1C (t1). Temperature rises necessary to evoke

LP with duration of 1–4 s were measured. Action potentials from up to

three cells distinguished by their amplitudes were observed in the single-

sensillum recordings. AC and CC show action potentials from two

different cells. The largest spikes belong to the cold cell (AC).
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were interpolated at fixed temperature changes of 0.5, 1.0,
2.0, 5.0, 10.0 and 15.0 1C, respectively, which allowed us to
calculate the mean response characteristics of the ground
beetle species studied and to compare mean responses of
different species. Similarly, in warming experiments, we
calculated the mean temperature increases necessary to
cause LPs of 1, 2, 3 and 4 s. GLM ANOVA and regression
analysis were used for evaluating the effects of rapid
changes in ambient temperature on the responses of the
cold cells studied. A Tukey test was used for comparison of
the responses of the cold cells from different ground
beetles. Reporting of all mean response characteristics was
accompanied by standard error (SE). A key for regression
analysis statistics: Fx,y-statistic, the first index (x) shows
degrees of freedom, the second index (y) shows the number
of observations; b, the slope of the regression line; p,
significance.

3. Results

3.1. Dependence of the rate of firing on temperature

After the cold cell firing rates stabilized following
temperature change, in the range of steady temperatures
of 23–39 1C, stationary firing rate/temperature curves of
the cold cells innervating antennal campaniform sensilla
varied in the three ground beetles studied. The curves were
similar in Agonum muelleri and Anchomenus dorsalis

(Tukey HSD test, p40:05). Compared to these species,
cold cells of Platynus assimilis showed approximately two
times lower firing rates (Tukey HSD test, po0:01) varying
between 10 and 22 imp/s (Fig. 3). In Agonum muelleri and

Anchomenus dorsalis, at the beginning of the curves, firing
rates did not significantly depend on the temperature
(regression analysis, F1,34 ¼ 0.06, X ¼ 0:041, p ¼ 0:8109
and F1,43 ¼ 0.73, X ¼ 0:129, p ¼ 0:3979, respectively),
though some trendline rise in the ranges of 23–27 1C, and
23–31 1C, respectively, was observed. At higher tempera-
tures, 27–39 1C and 33–39 1C respectively in Agonum

muelleri and Anchomenus dorsalis, stationary firing rates
decreased significantly with a temperature increase (regres-
sion analysis, F1,70 ¼ 17.36, X ¼ �0:45, po0:01 and
F1,34 ¼ 18.128, X ¼ �0:59, po0:01, respectively). In con-
trast, no plateau occurred in the firing rate/temperature
curve in Platynus assimilis. Instead, trendline decline was
nearly linear over the whole range of tested temperatures
(regression analysis, F1,87 ¼ 16.32, X ¼ 0:40, po0:01).

3.2. Response to rapid temperature reductions

The most pronounced event in the response of the
antennal cold cells to a rapid temperature decrease was a
transient initial burst of action potentials. Thereafter, the
firing rate fell rapidly and then stabilized during the 1–120 s
following the initial burst. The time required for firing rate
stabilization depended on the rate of the temperature drop,
Dt (Fig. 1A). Also, peak frequencies recorded at the
beginning of the response increased as Dt increased,
varying between 90 and 650Hz (GLM ANOVA,
po0:01). At similar drops in temperature, the highest
and lowest peak frequency values were observed in
Anchomenus dorsalis and Platynus assimilis, respectively.
Agonum muelleri showed intermediate values (Fig. 4). A
Tukey HSD test showed that peak frequency/temperature
drop curves of the cold cells on the antennae of the three
ground beetles studied significantly differed from each
other (po0:01).
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Both the first and fourth second firing rates of cold cells
significantly increased with Dt in all three ground beetles
studied (Fig. 5; GLM ANOVA, po0:01). Stimulus/
response curves were highly similar in Agonum muelleri

and Anchomenus dorsalis (Tukey HSD test, p40:05). First
second firing rates of their cold cells (including the initial
burst of action potentials) varied between 65 and 130 imp/s.
During the lengthy stabilization period following, these
relatively high rates of firing fell considerably, i.e., fourth
second responses ranged from 48 to 75 imp/s depending on
Dt. These values were increased by 5–6 imp/s compared to
the stationary firing rate at 23 1C even at temperature
decrease as little as 0.5 1C.
In Platynus assimilis, the respective rates of firing were

lower by 31–39% compared to those of Agonum muelleri

and Anchomenus dorsalis (Tukey HSD test, po0:01). In all
three ground beetles, maximum responses were observed at
a temperature drop of 10 1C. When the temperature
dropped from 38 1C to 23 1C (Dt ¼ 15 1C), lower rates of
firing occurred compared to those observed at a tempera-
ture drop of 10 1C.

3.3. Response to rapid temperature increase

The response of the cold cells from antennal campani-
form sensilla to a rapid temperature increase began with a
long interspike period (LP), the duration of which
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significantly depended on Dt (GLM ANOVA, po0:01).
After that, action potentials of diminished frequency
appeared again. Interspike periods gradually grew smaller,
and after some time (up to 2min), stabilized at a level that
depended on the warming temperature (t2) (Fig. 1B). The
LP elicited by various elevations in temperature (Dt) were
measured and analyzed (Fig. 6). A Tukey HSD test showed
that LP/temperature increase curves of the cold cells
significantly differed in the three ground beetles studied
(po0:05). Of the three ground beetles, the cold cells of
Platynus assimilis most flexibly responded to the rapid
temperature increases. For example, an LP of 4 s was
elicited by a temperature increase of only 4 1C. The cold
cells of Anchomenus dorsalis and Agonum muelleri were
much more rigid in this regard. Respective temperature
increases necessary to elicit an LP of the same length were
more than two times larger in these ground beetles than in
Platynus assimilis.

4. Discussion

Thermoreceptors have been found on various body parts
of many arthropods. Most thermoreceptive cells are cold
receptors and show phasico-tonic increases in firing rate
following rapid decreases in temperature and a decline in
firing after temperature increases (Lacher, 1964; Loftus,
1968; Waldow, 1970; Tichy, 1979; Altner and Prillinger,
1980; Altner and Loftus, 1985; Tichy and Loftus, 1987;
Ameismeier and Loftus, 1988; Gödde and Haug, 1990;
Nishikawa et al., 1992; Merivee et al., 2003). Warm cells, in
which firing rate increases with a rapid temperature
increase, have been found only in larvae of cave beetles,
spiders and arthropods that feed on the blood of warm-
blooded animals and the sensory neuron is often located in
the same sensillum as the cold cell (Davis and Sokolove,
1975; Altner and Prillinger, 1980; Loftus and Corbière-
Tichané, 1981; Hess and Loftus, 1984; Ehn and Tichy,
1996; Gingl and Tichy, 2001). Warm cells have not been
found in ground beetles or in many other insects.

The stationary firing rate of cold cells at temperatures of
20–30 1C is relatively high (usually in the range of
20–40 imp/s) providing the insect with information about
changes in temperature through a modulation of frequency
of action potentials and enabling an insect to respond
quickly to both rising and falling ambient temperature.
However, both cold and warm-responsive neurons have
been found in cockroaches in the antennal lobe of the
brain, which is the first stage of information processing.
Both types of these projection neurons are excited by the
antennal cold cells, either by rapid temperature increases or
decreases (Nishikawa et al., 1992; Waldow, 1975; Zeiner
and Tichy, 2000; Fischer and Tichy, 2002).

At least four types of responses can be distinguished in
arthropod cold cells in plots of tonic discharge rates vs
temperature in the range of 20–40 1C. In the first type,
firing rate does not significantly depend on the temperature
(Periplaneta americana, Loftus, 1968). In the second type,

firing rate decreases with increasing temperature (Apis
mellifica L. and in the ground beetle Pterostichus aethiops).
The impulse activity of these types of cells generally
disappears at 40–45 1C (Lacher, 1964; Merivee et al., 2003).
In the third type, high firing rates are observed at higher
steady temperatures (locust Locusta migratoria L. Waldow,
1970; Ameismeier and Loftus, 1988). In the fourth type of
response, observed in the mosquito Aedes aegypti, the
mean firing rate increased with increasing temperature to a
peak of 30 imp/s at 26 1C. The activity declined from this
peak as the temperature was increased further (Davis and
Sokolove, 1975).
In the present study, the second type was represented in

the ground beetle Platynus assimilis while the fourth
response type was found in Anchomenus dorsalis and
Agonum muelleri. Platynus assimilis is a nocturnally active
stenothermic forest species while Anchomenus dorsalis and
Agonum muelleri are eurythermic species that are noctur-
nally (Anchomenus dorsalis) or diurnally and nocturnally
(Agonum muelleri) active in the open country side (Thiele,
1977; Ribera et al., 1999; Jukes et al., 2001; Magura, 2002;
Meek et al., 2002; Irmler, 2003). The nearly linear decline
of the stationary firing rate/temperature curve in the cold
cells of Platynus assimilis at 23–39 1C suggests that
adequate perception of steady temperatures of a wide
range is behaviourally more important than in Anchomenus

dorsalis and Agonum muelleri, in which firing rates of cold
cells did not significantly depend on temperature, in the
ranges of 23–27 and 23–33 1C, respectively.
Although there are no data concerning temperature

preferences in Agonum muelleri, it may be presumed to be
eurythermic based upon its nocturnal and diurnal activ-
ities. Since a significant decline in the firing rate/tempera-
ture curve was observed close to lethally high temperatures,
at 27–39 and 33–39 1C in Agonum muelleri and Anchomenus

dorsalis, respectively, these high temperatures would
probably be adequately perceived by these eurythermic
species and serve to avoid overheating. It is also worth
mentioning that in the eurythermic open field ground
beetles, Agonum muelleri and Anchomenus dorsalis, sta-
tionary firing rates are approximately two times higher
than in the stenothermic forest species Platynus assimilis.
In the ground beetles studied, firing frequencies in

response to rapid cooling showed strong dependence on
the rate of temperature decrease. This was reflected both in
the peak frequencies of spikes of the cold cells and the
firing rates during the first 4 s of the response. The values
increased with an increase in Dt. Peak frequencies of spikes
of the cold cells reached 420–650Hz following a rapid
temperature decrease of 15 1C, which exceeded the sta-
tionary frequency of action potentials at 23 1C by 14–19
times.
Although the extremely high frequencies seen in the

initial burst of spikes of the cold cell fall quickly, discharges
remain at a remarkably higher level for several more
seconds compared to the stationary frequency at 23 1C.
Thus, in addition to the peak frequencies of the initial burst
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of the response, action potential firing rate of the cold cells
during this stabilization period may also contain informa-
tion for a beetle concerning the direction and magnitude of
the temperature change. Furthermore, responses to rapid
cooling showed higher peak and initial frequencies in cold
cells of the eurythermic ground beetles of the open
countryside Agonum muelleri and Anchomenus dorsalis

compared to the stenothermic forest species Platynus

assimilis as was seen in responses to steady temperatures.
In contrast, the plots of firing rate vs temperature of the
cold cells of Agonum muelleri and Anchomenus dorsalis

were nearly identical. Unfortunately, there are no com-
parative data concerning the responses of thermoreceptors
to temperature changes in other insect groups with
different ecological preferences that would allow for
broader generalizations.

The cold cells on the antennae of the ground beetles do
not discharge during several seconds following a tempera-
ture increase. After this silent period, the cells’ neural
activity is gradually restored but at a remarkably lower
level compared to the frequency seen before the tempera-
ture rise (23 1C). This situation may be disadvantageous in
diurnal ground beetles of the open countryside that are
running rapidly on the ground unequally heated by the sun.
Cold cells that are not spiking could signal a rapid decrease
in temperature but not a rapid increase. Therefore, one
would expect that silent periods in the sequence of action
potentials of the cold cells evoked by the temperature
increase are several times shorter in the eurythermic open
field ground beetles Agonum muelleri and Anchomenus

dorsalis than in the stenothermic forest ground beetle
Platynus assimilis. Furthermore, the shortest silent periods
occurred in the responses of the cold cells of Agonum

muelleri, whose diurnal activity percentage is the highest
among all the three species of the tribe Platynini studied
(Thiele, 1977; Ribera et al., 1999). It should be noted, that
the proportion of the population exhibiting diurnal activity
increases considerably with the decreasing strength of
illumination in the light phase. Unfortunately, this
property has not been considered in dividing most ground
beetles into diurnal and nocturnal species (Thiele, 1977).
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1. Introduction

Insects are very vulnerable to high temperature injury. Solar
radiation can quickly elevate body temperature to lethal levels in
these small-bodied poikilotherms. Their upper thermotolerance
limits do not exceed 53 8C, and are usually not much lower than
30 8C (Chown and Terblanche, 2007). Temperatures at which total
heat paralysis begins in various ground beetles lies in a narrow
range between 47.4 and 51.7 8C (Thiele, 1977). Cellular and
organismal injuries caused by high temperatures (Denlinger and
Yocum, 1998; Hochachka and Somero, 2002; Robertson, 2004;
Klose and Robertson, 2004; Chown and Terblanche, 2007) and the
physiological basis of various aspects of both basal and induced
thermotolerance (Denlinger and Yocum, 1998; Chown and
Terblanche, 2007; Bowler and Terblanche, 2008) have been
intensively studied and thoroughly reviewed in insects. In addition
to various mechanisms of thermotolerance, poikilotherms have an
array of physiological and behavioural mechanisms of thermoreg-
ulation that can be elicited to circumvent or minimize potential
thermal injury (Chown and Nicolson, 2004; Seebacher and
Franklin, 2005). Exposure to lethal high temperatures can be a

daily threat to survival. Steep temperature gradients are common
near the ground both above and below the surface, and the
microclimate can be greatly modified, especially when vegetation
is present. Brief forays into high temperature zones are readily
tolerated, as long as the insect has the option of retreating
frequently to a more moderate environment to prevent over-
heating (Denlinger and Yocum, 1998; Chown and Nicolson, 2004).
Thermoregulation is a complex process that involves sensing of
temporal and spatial variation in the thermal environment, and
subsequent processing of environmental information. Sensing of
environmental temperatures would seem particularly important
for animals that thermoregulate behaviourally, such as ground
beetles (Coleoptera, Carabidae), because the targeted exploitation
of different thermal microhabitats requires comparison of
environmental and internal temperatures (Thiele, 1977; Cooper,
2002; Seebacher and Shine, 2004; Seebacher and Franklin, 2005).

Despite the fact that thermoreception is an essential part of
thermoregulation, it has been relatively little studied in arthro-
pods. Very few data are available on sensing of high sublethal and
lethal temperatures crucial for survival in these poikilotherm
animals. Most electrophysiological experiments on insect thermo-
reception have been carried out atmoderate temperatures, ranging
from 15 to 40 8C. No electrophysiological data on insect thermo-
reception is available concerning temperatures above 40 8C.
However, specialised peripheral thermoreceptive neurons that
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can respond to both constant temperature and rapid temperature
changes are known from several arthropod taxa. Thermoreceptors
have been found in the cuticular sensilla on the surface of body
appendages such as the antennae of insects and the legs of ticks
and spiders (Altner and Prillinger, 1980; Hess and Loftus, 1984;
Ehn and Tichy, 1996; Merivee et al., 2003; Ruchty et al., 2009). By
reaction type, thermoreceptive neurons of most arthropods are
cold receptors responding with a phasic-tonic increase in firing
rate to rapid cooling and a decline in firing after temperature
increase. Cold neurons do not generate spikes immediately after
rapid increase in temperature. The duration of this long interspike
period depends on the rate of temperature change (DT) and may
last up to several seconds or longer. During this non-spiking period
cold neurons are not able to respond adequately to subsequent
rises in temperature. Usually, the recording time in these
experiments was not more than a few seconds (Altner and
Prillinger, 1980; Tichy and Loftus, 1987; Ameismeier and Loftus,
1988; Nishikawa et al., 1992; Merivee et al., 2003). Therefore, we
do not know how insect cold neurons respond to high tempera-
tures (above 35–40 8C) in both short- and long-lasting exposures
which insects may experience in their natural habitats. Warm
neurons, in which the firing rate increases with rapid temperature
increase, have been found only in the larvae of cave beetles, spiders
and arthropods that feed on the blood of warmblooded animals
(Davis and Sokolove, 1975; Altner and Prillinger, 1980; Loftus and
Corbicre-Tichané, 1981; Hess and Loftus, 1984; Ehn and Tichy,
1996; Gingl and Tichy, 2001), but not in ground beetles.

Cold neurons of insects have a relatively high stationary firing
rate, usually 10-30 spikes/s, at temperatures of 20–30 8C (Lacher,
1964; Loftus, 1968; Davis and Sokolove, 1975; Tichy, 1979;
Ameismeier and Loftus, 1988; Gingl and Tichy, 2001; Merivee et
al., 2003). In some insects, the stationary firing rate of the cold
neuron depends on ambient temperature which enables them to
measure thermal conditions in their habitat. For example, in some
stenothermic ground beetles, at temperatures ranging from 20 to
40 8C, spike frequency of the antennal cold neuron gradually
decreases with temperature increase (Must et al., 2006a,b). Even
more, in the honeybee Apis mellifera, at 40 8C, spike frequency drops
to zero (Lacher, 1964). In contrast, in some eurythermic ground
beetles, the stationary firing rate of the cold neuron does not depend
on temperature in the range of 20–30 8C making unequivocal
discrimination between temperatures impossible, but plots of firing
rate versus temperature showed rapiddeclines from40 to20 spikes/
s when sublethally high temperatures (40 8C) were approached
(Must et al., 2006a,b). Unfortunately, no information exists on
thermoreception of temperatures higher than 40 8C crucial for
survival of ground dwelling arthropods such as ground beetles.

The ground beetle Platynus assimilis, the insect of our
experiments, is an Euro-Siberian stenotopic species of deciduous
forests onmull-rich soil, occurring in cool andwet, shaded habitats
among litter, under bark of tree stumps, etc., often near water. It
can be found also in damp and shaded sites in parks and gardens.
Its choice of a cool, damp microclimate is determined by its
preference for low temperatures. It is a night-active species
reproducing in the spring (Lindroth, 1986). On a sunny summer
day (air temperature 22 8C), in Estonia, maximum soil surface
temperatures measured in sunlit areas reached 55 8C while
minimum soil surface temperatures in shaded areas were 30–
40 8C lower (Must et al., 2006a). Therefore, it is the necessity for
the species to get quick and adequate information about ambient
temperatures, especially dangerously high temperatures, as it is
crucial to avoid them to survive.

Tiny campaniform thermoreceptors, 4–10 mm in diameter, are
found on the ground beetles’ antennae, 20–25 sensilla on each
flagellomere. They are located pairwise on the ventral sides of all
nine flagellomeres. In addition, some of them lie at the very tip of

the distal flagellomere (Merivee et al., 2000, 2001, 2002). These
terminal sensilla are especially favourable for micromanipulations
and recordings. By electrophysiological experiments, it has been
demonstrated that a typical cold neuron innervates these sensilla
in various ground beetles, including P. assimilis. Several response
characteristics of the neuron were measured at moderate
temperature conditions (20–40 8C) in short-lasting experiments
(up to 5 s) in various ground beetles (Merivee et al., 2003; Must et
al., 2006a,b). In this study we measured the response of the
antennal cold-receptor neuron to both rapid and slow increases in
temperature up to 45–50 8C on a much longer timescale (20 s and
1 h, respectively) in P. assimilis. We discovered a temperature
dependent spike bursting specifically generated by the cold neuron
at high sublethal and lethal temperatures which may be involved
in behavioural thermoregulation of the species.

2. Materials and methods

2.1. Insects

Hibernating adult P. assimilis were collected at a forest margin
in Estonia in autumn 2008, and maintained in plastic boxes with
moist pieces of brownrotted wood and moss at 4–6 8C for a couple
of months, until they were used in tests. Three to four days prior to
experiments, the beetles were exposed to room temperature
(20 8C), fedwithmoistened cat food (Kitecat,Master Foods, Poland)
and given clean water to drink every day.

For electrophysiological experiments, each test beetle was
immobilised by placing it firmly into a conical tube made of thin
sheet-aluminium of a size that allowed its head and antennae to
protrude a little from the narrower end of the tube. The wider rear
end of the tube was blocked with a piece of plasticine to prevent
the beetle from retreating out of the tube. The antennae of
immobilised intact beetles were fastened horizontally onto the
edge of a special aluminium stand with tiny amounts of beeswax
so that campaniform sensilla at the tip of the antenna were visible
from above under a light microscope, were well exposed to cooling
and warming airstreams, and were readily accessible for micro-
electrode manipulations from the side.

2.2. Electrophysiology

2.2.1. Single sensillum recordings

Tungsten wire (0.08 mm diameter) microelectrodes were
sharpened electrolytically in a highly concentrated KOH solution.
To achieve good signal to noise ratio, the indifferent electrode was
inserted into the antennal lumen in the basal part of the flagellum.
The recording electrode, approximately 1mm in diameter at a
distance of 5mmfrom the tip, was forced into the tiny campaniform
sensillum base at the tip of the terminal flagellomere just deeply
enough to establish electrical contact. For manipulations with the
recording microelectrode the motorized micromanipulator DC3-K
with push-button control (Stoelting Co., USA)was used under visual
control with a light microscope at a magnification of 800�.

Signals, filtered with a band width set at 100–2000 Hz and
amplified (input impedance 10 GV), were monitored on an
oscilloscope screen, and transferred to a computer hard disc via
an analogue-to-digital input board DAS-1401 (Keithley, Taunton,
MA, USA) for data acquisition, storage, and analysis using TestPoint
software (Capital Equipment Corp., Billerica, MA, USA). A sampling
rate of 10 kHz was used for sampling data.

2.2.2. Warming, cooling and temperature control

Two air streams at different temperatures, emerging at 2 m/s
from two copper tubes with an inner diameter of 8 mm, were
used for both rapid and slowwarming of the campaniform sensilla.
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The tube orifices were placed 10 mm from the tip of the terminal
flagellomere. The temperature of the hot tube was changed
gradually by a heating coil at its inlet part, connected to a low
voltage current transformer. To reduce heat exchange, the outlet
part of the hot tube was thermally insulated by a thick-walled
rubber tube. The other tube was at room temperature (20 8C).
Rapid temperature changes were produced by presetting the
temperature of the air streams and switching between them. Thus,
the temperature of the air blowing over the tip of antenna changed
from one constant level to another very quickly, approximately
during 5 ms. An electromagnetic air valve (Humphrey Products,
MI, USA) and a digital timer (Kaiser, Germany) were used for
switching. The air from a small gas pump Fp 09 (VEB ELMET,
Hettstedt, Germany) was cleaned by a carbon filter. In rapid
warming experiments, the duration of each warming was 20 s.
When temperature jumped to a new constant level, stabilization of
the firing rate of the thermosensitive neuron took up to 1–2 min.
Therefore, before each next temperature increase by 1–2 8C, the
cool airstream (20 8C) blowing over the tip of the antenna was held
constant for 2–3 min to guarantee full adaptation of the
thermoreceptor. The signals picked up by the recording electrode
aswell as those generated by a thermocouple circuitwere recorded
simultaneously for 30 s, starting approximately 5 s before and
finishing 5 s after the warming period. In the slow warming test
series, the temperature of the hot airstream was increased
gradually by 1 8C/120 s from 20 to 50 8C.

2.2.3. Temperature measurement

Both the terminal campaniformsensilla anda copper-constantan
thermocouplemade of 0.1 mmwirewere located at the intersection

of the two air streams, with the thermocouple junction 1 mm away
from the inserted recording microelectrode. The signal generated
andamplifiedbya thermocouple circuit, led to the secondchannelof
theDAQboardDAS-1401andwas storedonaPCharddisc for further
data management and calculation of the temperature.

2.2.4. Data management and analysis

Spikes from several sensory cells innervating antennal campa-
niform sensilla were distinguished by differences in their
amplitude. Response characteristics of the thermosensitive neuron
were measured in warming experiments using TestPoint and
Statistica (StatSoft, Inc., USA) software. The instantaneous spike
frequency (spikes/s) was calculated as the reciprocal of the interval
between two successive spikes. The firing rate was expressed as
the number of spikes per second (spikes/s). Interspike intervals
(ISI) of the recorded spike trains were analysed. The threshold ISIs
were found from ISI distributions which were used for classifying
spikes as regular or belonging to a burst (Fig. 1).

The quadratic regression functions were calculated for each
series of data points obtained in slow warming experiments. New
values of the functions were interpolated at fixed temperatures of
20, 25, 30, 35, 40 and 45 8C, respectively, which allowed calculation
of mean firing rates (Fig. 2). Various statistical tests were used for
calculating significantly different means. All mean response
characteristics were accompanied by their standard error (SE).

2.3. Behavioural tests

Behavioural tests were carried out in a specially designed
arena. This consisted of two boxes. An inner glass box

Fig. 1. Sample ISI distributions displayed by the thermosensitive neurons from antennal campaniform sensilla of P. assimilis. (A) and (B) Regular pattern of spikes with a

different degree of ISI variation. (C) ISI distribution with twomaxima, indicating the occurrence of high frequency spike bursts among regular spikes. (D)When all spikes of a

spike train are as bursts, its ISI distribution indicates two distinct ISI groups; one group (on the left) for intraburst ISIs and another group (on the right) for interburst ISIs.
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(110 mm � 110 mm � 30 mm) was placed inside an outer plastic
box (300 mm � 220 mm � 90 mm), 30 mm above the bottom. The
outer box was tightly covered with a plate of glass. An IR lampwas
set up at about 500 mmabove the arena and connected to a current
transformer for slow warming (1 8C/120 s) of the air inside the
arena from 20 to 50 8C. A piece of carton (130 � 130 mm) was
placed above the inner box to protect it from direct IR radiation. A
small fan was used to create air circulation and equalise the air
temperature inside the arena. Temperature on the bottom of the
inner box was measured by a thermocouple circuit. Test beetles
were released one by one into the inner box. Their behaviour was
video recorded (12.5 frames/s) for 60 s at various temperatures
over the complete range of temperature increase from 20 to 50 8C.
Video recordings were analysed frame by frame and locomotor
activity parameters of the beetles weremeasured on the PC screen.
The threshold temperature at which first indications of partial
paralysis (of the hind legs) were observed was recorded.

3. Results

At moderate temperature conditions, below 25–30 8C, the
thermosensitive neuron from the antennal terminal campaniform
sensilla of the ground beetle P. assimilis functioned as a typical
cold-receptor neuron. The neuron had a regular, relatively high
stationary firing rate of 20–40 spikes/s (Fig. 2) which enabled
effective response to rapid increase as well as decrease in
temperature. At the beginning of rapid warming, a period of
quiescence occurred when no spikes were generated. Thereafter,
spikes appeared again and their number gradually increased
towards the stationary firing rate. Typical response of the neuron
to rapid coolingwas a short-lasting phasic burst of spikeswith very
high frequency followed by a quick decline in the rate of firing and
a relatively long-lasting slow stabilization period (Fig. 3).

3.1. Spike bursting by the thermosensitive neuron in slow warming

(1 8C/120 s) experiments

The stationary firing rate of the thermosensitive neuron
decreased from 40 to 20 spikes/s (one-way ANOVA:
F(5,71) = 5.01; P < 0.05) when thewarming temperature was slowly

increased from 20 to 30 8C. At further temperature increase, the
mean rate of stationary firing stabilized at about 20 spikes/s
(Fig. 2). It was observed, that during the warming, the pattern of
firing generated by the thermosensitive neuron changed. Instead of
isolated regular spikes characteristic of the firing of the neuron at
moderate temperatures, a bursting pattern of high-frequency
spikes appeared (Fig. 4). Generation of spike bursts was
temperature dependent: the number of spikes in a burst increased
from2 to 5 andmore as the temperature increased from20 to 50 8C
(Kendall test: t = 0.3; z = 2.1; P = 0.03; N = 11). In some insects,
when their campaniform sensilla were exposed to temperatures
close to 45–50 8C, up to 18 spikes/burst were produced by the
thermosensitive neuron. Spike frequency in a burst was positively
correlated with the number of spikes per burst (Figs. 4 and 5) and
consequently, also increasedwith temperature increase. Switching
from regular to bursting mode of firing was not sudden, however.
ISI analysis showed, that burstiness of the neuron gradually
increased with temperature increase (Fig. 6). A conspicuous
feature of the neuron was the fact that there existed a large
variation in the threshold temperature, ranging from 24 to 47 8C
(38.3 � 1.3 8C in mean), at which the neuron from different sensilla
started to generate spike bursts (Fig. 7A).

3.2. Spike bursting of the thermo-sensitive neuron in rapid warming

experiments

At moderate rapid warming when the temperature jumped
from 20 up to 35 8C, the length of the silent period (Figs. 3 and 8A)
depended on the rate of temperature increase (one-way ANOVA:
F(1,57) = 5.49; P < 0.05) and lasted up to several seconds. Then,
isolated spikes generated by the thermosensitive neuron appeared
again. At warming temperatures higher than 35 8C, the silent
period (mean duration 6.0 � 1.15 s) did not depend on temperature.
The mean temperature of rapid warming at which the neuron started
to produce high-frequency spike bursts was 35.1 � 1.3 8C. Conse-
quently, in rapid warming, spike bursting of the thermosensitive
neuron began at a temperature which was 3.2 8C lower in mean than
that in slow warming experiments. Again, it was observed, that
different neurons started to produce high frequency spike bursts at
different temperatures ranging from 25 to 43 8C (Fig. 7B).

At rapid warming with moderately high temperatures close to
35 8C, the mean frequency of spikes in a burst, ranging from 200 to
600 spikes/s, was 10–15 times higher compared to the stationary

Fig. 2. Mean firing rate of the antennal thermosensitive neuron of P. assimilis at

various temperatures. Vertical bars indicate SE to the means; means denoted with

different letters are significantly different at P < 0.05 (ANOVA, Tukey test, N = 13).

Fig. 3. Typical response of the thermosensitive neuron from the antennal

campaniform sensillum of the ground beetle P. assimilis to rapid warming and

cooling within a range of moderate temperatures (example recording). Dots in the

figure represent frequencies of respective spikes. Note the long interspike period of

the response at the beginning of warming and the pronounced phasic component at

the beginning of cooling. Stationary regular firing of the neuron at 21 8C is

demonstrated during 3 s period immediately after start of the recording.
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firing rate of the thermosensitive neuron at 20 8C. Spike bursting
continued during the whole period of warming until it was
replaced with regular firing immediately after the beginning of
rapid cooling. We never observed any phasic component in the
response of the spike bursting neuron to rapid cooling, however
(Fig. 8A). Mean frequencies of spikes in a burst generated by the
thermosensitive neuron at 45–50 8C reached extremely high

values close to 1000 spikes/s and more. The response was not
stable, however. The number of spikes per burst quickly decreased
and the mean firing rate of the neuron fell to zero. It was clear that
45–50 8C warming lasting 20 s, was thermally damaging for the
normal functioning of the neuron because it generated no spikes
for several seconds in response to rapid cooling. Then, in most
insects, a few isolated spikes at very low frequency were produced

Fig. 4. Example recordings from the antennal campaniform sensillum of P. assimilis at various high sublethal and lethal temperatures obtained in slow warming (1 8C/120 s)

experiments. Only the thermosensitive neuron was responding. Note the bursting pattern of spike generation. The number of spikes per burst and the spike frequencywithin

the burst increased with temperature increase. All recordings were derived from the same sensillum. On the right, the first burst of the recordings are shown on a shorter

timescale.

Fig. 5. Mean firing rate within the burst versus number of spikes in a burst

generated by the antennal thermosensitive neuron of P. assimilis in slow warming

(1 8C/120 s) experiments. The mean firing rate within the burst significantly

increased with the burst size increase (Kruskal–Wallis test: H(5;66) = 65.4;

P < 0.001). Horizontal bars show SE of the means. N = 13.

Fig. 6. CV of ISI versus temperature. Spike trainswith CV equal to 0.5 and higher (see

dotted line) were bursty to a greater or lesser extent. Kendall test: t = 0.511;

z = 5.35; P = 0.000. N = 11.
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Fig. 7. Temperature histogram demonstrating a large variation in threshold temperature at which spike bursting in different thermosensitive neurons in slow (A) and rapid

warming (B) experiments began.

Fig. 8. Sample recordings of spike bursting by the antennal thermosensitive neuron of P. assimilis in response to rapid warming with high sublethal (A) and lethal (B)

temperatures. In upper parts of the figure dots represent spike frequencies. For clarity, in the case of spike bursts, dots indicate mean spike frequency of the respective burst.

Both recordings were obtained from the same campaniform sensillum. Note that there is a long interspike period at the beginning of warming. Phasic response at the

beginning of rapid cooling was reduced or absent. (A) High sublethal temperatures caused the thermosensitive neuron stable pattern of spike bursting to produce during the

whole warming period. (B) With some delay, after the beginning of rapid temperature increase, spike bursts with extremely high spike numbers and spike frequencies were

generated by the thermosensitive neuron when they were exposed to high temperature damaging normal neural functioning. The response was not stable, however. The

number of spikes in the bursts quickly decreased to zero. Phasic response at the beginning of rapid cooling was not observed. After some delay, spikes appeared again but at

very low frequency. R indicates regular spiking.
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by the thermosensitive neuron again (Fig. 8B). In other cases, after
20 s warming at 45–50 8C, firing activity of the neuron was never
restored.

3.3. The effect of high temperatures on the locomotor activity

of P. assimilis

The locomotor activity parameters of the beetles of P. assimilis

were measured in slow warming (1 8C/120 s) experiments at
temperatures ranging from 20 to 50 8C in the arena. At 20 8C, this
night-active ground beetle avoids daylight illumination and tends
to hide in a shady refuge. When temperature was raised by some
degrees the beetles left their refuge and started to walk slowly
around in the arena (Fig. 9) accompanied by frequent short stops.
According to how much the temperature was increased further,
locomotor activity of the beetles gradually increased up to a panic
escape at temperatures close to 40 8C. Thereafter, locomotor
activity of the beetles significantly decayed (Fig. 10). At
44.4 � 0.6 8C (N = 20) the first indications of partial paralysis (of
the hind legs) were observed.

4. Discussion

In various sensory systems, some neurons have the ability to
fire high-frequency bursts of spikes followed by long periods of
quiescence, a feature that is in contrast to tonic or phasic-tonic
pattern of spike generation. Their involvement in neural informa-
tion processing has generated considerable interest because the
respective computational advantages of bursting and tonic
neurons for encoding external signals largely remain a mystery
(Chacron et al., 2004; Krahe and Gabbiani, 2004). It is known that
some neurons can display both bursting and tonic firing modes
(Turner et al., 1994; Wang and Rinzel, 1995; Sherman, 2001)
depending on the particular input. While it has been shown that
both tonically firing and bursting neurons can encode information
(Reinagel et al., 1999; Krahe andGabbiani, 2004; Eyherabide et al.,
2008), one possible function of bursting in the transmission of
behaviourally relevant sensory information is to detect specific,
potentially interesting or dangerous stimulus features and some
results do support this hypothesis (Crick, 1984; Gabbiani et al.,
1996; Sherman, 2001; Swadlow and Gusev, 2001; Kepecs et al.,
2002; Krahe and Gabbiani, 2004; Marsat and Pollack, 2006).

In insects, the bursting pattern of spike generation has been
mainly studied in auditory interneurons (Boyan and Fullard, 1988;
Marsat and Pollack, 2006; Eyherabide et al., 2008). In the cricket
Teleogryllus oceanicus, spike bursting is shown to be linked with
evasion behaviour. Hunting bats detect flying crickets using
ultrasonic echolocation, and crickets respond to bats’ ultrasonic
signals with avoidance responses (Hoy, 1992), a behaviour that is
triggered by high-frequency spike bursts generated by the
ultrasound-sensitive interneuron, AN2. In contrast, tonic spikes
of the AN2 play a role in the acoustic communication system of
these insects. Bat-evasion behaviour by the cricket would be an
instance of the context-dependency of the behavioural impact of
this neuron, the context in this case being the nature of the
stimulus (Marsat and Pollack, 2006). Extracting specific signal
features of the stimulus by bursts has been demonstrated also in
the auditory interneurons of moths, in which, because of synaptic
summation or facilitation, bursts are particularly effective in
driving their target cells (Boyan and Fullard, 1988).

Usually, there are particular spatial and temporal features of
neuronal inputs that trigger bursts. For instance, pyramidal cells of
the weakly electric fish, Apteronotus leptorhynchus, respond to
dynamic broadband electrosensory stimuli with bursts and
isolated spikes. It was demonstrated that bursts exclusively code
for low-frequency stimuli, whereas isolated spikes code for high-
frequency stimuli (Oswald et al., 2004, 2007). Kepecs et al. (2002)
found that bursts occur preferentially on the positive slope of the
input signal. They found further that the number of spikes in a
burst signals the amplitude of the slope in a graded manner.
Recently, it was shown that burst probability and burst character-
istics are strongly influenced by temporal modulations of the
acoustic stimulus in the grasshopper auditory receptor neurons
(Eyherabide et al., 2008). Also, in the ultrasound-sensitive
interneuron of the cricket T. oceanicus, AN2, spike bursts are time
locked to large increases in stimulus (sound) amplitude, whereas
isolated spikes follow smaller peaks (Marsat and Pollack, 2006). In
contrast, spike bursts generated by the antennal thermosensitive
neuron of the ground beetle P. assimilis do not encode a specific
temporal signal feature. At high moderate and sublethal tempera-
tures the neuron has a stable and continuous burst train, no
temporal information is encoded in the timing of the burst. In this
regard, spike bursting of the thermosensitive neuron of P. assimilis

is similar to that of the scleral cold thermoreceptors of the cat
(Gallar et al., 2003). In both cases, the occurrence of spike bursts
and burst characteristics are externally determined by the ambient
(steady) temperature alone.

Unfortunately, very few data exist on spike bursting in
thermoreceptor systems. It was observed, however, that cold-
sensory neurons located in the cat sclera produce burst discharges
at 26–36 8C. Their mean rate of firing signaled poorly steady
temperatures although the organization of their bursting pattern
was different for different temperatures. The functional signifi-
cance of thermal eye receptors that also respond to changes in local
blood flow remains speculative, however (Gallar et al., 2003). A
pair of thermoreceptor units, the cold and warm receptor neuron,
have been identified in the sensilla coeloconica on the antennae of
the mosquito, Aedes aegypti. At steady temperatures close to 30 8C
and higher, both of the neurons started to produce spike bursts
instead of regular firing observed at lower temperatures. Themean
firing rate of either the warm or cold receptor neuron will not
permit reliable discrimination between temperatures ranging
from 20 to 32 8C. It was proposed that the bursty discharge pattern
might carry the information necessary to allow the differentiation
between the upper and lower regions of the temperature range of
the neurons (Davis and Sokolove, 1975). No link between
thermosensory bursts and behaviour was made in these studies,
however.

Fig. 9. Temperature histogram demonstrating variation in threshold temperature at

which test beetles left a refuge and started to move around in the arena.
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On the other hand, in the ground beetle P. assimilis, a link
between spike bursting by the antennal thermoreceptor neuron
and behaviour is possible. Temperature preference plays quite a
considerable role in the geographical and ecological distribution of
ground beetles. Comparative investigations on a large number of
species has revealed that their temperature preference is fairly
narrow.More than 70% species prefer a temperature range of 15 8C,
and only occasionally 20 8C. The stenothermic P. assimilis, prefers
temperatures ranging from 5 to 20 8C with a maximum preference
of about 10 8C. The upper limit of the temperature tolerance is
extremely uniform in ground beetles. Total heat paralysis
measured in a number of Harpalus, Dyshirius, Amara and Cicindela

species occurred between 47.4 and 51.7 8C, i.e. a range of only
4.3 8C (Thiele, 1977). Temperature causing total heat paralysis in P.

assimilis probably lies within the same range. Partial heat paralysis
(of the hind legs) of P. assimilis measured in this study started at
44.4 � 0.6 8C. Taking into account that in sun-lit areas, ground surface
temperatures in the biotope of the species may reach 50 8C and more
(Must et al., 2006a), these results suggest that it is extremely
important for P. assimilis to detect and avoid high sublethal and lethal
temperatures to survive.

At moderate steady temperatures, ranging from 20 to about
30 8C, the antennal cold-receptor neuron of P. assimilis fires in a
regularmanner. Itsmean firing rate decreases from40 to 20 spikes/
s with temperature increase from 20 to 30 8C. At further
temperature increase, the mean firing rate of the neuron stabilises
at about 20 spikes/s. Therefore, at temperatures of 20 to 30 8C, the
mean firing rate alone can uniquely code for temperaturewhile the
discrimination between temperatures by that measure above
30 8C, including high sublethal and lethal temperatures, is not
possible. It is of interest that switching from regular mode of
spiking to bursting mode also started at temperatures close to
30 8C, both in slow warming as well as in rapid warming
experiments. Neuron firing in bursts increased with temperature
increase. Our results showed that the burst characteristics such as
the number of spikes and spike frequency within the burst were
functions of temperature and could encode temperature in a
gradedmanner at the higher end of temperatures tested, i.e. at 30–
45 8C and higher. Thus, our results confirmed the idea that regular
and burst firing may encode different aspects of the stimulus, in
this particular instance, different ranges in temperature. Further, it
is repeatedly demonstrated that in neurons from various sensory
systems the number of spikes within a burst and burst interspike
intervals may correlate with particular properties of the external
stimulus and may precisely encode stimulus intensity (DeBusk
et al., 1997; Gallar et al., 2003; Oswald et al., 2007; Eyherabide et
al., 2008).

First thermoreceptor neurons out of approximately 25 located
on the antennal flagellum of P. assimilis started to generate spike
bursts at 25–30 8C, which is approximately 15–20 8C below that at
which first indications of heat paralysis occur allowing the beetle
early detection and escape from areas with a unfavourable or
dangerously high temperature. The number of spike bursting
neurons increased with temperature increase. Maximum temper-
ature at which a certain thermoreceptor neuron of P. assimilis

started to produce spike bursts was equal to 47 8C. This specific
neuron continued normal functioning even at the extremely high
temperature of 52 8C which is approximately 7–8 8C higher than
the threshold temperature of partial paralysis of the beetle. In
laboratory behavioural tests it was observed that this night-active
insect, at 20 8C, avoids daylight illumination and tends to stop in a
shady refuge. When temperature was raised by some degrees

Fig. 10. Locomotor activity parameters versus ambient temperature in P. assimilis.

Black dots show mean values of data accompanied by the regression curves with

calculated points of inflection, 38.1 8C (A), 40.8 8C (B) and 41.4 8C (C), respectively.

(D) Data represented did not follow a normal distribution. Regression analysis with

normalized data (fit equation y = �0.003x2 + 0.23x � 2.94) showed that run

distances increased significantly with temperature increase up to 38.3 8C; run

distances decreased rapidly when temperature was increased further (P < 0.01;

F = 71.6; df = 2455).
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above the upper limit of temperature preference of the species, i.e.
at temperatures ranged from 20 to 35 8C, the beetles left their
refuge and started to move slowly around on the arena. According
to how temperature was increased further the locomotor activity
of the beetles increased finishing in a panic escape at temperatures
close to 40–45 8C. Thus, correlation between the high-frequency
spike bursting of the antennal cold-receptor neurons and escape
behaviour in P. assimilis is obvious making behavioural thermo-
regulation of the beetle in its habitat with large contrasts in
temperature effective.

We conclude that high-frequency spike bursts produced by the
antennal thermoreceptor neurons of P. assimilis constitutes a
specific neural code, signaling the occurrence of high unfavour-
able or dangerous ambient temperatures in a graded manner.
Regular spikes encode temperature at the lower end of thermo-
tolerance of the species. There exists a large variation in threshold
temperature, ranging from24 to 47 8C, atwhichdifferent antennal
thermoreceptor neurons switch from regular spiking to bursting.
As a result, the number of bursting neurons increases with
temperature increase. Therefore, in addition to burst character-
istics, the total number of bursting neurons may also contain
useful information on external temperature in P. assimilis. A
relationship between the spike bursts and locomotor activity of
the beetles was foundwhichmay have importance in behavioural
thermoregulationof the species.We emphasize, that in contrast to
various sensory systems studied (Kepecs et al., 2002; Gallar et al.,
2003; Oswald et al., 2004, 2007; Marsat and Pollack, 2006;
Eyherabide et al., 2008), the thermoreceptor neuron of P. assimilis

has a stable and continuous burst train, no temporal information
is encoded in the timing of the bursts.
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Electrophysiological identification of hygroreceptor neurons from the antennal
dome-shaped sensilla in the ground beetle Pterostichus oblongopunctatus

Enno Merivee *, Anne Must, Anne Luik, Ingrid Williams

Estonian University of Life Sciences, 1 Kreutzwaldi Street, 51014 Tartu, Estonia

1. Introduction

Geographical distribution and habitat selection in carabids is
influenced by various abiotic and biotic factors such as tempera-
ture, humidity and light conditions, substrate characteristics,
vegetation type, food availability, presence and distribution of
competitors, e.g. Formica ants. The humidity factor is undoubtedly
one of the most important factors for hygro-, eury-, or xero-hygric
carabid species. Carabids possess a very well developed ability to
distinguish between small differences (5%) in air humidity and can
use humidity gradients for orientation (Thiele, 1977; Luff, 1996;
Lövei and Sunderland, 1996; Holland, 2002). However, the
neurophysiological mechanisms underpinning hygrosensation in
carabids have not been studied.

Insect hygro-sensitive neuronsmaybe located in various types of
antennal sensilla, often combined with thermo-sensitive neurons
(Altner and Loftus, 1985; Gödde and Haug, 1990; Nishikawa et al.,
1992; Iwasaki et al., 1995; Tichy, 2007). However, despite their
importance, the mechanisms of hygrosensing in insects have been
poorly elucidated (Chown and Terblanche, 2007). Hygroreceptors
have not yet been electrophysiologically demonstrated in carabids.
Recently, scanning electron microscopic studies have revealed the

morphological types, numbers and distribution patterns of antennal
sensilla in several species of ground beetles (Merivee et al., 2000,
2001, 2002). Using electrophysiology, the thermo-sensitive (cold)
neuron has been found in antennal dome-shaped sensilla in several
speciesof carabidsbelongingtothe tribesPterostichiniandPlatynini,
including Pterostichus oblongopunctatus (Merivee et al., 2003; Must
et al., 2006a,b). Since associations of thermo- and hygro-sensitive
neurons have frequently been found in insect sensilla, hygro-
sensitive neurons, togetherwith the coldneuron,may also innervate
antennal dome-shaped sensilla in P. oblongopunctatus. Indeed,
among large spikes produced by the cold neuron, small spikes from
two other neurons of the sensillum occur on recordings from these
sensilla of various carabids (Merivee et al., 2003; Must et al.,
2006a,b). However, the function of these neurons is not known.
Approximately 25 tiny dome-shaped sensilla, up to 8.5mm in
diameter, are located on the carabid antennal flagellum, two to four
of them on the ventral side of each flagellomere, and five to seven at
the very tip of the apical flagellomere (Merivee et al., 2000, 2001,
2002, 2003).

The common Euro-Siberian ground beetle, P. oblongopunctatus,
the subject of this study, is a eurytopicwoodland species, occurring
in both deciduous and coniferous forests. It reproduces in the
spring; newly emerged adults appear in the autumn. Adults
overwinter in tree stumps and felled timber rather than in the soil
and are more or less euryhygric to dry-prefering (Thiele, 1977;
Lindroth, 1986). In this electrophysiological study, the responses of
the neurons from antennal dome-shaped sensilla to different
constant levels of relative humidity (RH), as well as to rapid
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changes in it, were investigated in adult P. oblongopunctatus.

Results of the experiments are reported in this paper.

2. Materials and methods

2.1. Test beetles

Test beetles were collected from a local population in southern
Estonia in April and May 2009. They were kept in 30 cm �
20 cm � 10 cmplastic boxes filledwithmoistenedmoss and pieces
of brown-rotted wood in a refrigerator at 5–6 8C. A week prior to
the experiments, the beetles were transferred to room tempera-
ture (22 8C), fed with moistened cat food (Friskies Vitality+, Nestlé
Purina, Hungary) and given clean water to drink every day.
Electrophysiological experiments were conducted from May to
June 2009.

Each test beetle was immobilised by placing it tightly into a
special conical tubemade of thin sheet-aluminium of a size that its
head and antennae protruded only a little out from the narrower
end of the tube. The wider rear end of the conical tube was blocked
with a piece of plasticine to prevent the beetle from retreating out
of the tube. The antennae of the immobilised beetle were fastened
horizontally on the edge of a special aluminium stand with tiny
amounts of beeswax so, that dome-shaped sensilla at the tips of the
antennae were visible from above under a light microscope at a
magnification of up to 800�, well exposed to airstreams with
various RH levels, and easily accessible for microelectrode
manipulations from the side.

2.2. Electrophysiology

2.2.1. Single sensillum recordings

Tungsten wire (0.08 mm diameter) microelectrodes were
sharpened electrolytically in a concentrated KOH solution. The
indifferent electrode was inserted into the antennal lumen at the

base of the antennal flagellum. The recording electrode, approxi-
mately 1mm in diameter at a distance of 5mm from the tip, was
forced into the tiny dome-shaped sensillum base at the tip of the
terminal flagellomere using themotorizedmicromanipulator DC3-
K with push-button control (Stoelting Co., USA) under visual
control with a light microscope at a magnification of 800�.
Electrical signals, filtered with a band width set at 100–2000 Hz
and amplified (input impedance 10 GV), were monitored on an
oscilloscope screen, and transferred to a computer hard disc via an
analogue-to-digital input board DAS-1401 (Keithley, Taunton, MA,
USA) for data acquisition, storage, and analysis using TestPoint
software (Capital Equipment Corp., Billerica, MA, USA). A sampling
rate of 10 kHz was used for sampling data.

2.2.2. Stimulation and humidity control

The stimuli were presented by way of two airstreams driven
through separate units U1 and U2 to be set at different RH levels
(Fig. 1) and flowing out of 8-mm nozzles at a velocity of 2 m/s. The
portable humidity and temperature indicator HygroPalm 3
(Rotronic Instrument Corp., USA) was used for measurements of
the airstreams RH. An electromagnetic air valve (Humphrey
Products, MI, USA) and a digital timer (Kaiser, Germany) were used
for rapid switching between the airstreams from units U1 and U2.
When firing rates of the neurons were measured at different
constant RH humidity levels, the dome-shaped sensilla to be
adapted before each recording were exposed to a certain humidity
level for 10 min. All the experiments were conducted at room
temperature (23 8C).

For the stimulation of the dome-shaped sensilla, the tube orifices
were placed 10 mm from the tip of the terminal flagellomere. Both
the terminal dome-shaped sensilla and one junction of a copper-
constantan thermocouple made of 0.1 mmwire were located at the
intersection of the two airstreams, with the thermocouple junction
1 mm away from the inserted recording microelectrode. Signals
picked up by the recording electrode and those generated by a

[(Fig._1)TD$FIG]

Fig. 1. Flowdiagram illustrating theproductionof twoairstreamswithdifferent RH levels. Theair froma small gas pumpFp09 (VEBELMET,Hettstedt,Germany)wascleanedbya

carbonfilter.A2 lbuffervesselwasused for smoothingfluctuations inairpressure causedbythepump.Theairwasthendivided into twostreamsanddriven throughtwoseparate

units U1 and U2. Their flow rates were adjusted by needle valves NV1 and NV2, andmonitored by flowmeters F1 and F2. On entering a unit, the air stream was divided in two

substreams. Thefirst substreamwasbubbledout throughmany tinyopenings in anaquariumbubbler immersed inwater in a 1 lwashbottlemadeof glass. Thewater level above

thebubblerwasminimal (10 mm) andkept constant.MeasuredRHof theair stream in theoutlet tubeof the bottlewasapproximately 95%. The second substreamwas conducted

through the 0.5 l air dryer containing KOH pellets as desiccant. RH of the second substream in the outlet tube of the air dryer was almost equal to 5%. The two substreams were

mixed ina singlestreamvarying inRHfrom55% to95%byadjusting theflowrateof thedryair streambytheneedlevalveNV3.Thesecondairstreamconducted throughunit2was

managed ina similarway. In this case theneedle valveNV4wasplacedbefore thewashbottle foradjusmentof theflowrate of themoistenedair. Aftermixing the twosubstreams

of unit 2, measured RH in the outlet tube of the unit was adjustable from 5% to 45% by the needle valve NV4. An electromagnetic air valve and a digital timer were used for rapid

switching between the airstreams from units U1 and U2. EMV, electromagnetic air valve; AB, aquarium bubbler.
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thermocouple circuit were recorded simultaneously for 30 s,
starting approximately 5 s before and finishing 5 s after the
switching between the airstreams from units U1 and U2 blowing
over the terminal dome-shaped sensilla. It was observed that the
temperature difference of the stimulating airstreams from units U1
and U2 did not exceed 0.1 8C, the error was considered tolerable.

2.2.3. Data management and analysis

The action potentials from several sensory cells innervating
antennal dome-shaped sensilla were distinguished by differences
in their spike amplitude (Fig. 2). Firing rate was expressed as the
number of spikes per second (spikes/s). The frequency (Hz) of
spikes was calculated as the reciprocal of the period between two
successive spikes. Interspike intervals (ISI) of the recorded spike
trains were analysed. The shape of ISI distribution histograms and
coefficients of variations of ISIs (CV) were used for classifying
spikes as regular or belonging to a burst. All data were analysed
using Statistica 8.0 software. All mean response characteristics
were accompanied by standard error (SE).

3. Results

3.1. Spike discrimination

Our experiments showed that three neurons, the cold, the dry
and the moist neuron, were present in the antennal dome-shaped

sensilla of the ground beetle P. oblongopunctatus. Spikes generated
by the two hygro-sensitive neurons were always smaller in
amplitude than those from the cold neuron (Fig. 2). However, spike
amplitude alone was not a firm criterion for deciding whether a
certain spike was elicited by a dry neuron or a moist neuron.
Usually, spikes of the dry neuron were smaller compared to those
of themoist neuron, but the contrarywas also frequently observed.
Therefore, in this study, discrimination between the two hygro-
sensitive neurons was based on the response type they displayed
when RH of the stimulating airstream suddenly changed. The
moist neuron with phasic-tonic increase in its firing rate
responded to rapid increase in RH and vice versa. The number
of spikes of the moist neuron drastically decreased when RH
decreased. By contrast, spike frequency of the dry neuron fell
considerably in response to a rapid rise in RH of the stimulating
airstream. A strong phasic-tonic increase in the number of spikes of
the dry neuron was observed when the RH of the airstream
decreased rapidly. Response of the cold neuron to changes in RH
was absent or weak, and could be caused, partly, at least, by small
(<0.1 8C) differences in temperature of the stimulating airstreams
(Figs. 3 and 4).

3.2. Response of the thermo- and hygro-sensitive neurons to constant

RH levels

The stationary firing rate of the thermo- and hygro-sensitive
neurons was measured at constant RH levels ranging from 20% to
80%. Results of the experiments showed that the cold neuron fired
at 30 spikes/s and its spike production was not affected by the
moisture content of the stimulating airstream (Fig. 5A). In contrast,
a significant dependence of spike production of the hygro-sensitive
neurons on RH was observed. The firing rate of the moist neuron
was relatively low but it rose from 7 to 27 spikes/s when RH was
stepwise increased from 20% to 80% (Fig. 5B). Compared to the
moist neuron, the dry neuron fired at a considerably higher rate,
and its activity decreased from 42 to 25 spikes/s in response to RH
increase from 20% to 80% (Fig. 5C). It was observed, however, that
the stationary firing rate of the hygro-sensitive neurons at the
same RH level may vary to some extent in different dome-shaped
sensilla and/or in different beetles (Figs. 5 and 6).

3.3. Differential sensitivity

Differential sensitivity isdefinedas themeanchange infiring rate
per unit change in the stimulus magnitude. It appeared that the
moist neuron is not equally well suited for discrimination between
two constant humidity levels at low and high RH rates. At 20–40%
RH, on the average, the steady-state level of RH must increase by
6.7% to raise the stationary firing rate of themoist neuronby1 spike/
s. At 40–80% RH, the differential sensitivity of themoist neuronwas
several times higher, an average change of only 2–3% in steady RH
was required for an increase of 1 spike/s. In contrast, the differential
sensitivity of the dry neuronwas almost equallyhighover thewhole
range of RH levels tested, varying between 2% and 3%.

Measuring stationary spike frequencies of the two hygrore-
ceptor neurons at different steady-state RH levels, we observed
that the change in difference between the firing rates of the dry and
moist neuron was always larger than the change in the firing rates
of either of the neurons. Thus, differential sensitivity of the binary
system of the two hygroreceptor neurons was higher than that of
the moist neuron and dry neuron separately.

3.4. Response of the neurons to rapid change in RH

The dome-shaped sensillumwas stimulated by sudden increase
and decrease in RH, up to 95% and 5%, respectively, starting each

[(Fig._2)TD$FIG]

Fig. 2. Fragments (0.5 s) of original sample recordings (10 s) from antennal dome-

shaped sensilla obtained in steady-state RH experiments. CN, DN and MN show

spikes from cold, dry and moist neuron, respectively. Pay attention to the relatively

low number of spikes produced by MN compared to that of DN. Recordings were

made at 23 8C.
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time from the RH level of 40%. Response of the cold neuron to the
step-changes in RH was minimal, and observed during 1–2 s after
the beginning of humidity change only. The firing rate of the moist
neuron jumped from 20 spikes/s to about 70 spikes/s when RHwas
suddenly increased from 40% to 95%. This high rate of spike
production quickly decreased, however, and during the following
20 s, almost stabilized at the rate of 40 spikes/s. Response of the
moist neuron to a sudden drop in RH from 40% to 5% was relatively
weak, its firing rate for a second decreased from approximately 20
to 10 spikes/s, but thereafter spike production of the neuron
increased again and stabilized at the rate of 15 spikes/s. Response
of the dry neuron to sudden changes in RHwas the opposite to that
of the moist neuron. When RH was increased from 40% to 95%, the
firing rate of the dry neuron quickly dropped from 70 to about 30
spikes/s, and stabilized at that rate. In response to the rapid
decrease in RH from 40% to 5%, spike production of the dry neuron
phasically increased from 80 to about 120 spikes/s followed by a
rapid decrease and stabilization of the spike production at the rate
of 100 spikes/s (Fig. 6).

3.5. Interspike interval (ISI) analysis

Visually, it was observed that the dry neuron always produced
isolated, highly regular spikes at relatively high frequency ranging
from 25 to 80 spikes/s. Spike generation in the moist neuron was
relatively low at all RH levels tested (Figs. 2, 5 and 6), in some
recordings considerably less regular compared to that of the dry
neuron. Since irregularities in spike generation may be caused by

the specific response type of a neuron called spike bursting,most of
the recordings were subjected to ISI analysis for detection of the
spike bursts in the spike trains of the neurons if they occurred.
However, indications of spike bursting were never observed, even
at extremely low (5%) and extremely high (95%) RH levels. Some
typical cases of ISI distributions are demonstrated in Fig. 7.

4. Discussion

Wehave demonstrated, for the first time, that, in addition to the
thermoreceptor (cold) neuron (Merivee et al., 2003; Must et al.,
2006a,b), two antagonistic hygroreceptor neurons (moist and dry)
innervate the antennal dome-shaped sensilla in carabids. The
occurrence of two antagonistic hygroreceptor neurons and one
thermoreceptor neuron forming a triad in a single sensillum has
also been described in a number of other insects (Waldow, 1970;
Tichy, 1979; Yokohari et al., 1982; Altner and Loftus, 1985; Tichy
and Loftus, 1987; Iwasaki et al., 1995). Recently, it was found that,
in the stick beetle Carausius morosus, the antennal cold neurons
may also respond to humidity (Tichy, 2007). However, no clear
sensitivity of the cold neuron to the moisture content of the
ambient air was observed in the carabid P. oblongopunctatus. The
response to the rapid changes in RH was minimal, and observed
during 1–2 s after the beginning of humidity change only, probably
due to the temperature effects accompanied with the method of
humidity stimulations used. This feature of the cold neuron seems
to be vital for epigeic insects allowing perception of ambient
temperature independently from humidity content of the air.

[(Fig._3)TD$FIG]

Fig. 3. Two fragments with duration of 1.0 s of an original sample recording (30 s) from an antennal dome-shaped sensillum of P. oblongopunctatus demonstrating initial

phasic-tonic response of antagonistic hygroreceptor neurons to rapid changes in RH. CN, DN andMN show spikes from cold, dry andmoist neuron, respectively. Pay attention

that the time interval between the two fragments is 20 s. Recordings were made at 23 8C.
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Momentary and exact information about ambient temperature is
extremely important for ground beetles to survive making
effective behavioural thermoregulation of the beetles in their
habitat with steep temperature gradients possible. Unfavourably
high temperatures above 40 8C may be quickly lethal to these
insects within less than a minute (Thiele, 1977; Chown and
Nicolson, 2004). Recently, it was demonstrated that spike bursts
generated by the antennal cold neurons in the carabid Platynus

assimilis by some degrees above preferred temperatures may

[(Fig._4)TD$FIG]

Fig. 4. Simultaneous recordings from the thermo- and hygro-sensitive neurons of

the antennal dome-shaped of P. oblongopunctatus in response to rapid changes in

RH. Note that the response of the cold neuron was minimal (A). The moist neuron

showed a strong phasic-tonic increase in firing rate when RH was suddenly

increased. In contrast, its spike production quickly decreased in response to a

sudden drop in RH (B). The response of the dry neuron was opposite to that of the

moist neuron. Its firing rate decreased with RH increase and vice versa. When RH

was decreased, the rate of firing of the dry neuron phasic-tonically increased (C).

Recordings were made at 23 8C.

[(Fig._5)TD$FIG]

Fig. 5. Stationary firing rate of the thermo- and hygro-sensitive neurons from

antennal dome-shaped sensilla of P. oblongopunctatus at different RH levels. Vertical

bars indicate SE of the means; asterisks show significantly different means at

p < 0.05 (Wilcoxon matched pairs test). Recordings were made at 23 8C.
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contribute to avoidance of high sublethal and lethal temperatures
in this species (Must et al., 2010).

Desiccation may be also dangerous for carabids but on a much
longer time scale. The ability of carabids to survive in dry air
fluctuates over very wide limits. In 13 species, at 20–30% RH and
20 8C the survival time varied from 18 to 97 h. The survival time for
the eurytopic forest inhabitant P. oblongopunctatus if kept over
calcium chloride (residual water content 1.5 mg l�1 air) at 21 8C
was 35.6 h, and 18 h at 28 8C (Thiele, 1977). Our results showed
that at RH levels ranged from 5% to 95%, even at RH extremes, both
the moist and dry neuron of P. oblongopunctatus did not fire in a
burstingmanner similar to that observed in the cold neuron at high
temperatures (Must et al., 2010).

Our results showed that themoist neuron of P. oblongopunctatus
is not equally well suited for detecting differences in humidity
content of the ambient air at different humidity ranges. At the dry
end (20–40% RH), the steady-state humidity must increase by 6.7%
to raise the stationary firing rate of the moist neuron by 1 spike/s.
At 40–80% RH, the differential sensitivity of the moist neuron was
several times higher, an average change of only 2–3% in steady RH
was required for an increase of 1 spike/s. In contrast, the
differential sensitivity of the dry neuron was equally high over

the whole range of RH levels tested, varying between 2% and 3%.
Similar results were obtained in the stick insect Carausius morosus

with average differential sensitivities of 16% and 5% for the moist
and dry neuron, respectively, measured at RH levels ranging from
0% to 96% (Tichy and Loftus, 1987). In this respect, the dry neuron
seems better suited for the discrimination of steady-state levels of
humidity compared to the moist neuron.

Both the moist and dry neuron can be present in the same
sensillum, and it has been suggested that the integration of their
signals in the CNS may be important for functional responses to
altered ambient moisture. Regarding central processing, however,
next to nothing is known (Altner and Loftus, 1985; Altner and
Prillinger, 1980; Chown and Terblanche, 2007). Some authors
(Altner and Prillinger, 1980; Altner and Loftus, 1985) have
supposed that the significance of two antagonistic hygroreceptor
neurons is probably to be sought in the time required for
information transfer. The problem is to keep up with events. Both
high and low impulse frequencies can serve as vehicles to convey
information. But the lower the frequency, the longer it takes to do
so. Since, in bothmoist and dry ambient air, the frequency of one of
the hygroreceptor neurons is always high, information can be
properly supplied on and during both directions of humidity

[(Fig._6)TD$FIG]

Fig. 6. Response of the antennal thermo- and hygro-sensitive neurons of P. oblongopunctatus to rapid changes in RH. Number of tested beetles, N = 7. Vertical bars show SE of

the means. Recordings were made at 23 8C.
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change by one or the other neuron. Our data obtained in P.

oblongopunctatus did not support this supposition because at
steady-state humidity levels ranged from 20% to 80% the firing rate
of the dry neuron remained always remarkably higher compared to

that of the moist neuron except for at 80% when the spike
production of the two hygroreceptor neurons almost equalized
approximately at the rate of 25 spikes/s. Approximately equal rate
of spike production of the twoneuronswas observed even at 95% of

[(Fig._7)TD$FIG]

Fig. 7. Sample ISI distributions displayed by the two hygroreceptor neurons from antennal campaniform sensilla of P. oblongopunctatus at different RH levels. Note that spike

generation in the dry neuron was considerably more regular compared to that of the moist neuron. Since all the histograms have one maximum only no indications of spike

bursting were observed. (A)–(D) Recordings were made from the same sensillum; (E)–(J) recordings derived from the campaniform sensillum of another test beetle.

Recordings were made at 23 8C.
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RH in the experiments when humidity was suddenly increased
from 40% to 95%.

We suppose that the difference of firing rates of the two
hygroreceptor neuronsmay be important in insect hygrosensation.
Our data obtained in P. oblongopunctatus showed that the
difference of firing rates of the two neurons changed more rapidly
than the firing rates of either of the neurons separately i.e. the
binary systemwasmore sensitive to humidity differences than the
moist and dry neuron alone. Computing the difference of spike
frequencies from different inputs is a common feature of CNS in
insects. Neural integration of sensory input is thoroughly studied
in their chemoreceptor systems. For example, chemosensory input
guiding feeding preferences in phytophagous insects consist of
positive (stimulant) and negative (deterrent) signals from various
chemical stimuli, and changes in the balance of these chemicals
may change preference (Schoonhoven and van Loon, 2002;
Chapman, 2003).

Another advantage of the binary system composed of two
antagonistic hygroreceptor neurons is that it guarantees immedi-
ate and strong phasic-tonic response to rapid humidity changes in
either direction. In the hygrosensing system, high instant spike
frequencies of the phasic component of the response would allow
detection of subtle step-changes in humidity with greater
sensitivity than differences in steady-state values of humidity in
carabids as well in other insects, for example, in Drosophila (Liu
et al., 2007). Thus, construction of the hygrosensing system with
opposing receptor neurons may allow the insects to sensitively
detect environmental humidity differences critical for habitat and
microhabitat selection, and survival.
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