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Abstract Transient receptor potential channels are
implicated in thermosensation both in mammals and
insects. The aim of our study was to assess the effect of
mammalian vanilloid receptor subtype 1 (TRPV1) agonist
(capsaicin) and antagonist (capsazepine) on insect behav-
ioral thermoregulation. We tested behavioral thermoregu-
lation of mealworms larvae intoxicated with capsaicin and
capsazepine in two concentrations (10~7 and 10™* M) in a
thermal gradient system for 3 days. Our results revealed
that in low concentration, capsaicin induces seeking lower
temperatures than the ones selected by the insects that were
not intoxicated. After application of capsazepine in the
same concentration, the mealworms prefer higher temper-
atures than the control group. The observed opposite effect
of TRPV1 agonist and antagonist on insect behavioral
thermoregulation, which is similar to the effect of these
substances on thermoregulation in mammals, indicates
indirectly that capsaicin may act on receptors in insects that
are functionally similar to TRPV1.

Keywords Behavioral thermoregulation - Capsaicin -
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Introduction

The transient receptor potential family is widely involved

in many sensory processes, with a subset of channels
implicated in the reception of temperatures. They are
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named thermoTRP and are responsible for thermosensa-
tion (Patapoutian 2005). In mammals, there are six ther-
moTRPs: two activated by cold (TRPM8 and TRPAI)
and four activated by heat (TRPVI1-4) (Dhaka et al.
2006). The first known receptor in mammals activated by
noxious heat was vanilloid receptor subtype 1 (TRPVI)
(Caterina et al. 1997). In humans, TRPV1 is widely
expressed in neuronal (dorsal root ganglion, trigeminal
ganglion and various brain regions including hypothala-
mus or hippocampus) and nonneuronal tissues (among
others, urinary bladder, liver or macrophages) (Vennekens
et al. 2008). Vanilloid receptor subtype 1 is a non-selective
cation channel with substantial calcium permeability, acti-
vated by various chemical and physical stimuli. Chemical
substances that activate the channel include various vanil-
loids (such as capsaicin) and endogenous lipid metabolites,
while physical stimuli are acidic pH and high temperature
>43°C (O’Neil and Brown 2003; Benham et al. 2003). Other
mammalian vanilloid receptors (TRPV2-4) also respond to
warmth: TRPV2 is activated by noxious heat (~52°C),
TRPV3 opens at 34—39°C and TRPV4 at 25-34°C (Caterina
2007).

TRP receptors are also implicated in insects’ thermo-
sensation, especially the channels of the TRPA subfamily
(McKemy 2007). Drospohila TRPA channels, on the
contrary to mammalian TRPA, respond to warm temper-
atures (Dillon et al. 2009). Vanilloid receptors have also
been discovered in insects (for details see: Olszewska
2010). These include two receptors found in Drosophila
melanogaster: Nanchung and Inactive—calcium-perme-
able cation channels activated by mechanical and osmotic
stimuli. Both receptors form one interdependent complex
in the antennal chordotonal organ and are required for the
insect’s hearing (Gong et al. 2004; Liedtke and Kim
2005).
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In our research, we tried to assess the effect of
TRPV1 agonist—capsaicin and antagonist—capsazepine
on insect behavioral thermoregulation. Capsaicin is a
natural alkaloid derived from pepper (Clapham 1997).
Through activation of mammalian TRPV1, this substance
causes a feeling of burning pain (Szallasi and Blumberg
1999). Consequently, capsaicin also affects animals’
thermoregulation. Kobayashi et al. (1998) showed that
this substance induces hypothermia in rats, which is
afterward followed by hyperthermia. Preliminary studies
at our laboratory revealed that capsaicin affects behav-
ioral thermoregulation of the American cockroach Peri-
planeta americana—application of this vanilloid in
submicromolar concentrations induced selection of lower
temperatures in the thermal gradient system compared to
cockroaches, which were not intoxicated (Adamkiewicz
et al. 2008). Capsazepine, on the other hand, is a com-
petitive antagonist of mammalian TRPV1 and it inhibits
the organism’s response to vanilloids (Walpole et al.
1994). It has been shown that administration of different
TRPVI1 antagonists induces hyperthermia in rats (Gavva
et al. 2007).

The aim of our study was to assess the effect of cap-
saicin and capsazepine on insect thermoregulation. Based
on our preliminary results on American cockroach, we
hypothesized that capsaicin affects insect thermoregulation
through receptors functionally similar to mammalian
TRPV1 channel. To evaluate that, we examined behavioral
thermoregulation of mealworms intoxicated with capsaicin
and capsazepine in a thermal gradient system. We
hypothesized that the examined insects would respond to
the tested substances similarly to mammals, which means
that capsaicin would induce seeking lower ambient tem-
peratures by the insects and that capsazepine’s action
would be opposite.

Materials and methods
Insects

The mealworm larvae (Tenebrio molitor) were reared in
room temperature and under 12:12 LD photoperiod in box
containers filled with flour and oat flakes for hiding and as
food. Slices of apples were provided at regular time
intervals (every 24 h) as a source of food and humidity.
The individuals were chosen for the experiments according
to body weight; we selected insects with mean body weight
0.14 g per individual. To avoid the possibility of significant
differences between body weight and actual larval stage,
only the mealworms reared under the same conditions were
used for the experiments.
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Substances

Capsaicin and capsazepine (Sigma-Aldrich) were dissolved
in ethyl alcohol. We tested two concentrations of both
substances: 1077 and 10~* M. One group of insects was
intoxicated with alcohol only (1%—the same concentration
as in the tested substance solutions) to evaluate the effect of
the solvent alone. The control group of animals received
only water. In each experimental series, the mealworms
were given 10 pl of the tested substances on the ventral
part of the prothorax.

Behavioral thermoregulation

Temperature preferred by the examined insects was eval-
uated in a thermal gradient system. The system consists of
a long and narrow aluminum trough (60 x 5 cm) cooled
down by a cryostat on the one end and heated up by a
thermostat (Fisherbrand® FBH 612) on the other. In this
way, the ambient temperature gradient inside the trough is
generated. The temperature in the thermal gradient system
ranged from 12 to 40°C. The thermal gradient system was
divided into 20 compartments of equal length and the
temperature in each compartment was measured with a
thermocouple prior to each experiment. Behavioral ther-
moregulation of the mealworms after intoxication was
recorded for 3 days with a camera (Sony HDR-XR 200VE)
and saved on a computer disc. The image from the camera
was recorded every 3 min with BioVid program (FERRO
Software). We recorded thermal preferences of the animals
in the 12-h cycles of light and dark. The mealworms were
put into the thermal gradient system immediately after
intoxication with the tested substances. In each experi-
mental series, we examined six insects placed together into
one thermal gradient system. Each experimental series was
repeated six times using different individuals. The meal-
worms’ movements were not restricted in the thermal
gradient system and the slices of apples were placed as a
source of food and humidity. Slices of apples were placed
in different parts of the thermal gradient system with dif-
ferent ambient temperatures (15, 22, and 30°C) in order not
to affect the insects’ distribution. Food was exchanged
every 24 h.

Data analysis

The data recorded from the thermal gradient system served
for estimating the temperatures preferred by the intoxicated
insect. For assessing the effect of the tested substances on
thermal preferences of mealworms, one-way analysis of
variance (one-way ANOVA) and post hoc Tukey HSD test
were performed in PASW Statisitcs 18 (SPSS Inc.) All
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values are presented as mean & SD and the results were
considered statistically significant at P < 0.05.

Results

The mealworms that received only water (control group)
preferred staying at temperatures around 21°C during 72 h
of the experiment (mean 20.91 £ 0.51°C). Application of
alcohol alone did not change the thermal behavior of the
examined insects significantly (21.47 £ 0.54°C; P > 0.05)
(Fig. 1).

After intoxication with capsaicin in a concentration of
1077 M, an interesting change in behavioral thermoregu-
lation of mealworms was observed. In the first 24 h, the
insects preferred lower temperatures than the control ani-
mals (18.40 + 0.53°C; P = 0.02) (Fig. 3). In the next
2 days, the examined mealworms chose temperatures
similar to the control group (Fig. 1). Capsaicin in a con-
centration of 10™* M lowered slightly the temperature
preferred by the insects during 3 days of experiment
(19.57 £ 0.60°C), but the changes were not significant
(P > 0.05) (Fig. 2).

Capsazepine in low concentration (1077 M) affected the
insects’ thermoregulation in an opposite way to capsaicin
in low concentration. The mealworms intoxicated with
capsazepine preferred staying at warmer parts of the gra-
dient (22.47 £ 1.27°C) (Fig. 1), especially in the first 24 h
of the experiment (23.55 + 0.78°C; P = 0.001) (Fig. 3).
On the other hand, the insects intoxicated with capsazepine
in high concentration (10~* M) stayed at the lowest tem-
peratures (18.25 £ 0.77°C) (Fig. 2).

Discussion

Since insects are ectothermic animals, ambient temperature
affects profoundly all their physiological processes. For
that reason, thermosensation is very important for these
organisms. To date, we do not have complete knowledge
about the structures involved in the reception of tempera-
tures in insects. The sensilla that respond to warm or cold
stimuli are mostly located on insects’ antennae. Cold
receptors are usually combined with two hygroreceptor
cells (‘moist” and ‘dry’ receptor), as reported for example
in Apis, Triatoma, Antherea, Carausius, Aedes and Gryllus.
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Fig. 3 Mean temperature (°C) preferred in the first 24 h of exper-
iment by the mealworms intoxicated with alcohol (1%), capsaicin
(CA) and capsazepine (CPZ) in two concentrations: 1077 and
10™* M. Lines show statistical significance between series (one-way
ANOVA; post hoc Tukey HSD test): ***P < 0.001; **P < 0.01;
*P < 0.05

In some insect species, such as Periplaneta, Locust and
Leucophaea, there is an additional type of cold receptor
combined with olfactory receptors in the antennal olfactory
and thermoreceptive sensillum. Two kinds of thermore-
ceptors (warm and cold) associated with mechanoreceptive
hairs were reported in Speophyes (Steinbrecht and Miiller
1991; Nishikawa et al. 1992; Gingl and Tichy 2001). Gallio
et al. (2011) revealed that in Drosophila, two antennal
structures (arista and sacculus) contain hot and cold
receptors. These thermoreceptors project onto anatomically
and functionally distinct glomeruli in the proximal antennal
protocerebrum of the fly’s brain. The preferred temperature
is suggested to be set by independent action of hot and cold
receptor systems. The authors demonstrated that members
of the TRP family belonging to TRPP (polycistin) sub-
family Brivido TRP (Brv 1, 2 and 3) might function as
antennal cold receptors. Also, other transient receptor
potential family members involved in insects’ temperature
sensation are known. The first known receptor involved in
nociception of noxious temperatures in Drosophila was
Painless, a member of the TRPA subfamily (Tracey et al.
2003). Other TRPA channels involved in Drosophila
reception of warm temperatures are Pyrexia, activated by
temperatures above 40°C (Lee et al. 2005), and dTRPAI,
important for thermotaxis (Rosenzweig et al. 2005).
Rosenzweig et al. (2008) identified receptors required for
cold avoidance in fruit fly. There are also members of TRP
family that form a different subfamily (TRPC): TRP and
TRPL, which are also implicated in phototransduction. It is
notable that although TRP receptors take part in thermo-
sensation both in insects and mammals, the sensation of
different ambient temperatures is mediated by different
channels in those groups of animals. In insects, the mem-
bers of the TRPA subfamily are warm activated, while the
mammalian TRPA channel is responsible for reception of
low temperatures. Mammalian TRPV channels were
implicated in sensing warm temperatures, while insect
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TRPV channels, Nanchung and Inactive, expressed in
Chinese hamster ovary tissue culture cells, were not acti-
vated by temperature (Liedtke and Kim 2005). Recent
research showed, however, that in Drosophila larvae
Inactive is required for the selection of preferred (17.5°C)
over cooler temperatures (14—16°C), implying it takes part
in insects’ thermoregulation (Kwon et al. 2010). Despite
the fact that mammalian TRPV1 is activated by capsaicin,
we do not have any direct evidence for capsaicin sensitivity
of TRPV channels in insects. Kim et al. (2003) reported
that in heterologous expression systems, Chinese hamster
ovary cells expressing Nanchung channels were unre-
sponsive to capsaicin. A similar situation occurred with
Inactive, the second insect TRPV (Gong et al. 2004). It is
suggested that capsaicin sensitivity of TRPV1 is a recent
evolutionary acquisition in mammals, as avian vanilloid
receptor shows only residual sensitivity to this substance
(Jordt and Julius 2002). Although insect vanilloid receptors
do not respond to capsaicin, there are reports that this
substance may repel some insect species. Capsaicin is used
as a repellent against cotton pests and one species of stored-
products beetle (Sitophilus zeamais) (Spurr and McGregor
2003). This shows that at least some insect species are
sensitive to capsaicin, although it does not clearly imply that
they possess receptors sensitive to capsaicin. The studies
conducted at our laboratory on cockroaches revealed that
insects respond to mammalian TRPV1 agonist, capsaicin,
which affects their behavioral thermoregulation. However,
we did not investigate insects’ reaction to capsazepine then.
In the presented research, we hypothesized that capsaicin
and capsazepine affect insects’ thermoregulation through
receptors functionally similar to the mammalian TRPV1
channel. The experiments performed on mealworms in the
thermal gradient system seem to confirm our assumptions.
The larvae intoxicated with capsaicin in low concentration
(1077 M) in the first 24 h of the experiments preferred
temperatures lower by about 2—-3°C than the control group.
This behavior is quite similar to the one observed in mam-
mals. Subcutaneous injection of capsaicin (5 mg/kg) to rats
induced cutaneous vasodilation, increase of skin tempera-
ture and decrease of body temperature leading to hypo-
thermia that lasted for about 2 h. Simultaneously, capsaicin
increased rats’ oxygen consumption and heat production,
which in turn resulted in hyperthermia that occurred after
hypothermia (Kobayashi et al. 1998).

Capsazepine (in low concentration), a TRPV1 antago-
nist, elicited an opposite reaction in the examined insects.
The mealworms stayed at warmer parts of the thermal
gradient system than the control animals for almost 45 h
from intoxication, and then moved to the temperatures
similar to the ones chosen by the larvae which were not
intoxicated. In mammals, the application of various
TRPV1 antagonists (except capsazepine) induces an
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increase in body temperature (Gavva et al. 2007). It is
suggested that hyperthermia appears because TRPV1
receptors are tonically active in vivo, keeping body tem-
perature at normal level, and when antagonists block
TRPV1 channel, the body temperature increases. Although
capsazepine blocks mammalian TRPV1 and was used in
thermoregulation studies in rats and mice, it was not shown
that this substance causes hyperthermia. TRPVI1 has a
different gating mechanism for protons, heat and vanil-
loids. It was reported that capsazepine does not block
activation of vanilloid receptor subtype 1 by low pH, which
presumably may be the reason for it not causing hyper-
thermia (Romanovsky et al. 2009). Since in insects,
hemolymph pH may change in a broader range than in
mammals (the reported hemolymph pHs in insects range
from 6.4 to 7.5; Harrison 2001), insects vanilloid receptor
may vary in reaction to protons.

Here, we report that capsazepine in a concentration of
1077 M affects insect behavioral thermoregulation, induc-
ing selection of warm temperatures. The observed opposite
effect of capsaicin and capsazepine in the same concen-
tration on the mealworms’ thermoregulation may suggest
that the tested substances act as agonist—antagonist pre-
sumably on the same structure. We suppose that this may
be a receptor functionally similar to mammalian TRPV1.

As far as higher concentration (10_4 M) of the tested
substances is concerned, the observed changes in the
mealworms’ behavioral thermoregulation are similar for
capsaicin and capsazepine. The insects stayed at cooler
parts of the thermal gradient system than the group of
insects not intoxicated. Lundbaek et al. (2005) showed that
capsaicin acts through TRPV1 only at submicromolar
concentrations, whereas at micro- to millimolar concen-
trations this substance alters the physical properties of
biological membranes. Capsaicin adsorbs to lipid bilayers
and affects inter alia membrane fluidity, causing a decrease
in its stiffness. This process leads to changes in functioning
of many membrane proteins, and similar action is observed
after capsazepine in micro- to millimolar concentrations.
Our previous studies revealed that in the thermal gradient
system the Colorado potato beetle (Leptinotarsa decem-
lineata Say) larvae fed on red pepper chose ambient tem-
peratures higher by 10°C than the larvae fed on potatoes
(Tegowska et al. 2005). It is very interesting to observe a
distinct reaction of insects exposed to pure capsaicin
(mealworms) or red pepper (Colorado potato beetles).

The observed changes in insects’ behavioral thermo-
regulation may stem from the increased membrane fluidity
caused by the examined substances (at higher concentra-
tion, 10™* M). When the lipid bilayer stiffness is decreased,
the insect may choose cooler ambient temperatures to
restore regular fluidity of the membrane. Since we did not
examine the changes in the insects’ lipid bilayer fluidity

after capsaicin or capsazepine application, we cannot be
sure whether the observed behavior of the mealworms
resulted from these or other reasons.

It is remarkable that capsaicin affects not only mam-
malian, but also insect, thermoregulation. The observed
opposite effect of TRPV1 agonist and antagonist on insect
behavioral thermoregulation, which at the same time
remains similar to the effect of these substances on
thermoregulation in mammals, indicates indirectly that
capsaicin may act on receptors in insects that are func-
tionally similar to TRPV1. However, it cannot be exclu-
ded that the observed results reflect non-specific actions
unrelated to TRP channels. Further investigations are
required to explain through what way TRPVI1 agonist
and antagonist influence behavioral thermoregulation of
insects.
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