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A B S T R A C T

Standard chemical insecticides present mainly neurotoxic effects and are becoming less and less effective due to
insects developing resistance to them. One of the innovative strategies to control insects pests is to find a way to
increase the sensitivity of the target sites in the insect nervous system to the applied insecticides. In the presented
research, we proposed menthol, a component of essential oils, as a factor increasing the effectiveness of bend-
iocarb, a carbamate insecticide. The aim of our study was to evaluate the potentiation of the bendiocarb effect by
menthol. In toxicity tests performed on Periplaneta americana, menthol (0.1 μM) accelerated the lethal effect of
bendiocarb, primarily in its low concentrations (lower than 0.05mM). In the presence of menthol (1 and
0.1 μM), the ability of insects to turn back from its dorsal to the normal ventral side was significantly lower than
with bendiocarb (1 μM) alone. We also evaluated the effectiveness of chemicals on the activity of the ventral
nerve cord of the cockroach. In this preparation, bendiocarb (1 μM and higher concentrations) caused an irre-
gular, spontaneous bursts of action potentials. The total nerve activity (including the response to stimulation and
spontaneous firing) was much higher when bendiocarb was applied in the presence of menthol (1 μM). The effect
of menthol was similar to the octopamine effect and was abolished by phentolamine, the octopamine receptor
antagonist. Our results clearly indicated a strengthening effect of menthol on bendiocarb effectiveness; po-
tentiation occurred through octopamine receptors activation.

1. Introduction

Insects are the most populous group in the animal kingdom and
form a very important component of the ecosystem. However, some
insects are harmful to human interest, transferring dangerous patho-
gens as well as causing damages to crops and stored food. Since the
1940's, people have fought against insect pests using chemical in-
secticides (Casida and Durkin, 2013). Although they are effective, they
can have several undesirable consequences, such as negative impacts on
human health (Ding et al., 2015; Schinasi et al., 2015) and toxicity to
non-target animals (Antwi and Reddy, 2015; Pisa et al., 2015). More-
over, they have become less and less effective due to insects developing
some resistance to insecticides (Buckingham et al., 2017; Dong, 2007;
ffrench-Constant et al., 2004; Ihara et al., 2017; Perry et al., 2011).
One of the latest, innovative strategies to control insect pest is the

co-application of chemical insecticides with activators of membrane
metabotropic receptors such as cholinergic muscarinic receptors (Abd-

Ella et al., 2015). The activation of intracellular pathways leads to an
increase in intracellular Ca2+ concentration and the calcium-dependent
phosphorylation/dephosphorylation of membrane functional proteins
that modify their sensitivity to ligands (Apaire-Marchais et al., 2016;
Lavialle-Defaix et al., 2010). These phenomena are considered im-
portant cellular mechanisms that are to be used to increase the sensi-
tivity of insects to insecticides (Lapied et al., 2009; Raymond et al.,
2017).
Octopamine is a vital regulatory biogenic amine in invertebrates

and acts through metabotropic octopamine G-protein-coupled receptors
(Beggs et al., 2011; Evans and Maqueira, 2005). It has been demon-
strated that the activation of the octopamine receptors lead to the
modification of proteins that can serve as targets for chemical in-
secticides (Leyton et al., 2014; Reale et al., 1986; Vehovszky et al.,
2004, 2005). In experiments performed on mosquitoes, positive sy-
nergistic effects have been demonstrated between the activators of the
octopamine receptors (formamidines) and different insecticide groups
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(pyrethroids, neonicotinoids, organophosphorus and insect growth
regulators) (Ahmed and Matsumura, 2012; Ahmed and Vogel, 2015,
2016).
The octopamine receptors are one of the targets of the EO1 com-

ponents (Enan, 2001; Jankowska et al., 2017; Kostyukovsky et al.,
2002). They cause a decrease in the binding of octopamine to its re-
ceptors (Enan, 2001). The EO components induce an increase in the
cAMP2 level in the epidermal tissue of the cotton bollworm which is
inhibited by phentolamine (Kostyukovsky et al., 2002). These EO
components mimic the octopamine effect on the firing rate in the nerve
cord of the cockroach (Price and Berry, 2006). They also increase Ca2+

concentrations in HEK-293 cells expressing octopamine receptors from
the cockroach and the fruit fly (Enan, 2005).
Essential oils and their components have become objects of in-

creasing interest in integrative pest management. They exhibit an in-
secticidal and repellent activity and are increasingly being proposed as
an alternative to synthetic insecticides (Pavela, 2016; Pavela and
Benelli, 2016). However, they are usually less effective and thus cannot
replace the chemicals alone in insect control. Different sites of action of
essential oils in the insect nervous system are described: the inhibition
of acetylcholinesterase, the positive modulation of the GABA3 re-
ceptors, and as stated above, the activation of the octopamine receptors
(Enan, 2001; Jankowska et al., 2017; Park et al., 2016; Tong and Coats,
2010). Menthol has been shown to act as a positive modulator of GABA
receptors in mammals as well as an inhibitor of Sitophilus oryzae AChE4

(Lee et al., 2001; Hall et al., 2004).
In our research, we hypothesise that menthol, acting through oc-

topamine receptors, will enhance the efficiency of the carbamate in-
secticide - bendiocarb. Carbamates inhibit acetylcholinesterase enzyme
in the insect nervous system (Casida and Durkin, 2013) and their effi-
ciency has already been shown to be changed by the activation of the
metabotropic muscarinic receptors (Abd-Ella et al., 2015).
In electrophysiological experiments we have shown the high simi-

larity in the action of menthol and octopamine which indicates that
menthol, like other active constituents of essential oils (Kostyukovsky
et al., 2002), activates the octopaminergic receptors. In toxicity tests on
cockroach, as well as in experiments on its nervous system, we de-
monstrated for the first time the potentiating effect of menthol on the
efficacy of a carbamate insecticide.

2. Methods

2.1. Insects and reagents

2.1.1. Insects
Experiments were performed on adult male cockroaches (Periplaneta

americana); obtained from own breeding. We always use only males
because they have a more stable physiology than females (no changes
related to reproduction). In addition, dissection of the nervous system
of male cockroaches for electrophysiological experiments is easier. The
animals were kept at 29 °C and fed oat flakes and cat chow with access
to water ad libitum. The insects were moved from breeding cages in
plastic boxes to the laboratory 24 h before the experiments to allow
them to adapt to the new conditions.

2.1.2. Reagents
Bendiocarb insecticide was dissolved in ethanol to the concentration

of 0.1M since its solubility in water is low. Serial dilutions of 1mM, and
subsequently 500, 200, 100, 50, 10, 1, 0.1 μM were then made in water
(for toxicity tests) or in physiological saline (for electrophysiological

experiments). Physiological saline contained in mM: NaCl – 210, KCl –
3.1, CaCl2–5, MgCl2–5.4, and Hepes – 5. The pH=7.2 was adjusted
with NaOH. Menthol was dissolved in ethanol to the concentration of
0.1M, then it was diluted in water or in physiological saline to the
concentration of 1 μM and 0.1 μM. Bendiocarb (Pestanal, analytical
standard), DL-octopamine hydrochloride, Phentolamine hydrochloride
(≥98.0% (TLC), (± )-Menthol (racemic ≥98.0%), and Hepes were
purchased from Sigma Aldrich. The physiological saline components —
NaCl, KCl, MgCl2, CaCl2) — were obtained from Polskie Odczynniki
Chemiczne. SA. Poland.

2.2. Toxicity tests

2.2.1. Assessment of motor skills
Bendiocarb as an acetylcholinesterase inhibitor causes hyperactivity

and then paralysis of insects. In our toxicity tests, we estimated the level
of cockroach paralysis induced by bendiocarb, menthol and bendiocarb
and menthol applied together. Each cockroach was placed on the dorsal
side (on cork arena) and its ability to turn back to its normal position
was estimated by measuring the time necessary to return to the ventral
side. We assumed that the more affected insects would need more time
to turn back.
A group of five insects were placed in a 0.665 l non-absorbing, glass

chamber (11 cm diameter, 7 cm height) and exposed to chemicals for
1 h. 1ml of menthol (in the concentrations of 1 μM and 0.1 μM) was
administered into a filter paper, then the paper was placed directly
under the chamber lid. The volatile fraction of terpenoid is heavier than
air so its vapor quickly reached the insects at the bottom of the
chamber. 0.5ml of bendiocarb – (in the concentrations of 0.1mM and
1 μM) was dispensed in a form of spray with a glass atomizer directly
into the insects in the glass chamber. The menthol and bendiocarb were
applied at the same time. After 1 h of exposure, the insects were tested
for motor skills. The tests were recorded with a video-camera which
allowed for precise evaluation of the time necessary for the insects to
turn back to their normal position with a degree of accuracy of 0.001 s.
All experiments were repeated 3 times with n=15 for all mean values.

2.2.2. Knockdown tests
To evaluate the efficiency of bendiocarb and the potentiation of its

effect by menthol, we performed tests in which knockdown of the
cockroaches was observed. Six adult male insects were placed together
in a 1.7 l non-absorbing, cubic glass chamber
(12 cm×12 cm×12 cm) for 12 h. 1 ml of menthol (in the con-
centration of 0.1 μM) was applied into a filter paper. Similar to pre-
vious test, the paper was placed directly under the chamber lid. 1 ml of
bendiocarb (in the concentrations of 1, 0.5, 0.2, 0.1, 0.05, 0.01 mM)
was dispensed in a spray form directly into the insects in the glass
chamber using a glass atomizer. At intervals of one hour, the number
of the paralyzed insects was noted repeatedly. An insect was con-
sidered knocked down when it laid upside down without moving. The
experiment was replicated 5 times, hence the total number of insects
in each variant and concentration was 30.
Statistical analysis was performed using R software (R Development

Core Team, 2011). Since some data did not have a normal distribution,
we used the Kruskal-Wallis test for equal median and Mann-Whitney
post-hoc tests to compare groups of data using ‘FSA’ package (Ogle,
2018). Dose-response curves were computed using ‘drc’, ‘sandwich’ and
‘lmtest’ packages (Ritz et al., 2015; Zeileis, 2004; Zeileis and Hothorn,
2002). The knockdown doses were calculated using cumulative Behrens
method (Wilbrandt, 1952).

2.3. Electrophysiological tests

The efficiency of bendiocarb, menthol and bendiocarb combined
with menthol on the cockroach nervous system was tested in vitro at the
first part of the insect escape system. The preparation contained the

1 EO – essential oil.
2 cAMP – 3′,5′-cyclic adenosine monophosphate.
3 GABA - gamma-aminobutyric acid.
4 AChE – acetylcholinesterase.
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cerci, the cercal nerves, TAG5 and the connective nerves with the
ganglia from the abdomen. The cercal nerve is connected with the giant
and other interneurons by the cholinergic synapses located in the TAG.
Recordings of the bioelectrical activity were carried out from the
postsynaptic part – the connective nerve close to the TAG.
The preparation was placed in a Petri dish and systematically irri-

gated with physiological saline to ensure the hydration of the cercal and
connective nerves. The cercal appendages were not irrigated seeing that
the mechanoreceptors that cover the cercus should be dry to react
correctly to stimuli. An extracellular recording electrode (Alpha Omega
Engineering LTD, Israel) was placed on the connective nerves while a
non-polarized reference electrode was placed in the physiological saline
nearby. The electrodes were connected with a preamplifier and then
with a compensatory amplifier which allowed to record the sponta-
neous and induced activity of the nerve cord. The bioelectric signals
were observed on an oscilloscope and intercepted by a modified soft-
ware, Hameg (Germany).
One cercus was stimulated by delicate air puffs applied with 0.75 Hz

frequency emitted by a mechanostimulator. A stimulus was evoked by a
movement of a loudspeaker membrane, actuated by an impulse gen-
erator. The response to the stimulation (registered during 100ms per
one entry) and the total activity (registered during 10 s per one entry) of
the connective nerve were recorded. Each entry consisted of one
thousand bars, each one being a sum of compound action potentials
(the height of the bar indicated the amount of the compound action
potentials). As a result, in the case of recording the response to the
stimulation one bar referred to the sum of the action potentials col-
lected in 0.1ms and in the case of the total activity, in 10ms (Fig. 2A).
In all the experiments, the same patterns of the electrophysiological

recordings were used. Each recording of the response to the stimulation
consisted of (1) resting (spontaneous), usually very low activity, (2)
response to a mechanical stimulation of the cercus, usually well-defined
through time and (3) again resting activity mostly very low. The re-
cordings of the total nerve activity were performed simultaneously.
Each record (Fig. 2A) consisted of spontaneous nerve activity and re-
actions to stimulation visible in control as a single high peak of firing.
The size of the total activity was determined mainly by the level of
spontaneous activity (the participation of responses in the total activity
did not exceed 10%). Two kinds of experiments were performed: (1) we
logged 70min of recordings in control conditions; (2) first we logged
10min of control recordings, named “basic activity”, using only phy-
siological saline. The preparations were then exposed to the tested
compound(s) and observed for one hour (if it was variant with menthol
applied with bendiocarb, the essential oil was administrated 5min
before carbamate).
The magnitude of the response to the stimulation was calculated,

using the Hameg software as the “response surface”. This means that
the specified response time was multiplied by all the bioelectric signals
that appeared at that time. The duration of the response was stable in
the given experiment and the time frame containing the response
chosen at the beginning was applied to all the records in the experi-
ment. In the case of the total connective nerve activity, the time of the
entire record (10 s) was analyzed.
The collected data was further analyzed using R software (R

Development Core Team, 2011). The results were expressed as mean
values ± SE and the comparison of several data groups was made
using Kruskal-Wallis test. The differences between groups were tested
by Mann-Whitney post-hoc tests. The dose-response curves were es-
tablished using ‘drc’, ‘sandwich’ and ‘lmtest’ (Ritz et al., 2015; Zeileis,
2004; Zeileis and Hothorn, 2002).

3. Results

3.1. Influence of menthol on the efficiency of bendiocarb in the toxicity tests

3.1.1. Assessment of motor skills
Motor skills were expressed as the time necessary for the insects to

turn back from their dorsal (upside down) to their ventral (normal)
position. In control conditions, all insects returned from the dorsal to
the normal position within 0.7 ± 0.1 s. The application of menthol in
the concentration of 1 μM did not change significantly the ability of the
insects to turn back (Fig. 1A). However, a lower concentration of
menthol (0.1 μM) extended the time needed for the insects to return to
the normal position up to 10 ± 4.3 s (p= .0002) (Fig. 1A) surprisingly.
Menthol in the concentration of 0.01 μM was less effective and caused
an increase in time to 7.1 ± 3.3 s (p= .03). Bendiocarb tested alone at
the concentration of 1 μM caused only a slight extension of the time
necessary for the insects to return to the normal position At the con-
centration of 0.1mM bendiocarb extended this time to 6.4 ± 3.1 s
(p= .02) (Fig. 1A). Bendiocarb at concentrations lower than 1 μM did
not cause any effect (Supplementary Fig. 1A). The lowest concentration
of bendiocarb (1 μM) at which any effect was observed was chosen to
assess the effect of menthol on the efficacy of bendiocarb. This was
combined with two concentrations of menthol (0.1 and 1 μM).
The use of 1 μM bendiocarb in combination with 0.1 μM menthol

caused an increase in the time necessary for the insects to return to the
normal position to 18.9 ± 7.24 s (p= .0037) This represented a 14-
fold increase in recovery time compared to when bendiocarb was ap-
plied alone (Fig. 1A). As a result, the effect of the mixed substances on
the test insects was 56% higher than the sum of their individual effects.
A corresponding effect was observed when 1 μM bendiocarb was ap-
plied together with 1 μM of menthol. The effect was 8 times higher than
in the case of bendiocarb acting alone (p= .0292). This potentiating
effect was 270% higher than the sum of the effects of bendiocarb and
menthol applied in the same concentrations separately. Obtained re-
sults clearly indicated that menthol potentiated strongly the efficiency
of bendiocarb.

3.1.2. Knockdown tests
In the previous series of experiments, menthol at the concentration

of 0.1 μM produced a more significant effect on the motor skills of the
insects. Knockdown tests were carried out using this concentration
which alone never induced any visible signs of paralysis in the insects.
The cockroaches were treated with bendiocarb separately and also in
conjunction with menthol in concentrations previously indicated in the
Methods section. The time from application to knockdown was then
measured. Bendiocarb at the concentration of 1mM when applied, al-
most immediately caused paralysis and within an hour produced pa-
ralysis in 100% of the insects. Lower concentrations of bendiocarb took
longer to cause a knockdown—0.05mM of bendiocarb took 5 h to cause
the first signs of paralysis while it took 7 h to initiate knockdown at the
concentration of 0.01mM (Fig. 1B). At the concentration of 0.05mM,
bendiocarb applied in conjunction with menthol induced the first pa-
ralysis after 2 h. However, it took 6 h for 0.01mM of bendiocarb ap-
plied with menthol to initiate paralysis. The development of the
knockdown state was much faster when bendiocarb was used together
with menthol. For example, while 7% of the insects were paralyzed
after 5 h of exposure to 0.05mM of bendiocarb alone, a treatment with
a combination of bendiocarb and menthol caused 43% to be paralyzed
in the same time frame and concentration. Likewise, 8 h of exposure to
0.01mM bendiocarb alone and to a combined treatment of bendiocarb
and menthol resulted in 12.5% and 46% paralyzed insects respectively
(Fig. 1B). The co-application of menthol with bendiocarb at high con-
centrations (0.5 and 1mM) did not result in any significant increase in
the bendiocarb efficiency. Probably, the effect caused by bendiocarb
alone was too fast and there was no time for the menthol to take effect.
The cumulative dose-response curves for the knockdown effect for5 TAG – terminal abdominal ganglion.
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Fig. 1. Effects of bendiocarb and menthol on in vivo Periplaneta americana – toxicity tests. A). The assessment of motor skills: the insect motor abilities were estimated
based on the time required to turn from the dorsal side to the normal position 1 h after the application of the indicated bendiocarb and menthol combinations. The
data is expressed as mean values± SE, n=15 and the different letters above the bars refer to statistically significant differences between the data with p < .05. B).
Knockdown tests—the reduction in the number of the mobile insects over time after the application of the indicated combinations of 0.1 μM menthol (Ment) and
bendiocarb (Bend). Note the big difference in the menthol enhancing effect for low and high concentrations of bendiocarb. The data is expressed as mean
values± SE, n=5 and the statistically significant differences between bendiocarb and bendiocarb combined with menthol are marked: * p < .05, ** p < .01. C).
The dose-effect curves for bendiocarb (continuous line) and bendiocarb co-administered with 0.1 μM menthol (dashed line). The effect (normalized) is expressed as a
cumulative number of the insects in the knockdown state 12 h after the administration of chemicals, n=30. D). The effective dose values causing 5, 10 and 50% of
effect in a knockdown tests.
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different concentrations of bendiocarb alone and in the presence of
menthol (0.1 μM) were shown in Fig. 1C. The curve plotted for data in
the presence of menthol was shifted towards lower bendiocarb con-
centrations. This change was more pronounced for lower concentra-
tions of bendiocarb. Menthol decreased ED65 value for bendiocarb 4.5
times and ED50 value 1.7 times (Fig. 1C,D).

3.2. Influence of menthol on the efficiency of bendiocarb in
electrophysiological experiments

To evaluate the effect of bendiocarb and menthol on the cockroach
nervous system, bioelectrical activity of the connective nerve close to
the terminal abdominal ganglion was recorded. The magnitude of re-
sponse to the cercus stimulation and the total activity (meaning the
spontaneous activity together with the response to the stimuli) were
observed.

3.2.1. Study of bendiocarb effect on the Periplaneta americana nerve cord
The examples of the total bioelectric activity of the connective nerve

(meaning the responses to the stimulation and the spontaneous activity)
were presented on Fig. 2A. In the control conditions, the reactions to
the stimulation were well distinguished from the spontaneous activity.
When bendiocarb was applied on the preparation the bursts of spon-
taneous activity were observed. Both parameters: the magnitude of the
response to the stimulation and the spontaneous activity were analyzed
and compared. In the experiments performed under control conditions,
the size of the response slightly decreased at the beginning and usually
reached a constant level (about 75% of initial value) within 15min
(Fig. 2B). During the experiment, the amount of total activity decreased
as well (Fig. 2C).
Bendiocarb was tested at 4 concentrations (0.1, 0.2, 0.5, 1 μM) and

at these concentrations it did not modify the magnitude of the response
to the stimulation (Fig. 2B). However, we observed a new phenomenon
where an increase in spontaneous activity appeared in a concentration-
dependent manner, often in the form of bursts (Fig. 2A – Bend). When
the spontaneous activity was low, the response to the stimulation was
well-defined. Conversely, the higher and the irregular spontaneous
activity caused by bendiocarb, made it impossible to distinguish the
response from the spontaneous firing. In this situation, we decided to
analyze the total activity of the preparation – this refers to the spon-
taneous activity and the response to the stimulation estimated together.
In control conditions, the initial total activity of the connective

nerve varied between the preparations and for this reason the data was
normalized. The average total activity from the first 40 recordings
(10min) was set to 1 and from then was referred to as the “basic ac-
tivity”. In all control experiments, the spontaneous activity gradually
decreased. After 60min of recording only the response to the stimula-
tion was visible and it constituted 14.3 ± 6.3% of the basic activity
(Fig. 2C).
Bendiocarb in the highest electrophysiologically tested concentra-

tion (1 μM) induced two kinds of effects. (1) Bendiocarb increased the
total activity of the connective nerve (Fig. 2A, C). 30min after its ap-
plication, the total activity was 1.8 times higher than in control con-
ditions (66.5 ± 12.7% of the basic value after bendiocarb application
compared to 36.1 ± 5.7% in control). 60min after application, this
activity was recorded as 3.2 times higher (p < .05) than in control
(45.6 ± 11.4% vs 14.3 ± 6.4%, Fig. 2C). The observed increase in the
total activity was related only to rise in the spontaneous firing because
the size of the response to the stimulation remained almost on the
control level (Fig. 2B). (2) Bendiocarb caused frequent, well detectable
bursts of activity (Fig. 2A Bend). Such bursts were never observed in the
control conditions on the connective nerve and after bendiocarb on the
cercal nerve (Supplementary Fig. 1B). The use of bendiocarb in lower

concentrations showed its concentration-dependent effect (Fig. 2C). An
increase in the total activity was not observed after the application of
bendiocarb in the concentration of 0.2 μM and lower (Fig. 2C). How-
ever, there were exceptions in some cases where the bursts of activity
occurred. Calculated ED50 was estimated at 0.5 μM (Fig. 4D,E).

3.2.2. Study of the menthol effect on the Periplaneta americana nerve cord
Similar to bendiocarb, we began by testing the influence of menthol

alone on the response to mechanostimulation. Menthol, in contrast to
bendiocarb, changed the response size – Fig. 3A. After its application,
the response decreased progressively; the effect was more visible for a
lower concentration of the compound. After 30min of menthol pre-
sence, the size of the response was 47.9 ± 8.9% of the basic value at
the concentration of 1 μM (p= .0037) and only 33.9 ± 5.5% at the
concentration of 0.1 μM (p= .0009). However, in a corresponding time
in the control conditions, the response to the stimulation remained
stable at the level of 74.2 ± 5.1%.
To test whether menthol can activate the octopamine receptors, we

conducted a series of experiments with a receptor antagonist – phen-
tolamine (1 μM), by which the preparation was pretreated.
Interestingly, in the presence of phentolamine, 1 μM of menthol had no
effect on the response to the stimulation and its evolution over time was
exactly the same as in the control; after 30min it reached 79.7 ± 5.0%
of the initial value (Fig. 3A). Phentolamine applied separately did not
cause any significant effect (Supplementary Fig. 1C).
In additional experiments, we demonstrated a high similarity be-

tween the action of menthol and octopamine. When octopamine (1 μM)
was applied to the nerve cord, it reduced the size of the response to the
stimulation recorded from the connective nerve. 30min after this, it
was at the level of 55.3 ± 2.0% of the initial value. In a corresponding
time in the control conditions, the response to the stimulation remained
stable on the level of 74.2 ± 5.1% (difference between octopamine
and control in 30min, p= .0009). A pretreatment of the nerve cord
with phentolamine abolished completely the effect of octopamine and
the changes in the magnitude of the response over time were similar to
the changes in the control conditions (Fig. 3B).
We assumed that menthol and octopamine caused their effects by

binding to the same receptor site. To verify this hypothesis, we studied
the effect of menthol (1 μM) after pretreatment (10min) with octopa-
mine (1 μM). In 20min of applying menthol together with octopamine,
the size of the response was equal to 0.48 ± 0.08. This value was very
similar to the one observed after 30min of menthol presence alone at
0.47 ± 0.07 (Fig. 3C). This clearly suggests that these molecules bind
to the same octopamine receptors.
Menthol (1 μM) induced a decrease in the total activity of the con-

nective nerve. Total activity was now up to 15.7 ± 2.9% of the basic
value compared to 36.1 ± 5.7% in the control over 30min
(p= .00634) and to 4.3 ± 1.7% compared to 14.3 ± 6.4% within
60min (Fig. 3D). Quite similar results were obtained with 1 μM octo-
pamine (Fig. 3D). When the nerve cord was pretreated with phentola-
mine, the difference between the control recordings and the recordings
after the treatment with menthol was not statistically significant after
30min. A small, insignificant increase in activity was observed after
60min, compared to the control (Fig. 3D). The obtained results con-
firmed our assumption that the effects of menthol are carried out most
likely through the octopamine receptors.

3.2.3. Effect of menthol on the efficiency of bendiocarb
After 10min of the control recordings, the nerve cord was treated

with 1 μM menthol for 5min and then a mixture containing 1 μM
menthol and 1 μM bendiocarb was applied. This did not change the
magnitude of the response to the stimulation, just like with bendiocarb
alone (Supplementary files, Fig. 1D). As a result, only the total activity
of the connective nerve after bendiocarb application was considered in
assessing the effect of menthol on bendiocarb efficiency. In 30min, a
slight increase in the total connective nerve activity was observed6 ED – effective dose.
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compared to the effect of 1 μM bendiocarb applied alone (Fig. 4A).
Within 60min, 1 μM bendiocarb combined with menthol generated a
total activity 2.1 times higher (p= .0021) than with bendiocarb applied
alone – Fig. 4A. This value was 6.7 times higher (p= .0015) than in the
control at a corresponding time of the experiment.
The strengthening effect of menthol was dependent on the con-

centration of bendiocarb. When the concentration of bendiocarb was
higher, in the 60th minute of the experiment the increase in the total
nerve activity after the mixture of compounds was bigger compared to
the control (4 times for 0.2 μM, 5 times for 0.5 μM and 6.7 times for
1 μM; respectively p values were 0.0015, 0.026, 0.0015). However, the
ratio of the activity in the presence of the mixture of the two substances
and only bendiocarb was the highest (5 times) at the 0.2 μM bendiocarb
concentration (p= .019) compared to 2.1 times for 1 μM (p= .026) –
Fig. 4B. This indicates that the potentiation of bendiocarb effect by
menthol was largest at the lowest bendiocarb concentration.
Our last goal was to check whether the potentiating effect of men-

thol on the efficacy of bendiocarb was mediated by the octopamine
receptors. For this purpose, we used 1 μM phentolamine for 5min be-
fore testing the effect of the mixture of menthol and bendiocarb on the
total activity of the connective nerve. Our assumption was confirmed –
the evolution of the level of the total activity over time was very similar
to that under the control conditions (Fig. 4A). This confirmed unequi-
vocally that menthol potentiates the effect of bendiocarb by activating
the octopamine receptors.
In order to visualize the strengthening effect of menthol on the ef-

fectiveness of bendiocarb, we present Fig. 4C which convincingly il-
lustrates the development of the potentiating effect of menthol on

bendiocarb efficacy in time. On the figure, the high black bars corre-
spond to the bioelectrical discharges with very high frequency. Such
phenomena were never observed in the presence of bendiocarb alone.
To better assess the strengthening effect of menthol on bendiocarb

activity, the dose-effect curves were calculated and plotted based on the
increase in the total activity of the connective nerve in the presence of
bendiocarb alone and bendiocarb with 1 μMmenthol – Fig. 4D. Menthol
shifted the dose-effect curve into the lower bendiocarb concentrations.
Additionally, it induced the increase in the maximum possible effect of
bendiocarb. For better comparison ED50, ED10 and ED5 were calculated
(Fig. 4D,E). ED50 for menthol and bendiocarb together was 0.21 μM,
this means it is over two times lower than for bendiocarb alone –
0.50 μM.

4. Discussion

The aim of our research was to check whether menthol – an es-
sential oil component can be used as a substance to strengthen the effect
of bendiocarb, a conventional, chemical insecticide. Essential oils have
repellent and neurotoxic effects on insects, but their effectiveness is
generally lower than that of the classic insecticides (Castillo et al.,
2017). Neurotoxicity of essential oils results from the fact that their
targets are the key proteins in the insect nervous system: AChE, the
GABA and the octopamine receptors (Jankowska et al., 2017; Pavela
and Benelli, 2016). One of the strategies to fight against insect pests is
to use substances in pairs so that each of them acts on a different target.
Special attention is currently paid to the metabotropic receptor,

whose activation may cause strengthening effects (sometimes

Fig. 2. Changes in the connective nerve bioelectric activity induced by bendiocarb. A). The original, representative extracellular recordings of the bioelectrical
activity of the cockroach connective nerve in the control conditions (Ctr) and after 1 μM bendiocarb (Bend) application. In the upper part, the air puff stimuli are
indicated while the lower parts show the activity of the connective nerve. Note: the highest peaks correspond to the response to the stimulation. B). The magnitude of
the bioelectric response to the stimulation for the control (Ctr) and after applying 1 μM bendiocarb (Bend). The size of the response has been normalized (1 is the
average value recorded in the first 10min of each experiment). The data is presented as mean values± SE, n=7. C). The magnitude of the total activity at the
beginning of the experiment (0min) and within 30 and 60min under the control conditions (Ctr) and after the application of bendiocarb (Bend) in the concentrations
0.2, 0.5, and 1 μM. The data was normalized where 1 is the average value of “the basic activity” recorded in the first 10min of each experiment. The bars shown at
time “0” indicate values 1min before the given substance application. The data is presented as mean values± SE, n= 7 and the different letters above the bars refer
to statistically significant differences between values with p < .05.
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synergistic) with the action of the chemical insecticides (Abd-Ella et al.,
2015). We hypothesized that the activation of the octopamine re-
ceptors, which trigger the intracellular pathways associated with the
increase in cAMP and Ca2+ concentrations, would modify the AChE
activity and its sensitivity to chemical inhibitors (carbamates).
Achieving a synergistic effect due to the stimulation of the octopamine
receptors has already been described (Ahmed and Vogel, 2016). This is
particularly valuable because the octopamine receptors play a key
regulatory role in insects but occur only in negligible amounts in ver-
tebrates. We assumed that the EO components will “mimic” the effect of

octopamine at low concentration, since such an action had already been
observed (Glanzman and Krasne, 1983).
In our studies we used menthol, which is considered one of the most

active insecticide among the components of EOs (Isman and Machial,
2006). Menthol applied alone showed only insignificant effects in our
toxicity tests. Nevertheless it proved to be a strengthening factor for
bendiocarb activity. The toxicity tests adequately confirmed our hy-
pothesis that bendiocarb in the presence of menthol is more efficient as
an insecticide and this is the main conclusion of our research.
In addition, we wanted to know more about the mechanism of

Fig. 3. Menthol changes the bioelectrical activity of the connective nerve. A). The magnitude of the bioelectric response to the stimulation for the control (Ctr), two
indicated menthol concentrations (Ment), and menthol combined with 1 μM phentolamine (Ment + Ph). The size of the response has been normalized where 1 is the
average value recorded in the first 10min of each experiment. The data is presented as mean values± SE, n= 7. For transparency, the statistical differences are not
marked (for the data points in time 5–30min, p < .001). B). The magnitude of the bioelectric response to the stimulation for the control (Ctr), octopamine (1 μM,
Oct), and octopamine + phentolamine (1 μM Oct+1 μM Ph). The size of the response has been normalized. 1 is the average value recorded in the first 10min of
each experiment and the data is presented as mean values± SE, n=7. For transparency, the statistical differences are not marked (for the data points in time
5–30min, p < .001). C). The magnitude of the bioelectric response to the stimulation for 1 μM menthol (Ment) and 1 μM menthol after the pretreatment (10min)
with 1 μM octopamine (Oct+Menth) measured after 30min of application of the compounds. The size of the response has been normalized where 1 is the average
value recorded in the first 10min of each experiment. The data is presented as mean values± SE, n=7. D). The size of the total nerve activity at the beginning of the
experiment and after 30 and 60min in the control (Ctr) and after the application of 1 μM menthol (Ment), 1 μM octopamine (Oct), and 1 μM phentolamine (pH). The
data was normalized where 1 is the average value of “the basic activity” recorded in the first 10min of each experiment. The bars shown at time “0” indicate values
1 min before the given substance application. The data is presented as mean values± SE, n= 7 and the different letters above the bars refer to statistically significant
differences between the data with p < .05.
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Fig. 4. Changes in the efficacy of bendiocarb induced by menthol. A). The size of the total activity of the connective nerve in 0, 30 and 60min of the experiment
under the conditions: Control (Ctr); after the application of 1 μM bendiocarb alone (Bend); 1 μM bendiocarb +1 μM menthol, applied after a 5-min pretreatment with
1 μM menthol, (Bend+Ment); and 1 μM bendiocarb + 1 μM menthol after a 5-min pretreatment with 1 μM phentolamine (Bend+Ment+Ph). B). The size of the total
nerve activity in 60min of the experiment under the conditions: Control; application of 0.2, 0.5 and 1 μM of bendiocarb (Bend); and bendiocarb (the same
concentrations)+ 1 μM menthol (Bend+Ment) after a 5-min pretreatment with 1 μM menthol. The data was normalized where 1 is the average value of “the basic
activity” recorded in the first 10min of each experiment. The bars shown at time “0” indicate values 1 min before the given substance application. The data is
presented as mean values± SE, n= 7 and the different letters above the bars refer to statistically significant differences between the data with p < .05. C). The
strengthening effect of menthol on bendiocarb activity. The comparison of the changes in the total bioelectrical activity of the connective nerve under the conditions:
(Ctr) Control, (Bend) when induced by bendiocarb, and (Bend+Ment) when bendiocarb is applied together with menthol. The original size of the total activity
throughout 60min of the representative experiments (performed on the same day) is presented. The white area refers to the control experiment (Ctr), the grey area
refers to the experiment with 1 μM bendiocarb (Bend), and the black area corresponds to the experiment with the mixture of 1 μM bendiocarb with 1 μM menthol
(Bend+Ment) applied after a 5-min pretreatment with menthol. The figure is for reference only. D) Menthol shifts the dose-effect curve of bendiocarb. The dose-
effect curve calculated for bendiocarb (Bend) and for bendiocarb together with menthol (Bend+Ment). The effect was calculated as the difference between the total
activity of the connective nerves in the control experiments and the activity of the connective nerves in the presence of the indicated concentrations of bendiocarb
and bendiocarb together with 1 μM menthol. The highest observed activity was set as 1. The data is presented as mean values± SE, n= 7. E) Effective dose (ED)
values causing 5, 10 and 50% of effect on the bioelectrical activity of the nerve cord treated with bendiocarb and with bendiocarb together with 1 μM menthol after a
5-min pretreatment with menthol. The effect was calculated as a difference between the total activity of the connective nerves in the control experiments and the
activity of the connective nerves in the presence of the indicated concentrations of bendiocarb and bendiocarb together with 1 μM menthol.
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interaction between bendiocarb and menthol at the level of the insect's
nervous system. For this purpose, we performed electrophysiological
experiments using extracellular recordings of the activity of the cock-
roach nerve cord.
The observed decrease (by approx. 25%) in the magnitude of the

response to the stimulation under the control conditions resulted from
the evolution of the preparation with time. Bendiocarb did not sig-
nificantly modify the magnitude of the response to the mechan-
ostimulation. This was a surprising phenomenon because the inhibition
of AChE should have increased the size of the reaction. However, a
release of the ACh7 by the stimulus and its increased levels in a synaptic
cleft in the presence of bendiocarb, could have triggered a negative
feedback. This could possibly have been through the muscarinic re-
ceptors in the presynaptic part that limited the release of ACh in re-
sponse to the stimulus. Such a phenomenon was observed in this pre-
paration (Corbel et al., 2006). Moreover, in the insect central nervous
system ACh binds to different types of nAChR.8 These nAChR are
composed from homomeric and heteromeric α 1–8 subunits as well as
non α subunits and are found throughout the whole nervous system of
insects. Among them homomeric nAChR (family 1) occurring in the
giant fiber of Drosophila melanogaster is known to be crucial for the
function of the escape system (Fayyazuddin et al., 2006). Their feature
is that they are quickly desensitized with a high amount of ACh (Amar
et al., 1995). Therefore, their function is mainly the detection of the
stimulus and sending information to the muscles to start the escape. A
high level of ACh after an inhibition of AChE may induce a desensiti-
zation of these receptors. However, non-desensitizing nAChR can be
active and responsible for non-specific excitation of the post-synaptic
part, which has been recorded as a high, irregular, bursting connective
nerve activity after bendiocarb application. Such over-excitation pre-
vents the detection of the stimuli and induces paralytic effects in the
insects. Bendiocarb effects at the level of the insect nervous system
corresponded well with the observations obtained in vivo. These were
the reasons why mainly the spontaneous activity of nerves was accepted
as a parameter to compare the action of bendiocarb alone and in the
presence of menthol.
We also assumed that menthol would act as an octopamine receptor

agonist so we compared the effects of menthol and octopamine.
Octopamine (1 μM) caused a decrease in the size of the response to the
stimulus compared to the control. A corresponding decrease was also
observed in the total activity of the connective nerve. Similarly, octo-
pamine inhibited the excitatory junctional currents in the glutamate
neuromuscular junction in Drosophila melanogaster larvae (Nishikawa
and Kidokoro, 1999). It also decreased the amplitude of electro-an-
tennogram in Periplaneta americana (Zhukovskaya, 2012). Furthermore,
in small concentrations, it decreased the firing rate in heart cells in
Drosophila melanogaster (Papaefthimiou and Theophilidis, 2011). Very
similar effects in terms of modifying the magnitude of the response to
the stimulus and the total nerve activity were obtained after menthol
(1 μM). The development of the effects with time was similar to that
after octopamine.
All kinds of octopamine receptors (Oamb, Octß1R, Octß2R,

Octß3R) cover the whole central nervous system of adult insects (El-
Kholy et al., 2015). They are known to be present in the last abdominal
ganglion and in the giant interneurons which make up the connective
nerve of Periplaneta americana (Weisel-Eichler and Libersat, 1996).
When menthol was applied after octopamine, no additional decrease in
the magnitude of response to stimulation was observed. The pretreat-
ment of the preparation with phentolamine - a blocker of the octopa-
mine receptors - abolished completely the effect of octopamine and
menthol. All these data strongly suggest that menthol acts through the
octopamine receptors.

In the toxicity tests and the electrophysiological experiments we
observed a surprising phenomenon: (1) cockroaches exposed to the
lower concentration of menthol (0.1 μM) needed more time to return to
the normal position than those exposed to 1 μM of menthol and (2) a
decrease in the response to the stimuli after exposure to 0.1 μM of
menthol was larger than after exposure to 1 μM of menthol. We suppose
that with the higher menthol concentration the desensitization of the
receptors could take place. The agonist-induced desensitization of the
octopamine receptors has already been described (Orr and
Hollingworth, 1990; Robb et al., 1994). Intracellular signaling pathway
activated by the binding of menthol to the octopamine receptors can
change the phosphorylation state of the receptors and their desensiti-
zation. A corresponding desensitization of the octopamine receptor by
PKC activation has been described in the nervous system of Drosophila
(Hoff et al., 2011).
In the nervous system of the cockroach, it has been found that the

increase in the intracellular Ca2+ and the cAMP concentrations modify
the affinity of AChE to carbamates (Abd-Ella et al., 2015). Thus, the
effect of bendiocarb on AChE in our preparation was expected to
change in the presence of menthol. However, the magnitude of the
response under the influence of the menthol/bendiocarb mixture was
similar to the values recorded under the control conditions. We propose
an explanation for this phenomenon similar to that for the case of
bendiocarb applied alone and in this situation we evaluated the changes
in the total activity of the nerve cord. The effects of bendiocarb in the
presence of menthol were more profound than that of bendiocarb only.
The efficiency increased almost two fold, when comparing ED50 values
(Fig, 4D,E). A very similar potentiation was observed in in-vivo tests.
Moreover, the bursting activity was much more expressed, and it de-
veloped in time. This corresponded perfectly to the assumption that the
strengthening effect of menthol developed during the time needed for
the course of the intracellular processes, that end with the phosphor-
ylation of the proteins engaged in the information transmission in the
cockroach escape system. A detailed statistical analysis of the effects of
bendiocarb alone and in the presence of menthol clearly showed that
menthol potentiated the bendiocarb activity. All this interaction was
abolished by phentolamine, which confirmed that the potentiation ef-
fect occurred through the octopamine receptors.
In our study, we demonstrated a high similarity between the effects

of menthol and octopamine (both of which were inhibited by phento-
lamine). This may suggest that menthol activates octopaminergic re-
ceptors. We assumed that activation of octopaminergic receptors would
result in higher efficacy of carbamate insecticide (bendiocarb) on in-
sects. Our hypothesis has been confirmed: menthol strongly increases
the efficiency of bendiocarb. This positive interaction between menthol
and carbamate insecticide has been proven for the first time. The ex-
planation for the mechanisms of this interaction requires further re-
search.
Supplementary data to this article can be found online at https://

doi.org/10.1016/j.pestbp.2019.04.013.
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