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ABSTRACT

INSECT OLFACTORY REPELLENTS: IS THERE A GUSTATORY

CONTRIBUTION?

Jillian Lee Sanford

Insect repellents provide protection from biting insects including mosquitoes by
affecting the olfactory system. As such, the majority of research carried out to
understand the mechanisms behind insect repellency has focused on olfaction. Recent
molecular evolutionary studies performed on olfactory receptors demonstrated that these
proteins have evolved directly from gustatory receptors. The goal of my study is to
determine if repellent compounds interact with the insect gustatory system. | carried out
electrophysiological studies on the yellow-fever mosquito Aedes aegypti (Diptera:
Culicidae) to determine if insect repellents stimulate receptor cells housed within
gustatory sense organs (sensilla) located on the mouthparts. Electrophysiological studies
show the presence of at least three gustatory receptor neurons (GRNSs), one of which is
activated by repellent compounds. The information in this study reveals a mechanism by
which insect repellents act on the gustatory system, potentially leading to the design of

more effective insect repellents.
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CHAPTER ONE

NEUROPHYSIOLOGICAL RESPONSES OF A GUSTATORY

RECEPTOR NEURON IN AEDES AEGYPTI TO OLFACTORY

REPELLENTS

A version of this chapter has been published in the journal, Naturwissenschaften



INTRODUCTION

The use of insect repellents has contributed to decreasing contact between insect
disease vectors and their host. The compound N,N-diethyl-meta-toluamide, referred to as
DEET, is the most widely used chemical in commercially available repellents (Brown
and Hebert, 1997). In recent years, new synthetic repellents including amides,
piperidines, and diols have been discovered (Paluch et al., 2010). DEET, 3-[N-Butyl-N-
acetyl]-aminopropionic acid ethyl ester (IR3535), and 2-(2-hydroxyethyl)-1-piperidine
carboxylic acid 1-methylpropyl ester (picaridin) have all been shown to elicit repellent
behavior in insects within the family Diptera (Chauhan et al., 2005; Klun et al., 2006;
Licciardi et al., 2006; Syed et al., 2011). The modes of action behind the repellency of
these compounds remain unclear. Both Dethier (1960) and Davis (1985) state that a
compound can elicit more than one behavior and cause insects to orient away from
potential hosts and inhibit it from feeding on a natural food sources. DEET and picaridin
elicit feeding deterrent behavior in dipterans (Bar-Zeev and Schmidt, 1959; Klun et al.,
2006). The ability of these repellents to elicit a feeding behavioral response in insects,
suggests that these olfactory compounds elicit responses in the gustatory receptors.
However, limited information is available on the interactions between insect repellents
and the gustatory system of insects. Dipterans have specialized sensory organs (sensilla)
located on various regions of the body, including the antennae and maxillary palps
(Mclver and Siemicki, 1984; Dickens et al., 1988; de Bruyne et al. 1999; Pitts and
Zwiebel, 2006; Hill et al., 2009). The olfactory sensilla house olfactory receptor neurons
(ORNSs) responsible for detecting ecologically relevant compounds (Syed and Leal, 2007,

Ghaninia et al., 2007; Syed and Leal, 2008; Ghaninia et al., 2008; Hill et al., 2009; Cook



etal., 2011). Many dipteran species have an ORN sensitive to repellent compounds,
which may mediate, at least in part, aversive behavior (Boeckh et al., 1996; Ditzen et al.,
2008, Syed and Leal, 2008; Bohbot and Dickens, 2010; Kwon et al., 2010; Bohbot and
Dickens, 2011; Bohbot and Dickens, 2012). These studies provide strong evidence for

olfaction mediating aversive behavior elicited by insect repellents.

Recent genetic studies have demonstrated a close relationship between smell and
taste (Scott et al., 2001; Galindo and Smith, 2001; Robertson et al., 2003). In dipterans,
there is mounting evidence that olfactory (ORs) and gustatory receptors (GRs) share a
common gene origin (Scott et al., 2001; Robertson et al., 2003). These GRs are
expressed in cell membranes of gustatory receptor neurons (GRNs) housed within
sensilla and are specific for various tastants in the environment (Isono and Morita, 2010).
Gustatory sensilla are located on multiple regions of the body including the proboscis
(mouthparts), tarsi (legs), wings and ovipositor of females (Isono and Morita, 2010).
While, the GRs in insects have putative seven-transmembrane domain motifs, as in
mammals, interestingly, recent studies have shown insect taste transduction may not use
G-coupled second messenger signaling cascades, but may occur through ligand-gated ion
channels specific for certain compounds (i.e., sugar) (Kijima et al., 1988; Murakami and
Kijima, 2000; Sato et al., 2011). Recently, Lee et al. (2010) demonstrated DEET
activates GRNs housed in sensilla located on the labellum of the mouthparts in the
vinegar fly Drosophila melanogaster. and identified GRs responsible for its detection.

The goal of my project was to determine if GRNs in the labellar lobes of another
dipteran, the yellow-fever mosquito Ae. aegypti respond to the repellent compounds

DEET, IR3535, and picaridin. Ae. aegypti vector numerous viral diseases including,



yellow fever, dengue, and chikungunya (National Center for Emerging and Zoonotic
Infectious Diseases). Ae. aegypti is capable of surviving and reproducing in urban
environments and its eggs are capable of withstanding long periods of desiccation. These
characteristics contribute to making it a particularly dangerous disease vector. Sensilla
located on the proboscis of A. aegypti are prime candidates for mediating the detection of
repellent compounds such as DEET, IR3535, and picaridin. The results of this study
further our understanding of the modes of action of repellent compounds and could
contribute to the development of more potent and effective repellents.

MATERIALS AND METHODS

Animals

Ae. aegypti (Gainesville strain) were reared from eggs (The Center for Medical and
Veterinary Entomology, USDA, FL, USA) and maintained at 25°C, 20-40% relative
humidity under a 12 light:12 dark photoperiod regimen. Larvae were fed ground
Tetramin® tropical (Tetra) fish food. Adults were maintained in an incubator (Percival)
at 27°C at 70% relative humidity and same photoperiod regimen as the larvae. Adult
mosquitoes were fed a 10% sucrose solution ad libetum. Female mosquitoes, 5-10 days
post emergence, were used for all experiments as this sex is responsible for biting the

host and spreading human dengue fever.

Electrophysiology
A modified tip recording method (Hodgson et al., 1955) was used that involved
immobilizing the insect and placing a tungsten ground electrode into the insect’s body.

The recording electrode was a glass capillary with a tip fashioned to a diameter large



enough to fit over the tip of a single sensillum. This electrode was filled with an
electrolyte solution (10mM NacCl) in addition to the test compound. Each recording of
electrical activity of neurons within a sensillum lasted for 10s. A minimum of 3 min was
offered between stimulations to allow the sensillum to return to its resting state.

Electrical activity of neurons housed with labellar sensilla was determined for
0.1M sodium chloride (control compound), sucrose (a feeding stimulant), and quinine (a
feeding deterrent; Ignell et al., 2010). Action potentials of GRNs were characterized
based on amplitude and shape.

Sensilla in Ae. aegypti were be stimulated each with 0.08% (%v/v) DEET, IR3535,
and picaridin and were tested with increasing concentrations of sodium chloride, sucrose,
and quinine spanning four to five logarithmic steps ( e.g., 0.001mM, 0.01mM, etc.) and
DEET (0.00008%, 0.0008%, etc.). The selection of specific concentrations was in
keeping with results of a previous study in the vinegar fly, Drosophila melanogaster (Lee
et al., 2010). For all experiments, the total number of action potentials produced were

quantified for a 1s 50ms following initial contact of the recording electrode.

RESULTS

Electrophysiological responses recorded from labellar sensilla in Ae. aegypti
revealed three different classes of action potentials based on amplitude and shape, likely
representing activity of three gustatory receptor neurons (GRNs). The GRN activated by
salt produced a large amplitude action potential (Fig 1). The GRN activated by sugar
produced an action potential with amplitude similar to that of salt, with a negative slope
less precipitous than that of the GRN activated by salt (Fig 1). The third GRN, activated

by the feeding deterrent, quinine, produced a much smaller amplitude action potential



than either the salt or sugar GRN (Fig 1). Dose-response curves for three taste stimuli
revealed a detection threshold of 10mM for sodium chloride and 1mM, for both sugar
and quinine (Repeated Measures ANOVA; post-hoc Tukey-Kramer analysis; o = 0.05; n

= 6 for NaCl, n =5 for all other compounds) (Fig 2.A-C).

Stimulations of labellar sensilla in A. aegypti with the repellents DEET, IR3535,
and picaridin all elicited small amplitude action potentials (Fig 4). Similarly, a mixture
of 1mM quinine and 0.08% DEET or 0.08% DEET, IR3535, and picaridin activated a
single GRN producing a small amplitude action potential (DEET, 27.8 £ 5.6, IR3535,
28.3 £ 6.3, picaridin, (33.5 = 8.0) and elicited significantly more small amplitude action
potentials than control solution (5.7 £ 1.7) (repeated measures ANOVA; post-hoc Tukey
Kramer analysis; o = 0.05; n = 6) (Figs. 3, 5). Dose-response curves for DEET revealed
a detection threshold of 0.08% (repeated measures ANOVA,; post-hoc Tukey Kramer

analysis; a = 0.05; n = 5) (Fig 2.D).

DISCUSSION

Hodgson and Roeder (1956) performed the first electrophysiological examination
of the labellar gustatory sensilla in two dipteran species, Phromia regina Meigen and
Sarcophaga bullata Parker and found the sensilla were sensitive to both salts (i.e., NaCl,
KCI, and NaBr) and sugars (i.e, sucrose, d-glucose, and d-arabinose). Subsequent studies
performed on chemosensilla located on the labella of other dipteran species showed
sensitivities to other compounds including deterrents, water, and a range of other salts
and sugars (Gothilf et al., 1971; Hiroi et al., 2002; Liscia et al., 1995; Liscia et al., 1998;

Liscia and Solari, 2000; Maes and Vedder, 1978; Pappas and Larsen, 1976; Stoffolano et.



al. 1990). In this study, labellar gustatory sensilla of female A. aegypti responded to a
salt (NaCl), sugar (sucrose), and a feeding deterrent [i.e., quinine (Ignell et al., 2010)]).
Lee and Craig (2009) demonstrated that the labellar sensilla on the proboscis of Ae.

aegypti are innervated by 3-5 neurons, which is congruent with the findings in this paper.

We found the deterrent GRN in Ae. aegypti was stimulated by three synthetic
insect repellents: DEET, IR3535, and picaridin. The deterrent GRN responded in a
dose-response manner when exposed to increasing concentrations of the repellent DEET.
Concentration-dependent tests performed with quinine and DEET had detection
thresholds at similar concentrations (ImM and 4.21mM, respectively). This suggests the
GRN has a similar sensitivity level to both the feeding deterrent and synthetic repellent

chemical.

The activation of a single GRN in response to a feeding deterrent and three
synthetic repellent chemicals indicates a role for gustation in the repellent response
observed in insects exposed to these chemicals. In D. melanogaster, Lee et al. (2010)
found that feeding on higher concentrations of sugar was deterred by low concentrations
of DEET. In the same study, deletion of a gustatory receptor gene, necessary for DEET
sensitivity, resulted in the loss of sensitivity to natural feeding deterrents, such as
strychnine. An early study performed by Bar-Zeev et al. (1959) observed that addition of
DEET to blood inhibited feeding by female A. aegypti. Additionally, Chauhan et al.
(2005) found that application of DEET to skin caused a significant decrease in biting by
female Ae. aegypti. This feeding deterrence may be mediated by a GRN sensitive to

repellent chemicals.



While this study suggests a role for taste in mediating insect repellency, more
research is necessary to elucidate the molecular mechanisms. Knowledge of the
underlying mechanisms of mediating insect repellency will facilitate design improved
chemical repellents and improve strategies for their use in the protection of humans and

animal hosts.



FIGURE HEADINGS

Figure 1: Representative traces from a labellar sensillum in Ae. aegypti to sodium
chloride, sucrose and quinine. Traces are 400ms. The GRN activated by sodium
chloride produced large amplitude action potentials. Sucrose stimulated action
potentials similar in amplitude but differing in shape to that of NaCl. Quinine and
DEET elicited action potentials of smaller amplitude compared to those elicited by

NaCl and sucrose.

Figure 2: Dose-response curves constructed from responses of neurons associated with
sensilla on the labella of Ae. aegypti females to serial dilutions of experimental
stimuli. The number of action potentials was quantified over 1s to increasing
concentrations of A) sodium chloride, B) sucrose, C) quinine, and D) DEET. The
threshold concentration at which a significant increase in spiking occurred was

indicated by an asterisk.

Figure 3: Representative traces of electrical activity of neurons associated with labellar
sensillum in Ae. aegypti to 0.08% DEET, 1mM quinine, and a mixture of 0.08%
DEET and 1mM quinine. Examples of the action potential produced when the
repellent GRN is activated are shown. Quinine and DEET activate the GRN that
produces an action potential with small amplitude, short positive phase, and long

negative phase. This is confirmed by the stimulation with the mixture.
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Figure 4: Representative traces of electrical activity of neurons associated with a labellar
sensillum of Ae. aegypti to 0.08% (%v/v) DEET, picaridin, and IR3535. Traces are
400ms. Examples of the action potential produced when the repellent GRN is
activated are shown. All three repellents activate the GRN that produced an action

potential with small amplitude.

Figure 5: Total number of action potentials produced from 0.05-1.05s after initial
stimulation of sensilla in Ae. aegypti with 0.08% (%v/v) DEET, IR3535, and
picaridin. Asterisks indicate a significant increase in the firing rate of the deterrent

cell when compared to that of the control (i.e., NaCl).
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Figure 3:
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Figure 4:
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CHAPTER TWO

NEUROPHYSIOLOGICAL RESPONSES OF THE DETERRENT-SENSITIVE

GUSTATORY RECEPTOR NEURON IN LYMANTRIA DISPAR TO

OLFACTORY REPELLENTS
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ABSTRACT

Interactions between insect repellents and the olfactory system have been widely
studied. To date, little is known about the interactions of these repellents with the
gustatory system. While recent work indicates a direct association between insect
repellents and the adult gustatory system, evidence lacks showing a link between the
interaction of repellent chemicals and the larval taste system. Gypsy moth larvae have a
deterrent-sensitive gustatory receptor neuron (GRN) that responds to feeding deterrents. |
tested whether the GRN responded to three olfactory repellents, namely DEET, IR3535,
and picaridin. | found that all three repellents stimulated the same deterrent-sensitive
GRN, which responded phasic-tonically and in a dose-dependent manner. While there
has been a behavioral study examining the effect of repellents on larval feeding in
Anopholes gambiae (e.g. Xia et al. 2008), this is the first electrophysiological study, to
our knowledge, that demonstrates gustation contributes to the perception of repellent

chemicals.
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INTRODUCTION

N, N-diethyl-3-m-toluamide (DEET) is a popular insect repellent that is used in
many commercial bug sprays, including “Repel” and “Off” (Brown and Hebert, 1997;
Katz et al., 2008). DEET is of particular importance because it is capable of repelling
numerous insect vectors of harmful diseases (Brown and Hebert, 1997). Over the last
twenty years, great strides have been made to elucidate the mechanisms of insect
repellency as it pertains to olfaction (e.g., Vosshall and Stocker, 2010; Dickens and
Bohbot, 2013). While it is known that olfaction plays a major role in mediating the
repellency of DEET and other insect repellents, recent research on two selected adult
dipteran species has clearly demonstrated that repellents may also act through their
gustatory system (Lee et al. 2010; Sanford et al. 2013). These authors demonstrated that
two adult dipteran species, the vinegar fly Drosophila melanogaster (Lee et al. 2010) and
the yellow-fever mosquito Aedes aegypti (Sanford et al. 2013), have a gustatory receptor
neuron (GRN) housed within the labellar sensilla sensitive to DEET (D. melanogaster)
and three other common insect repellents (Ae. aegypti). Lee et al. (2010) also showed
that DEET deterred feeding. Another study demonstrated behavioral responses of larvae
of the malaria vector mosquito Anopheles gambiae (Xia et al. 2008), however, it is not
known if DEET and other insect repellents are detected by contact chemosensilla in
larvae of other species, especially those of agricultural importance. If so, this could lead
to the development of novel insect antifeedants against agriculturally destructive larval

species.

The chemosensilla of gypsy moth Lymantria dispar (Lepidoptera: Erebidae)

larvae are located on various sense organs including the antennae, epipharynx, galeae,
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and maxillary palps (Schoonhoven and Dethier, 1966). The maxillary palps each bear
two pairs of gustatory sensilla, the lateral and medial styloconic sensilla, that have been
well characterized (Shields, 2009; Martin and Shields 2012a,b). These sensilla in this
species and other lepidopteran larvae are innervated by 4 gustatory receptor neurons
(GRNss) that respond to different taste modalities (Shields 2009; Martin and Shields
2012a; Martin and Shields 2012b)., A deterrent GRN located in the medial styloconic
sensillum, is activated by secondary plant compounds such as alkaloids (Martin and
Shields, 2012b) which deter feeding (Shields et al; 2006; 2008). The deterrent GRN in
gypsy moth larvae suggest it as a candidate to investigate whether or not repellents, such

as DEET, impact the gustatory system of lepidopteran larvae.

MATERIALS AND METHODS

Insects

Lymantria dispar eggs (New Jersey strain) were obtained from USDA, APHIS,
Otis Air National Guard Base in Falmouth, Massachusettes, USA. Caterpillars were
reared on a high wheat germ-based artificial diet (Bio-Serv, Frenchtown, New Jersey; MP
Biomedicals, Solon, Ohio, USA) and maintained at 27°C + 2°C and 60% relative
humidity in a 12-h light/12-h dark photoperiod regimen. Fifth instar larvae, 12-18 h
postmolt, and 24-h food-deprived were used in all experiments. The larvae were naive
to the test compounds prior to experimentation. Fifth instar larvae were used as this stage
is the most ecologically destructive (Leonard 1974, 1984; Lance and Barbosa 1982).
Electrophysiology

Electrical responses from taste receptor cells within the medial styloconic sensilla

were recorded using an extra-cellular tip-recording method (after Hodgson et al. 1955;
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Shields and Mitchell 1995a) (Fig. 1). The recording procedure involved mounting the
head of the caterpillar on a saline-filled ground electrode containing a silver wire. A
stimulating electrode was then placed over the tip of a styloconic sensillum for
recordings. A minimum of 3 min was allowed between successive stimulations.
Selection of right or left sensilla was randomized. Presentations of stimulating solutions
were given in a randomized order to prevent bias, except for concentration-response
experiments in which solutions were given in order of increasing molar concentration.
All recordings were made between 0900 and 1700 h during light of the photoperiod.
Electrical activity was recorded from individual styloconic sensilla, amplified 10x
and passed through a bandpass filter set at 100-1,200 Hz (Syntech, Hilversum, the
Netherlands). Recordings were digitized by a 16-bit analog-to-digital interface (IDAC-4
Syntech) and analyzed off-line with Autospike software (version 3.8) (Syntech). For
each electrophysiological recording, a single sensillum was stimulated for a total of 10 s.
Only the action potentials generated 50 ms after contact of the sensillum by the
stimulating electrode were analyzed using the Autospike software (Syntech, Hilversum,

the Netherlands).

Taste Stimuli

Stimulus compounds were dissolved in agueous 30 mM potassium chloride
(control solution) (KCI) (Fisher Scientific, Fair Lawn, New Jersey) (Martin and Shields,
2012a,b) in distilled water to enhance the electrical conduction of the recording electrode
to improve the signal-to-noise ratio (Martin and Shields 2012b). This solution was also
used to fill the indifferent electrode. All solutions were tested at room temperature (20°C

+ 2°C) and comprised the following: the repellents DEET (Sigma-Aldrich Co., St. Louis,
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MO, USA , IR3535 (Merck KGaA, Darmstadt, GE), and picaridin (LANXESS, Pittsburg,
PA, USA). The repellents were first dissolved in 10% ethanol and 30mM KCI was added
to give a final concentration of 10mM (repellent stock solution). At this concentration,
ethanol had no discernible effect on the electrical activity of the taste receptor cells
(Martin and Shields 2012b). The majority of tests were carried out with dilutions of this

repellent stock solution, in which ethanol comprised 0.1% or less.

Data Analysis

Each recording was visualized using the “Amplitude Histogram View” feature in
Autospike, which allows for identification and assignment of spike amplitudes to
different taste receptor cells. For experiments examining the activation of the deterrent
GRN by the repellents, a GLM ANOVA (a = 0.05) to test the null hypothesis that there is
no difference in the response to the repellents compared to that of the control. The
repellent solution was the fixed variable and the firing frequency was the response
variable. A Tukey-Kramer multiple comparison test was used to compare responses of
the deterrent GRN to the repellents.

Examination of dose response experiments was done using a repeated measure
analysis of variance (ANOVA) (o = 0.05). This test was used to test the null hypothesis
that there is no difference in the response of the deterrent GRN among all concentrations
of each repellent compared with that of the control. Each sensillum was the subject
variable, the concentration was the within-factor/repeated variable, and the firing
frequency was the response variable. A Tukey-Kramer multiple comparison test was
used to compare responses of the deterrent GRN to various concentration of each

repellent.
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A repeated measure analysis of variance (ANOVA) (o = 0.05) was used to
determine the temporal dynamics of response curves, represented by the mean number of
spikes sampled in 100-ms time bins across 3,000ms. Each sensillum was the subject
variable, time intervals were the within-factor/repeated variable, and the firing frequency
was the response variable. A Tukey-Kramer multiple comparison test was used to
compare responses of each GRN to determine when a transient (i.e., phasic) pattern of
firing changed to that of a sustained (i.e., tonic) pattern of firing. Data was analyzed

using Excel (Microsoft Corp. Redmond, WA, USA) and NCSS (Kaysville, UT, USA).

RESULTS

Responses of deterrent-sensitive GRN to olfactory repellents

A single cell fired in response to all three repellent chemicals tested (i.e., DEET,
IR3535, and picaridin) (Fig 2.B-D). This was verified by stimulations of the medial
styloconic sensillum with a mixture of all three repellent chemicals, where only the
response of a large-amplitude producing cell was observed (Figure 2.E). All three
repellents elicited response of this large-amplitude producing cell, which was also similar
in height to that elicited by 30mM KCI (Fig 2.A). Previous electrophysiological
recordings performed on the medial styloconic sensillum characterized this large-
amplitude producing cell, as the “deterrent-sensitive cell” (Martin and Shields, 2012b),
responding to natural deterrent compounds, such as caffeine, nicotine, strychnine, and
aristolochic acid. To further confirm that the three olfactory repellent chemicals
activated the same deterrent-sensitive GRN, the medial styloconic sensillum was

stimulated with a mixture of 10mM each of DEET, IR3535, picaridin, and caffeine. Only
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one type of spike, with the characteristics of those produced by the deterrent-sensitive
cell (i.e., large-amplitude spike), was observed after stimulation with the mixture (Fig
2.F). To further confirm activation of the deterrent-sensitive cell by these three repellent
chemicals, the total number of spikes produced 0.05-1.05s after stimulation with each of
the repellents were quantified and compared with that of the control solution (i.e., 30 mM
KCI). Each repellent compound elicited significantly more spikes compared with that of
the control (2.G) (GLM ANOVA,; post-hoc Tukey-Kramer analysis; o0 < 0.05; n =8
sensilla). Additionally, IR3535 elicited significantly more spikes than either DEET or
picaridin (2.G) (GLM ANOVA,; post-hoc Tukey-Kramer analysis; o < 0.05; n=8

sensilla).

Concentration-response characteristics of deterrent-sensitive GRN

Dose response curves were constructed to characterize GRN activity in response
to serial dilutions of the repellents: DEET, IR3535 and picaridin. A typical dose response
to one of the repellents, IR3535, is shown in Fig. 3. The deterrent-sensitive GRN
responded in a dose-dependent manner to increasing concentrations of all repellents (Fig
4.A-C). This cell was equally sensitive to IR3535 and picaridin with a threshold
concentration of 1mM (Fig 4.A and B) (repeated measures ANOVA,; post-hoc Tukey-
Kramer analysis; a < 0.05; n = 5-6 sensilla). The threshold concentration for DEET was
however, 1 decade higher at 10mM) (Fig 4.C) (repeated measures ANOVA,; post-hoc
Tukey-Kramer analysis; o < 0.05; n = 5-6 sensilla). Higher concentrations of DEET were
not tested because of the inability of the chemical to solubilize in the control solution.

The response of the deterrent-sensitive cell to IR3535 and DEET did not plateau;
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however, the response of the deterrent-sensitive cell to picaridin appeared to plateau at

10mM (Fig 4.A- C).

Temporal response characteristics of the deterrent-sensitive GRN

In order to quantify the temporal dynamics of response to the repellents, the
average number of spikes that occurred in successive 100ms time intervals across the first
3s after stimulation was determined. All three repellent chemicals elicited a phasic-tonic
response from the deterrent-sensitive cell (Fig. 5). IR3535 elicited the most robust firing
frequency (15 + 1.4 spikes) within the first 100ms after stimulation, while picaridin (9.7
+ .9 spikes) and DEET (7.2 .7 spikes) elicited fewer spikes within the same time period
(Fig 5.C). The deterrent-sensitive GRN displayed a similar tonic pattern of firing to
DEET, IR3535 (1300ms after initial stimulation) (Fig 5.A and C), and picardin (1200ms
after initial stimulation) (Fig 5.B) (repeated measures ANOVA,; post-hoc Tukey-Kramer
analysis; a < 0.05; n = 13-16 sensilla).

DISCUSSION

Although the interactions between insect repellents and the olfactory system have
been widely studied, relatively little is known about their interactions with the gustatory
system. While, recent research has demonstrated a direct link between insect olfactory
repellents and the adult gustatory system (Lee et al. 2010 and Sanford et al. 2013),
nothing is known about how these repellents interact with the larval taste system, save for
a behavioral study involving mosquito larvae (Xia et al. 2008). Here we demonstrate, for
the first time, using a lepidopteran larva as a model system, that insect repellents are

detected by a specific gustatory neuron in the larva of the L. dispar.
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Repellents and activation of the deterrent cell

Gustatory receptor neurons of polyphagous caterpillars are capable of detecting
multiple chemical classes (Bernays 2000; Glendenning 2006). One class of chemicals,
deterrents, activates a specialized deterrent-sensitive neuron housed within gustatory
sensilla in many lepidopterans (Descoins and Marion-Poll, 1999; Rharrabe et al., 2011;
van Loon and Schoonhoven, 1999; Schoonhoven and Lin-er, 1994; Zhou et al., 2010).
Martin and Shields (2012b) characterized the deterrent-sensitive neuron in the medial
styloconic sensillum on the galea of L. dispar. This deterrent-sensitive neuron was
sensitive to the alkaloids, aristolochic acid, caffeine, nicotine, and sailicin. In the present
study, we found that three olfactory repellent chemicals (DEET, IR3535, and picaridin)
activated the same large-amplitude deterrent-sensitive cell. Stimulation with a mixture of
caffeine and the three repellents compounds showed activity of a single cell, consistent
with selective activation of the large-amplitude deterrent-sensitive cell. These results are
consistent with findings in A. aegypti, where a single GRN was activated by mixtures of
the repellent DEET and a feeding deterrent (Sanford et al. 2013). In another behavioral
study, DEET, IR3535, and picaridin were shown to deter feeding in L. dispar larvae (in
preparation).
Characterization of responses of the deterrent sensitive cell to DEET, IR3535, and
picaridin

Dose response curves to the three repellents showed a detection threshold
concentration of 1mM for IR3535 and picaridin, while a threshold of 210mM was found
for DEET. These findings are in keeping with previous electrophysiological studies

performed on A. aegypti with DEET which had a threshold of 4.2mM to DEET (Sanford
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et al., 2013). These compounds all elicited a phasic-tonic pattern of neuronal activity
similar to the firing pattern described by Martin and Shields, (2012b) for the alkaloids
caffeine, nicotine, and strychnine. These similar temporal firing patterns may represent
activation of the same excitatory transduction pathway by the deterrent-sensitive GRN
(Glendinning and Hills 1997; Martin and Shields 2012b). The action of all three
repellent chemicals may be processed by the central nervous system in a similar fashion
to alkaloids (see Shields et al., 2006 and Shields et al., 2008). It is interesting to note the
phasic firing response of the deterrent GRN became tonic at nearly identical times for
DEET, IR3535, and picaridin (1300ms, 1300ms, and 1200ms, respectively).
Chemical basis for deterrence caused by repellents

DEET, IR3535, and picaridin share an amide (-NC(=0)) moiety, the putative
group responsible for mediating repellency in DEET and picaridin (Natarajan et al.
2005). Amides are common plant defense mechanisms against herbivorous insects that
increase mortality, deter feeding and cause decreased pupal weights (Dyer et al. 2003,
Richard et al. 2010). The fact that picaridin elicited a more robust response than DEET
in the deterrent sensitive neuron might be explained by the presence of a piperidine
moiety in picaridin. Natarajan et al. (2005) suggested that the presence of the piperidine
ring was positioned the amide moiety in a configuration that contributed its repellent
effect. The piperidine moiety found in some alkaloids contributes to feeding deterrency
in some lepidopterans (Park et al. 2002; Tavares et al. 2011). At a given concentration,
we found that IR3535 elicited a more robust response compared with DEET or picaridin.
We suggest that this increased firing of the deterrent-sensitive cell may be attributed to

the presence of an additional ester moiety absent in DEET or picaridin.
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Interestingly, the alkaloids caffeine and strychnine, which have been shown to
elicit feeding deterrence in L. dispar, contain an amide moiety and were also found to
elicit robutst responses in L. dispar larvae (Shields et al. 2006; Martin and Shields,
2012b). Since the amide moiety exists in synthetic repellents and naturally occurring
deterrents, it is a possible candidate for suggesting the mechanism by which the response

of the deterrent GRN is mediated.

The results of our study clearly show that the larval gustatory system of L. dispar
is sensitive to the insect repellents, DEET, IR3535, and picaridin. These compounds
elicit action potentials from a GRN located in the medial styloconic sensilla of this
species. While these repellents have been shown to interact with the gustatory system in
adults, this study clearly demonstrates the contribution of the sense of taste in larvae in
mediating the effects of these repellent compounds. They may also be possible
candidates to suggest in the agricultural arena as antifeedants against ecologically

destructive larval species.
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FIGURE LEGENDS

Figure 1: Diagram of the tip recording technique used for this study. The stimulating
electrode is filled with an electrolyte solution (30mM KCI in L. dispar) and a repellent
compound is placed over the tip of the sensillum. Activation of the GRNSs in the
sensillum is observed in the form of action potential on a computer. Adapted from
Shields and Martin (2011).

Figure 2: Representative traces of responses elicited from gustatory receptor neurons in
the medial styloconic sensilla in L. dispar to: (a) 30mM KClI, (b) 10mM DEET, (c) 10
mM IR3535, (d) 10mM Picaridin, (e) a mixture of 10 mM DEET, IR3535 and picaridin,
and (f) a mixture of 10mM caffeine, DEET, IR3535, and picaridin. Up-arrowheads
represent the response of the large-amplitude deterrent-sensitive cell and bars represent
the response of the small-amplitude KCl-sensitive cell. (g) Total number of spikes
produced 0.05-1.05 s after initial stimulation of the medial styloconic sensilla by the
deterrent-sensitive cell to 10 mM DEET, IR3535, and picaridin compared to the control
(30mM KCI in 10% ethanol). Different letters represent significant differences between

groups. Error bars represent standard errors.

Figure 3: Representative traces of responses elicited from the deterrent-sensitive
gustatory receptor neuron contained in the medial styloconic sensilla in L. dispar to
increasing concentrations of IR3535. Up-arrowheads represent the response of the large-

amplitude deterrent-sensitive cell.

Figure 4: Dose-response curves using insect repellent chemicals. Total number of spikes

produced by the deterrent-sensitive cell 0.05-1.05s after initial stimulation with
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increasing concentrations of a) IR3535, (b) picaridin, and (c) DEET. For each graph, the
concentration at which a significant increase in spiking occurred is indicated by an

asterisk.

Figure 5: Response curves representing the temporal dynamics of the deterrent-sensitive
cell to 10mM concentrations of three repellents: (a) IR3535, (b) picaridin, and (c) DEET.
All repellents elicited a phasic-tonic firing pattern from the deterrent-sensitive cell.
Asterisks mark the beginning of the tonic firing pattern for each repellent tested. Activity
of the deterrent-sensitive cell peaked within the first 100-200ms in response to each
repellent. Firing of the cell gradually decreased over the next 800 ms for picaridin and
1000 ms for DEET and IR3535. Firing of the deterrent-sensitive cell became tonic after

1200 ms for picaridin and 1300 ms for DEET and IR3535.
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Figure 4
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Figure 5
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