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Abstract

The blowfly, Phormia regina, has sensilla with four contact-chemoreceptor cells and one mechanoreceptor cell on its labellum.
Three of the four chemoreceptor cells are called the sugar, the salt and the water receptor cells, respectively. However, the
specificity of the remaining chemoreceptor cell, traditionally called the ‘fifth cell’, has not yet been clarified. Referring to
behavioral evaluation of the oral toxicity of monoterpenes, we measured the electrophysiological response of the “fifth cell’ to
these compounds. Of all the monoterpenes examined, b-limonene exhibited the strongest oral toxicity and induced the
severest aversive behavior with vomiting and/or excretion in the fly. b-Limonene, when dispersed in an aqueous stimulus
solution including dimethyl sulfoxide or an odorant-binding protein (OBP) found in the contact-chemoreceptor sensillum, the
chemical sense-related lipophilic ligand-binding protein (CRLBP), evoked impulses from the ‘fifth cell’. Considering the
relationship between the aversive effects of monoterpenes and the response of the “fifth cell’ to these effects, we propose that
the "fifth cell” is a warning cell that has been differentiated as a taste system for detecting and avoiding dangerous foods. Here
we suggest that in the insect contact-chemoreceptor sensillum, CRLBP carries lipophilic members of the noxious taste
substances to the “fifth cell’ through the aqueous sensillum lymph. This insect OBP may functionally be analogous to the von

Ebner’s grand protein in taste organs of mammals.
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Introduction

The contact-chemoreceptor sensilla on the labellum of the
fly are in the form of a hair housing five sensory neurons,
i.e. four contact-chemoreceptors and one mechanoreceptor
neuron (Ozaki and Tominaga, 1999). Although three of the
four chemoreceptor neurons are termed the sugar, the salt
and the water receptor cells after their adequate stimuli,
respectively, the fourth neuron has simply been called the
‘fifth cell’. Dethier and Hanson reported the responsiveness
of the ‘fifth cell’ to fatty acids (Dethier and Hanson, 1968),
but these authors did not change this terminology, because
its function had not then been clarified conclusively.
Furthermore, Gillary had previously reported that Cs* or
Rb* ions evoke impulses not only of the salt receptor cell
but also of the ‘fifth cell’ (Gillary, 1966). Hence, this cell is
sometimes called the ‘second salt receptor cell’. However,
the “fifth cell’ could be expected to have another function.

Dethier showed that the response to some vapors induced
vigorous impulses of the “fifth cell’ (Dethier, 1972), suggesting
that the ‘fifth cell’ is sensitive to odorants as well. Ozaki et
al. showed that the response of the ‘fifth cell’ to fragrant
components of apple juice is depressed in the presence of
antibodies raised against chemical-sense-related lipophilic-
ligand-binding protein (CRLBP), which is an odorant-
binding protein (OBP) commonly found in the olfactory and
the contact-chemoreceptor sensilla of the blowfly, Phormia
regina (Ozaki et al., 1995). OBPs are small, water-soluble
proteins and widely found in olfactory systems of different
animals (Vogt, 1995; Pelosi, 1996; Vogt et al., 1999). The
OBPs are involved in the first specific biochemical step in
odor reception and are thought to carry lipophilic odorants
to the olfactory receptor cells through hydrophilic sur-
roundings (Vogt et al., 1985; Prestwich et al., 1995; Vogt,
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1995; Pelosi, 1996; Steinbrecht, 1996, 1999; Ziegelberger,
1996; Kaissling, 1998). Therefore, Ozaki et al. suggested
that the ‘fifth cell’, with the help of CRLBP, could be
involved in the recognition of volatile, more lipophilic plant
compounds.

Phytophagous lepidopterous caterpillars have been shown
to have contact-chemoreceptor neurons in the maxillae
that are sensitive to deterrent or bitter-tasting compounds
(Dethier, 1973; Frazier and Hanson, 1986; Schoonhoven,
1987; Blaney and Simmonds, 1988; Chapman ez al., 1991;
Glendinning and Hills, 1997). The importance of deterrent
neurons had been recognized in phytophagous lepidopterous
caterpillars by studying the relationship between food-plant
selection behavior of these insects and toxicity of second-
ary metabolites of plants (Harley and Thoresteinson, 1967;
Schoonhoven, 1972; Schoonhoven et al., 1992; Peterson et
al., 1993; Bernays and Chapman, 1994; Bernays et al., 2000).

Generally, P. regina, has saprophagous larvae and the
adults insects visit plants to feed on nectar or sap, among
many other potential food sources. During the search for
feeding or oviposition sites, the flies will come in contact
also with potentially toxic compounds (Dethier, 1993), thus
the activation of neurons sensitive to such compounds
leading to the avoidance of really toxic compounds could
elicit aversive behavior. Recently, Liscia and Solari (Liscia
and Solari, 2000) reported for Protophormia terraenovae that
the “fifth cell’ responds to substances bitter for humans, such
as quinine, amiloride, nicotine and caffeine. They also
showed that these flies avoided drinking sucrose solution
mixed with quinine or amiloride.

In addition to the study of Liscia and Solari (Liscia and
Solari, 2000), which indicates a possible function of the
“fifth cell’ as a deterrent or a bitter taste receptor cell, here
we show that the ‘fifth cell’ of P regina actually perceives
non-polar monoterpenes. We also suggest that the CRLBP
might function as a carrier protein for the monoterpenes to
the “fifth cell’, which is an indispensable receptor neuron for
the ‘toxin’ detection system in the fly.

Materials and Methods

Flies

The blowflies, P regina, originally donated from Professor
Morita’s laboratory in Kyushu University, were reared in
our laboratory at 22 * 2°C using the method of Morita
(personal communication), and after emergence, fed with
0.1 M sucrose and water.

Preparation of stimuli

The monoterpenes (D-limonene, L-limonene, cineole, citral,
B-myrcene) and toluene were purchased from Nakarai
Tesuque Corporation, Kyoto, Japan. We directly applied
these pure chemicals to several sites of the fly body for the
toxicity test.

Monoterpenes are mostly non-polar and cannot be easily

dissolved in aqueous solutions. Therefore, we dispersed these
chemicals in 10 mM NaCl with 0.25, 1 or 4% dimethyl
sulfoxide (DMSO) for the aversive proboscis extension reflex
tests (aversive PER tests) and the electrophysiological
tip-recording experiments. Ten millimolar NaCl was added
to every stimulus solution, because the electrophysiological
tip-recording method needs an electrolyte in stimulus
solutions. We also used 1, 1.25, 5 or 20 uM CRLBP, 20 uM
B-lactoglobulin (BLG) or 20 uM bovine serum albumin
(BSA) instead of DMSO. CRLBP was purified from the
P, regina labellar tissue as mentioned below. BLG, BSA and
DMSO were purchased from Nakarai Tesuque Corporation,
Kyoto, Japan.

Equal volumes (~0.5 ml) of a lipophilic substance (D-lim-
onene, L-limonene, cineole, citral, f-myrcene or toluene) and
10 mM NacCl solution containing a certain concentration of
DMSO, CRLBP BLG or BSA were mixed in a glass vial
under oxygen-free conditions and centrifuged to separate
into aqueous and oil layers. The aqueous layer was recovered
and used as a stimulus solution for the aversive PER tests or
for electrophysiological experiments after measuring the
concentration of the contained lipophilic substance. The
resulting concentrations of D-limonene, L-limonene, cineole,
citral, B-myrcene or toluene in the stimulus solutions were
determined by gas chromatography (GC). This was accom-
plished by mixing the stimulus solution with n-hexane (v/v
1:3) and separation of the mixture into aqueous and hexane
layers. As quantification standard for the GC, dodecane was
added to the recovered hexane layer at the concentration of
10 pug/ml. In the chromatograms, the peaks of D-limonene,
L-limonene, cineole, citral, B-myrcene and toluene were iden-
tified, and their concentrations were calculated by referring
to the concentration of dodecane.

Isolation of CRLBP

Lipophilic-ligand-binding protein (CRLBP) was purified
from the blowfly labella according to Ozaki’s method (Ozaki
et al., 1995). The labella of the blowflies were isolated from
heads and homogenized in a hand mortar with a small
amount of liquid nitrogen for 20 min. The homogenate was
mixed with the sample buffer (4.75 mM sodium barbitur-
ate—HCI, 10% glycerol, pH 6.8) and centrifuged at 15 000
r.p.m. for 10 min at 4°C, and the supernatant was applied to
the native polyacrylamide gel electrophoresis.

The gel systems of Ornstein (Ornstein, 1964) and Davis
(Davis, 1964) were used with some modifications: instead of
Tris buffers, we used barbiturate buffers (stacking gel buffer:
9.3 mM sodium barbiturate-HCI pH 6.7; running gel buffer:
91.1 mM sodium barbiturate-HCI buffer pH 8.9; electrode
buffer: 41.1 mM sodium barbiturate—glycine buffer pH 8.3);
the stacking and the running gels were made of 4.5 and 7.5%
acrylamide, respectively. Electrophoresis was carried out at a
current of 40 mA for 1.5 h in a cold chamber, so that the
temperature of the gel could be adjusted to 20-24°C.

Since the CRLBP is a highly acidic protein (pl = 3.6)
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(Ozaki et al., 1995), it migrated faster than other proteins.
Thus, we could cut the gel, including CRLBP, after electro-
phoresis without any contamination. The gel piece with
CRLBP was put in a dialysis bag with a small amount of
electrode buffer and set for horizontal submarine electro-
phoresis. CRLBP was then electrophoretically eluted out
from the gel overnight and dialyzed against distilled water
overnight in a cold chamber at 5°C. The concentration of
CRLBP in the resulting solution was determined by the
CBB protein quantifying method. For storage, we lyo-
philized the solution to get a dry powder that was kept at
-80°C. For experimental usage, we made appropriate con-
centrations of CRLBP solutions by dissolving the protein in
distilled water or buffers.

Toxicity test

The flies, 5-6 days after emergence from a single batch, were
immobilized by securing their wings with washing pins. For
toxicity test, a 0.3 ul drop of pure p-limonene, L-limonene,
cineole, citral, B-myrcene or toluene was directly applied
with a glass capillary to the labellum and other body parts
(see Figure 1) of 10 flies. Thirty minutes after this treat-
ment (the applied chemicals were allowed to evaporate
spontaneously), the flies were classified into three groups
of conditions and counted as: killed, handicapped and
recovered. The same test was repeated six times for each
chemical, and the toxicity was evaluated.

Aversive proboscis extension (PER) test

Flies from a single batch were immobilized 5-6 days after
emergence by securing their wings with washing pins. We
first gave distilled water to the flies until they were satiated
with water, and then subjected them to the test.

We carefully touched the labellar chemosensilla with the
stimulus solution in a micropipette tip, so that the flies could
only drink sparingly from it. Twenty flies were tested with
the same stimulus, and the number of flies showing full
extension of a strained proboscis followed by vomiting
and/or faecal excretion (see inset of Figure 2A) was counted
and expressed as a percentage. This test was repeated six
times. It seems likely that the fly can vomit exhaustively by
using the full extension of a strained proboscis. Dethier
reviewed feeding and aversive behaviors of the blowfly in
detail, but did not mention much about this type of PER
(Dethier, 1976). However, in order to evaluate a positive
aversive behavior against toxins for the fly counting, we
selected this type of PER and called it ‘aversive PER’,
discriminating it from a passive aversive-touching response
like retracting the proboscis.

Electrophysiological procedure

In electrophysiological experiments, adult flies, 5-6 days after
emergence, were used. The electrophysiological response
was recorded from the tip of an LL type chemosensillum
located on the outer margin of the labellum, using the
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tip-recording method described first by Hodgson et al.
(Hodgson et al., 1955). If the tip-recording method, which
has been widely used for water-soluble stimulants, could
also be applied for lipophilic, less conductive substances, it
can be expected that the chemoreceptor neurons sensitive to
p-limonene would be determined. In order to make the
tip-recording method applicable for recording responses to
p-limonene, we added DMSO or CRLBP to the aqueous
stimulus solution and dispersed D-limonene in it. We stimu-
lated the sensillar tip with the p-limonene-dispersing 10 mM
Nacl solution with DMSO or CRLBP in a glass capillary
recording electrode. We also examined BLG and BSA
instead of CRLBP. The stimulus duration was 30 s and the
interval between stimuli was at least 10 min. Evoked impulses
were recorded through a band-pass filter (100-2000 Hz).
The receptor neurons from which the recorded impulses
originate can be determined, because the impulses of the
four receptor cells in a sensillum have different amplitudes.
The ambient temperature was 20-24°C throughout the
experiments.

Results

Toxicity of p-limonene

The contact toxicity of Dp-limonene, L-limonene, cineole,
citral, B-myrcene and toluene, when applied to different sites
on the fly’s body, is summarized in Figure 1, which shows
the percentage of flies killed, handicapped and recovered 30
min after application of 0.3 ul of test substance. Application
of any of these chemicals produced more or less convulsive
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Figure 1 Toxicity of monoterpenes. A 0.3 pl drop of pure p-limonene,
L-limonene, cineole, citral, B-myrcene or toluene was applied to the
labellum, antenna, eye, thorax, abdomen or tarsus of 20 flies, respectively.
Thirty minutes after this treatment, the flies were classified into three groups
of conditions and counted as: K, killed (closed columns); H, handicapped
(shadowed columns); R, recovered (open columns). The same test was
repeated six times for each chemical, and the average percent of flies of
each group = SD (vertical bar) is indicated.
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Figure 2 Difference in the starvation effect between the aversive and
the feeding PERs. (A) Percentage of flies showing aversive PER to
p-limonene-dispersing 10 mM Nadl solution with 0, 0.25, 1 or 4 % DMSO
(p-limonene concentrations = 8, 14, 24 or 88 pg/ml, see Figure 3) (n = 6);
(B) Percentage of the flies showing feeding PER to sucrose-containing 10
mM Nadl solution (sucrose concentrations = 0, 0.625, 0.25, or 1 M) (n =
7). The closed and the open columns indicate average percentage of flies
with SDs (vertical bars) under starved and fed conditions, respectively. Insets
show aversive PER to p-limonene (A) and the feeding PER to sucrose (B).
Aversive PER is accompanied by excretion of faeces (arrow).

shaking and paralysis of wings and legs. However, the strength
of the locomotive disorder depended on the individual
chemical. After application of toluene, for example, 100%
of flies were alive and more than 87% of them recovered
normal locomotive activity within 30 min, regardless of the
application site. Citral and B-myrcene evoked paralysis of
legs lasting 30 min in a significant percentage of flies, but
these substances seemed less toxic than p-limonene, L-lim-
onene or cineole. The strength of the locomotive disorders
also depended on the application sites. Cineole, when
applied to the antennae, and p-limonene and r-limonene,
when applied to the labellum, showed the strongest toxicity.
After application of p-limonene, L-limonene and cineole
to the labellum, the death rates were 87, 40 and 30%
respectively. These death rates were regarded as indicators
for relative oral toxicities of the chemicals applied to the
labellum.

It can be concluded that p-limonene produced the severest
oral toxicity of all examined chemicals. The toxicity of the
other compounds was in the following order: p-limonene >
L-limonene > cineole > citral > -myrcene > toluene.

Aversive PER to monoterpenes

When we touched the labellar sensilla with p-limonene-
dispersing solution, the fly showed aversive PER (inset of
Figure 2A), in which the proboscis was extended between
the prothorathic legs in a protective movement. An irritated
movement of labellum and abdomen were usually observed
prior to the aversive PER, and vomiting and excretion of
faeces were often induced as well. These behaviors can help
the fly to avoid intake of toxic substances.

The inset of Figure 2B shows the feeding PER to stimula-
tion of the labellar sensilla with sucrose solution. The fly
extends the proboscis towards the pipette tip filled with
sucrose solution and opens the labellar lobes ready to suck.
Thus, the aversive and the feeding PERs can be discrim-
inated from each other by careful observation. The difference
in the starvation effect between the aversive and the feeding
PERs strongly suggested that these PERs are totally
different in their behavioral meanings. Forty flies hatched
from the same batch were divided into two groups of 20 flies
each: one group was fed with 0.1 M sucrose for 5 days after
emergence until the PER test, and the other group was fed
with 0.1 M sucrose until 36 h prior to the test and starved
after that (water was continuously supplied to both groups).
Five days after emergence, the PER test to Dp-limonene
dispersed in 10 mM NaCl solutions with 0, 0.25, 1 or 4%
DMSO was carried out in both groups at the same time. The
ratio of flies showing the aversive PER increased as the
concentration of DM SO was increased (72% of flies showed
aversive PER at 4% DMSO), but no significant difference
was found between the fed (open columns) and the starved
groups (closed columns) (Figure 2A). On the other hand,
the ratio of flies showing feeding PER increased as the
concentration of sucrose was increased, and it was obviously
higher in the starved group (closed columns) than that in the
fed flies (open columns) at every sucrose concentration
(Figure 2B). Significant differences in the ratio of flies
showing feeding PER between the starved and the fed
groups were confirmed either at 0.0625, 0.25 or 1 M sucrose
by unpaired #-test (P < 0.01).

We carried out the PER test to p-limonene, L-limonene,
cineole, citral, B-myrcene or toluene-containing solutions,
respectively, and the ratios of the flies showing aversive PER
are indicated in Figure 3 (open columns).

The concentrations (ug/ml) of examined chemicals
(indicated above the columns in Figure 3) varied with the
concentration of DMSO. These concentrations might be
underestimated if the chemicals could not completely be
transferred to the hexane layer for GC measurement (see
Materials and methods). B-Myrcene was difficult to dissolve
in 10 mM NaCl either with or without DMSO; cineole,
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Figure 3 Aversive PER to monoterpenes solubilized with DMSO. Average
percentage of flies showing aversive PER to p-limonene, L-limonene, cineole,
citral, B-myrcene or toluene solubilized with 0, 0.25, 1 or 4 % DMSO (open
columns) = SD (vertical bar) is indicated, respectively. The PER test was
repeated six times. Average concentration (ug/ml) of the solubilized
chemical in each test solution + SD is expressed above the corresponding
columns. p-Limonene application to flies with the olfactory input cut is
shown in the closed columns.

citral, and toluene were, however, easily dissolved in 10 mM
NaCl even in the absence of DMSO. Figure 3 indicates that
D- and L-limonene are hardly dissolved without DM SO, but
when dispersed with DMSO, could induce aversive PER
more effectively than cineole, citral and toluene. In order to
exclude purely olfactory repellent effects, we carried out also
aversive PER tests to p-limonene with flies whose olfactory
input was eliminated by removing their antennae and
maxillary palps (closed columns). We found no significant
differences as compared to intact flies (open columns). We
conclude that olfactory cues are not as important as gusta-
tory cues for the aversive PER in P, regina.

Thus, the order of gustatory effectiveness of the examined
chemicals in the aversive PER was as follows: p-limonene >
L-limonene > cineole, citral or toluene (the effect of B-myr-
cene was not evaluated due to the weak dispersion of this
compound).

In subsequent tests we used, instead of DMSO, CRLBP,
which is an intrinsic lipophilic-ligand-binding protein purified
from the labellar tissue of P. regina, to disperse D-limonene
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Figure 4 Aversive PER to D-limonene in the presence of putative carrier
proteins. Average percentage of flies showing aversive PER to p-limonene
solubilized with 0, 1.25, 5, or 20 uM CRLBP, 20 uM BLG or 20 uM BSA (open
symbol) + SD (vertical bar) and average concentration of p-limonene
solubilized in each test solution (closed symbol) = SD (vertical bar) are
plotted. For convenience, the symbols of BLG and BSA at 20 uM are plotted
alongside each other. The PER test was repeated six times per data point.

in aqueous solutions. As with DMSO, the ratio of flies
showing the aversive PER to the p-limonene-dispersing solu-
tion with CRLBP was increased as the concentration of
CRLBP was increased (Figure 4). In the presence of 20 uM
CRLBP, 74.7% of flies showed aversive PER. Dispersion of
p-limonene with BLG or BSA was far less effective.

Electrophysiological response of the ‘fifth cell’ to
p-limonene

Since p-limonene is highly toxic and effectively induced
aversive behavior of P regina as mentioned above, we car-
ried out electrophysiological experiments to find which taste
receptor neuron responded. We mainly used p-limonene for
stimulation, because the other monoterpenes did not induce
such sensitive responses from the ‘fifth cell’ (Data not
shown).

The impulses of the four functionally different chemo-
receptor neurons in a labellar sensillum were discriminated
from each other by their amplitudes; the ‘fifth cell’
stimulated with 0.5 M CsCl, 0.74 = 0.08 mV (n = 20);
the water receptor cell with 10 mM NaCl, 0.49 + 0.08 mV
(n = 20); the sugar receptor cell with 0.5 M sucrose, 1.04
0.04 mV (n = 20); the salt receptor cell with 0.5 M NaCl,
1.29 £ 0.11 mV (n = 20).

In the labellar sensillum of P regina, up to 4% pure
DMSO did not induce any obvious impulses except for the
impulses from the water receptor cell (see Figure 5A
bottom). Figure SA (top) shows a recording from the LL
type of labellar sensillum to p-limonene-dispersing 10 mM
NaCl solutions with 4% DMSO. The small impulses
appeared immediately after the beginning of the stimulation
and gradually diminished by adaptation, while the larger
impulses appeared after a significant latency. Referring to
the standard amplitudes of impulses (mentioned above), it is
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Figure 5 Electrophysiological recordings in response to p-limonene dispersed with DMSO. (A) Record from an intact sensillum to p-limonene-containing
10 mM Nadl solutions with 4% DMSO (p-limonene concentration = 90 ug/ml) (top) and the control record to 10 mM NadCl solution with 4 % DMSO
(bottom). (B) Record from a sensillum having an inactive water receptor cell, to b-limonene-containing 10 mM Nadl solution with 4% DMSO (p-limonene
concentration = 90 pg/ml) (top) and the control record to 10 mM NaCl solution with 4% DMSO (bottom). In Figures 5 and 6, arrows indicate the beginning

of stimulation, and the impulses of the “fifth cell are pointed by dots.

tentatively defined that the small (0.53 + 0.03 mV, n = 10)
and the large impulses (0.76 = 0.11 mV, n = 10) are derived
from the water receptor cell and the ‘fifth cell’, respectively.
In this record, ~8 s latency is seen until the first appearance
of the ‘fifth cell’ impulse, probably because it takes time for
D-limonene molecule to be transferred from the DMSO-
containing environment in the stimulus solution to an
intrinsic carrier protein, CRLBP in the receptor lymph.
Figure 5A (bottom) is the control record in the absence of
pD-limonene. The impulses of the ‘fifth cell” diminish, and
only the impulses of the water receptor cell are seen. It is
therefore concluded that the ‘fifth cell’ responds to
D-limonene. Among the examined sensilla, we found some (2
in 56 trials) in which, for unknown reasons, the water recep-
tor cell generated no impulses. Figure 5B (top) shows the
impulse caused by bp-limonene-dispersing 10 mM NaCl
solution with 4% DMSO in one such sensilla. Only the
impulses of the ‘fifth cell’ (0.74 + 0.05 mV, n = 10) can be
clearly seen. Here we estimated responding neurons based

only on the impulse amplitudes, hence we use the traditional
term ‘fifth cell’ as a tentative name for the p-limonene-
sensitive neuron.

Figure 6A shows the impulses generated by p-limonene
dispersed in 10 mM NaCl solution with 1 uM CRLBP. The
impulses of the water receptor cell (0.53 + 0.04 mV, n = 13)
and the ‘fifth cell’ (0.79 £ 0.10 mV, n = 25) can be seen. These
impulses are qualitatively similar to those in Figure 5A, in
which DMSO was used to disperse D-limonene in the
stimulus solution. This implies that CRLBP can help p-lim-
onene to be dissolved in an aqueous environment. In the
control record from the same sensillum stimulated with
10 mM NaCl solution containing 1 uM CRLBP (Figure
6B), only the impulses of the water receptor cell did appear.
Figure 6C shows four types of nerve impulses recorded in
the LL type of labellar sensillum: (a) the impulses of the
‘fifth cell’ (to 0.5 M CsCl); (b) the water receptor cell (to 10
mM NacCl); (c) the sugar receptor cell (to 0.1 M sucrose);
and (d) the salt receptor cell (to 0.5 M NaCl). p-Limonene,
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Figure 6 Taste response of an intact sensillum to p-limonene dispersed with CRLBP. (A) Record to p-limonene-containing 10 mM NadCl solution with 1 uM
CRLBP (p-limonene concentration = 20.5 pug/ml). (B) Control record to 10 mM NaCl solution with 1 uM CRLBP. The impulses of the water receptor cell and

the fifth cell were sometimes generated at the same time, resulting in a pseudo large impulse having an additive amplitude (arrowhead). (C) Standard
impulses of the four functionally different contact-chemoreceptor neurons in the sensillum are indicated: (a)~(d) show the impulses to 0.5 M CsCl, 10mM

Nadl, 0.1 M sucrose and 0.5M Nadl, respectively.

when dispersed with BLG or BSA instead of CRLBP,
evoked fewer impulses from the ‘fifth cell’, at least for 30 s
after the beginning of stimulation (data not shown). This
suggests that BLG or BSA are acting differently to CRLBP
in the taste sensillum of P. regina (see Discussion).

Except for the cases as shown in Figure 5B, we usually
observed that the ‘fifth cell’ and the water receptor cell
impulses were generated by stimulation with p-limonene-
containing solutions. However, the time course of impulse
generation in the ‘fifth cell’ was not always constant. The
duration of the latency varied, and the peak of the ‘fifth cell’
activity, at which the highest impulse frequency was
observed, appeared at different times after the beginning of
stimulation. At the present time, it is unknown why such
differences appeared among the sensilla. In fact, these differ-

ences made it difficult to investigate the concentration—
response relationship of the ‘fifth cell’ activity, and so we
selected the number of impulses generated for 5 s at the
peak of the cell activity and plotted these in Figure 7A.
Figure 7A shows such concentration-response relationships
of p-limonene dissolved with DMSO (closed circles) and
with CRLBP (open circles), respectively. The p-limonene
concentration dependency of the aversive behavior is also
indicated in Figure 7B.

Discussion

The ‘fifth cell’ and its role in the taste system of the fly

We can hypothesize that the sense of taste in insects is also
categorized into some fundamental tastes, four functionally
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Figure 7 Concentration-response relationship for b-limonene. (A)
D-Limonene concentration dependency of the electrophysiological response
of the "fifth cell’. (B) b-Limonene concentration dependency of the aversive
behavioral response of the fly. Average percentage of flies showing aversive
PER = SD (vertical bar) is plotted against b-limonene concentration. Stim-
ulus solutions were prepared by dilution with 10 mM Nadl plus 4% DMSO,
starting from 90 pg/ml p-limonene-dispersing 10 mM NaCl solution with
4% (closed circles) or by dilution with 10 mM Nadl plus 5 uM CRLBP, starting
from 100 pg/ml p-limonene-dispersing 10 mM NadCl solution with 5 uM
CRLBP (open circles). The p-limonene concentration of the starting solution
was adjusted to be 90 or 100 pg/ml by diluting the p-limonene-satiated
solution with 10 mM NaCl plus 4% DMSO or 5 uM CRLBP, respectively. The
number of tests is five per data point.

differentiated taste receptor cells in a sensillum may
primarily be responsible for such fundamental tastes. The
electrophysiological action of the sugar receptor cell,
which responds not only to sugars but also to nucleotides
(Amakawa et al., 1992) or amino acids (Shiraishi and
Kuwabara, 1970), induces feeding PER in the hungry flies
(Dethier, 1976). This implies that the sugar receptor cell of
the fly is responsible for a more general sign of food intake
rather than a sign of sugars. Both water and salts are
indispensable supplements. The fly chooses which one to
take in order to optimize its internal water—salt balance. The
feeding PER induction to water or salt may be regulated by
the central nervous system referring to the internal
requirement (Dethier, 1976; Moss and Dethier, 1983).

As for the ‘fifth cell’, how does its activity reflect on the
behavior of the fly? Prior to the present paper, Liscia and
Solari reported that the ‘fifth cell’ of P. terraenovae re-
sponded to some substances that humans find bitter (Liscia
and Solari, 2000). In addition to the electrophysiological
results, Liscia and Solari showed that the fly preferred pure

sucrose solution to mixtures of sucrose plus quinine or
amiloride. These results might easily lead to the conclusion
that the ‘fifth cell’ of the fly has a functional analogy to the
bitter taste receptor cell of humans. In P. regina, however, it
has been reported that alkaloids inhibit the responsiveness
of the sugar receptor cell (Dethier and Bowdan, 1989, 1992).
Recently, Sadakata er al. discussed the inhibitory effects
of amiloride on the sugar receptor cell of the fleshfly,
Boettcherisca peregria, but did not show any response to
amiloride itself (Sadakata et al., 2002). If substances that
taste bitter to humans have inhibitory effects on the sugar
receptor cell in P. terraenovae, such inhibitory effects could
explain the behavioral results of Liscia and Solari (Liscia
and Solari, 2000), independently of the ‘fifth cell” activity. In
order to indicate a direct contribution of the ‘fifth cell’
activity to insect behavior, it is necessary to evaluate the
behavior induced by the electrophysiological activity of the
“fifth cell’.

In our study, the toxicity of p-limonene and other mono-
terpenes (Figure 1) and their gustatory effectiveness esti-
mated by the aversive PER test (Figure 3) showed the same
order. Therefore, it seemed convenient to use D-limonene
and other monoterpenes as warning taste stimuli, which
would activate the ‘fifth cell’. However, monoterpenes
purified as essential oils were not directly applicable for the
electrophysiological tip-recording method. The sidewall
recording method (Morita and Yamashita, 1955) would have
been an alternative, but the aversive movement of the
labellum, which often occurrs even in the isolated head
preparation, prevented us from inserting an electrode into
the sidewall of a fine sensillum and from keeping it stable
during impulse recording. Thus, we attempted the tip-
recording method, in which monoterpene-containing
electrolytes were used as the stimuli, and carried out the
behavioral tests with the same stimuli. Such stimuli evoked
the impulses of the water receptor cell as well (Figures 5SA
top and 6A). However, it is thought that it is not the impulses
of the water receptor cell, but rather those of the ‘fifth cell’
that trigger the aversive reactions, because the impulses of
the water receptor cell by themselves did not induce any
aversive reactions from the fly.

If the activation of the ‘fifth cell’ triggers the aversive
PER, the electrophysiological latency should be shorter
than the behavioral latency (Dethier, 1968). Inspecting the
impulse recordings to pD-limonene-containing solutions in
detail, 215 s latencies are seen. Sometimes, the aversive
PER occurred later than 20 s after the beginning of stimu-
lation. However, there was some overlap and we could
not measure the electrophysiological and the behavioral
latencies in the same animal at the same time. As for con-
centration dependency, there is little inconsistency between
the electrophysiological activity of the ‘fifth cell’ and the
aversive reaction of the fly (Figure 7). Thus, all of our results
tend to suggest that the ‘fifth cell’ is a warning cell to induce
aversive reaction from the fly.
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Nevertheless, aversive behavior is not always induced
when the ‘fifth cell” generates impulses. Dethier (Dethier,
1976) and Ozaki et al. (Ozaki et al., 1995) observed that
apple juice stimulation of the taste sensillum of P regina
elicited the impulses of both the sugar and the fifth cell’. In
the case of apple juice, the fly did not show the aversive PER
but the feeding PER. Unknown components of apple juice,
which stimulate the ‘fifth cell’, may have weak toxicity. As
has been discussed in the mammalian bitter taste receptor
cell (Garcia and Hankins, 1975), the “fifth cell’ of P regina
might also respond to potentially toxic substances, even if
they are not really toxic. This seems reasonable, considering
the relationship between deterrence and toxicity of plant
secondary compounds for phytophagous insects (Bernays,
1991). Monoterpenes, some of which were used in the pre-
sent work, belong to one of the biggest groups of secondary
metabolites of plants. Plants use the toxicities of these
compound to defend themselves against herbivores, but
some insects counter such toxins by evolving detoxification
systems to protect themselves. Thus, the sensitivity of a
contact-chemoreceptor neuron to phagostimulants may be
diverse (Bernays and Chapman, 2000).

In fact, the “fifth cell’ responds to quite different structures
of molecules, the toxicities of which have not been in-
vestigated in detail. This is one of the main reasons why the
‘fifth cell’ has not been given a name according to its
function. Considering the study of Liscia and Solari (Liscia
and Solari, 2000) and the present work together, however, we
can now define this insect taste receptor cell as a deterrent
cell, or more precisely a warning cell for gustatory suspicion
of toxicity. It is noticed that this cell is functionally analo-
gous to the mammalian bitter taste receptor cell, although
all substances bitter for humans or other mammals may not
be recognized as deterrents in insects.

CRLBP, an odorant-binding protein in the taste system and
its role

In 1995, a unique type of OBP, called CRLBP, was found by
Ozaki et al. to be widespread in the olfactory and taste
organs of P regina. Their findings were reminiscent of
Dethier’s observation (Dethier, 1972) that the ‘fifth cell’ of
P, regina responds to some vapors, and that the ‘fifth cell’
could be involved in the recognition of volatile, more gener-
ally lipophilic substances. Odor perception by contact-
chemoreceptor neurons reported in other insects (Stiadler
and Hanson, 1975; Stadler, 1984) may also involve lipophilic
substance transport by CRLBP or its relatives.

Prior to the discovery of CRLBP, Schmale ez al. (Schmale
et al., 1990) and Blaker et al. (Bldker et al., 1993) reported a
gustatory homolog of mammalian OBP, von Ebner’s gland
protein (VEGP), and predicted that VEGP could be a
carrier protein for some lipophilic, probably bitter sub-
stances. Considering the role of the ‘fifth cell’ discussed in
the present paper, CRLBP seems to be functionally analo-
gous to VEGP, although mammalian and insect OBPs have
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quite different structures. VEGP has a lipophilic inside
pocket of B-barrel type but CRLBP does not. Because
VEGP could not be obtained commercially, we examined
BLG, which is also a mammalian lipophilic ligand-binding
protein that has a B-barrel type inside pocket like VEGP.
However, we found that BLG, which hardly solubilized
p-limonene, did not replace CRLBP (Figure 4). The ligand-
binding spectrum of BLG may be different from that of
CRLBP, probably because of their different structures.
Presumably, mammalian and insect OBP families conver-
gently appeared in different phylogenetic branches of animal
evolution, so that they have different ligand-binding spectra
and are not functionally compatible with each other.

As shown in Figure 4, 20 uM BSA solubilized 30.1 + 1.5
pg/ml p-limonene, while 1.25 uM CRLBP solubilized 23.5 +
3.4 ug/ml. Nevertheless, p-limonene with 20 pM BSA did
not elicit aversive PER as effectively as with 1.25 uM
CRLBP. Possibly BSA would not pass p-limonene to the
receptor molecule on the fifth cell’ as perfectly as CRLBP,
the lipophilic ligand carrier in the taste and the olfactory
organs of P, regina (Ozaki et al., 1995). When comparing the
data of Figure 4 and 7, we find that 4% DMSO consistently
solubilized ~90 pug/ml of p-limonene and elicited ~70%
aversive PER. However, there is a quantitative inconsistency
on the effect of CRLBP; Figure 4 shows that 5 uM CRLBP
solubilized ~158 = 19 ug/ml of p-limonene to elicit 45%
aversive PER; Figure 7 shows that 100 ug/ml p-limonene
solubilized with the same amount of CRLBP elicited
85% aversive PER. The most likely explanation for this
inconsistency is structural and/or functional differences in
the purified CRLBP, as we used different batches in the two
experiments.

It was reported that the CRLBP is a major protein
component in the labellar contact-chemosensilla in P. regina
(Ozaki et al., 1995), but we do not exactly know its con-
centration in the sensilla. Considering that the concentration
of the PBP of Antheraea polyphemus was measured to be
10 mM in the olfactory sensilla (Klein et al., 1986; Kaissling,
1998), we can roughly estimate the intrinsic concentration
of the CRLBP to be in the same range. The CRLBP
concentrations used in this study were 1000 times lower,
because of technical difficulties for large-scale purification
of CRLBP from the fly tissue. If we could use the intrinsic
concentration of CRLBP, the gustatory sensitivity of the
‘fifth cell’ and the aversive PER sensitivity of the fly might
be increased and/or the electrophysiological and the behav-
ioral latencies might be shortened.

The results of the present study suggest that the taste
receptor molecules of the “fifth cell’ to which CRLBP passes
its ligands might resemble olfactory receptors. In insect
olfactory sensilla, the ligand-solubilizing effect of OBPs has
been electrophysiologically demonstrated by Van den Berg
and Ziegelberger (Van den Berg and Ziegelberger, 1991), and
recently a contribution of OBPs to receptor specificity
has been shown in addition (Pophof, 2002). Our study in
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Phormia is the first electrophysiological study on the role of
an OBP in an insect taste sensillum.

Which receptor molecules on the fifth cell’ can receive a
ligand from CRLBP? How does the CRLBP bind or release
the ligand for the receptor molecule? In order to answer
these questions and understand the warning mechanism of
the ‘fifth cell’, especially for lipophilic toxins, the ligand-
binding spectrum of CRLBP and its carrier-receptor rela-
tion should precisely be investigated.

Acknowledgements

We thank Ms Maki Takehara and Mr Atsushi Seto for their
technical assistance in the PER test and Ms Kaori Tagashira for
her help in electrophysiological experiment. This study was
supported by grants from the HFSP Organization and the
PROBRAIN to M.O.

References

Amakawa, T., Kawata. K. and Ozaki, M. (1992) Nucleotide receptor-site
on the labellar sugar receptor cell of the blowfly, Phormia regina.
J. Insect Physiol., 38, 365-371.

Bernays, E.A. (1991) Relationship between deterrence and toxicity of plant
secondary compounds for the grasshopper Schistocerca americana.
J. Chem. Ecol. 17, 2519-2526.

Bernays, E.A. and Chapman, R.F (1994) Host plant selection by
phytophagous insects. Kluwer Academic, Norwell, MA.

Bernays, E.A., Chapman, R.F. and Singer, M.S. (2000) Sensitivity to
chemically divers phagostimulants in a single gustatory neuron of a
phytophagous caterpillar. . Comp. Physiol. A, 186, 13-19.

Blaker, M., Kock. K., Ahlers, C., Buck, F and Schmale, H. (1993)
Molecular cloning of human von Ebner’s gland protein, a member of
the lipocalin superfamily expressed in lingual salivary glands. Biochim.
Biophys. Acta, 1172, 131-137.

Blaney, W.M. and Simmons, M.S.J. (1988) Food selection in adults and
larvae of three species of lepidoptera: a behavioral and electro-
physiological study. Entomol. Exp. Appl. 49, 111-121.

Chapman, R.F, Ascoli-Christensen, A. and White, PR. (1991) Sensory
cording for feeding deterrence in the grasshopper Schistocerca
americana. J. Exp. Biol., 158, 241-259.

Davis, B.J. (1964) Disc electrophoresis. Il. Method and application to
human serum proteins. Ann NY Acad. Sci., 121, 404-427.

Dethier, V.G. (1968) Chemosensory input and taste discrimination in the
blowfly. Science, 161, 389-391.

Dethier, V.G. (1972) Sensitivity of the contactchemoreceptors of the
blowfly to vapors. Proc Natl Acad Sci USA, 69, 2189-2192.

Dethier, V.G. (1973) Electrophysiological studies of gustation in Lepidop-
terous larvae. Il. Taste spectra in relation to food-plant discrimination. J.
Comp. Physiol., 82, 103-134.

Dethier, V.G. (1976) The Hungry Fly. Harvard University Press, Cambridge,
MA.

Dethier, V.G. (1993) The role of taste food intake: a comparative view. In
Simon, S.A. and Roper, S.D. (eds), Mechanisms of Taste Transduction.
CRC, Boca Raton, FL, pp 3-25.

Dethier, V.G. and Bowdan, E. (1989) The effects of alkaloid on sugar
receptors and the feeding behavior of the blowfly. Physiol. Entomol., 14,
127-136.

Dethier, V.G. and Bowdan, E. (1992) Effects of alkaloids on feeding by
Phormia regina confirm the critical role of sensory inhibition. Physiol.
Entomol., 17, 325-330.

Dethier, V.G. and Hanson, FE. (1968) Electrophysiological responses of
the blowfly to sodium salts and fatty acids. Proc. Natl Acad. Sci. USA, 60,
1269-1303.

Frazier, J.L. and Hanson, EE. (1986) Electrophysiological recording and
analysis of insect chemosensory responses. In Miller, J.R. and Miller, TA.
(eds), Insect-Plant Interactions. Springer-Verlag, New York, pp. 285-330.

Garcia, J. and Hankins, W.G. (1975) The evolution of bitter and acquisition
of toxiphobia. In Denton, D.A. and Coghlan, J.P (eds), Olfaction and
Taste V. Proceedings of the 5th International Symposium in Melbourne,
Australia. Academic Press, New York, pp. 39-45.

Gillary, H.L. (1966) Stimulation of the salt receptor of the blowfly. Ill. The
alkali halides. ). Gen. Physiol., 50, 359-368.

Glendinning, J.I. and Hills, T.T. (1997) Electrophysiological evidence for
two transduction pathways within a bitter-sensitive taste receptor.
J. Neurophysiol. 78, 734-745.

Harley, K.L.S. and Thoresteinson, A.J. (1967) The influence of plant
chemicals on the feeding behavior, development and survival of two-
striped grasshopper, Melenoplus bivittatus (Say), Acrididae: Orthoptera.
Can. J. Zool., 45, 305-319.

Hodgson, E.S., Lettvin, J.Y. and Roeder, K.D. (1955) Physiology of a
primary chemoreceptor unit. Science 122, 417-418.

Kaissling, K.-E. (1998) Pheromone deactivation catalyzed by receptor
molecules: a quantitative kinetic model. Chem. Senses, 23, 385-395.

Klein, U., Kehl, M., Hamberger, J. and Gilinzel, A. (1986) Sensillum-
lymph proteins from insect olfactory hairs. Chem. Senses, 12, 211.

Liscia, A. and Solari, P. (2000) Bitter taste recognition in the blowfly:
electrophysiological and behavioral evidence. Physiol. Behav., 70, 61-65.

Morita, H. and Yamashita, S. (1959) Generator potential of insect
chemoreceptor. Science, 130, 992.

Moss, C.FE and Dethier, V.G. (1983) Central nervous system requlation of
finicky feeling by the blowfly. Behav. Neurosci., 97, 541-548.

Ornstein, L. (1964) Disc electrophoresis. I. Background and theory. Ann. NY
Acad. Sci., 121, 321-349.

Ozaki, M. and Tominaga, Y. (1999) Chemoreceptors. In Eguchi, E. and
Tominaga, Y. (eds), Atlas of Arthropod Sensory Receptors. Springer-
Verlag, Tokyo, pp. 143-154.

Ozaki, M., Morisaki, K., Idei, W., Ozaki, K. and Tokunaga, F. (1995) A
putative lipophilic stimulant carrier protein commonly found in the taste
and olfactory systems. A unique member of the pheromone-binding
protein superfamily. Eur. J. Biochem., 230, 298-308.

Pelosi, P. (1996) Perireceptor events in olfaction. J. Neurobiol., 30, 3-19.

Peterson, S.C., Hanson, EE. and Warthen, J.D., Jr (1993) Deterrence
coding by larval Manduca chemosensory neuron mediating rejection of
a non-host plant Canna generalis L. Physiol. Entmol., 18, 285-295.

Pophof, B. (2002) Moth pheromone binding proteins contribute to
excitation of olfactory receptor cells. Naturwissenschaften, 89, 515-518.

Prestwich, G.D., Du, G. and Laforest, S. (1995) How is pheromone
specificity encoded in proteins? Chem. Senses, 20, 461-469.

Sadakata, T., Hatano, H., Koseki, T., Koganezawa, M. and Shimada, I.
(2002) The effects of amiloride on the labellar taste receptor cell of the
fleshfly Boettcherisca peregrina. J. Insect Physiol., 48, 565-570.

Sandler, B.H., Nikonova, L., Leal, W.S. and Clardy, J. (2000) Sexual

2102 ‘€ #0010 U0 153n6 Aq /610°s[euno[pio Jxo'asweyd;//:dny woJj pepeojumod


http://chemse.oxfordjournals.org/

attraction in the silkworm moth: structure of the pheromone-binding
protein-bombykol complex. Chem. Biol. 7, 143-151.

Schmale, H., Holtgreve-Grez, H. and Christensen, H. (1990) Possible
role for salivary gland protein in taste reception indicated by homology
to lipophilic-ligand carrier proteins. Nature, 343, 366-369.

Schoonhoven, L.M. (1972) Plant recognition by lepidopterous larvae. In
van Emden, H.F (ed.), Insect/Plant Relationships. Blackwell Scientific,
Oxford, pp. 87-99.

Schoonhoven, L.M. (1987) What makes a caterpillar eat? The sensory
code underlying feeding behavior. In Chapman, R.F, Bernays, E.A. and
Stoffolano, J.G. Jr (eds), Prespectives in Chemoreception and Behavior.
Springer-Verlag, New York, pp. 69-97.

Schoonhoven, L.M., Blaney, W.M. and Simmonds, M.S.J. (1992)
Sensory coding of feeding deterrents in phytophagous insects. In
Bernays, E.A.(ed.), Insect—Plant Interactions. CRC, Boca Raton, FL,
pp. 59-79.

Shiraishi, A. and Kuwabara, M.A. (1970) The effects of amino acids on
the labellar chemosensory hairs in the blowfly. J. Comp. Physiol., 92,
161-179.

Stadler, E. (1984) Contact chemoreception. In Bell, W.J. and Carde, R.T.
(eds), Chemical ecology of insects. Chapman & Hall, London, pp. 3-35.

Stadler, E. and Hanson, EE. (1975) Olfactory capabilities of the ‘gustatory’
chemoreceptors of the tobacco hornworm larvae. J. Comp. Physiol. A,
104, 97-102.

Perception of Noxious Compounds by the Blowfly 359

Steinbrecht, R.A. (1996) Are odorant-binding proteins involved in odorant
discrimination? Chem. Senses, 21, 718-725.

Steinbrecht, R.A. (1999) V. Olfactory receptors. In Eguchi and Tominaga
(eds), Atlas of Arthropod Sensory Receptors. Springer-Verlag, Tokyo, pp.
155-176.

Van den Berg, M.J. and Ziegelberger, G. (1991) On the function of
the pheromone binding protein in the olfactory hairs of Antheraea poly-
phemus. J. Insect Physiol., 37, 79-85.

Vogt, R.G. (1995) Molecular genetics of moth olfaction: a model for
cellular identity and temporal assembly of the nervous system. In
Goldsmith, M.R. and Wilkins, A.S. (eds), Molecular Model Systems in the
Lepidoptera. Cambridge University Press, Cambridge, pp. 341-367.

Vogt, R.G., Riddiford, L.M. and Prestwich, G.D. (1985) Kinetic
properties of pheromone degrading enzyme: the sensillar esterase of
Antheraea polyphemus. Proc. Natl. Acad. Sci. USA, 82, 8827-8831.

Vogt, R.G., Callahan, M.E., Rogers, M.E. and Dickens, J.C. (1999)
Odorant binding protein diversity and distribution among the insect
orders, as indicated by LAP an OBP-related protein of the true bug Lygus
lineolaris (Hemiptera, Heteroptera). Chem. Senses 24, 481-495.

Ziegelberger, G. (1996) The multiple role of the pheromone-binding
protein in olfactory transduction. Olfaction in mosquito-host inter-
actions. CIBA Found. Symp., 200, 267-280.

Accepted April 10, 2003

2102 ‘€ #0010 U0 153n6 Aq /610°s[euno[pio Jxo'asweyd;//:dny woJj pepeojumod


http://chemse.oxfordjournals.org/

