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Experiential Effects of Appetitive and Nonappetitive Odors
on Feeding Behavior in the Blowfly, Phormia regina:
A Putative Role for Tyramine in Appetite Regulation
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In humans, appetite is affected by food experiences and food flavors. In the blowfly Phormia regina, we found that feeding threshold to
sugar increased in the presence of the odor of D-limonene and decreased in the presence of the odor of dithiothreitol (DTT). Using these
odors as representative nonappetitive and appetitive flavors, we demonstrated the role played by tyramine (TA) in appetite regulation by
experiences of food flavors. When fed with sucrose flavored with D-limonene for 5 d after emergence, flies showed subsequent decreased
appetite to plain sucrose, whereas when they were fed with sucrose flavored by DTT they showed increased appetite. However, mushroom
body (MB)-ablated flies did not show these patterns. This suggests that MB, one of the primary memory centers of the insect brain, is
necessary for the flies to apply previous experiences of food flavors to appetitive learning behaviors. In addition, flies’ previously acquired
decreased or increased appetites showed parallel changes with both octopamine (OA) and tyramine levels in the brain. However, injection
experiments with OA, TA, or their agonist and antagonist indicated that TA more directly mediates feeding threshold determination,
which was affected by acquired memories of food flavors.
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Introduction
It is known that food preference in humans is affected by individ-
ual dietary experiences, familial traditional tastes, or human food
cultures. Higher animal species, including humans, are expected
to learn from experiences to determine their food preference.
This is also true for insects.

In flies, and some other insects, the proboscis extension reflex
(PER) has long been used as an indicator of behavioral sensitivity
for taste studies (Dethier, 1976; Devaud, 2003; Ozaki et al., 2003;
Ishimoto and Tanimura, 2004; Scheiner et al., 2004). Flies extend
their proboscis when contact chemosensilla on their legs or labela
detect sugar above a certain threshold concentration. Thus, we
used PER as a measure of appetite.

The PER threshold is affected by experiences or previous
learning. In Phormia regina, PER threshold depends on daily food
concentration of sugar (Yano et al., 1986), and, in Apis mellifera,
it depends on foraging experiences and/or age (Pankiw and Page,
1999; Pankiw et al., 2001; Page and Erber, 2002). Moreover, PER

can be conditioned across sensory modalities, to salt stimulation
by saltiness–sweetness-associative learning in P. regina (Akahane
and Amakawa, 1983), and can be inhibited by sweetness–
bitterness-associative learning in Drosophila melanogaster (Mé-
dioni and Vaysse, 1975; DeJianne et al., 1985; Brigui et al., 1990).
However, in the flies P. regina and D. melanogaster, classical con-
ditioning for taste– olfaction-associative learning using PER has
not been satisfactorily demonstrated.

Previously, odorants were classified into attractants or repel-
lents with the T-maze binary choice assays using D. melanogaster
(Ayyub et al., 1990; Devaud, 2003). Attractants and repellents are
not necessarily functionally equivalent to appetitive and nonap-
petitive odors, but flies may effectively identify potentially toxic
chemicals by their odors. If such odors were reliable indicators of
toxicity, natural selection could result in their perception as fixed
nonappetitive odors, which would decrease appetite in flies. Re-
cently, Ozaki et al. (2003) found that taste stimulation of the
deterrent taste cell with D-limonene, a volatile monoterpene, in-
duced strong aversive behavior in P. regina. Thus, vapor of
D-limonene could act as an olfactory cue to prevent flies from
feeding.

At the neural level, feeding behavior is known to be regulated
by biogenic amines that play various important roles in behavior
regulation in insect brains (Evans, 1980; Roeder, 1994; Roeder et
al., 2003). In the honeybee, octopamine (OA) and its agonists
were shown to enhance elicitation of PER (Erber et al., 1993;
Blenau and Erber, 1998) and to increase PER sensitivity to su-
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crose (Scheiner et al., 2002). In addition, in P. regina, OA, dopa-
mine (DA), and serotonin are involved in PER sensitivity to su-
crose (Long and Murdock, 1983; Long et al., 1986; Brookhart et
al., 1987), suggesting that OA is involved in appetite in P. regina.
In this study, we also used P. regina as an animal model and
studied the underlying mechanism of appetite regulation by ex-
periences with different food flavors.

Materials and Methods
Flies. The blowfly Phormia regina M. was originally donated from Prof.
H. Morita’s laboratory in Kyushu University (Fukuoka, Japan) and
reared in our laboratory under a 12 h light/dark cycle at 22 � 2°C. Larvae
were fed with chicken liver and yeast bait (Oriental Yeast, Tokyo, Japan)
unless otherwise stated. Adults were provided with water and 0.1 M su-
crose solution in separate cups.

To collect eggs, flies older than 7 d after emergence were reared in a
separate cage, being provided with water and sucrose plus chicken liver.
Egg masses laid on chicken livers were collected every morning.

Experimental paradigm for dietary experience with odors. An adult fly
population derived from the same egg mass was divided into two groups
within 1 d after emergence and reared in separate plastic cages (22 � 15 �
13 cm 3) under different dietary conditions. One group (experienced
group) of flies was provided with water in a cup and 0.1 M sucrose solu-
tion flavored with D-limonene or dithiothreitol (DTT) on a special meal
stage for 5 d. In a double-bottomed plastic meal stage (75 mm diameter;
35 mm height), a cotton ball soaked with sucrose solution was placed on
the upper dish, and pure D-limonene oil or DTT powder was placed in
the lower compartment, which was mostly airtight except for pinhole
openings at the edge of the upper dish. When flies visited the meal stage
and extended their proboscis to feed on sucrose, they would be stimu-
lated with the taste of sugar and the odor of D-limonene or DTT at the
same time. As a control group (nonexperienced group), the other flies
were provided with water and 0.1 M sucrose on the same meal stage, in
which no odor source was present for 5 d. For the following 2 d, both
groups of flies were provided only with water until behavioral testing.
Temperature was maintained at 22 � 2°C.

PER test for appetite measurement. In previous studies, appetite has
often been measured by the amount of food intake and/or excretion.
However, in the present paper, the term “appetite” was used to indicate
the motivation for feeding, which we evaluated by using the threshold for
PER, which is a necessary prerequisite to feeding. Decreased and in-
creased appetites in flies would indicate high and low PER thresholds to
sucrose, respectively. With the PER test, we obtained thresholds for in-
dividual flies and compared them between populations. Twenty to 40
individuals were randomly chosen from each group and were immobi-
lized by securing the wings with aluminum clothes pegs. Before the PER
test, flies were provided with distilled water to satiation. Stimulus solu-
tions for the PER test were 11 steps of sucrose concentrations, which were
prepared by twofold serial dilutions with distilled water starting from a
sucrose concentration of 1 M. Labelar chemosensilla of flies were carefully
stimulated with each of the sucrose concentrations beginning with the
lowest concentration, so that flies would not ingest stimulus solutions.
When we examined the effects of the presence of odors, the PER test was
performed with the odor source set �2 cm away from the fly. The sucrose
concentration to which the fly first extended its proboscis was defined as
the PER threshold at the individual level. Because PER thresholds of
individuals from a group were normally distributed according to the
logarithmic scale of sucrose concentration, we calculated the mean of
PER thresholds at the population level with the probit analysis computer
program of Prof. M. Sakuma (Kyoto University, Kyoto, Japan) (Sakuma,
1998). If we obtained data for at least four concentration–PER curves per
condition (see Figs. 1, 2), statistical differences in the means of PER
thresholds between groups, which were reared and/or examined under
different conditions, were tested by Tukey’s test. When we obtained data
for less than four concentration–PER curves per condition (see Figs. 3, 4,
8, 9), statistical differences were tested not within the means of PER
thresholds but for individual PER threshold. We performed at least du-
plicate PER tests per condition. Inconveniently, concentration–PER

curves obtained even under the same experimental conditions indicated
more or less different population variances. Thus, to test statistical dif-
ferences in individual PER thresholds of duplicated data between groups,
we used a nonparametric Steel-Dwass test rather than a parametric
Tukey’s test.

Ablation of mushroom bodies. We ablated mushroom bodies (MBs) of
the blowfly following the methods of de Belle and Heisenberg (1994) in
Drosophila and of Ikeda et al. (2005) in the blow fly Protophormia ter-
raenovae. The newly hatched larvae from the same egg lump were divided
into two groups. One group of control larvae followed a normal artificial
diet [7% dried yeast, 7% wheat germ, 7% whole milk powder, 1.4% agar,
0.12% brilliant blue FCF (w/v), and 0.5% propionic acid (v/v) (Tachi-
bana and Numata, 2001)] for 4 h. The other group of larvae was fed with
hydroxyurea (HU)-plus diet (basic diet plus 25 mg/ml HU) for 4 h. The
larvae whose guts were stained blue were selectively transferred to their
regular diet of chicken liver and yeast bait. When they reached adult-
hood, flies were subjected to PER tests. Subsequently, they were histolog-
ically examined to verify whether MBs had been ablated in the brain.

Histological examination of the brain. Flies’ heads were isolated on ice,
and the proboscis and the posterior cuticle were removed and placed in
PBS. They were then fixed with Bouin’s fluid (saturated aqueous picric
acid/formaldehyde/glacial acetic acid at 15:5:1) and kept overnight at
room temperature. Brains were dehydrated and embedded in Parablast
(Nakarai Tesque, Kyoto, Japan). Serial thin sections (7 �m) of brains
were made with a rotary microtome (RV-240; Yamato Kohki Industrial,
Saitama, Japan), stained with Mayer’s acid hematoxylin and eosin, and
observed under a photomicroscope (ECLIPSE E200; Nikon Instech, To-
kyo, Japan). We examined every section to check for the existence of
calyces, peduncles, and/or lobes of MBs.

Sample preparation for biogenic amine measurement. Brains for bio-
genic amine measurements were sampled from individuals with the
nearest PER threshold to the mean PER threshold of that particular
population. Heads of the sample flies in each test or control group were
stored in an Eppendorf tube at �80°C. Heads were lyophilized overnight
at �50°C, �0.1 torr by a freeze-dry system (FZ-4.5; Labconco, Kansas
City, MO). Brains were isolated from lyophilized heads, and optic lobes
were removed. They were then homogenized on ice in a microglass ho-
mogenizer with 50 �l of chilled 0.1 M perchloric acid containing the
internal standard 3, 4-dihydroxybenzylamine at 25 ng/ml. Each homog-
enate was transferred into an Eppendorf tube and centrifuged at 15,000
rpm for 30 min at 0°C. The supernatant was applied to a microvial for
HPLC-electrochemical (ECD) analysis.

HPLC-ECD analysis. For simultaneous determination of biogenic
amines, we used a modified method of the original procedure by Nagao
and Tanimura (1988, 1989). The HPLC system was equipped with a
solvent delivery pump (model 515; Waters Associates, Milford, MA), a
refrigerated automatic injector (model 231-401; Gilson, Middleton, WI),
and a C18 reversed-phase column (250 � 4.6 mm inner diameter, 5 �m
average particle size; model UG120; Shiseido, Tokyo, Japan) maintained
at 30°C in a column oven. The detector cell was also kept at 30°C in the
column oven. An electrochemical detector with a glassy carbon electrode
(WE-GC; Eicom, Kyoto, Japan) was used. Detector potential was set at
0.85 V against an Ag/AgCl reference electrode. Signals from the detector
were recorded and integrated by using data analysis software (Millen-
nium; Waters Associates).

The mobile phase for HPLC consisted of a solution containing 0.18 M

monochloroacetic acid and 40 �M 2Na-EDTA, adjusted to pH 3.6 with
NaOH, and combined with 1.62 mM sodium-1-octanesulfonate. This solu-
tion was then filtrated through a 0.22 �m filter (Millipore, Billerica, MA),
degassed with a vacuum pump, and kept at a constant flow of 0.7 ml/min.
The external standard mixture was made up of 27 different compounds;
3,4-dihydroxy mandelic acid; �-3,4-dihydroxy o-phenylalanine; 4-hydroxy-
3-methoxymandelic acid; tyrosine; 4-hydroxy-3-methoxy phenylglycol; N-
acetyloctopamine; norepinephrine; 5-hydroxy-L-tryptophane; epinephrine;
OA; 3,4-dihydroxybenzylamine; 3,4-dihydroxyphenylacetic acid; normeta-
nephrine; synephrine; N-acetyldopamine (NADA); DA; metanephrine; de-
oxyepinephrine; 5-hydroxyindole-3-acetic acid; N-acetyltyramine (NATA);
tyramine (TA); N-acetyl-5-hydroxytryptamine; 3-methoxy-4-hydroxy phe-
nyl acetic acid; tryptophan; 3-methoxytyramine; 5-hydroxytryptamine (5-
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HT); and 6-hydroxymelatonine. This external standard mixture was run
three times per HPLC operation: before and after test sample applications
(12–16 samples were applied at once) and between test sample applications.
Referring to the elution pattern of the external standard mixture and the
peak area of 3,4-dihydroxybenzylamine commonly used as internal and ex-
ternal standards, peaks for OA, NADA, DA, NATA, TA, and 5-HT in the test
samples were identified, and their amounts were calculated.

Reagent injection to flies. Appropriate concentrations of clonidine hy-
drochloride, phentolamine, OA, or TA were dissolved in Ringer’s solu-
tion (in mM: 111.2 NaCl, 5.5 KCl, 0.08 NaH2PO4�2H2O, 1.2 NaHCO3, 1.8
CaCl2�2H2O, 0.8 MgCl2�6HO, and 5 HEPES-Na). Approximately 45 min
before the beginning of the PER test, 1 �l of solution of one of these
reagents was injected into the thorax of the flies in the test group, and the
same volume of Ringer’s solution was injected into the thorax of the
control group. To compare the effects between reagents or doses, the
mean of PER thresholds in a reagent-injected group, [C1/2]i, was normal-
ized to the mean of PER thresholds in the nonexperienced Ringer’s
solution-injected group, [C1/2]o, so that the mean of PER thresholds in
the reagent-injected group was relatively evaluated by [C1/2]i/[C1/2]o.
When expressed in a logarithmic scale, log10([C1/2]i/[C1/2]o) �
log10[C1/2]i � log10[C1/2]o. If log10[C1/2]i � log10[C1/2]o � 0, the
injected reagent elicited an increase of appetite, and if log10[C1/2]i �
log10[C1/2]o � 0, the injected reagent elicited a decrease in appetite.

Results
Effects of the presence and dietary experience of the odor of
D-limonene on PER threshold to sucrose in intact flies
In the nonexperienced groups (Fig. 1A), using different batches
of flies, we repeated the same PER test 24 and 11 times in the
absence and the presence of the odor of D-limonene, respectively.
The average value of log10[C1/2] � SD was then calculated to be
�0.925 � 0.160 when tested in the absence of the odor of
D-limonene or was �0.620 � 0.209 when tested in the presence of
the odor of D-limonene. These values were significantly different
from each other ( p � 0.05, Tukey’s test). In addition, in the
experienced groups (Fig. 1B), we performed the PER test in the
absence or the presence of the odor of D-limonene and drew
concentration–PER curves. In these experienced groups, the av-
erage value of log10[C1/2] � SD was �0.600 � 0.218 in the ab-
sence of the odor of D-limonene (n � 24) and �0.548 � 0.187 in
the presence of the odor of D-limonene (n � 11). There was no
significant difference between these values ( p � 0.05, Tukey’s
test).

The log10[C1/2] value obtained by the PER test in the absence
of the odor of D-limonene in the experienced group, i.e.,
�0.600 � 0.218 (n � 24) (Fig. 1B), was significantly higher than

Figure 1. Effects of the odor of D-limonene on PER threshold. Flies were fed with 0.1 M

sucrose without (open symbols; A) or with (filled symbols; B) the odor of D-limonene for 5 d after
emergence. The PER test was performed 7 d after emergence in the absence (circles) or the
presence (triangles) of the odor. Sigmoidal curves with circles or triangles show representative
results of the PER tests in a fly group. Figures 1– 4, 8, and 9 show similar inset tables, in which
[C1/2] indicates PER threshold at the population level (for details, see Materials and Methods).
Means of [C1/2] with the same alphabetical letters have no significant differences with each
other ( p � 0.05, Tukey’s test).

Figure 2. Effects of the odor of DTT on PER threshold to sucrose. Flies were fed with 0.1 M

sucrose without (open symbols; A) or with (filled symbols; B) the odor of DTT for 5 d after
emergence. The PER test was performed 7 d after emergence in the absence (circles) or the
presence (triangles) of the odor. Sigmoidal curves with circles or triangles show representative
results of the PER tests in a fly group. Means of [C1/2] with the same alphabetical letters have no
significant differences with each other ( p � 0.05, Tukey’s test).
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that in the nonexperienced group, which
was �0.925 � 0.160 (n � 24) (Fig. 1A)
( p � 0.05, Tukey’s test). Thus, dietary ex-
perience with the odor of D-limonene de-
creased appetite to plain sucrose, mimick-
ing the presence of olfactory stimulus with
D-limonene. Indeed, [C1/2] values for the
experienced groups obtained in the ab-
sence of the odor of D-limonene with
log10[C1/2] of �0.600 � 0.218 (n � 24)
(Fig. 1B) were mostly the same as [C1/2]
values for the nonexperienced groups in
the presence of the odor of D-limonene in
which log10[C1/2] was �0.620 � 0.209
(n � 11) (Fig. 1A). There was no signifi-
cant difference between these values ( p �
0.05, Tukey’s test).

Effects of the presence and dietary
experience of the odor of DTT on PER
threshold to sucrose in intact flies
Using nonexperienced groups, in which
flies were fed with plain sucrose for 5 d
after emergence, and experienced groups,
in which flies were fed with sucrose fla-
vored by the odor of DTT, we performed
the PER test in the absence or the presence
of the odor of DTT and determined [C1/2]
(Fig. 2). In the nonexperienced groups
(Fig. 2A), log10[C1/2] was �0.811 �
0.0734 when tested in the absence of the
odor of DTT (n � 8) and �1.16 � 0.0742
when tested in the presence of the odor of
DTT (n � 4). These values were significantly different from each
other ( p � 0.05, Tukey’s test). Also, in the experienced groups
(Fig. 2B), we performed the PER test in the absence or the pres-
ence of the odor of DTT. It was then calculated that log10[C1/2]
was �1.20 � 0.0887 in the absence of the odor of DTT (n � 8)
and �1.20 � 0.0754 in the presence of the odor of DTT (n � 4).
There was no significant difference between these values ( p �
0.05, Tukey’s test).

The values of log10[C1/2] obtained by the PER test in the ab-
sence of the odor of DTT were �0.811 � 0.0734 in the nonexpe-
rienced groups (n � 8) (Fig. 2A) and �1.20 � 0.0887 in the
experienced groups (n � 8) (Fig. 2B). These values were signifi-
cantly different from each other ( p � 0.05, Tukey’s test).
Log10[C1/2] values of the experienced groups obtained in the ab-
sence of the odor of DTT, i.e., �1.20 � 0.0887 (n � 8) (Fig. 2B),
were mostly the same as log10[C1/2] values of the nonexperienced
groups in the presence of the odor of DTT, i.e., �1.16 � 0.0742
(n � 4) (Fig. 2A) ( p � 0.05, Tukey’s test). Thus, dietary experi-
ence with the odor of DTT increased appetite to plain sucrose,
mimicking the presence of olfactory stimulus with DTT.

Effects of the presence and dietary experience of the odor of
D-limonene on PER threshold to sucrose in
MB-ablated flies
In the nonexperienced group of MB-ablated flies made by HU-
treatment, PER threshold to sucrose was increased in the pres-
ence of the odor of D-limonene (Fig. 3A). In PER duplicate tests,
log10[C1/2] was �0.79 in the absence of the odor and �0.33 in the
presence of the odor (data from representative PER curve shown
in Fig. 3A) for one data set, and log10[C1/2] of �1.39 in the ab-

sence of the odor and �0.56 in the presence of the odor for
another data set. Differences in individual PER thresholds be-
tween presence and absence of the odor were statistically signifi-
cant ( p � 0.05, Steel-Dwass test; n � 50). This was similar to the
nonexperienced intact fly group (Fig. 3C). In PER duplicate tests,
log10[C1/2] was �0.80 in the absence of the odor and �0.30 in the
presence of the odor (data from the curve in Fig. 3C) for one data
set, and log10[C1/2] was �0.89 in the absence of the odor and
�0.27 in the presence of the odor for another data set. These
results indicated that, even without MBs, the fly appetite de-
creased in the presence of a nonappetitive odor.

In the experienced group, PER threshold to sucrose in MB-
ablated flies significantly increased in the presence of the odor of
D-limonene ( p � 0.05, Steel-Dwass test; n � 50) but not in the
absence of the odor (Fig. 3B). In PER duplicate tests, log10[C1/2]
was �0.81 in the absence of the odor and �0.36 in the presence of
the odor (data from the curve in Fig. 3B) for one data set, and
log10[C1/2] was �1.40 in the absence of the odor and �0.72 in the
presence of the odor for another data set. This differed from
results in the experienced group of intact flies (Fig. 3D). In PER
duplicate tests, log10[C1/2] was �0.38 in the absence of the odor
and �0.30 in the presence of the odor (data from the curve in Fig.
3D) for one data set, and log10[C1/2] was �0.65 in the absence of
the odor and �0.40 in the presence of the odor for another data
set. Regarding the absence or the presence of the odor of
D-limonene, increase in PER threshold to sucrose in the experi-
enced group of MB-ablated flies (Fig. 3B) was similar to that in
the nonexperienced group of intact flies (Fig. 3C).

After behavioral experiments, 75 flies fed with HU-plus diet
and 70 flies fed with HU-minus diet were randomly chosen and

Figure 3. Effects of the odor of D-limonene on PER threshold to sucrose in MB-ablated flies. Newly hatched larvae were fed with
HU-containing diet (A, B) or normal artificial diet (C, D). Adult flies were fed with 0.1 M sucrose without (open symbols; A, C) or with
(filled symbols; B, D) the odor of D-limonene for 5 d after emergence. The PER test was performed 7 d after emergence in the
absence (circles) or the presence (triangles) of the odor of D-limonene. Sigmoidal curves with circles or triangles show represen-
tative results of PER duplicate tests in a fly group.

7510 • J. Neurosci., August 17, 2005 • 25(33):7507–7516 Nisimura et al. • Appetite Regulation by Tyramine in Blowfly



subjected to histological examinations of their brain. Seventy-
four brains of the 75 flies fed with HU-plus diet had no calyces,
peduncles, or lobes (see Fig. 5, left). It was thus confirmed that
MBs were completely ablated in these flies except for one speci-
men, in which MBs were entirely preserved. The larva might not
eat sufficient amounts of the HU-plus diet or a contamination of
blue stain of the diet on its outer body surface might have oc-
curred. There were no cases in which MBs were partially ablated.
All fly specimens fed with HU-minus diet preserved apparently
intact MBs (see Fig. 5, right).

Effects of the presence and dietary experience of the odor of
DTT on PER threshold to sucrose in MB-ablated flies
Using MB-ablated flies, we also investigated appetite modulation
by an appetitive odor, DTT, and the effect of dietary experience.
In PER duplicate tests using 12 and 20 flies from different batches,
log10[C1/2] was �0.87 in the absence of the odor and �1.20 in the
presence of the odor (data from the curve in Fig. 4A) for one data
set, and log10[C1/2] was �0.87 in the absence of the odor and
�1.31 in the presence of the odor for another data set. In the
nonexperienced group of MB-ablated flies, PER threshold to su-
crose significantly decreased in the presence of DTT odor (Fig.
4A) ( p � 0.05, Steel-Dwass test; n � 32). This was similar to what
was demonstrated in the nonexperienced group of intact flies
(Fig. 4C) ( p � 0.05, Steel-Dwass test; n � 40). In PER duplicate
tests using 20 and 20 flies from different batches, log10[C1/2] was
�0.73 in the absence of the odor and �1.20 in the presence of the
odor (data from the curve in Fig. 4C) for one data set, and
log10[C1/2] was �0.94 in the absence of the odor and �1.43 in the

presence of the odor for another data set.
Even in MB-ablated flies, appetite could be
modulated by an olfactory flavor, regard-
less of appetitive or nonappetitive odor.
MBs probably were not needed to modu-
late appetite to sucrose in the presence of
either nonappetitive or appetitive odor.

In the experienced group, PER dupli-
cate tests using 15 and 20 flies from differ-
ent batches revealed that log10[C1/2] was
�0.80 in the absence of the odor and
�1.22 in the presence of the odor (data
from the curve in Fig. 4B) for one data set,
and log10[C1/2] was �0.85 in the absence
of the odor and �1.28 in the presence of
the odor for another data set. PER thresh-
old to sucrose in MB-ablated flies signifi-
cantly decreased in the presence of DTT
odor (Fig. 4B) ( p � 0.05, Steel-Dwass test;
n � 35). This was similar to results in the
nonexperienced group of intact flies (Fig.
4C) but different from results in the expe-
rienced group of intact flies (Fig. 4D). In
PER duplicate tests using 20 and 20 flies
from different batches, log10[C1/2] was
�1.14 in the absence of the odor and
�1.21 in the presence of the odor (data
from the curve in Fig. 4D) for one data set,
and log10[C1/2] was �1.34 in the absence
of the odor and �1.43 in the presence of
the odor for another data set. In terms of
absence or presence of DTT odor, decrease
in PER threshold to sucrose in the experi-
enced group of MB-ablated flies (Fig. 4B)

was similar to that in the nonexperienced group of intact flies
(Fig. 4C).

After the behavioral experiments, of 52 flies fed with HU-plus
diet, 39 flies were randomly chosen for histological examinations
of their brain, and, of 80 flies fed with HU-minus diet, 21 flies
were randomly chosen for histological examinations of their
brain. All brains from flies fed with HU-plus diet showed com-
pletely ablated MBs (Fig. 5, left). There were no cases in which
MBs were partially ablated. All brains from flies fed with HU-
minus diet showed completely preserved MBs (Fig. 5, right).

Changes in biogenic amine levels in intact brains between
experienced and nonexperienced flies
In our HPLC-ECD protocol, six kinds of biogenic amines, OA,
NADA, DA, NATA, TA, and 5-HT, could be detected simulta-
neously. Brain extracts of flies, which had a dietary experience
with the odor of D-limonene, contained significantly lower
amounts of OA and TA than those of flies that had no dietary
experience with the odor (Fig. 6A) ( p � 0.05, Mann–Whitney U
test; n � 15).

In contrast, brain extracts of flies that had a dietary experience
with DTT odor (n � 18) contained significantly higher amounts
of OA and TA than those of flies that had no dietary experience
with the odor (n � 16) (Fig. 6B) ( p � 0.05, Mann–Whitney U
test). Other amines showed no significant difference between the
experienced (n � 18) and the nonexperienced (n � 16) flies (Fig.
6B) ( p � 0.05, Mann–Whitney U test). These results suggested
that OA and/or TA were involved in appetite level, which could

Figure 4. Effects of the odor of DTT on PER threshold to sucrose in MB-ablated flies. Newly hatched larvae were fed with
HU-containing diet (A, B) or normal artificial diet (C, D). Adult flies were fed with 0.1 M sucrose without (open symbols; A, C) or with
(filled symbols; B, D) the odor of DTT for 5 d after emergence. The PER test was performed 7 d after emergence in the absence
(circles) or the presence (triangles) of the odor of DTT. Sigmoidal curves with circles or triangles show representative results of PER
duplicate tests in a fly group.
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be modulated by dietary experience with
either a nonappetitive or an appetitive
odor.

Changes in biogenic amine levels in MB-
ablated brains between experienced and
nonexperienced flies
MB-ablated flies, even when given a di-
etary experience with a nonappetitive or
an appetitive odor after emergence, did
not exhibit a significant appetite change to
sucrose (Figs. 3, 4). Thus, it is questionable
whether MB-ablated flies that once had a
dietary experience with a nonappetitive or
an appetitive odor show any changes in
OA and/or TA levels in the brain, although
appetite change was not induced.

Figure 7 shows that, in MB-ablated
flies, even when given a dietary experience
with the odor of D-limonene or DTT, there
is no significant decrease in either OA or
TA levels in brain ( p � 0.05, Mann–Whit-
ney U test; n � 10 –14).

Effects of injections of OA/TA receptor
agonists and antagonists on PER
threshold to sucrose
We observed a parallel relationship be-
tween OA and TA levels in brain with flies’
appetite, which was measured by PER.
When Ringer’s solution was injected, PER
threshold to sucrose still increased after di-
etary experience with the odor of
D-limonene. The values of log10[C1/2] ob-
tained by the PER test in flies that had no
dietary experience with the odor of
D-limonene was �1.30 � 0.282 (n � 5)
and that in flies that had a dietary experi-
ence with the odor was �0.847 � 0.281
(n � 5) (Fig. 8A). When 0.2 �g of OA dissolved in 1 �l of Ringer’s
solution was injected, log10[C1/2] was �0.924 � 0.254 (n � 8).
PER threshold, which was statistically tested at the individual
level (n � 208), hardly changed from that when plain Ringer’s
solution was injected (n � 120) (Fig. 8A) ( p � 0.05, Steel-Dwass
test).

However, when 0.2 �g of TA dissolved in 1 �l of Ringer’s
solution was injected, log10[C1/2] was �1.23 � 0.459 (n � 12)
(Fig. 8B). This was lower than the average value of the mean PER
threshold in flies with no dietary experience with the odor,
�0.964 � 0.247 (n � 8). PER threshold at the individual level
(n � 290) significantly decreased from that when Ringer’s solu-
tion was injected (n � 170) ( p � 0.05, Steel-Dwass test). This
indicated that TA injection rather than OA injection effectively
increased appetite that was measured by PER to sucrose in the
blowfly. When clonidine hydrochloride, an agonist to OA/TA
receptor, was injected, the results mostly agreed with those ob-
tained with TA injection (Fig. 8C). Moreover, we demonstrated a
TA dose dependency of the decrease in PER threshold in Figure
8D. The optimum concentration of TA was �0.4 �g/�l.

We could also experimentally set an increased appetite in flies
by providing a dietary experience with DTT odor. To such flies,
we injected phentolamine, an OA/TA receptor inhibitor, and ex-
amined its effects on appetite definition in flies (Fig. 9). When 1

�l of plain Ringer’s solution was injected to flies that had no
dietary experience with the odor, log10[C1/2] was �0.876 �
0.0875 (n � 2). When flies had a dietary experience with DTT
odor, log10[C1/2] decreased to �1.31 � 0.133 (n � 2) ( p � 0.05,
at individual level by Steel-Dwass test; n � 40). When 0.2 �g of
phentolamine dissolved in 1 �l of Ringer’s solution was injected
to such experienced flies, PER threshold significantly increased to
�0.639 � 0.0557 (n � 2) ( p � 0.05, at individual level by Steel-
Dwass test; n � 40). This value was similar to that when 0.2 �g of
phentolamine was injected to nonexperienced flies, i.e.,
�0.621 � 0.0373 (n � 2) ( p � 0.05, at individual level by Steel-
Dwass test; n � 40).

Throughout the injection experiments, we suggested that
some TA–TA receptor synapses probably in MBs were involved
in appetite definition, which was influenced by previous dietary
experiences with odors.

Discussion
Olfactory influence on appetite and feeding behavior
in insects
There are many psychological studies on olfactory effects on ap-
petite, feeding preference, or other emotional changes in hu-
mans. However, there are few reports in insects, suggesting that
appetite, behaviorally evaluated by PER threshold to a taste stim-
ulus, is modulated in the presence of odors. The present study

Figure 5. Frontal sections of brains in HU-treated and control flies. Brains of HU-treated (left) and control flies (right) were
sectioned at 7 �m and from the posterior (top) to the anterior (bottom). Calyx (Cx), � lobes (L), and peduncle (P) were diminished
in the HU-treated fly brain (left) but preserved in the control fly brain. FB, Fan-shaped body; PB, protocerebral bridge. Scale bars,
100 �m.

7512 • J. Neurosci., August 17, 2005 • 25(33):7507–7516 Nisimura et al. • Appetite Regulation by Tyramine in Blowfly



using PER test showed that the odors of D-limonene and DTT are
nonappetitive or appetitive for the blowfly P. regina, respectively
(Figs. 1, 2).

The ecological significance of the effect of DTT odor is un-
clear. However, P. regina adults are known to visit flowers to feed
on nectar (Nye and Anderson, 1974; Larson et al., 2001). Flies are
exposed to odors of various components of floral scents when
visiting flowers in the field. D-Limonene is not only a component
of some floral scents (Knudsen et al., 1993) but also a secondary
metabolite of plants, which generally acts as a repellent for differ-
ent groups of phytophagous insects. Indeed, D-limonene is a dan-
gerous substance because of its oral toxicity in a wide range of
insect species (Taylor and Vickery, 1974; Hink and Fee, 1986;
Ozaki et al., 2003; Tripathi et al., 2003). Thus, increase in PER
thresholds by the odor of D-limonene would be beneficial for flies
in preventing them from taking foods containing D-limonene
before tasting them (Ozaki et al., 2003). Flies may have con-
structed neural systems to associate olfactory cues of oral toxins

such as D-limonene with gustatory inputs of foods, resulting in
behavioral output for a safe food choice for survival.

The present study also showed that dietary experiences with
odors of D-limonene and DTT increased and decreased PER
threshold, respectively (Figs. 1, 2). PER threshold, which may be
differentially affected by environmental factors and previous ex-
periences, can affect behavioral choices for feeding. It is most
probable that flies would integrate olfactory cues with gustatory
cues to tune PER thresholds, so that they can choose the best
behavioral output based on the most likely cost and benefit bal-
ance in every feeding attempt.

Involvement of MB in appetite modulation by dietary
experiences with nonappetitive or appetitive odors
In intact flies, PER thresholds were modulated by previous feed-
ing experiences with nonappetitive or appetitive odors, mimick-
ing the presence of olfactory stimuli (Figs. 1, 2). Naturally, the
taste of sucrose used here sends out a strong signal of an energy

Figure 6. Changes in biogenic amine levels in brains of experienced and nonexperienced
flies. Amounts of measured biogenic amines are indicated in brains of flies, which were fed with
0.1 M sucrose without (open columns) or with (filled columns) the odor of D-limonene (A) or DTT
(B) for 5 d after emergence. The asterisk indicates a significant difference in the amounts of
measured biogenic amines between nonexperienced (open columns) and experienced fly
groups (filled columns). Error bars indicate SDs.

Figure 7. Effects of MB ablation on changes in OA and TA levels in brains of experienced and
nonexperienced flies. Newly hatched larvae were fed with HU-containing diet or normal artifi-
cial diet. Amounts of OA (A) and TA (B) are indicated in brains of flies, which were fed with 0.1
M sucrose without (open columns) or with (filled columns) the odor of D-limonene or DTT for 5 d
after emergence. The asterisk indicates a significant difference in the amounts of OA and TA
between nonexperienced and experienced fly groups. Error bars indicate SDs. Numbers indicate
the number of samples.
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food source. Odors of D-limonene and
DTT are not biologically neutral but are
innately nonappetitive and appetitive in
this species, respectively. During the expe-
rience period, flies may somehow relate
the odors of D-limonene or DTT with the
taste of sucrose. As a result, it was pre-
sumed that PER threshold to sucrose
decreased or increased, even in the absence
of the odor of D-limonene or DTT,
respectively.

On the contrary, in MB-ablated flies,
PER thresholds would not be modulated
by previous feeding experiences with non-
appetitive or appetitive odors (Figs. 3, 4).
They appeared to ignore dietary
experiences.

de Belle and Heisenberg (1994) dem-
onstrated that MBs of D. melanogaster
were ablated by treating first-instar larvae
with the cytostatic drug HU. Then, the
four MB neuroblasts were ablated in each
brain hemisphere that generated all
postembryonic Kenyon cells (Prokop and
Technau, 1994), and the fifth neuroblast
contributed neurons to the formation of
the antennal lobe (AL). Although it was
reported in D. melanogaster that MBs were
partially ablated in 6.5% of HU-treated
flies (de Belle and Heisenberg, 1994), such
a partial ablation was shown in D. melano-
gaster and was not found in our study with
P. regina (Fig. 5) and Protophormia ter-
raenovae (Ikeda et al., 2005). There might
be some differences in time course and
temporal patterns of cell division of neu-
roblasts between D. melanogaster and P.
regina or P. terraenovae. In P. terraenovae,
reduction in the volume of ALs was de-
tected (Ikeda et al., 2005). It may also oc-
cur in P. regina, although we did not inves-
tigate this matter in details as to have a
final conclusion on AL reduction.

In our study, it was important to determine whether MB-
ablated flies could smell D-limonene or DTT. We did not directly
show olfactory responses of antennae to these odors in intact and
MB-ablated flies after HU treatment. However, our data revealed
that not only intact but also MB-ablated flies showed similar PER
modulations in the presence of odors of D-limonene or DTT
(Figs. 3, 4). This suggested that, even without MBs, flies could
integrate food information from taste and olfactory cues, which
were given to flies at the same time, to regulate their appetite.
MB-ablated flies could smell either D-limonene or DTT.

Conversely, MB has been repeatedly documented as a partic-
ularly important central neuropil concerned with memory. It is
indispensable in insect brains for associative learning of olfactory
information (Heisenberg, 1998; Menzel, 2001; Roman and Davis,
2001). In D. melanogaster, associative learning has been exten-
sively studied using neutral odors as conditioned stimuli and
electric shock as an aversive unconditioned stimulus (Tully and
Quinn, 1985; Dubnau and Tully, 1998; Waddell and Quinn,
2001; Schwaerzel et al., 2003). It was reported that associative
learning between odor and electric shock was abolished by chem-

ical ablation of MBs (de Belle and Heisenberg, 1994) and by
perturbations in cAMP signaling within MBs (Connolly et al.,
1996). Nevertheless, simple odor detection was not affected. Re-
cently, McGuire et al. (2001) and Dubnau et al. (2001) showed
that synaptic output from MBs was required for recalling olfac-
tory memory but not for its acquisition or storage.

In the present study, it seemed that memory of previous di-
etary experience with nonappetitive or appetitive odor was re-
called when flies were given sucrose taste stimulation (Figs. 1, 2).
We did not perform experimental conditioning for traditional
associative learning. Therefore, we cannot conclude that some
sorts of associative learning are involved in appetite modulation
by dietary experience with a nonappetitive or an appetitive odor.
However, we can claim that P. regina could integrate food infor-
mation from sugar taste and olfactory flavors, and that appetite
modulations based on dietary experiences would occur through
MB as a memory center. Not only in flies but also in other ani-
mals, individual food preference might be formed, being based
on two basic capabilities: one involves recognizing palatability by

Figure 8. Effect of injections of OA, TA, and clonidine on PER threshold that decreased by dietary experience with the odor of
D-limonene. Flies were fed with 0.1 M sucrose without or with the odor of D-limonene for 5 d after emergence. Plain or reagent-
containing Ringer’s solutions were injected into the nonexperienced (open symbols) and the experienced (filled symbols) flies.
Sigmoidal curves with circles (Ringer’s solution injection), squares (OA injection; A), triangles (TA injection; B), or diamonds
(clonidine injection; C) show representative results of PER duplicate tests in a fly group. The conditions having the same alpha-
betical letter in each table indicate nonsignificant differences ( p � 0.05, Steel-Dwass test). Relative PER threshold, log10([C1/2]i/
[C1/2]o), in which the mean of PER threshold in a reagent-injected group, [C1/2]i, is compared with that in the nonexperienced
Ringer’s solution-injected group as the control, [C1/2]o (D). The number by each symbol indicates the number of PER tests. Error
bars indicate SDs. Non, Nonexperienced; Ex, experienced; R, Ringer’s solution; CD, clonidine.
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integration of taste and olfactory food flavors, and the other in-
volves memorizing dietary experiences.

Putative role of TA for appetite regulation
In insects, OA is known as a neurotransmitter and neuromodu-
lator, but the physiological role of TA remains unclear (Roeder et
al., 2003). TA has been known as a precursor of OA but has not
been thought to have any physiological functions of its own. Re-
cently, it was reported in D. melanogaster that TA acts as a mod-
ulatory transmitter at the larval neuromuscular junction (Kut-
sukake et al., 2000). In honeybee, PER thresholds to sucrose
decreased by injection and prescription of TA or OA (Scheiner et
al., 2002). In the blowfly, it was reported previously that injection
of OA (75 �g/fly) decreased PER thresholds (Long and Murdock,
1983). In our case, injection of OA (0.2–2.0 �g/fly) hardly
changed the PER threshold (Fig. 8). This discrepancy was prob-
ably attributable to the differences in the injected amounts of OA.

We showed that injection of TA decreased PER threshold with
an optimum concentration of �0.4 �g/�l (Fig. 8). Nevertheless,
it was still possible to explain that injected TA did not directly but
indirectly affected PER, because OA produced from TA could
affect PER. As mentioned previously, injection of OA had no
effect on PER (Fig. 8); therefore, it is strongly suggested that not
OA but TA directly affects PER in P. regina.

Biogenic amines have also been suggested to play an impor-
tant role in associative learning. In honeybee, the ventral un-
paired medial neuron, depolarization of which substitutes for
sucrose stimulation in the conditioning of PER (Hammer, 1993),
is an octopaminergic cell (Kreissl et al., 1994). When OA was

injected into the MB calyces as a substitute for sucrose stimula-
tion, paired with the odor, a pairing-specific enhancement of
PER occurred (Hammer and Menzel, 1998). In D. melanogaster,
when an odor was conditioned with sucrose or electric shock,
different biogenic amines were involved in memory formation:
DA in appetitive conditioning and OA in aversive conditioning
(Schwaerzel et al., 2003). However, there were few reports sug-
gesting an importance of TA in olfactory associative learning.

In our experiments, depending on the previously experienced
odor, the amount of TA in the intact fly brain was altered (Fig. 6).
In the MB-ablated fly, however, the amount of TA in the brain
was unchanged by dietary experience (Fig. 7). These results sug-
gested that change in appetite caused by dietary experiences with
nonappetitive or appetitive odors was mediated by changes of TA
levels in the brain, and target points of TA in the neural system
might be related to MBs. To confirm this, additional physiologi-
cal and morphological investigations in the brains of the flies,
with different appetite levels, are needed.
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