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Abstract

In some insects the proboscis is extended to imbibe a sugar solution if the concentration of sugar applied to the chemosensilla
exceeds the behavioural threshold value. Recently, I found a reversal of the threshold values of this “proboscis extension reflex”
(PER) in the blow fly (Phormia reginaM.) for glucose and fructose. It depended on maturation and physiological conditions, both
of which are explicable in terms of changing concentration of haemolymph trehalose. The direct injection of trehalose into the fly
haemocoele brought about a dramatic shift of the threshold values of PER measured on tarsi or labellar sensilla, suggesting a strong
dependence of PER on the blood sugar level. Using the tip-recording method, the dose–response (impulse frequency) curves for
glucose and fructose were obtained on individual largest labellar chemosensilla. The curves for glucose and fructose crossed at one
point because the former had a steeper gradient and higher maximum response than the latter. Injection experiments with trehalose
were also carried out to test for changes in gustatory response. The shifting of the behavioural dose–response curves for glucose
and fructose two hours after injection of 1 M trehalose (2µl) into the haemocoele of the fly was associated with significant reduction
in responsiveness of labellar chemosensilla to glucose, but less so to fructose. No change in responsiveness was found following
injection of mannose. A hypothesis to explain the reversal relation of the PER thresholds, based on a shift in the firing rate in
gustatory sensilla and possibly also interneurons, is discussed. 2000 Elsevier Science Ltd. All rights reserved.
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1. Introduction

Flies, honeybees and some butterflies have contact
chemosensilla on their legs and mouthparts by which
they respond to sugar or other food materials. The pro-
boscis is extended to imbibe sugar solution if the con-
centration exceeds a threshold value. This behaviour is
well known as “the proboscis extension reflex (PER)”.
PER, an essential component of the feeding behaviour
of some insects, has been extensively studied in the blow
fly (Dethier and Bodenstein, 1958; Gelperin, 1966a,b).
By monitoring sensory input and motor output Dethier
and his colleagues revealed a relation between sensory
impulses from sugar receptors and the motor output
impulse pattern in the proboscis extensor muscle
(Getting, 1971; Getting and Steinhardt, 1972).
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Shiraishi and his co-workers also studied the sugar
acceptance behaviour by combining behavioural and
electrophysiological experiments. They found that the
total number of impulses discharged by tarsal D-type
sugar receptor cells from the onset of stimulation to the
start of proboscis extension increased as the concen-
tration of PER threshold rises (Shiraishi and Tanabe,
1974; Morita and Shiraishi, 1985).

As for the effect of blood sugar, Evans and Dethier
(1957) reported little or no effects of trehalose or other
sugars injected into the haemocoele of the blow fly on
the acceptance threshold tested by PER. Blood was
transfused from flies which has been fed two hours pre-
viously to flies which had been deprived for twenty-four
hours. No change in threshold was observed in eighty
percent of the flies tested (Dethier and Bodenstein,
1958).

I, however, recently obtained results from an injection
experiment on the blow flyPhormia reginathat suggests
a direct dependence of the threshold of PER on blood
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trehalose level in the fly haemocoele. The present study
was carried out to address the question as to whether
PER is affected by blood sugar or not. I also found a
reversal of the threshold value of PER of the blow fly
for glucose and for fructose. Shimada et al. (1974)
showed that glucose binds to the pyranose-site on sugar
receptors and fructose to the furanose-site, respectively,
with both sites existing on the same sugar receptor cells.
The fact that the dose–response curve for glucose is
rather different from that for fructose has already been
reported for the flesh fly by Morita and Shiraishi (1985).
I have attempted to use this information in analysing the
above mentioned reversal effect of the PER threshold
using single labellar chemoreceptor cells from the LL
sensilla (Wilczek, 1967). I report here the results of such
experiments. An explanation of the reversal phenomenon
of the labellar PER threshold is proposed. Part of this
work was presented in a preliminary form at the 12th
International Symposium of Olfaction and Taste (San
Diego, USA 1997) and the 5th International Congress
of Comparative Biochemistry and Physiology (Calgary,
Canada 1999).

2. Material and methods

2.1. Material

Adult blow flies (Phormia reginaM.) were raised in
the laboratory. The larvae were fed on chicken-liver and
yeast bait. After eclosion, 100 mM sucrose and water
were given.

2.2. Determination of the threshold values of
proboscis extension reflex (PER) for glucose and
fructose by tarsal or labellar chemosensilla

Forelegs of the tested fly, whose wings were pinched
with aluminium clips, were contacted with the sugar sol-
ution presented in 10 to 20 steps from low to high con-
centrations. Molar concentration (C) of the sugar sol-
ution was indicated as follows:C=22i or C=1.52i9 (i or
i9 is an integer; each test solution was made by 2 times
or 1.5 times dilution). The lowest concentration of the
sugar at which the fly fully extended its proboscis was
defined as the tarsal threshold of PER as described by
Dethier and Bodenstein (1958). Before each test, flies
were satiated with water. PER was also measured to
stimulation of individual labellar chemosensilla. Sugar
solution contained in a glass capillary was applied by
hand to the tip of a single labellar chemosensilla and
extension of the proboscis or opening of the labellar
lobes were observed under a binocular microscope. Usu-
ally, water in another glass capillary was applied preced-
ing each sugar application. Inter-test interval time was
at least 5 min. In these tests, flies were mounted in a

disposable pipette to restrict the legs. Without this
restriction, flies often moved their legs, hindering the
capillary test, and showed periodical or spontaneous
extension of the proboscis. High humidity (.80% RH)
was maintained to avoid changing the sugar concen-
tration in the capillary, especially at the tip. Experiments
were done at room temperature (24–25°C).

2.3. Injection of sugar into the haemocoele

A piston-type micropipette (EMmeister, 1–5µl) was
used for injection. The tip diameter of the glass
micropipette was 100–200µm. It was inserted dorsally
into the upper right side of the thorax to avoid injuring
inner organs, including the nervous systems (Akahane
and Amakawa, 1983). Usually behaviour tests were done
in the afternoon. After determination of PER threshold,
the flies were injected with trehalose or mannose mixed
with Waterhouse solution.

2.4. Determination of blood sugar content

Before taking blood samples, saliva at the labellum
was removed with filter paper to avoid contamination.
A small puncture was made in the dorsal right side of
the thorax using fine scissors, then a glass capillary
(Drummond, 1µl) was used to withdraw blood. The
filled capillary was immediately frozen at220°C and
stored until determination of the sugar content. The
method of Friedman (1960) was used with a modifi-
cation. Glucose content was determined by “F-kit glu-
cose” (Boeringer Manheim). Hydrolysis of trehalose to
glucose was performed at 30°C for 1 h using trehalase
(10 units, Sigma Chemicals).

2.5. Recording electrical response

Impulses from the taste cells in chemosensilla were
recorded according to Hodgson et al. (1955). Most of
the experiments were carried out using labella on the
removed heads. However, in some cases, heads were not
removed from their bodies (the thorax of the tested fly
was wrapped in a plastic tube to control movement of
the legs which hinders the recording; Getting, 1971). Ten
mM NaCl was used as the solvent for the stimulating
sugar solution to maintain electrical conductance. An
Ag–AgCl wire was inserted into the head of the fly to
the proboscis. The tip of the chemosensillum on the
labellum was dipped for ca. 500 ms in the stimulating
solution in the recording electrode, a glass capillary, of
which the cut end was 30–50µm in diameter. The com-
puter program “ADCON.BAS” was kindly provided by
Professor H. Kijima (Nagoya University). The number
of impulses generated during the first 350 ms (Morita
and Shiraishi, 1985) was counted. Impulses of the sugar,
the salt and the water cells of a chemosensillum of the
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blow fly are easily distinguished from each other by
comparing amplitudes (Morita and Shiraishi, 1985;
Ahamed et al., 2000). In the case of recording impulses
from a tarsal chemosensillum, a glass capillary filled
with Waterhouse solution including an Ag–AgCl wire
was inserted in the femur of the foreleg of the fly as an
indifferent electrode.

3. Results

3.1. Shifts of thresholds of PER to glucose and
fructose and reversal of the threshold values

Table 1 shows the distribution of the threshold values
of PER for glucose (Gth) and fructose (Fth) determined
by tarsal stimulation. In this experiment, most flies were
tested twice, within 1 day after eclosion and also the
next day (the same flies were used). Both the Gth and
Fth values were high on the first day (lowi-values) and

Table 1
Distribution of the PER threshold values for glucose and fructose
determined by whole tarsal stimulationa

i

Fly 8 7 6 5 4 3 2 1 0 21 Ov
No.

7 P s

8 h j P s

9 h j P s

11 s j P s

14 h j P s

2 h j P s

23 h j P s

16 h js P
10 h j P s

13 h j P s

18 h Pj s

20 P s

25 P shj

19 h j P s

12 h j P s

24 P s

1 hj P s

4 P s

21 h Pj s

17 h Pj s

22 h j P s

6 P s

15 h j P s

3 h j Ps

a Molar concentration=22i. P, Gth (PER threshold for glucose) of
the fly within 1 day after eclosion;s, Fth (PER threshold for fructose)
within 1 day;j, Gth (PER threshold for glucose) 1–2 days after eclo-
sion; h, Fth (PER threshold for fructose) 1–2 days. Ov means a thres-
hold value smaller than21 in the indexi. All the plots are rearranged
so that the higher values (the loweri) of Gth of the fly within 1 day
after eclosion come to the upper part of the Table.

the Fth value was in general larger than the Gth value.
On the following day, both values became lower and, as
a whole, the values were reversed (the Fth values were
much lower than the Gth values). This same tendency
was seen in another 3 experiments.

On 21 single labellar sensilla, the PER-threshold
values were determined three times; immediately after
eclosion, on the next day and on the 7th day. Most flies
responded to sugars by spreading their labellar lobes
(indicating acceptance behaviour) as well as extending
probosces. The results are shown in Table 2. The thres-
hold values of PER, Gth and Fth, were as high as 0.5–1
M. The Gth values of the flies within 5 h after eclosion
were a little lower than Fth. However, on the next day,
the thresholds shifted to lower levels. The threshold
values were then reversed; the Fth values were much
lower than the Gth.

The results of another experiment on 7-day-old flies,
fed 1 h before the experiment with 2 M glucose, are
shown in Table 3. The Gth values and especially the Fth

values were high. However, when the same flies were

Table 2
Distribution of the PER threshold values for glucose and fructose
determined by stimulating single labellar sensillaa

i9

Fly No. 12 11 10 9 8 7 6 5 4 3 2 1 0 21 Ov

A-8 P s

A-1 P s

A-5 P s

A-6 P s

A-9 Ps

A-2 P s

A-3 P s

A-4 P s

A-7 P s

B-1 Ps

B-2 Ps

B-4 Ps

B-3 P s

C-1 s P
C-2 s P
C-3 s P

D-2 s P
D-4 s P
D-1 s P
D-3 s P
D-5 s P

a Molar concentration=1.52i9. The largest chemosensillum (LL-
type), usually the left 2nd or the right 2nd, was used for each fly.P,
Gth (PER threshold for glucose);s, Fth (PER threshold for fructose).
Four fly groups were used: A, flies within 5 h after eclosion; B, 5–10
h after eclosion; C, 2-day-old; D, 7-day-old (but starved for 24 h before
test). All the plots in the same group are rearranged as in Table 1. Ov
means a threshold value smaller than21 in the indexi9.
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Table 3
Shift of the PER threshold values from high to low during a daya

i9

Fly No. 12 11 10 9 8 7 6 5 4 3 2 1 0 21 Ov

E-1 h j P s

E-4 P s

E-5 h j P s

E-8 h j P s

E-9 P s

E-10 h j P s

E-2 h j Ps

E-3 h j Ps

E-6 h j Ps

E-7 h j P s

a Molar concentration=1.52i. The largest chemosensillum (LL-
type), usually the left 2nd or the right 2nd, was used on each fly.
Seven-day-old flies were fed to saturation with 2 M glucose, then, 1 h
after feeding, the PER threshold values were determined on the labellar
chemosensilla for glucose (P) and fructose (s). After one day rest,
the threshold values for glucose (j) and fructose (h) were again
determined. Flies were, while at rest, left in a cage at high humidity
without food and water.

tested on the next day, the Gth values became lower than
the Fth (reversed).

3.2. Electrophysiological responses of labellar or
tarsal sugar receptor cells to glucose and fructose

For several hours after eclosion, no flies tested
extended their probosces to a sugar solution applied to
their tarsi. Failure to respond to sugars was also clear at
the tarsal receptor cell level: impulses were barely
detected in recordings from the tarsi of the fly (n=22) at
this stage. If any were detected, none persisted beyond
the first, to several impulses (data not shown). However,
each labellar sugar receptor cell responded at a higher
rate, about 60–70% of that from mature adults (Fig. 1).

The dose–response curves for glucose and fructose of
the labellar sugar receptor cells were also obtained for
flies immediately after eclosion and for other flies at 7
days old (Fig. 2). The dose–response curve for glucose
crossed with that for fructose. The rates of impulses to
both sugars were lower in the newly emerged than those
for mature flies.

3.3. Elevation of the tarsal or labellar PER thresholds
by injection of blood sugar (trehalose) into
haemocoele

To examine the effect of high blood sugar on the PER,
trehalose was applied directly into the haemocoele of the
fly. At first, the threshold values of PER of the 6- to 8-
day-old blow flies (n=60) for fructose were determined
following tarsal stimulation after 24 h deprivation. Those
flies which showed higher thresholds of PER for fructose

Fig. 1. Electrical response to glucose and fructose recorded from a
single labellar chemosensillum of the young adult blow fly (within 5
h after eclosion). The impulses evoked by application of 1 M glucose
(a) or 1 M fructose (b) were recorded by the tip-recording method.
The large spikes are impulses from the “sugar” receptor cell and the
small ones from the “water” receptor cell.

(an i-value of less than 5) were eliminated. When 1–2
µl of 1 M trehalose dissolved in the fly-Ringer solution
(Waterhouse solution) were injected into flies (44 in
total), the threshold values of PER for fructose (Fth) in
36 flies showed a remarkable increase within 2 h. Table
4 shows the results of one of the experiments. However,
the flies injected with 1 M mannose instead of trehalose
showed no or very minor changes.

Elevation of Fth was also observed for stimulation of
the LL-type labellar hairs (n=13) for each fly which was
injected into the haemocoele with 1 M trehalose (2µl).
The Fth values were about 20 times higher in molar con-
centration (thei9 value on average shifted from 13 to 6,
when determined 2 h after injection, data not shown).

A dramatic elevation of the tarsal and labellar thres-
hold values of PER were obtained after two injections
of trehalose, as shown in Table 5. Most of the Fth values
shifted from 12–13 ini9-index to a value lower than21
(or higher than 1.521 M) after the second injection. In
this experiment, the thresholds of PER were also determ-
ined on LL-type labellar hairs (L-2 or R-2 for each fly)
after the labellar thresholds were determined. Eight of
13 flies had the shifted Fth values determined on labellar
chemosensilla as those shown on tarsi, though some
were less than that on tarsi (e.g., F-12, F-13, F-5). After
the determination of Fth, the electrical response of some
of the chemosensilla was tested by the tip recording
method (decapitated samples). The tested chemosensilla
were those by which no proboscis extension response
was observed even at 1.5 M (F-2, F-6, F-7, F-8, F-14),
as marked with open triangles in “Ov” in the table. All
the tested sensilla generated high frequency impulses to
1 M fructose (37.8±5.5 impulses/0.35 s, average±SE,
n=5).
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Fig. 2. Dose–response curves for glucose and fructose obtained from the sugar receptor cells in the labellar chemosensilla (LL-type) of the blow
flies at different ages. Solid line: the dose–response curves obtained from the labellar sugar receptor cells of the 7-day-old fly were drawn according
to Hill’s equation withK (apparent dissociation constant)=100 mM for each andn (Hill constant)=2 and 1.2 for glucose (filled circles) and fructose
(empty circles), respectively. Dotted line: the curve for glucose (filled squares) and fructose (empty squares) were obtained from the fly less than
1 day after eclosion. Dotted lines were drawn arbitrarily. Vertical bars show the standard errors (n=6). Similar results were obtained in experiments
on five other cells (data not shown).

Blood samples obtained from flies raised under similar
conditions as in the above experiments were used to
determine blood sugar content. The results are depicted
in Table 6.

3.4. Effect of high blood sugar level on the sensitivity
of the labellar sugar receptor cells

The dose–response curves of sugar receptor cells for
glucose before and after injection of blood sugar into the
haemocoele of flies were compared on the labellar taste
hairs (Fig. 3(a)). The fly preparations in these experi-
ments were not decapitated to avoid possible metabolic
changes around chemosensilla by the treatment. After
injection of trehalose of high quantities, the curve for
glucose shifted 1.5 times to higher concentration sug-
gesting a significant decrease of affinity (dotted line)
(p,0.001 by ANCOVA, with glucose concentration as
a covariant). However, difference of response to 0.5 M
glucose (squares in Fig. 3(a)) before and after injection
of mannose was not significant (p.0.5, by t-test). Simi-
lar injection experiments were carried out for fructose
(Fig. 3(b)). A shift of dose–response curve, not so
remarkable as the glucose, was seen (p,0.05 by
ANCOVA, with fructose concentration as a covariant).

4. Discussion

The dose–response curve of the labellar sugar receptor
cell of the blow fly,P. regina, for glucose and that for
fructose crossed at one point (Fig. 2) as is known of the
flesh fly (Morita and Shiraishi, 1968).

Using these crossing response curves, we can tenta-

tively explain the reversal phenomenon found in the lab-
ellar PER experiment. Using the data from Fig. 2, we
hypothesise a level of firing as shown in Fig. 4 where
the two curves are redrawn from Fig. 2. Initially, the
firing level is set high (level A). In this case, the thres-
hold values are marked with GthA and FthA. Then the
firing level is set low (level B), the corresponding thres-
hold values being marked with GthB and FthB at the lower
concentration. The Gth and Fth relationship is then
reversed between level A and B as shown in Fig. 4. We
can thus explain the reversal of PER threshold values by
introducing the concept of a firing level for an interneu-
ron which is responsible for proboscis extension. How-
ever, the above model is too simple in the cases where
a peripheral change is not negligible, as in Fig. 2 (dotted
lines). As the Gth value is 0.5 M on average (Table 1),
the threshold level is read as 14 impulses/0.35 s on day
1. Six days later, however, the dose–response curve
shifted by possible aging. If the threshold level is kept
the same (14 impulses/0.35 s), then Gth=0.2 M. The Gth

value obtained by the PER test is 0.1 M on day 7 (Table
2). The firing rate at 0.1 M is read as 3 impulses/0.35
s. Thus, the firing level moved from 14 to 3
impulses/0.35 s. If impulse height or shape was changed
owing to an aging, this would also contribute to the shift
of the threshold levels. The altered threshold lines in Fig.
4 could be due to one or both of changed interneuron
threshold or sugar receptor firing rate.

4.1. Effect of blood sugar on the feeding centre of the
fly brain

What factors can shift the firing level of peripheral
sensilla or perhaps interneurons? Blood sugar concen-
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Table 4
Elevation of tarsal PER threshold for fructose by injecting trehalose
into the fly haemocoelea

i

Fly 8 7 6 5 4 3 2 1 0 21INJECTION
No.

1 sP mannose
2 sP
3 sP
5 sP
6 sP
7 sP
8 sP
9 sP

10 sP
11 sP
13 sP
4 P s

12 P s

14 s P trehalose
15 s P
17 s P
18 s P
23 s P
26 s P
19 s P
24 s P
20 s P
22 s P
21 sP
25 sP

a Molar concentration=22i. Flies of 6 days age after eclosion were
starved for 24 h and the Fth values for fructose were determined by
tarsal stimulation. The flies having thei-value of 6–7 were selected
(s) and used for the sugar injection experiment. Some flies (Fly No.
1–13) were injected with 2µl of 1 M mannose into the haemocoele,
and other flies (Fly No. 14, 15, 17–26), with 2µl of 1 M trehalose.
Two hours after injection, the Fth values were determined on tarsi (P).

tration is one of the candidates. A neuronal model is
shown in Fig. 5. In this figure, impulses from the labellar
sugar receptor cell from glucose or fructose stimulation
run in the same axon to the synapse which connects the
receptor cell to the interneurons which are responsible
for inducing proboscis extension (van Mier et al., 1985
reported results of their morphological experiments on
Calliphora suggesting that chemosensory outputs
directly connect with some motor neurones of the
extensor). If the blood sugar level is high, gustatory
responsiveness will be reduced, and perhaps also a high
frequency of nerve impulses from a blood sugar sensor
(Okajima et al., 1989) will induce higher IPSPs through
the inhibitory synapse onto the interneuron. Then, a high
concentration of sugar solution will be needed to pro-
duce enough EPSPs to drive the interneuron to send
impulses to the motor neuron which controls the exten-
sion of the proboscis. Alternatively, some hormonal
action derived from the trehalose may alter the firing
level of the interneuron.

Table 5
Elevation of PER thresholds for fructose determined on whole tarsi
and labellar chemosensilla after injection of trehalose into the fly hae-
mocoelea

i9

Fly 14 13 12 11 10 9 8 7 6 5 4 3 2 1 021 Ov
No.

F-6 PG sg
F-8 G P sg
F-14 G P sg
F-2 G P sg
F-7 G P s g
F-9 G P g s

F-4 G P g s

F-3 G P g s

F-15 G P g s

F-1 G P sg
F-12 G P g s

F-13 G P g s

F-5 G P g s

a Molar concentration=1.52i9. Flies of 6 days after eclosion were
starved for 24 h and determined the Fth values first on tarsi (P) and
second on LL-type labellar chemosensilla (G). The flies having thei9-
value of 12 and 13 were selected (P) and used for the sugar injection
experiment: The flies were injected with 1 M trehalose (2µl). One
hour after injection, an additional 2µl of trehalose was injected into
each fly. Then, the Fth values were determined on tarsi (s) and LL-
type second labellar sensilla (g), 1 h after the second injection.

Table 6
Blood sugar content in the fly haemolympha

Age of 0–5 h 2-Day- 5-Day- 7-Day- 7-Day-
the tested after old† oldb oldc oldd

flies eclosion†

Trehalose 14.0±1.5 7.9±1.3 24.2±2.3 7.8±7.9 75.4±11.0
(µg/µl)

(n) (7) (8) (6) (6) (8)

a Flies (except †) were fed with 100 mM sucrose for 3 days (b) or
4 days after eclosion (c,d). Then, the flies in groups c and d were
starved for 1 day. The starved flies in group d were injected with 1
M trehalose (2µl) into their haemocoele and blood sugar content was
measured 2 h after the injection, as well as for those flies in c which
were not injected with trehalose. Values represent means±SE.

Significant changes in the responsiveness of the gusta-
tory receptors of locusts are caused by levels of free
amino acids (Abisgold and Simpson, 1988; Simpson and
Simpson, 1992) or sugars (Simpson et al., 1991; Zanotto
et al., 1996) in the haemolymph. Simmonds et al. (1992)
also found such effects of both sugars and amino acids
for caterpillars. My data indicate that blow flies are more
similar to these other insects than previously thought.

My results of electrophysiological experiments (Fig.
3) show an effect of blood sugar in the fly on the sugar
receptor’s response. By injection of 1 M trehalose (2µl)
to the haemocoele, the dose–response curve shifted to
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Fig. 3. Dose–response curves before and after blood sugar injection. The dose–response curves for glucose (a) and for fructose (b) were obtained
from fly labellar chemosensilla (n=6–9) (filled circles) and 2 h after (empty circles) injection of 2µl of 1 M trehalose into the haemocoele. The
flies were starved for 24 h before the test. In this experiment, electrical responses were obtained from the labella of fly heads which were not
removed from their bodies (Getting, 1971). The squares show results of a similar experiment on the labellum of another fly, but the injected sugar
was mannose and molar concentration of glucose was limited to 0.5 (n=6). The filled square indicates before and the empty square after injection
of mannose. Bars represent standard errors. Curves were drawn according to experiments on four (for glucose) and five (for fructose) other cells
(data not shown).

Fig. 4. A shift of the firing level that explains the reversal of the PER threshold values. The dose–response curves of the sugar receptor cell of
the blow fly for glucose and for fructose were drawn from Fig. 2. The reversal of threshold values found by the labellar PER experiments can be
accounted for by using these crossing response curves. Here we consider a firing level of an interneuron responsible for proboscis extension: when
the input of this interneuron receives some impulses from a sugar receptor cell, then the interneuron will generate impulses to the motor neuron
of the muscle extensor as long as the impulse rate from the sugar receptor cell exceeds the firing level. Initially a high firing level for the sugar
cell is, for example, set as level A. In this case, the threshold values are marked with GthA and FthA. If the firing level shifted to a lower level as
in level B, the corresponding threshold values become lower as marked with GthB and FthB. The relationship between Gth and Fth is reversed (the
Gth value is higher than the Fth value in molar concentration).

Fig. 5. A neuronal model of the regulation by haemolymph trehalose on the proboscis extension reflex in the blow fly. Excitatory synapses are
shown with (+) sign and inhibitory effect is shown with (2). Hypothetical pathways by which trehalose in haemolymph inhibits the sugar receptor
cell or interneuron are shown by dotted lines.
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the right, namely about 1.5 times higher in concen-
tration. If the interneuron threshold is unchanged, this
would be predicted to lead to a PER reduction. In the
case of the trehalose injection experiment, Fth (pre-
injection)=0.004 M (i9=13) and Fth (post-
injection)=0.087 M (i9=6) on average from the data in
Fig. 3. At the concentration 0.08 M, the firing rate is 17
impulses/0.35 s from Fig. 3. If we estimate the reduction
of response by trehalose injection as 2 impulses/0.35 s,
then, the Fth value shifts from 0.06 M to 0.08 M by the
change of firing rate of the receptor by the injection.

As described in the Results section, some chemosen-
silla of blow flies which were injected with 1 M trehalose
could generate impulses at a high rate to 1 M fructose
stimulation although the PER threshold was Ov (larger
than 1.5 M, Table 5). It is highly probable in these cases
that a strong central inhibition had occurred because the
receptor firing rate was at the normal level.

Can we explain the reversal in tarsal thresholds in a
similar fashion? I think the fundamental mechanisms
involved may be similar. However, in the case of the
tarsi, this is not as simple because the following factors
make things more complicated: (1) the tarsal D chemo-
sensilla at a young age, such as immediately after eclo-
sion, had little response to fructose or to glucose, and
(2) some spatial or temporal integration is possible for
tarsal stimulation with sugars because signals from the
tarsal chemosensilla first pass through the thoracico-
abdominal ganglion.

The thresholds of PER determined on the tarsi or lab-
ellar chemosensillum were much elevated when blood
sugar was injected into the haemocoele of the blow fly
raised in our laboratory (Table 4 and Table 5). These
results, and also the finding that sugar responsiveness
was modulated, were quite different from those reported
before (Evans and Dethier, 1957; Dethier and Bod-
enstein, 1958). Getting and Steinhardt (1972) tested pro-
boscis extension before and after feeding by applying
100 mM sucrose to single chemosensilla. All of 35 flies
fed 10µl of 1 M sucrose and tested after 60 min gave a
full proboscis extension to the tested stimulus. It seemed
unlikely for them that a threshold increase due to feeding
could have occurred. However, if they had tested with
various concentrations (0.1–1 M) of fructose or glucose,
the conclusion might have been different: theKb (the
stimulant concentration that gives half of the maximum
response) value for sucrose is as low as 22–31 mM
(Amakawa, 1978) so that the dose–response curve for
sucrose is situated to the left of those for glucose or
fructose (a similar relation was shown on the flesh fly
labellar chemosensillum, as reported by Morita and Shi-
raishi, 1968). The stimulation by 100 mM sucrose is
therefore too strong to evaluate the shift in proboscis
extension threshold as observed in my experiments.

Shiraishi and Yano (1984) previously reported that
flies raised with foods which contained higher glucose

showed the higher threshold values for tarsal PER. If
such raising conditions are related to the elevation of the
blood sugar content in the haemolymph, their results
agree with mine.Heliothis zea(Boddie) larvae fed on a
high sucrose diet had elevated levels of blood trehalose
(Friedman et al., 1991) and selected against sugar diets,
as did larvae injected with trehalose. The great reduction
of thresholds for PER, often observed from the first day
of eclosion to the next day, may be attributed in part to
the lowering of trehalose content in the blood of the fly
(Table 6).

We have, at present, no knowledge concerning a poss-
ible central trehalose sensor in the fly, though some
reports have been made for a moth (Okajima et al.,
1989). Hormonal feedback or physiologically active
“hunger substances” could also modify neuronal activity
in interneurons as had been reported in some mammals
(Sakata et al., 1988).
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