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ABSTRACT—The responses of cultured antennal neurons of blowflies to odorants, ethyl acetate and isova-
leric acid, were measured using fura-2, a calcium-sensitive fluorescent dye. Both odorants induced increases
in cytosolic free calcium concentration ([Ca2+]i) in the neurons. The peak [Ca2+]i was 1.1 to 7.5 times as high
as [Ca2+]i of the resting neurons. The increase in [Ca2+]i occurred within 10 sec after exposure to the odorants
in most neurons. It, however, occurred up to 110 sec after the odorant exposure in some neurons. As [Ca2+]i

increase was diminished upon removing Ca2+ from saline, [Ca2+]i increase was assumed to be due to Ca2+

influx. [Ca2+]i increase was also induced by introducing forskolin and membrane-permeable analogues of
cyclic AMP and GMP.

INTRODUCTION

In insects, olfaction is a very important sensory modality
because it is used to detect chemical substances associated
with mating and food foraging. Olfactory transduction is thought
to be mediated by membrane-bound receptor initiating a mul-
tistep reaction cascade that leads to generation of action po-
tentials in olfactory receptor neurons (ORNs). Biochemical
studies and extracellular electrophysiological recordings have
succeeded in clarifying the mechanisms of insect olfaction,
but have primarily concentrated on understanding how phero-
mones elicit receptor potentials in ORNs (Boekhoff et al., 1990;
Breer et al., 1990; Ziegelberger et al., 1990; Stengl et al., 1992;
Stengl, 1993, 1994). However, the transduction mechanism
of non-specific odors other than pheromones remains elusive.

Primary cell cultures are useful for studying the functions
of individual ORNs. In insects, ORNs are located within the
sensilla on antennae covered with hard cuticle, and are ex-
tremely small and closely surrounded by supporting cells.
Therefore, insect ORNs in situ are amenable neither to ex-
periments using intracellular or patch-clamp recording elec-
trodes nor to optical recording techniques using potential-sen-
sitive or Ca2+-sensitive dyes. We have established the meth-
ods for primary cell culture of blowfly antennal cells and for
morphological and immunocytochemical identification of cul-
tured neurons in previous study (Nakagawa and Iwama, 1995).
These cultured neurons will provide important information on

the physiology of antennal ORNs.
In this study, we applied the optical imaging technique to

cultured ORNs using fura-2, a Ca2+-sensitive dye, and exam-
ined the responses of ORNs to odorants and cyclic nucle-
otide analogues that are thought to mediate olfactory trans-
duction.

MATERIALS AND METHODS

Animal maintenance and cell culture
Blowflies (Phormia regina, Meigen) were reared in the labora-

tory as described in our earlier paper (Nakagawa and Iwama, 1995).
Cell culture was performed in accordance with the method described
previously (Nakagawa and Iwama, 1995). In brief, antennae of 4-day-
old blowfly pupae were disrupted by enzymatic treatment with papain
and trituration. The dispersed cells were plated on Con-A-coated
dishes in L15 medium (Gibco) supplemented with 100 units/ml peni-
cillin, 100 µg/ml streptomycin, 50 mM trehalose, 10% fetal bovine
serum and approximately 1 µg/ml 20-hydroxyecdysone (Sigma).

Fluorescence imaging of intracellular calcium
Antennal neurons plated on Con-A-coated glass bottom culture

dishes (35 mm, MatTek) were incubated in the culture medium at
29°C. Cells cultured for 1-2 days were used for the experiments.

After cells had been washed with saline (NaCl 156 mM, KCl 4
mM, CaCl2 6 mM, glucose 5 mM, HEPES/NaOH 10 mM, pH 7.1), the
cells were incubated in the saline with 40 µM fura-2/acetoxymethyl
(fura-2/AM) (Molecular Probes) with 0.2% Pluronic F-127 (Molecular
Probes) for 1 hr at 29°C. Thereafter, the cells were washed with sa-
line and incubated for 30 min at 29°C.

Cultured antennal neurons did not take up fura-2/AM easily.
Optimum condition for dye loading to the cultured antennal neurons
was 40 µM fura-2/AM for 1 hr at 29°C.

After loading with fura-2, the cells in a dish containing saline were
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mounted on the stage of an inverted microscope (IX-70, Olympus)
equipped with a 40X objective lens and a Xe lamp (75 W). Images
were obtained using a microcomputer-assisted imaging device sys-
tem (MCID, Imaging Research, Ltd.) and an intensified charge-coupled
device (ICCD) camera. Wavelengths of an excitation light used in this
study were 340 and 380 nm and were switched at 50 msec intervals
each other.

The cells were continuously perfused with saline, and odorants
or chemicals were sequentially applied for 10 sec using a peristaltic
pump. The flow rate was 1.8 ml/min and solution volume in the cham-
ber was maintained at approximately 300 µl. For removal of extracel-
lular Ca2+, normal saline was replaced with Ca2+-free saline. Ca2+-free
saline was prepared by replacing Ca2+ with Mg2+ in normal saline and
adding 1 mM EGTA to it.

After exposure to odorants or chemicals, the cells were treated
with a high-K+ saline in which the concentration of KCl was 2.5 times
higher than that in normal saline, i.e., 20 mM. At least 3 types of cells
were recognized in antennal cell cultures (Nakagawa and Iwama,
1995). Among these, the antennal neurons were easily identified by
their morphology. These neurons are large and small in size, sug-
gesting the presence of different classes of sensory neurons with dif-
ferent modalities such as olfactory and mechanosensory. However,
ICCD camera images were not clear enough to discriminate the an-
tennal neurons from other cells and debris in the cultures. In addition,
some neurons died or were detached from the culture dishes during
the experiments. Thus, the cells that showed increase in [Ca2+]i in
response to the application of high-K+ saline were used for data analy-
sis. The responses of the cells are expressed as the ratio between
emissions at 340 nm and 380 nm.

Stimuli
Ethyl acetate (EA) and isovaleric acid (IVA) which were diluted

with normal or Ca2+ free saline were used as odorant stimuli. EA and
IVA were selected because of the difference in their odor qualities:
EA has a fruity and pleasant odor, whereas IVA is putrid. For the
cases where extracellular Ca2+ was removed, odorants were diluted
with Ca2+-free saline. Forskolin and the membrane-permeable cyclic
nucleotide analogues, N6,2'-O-dibutyryl adenosine (guanosine) 3',5'-
cyclic monophosphate (dib-cAMP and dib-cGMP), were stocked in
solutions dissolved in dimethyl sulfoxide. These stock solutions were
added to the saline to obtain desired concentrations.

RESULTS

In the culture, antennal neurons began to extrude pro-
cesses within a few hours after dissociation and plating. After
overnight culture, most of the antennal neurons had a single
prominent neurite and several short processes arising from
the soma (Fig. 1).

After loading with fura-2, antennal neurons were stimu-
lated by the odorants. Figure 2 shows fluorescence images of
cultured antennal neurons. Thirty three percent of the cultured
antennal neurons showed an increase in [Ca2+]i by stimula-
tion with 100 µM EA (67 among 211 neurons), and 81% of the
neurons increased [Ca2+]i by stimulation with 100 µM of IVA
(118 among 146 neurons) (Fig. 3). [Ca2+]i increased within 10
sec after application of the odorants, and slowly declined af-
ter reaching its peak. The peaks of [Ca2+]i in response to 100
µM EA and 100 µM IVA were 2.1 ± 0.9-fold (mean ± S.D., n =
13) and 1.9 ± 1.2-fold (n = 29) the resting value, 157.5 ± 150.4
nM, respectively. No significant difference was found between
the [Ca2+]i peaks for EA and IVA (p > 0.05, Mann-Whitney U-

Fig. 1. Antennal neurons in one-day culture. The cells extruded pro-
cesses within a few hours of culture. Antennal neuron has one promi-
nent long process and several short ones in this micrograph. Scale
bar, 20 µm.

Fig. 2. Fluorescence imaging of cultured antennal neurons with fura-2, a calcium indicator. (A) Fluorescence ratio (340 nm/380 nm) of image
of cells immediately after loading fura-2. (B) An increase in fluorescence ratio was observed after odorant stimulation.

(A) (B)
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Fig. 3. Increases in [Ca2+]i in cultured antennal neurons in response to odorants. One hundred µM ethyl acetate (EA) or isovaleric acid (IVA)
was applied by perfusion for 10 sec. The timing of application is indicated by the bar.

Fig. 4. Time course of [Ca2+]i increases in cultured antennal neurons in response to odorant stimulations. Some neurons responded to either
EA or IVA stimulus with long latencies. Various latencies were observed. (A) An increase in [Ca2+]i appeared about 30 to 40 sec after stimulation.
Responses were also observed after latencies of 60 to 70 sec (B) or more than 90 sec (C). The timing of stimulation is indicated by bars. (D)
Latency histogram of neurons is shown.
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Fig. 6. Effects of forskolin (FK) and membrane-permeable cyclic nucleotide analogues, dib-cAMP and dib-cGMP, on [Ca2+]i in cultured antennal
neurons. FK, dib-cAMP and dib-cGMP elicited increases in [Ca2+]i in cultured antennal neurons. The timing of stimulation by each substance is
shown by bar.

Fig. 5. Effect of extracellular Ca2+ on response to odorants of cultured antennal neurons. Odorants were applied to cultured neurons in Ca2+-
free saline. In the absence of extracellular Ca2+, no increase in [Ca2+]i was elicited by either EA (A) or IVA (B). After washing with normal saline,
the response to odorants was restored. Odorants were applied at the timing shown by solid bars. Dotted bars indicate the periods when extracel-
lular Ca2+ was removed from bath solution.
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test). The mean peak of [Ca2+]i of the two odorants was 1.9 ±
1.2-fold the resting value (n = 41).

The time of rising phase (the time from the beginning of
increase to peak of the [Ca2+]i) was 31.7 ± 19.8 sec in re-
sponse to 100 µM EA (n = 24) and 22.9 ± 16.3 sec in re-
sponse to 100 µM IVA (n = 27). The rising phase appeared to
be slightly longer in response to EA than in response to IVA,
but no significant difference was present between them (p >
0.05, Mann-Whitney U-test).

Low concentrations of odorants (10 µM) also induced an
increase in [Ca2+]i, but were less effective than 100 µM (20%
and 70% of the neurons responded to 10 µM EA and IVA,
respectively (n = 50, n = 13).

The latency, period between stimulus onset and begin-
ning of [Ca2+]i increase, was very short in most neurons but
was varied widely up to 100 sec in other neurons in Fig. 4D.
For example, the latency was 30 - 40 sec in Fig. 4A, 60 - 70
sec in Fig. 4B and more than 90 sec in Fig. 4C. Figure 4D
shows the distribution of latencies after stimulation.

To investigate whether Ca2+ influx contributes to the in-
crease in [Ca2+]i, neurons were stimulated with odorants in
the absence of extracellular Ca2+. When the bath solution was
replaced by Ca2+-free saline, no increase in [Ca2+]i was elic-
ited by stimulation with either odorant. After reintroducing Ca2+

into the bath solution, however, both odorants were observed
to evoke increases in [Ca2+]i (n = 12 for EA, n = 13 for IVA)
(Fig. 5). These results suggest that influx of extracellular Ca2+

is involved in the [Ca2+]i increase.
Forskolin (FK), which is used to increase intracellular

cAMP level, and dib-cAMP and dib-cGMP were tested for their
effects on [Ca2+]i in cultured antennal neurons. Figure 6 shows
the responses of cells to each of these substances. Forty-
eight percent of the neurons showed an increase in [Ca2+]i by
stimulation with 10 µM FK (n = 61). As for membrane-perme-
able nucleotide analogues, 61% of the neurons increased
[Ca2+]i by 5 or 10 mM of dib-cAMP (n = 33), and 64% of the
neurons increased [Ca2+]i by 10 mM of dib-cGMP (n = 67).
Most neurons showed [Ca2+]i increases soon after stimulation
by these three chemicals. Some neurons showed a delayed
response similar to that to odorant stimulation. [Ca2+]i follow-
ing stimulation by these chemicals were 1.1- to 4.8-fold (mean
was 1.8 ± 0.8-fold, n = 23) of the resting level.

DISCUSSION

The mean resting [Ca2+]i in cultured blowfly antennal neu-
rons is 157.5 nM. This value is much higher than ones in cat-
fish (Restrepo et al., 1990) and frog (Sato et al., 1991) ORNs
(23 nM and 38 nM, respectively). We used antennal neurons
cultured for 1-2 days after dissociation. These neurons were
at the stage of extruding processes (Nakagawa and Iwama,
1995). A previous study has suggested a positive correlation
between cell growth and high [Ca2+]i (Connor, 1986). It has
also been demonstrated by others that [Ca2+]i and growth are
closely related and [Ca2+]i level is limited during cell growth
(Mattson and Kater, 1987; Kater and Mills, 1991; Al-Mohanna

et al.,1992). The high resting [Ca2+]i in cultured blowfly anten-
nal neurons could be related to the stage of cell growth.

Cultured blowfly antennal neurons showed increases in
[Ca2+]i after stimulation with either EA or IVA. [Ca2+]i of most
neurons increased soon after the application of the odorant
stimulus and continued to be higher than the prestimulus value
for about 30 sec. These results are similar to those reported
for frog (Sato et al., 1991). Blowfly ORNs are bipolar neurons
with one end giving rise to the axon and the other forming the
dendrite. Cultured antennal neurons, in many cases, have one
prominent long process and several short ones (Nakagawa
and Iwama, 1995). Therefore, these neurons may function as
an olfactory system with different sensitivity or specificity to
odors compared with the in situ ORNs of blowflies. However,
it is unlikely that at least the [Ca2+]i response is influenced by
the morphology.

Our results showed that some populations of cultured
antennal neurons of blowfly responded to each odorant: 33%
and 81% of neurons responded to EA and IVA, respectively.
The question whether single neurons respond to and discrimi-
nate between different odors remains. Previous studies on
vertebrate ORNs with various odorants having different mo-
lecular structures and odor qualities have demonstrated that
single ORNs respond to various odorants (Sicard, 1985;
Firestein et al., 1993; Raming et al., 1993). Single cultured
antennal neurons respond to both EA and IVA though it is not
known that they recognize the difference in odor qualities be-
tween the two.

EA and IVA used in this study are odorants with a differ-
ent quality for vertebrates: EA has a fruity and pleasant odor,
while IVA is putrid. Several studies demonstrated the differ-
ence in responses to odors in vertebrates by odor quality. Sklar
et al. (1986) showed that pleasant-smelling odorants stimu-
lated adenylate cyclase while putrid odorants had no such
effect. It was also reported that pleasant-smelling but not pu-
trid odorants enhanced cAMP levels in olfactory cilia, while
putrid odorants increased inositol trisphosphate (IP3) levels
(Boekhoff et al., 1990; Breer et al., 1990). In contrast, Ronnett
et al. (1993) observed the enhancement of phosphoinoisitide
turnover by all odorants examined. No significant differences
in [Ca2+]i increase in response to EA and IVA stimulations was
noted in cultured antennal neurons of blowfly, suggesting that
[Ca2+]i dynamics is independent of the quality of odor. How-
ever, since we only compared odorants at a few concentra-
tions (10 or 100 µM), it is possible that odorants at different
concentrations might induce different [Ca2+]i dynamics in an-
tennal neurons. In addition, it is not examined whether blowfly
olfaction recognizes the qualities of EA and IVA the same as
vertebrates do. Further investigation accompanied by
behavioural studies will be necessary.

To determine the mechanism mediating [Ca2+]i increase,
we investigated the effect of extracellular Ca2+ removal on the
odor-evoked response. No responses to odorants were ob-
served in the absence of extracellular Ca2+. There are many
mechanisms that mediate the [Ca2+]i increase, e.g., cAMP-
gated channels (Suzuki, 1989), IP3-gated channels (Restrepo
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et al., 1990), voltage-dependent Ca2+ channels and Ca2+ re-
lease from intracellular Ca2+ stores. The present study on the
cultured antennal neurons revealed that at least the influx of
extracellular Ca2+ is required for [Ca2+]i increases in response
to odorant stimulation.

Olfactory transduction is known to be mediated by vari-
ous cellular mechanisms. In particular, the cAMP pathway is
considered to play an important role in olfactory transduction
(Pace et al., 1985; Sklar et al., 1986; Nakamura and Gold,
1987; Suzuki, 1989; Boekhoff et al., 1990; Frings and
Lidemann, 1990). The cultured antennal neurons showed
[Ca2+]i increase following FK stimulation, which increases
intracellular cAMP levels, and following stimulation with a
membrane-permeable cAMP analogue, dib-cAMP. These
results suggest that cAMP is involved in [Ca2+]i increase and
that the cAMP pathway probably acts as a messenger system
in the cultured antennal neurons. The membrane-permeable
cGMP analogue, dib-cGMP, also elicited an increase in [Ca2+]i

in cultured the antennal neurons, suggesting that cGMP may
also mediate [Ca2+]i increase. A previous study also indicated
the involvement of cGMP in insect olfaction (Boekhoff et al.,
1990). In addition, recently, the nitric oxide (NO)/ cGMP sys-
tem has been shown to be involved in vertebrate ORNs (Breer
et al., 1992; Lischka and Schild, 1993).

Some neurons, interestingly, showed long onset-laten-
cies at stimulation. During the experiments, the dishes where
cells were plated were continuously perfused with saline and
the exchange of bath solution for odorant solutions was com-
pleted within ten seconds. Thus, the location of neurons in
dishes is probably not responsible for this latency. A possible
explanation for the latency in response is the involvement of a
diffusible messenger(s) such as NO. A diffusible messenger
which is probably released following stimulation might cause
[Ca2+]i increases in neighboring neurons.

In this study, we directly measured the odor-evoked re-
sponses of single ORNs of insect using the cultured antennal
neurons of blowflies, and demonstrated that at least three
cellular messengers, cAMP, cGMP and Ca2+, mediate the re-
sponses of these cultured antennal neurons.

ORNs of insects as well as vertebrates are exposed to
many kinds of odors, and they distinguish important ones for
foraging, mating or egg-laying from many others. Various in-
tra- and intercellular mechanisms which are closely connected
to each other probably regulate ORNs. Further investigations
on cultured antennal neurons using optical or patch-clamp
recording methods will provide more information on the physi-
ological properties of ORNs and might also resolve the ques-
tion of whether ORNs of insects as well as vertebrates dis-
criminate between different odor stimuli before information is
sent to the central nervous system.
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