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Summary
Oscillators in olfactory sensory neurons (OSNs) are both necessary and sufficient to sustain rhythms
in electroanntenogram (EAG) responses, which suggests that odorant receptors (ORs) and/or OR-
dependent processes are under clock control. Since EAGs have limited spatial resolution and do not
necessarily reflect firing of action potentials, we measured single unit responses in different antennal
sensillae from wild-type, clock mutant, odorant receptor mutant, and G-protein coupled receptor
kinase 2 (Gprk2) mutant flies to examine the cellular and molecular mechanisms that drive rhythms
in olfaction. Spontaneous spike amplitude, but not spontaneous or odor induced firing frequency, is
under clock control in ab1 and ab3 basiconic sensillae and T2 trichoid sensillae. Mutants lacking
odorant receptors in dendrites display constant low spike amplitudes, and reducing or increasing
levels of GPRK2 in OSNs results in constant low or high spontaneous spike amplitudes, respectively,
in ab1, ab3 and T2 sensillae. We conclude that spike amplitude is controlled by circadian clocks in
basiconic and trichoid sensillae, and requires GPRK2 expression and the presence of functional ORs
in dendrites. These results argue that rhythms in GPRK2 levels control OR localization and OR-
dependent ion channel activity/composition to mediate rhythms in spontaneous spike amplitude.

Results and Discussion
Spontaneous spike amplitude of ab3A and ab3B neurons is under circadian clock control

Circadian changes in membrane properties have been observed in microbial systems,
invertebrates and mammals. Rhythms in spontaneous firing frequency have been previously
described both in the isolated Aplysia eye and in the hamster Suprachiasmatic nucleus [1,2].
Rhythms in spontaneous activity recorded from the eye of the horseshoe crab, Limulus, cycles
in opposite phase to the rhythm in activity in response to a stimulus [3]. Circadian changes in
membrane potential have been documented in the mollusk Bulla gouldiana [4], the ciliate
protozoan Paramecium, and in the dinoflagellate Gonyaulax [5]. Circadian fluctuations in
resting membrane potential have also been described in PDF-positive clock neurons in the
Drosophila brain [6]. Since circadian oscillators in OSNs from ab3 sensillae are necessary and
sufficient to drive EAG rhythms [7,8], we expected that OSNs in ab3 sensillae would also show
rhythms in single unit responses.
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To determine if this was the case, spontaneous spikes were recorded from ab3 sensillae at times
when EAG responses were at their peak (ZT17) or trough (ZT5) values in wild-type flies. At
both time points, spontaneous spikes from ab3A and ab3B neurons were seen, but at ZT5 the
amplitude of the response from these neurons was lower than at ZT17 (Fig. 1A). To determine
if this difference represented a diurnal rhythm, spontaneous spike amplitudes from larger and
more easily quantifiable ab3A neurons were measured every four hours during a 12h light: 12h
dark (LD) cycle. A significant (P<0.001) 2-fold rhythm in ab3A spike amplitude was detected,
with a peak at ZT17 and a trough at ZT5 (Fig. 1B). This rhythm in spike amplitude persisted
in DD conditions (Fig. 1C) and was absent in clock mutants per01 and cyc01 (Fig. 1D, E), thus
demonstrating that this phenomenon is indeed circadian in nature. Similar results were seen
when the ab3B neuron was analyzed (data not shown), thus demonstrating that there is a bona
fide circadian rhythm of spontaneous spike amplitude in ab3 sensillae with a phase identical
to that in EAG responses.

The extent of circadian influence on neuronal activity in ab3 sensillae was determined by
recording the rate of spontaneous firing and the response to a quantified pulse (~500ms) of
ethyl butyrate (10−4 dilution) from ab3A neurons. No changes in either spontaneous firing
frequency (Fig. 1F) or odor induced firing frequency (Fig. 1G) were detected between ZT5
and ZT17, indicating that the circadian clock does not influence firing rate in ab3 neurons. We
wished to determine if the clock also controlled odor-induced spike amplitude, but continuous
changes in shape of the spike waveform in response to odors precluded quantification of odor-
induced spike amplitude [9,10].

Spontaneous spike amplitude of ab1A neuron is under circadian clock control
Single unit recordings from the A neuron of ab1 sensillae were made in wild-type flies collected
during LD to determine if circadian control of spike amplitude extends to other classes of
basiconic sensillae. It has been shown that ab1 sensillae are maximally sensitive to ethyl acetate
[11], which is the primary odorant used in previous EAG rhythm experiments [7,8]. We found
a rhythm in ab1A spike amplitude similar to that seen in ab3 sensillae in that both peak in the
middle of the night and have a ~2-fold peak to trough change (Supplemental Fig. 1A). This
rhythm persists in constant DD conditions and is absent in clock mutants per01 and cyc01,
thereby demonstrating circadian clock control (Supplemental Fig. 1B–D). When spike
amplitudes of the ab1B neuron were analyzed, a similar rhythm in phase and fold-change
compared to the ab1A neuron was seen (data not shown), but the responses from ab1C and
ab1D neurons were too small to be accurately or reliably measured. As in ab3A neurons, neither
the spontaneous rate nor the ethyl acetate (10−4 dilution) induced rate of ab1A neuron spike
firing were rhythmic in LD (Supplemental Fig. 1E, F). These experiments demonstrate that
spontaneous and odor induced frequency of firing is not influenced by the circadian clock in
ab1 and ab3 sensillae, and spike amplitude is the only parameter we measured that was under
circadian clock control.

Single unit recordings from trichoid sensillae display rhythms in spike amplitude
To determine if other classes of sensillae exhibit rhythms in spike amplitude, we measured
single unit responses from trichoid sensillae, which are thought to mediate responses to
pheromones [12]. When spike amplitude of the A neuron from T2 sensillae was quantified, we
found a ~3-fold circadian change which peaked at ZT21, four hours later than the peak in ab1
and ab3 basiconics (Fig. 2A). This rhythm persisted in DD conditions, and was absent in
per01 flies (Fig. 2B, C). The later peak phase of spike amplitude rhythms in trichoid sensillae
could be due to differences in circadian oscillator phase between trichoid and basiconic
sensillae, but the core circadian oscillator component TIMELESS cycled in the same phase in
trichoid and basiconic sensillae (Supplemental Fig. 2). Like the basiconic sensillae, no daily
changes in spontaneous firing frequency were seen in T2 sensillae (Fig. 2D). Although odorants
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that produce robust responses in T2 sensillae have not been identified [13], trans-2-hexanal
produces a modest yet reliable response [9](Fig. 2E). The frequency of trans-2-hexanal evoked
spikes in T2 sensillae remained constant at ZT5 and ZT21 (Fig. 2F), thus demonstrating that
odor-evoked spike frequency in T2 sensillae doesn’t vary over a diurnal cycle.

The T1 subset of trichoid sensillae are uniquely involved in the perception of the only volatile
pheromone known in flies – 11-cis vaccenyl acetate (cVA), a male specific lipid that mediates
aggregation behavior [14–16]. Spontaneous spike amplitude in T1 sensillae was rhythmic with
a ~2.5-fold higher amplitude at ZT21 than at ZT5, whereas spontaneous spike frequency in T1
sensillae was constant (Supplemental Fig. 3). Unfortunately we could not measure rhythms in
cVA-evoked activity in T1 sensillae (see Supplemental Materials). These experiments show
that the circadian clock controls spontaneous spike amplitude, but not spike frequency, in ab3,
ab1, T2 and T1 sensillae.

Rhythms in spike amplitude are dependent on odorant receptors in dendrites
An Or83b deletion mutant that lacks Or83b mRNA and protein is anosmic because Or83b
protein is necessary for the localization and function of odor-dependent cation channels in the
OSN dendritic membrane in flies [17–20]. The Or83b deletion mutant shows spontaneous
activity, albeit at lower levels, but no odor induced responses [18]. Since we detect rhythms in
spontaneous activity from ab1, ab3 and T2 sensillae, we hypothesized that rhythms in spike
amplitude will persist in the Or83b mutant. However, spontaneous spike amplitude did not
show a significant rhythm in ab1, ab3, and T2 sensillae from Or83b mutant flies recorded
during LD cycles (Fig. 3A–C). Since Or83b mutant flies lack ORs in the dendrites of OSNs,
mutants that lack ORs would also be expected to lack rhythms in spontaneous spike amplitude.
The Δ halo mutant deletes the Or22a and Or22b genes, thereby eliminating odor-induced
responses in ab3 sensillae [21]. When single unit responses of the ab3A neuron were quantified,
we found no circadian change in spike amplitude from the Δ halo mutant (Fig. 3D). These
results argue that ORs and/or OR-dependent processes are controlled by circadian clocks in
OSNs.

GPRK-2 levels determine spike amplitudes
We recently showed that the abundance of Drosophila Gprk2 mRNA and protein cycle in
antennae with a peak during the middle of the night, and that GPRK2 levels determine the
amplitude of EAG responses [22]. Moreover, EAG amplitude and GPRK2 levels peak when
ORs are localized predominantly in dendrites (e.g. ZT17), and GPRK overexpression enhances
OR localization to dendrites at times when ORs are normally at low levels in dendrites (e.g.
ZT5) [22]. These results are consistent with those showing that ORs must be present in the
dendrite to produce rhythms in spike amplitude (Fig. 3), and suggest that GPRK2 levels may
control the spike amplitude of single unit responses.

Single unit responses were measured in different sensillar classes from gprk2 mutants and flies
that overexpress GPRK2 in OSNs to determine whether GPRK2 levels control spike amplitude.
The amplitude of the A neuron spike is constantly high when GPRK-2 is overexpressed in
OSNs from ab1, ab3, and T2 sensillae (Fig. 4A–C). In contrast, spike amplitudes in the A
neurons of ab1 and ab3 basiconic sensillae and T2 trichoid sensillae were always close to the
wild-type trough in Gprk26936 and Gprk2pj1 mutant flies, respectively (Fig. 4A–C). These
experiments, along with those of Tanoue et al. [22], demonstrate that the levels of GPRK2
regulate EAG and spike amplitude rhythms in different classes of sensillae.

One hypothesis to explain rhythms in the amplitude of spontaneous spikes and EAGs is that
ion channel activity/composition is under circadian control. Drosophila ORs were recently
found to form heteromeric odor-gated and cyclic-nucleotide activated cation channels [19,
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20]. Tanoue et al. demonstrate that ORs accumulate in OSN dendrites in a circadian fashion,
where OR abundance peaks near mid-night and is low during the day [22]. These rhythms are
dependent on the levels of G-protein coupled Receptor Kinase 2 (GPRK2), and coincide with
rhythms in the amplitude of both EAGs and spontaneous spikes [22]. Taken together, these
results suggest a model whereby GPRK2 controls the abundance and/or activity of OR-
dependent odor-gated cation channels in OSN dendrites, which in turn alter membrane
potential to generate rhythms in the amplitude of spontaneous spikes and EAG responses. We
can’t exclude the possibility that the clock modulates other molecular or cellular targets to
generate rhythms in EAG and spike amplitude such as other ion channels expressed in OSNs
[23–25], the composition of sensillar lymph [26], and/or the size and shape of OSNs.

Though a clear ecological explanation for rhythms in spike amplitude is not understood, one
could hypothesize that the circadian clock could tune the olfactory system to a higher gain level
(higher signal to noise ratio) by modulating spike amplitude irrespective of the stimulus
preferentially in the subjective night. For instance, rhythms in OSN spike amplitude might
produce increased activity in downstream neurons during the night and decreased activity
during the day in response to the same stimulus. Recent evidence demonstrates that locomotor
activity of paired male and female Drosophila is increased during the subjective night, and is
dependant on an intact olfactory system [27]. In addition, behavioral responses to odors in
Drosophila are lower during the day than at night, and are controlled by the circadian clock
[28]. These phenomena may represent behavioral consequences of this electrophysiological
rhythm that could provide an advantage in courtship, in food acquisition, or in predator
avoidance. These data are consistent with circadian clock-dependent rhythms in mating activity
[29]. The phase of the peak of trichoids could translate to heightened behavioral activity
associated with mating during the subjective night. Thus, our results suggest that spike
amplitude, in addition to firing frequency, can also encode meaningful information in the
peripheral OSNs, which is transmitted to higher processing centers of CNS that mediate
behavioral responses to odors.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Spontaneous spike amplitudes are under circadian clock control in the ab3 sensillae. Single
unit recordings of ab3 sensillae were made from flies entrained for at least 3 days in LD cycles.
Spike amplitudes were quantified from the A neuron. WT denotes Canton-S flies. Error bars
denote SEM. (A) A ~1second recording of spontaneous activity from an ab3 sensillum in wild-
type (WT) flies at ZT5 or ZT17. A and B denote spontaneous spikes from the two neurons
housed in ab3 sensillae. (B) Spontaneous spike amplitudes in wild-type flies during LD cycles
or (C) constant darkness. The overall effects of time of day is significant by one way ANOVA
(P<0.001) in panels B and C. Asterisk indicates significant (P<0.01) increase in EAG responses
at ZT17 (panel B) or CT17 (panel C) compared with responses at all other times of day. (D)
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Spontaneous spike amplitudes in per01 and (E) cyc01 flies at ZT 5 and ZT 17. The difference
in mean amplitudes of spontaneous spikes at ZT 5 and ZT 17 is not statistically significant
(P>0.4) in panels D and E. Each time point represents amplitudes calculated from a minimum
of 70 individual spikes in panels B–E. (F) Spontaneous firing frequency is not rhythmic in WT
flies at ZT5 and ZT17 (P>0.5). (G) Odor induced firing frequency in response to a 10 −4 dilution
of ethyl butyrate is not rhythmic in WT flies at ZT5 and ZT17 (P>0.4). Responses from a
minimum of 6 OSNs were used to compute firing rate.
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Figure 2.
Spontaneous spike amplitudes are under circadian clock control in T2 sensillae. Single unit
recordings of T2 sensillae were made from flies entrained for at least 3 days in LD cycles.
Spike amplitudes were quantified from the A neuron. Mean amplitude was calculated from a
minimum of 30 spikes at each timepoint. WT denotes Canton-S flies. Error bars denote SEM.
Spontaneous spike amplitudes in wild-type flies during LD cycles (A) or constant darkness
(B). The overall effects of time of day is significant by one-way ANOVA (P <0.001) in panels
A and B. Asterisk indicates signficant (P<0.05) increase in EAG responses at ZT17 and ZT21
(panel A) or CT17 and CT21 (panel B) compared with responses at all other times of day. (C)
Spontaneous spike amplitudes in per01 flies at ZT5 and ZT17. The difference in mean
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amplitudes is not statistically significant (P>0.6). (D) Spontaneous firing frequency is not
rhythmic in WT flies at ZT 5 and ZT21 (P>0.5). Responses from a minimum of 6 OSNs were
used to compute firing rate. (E) A ~1.5 second recording of trans-2-hexanal induced activity
from a T2 sensillum in WT flies at ZT5. The bar indicates when a 10 −1 dilution of trans-2-
hexanal was applied. (F) Odor-induced firing frequency in response to trans-2-hexanal is not
rhythmic in WT flies (P>0.9). Responses from a minimum of 6 OSNs were used to compute
firing rate.
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Figure 3.
Or83b and Δhalo mutants show no rhythm in spike amplitude. Single unit recordings were
made from flies entrained for at least 3 days in LD cycles. Spike amplitudes were quantified
from the A neuron of ab1 (A), T2 (C), and ab3 (B, D) sensillae. Mean amplitude was calculated
from a minimum of 40 spikes at each time point. Error bars denote SEM. (A) Spontaneous
spike amplitudes of ab1 sensillae from OR83b null mutant flies during LD cycles. One-way
ANOVA shows no significant effect of time of day (P>0.6) on spike amplitude of ab1 sensillae
in the Or83b null mutant flies. Spontaneous spike amplitudes of ab3 (B) and T2 (C) sensillae
from OR83b null mutant flies at their respective peak and trough time points. No significant
differences in the spike amplitudes of ab3A neurons (P> 0.7) or T2A neurons (P>0.2) were
seen in Or83b mutant flies. (D) Spontaneous spike amplitudes of ab3 sensillae from Δhalo
mutant flies at ZT5 and ZT17. No significant (P>0.4) differences in the mean spike amplitudes
of ab3 sensillae were seen in Δhalo mutant flies.
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Figure 4.
Rhythms in spike amplitude are abolished in Gprk2 mutant and overexpression flies. Single
unit recordings were made from flies entrained for at least 3 days in LD cycles. Spike
amplitudes were quantified from the A neuron of ab1 (A), ab3 (B), and T2 (C) sensillae. Mean
amplitude was calculated from a minimum of 40 spikes at each timepoint. Error bars denote
SEM. Spontaneous spike amplitudes of ab1 (A) or ab3 (B) sensillae from Gprk26936 and
GPRK2 overexpression (GPRK2 OE) flies during LD cycles. Spontaneous spike amplitudes
of T2 (C) sensillae from Gprk2pj1 (left) and GPRK2 OE flies during LD cycles. Mean spike
amplitudes at ZT5 and ZT17 for ab1 and ab3 sensillae and ZT5 and ZT21 for T2 sensillae were
not significantly different in Gprk2 mutants and GPRK2 OE flies (P> 0.1). Mean spike
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amplitudes between Gprk2 mutants and GPRK2 OE flies at peak and trough time points was
significant in all three sensillar classes (P< 0.0001).
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