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Mechanism of sensory perception
unveiled by simultaneous measurement
of membrane voltage and intracellular

calcium
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Measuring neuronal activity is important for understanding neuronal function. Ca?" imaging by
genetically encoded calcium indicators (GECIs) is a powerful way to measure neuronal activity.
Although it revealed important aspects of neuronal function, measuring the neuronal membrane
voltage is important to understand neuronal function as it triggers neuronal activation. Recent
progress of genetically encoded voltage indicators (GEVIs) enabled us fast and precise measurements
of neuronal membrane voltage. To clarify the relation of the membrane voltage and intracellular Ca®",
we analyzed neuronal activities of olfactory neuron AWA in Caenorhabditis elegans by GCaMP6f
(GECI) and paQuasAr3 (GEVI) responding to odorants. We found that the membrane voltage encodes
the stimuli change by the timing and the duration by the weak semi-stable depolarization. However,
the change of the intracellular Ca** encodes the strength of the stimuli. Furthermore, ODR-3, a
G-protein alpha subunit, was shown to be important for stabilizing the membrane voltage. These
results suggest that the combination of calcium and voltage imaging provides a deeper understanding

of the information in neural circuits.

Measuring neuronal activities in non-invasive unanesthetized animals is
important for understanding neuron function. Recent progress in geneti-
cally encoded calcium indicators (GECI) has allowed simultaneous mea-
surement of the activities of multiple neurons in living animals'”. Among
those, GCaMPs are GEClIs applied to animal models"*". Improved GECIs
have faster time constants with strong fluorescence and high dynamic
ranges to detect faster Ca’* changes”®. However, as changes of membrane
voltage are followed by intracellular Ca** changes, measuring the membrane
voltage would be theoretically advantageous for analyzing neuronal activ-
ities. Therefore, to better understand neuronal activation, membrane
voltage measurements are essential.

The membrane voltage has been typically investigated using electro-
physiological techniques’, while, for live imaging, genetically encoded vol-
tage indicators (GEVIs) were developed using voltage-sensitive proteins'*"".
Although these GEVTs are bright, their time constants were not high enough
for sensitive detection of fast voltage changes'®"”. In this decade, new GEVIs
derived from 7TM proteins, such as Arch for optogenetics, were
developed'* ™", although these GEVIs show dim fluorescence. Together with
recent developments in image processing and detector systems, these GEVIs

allow fast voltage changes to be detected in non-invasive conditions.
Particularly, paQuasAr3"’ and SomArchon® are very useful for the analyses
because of their large dynamic ranges and fast time constants. In addition,
the fluorescence of these GEVIs derived from Arch is in the near far-red so
that it can be easily distinguished from that of the GCaMP. Therefore, these
kinds of GEVIs are suitable for the simultaneous, non-invasive measure-
ment of Ca** and membrane voltage in living animals".

In various model organisms, including C. elegans, neuronal activities in
non-invasive and unanesthetized conditions have been extensively studied
using GECI at single cellular and multicellular levels'*"”. However, since the
Ca’" change and membrane voltage relationships are not yet fully under-
stood, simultaneous measurement of Ca*" and membrane voltage provides
important information to interpret the Ca** imaging data and better
understand the informational processing in neuronal circuits. In C. elegans,
neuron activity has been analyzed using electrophysiology'*", GECIs'*",
and GEVIs'’. Moreover, as their neuronal circuit structure has been thor-
oughly described at the electron microscopic level™, they are used as a model
organism to understand neuronal functions in behavioral and genetic
analyses’””. Although no voltage-dependent Na* channels exist in the
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C. elegans genome, voltage-dependent Ca’" channels function as regulators
for membrane voltages and intracellular Ca*". Indeed, in the olfactory
neurons AWA, voltage-dependent Ca*' channel, EGL-19 is essential for the
all-or-none action potentials®, although the regulation of intracellular Ca**
in neuronal activation can also be regulated through intracellular Ca**
stores. Therefore, the simultaneous measurements of intracellular Ca>* and
membrane voltage lead to understanding how the Ca*" signals are regulated
through membrane voltage changes.

In this report, in a non-invasive and unanesthetized condition, we
analyzed stimulation-dependent voltage changes and Ca’* changes using
paQuasAr3" and GCaMP6f*, respectively. By simultaneously measuring
the mutants defective in odor perception, we found that a G-protein,
ODR-3, mitigated spontaneous fluctuations in membrane voltage and
the subsequent alterations in Ca*" levels, thereby facilitating adequate
responses to odorant stimuli. The simultaneous measurements enabled us
to understand the neuronal mechanisms important for the regulation of
neural activities.

Results

Simultaneous imaging of GEVI and GECI

We used paQuasAr3 asa GEVIin C. elegans to detect changes in membrane
voltage because paQuasAr3 shows a significant fluorescent change
according to the membrane voltage change'””. For GECIL, we chose
GCaMPéf for the simultaneous imaging. The major time constants of
paQuasAr3 are 0.8ms (t,p) and 0.9 ms (Tdgown)’» whereas those of
GCaMP6f are 80 ms (Ty) and 400 ms (rdmy){’. For the simultaneous
analyses of the membrane voltage and intracellular Ca**, animals expressing
paQuasAr3 and GCaMP6f in AWA olfactory neurons were produced.
These animals could sense attractive odorants like diacetyl and pyrazine in
AWA?™, Since the changes in membrane voltage induce intracellular Ca**
changes, Liu et al.”” measured changes induced by current injection in
membrane voltage in AWA by electrophysiology and found that the current
injection induces the plateau depolarization and the action potentials.
The plateau depolarization is also stable unless the action potentials are
induced. Furthermore, the higher current injection could not induce action
potentials”. Since they could not directly measure the changes in membrane
voltage of AWA induced by the odorant stimuli, they deduced those from
the changes in GCaMP fluorescence by mathematical deconvolution.
Although the mathematical deconvolution of the experimental data on
GCaMP can serve to estimate the voltage changes induced by the odorant”,
the current injection is an artificial approach to characterize neuronal
activities. Therefore, simultaneous real-time imaging data of Ca>" and
membrane voltage dependent on odorants could help understand neuronal
activation mechanisms in natural conditions. For expression in AWA, we
used the odr-10 promoter. In turn, we used the gpa-4 promoter to analyze
the mutant and control animals, as the odr-10 promoter is inactive in some
mutants (see Materials and Methods).

Since paQuasAr3 is excited at 640 nm and is further intensified by blue
light", we employed two distinct laser light sources for our simultaneous
imaging: one at 470 nm and another at 640 nm. Notably, the 470 nm laser
also serves to excite GCaMP6f. In our system, the fluorescence of paQua-
sAr3 and GCaMP6f were separated by a dichroic mirror and captured every
50 ms (20 Hz) side-by-side in one cMos camera (Fig. 1A, B). The captured
images were processed in a pipeline, including region of interest (ROI)
detection, ROI tracking, and quantifying fluorescent intensities. In addition,
because the degree of photobleaching of paQuasAr3 was substantially more
prominent than that of GCaMPéf and each sample showed a slightly dif-
ferent photo-bleaching rate, we applied a nonparametric spectral estimation
method called singular spectrum analysis (SSA)” to correct photo-
bleaching (Fig. 1C, Supplementary Fig. 1A). Unlike wavelet analysis or
Fourie analysis, SSA is a data-driven approach that does not rely on pre-
defined basis functions or frequency bands. Instead, it adapts to the intrinsic
structure of the time series data, likely enabling more flexible photo-
bleaching correction for paQuasAr3. A basic methodology of SSA™ is
summarized in the supplementary methods.

First, by using this system, we carried out simultaneous imaging of
GCaMP6f and paQuasAr3 expressed in AW A neurons by odr-10 promoter
and found that diacetyl stimulation induced the Ca’* increase and the
membrane depolarization (Fig. 1D). To confirm that these responses are
truly caused by diacetyl, sensed through ODR-10 receptor, we analyzed
wild-type and odr-10 animals expressing paQuasAr3 and GCaMPéf in
AWA neurons driven by the gpa-4 promoter. The fluorescence of paQua-
sAr3 and GCaMP6f were increased by the diacetyl stimuli in wild-type
animals, but not in odr-10 animals, which have defects in the diacetyl
receptor gene expressed in AWA (Fig. 1E), suggesting that the ODR-10
receptor is required for the depolarization and Ca** increase in AWA
triggered by diacetyl. To confirm that this system can discriminate between
the fluorescence of paQuasAr3 and GCaMP6f, we captured images from
both paths by excitation at 470 nm or 640 nm. In this experiment, we could
detect GCaMP6f changes only with the 470 nm excitation and paQuasAr3
changes only with 640 nm (Supplementary Fig. 1B), suggesting that this
system can differentiate between the two fluorescence types. Furthermore,
to examine whether the expression of GCaMP6f and paQuasAr3 affects the
behavioral responses to the odorant, we analyzed the chemotaxis of the
strains toward the odorants in the presence or absence of the transgene
and found that the transgene did not affect the behavioral responses
(Supplementary Fig. 1C). These findings led us to conclude that simulta-
neous imaging using GCaMP6f and paQuasAr3 detects the changes in
intracellular Ca** and membrane voltage in AWA, respectively.

The changes of intracellular Ca>" and membrane voltage by the
odor stimulation

To elucidate the membrane voltage and intracellular Ca** changes depen-
dent on the odor stimulus, we analyzed the dose responses to diacetyl in this
system (Fig. 1D). By using the odr-10 promoter for expression of the
reporters, we could measure the intensities of both reporters every 50 ms
and found that the stimulation of 10~° diacetyl induced Ca®" increase and
membrane depolarization and that those signals could not be detected in
10~ diacetyl stimulation (Fig. 1D). These results suggest that the simulta-
neous imaging enabled us to analyze the intracellular Ca** and the mem-
brane depolarization depending on the stimulation in AWA neurons.

To examine whether simultaneous imaging can detect plastic
responses after adaptation, we analyzed AWA responses after adaptation.
Like other animals, in C. elegans, exposure to high concentration of odorant
induces an adaptation in which the behavioral response is weakened™.
We simultaneously measured the membrane voltage and intracellular Ca**
levels after conditioning for adaptation. Similar to previous reports, after
conditioning, the Ca®" responses in AWA decreased compared to those in
naive animals (Fig. 1F, Supplemental Fig. 2A)’. The membrane voltage
changes to the odor stimulus were also decreased after the stimulation.
These results suggest that, in adapted animals, the responses of membrane
voltage to odorants are less sensitive those in naive animals, and thereby the
responses of Ca*" are decreased.

To confirm that the responses were preserved to other odorants, we
analyzed the responses to pyrazine, which is also sensed by AWA neurons™.
As shown in Supplementary Fig. 2B, the changes in Ca** and membrane
voltages induced by pyrazine stimulation were similar to those observed
with diacetyl.

Fast simultaneous imaging of AWA neurons

Since the action potentials induced by current injections are faster than the
signals detected in this condition”, we tested the faster simultaneous
recordings, but we could not detect sufficient signals by using the odr-10
promoter because of dim fluorescence. To overcome this, we searched for a
strong promoter specific to AWA by CeNGEN, a scRNA database for C.
elegans neurons™. Among them, we found that ZC334.13 promoter gives a
strong expression specific to AWA (Supplemental Fig. 3A). We made
strains expressing GCaMP6f and paQuasAr3 under the ZC334.13 promoter
and confirmed that their chemotactic behavior is similar to those of wild-
type animals (Supplemental Fig. 1C).
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By using this strain, we succeeded in simultaneous detection of the Ca**
responses and voltage changes to diacetyl every 4 ms (250 Hz) (Fig. 2,
Supplemental Fig. 3B, although the noises of the paQuasAr3 are relatively
high compared with the slower measurement. In this condition, we mea-
sured Ca** responses and membrane voltage changes to various con-
centrations of diacetyl, although the delays of both responses were observed.

Since these delays were also observed in the slower imaging, we supposed
that these were due to multiple factors including the delay of odor delivery at
the switching and the neuronal properties of AW A neurons. Ca** responses
were induced by the stimulation of diacetyl > 10~ within a few seconds, and,
on average, the stimulation with 107°-107° gave the highest responses.
On the measurement of membrane voltages, we could detect the single
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Fig. 1 | Simultaneous imaging of GCaMP6f and paQuasAr3. A Young adult
animals in an olfactory chip under the microscope captured by cMOS camera
through a microscopic system. GCaMP6f and paQuasAr3 were excited by 470 nm
and 640 nm lasers, respectively; each fluorescence signal was split by the dichroic
mirror (580 nm) and was captured via emission filters (512 and 750 nm, respec-
tively) side-by-side using the cMos camera. B Representative GCaMP6f and
paQuasAr3 images expressed in AWA neurons by odr-10 promoter. Yellow squares
show the region of interest (ROI) for data analyses. Scale bar indicates 25 pm.

C Image processing pipeline. D Dose dependency of GCaMP6f and paQuasAr3
fluorescence imaging to different diacetyl concentrations (107°~10"°) in wild-type

animals. The blue bars indicate the period of the diacetyl stimulation. Average traces
in wild-type animals (n > 8) are shown with the standard error of the mean (SEM) as
shades. No. of samples were shown in the panels. E Simultaneous imaging of
GCaMP6f and paQuasAr3 expressed in AWA neurons of wild-type, N2, and odr-10
animals. Blue bars indicate the period of the diacetyl stimulation. Average traces of
wild-type and odr-10 are shown with the standard error of the mean (SEM) as
shades. No. of samples were shown in the panels. F Adaptation to diacetyl attenuates
the change of Ca** and membrane voltages. Box graphs of the maximum responses
in naive and conditioned animals. These graphs are based on the data of (D) and
Supplemental Fig. 2A. p-value by T-test is shown in the graphs.

rapid-sharp depolarization within a few seconds from the onset of the sti-
mulation (Supplemental Fig. 3B) as well as the semi-stable depolarization,
which was maintained for the duration of the stimulation (Fig. 2). In the
average traces, the stimulation of diacetyl in the range between 10~* and 10~
gave both the rapid-sharp depolarization and the semi-stable depolarization.
In contrast, the weaker stimulation only gave semi-stable depolarization.

The changes in individual measurements were further analyzed, as
shown in Fig. 2 and Supplemental Fig. 3B, which show all the measurement
traces. In this analysis, a single rapid-sharp depolarization, sustained for
about 0.5 sec, can be detected within a few seconds from the onset of the
stimulation. These rapid-sharp depolarizations were always induced by the
stimulation with the mid concentration (10~°~1077), although diacetyl sti-
mulation at higher concentrations (>10"*) or at lower concentrations
(107®) did not always result in the rapid-sharp depolarization. In contrast,
the semi-stable depolarization can be essentially observed in any con-
centration of diacetyl. To further understand the AWA neuronal properties,
we analyzed the correlation of the peaks of paQuasAr3 intensities and those
of GCaMPéf intensities (Supplemental Fig. 3C), and those showed a strong
correlation (r = 0.80), although the changes of paQuasAr3 appeared to have
maximum changes. Although the changes in fluorescence intensities of
GEVIs and GEClIs are not precisely proportional to membrane voltages and
intracellular Ca®" concentration, respectively, these results suggest that the
higher membrane depolarization induces the higher Ca®" increase and that
Ca’" increases do not occur without membrane depolarization. Because this
high-time-resolution measurement essentially showed the same results as
the slower measurement and gave noisy results, we used the slower mea-
surements for the analyses of mutants.

Sequential stimulation with different odorant concentrations
The differences between intracellular Ca’* and the membrane voltage change
raise the possibility that the membrane voltage encodes distinct information
from intracellular Ca®". To test this possibility, we analyzed a sequential
stimulation of different diacetyl concentrations. For this analysis, we modified
the olfactory chip'® to stimulate animals using three different solutions
(Supplementary Fig. 4). This custom chip allowed continuous sequential
stimulation with three different solutions by regulating liquid valves. Using
this chip, we analyzed the response to the same imaging solution with 10~
diacetyl and confirmed that the change in the flow path itself did not cause
changes in intracellular Ca** and membrane voltage (Fig. 3).

Next, we analyzed the responses to a sequential diacetyl of increase
from 107%, 1077-10"°, or decrease from 107, 107-10"*. With increasing
diacetyl, the intracellular Ca”" levels increased as well. On the other hand,
the membrane voltage was rapidly depolarized as the stimuli increased, but
the increase showed no dependence on the concentration of the stimuli
(Fig. 3). This phenomenon is similar to the results of the electrophysiolosical
study; the increase of the current injection also induced the all-or-none
action potentials”. This result suggested that the intracellular Ca>* changes
in accordance with the magnitude of stimuli and that the membrane voltage
encodes the increase in the stimulation. Alternatively, the responsiveness of
membrane voltage adapts more rapidly to the stimuli than that of Ca**, and
thereby, the coding appears different between them.

In contrast, with the sequential decrease in diacetyl concentration
(107%,1077-10""), the prominent Ca*" signal increase and the depolarization
of the membrane voltage was observed only with the first stimulation,

although repolarization could be observed with stimulation drop/removal
(Fig. 3). These results also suggest that the rapid-sharp depolarization
mainly encodes the beginning of the stimulation, and the semi-stable
depolarization encodes the duration of the stimulation, while the change in
Ca’" signals encodes the diacetyl concentration.

Voltage-dependent Ca®* channels and TRP channels regulate
the changes in membrane voltage depending on the stimulation
To understand the mechanisms underlying the changes in membrane
voltage, we analyzed perception defective mutants in AWA sensory neu-
rons. Liu et al.”” showed that EGL19, an L-type voltage-gated calcium
channel™, is required for the all-or-none responses observed with electro-
physiology in AWA. However, its role in the response to the odorant
remains unclear. Therefore, we first analyzed the responses of an egl-19
mutant to diacetyl using simultaneous imaging with GCaMPéf and
paQuasAr3 expressed under the control of odr-10 promoter. As shown in
Fig. 4A, increased Ca’* levels triggered by diacetyl in egl-19 mutant animals
were significantly smaller than those detected in wild-type animals. How-
ever, we could not detect a significant difference in the semi-stable depo-
larization in egl-19 as compared to the wild-type, although the rapid-sharp
depolarization was slightly lower in egl-19 (Fig. 4A). These results suggest
that the EGL-19 Ca®* channel is required for the adequate intracellular Ca**
change triggered by the odorant stimulation and that other channels, rather
than EGL-19, at least partially induce rapid-sharp depolarization at the
onset of the stimulation. In addition, the weak semi-stable depolarization
was considered independent of the Ca®" influx through EGL-19.

Next, we analyzed a mutant of another voltage-dependent Ca** channel,
UNC-2, which is not required for the depolarization induced by current
injection”. As shown in Fig. 4B, in this mutant, the increase in intracellular
Ca’* levels and the rapid-sharp depolarization were not significantly different
from those of the wild-type animals. This result suggests that UNC-2 is
dispensable for the Ca>* increase, consistent with the previous report.

Further, we analyzed a mutant of a Transient Receptor Potential (TRP)
channel, OSM-9, required for diacetyl perception™. In this mutant, we used
a gpa-4 promoter for the expression in AWA and found that osm-9 mutant
animals did not show any responses in membrane voltage nor intracellular
Ca’" upon the stimulation, suggesting that a TRP channel, OSM-9, is
essential for the rapid-sharp depolarization and the semi-stable depolar-
ization triggered by diacetyl sensation, possibly relaying the signal from the
ODR-10 receptor (Fig. 4C).

Since ODR-3, a trimeric G-protein alpha subunit is involved in diacetyl
sensation’®”’, we analyzed the responses of an odr-3 mutant by using the gpa-4
promoter. As shown in Fig. 5A, in odr-3 mutant animals, the increase in Ca**
levels and membrane voltage changes appeared very weak compared to the
wild-type. However, as shown in Supplementary Fig. 5a, individual animals
randomly showed a spontaneous increase in Ca®" signal and depolarization,
even without stimulation. These results raise the possibility that notable peaks
in the mean activity cannot be detected due to random activation.

To address this possibility, we analyzed the time course of GCaMP6f
fluorescence by comparing the average responses of GCaMP6f to 107°
diacetyl stimulation in wild-type animals (standard response, Supplemen-
tary Fig. 5b). Figure 5B shows the time points where changes similar to the
wild-type standard response were observed in each recording. As shown in
Fig. 5B, in odr-3 mutant animals, the response of GCaMP6f was similar to
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Fig. 2 | Fast simultaneous imaging of AWA neurons stimulated by diacetyl. Dose  shed (SEM) indicates GCaMP6f (right axis). No. of samples were shown in the
dependency of GCaMP6f and paQuasAr3 at simultaneous fast imaging (250 Hz). panels. The center panels showed traces of GCaMP6f. The right panels showed traces
The left panels showed the average traces of GCaMP6f and paQuasAr3 in the ssame  of paQuasAr3. In these panels, each trace was shifted and overlaid for display.
panel. Red line with shed (SEM) indicates paQuasAr3 (left axis) and Green line with
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Fig. 3 | Responses of GCaMP6f and paQuasAr3 to sequential changes in diacetyl
concentration during the stimulation. The left panel shows the result of the change
in flow paths but not concentration. The center panel shows the result of the change
in the concentration from 107*~107° and the right panel shows the result of the

change in the concentration from 107°~107". Blue bars indicate the stimulation
period, where the thickness represents the concentration. Each panel shows average
traces with the SEM as shades. No. of samples were shown in the panels.

the standard response of wild-type in shape, and the amount of change was
observed independent of the stimulation. We also analyzed the changes in
membrane voltage during the Ca’* responses in odr-3 mutant animals and
found that the paQuasAr3 fluorescent changes coincided with them. This
suggests that the membrane depolarization triggers the Ca’" level increase
even in odr-3 (Fig. 5C). To confirm that the ODR-3 suppresses neuronal
activation, we compared the intracellular Ca”" in non-stimulus conditions
and found that, in odr-3 animals, the rapid-sharp depolarization is more
prominent than that in wild-type animals (Fig. 5D, Supplemental
Fig. 5C, D). Therefore, ODR-3 may stabilize the membrane voltage and,
thereby, it can inhibit spontaneous depolarization of AWA and regulate the
timing and magnitude of responses to diacetyl, upstream of the ion chan-
nels, OSM-9 and EGL-19.

Discussion

In these few decades, the development of GECI has enabled the assessment
of neuronal activities through measuring intracellular Ca*" in living animals.
Since the change in the intracellular Ca®* level was regulated by the change
of membrane voltage, to understand neuronal activities, it is important to
correctly interpret the results in Ca** imaging experiments. In this study, we
simultaneously measured intracellular Ca** and membrane voltage levels in
unanesthetized C. elegans using GCaMP6f (GECI)° and paQuasAr3 (an
Arch-derived GEVI)". To achieve simultaneous imaging, we used high-
power lasers for excitation and an image-splitting system, as well as cor-
rection of fluorescence photo-bleaching using a nonparametric spectral
estimation method, termed SSA™ (Fig. 1C). The results of our experiments
suggested that the dynamics in Ca®" signals encode distinct information
from that in the membrane voltage.

We measured AWA neurons of C. elegans in a microfluidic device
called an olfactory chip'® for imaging in unanesthetized conditions because
AWA exhibits all-or-none action potentials'’. The present study detected
the semi-stable and rapid-sharp depolarization in AWA neurons by sti-
mulation with an odorant. We found that the stimulation with 107°-107°
diacetyl stimulation could consistently induce the rapid-sharp depolariza-
tion, but, by the stimulation with higher or lower concentration from the
optimum, the rapid-sharp depolarization is less likely to be induced. This
phenomenon is similar to that of the action potentials being efficiently
induced by the optimal range of current injection but less efficiently by a
larger or smaller range. Therefore, the rapid-sharp depolarization observed
in this study was very similar to the action potentials induced by the current
injection observed in the previous study, although they seem to correlate
with the Ca®" increases in the limited range. Furthermore, we found that, in
egl-19 mutant animals, the rapid-sharp depolarization was not prominently

induced, although the semi-stable depolarization sustained during the sti-
mulation could be observed, suggesting that the rapid-sharp depolarization
requires voltage-dependent Ca>" channel encoded by egl-19 gene. This
phenotype of egl-19 observed in voltage imaging is similar to those observed
in electrophysiological studies because the current injection could induce
the semi-stable depolarization but not the action potentials. Taken together,
these properties of the rapid-sharp depolarization observed in this study are
very similar to those of the action potentials observed in the electro-
physiology. On the other hand, electrophysiological studies show that the
optimal current injection sometimes induces multiple action potential
peaks, although we could observe only single depolarization but not mul-
tiple peaks. This difference can be due to the difference in the time resolu-
tion, although the time constant of the voltage indicator and the time
resolution may be sufficient for the single action potential. Another possi-
bility is that the odor stimulation cannot induce the multiple spikes induced
by the current injection.

The previous reports showed that the current injection can trigger all-
or-none action potentials in AWA neurons and that these action potentials
are generated through voltage-dependent Ca>* channel, EGL-19". In this
report, we detected the rapid-sharp depolarizations at the onset of the sti-
mulation by paQuasAr3 (Figs. 1F, 2, Supplemental Fig. 3B), raising the
possibility that these depolarizations are all-or-none action potentials. This
possibility is supported by some observations. The magnitudes of the rapid-
sharp depolarization are not fully dependent on the stimuli concentration
when observed and the optimum strength of the stimulus exists for their
induction. On the other hand, we found some differences between the action
potentials triggered by the current injection and the rapid-sharp depolar-
ization at the onset of the stimulation detected by paQuasAr3. First, the
action potentials triggered by the current injection are fully dependent on a
voltage-dependent Ca’" channel, EGL-19, although the weak rapid-sharp
depolarization can be observed in egl-19 mutant animals. Second, the cur-
rent injection sometimes induces multiple action potentials; the increase
induced by the odorant stimuli was detected only once by paQuasAr3. In
our study, two types of measurement were used for the simultaneous
measurement of Ca’" and membrane voltage: 50 ms exposure (20 Hz) and
4 ms exposure (250 Hz). Both procedures can detect similar changes in the
membrane voltage: the single rapid-sharp depolarization at the onset of the
stimulation and the semi-stable depolarization sustained during the sti-
mulation. The time resolution of our fast capture system (4 ms) was higher
than the intervals of action potentials (10-20 ms) induced by the current
injection, suggesting that rapid-sharp depolarization occurs once after
AWA neurons sense odor stimuli in natural conditions. Therefore, further
studies will be required to conclude that the rapid-sharp depolarizations
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Fig. 4 | The responses of GCaMP6f and paQuasAr3 to diacetyl in mutants of ion
channel genes. A Averaged traces are shown in wild-type animals (using dark green
for GCaMP6f and purple for paQuasAr3) and egl-19 (light green for GCaMP6f and
red for paQuasAr3), with the standard error of the mean (SEM) as shades. No. of
samples were shown in the panels. The right panels show the boxplots of maximum
values during the stimulation. Asterisks indicate a significant difference. B Averaged
traces are shown for wild-type animals (dark green for GCaMP6f and purple for
paQuasAr3) and unc-2 animals (light green for GCaMP6f and red for paQuasAr3)
with the SEM as shades. No. of samples were shown in the panels. The right panels
show the boxplots of maximum values during the stimulation. C Averaged traces are
shown for wild-type animals (dark green for GCaMP6f and purple for paQuasAr3)
and osm-9 animals (light green for GCaMP6f and red for paQuasAr3) with the SEM
as shades. No. of samples were shown in the panels. The right panels show the
boxplots of maximum values during the stimulation. Asterisks indicate significant
differences.

detected by paQuasAr3 in response to odorant stimulation are the same as
the all-or-none action potentials by the current injection detected by
electrophysiology.

Our analyses of mutants defective in diacetyl perception clarified that a
diacetyl receptor, ODR-10, and a TRP channel, OSM-9, are essential for this
process. On the other hand, a voltage-dependent Ca** channel, EGL-19, is
essential for the changes in intracellular Ca** and important for the rapid-
sharp depolarization at the onset of the stimulation, but not for weak semi-
stable depolarization sustained during the stimulation. These results may be
consistent with previous reports (19) suggesting that EGL-19 is required for
the action potentials and OSM-9 is not for the action potentials triggered
by the current injection. The weak semi-stable depolarization triggered
by odorant stimulation may open the voltage-dependent Ca*" channel EGL-
19. UNC-2, another voltage-dependent Ca** channel dispensable for action
potentials, was not important for the response to odorants in AWA neurons
in natural conditions; hence, further studies are necessary to unveil the
function of UNC-2 in odorant perception.

In this study, we found that a G-protein alpha subunit, ODR-3, was
required to suppress spontaneous activation, suggesting that ODR-3 sta-
bilize the neuronal activity of AWA even in the absence of stimuli. In
addition, ODR-3 was needed for the depolarization triggered by the odorant
stimuli, suggesting that ODR-3 regulates the neuronal activities upstream of
ion channels for the responses to the stimulation. These two functions may
belong to two distinct signaling pathways; hence, further studies are
required to elucidate the function of ODR-3.

This study provides insights into the encoding differences between
Ca’* and membrane voltage in C. elegans neurons, thus demonstrating the
essential importance of measuring not only intracellular Ca®" but also
membrane voltage in neurons to understand the regulation of their activities
by signaling molecules. Although our simultaneous imaging unveiled
neuronal coding in sensory neurons, the simultaneous imaging of inter-
neurons is essential to understanding the neuronal code of sensory neurons
to regulate the downstream circuits. Furthermore, simultaneous imaging of
sensory neurons and interneurons will enable us to understand the infor-
mational processing in the neuronal circuit, especially informational coding
in neuronal circuits.

Materials and methods

C. elegans strains and culture

All C. elegans strains were cultured on nematode growth medium (NGM)
agar plates seeded with Escherichia coli strain OP50 and grown at 20 °C
before experiment” unless otherwise indicated. In all experiments, we used
young adult hermaphrodites. All mutants and wild-type animals used in this
study are shown in Supplementary Table 1.

Transgenic animals

For the expression of GCaMP6f and paQuasAr3, the coding sequences were
synthesized as optimized codons for C. elegans and inserted downstream of
AWA promoters. We used an odr-10 promoter for expression except in
some mutants (odr-10, osm-9, odr-3) and control animals for the analyses of
those mutants, where we used a gpa-4 promoter since the odr-10 promoter is
activity-dependent and is not active in those mutants. In those mutants, we
used a gpa-4 promoter for the expression. The odr-10 promoter drives
expression exclusively in AWA neurons, whereas the gpa4 promoter drives
expression in AWA and ASI neurons. To ensure the measurement of AWA
neurons, animals exhibiting expression in both AWA and ASI neurons were
used, and AWA neurons were assigned according to their location.

For fast recordings, the AWA-specific strong promoter was selected
from the scRNA data of AWA in CeNGEN database™. 2.3 kb of 5’ upstream
region of ZC334.13 gene were amplified using primers (TACTTTATAC
AGAACCCCCTC, AACTCAGAAAGTGAGCTAGAG) and inserted
upstream of the reporter genes.
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Microscopy and image capture

L4 animals expressing GCaMP6f and paQuasAr3 were picked and cultured
on NGM plates containing 2 mM all-trans retinal for 24 h at 25 °C. Animals
were washed with imaging buffer (50 mM NaCl, 5 mM CaCl,, 1 mM MgCl,,
25 mM HEPES NaOH (pH 6.0), 0.02% gelatin) once and captured into the
olfactory chip'®.

GCaMP6f and paQuasAr3 fluorescence was observed with an Olym-
pus BX53 microscope equipped with a 60x objective (UPLSAPO60XS2).
GCaMP6f and paQuasAr3 were excited at 470 nm (1000 mW) and 640 nm
(400 mW) with alaser (LDI, 89North) using a dichroic mirror (488/543/635
Semrock). At the front aperture of the objective lens, the laser power was
3 mW (low-speed imaging) to 12 mW (high-speed imaging) at 470 nm and
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Fig. 5 | The responses of GCaMP6f and paQuasAr3 in odr-3 mutant animals.

A Dose responses to the change in GCaMP6f and paQuasAr3 in wild-type (dark
green for GCaMP6f and purple for paQuasAr3) and odr-3 (light green for GCaMP6f
and red for paQuasAr3) animals with the standard error of the mean (SEM) as
shades. Blue bars indicate the period of the diacetyl stimulation. B Fluorescent
responses, with maximum increases of F/F, > 0.08, similar to wild-type standard
responses (average responses by diacetyl 10~°), are shown in blue (correlation
coefficients > 0.6) and red (correlation coefficients > 0.85). Each line shows the result
of an individual animal. The vertical solid line shows the beginning of stimulation by

diacetyl. Bold horizontal bars indicate the duration of stimulation. C Averaged
paQuasAr3 traces to the various concentrations of odr-3 animals when the most
similar GCaMPéf to the standard responses (Supplemental Fig. 5B). t, indicates the
beginning of the most similar responses to the standard. Average traces of GCaMP6f
and paQuasAr3 in odr-3 are shown with the standard error of the mean (SEM) as
shades. D ODR-3 was important in stabilizing the neuronal activities of AWA
neurons. The spontaneous activation without stimulation is much more frequently
observed in odr-3 deficient mutant animals (Student T test p = 0.00020).

4mW (low-speed imaging) to 33 mW (high-speed imaging) at 640 nm.
Fluorescent images of GCaMP6f and paQuasAr3 were separated using a
dichroic mirror (FF580-FDIO1 Semrock) in Gemini (Hamamatsu) and were
captured every 50 ms (20 fps) through emission filters (512/25 for GCaMP6f
and 708/75 for paQuasAr3) (Semrock) by ORCA-Flash4.0 (Hamamatsu).
An ND filter (10%) was used for GCaMP6f fluorescence reduction. Fluor-
escent images were processed using original software written in MATLAB
(Mathworks). Briefly, the cell body of AWA neurons was manually deli-
neated as ROI (Region of Interest) and tracked. The average intensities of the
top 10% pixels in the ROI were used for the intensities of AWA neurons.
The resulting time-series data were corrected for the photobleaching by SSA
(Singular Spectrum Analysis)™.

For the fast recordings, the fluorescent images exposed for 4 ms were
captured every 4 ms (250 fps) by the same system, except that the emission
filter (720/75) was used for paQuasAr3. The captured images were pro-
cessed as above, except that the timeline data was filtered with a median filter
(n=5) in Fig. 2 and without the filter in Supplemental Fig. 2B.

Animals were stimulated with various concentrations of odorants in
imaging buffer using MPS (World Precision Instruments). For sequential
stimulation, we altered the olfactory chip to have three lines instead of one in
the original chip (Supplementary Fig. 4).

Image processing

In our system, GCaMP6f and paQuasAr3 were captured side-by-side in one
image, so they had a standard positional coordinate system. First, an ROI
surrounding the cell body was manually defined in the initial frame of the
GCaMP6f images. Second, our software automatically defined the corre-
sponding ROl in the initial frame of the paQuasAr3. For subsequent frames,
ROIs in the GCaMP6f and paQuasAr3 images were automatically tracked
by our software. Briefly, our software searches the minimum of the differ-
ence of the ROI (ArgMinZ(Aij-Bij)’, where Aij € ROI and Bij € ROI of the
next frame).

Then, the spatial average of the top 10% of the fluorescent intensity
within the ROI was calculated at every frame for GCaMP6f and paQuasAr3,
respectively. After that, SSA was applied to remove DC trends that reflect
fluorescence photobleaching from the paQuasAr3 data. Finally, the software
normalized each GCaMP6f and paQuasAr3 data by the value obtained in
the 1 s interval before the first diacetyl stimulation.

Singular spectrum analysis (SSA)

We briefly describe the methodology of SSA™. Let us denote the original
time series data as x,, x,, - - - , Xy, Where N is the length of the time series.
The time series data is embedded into a trajectory matrix, X, of lagged
vectors. The trajectory matrix with a window size L can be constructed
as follows:

X1 X2 e XN
X, X3 X1
X =
XN—L+1 XN—L+2 Xy

Here, each column of X represents a lagged vector of the time series.
Then the trajectory matrix X is decomposed into three matrices by applying

Singular Value Decomposition:

2
Uy o Ugg o - 0 Yn o Vi
X=vuzvl=| : . : oL o],

2
UnL 0 - o1 Yoo o Vi

Uny
where U isan N X L matrix whose columns are the left singular vectors, X is
an L x L diagonal matrix containing the singular values 03, 03, - - -, 02, V is
an L X L matrix whose columns are the right singular vectors. Through this
decomposition, a slowly varying DC component at time i can be recon-
structed by

P r <L
E=) L ojuyvy(r <L),

For photobleaching correction, we chose empirical parameters of SSA
as L = 300, r = 1 for the low-speed imaging and L = 3,750, r = 1 for the
high-speed imaging.

Analyses of ODR-3 responses

The average of normalized fluorescent responses of GCaMP to 10~ diacetyl
stimulation (15-25s) in wild-type animals was used as the standard
response (Supplemental Fig. 5B). The correlation coefficient of each
GCaMP fluorescence of 10 s bins to the standard responses was calculated.
The time points where the correlation coefficients are > 0.6 and 0.85 and the
maximum changes to the fluorescent ratio are>0.08 are visualized in
Fig. 5B. The time points at which the maximum correlation coefficients were
observed in each animal were used to calculate the average paQuasAr3
fluorescent changes at the time of the Ca** increase.

Chemotaxis assay

Chemotaxis assay toward attractive odorants was performed as described
previously”, with the exception that the assay plates contained 50 mM
NaCl*. We used 1% diacetyl (0.11 M; Sigma-Aldrich) and 10 mg/ml (W/V)
pyrazine. For adaptation, animals were incubated in S-Basal buffer (100 mM
NacCl, 50 mM K,HPOj, [pH 6], 0.02% gelatin) containing 0.02% diacetyl at
20°C for 1.5h. Animal responses were measured within 30 min after
conditioning.

Statistical analyses

F/F, was calculated as the fluorescent intensities relative to the basal
fluorescent intensity during 1s of the application of the odorant. For
comparison, the data were analyzed by t-test (Fig. 4) or one-way ANOVA
with Tukey-Kramer post hoc test (Figs. 1F, 5D) by using Bellcurve for Excel.
Sample sizes are noted in the figure legends.

Reporting summary
Further information on research design is available in the Nature Portfolio
Reporting Summary linked to this article.

Data availability

All raw data and MATLAB programs for image processing that used in
this study have been deposited in the QIR repository and can be found at
https://doi.org/10.48708/7183604.
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