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A B S T R A C T   

Animals’ sensory systems adjust their responsiveness to environmental stimuli that vary greatly in their intensity. 
Here we report the neural mechanism of experience-dependent sensory adjustment, especially gain control, in 
the ASH nociceptive neurons in Caenorhabditis elegans. Using calcium imaging under gradual changes in stimulus 
intensity, we find that the ASH neurons of naive animals respond to concentration increases in a repulsive odor 2- 
nonanone regardless of the magnitude of the concentration increase. However, after preexposure to the odor, the 
ASH neurons exhibit significantly weak responses to a small gradual increase in odor concentration while their 
responses to a large gradual increase remain strong. Thus, preexposure changes the slope of stimulus–response 
relationships (i.e., gain control). Behavioral analysis suggests that this gain control contributes to the 
preexposure-dependent enhancement of odor avoidance behavior. Mathematical analysis reveals that the ASH 
response consists of fast and slow components, and that the fast component is specifically suppressed by pre
exposure for the gain control. In addition, genetic analysis suggests that G protein signaling may be required for 
the regulation of fast component. We propose how prior experience dynamically and specifically modulates 
stimulus–response relationships in sensory neurons, eventually leading to adaptive modulation of behavior.   

1. Introduction 

Animals use their sensory organs to interpret stimuli from the 
external environment and to effectively survive and reproduce. The in
tensity of these stimuli can vary by a factor of 1010, although the range of 
neuronal activity is generally limited to a factor of 102 (Shapley and 
Enroth-Cugell, 1984). Thus, animals need to adjust their range of 
neuronal activity in peripheral and central sensory systems according to 
stimulus intensity. Such regulation of neuronal responsiveness has been 
reported in visual, auditory, olfactory, mechanical, and nociceptive 
systems, in a variety of animal species ranging from invertebrates to 
vertebrates (Carew et al., 1971; Dragoi et al., 2000; Priebe and Ferster, 
2002; Ulanovsky et al., 2003; Woolf and Ma, 2007; Root et al., 2008). 

One type of neuronal response modulation is sensory gain control. 

Gain control refers to a modulation that changes the slope of stim
ulus–response relationships and is different from adaptation or sensiti
zation, which decreases or increases the overall responsiveness (Fig. S1). 
Gain control has been reported to occur in the visual, auditory and so
matosensory cortices of mammals and the olfactory circuit of Drosophila, 
and it is likely conserved across taxa (Ohzawa et al., 1982; Andersen 
et al., 1985; Chance et al., 2002; Olsen and Wilson, 2008; Anderson 
et al., 2017; Azimi et al., 2020). However, neuronal and/or molecular 
mechanisms underlying gain control, as well as the effect of gain control 
on sensory behavior, have not been sufficiently elucidated. 

The nematode Caenorhabditis elegans has been widely used to study 
the mechanisms of sensory responses. The animals respond to various 
sensory stimuli, which are modulated by experience as learning, and the 
neurons and genes involved in these responses have also been identified 
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(De Bono and Maricq, 2005; Bargmann, 2006; Sasakura and Mori, 2013; 
Ferkey et al., 2021). However, sensory gain control has been shown only 
in a few mutant strains of the animals (Kuhara et al., 2002; Saro et al., 
2020), and it has not been clear whether and how sensory gain control 
contributes to the wild-type animals’ sensory behavior, such as navi
gation under a chemical gradient. 

C. elegans avoidance behavior to the odorant 2-nonanone is an ideal 
experimental paradigm to study the animals’ sensory response and 
experience-dependent modulation. The animals avoid the odor, and this 
odor avoidance behavior is enhanced by preexposure to the odor for 1 h 
as a type of non-associative learning (Fig. 1A) (Bargmann et al., 1993; 
Kimura et al., 2010). We have found that olfactory AWB neuron pair and 
nociceptive ASH neuron pair respond to the odor decrease and increase, 
respectively. We have further revealed that slowly increasing activity in 

AWB and ASH neurons is dependent on L-type voltage-gated calcium 
channel (VGCC) EGL-19 and that the slow activity can be modeled by a 
leaky integrator equation (Fig. 1B and C; Tanimoto et al., 2017). Inter
estingly, we have also found that the ASH response to a small odor in
crease is reduced by odor preexposure, indicating an 
experience-dependent modulation of its activity, although its detail 
has not been revealed (Yamazaki et al., 2019). ASH neurons are 
considered as a simple model for polymodal nociceptive neurons 
evolutionarily conserved from worms to mammals (Kaplan and Horvitz, 
1993). Thus, analyzing the experience-dependent changes in ASH 
response to 2-nonanone will be ideal to address questions at the levels of 
behavior, neural activity, and molecules. 

In this study, we show that sensory gain control occurs in ASH sen
sory neurons of C. elegans for efficient odor avoidance by preexposure to 

Fig. 1. C. elegans avoidance behavior to the odorant 2-nonanone and neural responses related this behavior. A, Preexposure-dependent enhancement of odor 
avoidance behavior. (left) Example of an animal’s trajectory tracked during 12 min of 2-nonanone avoidance assay. (middle) The three conditions for 2-nonanone 
avoidance assay. (right) Result of 2-nonanone avoidance assay, where the average avoidance distance ± standard error in each condition is shown (n = 47, 45, 44 in 
naive, mock-treated, and preexposed conditions, respectively). Compared to control (i.e., naive and mock-treated) animals, preexposed animals exhibit significantly 
longer avoidance distances. * ** p < 0.001 (Kruskal-Wallis test with post hoc Steel-Dwass test). B, AWB response to a constant gradual decrease in 2-nonanone 
concentration. When a constant odor decrease (upper panel) is presented, AWB neurons in naive wild-type animals exhibit a gradually increasing response 
(black solid line in lower panel), which is mainly dependent on L-type VGCC EGL-19 and can be approximated by the leaky integration equation (top and yellow line 
in lower panel). The details of leaky integration equation are described in Materials and Methods. C, ASH response to a constant gradual increase in 2-nonanone 
concentration. When a simple gradual odor increase (upper panel; odor gradient #1) is presented, ASH neurons in naive wild-type animals exhibit a fast and 
relatively constant response (black solid line in lower panel). In contrast, when wild-type animals are treated with Nemadipine-A, a specific antagonist for EGL-19, 
ASH exhibits a fast and transient response (red dotted line in lower panel). Interestingly, when the transient response and the calculated leaky integration of time- 
differential of odor concentration mediated by the EGL-19 (yellow dotted line) are added (blue solid line), the added result nicely reproduces the actual ASH 
response. For panel C, instead of the ratio (GCaMP/mCherry), ΔR (ratio - baseline) was used because two different groups of wild-type ASH responses (untreated 
versus NemA-treated) were compared in this panel. Panels B and C are reproduced from the previous studies with some modifications (Tanimoto et al., 2017); the 
solid lines and associated shadows are the average values and their standard errors, respectively (For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article). 
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2-nonanone via specific suppression of one of its activity components. 
We find that preexposure changes the slope of the stimulus–response 
relationships, i.e. gain control, and that this experience-dependent 
modulation of sensory activity is consistent with the changes in the 
animals’ behavioral responses. On mathematical modeling, ASH 
response is well fitted as the sum of fast and slow components, and the 
preexposure experience suppresses the fast component specifically. 
Furthermore, genetic analysis suggests that G protein signaling may 
regulate this suppression. Thus, our results demonstrate how 
experience-dependent modulation of stimulus–response relationships 
occurs in a sensory neuron and how it leads to changes in behavioral 
responses. 

2. Materials and methods 

2.1. Strains 

The techniques used to culture and handle C. elegans were essentially 
as described previously (Brenner, 1974). C. elegans wild-type Bristol 
strain N2, JC2628 osm-9(ky10) ocr-2(ak47), RB1780 rgs-3(ok2288), 
MT1073 egl-4(n478), DR1089 unc-77(e625), and VC550 tag-180 
(ok779), were obtained from the Caenorhabditis Genetics Center (Uni
versity of Minnesota, USA). In all the behavioral and physiological ex
periments, we used young adult hermaphrodites. 

2.2. Calcium imaging by OSB2 system 

Calcium imaging of ASH sensory neurons was performed as previ
ously reported with some modifications (Tanimoto et al., 2017; Yama
zaki et al., 2019; Tanimoto and Kimura, 2021). In brief, transgenic lines 
expressing GCaMP3 (Tian et al., 2009) and mCherry (Shaner et al., 
2004) in ASH neurons of wild-type N2 background (20 ng/μl of sra-6p:: 
GCaMP3, 20 ng/μl of sra-6p::mCherry, 10 ng/μl of lin-44p::GFP, 
50 ng/μl of PvuII-cut N2 genomic DNA; KDK70034 and KDK70072) 
were placed on NGM plates and observed under our original microscope 
system, OSB2. To measure the neural activity of multiple animals in a 
single observation, the transgenic animals were immobilized using le
vamisole, an agonist to the acetylcholine receptor (Lewis et al., 1980); 
ASH response is not affected by levamisole treatment (Tanimoto et al., 
2017). If possible, neural activity was measured from the left and right 
ASH neurons in an animal. Each experimental condition was tested 
multiple times per day, which was repeated for 2–3 days in total. 
Experimental conditions, such as strains, odor stimuli and conditioning 
of the animals, were randomly set for each day. 

For odor stimulation, we delivered a mixture of 2-nonanone and air 
at a total of 8 mm/min and created a temporally changing gradient of 
odor concentration by changing the ratio of 2-nonanone to air. We 
measured this gradient using a custom-made semiconductor sensor at 
the tube end before and after performing the calcium imaging experi
ments on each day. The sensor was calibrated every day with 0.5, 1, 2 
and 4 μM concentrations (Tanimoto and Kimura, 2021). 

We divided the fluorescent signals of GCaMP3 and mCherry through 
a dual-wavelength measurement optical system, W-VIEW (Hamamatsu 
Photonics), and captured their fluorescence images using an EM-CCD 
camera (ImagEM, Hamamatsu Photonics) at a sampling rate of 10 Hz. 
After subtracting the background, we extracted the fluorescence in
tensity of the cell body using ImageJ (NIH) and used their ratio (GCaMP/ 
mCherry) as the data. 

2.3. Conditioning of the animals 

Calcium imaging of ASH was performed using OSB2 under the 
following three conditions as previously described (Kimura et al., 2010; 
Yamazoe-Umemoto et al., 2015). (1) Naive: the animals were cultivated 
on 6 cm NGM plates with OP50 provided as food, and were then washed 
briefly with NGM buffer and measured; (2) Preexp: the animals were 

preexposed to 0.6 μl of 15% 2-nonanone (diluted in ethanol) for 1 h on a 
6 cm NGM plate without food; and (3) Mock-treated: the animals were 
preexposed to ethanol in the same way as the preexp condition. The 
mock-treated condition is a control that shows that starvation itself does 
not affect the response to 2-nonanone. 

2.4. Data analysis and statistical analysis 

After the data acquisition, animals with too weak intensity of basal 
mCherry or GCaMP3 fluorescence were excluded because of the diffi
culty in tracking. To exclude noise, frames in which the GCaMP/ 
mCherry ratio was in the top 1% and bottom 1% of the total were 
removed. Statistical analyses were performed using the Kruskal-Wallis 
test with a post-hoc Steel-Dwass test using R (ver. 3.2.3, The R Proj
ect). In the figure, * indicates p < 0.05, * * indicates p < 0.01, and 
* ** indicates p < 0.001. Scatter plots represent median ± quartiles and 
other graphs represent the mean ± standard error. We chose the sample 
size based on a large scale behavioral analysis of C. elegans (Yemini et al., 
2013). 

2.5. Mathematical modeling of AWB-like responses by leaky integration 

Mathematical modeling of AWB-like responses was described in our 
previous work (Fig. 1B; Tanimoto et al., 2017). In brief, the activity of 
AWB neurons, which respond to decreases in 2-nonanone concentration, 
is well fitted with the following leaky integrator equation: 

dX(t)
dt

= I −
1
τ (X(t) − Xe ) (1)  

I = − k
dC(t)

dt  

where X(t) is the measured fluorescence signal of the neuron (GCaMP/ 
mCherry), I is the input, Xe is the basal calcium level in the steady state, k 
and 1/τ are the parameters, and C(t) is the measured odor concentra
tion. The model parameters k, 1/τ, and Xe were determined by the 
simple least-squares method (Excel solver). Eq. (1) indicates that the 
neuronal response X(t) increases according to the input (negative dC(t)/ 
dt) and reduces ("leaks") according to the X(t) itself and returns to the 
steady state Xe. For example, when an animal experiences a constant 
decrease in odor concentration, the constant decrease is transformed to a 
constant depolarization, and it causes constant calcium influx via L-type 
VGCC EGL-19, and the calcium concentration reduces according to its 
total amount possibly via leak channel(s) (Tanimoto et al., 2017). Since 
AWB neurons respond only to decreases in odor concentration, zero is 
substituted to dC(t)/dt when dC(t)/dt is positive in Eq. (1). This AWB 
activity was essentially abolished by treatment of animals with 
Nemadipine-A (NemA), the antagonist of C. elegans L-type VGCC (Kwok 
et al., 2006) or by egl-19 mutation, indicating that the AWB activity is 
mainly mediated by the L-type VGCC homolog EGL-19. 

In NemA-treated animals, ASH neurons are rapidly activated at the 
beginning of the odor-increasing phase but soon inactivated gradually 
even though the odor concentration kept increasing (red dotted line in 
Fig. 1C). When we assumed that the NemA-treatment suppressed AWB- 
like leaky integration activity (yellow dotted line in Fig. 1C), the sum of 
the remaining and the suppressed activities (blue solid line in Fig. 1C) 
nicely resembled the measured ASH activity (black solid line in Fig. 1C). 
We call the transient and gradual activities the fast and slow compo
nents, respectively (Tanimoto et al., 2017). 

2.6. The first and second differential model of ASH responses 

We extended the previous model Eq. (1) by introducing the second- 
order time differential of input C representing the fast component: 
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dX(t)
dt

= k1
dC(t)

dt
+ k2

d2C(t)
dt2 −

1
τ (X(t) − Xe ) (2)  

where X(t) is the measured ASH signal, Xe is the basal calcium level, and 
k1, k2 and 1/τ are parameters for the first- and second-order time dif
ferential and the leaky part, respectively. The parameters k1, k2, 1/τ, and 
Xe were determined by the simple least-squares method for each odor 
stimulus. dC(t)/dt and d2C(t)/dt2 were calculated using the central dif
ference scheme. Since ASH neurons respond only to increases in odor 
concentration (Tanimoto et al., 2017), zero is substituted to dC(t)/dt or 
d2C(t)/dt2 when dC(t)/dt or d2C(t)/dt2 is negative in Eq. (2). 

The first and second differential model Eq. (2) is further extended on 
the terms of the second-order time-differential and Xe: 

dX(t)
dt

= k1
dC(t)

dt
+ Φ

(

k2
d2C(t)

dt2

)

−
1
τ (X(t) − Xe(t) ), (3)  

where Φ(x) is the saturation function as the following equation: 

Φ(x) =
{

0.14, if x > 0.14
x, if x ≤ 0.14

}

(4) 

This saturation function is introduced to prevent the parameters 
from becoming too large when the dC/dt approaches zero. 0.14 was 
arbitrary determined. 

Xe(t) changes over time as follows: 

Xe(t) =

⎧
⎪⎪⎪⎨

⎪⎪⎪⎩

b1, if t < t1

b2 − b1

t2 − t1
(t − t1) + b1, if t1 ≤ t ≤ t2

b2, if t2 < t

⎫
⎪⎪⎪⎬

⎪⎪⎪⎭

(5)  

where t1 is the time at the start of the first odor increase phase, and t2 is 
the time at the end of the first odor increase phase. The parameters b1 
and b2 were determined by the simple least-squares method with the 
actual ASH response during 30 s until 10 s before the start of the first 
odor increase phase (t1) and 1 min after the first odor stimulus (t2), 
respectively, in each condition (Table 3). Eq. (5) was introduced because 
the basal calcium level changed after the first odor stimulus. This 
equation indicates that the steady-state calcium concentration could be 
affected by recent experience with the odor stimulus. 

In terms of parameters in Eq. (3), we plotted the relationships among 
parameters (k1, k2, and 1/τ) and various aspects of odor inputs (average, 
maximum, or accumulation of C, dC/dt, and d2C/dt2) and fitted the re
lationships to the logarithmic function (y = f ln(x) + g) of the odor in
puts (Excel solver) (Fig. 6 A and Fig. S6); fitting of k1 and 1/τ to linear 
functions (y = h x + i) of the odor inputs was worsened (Table 2). We 
chose the aspect of odor input with the smallest or the second smallest 
residual sum of squares, and the logarithmic functions of our chosen 
aspect for k1 and 1/τ were similar between naive, mock-treated and 
preexposed conditions. Thus we further optimized the parameters f and 
g manually such that they were the same for all three conditions 
(Fig. 6A). 

As a lower threshold for 1/τ, the following function is introduced: 

1
τ =

{
0.02ln(x) + 0.11, if x > 0.1

0.02ln(0.1) + 0.11, if x ≤ 0.1

}

(6)  

where x denotes d2C(t)/dt2. This function is introduced to prevent 1/τ 
from becoming too small when the increase in odor concentration ap
proaches zero (Fig. 6A). 0.1 was arbitrary determined. 

2.7. Evaluation of the mathematical model 

The Bayesian information criterion (BIC) (Schwarz, 1978) was used 
to assess the fit of the data using a mathematical model. The smaller the 
BIC value, the better is the model fit. In BIC, the goodness of fit for the 
model, including a penalty term to prevent overfitting, is given by the 

following equation: 

BIC = Nln
(

RSS
N

)

+Mln(N) (7)  

where N is the number of frames used for the fitting, RSS is the sum of 
the squared residuals between the model and the actual response, and M 
is the number of free parameters used in the model. M= 2 for the orig
inal simple time-differential model (Fig. 5A and S3A) because of k and 
Xe, M= 3 for the model with the leaky integration of only first- or 
second-order time-differential (Fig. 5B, C and S3B, C) because of k1 or k2 
and 1/τ and Xe, M= 4 for the first and second differential model (Fig. 4B) 
because of k1, k2, 1/τ and Xe, and M= 12 for the first and second dif
ferential model with stimulus-dependent parameters (Fig. 6B) because 
there were two parameters each in the stimulus-dependent parameters 
k1, k2, and 1/τ, four parameters in Xe(t), one parameter in Φ(x), and one 
parameter in lower threshold for 1/τ. 

2.8. Behavioral analysis 

Trajectories obtained by a high-resolution USB camera 
(DMK72AUC02; The Imaging Source, United States) during 2-nonanone 
avoidance behavior were clustered using the previously reported 
STEFTR method (Yamazaki et al., 2019). In brief, clustering was per
formed using variances of temporal changes in bearing, and the cluster 
with the smallest variances of temporal changes in bearing was classified 
as “run” (a period of relatively long straight movement), while the other 
clusters were classified as “pirouette” (a period of short movements 
interrupted by frequent reversals and turns) categories. This classifica
tion of “run” and ”pirouette” was more than 90% consistent with the 
previous one based on the durations of straight migration: Essentially, if 
a worm’s migration was not interrupted by an angle change larger than 
90◦ /s for ≥ 14 s, the migration was classified as a run; turns and shorter 
migrations were classified as pirouettes (Yamazoe-Umemoto et al., 
2015). Then, the change in the odor concentration sensed during the run 
was calculated according to an odor gradient model based on the 
measured odor concentrations (Yamazoe-Umemoto et al., 2015). The 
behavioral data have already been used previously (Yamazaki et al., 
2019), and re-analyzed in this study. 

3. Results 

3.1. Sensory gain control in ASH neurons caused by odor preexposure 

To reveal how experience changes the activities of sensory neurons 
under conditions of physiologically meaningful odor stimuli, we inves
tigated ASH activities before and after preexposure to 2-nonanone. Our 
previous quantitative behavioral analysis revealed that C. elegans senses 
approximately 5–20 nM/s concentration changes during 2-nonanone 
avoidance behavior (Yamazoe-Umemoto et al., 2015). Therefore, in 
this experiment, we used three types of stimuli in a series of odor 
stimulations: (1) a minimum increase that could be provided stably by 
our original microscope system OSB2 (3 nM/s) (Tanimoto et al., 2017); 
(2) a maximum increase sensed during the behavioral experiment 
(20 nM/s); and (3) an even larger increase (40 nM/s). We measured the 
ASH responses to these stimuli under three different conditions with 
prior treatments: naive, mock-treated, and preexposed (Fig. 1A). 

In the naive condition, the ASH response to 3 nM/s started to in
crease immediately after the onset of odor increase, quickly reached 
close to the maximum value, and the magnitude of the response was 
sustained during the odor increase (Fig. 2A). When the odor began to 
decrease, the response also decreased, and when the odor concentration 
returned to zero, the ASH response returned to a basal level. The ASH 
responses to 20 and 40 nM/s odor increases were essentially similar to 
the response to 3 nM/s in magnitude and pattern. The results of the 
mock-treated condition were similar to those of the naive animals. In 
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summary, the magnitude of the response was always constant in naive 
and mock-treated conditions, regardless of the magnitude of the odor 
increase. 

In the preexposed condition, unlike naive and mock-treated animals, 
ASH did not respond much to the 3 nM/s increase. Its maximum value 
was substantially smaller than those in the naive and the mock-treated 
animals, and the activity slowly increased and reached the maximum 
value at the end of the odor-increasing phase (Fig. 2A); this smaller 
response after preexposure is consistent with our previous finding 
(Yamazaki et al., 2019). Unexpectedly, however, we newly found that 
ASH responded strongly to the 20 and 40 nM/s increases even after 
preexposure, and the magnitude of the response increased according to 
the magnitude of the odor increase (Fig. 2A). 

In terms of the maximum response to each odor increase, there was 
no significant difference in the responses to 20 and 40 nM/s, but the 
response to 3 nM/s was significantly smaller in the preexposed animals 
than in the naive and mock-treated animals (Fig. 2B). The linear 
approximation of the average responses to each odor increase did not 
change much in the naive and mock-treated conditions, but was positive 
in the preexposed condition (Fig. 2 C). Furthermore, by calculating the 
slope of each animal’s response to the 3, 20, and 40 nM/s stimuli, we 
found that the slopes of the preexposed response were significantly 
larger than those of the naive and mock-treated responses (Fig. 2D). 
Thus, the slope of stimulus–response relationships of ASH neurons 

changes because of preexposure to the odor, not adaptation or sensiti
zation, which is an overall increase or decrease of the relationships 
without changes in its slope (Fig. S1). In other words, gain control occurs 
in ASH neurons because of preexposure to the odor. 

3.2. Behavioral significance of ASH gain control by preexposure 

Next, we investigated whether the ASH gain control after pre
exposure could explain the enhanced 2-nonanone avoidance behavior 
(Kimura et al., 2010). In previous studies, we found that the odor 
avoidance behavior consists of two behavioral states: (1) run, a period of 
long straight movement, and (2) pirouette, a period of repeated short 
movements with frequent directional changes (Fig. S2) (Pierce-
Shimomura et al., 1999; Kimura et al., 2010). Since ASH responds to the 
odor increase to cause pirouettes (Tanimoto et al., 2017), a simple 
scenario would be that ASH sensitivity increases to make the animal 
avoid 2-nonanone sooner after preexposure. However, our results indi
cate that ASH after preexposure is less sensitive when the increase in 
odor concentration was small (Fig. 2A). 

To understand how changes in ASH response as gain control affect 
odor avoidance behavior, we calculated time-course changes in odor 
concentration that each animal sensed during the odor avoidance. This 
calculation was according to the model of 2-nonanone evaporation and 
diffusion, which is based on the actual measurement of the local odor 

Fig. 2. Preexposure to the repulsive odor 2-nonanone causes the sensory gain control in ASH neurons. A, ASH responses to three consecutive stimuli (3, 20, and 
40 nM/s; top) in the three conditions. In the naive (green) and mock-treated (pale red) conditions, the responses were always large regardless of the stimulus in
tensity. However, in the preexposure condition (dark red), the responses were smaller for small stimuli and larger for large stimuli. The solid lines and associated 
shadows are the average values and their standard errors, respectively (n = 71, 57, 61 in naive, mock-treated, and preexposed conditions, respectively). The gray 
dotted lines indicate the onset and end of the odor increase phase. B, Scatter plot of the maximum values of ASH response (shown in panel A) to each stimulus. 
* ** p < 0.001 (Kruskal-Wallis test with post hoc Steel-Dwass test). C, Correlation between the rate of odor concentration increase and the maximum value of ASH 
response. The mean ± standard error of ASH maximum values in panel B and its linear approximation are shown. D, Scatter plot of the slope of the response. Each 
slope was calculated by linear approximation of maximum values of ASH responses of an animal to the three stimuli (3, 20, and 40 nM/s). * ** p < 0.001 (Kruskal- 
Wallis test with post hoc Steel-Dwass test). The statistical details are described in Supplementary Table 1 (For interpretation of the references to color in this figure 
legend, the reader is referred to the web version of this article). 
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concentration in the air phase of the plate (Tanimoto et al., 2017). We 
then analyzed the reverse correlations between odor concentration 
changes and behavioral aspects of the animals. 

We found that the change in odor concentration upon initiation of 
the pirouette phase was almost zero in the naive and mock-treated 
conditions, but was positive in the preexposed condition (Fig. 3A). 
This suggests that naive and mock-treated animals initiated pirouettes in 
response to very small increases in odor concentration, while the pre
exposed animals responded only to larger increases. This is consistent 
with our results on the ASH response, which is very sensitive to a small 

odor increase in naive and mock-treated conditions, but less sensitive in 
the preexposed condition (Fig. 2). This change can explain the enhanced 
odor avoidance behavior by the animals after odor preexposure (Fig. 3B) 
(see Discussion). 

3.3. Modeling the experience-dependent gain control in ASH activity 

In order to obtain quantitative insights into the mechanism of gain 
control caused by preexposure, we performed mathematical modeling of 
the ASH response. In our previous study, the AWB response to a simple 

Fig. 3. Experience-dependent modulation of the odor avoidance behavior due to ASH gain control. A, Time-course changes of odor concentration that the animals 
sensed before the initiation of a pirouette. The odor concentrations that each animal sensed 30 s before the initiation were ensemble-averaged. The average values 
± standard error of naive, mock-treated, and preexposed animals are shown in green, pale red and dark red, respectively (n = 50 in all conditions). In the naive and 
mock-treated animals, the transition from run to pirouette on average occurred when the average value of odor concentration change became close to zero, whereas 
the transition occurred several seconds after the animals started sensing increases in the odor concentration in the preexposed condition. B, A model relationship 
between odor concentration change and behavioral response during odor avoidance behavior. An efficient avoidance behavior is accomplished by suppressing the 
response to a slight odor increase. A part of this figure has been published previously (Yamazaki et al., 2019) (For interpretation of the references to color in this 
figure legend, the reader is referred to the web version of this article). 
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gradual odor decrease is modeled by the leaky integration of time- 
differential (dC/dt) of odor concentration (C) (see Fig. 1B and Eq. (1) 
in Materials and Methods), and the ASH response to the simple gradual 
odor increase (odor gradient #1 used in Fig. 1C) was modeled by simple 
time-differential of odor concentration (Tanimoto et al., 2017). How
ever, the simple time-differential model did not sufficiently reproduce 
the ASH response to the series of three odor stimulations (odor gradient 
#2 used in Fig. 2A), especially in the later phase of each odor stimulus 
and in the preexposed condition (Fig. S3A). 

Because our pharmacological study suggested that the ASH response 

to the odor gradient #1 consists of fast and slow components, and the 
slow component was modeled by the leaky integration of time- 
differential of odor concentration (Fig. 1C), we sought to model the 
fast component of ASH response mathematically. The fast component 
started to increase at the onset of odor concentration increase, and soon 
it started to decrease even when the odor concentration continued to 
increase (red dotted line in Fig. 1C). This time course of the fast 
component can be approximated by a leaky integration of the second- 
order time-differential (d2C/dt2) of the odor concentration (vertical 
gray bar and red line in "d2C/dt2" panel in Fig. 4A). We extended the 

Fig. 4. Mathematical model of wild-type ASH response independently fitted to a single odor stimulus. A, Schematic drawing of a mathematical model of ASH 
response. Equation of the first and second differential model is shown at the top. Also shown are the time course of a simple gradual odor concentration increase (top 
panel), first-order time-differential of odor concentration and its leaky integration (gray rectangle and yellow line, respectively, in the second panel), second-order 
time-differential of the odor concentration and its leaky integration (gray vertical bar and red line, respectively, in the third panel; negative value of second-order 
time-differential is not calculated), and the sum of leaky integration of first- and second-order time-differentials (blue solid, yellow dashed and red dashed lines, 
respectively, in the bottom panel). B, The results of fitting the ASH response to the simple gradual odor increase used in the previous study (left; odor gradient #1, 
n = 39) and independent fitting to each of three consecutive odor stimuli used in Fig. 2A (right; odor gradient #2, n = 71, 57, 61 in naive, mock-treated, and 
preexposed conditions, respectively). The top panels exhibit each odor concentration change, and lower panels exhibit ASH responses to each stimulus of animals 
with different conditioning (naive, mock-treated or preexposed). The black line and the associated gray area are the average ASH responses and their standard errors, 
the blue line is the model, the yellow and red dashed lines are the first- and second-order components in the model, respectively. The gray dotted line indicates the 
onset and end of the odor increase phase. Note that in the preexposed condition, the first-order component (yellow) and the sum (blue) almost completely overlapped 
because the contribution of second-order component (red) was very small (For interpretation of the references to color in this figure legend, the reader is referred to 
the web version of this article). 
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model, hereafter referred to as "first and second differential model", 
where the ASH response itself is represented by a leaky integration of the 
sum of both the first- and second-order time-differentials of the odor 
concentration (Fig. 4A; Eq. (2) in Materials and Methods). 

We examined whether the first and second differential model could 
reproduce the ASH responses to odor gradients #1 and #2. By deter
mining the model parameters to the odor gradient #1 and to each odor 
stimulus in odor gradient #2 independently, the model reproduced the 
ASH activities well in most of the conditions (blue lines in Fig. 4B). 
Interestingly, the contribution of the fast component in ASH activities 
was substantially lower in preexposed than in naive and mock-treated 
conditions (red lines in right panels in Fig. 4B), suggesting that the 
fast component is specifically suppressed by the preexposure (see 
below). 

To test the optimality of the first and second differential model, we 
compared the goodness of fit among the first and second differential 
model and three other models: the original simple time-differential 
model, and leaky integration of only first- or second-order time-differ
ential models (Fig. 5 and S3). By calculating the Bayesian Information 
Criterion (BIC) (Schwarz, 1978) for each model, we found that the first 
and second differential model had the best or close-to-the-best goodness 
of fit in all naive and mock-treated conditions (Table 1), demonstrating 
the optimality of the model for these conditions. In the preexposed 
condition, the leaky integration of first-order time-differential model 
had the best fit, consistent with the suppression of the fast (second-order 
time-differential) component in ASH activity (Fig. 4B right). 

The contributions of the fast and slow components exhibited 
remarkable differences for every odor gradient #2. For example, in 
naive and mock-treated conditions, the fast component became signifi
cantly smaller when odor concentration increased more rapidly 
(compare the response to the first odor stimulus to the ones to the second 
and third odor stimuli) (Fig. 4B right and Fig. S4). Consistently, when 
these parameters were uniquely determined for all the odor stimuli, the 
model did not accurately reproduce the ASH responses to odor gradient 
#2 (Fig. S5). These results suggest that the parameters depend on some 
aspects of the stimuli, such as the odor concentration and/or its 
changing velocity. 

To test whether and how the parameters depend on aspects of 

stimuli, we plotted the relationships between the parameters and mul
tiple aspects of the odor stimuli. We found that each parameter 
approximately follows a logarithmic function of the stimulus intensity 
(Fig. S6 and Table 2). Interestingly, in the well-fitted cases (red rect
angles in Fig. S6), this function of the slow component (k1) and the leaky 
part (1/τ) were similar among naive, mock-treated and preexposed 
conditions, although that of the fast component (k2) was much lower for 
preexposed than for naive and mock-treated conditions. When we 
further introduced this stimulus-intensity dependency into the first and 
second differential model (Eqs. (3)–(5) in Materials and Methods and  
Table 3), the model unifyingly reproduced the ASH responses to odor 
gradients #1 and #2 as well as their gain control-dependent changes 
(Fig. 6A and B). These results suggest that the contributions of fast and 
slow components and the leak of ASH response depend on the function 
of the odor stimulus intensity and that the fast component is further 
suppressed after odor preexposure for the gain control. The differences 
in the relationships between stimuli aspects and each parameter may 
reflect the regulatory mechanisms of fast and slow components and the 
leak activity (see Discussion). 

3.4. Genetic analysis of the ASH response 

Finally, we searched for genes possibly involved in the fast compo
nent of ASH responses. We hypothesized that the mutants of such genes 
would exhibit the slow component-like response in naive or mock- 
treated (i.e., control) conditions. 

We first analyzed mutants of cation channels. osm-9 and ocr-2 are the 
homologs of TRPV cation channels and known to function in ASH neu
rons for depolarization caused by sensory stimuli (Colbert et al., 1997; 
Tobin et al., 2002) although their physiological role in 2-nonanone 
sensation has not been revealed. osm-9 ocr-2 double mutants exhibited 
substantially no response (Fig. 7A), suggesting that they are also 
required for sensory depolarization caused by 2-nonanone. The L-type 
VGCC subunit α1 EGL-19 is responsible for the slow component, 
although loss-of-function mutations in N- and T- types of VGCC subunit 
α1, unc-2 and cca-1 respectively, did not affect ASH response to the odor 
(Tanimoto et al., 2017). In this study we tested the homologs of a VGCC 
auxiliary subunit α2δ2 and a sodium leak channel, tag-180 and unc-77, 

Fig. 5. Independent fitting of the wild-type ASH response to the odor gradient #1 with other models. A, Equation and the fitting results of the ASH response with the 
original simple time-differential model. B, Equation and the fitting results of the ASH response with the leaky integration of first-order time-differential model. C, 
Equation and the fitting results of the ASH response with the leaky integration of second-order time-differential model. In each panel, the black line indicates the 
actual ASH response (same with Fig. 4B left) and the colored line indicates the model, respectively. The gray dotted line indicates the onset and end of the odor 
increase phase (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article). 
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respectively (Yeh et al., 2008; Lainé et al., 2011). Both of the mutant 
strains exhibited wild-type-like responses that were properly fitted with 
the ASH model (Fig. 7A), indicating that these genes are not involved in 
the ASH response either. 

We then analyzed other candidates that have been known to be 
involved in modulation of sensory neuronal activity in C. elegans: egl-4 
(cyclic GMP-dependent protein kinase: PKG), and rgs-3 (regulator of G 
protein signaling: RGS) (L’Etoile et al., 2002; Ferkey et al., 2007). The 
ASH responses of egl-4 and rgs-3 mutants in the control condition were 
substantially suppressed (black lines in Fig. 7A). Remarkably, the ASH 
responses of egl-4 and rgs-3 mutants were best fitted with the first-order 
(i.e., slow) only model (yellow lines in Fig. 7A and Table 4), suggesting 
that the fast component of ASH activity requires these gene products. It 
has been reported that EGL-4 phosphorylates RGS-3, and 
loss-of-function mutations in either of the genes regulates ASH neuronal 
and ASH-mediated behavioral responses to other repulsive stimuli 
(Krzyzanowski et al., 2013). Therefore, this PKG–RGS pathway may 
regulate the fast component of the ASH response to 2-nonanone as well 
(see Discussion). 

4. Discussion 

4.1. 2-nonanone avoidance is enhanced by gain control in ASH sensory 
neurons 

In this study, we demonstrated that the responsiveness of the ASH 
sensory neurons of C. elegans to 2-nonanone exhibits gain control after 
preexposure to the odor (Fig. 2). Based on the changes in behavioral 
responsiveness to the odor increase caused by the odor preexposure 
(Fig. 3A), we consider that this sensory gain control contributes to the 

ability of C. elegans to efficiently navigate down the gradient of repulsive 
odor. The animals in the 2-nonanone avoidance assay generally move 
away from the odor source and sense decreases in the odor concentra
tion. However, their avoidance movements are frequently interrupted 
because of stochastic occurrence of pirouettes and/or of small increases 
in odor concentration (Yamazoe-Umemoto et al., 2015). This stochastic 
increase of odor concentration could be caused by (1) the direction of 
the animals’ movement straying from the ideal, (2) small fluctuations in 
the odor gradient, and/or (3) small periodic changes in the sensed odor 
concentration caused by the animals’ sinusoidal head swing. In the naive 
and mock-treated conditions, the animals initiate pirouettes when they 
experience even a small increase in odor concentration (Fig. 3B, top 
left). However, in the preexposed condition, the animals do not respond 
to small increases (Fig. 3B, top right) but initiate pirouettes when they 
sense larger increases (Fig. 3B, bottom panels), which results in a longer 
avoidance distance traveled in the same period. Thus, 
experience-dependent changes in ASH response due to gain control 
likely contribute the enhanced odor avoidance behavior, which could 
also be effective in a real-world environment infused with noise. 

To our knowledge, this is the first report of sensory gain control in 
wild-type C. elegans; sensory gain control has been shown only in a few 
mutant strains of the animals (Kuhara et al., 2002; Saro et al., 2020). 
There are multiple examples of behavioral changes in C. elegans due to 
activity changes in sensory neurons that are affected by repeated stimuli, 
different types of stimuli, or the feeding state (Larsch et al., 2015; 
Ezcurra et al., 2016; Chew et al., 2018). However, most of them are 
caused by adaptation or sensitization but not gain control. It is possible 
that the animals might have developed a special mechanism against 
2-nonanone to effectively avoid danger because it is a major volatile 
compound produced by P. aeruginosa, a bacterial species that is patho
genic to C. elegans (Labows et al., 1980; Tan et al., 1999; Tan and 
Ausubel, 2000). 

4.2. Estimating the neural mechanism of gain control by mathematical 
modeling 

To obtain quantitative insights into the mechanism of sensory gain 
control, we performed mathematical modeling. Indeed, mathematical 
modeling has successfully revealed essential features of the sensory 
neuronal responses of the animals (Kato et al., 2014; Tanimoto et al., 
2017; Itskovits et al., 2018; Ikeda et al., 2021). Our previous pharma
cological analysis revealed that ASH activity is composed of fast and 

Table 1 
Summary of comparing BIC values among mathematical models.  

Odor gradient #1 3 nM/s increase in #2 20 nM/s increase in #2 40 nM/s increase in #2 

Condition Naive Naive Mock-treated Preexp Naive Mock-treated Preexp Naive Mock-treated Preexp 

X = k
dC
dt

+ Xe 
-557.3 -216.9 -195.0 -278.5 -153.5 -125.8 -140.8 -158.9 -92.5 -68.8 

dX
dt

= k1
dC
dt

−
1
τ (X − Xe)

-559.9 -240.4 -217.7 -423.4 -205.0 -233.8 -379.2 -235.6 -260.8 -261.5 

dX
dt

= k2
d2C
dt2

−
1
τ (X − Xe)

-741.1 -287.6 -368.6 -373.8 -253.5 -211.6 -211.3 -224.4 -159.4 -109.7 

dX
dt

= k1
dC
dt

+ k2
d2C
dt2

−
1
τ (X − Xe)

-769.6 -286.5 -366.7 -420.5 -301.2 -298.1 -374.8 -336.3 -289.0 -257.1 

BIC values were calculated independently for each odor stimulus. The smallest BIC values under each condition are indicated in bold. 

Table 2 
Comparison of BIC values for linear and logarithmic approximation of stimulus- 
dependent parameters.  

Odor gradient #1 #2 

Condition Naive Naive Mock-treated Preexp 

Linear approximation -539.2 -899.6 -1009 -682.0 
Logarithmic approximation -778.4 -1135 -1116 -966.9 

The smallest BIC values under each condition are indicated in bold. In all the 
conditions, the model with a logarithmic approximation has a better BIC value 
than the model with a linear approximation. 

Table 3 
Parameter values for Eq. (5).  

Fig. Fig. 6B left Fig. 6B right Fig. 7A 

Condition / 
genotype 

Naive Naive Mock-treated Preexp Wild-type osm-9ocr-2 tag-180 unc-77 egl-4 rgs-3 

b1 1.023 1.971 1.581 1.619 0.847 0.419 0.655 0.673 0.643 0.846 
b2 1.268 1.605 1.468 1.619 0.64 0.501 0.712 0.512 0.453 0.706 

Parameters b1 and b2 were calculated for each set of experiments according to the baseline values. 
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slow components, and we showed in this study that the fast component 
can be approximated by a leaky integration of the second-order time-
differential of the odor concentration (Fig. 4). Even independent of the 
pharmacological result, the ASH responses in wild-type animals exhibit 
overshoot in response to a long-lasting and linearly increasing odor 
concentration (odor gradient #1 in Fig. 1C, 4 B and 5, and odor gradient 
#3 in Fig. 7A). More precisely, the response first increases rapidly, and 
then slowly decreases to a non-zero constant value. The leaky integra
tion of the first-order time-differential of the odor concentration gen
erates a sustained response that converges to a non-zero constant value. 
The leaky integration of the second-order time-differential generates a 
rapidly increasing and subsequently decreasing response. Thus, both the 
pharmacological analysis as well as the analysis of shapes of ASH re
sponses in time domain suggest that the ASH response can be modeled 
with a leaky integration of the sum of the first- and second-order 
time-differentials of the odor concentration, and that these two terms 
well describe essential characteristics of ASH neurons. Indeed, the 
model had the best goodness of fit in most naive and mock-treated 
conditions in terms of BIC (Table 1). It should be noted, however, that 
we only tested the limited kinds of odor gradients, and the equation may 
not be applicable to ASH responses to every types of odor stimuli; in 
other words, the fast component could be approximated with another 
equation such as an alpha function (Rall, 1967). Nevertheless, the leaky 
integration of the sum of the first- and second-order time-differential 
equation with stimulus-dependent parameters nicely reproduced the 
ASH responses, and provided us an important biological insight (see next 
section). Some details still do not match, suggesting the involvement of 
other factors in the ASH response. 

Remarkably, our model indicates that the preexposure-dependent 
changes in ASH response can be caused only by the modulation of the 
fast component (k2) rather than the modulation of overall ASH response, 
although the ASH response does exhibit changes in multiple aspects, 
such as its speed, magnitude, and small increase/decrease when it rea
ches closes to the maximum value (odor gradient #2 in Fig. 4B). It also 
explains why ASH responses to a large odor increase are not substan
tially affected. This result suggests that a specific sensory signaling 
molecular pathway that suppresses the fast component in ASH neurons 
is regulated by preexposure to cause experience-dependent modulation 
of behavior, i.e., learning. 

4.3. Relationships between the mathematical model and molecular 
mechanisms of ASH response 

We have previously shown that AWB responses are mediated by EGL- 
19, an α1 subunit of L-type VGCC, which possesses a long-lasting 
channel opening property, and that a Gαo homolog, ODR-3, is 
required for the first-order time-differential of odor concentration 
(Tanimoto et al., 2017). These results suggest that the constant decrease 
in 2-nonanone concentration is time-differentiated at the sensory ending 
by G protein signaling and causes constant depolarization, leading to 
EGL-19 opening and a continuous influx of calcium into the cells. The 
slow component in ASH neurons is also mediated by EGL-19 (Tanimoto 
et al., 2017). 

In contrast, the fast component in ASH neurons is likely caused by a 
transient calcium influx at the onset of odor concentration increase, 
which ends rapidly (Fig. 4A and 7 B left). One candidate gene product 
for this was the T-type VGCC ("T" for transient opening) (Nowycky et al., 

1985). However, the loss-of-function mutant of the cca-1 gene, the sole 
homolog of T-type VGCC in C. elegans (Steger et al., 2005), showed 
wild-type-like ASH responses (Tanimoto et al., 2017). In addition, the 
results of the loss-of-function mutants of N-type homolog unc-2 (Tani
moto et al., 2017) and of the homologs of VGCC auxiliary subunit α2δ2 
tag-180 (Fig. 7A) were also wild-type-like responses, suggesting that 
some other calcium channel(s) may be involved in the fast component. 

Still, we found that PKG EGL-4 and RGS RGS-3 possibly modulate the 
fast component. RGS is known to inhibit G protein signaling to modulate 
the magnitude and/or time-course of neuronal responses in C. elegans 
and mammals (Cao et al., 2012; Krzyzanowski et al., 2013; Lur and 
Higley, 2015). In addition, PKG phosphorylates RGS to increase its ac
tivity in C. elegans and mammals (Huang et al., 2007; Krzyzanowski 
et al., 2013). Thus, in naive/mock-treated ASH neurons in wild-type 
animals, the PKG–RGS pathway may inhibit G protein activity that 
suppresses the ion channel mediating the fast component; in contrast, in 
the preexposed wild-type and egl-4 or rgs-3 animals, the PKG–RGS 
pathway is inactivated, leading to activation of G protein and inhibition 
of the channel activity for fast component (Fig. 7B). 

While genetic analysis itself would not provide us information 
related to time-course changes of the gene product activities, the com
bination with physiological analysis and mathematical modeling pro
vides insights as to how these gene products could affect neural activities 
dynamically. The characteristics of ASH response were not clear except 
for the preexposure-dependent gain control aspect, although a simple 
"first and second differential model" can explain multiple aspects of its 
differences between with or without preexposure experience, such as the 
quick rise at the onset of the odor stimulus, the gradual decrease during 
a long-lasting odor increase, the slow decay during odor decrease (not 
reproduced by the original simple time-differential model) as well as the 
gain control (Figs. 4 and 6B). Furthermore, the stimulus-dependent 
parameters we used in the model may reflect the opening probabilities 
of the channels for the fast and slow responses, which change according 
to the intensity of the stimulus. For example, k1 reduces according to the 
accumulation of odor concentration (Fig. 6A), which may indicate 
habituation due to the sustained stimulation from the odor. Further, k2 
reduces according to the average of dC/dt, suggesting that the depo
larization level may affect the opening probability because the odor 
concentration is time-differentiated at the sensory ending and it reflects 
the depolarization level (Tanimoto et al., 2017). Lastly, 1/τ increases 
according to the second-order time-differential of odor concentration, 
which may reflect a change in leakage level at the stimulus onset. Those 
insights could have not been obtained without the model. 

In summary, we showed that gain control occurs in ASH sensory 
neurons after preexposure to the repulsive odor, and mathematical 
analysis suggests that this gain control is caused by suppression of the 
fast component. This gain control likely leads to efficient avoidance 
behavior that allows the animal to ignore slight increases in odor con
centration. In more complex animals, such as mice and Drosophila, 
neurotransmitters such as serotonin or GABA are involved in gain con
trol in peripheral and central sensory systems (Azimi et al., 2020; Olsen 
and Wilson, 2008) but little is known about their detailed molecular 
mechanisms. This study may contribute to our understanding of intra
cellular mechanisms surrounding sensory gain control in animals. 

Fig. 6. Model of wild-type ASH response fitted to the odor gradient #1 and #2 with stimulus-dependent parameters. A, Scatter plots used to find stimulus-dependent 
parameters for the first and second differential model. Only the parameter of the second-order time-differential, k2, is substantially different between naive, and 
mock-treated versus preexposed conditions. Black rhombuses, light gray circles, and dark gray triangles represent each ASH response to odor gradient #1, #2, and 
#3, respectively. Odor gradient #3 was used for the genetic analysis (Fig. 7). B, ASH response and its model to a simple odor increase (left; odor gradient #1, same 
with Fig. 4B left) and to the three consecutive stimuli (right; odor gradient #2, same with Fig. 4B right) with the stimulus-dependent parameters. The black line and 
the associated gray area are the average ASH responses and their standard errors, the blue line is the model, the yellow and red dashed lines are the first- and second- 
order components in the model, respectively. The gray dotted line indicates the onset and end of the odor increase phase (For interpretation of the references to color 
in this figure legend, the reader is referred to the web version of this article). 
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Fig. 7. Genetic analysis of the ASH response. A, ASH response in wild-type and mutant animals in control (i.e., naive or mock-treated) condition (n = 51 in wild-type; 
n = 7 in osm-9 ocr-2; n = 15 in tag-180; n = 16 in unc-77; n = 46 in egl-4; n = 29 in rgs-3) to a longer and larger continuous odor increase (up to ~2 µM within 120 s; 
odor gradient #3). We used this odor stimulus with the idea that even milder mutant phenotypes would be observed clearly with a longer and larger stimulus. The 
black line and the associated gray area are the average ASH responses and their standard errors, respectively. The model parameter Xe(t) was determined in each 
condition and the other parameters (k1, k2 and 1/τ) to fit for the wild-type response in Fig. 6 were used, and overlaid with each of the ASH responses. The gray dotted 
line indicates the onset and end of the odor increase phase. B, A proposed molecular model of ASH response. ASH response is mainly mediated by transiently active 
calcium channels (red) and persistently active L-type VGCCs (yellow). Gα protein activity can suppress the transiently active calcium channels, and this Gα protein 
activity is inhibited by PKG–RGS pathway in naive/mock-treated conditions. Gain control is caused only by suppression of the transiently active calcium channels via 
the Gα signaling. The calcium influx from the plasma membrane is further increased by the calcium-induced calcium release through IP3 receptor and ryanodine 
receptor on ER membrane (Tanimoto et al., 2017) (For interpretation of the references to color in this figure legend, the reader is referred to the web version of 
this article). 
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