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ABSTRACT 8 

In insects and mammals, chronic exposure to odors at high concentrations in early life alters 9 

olfactory function, but the role of odor experience-dependent plasticity in more naturalistic 10 

contexts is less clear.  We investigated olfactory plasticity in the Drosophila antennal lobe by 11 

exposing flies to odors at concentrations that are typically encountered in natural odor sources. 12 

These stimuli also strongly and selectively activated only a single class of olfactory receptor 13 

neuron (ORN) input, facilitating the investigation of input-specific plasticity. Overall, chronic 14 

exposure to three such odors elicited limited plasticity in the odor responses of second-order 15 

projection neurons (PNs). Exposure to some odors elicited mild increases in PN responses to 16 

weak stimuli, extending the lower bound of the dynamic range of PN signaling. When present, 17 

plasticity was observed broadly in multiple PN types and thus was not selective for PNs receiving 18 

direct input from the chronically active ORNs. Chronic E2-hexenal exposure did not affect PN 19 

intrinsic properties, local inhibitory innervation, ORN responses, or ORN-PN synaptic strength, 20 

but modestly increased broad lateral excitation evoked by some odors. These results show that 21 

PN odor coding is only mildly affected by strong persistent activation of a single olfactory input 22 

and highlight the stability of early stages of insect olfactory processing to significant 23 

perturbations in the sensory environment. 24 
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INTRODUCTION 25 

 In many animals, early sensory experience modifies the structure and function of sensory 26 

circuits. For example, the requirement for visual experience in the development of mammalian 27 

visual system function is well studied (Espinosa and Stryker, 2012). One prominent hypothesis 28 

in this field is that sensory plasticity may adapt circuit function to the current statistical 29 

distribution of sensory inputs in the environment, allowing for more efficient sensory codes (5–30 

23)(Barlow, 1961; Fiser et al., 2010; Gilbert et al., 2009; Pienkowski and Eggermont, 2011). This 31 

hypothesis requires that sensory driven plasticity be stimulus- and cell-specific; in other words, 32 

neurons encoding specific stimuli that occur very frequently (or very rarely) in the environment 33 

should be selectively affected by plasticity (Das et al., 2011; Kreile et al., 2011; Sachse et al., 34 

2007; Sengpiel et al., 1999; Wilson et al., 1985; Zhang et al., 2001).  35 

 The orderly structure of the olfactory system provides a useful experimental model for 36 

investigating the synaptic and circuit mechanisms mediating stimulus-selective sensory 37 

plasticity. In insect and vertebrate olfactory circuits, sensory information is organized in 38 

anatomically discrete synaptic units, called glomeruli. Each glomerulus receives direct input from 39 

only a single class of primary olfactory receptor neurons (ORNs), all expressing the same 40 

olfactory receptor, and, thus, all sensitive to the same chemical feature(s) (Ressler et al., 1994; 41 

Vassar et al., 1994; Vosshall and Stocker, 2007; Vosshall et al., 2000). Furthermore, the dendrites 42 

of each second-order uniglomerular projection neuron (PN) arborize in only a single glomerulus, 43 

so each PN receives direct input from only a single class of ORNs (Stocker et al., 1990). In the 44 

vinegar fly Drosophila melanogaster, the majority of odorant receptors and ORN subtypes have 45 

been mapped to their cognate glomeruli in the brain (Couto et al., 2005; Fishilevich and Vosshall, 46 

2005; Silbering et al., 2011), and the odor tuning profiles for a large subset of the odorant 47 

receptors have been characterized (de Bruyne et al., 1999, 2001; Hallem and Carlson, 2006; 48 
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Hallem et al., 2004; Silbering et al., 2011). As a result, specific odors can be used to selectively 49 

target neural activation of defined olfactory channels (Olsen et al., 2010; Schlief and Wilson, 50 

2007). Together with the highly compartmentalized organization of the circuit, these features 51 

make the fly olfactory system a powerful experimental model for studying the specificity of 52 

sensory plasticity.  53 

 Passive odor experience in early life, in the absence of explicit coupling to reward or 54 

punishment, can alter olfactory circuit structure and function, including olfactory preference or 55 

discrimination ability (Mandairon and Linster, 2009; Mandairon et al., 2006a). In contrast to the 56 

mammalian visual system, where early stages of sensory processing are mostly unaffected by 57 

large perturbations in the visual environment (D’Orazi et al., 2014; Elstrott and Feller, 2009), the 58 

olfactory system appears to exhibit plasticity at the earliest stages of processing. For instance, 59 

chronic odor exposure in rodents can trigger changes in the structural connectivity and 60 

physiological response properties of neurons in the olfactory bulb, the first central processing 61 

area for odors in the brain (Liu and Urban, 2017; Liu et al., 2016; Todrank et al., 2011; Wilson et 62 

al., 1985; Woo et al., 2006). Odor exposure-driven plasticity can occur as early in processing as 63 

in the peripheral olfactory sensory neurons, and includes changes in their number, sensitivity, 64 

and tuning, although the direction of these effects varies in different studies (Cadiou et al., 2014; 65 

Cavallin et al., 2010; Jones et al., 2008; Kass et al., 2013; Santoro and Dulac, 2012; Wang et al., 66 

1993; Watt et al., 2004). 67 

 In insects, passive odor experience also impacts early olfactory processing in the 68 

antennal lobe, the insect analog of the olfactory bulb (Golovin and Broadie, 2016). Like in 69 

vertebrates, no common set of principles has emerged to predict how exposure to a specific 70 

odor environment impacts olfactory system function. For instance, chronic exposure of 71 

Drosophila to odors has been reported to either decrease (Das et al., 2011; Devaud et al., 2001, 72 

2001; Sachse et al., 2007) or increase (Chakraborty et al., 2009) behavioral responses to the 73 
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odor; decrease (Devaud et al., 2001, 2003; Golovin et al., 2019) or increase (Das et al., 2011; 74 

Kidd et al., 2015; Sachse et al., 2007) glomerular volume; and decrease (Das et al., 2011; Pech 75 

et al., 2015; Sachse et al., 2007) or increase (Kidd and Lieber, 2016; Kidd et al., 2015) the strength 76 

of second-order PN odor responses. Most studies in insects report that behavioral, structural, 77 

and physiological changes induced by odor exposure are stimulus-specific. In other words, 78 

changes in behavior are selective for the exposure odor and do not generalize to other odors. 79 

Likewise, structural and physiological changes are observed only in some glomeruli, in a way 80 

that depends on the identity of the odor used for chronic exposure (Chakraborty et al., 2009; 81 

Das et al., 2011; Devaud et al., 2001, 2003; Sachse et al., 2007).  82 

 A systematic understanding of how odor experience modifies the structure and function 83 

of olfactory circuits has been difficult to achieve for several reasons. First, diverse protocols are 84 

used for odor exposure, which vary in the degree of control over odor delivery, odor 85 

concentration, timing, as well as context (availability of food, mates, etc). Second, different 86 

studies focus on different odors and glomeruli, and the high dimensionality of olfactory stimuli 87 

and olfactory circuits presents unique challenges to methodical exploration. As a consequence, 88 

past work has come to diverse, sometimes divergent, conclusions about the impact of long-term 89 

odor exposure on olfactory circuits. Finally, nearly all studies, in insects or in rodents, use very 90 

high concentrations of monomolecular odorants during the exposure period, at intensities that 91 

are not encountered in the natural word (see Discussion). Odors at these concentrations broadly 92 

activate many classes of ORNs, complicating the evaluation of the contributions of direct and 93 

indirect activity for triggering plasticity in each olfactory processing channel. Some of the major 94 

outstanding questions include: 1) How does olfactory plasticity modify circuit function in the 95 

context of odor environments that could be realistically encountered in the natural world? 2) To 96 

what extent is plasticity selective for the olfactory channel(s) which directly detect 97 
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overrepresented odors? 3) Are the rules governing olfactory plasticity the same or different 98 

across glomeruli? 99 

 The goals of this study were to investigate the impact of olfactory experience on odor 100 

coding in the Drosophila antennal lobe, using a physiologically plausible olfactory environment 101 

that strongly but selectively increases neural activity in a single class of ORNs. This experimental 102 

design allowed us to readily distinguish the effects of direct versus indirect chronic activity on 103 

specific classes of PNs, which convey neural output from the antennal lobe to higher olfactory 104 

centers in the fly brain. This distinction is important because it allowed us to unambiguously 105 

evaluate whether olfactory plasticity affects specifically only the chronically active glomerulus. 106 

Investigating three different glomerular channels, we observed that strong perturbation of 107 

olfactory inputs during the early life of the fly had a relatively mild effect on antennal lobe circuitry. 108 

A limited amount of plasticity was observed in the responses of PNs to weak odors, extending 109 

the lower bound of the dynamic range for PN signaling. Changes in odor responses, when 110 

present, were observed broadly, both in glomeruli that receive either direct or indirect activity 111 

from the chronically activated ORN class. ORN odor responses, ORN-PN synaptic strength, and 112 

PN intrinsic properties were stable and unchanged by chronic odor exposure. These results 113 

diverge from current models suggesting that odor-specific behavioral plasticity stems from 114 

glomerulus-specific neural plasticity in the antennal lobe (Das et al., 2011; Kidd et al., 2015; 115 

Sachse et al., 2007).  116 

 117 

RESULTS 118 

Chronic activation of direct ORN input modestly increases PN responses to weak stimuli   119 
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 To investigate how odors that are overrepresented in the flies’ environment are encoded 120 

by the olfactory system, we chronically exposed flies to 1 sec pulses of a specific monomolecular 121 

odorant, introduced into the bottle in which they normally grow (Figure 1A). We chose to use the  122 

 

Figure 1: Chronic stimulation of olfactory neurons in a controlled odor environment.  
A) Schematic of experimental setup for chronic odor exposure. The valve was opened for 1 s every 20 s to deliver 
odor. See Methods (Chronic Odor Exposure) for details. 
B) Photoionization detector measurement of odor concentration at the center of the fly bottle (“X” in A) during 
chronic odor exposure over the course of 24 hours. Each trace is the odor profile averaged across 45 consecutive 
odor pulses (collected over 15 min), sampled every two hours over a 24-hour period.  
C) Raster plots of the spiking responses in an example DL5 PN to a 1 s pulse of either solvent (paraffin oil, grey) or 
E2-hexenal (10-7, black) in consecutive trials spaced 20 seconds apart. Recordings were established from a fly 
immediately after two days of chronic exposure to E2-hexenal (10-7) as in A). Spontaneous (open circles) and 
stimulus-evoked (filled circles) firing rates are plotted for each trial.  
D) Peristimulus time histograms of measurements in C) show that the odor environment reliably evokes high levels 
of PN firing with little adaptation. The average odor-evoked response across all trials is in black. Responses to 
presentation of solvent are overlaid in grey.  
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odors at concentrations previously shown to selectively activate a single class of ORNs (Hong 123 

and Wilson, 2015; Olsen et al., 2010), in order to facilitate the subsequent analysis of odor 124 

responses in postsynaptic PNs receiving direct versus indirect persistent input. An additional 125 

criterion was that the odor stimuli drive strong and consistent levels of neural firing in the PNs 126 

receiving direct input from the activated ORN class. Photoionization measurements of the odor 127 

stimulus in the rearing bottle demonstrated that the stimulus was stable across more than 24 128 

hours (Figure 1B). Odors were pulsed to minimize neural adaptation to the odor, and the interval 129 

between odor pulses delivered to the bottle was 20 seconds. Pilot recordings showed that, at 130 

this interstimulus interval, the odors reliably activated cognate PNs to saturating or near 131 

saturating firing rates over many trials, with little adaptation of the PN response to the odor 132 

(Figure 1C-D, and data not shown; see also Figure 2Q). Thus, although the odor stimuli to which 133 

we exposed flies were of significantly lower concentration than what has been used in prior 134 

studies investigating olfactory plasticity, they drove strong, reliable, and persistent levels of 135 

neuronal activity in PNs. 136 

 Using these conditions, newly eclosed flies were chronically exposed to E2-hexenal (10-137 

7), which selectively activates ORNs projecting to glomerulus DL5, or solvent (as a control), for 138 

two days (see Methods). On day three, we established fluorescently guided, whole-cell current 139 

clamp recordings from uniglomerular PNs receiving direct input from the DL5 glomerulus 140 

(hereafter referred to as DL5 PNs, Figure 2A), and measured their responses to a concentration 141 

series of E2-hexenal. DL5 PNs were identified and targeted for recording based on their 142 

expression of GFP, mediated by a genetic driver that specifically labels this cell type (see 143 

Methods). DL5 PN responses elicited by moderate to high concentrations of E2-hexenal (>10-8) 144 

were unchanged in E2-hexenal exposed flies, as compared to controls (Figure 2B, 2Q). However, 145 

low concentrations of E2-hexenal (10-10 to 10-9) elicited increased levels of odor-evoked 146 

membrane depolarization in DL5 PNs from E2-hexenal exposed flies compared to solvent-147 
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exposed flies (Figure 2B). The heightened depolarization of DL5 PNs by weak stimuli 148 

corresponded to higher average rates of odor-evoked spiking (Figure 2E).  149 

 We quantified these effects by calculating the total depolarization and average evoked 150 

firing rate during the first 500 ms after nominal stimulus onset (Figure 2C, 2F). To determine if 151 

any differences were arising by chance, we used permutation testing in which we iteratively 152 

shuffled the experimental labels of each measurement (E2-hexenal versus solvent exposure) 153 

within each stimulus. P-values were calculated directly from the fraction of 10,000 shuffled trials 154 

in which the absolute difference between the simulated group means was larger than or equal 155 

to the actual observed absolute mean difference (see Figure 2 – figure supplement 1 and 156 

Methods). This statistical analysis confirmed that E2-hexenal exposure increased odor-evoked 157 

firing rates in DL5 PNs to weak, but not moderate or strong, levels of stimulation (Figure 2F). 158 

When firing rates in E2-hexenal exposed flies were normalized to the control rate within each 159 

stimulus, we observed an overall increase in odor-evoked DL5 PN firing rate due to E2-hexenal 160 

exposure (Figure 2F). Differences in the amount of membrane depolarization between odor- and 161 

solvent-exposed groups were not statistically significant at any stimulus concentration (Figure 162 

2C), suggesting a small, but systematic increase in membrane depolarization was nonlinearly 163 

amplified by its interaction with the firing threshold in DL5 PNs.  164 

We next examined the extent to which these results generalize to other glomeruli. Using 165 

the same approach, we exposed flies to either 2-butanone (10-4), which selectively activates 166 

ORNs projecting to glomerulus VM7 (Figure 2G), or geranyl acetate (10-4), which selectively 167 

activates ORNs projecting to glomerulus VA6 (Figure 2K). The concentrations of each of these 168 

odors was chosen because each selectively and reliably elicits high average firing rates (>100-169 

150 Hz) in the corresponding PN, comparable to the level of E2-hexenal (10-7) activation of DL5 170 

PNs. Again, we chronically exposed flies (separate groups) for two days to each of these stimuli 171 

and measured the responses in each PN type (corresponding to the glomerulus receiving direct 172 
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Figure 2: Chronic excitation of direct presynaptic ORN input can modestly enhance PN sensitivity to weak stimuli.  
A) Schematic of experimental setup for B-F). Recordings were established from DL5 PNs that receive direct presynaptic 
input from the ORN class (ab4a) chronically activated by the rearing odor (E2-hexenal, 10-7), n=7-19 cells. 
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Figure 2 (continued): B) Odor-evoked depolarization in DL5 PNs in response to varying concentrations of E2-hexenal 
from flies chronically exposed to E2-hexenal or solvent (paraffin oil).  
C) Left: Mean odor-evoked depolarization to each stimulus in B) in the 500 ms after nominal stimulus onset. Right: 
Mean normalized odor-evoked depolarization across all stimuli. Within each stimulus, responses were normalized to 
the mean odor-evoked depolarization in the solvent-exposed group.  
D) Peristimulus time histograms of odor-evoked spiking responses in DL5 PNs from B).  
E) Left: Mean odor-evoked firing rates to each stimulus from D) in the 500 ms after nominal stimulus onset. Right: 
Mean normalized odor-evoked firing rates across all stimuli, computed analogously as in C).  
F) Mean input resistance of DL5 PNs recorded from E2-hexenal- or solvent-exposed flies.  
G) Experimental setup for H-J). Recordings were established from VM7 PNs that receive direct presynaptic input from 
the ORN class (pb1a) chronically activated by the rearing odor (2-butanone, 10-4), n=6-11 cells. 
H-I) As in B-C) but describing odor-evoked depolarization in VM7 PNs in response to a concentration series of 2-
butanone from flies chronically exposed to 2-butanone or solvent.  
J) Mean input resistance of VM7 PNs recorded from 2-butanone- or solvent-exposed flies.  
K) Experimental setup for L-P). Recordings were established from VA6 PNs that receive direct presynaptic input from 
the ORN class (ab5a) chronically activated by the rearing odor (geranyl acetate, 10-4), n=7-11 cells. 
L-P) As in B-F) but describing odor-evoked responses to varying concentrations of geranyl acetate in VA6 PNs from 
flies chronically exposed to geranyl acetate or solvent.  
Q-S) Response curves in DL5 (Q), VM7 (R), and VA6 (S) PNs from odor-exposed and control flies to a concentration 
series of the cognate odor for each glomerulus. Results from panels A-P are replotted here and extended with 
measurements at additional stimulus concentrations. n=3-19 cells. 
All plots are mean ± SEM across flies in each experimental condition. One cell was recorded per fly. Two-tailed p-
values report the fraction of resampled absolute differences of means (between simulated experimental groups) which 
are greater than the absolute observed difference between the means of experimental groups (odor-exposed versus 
solvent-exposed) (see Methods and Figure 2 – figure supplement 1). Starred (*) p-values are significant at the level 
of a=0.05, corrected for multiple comparisons (Bonferroni adjustment). See Supplemental Table 1 for the full genotype 
and number of cells in every condition. 
 

Figure 2 – source data 1 
Source data for Figure 2B-C, 2D-E, 2H-I, 2L-M, 2N-O. 
 
input from the activated ORNs) to a concentration series of each odor (Figure 2G, 2K). The impact 173 

of chronic activation of direct ORN input on odor coding varied in PNs corresponding to different 174 

glomeruli. Similar to the DL5 glomerulus, VM7 PNs in 2-butanone-exposed flies exhibited 175 

modest increases in odor-evoked depolarization to 2-butanone as compared to control flies, and 176 

these effects were more pronounced at weak concentrations (10-7) (Figure 2H-I, 2R). Due to the 177 

small size of VM7 PN somata, VM7 PN spikes are small and filtered in comparison to those of 178 

other PNs, and odor-evoked spikes riding on large depolarizations could not be reliably counted 179 

across all firing rates in our data set. Therefore, for VM7 PNs only, we report odor responses 180 

only in terms of membrane depolarization. 181 

 In contrast, chronic activation of direct ORN input to VA6 PNs via exposure to geranyl 182 

acetate did not alter PN odor responses to the odor across the entire range of concentrations  183 
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Figure 3: Chronic indirect excitation alters PN response properties.  
A) Experimental setup for B-E) and G-H). Recordings were established from VM7 PNs that receive indirect activity 
from the ORN class (ab4a) chronically activated by the rearing odor (E2-hexenal, 10-7), n=3-11 cells. 
B) Odor-evoked depolarization in VM7 PNs in response to varying concentrations of 2-butanone from flies chronically 
exposed to E2-hexenal or solvent (paraffin oil).  
C) Left: Mean odor-evoked depolarization to each stimulus from B) in the 500 ms after nominal stimulus onset. Right: 
Mean normalized odor-evoked depolarization across all stimuli. Within each stimulus, responses were normalized to 
the mean odor-evoked depolarization in the solvent-exposed group.  
D) Mean input resistance of VM7 PNs recorded from E2-hexenal- or solvent-exposed flies.  
E) Left: Mean post-stimulus hyperpolarization in VM7 PN responses to each stimulus from B), calculated over a 2.5 s 
window after stimulus offset. Right: Mean normalized post-stimulus hyperpolarization across all stimuli. Within each 
stimulus, responses were normalized to the mean post-stimulus hyperpolarization in the solvent-exposed group.  
F) Same as E), but for VM7 PNs from Figure 2H with chronic activation of direct ORN input. Measurements are from 
VM7 PN recordings in flies chronically exposed to 2-butanone (red) or solvent (black), n=6-11 cells. 
G) Mean coefficient of variation (CV) of membrane potential in VM7 PNs (from B), computed over the 5 s window 
before stimulus onset, in E2-hexenal- or solvent-exposed flies.  
H)  Mean spontaneous firing rate of VM7 PNs (from B) during the 5 s window before stimulus onset in E2-hexenal- or 
solvent-exposed flies.   
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tested, neither at the level of membrane depolarization nor firing rate (Figure 2L-M, 2O-P, 2S). 184 

These concentrations elicited levels of membrane depolarization (ranging from 10 to 30 mV) 185 

which were similar to that at which other PN types exhibited plasticity after chronic exposure. 186 

Together, these results demonstrate that, in some glomeruli like DL5 and VM7, chronic activation 187 

of direct ORN input modestly enhanced PN odor responses to weak excitation, resulting in an  188 

overall expansion of the range of stimulus concentrations dynamically encoded by PN activity. 189 

However, this effect does not appear to be universal across all glomeruli. 190 

 191 

Chronic indirect excitation alters PN response properties 192 

 Although olfactory input is compartmentalized into feedforward excitatory channels 193 

organized around each glomerular unit, odor processing depends on an extensive network of 194 

local neurons (LNs) that mediate lateral excitatory and inhibitory interactions among glomeruli 195 

(Wilson, 2013). Thus, PN odor responses reflect both direct input, from its presynaptic ORN 196 

partners, and indirect input, arising from activity in other glomeruli and received via local lateral 197 

circuitry. Having observed that chronic activation of an ORN subtype that provides direct input 198 

to a PN can elicit some plasticity in that PN, we next asked whether this plasticity is selective for 199 

those PNs directly postsynaptic to the chronically active ORNs, or whether PNs that receive only 200 

indirect activity from the chronically active ORN subtype are similarly affected. To address this 201 

question, we next evaluated odor responses in VM7 and VA6 PNs from flies chronically exposed 202 

to E2-hexenal (10-7) (Figure 3A, 3I), which elicits direct olfactory input to the DL5 glomerulus. 203 

Figure 3 (continued): I) Experimental setup for J-N). Recordings were established from VA6 PNs that receive indirect 
activity from the ORN class (ab4a) chronically activated by the rearing odor (E2-hexenal, 10-7), n=5-11. 
J-K) As in B-C) but for odor-evoked depolarization in VA6 PNs to varying concentrations of geranyl acetate. L) As in 
D) but for VA6 PNs.  
M-N) As in B-C) but for odor-evoked spiking in VA6 PNs in response to varying concentrations of geranyl acetate 
(corresponding to J), from flies chronically exposed to E2-hexenal (10-7) or solvent (paraffin oil).  
All plots are mean ± SEM across flies, one cell/fly, in each experimental condition. p-values are as described in Figure 
2. See Supplemental Table 1 for the full genotype and number of flies in every condition. 
 

Figure 3 – source data 1 
Source data for Figure 3B-C, 3E-F, 3J-K, 3M-N.  
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 Chronic indirect excitation evoked plasticity with varying properties in different PNs.  204 

(Figure 3B-H, 3J-K). In E2-hexenal exposed flies, non-DL5 PNs showed mildly enhanced 205 

responses to weak stimuli (Figure 3B, 3D). This effect was small but consistently observed in 206 

both VM7 and VA6 PNs at the level of odor-evoked depolarization (Figure 3D, 3K). In VM7 PNs, 207 

the baseline spontaneous firing rate was also slightly elevated in E2-hexenal exposed flies as 208 

compared to controls (Figure 3G-H). Finally, chronic indirect excitation impacted the post-209 

stimulus response properties of some PNs. For example, odor-evoked depolarization in VM7 210 

PNs from E2-hexenal-exposed flies had a more pronounced and prolonged 211 

afterhyperpolarization as compared to controls (Figure 3B, 3E), or as compared to flies that 212 

experienced chronic direct excitation (2-butanone exposed) (Figure 2H, 3F). This effect does not 213 

appear to generalize to all glomeruli. VA6 PNs, for instance, normally exhibit comparatively 214 

different post-stimulus response dynamics, characterized by an epoch of delayed excitation that 215 

persists beyond odor offset (Figure 3J). In recordings from VA6 PNs in E2-hexenal exposed flies, 216 

this post-stimulus excitation was enhanced across multiple odor concentrations, as compared 217 

to solvent-exposed controls (Figure 3J-K). Most of these differences, however, were within the 218 

range of subthreshold depolarizations, and so the overall impact of chronic indirect excitation 219 

on VA6 firing rates was minimal (Figure 3M-N). Together, these experiments demonstrated that 220 

chronic, focal excitation of a single ORN class can lead to changes in PN odor response 221 

properties in multiple glomeruli, including in glomeruli not receiving direct synaptic input from 222 

the chronically activated ORN class. This result implicates local lateral circuitry in the antennal 223 

lobe in odor-experience dependent neural plasticity. 224 

 225 

PN coding of odor mixtures is unaffected by chronic odor exposure 226 

 So far we have evaluated PN odor responses using atypical odor stimuli, specifically 227 

chosen to activate only a single ORN class. We began with this approach so that the presynaptic  228 
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source of odor-evoked input with respect to each PN type was unambiguous; however, typical 229 

odors activate multiple ORN classes (de Bruyne et al., 2001; Hallem and Carlson, 2006). Thus, 230 

we next investigated how chronic odor exposure impacts the coding of typical odor stimuli that 231 

elicit mixed direct and indirect synaptic input to PNs. 232 

 As before, we recorded from VM7 PNs in flies chronically exposed to E2-hexenal (10-7), 233 

2-butanone (10-4), or solvent (Figure 4A, D).  We mixed a fixed concentration of pentyl acetate  234 

(10-3), a broadly activating odor that drives activity in many ORN types (but does not activate 235 

pb1a, the VM7 ORN), with increasing concentrations of 2-butanone, the odor that elicits direct 236 

activity in VM7 (Nagel and Wilson, 2011; Olsen et al., 2010). Overall, blending pentyl acetate with 237 

 

Figure 4: PN responses to odor mixtures are unaffected by chronic activation of direct or indirect ORN inputs. 
A) Experimental setup for B-C), which is the same as in Figure 2G-J. Recordings were established from VM7 PNs that 
receive direct input from the ORNs (pb1a) chronically activated by the rearing odor (2-butanone, 10-4), n=3-7 cells. 
B) Odor-evoked depolarization in VM7 PNs from 2-butanone- or solvent-exposed flies to binary mixtures comprised of 
increasing levels of 2-butanone (10-8 through 10-4) blended with a fixed concentration of pentyl acetate (10-3).  
C) Left: Mean odor-evoked depolarization to each stimulus in B) in the 500 ms after nominal stimulus onset. Right: Mean 
normalized odor-evoked depolarization across all stimuli. Within each stimulus, responses were normalized to the mean 
odor-evoked depolarization in the solvent-exposed group.  
D) Experimental setup for E-F), which is the same as in Figure 3A-E. Recordings were established from VM7 PNs which 
receive indirect activity from the ORNs (ab4a) chronically activated by the rearing odor (E2-hexenal, 10-7), n=3-7 cells. 
E-F) Same as in B-C), but for VM7 PNs from E2-hexenal or solvent-exposed flies.  
All plots are mean ± SEM across flies (one cell/fly) in each experimental condition. p-values are as described in Figure 2. 
See Supplemental Table 1 for the full genotype and number of flies in every condition. 
 

Figure 4 – source data 1 
Source data for Figure 4B-C, 4E-F.  
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2-butanone reduced VM7 PN responses, as compared to their response to 2-butanone alone 238 

(Figure 4B, 2H and Figure 4E, 3B). Such mixture inhibition is well understood to be a 239 

consequence of lateral GABAergic inhibition elicited by activity in non-VM7 ORNs (Olsen and 240 

Wilson, 2008; Olsen et al., 2010). Whereas responses of VM7 PNs to direct excitation (driven by 241 

2-butanone) were modestly enhanced in 2-butanone exposed flies (Figure 2H-I), VM7 responses 242 

to mixed direct and indirect input (driven by blends of 2-butanone and pentyl acetate) were 243 

similar in control and 2-butanone exposed flies (Figure 4B-C). This effect was observed across 244 

a wide range of concentrations of 2-butanone, each blended with a fixed concentration of pentyl 245 

acetate. Similar results were observed when we recorded odor mixture responses from VM7 PNs 246 

in E2-hexenal exposed flies (Figure 4D), which received chronically elevated indirect activity. 247 

Whereas chronic exposure to E2-hexenal altered VM7 PN responses to direct excitation elicited 248 

by 2-butanone (Figure 3B-C, 3E), VM7 PN responses to odor mixtures of 2-butanone and pentyl 249 

acetate were indistinguishable between E2-hexenal and solvent-exposed flies (Figure 4D-F). 250 

These observations suggest that lateral inhibition may also be impacted by chronic odor 251 

exposure, such that odor-evoked input elicits more inhibition to counter modest increases in PN 252 

excitation. In this way, stable PN responses are maintained to most typical odors which activate 253 

many ORs.  254 

When we examined the anatomy of the LN network, however, we observed that it was 255 

not grossly affected by chronic odor exposure. Levels of innervation of individual olfactory 256 

glomeruli by the neurites of large subpopulations of inhibitory local neurons (iLNs) (measured as 257 

the ratio of iLN neurites to total synaptic neuropil) were largely unchanged by chronic odor 258 

exposure (Figure 5A-B, F). Unexpectedly, in flies chronically exposed to E2-hexenal only, many 259 

glomeruli were smaller in volume than their counterparts in solvent-exposed flies (Figure 5G-I). 260 

This trend was observed in most glomeruli measured, including DL5, the glomerulus that 261 

receives direct input from E2-hexenal, but was not observed in parallel experiments where flies  262 
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Figure 5: LN innervation of antennal lobe glomeruli is unchanged by chronic excitation of a single ORN class. 
A) Single confocal section through the antennal lobe of a fly expressing membrane-targeted GFP (CD8:GFP, green) 
in a large subset of LNs. Synaptic neuropil was immunostained using the nc82 antibody (magenta) to visualize 
glomerular boundaries. Scale bar, 20μm.  
B-C) Left: Ratios of mean LN neurite signal to mean synaptic neuropil signal in each indicated glomerulus in flies 
chronically exposed to solvent (paraffin oil) versus 2-butanone (10-4) (B), or to solvent (paraffin oil) versus E2-hexenal 
(10-7) (C). Right: Mean normalized ratio of LN neurites to neuropil across glomeruli. Within each glomerulus, values 
were normalized to the mean ratio of the solvent-exposed group.  
D-E) Same as B-C) but for the volume of each glomerulus.  
F-G) Same as B-C) but for the volumetric density of LN neurite signal in each glomerulus.  
H-I) Same as B-C) but for the volumetric density of synaptic neuropil signal in each glomerulus.  
All plots are mean ± SEM across flies in each experimental condition, n=8-13 flies. *p<0.05, two-tailed Mann-Whitney 
U-test with Bonferroni multiple comparisons adjustment. See Supplemental Table 1 for the full genotype and number 
of flies in every condition. 
 

Figure 5 – source data 1 
Source data for Figure 5B-I.  
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were chronically exposed to 2-butanone (Figure 5C-E). Thus, chronic exposure to some, but not 263 

all, odors can elicit widespread anatomical perturbations in the olfactory circuit. In contrast with 264 

previous reports (Das et al., 2011; Devaud et al., 2001; Sachse et al., 2007), however, under our 265 

conditions of selective chronic activation, changes in glomerular volume were not odor- or 266 

glomerulus- specific, but rather extended globally beyond the chronically active glomerulus. 267 

 268 

 Chronic activation of ORNs does not alter their odor response properties  269 

 Prior studies have suggested that chronic odor exposure increases the sensitivity of 270 

ORNs (Chakraborty et al., 2009; Iyengar et al., 2010). We wondered if, in flies chronically exposed 271 

to some odors, heightened PN responses to weakly activating input (which elicits little lateral 272 

inhibition) might stem directly from changes in ORN activity. Heightened ORN sensitivity might 273 

not be apparent in PN responses to stronger odors in odor-exposed flies if circuit mechanisms 274 

such as lateral inhibition, which grow with stimulus strength, were acting to compensate changes 275 

in feedforward excitation. 276 

 To evaluate how chronic odor exposure affects ORN sensitivity, we exposed flies to E2-277 

hexenal (10-7) or 2-butanone (10-4) as before and recorded extracellular spikes from the ORN 278 

classes selectively activated by each odor stimulus (Figure 6A, 6D; see Methods). We observed 279 

that chronic activation of either ORN type – ab4a ORNs in E2-hexenal exposed flies or pb1a 280 

ORNs in 2-butanone exposed flies – did not significantly impact spontaneous (Figure 6 – figure 281 

supplement 1E-G) or odor-evoked firing rates across a wide range of stimulus concentrations 282 

(Figure 6B-C, 6E-F, Figure 6 – figure supplement 1A-B), including those lower concentrations 283 

which elicited enhanced responses in postsynaptic DL5 or VM7 PNs (Figure 2B-E, 2H-I). In 284 

addition, we evaluated pb1a ORN (presynaptic to VM7) responses in E2-hexenal exposed flies 285 

(Figure 6G) because VM7 PN responses to odor were enhanced in this condition compared to 286 
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controls (Figure 3B-C). These experiments showed that pb1a odor responses were largely 287 

unaffected by E2-hexenal exposure (Figure 6H-I). Although we observed a small decrease in 288 

response to 2-butanone at a concentration of 10-4, this difference did not consistently trend at 289 

nearby concentrations (10-5 or 10-3) and did not reach statistical significance after correction for 290 

multiple comparisons (Figure 6- figure supplement 1C).  291 

 We next considered the possibility that small changes in ORN firing rate might not be 292 

resolvable in extracellular recordings from individual neurons, but that the high convergence of  293 

ORNs onto PNs could amplify small differences in ORN firing into a measurable increase in PN 294 

response. Therefore, we used functional imaging to measure the population response of all ab4a 295 

ORNs in the DL5 glomerulus (Figure 6J-K), where the axon terminals of dozens of ab4a ORNs 296 

(Grabe et al., 2016) converge in a small physical volume (~200 μm3). We expressed the 297 

genetically encoded calcium indicator GCaMP6f in ab4a ORNs under the control of the Or7a-298 

Gal4 promoter. We then chronically exposed these flies to either E2-hexenal or solvent and used 299 

two-photon microscopy to record odor-evoked ORN calcium signals in the DL5 glomerulus 300 

(Figure 6K). We found that population imaging of ORN terminals had comparatively higher 301 

sensitivity for detecting odor responses, demonstrated by the ability to resolve odor-evoked 302 

activity in ab4a ORNs in response to E2-hexenal at a concentration of 10-10 (Figure 6L-M), 303 

responses which are not detectable by extracellular recordings from individual ORNs (Figure 6B-304 

C). However, functional imaging showed that odor-evoked responses in ab4a ORN terminals in 305 

glomerulus DL5 were indistinguishable between E2-hexenal exposed and control flies across the 306 

entire range of odor concentrations tested (Figure 6L-M, Figure 6- figure supplement 1D). Taken 307 

together, these results indicate that ORN odor responses are unaffected by perturbations in the 308 

odor environment that drive over a million additional spikes in each ORN over the course of two 309 

days of exposure. They also imply that the PN plasticity we observe likely stems from central 310 

cellular or circuit mechanisms, rather than from changes at the periphery. 311 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 3, 2021. ; https://doi.org/10.1101/2021.09.03.458834doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.03.458834
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

  19 

 

Figure 6: Odor responses in ORNs are unaffected by chronic odor exposure.  
A) Experimental setup for B-C). Single-sensillum recordings (SSR) were established from ab4a ORNs, which are directly 
excited by the rearing odor E2-hexenal (10-7), n=6-12 cells. 
B) Peristimulus time histograms of odor-evoked spiking in ab4a ORNs in response to varying concentrations of E2-
hexenal from flies chronically exposed to E2-hexenal or solvent (paraffin oil).  
C) Response curve of mean baseline-subtracted ab4a firing rates (calculated over the 500 ms window of stimulus 
presentation) to varying concentrations of E2-hexenal in E2-hexenal- or solvent-exposed flies. The concentration-
response curve includes responses from B), as well as measurements at additional stimulus concentrations. solv, 
solvent (paraffin oil).  
D) Experimental setup for E-F). SSR recordings from pb1a ORNs, which are directly excited by the rearing odor 2-
butanone (10-7), n=6-11 cells. 
E-F) Same as B-C), but for pb1a ORNs responding to varying concentrations of 2-butanone in flies chronically exposed 
to 2-butanone or solvent.  
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The role of central circuit mechanisms in olfactory plasticity 312 

 We next investigated several central mechanisms that might contribute to olfactory 313 

plasticity. First, we asked whether chronic odor exposure changes the intrinsic cellular 314 

excitability of PNs. Comparisons of the input resistance of PNs recorded in odor-exposed and 315 

control flies showed that postsynaptic input resistance was unaltered by chronic exposure to 316 

any of the odors in our study, regardless of whether PNs received direct or indirect chronic 317 

activation (Figures 2F, 2J, 2P, 3D, 3L). Consistent with these observations, f-I curves directly 318 

measuring the firing rate of deafferented DL5 PNs in response to current injection at the soma 319 

(Figure 7A) were indistinguishable between control and E2-hexenal exposed flies (Figure 7B-C; 320 

see also Figure 7 – figure supplement 1A-B).  These results indicate that the intrinsic excitability 321 

of PNs is unaltered by chronic odor exposure and does not account for the increase in PN 322 

sensitivity to weak odors. 323 

 Next, we asked whether ORN-PN synaptic strength is impacted by chronic odor 324 

exposure. In each glomerulus, many axon terminals from the same ORN class synapse onto 325 

each uniglomerular PN, and each ORN communicates with each PN via multiple active zones 326 

Figure 6 (continued): G) Experimental setup for H-I). SSR recordings from pb1a ORNs in flies chronically exposed to 
E2-hexenal (10-7), a stimulus which directly excites ab4a ORNs, n=5-11 cells. 
H-I) Same as B-C), but for pb1a ORNs responding to varying concentrations of 2-butanone in flies chronically exposed 
to E2-hexenal or solvent.  
J) Experimental setup for K-M). GCaMP6f was expressed in ab4a ORNs under the control of or7a-gal4. Flies were 
chronically exposed to E2-hexenal (10-7) or solvent, and odor-evoked calcium responses in ab4a ORN terminals were 
imaged in the DL5 glomerulus (dashed box) using two-photon microscopy, n=6-8 cells. 
K) Left: Maximum intensity projection of the imaging plane across the time series of an example stimulus presentation. 
Right: Peak DF/F heat map from a single experiment evoked by a 500 ms pulse of E2-hexenal (10-7) in a solvent-exposed 
fly, averaged across three stimulus presentations. Scale bar is 5 μm.  
L) Time courses of change in fluorescence in ab4a ORN terminals elicited by varying concentrations of E2-hexenal in 
E2-hexenal- and solvent-exposed flies.  
M) Response curve of mean peak DF/F responses to varying concentrations of E2-hexenal in E2-hexenal- or solvent-
exposed flies. The concentration-response curve includes responses from L), as well as measurements at additional 
stimulus concentrations. solv, solvent.  
All plots are mean ± SEM across flies in each experimental condition (one cell or antennal lobe/fly). Statistical analysis 
was as in Figure 2 (see Figure 6 – figure supplement 1 for p-values); none of the comparisons in Figure 6 between 
odor- and solvent-exposed groups are statistically significant at the a=0.05 level, with Bonferroni adjustment for 
multiple comparisons. See Supplemental Table 1 for the full genotype and number of flies in every condition. 
 

Figure 6 – source data 1 
Source data for Figure 6B-C, 6E-F, 6H-I, 6L-M.  
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(Horne et al., 2018; Kazama and Wilson, 2008; Rybak et al., 2016; Tobin et al., 2017). We refer 327 

to the combined action of all the neurotransmitter release sites between a single ORN and a PN 328 

as a unitary ORN-PN synapse. To measure the strength of a unitary synaptic connection between 329 

ab4a ORNs and DL5 PNs, we adapted a previously established minimal stimulation protocol 330 

(Kazama and Wilson, 2008) for use with optogenetic-based recruitment ORN activity. We 331 

expressed the channelrhodopsin variant Chrimson (Klapoetke et al., 2014) in all ab4a ORNs, 332 

driven from the Or7a promoter (Couto et al., 2005), acutely severed the antennal nerve, and 333 

stimulated ORN terminals with wide-field light delivered through the imaging objective. 334 

Concurrently, we monitored synaptic responses in DL5 PNs using targeted whole-cell recordings 335 

in voltage clamp mode (Figure 7D). 336 

 We employed a minimal stimulation protocol to isolate unitary excitatory postsynaptic 337 

currents (uEPSCs) evoked by single presynaptic ORN spikes. Stimulation with very low levels of 338 

light elicited no synaptic response in the PN (Figure 7E). As the power density was gradually 339 

increased, trials of mostly failures were interspersed with the abrupt appearance of an EPSC in 340 

an all-or-none manner. Further ramping the light in small increments had no effect on the 341 

amplitude of the EPSC in the PN, until a power density was reached where the EPSC amplitude 342 

abruptly doubled, as compared to the amplitude of the initially recruited EPSC (Figure 7E). Light-343 

evoked EPSCs were dependent on providing flies with the rhodopsin chromophore all-trans-344 

retinal (ATR) in their food; PNs from flies raised on non-ATR supplemented food displayed no 345 

light-evoked responses (data not shown). The step-like profile of EPSC amplitudes as a function 346 

of power density likely reflects the discrete recruitment of individual ORN axon fibers with 347 

increasing stimulation. In particular, the sharp transition from mostly failures to a reliably evoked 348 

current is consistent with the response arising from the activation of a single ORN input. The 349 

time from the onset of light stimulation to the evoked uEPSC was variable and averaged 350 

approximately ~23 ms ± 2.2 ms (s.d.) (Figure 7- figure supplement 1C), similar to the distribution 351 
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of latencies to the first light-evoked ORN spike at comparable intensities (data not shown; 352 

(Jeanne and Wilson, 2015)). Using this optogenetic-based ORN recruitment method, the 353 

amplitude (~40 pA), rise time (~2 ms), and half decay time (t1/2 ~ 7ms) of uEPSCs in DL5 PNs  354 

 

Figure 7: The effect of chronic ORN activation on PN intrinsic properties, ORN-PN synapse strength, and lateral 
excitation in the antennal lobe.   
A) Experimental setup for B-C). Recordings were established from DL5 PNs, which receive direct presynaptic input 
from the ORN class (ab4a) chronically activated by the rearing odor (E2-hexenal, 10-7), n=4 cells. Immediately prior to 
recording, PNs were deafferented by bilateral transection of the antennal nerves.  
B) f-I curve of DL5 PNs from E2-hexenal- and solvent-reared flies plotting firing rates elicited by increasing levels of 
current injection (1 s pulses delivered at an interpulse interval of 1 s and increasing with a step size of 5 pA).  
C) Same as B) but plotting firing rates elicited by injection of a slow triangular current ramp (4.5 pA/s). Firing rate was 
calculated in 50ms bins with 25ms overlap.  
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 (Figure 7F) in the control condition were similar to previous measurements made using 355 

conventional electrical stimulation of the antennal nerve (Kazama and Wilson, 2008), confirming 356 

this method for measuring unitary ORN-PN synapse properties.  357 

We used this method to record uEPSCs from DL5 PNs in flies chronically exposed to 358 

either solvent or E2-hexenal (10-7), the odor which directly activates the presynaptic ORNs. In 359 

order to compare recordings across different trials, individual uEPSCs from each condition were 360 

aligned by their peaks and averaged. Average DL5 uEPSC amplitudes and response kinetics 361 

were indistinguishable between solvent and E2-hexenal exposed flies (Figure 7F-G). This result 362 

shows that ORN-PN strength is unchanged by chronic odor exposure and is unlikely to account 363 

for enhanced DL5 PN responses to weak stimuli in E2-hexenal exposed flies. 364 

  Finally, we considered the possibility that local lateral excitatory connections play a role 365 

in PN plasticity triggered by chronic odor exposure. Olfactory glomeruli in the antennal lobe are 366 

densely interconnected by a network of lateral excitatory local neurons (eLNs) that signal globally 367 

D) Experimental setup for measurement of synaptic strength between ab4a ORNs and DL5 PNs in E-G). Flies 
expressing the channelrhodopsin CsCrimson in ab4a ORNs under the control of or7a-gal4 were chronically exposed 
to E2-hexenal (10-7) or solvent. Immediately prior to the experiment, PNs were deafferented by bilateral transection of 
the antennal nerves. Recordings were established from DL5 PNs, and unitary EPSCs were elicited in PNs by light-
based minimal stimulation of presynaptic ORN terminals. n=5-7 cells. 
E) A minimal stimulation protocol recruits unitary EPSCs. Left: EPSCs recorded in a DL5 PN (from a solvent-exposed 
fly) in response to increasing levels of light-based (488 nm) ORN stimulation (blue arrow). Individual trials are in grey; 
the average of all trials at a given light intensity is in black. Right: EPSC amplitude as a function of light intensity. Each 
dot represents the peak EPSC amplitude from a single trial. As light intensity is gradually increased, an evoked EPSC 
Figure 7 (continued): appears abruptly, and its amplitude remains constant as the light intensity is further increased. 
This range (~0.17-0.19 mW/mm2) likely corresponds to recruitment of an action potential in a single ab4a ORN axon 
presynaptic to the DL5 PN. As the level of light driven ORN stimulation further increases, the amplitude of the evoked 
EPSC suddenly doubles, likely reflecting the recruitment of a second axon.  
F) Mean unitary EPSC recorded in DL5 PNs from E2-hexenal- or solvent-exposed flies.  
G) Mean unitary EPSC amplitude (left) and decay rate (right) in DL5 PNs from E2-hexenal- or solvent-exposed flies.   
H) Experimental setup for I-J). Recordings were established from VA6 PNs in flies chronically exposed to E2-hexenal 
or solvent. Immediately prior to recording, PNs were deafferented by bilateral transection of the antennal nerves. 
Odors stimulate intact ORNs located in the palps and recruit lateral input to VA6 PNs (which normally receive direct 
input from ORNs in the antenna).  n=3-5 cells. 
I) Odor-evoked depolarization in deafferented VA6 PNs elicited by the indicated stimuli in flies chronically exposed to 
E2-hexenal or solvent (paraffin oil). Odors were presented at 10-2 dilution.  
J) Left: Mean odor-evoked depolarization to each stimulus in I) in the 500 ms after nominal stimulus onset. Right: 
Mean normalized odor-evoked depolarization across all stimuli. Within each stimulus, responses were normalized to 
the mean odor-evoked depolarization in the solvent-exposed group.  
All plots are mean ± SEM across flies in each experimental condition (one cell/fly). p-values are as described in Figure 
2. See Supplemental Table 1 for the full genotype and number of flies in every condition. 
 

Figure 7 – source data 1 
Source data for Figure 7B-C, 7F-G, 7I-J.  
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via electrical synapses to boost PN excitability (Olsen et al., 2007; Root et al., 2007; Shang et 368 

al., 2007; Yaksi and Wilson, 2010). The effects of lateral excitation on PN responses are most 369 

significant in the regime of weak odor stimuli (Shang et al., 2007; Yaksi and Wilson, 2010). Lateral 370 

excitatory input to PNs is most directly measured by removing the source of direct input to the 371 

PN and recording PN activity while stimulating ORNs that directly excite other glomeruli (Olsen 372 

et al., 2007; Root et al., 2007; Shang et al., 2007). The fly has two sets of olfactory organs – the 373 

antennae and the palps – and each ORN class resides in one or the other, but never both. We 374 

chronically exposed files to either solvent or E2-hexenal (10-7), bilaterally removed the antennae, 375 

and established recordings from VA6 PNs while stimulating the palps with odor (Figure 7H). Since 376 

VA6 PNs receive direct input from ORNs located in the antenna, VA6 PN odor responses 377 

recorded in this configuration stem from lateral (indirect) input that originates from ORNs located 378 

in the palp. 379 

 The stimulus panel for this experiment was comprised of odors that broadly activate 380 

many ORN classes, including those housed in the palps. As previously shown (Olsen et al., 2007; 381 

Yaksi and Wilson, 2010), different odors elicit differing, but characteristic amounts of lateral 382 

excitation in VA6 PNs (Figure 7I). Many, but not all, odors evoked increased lateral excitation in 383 

VA6 PNs from E2-hexenal exposed flies, as compared to solvent-exposed flies (Figure 7I-J). To 384 

pool our measurements of lateral excitatory responses in VA6 PNs across stimuli, we normalized 385 

the amount of PN membrane depolarization elicited by each odor in E2-hexenal exposed flies to 386 

the average amount it elicited in solvent-exposed flies. This analysis confirmed that the average 387 

amount of odor-evoked lateral excitation across all stimuli was increased in E2-hexenal exposed 388 

flies, as compared to solvent-exposed controls (Figure 7J).  These results suggest that chronic 389 

odor exposure increases the overall strength of global excitatory coupling among glomeruli in 390 

the antennal lobe after chronic odor exposure, which may contribute to the heightened sensitivity 391 

of PNs to weak odors. 392 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 3, 2021. ; https://doi.org/10.1101/2021.09.03.458834doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.03.458834
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

  25 

 393 

DISCUSSION 394 

 We find that strong, chronic activation of a single class of olfactory receptor neurons 395 

triggers limited plasticity at early stages of olfactory processing in Drosophila. Persistent 396 

exposure to a monomolecular odorant, delivered to the environment at concentrations that could 397 

be realistically encountered in the natural world, elicited mild increases in the olfactory sensitivity 398 

of some PNs. This plasticity (when present) affects the responses of PNs to relatively weak odor 399 

stimuli, so as to expand the lower range of stimulus intensities dynamically encoded by the PN. 400 

Many elements of the antennal lobe circuit, including ORN sensitivity and ORN-PN synapse 401 

strength, were unaffected by chronic ORN activation. Plasticity triggered by chronic ORN activity 402 

was observed not only in PNs corresponding to the glomerulus that receives direct input from 403 

the chronically active ORNs, but also in PNs corresponding to other glomeruli that receive only 404 

indirect chronic activity. This result suggests that local neurons, which mediate lateral 405 

interactions between glomeruli, participate in olfactory plasticity, consistent with our observation 406 

that odor exposure can boost the level of lateral excitatory coupling between some PNs. These 407 

results highlight the overall stability of the representation of odors in the antennal lobe, even in 408 

odor environments that elicit unusually high levels of activity in a single ORN class, and do not 409 

support the hypothesis that ORN and PN olfactory codes adjust to the frequency with which 410 

specific odors are encountered in the environment. 411 

 412 

Chronic exposure to odors at naturally occurring concentrations elicits limited plasticity 413 

in the fly antennal lobe 414 

Chronic activation of at least two ORN classes elicited modest increases in the odor 415 

sensitivity of the cognate PNs (DL5 and VM7) receiving direct presynaptic input from each, 416 
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although a third PN type (VA6) was unaffected (Figure 2). These results contrast with prior studies 417 

in fly in which chronic exposure to either carbon dioxide (5% in air) or ethyl butyrate (from a 20% 418 

v/v source) resulted in reduced odor responses in PNs that receive direct input from persistently 419 

activated ORNs (Das et al., 2011; Sachse et al., 2007). These studies concluded that olfactory 420 

plasticity homeostatically adjusts antennal lobe function to maintain the output from each PN 421 

type within a desired target range of activity. However, a more recent study observed the 422 

opposite, finding that chronic activation of VA6 ORNs mildly enhanced VA6 PN odor responses 423 

(Kidd and Lieber, 2016; Kidd et al., 2015). Prior studies in rodents also observed that chronic 424 

odor exposure enhances olfactory sensitivity (Cadiou et al., 2014; Liu and Urban, 2017; Wang et 425 

al., 1993). Establishing the direction of olfactory plasticity evoked in response to elevated levels 426 

of sensory input seems important, as it would point towards differing functional consequences 427 

of plasticity for olfactory coding. Methodological differences may contribute to the divergent 428 

findings; for instance, in flies, different studies vary with respect to the odor concentration and 429 

procedure used for chronic exposure (see below) and the methods used for measuring PN odor 430 

sensitivity (calcium imaging versus intracellular electrophysiology). Another possibility is that the 431 

rules for plasticity vary depending on the intensity of odor exposure and/or the specific olfactory 432 

channel being chronically activated, such that PN sensitivity is adjusted according to specific 433 

rules useful for each individual odor and glomerulus. Yet another possibility is that olfactory 434 

plasticity is relatively weak in this circuit, and the small magnitude of its effects make it difficult 435 

to measure experimentally with high confidence. 436 

 One of the most significant ways in which our experiments differ from prior work is the 437 

structure of the odor environment to which flies are exposed.  We exposed flies to periodic one-438 

second pulses of odor at estimated concentrations of ~10 ppb to ~10 ppm in air (see Methods). 439 

We confirmed that these stimuli reliably elicited near saturating levels of firing in the targeted PN 440 

class every twenty seconds over the course of many hours (Figure 1C-D and data not shown). 441 
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This odor exposure paradigm more than doubled the average firing rate of the targeted PN and 442 

elicited more than a million extra spikes in the activated PN over the course of the two-day period 443 

of exposure (see Methods). We note that, even though the overrepresented odor narrowly 444 

activates a single olfactory channel, it was delivered to flies living in an active culture containing 445 

cornmeal food, yeast, and other flies. As such, the olfactory circuit is expected to be broadly 446 

active during the period of chronic odor exposure. Our goal with this experimental design was 447 

to drive a robust change in neural activity in a single ORN type, while still maintaining animals in 448 

an olfactory environment that could be plausibly encountered in the natural world. This scenario 449 

allowed us to test the hypothesis that olfactory codes can adapt to the statistical frequency with 450 

which specific odors are encountered in natural environments, in ways that depend on the 451 

relative levels of neural activity in sensory neurons that are sensitive to these stimuli (Barlow, 452 

1961; Fiser et al., 2010). 453 

 Nearly all prior studies investigating olfactory plasticity, in flies or mice, use odor 454 

exposure paradigms that differ from this study in two ways: first, they continuously expose 455 

animals to odor from a stationary source in the home cage; and second, they provide the odor 456 

at significantly higher concentrations generally ranging from ~103 to ~105 ppm in air (Chodankar 457 

et al., 2020; Das et al., 2011; Devaud et al., 2001; Liu and Urban, 2017; Sachse et al., 2007; 458 

Wang et al., 1993). Such stimuli that are unlikely to be found in natural odor sources; for 459 

comparison, headspace concentrations of the most abundant small ester, alcohol, and aldehyde 460 

volatiles common in fruit odor sources typically ranges from ~1 ppb to ~10 ppm in air (for 461 

instance, Boschetti et al., 1999; Farneti et al., 2017; Jordán et al., 2001). For many such volatiles, 462 

prolonged exposure at concentrations that exceed ~103 ppm is considered hazardous to human 463 

life or health (NIOSH, (2019)). The impact of prolonged exposure to very intense odors on the 464 

olfactory circuit should be interpreted in the context of the likelihood of encountering such stimuli 465 

during the natural evolutionary history of the fly.  466 
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Our study is also distinct in that we characterized how the odor exposure environment 467 

impacts olfactory neuron firing rates, motivated by a desire to understand how manipulation of 468 

PN firing rates relates to changes in circuit function. In preliminary experiments where we 469 

continually exposed flies to a constant pulse of odor, PN firing rates adapted strongly within 470 

thirty seconds of stimulus onset to ~20-30% of peak values (data not shown, (Cafaro, 2016; 471 

Martelli and Fiala, 2019). This observation motivated our decision to pulse the odor during the 472 

exposure period (Figure 1A). In an animal housed with a stationary odor source in the 473 

environment, as is common in prior work (Chodankar et al., 2020; Das et al., 2011; Devaud et 474 

al., 2001; Liu and Urban, 2017; Wang et al., 1993), increases in olfactory neuron firing rates will 475 

be affected by neural adaptation and may depend in complex ways on the animal’s movement 476 

around objects in the physical environment.  477 

The odor exposure environment used in this study may simply have elicited insufficient 478 

levels of neural activity in olfactory neurons to trigger more dramatic levels of plasticity; however, 479 

it may also be that olfactory plasticity triggered by very intense odor stimuli needs to be 480 

interpreted with caution. Saturating levels of firing in projections neurons are elicited by stimuli 481 

many orders of magnitude less intense than odors at ~103 to 105 ppm; thus, it may not 482 

necessarily be the case that anatomical and functional changes induced by exposure to intense 483 

odors are mediated only by neural activity-driven processes. Alternatively, direct action of the 484 

odor on molecular targets in the fly are formally possible. We note that, even though it was not 485 

the focus of this study, understanding how exposure to very intense odors impacts neural 486 

function is an important problem, regardless of the mechanism, since both animals and humans 487 

frequently encounter such situations in modern industrialized environments (Steinemann, 2016; 488 

Wolkoff and Nielsen, 2017; Wypych, 2017). 489 

 490 

Stimulus-selective versus global plasticity in sensory circuits 491 
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 Another important point of divergence between our results and some prior work is that 492 

the mild olfactory plasticity we observed was not specific only for the glomerulus receiving direct 493 

input from the chronically activated ORN class. Some prior studies showed that the effects of 494 

chronic odor exposure on olfactory neuron responses and anatomical volume were selective for 495 

specific glomeruli, although the direction of these effects varied between studies (Chakraborty 496 

et al., 2009; Das et al., 2011; Devaud et al., 2001, 2003; Sachse et al., 2007). Most studies 497 

chronically exposed flies to odors that broadly activate many ORN classes, complicating the 498 

interpretation of the degree of selectivity of olfactory plasticity. However,  Sachse et al. also used 499 

an experimental design that chronically activated a single ORN class, the ab1C ORNs projecting 500 

to glomerulus V), and found that plasticity selectively affected PNs in glomerulus V (Sachse et 501 

al., 2007). Determining the degree to which olfactory plasticity is stimulus- and glomerulus-502 

specific is significant because it has implications for whether olfactory plasticity can reshape the 503 

olfactory code to reflect recent stimulus statistics in the environment. Our results, however, 504 

indicate that chronic ORN activity triggers mild increases in odor responses in both PNs receiving 505 

direct presynaptic input, and PNs receiving indirect input, from the chronically active ORN class. 506 

Additionally, we observed that, at least for some odors, chronic ORN activation elicited broad 507 

anatomical changes in the olfactory circuit, where all glomeruli, including the glomerulus 508 

receiving chronic direct activation, were slightly smaller than their counterparts in control flies 509 

(Figure 5E). The effect was observed in flies chronically exposed to E2-hexenal (10-7) but not to 510 

2-butanone (10-4). 511 

Plasticity elicited by chronic indirect input did not impact all PNs equivalently. For 512 

example, chronic elevation of indirect input to VM7 PNs (by exposure to E2-hexenal) mildly 513 

increased VM7 PN sensitivity and also significantly increased levels of post-stimulus 514 

hyperpolarization in the cell. However, this latter effect was not observed in VA6 PNs, which 515 

showed only mild increases in activity in response to weak odors and exhibited normal post-516 
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stimulus dynamics (Figure 3B, 3J). These results suggest that olfactory plasticity differentially 517 

impacts PNs in different glomeruli, possibly due to how the mechanisms underlying plasticity 518 

interact with differing intrinsic biophysical characteristics of each PN type.  519 

 Our observation that chronic odor exposure elicits changes broadly in many PN types is 520 

similar to that of a recent functional imaging study in mouse which found that chronic odor 521 

exposure in early postnatal life induced widespread, global enhancement of mitral cell excitability 522 

across the olfactory bulb (Liu and Urban, 2017). The observation that olfactory plasticity can 523 

globally impact odor responses across multiple glomeruli suggests that chronic, persistent ORN 524 

activation may function to adjust the overall gain or sensitivity of the circuit, especially in the low 525 

contrast stimulus regime. Such a widespread increase in excitability might reflect a form of 526 

generalized sensory enrichment that has been previously described in mammalian olfactory 527 

(Mandairon et al., 2006b; Rochefort et al., 2002), visual (Beaulieu and Cynader, 1990a, 1990b), 528 

and auditory (Engineer et al., 2004) systems . 529 

 530 

Mechanisms of olfactory plasticity in the antennal lobe 531 

PN odor responses depend on the nonlinear integration of a complex set of inputs, which 532 

include feedforward excitation from ORNs, lateral excitation from cholinergic local neurons 533 

(eLNs) and lateral inhibition from GABAergic local neurons (iLNs) (Wilson, 2013). In the antennal 534 

lobe, the strength of each of these inputs is stereotypical in each glomerulus (Hong and Wilson, 535 

2015; Kazama and Wilson, 2008; Olsen et al., 2007; Yaksi and Wilson, 2010). PN plasticity could 536 

theoretically arise from changes in any of these inputs, as well as changes in the intrinsic 537 

biophysical properties of the PN that impact signal integration. The observation that chronic focal 538 

activation of ORN input to a single glomerulus can elicit changes in PNs belonging to other 539 

glomeruli suggests that olfactory plasticity is not glomerulus-autonomous and, at a minimum, 540 

likely involves local lateral networks which mediate information flow across glomeruli. Prior 541 
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studies examining the mechanism of glomerulus-specific plasticity have suggested that some 542 

genetically defined subsets of iLNs are important for mediating olfactory plasticity (Das et al., 543 

2011; Golovin and Broadie, 2016; Sachse et al., 2007). A significant unanswered question has 544 

been how patterns of activity in the neurites of these iLNs, each of which ramify broadly in the 545 

vast majority of antennal lobe glomeruli, are selectively modified to affect release sites present 546 

in just one or a few glomeruli. Our observation that olfactory plasticity is not necessarily 547 

glomerulus-specific is consistent with the broadly innervating anatomical characteristics of both 548 

excitatory and inhibitory LNs. 549 

Given the complexity of PN integration of direct and lateral inputs as well as prior reports 550 

of glomerulus-specific plasticity in the antennal lobe, we considered the possibility that certain 551 

elements in the circuit might be strongly affected by chronic odor exposure, but that these 552 

changes might not be obvious due to compensatory modifications in other parts of the circuit. 553 

For instance, prior work in fly found that chronic exposure to esters increased the sensitivity of 554 

ORNs to these odors (Chakraborty et al., 2009; Iyengar et al., 2010), and multiple studies in 555 

rodents have concluded that chronic odor exposure evokes plasticity in ORN responses (Cadiou 556 

et al., 2014; Cavallin et al., 2010; Kass et al., 2013; Santoro and Dulac, 2012; Wang et al., 1993; 557 

Watt et al., 2004). Note, however, that mammalian ORNs turn over constantly throughout the 558 

lifetime of the animal, whereas insect ORNs do not. However, if, in addition to ORNs, another 559 

circuit element such as lateral inhibition was concurrently affected by chronic odor exposure, 560 

this scenario might obscure the ability to observe the impact of potential increases in 561 

feedforward ORN excitation on PN responses. Thus, we directly measured how chronic odor 562 

exposure impacts a number of key circuit mechanisms, including ORN odor responses, PN 563 

intrinsic properties, ORN-PN synaptic strength, and lateral excitation. Overall, these circuit 564 

features were remarkably stable to a major perturbation in the flies’ olfactory environment. For 565 

instance, the olfactory responses of ORNs in multiple glomeruli, as measured by single sensillum 566 
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extracellular recordings and by population calcium imaging, were unaffected by chronic 567 

exposure to multiple odors and were stable across a wide range of odor concentrations. 568 

Likewise, PN intrinsic properties and ORN-PN synaptic strength were similarly invariant to 569 

chronic odor exposure. However, we did observe that the strength of lateral excitatory coupling 570 

among glomeruli was increased in flies chronically exposed to the odor E2-hexenal. This finding 571 

suggests a possible mechanism for the overall increased excitability of PNs in E2-hexenal 572 

exposed flies, particularly in the weak stimulus regime in which lateral excitation has the most 573 

impact (Yaksi and Wilson, 2010). Changes in the strength of lateral excitatory coupling between 574 

eLNs and PNs have been previously implicated in the slow recovery of odor responses in PNs 575 

that have chronically lost afferent ORN input due to injury (Kazama et al., 2011). Thus, the lateral 576 

excitatory network might serve as a common substrate for olfactory plasticity in multiple 577 

contexts. 578 

The degree to which focal activation of a single ORN type (as occurs with low 579 

concentrations of E2-hexenal or 2-butanone) recruits “intraglomerular” lateral excitation, 580 

however, is unknown and requires further experimental validation. Additionally, not all odors 581 

elicited enhanced lateral excitation in VA6 PNs after chronic odor exposure, suggesting that a 582 

uniform global increase in the strength of eLN coupling to PNs cannot solely explain all of our 583 

results. Indeed, although ORNs are probably the most important targets of GABAergic inhibition 584 

in the antennal lobe, postsynaptic GABAergic inhibition onto PNs is also present (Horne et al., 585 

2018; Olsen and Wilson, 2008; Tobin et al., 2017) and may be variably recruited by different 586 

odors and contribute to the lateral responses we measured. We propose that since feedforward 587 

excitatory input is integrated with lateral excitatory and lateral inhibitory inputs in each 588 

glomerulus in a complex and non-linear process, variation in the relative contributions of each of 589 

these inputs may underlie some of the diversity in how chronic exposure to different odors 590 

impacts odor coding in each glomerulus.  591 
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 592 

Implications for understanding experience-dependent changes in olfactory behavior 593 

 An important future direction is to determine how the specific odor exposure paradigm 594 

used in this study impacts olfactory preference and behavior towards the odor. A large number 595 

of studies in insect and in mammals have demonstrated that prior experience with an odor 596 

impacts how an animal subsequently responds to it. In flies, for instance, most studies have 597 

found that prior exposure to high concentrations of an odor (>~103 ppm in air) subsequently 598 

reduces the degree of behavioral aversion to high concentrations of that odor (Das et al., 2008; 599 

Devaud and Ferrus, 2003; Devaud et al., 2001; Sachse et al., 2007). In one study, however, where 600 

flies were chronically exposed to lower concentrations of odors (~1-10 ppm in air) that were 601 

demonstrated to be attractive to flies, experience with the odor further increased behavioral 602 

attraction towards it (Chakraborty et al., 2009). In preliminary experiments using strong attractive 603 

odor mixtures from natural fruit sources, our findings agree with this result (K.V.D. and E.J.H., 604 

personal communication). The divergent findings of these various studies may stem from 605 

exposure of flies to odors at different concentrations, to odors of different chemical identity, 606 

and/or to odors of differing behavioral meaning or valence. A still unanswered and important 607 

question is how olfactory plasticity depends on the properties of the odor environment, and, in 608 

particular, on whether the odor environment is pleasant or unpleasant for the animal. Since all 609 

odors, both attractive and aversive, are effectively aversive at very high concentrations, many 610 

past studies do not explicitly address this question. 611 

Prior studies have suggested that experience-dependent modification of olfactory 612 

behavior in fly stems from odor-specific changes in the structure and function of the antennal 613 

lobe, which act to adapt early olfactory codes to more efficiently encode the frequency with 614 

which odors are present in the local environment (Chakraborty et al., 2009; Das et al., 2011; 615 

Devaud et al., 2001; Kidd et al., 2015; Sachse et al., 2007). The results of this study, taken 616 
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together with the inability to establish a consistent set of rules for predicting how olfactory 617 

plasticity will impact antennal lobe coding, argue against this hypothesis. Indeed, given that most 618 

typical odors are broadly encoded across many glomeruli, glomerulus-selective plasticity in the 619 

antennal lobe would seem to be an inefficient substrate for odor-specific plasticity since most 620 

individual glomeruli participate in the representation of many different odors. Rather than 621 

representing a design feature of the circuit, modest shifts in PN responses driven by chronic 622 

odor exposure may rather reflect imperfections in a system that is principally designed to 623 

maintain stable stimulus representations at the earliest stages of odor processing. If this is the 624 

case, odor experience-dependent changes in olfactory behavior in flies are likely to rather arise 625 

from plasticity downstream of the antennal lobe. One higher order olfactory area which receives 626 

antennal lobe output, the mushroom body, has been extensively studied for its role in associative 627 

learning (Heisenberg, 2003). Indeed, chronic odor exposure experiments are nearly always, by 628 

necessity, carried out in the presence of food, which may signal to flies a positive value of the 629 

environment and become associated with the odor. More work is needed to evaluate how 630 

behavioral plasticity elicited by chronic odor exposure may depend on additional features of the 631 

environment, for instance, if exposure occurs in a passive versus rewarding (or aversive) context. 632 

 633 

Implications for general principles of sensory plasticity  634 

The stability of odor responses in early olfactory processing areas, even when challenged 635 

with persistent perturbations in the sensory environment, may reflect a more general design 636 

principle of sensory circuits. Even in mammalian nervous systems, which exhibit an overall higher 637 

degree of neural plasticity than insect systems, the function of early stages of sensory processing 638 

closer to the periphery is less dependent on normal sensory experience than later stages of 639 

cortical processing. For example, although normal visual experience is a well-established 640 

requirement for normal topographic maps, orientation selectivity, and direction selectivity in 641 
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higher visual areas (Cang and Feldheim, 2013; Espinosa and Stryker, 2012; Huberman et al., 642 

2008), the structure and function of retinal circuitry is much less impacted by abnormal visual 643 

experience (D’Orazi et al., 2014; Elstrott and Feller, 2009).  To take the case of direction 644 

selectivity as an example, whereas raising animals in the dark prevents the emergence of 645 

direction-selective responses in primary visual cortex (Li et al., 2006, 2008), direction-selective 646 

ganglion cells in the retina have mature responses at birth, and have normal directional tuning, 647 

speed tuning, and anatomy in dark-reared animals (Chan and Chiao, 2008; Elstrott and Feller, 648 

2009; Elstrott et al., 2008). Similarly, in the human auditory system, cochlear tuning is essentially 649 

mature at birth, but brainstem and cortical auditory responses exhibit significant plasticity in 650 

postnatal life, consistent with auditory experience having a bigger impact on the function of 651 

higher order auditory circuits (Moore and Linthicum, 2007; Sanes and Bao, 2009). Thus, in both 652 

insects and vertebrates, experience-independent processes, specified by developmental 653 

genetic programs, appear to dominate in determining the structure and function of early stages 654 

of sensory processing, with the role of sensory experience becoming more prominent in higher-655 

order stages of processing.  656 

Why might plasticity be limited in early stages of sensory processing? Neural plasticity, 657 

like any form of phenotypic plasticity, comes at a cost. For instance, plasticity at the sensory 658 

periphery could be subject to an information acquisition cost, stemming from poor reliability or 659 

undersampling of the stimuli being used to evaluate the statistical structure of the environment. 660 

Unreliable information about the environment could result in potentially even more inefficient 661 

sensory coding. Another potential cost of plasticity could arise from temporal mismatching, for 662 

instance, if the stimulus structure of the environment were to shift more rapidly than the time 663 

scale over which neural plasticity could be implemented. Generating a stable representation of 664 

the world at early stages of processing, which is invariant to local shifts in the stimulus 665 

environment, may be the best strategy. The initial sensory representation is usually relayed to 666 
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multiple higher order processing areas, each of which may use the sensory information for 667 

different behavioral tasks. Allowing neural plasticity to rather impinge on later stages of 668 

processing may allow each different downstream circuit to independently reformat the sensory 669 

representation in way that best subserves its specialized function. 670 

 671 

SUPPLEMENTARY MATERIALS 672 

Supplemental Table 1: Complete genotypes and n for all experiments. 673 
Solvent is paraffin oil.  674 
 
FIGURE  

 
GENOTYPE 

EXPERIMENTAL  
GROUP 

 
STIMULUS 

NO. 
FLIES (N) 

1C-D np3481-gal4, UAS-cd8:gfp (X) E2-hexenal solvent 
E2-hexenal, 10-7 

1 
1 

2B-F 
2Q 

np3481-gal4, UAS-cd8:gfp (X) E2-hexenal 
exposed 

solvent  
E2-hexenal, 10-12 
E2-hexenal, 10-11 
E2-hexenal, 10-10 
E2-hexenal, 10-9 
E2-hexenal, 10-8 
E2-hexenal, 10-7 

E2-hexenal, 10-6 
E2-hexenal, 10-5 

3 
3 
5 
9 
10 
11 
12 
10 
6 

solvent exposed solvent  
E2-hexenal, 10-12 
E2-hexenal, 10-11 
E2-hexenal, 10-10 
E2-hexenal, 10-9 
E2-hexenal, 10-8 
E2-hexenal, 10-7 

E2-hexenal, 10-6 
E2-hexenal, 10-5 

3 
3 
3 
8 
7 
19 
19 
14 
9 

2H-J 
2R 
3F 

np3481-gal4, UAS-cd8:gfp (X) 2-butanone 
exposed 

2-butanone, 10-8 

2-butanone, 10-7 

2-butanone, 10-6 

2-butanone, 10-5 

2-butanone, 10-4 

4 
11 
12 
13 
12 

solvent exposed 2-butanone, 10-8 

2-butanone, 10-7 

2-butanone, 10-6 

2-butanone, 10-5 

6 
16 
13 
14 
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2-butanone, 10-4 11 
2L-P 
2S 

UAS-cd8:gfp (X); mz612-gal4, 
UAS-cd8:gfp (II) 

geranyl acetate 
exposed 

geranyl acetate, 10-7 

geranyl acetate, 10-6 

geranyl acetate, 10-5 

geranyl acetate, 10-4 

7 
9 
9 
8 

solvent exposed geranyl acetate, 10-7 

geranyl acetate, 10-6 

geranyl acetate, 10-5 

geranyl acetate, 10-4 

10 
11 
11 
8 

3B-E 
3G-H 

np3481-gal4, UAS-cd8:gfp (X) E2-hexenal 
exposed 

2-butanone, 10-7 

2-butanone, 10-6 

2-butanone, 10-5 

2-butanone, 10-4 

6 
8 
7 
5 

solvent exposed 2-butanone, 10-7 

2-butanone, 10-6 

2-butanone, 10-5 

2-butanone, 10-4 

16 
13 
14 
11 

3J-N UAS-cd8:gfp (X); mz612-gal4, 
UAS-cd8:gfp (II) 

E2-hexenal 
exposed 

geranyl acetate, 10-7 

geranyl acetate, 10-6 

geranyl acetate, 10-5 

geranyl acetate, 10-4 

5 
5 
5 
5 

solvent exposed geranyl acetate, 10-7 

geranyl acetate, 10-6 

geranyl acetate, 10-5 

geranyl acetate, 10-4 

10 
11 
11 
8 

4B-C np3481-gal4, UAS-cd8:gfp (X) 2-butanone 
exposed 

pentyl acetate, 10-3 

+2-butanone, 10-8 

+2-butanone, 10-7 

+2-butanone, 10-6 

+2-butanone, 10-5 

+2-butanone, 10-4 

 
3 
7 
6 
7 
6 

solvent exposed pentyl acetate, 10-3 

+2-butanone, 10-8 

+2-butanone, 10-7 

+2-butanone, 10-6 

+2-butanone, 10-5 

+2-butanone, 10-4 

 
6 
6 
6 
7 
5 

4E-F np3481-gal4, UAS-cd8:gfp (X) E2-hexenal 
exposed 

pentyl acetate, 10-3 

+2-butanone, 10-8 

+2-butanone, 10-7 

+2-butanone, 10-6 

+2-butanone, 10-5 

+2-butanone, 10-4 

 
3 
3 
4 
3 
3 
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solvent exposed pentyl acetate, 10-3 

+2-butanone, 10-8 

+2-butanone, 10-7 

+2-butanone, 10-6 

+2-butanone, 10-5 

+2-butanone, 10-4 

 
6 
6 
6 
7 
5 

5A +/UAS-brp.S-mStraw (II); 
20XUAS-cd8:gfp/np3056-gal4 
(III) 

solvent exposed NA 1 

5B 
5D 
5F 
5H 

 +/UAS-brp.S-mStraw (II); 
20XUAS-cd8:gfp/np3056-gal4 
(III) 
 

2-butanone 
exposed 

NA 13 

solvent exposed NA 10 

5C 
5E 
5G 
5I 

+/UAS-brp.S-mStraw (II); 
20XUAS-cd8:gfp/np3056-gal4 
(III) 

E2-hexenal 
exposed 

NA 11 

solvent exposed NA 8 

6B 
6C 
 

np3481-gal4, UAS-cd8:gfp (X) E2-hexenal 
exposed 

solvent  
E2-hexenal, 10-12 
E2-hexenal, 10-11 
E2-hexenal, 10-10 
E2-hexenal, 10-9 
E2-hexenal, 10-8 
E2-hexenal, 10-7 

E2-hexenal, 10-6 
E2-hexenal, 10-5 

E2-hexenal, 10-4 

12 
11 
11 
10 
10 
8 
9 
9 
9 
10 

solvent exposed solvent  
E2-hexenal, 10-12 
E2-hexenal, 10-11 
E2-hexenal, 10-10 
E2-hexenal, 10-9 
E2-hexenal, 10-8 
E2-hexenal, 10-7 

E2-hexenal, 10-6 
E2-hexenal, 10-5 

E2-hexenal, 10-4 

9 
9 
9 
8 
8 
9 
9 
7 
6 
6 

6E 
6F 
 

np3481-gal4, UAS-cd8:gfp (X) 2-butanone 
exposed 

solvent 
2-butanone, 10-10 

2-butanone, 10-9 

2-butanone, 10-8 

2-butanone, 10-7 

2-butanone, 10-6 

6 
9 
9 
9 
10 
10 
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2-butanone, 10-5 

2-butanone, 10-4 

2-butanone, 10-3 

9 
10 
9 

solvent exposed solvent 
2-butanone, 10-10 

2-butanone, 10-9 

2-butanone, 10-8 

2-butanone, 10-7 

2-butanone, 10-6 

2-butanone, 10-5 

2-butanone, 10-4 

2-butanone, 10-3 

9 
11 
10 
10 
10 
9 
9 
9 
9 

6H 
6I 
 

np3481-gal4, UAS-cd8:gfp (X) E2-hexenal 
exposed 

solvent 
2-butanone, 10-10 

2-butanone, 10-9 

2-butanone, 10-8 

2-butanone, 10-7 

2-butanone, 10-6 

2-butanone, 10-5 

2-butanone, 10-4 

2-butanone, 10-3 

5 
9 
9 
9 
9 
9 
8 
8 
9 

solvent exposed solvent 
2-butanone, 10-10 

2-butanone, 10-9 

2-butanone, 10-8 

2-butanone, 10-7 

2-butanone, 10-6 

2-butanone, 10-5 

2-butanone, 10-4 

2-butanone, 10-3 

9 
11 
10 
10 
10 
9 
9 
9 
9 

6K +/or7a-gal4(KI) (X); +/20XUAS-
IVS-syn21-opGCaMP6f-p10 (II) 

solvent exposed E2-hexenal, 10-7 1 

6L 
6M 
 

+/or7a-gal4(KI) (X); +/20XUAS-
IVS-syn21-opGCaMP6f-p10 (II) 

E2-hexenal 
exposed 

solvent  
E2-hexenal, 10-12 
E2-hexenal, 10-11 
E2-hexenal, 10-10 
E2-hexenal, 10-9 
E2-hexenal, 10-8 
E2-hexenal, 10-7 

E2-hexenal, 10-6 

8 
6 
8 
8 
8 
8 
7 
8 

solvent exposed solvent  
E2-hexenal, 10-12 
E2-hexenal, 10-11 
E2-hexenal, 10-10 

8 
6 
8 
8 
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E2-hexenal, 10-9 
E2-hexenal, 10-8 
E2-hexenal, 10-7 

E2-hexenal, 10-6 

8 
8 
7 
8 

7B-C 
 

np3481-gal4, UAS-cd8:gfp (X) E2-hexenal 
exposed 

NA 4 

solvent exposed NA 4 
7E 
 

np3481-gal4, UAS-cd8:gfp (X); 
+/13xlexAop2-IVS-
CsChrimson.mVenus (II); 
+/or7a-lexA (III) 

solvent exposed NA 1 

7F-G np3481-gal4, UAS-cd8:gfp (X); 
+/13xlexAop2-IVS-
CsChrimson.mVenus (II); 
+/or7a-lexA (III) 

E2-hexenal 
exposed 

NA 5 

solvent exposed NA 7 

7I-J UAS-cd8:gfp (X); mz612-gal4, 
UAS-cd8:gfp (II) 

E2-hexenal 
exposed 

solvent 
pentyl acetate 
2-heptanone 
E2-hexenal 
isobutyl acetate 
p-cresol 
2-butanone 

3 
3 
3 
3 
3 
3 
3 

solvent exposed solvent 
pentyl acetate 
2-heptanone 
E2-hexenal 
isobutyl acetate 
p-cresol 
2-butanone 

3 
5 
4 
4 
4 
4 
3 

 675 

 676 

 677 

 678 

 679 

 680 

 681 
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Figure 2 – figure supplement 1: Examples of resampling analysis for determination of p-values in Figure 2. 
A) Histograms of the difference between group means in the 10,000 permuted datasets of odor-evoked 
depolarization in DL5 PNs from E2-hexenal- or solvent-exposed flies (from Figure 2C). For each stimulus, the labels 
that assign each data point (from a single PN) to the odor- or solvent-exposed group were randomly shuffled 10,000 
times without replacement, reassigning each data point to either the odor- or solvent-exposed group but retaining 
the number of resampled observations in each group. The distribution of the difference between the means of the 
groups in the 10,000 permutations is plotted. The red dotted line marks the position of the observed difference 
between odor- and solvent-exposed groups (µodor exposed – µsolv exposed); the black dotted line marks the position of (µsolv 

exposed – µodor exposed ). The p-value for each comparison is computed as the fraction of absolute resampled differences 
larger than the absolute observed difference (e.g., the fraction of the distribution lying outside the dotted bounds).  
B-E) Same as A), but for odor-evoked firing rate in DL5 PNs from E2-hexenal- or solvent-exposed flies (from Figure 
2E) (B); odor-evoked depolarization in VM7 PNs from 2-butanone- or solvent-exposed flies (from Figure 2I) (C); 
odor-evoked depolarization in VA6 PNs from geranyl acetate- or solvent-exposed flies (from Figure 2M) (D); and 
odor-evoked firing rate in VA6 PNs from geranyl acetate- or solvent-exposed flies (from Figure 2O) (E). 
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Figure 6 – figure supplement 1: Statistical analysis of spontaneous and odor-evoked ORN firing rates in 
odor- and solvent-exposed flies.  
Statistical analysis is the same as in Figure 2 – figure supplement 1. 
A-D) Histograms of the difference between group means in 10,000 permutations of the datasets for each 
indicated comparison of odor-evoked firing rates in A) ab4a ORNs from E2-hexenal- or solvent-exposed flies 
(from Figure 6B); B) pb1a ORNs from 2-butanone- or solvent-exposed flies (from Figure 6E); C) pb1a ORNs from 
E2-hexenal- or solvent-exposed flies (from Figure 6H); and D) odor-evoked calcium signals from ab4a ORN axon 
terminals in E2-hexenal- or solvent-exposed flies (from Figure 6L). The p-value for each comparison is computed 
as the fraction of absolute resampled differences larger than the absolute observed difference (e.g., the fraction 
of the distribution lying outside the dotted bounds). 
E-G) Mean spontaneous firing rate, and statistical comparison of means, computed over a 5 s window prior to 
stimulus onset in ORNs corresponding to each condition in A-C). 
H) Mean resting fluorescence computed over a 5 s window prior to stimulus onset in ab4a ORN terminals in the 
DL5 glomerulus in E2-hexenal- and solvent-exposed flies. None of the comparisons in Figure 6 between odor- 
and solvent-exposed groups are statistically significant at the a=0.05 level (with Bonferroni adjustment for multiple 
comparisons). 
 

 
 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 3, 2021. ; https://doi.org/10.1101/2021.09.03.458834doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.03.458834
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

  43 

Figure 7- figure supplement 1: PN intrinsic properties and latency of light-evoked EPSCs. 
A) Membrane potential versus current for increasing steps of current injection (from Figure 7B) in deafferented 
DL5 PNs from E2-hexenal- and solvent-exposed flies.  
B) Same as A) but plotting firing rate versus membrane potential at each current step.  
C) EPSCs evoked by a 100 μs pulse of light (488 nm, ~0.175 mW/mm2) in a deafferented DL5 PN from a solvent-
reared fly expressing CsChrimson in presynaptic ab4a ORNs. Note the variable latency to the peak of the evoked 
EPSC, which is consistent with the approximate latency of the first light-evoked spike in ORN recordings from in 
the antenna. EPSCs are aligned by their peaks for averaging across trials in Figure 7E-G. 
 

 

 682 

METHODS 683 

Flies 684 

Drosophila melanogaster were raised on a 12:12 light:dark cycle at 25°C and 70% relative 685 

humidity on cornmeal/molasses food containing: water (17.8 l), agar (136 g), cornmeal (1335.4 686 

g), yeast (540 g), sucrose (320 g), molasses (1.64 l), CaCl2 (12.5 g), sodium tartrate (150 g), 687 

tegosept (18.45 g), 95% ethanol (153.3 ml) and propionic acid (91.5 ml). All experiments were 688 

performed in 2-day old female flies. The specific genotype of the flies used in each experiment 689 

are given in Supplemental Table 1. The transgenes used in this study were acquired from the 690 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 3, 2021. ; https://doi.org/10.1101/2021.09.03.458834doi: bioRxiv preprint 

https://doi.org/10.1101/2021.09.03.458834
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

  44 

Bloomington Drosophila Stock Center (BDSC) or the Kyoto Drosophila Stock Center (DGGR), 691 

unless otherwise indicated. They have been previously characterized as follows: np3481-gal4 692 

(Kyoto:113297) labels DL5 and VM7 PNs (Hayashi et al., 2002; Olsen et al., 2007); mz612-gal4 693 

(II) (gift of L. Luo) labels VA6 PNs (Marin et al., 2005); or7a-gal4(KI) (gift of C. Potter) expresses 694 

Gal4 from the or7a locus under the control of its endogenous regulatory elements (Lin et al., 695 

2015); UAS-cd8:gfp (X) (RRID:BDSC_5136) and UAS-cd8:gfp (II) (RRID:BDSC_5137) express 696 

CD8-tagged GFP, which is targeted to the membrane, under Gal4 control (Lee and Luo, 1999); 697 

20xUAS-IVS-cd8:gfp (attP2) (RRID:BDSC_32194) expressed CD8-tagged GFP under Gal4 698 

control (Pfeiffer et al., 2010); UAS-brp.S-mStrawberry (II) (gift of S. Sigrist) expresses a red 699 

fluorescent protein-tagged short-form of bruchpilot (Fouquet et al., 2009); 20xUAS-IVS-syn21-700 

opGCaMP6f-p10 (su(Hw)attP5) (gift of B. Pfeiffer and D. Anderson) expresses codon-optimized 701 

GCaMP6f under Gal4 control (Chen et al., 2013); and 13xlexAop2-IVS-CsChrimson.mVenus 702 

(attP40) (RRID:BDSC_55138) expresses a Venus-tagged red-shifted channelrhodopsin 703 

CsChrimson under lexA control (Klapoetke et al., 2014). 704 

 705 

or7a-lexA (III) flies were generated as follows. The or7a promoter was PCR amplified from a 706 

bacterial artificial chromosome (RPCI-98 library, clone 39F18, BACPAC Resources) containing 707 

the or7a locus of D. melanogaster using primers 5’-ACCGCATCCCGATCAAGACACAC-3’ and 708 

5’-TGATGGACTTTTGACGCCTGGGAATA-3’. The or7a promoter was inserted 5’ to nlslexA∷p65 709 

using isothermal assembly in vector pBPnlslexA∷p65Uw, replacing the ccdB cassette. The 710 

plasmid pBPnlslexA∷p65Uw was a gift from G. Rubin (Addgene plasmid #26230, 711 

RRID:Addgene_26230). The final sequence of the construct was confirmed by Sanger 712 

sequencing, and transgenic flies were generated by site-specific integration into the VK00027 713 

landing site (BestGene, Inc., Chino Hills, CA). To verify the selectivity of the driver, or7a-lexA was 714 

crossed to 13xlexAop2-mCD8:gfp (RRID:BDSC_32205), and brains of the resulting progeny flies 715 
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(2 days old) were dissected and  immunostained with antibodies against GFP and nc82. GFP 716 

expression was observed selectively in ab4a ORN axons projecting to the DL5 glomerulus; no 717 

other signal was observed in the central brain.  718 

  719 

Chronic odor exposure  720 

Flies were chronically exposed to specific monomolecular odors while reared in standard fly 721 

bottles containing cornmeal/molasses food and sealed with modified cotton plugs through which 722 

two thin-walled stainless-steel hollow rods (~5 cm length, ~3.2 mm inner diameter) were tightly 723 

inserted, serving as an inlet and an outlet for air flow. The bottom of the cotton plug was lined 724 

with mesh (McMaster-Carr #9318T45) to prevent flies from entering the rods. The inlet port was 725 

fit with a luer connector for easy connection to the carrier stream; the outlet port was vented with 726 

loose vacuum suction.  727 

The odor environment inside the bottle was controlled by delivering to the inlet of the 728 

bottle a stream of charcoal-filtered, humidified air (275 ml/min), with a small fraction of the air 729 

stream (odor stream, 25 ml/min) diverted into the headspace of a control vial filled with solvent 730 

(paraffin oil, J.T. Baker, VWR #JTS894-7) before it was reunited with the carrier stream (250 731 

ml/min). Air flow rates were controlled using variable area valved flow meters (Cole-Parmer). In 732 

response to an external 5V command, a three-way solenoid valve redirected the 25 ml/min odor 733 

stream from the headspace of the control solvent vial through the headspace of the vial 734 

containing diluted odor for 1 second. The diluted odor was continuously stirred using a miniature 735 

magnetic stir bar and sir plate (homebrewing.org). Delivery of the 1-second pulse of odor into 736 

the carrier stream was repeated every 21 seconds. Tygon tubing (E-3603) was used throughout 737 

the odor delivery system, with the exception of a portion of the carrier stream where odor entered 738 

and the path from the odor vial to the input to the carrier stream, where PTFE tubing was used.  739 
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The stability of the amplitude of the odor pulse over the course of 24 hours was measured 740 

using a photoionization detector (200B miniPID, Aurora Instruments), with the sensor probe 741 

mounted at the center of a fresh fly bottle. Based on the observed rundown in the amplitude of 742 

the odor pulse (Figure 1B), the odor vial in the odor delivery system was swapped out every 12 743 

hours for a fresh dilution of odor during chronic exposure experiment with flies. Under these 744 

conditions, the amplitude of the odor pulse was not expected to decrease more than ~10% at 745 

any point during the exposure period. 746 

 Flies were seeded in a fresh fly bottle at low density (~7-8 females). The evening prior to 747 

expected eclosion, any adult flies were removed from the bottle, and controlled odor delivery 748 

was initiated into the bottle.  The next morning (day 0), newly eclosed flies were transferred into 749 

a fresh bottle and controlled odor delivery was continued for another ~48 hours. Experiments 750 

were typically conducted on day 2. 751 

 Odor concentrations in this study are referred to by the v/v dilution factor of the odor in 752 

paraffin oil in the odor vial. For chronic odor exposure, flies were exposed to odors at dilution 753 

factors of 10-7 for E2-hexenal, 10-4 for 2-butanone, and 10-4 for geranyl acetate. Headspace 754 

concentrations were further diluted 1:11 in air prior to delivery to the fly bottle. Flies were 755 

chronically exposed to pulses of odor (in gas phase) that are estimated from published vapor 756 

pressure data at 25ºC (Kim et al., 2021) to be ~1 ppb for E2-hexenal (10-7), ~13 ppm for 2-757 

butanone (10-4), and ~4 ppb for geranyl acetate (10-4).  758 

The mean spontaneous firing rates of the PNs (DL5, VM7, VA6) investigated in this study 759 

range from ~3-7 Hz, and each 1-sec odor pulse delivered during chronic odor exposure elicits 760 

~150 spikes in PNs (Figure 1). Thus, chronic odor exposure approximately doubles overall PN 761 

firing rates (from ~180-420 spikes/min to 690-930 spikes/min) and elicits ~1.3 million extra spikes 762 

in a specific PN type over the course of two days. 763 

 764 
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Electrophysiological recordings 765 

PN recordings 766 

Electrophysiological measurements were performed on 2 day-old female flies essentially as 767 

previously described (Wilson et al., 2004). Flies were briefly cold-anesthetized and immobilized 768 

using wax. The composition of the internal pipette solution for current clamp recordings in PNs 769 

was (in mM): potassium aspartate 140, HEPES 10, MgATP 4, Na3GFP 0.5, EGTA 1, KCl 1, 770 

biocytin hydrazide 13. The internal solution was adjusted to a pH of 7.3 with KOH or aspartic 771 

acid and an osmolarity between 262-268 mOsm. For voltage-clamp recordings, an equal 772 

concentration of cesium was substituted for potassium. The external solution was Drosophila 773 

saline containing (in mM): NaCl 103, KCl 3, N-tris(hydroxymethyl) methyl-2-aminoethane-sulfonic 774 

acid 5, trehalose 8, glucose 10, NaHCO3 26, NaH2PO4 1, CaCl2 1.5, MgCl2 4. The pH of the 775 

external solution was adjusted to 7.2 with HCl or NaOH (when bubbled with 95% O2/5% CO2), 776 

and the osmolarity was adjusted to ~270-275 mOsm. Recording pipettes were fabricated from 777 

borosilicate glass and had a resistance of ~6-8 MΩ. Recordings were acquired with a MultiClamp 778 

700B (Axon Instruments) using a CV-7B headstage (500 MΩ). Data were low-pass filtered at 5 779 

kHz, digitized at 10 kHz, and acquired in MATLAB (Mathworks, Natick, MA). Voltages are 780 

uncorrected for liquid junction potential.  781 

Flies were removed from the odor exposure environment at least one hour prior to 782 

recordings, briefly cold-anesthetized anesthetized, and recordings were performed at room 783 

temperature. Recordings with respect to experimental groups (odor-exposed versus solvent-784 

exposed) were conducted in a quasi-randomized order; the experimenter was not masked to 785 

experimental condition. For experiments in Figure 7, the antennal nerves were bilaterally severed 786 

immediately prior to recordings using fine forceps. PN somata were visualized with side 787 

illumination form an infrared LED (Smartvision) under a 40x water immersion objective on an 788 

upright compound microscope equipped with an epifluorescence module and 488 nm blue light 789 
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source (Sutter Lambda TLED+). Whole-cell patch-clamp recordings were targeted to specific 790 

PNs types based on GFP fluorescence directed by genetic drivers. Three PN types were targeted 791 

in this study: DL5 and VM7 using np3481-gal4 and VA6 using mz612-gal4. One neuron was 792 

recorded per brain. PN identity was confirmed using diagnostic odors, and the morphology (and 793 

thus identity) of all PNs was further verified posthoc by streptavidin staining in fixed brains. Cells 794 

with little or no spontaneous activity upon break-in, suggesting antennal nerve damage, were 795 

discarded. Input resistance was monitored on every trial in real-time, and recordings were 796 

terminated if the input resistance of the cell drifted by more than 20%. 797 

 798 

ORN recordings 799 

Single-sensillum recordings were performed essentially as previously described (Bhandawat et 800 

al., 2007). Flies were removed from the odor exposure environment at least one hour prior to 801 

recordings, briefly cold-anesthetized, and recordings were performed at room temperature. 802 

Briefly, flies were immobilized in the end of a trimmed pipette tip using wax, and one antenna or 803 

one palp was visualized under a 50x air objective. The antenna was stabilized by tightly 804 

sandwiching it between a set of two fine glass hooks, fashioned by gently heating pipettes pulled 805 

from glass capillaries (World Precision Instruments, TW150F-3). The palp was stabilized from 806 

above with a fine glass pipette pressing it firmly against a glass coverslip provided from below. 807 

A reference electrode filled with external saline (see above) was inserted into the eye, and a sharp 808 

saline-filled glass recording microelectrode was inserted into the base of the selected sensillum 809 

under visual control. Recordings from ab4 and pb1 sensilla were established in the antenna and 810 

palp, respectively, based on the characteristic size and morphology of the sensillum, its position 811 

on the antenna, and the presence of two distinct spike waveforms, each having a characteristic 812 

odor sensitivity and spontaneous firing frequency (de Bruyne et al., 2001). Signals were acquired 813 

with a MultiClamp 700B amplifier, low-pass filtered at 2 kHz, digitized at 10 kHz, and acquired in 814 
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MATLAB. Single-sensillum recordings were performed in 2-day old np3481-gal4, UAS-cd8:gfp 815 

females to allow direct comparisons to PN data. 816 

 817 

Odor stimuli 818 

Odors used in this study were benzaldehyde, 2-butanone, p-cresol, geosmin, geranyl acetate, 819 

2-heptanone, E2-hexenal, isobutyl acetate, and pentyl acetate. All odors were obtained from 820 

MilliporeSigma or Fisher Scientific at the highest purity available (typically >99%).  Odor stimuli 821 

are referred to by their v/v dilution factor in paraffin oil. Each 20-ml odor vial contained 2 ml of 822 

diluted odor in paraffin oil. Diagnostic stimuli that distinguished targeted PN types from other 823 

labeled PN types in the driver line used were as follows: for DL5 PNs, E2-hexenal (10-8) and 824 

benzaldehyde (10-4); for VM7 PNs, 2-butanone (10-7) and isobutyl acetate (10-4); and for VA6 PNs, 825 

geranyl acetate (10-6). Diagnostic stimuli for ORN classes were as follows: for the ab4 sensillum 826 

on the antenna, E2-hexenal (10-7) for the ab4a “A” spike and geosmin (10-2) for the ab4b “B” 827 

spike; and for the pb1 sensillum on the palp, 2-butanone (10-5) for the pb1a “A” spike and p-828 

cresol (10-3) for the pb1b “B” spike. 829 

 Fresh odor dilutions were made every 5 days. Each measurement in a fly represents the 830 

mean of 5 trials for ORN responses or 6 trials for PN responses, spaced 40 seconds apart. 831 

Solvent (paraffin oil) trials were routinely interleaved to assess for contamination. Stimuli were 832 

presented in pseudo-randomized order, except for measurements of concentration-response 833 

curves where odors were presented from low to high concentrations.  834 

Odors were presented during recordings from olfactory neurons essentially as previously 835 

described (Bhandawat et al., 2007). In brief, a constant stream of charcoal-filtered air (2.22 L/min) 836 

was directed at the fly, with a small portion of the stream (220 mL/min) passing through the 837 

headspace of a control vial filled with paraffin oil (solvent) prior to joining the carrier stream (2.0 838 

L/min). Air flow was controlled using mass flow controllers (Alicat Scientific). When triggered by 839 
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an external voltage command, a three-way solenoid valve redirected the small portion of the 840 

stream (220 mL/min) from the solvent vial through the headspace of a vial containing odor for 841 

500 ms; thus, the concentration of the odor in gas phase was further diluted ~10-fold prior to 842 

final delivery to the animal. The solvent vial and the odor vial entered the carrier stream at the 843 

same point, ~10 cm from the end of the tube. The tube opening measured ~4 mm in diameter 844 

and was positioned ~1 cm away from the fly. We presented 500-ms pulses of odor unless 845 

otherwise indicated. 846 

Odor mixtures (Figure 4) were generated by mixing in air. In these experiments, a second 847 

solenoid valve was added that diverted another small fraction of the carrier stream (220 ml/min) 848 

through either a second solvent vial or a second odor vial before rejoining the carrier stream. 849 

When the two solenoids were both triggered, they drew from the carrier stream at the same 850 

point, and the two odorized streams also both rejoined the carrier stream at about the same 851 

point, ~10 cm from the end of the delivery tube.  852 

   853 

Immunohistochemistry 854 

Intracellular biocytin fills were processed as previously described (Wilson et al., 2004). 855 

In brief, brains were fixed for 14 min at room temperature in freshly prepared 4% 856 

paraformaldehyde, incubated overnight in mouse nc82 primary antibody (1:40, Developmental 857 

Studies Hybridoma Bank #AB_2314866), then subsequently incubated overnight in Alexa Fluor 858 

568 streptavidin conjugate (1:1000, Molecular Probes) and Alexa Fluor 633 goat anti-mouse 859 

(1:500, Molecular Probes). PN morphologies were reconstructed from serial confocal images 860 

through the brain at 40X magnification and 1-µm step size. 861 

LN innervation was quantified in flies of genotype +/UAS-brp.S-mStraw; 20XUAS-IVS-862 

cd8:gfp/np3056-gal4; the brp.S-mStraw signal was not measured. Immediately after 863 

dissection, brains were fixed for 14 min in freshly prepared 4% paraformaldehyde and 864 
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incubated overnight in rat anti-CD8 (1:50, Thermo Fisher #MA5-17594) and mouse nc82 (1:40) 865 

primary antibodies, then subsequently incubated overnight in Alexa Fluor 488 goat anti-rat 866 

(1:500, Abcam #ab150157) and Alexa Fluor 633 goat anti-mouse (1:500, Thermo Fisher 867 

#A21050) secondary antibodies. All steps were performed at room temperature, and brains 868 

were mounted and imaged in Vectashield mounting medium (Vector labs). In pilot experiments, 869 

we compared direct GFP fluorescence in lightly fixed brain with amplified GFP signal using the 870 

standard protocol and observed weaker, but qualitatively similar signals. Confocal z-stacks at 871 

1024x1024 resolution spanning the entire volume of the antennal lobe were collected on a 872 

Leica SP8 confocal microscope at 1 µm slice intervals using a 63× oil-immersion lens. Identical 873 

laser power and imaging settings were used for all experiments. 874 

 875 

Calcium imaging  876 

Calcium imaging of ab4a ORN terminals in the DL5 glomerulus was performed on 2-day 877 

old female flies essentially as previously described (Hong and Wilson, 2015). In brief, flies were 878 

cold-anesthetized and immobilized with wax. The antennal lobes were exposed by removal of 879 

the dorsal flap of head cuticle, and the brain was perfused with Drosophila saline (see above) 880 

that was cooled to 21ºC (TC-324C, Warner Instruments) and circulated at a rate of 2-3 ml/min. 881 

GCaMP6f signals were measured on a two-photon microscope (Thorlabs, Sterling, VA) using a 882 

Ti-Sapphire femtosecond laser (MaiTai eHP DS, Spectra-Physics) at an excitation wavelength of 883 

925 nm, steered by a galvo-galvo scanner. Images were acquired with a 20x water-immersion 884 

objective (XLUMPLFLN, Olympus) at 256x96 pixels, a frame rate of 11 Hz, and a dwell time of 885 

2µs/pixel. The same laser power and imaging settings were maintained for all experiments. The 886 

microscope and data acquisition were controlled using ThorImage 3.0. The DL5 glomeruli were 887 

clearly labeled as bilateral spherical structures ~10 µm from the dorsal surface of the antennal 888 

lobes. In each trial, an 8 s period of baseline activity was collected immediately prior to stimulus 889 
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presentation which was used to establish the level of baseline fluorescence of each pixel. Each 890 

odor stimulus was presented for 500 ms, for three trials, with a 45-s interstimulus interval.  891 

 892 

Optogenetic stimulation of ORN axons 893 

A stock solution of all-trans-retinal (Sigma-Aldrich, R2500) was prepared at 35 mM in 894 

95% ethanol and stored at -20º C in the dark. The cross that generated the experimental flies 895 

was maintained in the dark.  Newly eclosed experimental flies for optogenetic experiments were 896 

transferred to standard cornmeal/molasses food supplemented with 350 µM all-trans-retinal 897 

mixed into the food and exposed to odor (or solvent) for two days in the dark. 898 

After exposing the antennal lobes, the antennal nerves were acutely and bilaterally 899 

severed at their distal entry point into the first segment of the antennal, eliminating EPSCs 900 

derived from spontaneous ORN spiking. Electrophysiology rigs were light-proofed. Whole-cell 901 

recordings in voltage-clamp mode were established from DL5 PNs in flies expressing Chrimson 902 

in all ab4a ORNs (from or7a-lexA). DL5 PNs were identified based on GFP expression (from 903 

np3481-gal4) and the presence of light-evoked responses, and their identity was confirmed after 904 

the recording by processing the biocytin fill. In pilot experiments, we tested several methods for 905 

optical stimulation and were unable to achieve reliable stimulation of only a single ORN axon 906 

presynaptic to the recorded PN using excitation with 590 nm light from a fiber optic-coupled 907 

LED (Thorlabs M590F3 with Ø200 µm fiber, 0.22 NA). Excitation of ORN terminals was very 908 

sensitive to the position and angle of the optrode relative to the antennal nerve, and we found 909 

large variability in the amount of light (intensity and pulse duration) required to evoke EPSCs in 910 

the PN.  911 

As an alternative approach, we used wide-field illumination from a 470-nm (blue) LED 912 

light source (Sutter Instrument, TLED+). We delivered light pulses of 100 µs duration at 30 s trial 913 

intervals, starting at very low levels of light (<0.1 mW/mm2) and gradually increasing the light 914 
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intensity until an EPSC was observed in an all-or-none manner. At the threshold intensity, trials 915 

that fail to evoke an EPSC were infrequently interleaved with successful trials. The ORN-PN 916 

synapse is highly reliable, with a single ORN spike evoking robust release of many synaptic 917 

vesicles at the ORN terminal (Kazama and Wilson, 2008); thus, we interpret these failures as a 918 

failure to recruit a spike in a presynaptic axon on that trial (as opposed to a failure in synaptic 919 

transmission). As the light intensity was further increased, EPSC amplitude remained relatively 920 

constant, until it was observed to suddenly double, reflecting the recruitment of a second ORN 921 

axon.  The mean uEPSC for each PN was determined by averaging the evoked EPSC in ~8-12 922 

trials at a light intensity approximately halfway between the initial threshold intensity and the 923 

doubling intensity. Recordings were discarded if any of the following criteria occurred: 1) a high 924 

rate of failures at the light intensity chosen for data collection (>10%); 2) uEPSC amplitude was 925 

not stable over a range of at least ~5 µW spanning the chosen light intensity; 2) the shape of the 926 

uEPSC was not stable.  927 

 928 

Data Analysis 929 

Unless otherwise stated, all analyses were performed in MATLAB (Mathworks, Natick, MA). 930 

Quantification of electrophysiological responses 931 

Analysis of neural responses was performed masked to the experimental condition (odor- 932 

versus solvent-exposed) of the recording.  For each odor stimulus measurement in a fly, a trial 933 

block was comprised of 5 stimulus presentations for ORN responses, or 6 presentations for PN 934 

responses, at an intertrial interval of 40 s. The first trial for PN responses was not included in the 935 

analysis. Spike times were determined from raw ORN and PN voltage traces using custom 936 

scripts in MATLAB that identified spikes by thresholding on the first- and second-derivatives of 937 

the voltage. All spikes were manually inspected. Spike times were converted into a peristimulus 938 

time histogram (PSTH) by counting the number of spikes in 50-ms bins, overlapping by 25 ms. 939 
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Single-trial PSTHs were averaged to generate a mean PSTH that describes the odor response 940 

for each cell. For membrane potential, single-trial voltage traces were averaged to generate a 941 

mean depolarization response for each cell. For each DL5 and VM7 PN, the response magnitude 942 

for each stimulus was computed as the trial-averaged spike rate (or membrane potential) during 943 

the 500-ms odor stimulus period, minus the trial-averaged spontaneous firing rate (or membrane 944 

potential) during the preceding 500 ms. For VA6 PNs, the response magnitude was computed 945 

over a 1000-ms window that begins at stimulus onset, which better captured the protracted odor 946 

response (which extends into the post-stimulus period) observed in this cell type. A mean 947 

response magnitude was computed across trials for each experiment, and the overall mean 948 

response was plotted as mean ± SEM across all experiments in each condition. 949 

 950 

Analysis of LN anatomical innervation 951 

Images of all antennal lobes were collected with identical laser power and imaging 952 

settings (magnification, detector gain, offset, pixel size, and dwell time). Brains in which >0.01% 953 

of pixels in neuropil regions (excluding cell bodies and primary neurites) were high or low 954 

saturated were rejected. Confocal image stacks were imported into ImageJ (NIH) for analysis. 955 

Analysis of LN innervation was conducted masked to the experimental condition (odor- versus 956 

solvent-exposed). The boundaries of glomeruli of interest were manually traced in every third 957 

slice using the nc82 neuropil signal, guided by published atlases (Couto et al., 2005; Laissue et 958 

al., 1999), and then interpolated through the stack to obtain the boundaries in adjacent slices. 959 

The 3D ROI manager plugin (Ollion et al., 2013) was used to group together sets of ROIs across 960 

slices corresponding to each glomerulus to define the volumetric boundaries for each glomerulus 961 

and was then used for quantification of glomerular volume (number of pixels) and pixel intensities 962 

in each channel. For each 3D ROI corresponding to an individual identified glomerulus, LN 963 

neurites or neuropil per volume was computed as the sum of the pixel values in the ROI in the 964 
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anti-CD8 (LN neurites) or nc82 (neuropil) channels, respectively, divided by the total number of 965 

pixels. The ratio of LN neurites to neuropil was computed as the sum of the pixel values in the 966 

ROI in the anti-CD8 channel divided by the sum of the pixel values in the ROI in the nc82 channel. 967 

To combine measurements across all glomeruli for a given metric (e.g. volume, LN neurites per 968 

volume, etc.), the measurement for each glomerulus in an experiment was normalized to the 969 

mean value for that glomerulus across all experiments in the solvent-exposed control condition. 970 

Plots show mean and standard error across brains.  971 

 972 

Analysis of calcium imaging 973 

 The duration of each calcium imaging trial was 15 s, collected at 11 frames per second     974 

and 256x96 pixels per frame. Stimulus-evoked calcium signals (∆F/F) were quantified from 975 

background-subtracted movies as the change in fluorescence (F-F0) normalized to the mean 976 

fluorescence during the baseline period of each trial (F0, averaged over 70 frames immediately 977 

preceding the odor), computed on a pixel-by-pixel basis in each frame. A Gaussian lowpass filter 978 

of size 4×4 pixels was applied to raw ∆F/F heatmaps. 979 

A region-of-interest (ROI) was manually traced around each DL5 glomerulus, which 980 

contain the ab4a ORN terminals. ∆F/F signals were averaged across the pixels in the two DL5 981 

ROIs and across three trials for each stimulus in an experiment. The odor response to the 500-982 

ms stimulus presentation was typically captured in ~6 frames. The peak response for each 983 

experiment was quantified from the frame containing the maximum mean ∆F/F signal during the 984 

stimulus presentation. The overall mean response was plotted as mean ± SEM across all 985 

experiments in each condition. 986 

 987 

Statistics 988 
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A permutation analysis was used to evaluate differences between experimental groups 989 

because of its conceptual simplicity and because it does not require assumptions about the 990 

underlying distribution of the population. For each measurement (e.g., the response of a PN type 991 

to an odor stimulus), experimental observations from flies in odor- and solvent-exposed 992 

conditions were combined and randomly reassigned into two groups (maintaining the number of 993 

samples in each respective experimental group), and the difference between the means of the 994 

groups was computed. This permutation process was repeated 10,000 times without 995 

replacement to generate a distribution for the difference between the means of the odor- and 996 

solvent-exposed groups (see Figure 2 – figure supplement 1 for an example), under the null 997 

assumption that there is no difference between the two populations. We calculated the fraction 998 

of the empirically resampled distribution which had an absolute value that equaled or exceeded 999 

the absolute observed difference between the means of the odor- and solvent-exposed groups 1000 

to determine the two-tailed p-value that the observed outcome occurred by chance if the 1001 

populations are not different. The cut-off for statistical significance of 𝛼=0.05 was adjusted to 1002 

account for multiple comparisons in an experiment using a Bonferroni correction. Permutation 1003 

testing was used in all figures, except in Figure 5 where the Mann-Whitney U-test was used, 1004 

implemented in MATLAB (Wilcoxon rank sum test). 1005 

Sample sizes were not predetermined using a power analysis. We used sample sizes 1006 

comparable to those used in similar types of studies (e.g., (Bhandawat et al., 2007; Das et al., 1007 

2011; Sachse et al., 2007)). The experimenter was not masked to experimental condition or 1008 

genotype during data collection. For a subset of analyses (analysis of electrophysiological data 1009 

and quantification of LN innervation), the analyst was masked to the experimental condition, as 1010 

described above. 1011 

 1012 
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