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SUMMARY

Some types of glia play an active role in neuronal signaling by modifying their ac-
tivity although little is known about their role in sensory information signaling at
the receptor level. In this research, we report a functional role for the glia that
surround the soma of the olfactory receptor neurons (OSNs) in adult Drosophila.
Specific genetic modifications have been targeted to this cell type to obtain live
individuals who are tested for olfactory preference and display changes both
increasing and reducing sensitivity. A closer look at the antenna by Ca2+ imaging
shows that odor activates the OSNs, which subsequently produce an opposite
and smaller effect in the glia that partially counterbalances neuronal activation.
Therefore, these glia may play a dual role in preventing excessive activation of
the OSNs at high odorant concentrations and tuning the chemosensory window
for the individual according to the network structure in the receptor organ.

INTRODUCTION

In both vertebrates and invertebrates, glia constitute a large part of the nervous system and perform many

essential roles. Traditionally, the role of glia has been associated with the development and support of

neuronal cells, but more recently, a more active role has been shown, especially for astrocytes of the central

nervous system (CNS).1–4 In the peripheral nervous system, special attention has been given in vertebrates

to the role of satellite glial cells (SGCs), which interact with neurons in the sensory ganglia that mediate pain

sensation.5,6 Recently, a comparative review analyzed the similarities and differences of both types of glial

cells: astrocytes and SGCs.7

InDrosophila flies, the importance of glia in processes fromdevelopment8–10 to pathological neuronal degen-

eration in the adult brain has been clearly demonstrated.11 A series of reports show that neuron-glia interac-

tions are important for behavior, affecting circadian rhythms,12,13 sleep,14,15 and memory formation.16,17

Many classes of glial cells inDrosophila adults have morphological andmolecular similarities with their cor-

responding glial types in mammals.9,18–23 As in mammals, individual astrocyte-like cells with branches

cover a relatively large territory in Drosophila, with the potential to regulate many different neuronal syn-

apses in the brain. Other types of glia in Drosophila are also a part of the so-called tripartite synapses that

regulate neurotransmission.24,25

At the sensory level, the effects of glia on Drosophila vision-processing circuits26–28 and smell10,29–32 have

been described. However, less information is known about the neuron-glia interaction in the peripheral

nervous system and more specifically in sensory signaling at the receptor level.

In Caenorhabditis elegans, some peripheral sensory glia have been shown to drive olfactory adaptation33

in a multimodal nociceptive sensory system, but the correspondence with other species in which individual

sensory modalities are clearly differentiated cannot be directly inferred.

In this report, we address the neuron-glia interaction at the receptor level and its role in olfactory signaling

in adult Drosophila.

Olfactory reception in Drosophila takes place mainly in the third antennal segment, where the olfactory re-

ceptor cells are housed inside special structures called sensilla.34,35 In the antenna, two types of glia have
iScience 26, 105837, January 20, 2023 ª 2022 The Author(s).
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been described.36 First, a central type originates in the brain and migrates toward the antenna during

development, surrounding the axons of the olfactory receptor neurons (OSNs) and resembling the

Schwann cells of vertebrates. The second type has an antennal origin and accounts for approximately

70% of antennal glial cells. It corresponds to the Mz317-Gal4 driver; is found closely surrounding the

OSN soma, similar to vertebrate SGCs; and extends to surround the axonal fascicles with its central glial

envelope.

Taking advantage of the vast array of genetic tools available in Drosophila, we approach the analysis of

neuron-glia interactions in olfactory reception by targeting genetic expression changes in the Mz317-

type glia using the Gal4/UAS method36 and investigating changes in olfactory performance in whole,

live adults without surgical manipulations. Functional measurements include behavioral preference tests

and antennal Ca2+ imaging.

RESULTS

Mz317-type glia in the antennae

Thick cryosections of the third antennal segment of Mz317-Gal4/UAS-GFP; Orco-RFP flies confirm that

Mz317 cells present a thin membranous structure that closely surrounds the cell bodies of the OSNs form-

ing a network structure along the third antennal segment (Figure 1A). Moreover, a new experiment using

the GRASP (GFP reconstitution across synaptic partners) technique,37 with expression of one part of the

GFP marker in the ORNs (Orco expressing OSNs) and the other part of the GFP marker in the Mz317 cells,

generated fluorescence through the assembly of the complete GFP molecule around the OSN soma (Fig-

ure 1B). This indicates that both structures, neurons andMz317 cells, are in close contact (<100 nm) and that

there is no intermediate structure between them.

The morphological characteristics of MZ317 glia in the Drosophilamain olfactory receptor organ resemble

those of the subperineural glia of a polymodal class IV dendritic arborization neuron of the peripheral ner-

vous system that responds to harmful stimuli in Drosophila larvae.38 In the vertebrate peripheral nervous

system, the SGCs of the spinal root ganglion surround neuronal cell bodies. Although OSNs are bipolar

neurons in Drosophila while the neurons surrounded by SGCs are pseudomonopolar in vertebrates,39 in

both cases, these glia are located far from the synaptic junction between first-order and second-order sen-

sory neurons.

Furthermore, the distance between SGCs and the neurons they surround has been established at 20 nm,

allowing mutual neuron-glia interactions.5

Additional confirmation of the glial characteristics of Mz317 cells in the antenna is presented in Figure S1,

where the GFP marker is present in the third antennal segment of Mz317-Gal4/UAS-GFP and Mz317-Gal4/

elav-Gal80; UAS-GFP flies, where the GFP marker signals to nonneuronal cells. However, GFP marker

expression disappears completely in Mz317-Gal4/repo-Gal80; UAS-GFP flies, where the expression is

shown only in nonglial cells.40

Behavioral effects of Mz317 cell ablation

We induced cell ablation by using theMz317-Gal4 line to direct the expression of DTl (the diphtherian toxin

light chain) in Mz317 cells. Direct crossing of Mz317-Gal4 and UAS-DTl lines did not produce any hybrid

offspring because in these individuals, expression of the toxin following the space-temporal pattern of

the Mz317 driver becomes lethal at some point in development. Restricted expression of the diphtheria

toxin, using a thermosensitive Gal80 inhibitor, following the Mz317-driver pattern for 4 days in the adult

stage, was enough to produce cell ablation in the antenna without individual lethality (see the disappear-

ance of the GFPmarker in the antennae of Mz317-Gal4/UAS-DTl; UAS-GFP/Gal80ts adult flies at the restric-

tive temperature, Figure 2A).

Figure 2B shows the dose-response curve obtained in the T-maze in response to three concentrations of

the odorant ethyl acetate (EA) in Mz317-Gal4/UAS-DTl; Gal80ts flies subjected to targeted cell ablation

to Mz317 cells for 4 days in the adult stage by inactivating the Gal80ts element with heat shock treatment.

We observed that less sensitive odor perception (a higher concentration than normal is required to obtain

the same olfactory index [IO] value observed in the control flies) occurs in the experimental flies at all con-

centrations tested. Statistical significance was studied for each concentration between the experimental
2 iScience 26, 105837, January 20, 2023
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Figure 1. Characterization of the Mz317 glia in the third antennal segment

(A) Double labeling of OR neurons expressing the ORNs (in magenta) and Mz317 glia (in green) in a 40-mm-thick

cryosection observed by confocal microscopy. Above the image of ORNs and Mz317 in the third antennal segment. The

drawing on the right represents the third antennal segment, and a magnification of the region in the square is presented

below. The Mz317 glia closely surround the soma of the ORNs, forming a network structure.

(B) Above, schematic design of the GRASP experiment expressing the spGFP1-10 semimarker in Mz317 glia and the

spGFP11 semimarker in ORNs. GFP labeling is only observed when both semimarkers bind. Bottom, 14-mm antennal

cryosections with GFP labeling (in green) in the third antennal segment of experimental individuals but not in controls

expressing only one of the semimarkers. In all photos, the scale bar indicates 40 mm.
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and control IO values; for EA 10�2, t40 = �2.638*, p < 0.05; for EA 10�1.5, t40 = �4.150***, p < 0.001; for EA

10�1, t50 = �5.676***, p < 0.001).

Temperature treatments have been previously reported to be responsible for odorant sensitivity changes

even in wild-type flies.41 To avoid incorrect conclusions, an additional experiment in control and experi-

mental flies subjected or not to heat shocks but allowed prolonged recovery times after treatment was per-

formed in response to a single concentration of odorant, EA (10�1, v/v) (Figure 2C). Again, we observed a

significant decrease in sensitivity related to Mz317 glial ablation (F3,53 = 25.639***, p < 0.001), which con-

firms Mz317 cell ablation as the cause of diminishing olfactory sensitivity.
Opposite behavioral effects of Mz317 optogenetic activation and inhibition

The Mz317 cells were subjected to optogenetic treatment. In this setup, we can alter the transmembrane

potential of cells via targeted expression of light-sensitive channels in Mz317 cells, which open when we

expose the flies to intense light. Optogenetic experiments have the advantage that modifications in mem-

brane potential occur instantaneously when light is applied and that the same individuals tested in the dark

can be used as controls because they possess the same genotype as the experimental individuals (exposed

to light).

Depending on the channels expressed, we can achieve cell activation if we express cation channels (chan-

nelrhodopsin, ChR2XXL) or inhibition if we express Cl� channels (halorhodopsin, eNpHR) (Figure 3A). In our

setup, intense light fully illuminates the T-maze when flies make their choice.42

Figures 3B–3D show that when light activation of the Mz317 cells occurs, perception of the odor

decreases compared with the perception of the same odor in the dark. However, olfactory perception

did not change from dark to light in control flies (for each experiment, analysis of variance was performed

followed by a post hoc comparison of the means). This was true for all the odorants we tested, EA 10�1.5

(F3,93 = 86.415***, p < 0.001), octanol 10�1.5 (F3,93 = 73.327***, p < 0.001), and methylsalicylate 10�1.5

(F3,93 = 60.965***, p < 0.001).

When we inhibited Mz317 cells with light (Figure 3E), the perception of odorant concentration changed

compared with the perception of the same flies in the dark and to that of the control flies in both light

and dark (F3,110 = 33.158***, p < 0.001). It should be noted that the change occurred in the opposite direc-

tion of the previous case, i.e., increasing sensitivity to odor.

Although the results of these experiments, both cell ablation and optogenetics, seem clear, we must not

forget that we are measuring olfactory behavior and that this involves both the receptor organ and the

brain. To reliably connect changes in the glia of the receptor organs and olfactory perception, we must

confirm the cell type targeted by the Mz317 Gal4 driver and determine whether this driver is specific to

the antenna or exists in the brain.

In the antenna, we have already shown that the labeling of Mz317 affects only glial cells (Figure S1). How-

ever, in the brain of Mz317-Gal4/UAS-GFP flies, we have a marker that affects glia, but it also affects a small

number of neurons, some of them in a restricted region close to the antennal lobe (Figures 4A and 4C). The

fact that the behavioral effects of optogenetic activation appear in response to various odors (EA, octanol,

and methylsalicylate), which preferentially excite different combinations of glomeruli in the antennal lobe,

all more or less distant from the region of neuronal labeling (Figure 4B), eliminates the influence of brain

neurons on the behavioral response of experimental Mz317 flies.
4 iScience 26, 105837, January 20, 2023



Figure 2. Behavioral response in the T-maze after targeted cell ablation of Mz317 cells

(A) Temporal control of expression directed by the Mz317-Gal4 driver using the Gal80ts element for producing viable fly

adults with cell ablation. The Gal80ts element blocks the action of the Gal4 element at low temperatures (19�C), but at
high temperatures (30�C), the Gal80ts element is inactivated, allowing the action of Gal4 to direct the expression of the

UAS-gene insert. In these panels, we tested the presence of Mz317 cells in the third antennal segment after cell ablation

for 4 days in the adult stage with diphtheria toxin (DTl). At 19�C, the GFP reporter present in the UAS-GFP insert is not

expressed. At 30�C, we can see GFP expression in cells that do not express the diphtheria toxin, but Mz317 cells do not

appear in the Mz317-Gal4/UAS-DTl; Gal80ts/UAS-mcD8:GFP antenna because the expression of DTl kills these cells.

Scale bar, 40 mm

(B) The breeding protocol indicates the applied temperatures during different time periods. Cell ablation is controlled by

temperature blocking of the restrictive action of Gal80ts at 30�C. Below, the dose-response curve of control flies

compared with the experimental flies that underwent Mz317 cell ablation for 4 days in the adult stage (for Canton-S/UAS-

DTl, N10�2 = 22, N10�1.5 = 22, N10�1 = 27; for Mz317-Gal4/UAS-DTI; Gal80ts, N10�2 = 20, N10�1.5 = 20, N10�1 = 25). Each

data point represents the mean +/- SEM.
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Figure 2. Continued

(C) Above, experimental procedure indicating the breeding treatment applied to both genotypes. Below, olfactory

preference response to the odorant ethyl acetate at the 10�1 concentration in the T-maze. Only the flies with MZ317 cell

ablation differed significantly from the other 3 groups (for Canton-S/UAS-DTl, NCONTROL = 15, NEXP = 14; for Mz317-Gal4/

UAS-DTl; Gal80ts, NCONTROL = 15, NEXP = 13). In all cases, each data point represents themeanG SEM of 20 replicate tests

with 20 flies each.

*** = p < 0.001, * = p < 0.05.
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However, to rule out the effect of neurons on the described behavioral phenotype, optogenetic activation was

repeated in two different fly groups (derived from lines 42 and 24). Lines 42 and 24, generated independently,

contain a recombinant chromosome including theMz317-Gal4 andelav-Gal80 inserts. Therefore, in hybridswith

UAS-ChR2XXL, channel rhodopsin expression is restricted to nonneuronal cells within Mz317 cells.

It was observed (Figures 4D and 4E) that the response of the Mz317-Gal4, elav-Gal80/UAS-ChR2XXL flies

replicates that of the original Mz317-Gal/UAS-ChR2XXL flies (for hybrids of the 42 line, F5,114 = 18.044***,

p < 0.001; for hybrids of the 24 line, where fewer replicate tests were performed, F5,41 = 11.329***,

p < 0.001), which confirms that neurons are not involved in the observed response changes.

Identification of genes involved in theMz317-glia and OSN interaction by gene silencing with

RNAi

Thus far,wehavemademodifications inMz317glial cells thataffect the responseofOSNs.Thesechangescanbe

used to infer the existence of a relationship between OSNs and Mz317 glia and could also explain the appear-

ance of these phenotypes in a disease scenario, but we cannot be sure that this interaction occurs during the

normal functioning of olfactory reception. That is, we cannot be sure thatMz317glia are involved in theolfactory

signaling generated at the receptor level and transmitted to the brain under natural conditions.

To explore this possibility, we expressed interfering RNAs targeting several genes that have been reported

to be related to different mechanisms for the interaction between SGCs and sensory neurons in the dorsal

root ganglion of mammals6 using the Gal4/UAS system. In our case, the shakB, VGlut, Irk1, Irk2, and Eaat2

genes that affect gap junctions (shakB); the functioning of glutamatergic signaling (VGlut); K+ channels

(Irk1, Irk2); and a taurine/aspartate transporter (Eaat2) that is orthologous to glutamate transporters in ver-

tebrates45 were chosen as candidate genes.

These RNAis block the expression of the mRNAs of their own genes, so they will only have an effect on

behavior if the RNA of the corresponding gene is already present in the cell. In addition, the investigation

of specific genes can point to the pathways by which neuron-glia interactions occur.

For every gene, we tested 2 different UAS-RNAi lines; some lines have the insertion containing the corre-

sponding UAS-RNAi-gene construct in chromosome 2 and others in chromosome 3 ofDrosophila. In only 1

case, the Eaat2 gene, a single line, was tested because it was the only line available. The olfactory behavior

of the experimental hybrid Mz317-Gal4/UAS-RNAi-Gene in the T-maze was compared with that of the

corresponding controls for chromosome 2 or chromosome 3 (Figure 5) generated with the same insertion

program, TRiP,46,47 and enhanced with the expression of Dicer (see the STAR Methods section).

For 3 of the 5 genes tested, there were significant differences in the olfactory perception of EA due to

decreased gene expression induced by RNAis. In the cases in which two RNAi lines of a gene were tested,

both lines had the same result. Thus, diminishing the gene expression of Irk1 and Irk2, which encode K+

channels, does not seem to affect the olfactory behavior under these conditions, but gene silencing of

VGlut and ShakB decreases sensitivity, and Eaat2 increases it.

Therefore, neuron-glia interactions also seem to occur under natural conditions in the olfactory reception.

Moreover, as we observed in the above optogenetic activation and inhibition experiments, modulation can

occur in both directions, decreasing and increasing olfactory sensitivity.

Mz317 antennal glia response to odor is opposite and contingent to the response of the

ORNs

To determine the possible origin of the neuron-glia interaction at the level of olfactory reception during

olfactory perception, the functional changes produced in the antenna in response to odorant stimuli
6 iScience 26, 105837, January 20, 2023



Figure 3. Effects of optogenetic Mz317 cell activation or inhibition on olfactory behavior in the T-maze

(A) Optogenetic activation is achieved in flies expressing channel rhodopsin in Mz317 cells by light. Only these flies

(Mz317-Gal4/UAS-ChR2XXL) in the presence of light (L), N = 25, respond significantly differently from flies that either

choose the odorant in the dark (D), N = 24, or cannot express the channel (Canton-S/UAS-ChR2XXL) tested both with light

(L), N = 25, or in the dark (D), N = 24, in response to ethyl acetate (10�1.5).

(B) In response to 3-octanol (10�1.5), N = 25 for each class and condition

(C) In response to methyl salicylate (10�1.5), N = 25 for each class and condition.

(D) Optogenetic inhibition of flies expressing halorhodopsin in Mz317 cells (Mz317-Gal4/UAS-eNpHR) by light (L) in

response to ethyl acetate (10�1.5) significantly increased sensitivity compared with the same flies in the dark (D) and that of

the control flies in both conditions (D) and (L), in the opposite direction of optogenetic activation. N = 29 for each class

except for Canton-S/UAS-eNpHR in the dark, where N = 27.

All values represent the mean G SEM (*** = p < 0.001).
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were observed by Ca2+ imaging. Selective expression of the Ca2+ sensor GCaMPf in OSNs or in Mz317 glia

using a binary expression system, either the Gal4/UAS or the lexA/lexA-operator system, allowed us to

identify the effects produced in each cell type in response to odor.
iScience 26, 105837, January 20, 2023 7



Figure 4. Ruling out the contribution of brain MZ317 neurons to olfactory perception changes

(A) Cellular characterization of the Mz317-Gal4 driver in the adult brain. Mz317-Gal4 driver expression in the brain

corresponds to nonneuronal (glial) cells, as seen in the Mz317-Gal4/elav-Gal80; UAS-mcD8:GFP flies, but it also affects a

limited number of nonglial (neuron) cells, as seen in theMz317-Gal4/repo-Gal80; UAS-mcD8:GFP flies. Three neurons and

their axons affect a small region close to the antennal glomeruli. Scale bar, 100 mm.

(B) Themain glomeruli that responded to the 3 odorants used in optogenetic experiments are shown in color according to

DOOR 2.0.43 Scheme modified from.44

(C) Detail of GFP marker expression close to the antennal lobe.

(D and E) Optogenetic activation of MZ317 glial cells, excluding neurons (in recombinant linesMZ317-Gal4, elav-Gal80; 42

in green and 24 in magenta), by channel rhodopsin recapitulates the response observed with the original Mz317-Gal4

driver to ethyl acetate (10�1.5), diminishing olfactory sensitivity (*** = p < 0.001; ** = p < 0.01). All values represent the

mean G SEM of N = 20 for the experiment in (D), and in (E), N correspond to 10, 9, 6, 7, 8, and 7 replicate tests,

respectively, for each group from left to right.
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Figure 5. Effects of RNAi silencing of several candidate genes in MZ317 cells on olfactory behavior in response to

ethyl acetate (10�1.5)

RNAi lines were generated by the TRiP program, which also produced control lines for chromosome 2 and chromosome 3.

We used 2 UAS-RNAi stocks for each gene except for Eaat2. In all cases, we compared the experimental flies, Mz317-

Gal4/UAS-RNAi-GeneX, against the corresponding controls, Mz317-Gal4/UAS-36304 and MZ317-Gal4/UAS-36303, for

chromosomes 2 and 3, respectively. The meanG SEM values are presented. N = 20 for each fly type. T test values are from

left to right; for chromosome 2, t-Irk238 = 0.107, n.s.; t-Eaat238 = 2.226*; t-vGLUT38 = �4.417***; for chromosome 3,

t-shakB-HM 38 = �6.491***; t-shakB-JF 38 = �6.912***; t-vGLUT 38 = �5.159***; t-Irk1-HM 38 = �0.194, n.s.; t-Irk1-JF 38 =

�1.122, n.s.; t-Irk2 38 = �1.172, n.s. Significant differences of each fly type compared with the control flies are indicated in

the figure (*** = p < 0.001; ** = p < 0.01; * = p < 0.05).
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Measurements were performed on whole antennae of live, immobilized individuals subjected to gas-phase

1.5-s odor pulses, as in natural conditions.

Figure 6A shows the response of ORNs (the OSNs that express the Orco coreceptor) to 1.5-s odor pulses of

increasing concentrations of EA by directed expression of the GCaMPf Ca2+ sensor (lexAOp-GCaMPf;

orco-lexA) in these cells, as indicated by changes in fluorescence. First, we observed a representative orig-

inal trace from 1 antenna. On the right, the average dose-response curve obtained from a total of 20

antennae is displayed. A strong and increasing Ca2+ response to odor that was dependent on the odorant

concentration was observed. A statistical analysis of the response showed significant differences between

the responses to different odorant concentrations (F6,114 = 21.47***, p < 0.001).

We also measured the changes in fluorescence produced in the Mz317 glial cells in response to increasing

concentrations of odor, Mz317-Gal4/UAS-GCaMPf (Figure 6B). In this case, the odorant pulses induced a

decrease in Ca2+ in the opposite direction of the neuronal response, but this effect also increased in

response to increasing concentrations of the odorant EA (F3,57 = 7.86***, p < 0.001). The response was

much smaller than that observed in the ORNs, but the way the measurements were made may be, at least,

partly responsible for this difference. We should not forget that the measurement was made over the entire

area of the third antennal segment in each photo, and the structure of the Mz317 antennal glia is much

thinner and represents a much smaller percentage of the antenna than the ORN somas. However, the

response to odor pulses, although small, can be observed in each single trace (Figure 6B, left), and it is

not due to the air pulse or any other artifact (see Figure S2 showing the responses to pulses of air, paraffin

oil, and 2 different concentrations of the odorant EA).

Other measurement systems that directly analyze the response of ORN somas in sliced antennae48–50

cannot be used to analyze Mz317 glia, as the area encompassing the glia cannot be clearly defined.

Furthermore, given the network structure of Mz317 antennal glia, the slicing of the antenna itself may affect

the glial function.

The kinetics of the response in both cell types were analyzed on the basis of the mean rectified traces of

the response of 20 antennae to odor. Figure 6C displays the responses of both cell types to EA (10�1),

but the same conclusions can be drawn for the other concentrations. The details on the right show that

the response of Mz317 glia occurs later since it has not yet started when the response of ORNs has
iScience 26, 105837, January 20, 2023 9



Figure 6. Ca2+ imaging of the third antennal segment in response to the odorant ethyl acetate

(A) Left, representative fluorescence response of the ORNs of a fly subjected to increasing odorant concentrations. Right

panel, dose–response curve of the maximal response plotted as the mean G SEM of 20 antennae.

(B) Left, representative fluorescence response of the Mz317 glial cells of a fly subjected to increasing odorant

concentrations. Right panel, dose-response curve of the maximal response (mean G SEM of 20 antennae).

(C) Left, averaged rectified traces of 20 antennae each forORNs andMz317 glial cells in response to 1.5 s pulses of ethyl acetate

(10�1). Note that the same scale is used for the x-axis (time) but not for the y-axis. Right, temporal details of the response

kinetics for both cell types. The red line indicates the time when the response achieves the maximal value for the ORNs.
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reached its maximum. This may be because the two cell types have different response dynamics, but it

may also indicate that the response of Mz317 glia is not autonomous but is produced by neuronal

activation.
10 iScience 26, 105837, January 20, 2023



Figure 7. The absence of Orco in orco�/orco� mutants does not affect the structure of antennal Mz317 glia but

eliminates the response of Mz317 antennal glial cells

(A) Detail of the immunostaining of 14-mm antennal cryosections of several fly genotypes. Green (GFP) immunostaining

labeling of Mz317 glia and magenta labeling of the Orco coreceptor in Mz317-Gal4/UAS-mCD8:GFP flies were used as

positive controls, Mz317-Gal4/UAS-mCD8:GFP; orco-/orco-experimental flies and UAS-mcD8:GFP as negative control

flies. The scale bar indicates 40 mm. The same Mz317 glial structure appears in the positive control and the orco�/orco�

mutants.

(B) Left, representative fluorescence response of the Mz317 glial cells of an orco�/orco� mutant fly submitted to

increasing odorant concentrations. Right, dose-response curve of the maximal response (meanG SEM of 20 antennae) at

the times when the response of Mz317 glial cells was observed. No significant response was observed among different

odorant concentrations, and the difference from the 0 value corresponds to signal noise.
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To test this hypothesis, we repeated the experiment by measuring fluorescence in Mz317 glial cells in flies

deficient for the Orco coreceptor (Mz317-Gal4/UAS-GCaMPf; orco�/orco�) whose ORNs do not respond

to odors. It has been shown that the absence of Orco does not affect the structure of Mz317 glia (Figure 7A).

Figure 7B shows that there is no response to odors in the Mz317 glia. In fact, there were no significant dif-

ferences among the responses to several concentrations of EA (F3,57 = 1.23, n.s.), which confirms that the

glial response is not autonomous but is contingent on that of the ORNs. All this evidence suggests a regu-

lation system in which Mz317 glia try to control the activation of ORNs by avoiding an excessive response

that might become lethal.

Some of the possible mechanisms of this interaction will be related to those signaled by the genes in the

RNAi experiment.

DISCUSSION

Although an increasing number of articles have reported a functional role for glia in neuronal signaling in

the CNS, less is known about neuron-glia interactions in the peripheral nervous system and, more specif-

ically, concerning sensory systems, whether they affect sensory signaling at the receptor level and whether

these changes are projected to the perception level.

In this report, we address this subject by questioning whether glia surrounding the OSN soma may play

a role in the detection and/or signaling of odor information to the brain in a model species with a well-

differentiated olfactory system, Drosophila melanogaster. Moreover, to elucidate the ultimate effect of

peripheral neuron-glia interactions on olfactory perception, we generated individuals with targeted ge-

netic modifications in Mz317-type glial cells and used whole, live flies as experimental subjects, taking

advantage of the available genetic tools for this species (see the articles by Martı́n and del Valle Rodrı́-

guez et al.51,52).

Mz317 glia and olfactory perception

In this work, we used the Gal4/UAS binary system to control gene expression by using the Mz317-Gal4

driver. It directs the expression of markers, genes, and other molecules to a type of antennal perineural

glia (aPNG) that surrounds the somas of olfactory receptor neurons (OSNs) and the axon bundles sur-

rounded by another type of glia, the subperineural glia that can be detected in the antenna with the

GH146-Gal4 driver.36

Regarding the types of manipulations performed on Mz317 cells, we started with those of greatest impact,

eliminating the cells by targeted expression of the diphtheria toxin gene.

At the level of signal reception, other studies have reported that in vertebrates, reactive gliosis occurs, i.e.,

sudden death of glial cells can lead to neuronal malfunction. Thus, when damage occurs in the retina lead-

ing to gliosis, the membrane potentials of neurons are altered, leading to strong and long-lasting depo-

larization of neurons, accompanied by excessive Ca2+ influx and finally excitotoxic neuronal death.53

In our study, we observed that cell death of Mz317 cells starting from the embryonic stage leads to non-

viability of individuals. However, death restricted to the adult stage is not lethal and allows us to test the

olfactory behavioral response of genetically modified individuals. Thus, adult individuals lacking Mz317

cells, although still able to respond to odors in a double-choice T-maze, do so less efficiently, as higher

concentrations of odorant are required to elicit the same response observed in control individuals. This

alteration affects not only the most intense ones but also a wide range of odorant concentrations.

Thus, our data support the idea that Mz317 glial cells are involved in the generation of the olfactory signal

that is reflected in the results of olfactory perception, which is the relevant biological response for the

individual.

In an attempt to more precisely define the role of glia in olfactory perception, as detected by behavioral

tests, we then used methods that affect Mz317 cells in a more timely manner and that can produce a revers-

ible effect, optogenetic methods.54–56 In this case, we could test whether modifying the transmembrane

potential of Mz317 cells via the targeted expression of ion channels that open under the effect of intense

light, and whose duration we can control, affects the signaling of OSNs and, ultimately, the olfactory
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perception of individuals. Although glial cells do not produce action potentials,57 it was considered that

this method could be valid in this case because it would affect glia directly through ionic exchange with

the extracellular space, which Mz317 glia cells share with ORNs, or indirectly if the change in membrane

potential triggers some of the mechanisms of glia-neuron interaction that also work through the common

intercellular space. In fact, experiments studying the close contact between these two cell types using the

GRASP technique37,58 indicate that Mz317 glia and ORNs are less than 100 nm apart and that there is no

other cell or structure between them, which would confirm that the two cell types share intercellular space.

We must recall that in the root ganglion of vertebrates, only 20 nm separate the SGCs from the neurons,

and changes in the ionic environment as well as glutamate, aminopeptides, and ATP signaling mediate

the glia-neuron somata interaction through this intercellular space.6

Activation of Mz317 cells by light was produced through the opening of rhodopsin channels, which leads to

the entry of Na+ and Ca2+ cations, producing a significant decrease in the sensitivity of individuals to the

odors studied, EA, 3-octanol, and methylsalicylate, especially at high odorant concentrations. It should be

noted that each of these odors primarily activates distinct glomeruli in the antennal lobe.59,60 This finding

suggests that this is a general neuron-glia interaction effect at the receptor level that modulates odor

signaling.

However, inhibition by Cl� anions induced by light activation of halorhodopsin channels ectopically expressed

in this type of glia produces the opposite effect, increasing the sensitivity of individuals and causing them to

respond to an odorant concentration as if it were more intense than it truly is. It seems, therefore, that our data

would support work advocating the importance of maintenance of the ionic environment for proper func-

tioning and signaling of neurons in the brains of Drosophila.61 In C. elegans, such a relationship has been

established between glial cells and mechanosensors.62 Moreover, in C. elegans, the peripheral glia AMsh

surrounding the multimodal ASH neuron, a type of polymodal nociceptive neuron involved in the response

to harmful stimulus, mediates olfactory adaptation through Ca2+ channels and GABA neurotransmitter

signaling.33 Previous work in Drosophila adults using mutants also identified the role of the trp Ca2+ channel

in olfactory adaptation at the receptor level.63

However, the expression level of the potassium channels encoded by Irk1 and Irk2 genes in the MZ317 glia

does not seem to affect the olfactory response.

Previous reports in vertebrates have proposed changes in the ionic environment as a method, although not

the only one by which SGCs interact with the neuron somata they envelope.6

Thus, Mz317 glia could modulate the activity of OSNs in both directions, increasing or decreasing sensi-

tivity by altering the intracellular ionic content of the glial cells and the subsequent communication to

the OSN somata, which would modify their responsiveness to stimuli.
Genes involved in the interaction of Mz317glia and OSN

In our case, five genes that have been shown to be expressed and involved in neuron-glia interactions in

SGCs enveloping neuronal somata in the sensory ganglia of the spinal cord of humans related to pain,6

the shakB, VGlut, Irk1, Irk2, and Eaat2 genes were chosen as candidate genes.

In this study, a decrease in olfactory perception of EA was observed when the VGlut and shakB genes were

silenced in the two RNAi studies for each gene. The shakB protein related to gap junctions has already been

described as important in Drosophila olfactory perception at the level of the antennal lobe, specifically in

the interaction between projection neurons and local excitatory neurons.30 In mammals, it has been pro-

posed to be important in communication between glial cells that wrap the same neuron but not between

glia and the neuronal soma they surround.6 Thus, under electronic microscopy, gap junctions have been

found between SGCs but not between SGCs and neurons. However, in neuropathic pain conditions,

both types of gap junctions have been found64,65 although the strongest unions were from the SGC-

SGC type.66

In our case, further experiments should be performed to answer this question, but it will be difficult to

explain changes in the Ca2+ concentration in opposite directions as the ones observed by Ca2+ imaging

between cells united by gap junctions.
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The importance of the VGlut gene for the functioning of glutamatergic neurons has also been noted, with

one-third of the neurons present in the antennal lobe of Drosophila adults being glutamatergic.67,68 Our

results suggest that a spectrum of activities occur through these genes at the level of reception in the

antenna.

Furthermore, in this work, we describe an increase in olfactory sensitivity to EA when the Eaat2 gene is

silenced, in the opposite direction to that observed for the previous two genes. This gene encodes a

taurine/aspartate transporter and is an ortholog of glutamate transporters in vertebrates.45 Its expression

has been described in glial cells of the CNS of Drosophila embryos,69 and it is an important gene in olfac-

tory perception, as a mutant for the gene showed decreased the aversive behavior to propionic acid.70

Although we targeted gene silencing toward Mz317 cells in our study, other authors70 used a mutant for

the gene in the whole organism. Similarly, the expression of the gene in Drosophila brain-wrapping glia

has been reported to modulate sleep and the metabolic rate.71 Our study also links this gene to olfactory

reception.

This result not only allows us to confirm that the neuron-glia interaction occurs under natural conditions in

the olfactory system of adult D. melanogaster but also indicates the involvement of certain components

and pathways in this interaction, the electrical synapses (ShakB) as well as other factors related to cell exci-

tation (VGlut and Eaat2), and the possibility that the glia modulate neuronal activity in both directions,

either increasing or decreasing their sensitivity.

A more extensive study of the genes expressed by Mz317 glial cells should be performed to expand our

understanding of the mechanisms of the OSN-Mz317 glia interaction.
Constraints of behavioral studies with Mz317 cells and their relationship to changes

associated with aPNG

However, although behavioral tests may be the most appropriate tests to determine the importance of the

observed modifications at the cellular or molecular level on the functional capacity of the individual, they

have limitations in terms of the conclusions that can be drawn. The behavior involves the entire sensory cir-

cuit, and to designate a particular part of this circuit as responsible for the observed behavioral modifica-

tions, it must be ensured that other parts of the circuit are not modified or, even if they are, that they do not

alter the function.

In our case, we found that the Mz317-Gal4 insert we used as an expression driver not only labels the

antennal glia but also shows labeling in some areas of the brain, in the glia surrounding some structures

that do not seem to affect elements of the olfactory pathways and in a small number of neurons (Figure 4A),

some of them related to a small portion of the antennal lobe that could affect the olfactory circuit.

Because labeling is an indicator of those cells in which there areMz317-Gal4 target genemodifications, cell

death, optogenetic variations, or RNAi expression also occurred in these cells in the brains of the individ-

uals who showed behavioral differences. The possible role of neurons in the observed olfactory perception

changes was ruled out with 2 different sets of data. First, we showed the same behavioral effect in response

to three different odors, EA, 3 octanol, and metyl salycilate, after optogenetic activation. Because the main

glomeruli that respond to each of the 3 odors are different and located in different regions of the antennal

lobes and at different distances from the region where the branches of the labeled neurons reach, it is un-

likely that optogenetic activation of the neurons is the cause of the observed behavioral differences.

Second, and more definitively, the behavior observed in experimental flies where the Mz317-Gal4 driver

has been restricted to target only glial cells (Mz317-Gal4, elav-Gal80; UAS-ChR2XXL) replicates that of

the original flies without such a restriction. Therefore, we showed that glial cells are responsible for the

behavioral phenotype.
Analysis of cellular activity in the third antennal segment in response to odor pulses

Finally, if the Mz317 neuron-glia interaction at the level of olfactory receptor organs is the origin of the

observed differences in olfactory perception, we must be able to relate the functional response at the

antennal level of both cell types to the olfactory stimulus.
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For this purpose, Ca2+ imaging measurements were performed in the third antennal segments of live and im-

mobilized individuals in response to gaseous odor pulses as close as possible to natural conditions. In

Drosophila, this technique has previously been used to view the activity of OSNs of the third antennal

segment72 although it is mainly used to observe activity at the antennal lobe level in the brain73–75 and in

the olfactory bulb of vertebrates.76,77 We performed the measurements on intact antennae from immobilized

individuals, unlike other types of preparations, such as those performed by others48–50 on ex vivo antennal sec-

tions. This may affect the results obtained because, on the one hand, it is not as easy to define the cell bound-

aries in MZ317 glia as in ORNs to determine the specific region to explore fluorescence changes, and on the

other hand, by sectioning the antenna,wewoulddisrupt the tightly interrelated network structure of aPNGglia

cells in the third antennal segment. In this sense, measuring fluorescence changes over the entire third

antennal segment will give us smaller absolute values than those specifically targeting individual cells. How-

ever, the results we obtain are robust because they can be observed at the single trace level.

We showed that both ORNs andMz317 glia respond to odor pulses and that the response is concentration-

dependent. ORNs increase while Mz317 glia reduce the Ca2+ concentration. However, some important

differences appear compared with the report on the response of receptor neurons and glia to aversive

odorants in a model species, C. elegans.33 In Caenorhabditis, both ASH neurons (a type of polymodal

nociceptive neuron) and AMsh glia sense aversive odorants but always in the direction of increasing

Ca2+ concentration. In this case, each cell type presents its own odorant receptors and responds in a

cell autonomous manner. This is not the case for Drosophila, where suppression of ORN activation in

orco�/orco� mutants eliminates the response of Mz317 glia.

To understand these differences, wemust consider the biology of both species. C. elegans is a simpler animal

in which the sensory modalities are not as differentiated as inDrosophila. Thus, for example, ASH neurons are

a type ofmultimodal nociceptive neuron that respond to various types of aversive, chemical, high osmotic, and

mechanical stimuli.78–81 In addition, the structure formed by ASH neurons and AMsh glia is not reminiscent of

Drosophila olfactory sensilla. Thus, in Caenorhabditis AMsh, glia surround the soma and dendrites of ASH

neurons almost to the outside (see the articles by Bacaj et al. and Zhang and Yan82,83) while in Drosophila,

the olfactory sensilla contain the OSNs and the accessory and supporting cells surrounding the neuron and

part of the dendrites,34,35,84,85 isolating them from the intercellular space at the soma level. It is at this level

that Mz317 glia act, closely surrounding the neuronal body, according to the GRASP experiment, and form

a network structure with other glial cells surrounding the soma of other OSNs along the third antennal

segment. Therefore, if Mz317 glia do not reach the outside of the sensilla and are isolated from the external

lymph where olfactory stimuli arrive, it is logical that they do not have an autonomous but an indirect response

to neuronal activation that also happens to be opposite. This kind of opposite response between glia and neu-

rons has been recently reported for the microglia of rodents that show a response to chemotactic cues in the

CNS. In that case, and opposite to neurons, the driving force for the response is hyperpolarization, which in-

volves Ca2+ entry from the intracellular space, possibly mediated by ATP.86

It was reported long ago in Drosophila87 that OSNs show a greater resistance to excessive excitation than

photoreceptors. Thus, mutants of the rdgB gene cause photoreceptor death and degeneration after the

first response to light, while the OSNs showed only delayed recovery after intense odorant stimulation.

Our results allow us to propose that the action of the MZ317 may be at least in part responsible for the

adaptation phenomenon at the receptor level that prevents this overstimulation.

In C. elegans, the AMsh glial response can inhibit the activation of ASH neurons mediating adaptation33; in

our case, moreover, the global network structure of the Mz317 glia throughout the third antennal segment

further suggests a broader role in tuning olfactory activation in highly odorous environments.
Limitations of the study

The topic addresses the role of glial cells as active agents in neuronal signaling in a well-organized sensory

system. The approach involves the use of living, whole individuals in which genetic modifications targeting

glia have been made so that the function of glia can be studied without additional manipulations in exper-

imental animals. This allows us to answer the question whether alterations at the receptor level are relevant

for the final sensory coding of an olfactory stimulus and are reflected in the sensory perception of individ-

uals. This is deduced by behavioral tests in which the animals move freely. Therefore, the conclusions corre-

spond to what occurs under natural conditions.
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However, this approach also has its limitations. On the one hand, the use of the Gal4/UAS binary system of

directed gene expression targets the expression to all cells indicated by the Gal4 insert, which, in our case,

include both cells of the third antennal segment and others in the brain, such as glial cells and some neu-

rons. In this report, we have paid special attention to rule out the effect of cells other than those belonging

to the olfactory receptor organ on the observed behavioral responses.

On the other hand, the network nature of MZ317 glia in the third antennal segment limits the type of Ca2+ im-

aging studies that can be performed. Thus, imaging studies of olfactory function in sliced antenna performed

by other authors48–50 that allow a more detailed study in single cells and the use of a pharmacological

approach with inhibitors cannot be used in the present work without compromising the pooled glial function.
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8. Silies, M., and Klämbt, C. (2011). Adhesion
and signaling between neurons and glial cells
in Drosophila. Curr. Opin. Neurobiol. 21,
11–16. https://doi.org/10.1016/j.conb.2010.
08.011.

9. Stork, T., Bernardos, R., and Freeman, M.R.
(2012). Analysis of glial cell development and
function in Drosophila. Cold Spring Harb.
Protoc. 2012, 1–17. https://doi.org/10.1101/
pdb.top067587.

10. Wu, B., Li, J., Chou, Y.-H., Luginbuhl, D., and
Luo, L. (2017). Fibroblast growth factor
signaling instructs ensheathing glia wrapping
of Drosophila olfactory glomeruli. Proc. Natl.
Acad. Sci. USA 114, 7505–7512. https://doi.
org/10.1073/pnas.1706533114.

11. Liu, L., Zhang, K., Sandoval, H., Yamamoto, S.,
Jaiswal, M., Sanz, E., Li, Z., Hui, J., Graham,
B.H., Quintana, A., et al. (2015). Glial lipid
droplets and ROS induced by mitochondrial
defects promote neurodegeneration. Cell
160, 177–190. https://doi.org/10.1016/j.cell.
2014.12.019.

12. Ng, F.S., Tangredi, M.M., and Jackson, F.R.
(2011). Glial cells physiologically modulate
clock neurons and circadian behavior in a
calcium-dependent manner. Curr. Biol. 21,
625–634. https://doi.org/10.1016/j.cub.2011.
03.027.

13. Jackson, F.R., Ng, F.S., Sengupta, S., You, S.,
and Huang, Y. (2015). Glial cell regulation of
rhythmic behavior. Methods Enzymol. 552,
45–73. https://doi.org/10.1016/bs.mie.2014.
10.016.

14. Seugnet, L., Suzuki, Y., Merlin, G., Gottschalk,
L., Duntley, S.P., and Shaw, P.J. (2011). Notch
signaling modulates sleep homeostasis and
learning after sleep deprivation in
Drosophila. Curr. Biol. 21, 835–840. https://
doi.org/10.1016/j.cub.2011.04.001.

15. Chen, W.-F., Maguire, S., Sowcik, M., Luo, W.,
Koh, K., and Sehgal, A. (2015). A neuron-glia
interaction involving GABA transaminase
contributes to sleep loss in sleepless mutants.
Mol. Psychiatry 20, 240–251. https://doi.org/
10.1038/mp.2014.11.

16. Yamazaki, D., Horiuchi, J., Ueno, K., Ueno, T.,
Saeki, S., Matsuno, M., Naganos, S.,
Miyashita, T., Hirano, Y., Nishikawa, H., et al.
(2014). Glial dysfunction causes age-related
memory impairment in Drosophila. Neuron
84, 753–763. https://doi.org/10.1016/j.
neuron.2014.09.039.

17. Matsuno,M., Horiuchi, J., Yuasa, Y., Ofusa, K.,
Miyashita, T., Masuda, T., and Saitoe, M.
(2015). Long-term memory formation in
Drosophila requires training-dependent glial
transcription. J. Neurosci. 35, 5557–5565.
https://doi.org/10.1523/JNEUROSCI.3865-
14.2015.

18. Awasaki, T., Lai, S.-L., Ito, K., and Lee, T.
(2008). Organization and postembryonic
development of glial cells in the adult central
brain of Drosophila. J. Neurosci. 28, 13742–
13753. https://doi.org/10.1523/JNEUROSCI.
4844-08.2008.

19. Doherty, J., Logan, M.A., Tasxdemir, O.E., and
Freeman, M.R. (2009). Ensheathing glia
function as phagocytes in the adult
Drosophila brain. J. Neurosci. 29, 4768–4781.
https://doi.org/10.1523/JNEUROSCI.5951-
08.2009.

20. Freeman, M.R. (2015). Drosophila central
nervous system glia. Cold Spring Harb.
Perspect. Biol. 7, a020552. https://doi.org/10.
1101/cshperspect.a020552.

21. Omoto, J.J., Yogi, P., and Hartenstein, V.
(2015). Origin and development of neuropil
glia of the Drosophila larval and adult brain:
two distinct glial populations derived from
separate progenitors. Dev. Biol. 404, 2–20.
https://doi.org/10.1016/j.ydbio.2015.03.004.

22. Kremer, M.C., Jung, C., Batelli, S., Rubin,
G.M., andGaul, U. (2017). The glia of the adult
Drosophila nervous system. Glia 65, 606–638.
https://doi.org/10.1002/glia.23115.

23. Yildirim, K., Petri, J., Kottmeier, R., and
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KEY RESOURCES TABLE
REAGENT or RESOURCE SOURCE IDENTIFIER

Antibodies

Rabbit polyclonal anti-GFP Invitrogen Cat#A6455; RRID: AB_221570

Alexa 488 polyclonal anti-rabbit Invitrogen Cat# A11008; RRID: AB_143165

Mouse monoclonal anti-nc82 Developmental Studies Hybridoma Cat# Supernatant 1 ml; RRID: AB_2314866

Cy3 polyclonal anti-mouse Jackson Immunoresearch

Laboratories

Cat# 715-165-151; RRID: AB_2315777

Mouse monoclonal anti-GFP Invitrogen Cat#A11120; RRID: AB_221568

Rabbit polyclonal anti-ORCO Larsson et al.88 N/A

Alexa 488 polyclonal anti-mouse Invitrogen Cat#A21131; RRID: AB_2535771

Cy3 polyclonal anti-rabbit Jackson Immunoresearch

Laboratories

Cat#111-165-003; RRID: AB_2338000

Chemicals, peptides, and recombinant proteins

Ethyl acetate Sigma-Aldrich Cat# 1.00863.0500; CAS: 141-78-6

3-octanol Sigma-Aldrich Cat# 218405-50G; CAS: 589-98-0

Methylsalicylate Fluka Cat# 76631; CAS: 119-36-8

Paraffin oil Merck Cat# 1.07174.2500; CAS: 8042-47-5

Experimental models: Organisms/strains

D. melanogaster: Canton-S Bloomington Drosophila

Stock Center

BDSC:64349; FlyBase: FBst0064349

D. melanogaster: Mz317-Gal4:

w; Mz317-Gal4/CyO

Ito et al.89 N/A

D. melanogaster: orco-lexA: w;

Bl/CyO; orco-lexA/TM6B

Lai and Lee90 N/A

D. melanogaster: repo-Gal80: w;

repo-Gal80 (N18)/CyO

Awasaki et al.91 N/A

D. melanogaster: elav-Gal80: w; elav-Gal80/

CyO; rotund-Gal4, UAS-GFPnls/TM6

Casas-Tintó et al.92 N/A

D. melanogaster: Gal80ts: w[*];

P{w[+mC] = tubP-GAL80[ts]}2/TM2

Bloomington Drosophila

Stock Center

BDSC:7017; FlyBase: FBst0007017

D. melanogaster: UAS-DTI: w[*];

P{w[+mC] = UAS-Cbeta\DT.I}18/CyO

Bloomington Drosophila

Stock Center

BDSC:25039; FlyBase: FBst0025039

D. melanogaster: UAS-ChR2XXL:

y[1]w[1118]; PBac{y[+mDint2]

w[+mC] = UAS-ChR2.XXL}VK00018

Bloomington Drosophila

Stock Center

BDSC:58374; FlyBase: FBst0058374

D. melanogaster: UAS-eNpHR: y[1] w[*];

wg[Sp-1]/CyO, P{Wee-P.ph0}Bacc[Wee-P20];

P{y[+t7.7] w[+mC] = 20XUAS-eNpHR3.0.YFP}

attP2/TM6C, Sb[1] Tb[1]

Bloomington Drosophila

Stock Center

BDSC:36368; FlyBase: FBst0036368

D. melanogaster: RNAi of dEaat2: y[1] v[1]; P{y

[+t7.7] v[+t1.8] = TRiP.HMS01998}attP40/CyO

Bloomington Drosophila

Stock Center

BDSC:40832; FlyBase: FBst0040832

D. melanogaster: RNAi of shakB V20:

y[1] sc[*] v[1] sev[21]; P{y[+t7.7]

v[+t1.8] = TRiP.HMC04895}attP2

Bloomington Drosophila

Stock Center

BDSC:57706; FlyBase: FBst0057706

(Continued on next page)
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D. melanogaster: RNAi of shakB

V10: y[1] v[1]; P{y[+t7.7]

v[+t1.8] = TRiP.JF02604}attP2

Bloomington Drosophila

Stock Center

BDSC: 27292; FlyBase: FBst0027292

D. melanogaster: RNAi of VGlut chr 2:

y[1] sc[*] v[1] sev[21]; P{y[+t7.7]

v[+t1.8] = TRiP.HMS02175}attP40

Bloomington Drosophila

Stock Center

BDSC: 40927; FlyBase: FBst0040927

D. melanogaster: RNAi of VGlut chr 3:

y[1] sc[*] v[1] sev[21]; P{y[+t7.7]

v[+t1.8] = TRiP.HMS02011}attP2

Bloomington Drosophila

Stock Center

BDSC: 40845; FlyBase: FBst0040845

D. melanogaster: RNAi of Irk1 v20:

y[1] sc[*] v[1] sev[21]; P{y[+t7.7]

v[+t1.8] = TRiP.HMS02480}attP2

Bloomington Drosophila

Stock Center

BDSC: 42644; FlyBase: FBst0042644

D. melanogaster: RNAi of UAS-Irk1 v10: y[1]

v[1]; P{y[+t7.7] v[+t1.8] = TRiP.JF01841}attP2

Bloomington Drosophila

Stock Center

BDSC: 25823; FlyBase: FBst0025823

D. melanogaster: RNAi of Irk2 chr 2: y[1] v[1];

P{y[+t7.7] v[+t1.8] = TRiP.HMJ22463}attP40

Bloomington Drosophila

Stock Center

BDSC: 58333; FlyBase: FBst0058333

D. melanogaster: RNAi of Irk2 chr 3:

y[1] sc[*] v[1] sev[21]; P{y[+t7.7]

v[+t1.8] = TRiP.HMS02379}attP2

Bloomington Drosophila

Stock Center

BDSC: 41981; FlyBase: FBst0041981

D. melanogaster: Control TRiP

chr 2: y[1] v[1]; P{y[+t7.7] = CaryP}attP40

Bloomington Drosophila

Stock Center

BDSC: 36304; FlyBase: FBst0036304

D. melanogaster: Control TRiP

chr 3: y[1] v[1]; P{y[+t7.7] = CaryP}attP2

Bloomington Drosophila

Stock Center

BDSC: 36303; FlyBase: FBst0036303

D. melanogaster: UAS-Dicer: P{w[+mC] = UAS-

Dcr-2.D}1, w[1118]; betaTub60D[Pin-1]/CyO

Bloomington Drosophila

Stock Center

BDSC: 24644; FlyBase: FBst0024644

D. melanogaster: UAS-GCaMP6f:

w[1118]; P{y[+t7.7] w[+mC] = 20XUAS-

IVS-GCaMP6f}attP40

Bloomington Drosophila

Stock Center

BDSC: 42747; FlyBase: FBst0042747

D. melanogaster: lexAOp-GCaMP6f:

w[1118]; P{y[+t7.7] w[+mC] = 13XLexAop2-

IVS-GCaMP6f-p10}su(Hw)attP5

Bloomington Drosophila

Stock Center

BDSC: 44277; FlyBase: FBst0044277

D. melanogaster: UAS-mCD8::GFP chr2:

y[1] w[*]; P{w[+mC] = UAS-mCD8::

GFP.L}LL5, P{UAS-mCD8::GFP.L}2

Bloomington Drosophila

Stock Center

BDSC: 5137; FlyBase: FBst0005137

D. melanogaster: UAS-mCD8::GFP chr3:

y[1] w[*]; betaTub60D[Pin-Yt]/CyO;

P{w[+mC] = UAS-mCD8::GFP.L}LL6

Bloomington Drosophila

Stock Center

BDSC: 5130; FlyBase: FBst0005130

D. melanogaster: orco-RFP: w[*];

P{w[+mC] = UAS-mCD8::GFP.L}LL5/CyO;

P{w[+mW.hs] = Orco-RFP.K}10D

Bloomington Drosophila

Stock Center

BDSC: 63045; FlyBase: FBst0063045

D. melanogaster: UAS-spGFP1-10,

lexAOp-spGFP11: w[*]; P{y[+t7.7]

w[+mC] = CoinFLP-LexA::GAD.GAL4}

attP40 P{w[+mC] = lexAop-rCD2.RFP}2;

P{w[+mC] = UAS-CD4-spGFP1-10}3,

P{w[+mC] = lexAop-CD4-spGFP11}

3/TM6C, Sb[1]

Bloomington Drosophila

Stock Center

BDSC: 58755; FlyBase: FBst0058755

Software and algorithms

ImageJ Schneider et al.93 https://imagej.nih.gov/ij/
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RESOURCE AVAILABILITY

Lead contact

Further information should be directed to Dr. Esther Alcorta (ealcorta@uniovi.es).
Materials availability

This study did not generate new unique reagents.

Data and code availability

d All data reported in this paper will be shared by the lead contact upon request.

d This paper does not report original code. All codes are available via open access tools and resources

listed in the key resources table.

d Any additional information required to reanalyze the data reported in this paper is available from the

lead contact upon request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

The experimental model used was Drosophila melanogaster. All genotypes used have been listed in the

Reagents and Resources section. Female flies were used in functional studies as they present stable and

robust olfactory responses.42

Two-to four-day-old females fasted for the previous 24 h were tested for olfactory preference in the

T-maze.94,95 For the Ca2+ imaging experiments two-to ten-day-old females were used.

Flies and crosses were maintained in 220 c.c. bottles with standard yeast-sucrose medium in a thermoregu-

lated chamber at 25 G 1�C following a 12:12 h light-dark cycle. For the optogenetics experiments the me-

dium was supplemented with all-trans-retinal 300 mM (Sigma-Aldrich, Germany) and the flies were kept in

the dark as previously described.42

The Spanish Ministry for Ecological Transition and Demographic Challenge granted all permits needed for

the use of genetically modified flies (A/ES/21/I-30).
METHOD DETAILS

Odor presentation

For the behavioral experiments, odorant stimuli and controls were provided in filter paper present in the

corresponding S and C tubes.

For the Ca2+ imaging experiments, we used air currents instead. Individuals were maintained in a constant

air flow of approximately 300 mL/min. Odor pulses were generated by partially diverting that flow into a

tube with 25 mL of the appropriate dilution of the odorant on filter paper with an electrically activated valve

(150 mL/min, 50% of the total flow). This system prevents artifacts associated with the cessation of air at any

point.96 Odor pulses occurred for 1.5 s. The time between pulses varied between 120 and 360 s depending

on the genotype used because of the different kinetics of the response and recovery after the stimulus.
Behavioral assay

Flies introduced to the initial tube (I) were forced to a chamber that acted as an elevator and placed the flies

between a stimulus tube (S) containing 0.5 mL of a certain concentration (v/v) of odorant diluted in paraffin

oil and a control tube (C) containing only 0.5 mL of the solvent. Flies were allowed to choose one of the

tubes for 1 min. The olfactory index (IO) is defined as the ratio of the flies in S compared to the total number

of flies that chose one of the two tubes, S or C. IO values between 0 and 0.5 indicate repulsion, and IO

values between 0.5 and 1 indicate attraction by the odor. The 0.5 value means indifference. Most

experiments were carried out at odorant concentrations that correspond to the repellent region of the

dose–response curve because in the attractive zone, this curve has a bell shape, and 2 different odorant

concentrations may evoke the same IO value and induce confusion, which is not the case in the repellent

region, where each IO value corresponds to a single odorant concentration.
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All replicate tests were carried out at constant temperature and relative humidity (24G 1�C and 40-60% RH)

between 4 and 7 p.m. To avoid cross effects on the response due to lateral preference, the stimulus was

placed alternately on the right and left side of the maze. In addition, the control and experimental groups

were alternated to avoid a possible "time effect" throughout the testing period.

For optogenetic experiments, a previously described setup was used.42 In short, an intense white LED light

of 200 W, 4000 K and 18,000 lumens (Alverlamp LSPR0200W40, Valencia, Spain), which serves to stimulate

both channel rhodopsin and halorhodopsin, was placed 22 cm perpendicular to and illuminated both elec-

tion tubes. Flies subjected to the light stimulus were subjected to 5 min of light before the test because it

yielded more consistent results.
Ca2+ imaging

Drosophila individuals were immobilized in a yellow pipette tip and placed on a slide. The third antennal

segments were also immobilized with the help of a stretched glass electrode.

For imaging, we used a Nikon Eclipse FN-1 microscope with a 103 Nikon Plan Fluor objective equipped

with a white light source (Nikon Intensilight C-HGFI). An excitation filter of 460–500 nm and an emission

filter of 510–550 nm were applied for the GCaMP6f protein used as a Ca2+ sensor and selectively expressed

in different cellular subgroups. Monochrome images of 6803 512 pixels were collected at a 1 Hz frequency

with a ProgRes CF cool CCD camera (JENOPTIK, Germany). Odor pulse emission and image capture were

synchronized by a computer.
Immunohistochemistry

For antennal preparations, adult flies were anesthetized and placed in a collar,97 in which they were sub-

merged in OCT and frozen for subsequent cryocutting. Two different protocols were used to obtain

antennal cryosections, and thick (40 mm) and thin (14 mm) cryosections were made.

The thick sections were used to observe native fluorescence generated by GFP and RFP gene expression

under a confocal microscope (Figure 1A). For the thin sections, immunohistochemistry was applied to

detect the GFP marker according to a previous protocol.98 Brain preparation squashes were performed

following a previous protocol.60

The thick antennal cryosections were used to observe native fluorescence generated by GFP and RFP gene

expression under a confocal microscope (Figure 1A). For the thin sections, immunohistochemistry was

applied to detect the GFP marker according to a previous protocol.98 The primary antibody used was rab-

bit anti-GFP (1:5000; Invitrogen), and the secondary antibody was Alexa 488 anti-rabbit (1:1000; Invitrogen).

Rabbit anti-GFP (1:2500; Invitrogen) and mouse anti-nc82 (1:10; Developmental Studies Hybridoma Immu-

nohistochemical assays for GFP expression in brain preparations were performed following.60 Rabbit anti-

GFP and mouse anti-nc82 were used as primary antibodies, and Alexa 488 anti-rabbit (1:100; Invitrogen)

and Cy3 anti-mouse (1:100; Jackson ImmunoResearch Laboratories) were used as secondary antibodies.

Images of antennal cryosections and brain squashes were collected with a Leica TCS-SP8X Confocal Laser

Microscope (Leica Microsystems) and analyzed with ImageJ software (NIH).

To analyze the structure of MZ317 antennal glial cells in the ortho background, we used mouse anti-GFP

(1:5000; Invitrogen) and rabbit anti-ORCO (1:10,000; kindly provided by Dr. L. Vosshall, The Rockefeller Uni-

versity, New York) diluted in PTS as primary antibodies. The secondary antibodies Alexa 488 anti-mouse

(1:1000; Invitrogen) and Cy3 anti-rabbit (1:1000; Jackson ImmunoResearch Laboratories) were used to

show green and magenta immunostaining, respectively.
QUANTIFICATION AND STATISTICAL ANALYSIS

Behavioral tests

As a rule, 20 replication tests were performed for each concentration, condition and genotype. ANOVAwas

performed for statistical analysis, followed by post hoc comparison of means a posteriori. When only 2 lines

were compared, Student’s t test was used. In the case of gene silencing with interfering RNA, direct com-

parisons were made between the hybrids of each gene and the corresponding control hybrids, either of
iScience 26, 105837, January 20, 2023 23
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chromosome 2 or chromosome 3, using Student’s t test. Calculations were computed using SPSS software

(IBM, USA).
Ca2+ imaging

The images were analyzed for the third antennal segment area using ImageJ (NIH)) to obtain themean fluo-

rescence intensity values on a scale between 0 and 255. Functional changes were measured by the change

in fluorescence as follows48,49,72,99:

DF=F0ð%Þ =
F � F0

F0
3 100

where F0 represents the average fluorescence for the 10 frames prior to the odorant pulse and F the fluo-

rescence at a given time. Each antenna was recorded for several odorant concentrations in an increasing

direction.

For the dose–response curve, the maximal deflection in response to odor pulses was measured and aver-

aged for a total of 20 antennae. To obtain the averaged traces, signals were rectified according to the line

generated by the mean of the 10 frames prior to the stimulus and the last 10 frames of the recording for

each odorant concentration and antenna.

For statistical analysis, we performed an ANOVA of repeated measures because the same antenna was

tested for increasing concentrations of odorant stimuli. This was followed by a post hoc analysis of the

means to establish significant differences between each pair of concentrations.
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