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Cellular/Molecular
Odorant Receptor Sensitivity Modulation in Drosophila

Hao Guo,' Kishor Kunwar,' and Dean Smith'>
Departments of 'Pharmacology and ?Neuroscience, University of Texas Southwestern Medical Center, Dallas, Texas 75390-9111

The ability to modulate sensitivity in sensory systems is essential for useful information to be extracted from fluctuating stimuli in a wide
range of background conditions. The mechanisms underlying sensitivity regulation in insect primary olfactory neurons are poorly
understood. Here we reveal that dephosphorylation of Orco**** that occurs upon prolonged odor exposure is a mechanism underlying
reduction in odorant sensitivity in Drosophila primary olfactory neurons in both sexes. Orco®**** mutants, unable to phosphorylate this
position, have low intrinsic odorant sensitivity that is independent of altered expression or localization. A phosphomimetic allele,
0rco®**”, has enhanced odorant sensitivity compared with wild-type controls. To explore the functional ramifications of this phosphor-
ylation in vivo, we generated phospho-specific antiserum to Orco** and show that phosphorylation at this residue is dynamically
regulated by odorant exposure with concomitant modulation of odorant sensitivity. Orco *** is phosphorylated in the sensitized state,
and odorant exposure triggers dephosphorylation and desensitization without altering receptor localization. We further show that
dephosphorylation of Orco*** is triggered by neuronal activity, and not conformational changes in the receptor occurring upon ligand

binding. Mutant flies unable to regulate Orco function through phosphorylation at $289 are defective for odor-guided behavior. These

findings provide insight into the mechanisms underlying regulation of insect odorant receptors in vivo.
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We have uncovered a mechanism underlying olfactory receptor sensitivity regulation in Drosophila. The phosphorylation state of
Orco™**” is altered in an odorant-dependent manner and changes in phosphorylation affect receptor sensitivity without changing
subcellular localization. We show that neuronal activity triggers the phosphorylation changes and that this phenomenon is
important for odorant-guided behaviors in Drosophila. This phosphorylation site is conserved in other insects, including mos-
quitoes, indicating this mechanism may be a target for manipulation of insect behaviors in the future.
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Introduction

Sensory systems use sensitivity modulation to expand the dy-
namic range of sensory input. Olfactory neurons in vertebrates
are well known to reduce sensitivity in the presence of an odorant
stimulus to maintain the capacity to detect changes in the odor-
ant environment (Kurahashi and Menini, 1997). It is also adap-
tive for an animal to desensitize to a background odorant so that
changes in the odorant environment are prioritized. Behavioral
desensitization has been observed in many insects, including
mosquitoes, where it plays a significant role in response to repel-
lants. For example, preexposure of mosquitoes to diethyltolua-
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mide has been shown to reduce subsequent diethyltoluamide
repellency (Stanczyk et al., 2013). How odorant sensitivity mod-
ulation occurs in insect olfactory neurons is not well understood.

Insects detect volatile odorants using members of three dis-
tinct ionotropic receptor families. In Drosophila, members of the
gustatory receptor (Gr) family are primarily responsible for de-
tection of tastants (Clyne et al., 2000), but two members, Gr21a
and Gr63a, combine to mediate detection of CO, (Jones et al.,
2007; Kwon et al., 2007). A family of 18 Ir odorant receptors
(ionotropic receptor, related to ionotropic glutamate receptors)
are expressed in the Drosophila antenna that detect humidity,
acids, and alcohols (Benton et al., 2009; Ai et al., 2010). However,
the major Drosophila odorant receptor family is composed of 62
Or (odorant receptor) members that mediate the detection of
pheromones and most volatile food odorants (Vosshall et al.,
1999; Hallem and Carlson, 2004, 2006; Ha and Smith, 2006; Ron-
deros et al., 2014; Dweck et al., 2015; Lin et al., 2015; Pitts et al.,
2016). Individual Or gene products function as “tuning” receptor
subunits that form obligate heteromultimers with a highly con-
served common subunit, Orco (Larsson et al., 2004; Benton et al.,
2006; Sato et al., 2008; Wicher et al., 2008). Typically, a single
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Figure 1. Orco®?%* mutants have reduced sensitivity to odorant. A, Diagram of predicted topology of Orco (Benton et al., 2006) and 0r67d showing conserved phosphorylation positions.

B, Dose—response curves of Or67d neurons in control (black squares) and the phosphorylation double mutant (open squares). €, Representative traces of 0r67d control and double mutants.
D, Desensitization of wild-type (left) and 0r67d double mutants (right). Filled bars represent without preexposure to cVA. Open bars represent responses aftera 1h cVA exposure. Both genotypes
are affected by odorant preexposure (for wild-type, p = 1.09 X 10 ~* for the double mutant, p = 1.09 X 10 3, two-tailed Student's t test). Two-way ANOVA, interaction (F,28 = 0.55,p =
0.47,n = 8foreach). E, Representative responses to cVA for flies expressing Orco ™", Orco "%, Orco %", and Orco 2%, 100% cVA was applied. F, Dose—response curves for cVA comparing Orco ™"
(squares, genotype w;UAS-Orco""/Cy0;p0r67d*™, Orco®/0rco®) with flies expressing Orco >2* (open squares, genotype w;UAS-Orco*?**"/Cy0;p0r67d“”, 0rco/Orco?), Orco ™M (circles, w;UAS-
0rco™%/Cy0;p0r67d“",0rco’/0rco), and Orco 27" (stars, w;UAS-Orco™2"/Cy0;p0r67d%™ Orco’/Orco?). Orco *23° is significantly different from the wild-type at all (VA concentrations >1%
(two-tailed Student’s t test, p = 0.001 for 1% VA, 7.3 X 10 ~*for 3% cVA, 0.001 for 10% cVA, and 0.004 for 30% cVA, and 7.9 X 10 ~*for 100% cVA, n = 8 for each). G, Cilia morphology of
basiconic (left) and trichoid neurons (right). H, Anti-Orco antiserum localizes Orco ™ (left) and Orco ***%* (right) to the olfactory neuron cilia of 0r67d neurons. Scale bar, 5 wm. I, Quantification of
0rco *2** and Orco " in Or67d-expressing neuron cilia (n = 15 for each, p = 0.34, two-tailed Student’s ¢ test). Error bars indicate SEM. **p < 0.01, ***p < 0.001.

tuning receptor gene is expressed in each Orco-expressing neu-
ron, and neurons expressing the same tuning receptor innervate
the same glomerulus in the antennal lobe, similar to the wiring
strategy of the vertebrate olfactory bulb (Vosshall et al., 1999,
2000).

Little is known about modulation of sensitivity to odorants in
insects. In vertebrates, phosphorylation underlies desensitization
in many sensory systems. Phosphorylation of G-protein-coupled
receptors occurs upon receptor activation and depends on recep-
tor kinases that detect conformational activation of the receptor
(Benovic et al., 1988, 1989). Mutating the receptor kinase phos-
phorylation sites impairs receptor sensitivity modulation in the
presence of a background stimulus, suggesting these mutant re-
ceptors are locked in a sensitized state (Morgan et al., 2014).

We evaluated whether changes in phosphorylation of Dro-
sophila olfactory receptors underlie changes in odorant sensitiv-

ity in primary olfactory neurons. We report here a mechanism
responsible for reduction in odorant receptor sensitivity that oc-
curs upon prolonged odor exposure that is biologically relevant
to odor-seeking behavior.

Materials and Methods

Drosophila stocks. An isogenized strain of w'**® was used as a wild-type
control for most experiments. UAS-TNT-H (active) and UAS-TNT-V
(inactive) were obtained from Sean Sweeney, and UAS-tdGFP flies were
obtained from Lily Jans laboratory (Han et al.,, 2011). pOr59b-Gal4 and
UAS-ReaChR stocks were obtained from the Bloomington Stock center.
Transgenic flies were produced using standard methods (Spradling and
Rubin, 1982).

Single sensillum electrophysiology. Single sensillum recordings were
performed as described by Pitts et al. (2016). Filtered AC signals (200 Hz
to 3 kHz) were recorded and digitized for analysis (Autospike 32). Briefly,
flies were housed in fresh vials containing standard yeast molasses food in
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Figure 2.  Charge at Orco residue 289 affects receptor sensitivity. 4, 0rco*5” mutants (open squares, w;UAS-0rco*5*/Cy0;p0r67d°"", Orco?/Orco?) are more sensitive to cVA than are flies
expressing wild-type Orco (black squares, w;UAS-Orco/Cy0;p0r67d%™ Orco?/Orco?) under the same conditions (genotypes are different by two-tailed Student’s ttest, p = 7.5 X 10 ~*for 0.003%
VA, 0.02for0.19%cVA, 3.7 X 10 ~*for 0.3% cVA, 0.02 for 1% cVA, n = 10 for wild-type, n = 8 for Orco***°). B, Orco %" is localized to the olfactory cilia membrane. Scale bar, 5 um. €, Orco***°
is expressed at similar levels as wild-type controls (n = 20, p = 0.8, two-tailed Student’s ¢ test). D, One hour cVA preexposure desensitizes the Or67d-expressing neurons in Orco"” flies
(w;UAS-Orco/Cy0;p0r67d°™ Orco?/Orco?). Black bars represent no preexposure. White bars represent preexposure to cVA. No odor and preexposure is significantly different (p = 3.61 X 10 " by
two-tailed Student’s t test, n = 10). Orco*?*”* mutant s also defective for desensitization after a 1h cVA exposure (w;UAS-Orco*5%/Cy0;p0r67d°", Orco?/Orco?, n = 15, p = 0.03 by two-tailed
Student’s ¢ test), but desensitization is significantly different from wild-type (two-way ANOVA, wild-type and Orco®*, F; 4, = 7.93. p = 0.007). Orco*”** mutants desensitize (no odor vs
preexposure, p = 0.003, two-tailed Student's ttest) but less than controls, but the difference is not significantly different from wild-type (control and Orco 23® not different, ANOVA, p = 0.08,n =
18). E, Synaptic transmission block by expression of tetanus toxin (TNT-H, active toxin) driven by the Orco promoter does not affect desensitization. Flies expressing TNT-H (w;UAS-TNT-H/pOrco-
GAL4;+/TM6) show strong desensitization after cVA exposure for 1h (open bars, with and without odorant different by two-tailed Student’s t test, p = 0.002, n = 8). Desensitization is similar for
TNT-V (inactive toxin, w;UAS-TNT-V/pOrco-GAL4;+/TM6, two-tailed Student's ttest, p = 2.39 X 10 %, n = 8) and is not statistically different from the active toxin (two-way ANOVA, F; 55 =

0.001.p = 0.982). F, Subthreshold enhancement s not significantly different between wild-type and Orco

5259 mutants. The first subthreshold pulse does not activate the neurons, but the neurons

do respond to the second, identical pulse. The genotypes are not statistically different by two-tailed ANOVA (F; 5 = 1.162, p = 0.294). p << 0.05, **p << 0.01,***p < 0.001.

small groups before single sensillum recordings (SSRs). Odorants used in
SSRs and odor exposures were of the highest purity available (Sigma-
Aldrich; and Pherobank BV). For SSRs, 30 ul of diluted or undiluted
odorant was placed on a small piece of filter paper (1.5 cm?) inserted into
a 5.75 inch Pasteur pipette, and air was passed over this filter into a
constant stream (30 ml/s) of humidified air passing over the preparation.
The stimulation pulse was 300 ms in all recordings.

Odorant exposure experiments. Male and female flies (1:1) were trans-
ferred to empty standard food vials supplemented with 200 ul water for
2 h. For single odorant exposures, a filter paper (1.5 cm?) with 30 ul 10%
corresponding odorant was placed in the food vials. For multiple-
odorant exposures, an odorant cocktail containing 30 ul 10% ethyl ace-
tate, 30 ul 10% ethyl butyrate, 30 ul 10% pentyl acetate, 30 ul 10%
octanol, and 30 ul 10% 11-cis-vaccenyl acetate (cVA) was applied to
Whatman filter paper (1.5 X 5 cm) and placed in the vial. For transient
exposures, the filter paper was placed in a 3 ml syringe; and following 5
min for equilibration, syringe air was applied directly to the flies. For
antiserum experiments, following specified exposure times, the flies were
immediately flash frozen in liquid nitrogen and processed for sectioning.
For cVA desensitization experiments, 30 ul of (VA was added to a piece
of Whatman filter paper in an empty vial for 1 h. Controls were exposed
to water. Flies were tested for responses to 1% cVA by electrophysiology.
For subthreshold enhancement, ethyl butyrate was used as the sub-

threshold stimulus for ab2A neurons as previously described (Getahun et
al., 2013), except that 10 ~7 v/v dilutions of the odorant were used. The
interval between stimuli was 20 s.

Immunocytochemistry and image analysis. Immunocytochemistry was
performed on both sexes of Drosophila frozen head sections as previously
described (Jin et al., 2008). Phospho-specific antibody was diluted 1:20,
and anti-Orco control serum was diluted 1:300 for immunostaining.
Confocal images were obtained using a Zeiss LSM 510 confocal micro-
scope. Identical imaging settings were used for comparisons among ge-
notypes. Cilia fluorescence intensity was quantified based on the mean
pixel area (A.U. is the sum of pixel value of selected area divided by the
total number of pixels) using Image] (http://imagej.nih.gov/ij/). The
background pixel value from an identical area was subtracted. A techni-
cian blinded to genotypes performed quantification.

Generation of Orco phosphorylation site mutants. Orco mutants were
produced using Q5 Site-Directed Mutagenesis Kit (NEB) on a wild-type
Orco cDNA or UAS>GFP-Or67d (Benton et al., 2007) for Or67d. Com-
plete Sanger sequencing of the entire receptor sequence confirmed the
mutations.

Primers used for mutagenesis were as follows: Orco?**, 5'-GGGCATC-
TACGCCTCGAAAGCGG-3', 5'-GACATGTCCATGTCGGTG-3';
Orco’?°P, 5'-GACATGTCCATGTCGGTG-3", 5'-GGGCATCTAC-
GACTCGAAAGCGG-3'; Orco™, 5'-CTCGCTGGACGCCTACAGGC-
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CCA-3', 5'-GCGGACAGCTCCATCAGCG-3';
Orco™?4, 5'-CAACGGGCTGGCCAAAAA-
GCAGG-3', 5'-GGATTAGCGCCGTTCACC-
3'; and Or67d™%>?%4 5" .GAATTCATGGT-
GAGCAAGGGCGA-3', 5'-CTCGAGTTATC-
CCAAATAGTTCATCAAC-3'.

Generation of Orco S289 phospho-specific an-
tibody. The phospho-specific antibody was
custom synthesized (Genemed Synthesis). The
phosphorylated peptide DMDMSGIYS|p]
SKADWGAQC was synthesized and used for
antibody production and affinity purification.
The unphosphorylated peptide was synthe-
sized and used to remove antipeptide antibod-
ies that were not phospho-specific, generating
anti-Orco serum.

Optogenetic experiments. The light source
used for optogenetic stimulation was described
by Inagaki et al. (2014). Both sexes of new en-
closed flies (w;pOrco-Gal4/UAS-ReaChR) were
collected and housed in the dark on Nutri-Fly
media for 6 d supplemented with 1% retinal
stock solution (40 mw all-trans-retinal, Sigma).
High-power Rebel LEDs (627 nm, Luxeon)
were placed at 12 cm distance from the flies in
food vials for 1 h. Light-stimulated flies or
dark-reared controls were flash-frozen in lig-
uid nitrogen before sectioning. Activation of
the olfactory receptor neurons by the red light
conditions above was confirmed by SSR.

Behavior experiments. A total of 150 flies of
both sexes were starved in a humidified cham-
ber (30 cm?) for 8 h. Eight traps were prepared
for each odorant (apple cider vinegar [ACV],
or orange juice) consisting of 13 X 100 mm
borosilicate culture tubes (Fisher) containing
2.5 ml of attractant diluted with 2.5 ml of 1%
agarose (Sigma) with an Eppendorf tube in the
opening. A 2 mm hole was drilled through the
bottom of the Eppendorf tube to allow flies
access to the trap. The traps were introduced
into the chamber with the flies and left over-
night in the dark. Attractants were 50% ACV
(Bragg) or orange juice (Simply Orange). The
flies were preexposed to 50% ACV vapor (3
L/min) for 1 h before introduction of the traps,
and ACV vapors were continued overnight for
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Experimental design and statistical analysis.
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DNA in Orco? olfactory neurons (w;UAS-Orco""/pOrco-Gal4;0rco?). D, 5289 phospho-specific antiserum detects Orco in olfactory

cilia in Orco™ antenna. E, Expression of Orco™25™ (w;UAS-Orco®?***/pOrco-Gal4;0rco?) is expressed in the cilia as detected with
S289A

Two- to 6-d-old flies were used for electro-  anti-Orco.F, Orco

physiological recordings. Two- to 6-d-old male
and female flies were used for immunostaining
and behavior tests. For behavior, flies were iso-
lated at least 24 h before the test to avoid the anesthesia effects of CO,.
The two-tailed Student’s t test was used to test for statistical significance
using Origin 8.0. For multiple sample comparisons, one-way and two-
way ANOVA with post hoc Tukey’s multiple comparisons was used (SPSS
package).

Results

Orco phosphorylation at $289 affects odorant responses
Using multiple sequence alignment and the NetPhos 3.1 phos-
phorylation prediction algorithm (Blom et al., 1999), we identi-
fied conserved, potential phosphorylation sites for Or/Orco
regulation located on the intracellular domains. Initially, we fo-
cused on Or67d/Orco odorant receptor subunits that mediate
detection of the male-specific pheromone cVA (Ha and Smith,

mutant protein is not detected by the phospho-specific antiserum. @, Anti-Orco (for total Orco detection)
detects no signal in Orco’ mutants. H, Quantification of 5289 phosphorylation in Orco"” and Orco
different by two-tailed Student’s t test, p = 0.002). Scale bar, 10 wm. **p < 0.01.

$289% (n = 10, significantly

2006; Kurtovic et al., 2007; Jin et al., 2008). We evaluated three
strong candidate phosphorylation sites on the intracellular do-
main of Orco (Fig. 1A) and two conserved candidate phosphor-
ylation sites on the predicted intracellular domain of the Or67d
tuning receptor subunit.

We first set out to test whether the Or67d tuning receptor
subunit phosphorylation sites were candidates for modulation.
We mutated T262 and T263 residues in Or67d to alanine (see
Materials and Methods) and expressed these double-mutant re-
ceptors in atl neurons of flies lacking the endogenous Or67d gene
(Kurtovic et al., 2007). Desensitization can be rapid, operating in
tens of milliseconds modulating neuronal responses over the
course of a single stimulus (Cao et al., 2016), or slow, operating
over minutes to readjust the gain of the neuron (Das et al., 2011).
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The reduced odorant sensitivity in
Orco®?*** mutants could result from de-
fective expression or subcellular localiza-
tion of the mutant protein. To address this
possibility, we used Orco antiserum to
quantitate expression of Orco®*** and
wild-type control in Or67d neurons.
Or67d is expressed in atl neurons that
have a single, unbranched cilium, whereas
basiconic neurons typically have highly
branched neurons (Fig. 1G). We found
that expression levels of Orco®**°* and
wild-type Orco in frozen tissue sections
are not significantly different (Fig. 1 H,I).
Similarly, Orco®**** localization in the
cilia of the olfactory neurons appears
identical to the control. Therefore, re-
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0.047, two-tailed Student's t test, n = 8). Data are mean = SEM. *p << 0.05, ***p << 0.001.

The cVA dose-response curves from wild-type flies compared
with those expressing the Or67d phosphorylation double-
mutant receptors, in lieu of endogenous Or67d receptors, had no
significant differences in cVA dose-response curves (Fig. 1A, B).
Similarly, cVA-induced responses showed no difference in la-
tency or modulation over the course of a stimulus between the
two genotypes (Fig. 1C). Finally, exposure of wild-type or Or67d
phosphorylation mutants to a prolonged cVA stimulus resulted
in a reduction of responses that was not statistically different
between the genotypes (Fig. 1D). Therefore, loss of these poten-
tial tuning receptor phosphorylation sites does not affect receptor
sensitivity.

We next tested the biological importance of the Orco candi-
date phosphorylation sites (Fig. 1A). We individually mutated
each candidate phosphorylation site on the intracellular domain
and generated transgenic flies expressing each engineered version
in the Orco’-null genetic background (Larsson et al., 2004). In
these flies, the transgenic version of Orco essentially replaces the
wild-type gene product. We also expressed a wild-type Orco
cDNA transgene as a control.

Mutation of threonine 250 (T250) or threonine 327 (T327) to
alanine did not significantly alter cVA dose-response curves or
rapid desensitization compared with the wild-type Orco ex-
pressed in primary olfactory neurons (Fig. 1 E,F). There was no
difference in cVA sensitivity modulation in the presence of back-
ground cVA compared with the wild-type control. However, mu-
tation of serine 289 (S289) to alanine (S289A) resulted in a
striking reduction in cVA sensitivity, especially apparent at
higher cVA concentrations (Fig. 1E, F).

Odorant stimulation reduces phospho-specific antiserum immunoreactivity. A, B, Representative images of phos-
with and without a 1 h odorant preexposure. Scale bar, 10 wm. C, D, Representative images of total Orco
localization in wild-type cilia without (C) or with (D) odorant preexposure. E, Top, Phospho-Orco signal is significantly different in
the presence of odor preexposure (n = 40,p = 1.55 X 10 ~3 two-tailed Student’s ttest). Bottom, Total Orco levels in the cilia are
notsignificantly different with or without odorant preexposure (n = 20, p = 0.27, two-tailed Student’s ¢ test). The antisera results
are different by two-way ANOVA (F; 1,5, = 11.174. p = 0.001). F, Time course of odorant-induced dephosphorylation and
n = 20 for each time point). G, Desensitization of w78 0r67d neurons after 1 h (VA exposure and 1 h
recovery after cVA withdrawal (n = 8 for each treatment). The differences are statistically different between no odor and 1 h
preexposure (p = 2.24 X 10 ~* two-tailed Student’s ttest, n = 8), and from 1h preexposure to cVA and after 1 hrecovery (p =

duced expression or abnormal localiza-
tion of Orco ***** does not account for the
reduction in cVA sensitivity in flies ex-
pressing this mutant version of Orco.

S289A has reduced odorant sensitivity,
so perhaps introducing a charged residue
at position 289 could mimic the phos-
phorylated state and have the opposite ef-
fect of the alanine mutation. We replaced
S$289 with an aspartate residue (Orco 52890
and expressed this in the Orco’-null back-
ground. Figure 2A shows that the aspar-
tate substitution results in a small but
statistically significant enhancement of
cVA sensitivity compared with the wild-
type Orco control. Quantification of ex-
pression levels and immunolocalization
of Orco®**° and Orco wild-type in Or67d neurons revealed no
differences in expression level or localization of Orco ***°" in the
chemosensory cilia (Fig. 2 B, C). We concluded that Orco odorant
receptor sensitivity is altered by charges at Orco 5289, and this
residue might be an important target for regulation of Orco sen-
sitivity by phosphorylation in vivo.

We next compared Orco®**** and wild-type control flies for
differences in sensitivity modulation to a background odorant.
We preexposed flies to cVA for 1 h and measured cVA dose—
response curves. Figure 2D shows that wild-type flies have a strik-
ing reduction in cVA sensitivity following a prior exposure to
cVA, consistent with desensitization. This desensitization is cell
autonomous and does not result from postsynaptic feedback in-
hibition onto the primary olfactory neurons (Das et al., 2011;
Cafaro, 2016) because blocking synaptic transmission with teta-
nus toxin has no effect on the sensitivity change (Fig. 2E).
Orco®*®* mutants showed reduced cVA sensitivity compared
with wild-type controls, and preexposure to cVA had less effect
on the cVA responses from these mutants relative to wild-type
controls (Fig. 2D). This is consistent with the idea that Orco®***
mutants are not able to phosphorylate this residue and are in a
low sensitivity state, with a limited ability to undergo further
desensitization.

Phospho-specific antiserum reveals dynamic regulation of
Orco $289

To evaluate the dynamics of Orco > phosphorylation in vivo, we
generated a phospho-S289 Orco-specific antiserum (see Materi-
als and Methods). We examined frozen antenna tissue sections

$289
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from wild-type and flies expressing
Orco®*** in the Orco® mutant back-
ground. Interestingly, in wild-type controls,
phospho-specific antiserum identifies a
strong signal in the chemosensory cilia
but little signal in the cell body (Fig. 3B),
whereas anti-Orco antiserum (which rec-
ognized Orco protein regardless of its
phosphorylation state) detected Orco pro-
tein in both subcellular compartments. This
indicates that phosphorylated Orco®*®* is
primarily localized to the chemosensory
cilia. Flies expressing Orco®**** in lieu of
wild-type Orco express equivalent levels of
Orco protein detectable with the anti-
Orco antiserum (Fig. 3E), but there is no
phospho-specific antibody signal present
in the cilia, confirming the specificity of
the phospho-5289 Orco antiserum (Fig.
3F,H).

We next set out to determine whether
phosphorylation at S289 is altered by
odorant exposure. Previous studies have
suggested that odorants increase phos-
phorylation of Orco, and this is important
for subthreshold sensitization where a
weak odorant pulse fails to activate olfac-
tory neurons on the first pulse but does
activate upon the second identical pulse.
The site where these modifications occur
was not established (Getahun et al., 2013,
2016). We exposed wild-type flies to an
odorant cocktail predicted to activate
most classes of olfactory neurons (Hallem
and Carlson, 2004, 2006). Flies exposed to
a brief pulse of this cocktail showed no
significant increase or decrease in the
phospho-specific antibody signal. How-
ever, when we exposed flies to the odorant
cocktail for longer periods, we observed a
significant reduction in Orco®**’ phos-
phorylation compared with flies without
odorant exposure (Fig. 4A, B,E).

Given the cilia-specific localization of
phospho-5289 Orco, one possibility is
that phosphorylation at S289 regulates re-
ceptor trafficking, and dephosphorylation
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Figure5.  Odorant-stimulated dephosphorylation of Orco>**” in a defined neuron. 4, Representation of ab2 sensillum showing
theintermingled dendrites of the 0r59b and Or85a neurons. Or59b neurons respond to hexanol and methyl acetate, whereas 0r85a
neurons respond only to hexanol. Or59b-expressing neurons were tagged with GFP, and phospho-specific antiserum was used to
quantify phosphorylated Orco ***° in the cilia with and without odorant exposure. BD, GFP-labeled ab2A neuron cilia (w; +/Cyo;
UAS-td-GFP/p0r59b-Gal4) to identify ab2 sensilla. Scale bar, 5 um. B, €', D", Phospho-specific antiserum immunoreactivity in
ab2A neuron cilia with no odor preexposure (B’), following methyl acetate preexposure (€'), or following hexanol preexposure
(D'). B”, (", D", Merged images colocalizing GFP and phospho-specific antiserum signal in ab2A neuron cilia without odorant
preexposure (B”), with methyl acetate preexposure (€”), or with hexanol preexposure (D”). Arrowheads indicate ab2 neuron cilia.
E, Quantification of phosphorylated Orco >%° in the cilia of a2 neurons with and without exposure to methyl acetate (activating
only 0r59b neurons, blue bar) or hexanol (activating both neurons, gray bar). Preexposure to methyl acetate or hexanol signifi-
cantly reduces 5289 phosphorylation compared with wild-type (p = 0.024 for methyl acetate, p = 1.35 X 10 ~*, two-tailed
Student'sttests).n = 25 forall genotypes. F, Cross-adaptation adaptation of Or59b neurons between hexanol and methyl acetate.
Methyl acetate sensitivity is similar between no odorant preexposure (black squares) or cVA preexposure (negative control, red
circles). Methyl acetate sensitivity is reduced both by preexposure to methyl acetate (green diamonds) and by preexposure to
hexanol (blue stars). No odor versus 10 ~> methyl acetate preexposure for 1h (p = 0.011, two-tailed Student’s t test). p = 0.028
forno odor versus 10 ~* methyl acetate. p = 0.005 for no odor versus 10 > methyl acetate. Statistical significance for hexanol is
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period of minutes of odor exposure and is distinct from rapid

results in trafficking of Orco receptors out of the cilia and into the
cell body. To examine this possibility, we repeated the odorant
exposure experiments but used anti-Orco to localize total Orco
protein (Fig. 4C—E). Remarkably, this antiserum revealed that
total Orco levels are unchanged in the cilia following odorant
exposure. Therefore, dephosphorylation of Orco at S289 occurs
within the dendritic cilia upon odorant stimulation, and this does
not affect receptor trafficking.

We next examined the dynamics of S289 phosphorylation
upon odorant exposure. Odorant induces a steady-state decrease
in phospho-5289 Orco within a few seconds that becomes statis-
tically significant after several minutes and is near maximal after
30 min of odor exposure (Fig. 4F). Removal of the odorant
source results in a gradual recovery of phosphorylation that cor-
relates with restoration of odorant sensitivity (Fig. 4 F,G). Thus,
this dephosphorylation/phosphorylation cycle operates over a

attenuation that occurs during an acute odor exposure (Cao et al.,
2016).

Not all receptors are activated by this odor cocktail, and some
receptors may only have partial activation. To more accurately
assess the effect of odorant exposures on specific classes of olfac-
tory neurons, we examined phosphorylation and sensitivity
changes for olfactory neurons contained within the ab2 sensilla in
response to specific activating odorants. The two neurons en-
cased within this sensillum express either tuning odorant recep-
tor Or59b or Or85a (Couto et al., 2005). Both receptors are
activated by 10% hexanol, but only the Or59b receptor neurons
are activated by methyl acetate (Hallem and Carlson, 2006). To
identify ab2 sensilla, we expressed membrane-anchored GFP in
Or59b-expressing neurons (Fig. 5B—D). We exposed these flies to
methyl acetate or hexanol and assessed Orco**° phosphoryla-
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tion with the phospho-specific antiserum. Figure 5 shows that, in
the absence of odorant, the intermingled, branched dendritic
cilia of Or59b and Or85a neurons (Fig. 5A) have robust phospho-
specific signals (Fig. 5B"). However, when exposed to hexanol
(which activates both neurons), the Orco ***° phosphorylation
signal is greatly reduced, whereas the GFP signal remains (Fig.
5D,D',D"). Using the GFP signal to normalize the hexanol-
induced change in phospho-specific antibody signal, we estab-
lished that odorant exposure resulted in a 10-fold reduction in
phospho-S5289 in the cilia compared with unexposed neurons
(Fig. 5E). As expected, selective activation of Or59b neurons with
methyl acetate reduced the phospho-Orco signal by ~50% con-
sistent with the dendritic branches of both neurons contributing
to the cilia signal, but with reduction of the phospho-specific
signal only in the Or59b neurons (Fig. 5C,C’,C").

We compared the odorant sensitivity of Or59b olfactory neu-
rons to methyl acetate following an identical 1 h exposure to this
odorant. The dose-response curves in Figure 5F show that Or59b
neurons preexposed to methyl acetate undergo a reduction in
methyl acetate sensitivity and reduced spiking frequency on SSR
traces (Fig. 5G). Preexposure of these neurons to hexanol also
resulted in desensitization of Or59b neurons to methyl acetate.
(Fig. 5F).

Orco dephosphorylation is triggered by neuronal activity

In many G-protein-coupled receptor systems, conformational
changes in the receptor occurring upon ligand binding result in
phosphorylation by a receptor kinase (Weller et al., 1975; Benovic
et al., 1988, 1989; Hausdorff et al., 1990). To determine whether

Activation of olfactory neurons using ReaChR red-shifted channelrhodopsin instead of odorants also results in de-
in the cilia (arrowheads) with and without light
stimulation (genotype w;UAS-ReaChR/pOrco-Gal4;+/TM6B). Scale bar, 10 um. C, D, Representative images of total Orco local-
ization in the cilia with and without light stimulation. £, Top, Quantification of phospho-Orco ***°in the cilia (n = 15, p = 0.046
by two-tailed Student’s t test). Bottom, Quantification of total Orco in the cilia (n = 7, p = 0.13 by two-tailed Student’s t test).
Results between antisera are different by two-way ANOVA (F, 4, = 8.462, p = 0.006). F, Sensitivity to cVA is significantly
reduced following red light exposure (n = 8, p = 0.02 by two-tailed Student’s t test). *p << 0.05. G, Representative traces of

neurons, resulting in reduced sensitivity
to methyl acetate.

Food-seeking behavior is altered in
Orco phosphorylation mutants

To begin to explore the biological signifi-
cance of Orco®*® phosphorylation, we
tested the ability of wild-type and Orco?*’
mutant flies to locate food in the presence
or absence of background odor (Fig. 7A).
Wild-type flies are normally strongly attracted to traps contain-
ing ACV. However, if the wild-type flies are preexposed to ACV
vapors in the arena, there is a highly significant reduction in entry
of ACV traps (Fig. 7B). This effect is odor-specific because the
ability to locate orange juice traps was unimpaired by ACV back-
ground odorant (Fig. 7C). Orco®**** and Orco®?**” mutants were
significantly more likely to enter ACV traps in the presence of
background ACV than wild-type controls (Fig. 7B). Therefore,
the ability to modulate phosphorylation at S289 is important for
the ability to desensitize to a background odorant.

Discussion

We have identified a conserved phosphorylation site in Orco that
is important for modulating odorant receptor sensitivity in vivo
to background odorant exposure operating over a scale of min-
utes. Orco*® is in the phosphorylated state in the absence of
background odorant, and prolonged odorant exposure induces a
steady-state dephosphorylation at this site in vivo, reducing odor-
ant sensitivity. Changes in phosphorylation at this residue occur
within the olfactory cilia, and the resulting effect on sensitivity
does not involve receptor trafficking.

The mechanism we describe here is intrinsic to the olfactory
neurons and is not a circuit property mediated by feedback from
inhibitory neurons activated by synaptic activation of down-
stream neurons (Das et al., 2011; Tachibana et al., 2015; Cafaro,
2016) because desensitization in the primary olfactory neurons is
unaffected when synaptic transmission is blocked. Other modi-
fications are likely to occur on Orco in response to odorant
exposure that affect sensitivity, as we observe residual desensiti-
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zation in the S289A and S289D mutants. Nevertheless, the ability
to regulate phosphorylation at S289 is an important component
of sensitivity modulation.

Previous studies have reported increased Orco phosphoryla-
tion upon odorant stimulation as underlying subthreshold en-
hancement. PKC53E and PKC delta were reported to mediate
these effects (Getahun et al., 2013). We did not observe any in-
crease in Orco ***® phosphorylation upon odorant exposure, and
subthreshold enhancement is unaffected in Orco®**** mutants
(Fig. 2F), revealing that this phenomenon is not mediated by
steady-state increases in S289 phosphorylation. However, phos-
phorylation at other potential Orco phosphorylation sites is not
excluded by our study. S289 is highly conserved in Orco from
moths, flies, and mosquitoes, consistent with an important role
in sensitivity modulation. Using a modulatory site on the con-
served subunit shared by all Or odorant receptors allows for a
common regulatory mechanism that is independent of tuning
receptor.

Phospho-specific antiserum showed that Orco is phos-
phorylated in the cilia of the olfactory neurons in vivo, and neu-
ronal activation occurring upon odorant exposure triggers
dephosphorylation and sensitivity reduction. This could occur
through activation of a phosphatase, such as calcineurin, or by
inhibition of a constitutively active kinase present in the cilia. It is
of great interest to identify the enzymes that mediate these events

5289

in Drosophila olfactory cilia because they are potential targets for
olfactory behavior modification in pathogenic species, and screens
to identify these enzymes are underway.

The ability to modulate sensitivity is important for food-
seeking behavior in the presence of a background stimulus.
We were somewhat surprised that the Orco®?*°” mutants were
not overly attracted to the ACV in the trap assays. However,
the enhanced sensitivity in the dose—response curves is small
and therefore might not be reflected in these assays. It seems
likely that the major function of this regulatory site is to lower
sensitivity in response to the presence of activating odors.
Indeed, wild-type flies are able to ignore traps containing a
background odorant, but Orco®**** and Orco®***” mutants are
not. This could have advantages in the wild for flies seeking
new food sources.

We describe a mechanism in Drosophila olfactory neurons
that uses dephosphorylation of Orco*** to desensitize odorant
responses to prolonged odorant stimulation. Ion channels, in-
cluding the acetylcholine receptor and L-type calcium channels,
use phosphorylation to recover from chronic activation (Lee et
al., 2015; Weiss and Dascal, 2015), but less understood is the role
of dephosphorylation in desensitization of ion channels. Future
work will be directed toward identifying the enzymes mediating
these effects that could result in new approaches to manipulate
odorant sensitivity and insect behaviors.
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