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Cellular/Molecular

Similar Odorants Elicit Different Behavioral and
Physiological Responses, Some Supersustained

Shelby A. Montague,> Dennis Mathew,? and John R. Carlson?
Departments of 'Cellular and Molecular Physiology and 2Molecular, Cellular, and Developmental Biology, Yale University, New Haven, Connecticut 06520

An intriguing question in the field of olfaction is how animals distinguish among structurally similar odorants. We systematically analyzed
olfactory responses elicited by a panel of 25 pyrazines. We found that structurally similar pyrazines elicit a wide range of behavioral responses
from Drosophila larvae. Each pyrazine was tested against all functional receptors of the larval Odor receptor (Or) repertoire, yielding 525
odorant-receptor combinations. Different pyrazines vary markedly in the responses they elicit from the Or repertoire, with most strong re-
sponses deriving from two receptors, Or33b and Or59a. Surprisingly, 2-ethylpyrazine and 2-methylpyrazine, which elicit strikingly similar
physiological responses across the receptor repertoire, elicit dramatically different behavioral responses. A small fraction of odorant-receptor
combinations elicit remarkably long responses. These responses, which we term “supersustained” responses, are receptor specific and odorant
specific, and can last for minutes. Such supersustained responses may prevent olfactory neurons from reporting contemporaneous information
about the local odor environment. Odors that elicit such responses could provide a novel means of controlling insect pests and vectors of human

disease by impairing the location of human hosts, food sources, and mates.

Introduction

How are odorants detected and identified by olfactory receptors,
neurons, and circuits? This problem has been approached largely
through comparison of responses to chemically diverse odorants.
Much less attention has been paid to responses elicited by chem-
ically similar odorants. However, the ability to discriminate
among structurally similar odorants, including the ability to
identify species-specific pheromones, is essential to the survival
of many animal species (Larsson et al., 2001, 2002; Nikonov and
Leal, 2002; Nikonov et al., 2002).

The Drosophila larva provides an excellent model system for de-
termining how chemical information is encoded and translated into
behavioral responses. The larva expresses only 25 Odor receptor (Or)
genes (Couto et al., 2005; Fishilevich et al., 2005; Kreher et al., 2005),
of which 21 have been found to be functional in a Canton-S strain
(Kreher et al., 2005, 2008). There are 21 olfactory receptor neurons
(ORNSs), which project to 21 glomeruli in the larval antennal lobe,
where they synapse with ~21 projection neurons (Ramaekers et al.,
2005). The physiological responses of the Or repertoire to a panel of
26 odorants were recently examined using an in vivo expression system;
behavioral responses were also analyzed (Kreher et al., 2008). The odor-
ants were selected largely for their chemical diversity. They included
ketones, aromatics, alcohols, esters, aldehydes, a terpene, and an organic
acid, and they included odorants of varying carbon chain lengths.
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In the present study, we examined olfactory responses elicited
by odorants selected for their chemical similarity. Specifically, we
analyzed responses elicited by 25 pyrazines, a class of compounds
found in extracts of yeast (Ames and Elmore, 1992), which is a
major Drosophila food source, in wines (Lacey et al., 1991) and in
other sources. Pyrazines also act as pheromones in a variety of
insect species (Woolfson and Rothschild, 1990). For example,
pyrazines act as attractive pheromones in ladybird beetles (Al
Abassi et al., 1998) and as alarm pheromones in ants (Wheeler
and Blum, 1973; Vander Meer et al., 2010).

Here we show that, despite their chemical similarity, behavioral
responses to the 25 pyrazines vary widely across a continuum, rang-
ing from strong attractive responses to no response at all in a classic
behavioral paradigm. We tested each pyrazine against all 21 Ors.
Different pyrazines evoked diverse responses from individual recep-
tors, ranging from strong excitation to inhibition. Surprisingly, two
pyrazines that elicited dramatically different behavioral responses
elicited very similar responses from the Or repertoire, both in terms
of response magnitude and response dynamics. A systematic analysis
of response dynamics reveals that two receptors, Or33b and Or59a,
yield remarkably long-lasting responses to certain pyrazines. In
some cases, a 0.5 s odor stimulus evokes a response that lasts for
minutes, illustrating the capacity of the ORNs to encode odorants
not only via the magnitudes of their responses but also by their
temporal dynamics.

Materials and Methods
Drosophila stocks. All Ahalo;UAS-OrX lines and the Ahalo;Or22a-GAL4 line
were described previously (Dobritsa et al., 2003; Hallem et al., 2004; Kreher
etal., 2005, 2008). A Canton-S line was used for behavioral experiments. The
Orco' mutant (Drosophila Stock Center, Bloomington, IN) was backcrossed
to a w Canton-S line for 10 generations before behavioral testing.

Odorants. Pyrazines were from a subsidiary of Sigma, SAFC, and were
among a collection of flavors and fragrances. Odorants were obtained at the
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highest available purity and were dissolved in paraf- A
fin oil, except for 2-acetylpyrazine, which was dis-
solved in water. Liquid odorants were diluted to a
10 ~2 vol:vol dilution, and solid odorants [2,3,5,6-
tetramethylpyrazine, 2-acetyl-3-methylpyrazine,

2-acetyl-3,5(or 6)-dimethylpyrazine, 2,6-dimethy- o
Ipyrazine, pyrazine, and 2-acetylpyrazine] were
used at 10 mg/ml. 5

PC3

Behavioral assays. Behavioral assays were
conducted as described previously (Monte et

al., 1989; Kreher et al., 2008). Odor was added 48
to a filter disc on one side of a Petri dish and the 20
diluent was added to a filter disc on the oppo- m

site side. After 5 min, the number of larvae on
each half of the dish was counted to generate
the response index (RI). All odorants were
tested ata 10 2 dilution unless otherwise indi-
cated. For the masking experiment (Kreher et
al., 2008), a 10 ~2 dilution of 2-ethylpyrazine
was used as the point source, and a 10 2 dilu- B
tion of 2-methylpyrazine was used as the mask-
ing odor. As a control, we used the paraffin oil
diluent as a masking stimulus.
Electrophysiology. Empty neuron recordings

were conducted as previously described (Do-
7 5H-5-methyl-6,7-dil
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10 ~* dilution of 2-ethylpyrazine or 2-methyl-
pyrazine was placed in a 125 ml flask as a source of
background odor. The flask was then inserted in
series with the constant air stream behind a two-
way valve. After preparing the fly and identifying
the receptor of interest for recording, the valve
was opened to expose the fly to the back-
ground odor. Exposure to the background
lasted for >5 min before presentation of
other odor stimuli. Dilutions of the same
odor as the background odor were then pre-
sented in a series, starting with the 10 ~ dilution
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Figure 1. Mapping of pyrazines in a physicochemical odor space. 4, Representation of the pyrazines and 109 other odors
belonging to 10 other chemical classes that were examined in two previous studies (Hallem and Carlson, 2006; Kreher et al., 2008).
Shown here are the first three principal components of the 32-dimensional physicochemical space (Haddad et al., 2008). Physico-
chemical descriptors were normalized. Pyrazines are circled in red. B, Pyrazines cluster in odor space. Although 25 pyrazine odors
were used, 28 pyrazines are depicted because three exist as mixtures of isomers [2-acetyl-3,5(or 6)-dimethylpyrazine, 2-ethyl-
3,5(or 6)-dimethylpyrazine, and 2-ethyl-5(6)-methylpyrazine].

and ending with a 10 ! dilution, superimposed
upon the constant background.

Modifications were made in some experiments to minimize the pos-
sibility of odor adherence to the odor delivery system. Polytetrafluoro-
ethylene (PTFE) tubing (McMaster-Carr Supply Company), which
provides a surface with a low frictional coefficient, was inserted into the
glass air delivery tube for the indicated supersustained recordings in
Figure 6, C and D. In other indicated recordings in Figure 6, C and D,
odor was presented directly to the fly antenna, bypassing this tube. In the
third set of recordings in Figure 6, Cand D, a vacuum was added opposite
the air delivery tube. The vacuum consisted of a 2-inch-diameter cylinder
connected to a central vacuum line by Tygon tubing. A 2 L beaker was
added between the cylinder and the central vacuum line to prevent fluc-
tuations in the suction rate of the central vacuum line from affecting the
constant removal of air from the recording set-up.

Data processing and statistical analysis. Principal components analysis
of both physicochemical space and biological space was performed with
built-in Matlab functions. Physicochemical odor space was constructed
using 32 optimized chemical descriptors (Haddad et al., 2008) obtained
from DRAGON (Talete, srl, DRAGON for Windows, version 5.5, 2007,

http://www.talete.mi.it/). Descriptors were normalized across a set of
>500 odors by dividing the value of each descriptor by its maximum
value across all odors minus its minimum value across all odors: normal-
ized descriptor = descriptor/(max value — min value). Euclidean dis-
tance was calculated using Matlab functions.

Analysis of physiological recordings was performed offline using cus-
tom Matlab scripts. Recordings were excluded from the analysis if either
no spikes could be distinguished after the odor presentation due to
pinching (a severe decrease in the amplitude of the spikes) or if A and B
spikes could not be differentiated during any part of the recordings.
Overall ~4% of recordings were excluded for these reasons, and ~19%
of supersustained recordings were excluded due to their greater tendency
to pinch. Physiological responses were calculated by subtracting the base-
line firing rate and response to the diluent from each response. Peris-
timulus time histograms (PSTHs) in Figure 6 B—D were calculated in
Matlab usinga 1 s bin size with a 100 ms sliding window. PSTHs in Figure
5C were calculated in Matlab using a 50 ms bin size with a 25 ms sliding
window, as described previously (Bhandawat et al., 2007). Responses
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containing the odorant, subtracting the

1 107 Dilution number of animals, C, on the control
0.9 - half, and dividing by the total number of
0.8 - animals. Thus RI = (S — O)/(S + C).

Complete attraction produces an RI of

0.7 1 1; indifference produces an RI of 0.
0.6 A Despite their chemical similarity, the
« 0.5 - pyrazines elicited a wide range of behav-
0.4 - ioral responses (Fig. 2). At one extreme,
2-ethylpyrazine elicited a strong attractive
0.3 1 response (RI = 0.80 = 0.04; n = 6). At
0.2 1 the other extreme, 2-methylpyrazine and
0.1 - pyrazineethanethiol showed little if any
0 - attractive response (RI = 0.08 = 0.10 and
&@\Q ‘a&«\" z@\" e@\l&«" &*\Q@O Q_&@Q&\éo‘?@&«ql é@‘*@f‘l@o\"@q@" @@\" e@«\" e@\" &s\‘* §*\Q 0@‘} @@Q "&s\‘* z@‘fsf that the much greater response to 2—ethy1—
2 @i\'“”&@&&y@z\f"@f@ ki W 0\0&}*\9 g ,éé‘*\?,,@?&ig@?@%&@ ?),es\‘“ &éf & pyrazine than 2—rr1.et}.1ylpy.razme, to which
& W&Z o8 v&;@@ ) RN NN “’;@y‘ ”&é@ 1(9@ v Lo° it is chemically similar, is not due to a
v ¢ \,o* & v v v greater vapor pressure; in fact, 2-ethylpyr-
v z@«\':,@”@ ¥ azine has a lower vapor pressure (1.67 vs
\Xo;@ 8.06 mmHg at 25°) and a greater molecu-
? lar weight (108 vs 94 g/mol). Moreover, a
Figure2.  Pyrazines elicitarange of behavioral responses n a two-choice larval behavioral paradigm. Odorants were presented ~ Systematic analysis did not reveal a corre-

as 10 2 dilutions. n = 6—8; error bars are SEM.

were defined as “supersustained” if the firing frequency during the 0.5 s
period that begins 9 s after the onset of the 0.5 s odor stimulus period was
two SDs above the spontaneous firing frequency. The entire recording
interval, including the prestimulus period, was 11 s in the initial pyrazine
screen in which the supersustained responses were first identified.

One-way ANOVA was used to test the statistical significance of the
receptor response profiles of 2-ethylpyrazine and 2-methylpyrazine, and
two-way ANOVA was used to test the significance of the dose-response
curves for 2-ethylpyrazine and 2-methylpyrazine using R software (ver-
sion 2.11.0, 2010).

Results

Pyrazines cluster in odor space

We compared the chemical properties of the 25 pyrazines to
those of 109 odorants that had previously been tested against
larval odor receptors (Hallem and Carlson, 2006; Kreher et al.,
2008). We mapped all of these odorants into a 32-dimensional
odor space, in which each dimension represents one of an opti-
mized set of 32 molecular descriptors, including functional
group, carbon chain length, and other physicochemical proper-
ties (Haddad et al., 2008). Each odorant maps to a particular
location in this 32-dimensional space. Odorants that are struc-
turally similar map close together; odorants that are dissimilar
map far apart. To visualize the space we projected it into three
dimensions via principal component analysis (PCA).

The pyrazines cluster in odor space (Fig. 1), demonstrating
their high degree of chemical similarity. Moreover, they map to a
region of odor space that was not explored in these previous
studies.

Pyrazines elicit a wide range of larval behavioral responses

We tested each of the 25 pyrazines in a simple two-choice
behavioral paradigm in which larvae were allowed to migrate
on the surface of an agarose Petri plate toward a source of
odorant (Rodrigues and Siddiqi, 1978). An aliquot of odorant
was placed on one side of the plate and ~50 larvae were placed
in the center of the plate. After 5 min, an RI was calculated by
counting the number of animals, S, on the half of the plate

lation between RI and the vapor pressure
(R* = 0.12) or boiling point (R* = 0.01)
of the pyrazines in our panel.

Coding of pyrazines by the larval odor receptor repertoire

To understand how the structurally similar pyrazines are encoded
across the larval receptor repertoire, we systematically tested each of
the 25 pyrazines against the 21 Ors that have been previously shown
to be functional in our Canton-S strain (Kreher et al., 2008), giving
us a total of 525 odorant-receptor combinations. We tested them in
the empty-neuron system, which is based on a mutant ORN of the
fly antenna that lacks a functional endogenous receptor (Dobritsa et
al., 2003; Hallem et al., 2004). Individual larval Or genes are ex-
pressed in this ORN and the olfactory responses that each imparts
are determined by single-unit electrophysiological recordings. Pre-
vious work has shown that the empty neuron is a faithful expression
system for Or genes from the adult fly (Hallem et al., 2004) and
mosquito (Carey et al., 2010) and that analysis of larval Or genes in
the empty neuron agrees with the phenotypes of certain larval Or
mutations (Kreher et al., 2008).

Different pyrazines varied markedly in the responses they elicited
from the receptor repertoire: 2-ethylpyrazine (Fig. 3A, top row, and
Table 1), elicited strong or moderate responses (+ + or +, defined as
=100 or =50 spikes/s, respectively) from five receptors at the test
concentration; pyrazineethanethiol (Fig. 3A, bottom row) elicited
none. Individual pyrazines elicited excitatory responses from some
receptors and inhibitory responses from others.

Strikingly, two receptors, Or33b and Or59a, accounted for
most of the strong responses. The identification of Or33b as a
receptor that responds strongly to pyrazines was particularly no-
table in that Or33b had yielded no excitatory responses of even
moderate strength to any of >100 odorants tested in previous
studies (Hallem and Carlson, 2006; Kreher et al., 2008). Its strong
response to 10 of 25 pyrazines tested (Fig. 3A, ++), but to none
of the other odorants, suggests that it evolved to detect pyrazines.

To quantitate the diversity in responses elicited by the various
pyrazines, we mapped them in a 21-dimensional biological odor
space, in which each dimension represented the response magni-
tude elicited by each of the 21 receptors. We then considered the
Euclidean distances between individual pyrazines in this space.
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Figure3. Responsesoflarval odor receptors to pyrazines. 4, Responses to pyrazines. —, Inhibition; -, n << 50 spikes/s; +,50 =
n <100 spikes/s; + =+, 100 = n << 150 spikes/s; + -+ +,n = 150 spikes/s. Response frequencies were calculated by counting
the number of spikes during the 0.5 s odor presentation period and multiplying by two to determine the number of impulses per
second, then subtracting the background firing rate and the response to the diluent alone. We have defined an inhibitory response
as one that is at least one SD below the receptor’s baseline firing rate, after the mean response to the diluent control and the
background firing rate were subtracted from the response. Blue boxes indicate that a response was supersustained, defined as a
response rate atleast 2 SDs above the baseline firing rate 9 s after the 0.5 s odor presentation period. Odors were presented as 10 ~2
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The distances ranged from 37 to 223
spikes/s, with a mean distance of 134 * 51
spikes/s (SD; n = 300 pairs). We then
compared these distances to correspond-
ing distances obtained with a panel of 26
diverse odorants (Kreher et al., 2008). In
that study, the distances ranged from 82 to
603 spikes/s, with a mean of 347 * 131
spikes/s (SD; n = 325 pairs). The simplest
interpretation of the greater mean dis-
tance between the diverse odors (p <
0.0001) is that it reflects a greater diversity
in their representation among the recep-
tor repertoire. However, in principle, the
greater mean distance could arise solely
from experimental differences between
the two studies that produced greater re-
sponse magnitudes in Kreher et al. (2008).
We therefore expressed each response
magnitude in terms of the proportion of
the maximal response obtained in each
study. The distances were again greater
among the diverse odorants than among
the pyrazines when expressed in this way
(p <0.0001). A three-dimensional repre-
sentation of this 21-dimensional biologi-
cal odor space was produced by PCA (Fig.
3C). We note with interest that although
pyrazines cluster tightly in a region re-
moved from other odorants in physio-
chemical odor space (Fig. 1 A), they do not
in this biological odor space.

Many of the strong responses of Or33b
and Or59a showed remarkable temporal
dynamics, showing long-lasting firing
that persisted well past the end of the odor
stimulus period. These responses are indi-
cated by boxes in Figure 3A and are con-
sidered in detail below.

Two odorants elicited similar Or
responses but dramatically

different behavior

We were surprised to find that 2-
ethylpyrazine and 2-methylpyrazine,

<«

dilutions. All odor—receptor pairs were initially tested
three times; odor—receptor pairs that elicited an average
response of >20 or <<0 spikes/s were then tested an ad-
ditional three times, for a total of six tests. Numerical val-
ues for each receptor—odorant combination are given in
Table 1. 5H-5-methyl-6,7-dihydrocyclopenta[blp., 5H-5-
Methyl-6,7-dihydrocyclopenta[b]pyrazine. B, Heat map of
larval receptor responses to pyrazines in spikes per second.
The data are the same as in A, with the diluent response
and background firing rate again subtracted from each re-
sponse. Supersustained responses, defined as in 4, are
marked with dots. C, Three-dimensional representation,
generated by PCA, of a 21-dimensional biological odor
space. Vectors quantifying the responses of the 21 recep-
tors to each tested odor were projected onto a three-
dimensional space, which captures 65% of the variation in
the original 21-dimensional dataset.



Montague et al. @ Olfactory Responses to Pyrazines

Table 1. Responses of receptors to pyrazines at a 10 ~ 2 dilution

J. Neurosci., May 25,2011 - 31(21):7891-7899 « 7895

Or2a Or7a Or13a  0r22c Or24a 0r30a  0r33b 0r35a Ord2a  Or42b Or45a  O0rd5h  Ord7a Or49a Or59a  Or67b  Or74a 0r82a 0r85¢  0r94a  0r94b
2-Ethylpyrazine 9+1 56*£13 9*£5 5x9 16%9 133 144+9 18£5 124+10 24+15 35%£5 12+7 359 102 66126014 75 —6x8 9x11 2*8 8=*8
2-Ethyl-5(6)-methylpyrazine 44 47212 N4 687 4446 75 123223 SAENNM4E13 129 51X16MNENHNE12 555 795231524 6%1 9+5 26*£3 195 9*9
2-Acetyl-3-methylpyrazine M*x4 8*x2 BT 18*X12 10128 73 90*20 25*9 9=*5 39 7FxN2HAEXB12ES 4213213224 *7 8*5 3*£8 25*21 25 0*0
2-Ethyl-3,5(or 6)-dimethylpyrazine 12 4*x11 27x4 3=*7 0x4 11 10523 23 5110 0=*1 20*5 0*0 1615 22 139*+14 22 0=*2 Bx5 0x£12 1710 0x0
2-Methoxypyrazine MW+2 2610 —5+2 48*=13 9%4+2855+8 13014 1M*11 85+20 2819 37x101M*6 MN*+11 11 7815823 7x5 —13£5 8+28 1514 1N*=11
2-Ethyl-3-methylpyrazine 15 11*£8 14*x2 2*3 523 0*4 69*+14 10*4 2*x4 3+8 255 2%3 9*4 1x1133*x21 72 5%1 2E5 1T£3 21 0%0
2-Ethyl-3-methoxypyrazine 9+2 1912 4%£7 —1%7 36 157 —5+4 44 102 108 17x£4 5£5 12*5 17£5128*£19 1£2 5*+4 177 12£7 64*£6 1916
2,3-Diethylpyrazine 77 101 18£S 1+5 9+3 1x1 5+7 44 328 4*X74 21£6 00 4%21 T£1134X£2 65 610 9x4 54 —4x2 1515
2-Chloropyrazine 14+10 504 —7x2 8=*1 M*3 BX17 12721 25+16 8013 287 62F2011*=7 19£20 11 197 4x3 17X8 —14*x6 2*x21 16x12 0*0
2-Isobutyl-3-methoxypyrazine 8*5 =57 BN 01 64 3*x2 29x17 21£1 1N*5 4*6 27 0X0 31 1%£1 5813 1x2 5=*7 0x5 3+3 0£6 1=1
2-Acetyl-3-ethylpyrazine 2+6 15 11=£3 3£5 13 7x6 —3*4 713 1%3 51 274 0*X0 6*4 2%1 872 12 6=*7 76 2*3 13£8 0*0
2-Acetylpyrazine 0+x5 0%£20 57 0x10 0*14 0*x3 1710 0£13 46*14 0*£0 —13*£12 0£3 0*x9 0x1 179 0%£3 0Xx13 0x13 0x5 0*X8 0*2
5H-5-Methyl-6,7-dihydrocyclopenta 2 =4 8+6 174 —1+38 56 1x1 7712 8%x2 2B*5 —6*X8 28*14 9*£5 13£3 0£0 8*=2 53 5*3 128 0x6 18*£13 —2%3
2-Methoxy-3-(1-methylpropyl) B*X7 128 3x3 1+5 25 31 3+4 42 7x3 3+8 B4 121 3£70 3£3 8221 02 —1%5 710 6*x4 3X6 0x0
2,3,5-Trimethylpyrazine 9+2 12x3 B=£5 75 30*x9 3*+1 89*14 —6F+15 28F7 4*5 9*+2 6*6 6*X5 3*X215x13 8x8 5=*5 4*+5 —8*x3 B*9 9*9
2-isobutyl-3-Methylpyrazine 154 1229 154 0*4 11 2*0 60*2 5*4 33 712 34*x7 0*x0 8x2 2x2 BX5 10x6 7*7 7%5 14 =92 0*0
2,6-Dimethylpyrazine Mx5 12212 1654 4*1 276 11*£4 130+13 5+4 10219 18*+8 BT 9+6 3215 723 139£1420%5 11*6 523 =57 —7*x5 0*0
2-Methoxy-3-methylpyrazine 0£9 122 2*+6 —4%£5 15+8 8%+3 311 8+t6 8*x4 —1F+12 15%6 1615166 6+615*=7 29+9 5*x4 11*=9 —8*5 44*11 5*5
2,3-Dimethylpyrazine 221 6%£14 3322 5+12 10320105 102£20 —8*£6 24+8 1£3 19%£3 19£11177£9 441262166612 4*+6 51 —8*4 3*x7 4x5
2-Acetyl-3,5(or 6)-dimethylpyrazine 96 2+16 3*3 0+8 8*x4 3x1 35%£16 —1%£2 10*£2 6=*5 65 11 6£0 0x2 6812 3£5 6+5 13 124 2x5 —1x4
2,5-Dimethylpyrazine 3*£3 319 167 38*8 32 313 10233 10%6 10311 1612 37*3 1+x1 8+x1114x2 8*7 19%5 546 —4*+x8 —-8*3 69*13 0x0
Pyrazine 5£8 52x15 1M*£2 —2x8 21£2314*x3 36*+24 58*2 26*12 5+10 5*x4 54 2*x4 7x5-1%3 578 HB*x2 -3x1 -7*x2 —-1x4 0x0
2,3,5,6-Tetramethylpyrazine 36 4*x5 23=*3 126 —12%£4 2+£1 M9*+21 —4£2 125 820 25+12 4*5 2+6 1x1137=13 64 4+11 10=*5 16 9*12 0*0
2-Methylpyrazine 26 57+10 188 5+10 11*=4 25=1 12411 —11*£32102*£14 3320 21£7 65131916 5£3 73245112 11£6 —6*5 2119 10+17 6%6
Pyrazineethanethiol 4+x3 21£20 6*+3 57 7210 3+1 —1%x3 72 371 27 0%£12 7171526 4x4 3£3 29+13 3*6 224 Bx9 44 MEN
Background 87 1B£9 17*X6 9*6 65 5*x5 1610 4x6 11x7 2x7 8+x4 1Xx3 55 1X2 106 3x3 4x£5 8x6 5x5 157 2x4
Paraffin oil 4*6 2N*7 13*X4 9*6 §+8 7£5 1610 6*9 12*x10 2=*3 Bx7 2x2 3*x5 5x6 12£6 3*2 9*6 24*21 5+x2 138 1x1
Water 76 427 157 7222 29*31 34 9+9 41*£24 209 0*+0 77*x2126*6018*x17 33 8x6 1010 3240 21+21 47*12 25+x13 3=£5

Values are mean spike rates = SEM except background, which is mean spike rate == SD. Odorant—receptor combinations were initially tested three times; combinations that yielded a mean response =20 or <<0 spikes/s were then tested
an additional three times; thus n = 3—6. For background values, n > 80. Background firing rates and the responses to the diluent alone were subtracted from the responses to pyrazines. Background firing rates were subtracted from the

values shown for the diluents. 5H-5-Methyl-6, 7-dihydrocyclopenta, 5H-5-Methyl-6, 7-dihydrocyclopenta[b]pyrazine; 2-Methoxy-3-(1-methylpropyl), 2-methoxy-3-(1-methylpropyl)pyrazine.
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Figure 4.  Behavioral responses to 2-ethylpyrazine and 2-methylpyrazine. 4, Structures of
2-ethylpyrazine and 2-methylpyrazine. B, Behavioral responses to 2-ethylpyrazine (solid line)
and 2-methylpyrazine (dashed line) in a two-choice behavioral assay. n = 6; error bars are SEM.
C, Behavioral responses of an olfactory mutant to 2-ethylpyrazine and 2-methylpyrazine at
10 ~ 2 dilutions. Control (w Canton S) responses are shown in black. The Orco” mutantline (gray)
was backcrossed into w Canton S for 10 generations to reduce potential behavioral variation due
to differences in genetic background.

which elicited dramatically different behavioral responses, elic-
ited remarkably similar physiological responses from the recep-
tor repertoire. We sought to confirm and extend this observation
in nine ways.

We tested the behavioral response across a wide range of con-
centrations of both 2-ethylpyrazine and 2-methylpyrazine. We
confirmed that 2-ethylpyrazine elicits a much greater response
than 2-methylpyrazine at a 10 ~* dilution and found that it elic-
ited a greater response across a broad range of concentrations
(Fig. 4B). Only at the highest concentration tested, at which the
response to 2-ethylpyrazine appeared saturated, did the two
odorants elicit equally strong attraction. In addition to respond-
ing more strongly to 2-ethylpyrazine at most doses, the larva also
appears more sensitive to 2-ethylpyrazine; the threshold for re-
sponse to 2-ethylpyrazine lies between a 10 ~* and a 10 ~* dilu-
tion, whereas it is higher for 2-methylpyrazine.

We sought to confirm that the difference in behavioral response
to the two pyrazines represents a difference in olfactory response, as
opposed to taste response. We repeated the behavioral tests, but with
the odorants placed on the lid of the Petri dish so as to prevent the
larvae from making contact with them. A striking difference in RI
persisted (p < 0.001; data not shown), indicating that the behavioral
difference relies on a difference in olfactory perception.

We considered the possibility that the difference in olfactory re-
sponse might arise from a difference in the response of an olfactory
receptor that does not belong to the Or family, such as an Ionotropic
receptor (Benton et al., 2009; Liu et al., 2010; Abuin et al., 2011). We
tested the responses of a mutant defective in Orco (formerly known
as Or83b), which is believed to be an essential coreceptor of all Ors
(Larsson et al., 2004; Sato et al., 2008; Wicher et al., 2008). The Orco
mutant did not respond to either 2-methylpyrazine or 2-ethylpy-
razine, supporting the notion that the behavioral response to both
odors is due to Ors (Fig. 4C).

Having confirmed that the difference in behavioral response to
2-ethylpyrazine and 2-methylpyrazine arises from a difference in the
response of the Or repertoire, we performed an additional,
independent analysis of the responses of the Ors to the two
pyrazines. The two pyrazines were compared directly in pair-
wise fashion, such that each fly in the analysis was tested with
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both pyrazines. The responses of the re-
ceptor repertoire to the two pyrazines
were again very similar. In fact, they were
indistinguishable by one-way ANOVA (p >
0.05) (Fig. 5A).

Next, we examined in more detail the re-
sponses of the six receptors that gave at least
a moderate response to the odorants at the
initial test concentration. We compared the
responses of these receptors across a broad
range of concentrations (Fig. 5B). The re-
sponses were strikingly similar. Although
there are some differences in the mean re-
sponses at specific dilutions, there was no
significant difference between the two dose—
response curves for any receptor (two-way
ANOVA, p > 0.05).

We then tested the possibility that
the receptors differ in the temporal dy-
namics of their responses to the two
odorants. Previously, we have compared the
magnitudes of responses to the two odorants
over a 0.5 s interval; here we considered their
dynamics over a period of 3 s. We did not ob-
serve dramatic differences between the re-
sponses to the two odorants for any receptor
(Fig. 50).
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the animal might differ in its ability to
migrate up gradients of the two odor-
ants. As one initial means of testing this
possibility, we examined the Or42a re-
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ceptor, which responds strongly to both
odorants. We exposed Or42a to a pro-
longed odor stimulus, during the course
of which we delivered 0.5 s pulses of the
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parable for 2-ethylpyrazine and 2-methyl-
pyrazine across a range of concentrations
(data not shown). We also performed a be-
havioral experiment based on an odor-
masking paradigm (Kreher et al., 2008)
designed to investigate whether the percep-
tual qualities of the two odors are similar.
We found that a background of 2-methy-
lpyrazine reduced the RI to a point source of
2-ethylpyrazine to ~50% that of the control
value, thus suggesting perceptual similarity
between the two odors (p < 0.001; data not
shown).

Finally, we also examined two other receptors, Orla and
Or33a, which we had earlier found to exhibit polymorphism, i.e.,
alleles amplified from our Canton S strain were nonfunctional,
but alleles found in another strain, Oregon R, varied by a single
nucleotide from their Canton S counterparts and were func-
tional. We tested the Oregon R alleles of both receptors for re-
sponse to 2-ethylpyrazine and 2-methylpyrazine. Both receptors
responded weakly to both odorants at our standard test concen-
tration; each receptor responded to the two odorants with equal
magnitudes (p > 0.05; data not shown).

2 -1 0 1’ kZ"}
seconds

Figure 5.

P S o
2 4 01 23 24 01 23

Electrophysiological responses to 2-ethylpyrazine and 2-methylpyrazine. A, Responses of the larval Or repertoire to
2-ethylpyrazine (yellow) and 2-methylpyrazine (green) at 10 ~* dilutions. The two response profiles are indistinguishable (one-
way ANOVA, p = 0.15). n = 9; error bars are SEM. We note that Or7a gave a greater mean response to 2-ethylpyrazine in this
experiment, but not in the experiment shown in Table 1. 0r67b gave a greater mean response to 2-methylpyrazine in this
experiment, but not in the experiment shown in Table 1. B, Dose—response curves for all receptors that showed a moderate
response (=50 spikes/s) to at least one of the two odors at a 10 ~2dilution. n = 9, error bars are SEM. The data for the 10 ~2
dilution are the same as in A. €, Peristimulus time histograms of responses to 2-ethylpyrazine and 2-methylpyrazine at 10 ~2
dilutions. In each histogram, a solid line indicates the mean response and a shaded area represents the SEM, although the SEM is
too small to be easily distinguished from the mean. n = 7-9. The data are from the recordings used in 4.

Supersustained responses to certain
receptor—odorant combinations

We were surprised to find that some responses to pyrazines were
sustained for remarkably long periods. Typical excitatory re-
sponses returned to spontaneous firing levels within several sec-
onds after the end of the odor stimulus period, as illustrated by
the response elicited by 2,6-dimethylpyrazine from Or42a (Fig.
6A, top trace). By contrast, 2,6-dimethylpyrazine elicited a re-
sponse from Or33b that lasted for minutes (Fig. 6A, second
trace). Thus, the same odorant elicited a short-lasting response
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long-lasting responses per se; it seemed
plausible that adherence of odorants to
the glass tubing used in our delivery sys-
tem and gradual release of the odorant
from the glass could provoke a continuing
response, especially if high doses of odor-
ant were used as stimuli. To test this pos-
sibility, we tested different modes of
stimulus presentation and lower concen-
trations of odorants.

We delivered a reduced odorant concen-
tration, a 10 * dilution of 2,3,5-trimethyl-
pyrazine or 2-ethyl-5(6)-methylpyrazine,

0Or33b 102 dilutions 0r33b 2,3,5-trimethylpyrazine 10 Or33b 2-ethyl-5(6)-methylpyrazine 10 throug}} tUblng made Of PTFE (Of WI:IICh
sl 1 26-dimethylpyrazine & u PTFETube & m PTFETube Teflon is made) and found supersustained
» i B No Air Tube B No Air Tub .
® 2-chloropyrazine 100 Ve S 10 B Vacaum responses from Or33b for both (Fig. 6C,D).
B | 2" b We then dispensed with tubing altogether,
3 3 o . . .
£\ £° £ delivering a pulse of odor directly from the
a M, - a
| | . . . .
T T ———— o s o a odor cartridge into the airstream directed at
o N 2 | M% 2 | TS
bians the antenna and then withdrawing the car-
S Ronas ® T B ° —nas” ® tridge. The dynamics appeared to be unaf-
fected by the absence of the odor delivery
0r33b 2,5-dimethylpyrazine Or59a 2-ethyl-3,5(or 6)-dimethylpyrazine 0r33b 2-chloropyrazine tube (Flg 6C,D). Finaﬂy, we added a vac-
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£ £ £ 6C,D). The simplest interpretation of these
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results is that a pulse of some odorants elicits

-~ a supersustained response from the system,
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Figure 6.  Supersustained responses. A, Typical and supersustained responses to 10 2 odorant dilutions. The black bar repre-
sents the 0.5 s stimulus presentation period. In the control trace, the stimulus was the diluent alone. B, Peristimulus time histo-
grams of Or33b excitatory responses. In each histogram, a solid line indicates the mean response and a shaded area represents the
SEM, although the SEM is too small to be easily distinguished from the mean. n = 8—10. C, D, Responses of Or33b to 10 —*
dilutions of two pyrazines following modification of the stimulus delivery system. n = 7-8; shaded areas represent SEM. E-G,
Dose—response curves of firing frequencies at dilutions ranging from 10~ to 10 2. The initial frequency (circles) represents
activity during the 0.5 s odor presentation period, and the final frequency (squares) represents activity during the 0.5 s period that
begins 9 s after the beginning of the odor presentation period. The background firing rate and diluent response are subtracted from
all responses. E, n = 4—6; error bars are SEM. F, n = 4 —6; error bars are SEM. G, n = 6; error bars are SEM.

from one receptor and a long-lasting response from another,
under the same conditions. We have termed the long-lasting re-
sponses “supersustained responses.”

Supersustained responses are not only receptor specific, but
also odorant specific. Whereas Or33b yielded a supersustained
response to 2,6-dimethylpyrazine, it yielded a much shorter re-
sponse to 2-chloropyrazine (Fig. 6 A, second and third traces, and
Fig. 6 B). We note that these three odor-receptor combinations
(illustrated in Fig. 6 A, top three traces) all had comparable initial
firing frequencies (Table 1).

We operationally defined a supersustained response as one in
which the firing frequency was two SDs above the spontaneous
firing frequency 9 s after the onset of the odor stimulus period. By
this criterion, 9 of the Or33b responses and 10 of the Or59a
responses were supersustained in our systematic analysis of the
525 pyrazine—receptor combinations (Fig. 3A, boxes). No other
receptors yielded a supersustained response in our analysis. Su-
persustained responses appeared to decay initially with a very
rapid decrease in frequency, followed by a gradual decay occur-
ring over minutes (Fig. 6 B, blue line).

We considered the possibility that supersustained responses
arise as a consequence of long-lasting odor stimuli, as opposed to

5 4 3 2

in an odorant-specific and receptor-specific
manner.

We next extended our investigation of
whether supersustained responses could be
elicited by lower concentrations of odor-
ants. We measured initial action potential
frequencies during the 0.5 s odor stimulus
period, and we measured frequencies at 9 s
after the onset of the stimulus period. We
found that a supersustained response could
be elicited from Or33b not only by a 10 2
dilution of 2,5-dimethylpyrazine, but also
by 10 >, 10 ™%, and 10 ~° dilutions (Fig. 6 E, bottom line). At every
concentration tested, the mean frequency of the end response was
lower than during the initial period (Fig. 6 E, top line), but even at a
10 > dilution, the frequency exceeded that of the prestimulus spon-
taneous firing rate by more than two SDs. Likewise, 2-ethyl-3,5(or
6)-dimethylpyrazine elicited a supersustained response from Or59a
at 10 72,10 >, and 10 ~* dilutions (Fig. 6 F, bottom line). As a con-
trol, we tested Or33b with 2-chloropyrazine, and found no super-
sustained responses at any dilution (Fig. 6G).

Finally, we considered the possibility that supersustained re-
sponses arise solely as a consequence of the ectopic expression of
areceptor in a foreign environment. Tests of a variety of odorants
with the native wild-type ab3A neuron (the neuron that is mutant
in the empty neuron system, but that expresses the endogenous
Or22a receptor in wild type) showed that methyl hexanoate at a
10 ~* dilution yielded a supersustained response, arguing against
this possibility (data not shown).

log dilution

Discussion

We have systematically examined olfactory responses elicited
by a closely related set of odorants. These odorants map to a



7898 - J. Neurosci., May 25,2011 - 31(21):7891-7899

region of odor space that has not previously been explored in
such a manner.

Our analysis was motivated by a special interest in two funda-
mental issues. First, most previous analysis of odor coding has
compared representations of highly diverse odorants. In nature,
however, animals often encounter closely related odorants. Since
similar odorants may have different biological significance for an
animal, an understanding of differences in their coding is essen-
tial to an understanding of how they are discriminated. Second,
odor space is vast, and it is not possible to examine all regions in
detail. The present investigation is a case study of one region, and
may serve as a model for others. The region we have studied is
occupied by pyrazines, which are important to insects in general
and are encountered by Drosophila in particular.

Diversity of behavioral responses to pyrazines
Pyrazines of the panel clustered in a physicochemical odor space.
How does similarity in chemical properties relate to behavior? A
priori, one can envision two extreme models. At one extreme,
structurally similar odorants would elicit similar behavioral re-
sponses. At the other extreme, such a physicochemical odor space
could exhibit a fractal property: the diversity of behavioral re-
sponses elicited by a set of odorants could be independent of the
dimensions of the region of odor space that the odorants occupy.
We found that the behavioral responses to the pyrazines
ranged widely, from exceptionally strong to essentially nil, along
a smooth continuum. Thus, these chemically similar odors pro-
duced highly diverse responses. We note that in the present anal-
ysis, a single, simple behavioral parameter was examined. Further
comparison of behavioral responses among pyrazines and dis-
similar odorants should include an evaluation of other parame-
ters such as navigational and postural descriptors.

Coding of pyrazines by the larval Ors

Different pyrazines elicited different patterns of response from
the larval Or repertoire. Some pyrazines evoked moderate or
strong activity from several Ors, with different pyrazines evoking
activity from different combinations of Ors. Other pyrazines
evoked little or no activity from any Ors.

Although the activity patterns elicited by different pyrazines are
diverse, it is striking that most of the strong responses are from only
two receptors. Or33b and Or59a accounted for 20 of the 27 strong
responses (Fig. 3), with Or42a accounting for five of the others.
Analysis of a diverse set of 26 odors in a previous study revealed
strong responses from many more receptors (Kreher et al., 2008).

The strong response of Or33b to many pyrazines was of particu-
lar interest. Or33b did not respond to any of the structurally diverse
odors tested in the previous study and thus may be tuned to pyr-
azines. A recent study of odor receptors from the malaria mosquito
Anopheles gambiae showed that some of the most narrowly tuned
receptors were robustly excited by odorants with high biological sa-
lience (Carey etal., 2010); it is possible that pyrazines may likewise be
of particular biological importance to Drosophila. We note that
Or59a also showed few moderate or strong responses to the broad
odor panel used in the previous study (Kreher et al., 2008). Thus, it
seems likely that behavioral responses to pyrazines are driven largely
by receptors that do not provide major contributions to the re-
sponses to most other odorants.

Two similar odors elicit similar physiology but

different behavior

One of the most striking results of this study concerns two odor-
ants that are very similar in structure, 2-ethylpyrazine and
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2-methylpyrazine. These odorants elicited extremely different
behavioral responses, but remarkably similar responses from the
Or repertoire. The Or responses were similar not only in terms of
magnitude but also dynamics. Since behavioral output is ulti-
mately driven by sensory input, the similarity in Or input elicited
by the two odorants surprised us.

There are several possible explanations for the differences in be-
havioral response to the two odorants. First, it is possible that a small
difference in the response magnitude of an Or to the two odorants is
amplified so as to produce a large difference in the representation
among higher-order neurons (Lei et al., 2004; Bhandawat et al.,
2007; Olsen et al., 2007; Kazama and Wilson, 2008). The two odor-
ants could also elicit subtle differences in the temporal patterns of
spikes, which could in turn elicit major differences in behavior. Sec-
ond, it is possible that some of the physiological responses we mea-
sure in our i1 vivo expression system do not reflect Or responses that
occur in the behaving larva. For example, Or33b appears to be co-
expressed with Or47a, and Or94a appears to be coexpressed
with Or94b in the larva (Fishilevich et al., 2005), but not in our
expression system [however, we note that the response profiles of
some coexpressed receptors are additive (Ray et al., 2007), and nei-
ther Or47a nor Or94b gave even moderate responses to any pyrazine
in this study]. Third, it is possible that an allelic variant of an Or that
we have not examined, but that is present in our larval population,
confers different responses to 2-ethylpyrazine and 2-methylpyra-
zine. Finally, although we have not identified a correlation between
vapor pressure and behavioral response, and although 2-ethylpy-
razine elicits a greater response than 2-methylpyrazine over a broad
concentration range despite its lower vapor pressure, we note that
behavioral responses may be influenced by differences in spatial or
temporal parameters of the odor gradients, which may in turn vary
on account of different physicochemical properties of the odorants.

Supersustained responses

We have identified and characterized remarkably long-lasting
physiological responses that are both odorant and receptor spe-
cific. Individual pyrazines elicited supersustained responses from
some but not all of the receptors they activate; individual recep-
tors gave supersustained responses to some but not all pyrazines
that activate them. Supersustained responses are not restricted to
very high doses of odorants; in at least one odorant-receptor
combination, supersustained responses were observed from
doses ranging over four orders of magnitude (Fig. 6 E).

We were concerned that these long-lasting responses might
reflect a long-lasting odor stimulus due to the nature of the stim-
ulus delivery system and the physicochemical nature of the odor-
ant; in particular, it seemed plausible that the responses might
arise solely because of the adherence of odorants to the tubing of
the delivery system. However, we found that some odorants gave
supersustained responses even when administered without sta-
tionary tubing to which odorants could adhere. Nonetheless, we
suspect that some supersustained responses observed in some
experimental systems may in fact arise from the properties of the
odorant and the design of the stimulus delivery system. Another
consideration is that some odorants may adhere to biological
surfaces, such as insect cuticle, and be released slowly. If so, this
adherence is likely to occur in nature as well and may represent
one aspect of how an odorant is encoded.

It is formally possible that some of the supersustained re-
sponses to pyrazines observed in our in vivo expression system do
not occur in endogenous neurons. However, long-lasting re-
sponses have previously been reported in native moth ORNs
(Kaissling et al., 1989), and responses that “greatly outlasted the
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duration of the odor stimulus” have been observed in locust
ORNs (Raman et al., 2010). We observed supersustained re-
sponses in the native, wild-type ab3A neuron. Long-lasting re-
sponses have also been observed previously in ORNs that
ectopically express either a fly (Bai and Carlson, 2010) or mos-
quito (Carey et al., 2010) receptor. In Caenorhabditis elegans,
AWC olfactory neurons are stimulated by odor removal and
show elevated Ca** levels for tens of seconds (Chalasani et al.,
2007). Aplysia bag neurons respond to a relatively brief synaptic
input with a response that lasts for up to 30 min; this response is
linked to egg-laying behavior (Hung and Magoski, 2007). Sus-
tained action potential firing in response to a brief stimulus has
also been documented in various regions of the mammalian
brain (Major and Tank, 2004).

Supersustained responses in insect ORNs could in principle serve
useful functions in odor coding. A long-lasting response could serve
as amemory of a previously encountered odor. If a navigating insect
loses track of an odor trail, such a memory could lead the animal to
deploy a search strategy to relocate the odor.

It is also possible that some supersustained responses may
impair navigation (Kramer, 1992) by preventing an ORN from
reporting contemporaneous information about the local odor
environment. In fact, it is possible that such sustained strong
responses could impair the signaling of other ORNs via pro-
longed lateral inhibition among glomeruli in the antennal lobe
(Olsen et al., 2010). If so, odorants that elicit supersustained re-
sponses could be useful in the control of insect pests and vectors
of human disease by impairing their location of human hosts,
food sources, and mates.
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