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Abstract

Animals can be innately attracted to certain odorants. Because these attractants are particularly salient, they might be expected
to induce relatively strong responses throughout the olfactory pathway, helping animals detect the most relevant odors but
limiting flexibility to respond to other odors. Alternatively, specific neural wiring might link innately preferred odors to
appropriate behaviors without a need for intensity biases. How nonpheromonal attractants are processed by the general
olfactory system remains largely unknown. In the moth Manduca sexta, we studied this with a set of innately preferred host
plant odors and other, neutral odors. Electroantennogram recordings showed that, as a population, olfactory receptor neurons
(ORNs) did not respond with greater intensity to host plant odors, and further local field potential recordings showed that no
specific amplification of signals induced by host plant odors occurred between the first olfactory center and the second.Moreover,
when odorants were mutually diluted to elicit equally intense output from the ORNs, moths were able to learn to associate all
tested odorants equally well with food reward. Together, these results suggest that, although nonpheromonal host plant odors
activate broadly distributed responses, they may be linked to attractive behaviors mainly through specific wiring in the brain.
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Introduction

Olfaction provides critical cues animals need to locate food,

oviposition sites, and mates (Karlson and Butenandt 1959;
Renwick and Chew 1994; Raguso and Willis 2002). Many

animals are, without prior learning experiences, attracted

to species-specific subsets of volatiles. A well-studied exam-

ple is the pheromone system in moths. In the antennae of

male moths, a large fraction of olfactory receptor neurons

(ORNs) is specifically tuned to respond to female sex pher-

omones (Kaissling 1996), providing the male moths great

sensitivity to the presence of females. Information about
sex pheromones gathered in the periphery is relayed to a ded-

icated neural circuit consisting of a small number of sex-specific

glomeruli within themacroglomerular complex in the antennal

lobe (AL, the first olfactory brain center) where subtle features

in the composition and timing of sex pheromones are analyzed

to identify those arising from conspecifics (Christensen and

Hildebrand 1987).

In addition to pheromones, some floral volatiles that indi-
cate appropriate food sources and mating sites are also

innately attractive to nectarivorous animals including moths

(Raguso andWillis 2002; Kessler and Baldwin 2007). Unlike
pheromones, though, floral volatiles evoke activity in a broad

assortment of ORNs, many of which respond to a range of

different odorants (Hallem and Carlson 2006; Raman et al.

2010), and an assortment of distributed broadly responsive glo-

meruli (Galizia et al. 2000; Sandoz 2006; for review: Galizia

and Menzel 2000) and populations of projection neurons

(PNs), which respond to odorants with temporally complex fir-

ing patterns (Laurent and Davidowitz 1994; Laurent et al.
1996; Ito et al. 2008; for review: Kay and Stopfer 2006). It

is not clear that circuit design features enabling pheromone de-

tection also apply broadly for innately preferred general, non-

pheromonal odors. How could this work? If host plant odors

invoke relatively intense odor responses from the antenna, as

do sex pheromones, detecting host plant odors could be a mat-

ter of detecting especially intense responses in a subset of PNs.

Alternatively, specific wiring and network architecture might
perform the task without needing such amplification.
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Animals need to balance the benefits of circuitry special-

ized for detecting critical odorants with the flexibility of

adapting to unpredictable and changing environmental con-

ditions. What design strategies might animals use to cope

with these 2 needs that compete for limited biological resour-
ces? We addressed this by testing potential sites of odor tun-

ing in the olfactory pathway of the moth Manduca sexta. By

delivering a set of specially diluted odorants (host and non-

host plant volatiles, and synthetic odorants not found in na-

ture), we observed the following: 1) moth antennae provided

responses of differing intensity to odorants that had been

mutually diluted to equivalent vapor pressure, but, overall,

the responses to volatiles released by host plants were not
stronger than responses to other volatiles; 2) when odorants

were mutually diluted to elicit equally intense output from

the antenna, the moth AL faithfully transmitted those sig-

nals to the next target, the mushroom body (MB), without

providing differential amplification; 3) moths were able, with

similar efficacy, to learn to associate all tested odorants with

food reward. Together, our results suggest that innate pref-

erences for host plant odors in the moth are unlikely to arise
from the differential strengths of signals originating in the

antenna. At other locations, the general olfactory system in

moth appears to process and associatively learn a broad range

of odors similarly. This flexibility should improve the survival

fitness of animals in case of unfavorable circumstances when

primary food sources are not available.

Materials and methods

Experimental animals

Moths (M. sexta) were reared from eggs (NCSU Insectary)

in our laboratory as described elsewhere (Ito et al. 2008). On-

ly female Manduca at least 2 days posteclosion were used in

this study.

Olfactory stimulation

Our odor stimulation method was modified from a previous

study (Ito et al. 2008). Briefly, the odorized headspace in

60-mL glass bottles above mineral oil–diluted odorant

solution was pushed by a controlled volume of clean air

(0.75 L min–1) into an activated carbon–filtered air stream

(0.75 L min–1) that flowed continuously across the antenna.

Odorants were then continuously drawn away by a large
vacuum funnel behind the preparation.

Odorants

All chemicals were purchased from Sigma-Aldrich unless

otherwise noted. Although host plants typically release doz-

ens of different volatiles, in Manduca it has been shown that
delivery of only a few of these chemicals can suffice to trigger

host-seeking behaviors (Riffell et al. 2009). In total, we in-

cluded 8 host plant (methyl salicylate, benzylacetone, benz-

aldehyde, geraniol, decanal, cis-3-hexenyl proprionate,

nonanal, and linalool) and 6 nonhost plant (b-Citronellene,
cyclohexanone, ethyl isovalerate, b-pinene, 1-butanethiol, and
1,4-dichlorobenzene) odorants in our study (7 host plant and

5 nonhost plant odorants in Figure 1A and 3 host plant and 2
nonhost plant odorants in Figures 2–4). Methyl salicylate,

benzylacetone, benzaldehyde, geraniol, and linalool are vol-

atiles emitted by theManduca host plantNicotiana attenuate

(Kessler and Baldwin 2007). Geraniol is also abundant in the

Manduca host plant Datura wrightii (Riffell et al. 2008).

Methyl salicylate and benzylacetone were both found to

be attractive to M. sexta in behavioral assays (Kessler and

Baldwin 2007). Both benzylacetone emission fromN. attenu-

ata (Baldwin et al. 1997) and benzaldehyde emission from

the Manduca host plant Petunia axillaris (Hoballah et al.

2005) were found to be abundant and to follow a circadian

rhythm of emission that peaks at night when Manduca is

most active. Methyl salicylate, decanal, cis-3-hexenyl propri-

onate, and nonanal are all emitted by host plants Lycoper-

sicon esculentum, Capiscum annuum, and D. wrightii and

were components of a blend that was shown to attract female
Manduca (Fraser et al. 2003). b-Citronellene (Reisenman

et al. 2004) and cyclohexanone (Knudsen et al. 1993; Daly

et al. 2001) are odorants not found in Manduca host plants.

Ethyl isovalerate and b-pinene are bat-pollinated plant vol-

atiles with structures and odors distinct from those released

by moth-pollinated plants (Riffell et al. 2008). 1-Butanethiol

has a skunk spray–like odor and is often added to natural

gas. 1,4-Dichlorobenzene (Fisher Scientific) is a component
of mothballs. Tomato plant vapor was prepared by placing

about 10 g of fresh tomato stems into a clean glass bottle.

Electrophysiology

Moths were prepared and used for physiological recording as

described previously (Ito et al. 2008).
Briefly, electroantennogram (EAG) recordings were made

from isolated antennae or intact animals. In isolated antenna

preparations, the moth antenna was sectioned at its base and

tip, and Ag/AgCl wires were placed in both cut ends. In in-

tact animals, only the tip of the antenna was cut, and Ag/

AgCl wire was inserted there, and a reference Ag/AgCl wire

was placed inside the head capsule. Local field potential

(LFP) recordings were made using saline-filled blunt glass
micropipettes (2–90MX) inserted into the MB calyx. The in-

different electrode (Ag/AgCl pellet electrode) was placed in

the bath.

Behavioral experiments

We used 116 moths for behavioral experiments. Each moth

was classically conditioned as described previously (Ito et al.

2008) with 1 of the 5 odorants (Figure 4, 21–25 moths per
odorant). Briefly, conditioning took place during the dark

photoperiod and consisted of 5 training trials (5min intertrial

interval) and 1 test trial that followed 5 min after the last
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trainingtrial.Foreachtrainingtrial,anodorwaspresentedfor

4 s to the moths’ antennae paired with a measured amount

(;0.01 g) of sucrose water (40% w/v) presented by hand to

the tip of the proboscis using a metered micro-meter syringe

(Gilmont,Cole-Parmer) 2 s after the odor’s onset.Video anal-

ysis has shown;98% of well-trained moths extend their pro-
bosciswithin1sofodoronset (Itoetal.2008).Intrainingtrials,

proboscis movements with excursions exceeding 1 cm and

occurring within 2 s after the odor onset were counted as

responses to the odor. In nonrewarded test trials, a 1 min

response window was allowed but nearly all responses

occurred within 1 s of odor onset.

Data analysis

All analyses were carried out using custom programs written

in MATLAB (MathWorks). Statistical tests were made using

SAS version 9.0 (SAS Institute). All statistical tests were

2-tailed, and significance was judged at P = 0.05. We used

logistic regression tomodel the relationshipbetween a categor-

ical response variable (in our case, whether moths responded
or not to odor stimulus) and an explanatory variable (trial in

this case). We used a repeated measures test because the same

moths were tested repeatedly with the same odor throughout

training and test trials (Agresti 2002;Wright and Smith 2004).

Results

Peripheral tuning to host plant and nonhost plant odors

We examined the overall sensitivity of the moth antenna to 2

categories of volatiles: Manduca host plant and nonhost

plant volatiles. EAG recordings allowed us to assess the

summed activity elicited by our odorant set within the anten-

na’s population of ORNs. We tested 7 host plant volatiles

and 5 nonhost plant volatiles (Figure 1A). Odorants used in-

clude aliphatics, aromatics, and terpenoids, with a variety of
molecular sizes and functional groups.

Odorants in our set have different vapor pressures, so

equivalent volumes of pure liquid odorant will release
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Figure 1 Moth antennae respond with differing intensities to odorants mutually diluted to equivalent vapor pressure. (A) Volatiles from host plants (dark
bars) and nonhost plants (light bars), and clean air (open bar) evoked a range of EAG deflection amplitudes (2-way ANOVA, among all odors: P < 0.0001,
among different groups (a, b, or c): P < 0.005, n = 4–6). Bars: mean � standard error of the mean. (B) EAG responses elicited by vapor from a tomato stem
and by methyl salicylate are similar in shape and amplitude.
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Figure 2 Normalizing activation of ORNs by mutually diluting odorants
with mineral oil. (A) Normalized odor set elicits matched EAG deflections.
Inset: EAG deflections elicited by methyl salicylate and cyclohexanone before
dilution. (B) After dilution, odor-elicited EAG amplitudes are not different: 2-
way ANOVA, among odors: P > 0.05, n ‡ 5.
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different amounts of vapor. To allow us to deliver the same

amount of each odorant to the moth antenna, we chose the

least volatile odorant in our set, methyl salicylate, as a stan-

dard against which to normalize the vapor pressures of all

other odorants by dilution with mineral oil (v/v) in accor-
dance with Raoult’s law. We expect the resulting concentra-

tions of odorants fell into a physiologically meaningful range

because EAGs elicited by undiluted methyl salicylate were

comparable in amplitude to those evoked by the fragrant

stems of fresh tomato plants; responses to our odor presen-

tations corresponded to responses that likely occur in nature

(Figure 1B, see Materials and methods).

Vapor pressure–normalized odorants evoked significantly
different amounts of activity in the antennae (Figure 1A).

We observed no clear categorical differences in responses

evoked by host plant volatiles and nonhost plant volatiles.

Several host plant volatiles (decanal, geraniol, and cis-

3-hexenyl proprionate) evoked EAG responses similar in

amplitude to that evoked by methyl salicylate, but benzalde-

hyde, linalool, and nonanal elicited responses that were sig-

nificantly stronger (P < 0.005, 2-way analysis of variance
[ANOVA], n = 5, Tukey–Kramer’s test). Two of the 3 odor-

ants in our host plant set eliciting the strongest responses,

benzaldehyde and linalool, appear to hold particular rele-

vance to moths: the release of benzaldehyde from the host

plant P. axillaris peaks at night, overlapping with period

the nocturnal M. sexta is most active (Hoballah et al.

2005); and the lateral large female glomerulus, a sexually di-

morphic structure in the AL of femaleManduca, responds to
linalool preferentially (King et al. 2000) (although linalool

did not attract flying female moths in a wind tunnel test, data

not shown). Among all the nonhost plant odors, cyclohex-

anone, a synthetic chemical not encountered by moths in

nature, evoked the greatest amount of receptor activation,

a level exceeding that evoked by the host plant volatile methyl

salicylate (P < 0.001, 2-way ANOVA, n = 5, Tukey–Kramer’s

test). b-Pinene and 1-butanethiol evoked EAG responses
no stronger than those evoked by clean air (P > 0.05,

2-way ANOVA). Odorants that evoked relatively strong

antennal activation greatly differ in molecular features.

Taken together, the population of Manduca ORNs was

readily activated by all host plant volatiles and most nonhost

plant volatiles in our set. Strong responses could be evoked

by both host plant and nonhost plant odorants.

Central tuning to host plant and nonhost plant odors

Could some central mechanism further amplify or diminish

more or less salient signals arising in the antenna? The odor-

elicited spikes of ORNs travel through their axons to the AL.

Our EAG recordings showed that, measured as a whole, the

population of ORNs responded more intensely to some
odors than to others, even when the odor solutions had been

mutually diluted to deliver equal amounts of odorant to the

antenna (Figure 1A). To explore the possibility of additional

downstream variations, we sought a way to deliver our odor-

ants such that each provided equally strong input to the cen-

tral brain. Thus, we prepared a new series of dilutions to

normalize our set of host plant and nonhost plant volatiles

so that each odorant elicited equally strong EAG responses.
The odor set included host plant volatiles methyl salicylate,

benzaldehyde, and benzylacetone and nonhost plant vola-

tiles (+)b-citronellene and cyclohexanone. After dilution,

each of these odorants evoked the same EAG amplitude

as undiluted methyl salicylate (Figure 2; 2-way ANOVA,

among odors: P > 0.05, n ‡ 5). The concentrations of

EAG-equalized odorants spanned 4 orders of magnitude

(Figure 2B).
In the AL, PNs receive excitatory input from ORNs and

from other AL neurons. PNs typically respond to multiple

odorants (Laurent and Davidowitz 1994; Ito et al. 2008).

The PNs then send their output to the MBs and lateral horn

(LH). LFP deflection amplitude varies with odor concentra-

tion (Stopfer et al. 2003). To test whether odor-specific

amplification occurs in the AL, wemeasured the AL’s output

in theMBs.We stimulated animals with our set of odors that
evoked the same EAG amplitudes and measured the ampli-

tudes of the resulting LFP deflections in the MB calyx.

Although it is known that some PNs project directly to

the LH without sending collaterals to the MB, most PNs

send axons to both MB and LH in Manduca (Homberg

et al. 1988); in Drosophila, most PNs responding to food

odors project to both the MB and the LH (Jefferis et al.

2007). Therefore, we expected recordings from theMB to de-
tect the relative strengths of specific food (host plant)-elicited

signals projecting from the AL. Differential amplification of

some odor-elicited signals would be detected as differentially

strong (or weak) responses in the MB.

We made LFP recordings from 12 locations in the MB. All

tested odorants evoked responses in all electrode locations.

We conducted 6 tests, each with a pair of LFP electrodes in

different positions in theMB calyx (at least 100 lm apart), as
a way to compare odor-driven output of PNs into different

regions of theMB calyx. Among the 6 paired-LFP recordings,

3 pairs showed statistically significant correlations between

deflections recorded at these sites across odors (Figure 3A,

P < 0.05). The significant correlations suggest that individual

PNs provide broadly distributed input to these regions of the

MB, consistent with their diffuse anatomical projections pat-

terns (Homberg et al. 1988). We also noted that often 1 LFP
electrode produced a larger signal than its pair for every odor

tested. This high correlation in absolute LFP amplitude was

likely due to mundane nonbiological characteristics of each

extracellular electrode’s recording configuration rather than

to biologically meaningful variations in the size of the signal

reaching the MB. On the other hand, 3 paired recordings

showed no significant correlations between the recording

sites, indicating that some regions of theMB respondedmore
vigorously to some odorants than to others, and suggesting

that these regions may contain nonuniform densities of PN
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arborization (Figure 3A,C). In 4 experiments in which we de-

livered puffs of clean air in addition to odors, all odors evoked

stronger responses than did air in every recording position

(data not shown), suggesting that PNs responsive to all the

tested odors arborize throughout the MB. When averaged
across individuals, no odor in our set evoked significantly

stronger responses than any other (Figure 3D; 2-way

ANOVA, among odors: P > 0.05, n = 12).

Our LFP recordings suggest PN outputs to the MB were

diffuse and widespread but may also include odor-specific

foci potentially carried by specific PN tracts. Overall, our re-
sults suggest that the flow of information from PNs to the

MB proceeds without odor-specific modifications to the

intensity of responses established by the ORNs.

Associative memories for host plant and nonhost plant

odors

Finally, the processing of sensory information can culminate

in the formation of new memories, the generation of new be-

haviors, or both. Therefore, using a conditioning paradigm,
we tested whether, to a first approximation, some odorants

are more easily associated with a food reward than others.

We trained individual moths, each with 1 of 5 odorants mu-

tually diluted to evoke the same net output fromORNs. Using

a classical conditioning proboscis extension paradigm inwhich

a presentation of an odor predicts a sucrose reward, we trained

a total of 116 moths and compared the learning curves of

moths trained with different host plant and nonhost plant
odors (Figure 4). We found that moths demonstrated statisti-

cally significant learning (P < 0.0001, repeated measures logis-

tic regression; seeMaterials andmethods) with no difference in

learning efficacy among the odors (P > 0.05, repeated meas-

ures logistic regression). Our results suggest moths can learn to

associate a sucrose reward with any type of odor equally well.

Discussion

Animals survive by maximizing predictable advantages

within their ecological niches, but also by adapting to

changes in the environment; thus, the behaviors of animals
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Figure 3 Paired recordings show EAG-normalized odorants evoked similar
LFP deflections across the MB calyx. (A) Correlation coefficients (triangles) of
all paired LFP recordings. *Significant correlations, P < 0.05. Arrow: LFP pair
shown in B and C. (B) Example electrode positions in the MB calyx viewed
from dorsal side; AN: Antennal nerve; AL: Antennal lobe; MB: Mushroom
body; mnsc: medial neurosecretory neurons. (C) Amplitudes of LFP
deflections elicited by different odors recorded simultaneously in 2 positions
(one black, one gray as in B). (D) Overall, mean (�standard error of the
mean) LFP deflections are not different from each other (2-way ANOVA,
among odors: P > 0.05; n = 12 recording positions in 5 MBs).

Figure 4 Increasing Proboscis Extension Reflex probability shows moths
could learn to associate all EAG-normalized odors with reward (P < 0.0001,
repeated measures logistic regression; n = 21–25 for each odor, see
Materials and methods) and with similar efficacy (P > 0.05, repeated
measures logistic regression; n = 21–25 for each odor).
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reveal abilities to respond to sensory stimuli in ways deter-

mined by both innate and learned preferences (Kelber 2002;

Cunningham et al. 2004; Riffell et al. 2008). Here, using an

assortment of odorants, we investigated olfactory responses

of the moth, focusing on 3 levels of odor processing: initial
detection by populations of ORNs; early processing within

the brain; and behavioral output during and after associative

learning. Our stimulus set included nonpheromonal odorants

that we expected to convey different degrees of innatemeaning

to moths. We found that the population of ORNs on the an-

tenna respondedwith different intensities to different odorants

even though these odorants had been normalized to exert

equal vapor pressure (Figure 1A). However, our other meas-
ures of olfactory response offered no evidence of odor-specific

sensitivity or amplification (Figures 3 and 4). Our findings sug-

gest that the general olfactory system, unlike the moth pher-

omone system, does not employ a disproportionate fraction of

receptor neurons for biologically relevant odors. The general

system appears to maximize the ability to detect and learn

about a number of odors regardless of their innate meanings.

Many types of insects have been shown to display innate ol-
factory preferences (e.g., moths: Cunningham et al. 2004; Hull

et al. 2004; mosquitoes: Dekker et al. 2001; beetles: Dormont

et al. 2010). Interactions with the environment can change the

behavioral responses to innately preferred odors, though. For

example,Manduca can learn to feed on the bat-adapted flower

Agave palmeri when the primary host plant D. wrightii is not

available but will readily return toD. wrightiiwhen it is present

(Riffell et al. 2008). Drosophila larvae readily learn to ignore
the innate attractiveness of some odors (Saumweber et al.

2011). Consistent with this, our results show that moths

can learn, with equal efficiency, to associate a food reward

with host plant and nonhost plant odorants (Figure 4).

An earlier study in Manduca compared the acquisition

rates of associative learning for 2 odors, the nonhost plant

volatile cyclohexanone and the oviposition deterrent methyl

jasmonate (Daly et al. 2001). This work concluded thatMan-

duca could not associate methyl jasmonate with food reward

likely because methyl jasmonate carries a different nonappe-

titive innate meaning. However, our EAG recordings

showed that methyl jasmonate may not effectively activate

Manduca ORNs: EAG responses evoked by undiluted

methyl jasmonate were much smaller in amplitude than

those evoked by other odors in our set and no larger than

those evoked by odorless mineral oil (data not shown).
The relatively weak excitation generated by methyl jasmo-

nate may explain why Manduca were unable to associate

the odor with food in the earlier work.

In this study, we used EAG and LFP recordings to com-

pare the responses of olfactory neurons projecting from the

antenna and projecting from the AL, respectively. Our

results showed that different odors can elicit response of

different intensities in the periphery. That these differences
occurred even when the vapor pressures of the odorants were

normalized to provide equivalent amounts of material

(Figure 1) establishes that they are due to variations in re-

ceptor characteristics. In principle, such results could arise

from a population of ORNs in which different types of re-

ceptors: 1) are expressed with a diversity of abundance; or 2)

individually give rise to a diversity of response strengths; or
3) both. Furthermore, we observed more variability in re-

sponses across the nonhost plant odorants than across host

plant odorants: the moth antenna responded to all the tested

host plant odors, some of our tested nonhost plant odors

failed to evoke EAG amplitudes stronger than those evoked

by a puff of clean air (Figure 1A). This finding is consistent

with work showing the antennae of 2 species of butterflies are

particularly sensitive to volatiles from their preferred host
plants (Mercader et al. 2008). In subsequent physiological

and behavioral tests with odorants that had been mutually

diluted to give rise to equivalent response intensities in the

antenna (Figures 3 and 4), we found no evidence for system-

atic variability in response intensity downstream. These re-

sults suggest that much of odor selectivity may lie at the first

stage of odor processing, in the receptors.

A simpleway for an animal to link a small number of innately
attractive odors to appetitive behaviorsmight be to overexpress

ORNs that are highly sensitive to such odors and then orient

toward odors that elicit strong responses. Because both host

and nonhost plant odors could elicit strong EAG and LFP re-

sponses and could equally well support associative condition-

ing, our results do not support this idea and rather suggest

specific wiring in the brain may be required to create this link-

age.Host plant volatiles activatemany types ofORNs andmul-
tiple generalist glomeruli (Shields and Hildebrand 2001;

Hansson et al. 2003; Skiri et al. 2004; Hallem and Carlson

2006) in combinatorial patterns that vary not with the identities

of their separate labeled lines but rather with the details of their

spatiotemporal structures (Ito et al. 2008). As a general matter,

how such activity patterns are transformed into appropriate

actions is not well understood. In specialized instances includ-

ing the coding of innate preferences, the responses of specific
glomeruli may play critical roles in evoking behaviors

(Semmelhack and Wang 2009); such glomeruli may function,

as for pheromone detection, as parts of a labeled line system.

Alternatively, all the glomeruli participating in the spatiotem-

poral activity patterns evoked by an odor may be important

for reliably activating neurons in following pathways. It will

be important to understand this balance.
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