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Abstract

How information is transformed along synaptic processing stages is critically important to understand the neural basis of
behavior in any sensory system. In moths, males rely on sex pheromone to find their mating partner. It is essential for a male to
recognize the components present in a pheromone blend, their ratio, and the temporal pattern of the signal. To examine
pheromone processing mechanisms at different levels of the olfactory pathway, we performed single-cell recordings of
olfactory receptor neurons (ORNs) in the antenna and intracellular recordings of central neurons in the macroglomerular
complex (MGC) of the antennal lobe of sexually mature Agrotis ipsilon male moths, using the same pheromone stimuli,
stimulation protocol, and response analyses. Detailed characteristics of the ORN and MGC-neuron responses were compared
to describe the transformation of the neuronal responses that takes place in the MGC. Although the excitatory period of the
response is similar in both neuron populations, the addition of an inhibitory phase following the MGC neuron excitatory phase
indicates participation of local interneurons (LN), which remodel the ORN input. Moreover, MGC neurons showed a wider
tuning and a higher sensitivity to single pheromone components than ORNs.

Key words: intracellular recording, macroglomerular complex, MGC neuron, olfactory coding, olfactory receptor neuron,
single sensillum recording

Introduction

In both vertebrates (Buck and Axel 1991; Buck 1996) and

insects (Clyne et al. 1997; Vosshall et al. 1999), each odor-

ant receptor (OR) gene is expressed in distinct populations

of olfactory receptor neurons (ORNs) of the nasal mucosa
(vertebrates) or the antennal sensilla (insects). In insects,

axons of ORNs expressing the same OR converge onto

a single glomerulus of the antennal lobe (AL), the counter-

part of the vertebrate olfactory bulb (Gao et al. 2000;

Vosshall et al. 2000). Each glomerulus contains arboriza-

tions of local interneurons (LNs) confined to the AL and

projection neurons (PNs) that transmit the integrated

information to the next processing level in the protocere-
brum (for review, see Anton and Homberg 1999). Synaptic

contacts have been described between ORNs, LNs, and

PNs: from ORNs to PNs (Malun 1991; Stocker 1994;

Distler and Boeckh 1996) and LNs (Tolbert and

Hildebrand 1981; Distler 1990), from LNs to ORNs and

PNs (Distler and Boeckh 1997), and from PNs to LNs

(Malun 1991).

In moths, the integration of information about phero-

mone components is performed in a cluster of glomeruli

separated from ordinary glomeruli, called the macroglo-

merular complex (MGC) (for review, see Koontz and
Schneider 1987; Rospars 1988; Anton and Homberg

1999). One special feature of the pheromonal system resides

in the high specificity of the ORs for their ligand (Mori

1998). Each pheromone component is thus detected by a dis-

tinct functional ORN type (Krieger et al. 2002; Sakurai

et al. 2004), which projects into a unique glomerulus

(Hansson et al. 1992; Christensen et al. 1995a; Ochieng

et al. 1995; Todd et al. 1995; Berg et al. 1998; Lee et al.
2006a,b; Karpati et al. 2008). Moreover, the converging ra-

tio of ORNs in the MGC is very high because of a much

larger number of ORNs dedicated to the detection of sex

pheromone components in male moths in comparison with

a smaller number of PNs arborizing in the MGC (Rospars

1988; Homberg et al. 1989; Hartlieb et al. 1997; Hansson

and Christensen 1999).

ª The Author 2010. Published by Oxford University Press. All rights reserved.
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In the noctuid moth Agrotis ipsilon, as in many other moth

species, pheromone communication is crucial for mating.

Males rely on the plume of pheromone emitted by conspe-

cific females to locate them. At least the 5 following compo-

nents are present in the pheromone blend: cis-7-dodecenyl
acetate (Z7-12:Ac), cis-9-tetradecenyl acetate (Z9-14:Ac),

cis-11-hexadecenyl acetate (Z11-16:Ac), cis-11-tetradecenyl

acetate, and cis-11-hexadecenyl alcohol (Picimbon et al.

1997). Wind tunnel experiments showed that a blend of

the main component, Z7-12:Ac, with Z9-14:Ac and Z11-

16:Ac in a ratio of 4:1:4 is sufficient to elicit the full courtship

behavior (Wakamura et al. 1986; Causse et al. 1988). Two

categories of ORNs responding to Z7-12:Ac and Z9-
14:Ac, respectively, were found in distinct sensilla of the male

antenna, whereas no neurons tuned to Z11-16:Ac have been

found so far (Renou et al. 1996). MGC-neuron responses to

the sex pheromone have recently been quantitatively ana-

lyzed in sexually mature males, revealing homogeneous re-

sponse patterns, with an inhibitory phase following

excitation (Jarriault et al. 2009). Most if not all of these neu-

rons are believed to be PNs because the stained neurons pre-
senting this response pattern always showed morphological

characteristics of PNs.

To better understand the integrative role of the AL, we

studied here, with the same experimental protocol as previ-

ously used withMGC neurons (Jarriault et al. 2009), how the

3 main components of the female pheromone blend are en-

coded in ORNs. Then, we could compare firing activity in

ORNs and MGC neurons and investigate how the qualita-
tive, quantitative, and temporal aspects of the stimulus are

transformed during integration of the ORN input signal in

the MGC-neuron output signal.

Materials and methods

Animals

Agrotis ipsilon were reared in the laboratory according to

a standard protocol (Poitout and Buès 1974). Larvae were

kept in individual plastic cups and fed on an artificial diet.

Pupae and adults were maintained at 23 ± 1 �C and 50 ± 5%

relative humidity under a long-day reversed photoperiod
(16:8 h light:dark). Sexes were separated at the pupal stage

to prevent exposure of males to the female pheromone. Adult

males and females were kept in the same conditions and fed

ad libitum with a 20% sucrose solution. All experiments were

performed during the scotophase on sexually mature virgin

males 5 days after their adult emergence.

Stimulation

Threemain components of the pheromone blend ofA. ipsilon

were used: Z7-12:Ac, Z9-14:Ac, and Z11-16:Ac (Picimbon
et al. 1997; Gemeno and Haynes 1998). These compounds

were diluted in hexane and applied to a filter paper at doses

ranging in decadic steps from 0.01 to 100 ng. All stimuli were

presented after a minimum evaporation time of 30 min. The

same stimulation system was used for both single sensillum

and intracellular recordings in the AL. A stimulus controller

(CS 55, Syntech) delivered a constant charcoal-filtered and hu-

midified airflow on the antenna bymeans of a glass tube (inner
diameter 8 mm). The antenna was placed in the outlet of this

glass tube. The continuous airflow velocity was 0.3 m s–1

(17mL s–1). Stimuli were applied by inserting a Pasteur pipette

containing a filter paper, impregnated with a single phero-

mone component or with hexane only, in the glass tube,

20 cm upstream of the antenna. An air pulse (7 mL s-1)

was blown through the Pasteur pipette. The stimulus was de-

livered during 200 ms when testing the specificity and the
dose–response relationship and during at least 3 of the follow-

ing durations, 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 1, 1.2, 1.3, 1.5,

2 s at 10 ng dose, when testing the relationship between stim-

ulus duration and response duration. The mechanical compo-

nent of the stimulation was minimized by adding a constant

airflow of the same velocity as the stimulus to the continuous

airflow between stimuli. Stimuli were presented randomly,

separated by interstimulus intervals of at least 10 s (1 min
for single sensillum recordings), with lower stimulus loads

tested first.

Electrophysiology

Single sensillum recordings

Animals were mounted in a styrofoam block holder with the

head protruding. One bipectinate antenna was fixed with ad-

hesive tape and oriented to allow an optimal access to tri-

choid sensilla selected randomly along the stem and

branches in the middle part of the antenna (10th to 34th seg-

ments from the base). Recordings were carried out according

to the tip recording technique (Kaissling and Thorson 1980).

Tips of a few hairs were cutoff using sharpened forceps. Ref-
erence and recording microelectrodes were filled with saline

solutions, which approximated respectively the ionic compo-

sition of the hemolymph and the sensillum lymph of moths

(Kaissling and Thorson 1980). The tip of the recording mi-

croelectrode was filled with polyvinylpyrrolidon (20% in sen-

sillum saline) to prevent exchange between sensillum lymph

and electrolyte. To minimize contributions of field poten-

tials, the reference electrode was inserted into a segment ad-
jacent to the recording site. Recorded signals were amplified

(·500), low-pass filtered at 5 kHz using an Axopatch 200B

amplifier (Molecular Devices), andmonitored on a computer

using a Digidata 1322A acquisition board (Molecular Devi-

ces) driven by Clampex 10 software (Molecular Devices).

The recorded signal was low-pass filtered offline (Gaussian,

50 Hz) using Clampfit 10, and the result was subtracted from

the original trace to generate a pseudo high-pass filtering that
does not distort the shape of action potentials (APs) (Dolzer

et al. 2003). APs were then detected and sorted according

to their amplitude and shape to keep only APs of the

706 D. Jarriault et al.
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responding ORN (or APs of the most easily extractable class

of APs if 2 ORNs responded).

Intracellular recordings from MGC neurons

Data onMGC neurons from a previous study (Jarriault et al.
2009) were used for comparison with data on ORNs. Briefly,

intracellular recordings were performed according to stan-

dard methods (Christensen and Hildebrand 1987). The tip

of each glass microelectrode was filled either with Lucifer

Yellow CH or with Neurobiotin. The microelectrode was lo-

cated near the synaptic neuropil of the MGC, which implies

that the recordings were made from primary neurites, axons,

or dendrites of AL neurons in the MGC area. Neurons were
identified a posteriori. After establishing intracellular con-

tact, the activity of the neuron was monitored before, during,

and after stimulation of the ipsilateral antenna.

Data analysis

Compiled data files of the recordings from single sensilla and

AL neurons were exported to Matlab (The MathWorks) for
analysis. The threshold, frequency, latency, and duration of

the AP responses to odorant stimulations were quantified as

follows and expressed as means ± standard error of the

mean.

Frequency

The firing frequency was first measured as the instantaneous
AP frequencies averaged in 5 APs around (2 before and 2

after) the AP with the highest instantaneous frequency

(for details, see Jarriault et al. 2009). Moreover, to compare

the time course of changes in firing frequency in the ORN and

MGC-neuron populations in response to a pheromone stim-

ulus, we calculated peristimulus time histograms (PSTH) by

pooling trains of APs available for all neurons in each group

and calculating the mean of the frequencies per 50-ms bins
across all neurons. Normalized PSTHs (for ORNs and

MGC neurons) shown in Figure 1 were produced first by sub-

tracting the spontaneous activity averaged on the period of

recording before the stimulus and then by dividing the fre-

quency in each bin by themaximum frequency in the response.

This measure is therefore expressed in percentage of the

maximum firing frequency. PSTHs of ORNs presented in

Figures 4 and 5 were smoothed for more accurate calculation
of activity at the moment when MGCs ceased to fire.

Response threshold

An ORN was considered as responding when its firing fre-

quency (calculated as above) was at least 5 APs/s higher than

the spontaneous activity. For MGC neurons, the tested

doses were too high to determine the response threshold di-
rectly; it was therefore estimated for each neuron from the

dose–response curve (see Jarriault et al. 2009 for details).

Briefly, the dose–response curve characterizing each MGC

neuron was extrapolated from its linear part to the level

of response to the blank. The concentration at which the fir-

ing frequency was equal to the value of the blank was con-

sidered as the response threshold.

Figure 1 Response patterns of ORNs (gray) and MGC neurons (black) to
the same stimulation (Z7-12:Ac; 10 ng; 200 ms). (A) Original recordings of
the response of an ORN and an MGC neuron. (B) PSTH of the responses of
45 ORNs and 29 MGC neurons (bin width = 50 ms). The width of the curve
represents the standard error of the mean firing frequency in each bin. The
firing frequency is higher in the MGC-neuron population both without
stimulation and during the excitatory phase of the response. Note that the
maximum firing frequency occurs at the same time (0.3 s after the stimulus
onset) for ORNs and MGC neurons. (C) Normalized PSTHs from (B).
Spontaneous activity was subtracted from the mean firing frequency in each
50-ms bin and the values were divided by the maximum firing frequency.
The ORN and MGC-neuron signals are well superimposed during the
excitatory phase but not during the inhibitory phase of the MGC neurons.
The gray bar represents the stimulation period (Stim).

Transformation of Sex Pheromone Signal in a Male Moth 707
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Latency

For ORNs and MGC neurons, the latency was measured as

the time elapsed from the stimulus onset to the first AP of the
response.

Duration

For high doses (10 or 100 ng) the firing activity of ORNs did
not return to the prestimulus level within the duration of the

recording. Therefore, to evaluate the duration of the re-

sponse, we used the average signal represented by the mean

PSTHs of the neuron population (see Frequency above) and

we measured the duration during which the mean firing fre-

quency was above 10% of the maximum reached during the

response. In MGC neurons, excitatory phase durations were

measured from the first AP of the response to the AP just
preceding the inhibitory phase.

Statistics

Dose–response relationships were tested using one-way anal-
ysis of variance (ANOVA) with repeated measures, when-

ever possible (equal numbers of observations).

Results

We compared response characteristics from ORNs and

MGC neurons when stimulated with the same pheromone

stimuli varying with respect to the compound, the stimulus

load and duration. In total, 101 pheromone-responding sen-

silla were recorded from 48 males. After AP sorting analysis,

79 sensilla showed a unique class of AP amplitude, whereas
22 sensilla showed more than one class of APs. In the latter

case, only one class of APs, that is, originating from a single

responding ORN, was analyzed. Thus, ORNs used in this

study originate from these 101 sensilla, and each ORN

was from a different sensillum. This sample of ORNs was

compared with a set of 139 MGC neurons recorded intracel-

lularly (Jarriault et al. 2009).

Response patterns of ORNs and MGC neurons are different

When comparing responses of ORNs andMGC neurons to

the same pheromone stimulation, the most obvious differ-

ence was in the temporal pattern of their AP firing rate. All
ORNs showed an increase of their firing activity during

a long time, that is, a long excitatory response, whereas

a large majority of MGC neurons (97%) responded with

an excitatory phase, which lasted approximately as long

as the stimulus, followed by an inhibitory phase. The excit-

atory phase of the responses in both neuron types was com-

posed of a phasic part followed by a more tonic part

(Figure 1A,B and see Jarriault et al. 2009 for a more de-
tailed view of MGC-neuron responses). In response to

the same stimulus—10 ng of Z7-12:Ac—the maximum fre-

quency measured on the PSTH was 2.4 times higher in

MGC neurons (;120 AP/s) than in ORNs (;50 AP/s).

When comparing the normalized response profiles of

ORNs and MGC neurons (Figure 1C), the 2 signals are

superimposed during the excitatory phase of MGC neu-

rons but the inhibitory phase is only observed for MGC
neurons and not for ORNs.

ORNs are strictly selective

Ninety-nine of 101 sensilla were tested with 100 ng of 3

pheromone compounds of the A. ipsilon female blend.

Whereas 70% of the MGC neurons responded to hexane,

none of the sensillar recordings presented responses to this

control stimulation. Ninety-four ORNs responded only to

Z7-12:Ac, 3 only to Z9-14:Ac, and 2 only to Z11-16:Ac.

Such highly specific responses were also found in MGC

neurons: 50% were specific for Z7-12:Ac, 16% specific for
Z9-14:Ac, and 1% specific for Z11-16:Ac. However, some

MGC neurons responded to 2 (12%) or 3 (20%) components

(Figure 2).

47 15

1

19
5

4

2

94

2

3

Z7-12

Z7-12

Z9-14

Z9-14

Z11-16

Z11-16

ORNs

MGC neurons

Figure 2 Distributions of the response specificity of 99 ORNs and 93 MGC
neurons for the 3 components of the pheromone blend. ORNs were
stimulated with 100 ng of each component and MGC neurons with 0.01
ng. ORNs were strictly selective regarding the 3 components, whereas 32%
of the MGC neurons responded to more than one component. In both
categories, most of the neurons responded to Z7-12:Ac.
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Threshold is more than 1000-fold higher in ORNs than in

MGC neurons

The spontaneous activity preceding the stimulus was very
low in ORNs compared with MGC neurons (0.34 ± 0.03

vs. 22.8 ± 1.55 APs/s). We considered that even a small

change in the firing frequency of ORNs was sufficient to sig-

nal the presence of the pheromone. Thus, the response

threshold was calculated as the lowest stimulus load eliciting

a 5 APs/s increase of the firing frequency. Based on 45 ORNs

tested with concentrations ranging from 0.1 to 100 ng, the

response threshold was 1.5 ± 1.4 ng. The response threshold
of MGC neurons was 0.005 ± 0.002 ng. Figure 3A shows that

the firing frequency increases with the dose in both ORNs and

MGC neurons (one-way ANOVA with repeated measures,

ORNs: F3,132 = 184.7, P < 0.001; MGC neurons: F3,84 =

11.5, P < 0.001); it also shows that the firing frequency of

MGC neurons reached its maximum at 10 ng, whereas at

100 ng the firing frequency ofORNswas still increasing.More-

over, the increase of firing frequency between 2 successive stim-
ulus loads was higher for ORNs than for MGC neurons.

The latency of responses is more variable in ORNs than in

MGC neurons

The latency of the first AP in the response decreased with

increasing stimulus loads both in ORNs and MGC neurons

(one-way repeatedmeasures ANOVA, ORNs: unequal num-

ber of responding neurons; MGC neurons: F3,84 = 14.2, P <

0.001) (Figure 3B). For a same set of stimulus loads, the

range of variation of this parameter is lower in MGC neu-

rons (from 278± 13ms at 0.1 ng to 244± 10ms at 10 ng) than

in ORNs (from 479± 62ms at 0.1 ng to 310± 23ms at 10 ng).
Moreover, the variability across neurons represented by the

interquartile range of the latencies is higher at low doses and

higher in ORNs than in MGC neurons. The lowest values of

latency for both ORNs andMGC neurons were measured at

the highest dose tested and were similar (244 ± 10 ms for

ORNs at 100 ng and 249 ± 7 ms for MGC neurons at

10 ng; Figure 3B).

Figure 3 Dose–response relationships for ORNs and MGC neurons in
response to Z7-12:Ac. (A) Firing frequency: Increases in the firing frequency
were detected for higher stimulus loads in ORNs (gray) than in MGC neurons
(black). Although the firing frequency reached saturation at less than 10 ng
in MGC neurons, no plateau is visible on the ORN dose–response curve.
(B) Latency: The mean latencies of responses were higher for ORNs than for
MGC neurons. At low stimulus loads, the variability was also higher for
ORNs than for MGC neurons. (C) Duration: In ORNs, the response duration
increases with the stimulus load, whereas in MGC neurons it does not. For
ORNs, only the mean duration measured on PSTHs was plotted because the
end of the response was difficult to determine in the recordings. On each
plot, the box represents the interquartile range (IQR) of the data, the
horizontal line inside the box represents the median, and the curve
represents the mean. The whiskers show the range of the remaining sample.
Outliers (+) are observations greater than 1.5 · IQR. For A and B the boxes
and whiskers of ORNs and MGC neurons were slightly shifted to the left and
right, respectively, to avoid their superimposition.
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Encoding of stimulus load

Whereas the duration of the excitatory phase of MGC neu-

rons was well defined by the inhibitory phase that followed
(see response pattern in Figure 1), the response of ORNs was

more difficult to delimit. The total duration of the tonic part

of the response in ORNs could not be measured appropri-

ately at high doses (100 and 10 ng) because the time needed

for ORNs to return to their basal activity exceeded 15 s,

which was the duration of poststimulus recordings. Instead

of the actual response duration, we determined the time

needed for the ORN firing frequency to decrease below
10% of the maximum reached during the response. This time

increased with the stimulus load from 0.2 s at 0.1 ng to 1.3 s at

100 ng (Figure 3C). In MGC neurons, the duration of the

response did not vary significantly with increasing stimulus

loads as the duration of the excitatory and inhibitory phases

were found to be independent of the stimulus load (see

Figure 3C).

To understand which parameter within the ORN response
might be read out by MGC neurons and thus influences the

duration of the excitatory phase in the MGC-neuron re-

sponse, we measured the relative response (as percentage

of maximal response) of ORNs occurring at the same time

as the end of the excitatory phase of MGC neurons. Be-

cause the duration of the excitatory phase ofMGC neurons

was independent of stimulus load (Jarriault et al. 2009), we

first used the duration of the excitatory phase of 29 AL neu-
rons averaged across 4 stimulus loads (0.01, 0.1, 1, and 10

ng) to determine the mean time at which MGC neurons

ceased to fire when stimulated during 200 ms (TMGC);

we found TMGC = 618 ± 15 ms after stimulus onset (hor-

izontal black bar in Figure 4). Then we measured the rel-

ative response (as percentage of maximal response) of

ORNs at this time (Figure 4). For the 3 highest stimulus

loads (the PSTH for 0.1 ng was too variable for measuring
the relative response reliably), we found that ORNs were

firing at approximately one-third of the maximum firing

frequency (30%, 30%, and 27% for 1, 10 and 100 ng, respec-

tively; Figure 4).

Encoding of the stimulus duration in ORNs and MGC

neurons

We compared the duration of the excitatory phase with in-
creasing stimulus durations in ORNs (42 neurons) andMGC

neurons (17 neurons). Whereas the response duration of

ORNs increases with both the stimulus load (Figure 3C)

and the stimulus duration (Table 1), we showed previously

(Jarriault et al. 2009) that the duration of the excitatory

phase ofMGC neurons was independent of the stimulus load

but increased proportionally to the stimulus duration. Using

the same method as above, we examined the relative firing
activity of ORNs (as percentage of maximal firing) when

MGC neurons ceased to fire in response to stimuli of differ-

ent durations. Lower stimulus loads were used for MGC

Figure 4 Relative responses of ORNs as a function of time, when
stimulated with different stimulus loads. (A–C) PSTHs of ORNs were
normalized with respect to the maximum firing frequency of the response
(as in Figure 1C) at 3 stimulus loads (1, 10, 100 ng) of Z7-12:Ac. Gray bars
represent the stimulation period. The response duration in MGC neurons did
not vary with the stimulus load (horizontal black bar) so that the times at
which the 29 investigated MGC neurons stopped to fire in response to the
stimulus were averaged across the 3 stimulus loads. This unique time value
TMGC (618 � 15 ms) was used to determine the percentage of ORN spiking
activity when MGC neurons stopped to fire. On average, at TMGC, the ORN
firing frequency was determined as about 30% of its maximum on
smoothed curves (hatched lines).
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neurons (from 0.01 to 1 ng) because of their higher sensitivity

compared with ORNs. The time at which MGC neurons

ceased to fire (Table 1) was always shorter than the ORN

response duration. Then, we measured the firing frequency

of ORNs at the time at which MGC neurons stopped to fire

(durations of their excitatory phase are represented by the

horizontal black bars in Figure 5) and we expressed it in per-

centage of its maximum on the normalized PSTHs. For the 4

tested stimulus durations, we found that the ORN firing fre-

quency was respectively 23%, 25%, 31%, and 27% of its max-

imum (see Table 1).

Discussion

We analyzed the input and output of the AL of the moth

A. ipsilon by stimulating the male antenna with 3 sex pher-

omone components tested at various doses and different

stimulus durations. The same protocol of stimulation was

used when recording from ORNs or MGC neurons. Com-
parison of the responses of ORNs and MGC neurons

showed both similarities and striking differences, thus reveal-

ing the transformation of the pheromonal antennal code at

this first level of central processing. As reported in Jarriault

et al. (2009) the uniformity of the MGC-neuron responses

Table 1 Termination of the excitatory phase in MGC neurons and relative response of ORNs at different stimulus durations

Stimulus duration 100 ms (T100) 200 ms (T200) 500 ms (T500) 1000 ms (T1000)

ORN response duration (ms)a 700 900 2150 3000

Time at which PNs ceased to fire after stimulus onset (ms) 470 � 5 480 � 4 720 � 10 1210 � 26

Percentage of the maximum spike frequency in ORNs 23 25 31 27

aCalculated as the time during which the relative spike frequency was above 10% of its maximum (as described in the Materials and methods).
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Figure 5 Relative responses of ORNs as a function of time, when stimulated with Z7-12:Ac at different durations. (A–D) The response profile of ORNs is
represented by a PSTH for each stimulus duration (stimulus load 10 ng). Gray bars represent the stimulation period. MGC neurons were shown to increase the
duration of their excitatory phase linearly with increasing stimulus durations. Horizontal black bars and T100, T200, T500, and T1000 are, respectively, the
durations of MGC-neuron excitatory phase and the times at which they stopped to fire in response to these stimulus durations. On average, the ORN firing
frequency was determined as about 30% of its maximum on smoothed curves (hatched lines) at these different times.
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(biphasic pattern) and their characteristic morphology when

stained (cell body in the medial cell cluster and axon leaving

the AL via the inner antenno-cerebral tract) indicate strongly

that they are PNs.

High correlation between ORN and MGC-neuron signals

during the excitatory phase of the MGC-neuron response

Most MGC neurons showed a sustained spontaneous activ-
ity, which was not observed in the ORNs. Both ORNs and

MGC neurons showed similar temporal profiles during the

early response phase corresponding to the excitatory phase

in MGC neurons: both neuron types responded with a pha-

sic–tonic pattern and the time courses of their normalized

firing frequencies were superimposed (Figure 1C). This

might suggest that the excitatory phase of the MGC neurons

in response to pheromone components originates from direct
synaptic input from ORNs. Anatomical studies supporting

direct synaptic contacts between these 2 neuron types were

shown by electron microscopy in several insect species such

asPeriplaneta americana (Distler and Boeckh 1996) andDro-

sophila sp. (Stocker 1994). However, other types of transmis-

sion such as disinhibition via a network of LNs could elicit

the same type of response pattern (Christensen et al. 1993).

Synaptic connections between ORNs and LNs and between
LNs and PNs have been described anatomically (Tolbert and

Hildebrand 1981; Distler 1990; Distler and Boeckh 1997),

which indicate that such a network might indeed exist.

The present results also showed that ORN response laten-

cies were highly variable, suggesting that activated ORNs do

not send signals to the MGC simultaneously. The same ob-

servation was reported in Drosophila (Bhandawat et al.

2007). However, normalized ORN and MGC-neuron
PSTHs were superimposed, suggesting the following. First,

the delay between the first AP produced in response to pher-

omone stimulation by the ORNs and by theMGC neurons is

very short. Second, in the PSTHs, the time at which the ORN

activity starts to increase, which is indicative of the latency of

the ORN population, is similar to the response latency of the

MGC-neuron population. Controversial observations were

published regarding this topic: in the fruitfly, the rise in firing
frequency occurs later in ORNs than in PNs for the sampled

neurons (Wilson et al. 2004; Bhandawat et al. 2007), whereas

in the honeybee, PNs responded at least 60 ms after an input

in the AL (Krofczik et al. 2009). In our case, MGC neurons

may initiate response upon arrival of the earliest ORN input.

Inhibitory phase in MGC neurons but not in ORNs: shaping

of the signal by LNs

Although the signals in ORNs and MGC neurons were very

similar during the excitatory phase of MGC neurons, they

diverged afterward. The response pattern of MGC neurons
in our study with an excitatory phase, followed by an inhib-

itory phase has been described as typical for PNs inA. ipsilon

(Gadenne and Anton 2000; Jarriault et al. 2009), which is in

agreement with responses observed in PNs of other inverte-

brate species (Manduca sexta: Matsumoto and Hildebrand

1981; lobster: Wachowiak and Ache 1994; Drosophila mela-

nogaster: Wilson et al. 2004) and in mitral/tufted cells of ver-

tebrates (Hamilton and Kauer 1989; Nakanishi 1995). In all
studies on MGC neurons in A. ipsilon, we so far never en-

countered an LN with this response pattern (Jarriault D.,

personal observation). The inhibitory phase constitutes

the most striking part of the transformation occurring be-

tween input and output of the AL. It is suppressed in phar-

macological experiments blocking the action of AL/OB

GABAergic interneurons, which favors the hypothesis that

LNs play a role in shaping the inhibitory phase of PN/mi-
tral/tufted cell responses (Waldrop et al. 1987; Christensen

et al. 1993, 1998; Shipley and Ennis 1996; Friedrich and

Laurent 2001, 2004; Wachowiak et al. 2005; Wilson and

Laurent 2005; Pı́rez and Wachowiak 2008; Lei et al. 2009).

Convergence increases the MGC-neurons sensitivity but

imposes a gain control

Not all ORNs responded in the same way and thus transmit-

ted the same information to theMGC. ORNs showed a large

variability in their response threshold and in their firing rate

in response to a given stimulus load. No threshold in our
ORN sample was as low as the threshold of MGC neurons,

which indicates that this sample (45 neurons) was not large

enough to include the rare ORNs with very low thresholds.

Data on the olfactory system of mice suggest, however, that

the filtering system in early olfactory circuits favors the input

from the most sensitive ORNs (Hamana et al. 2003).

A 1000-fold increase in sensitivity was observed when com-

paring the response thresholds of ORNs andMGC neurons.
Such a shift in the dose–response curves and response thresh-

olds was reported for other insects (Boeckh 1974; Boeckh

and Selsam 1984; Boeckh and Ernst 1987; Hansson et al.

1991; Christensen and Hildebrand 1994; Hartlieb et al.

1997). It reflects the convergence of a high number of ORNs

onto fewer MGC neurons, a ratio, which is larger in the sex

pheromone system than in the plant odor system (Boeckh

and Ernst 1987; Stocker 1994; Root et al. 2007). Moreover,
the firing frequency in MGC neurons reaches saturation at

a lower dose than in ORNs. Therefore, at high concentra-

tion, the message sent by ORNs into the MGC might not

be transmitted to the subsequent step of integration in the

protocerebrum. As LNs have been proposed to control

the gain of the input to the AL (Olsen et al. 2007; Olsen

and Wilson 2008), they could act in this process to limit

the ORN input on the MGC neurons.

Broader tuning of MGC neurons

No ORNs were found to respond to more than one of the
3 tested components. On the contrary, a non-negligible

number of MGC neurons responded to 2 or all 3 components.

As each ORN type is thought to project to a unique

712 D. Jarriault et al.
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glomerulus (Hansson et al. 1992; Christensen et al. 1995a;

Ochieng et al. 1995; Todd et al. 1995; Lee et al. 2006a,b;

Karpati et al. 2008), PNs responding to more than one

component are thought either to arborize in more than one

glomerulus or to receive inputs from other glomeruli via
LNs. Both hypotheses are corroborated by anatomical results

in A. ipsilon and in other species. Some intracellularly stained

PNs and LNs arborizing in several glomeruli of theMGCwere

found (Matsumoto andHildebrand 1981; Hansson et al. 1994;

Jarriault D., personal observation). The mismatching between

axonal projections of ORNs and dendritic arborizations of

PNs responding to the same pheromone component was also

studied inTrichoplusia ni (Anton andHansson 1999). Less than
70% of the analyzed PNs showed dendrites overlapping with

the terminals of ORNs displaying identical specificities, which

underlines that LNs play a role in distributing information

among glomeruli (Anton and Hansson 1999). A clear differ-

ence between ORNs and PNs has also been found in the ca-

pacity to encode specific pheromone blends. Whereas ORNs

respond primarily to pheromone blends containing the compo-

nent they are tuned to (e.g., Carlsson and Hansson 2002),
blend-specific PNs have been described in different moth spe-

cies (e.g., Christensen et al. 1995b; Wu et al. 1996; Anton et al.

1997). In addition to the broader tuning of MGC neurons, dif-

ferences in the proportions of neurons responding to each pher-

omone component were observed: 94% of the studied ORNs

versus 80%of the PNs responded toZ7-12:Ac, 3%of theORNs

versus 43% of the PNs responded to Z9-14:Ac, and 2% of

the ORNs versus 29% of the PNs responded to Z11-16:Ac.
Although the predominance of the major component, Z7-

12:Ac, in the distribution was clearly conserved at both levels,

the 2 other components elicited much more responses in MGC

neurons than in ORNs. Although we cannot exclude a bias in

our ORN sampling, our results suggest that information on

minor pheromone components is reinforced at the level of

the MGC as compared with the sensory input.

The relative level of ORN firing could determine the end of

the MGC-neuron excitatory phase

The relative response of ORNs at different doses (Figure 4)

and different stimulus durations (Figure 5) at the mean time

at which MGC neurons ceased to fire (TMGC) showed con-

sistent results, that is, the termination of the excitatory phase
of the PN response depends on the relative level of the ORN

firing frequency. To explain the independence of the MGC-

neuron response duration from the stimulus load, we pro-

pose that a mechanism in the AL terminates the MGC-

neuron response when the ORN input decreases below a cer-

tain level, the value of which depends on the stimulus load.

When MGC neurons ceased to fire, ORNs fired at approx-

imately 30% of their maximum (firing frequency which is
reached during the response). This was observed for 3 log-

arithmic steps of stimulus loads. When testing the relevance

of this threshold value for the duration of the excitatory

phase of the MGC neurons, we observed that the same rel-

ative level of activity applied in ORNs. This activity level–

based mechanism might result from the relative strength

of excitatory and inhibitory inputs in the MGC. Based on

the previous studies showing an involvement of LNs in
the termination of the MGC-neuron signal (discussed

above), we propose that LN activity might be sensitive to

(or be driven by) a certain level of ORN input. The proposed

mechanism would therefore be concentration independent

and would rely only on the stimulus duration.

Conclusions

Our input–output analysis of the pheromone-induced re-

sponses confirmed that the incoming message from the

ORNs is profoundly reshaped in the MGC circuits and that

the sensitivity of MGC neurons is much higher than that of

ORNs; the later property imposes a gain control to limit the

saturation of the encoding capacity of MGC neurons at high

doses. We show that MGC-neuron responses are precisely
correlated to stimulus durations; we suggest that this corre-

lation could result from an inhibitory input provided by the

LNs based on the ORN input intensity. Further experiments

exploring the intrinsic properties of AL neurons will help to

document the role of LNs in the effects reported here. Be-

yond their contribution to the analysis of the neural mech-

anisms involved in olfactory coding sensu stricto, the present

results will also serve to better understand the mechanisms
that lead to the plasticity of pheromone-guided behavior,

which seems to originate from changes in the sensitivity of

neurons within the AL of A. ipsilon (Anton et al. 2007).
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