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Chemosensory Selectivity of Output Neurons Innervating an
Identified, Sexually Isomorphic Olfactory Glomerulus
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The antennal lobe (AL) of insects, like the olfactory bulb of vertebrates, is characterized by discrete modules of synaptic neuropil called
glomeruli. In some insects (e.g., moths and cockroaches), a few glomeruli are sexually dimorphic and function in labeled lines for
processing of sensory information about sex pheromones. Controversy still exists, however, about whether projection (output) neurons
(PNs) of glomeruli in the main AL are also narrowly tuned. We examined this critical issue in the AL of the moth Manduca sexta. We used
intracellular recording and staining techniques to investigate the chemosensory tuning of PNs innervating an identifiable, sexually
isomorphic glomerulus, G35, in the main AL. We found that the morphological features and chemosensory tuning of G35-PNs were nearly
identical in females and males. G35-PNs responded to low concentrations of the plant-derived volatile compound cis-3-hexenyl acetate
(c3HA), but the sensitivity threshold of female PNs was lower than that of male PNs. The propionate and butyrate homologs of c3HA could
evoke excitatory responses but only at moderate-to-high concentrations. Other plant volatiles did not evoke responses from G35-PNs.
Moreover, PNs innervating glomeruli near G35 (in females) showed little or no response to c3HA. Female G35-PNs were hyperpolarized
by (�)linalool, a compound that excites PNs in an adjacent glomerulus, thus providing evidence for lateral-inhibitory interactions
between glomeruli. Our results show that PNs arborizing in an identified glomerulus in the main olfactory pathway are morphologically
and physiologically equivalent in both sexes and have characteristic, limited molecular receptive ranges that are highly conserved across
individuals.
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Introduction
The antennal lobe (AL), the analog in insects of the olfactory bulb
(OB) of vertebrates, contains an orderly array of glomeruli, sites
of primary processing of olfactory information. The glomeruli
are organized chemotopically [i.e., each glomerulus is a func-
tional unit dedicated to processing information about a particu-
lar odor compound or molecular attribute(s) of odor com-
pounds] (for review, see Buck, 1996; Hildebrand and Shepherd,
1997). The mammalian OB includes �1000 glomeruli (Mom-
baerts et al., 1996), whereas the AL of most insects has only 40 –
160 glomeruli, depending on the species (Flanagan and Mercer,
1989; Rospars and Hildebrand, 1992, 2000; Berg et al., 2002;
Masante-Roca et al., 2005). Thus, because of its numerical sim-
plicity and the possibility of identifying glomeruli across individ-
uals, the insect AL is an advantageous model for studies of glo-

merular function. As in other moths (Vickers et al., 1998; Berg et
al., 2002; Masante-Roca et al., 2005), the AL of Manduca sexta
(hereinafter referred to as Manduca) includes two olfactory sub-
systems. One, analogous to the “main” OB of vertebrates, has 60
sexually isomorphic glomeruli that process information about
volatile compounds associated with food and possibly other
odors. The second subsystem, analogous to the “accessory” OB of
many vertebrates (for review, see Brennan and Keverne, 2004),
comprises three sexually dimorphic glomeruli (Rospars and
Hildebrand, 1992). In males, these specialized glomeruli belong
to the macroglomerular complex (MGC), and in females they
comprise two large glomeruli [medial and lateral large female
glomeruli (LFGs)] and one smaller glomerulus. The dedication
of the MGC to processing information about the conspecific fe-
male sex pheromone is well established (Christensen and Hilde-
brand, 1987; Christensen et al., 1989; Hansson et al., 1991, 2003).
Similarly, the LFGs might play important roles in the selection of
appropriate sites for oviposition. Projection (output) neurons
(PNs) with dendritic arborizations restricted to one of these glo-
meruli, the lateral LFG (latLFG), respond preferentially to the
(�) enantiomer of linalool (Reisenman et al., 2004), a plant vol-
atile [Stranden et al. (2003) and references therein]. Little is
known, however, about the chemosensory tuning and functional
properties of individual PNs in identified, sexually isomorphic
glomeruli in the main AL of Manduca or other species. Recent
evidence indicates that PNs in a sexually isomorphic glomerulus
in Manduca [the labial-palp-pit organ glomerulus (LPOG),
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which processes information about environmental CO2] are also
narrowly tuned (Guerenstein et al., 2004b). Our aim in this study
was to test whether PNs in the main AL, like those of the LPOG,
MGC, and latLFG, of Manduca have limited, characteristic mo-
lecular receptive ranges (MRRs) (Mori et al., 1992). We used
intracellular recording and staining to study the chemosensory
tuning of single PNs with arborizations restricted to glomerulus
35 (G35), which can be identified readily in both sexes (Rospars
and Hildebrand, 1992, 2000). As stimuli, we used a set of diverse,
behaviorally relevant volatiles that are released by host plants of
Manduca (Loughrin et al., 1990; Fraser et al., 2003; Raguso et al.,
2003).

Materials and Methods
Preparation. Manduca sexta (L.) (Lepidoptera: Sphingidae), reared in the
laboratory on an artificial diet, were used 1–3 d after adult emergence.
Animals were dissected and prepared for intracellular recording accord-
ing to established procedures (King et al., 2000). After mechanical re-
moval of the perineural sheath covering the AL, the preparation was
continuously superfused with physiological saline solution containing
the following (in mM): 150 NaCl, 3 CaCl2, 3 KCl, 10 N-[Tris(hydroxy-
methyl)methyl]-2-aminoethanesulfonic acid buffer, pH 6.9, and 25 su-
crose (Christensen and Hildebrand, 1987).

Stimulation. The stimulation procedure has been described previously
(Reisenman et al., 2004). Briefly, the cut end of one antenna was inserted
into a glass capillary tube filled with physiological saline solution, which
served both as a holder to position the antenna and as an electrode for
monitoring antennal responses to olfactory stimulation. An L-shaped
glass tube delivered a constant flow of humidified, charcoal-filtered air to
the antenna (1.9 L/min). Odor compounds were injected (2 ml; 200 ms)
into the constant air stream (and thus diluted by �1:4) via a computer-
driven syringe olfactometer (Selchow, 1998). The tip of a stimulus sy-
ringe mounted in the olfactometer was inserted into a small hole in the
side of the glass tube. A funnel connected to a negative-pressure line was
positioned near and behind the preparation to remove stimulus volatiles
after delivery to the antenna.

The odor compounds used in this study (Fig. 1) were as follows: oci-
mene (3,7-dimethyl-1,3,6-octatriene; catalog #74730; �95% pure; mix-
ture of isomers) from Fluka (Buchs, Switzerland); benzyl alcohol (catalog
#30519-7; 99.8% pure), cis-3-hexenyl butyrate (catalog #W340200;
�98%), geraniol (trans-3,7-dimethyl-2,6-octadien-1-ol; catalog
#G-5135; 98%), hexan-1-ol (catalog #47142; 99%; hereinafter referred to
as hexanol), (�)linalool [(�)3,7-dimethyl-1,6-octadien-3-ol; catalog
#L2602; 97% pure], methyl salicylate (methyl 2-hydroxybenzoate; cata-
log #240826; �99%), nerol (cis-3,7-dimethyl-2,6-octadien-1-ol; catalog
#26890-9; 97%), nonanal (catalog #76310; �95%), phenylacetaldehyde
(catalog #P0145; 95% pure), trans-2-hexenal (catalog #132659; 98%
pure) from Sigma-Aldrich (St. Louis, MO); and cis-3-hexenyl acetate
(c3HA) (catalog #H2137; �97%), cis-3-hexenyl propionate (catalog
#P858; �97%), and cis-3-hexenyl benzoate (catalog #B1039; �98%)
from Tokyo Chemical Industries (Tokyo, Japan). These compounds are
found among the volatiles emitted by host plants of Manduca (Loughrin
et al., 1990; Fraser et al., 2003; Raguso et al., 2003) and have been shown
to evoke responses from the antenna (Fraser et al., 2003) (C. E. Reisen-
man, unpublished observations) and/or from olfactory receptor cells
(ORCs) in trichoid type-A antennal sensilla in females (Shields and
Hildebrand, 2001).

Single odor compounds were diluted in odorless mineral oil (Sigma-
Aldrich) and prepared as described previously (Reisenman et al., 2004).
Dilutions ranged from 10 �6 to 10 �2 (v/v). Fifty microliters of solution
were applied to a disk of filter paper and inserted into a 20 ml stimulus
syringe; control syringes contained 50 �l of mineral oil alone. At a con-
centration of 10 �3, the load of odor compound on the filter paper ranged
from 40 �g for hexanol to 52 �g for benzyl alcohol.

Intracellular recording and staining. Sharp microelectrodes were made
from borosilicate glass capillaries with filament (1 mm outer diameter;
0.58 or 0.75 mm inner diameter; Sutter Instruments, Novato, CA) on a
laser puller (P-2000; Sutter Instruments). The tip of the micropipette was

filled with a 65 mM solution of Lucifer yellow CH (Sigma-Aldrich) in 200
mM LiCl, or with a solution of Alexa Fluor 568 hydrazide (10 mM in 200
mM KCl; Invitrogen, San Diego, CA), and the shaft, with 2 M LiCl (elec-
trode resistances ranged from 100 to 350 M�). Microelectrodes were
manipulated to penetrate the glomerular region of the AL above the
known location of G35 and/or the LFGs, so that G35-PNs, latLFG-PNs,
or other PNs in neighboring glomeruli could be targeted in these exper-

Figure 1. Chemical structures of some of the odor compounds used in this study. All are
emitted by host plants of Manduca. Compounds are numbered in the order shown in Figure 6.
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iments. The responses of an impaled neuron to stimulation of the ipsi-
lateral antenna were amplified 10-fold and digitized at 20 kHz (Axoc-
lamp-2A; Digidata 1200 series Interface; Molecular Devices, Foster City,
CA). Data were analyzed with custom-made programs written in Matlab
(The Mathworks, Natick, MA).

After physiological characterization, neurons were injected with either
Lucifer yellow or Alexa 568 (see above) by passing hyperpolarizing cur-
rent (0.2–1 nA) for 6 – 40 min. The duration of intracellular impale-
ments, including both recording and dye injection, was variable (average,
20 min; maximum, 40 –50 min). On completion of an experiment, the
brain was excised and immersed in 2.5% formaldehyde fixative solution,
pH 7.2, for at least 3 h, dehydrated through a graded series of ethanol
solutions, and cleared with methyl salicylate (Sigma-Aldrich). Cleared

brains were imaged as whole mounts (optical
sections, 2 �m thick) with a laser-scanning con-
focal microscope (Nikon, Tokyo, Japan; PCM
2000, equipped with a 457 nm argon laser and a
546 nm green HeNe laser). Brains were re-
turned to 100% ethanol and embedded in
Spurr’s resin (Electron Microscopy Sciences, Ft.
Washington, PA) for sectioning at 48 �m.

For three-dimensional (3D) reconstructions,
brains with intracellularly stained cells were re-
hydrated, immersed overnight in 4% glutaral-
dehyde fixative solution, pH 7.3, dehydrated,
cleared, and imaged as whole mounts (optical
sections, 0.6 �m thick) as described above. The
borders of the AL, the LFGs (in females) or the
MGC (in males), the glomerulus receiving ar-
borizations of the neuron of interest, and the
rest of the glomeruli were reconstructed using
Amira software (Konrad-Zuse-Zentrum für In-
formationstechnik, Berlin, Germany).

Statistical analysis. Differences between two
means were compared by means of the Wil-
coxon matched-pairs test (for paired samples)
or the Mann–Whitney U test (for independent
samples). Differences between three or more
paired means were compared using Friedman
ANOVAs; significant results ( p � 0.05) were
followed by modified nonparametric Tukey’s
tests for repeated measures (Zar, 1999). Al-
though some figures show normalized data, in
all cases statistics were applied to absolute val-
ues. Comparisons involving sample sizes
smaller than five were not analyzed statistically.

Results
Results were obtained from 30 morpho-
logically characterized uniglomerular
PNs, each from a different animal (25 PNs
from as many females and 5 PNs from as
many males). Of the female PNs, 10 had
arborizations restricted to G35, an identi-
fied glomerulus described previously (Ro-
spars and Hildebrand, 1992, 2000) (these
neurons are referred to as G35-PNs), 7 in
the latLFG (latLFG-PNs), and 8 in glomer-
uli different from but neighboring the
LFGs and G35. All impaled male PNs were
G35-PNs. Three G35-PNs were character-
ized only morphologically (i.e., odor com-
pounds were not tested). Not all odor
compounds and/or concentrations were
tested in all PNs. Eight other neurons (four
from females and four from males) could
not be identified morphologically with

certainty, but we suspect that they were G35-PNs (responses
from five of these neurons were quantified and included in Figs.
4E,F, 5B, and 7).

Morphological characterization of G35-PNs
Figure 2 shows examples of PNs from females (Fig. 2A–D) and
males (Fig. 2G–K) with arborizations restricted to G35. The so-
mata of G35-PNs were not always intact after tissue processing,
but it was possible nevertheless in all preparations to follow the
main neurite of each PN to confirm its origin in the anterior
group of AL neuronal cell bodies (this group has only 16 � 2 cell

Figure 2. Examples of PNs from females (A–F ) and males (G–L) with dendritic arborizations confined to G35 [described by Rospars and
Hildebrand (1992, 2000)]. A–D, G–K, Confocal stacks collected from whole-mount preparations or after embedding in plastic and sectioning. In
both sexes, G35-PNs have their somata in the anterior group of AL neuronal cell bodies (not visible in these figures; see Results) and an axon (Ax)
projecting from the AL. C, H, J, Higher-magnification images of female (C) and male (H, J ) G35-PNs after sectioning (C and H are from the PNs
showninAandG, respectively).ThesefiguresillustratethefineanddensedendriticarborizationsofG35-PNsandthecloseanatomicalrelationship
between G35 and the LFGs (latLFG and medLFG are the lateral and medial LFGs, respectively) in females (C) or the MGC (C and T1 are the principal
glomeruli of the MGC, Cumulus and Toroid 1, respectively) in males (H, J ). D, K, Axonal projections of the PNs shown in B (female) and G (male),
showingcollateralsinthecalycesoftheipsilateralmushroombody(CMB)(dottedlines)andterminalsinthelateralhorn(LH)oftheprotocerebrum
(arrows).NotethatthemorphologicalfeaturesandprojectionsitesintheprotocerebrumofG35-PNsareindistinguishableinmalesandfemales.E,
F, L, 3D reconstructions (frontal view) of ALs from three brains with physiologically and morphologically characterized PNs from females (E, F ) and
fromamale(L).Thesereconstructionsshowthat, inbothsexes,G35(whichhousesthedendriticarborizationsofthestainedPNs,inblack)occupies
thesamerelativepositionwithrespecttotheotherglomerulioftheAL.ThelatLFG(E,F )(themedLFGisnotvisibleinthisview)andtheT1 andC(L)
areshowningray.One,three,andtwoanteriorglomeruliareomitted(E,F,andL,respectively)forvisualizationofG35.d,Dorsal;l,lateral.Scalebars:
A, B, D, G, I, K,100�m; C, H, J,50�m.
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bodies in both sexes) (Homberg et al.,
1988). We found that the morphological
features of G35-PNs were nearly identical
in females and males. In both sexes, the
primary neurites of G35-PNs gave rise to
an extensive network of very fine branches
that arborized densely in the glomerulus
(Fig. 2C,H, J). The axons of G35-PNs pro-
jected through the inner-antenocerebral
tract to the calyces of the ipsilateral mush-
room body and the lateral horn of the pro-
tocerebrum (Fig. 2D,K). Figure 2, E, F,
and L, are examples of 3D reconstructions
of ALs obtained from female and male
brains, respectively, with physiologically
characterized, intracellularly stained neu-
rons. These reconstructions allowed us to
confirm across animals the identity of the
glomerulus housing the dendritic ar-
borizations of the stained PNs and to show
that in both sexes G35 occupies the same
relative position in the glomerular array.
In females, G35 is adjacent to the sexually
dimorphic latLFG (Fig. 2C,E,F), whereas
in males, G35 is adjacent to the male-
specific toroid 1, one of the glomeruli of
the MGC (Fig. 2 J,L).

Responses of G35-PNs to
cis-3-hexenyl acetate
We identified a total of 15 G35-PNs in
both sexes and tested 12 of them (8 from as
many females and 4 from as many males)
with several odor compounds. In all cases,
we found that, of the compounds tested,
these PNs responded most strongly to an-
tennal stimulation with c3HA. Figure 3
shows examples of electrophysiological re-
cordings obtained from G35-PNs in a fe-
male (Fig. 3A) and a male (Fig. 3B) to an-
tennal stimulation with c3HA and other odor compounds. In
both sexes, responses to c3HA consisted of an initial rapid mem-
brane hyperpolarization (black arrows) followed by a strong de-
polarization with spiking and a delayed hyperpolarizing phase
during which all spiking was suppressed (open arrows). The rate
of spiking during the excitatory phase increased with increasing
c3HA concentrations (Figs. 3A, top traces; 4). In females, the
chemically related aliphatic odor compound trans-2-hexenal
evoked a qualitatively similar triphasic response, but the excita-
tory phase of the response was less intense even with elevated
concentrations (Fig. 3A, bottom trace, middle). For instance, at a
dilution of 10�3, c3HA and trans-2-hexenal evoked 57 � 21 and
16 � 5 spikes, respectively (means � SE; n � 4 female PNs). All
male G35-PNs tested with trans-2-hexenal, tested with the 10�2

dilution (n � 2), failed to respond to it.
All G35-PNs responded strongly to c3HA, but some exhibited

brief response bursts that were time-locked to the stimulus pulse,
whereas others exhibited prolonged response patterns with inter-
mittent bursts of spikes interrupted by silent periods (data not
shown). At a dilution of 10�4, the net number of spikes (re-
sponses to the control were subtracted) evoked by c3HA stimu-
lation was 27 � 11 (mean � SE; n � 7 PNs; median, 16; range,
10 –90) in females and 17 � 1.8 (mean � SE; n � 4 PNs; median,

17; range, 8.7–22) in males. In this same group of PNs, the odor-
evoked peak instantaneous spike frequency (ISF) was 157 � 18
Hz (median, 153 Hz; range, 75–208 Hz) in females and 104 � 13
Hz (median, 105 Hz; range, 29 –118 Hz) in males.

We measured the dose-dependent effects on different re-
sponse parameters in identified G35-PNs in both females (Fig.
4A–D, open symbols) and males (Fig. 4A–D, closed symbols)
that were tested with at least three concentrations (including the
highest one, 10�3). We found that increasing c3HA concentra-
tions evoked a greater net number of spikes, a higher peak ISF, a
longer-lasting excitation, and a shorter delay (the inverse of the
delay is shown in the figure) to the onset of the excitatory re-
sponse phase (Fig. 5A–D). At the highest concentration, the net
number of spikes and the duration of the excitation showed a
high variability (Fig. 4C), which is attributable to the unusually
prolonged excitation observed in some of the PNs tested at that
concentration.

In females, the threshold concentration for responses of
G35-PN to c3HA (better visualized in Fig. 4B, open symbols) was
below the 10�6 dilution (our stimulus delivery system further
diluted stimulus compounds fourfold). After correcting for con-
trol responses, the net number of spikes, duration of response,
and peak ISF evoked by stimulation with this dosage of c3HA

Figure 3. Physiological responses of G35-PNs from a female (A) and a male (B) to antennal stimulation with the odor com-
pounds and dilutions (v/v) indicated. The solid line below each record indicates the duration of activation (200 ms) of the device
controlling the stimulus delivery system. In both sexes, stimulation with cis-3-hexenyl acetate (first row) evoked a triphasic
response, comprising a rapid hyperpolarization (black arrows), an excitatory phase with spiking, and a final long-lasting phase
with membrane hyperpolarization and suppression of spiking (open arrows). trans-2-Hexenal, a related odor compound, evoked
a similar triphasic response, but only when tested at a higher concentration (male G35-PNs did not respond to stimulation with
that compound). Increasing the concentration of cis-3-hexenyl acetate evoked a stronger response (shown only for the female). In
females, but not in males, stimulation with (�)linalool (second row) evoked a dose-dependent, long-lasting, high-amplitude
inhibitory potential (arrowheads) followed by a weak excitatory response. Calibration: 10 mV, 500 ms. The insets show 260 ms
segments on an expanded scale (spikes were cut off for a better visualization of the hyperpolarizations). Calibration, 10 mV.

8020 • J. Neurosci., August 31, 2005 • 25(35):8017– 8026 Reisenman et al. • Chemosensory Tuning of Output Neurons



were as follows: mean � SE (n � 4 PNs), 10.3 � 1.9 spikes, 152 �
10 ms, and 76 � 22 Hz, respectively. In contrast, none of the male
G35-PNs tested responded to this or the 10�5 dilution (Fig.
4A–D, closed symbols). At the 10�5 dilution, c3HA evoked a
response statistically different from the blank in females (Wil-
coxon matched-pairs test; Z � 2.02; n � 5; p � 0.05) and, fur-
thermore, different from responses of male G35-PNs (Mann–
Whitney U tests for both the net number of spikes and the peak
ISF; Z � �2.4; n1 � 4; n2 � 5; p � 0.05). Additional data obtained
from five other neurons tentatively identified as G35-PNs con-
firmed these results (Fig. 4E,F).

These results show that both male and female G35-PNs re-
sponded in a dose-dependent manner to c3HA, but female PNs
had a response threshold at least one to two orders of magnitude
lower than that of male G35-PNs.

Odor preference of G35-PNs for cis-3-hexenyl acetate
Figure 5A shows electrophysiological recordings obtained from
G35-PNs in a female (left traces) and a male (right traces) in
response to antennal stimulation with c3HA and its structural
homologs cis-3-hexenyl propionate (c3HP) and cis-3-hexenyl
butyrate (c3HB). In both cases, c3HA evoked the strongest re-
sponses at both the 10�3 and 10�4 dilutions. In contrast, the
highest concentration of c3HB evoked only a few spikes (in the
female PN) or no response (in the male PN). The highest concen-
tration of c3HP also evoked a response, but weaker (and more
delayed) than that evoked by c3HA, whereas the lowest evoked
little response in both sexes. This marked preference of G35-PNs
for the acetate was observed across individuals. Figure 5B shows
the net number of spikes evoked by stimulation with c3HA and
c3HP in G35-PNs from females (white bars) and males (hatched
bars). In both sexes, c3HA evoked the highest response [an anal-
ysis of the peak ISF yielded the same result (data not shown)]. In
all PNs in which c3HB was tested, it evoked the weakest re-
sponses. The same odor preference (c3HA � c3HP �� c3HB)
was observed in two additional female neurons that were tenta-
tively identified as G35-PNs.

Figure 5C shows the effect of the concentration of the stimulus
compound on the responsiveness of G35-PNs from a female (top
panel) and from a male (bottom panel) tested with seven differ-
ent host plant volatiles. Once again, the strongest responses in
both PNs were evoked by c3HA, followed by c3HP, and the fe-
male PN showed a lower sensitivity threshold to c3HA than the
male PN. The remaining odor compounds, even when tested at
high concentrations, evoked weak or no responses. Another fe-
male G35-PN and four other male neurons (one G35-PN and
three neurons tentatively identified as G35-PNs) showed the
same odor preference. Thus, although female PNs were more
sensitive to c3HA than male PNs, they had similar breadth of
tuning (at least for the compounds tested in both sexes, c3HA,
c3HP, c3HB, benzyl-alcohol, (�)linalool, trans-2-hexenal, and
methyl-salicylate).

We then challenged two additional G35-PNs (in two females)
with a wider panel of odor compounds at a dilution of either 10�3

or 10�4 (Fig. 6, gray and white bars, respectively). Again, c3HA
evoked the strongest responses as measured by the net number of
spikes (Fig. 6A), peak ISF (Fig. 6B), duration of the excitatory
response (Fig. 6C), and response delay (Fig. 6D) (the inverse of
the delay is shown). At the highest concentration (10�3 dilution),
benzyl alcohol evoked a high peak ISF (Fig. 6B, arrowhead), but
c3HA evoked the greatest response as measured by all other re-
sponse parameters (Fig. 6A,C,D, arrows). This figure also shows
that the specificity of G35-PNs was higher at the lowest concen-
tration. For instance, at a dilution of 10�4, only small increases in
spiking resulted from stimulation with other odor compounds
(Fig. 6A, white bars), including those that evoked moderate rates
of spiking at the highest concentration (Fig. 6A, asterisks). This
figure also shows that the number of spikes and the duration of
the evoked excitation (Fig. 6A,C) are better descriptors of the
odor selectivity than, for instance, the response delay (Fig. 6D).

Overall, these results show that, among the panel of odor com-
pounds tested, both female and male G35-PNs are more sensitive
and preferentially responsive to c3HA.

Inhibitory interactions between G35 and other glomeruli in
the female
In contrast to the strong excitatory response to c3HA that we
observed in G35-PNs, stimulation with (�)linalool evoked a
pronounced inhibitory response in females (Fig. 3A, middle row,

Figure 4. Dose–response profiles of G35-PNs based on four physiological parameters of the
response (mean � SE) as a function of the concentration of c3HA (log scale). A–D, Five G35-PNs
from as many females (open symbols) and three G35-PNs from as many males (closed symbols)
were tested with several concentrations of c3HA (squares) and the mineral oil blank (triangles).
Female PNs were tested with at least three concentrations: 10 �3, 10 �4, and one or two of the
lowest concentrations (10 �6 and/or 10 �5). All male PNs were tested with the three highest
concentrations. The number of PNs tested at each concentration is indicated in A. A, The net
number of spikes during the excitatory phase of the response (the mean number of spikes
during the prestimulation period was subtracted). B, The peak ISF measured during the excita-
tory phase of the response. C, The duration of the excitatory response (time elapsed between
the first and the last spike evoked by the stimulus). D, The inverse of the delay, calculated as the
inverse of the time elapsed between the activation of the device controlling the stimulus deliv-
ery system and the first spike evoked by the odor stimulation. In both sexes, and for all of the
physiological parameters measured, the response of G35-PNs to c3HA increased with increasing
concentration. Note that the sensitivity threshold of female PNs (�10 �6 v/v, better visualized
in B) is lower than that of male PNs. E, F, Same as A and B, but including additional data from
five PNs (3 from females and 2 from males) tentatively identified as G35-PNs. The number of PNs
tested at each concentration is indicated in E. Error bars indicate SE.
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arrowheads) but not in males (Fig. 3B,
middle panel). Membrane hyperpolariza-
tion was observed in six of eight morpho-
logically characterized G35-PNs (in fe-
males) that were tested with (�)linalool
and in three putative G35-PNs (i.e., neu-
rons that were not characterized morpho-
logically with certainty). This odor com-
pound selectively activates PNs
innervating the neighboring latLFG (King
et al., 2000) but also evokes responses in
PNs in other neighboring glomeruli (Re-
isenman et al., 2004). None of the seven
male neurons tested (four identified G35-
PNs and three putative G35-PNs) (Fig. 3B)
showed inhibitory responses to (�)lina-
lool (even when tested at the 10�2 dilu-
tion), presumably because males have no
latLFG.

In contrast to the (�)linalool-evoked
hyperpolarization observed in female
G35-PNs, stimulation with c3HA evoked
in both sexes a fast hyperpolarization fol-
lowed by a strong excitatory phase with
spiking (Fig. 3, first row, black arrows).
Such fast hyperpolarization was observed
in all tested G35-PNs (n � 12) and in all of
the eight putative G35-PNs. In both sexes,
the rate of spiking during the excitatory
phase of the response increased with in-
creasing concentration of c3HA (Fig. 4),
but we did not observe this dose-
dependent effect (n � 4 female G35-PNs)
when (�)linalool was used as the stimulus
(the postinhibitory spiking is most likely a
rebound effect) (Fig. 3A).

As shown in Figure 7, the characteris-
tics of the hyperpolarization evoked by
these two odor compounds were also
quantitatively different. The early hyper-
polarization evoked by (�)linalool was
slower (slope of the hyperpolarization; white bars), reached a
greater amplitude (light gray bars), and was more prolonged
(dark gray bars) than that evoked by c3HA. The delay to the onset
of the hyperpolarization (hatched bars), in contrast, was shorter
when the PNs were stimulated with c3HA. Similar differences
were also observed in other G35-PNs that were not included in
the figure (because different concentrations of the two com-
pounds were used). These differences suggest that the early hy-
perpolarizing responses evoked by c3HA and (�)linalool might
be mediated by different inhibitory synaptic mechanisms.

Responses to cis-3-hexenyl acetate in PNs in glomeruli
neighboring G35 in the female
Having shown that G35-PNs were preferentially responsive to
c3HA, we then tested in females whether PNs arborizing in neigh-
boring glomeruli could also respond to c3HA. Figure 8A shows
an example of a PN from a female with arborizations restricted to
the latLFG, which is adjacent to G35. As we showed previously
(Reisenman et al., 2004), (�)linalool evoked a strong excitatory
response in these PNs (Fig. 8E, hatched bars) (Friedman ANOVA
followed by post hoc comparisons; p � 0.05; n � 7 PNs). (�)Lina-
lool also evoked excitatory responses from latLFG-PNs (King et

al., 2000), although less strongly than (�)linalool (Reisenman,
unpublished observations). In contrast, stimulation with the
10�2 dilution of c3HA (which is at least three orders of magni-
tude above the sensitivity threshold of G35-PNs) did not evoke a
response different from that to the blank ( post hoc comparison;
p � 0.05; n � 7 PNs) (Fig. 8E, gray bar).

We also studied responses (in females) of PNs with arboriza-
tions in other glomeruli near G35 and the LFGs but not individ-
ually mapped to the atlas of AL glomeruli. A total of eight such
PNs are included in this study (Fig. 8B–D shows three examples),
five had their cell bodies in the lateral group of neuronal somata
and three in the medial group. All of these PNs had dendritic
arborizations that were distinctly different from the fine and
dense arborizations of G35-PNs (compare with Fig. 2). As a
group, these PNs gave little response to stimulation with c3HA
(Fig. 8F), and their responses to c3HA were statistically different
from the responses of G35-PNs (Mann–Whitney U test; Z �
2.84; p � 0.005; n1 � 6 G35-PNs; n2 � 8 non-G-35 PNs).

Discussion
To test the principle of odor selectivity in single PNs, we took
advantage of the possibility of identifying individual glomeruli in

Figure 5. G35-PNs responded preferentially to c3HA. A, Responses of G35-PNs from a female (left traces) and a male (right
traces) to stimulation with c3HA and its homologous esters, c3HP and c3HB, tested at the 10 �3 and 10 �4 dilutions. The structures
of the odor compounds are shown to the left. Note that, in both sexes, c3HA evoked the stronger responses and c3HB evoked a
weak or no response, even when tested at a dilution of 10 �3 (which is 3 orders of magnitude above the c3HA sensitivity threshold
in females). In both sexes (shown only for the female), the 10 �4 dilution of c3HP evoked weak or no responses. The horizontal
bars below the records indicate the activation of the device controlling the stimulus delivery system and the stimulus duration
(200 ms), respectively. Calibration, 10 mV. B, Net number of spikes (relative values, mean � SE) of female G35-PNs (n � 4) and
male G35-PNs (n � 3 PNs; 1 neuron could not be characterized morphologically with certainty) in response to stimulation with
c3HA, c3HP (tested at 10 �4 and 10 �3 in females and males, respectively), and the blank. In both sexes, c3HA evoked the highest
response. C, Detailed dose–response curves of G35-PNs from a female (top panel) and a male (bottom panel), constructed by
plotting the net number of spikes as a function of stimulus concentration (log scale) of different odor compounds. In both sexes,
c3HA evoked a stronger response than the other stimulus compounds; c3HB and c3HP evoked a weak response. In this particular
female PN (top panel), the response (as measured by the net number of spikes) to c3HA levels off at low concentrations. m-sal,
Methyl salicylate; b-alcohol, benzyl alcohol; t2H, trans-2-hexenal. For some odor compounds and/or concentrations, neurons
were stimulated only once; otherwise, data are means � SE. The responses of these PNs to c3HA and c3HP are included in the
population data (B); results in A and C are from different G35-PNs. Error bars indicate SE.
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the AL of Manduca. We found that, in both sexes, PNs innervat-
ing one of these glomeruli, G35, are morphologically equivalent
and preferentially responsive to low concentrations of the plant
volatile c3HA. Although a small number of odor compounds
were tested, our results suggest that the MRR of this glomerulus
in the main olfactory pathway of Manduca is centered on a few
structurally related compounds.

Imaging studies using various activity markers have shown
that odor compounds evoke spatially organized, combinatorial
patterns of neural activity in OBs (Mombaerts et al., 1996;
Friedrich and Korsching, 1998; Johnson et al., 1998; Rubin and
Katz, 1999; Belluscio and Katz, 2001; Xu et al., 2003; Takahashi et
al., 2004) and ALs (Joerges et al., 1997; Carlsson et al., 2002;
Hansson et al., 2003). In most of these cases, however, the cell
types imaged were unknown, although in others (Zhao et al.,
1998; Araneda et al., 2000; Ma and Shepherd, 2000; Gaillard et al.,
2002; Wachowiak and Cohen, 2003) primary-afferent input was
imaged. Imaging studies in fruit flies, Drosophila melanogaster
(Ng et al., 2002; Wang et al., 2003; Suh et al., 2004), and in
honeybees, Apis mellifera (Sachse and Galizia, 2002), however,
have examined the specific contribution of PNs to these activity
patterns, and the present study in Manduca is based on electro-
physiological recordings from PNs.

In many insect species, it is well established that certain PNs
are narrowly tuned to sex-pheromone components (Hansson et
al., 1991; Vickers et al., 1998; Kanzaki et al., 2003), but PNs of
glomeruli not involved in processing of pheromonal information
are generally considered to be “broadly tuned” (Perez-Orive et
al., 2002; Davis, 2004; Wilson et al., 2004). In Manduca, however,
we obtained evidence from an identified glomerulus (the LPOG)
supporting the hypothesis that PNs processing information
about food-related volatiles (CO2 in the case of the LPOG-PNs)
(Guerenstein et al., 2004a,b) can also have high specificity (Gue-

renstein et al., 2004b) (in both sexes, the LPOG receives primary-
afferent input from a sensory organ containing only CO2-
responsive ORCs). The present study provides another example
supporting this hypothesis, because we found that G35-PNs are
preferentially responsive to an odor compound emitted by
plants, including host plants of Manduca (Raguso et al., 2003).
Furthermore, their morphological and odor-response features
were remarkably conserved across individuals and sexes (Figs.
2–5).

Two studies, one using the moth Spodoptera littoralis (Sadek et
al., 2002) and the other using D. melanogaster (Wilson et al.,
2004), found that PNs in identified glomeruli with no apparent
sexual dimorphism responded to many odor compounds, and it
was therefore concluded that the PNs were broadly tuned. Im-
portantly, however, neither of these studies measured the dose–
response characteristics of the neurons. Recently, Masante-Roca
et al. (2005), based on findings in two animals, reported that PNs
thought to arborize in the same glomerulus responded to differ-
ent odor stimuli. Here, we found that G35-PNs could respond to
other stimuli in addition to c3HA at high concentrations, but
their specificity was higher at lower stimulus concentrations
(Figs. 5, 6). In comparison with latLFG-PNs, however, some
G35-PNs had low signal-to-noise ratios (compare Figs. 6, 8E).
Other authors found high specificity in pheromone-processing
AL neurons (Anton et al., 1997; Hartlieb et al., 1997; de Bruyne et
al., 2001) or ORCs responsive to plant volatiles (Hansson et al.,
1999; Røstelien et al., 2000; Angioy et al., 2003) only at low,
natural stimulus intensities. These findings, together with ours,
illustrate the importance of testing odor stimuli over a range of
concentrations to characterize the MRRs of olfactory neurons.

We also tested (in females) whether glomeruli situated near
G35 were responsive to c3HA. As a group, PNs arborizing in
several neighboring glomeruli did not respond (or responded

Figure 6. Odor preferences of female G35-PNs. Two G35-PNs were tested with several odor compounds (listed at the left) at a single concentration (1 PN tested with 10 �3, gray bars; 1 PN tested
with 10 �4, white bars) and the mineral-oil blank (gray and white bars for the PNs tested with 10 �3 and 10 �4, respectively). Circled numbers refer to the odor compounds shown in Figure 1. A, Net
number of spikes. B, Peak ISF. C, Duration of the excitatory response. D, Inverse of the delay to the onset of the excitatory response. For each PN and response parameter, responses were normalized
to the maximum. At both concentrations, and for all of the parameters quantified, c3HA evoked the strongest responses (arrows). Note that some parameters of the response (e.g., number of spikes
and duration, A and C, respectively) are better descriptors of the odor tuning, particularly at the lowest concentration; the inverse of the delay (D), although it was the largest for c3HA, was not much
different from that observed by stimulation with other compounds. At the highest concentration, but not at the lowest, other odor compounds could evoke moderate spiking activity (A, asterisks).
At the highest concentration benzyl alcohol (b-alcohol; B, arrowhead) evoked a slightly higher peak ISF than c3HA. The morphology of the PN tested with the highest concentration (gray bars) is
illustrated in Figure 2, A and C. Some of the odor compounds were tested in only one of the two PNs. c3H1ol, cis-3-Hexen-1-ol; t2H, trans-2-hexenal; b-alcohol, benzyl alcohol; m-sal, methyl
salicylate; c3HBZ, cis-3-hexenyl benzoate; PAA, phenyl acetaldehyde.
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weakly) to c3HA tested at moderate-to-high concentrations (Fig.
8). These results provide evidence that the glomerular represen-
tation of c3HA is focused on G35 and not broadly distributed, but
do not preclude the possibility of c3HA responses in other re-
gions of the AL (Hansson et al., 2003).

The odor-tuning properties of individual PNs also have been
studied in the vertebrate OB. Although maps of identified OB
glomeruli are not available, it has been shown that PNs presum-
ably associated with the same glomerulus or in the same OB
region are narrowly tuned (Buonviso and Chaput, 1990; Mori et
al., 1992; Mori and Yoshihara, 1995; Nikonov and Caprio, 2004;
Lin et al., 2005). Thus, our results in Manduca agree with those in
vertebrates and are consistent with the hypothesis that glomeruli
have relatively narrow MRRs when tested across a range of stim-
ulus concentrations.

In several insect species including Manduca, it has been shown
that the odor-evoked activity patterns revealed by calcium imag-
ing in the main AL are similar for males and females (Carlsson et
al., 2002; Hansson et al., 2003). Although informative, these re-
sults are difficult to interpret because the types of neurons imaged
typically are not known with certainty. In the present study, we
found that, in both sexes, G35-PNs have their somata in a small
anterior group of AL neurons (Homberg et al., 1988), their uni-
glomerular arborizations in 5– 6 of the 60 sexually isomorphic
glomeruli (Selchow, 1998), and project to the same higher centers
in the protocerebrum that are targets of other AL PNs (Fig.
2D,K). Furthermore, in both sexes, G35-PNs are sensitive and
preferentially responsive to c3HA (Figs. 3– 6). We found no dif-
ference between males and females in the breadth of tuning of
G35-PNs, at least for the small panel of odor compounds tested
(Fig. 5), but the c3HA sensitivity threshold was lower in females
(Fig. 4). In Manduca, the male antenna is less sensitive than the

female antenna to plant volatiles, including c3HA (Fraser et al.,
2003), and has fewer ORCs that respond to plant volatiles
(Shields and Hildebrand, 1999). Thus, the differences in the sen-
sitivity threshold might be attributable to differences in the num-
ber, but not in the type, of ORCs converging on the glomerulus.

Figure 7. Quantitative analysis of the early hyperpolarizations evoked by c3HA and (�)lina-
lool in female G35-PNs. These odor stimuli were tested at dilutions of 10 �3 (v/v). Data (relative
values) represent means � SE (n � 4) of the slope of the stimulus-evoked hyperpolarization
(white bars; ratio between the amplitude of the stimulus-evoked hyperpolarization and the
time elapsed between its beginning and its minimum), the amplitude of the hyperpolarization
(light gray bars), the total duration of the stimulus-evoked hyperpolarization (dark gray bars;
time elapsed between the beginning of the hyperpolarization and the return to the resting
potential), and the delay (hatched bars; time between the onset of the stimulus and the begin-
ning of the stimulus-evoked hyperpolarization). The slope of the stimulus-evoked hyperpolar-
ization was greater, and its duration and delay to the onset were shorter, for stimulation with
c3HA. Three neurons were shown to be G35-PNs; the other neuron is most likely a G35-PN but
could not be characterized morphologically with certainty. Error bars indicate SE.

Figure 8. Morphological features and responses to c3HA of PNs arborizing in glomeruli
neighboring G35 in females. A, High-magnification confocal image of a latLFG-PN. The dotted
line indicates the outline of the adjacent glomerulus G35. Scale bar, 40 �m. B–D, Examples of
PNs arborizing in glomeruli neighboring G35 other than the LFGs. In these examples, the cell
bodies of the PNs were in the lateral group of AL neuronal cell bodies (B, D) or in the medial
group (C). The positions of the latLFG and G35 are indicated for reference. Eight such PNs in
females were characterized in this study. Note that the morphology of these PNs (including
others not shown) was very different from that of G35-PNs (compare with Fig. 2 A–C). Scale
bars, 100 �m. E, Responses of latLFG-PNs (net number of spikes; means � SE; n � 7 PNs) to
stimulation (duration, 200 ms) with (�)linalool 10 �3 (hatched bars), the odor compound that
better excites latLFG-PNs (Reisenman et al., 2004), c3HA 10 �2 (light gray bar), and the mineral
oil blank (white bar). Different lowercase letters indicate significant differences (Friedman
ANOVA; �2 � 11.1; n � 7; df � 2; p � 0.005; all post hoc tests are significant at the 0.05 level).
Responses to (�)linalool, but not to c3HA, were statistically different from the responses to the
blank. LatLFG-PNs also responded to (�)linalool (King et al., 2000) but less strongly than to
(�)linalool (Reisenman, unpublished observations). F, Responses (net number of spikes;
mean � SE) of PNs arborizing in glomeruli neighboring G35 other than the LFGs (light gray bar;
n � 8) to stimulation with c3HA (5 and 3 PNs stimulated at 10 �3 and 10 �2 dilutions, respec-
tively). The response of G35-PNs from females to stimulation with c3HA 10 �3 is shown for
comparison (dark gray bar; n � 6). In both cases, the responses to the blank were subtracted.
The asterisk indicates significant differences between the responses of G35-PNs and non-G35-
PNs to stimulation with c3HA (Mann–Whitney U test; Z � 2.84; p � 0.005).
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Differences in sensitivity between sexes were also described in
imaging studies of afferent input in other moth species (Skiri et
al., 2004). To our knowledge, the present study is the first to
demonstrate rigorously, at the level of single neurons, that at least
some PNs in the main olfactory pathway are morphologically and
physiologically equivalent in both sexes. This suggests that at least
some host-related odor compounds are processed similarly in
both males and females.

The biological significance of c3HA for Manduca has not been
investigated, but this odor compound is emitted by both floral
and vegetative parts of host plants (Raguso et al., 2003). As adults,
both sexes feed on nectar from flowers, and odor blends contain-
ing c3HA might serve as an indicator of this resource. Thus, c3HA
and the G35 glomerulus (along with PNs in other sexually iso-
morphic glomeruli) could play a role in the location of nectar
sources.

Glomeruli are considered to be functional units for olfactory
coding (Buck, 1996; Hildebrand and Shepherd, 1997), and there
is evidence that contiguous glomeruli interact (Kashiwadani et
al., 1999; Lei et al., 2002; Nagayama et al., 2004). Inhibitory in-
teractions are important in dynamically shaping the activity of
output neurons in the OB (Friedrich and Laurent, 2004; Na-
gayama et al., 2004) and the AL (Vickers et al., 1998; Lei et al.,
2002; Sachse and Galizia, 2002) and are thought to promote con-
trast enhancement of odor representations in the OB (Aungst et
al., 2003; Nagayama et al., 2004). In G35-PNs, as in MGC-PNs
and LPOG-PNs, odor stimulation evokes responses consisting of
both excitatory and inhibitory epochs (Fig. 3). The response of
female G35-PNs to (�)linalool, which strongly activates PNs in
some nearby glomeruli (Hansson et al., 2003; Reisenman et al.,
2004) including the latLFG (King et al., 2000), was a slow long-
lasting hyperpolarization different from the fast hyperpolariza-
tion evoked by c3HA (Figs. 3, 7). The (�)linalool-evoked hyper-
polarization was not observed in male G35-PNs, presumably
because males have no latLFG. We observed, however, that not all
neighboring glomeruli display inhibitory interactions. We found
that some PNs in glomeruli near G35 were not inhibited by stim-
ulation with c3HA (Fig. 8). This agrees with results from other
authors (Sachse and Galizia, 2002; Linster et al., 2005), who re-
ported that response properties rather than spatial position de-
termine interglomerular interactions.

Our findings support the idea that synaptic interactions be-
tween glomeruli shape their outputs. Both the (�)linalool- and
the c3HA-mediated membrane hyperpolarizations in G35-PNs
appear to be mediated by multiglomerular GABAergic local in-
terneurons (Waldrop et al., 1987; Christensen et al., 1998). Be-
cause these hyperpolarizations differ in their characteristics (Fig.
7), we expect that they are caused by different GABAergic inhib-
itory synaptic mechanisms (Nowycky et al., 1981; Wellis and
Kauer, 1994; Palouzier-Paulignan et al., 2002; Schoppa and Ur-
ban, 2003; Murphy et al., 2005). A better understanding of such
inhibitory mechanisms in Manduca is now required.
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