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ABSTRACT

By means of intracellular recording and staining, we studied the ability of several distinct
classes of projection (output) neurons, which innervate the sexually dimorphic macroglomeru-
lar complex (MGC-PNs) in the antennal lobe of the male moth Manduca sexta, to encode
naturally intermittent sex pheromonal stimuli. In many MGC-PNs, antennal stimulation with a
blend of the two essential pheromone components evoked a characteristic triphasic response
consisting of a brief, hyperpolarizing inhibitory potential (I;) followed by depolarization with firing
of action potentials and then a delayed period of hyperpolarization (1,). MGC-PNs described in
this study resolved pulsed pheromonal stimuli, up to about five pulses/second, with a distinct
burst of action potentials for each pulse of odor. The larger the amplitude of I, the higher the
pulse rate an MGC-PN could follow, illustrating the importance of inhibitory synaptic input in
shaping the temporal firing properties of these glomerular output neurons. In some MGC-PNs,
triphasic responses were evoked by antennal stimulation with only one of the two key pheromone
components. Again, the maximal pulse rate that an MGC-PN could follow with that
pheromone component as sole stimulus was high in MGC-PNs that responded with a strong I;.
These component-specific MGC-PNs innervated only one of the two principal glomeruli of the
MGC, while MGC-PNs that were primarily excited by antennal stimulation with either key
pheromone component had arborizations in both major MGC glomeruli. These observations
therefore suggest that the population of antennal olfactory receptor cells responding to a
single pheromone component is functionally heterogeneous: a subset of these sensory cells
activates the excitatory drive to many uniglomerular MGC-PNs, while others feed onto
inhibitory circuits that hyperpolarize the same PNs. This convergence of opposing inputs is a
circuit property common to uniglomerular MGC-PNs branching in either of the major MGC
glomeruli, and it enhances the ability of these glomerular output neurons to resolve intermittent
olfactory input. Synaptic integration at the uniglomerular PN level thus contributes to the
transmission of behaviorally important temporal information about each key pheromone compo-
nent to higher centers in the brain. J. Comp. Neurol. 409:1-12, 1999.  © 1999 Wiley-Liss, Inc.
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In order to locate a conspecific female releasing sex
pheromone, a male moth must recognize and encode
certain features of the pheromonal signal (Hildebrand,
1995, 1996). These include qualitative (chemical composi-
tion) and quantitative (relative levels of components)
features of the pheromone. Moreover, behavioral studies
have shown that spatial and temporal properties of the
pheromonal stimulus also contribute to orientation and
mate-finding (Christensen et al., 1996). The coding of the
temporal structure of the signal by morphologically charac-
terized, pheromone-sensitive projection neurons (PNSs) in
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the antennal lobes (ALs) of male moths, Manduca sexta, is
the focus of this study.
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Many factors can affect the spatiotemporal character of
an odor stimulus. Owing to the presence of physical
obstacles in the environment, movement of the animal,
wind turbulence, and sometimes the pulsatile release of
the sex pheromone (e.g., in the Arctiid moth Utetheisa
ornatrix; Connor et al., 1980), the pheromonal signal is
virtually never a continuous stream of odor (Murlis et al.,
1992). Instead, it occurs as filaments or blobs of odor of
varying concentration which, on average, diminish in
concentration with increasing distance from the odor
source (Murlis et al., 1992). The intermittency of the signal
(i.e., the time during which it is absent) increases further
downwind from the odor source, whereas closer to the
source, both the spatiotemporal frequency of odor pulses
and the concentration of pheromone within the pulse are
elevated (Murlis et al., 1992). It is likely that these basic
physical principles apply to nonpheromonal odors as well.

In behavioral experiments using female sex pheromones
to attract male moths, continuous plumes have been
shown to be inferior to intermittent pheromonal stimuli in
eliciting odor-modulated upwind movement of male moths
toward the source (Baker et al., 1985, 1988; Kramer, 1986,
1992; Kaissling, 1987; Baker, 1989; Kaissling and Kramer,
1990). The behavioral response to changes of pheromone
concentration occurs within about 100 milliseconds (Kai-
ssling and Kramer, 1990; Mafra-Neto and Cardé, 1994;
Vickers and Baker, 1994), and neural correlates to this
rapid response have been found at the level of antennal
olfactory receptor cells (ORCs; Rumbo and Kaissling,
1989; Almaas et al., 1991; Marion-Poll and Tobin, 1992)
and in the ALs (Christensen and Hildebrand, 1988, 1997;
Christensen et al., 1989a, 1998; Vickers et al., 1998). Some
ORCs and central olfactory interneurons can follow stimu-
lus pulses up to about 12/second (Christensen and Hilde-
brand, 1988, 1997; Christensen et al., 1989a, 1996; Rumbo
and Kaissling, 1989; Almaas et al., 1991), but most of these
neurons follow pulse rates in the range of three to five/
second. Studies in the brain have focused on the functional
characterization of PNs because these neurons, through
their long axons, represent the essential route for informa-
tion flow between the olfactory glomeruli and higher brain
centers (Christensen et al., 1996). These neurons are
convergence stations for synaptic input from pheromone-
responsive sensory cells in the antennae and project to
distinct targets in the protocerebrum such as the mush-
room bodies and the lateral protocerebrum (Homberg et
al., 1989).

The insect macroglomerular complex (MGC), the dedi-
cated site of first-order processing of pheromonal informa-
tion in the male brain, is a useful model for studying the
functional organization of olfactory glomeruli and the
mapping of olfactory information in the brain (Hildebrand,
1995, 1996). In the present study, using intracellular
recording and staining, we focused on the pulse-following
ability of MGC-PNs that were shown to have arborizations
confined to one or both of the two main glomeruli (the
cumulus and toroid) of the MGC. MGC-PNs with arboriza-
tions limited to the toroid respond preferentially to anten-
nal stimulation with the predominant essential phero-
mone component, E,Z-10,12-hexadecadienal (bombykal,
Bal). In contrast, MGC-PNs with arborizations confined to
the cumulus respond preferentially to E,Z-11,13-pentadeca-
dienal (“C15"), a relatively stable mimic of the second key
pheromone component, E,E,Z-10,12,14-hexadecatrienal
(E10,E12,147-16:Al; Kaissling et al., 1989; Hansson et al.,
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1991). C15 is electrophysiologically equivalent to the sec-
ond key pheromone component because C15 stimulates
the same type of olfactory receptor cell in the pheromone-
responsive trichoid sensilla on the antennae and evokes
the same temporal response pattern in these cells (Kais-
sling et al., 1989). The two key pheromone components are
necessary and sufficient to evoke male-specific pheromone-
guided behavior in male M. sexta (Tumlinson et al., 1989).
Thus, MGC-PNs provide information about the phero-
mone blend that is essential for initiating pheromone-
guided behavior.

In a previous study, we examined the ability of MGC-
PNs to encode information about the natural intermit-
tency of pheromonal stimuli (Christensen and Hildebrand,
1997). Some of the MGC-PNs could follow pulsed stimuli
more accurately if a blend of the two key pheromone
components was used as the stimulus. For other MGC-
PNs, addition of the second component had no detectable
effect on the response to the major component presented
alone, showing that single-component information is pre-
served in some glomerular output pathways. The possible
relationship between temporal response properties of these
MGC-PNs and their patterns of arborization in the MGC,
however, has not been investigated.

One aim of the present study was to determine if the
ability to encode stimulus intermittency was a function of
intra- or interglomerular cellular interactions, or both.
Pulse following of MGC-PNs was used as a criterion for cell
responsiveness to pheromone stimulation. We report here
that, for some MGC-PNs with arborizations confined to the
cumulus, the single pheromone component C15 can evoke
a triphasic (inhibitory/excitatory/inhibitory) response simi-
lar to that evoked by the pheromone blend; and, likewise,
for some MGC-PNs with arborizations confined to the
toroid, Bal can evoke a similar 'mixed’ response. The
maximal pulse frequency encoded by these uniglomerular
PNs is not increased in the presence of the pheromone
blend, but seems to arise through the convergence of 2
parallel pathways—one excitatory and one inhibitory—
that target the same glomerulus, and are both activated by
the same olfactory stimulus.

MATERIALS AND METHODS
Experimental preparation

Adult, laboratory-reared M. sexta (Lepidoptera: Sphingi-
dae), 1-3 days post-eclosion, were anesthetized on ice and
dissected as described by Christensen and Hildebrand
(1987). Briefly, the head capsule was opened by removing
the proboscis and palps and cutting frontally along the
compound eyes to the bases of the antennae. The head was
isolated from the thorax, which eliminated mechanical
problems due to movement of the animal but did not affect
neural responses (Christensen and Hildebrand, 1987). The
head was fixed with four insect pins to a Sylgard-coated
platform, and one antenna was immobilized with two
additional pins. The antennal lobe (AL) was mechanically
desheathed to facilitate electrode penetration and continu-
ously superfused with saline solution (150 mM NacCl, 3
mM CaCl,, 3 mM KCI, 25 mM sucrose, 10 mM TES buffer,
pH 6.9; modified from Pichon et al., 1972).

Intracellular recording

Glass-capillary micropipettes were prepared and used
for intracellular recording as described before (Heinbockel
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et al., 1998). Forward and backward movements of micro-
electrodes were controlled by a Burleigh Inchworm (Model
6000/ULN; Burleigh Instruments Inc., Fishers, NY) at-
tached to a Leitz micromanipulator. Because the site of the
electrode impalement in a neuron can affect the amplitude
of postsynaptic potentials, impalements targeted the same
area of neuropil in all preparations. Intracellularly re-
corded signals were amplified with an Axoclamp-2A ampli-
fier (Axon Instruments, Foster City, CA) and stored on FM
tape. Records were then transferred to a computer hard
disk and analyzed by means of Experimenter’s Workbench
(Data Wave Technologies, Longmont, CO) or Autospike
(Syntech, Hilversum, The Netherlands) software and fi-
nally stored on removable data cartridges. The data were
analyzed for differences using one-way analysis of vari-
ance (Kruskal-Wallis One-Way Analysis of Variance on
Ranks, ANOVA) and a multiple comparison procedure to
isolate groups from each other (All Pairwise Multiple
Comparison Procedures, P < 0.05).

Intracellular staining

Neurons were stained intracellularly, through intracellu-
lar recording electrodes, with Neurobiotin (Vector Labora-
tories, Burlingame, CA; 3-5% in 2 M KCI with 0.05 M Tris
buffer, pH 7.4), biocytin (Sigma, St. Louis, MO; 3-5% in 2
M KCI with 0.05 M Tris buffer, pH 7.4), or Lucifer Yellow
CH (Aldrich Chemical Co., Milwaukee, WI; 4% in distilled
water). The electrode shaft was filled with 2.5 M potassium
acetate solution in the case of biocytin and Neurobiotin
electrodes or with 2 M LiCl solution for Lucifer Yellow
electrodes. Injection of these markers was achieved by
means of: 1-nA hyperpolarizing current for 10 minutes for
Lucifer Yellow as described previously (Christensen and
Hildebrand, 1987); alternating hyperpolarizing and depo-
larizing 1-minute, 1-nA current pulses for a total of 10
minutes for biocytin; or 1-nA depolarizing current for 10
minutes for Neurobiotin. Brains containing neurons stained
with Neurobiotin or biocytin were dissected, fixed over-
night, and incubated with Cy3-conjugated streptavidin
(Jackson Immuno Research Laboratories, West Grove,
PA), diluted 1:100 with 0.2 M phosphate buffer containing
0.3% Triton X-100) for 3 days on a shaker at 4°C. After
incubation with Cy3-streptavidin, the brains were dehy-
drated through a graded ethanol series, cleared in methyl
salicylate, and examined by either fluorescence or laser-
scanning confocal microscopy (see below). Two PNs were
labeled in the same AL by staining one with biocytin and
one with Lucifer Yellow. Pseudocolors were applied to both
MGC-PNs using computer software (Confocal Assistant,
Adobe Photoshop, Adobe Systems Inc., Mountain View,
CA).

Confocal microscopy

Intracellularly stained neurons were viewed with a
laser-scanning confocal microscope (BioRad MRC-600, Bio-
Rad, Cambridge, MA, with a Nikon Optiphot-2 microscope
and a 100-mW Argon or 15-mW Krypton/Argon laser and
appropriate dichromatic filter cubes; Mesce et al., 1993;
Sunetal., 1993). Serial, 2-um optical sections were imaged
through the depth of whole mounts and saved as a series of
images on a rewritable optical disk.

Olfactory stimulation

Techniques for preparation and delivery of odor stimuli
were essentially as described previously (Christensen and
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Hildebrand, 1987) and are described here only briefly. In
each preparation, the antenna ipsilateral to the impaled
AL was stimulated using glass odor cartridges, each
containing a piece of filter paper bearing 10 ng of a single
compound, applied in n-hexane solution, or 10 ng each of
compounds blended in mixtures. Odor stimuli were deliv-
ered by diverting charcoal-filtered, humidified air (1,000
ml/minute) through the odor cartridge directed at the
basal region of the antenna. The odor stimuli used in these
experiments were: 1) E,Z-10,12-hexadecadienal (bom-
bykal, Bal), the predominant essential component of the
female’s sex pheromone (Starratt et al., 1979; Tumlinson
et al., 1989; Kaissling et al., 1989; Christensen et al.,
1989b); 2) E,Z-11,13-pentadecadienal (“C15"), a mimic of
the second key component of the female’s sex pheromone
(E,E,Z-10,12,14-hexadecatrienal) that is chemically more
stable than the trienal (Kaissling et al., 1989); 3) a mixture
of Bal and C15 (“Bal+C15"); and 4) the complete, natural
sex pheromone, a 60-second n-hexane wash of one female
pheromone gland (1 FE) (Christensen and Hildebrand,
1987). When we obtained a stable recording, the neuron
was challenged by antennal stimulation with Bal+C15 in
a series of 50-millisecond pulses at five/second. The aim
was to determine the maximal pulse rate an MGC-PN
could follow and how this relates to the presence of one or
both key pheromone components, to the amount of inhibi-
tory and excitatory input, and to the dendritic arboriza-
tions of a neuron in the MGC. To characterize the pulse-
following ability of MGC-PNs, the stimulus frequency was
lowered until the MGC-PN could resolve each odor pulse
with a distinct burst of at least five action potentials
clearly separated by a period of 50 milliseconds from the
burst of action potentials in response to the next odor
pulse. This was done for the pheromone blend first and
repeated subsequently for the individual components, Bal
and C15. The IPSP (inhibitory postsynaptic potential) and
EPSP (excitatory postsynaptic potential) amplitudes were
determined from the first response of a cell to stimulation
at a particular frequency. The time interval between
stimulations was at least 1 minute to prevent sensory
adaptation.

RESULTS

General physiological characteristics
of MGC projection neurons

As described previously, stimulation of the antenna with
the odor blend, Bal+C15, elicits a response that in many
MGC-PNs comprises three distinct response phases (Chris-
tensen et al., 1998). Figure 1A shows an example (one of 96
such neurons from a total of 117 neurons mentioned in this
study) of this triphasic postsynaptic response, consisting of
an initial, rapid inhibitory phase (l,), an excitatory phase
with spiking (E), and an interval without spiking but often
with hyperpolarization (referred to as delayed hyperpolar-
ization, 1;). The MGC-PN in Figure 1A responded to
stimulation of the antenna with C15 with inhibition
lasting longer than the stimulating odor pulse. In contrast,
the response to stimulation with Bal alone comprised
three phases similar to those observed with Bal+C15.
Thus, one blend component alone evoked a triphasic
response in this neuron (see also Figs. 2A, 5A,B).

The magnitude of 1, varied among different MGC-PNs
from O to approximately 14 mV. Injection of depolarizing
current into another MGC-PN (Fig. 1B) increased the size
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Fig. 1. A: MGC-PN (macroglomerular complex) (a Bal [bombykal]
specialist) responding to antennal stimulation with the two-compo-
nent blend or with Bal alone with an initial IPSP (inhibitory postsyn-
aptic potential) (I,), followed by an EPSP (excitatory postsynaptic
potential) (E) with spiking and an interval of after-hyperpolarization
and absence of spikes (lI,). C15 (E,Z-11,13-pentadecadienal) evoked
only an IPSP, with a time course that reflected the duration of the
stimulus, and did not affect the response to Bal when the blend was
used as the stimulus. B: Responses to the blend are altered by injected
current. In another MGC-PN, the amplitude of I, increased and that of
E decreased upon injection of depolarizing current. The polarity of I
was reversed upon injection of hyperpolarizing current (indicated by
arrow). All responses (Fig. 1A,B) were preceded by a calibration pulse
(5 mV). The time course of the odor stimulus is indicated by the bar
beneath the records.

of 11, while injection of hyperpolarizing current reversed I;.
This is one of 23 neurons in which such current-injection
was performed, with similar results. Previous experiments
indicated that I, can be blocked reversibly by picrotoxin or
bicuculline and reversed by low-chloride saline, and that
the excitatory response phase and I, persist under these
conditions (Waldrop et al., 1987; Christensen et al., 1998).
Many AL neurons are hyperpolarized by GABA, and
muscimol (a GABA mimic) inhibits activity in many AL
neurons (Waldrop et al., 1987; Christensen et al., 1998).
Current-injection protocols (see also Christensen et al.,
1993) and pharmacological experiments suggest that I, is
mediated by chemical synaptic transmission. Thus, the
amplitude of 1, is at least in part a function of the
membrane potential of the cell. In addition, the amount of
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inhibitory input that a given cell receives is likely to
influence the amplitude of I,. Injection of depolarizing
current into the neuron of Figure 1B reduced the size of E
and increased the frequency of spontaneous spiking,
whereas injection of hyperpolarizing current greatly in-
creased the size of E and substantially reduced the number
of action potentials. Taken together, these findings indi-
cate that I, and E are inhibitory and excitatory postsynap-
tic potentials (PSPs), respectively, and that in most cases,
the recording site was electrically close to the sites of
synaptic input mediating these PSPs.

Morphological types of MGC
projection neurons

The MGC-PNs reported in this study fell into three
anatomical classes: neurons with arborizations in the
cumulus (n = 44, with a total of 117 neurons mentioned in
this study), the toroid (n = 57), or both glomeruli (n = 12),
as reported previously (Hansson et al., 1991). MGC-PNs
belonging to other anatomical classes have been encoun-
tered as well but at a lower frequency. The functional role
of those MGC-PNs is not known. For instance, MGC-PNs
were observed with arborizations restricted to the recently
discovered third glomerulus of the MGC (n = 4), which has
been given the anatomical name “horseshoe” or toroid Il
(Heinbockel et al., 1994, 1995, 1996; Homberg et al., 1995).

MGC-PNs with arborizations confined to either the
cumulus or the toroid. Figures 2 and 3 show the re-
sponses and branching patterns of a pair of MGC-PNs in
one AL. One MGC-PN (Fig. 2A,dxB) gave a triphasic
response to antennal stimulation with Bal+C15. Stimula-
tion with either Bal or the complete pheromone blend
(wash of one pheromone gland that contains key compo-
nents as well as other components of the pheromone blend)
evoked a response from this neuron that was similar to its
response to Bal+C15 (with respect to the presence and
amplitude of I; and E and the numbers of action potentials
associated with the E phase of the response), but neither
clean air (a gentle mechanical stimulus) nor C15 alone
evoked a response.

Since natural odor stimuli are intermittent sensory
signals, pulse following of MGC-PNs was used as a crite-
rion for cell responsiveness to pheromone stimulation. In
order to characterize the pulse-following ability of an
MGC-PN we determined the cut-off frequency, i.e., the
highest frequency that a cell was able to follow. This was
done by using a range of stimulation frequencies which
were adjusted until the MGC-PN followed each of five
pheromone pulses at a given pulse rate with a distinct
burst of action potentials (=five spikes) clearly separated
from the next burst (=50 milliseconds). At first the an-
tenna was stimulated with five pulses/second. The “Bal
specialist” neuron in Figure 2 could not resolve the indi-
vidual odor pulses delivered at five pulses/second; instead
of firing a clearly separated burst of action potentials in
response to each odor pulse, the neuron fired irregularly
but continuously for approximately 1 second. Stimulation
of the antenna with four pulses/second (Fig. 2B) evoked a
strong response to the first pulse and distinct bursts to the
fourth and fifth pulses. When the stimulation frequency
was reduced to three pulses/second, this neuron responded
to each odor pulse with a distinct burst of action potentials,
although these bursts did not accurately reflect the dura-
tion of the stimuli. Detectable hyperpolarization preceded
the burst only in response to the first odor pulse. With each
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successive odor pulse, the number of action potentials, size
of the EPSP, and degree of spike adaptation decreased.
The second MGC-PN studied in the same AL exhibited a
pattern of responses that contrasted with that of the first
one (compare Fig. 2C with 2A,B). Although Bal+C15 again
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Fig. 2. Responses of two specialist MGC-PNs (macroglomerular
complex) to pulsed antennal stimulation with Bal (bombykal) and C15
(E,Z-11,13-pentadecadienal). A: Antennal stimulation with the two-
component blend, Bal, and a solvent wash of the female’s sex-pheromone
gland elicited a strong IPSP (inhibitory postsynaptic potential) (1) followed
by a burst of action potentials in one MGC-PN (green neuron in Fig. 3),
whereas there was no response to stimulation with C15. The neuron did
not resolve the five 50-millisecond odor pulses delivered at five/second.
B: The same neuron could follow pulsed antennal stimulation with Bal or
the two-component blend up to three pulses/second. C: Another specialist
MGC-PN (red neuron in Fig. 3) gave a primarily excitatory response to
antennal stimulation with the two-component blend or with C15.
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evoked a triphasic response, with an IPSP, a burst of action
potentials, and delayed hyperpolarization, stimulation
with Bal appeared to hyperpolarize the neuron slightly
and to inhibit background spiking. The response to C15
was similar to the response to Bal+C15, but C15 did not
depolarize the neuron as much as the two-component
blend. This might be explained by rundown of the prepara-
tion or long-lasting adaptation of the neuron. Mechanical
stimulation (clean-air blank) evoked no response in this
second MGC-PN (“C15 specialist”).

The Bal specialist PN in this AL (green neuron in Fig. 3)
started to branch only as it entered the toroid, where its
arborizations were found mainly in the medial and lateral
regions. By contrast, the C15 specialist PN (red neuron in
Fig. 3) started to branch outside the MGC, gave off several
side branches as it passed through the holes of the
horseshoe and toroid, but had dendritic arborizations only
in the cumulus. The cell bodies of these MGC-PNs were
situated close to each other in the medial group of AL
neuronal somata. Thus, these two functionally different
MGC-PNs also had distinctly different structures, each
innervating only one of the two major glomeruli of the
MGC.

Figure 4 shows the branching patterns in the AL of two
additional C15 specialist PNs that had arborizations in the
cumulus. One cell (green neuron) extended several
branches in the lateral half of the cumulus and one major
branch in the medial half, whereas the other MGC-PN (red
neuron) had branches in the lateral region of the cumulus
and even more branches in its medial half. No overlap of
branches of these two neurons was apparent by looking
through the entire set of serial 2-um optical sections,
indicating that these neurons occupied different regions of
the cumulus. Nevertheless, the physiological responses of
these MGC-PNs (Fig. 5) were remarkably similar. Both
neurons gave mixed inhibitory/excitatory responses to
antennal stimulation with Bal+C15 or C15 alone but did
not respond to the clean-air blank. The response to Bal
appeared to be weak inhibition. During some of the tests
with Bal, the red MGC-PN exhibited weak hyperpolariza-
tion (Fig. 5B). Neither of the two MGC-PNs could resolve
five odor pulses/second, but each neuron responded with
one strong burst to the first odor pulse. The response to the
subsequent odor pulses consisted of one or a few additional
spikes or, in some cases, depolarization that did not reach
spike threshold (asterisks).

MGC projection neurons with arborizations in both
cumulus and toroid. Although most MGC-PNs (>80%)
gave brief responses to pheromonal stimulation of the
antenna, in some cases the response outlasted the stimula-
tion by several hundred milliseconds. The difference in
response duration was particularly obvious in MGC-PNs
that responded with long-lasting excitation to one compo-
nent and brief excitation to the other component (“phero-
mone generalists”) (Fig. 6). The MGC-PN in Figure 6
responded to antennal stimulation with Bal+C15 with
early hyperpolarization followed by depolarization but
failed to respond clearly to each successive pulse of the
blend. Likewise this neuron could not follow pulses of C15
delivered to the antenna, but instead gave a burst of spikes
only to the first pulse and a few additional spikes to
subsequent pulses. This response resembled those of C15
specialist PNs described above (Figs. 2C, 5A,B). Upon
antennal stimulation with Bal, this neuron gave a mixed



<
°
c
5
™
[%]
[0
jt
3
2
[




TEMPORAL TUNING OF ODOR RESPONSES

response with a long-lasting, irregular burst of spikes that
continued far beyond the end of the stimulation period.
Thus, the responses to the two components were quantita-
tively as well as qualitatively different. This became even
more evident when the stimulus frequency was reduced to
three or four pulses/second. In response to antennal stimu-
lation with C15, at all frequencies tested, this MGC-PN
fired a burst of spikes after the first pulse. At three and
four pulses/second, an initial hyperpolarization preceded
the burst. Subsequent bursts were weak and separated
from each other by inhibitory phases. When Bal and C15
were combined, the response at three and four pulses/
second was a sequence of strong bursts that were clearly
separated from each other and phase-locked to the stimu-
lus. In contrast, the neuron could not distinctly resolve
each odor pulse when the antenna was stimulated with
Bal alone at three or four pulses/second.

Because several neurons were studied in this prepara-
tion and stained intracellularly (not shown), we could not
discern the branching pattern of each individual neuron.
MGC-PNs that are excited by both Bal and C15 (phero-
mone generalists), however, have been described earlier
and have arborizations in both the cumulus and the toroid
(Hansson et al., 1991; Heinbockel et al., 1998).

Pulse following during stimulation with
the pheromone blend

From the preceding description of the physiological
responses of MGC-PNs, it is clear that not all neurons
could resolve several odor pulses per second. Previous
observations (Christensen and Hildebrand, 1988, 1997)
suggested that the amplitude of the early inhibitory poten-
tial (1;) is important for the ability of some MGC-PNs to
follow higher stimulus frequencies and to copy stimulus
durations. In accordance with these data, the IPSP ampli-
tudes of all MGC-PNs that followed a certain pulse rate
were plotted in Figure 7A. MGC-PNs that followed a
higher pulse rate (five pulses/second) responded with a
stronger initial inhibition than neurons that showed weak
pulse following (<1 pulse/second) (regression analysis for
plotting pulse following over IPSP amplitude: n = 101; F =
135.73; r2 = 0.58; P = 2.88E-20; y = 0.97 + 0.56x.) Such a
relationship was not found for pulse following and EPSP
amplitude (Fig. 7B) (regression analysis for plotting pulse
following over EPSP amplitude: n = 101; F = 2.52; r2 =
0.02; P = 0.12; y = 1.97 + 0.04x). Some MGC-PNs that
responded with EPSPs of more than 20 mV could not

Fig. 3. Laser-scanning confocal micrograph showing the two spe-
cialist MGC-PNs (macroglomerular complex) of Figure 2. One neuron,
stained with Lucifer Yellow (colored red here), had arborizations
confined to the cumulus (C), and the other neuron, stained with
biocytin (colored green here) had arborizations confined to the toroid
(T). Areas of apparent overlap between the two neurons are shown in
yellow and are possible sites of synaptic contact. H, horseshoe; do,
dorsal; la, lateral. Scale bar = 100 um.

Fig. 4. Morphological diversity in cumulus neurons. Laser-
scanning confocal images of two C15 (E,Z-11,13-pentadecadienal)
-specialist MGC-PNs (macroglomerular complex) with arborizations
confined to the cumulus. While the branches of the two neurons
apparently overlapped in certain parts of the cumulus (indicated in
yellow), other parts were innervated by just one of the two neurons.
The physiological responses of the neurons are shown in Figure 5. The
green neuron was stained with Lucifer Yellow and the red neuron with
biocytin. C, cumulus; H, horseshoe; T, toroid; do, dorsal; la, lateral.
Scale bar = 100 pm.
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Fig. 5. Physiological responses of the 2 C15 (E,Z-11,13-pentadeca-
dienal) -specialist MGC-PNs (macroglomerular complex) shown in
Figure 4 (A: green neuron; B: red neuron). In spite of their morphologi-
cal differences, these two neurons gave similar responses to odor
stimuli. Both MGC-PNs gave a mixed response to the two-component
blend and to C15. In both neurons, although Bal (bombykal) appeared
to be slightly inhibitory by itself, when presented in the binary
mixtures, it did not greatly influence the neurons’ responses to C15.
The first of the five vertical lines indicates the onset of the response to
the Bal+C15 blend; the other four vertical lines are drawn at
200-millisecond intervals after the first line. The horizontal lines in
the last three records of B indicate the lowest membrane potential
observed prior to stimulation. Asterisks indicate depolarizations with-
out action potentials in response to pheromonal stimuli.

resolve pulses of higher frequencies than those neurons
that responded with very small EPSPs.

Pulse-following during stimulation with
individual components

As shown above, antennal stimulation with Bal or C15
alone elicits in some MGC-PNs a triphasic response com-
prising an early IPSP (l,), followed by depolarization and
delayed hyperpolarization (Figs. 2, 5). In Figure 8, the I;
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Fig. 6. Responses of a generalist MGC-PN (macroglomerular com-

plex), which had arborizations in both the cumulus and toroid (not
shown), to pulsed stimulation with Bal (bombykal) and C15 (E,Z-11,13-
pentadecadienal) at different frequencies (A: Five/second; B: four/
second; C: three/second). Antennal stimulation with Bal, C15, or the
two-component blend elicited a primarily excitatory response in this
type of MGC-PN. The responses to the binary blend (Bal+C15) were
intermediate in terms of length and strength of after-hyperpolariza-
tion compared to the responses evoked by stimulation with either C15
or Bal alone. This neuron resolved higher pulse frequencies when
stimulated with the binary blend.

evoked by antennal stimulation with one pheromone com-
ponent was plotted for MGC-PNs with different maximal
pulse rate followed. For C15 specialist PNs that showed a
triphasic response to stimulation with C15 and followed a
high maximal pulse rate, the 1; was higher than in C15
specialist PNs that only followed lower pulse rates (Fig.
8A) (regression analysis for plotting pulse following over
IPSP amplitude: n = 15; F = 30.24; r2 = 0.70; P = 0.0001;

T. HEINBOCKEL ET AL.

\
>

-
N

(e

IS

IPSP evoked by pher. blend (mV)
EPSP evoked by pher. blend (mV)

o

<1 1 2 3 4 5§ <1 1 2 3 4 5

Max. pulse rate followed
(pulses/s)

Max. pulse rate followed
(pulses/s)

Fig. 7. A: Relationship between maximal pulse rate followed by
MGC-PNs (macroglomerular complex) and the amplitude of the initial
IPSP (inhibitory postsynaptic potential) (I;) elicited by antennal
stimulation with the two-component pheromone blend (mean IPSP
amplitude = SEM; numbers above columns indicate the number of
neurons in a given group; columns with different letters are signifi-
cantly different from each other; ANOVA (Kruskal-Wallis One-Way
Analysis of Variance on Ranks) and All Pairwise Multiple Comparison
Procedures, significance level P < 0.05). MGC-PNs resolving higher
pulse rates showed a stronger IPSP than neurons with weak pulse
following abilities. B: Relationship between maximal pulse rate
followed by MGC-PNs and the amplitude of the EPSP (excitatory
postsynaptic potential) elicited by antennal stimulation with the
two-component pheromone blend. MGC-PNs that followed different
maximal pulse rate had similar EPSP amplitudes.
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Fig. 8. A: Pulse following and IPSP (inhibitory postsynaptic poten-
tial) amplitude of MGC-PNs (macroglomerular complex) that gave a
primarily excitatory response to antennal stimulation with C15
(E,Z-11,13-pentadecadienal) (mean IPSP amplitude = SEM; numbers
above columns indicate the number of neurons in a given group;
columns with different letters are significantly different from each
other; ANOVA (Kruskal-Wallis One-Way Analysis of Variance on
Ranks) and All Pairwise Multiple Comparison Procedures for groups
with n = 2, significance level P < 0.05). MGC-PNs resolving higher
pulse rates showed a stronger IPSP in response to antennal stimula-
tion with C15 than neurons with weak pulse following abilities.
B: Likewise, MGC-PNs that showed a primarily excitatory response to
stimulation with Bal (bombykal) and followed high pulse rates, had a
strong IPSP in response to Bal.

y = 0.81 + 0.35x). Likewise, for Bal specialist PNs that
responded with a mixed response to Bal, the amplitude of
the IPSP evoked by Bal was higher in neurons that
followed higher pulse rates (Fig. 8B) (regression analysis
for plotting pulse following over IPSP amplitude: n = 21;
F = 16.07; r> = 0.46; P = 0.0008; y = 1.59 + 0.41x).

The responses of three MGC-PNs to pheromonal stimu-
lation are shown in terms of three key response param-
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Fig. 9. Response parameters IPSP (inhibitory postsynaptic poten-
tial) (mV), EPSP (excitatory postsynaptic potential) (mV), and maxi-
mal pulse rate followed (PR in pulses per second) for a C15 (E,Z-11,13-
pentadecadienal) specialist MGC-PNs (macroglomerular complex), a
Bal (bombykal) specialist PN, and a pheromone generalist PN. These
neurons were tested with C15, Bal, and the two-component blend and
were from different animals. The C15 specialist PN was inhibited/
excited by C15 and responded with inhibition to stimulation with Bal.
The responses to antennal stimulation with the blend and with C15
were indistinguishable from each other (see also Figure 5). The
ordinate gives the values for EPSP and IPSP in mV and for pulse rate
in pulses/second, respectively. The Bal specialist PN was inhibited/
excited by Bal and responded with an inhibition to stimulation with
C15. The responses to antennal stimulation with Bal+C15 and with
Bal were indistinguishable from each other (see also Figures 1A,
2A,B). The pheromone generalist neuron responded with inhibition/
excitation to stimulation with C15, Bal, or Bal+C15, even though the
responses were different from each other.

eters in Figure 9. These MGC-PNs were tested with all
three stimuli: Bal, C15, and Bal+C15. The columns indi-
cate the amplitudes of the EPSP (E) and the IPSP (l,), as
well as the maximal pulse rate followed by an MGC-PN

9

(PR in pulses/second) for stimulation with Bal+C15 as
well as both individual components. In both “specialist”
MGC-PNs, the C15 specialist cell and the Bal specialist
cell, the response parameters (EPSP, IPSP, and maximal
pulse rate followed) were identical for antennal stimula-
tion with Bal+C15, and for stimulation with Bal or C15,
respectively. This was the case even though the other
component clearly inhibited the MGC-PN.

Based on intracellular recording and staining, the num-
ber of MGC-PNs with arborizations in both cumulus and
toroid and which are excited by both Bal and C15 (phero-
mone generalist PNs) apparently is relatively small (Han-
sson et al., 1991; this study), perhaps fewer than 20% of all
MGC-PNs. The relationship between the amplitudes of the
IPSP and the EPSP and the maximal pulse rate followed
appeared to be similar to the relationships described for
Bal cells and C15 cells, i.e., the larger the I, phase evoked
by one component or the blend, the greater the pulse rate
the MGC-PN could follow (Fig. 9). The response to anten-
nal stimulation with Bal+C15, however, did not necessar-
ily reflect the response to either component. In some cases
presenting both components together elicited a response
that was temporally more accurate than the response to
either component alone, as described above (Fig. 6).

DISCUSSION

In M. sexta, the MGC-PNs that encode pheromonal
information are physiologically and morphologically di-
verse. Some MGC-PNs respond specifically to antennal
stimulation with only one of the two key pheromone
components (specialist MGC-PNs; Hansson et al., 1991).
In other neurons (“blend MGC-PNs"), antennal stimula-
tion with the pheromone blend evokes a characteristic,
multiphasic response consisting of early inhibition, excita-
tion, and delayed hyperpolarization (Christensen and
Hildebrand, 1987, 1988, 1997; Christensen et al., 1998).
The findings from this study show that there are also
specialist MGC-PNs associated with a single MGC glomeru-
lus for which stimulation with one of the two key phero-
mone components is sufficient to elicit such a multiphasic
response. This had been observed previously in only one
MGC-PN, which exhibited a multiphasic response to Bal
(Hansson et al., 1991), but we have found that the multi-
phasic response can be elicited in some specialist MGC-
PNs by stimulation with C15 as well.

An MGC-PN with arborizations confined to the cumulus
(Fig. 4) responds preferentially to antennal stimulation
with the second essential pheromone component
(E10,E12,14Z-16:Al) or its synthetic mimic, C15 (Hansson
et al., 1991). Some such neurons give a purely excitatory
response (Hansson et al., 1991), whereas others give a
mixed response with both inhibitory and excitatory phases
(Fig. 5A,B). Moreover, some MGC-PNs that innervate the
cumulus exhibit hyperpolarization and/or reduction of
background firing activity in response to antennal stimula-
tion with Bal. This suggests that sensory afferents tuned
to Bal stimulate either local interneurons or MGC-PNs
that have arborizations in the toroid, which in turn inhibit
C15 specialist PNs with arborizations in the cumulus. The
hole in the toroid, through which the large-diameter
neurites of cumulus neurons pass, is a likely site for these
synaptic interactions. In that region, at the light-micro-
scopic level, thick branches of cumulus and toroid neurons
appear to be in close apposition (Fig. 3; Heinbockel et al.,
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1996; unpublished observations) and thus may form synap-
tic contacts.

The responses of specialist MGC-PNs to antennal stimu-
lation with the two-component blend or to stimulation
with just one of its components were similar in terms of the
response phases present and the amplitudes of the evoked
IPSPs and EPSPs. Furthermore, in most cases, the maxi-
mal pulse rate followed by a specialist MGC-PN was the
same for stimulation with the two-component blend or
with one of its components (Figs. 2, 5, 9). This was the case
even when stimulation with the other component evoked
hyperpolarization in the same neuron. These neurons are
therefore functionally distinct from the blend MGC-PNs
that are primarily excited by one component and inhibited
by the other (Christensen and Hildebrand, 1987, 1997;
Christensen et al., 1998). For that type of neuron, with Bal
alone as the stimulus, the dynamic range for encoding
stimulus intermittency was reduced in nearly 60% of the
neurons tested (Christensen and Hildebrand, 1997).

MGC-PNs appear not to be tuned to a specific pulse rate,
i.e., they did not resolve odor pulses at only one particular
pulse rate and not at higher or lower rates. Instead,
MGC-PNs act as low-pass filters, following pulses up to a
maximal pulse rate or cut-off frequency. All pulse rates
below the cut-off frequency were resolved, whereas the
temporal resolution of each odor pulse was impaired at
higher pulse rates.

A small group of MGC-PNs, which we have called
generalist MGC-PNs, innervates both principal glomeruli
(cumulus and toroid) of the MGC (Hansson et al., 1991;
this study). The responses of these MGC-PNs to antennal
stimulation with Bal, C15, or the two-component blend
were primarily excitatory. The responses of generalist
MGC-PNs to the blend, however, were not necessarily
similar to their responses to stimulation with either Bal or
C15 alone. The difference of response often was evident in
the number of action potentials and the maximal pulse
rate that was followed by that MGC-PN. This was particu-
larly obvious when one component evoked a brief, excita-
tory response and the other component evoked a continu-
ous burst lasting several seconds. Generalist neurons of
this type, and probably other multiglomerular AL neurons
as well, are not simple convergence stations for afferent
input of the same type, which then relay this information
to higher centers in the protocerebrum. Instead, these
MGC-PNs integrate information from both Bal and C15
primary-afferent input channels at the level of the AL. In
contrast, specialist MGC-PNs that innervate only the
toroid or the cumulus give excitatory responses preferen-
tially or exclusively to antennal stimulation with only one
component, Bal or C15 (Christensen and Hildebrand,
1987; Christensen et al., 1989b; Hansson et al., 1991).
These MGC-PNs send information from one input channel
to the protocerebrum, and integration of the two parallel
pathways for Bal and C15 takes place in higher brain
centers (Kanzaki et al., 1991a,b; Hildebrand, 1996).

When the depolarization in response to pheromonal
stimulation is preceded by an IPSP, most MGC-PNs can
follow odor pulses up to several per second (Christensen
and Hildebrand, 1988, 1997). In the present study, we
explored this relationship further, asking whether the
amplitude of the IPSP is correlated with the maximal
pulse rate followed by specialist MGC-PNs when the
antenna was stimulated with: a) the blend of Bal and C15,
or b) either Bal or C15 alone. In both cases, the size of the
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IPSP but not the EPSP was clearly correlated with the
ability of an MGC-PN to follow higher odor pulse rates. For
example, when the antenna was stimulated with C15 and
a strong IPSP of several mV preceded the excitatory
response, the MGC-PN typically could resolve pulse rates
of three to five/second (Figs. 2B, 9). This relationship was
observed in Bal specialist PNs for stimulation with Bal
and in C15 specialist PNs for stimulation with C15. These
findings, coupled with the knowledge that these neurons
are uniglomerular, indicate that the antennal ORCs re-
sponding to a single pheromone component are a function-
ally diverse population. Some afferent axons terminate on
excitatory elements that in turn depolarize the PNs, while
others invading the same glomerulus terminate on inhibi-
tory elements that provide feed-forward inhibition to PNs
(Christensen et al., 1993). Thus, although these afferent
neurons are activated by a single odorant, they specifically
target different types of MGC neurons. These data rein-
force our view that even within highly specified “labelled
line” systems like the moth pheromone-processing MGC,
neurons that belong to such “dedicated” pathways (as
defined by their odor specificities) may nevertheless be
heterogeneous in other respects, and serve different func-
tional roles in shaping glomerular output.

In previous studies of M. sexta, five blend MGC-PNs
receiving strong inhibitory and excitatory inputs were
observed that followed a pulse rate up to about 10/second
with depolarizing potentials and time-locked bursts of one
or several action potentials (Christensen and Hildebrand,
1988, 1997). Most MGC-PNs (=90%) in those studies,
however, followed pheromone pulses only up to three to
four/second, similar to the present findings. The maximal
odor-pulse rates followed by MGC-PNs therefore cover
well the range of stimulus frequencies for which behav-
ioral changes have been observed in moths (Kaissling and
Kramer, 1990; Mafra-Neto and Cardé, 1994; Vickers and
Baker, 1994, 1996). Pheromone-responsive ORCs in the
antennae of male M. sexta also differ in their responsive-
ness to pulsed stimulation (Marion-Poll and Tobin, 1992),
and thus low- and high-frequency pulse-processing path-
ways probably exist throughout the olfactory system, from
receptor neurons to motor output. In another moth, Anther-
aea polyphemus, pheromone-responsive ORCs in a single
sensillum differ in terms of their molecular receptive
ranges, their relative sensitivities, and their temporal
filtering properties (Meng et al., 1989). In this species, two
of three types of pheromone-responsive ORCs can resolve
at least five stimulus pulses/second, whereas the third cell
is slower, resolving only about two pulses/second (Rumbo
and Kaissling, 1989). Thus, different pathways in the moth
brain might register the structure of the odor plume in a
different manner, as suggested by Murlis et al. (1992).

Our results have some interesting implications for the
synaptic organization of the glomerular neuropil in the
moth MGC. Similar studies in heliothine moths have
suggested that the tuning characteristics of different classes
of MGC-PNs may reflect specific input from physiologically
distinct populations of ORCs (Christensen et al., 1995:
Vickers et al., 1998), and these new data agree with those
findings. The exceptional ability of blend MGC-PNs to
follow stimulus pulses up to about 10/second may also
have to do with the spatial arrangement of inhibitory
inputs relative to the spike-initiation zone in these neu-
rons, thus providing a more precise regulation of spiking
output that closely reflects the intermittent input (Chris-
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tensen and Hildebrand, 1997). The specialist MGC-PNs,
on the other hand, may receive greater numbers or stron-
ger excitatory synapses that would more effectively coun-
terbalance the inhibitory input. Specialists may also have
longer integration times, such that even a brief stimulus
would lead to prolonged firing, even after the stimulus had
been discontinued (Fig. 2). Whatever the causes, it is clear
that different types of neurons possess differing abilities to
encode temporally varying olfactory stimuli, and it is
tempting to speculate that these differences are related to
the specific roles played by each of types of neurons at
different stages in mate-seeking behaviors. Only a subpopu-
lation of MGC-PNs, the blend neurons, can resolve the
fastest rates of pulsing, and these pathways could there-
fore signal that the male is in close proximity to the
pheromone source (Christensen and Hildebrand, 1997).
Specialist neurons, having a slower resolving power in the
range of three to five/second, may be specifically involved
with identifying the correct components of the species-
specific blend. Still other ouput pathways may serve
another specific function: blend neurons and some general-
ist neurons respond differently to the complete blend and
the individual components of the blend (Fig. 6), and thus
could signal the presence of the correct ratio of components
in the blend (Christensen and Hildebrand, 1997). These
results therefore provide further support for the hypoth-
esis that the moth MGC (and probably other arrays of
glomeruli) is organized to process in parallel the many
different features of an airborne odor stimulus.
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