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The insect antennal lobe (AL), a structural and functional ana-
logue of the vertebrate olfactory bulb, receives input from axons
of antennal olfactory receptor cells that converge and synapse in
discrete modules of condensed neuropil called glomeruli
(reviewed in refs. 1, 2). According to a long-standing hypothe-
sis, each glomerulus is functionally unique, and different odorants
are represented in the brain by the coordinated activity of differ-
ent combinations of glomeruli1,2. Activity-labeling studies in
insects reveal such odor-evoked spatial activity patterns3–5, but
these methods cannot resolve the rapid changes in neuronal fir-
ing that underlie odor recognition, and occur on a time scale of
milliseconds6,7. Similarly, electrophysiological studies show that
output or projection neurons (PNs) arborizing in the same
glomerulus respond to the same odorant8, but to date, simulta-
neous recordings and temporal analysis of spatially distributed
glomerular activity are limited to only a few neurons9,10. A
method that combines the spatial resolution of activity labeling
with the temporal resolution of a microelectrode would there-
fore fill an important gap in helping to decipher the brain’s olfac-
tory code. We find that a method originally developed to monitor
distributed multi-neuron activity in the mammalian brain11 can
be used to explore the dynamic, spatially organized neural activ-
ity patterns evoked by different odors across anatomically and
functionally defined glomeruli in the insect olfactory system.
Here we show that multi-channel silicon microprobes revealed
dynamic, non-linear and unpredictable interactions within
ensembles of AL neurons associated with specific, identified olfac-
tory glomeruli12.

RESULTS
We selected the macroglomerular complex (MGC) in male moths
(Manduca sexta) for these studies because the MGC is a well char-
acterized array of identified olfactory glomeruli with chemically

defined and behaviorally relevant odor input (Fig. 1)2,8,12. Exper-
iments in progress confirm that many of the complex odor-
evoked neural interactions described here are also observed in
non-MGC glomeruli of both male and female moths13.

Intra- and inter-glomerular neural interactions
In 12 recording sessions lasting at least 3 hours each, we were
able to isolate spiking activity from over 50 AL neurons. Up to
seven units were separated unambiguously in each experiment,
and multi-unit activity was recorded simultaneously from up to
eight separate recording sites distributed across a 75 × 300 µm
layer of olfactory neuropil (Fig. 1c). In accord with previous find-
ings, different odors evoked patterns of activity in overlapping
yet distinct populations of AL neurons1–5 (Fig. 1d).

Multi-unit recordings also confirmed the results of our ear-
lier single-neuron intracellular studies, showing that the popu-
lation of PNs innervating a single glomerulus is physiologically
heterogeneous with respect to fine odor tuning7,8. Some PNs are
narrowly tuned to one odor, whereas the activity of others is
modulated by other, often chemically similar odors12. Moreover,
some PNs are unresponsive to certain stimuli, whereas the ongo-
ing activity of others is suppressed by odor stimulation14. This
range of complex network interactions is also a prominent feature
of mammalian olfactory circuits15.

In accordance with these findings, examination of odor-evoked
ensemble responses revealed that different neurons, although
localized to the same glomerulus and responsive to the same odor,
were easily discriminated by their unique spike characteristics
(Fig. 2a and b). Thus it is possible to identify different subtypes
of neurons in ensemble recordings based on specific features of
their spike waveforms10. We also detected the activities of different
physiological subtypes of neurons at the same recording site 
(Fig. 2b). Although this method does not allow us to determine
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We used neural ensemble recording to examine odor-evoked ensemble patterns in the moth antennal
(olfactory) lobe. Different odors are thought to evoke unique spatiotemporal patterns of glomerular
activity, but little is known about the population dynamics underlying formation of these patterns.
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glomeruli. Whereas brief odor pulses repeatedly triggered activity in the same coding ensemble, the
temporal pattern of synchronous activity superimposed on the ensemble was neither oscillatory nor
odor specific. Rather, synchrony strongly depended on contextual variables such as odor intensity and
intermittency. Also, because of emergent inhibitory circuit interactions, odor blends evoked temporal
ensemble patterns that could not be predicted from the responses to the individual odorants. Thus
even at this early stage of information processing, the timing of odor-evoked neural representations
is modulated by key stimulus factors unrelated to the molecular identity of the odor.
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the exact origins of these extracellularly recorded signals, it is clear
that spikes recorded at one electrode site are not necessarily prop-
agated to another site only 50 µm away (Fig. 1c). Because we have
observed clear spatial segregation and differential attenuation of
many of these signals across recording sites, we believe that dif-
ferent unit signals detected at the same site reflect the spike activ-
ity of different neurons that are in close proximity to that
electrode16. The recording sites were furthermore localized histo-
logically to specific, identified AL glomeruli17 (Fig. 1c).

Additionally, unresponsive neurons (for example, neuron 5
in Fig. 2b) were sometimes detected along with responsive neu-
rons at the same recording site. This finding suggests that certain
types of neurons may participate in the coding ensemble only in

the presence of a particular blend
or ratio of odorants1,2,7,8, or may fire
only in other environmental or
behavioral contexts (see below).

Neuron-specific firing patterns
Another important feature of these
population responses is that the fir-
ing patterns of different neurons
within the odor-encoding ensem-
ble were specific (Fig. 3). The dis-
charge patterns observed across all
neurons in our sample were thus
divided into three broadly defined
classes: ‘fast’, ‘moderate’, and ‘dif-
fusely’ spiking neurons (Fig. 3).
When the firing patterns of differ-
ent neurons recorded within a 
25-µm radius (that is, probably
within the same glomerulus) were
compared, it was clear that
although these neurons responded
to the same stimulus, they did not
always exhibit the same firing
dynamics (Fig. 3). Conversely, neu-
rons recorded at different sites, and
responsive to different odors, could
display the same firing dynamics
(for example, neurons 1 and 2 in
Fig. 2). In contrast to findings in
mammals18, these results demon-
strate that odor-coding neurons
localized to the same glomerulus do

not necessarily display the same firing patterns. This is signifi-
cant because temporal synchronization of firing between neu-
rons with the same discharge pattern could be involved in either
intra- or inter-glomerular integration of olfactory information19.
If functionally related classes of AL neurons synchronize their
activity in response to a specific odor blend, for example, this
could be an effective mechanism for binding these multiple sig-
nal streams into a more coherent representation of the blend
stimulus in the brain19,20.

Temporal binding is context dependent
We tested this hypothesis by computing the extent of synchro-
nous firing across odor-coding AL ensembles (Fig. 4). For exam-
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Fig. 1. Ensemble recordings show the dynamics of population responses evoked by odor. (a) Experimental
set-up and position of the multi-channel probes in one of the antennal lobes (ALs). OL, optic lobe. Scale bar, 
1 mm. (b) Identification of the positions of the three tracks of a microprobe in the AL, from sections imaged
in the confocal microscope (frontal view). The probe tracks were mapped to three locations previously iden-
tified in three-dimensional reconstructions of the M. sexta AL17: track a was in the coarse central neuropil, b
in the array of typical glomeruli, and c in the dorsal neuropil of the ring-shaped toroid in the macroglomerular
complex (MGC). Scale bar, 250 µm. (c) Horizontal reconstruction of probe tracks, and spatial mapping of
neural activity to specific recording sites (site separation, 25 µm). Here, spike waveforms from three neurons
were clearly discriminated (10–12 superimposed sweeps each), and examples of these spikes recorded simul-
taneously from tracks b and c illustrate their isolation to different sites. Only the two neurons recorded from
the MGC (green and orange) responded to sex pheromone, reflecting the spatial segregation of different odor
signals to different glomeruli. (d) Surface plots depicting the spatiotemporal patterns of odor-evoked activity
recorded across two probe tracks, both in the MGC. The color scale represents the response magnitudes
(maximum instantaneous frequency) of four neurons (three additional neurons were inactive), each localized
to a different electrode site. The response to each 100-ms odor pulse was averaged over 100 ms at the
response peak. Each odor evoked synchronous activity in different, but overlapping neuron sets, and these pat-
terns were reproducible over repeated trials. Note also that the odor blend (A + B) evoked a strong response
from the neuron at site c-1, while simultaneously suppressing activity at all other sites.

Fig. 2. Simultaneous recordings from multiple neurons show functional dif-
ferences even among closely spaced cells in the ensemble. (a) Average
spike waveforms from five neurons discriminated from a single probe track
(averages of 126–4,631 events). These are aligned in columns with their
odor-evoked responses in (b). The position of the recording site yielding
the maximum spike amplitude for each neuron is shown next to each
waveform in (a). Note that spike undershoot was key to distinguishing one
neuron from another. (b) The five neurons in this ensemble differed in their
responses to different odors. Peristimulus histograms show the summed
responses to multiple pulses (n = 20 for each row) with four different stim-
uli: air blank (control), 0.1 ng bombykal (odor A), 0.1 ng C15 (odor B), and
the blend of the two (A + B). Pulse duration was 100 ms; pulse interval was
1 s (odor onset at time 0). Note that the response profiles of the neurons
were strongly heterogeneous, even in this relatively small population. The
maximum evoked response (number of spikes per 25-ms bin) for each neu-
ron is indicated by an asterisk.
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ple, neurons 1 and 2 in Fig. 2 were both classified as moderate
spikers and showed a preference for different odors. If the binding
hypothesis is correct, we would expect to observe greater coactiv-
ity between these neurons when the odor blend is presented than
when either of the blend components is presented alone. What
we found was surprising: the odor blend indeed resulted in coac-
tivity between neurons 1 and 2, but only when presented at a low
dosage (Fig. 4b). At a higher dosage, the blend had the opposite
effect: complete desynchronization of spiking activity between the
two neurons. Importantly, however, this relationship did not hold
for all pairs of cells in the ensemble. Blend-evoked synchronization
between neurons 1 and 4, for example, was not apparent at the
lower stimulus concentration, but was well developed at the high-
er dosage (Fig. 4b). The absence of synchronization between these
two neurons at the low dosage may have been a consequence of
mixture suppression, which was clearly evident in neuron 4. These
data therefore provide support for the temporal binding hypoth-
esis, but they also indicate that the expression of binding is a con-
text-dependent phenomenon, contingent on such stimulus
variables as concentration (Fig. 4b).

Further examination of ensemble patterns yielded clear evi-
dence for complex and multiple blend effects within a single odor-
encoding assembly. When compared to the responses evoked by
odor B alone, the low-dosage odor blend evoked significantly greater
firing rates in neurons 2 and 3, whereas a significant blend-induced
suppression of activity was observed in neuron 4 (first column in
Fig. 4b). This odor blend also led to increased coactivity in some
neuron pairs (neurons 1 and 2, 2 and 3, 2 and 4), leaving the other
pairs completely desynchronized. The higher-dosage odor blend
also led to increased coactivity between neurons 2 and 3, but unlike
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Fig. 3. Different neurons in olfactory glomeruli can be distinguished by
their different discharge patterns. Interspike interval (ISI) histograms
and rasters (insets) reveal the three distinct temporal patterns of spiking
observed across all ensembles: (a) ‘fast spiking’ (sporadic bursts of high-
frequency activity); (b) ‘moderate spiking’ (slower, but broader distribu-
tion of spike frequencies); (c) ‘diffuse spiking’ (irregular firing). Between
983 and 4,375 events were used to calculate each histogram. These dif-
ferent patterns were frequently visible at the same recording site.
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Fig. 4. Odor blends evoked network dynamics that could not be pre-
dicted from the responses to the individual odors in the blend. 
(a) Responses from the five-neuron ensemble (Fig. 2) are shown as
rasters. Five 100-ms odor-blend pulses were delivered at 1 Hz to simulate
naturally brief and intermittent stimulus conditions (stim). Peri-event his-
togram (below rasters) illustrates how the overall activity of the ensemble
is time-locked to the stimulus pulses. Note, however, that some neurons
(such as #2) were more tightly stimulus-locked than others. Each odor
pulse evoked a discrete burst of spikes across the population, followed
immediately by strong suppression (arrows) that helped to further syn-
chronize the population response to the stimulus. (b) The complex pat-
terns of neuronal synchrony evoked by two different odors (A, B) and
their blend (A+B) at two dosages are represented as color-coded coactiv-
ity matrices. The number of synchronous events (10- or 15-ms window;
Fig. 5) evoked by each odor pulse was calculated for 0.5 s from stimulus
onset, and averaged over 20 trials (color scale ranges from 0–3.8 coinci-
dent spikes per stimulus; two-way repeated measures ANOVA; F = 18.28,
p < 0.005). The horizontal display beneath each matrix shows the mean
firing rate for each neuron individually (color scale ranges from 0–5.5
spikes per stimulus; F = 13.79, p < 0.005). Responses over 20 consecutive
trials showed neither significant changes in intensity with time (F = 1.54, 
p > 0.1) nor significant changes in synchrony with time (F = 1.47, p > 0.1),
in contrast to results reported in the locust AL27.
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the lower-dosage blend, it also enhanced synchrony between neu-
rons 1 and 3 (second column in Fig. 4b). At the same time, the high-
er-dosage blend resulted in a significant reduction in synchrony
between other pairs (neurons 1 and 2, 2 and 4, 3 and 4).

Finally, we wanted to know whether the patterns of synchrony
we observed were governed by oscillatory network dynamics, as
in other invertebrate and vertebrate olfactory systems (reviewed
in ref. 21), or whether coactivity among neurons in an ensemble
is linked to other factors. We examined the spike trains from 17
pairs of AL neurons (tentatively identified as PNs) for evidence of
an underlying oscillation. Dynamic cross-correlation analysis
revealed that brief odor pulses consistently failed to evoke rhyth-
mic spike discharge in single neurons, and furthermore failed to
evoke a rhythmic pattern of coactivity between neurons (Fig. 5).
Instead, odor-responsive neurons were coactive only during a
brief time window following the stimulus, and this transient syn-
chrony was followed by a pronounced period of suppression and
return to baseline activity until the next odor pulse (Fig. 5). These
results collectively show that the formation of patterned odor
representations in these glomerular networks involves both exci-
tatory and inhibitory cellular interactions, and that the tempo-
ral structure of these ensemble responses is neither oscillatory
nor stimulus specific, but strongly context dependent.

DISCUSSION
The application of ensemble recording methods to the analysis of
olfactory-system function opens up many possible avenues for
testing established hypotheses about the functional roles of olfac-
tory glomeruli in odor recognition and discrimination. Ensem-
ble data add a necessary dimension to the analysis of the complex
intercellular relationships that emerge when glomerular circuits
in the olfactory system process information under naturalistic
conditions, when stimulus presentation is intermittent and unpre-
dictable22. In addition, this recording strategy enables us to explore
central coding of odor information in another important con-
text—learning. Behavioral studies using M. sexta, modeled after
proboscis-extension training in honeybees23, show that moths can

learn (even after a single trial) to associate an odor
stimulus with a food reward24,25. By combining
behavioral conditioning with chronic ensemble
recording, we now can monitor odor-evoked
ensemble activity before, during and after olfacto-
ry reinforcement training, and compare these
responses over time in the same animal. 
(K.C. Daly, T.A.C., V.M.P., B.H. Smith & J.G.H.,
Assoc. Chemoreception Sci. Abstr. 35, 2000.) This
approach will be used to probe how olfactory expe-
rience affects odor coding in the brain, and will
facilitate the analysis of neural interactions under-
lying the acquisition, retention and extinction of
these learned associations.

Odor-modulated oscillatory dynamics are a
prominent feature of numerous olfactory systems,
including that of M. sexta26, and olfactory infor-
mation processing in both vertebrates and inver-
tebrates is thought to involve oscillatory
synchronization of ensemble activity9,20,21,27. How-
ever, whether different odors are each encoded by
a unique oscillatory pattern of ensemble activity
remains controversial, because most studies have
not addressed how the brain discriminates one
odor from another when the stimulus is suffi-
ciently brief and/or intermittent that network oscil-

lations are unable to develop22. Using brief, intermittent odor
pulses in the present study, we find that the temporal patterning of
odor-evoked ensemble responses is consistent with our previous
single-neuron data: that is, the firing patterns of glomerular PNs
depend not only on the chemistry of the odor but also on the
physical context in which the odor is delivered22. Our new data
also show that, because of emergent properties of glomerular net-
works, the patterns of synchrony among different members of an
odor-encoding ensemble are not the same for different concen-
trations of the same odor. Furthermore, the responses to odor
blends cannot necessarily be predicted from the responses to the
individual odors in the blend. We therefore propose that ensem-
bles of olfactory PNs must use multiple and overlapping coding
strategies to process olfactory information, and that these strate-
gies are matched to the particular circumstances surrounding odor
presentation. Through their complex spiking patterns, they must
report primary information about both the chemical identity of
the stimulus (through their specific spatial association with one
or more glomeruli), as well as information regarding stimulus
intensity and the spatiotemporal distribution of odor in space
(information that is ecologically relevant to locating the odor
source)22 . Our results also suggest that in some stimulus contexts,
oscillations are not necessary for synchronizing odor-encoding
neural ensembles at the first stage of glomerular processing. For
animals that must continually monitor changes in a dynamic odor
plume, a lack of dependence on oscillations is advantageous—the
necessary information about stimulus dynamics could be easily
corrupted or lost completely if an underlying periodicity were to
modulate the network response to odor.

METHODS
Preparation. Manduca sexta (L.; Lepidoptera, Sphingidae) were reared
on an artificial diet under a long-day (14L:10D) photoperiod. Adult
moths, one to four days after emergence, were used in all experiments.
In preparation for recording, the moth was restrained in a plastic tube
with its head and antennae fully exposed. The labial palps, proboscis and
cibarial musculature were then removed to allow frontal access to the
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Fig. 5. Time course of odor-evoked coactivity within the ensemble. Dynamic correlation
analysis revealed that the temporal structure of the ensemble response was modulated by stim-
ulus dynamics. Each surface plot shows how the cross correlations between two neurons
changed as a function of time. The odor stimulus (odor B, 1 ng) was presented at time 0 in each
panel, and both neurons responded to repeated stimulus pulses after an expected latency.
(Only three stimulus–response epochs are shown here for detail.) An incidence of high corre-
lation (spikes in the two neurons synchronized to within 15 ms) is shown as a prominent peak
along the diagonal (indicated by the dashed line). Although there is some variability in the time
course of the response from trial to trial, note how the period of maximum coactivity in each
correlogram is time-locked to the stimulus pulse. This peak furthermore is followed consis-
tently by a period of suppression and spike desynchronization until the next stimulus pulse.
Note also the absence of any regular periodicity in the responses to these brief, 100-ms odor
pulses.
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brain7. The head was secured to the plastic tube with wax, and then the
tube was fixed to the recording table and situated with the ALs facing
upward. The tracheae overlying one AL were then removed with fine for-
ceps. The brain was superfused slowly with physiological saline solution
(150 mM NaCl, 3 mM CaCl2, 3 mM KCl, 10 mM TES buffer and 25 mM
sucrose, pH 6.9) for the duration of the experiment.

Ensemble recording and data analysis. To study population respons-
es across glomeruli, we used multi-channel silicon microprobe arrays,
supplied by the University of Michigan’s Center for Neural Commu-
nication Technology. We selected a probe design that matched the spa-
tial dimensions of the MGC in the AL of male M. sexta (Fig. 1).
Fork-like probes with three tines, with four recording sites per tine
(eight were active) were inserted into the MGC and other glomeruli
using several key landmarks. The final depth of the probes was noted,
and the exact locations of the three tines and their recording sites were
verified histologically (Fig. 1b). Recording sites measured 9 × 12 µm,
and were separated by 25 µm; thus multiple sites could be situated in
a single glomerulus.

Multi-neuron activity was recorded simultaneously on eight chan-
nels (Lynx-8 amplifier, Neuralynx, Tucson, Arizona). Spike data were
extracted from the recorded signals and digitized at 20 kHz per chan-
nel using Data Wave’s Discovery acquisition software and Data Trans-
lation’s 2821-G 16SE A/D board on a Pentium III platform (Data Wave
Technologies, Longmont, Colorado). Filter settings (typically 0.6–3 kHz)
and system gains (typically 5–20 K) were software-adjustable on each
channel. Multiple spike waveform parameters were extracted and used
to classify different units based on multi-dimensional cluster analysis.
Only those spike clusters that were verified statistically by multivariate
discriminant analysis (Wilks’ lambda test) were used for further analy-
sis. Each spike in each separated cluster was time stamped, and these
data were used to calculate peristimulus histograms, inter-spike inter-
val histograms, mean-rate values, and the number of nearly coincident
firings between all neurons in each ensemble (NeuroExplorer, Nex Tech-
nologies, Winston-Salem, North Carolina). All data were normalized to
correct for components of the correlation caused directly by modula-
tion of the stimulus28.

Odor stimulation. The solenoid-driven device for odor delivery has been
described7,10,12. For most trials, several stimulus patterns were present-
ed to the antenna: a single, 200-ms odor pulse was the most common
stimulus, but 5–20 sequential 50 or 100-ms pulses were also presented
to examine changes over repeated trials. The odorants used are the two
essential components of the sex pheromone of M. sexta, bombykal
(E10,Z12-hexadecadienal; odor A) and E11,Z13-pentadecadienal (‘C15’,
a mimic of the second key component, E10,E12,Z14-hexadecadienal;
odor B)12, as well as binary blends of the two.

Histological identification of recording sites. Immediately following a
recording session, the brain was excised and immersed in 1–2% glu-
taraldehyde in 0.1 M phosphate buffer to increase contrast. Brains were
fixed for at least one hour, then dehydrated by passage through a graded
ethanol series, and finally embedded in Spurr’s resin (Electron
Microscopy Sciences, Ft. Washington, Pennsylvania) in preparation for
serial sectioning. Sections were cut at 48 µm on a sliding microtome, and
2-µm optical sections were collected with a laser-scanning confocal
microscope (Bio-Rad MRC-600, Cambridge, Massachusetts, equipped
with a Nikon Optiphot-2 microscope). This method reliably revealed the
location of each of the three tines of the silicon microprobes in the AL
without the need for tissue staining (Fig. 1b).
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