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Abstract
Sensory systems create neural representations of environmental stimuli and these representations
can be associated with other stimuli through learning. Are spike patterns the neural representations
that get directly associated with reinforcement during conditioning? In the moth Manduca sexta,
we found that odor presentations that support associative conditioning elicited only one or two
spikes on the odor’s onset (and sometimes offset) in each of a small fraction of Kenyon cells.
Using associative conditioning procedures that effectively induced learning and varying the timing
of reinforcement relative to spiking in Kenyon cells, we found that odor-elicited spiking in these
cells ended well before the reinforcement was delivered. Furthermore, increasing the temporal
overlap between spiking in Kenyon cells and reinforcement presentation actually reduced the
efficacy of learning. Thus, spikes in Kenyon cells do not constitute the odor representation that
coincides with reinforcement, and Hebbian spike timing–dependent plasticity in Kenyon cells
alone cannot underlie this learning.

The sense of smell is very flexible. For animals, odors can take on arbitrary meanings as
warranted by the changing environment. Understanding how olfactory stimuli are
represented in the brain is a prerequisite for studying how such representations become
associated with other modalities.

The relatively simple structure of the insect brain makes it useful for studying the neural
bases of sensory coding and associative learning. In insects, neural representations of odors
begin in the antenna, where volatile molecules bind to olfactory receptor neurons, which
respond with trains of action potentials and periods of inhibition1. These receptor neurons
send processes to the antennal lobe, where new odor representations arise from the circuit
interactions of the receptor neurons, local interneurons and projection neurons. In the
antennal lobe, representations of any given odor are transformed into elaborate and enduring
spiking patterns that are distributed across a large fraction of the projection neuron
population2–5. The projection neurons, which provide the only output from the antennal
lobe, send processes to the mushroom body, where another set of odor representations arise.
Here, the output of hundreds of projection neurons, each contributing dense bursts of
spontaneous and odor-elicited spikes, is transformed into something markedly sparse: rare
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single spikes on a nearly silent background in a tiny fraction of the tens of thousands of
Kenyon cells6. The Kenyon cells then send processes to the lobes of the mushroom body.

The mushroom bodies have long been linked to associative learning and memory. In many
insects, they are sites of multimodal convergence that include olfactory and gustatory
inputs7–9. Furthermore, many types of studies indicate the mushroom bodies are important
in olfactory learning. Insects that lack normally developed mushroom bodies suffer from
learning and memory deficits10,11. Experimentally inactivating the mushroom bodies by
cooling them12 or by conditionally blocking synaptic transmission from Kenyon cells13–15

prevents insects from forming or retaining associative memories. In Drosophila, work with
mutants suffering from memory deficits found that proteins critical for memory are
concentrated in the mushroom bodies16.

To understand how neural representations of odors become associated with reinforcement
stimuli, we first sought to characterize the physiological responses of neurons along the
olfactory pathway to odor pulses in the context of an associative learning procedure. The
moth Manduca sexta has proved to be accessible for intracellular recording17 and is also
capable of performing an appetitive olfactory learning task, proboscis extension reflex
(PER) conditioning18. Thus, we examined neural representations of odor in the moth and
performed PER training under identical conditions.

We used lengthy odor pulses (typically 4 s), as they correspond to odor exposures that moths
encounter while feeding on flowers and because such pulses have often been used for
studies of olfactory conditioning18–22. With intracellular recordings, we found that
projection neurons in themoth’s antennal lobe responded to long odor pulses with extended
and complex firing patterns that varied with the odor. We found, with intracellular and
multiunit recordings, that Kenyon cells were almost silent at rest; odor responses typically
consisted of single spikes in a small population of Kenyon cells. Notably, spiking in Kenyon
cells occurred almost entirely on an odor pulse’s onset and sometimes offset, with few
spikes occurring in between. For any given odor, the population of Kenyon cells responding
to the stimulus onset was usually different from the population responding to the offset. This
response feature allowed us to examine the ability of onset and offset spiking in Kenyon
cells to support associative conditioning.

Having characterized the responses of Kenyon cells to these odor stimuli, we then used a set
of behavioral studies to test whether pre- and postsynaptic neurons must both fire spikes
nearly simultaneously, which is a key requirement of spike timing–dependent plasticity
(STDP), a form of Hebbian learning. In the locust, STDP has been shown to occur between
Kenyon cells and followers23. To test the relationship between odor-evoked spikes in
Kenyon cells and olfactory learning in the Kenyon cells, we used several behavioral
procedures with different intervals between odor and reward. Our results indicate that
reinforcement that was delivered seconds after the conclusion of spiking responses in
Kenyon cells was able to support the formation and recall of associative memory. Thus, the
acquisition of short-term memory does not require the concurrence of spikes in Kenyon cells
with activation of a reward pathway in the moth. Furthermore, we found that reinforcement
provided specifically following the off response (spiking occurring in 1.5 s of odor offset)
could not support associative learning. These results indicate that appetitive associative
conditioning cannot occur by a Hebbian STDP mechanism alone in the Kenyon cells.
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RESULTS
Odor representation in the antennal lobe and mushroom body

To characterize odor representations in the antennal lobe, we made intracellular recordings
from projection neurons and analyzed their responses to odor pulses presented to the
antenna. In all cases, we confirmed the cell type by dye injection and subsequent
histological analysis (Supplementary Fig. 1 online). Consistent with earlier studies in
locusts2,4,5, moths3,24 and Drosophila25,26, we found that, over the course of an odor pulse,
different projection neurons responded with slowly changing temporal patterns of spikes and
periods of inhibition (Fig. 1). These distributed, time-varying firing patterns were reliable
over repeated trials and varied greatly with the odor. A standard test for information content4
showed that these odor-elicited patterns were sufficiently reliable and distinctive to allow for
classification far exceeding chance (Supplementary Fig. 2 online); thus, these firing patterns
could carry information about the odors. We were particularly interested in characterizing
responses to relatively lengthy pulses of odor, which match the conditions in which moths
naturally learn about food sources and which have often been used to test perception,
learning and memory in insects, including moths18,20 and honeybees19,21. In projection
neurons, responses to 4-s odor pulses generally consisted of lengthy trains of spikes, with
51% of odor-evoked spikes occurring in the first 0.6 s after odor arrived at the antenna (Fig.
1; timing determined by reference to an electroantennogram, data not shown). We also
found that odors evoked the oscillatory synchronization of projection neurons, which, in
turn, regulated the fine timing of spiking in the Kenyon cells (I. Ito et al., Soc. Neurosci.
Abstr. 541.8, 2006).

To systematically examine the neural representation of odors by populations of Kenyon cells
in the moth, we made intracellular recordings from Kenyon cells and extracellular
recordings from the mushroom body with tetrodes (see Methods). Using 4-s pulses of each
of a panel of 21 odors, we tested a set of 117 Kenyon cells (recorded extracellularly, 2,457
Kenyon cell–odor combinations, 10 trials per odor, each trial was 12 s long with an intertrial
interval of 20 s, Fig. 2a; a smaller set of intracellular recordings from Kenyon cells revealed
the same response properties, Fig. 2b).We detected extremely little spontaneous activity in
Kenyon cells in the pre-stimulation period (2 s) of each trial; in 24,570 trials (49,140 s), we
observed only 203 spikes. This spontaneous firing rate (mean ± s.d., 0.0041 ± 0.0122 Hz;
range, 0–0.1696 Hz; n = 117) was ~2,000-fold lower than the spontaneous firing rate that we
observed in the projection neuron population (measured from intracellular recordings; mean
± s.d., 8.046 ± 5.899 Hz; range, 0–26Hz; n = 15). Despite the strong and constant
convergent and excitatory drive from spontaneously active projection neurons, Kenyon cells
remained inactive.

We found that Kenyon cells responded mainly to the onset of lengthy odor pulse: 72% of
spikes evoked by an odor occurred in the first 0.6 s of a 4-s odor presentation (we refer to
these early spikes as the ‘on response’) (Fig. 2c). Additional spikes sometimes occurred just
after an odor’s offset (21% of spikes were off responses) and very few spikes occurred
between these on and off responses (7% in the 3.4-s ‘middle response’ period). During the
on responses, the mean firing rate, averaged over odors and trials, significantly increased (P
< 0.0001, Wilcoxon signed rank test, n = 117 Kenyon cells, 0.6-s response bracket) about
21.5-fold from the basal firing level (activity during 2 s before odor stimulation). The mean
firing rate during the off responses increased 3.5-fold (P < 0.0001, 3.4-s bracket) and
increased by 1.3-fold during the middle responses (P < 0.005, 1.5-s bracket).

Most Kenyon cells responded to only a few of the 21 odors that we tested, although a subset
of Kenyon cells responded to a broader range (Fig. 2a). In some experiments, we presented
pulses of clean air as control stimuli. These presentations evoked no reliable responses (see
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Methods) in any of the 42 Kenyon cells that we tested this way. To characterize odor
responses across the Kenyon cell population, we computed population sparseness (SP) and
lifetime sparseness (SL)6,27 (see Methods). These measures, which take into account all of
the odor-evoked spikes in all of the tested Kenyon cells, range from 0 to 1, where 1 is
sparsest. Mean population sparseness SP (full) was 0.79 (Fig. 2d), indicating that a given
odor elicited responses in very few cells. Similarly, mean lifetime sparseness was 0.72 (Fig.
2d), indicating that a given cell responded to a narrow range of odors, although a subset of
Kenyon cells was more broadly tuned, as in the locust6. Most odor responses consisted of a
single spike per trial and the maximum number of spikes in one responsive trial was 5 (Fig.
2e). These results indicate that odor representations in the moth mushroom body are
extremely sparse: they consist of very few spikes in very few neurons.

Spatiotemporal odor representations in Kenyon cells
When driven by a lengthy odor stimulus, the great majority of spikes that form the odor
representation in the mushroom body occur at the onset and to a lesser extent the offset of an
odor pulse (Fig. 2c). Are the Kenyon cells that fire at the odor onset the same ones that fire
at odor offset? To analyze how spiking patterns in the mushroom body change over time, we
divided the odor response time into three 1.5-s periods that together captured about 95% of
all spikes (Fig. 2c,f). We chose to focus on responses of Kenyon cell–odor combinations that
were relatively strong and reliable, which consisted of at least three responsive trials out of
ten (see Methods for rate and reliability criteria). Our set of Kenyon cell–odor combinations
elicited 145 reliable on and 39 reliable off responses; of these, an odor elicited reliable
spiking in the same Kenyon cell both during onset and offset in only six cases. We observed
only 13 reliable Kenyon cell–odor combinations during the middle time period, with two
overlaps with the on response and two overlaps with the off response (Fig. 2f). Together,
these findings indicate that odor responses in the mushroom body are spatially distributed
and vary over the course of the stimulus. Thus, the moth olfactory system appears to use a
time-varying, distributed spatiotemporal code to represent odors both in the antennal lobe
and in the mushroom body.

To examine the effect of odor-pulse duration on Kenyon cells, we analyzed all of the spikes
that we observed in another set of experiments (Fig. 3) and found that the probability of off
response spiking increased with the length of the odor pulse. We almost never observed off
responses following odor pulses of less than 750 ms (examples of Kenyon cells selected for
their prominent off responses are shown in Fig. 3a). Odor pulses of at least 4 s produced the
most off responses (Fig. 3b–d). On and off responses elicited in Kenyon cells by long odor
pulses (4 and 18 s) were distributed almost exclusively around two narrow time ranges, 0–
600 ms after the odor arrived at the antenna (determined by reference to electroantennogram
recordings, data not shown) and 0–800 ms after the odor was removed by vacuum (Fig.
3c,d). On response spiking was maximal at around 65 ms after odor arrival.

STDP alone cannot mediate odor learning in Kenyon cells
Hebbian STDP mechanisms require the temporal convergence of activated neural pathways.
Do the spikes that we observed in Kenyon cells constitute the odor representation that
coincides with reinforcement that supports learning? To test this, we examined the relative
timing of odor-elicited spiking in Kenyon cells and sucrose reinforcement in the context of a
learning procedure. We trained several groups of moths and compared the amount of
learning elicited by procedures in which we varied the temporal intervals between the odor
and the reward (Fig. 4).

Effective appetitive conditioning in honeybees19,21,28 and moths18,20,22 generally occurs
when the unconditioned stimulus, a sucrose reward, is presented a few seconds after the
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onset of a lengthy conditioned stimulus, an odor pulse. Using a computer-controlled delivery
system identical to (and frequently calibrated with) the olfactometer used for our
electrophysiology experiments (see Methods), we precisely regulated the timing of both the
conditioned and unconditioned stimuli in all procedures (Fig. 4a).

The control ‘unconditioned stimulus alone’ procedure group received five trials of 3-s
unconditioned stimulus presentations alone (n = 33; Fig. 4a). This repeated delivery of
sucrose alone may have caused some sensitization, as the spontaneous PER probability
slightly increased from the baseline of 0 to 6.1% (not significant, P = 0.5, McNemar’s exact
test; Fig. 4b).

For all associative conditioning procedures, the unconditioned stimulus duration was 3 s and
the conditioned stimulus was paired with the unconditioned stimulus five times with 5-min
intertrial intervals. Short-term memory was assessed 5 min after training by delivering only
the conditioned stimulus. Our ‘on/off response’ procedure (Fig. 4a), one that is commonly
used for training honeybees and moths, consisted of a 4-s conditioned stimulus18,21 and a 2-
s inter-stimulus interval (ISI) from the onset of conditioned stimulus to the onset of
unconditioned stimulus18,21,28. Moths in the on/off response group (2-s ISI, n = 64) attained
a 34.4% PER probability (Fig. 4b). This amount of appetitive learning is typical for
moths18,20,22, which, having fattened as caterpillars, do not need to eat as much as adults.
Another group of moths trained with the on/off response procedure (2-s ISI, n = 23) and then
tested with a different, non-trained odor did not respond to the different odor
(Supplementary Fig. 3 online). This result indicates that learning was specific; moths
learned to associate the odor, rather than unintended cues, with the reward. The amount of
learning elicited by the on/off response procedure (2-s ISI) was significantly greater than
that of the control, unconditioned stimulus alone procedure group (Fisher’s exact test, P =
0.0024).

Notably, in this effective and commonly used learning procedure, sucrose reinforcement was
delivered ~1.2 s after the end of the on response in the Kenyon cells, as we knew from our
physiology experiments. Thus, successful conditioning occurred in the absence of any
overlap between odor-elicited on response spikes in Kenyon cells and the sucrose reward.

To further explore the timing relationship of on-response spikes in Kenyon cells and sucrose
reinforcement, we then used an on/off response procedure (3.75 s ISI) in which conditioned
stimulus and unconditioned stimulus were spaced further apart in time (4 s conditioned
stimulus duration, 3.75 s ISI). We found that this group (n = 58) learned as well as that
receiving the on/off response procedure with 2 s ISI (34.5%, Fig. 4b), a level of learning
significantly greater than that shown by the control, “unconditioned stimulus alone”
procedure group (Fisher’s exact test, P = 0.0021).

Our matching electrophysiology experiments found that brief odor pulses elicited only on
response spikes in Kenyon cells (Fig. 3b). To test the importance of overlapping on response
spikes in Kenyon cells with sucrose reward, we conditioned a group of moths with brief (0.5
s) odor pulses, which were followed 0.25 s later by reinforcement (on response procedure,
0.25-s ISI, n = 61). Shifting the timing of the reward presentation closer to the on response
spikes in Kenyon cells actually resulted in decreased learning (18.0% PER probability,
which was not significantly different from that elicited by the unconditioned stimulus alone
procedure, P = 0.1299; Fig. 4b).

Among these three groups, only the on response procedure (0.25-s ISI) elicited exclusively
on response spikes in Kenyon cells, and was ineffective for learning. This raised the
possibility that off response spiking in Kenyon cells (and possibly some middle response
spiking) in the other two groups (on/off response procedures with 2-s and 3.75-s ISIs) may
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have contributed substantially to successful conditioning. To test this, we trained moths with
a brief odor pulse in a trace procedure (on response procedure with 3.75-s ISI, 0.5-s
conditioned stimulus duration, n = 23). Notably, conditioning with this procedure yielded
learning (43.5%, significantly different from unconditioned stimulus alone procedure,
Fisher’s exact test, P = 0.0018) that was similar to that elicited by other conditioning
procedures including off response spikes in Kenyon cells (on/off response procedures with
2-s and 3.75-s ISIs; Fig. 4b). This suggests that the off response spikes contributed little or
nothing to conditioning efficacy. We counted the number of spikes evoked in Kenyon cells
during the time of unconditioned stimulus presentation in these procedures (Fig. 3b). The on
response procedure (3.75-s ISI) group, which elicited the highest learning rate, corresponded
to the fewest spikes in Kenyon cells during the time of reinforcement (Fig. 4b). To examine
the limits of the interval between on response spikes in Kenyon cells and reinforcement to
effectively support conditioning, we tried spacing the conditioned and unconditioned stimuli
further and further apart. When we set the conditioned stimulus duration to 0.5 s to induce
almost exclusively on response spikes (Fig. 3) and gradually increased the interval between
the conditioned and unconditioned stimuli, we found that the PER probability peaked at the
3.75-s ISI (43.5%) and gradually decreased (at the 9.75-s ISI, 31.8%, n = 22, not
significantly different from the unconditioned stimulus alone procedure, Fisher’s exact test,
P = 0.022, not significant after Bonferroni correction) and reached the control level at
around the 20-s ISI (9.1%, n = 22, not significantly different from the unconditioned
stimulus alone procedure, Fisher’s exact test, P = 1; Fig. 4d).

Notably, effective conditioning was possible even when sucrose reinforcement was
delivered many seconds after the spiking responses in Kenyon cells had returned to baseline
levels. These results indicate that appetitive olfactory conditioning in the moth Kenyon cells
cannot be mediated by a Hebbian STDP process that requires the near-overlap of spikes
elicited by the odor stimulus and spikes elicited by the reinforcement; spiking in Kenyon
cells cannot be the representation that coincides with appetitive reinforcement during
associative conditioning.

Finally, we asked whether off response spikes alone in Kenyon cells could support
associative learning. Drawing on the results of our on response procedures, we used an ISI
that was long enough to separate the onset and offset spiking in Kenyon cells by an interval
that exceeded that which can support trace conditioning (Fig. 4c,d); we used an extra-long
conditioned stimulus (18 s, which induced small off responses similar to those elicited by 4-
s odor pulses; Fig. 3c,d) and delivered the unconditioned stimulus at a 20-s ISI (2 s after the
beginning of the off response). This allowed us to selectively reinforce the off response
spikes, but not the on response spikes (off response procedure group, 6.7%, n = 30; Fig. 4c).
This procedure did not lead to PER conditioning that was significantly different from the
control level (Fisher’s exact test, P = 1). Therefore, we concluded that off response spiking
alone cannot support learning. This absence of learning may result because off responses
were generally small, consisting of far fewer spikes than the on responses (Fig. 3b,c). As
middle response spikes were much less frequent than off response spikes, we conclude that
only the on response spikes contributed substantially to learning. Responses occurring after
the on response could be important for other tasks that require temporal integration. The
apparent importance of odor onset for associative conditioning suggests that, at least for our
simple learning task, moths were prepared to make rapid behavioral choices. Consistent with
this analysis, we found that moths tended to respond rapidly with proboscis extension on the
onset of an odor pulse regardless of its duration or time of reinforcement during training
(Supplementary Fig. 4 online).

Ito et al. Page 6

Nat Neurosci. Author manuscript; available in PMC 2011 June 28.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



DISCUSSION
Odor representations in the moth olfactory system

Olfaction, with only a few layers of neurons separating input from output, provides a useful
model for understanding a succession of neural representations of sensory events. Consistent
with earlier findings in moths3 and locusts5, our intracellular recordings from projection
neurons revealed high spontaneous firing rates and odor-specific, temporally complex
patterns of robust spiking and inhibition (Fig. 1). We provide, to the best of our knowledge,
the first characterization of odor responses in the Kenyon cells of moths; they showed
markedly low background firing rates and typically responded to odors with one spike at the
odor onset or, less often, at the offset (Fig. 2). Thus, in the moth, as has been observed in
locusts6, honeybees29 and Drosophila30,31, dense spatiotemporal patterns in the projection
neurons were transformed into sparse representations in the Kenyon cells. We found that
largely distinct ensembles of Kenyon cells spiked at the onset and offset of odor pulses in
the moth, with a very low level of spiking in between onset and offset (Figs. 2 and 3).

In moths, as in other animals, the meanings of odors are readily adjusted by learning
experiences. Needless to say, the odorants themselves are not matched with conditioning
reinforcements in the brain, but rather neural representations of odors, presumably spiking
activity in olfactory neurons, must undergo this matching process. Having characterized the
responses of olfactory neurons to odor stimuli such as those used in conditioning
procedures, we asked what was the neural representation of the odor that coincides with the
reward. Memory traces are, in general, distributed across multiple neural populations.
Specifically, short-term memory induced by appetitive olfactory conditioning, such as the
PER procedures that we used here, appears to involve both the antennal lobe and the
mushroom body28,32 and possibly other areas. We focused on the timing of odor-elicited
firing patterns of the intrinsic neurons of the mushroom bodies, the Kenyon cells, and the
timing of reinforcement stimuli that leads to effective associative conditioning. In a number
of conditioning procedures, we found that reinforcement stimuli that were delivered at times
that did not coincide with odor-elicited spiking in Kenyon cells could still effectively
support associative conditioning (Fig. 4).

Recent work in vertebrates and insects has focused on the role of STDP, a form of Hebbian
learning, which requires precise, millisecond-scale correlation between spiking in pre- and
postsynaptic neurons that undergo plasticity. Notably, we found that the most behaviorally
effective reinforcement occurred long after, sometimes seconds past, the cessation of all
odor-elicited spiking in the Kenyon cells. Thus, it is not possible for spikes in Kenyon cells
to interact, in a STDP temporal window, with spikes arriving via any pathway bearing the
reinforcement. Plasticity cannot occur in these cells through any type of Hebbian mechanism
that requires spiking in both pre- and postsynaptic neurons to occur in a temporal window of
less than several hundred milliseconds. Plasticity here must occur through a different
mechanism.

Neurotransmission from Kenyon cells is required for memory retrieval, as shown by
behavioral studies in transgenic flies in which neurotransmission from a subset of Kenyon
cells (αβ neurons) was conditionally regulated by temperature shifts13,14. A recent study
investigating the role of another subset of Kenyon cells, the α‘β’ neurons15,16, indicated that
neurotransmission from α‘β’ neurons is required during the acquisition of memory and
contributes to stabilizing the memory. These results are consistent with an earlier finding in
honeybees, where the neuromodulator octopamine, injected specifically into the mushroom
body, can induce olfactory learning by substituting for the sucrose reward28. Studies such as
these show that Kenyon cells are involved in memory acquisition (plasticity in the antennal
lobe may be involved as well)28,32. However, the precise mechanism by which Kenyon cell
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activity contributes to the acquisition of associative memory remains unknown. Any such
mechanism would require the temporal convergence of the neural representations of the
odorant and sucrose.

Sparse coding and associative learning
Accumulating evidence shows that organisms spanning locusts6 to humans33 make use of
sparse neural coding strategies to represent stimuli. Sparse codes, in which stimuli elicit very
low spike rates in a small fraction of a large population of mostly silent neurons, maximize
coding space between representations of different sensory stimuli34. This increases
associative memory capacity and also readily allows for efficient formation of learned
associations via a local rule. Hebbian mechanisms, through which synapses are strengthened
if spikes in the presynaptic neurons contribute to produce an action potential in the
postsynaptic neurons, seem ideally suited for efficiently modifying sparsely coded neural
representations of stimuli35,36. Thus, Hebbian plasticity has become a common component
of associative neural network models, particularly in the context of sparse codes34.

Indeed, a recent study found millisecond-scale STDP in the olfactory pathway of the locust,
demonstrating that insects have synapses that exemplify Hebb’s rule23. Behavioral studies in
Drosophila have revealed the sort of bidirectional plasticity that is typical of STDP, but with
conditioned stimulus–unconditioned stimulus pairing time scales on the order of seconds
rather than milliseconds37. Computational studies suggest that the time scale mismatch
between behavioral and physiological STDP characteristics can be resolved if the pre- and
postsynaptic neurons responding to conditioned and unconditioned stimuli show sustained
firing that slowly decays38. However, our finding that Kenyon cells respond only sparsely
and very briefly to odor pulses that support conditioning is not consistent with this model. It
is possible that STDP mechanisms may contribute to olfactory conditioning when combined
with slower biochemical processes39. Might the responses of Kenyon cells to odor become
altered by conditioning such that spikes then temporally overlap with the reward? This
seems to be an unlikely explanation for our results. First, we found that the most learning
occurred during the first training trial; that is, before any potential learning-induced changes
could have occurred (on/off response procedure with 2-s ISI; Supplementary Fig. 3).
Second, odor responses of Kenyon cells in moths that had been successfully trained to
associate that odor with reward were no less sparse than responses from Kenyon cells in
untrained moths (data not shown). Therefore, we conclude that STDP mechanisms alone
cannot account for the learning in Kenyon cells that we observed in moths.

Our physiological and behavioral studies indicate that spikes in Kenyon cells cannot, in and
of themselves, constitute the odor representation that coincides with appetitive
reinforcement. We suggest instead that the odor representation in Kenyon cells that is paired
with reward may be a sustained biochemical process, perhaps second messenger
responses13,14,40 that are triggered by very transient spiking. The situation may be different
in other neurons or species. Recent recordings from Drosophila Kenyon cells found that
odor-elicited somatic subthreshold excitatory postsynaptic potentials are close in amplitude
to those attained by spikes31. If excitatory postsynaptic potentials alone suffice to activate
voltage-dependent calcium channels, for example, reinforceable odor representations might
include neurons that are not firing spikes.
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METHODS
Experimental animals

Moths (Manduca sexta) were reared from eggs (purchased from the NCSU Insectary) in our
laboratory on an artificial diet41 under a long-day photoperiod at 26 °C, and at more than
70% relative humidity.

Olfactory stimulation
The odor-stimulation method that we used was modified from our previous study4. Briefly,
the odorized headspace in 60-ml glass bottles above mineral oil–diluted odorant solution
was pushed by a controlled volume of humidified air (0.1 l min−1) into an activated carbon–
filtered, humidified air stream (0.75 l min−1) that flowed continuously across the antenna.
The inner diameter of the odor delivery tube was 6.5 mm and the air speed at the end of tube
was about 9.4 cm s−1. Excess odorants were continuously drawn by vacuum from the back
of the preparation. All chemicals were purchased from Sigma-Aldrich unless otherwise
noted. The odorants that we used were benzylalcohol (Bzalc), benzaldehyde (Bzald), (+)-β-
citronellene (βcit, Fluka Chemika), cyclohexanone (Cychex), geraniol (Ger), hexanol (1hex,
10hex and 100hex), cis-3-hexenyl acetate (Cis3ha), (±)linalool (Lin, Aldrich), methyl
salicylate (Mes), methyl jasmonate (Mej), 1-octanol (Oct, Fluka Chemika), trans-2-hexenal
(T2hal), trans-2-hexen-1-ol (T2h-1-ol), oil extracts, strawberry (Strwb), cinnamon (Cinn),
peach, lime, jasmine (Jasm, Balducci’s), thyme (Thyme Red, Saidel) and wintergreen
(Wntgr, Wagner’s). Monomolecular odorant solutions were diluted to 1% (vol/vol) in
mineral oil unless otherwise noted. Oil extracts were used undiluted. The odor vapor drawn
from the headspace was further diluted when mixed into the constant air stream.

Electrophysiology
Physiological data were obtained from 38 adult moths of both sexes. Adults that were 1 d
post-eclosion or older were dissected following a procedure described for locusts42. The
brain was treated for 1–3 min with 3% collagenase-dispase (Roche Diagnostics) that had
been dissolved in saline. The antennal lobe and mushroom body were then carefully
desheathed with fine forceps. The head capsule was superfused with moth physiological
saline17 at room temperature (about 25 °C).

Intracellular recordings were made using sharp glass micropipettes pulled horizontally (P87,
Sutter Instrument Company) to yield 50–150 MΩ electrodes for antennal lobe neurons and
50–200 MΩ electrodes for Kenyon cells when filled with one of the internal solutions
(details are given in Supplementary Fig. 1). Multiunit recordings from Kenyon cells were
made using 8-channel, custom-made, twisted wire tetrodes6, amplified with a custom 16-
channel amplifier (Biology Electronics Shop, Caltech) and digitized at 15 kHz (details on
spike sorting43 are given in Supplementary Fig. 5 online).

Behavioral experiments
A total of 336 moths were used for behavioral experiments. Moths that were 1–4 d post
eclosion were restrained in plastic tubes (inner diameter, 1.5 cm.) with the head protruding.
The proboscis was made to extend partially by threading it through flexible polyethylene
tubing (inner diameter, 0.86 mm.) with the proboscis tip exposed to allow sucrose
application. To eliminate visual cues during training and testing, the compound eyes were
covered with black ink at least 15 min before training began.

Moths were classically conditioned during the dark photoperiod with the four types of
training procedures described above (shown in Fig. 4a). Time and pressure-regulated odor
stimuli (1% cyclohexanone or 1% benzaldehyde) were pulsed onto one antenna as described
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above. These two odors, as with the others in our set, evoked mainly on response spiking
and weaker off response spiking in Kenyon cells (Supplementary Fig. 6 online). The
equipment that we used for odor presentation in these behavioral experiments was identical
to, and with settings daily cross-calibrated with, the equipment that we used for the
physiology experiments. For taste reward presentation, air driven by a picopump pushed ~10
µl of sucrose solution (40% wt/vol in water) from a glass capillary (inner diameter: 0.058
mm) to the tip region of the proboscis. The two pneumatic picopumps used for odor and
sucrose stimuli were controlled by a programmable pulse generator (Master-8, A.M.P.
Instruments). Proboscis extension was monitored visually by an investigator. Responses
were recorded if PER occurred within 1 min of the odor onset. For some experiments,
response latency was measured from video images (details of video analysis are given in the
Supplementary Methods online).

Data analysis
All analyses, except for spike sorting, were carried out using custom programs in MATLAB
(MathWorks). Given the sparseness of Kenyon cell spiking, it was not always clear when a
Kenyon cell was responding to an odor. Therefore, for some analyses of our extracellular
Kenyon cell records (Fig. 2e,f) we used rate and reliability criteria modified from an earlier
study6. To meet our rate criterion, Kenyon cell firing was averaged over all ten trials in each
Kenyon cell–odor combination set and segmented into successive, non-overlapping 250-ms
bins that spanned the 5.5-s full analysis window. Firing had to exceed 3.5 s.d. of the mean
baseline rate (2 s before stimulation) in at least one of the bins; background activity was so
low that in almost all cases a single spike in any bin in any trial sufficed. Therefore, we
defined a responsive trial as one with at least one spike. To meet the reliability criterion, the
response probability (number of trials showing at least one spike divided by the number of
trials tested) had to exceed 30%. We evaluated the usefulness of this threshold by estimating
the probability that at least one spike in our dataset would occur during the pre-stimulus
period (in the absence of odorant, 2 s). We made this estimate for each Kenyon cell
(normalizing for test windows of different duration) using all 210 trials. These probabilities
for individual Kenyon cells had a median of 0 and a mean of 0.0058. Except for two
extremes (0.125 and 0.0929) all Kenyon cells showed a probability lower than 0.0607. At P
= 0.0607, the binomial probability theorem shows that the probability that at least one spike
would occur in the absence of odorant in more than three trials in 10 (30% reliability) was
less than 0.02. For the two extreme cases, the probabilities estimated in the same way were
just above the 0.05 level of significance (P < 0.12 or 0.06). Thus, we judged our 30%
threshold to be appropriate for detecting odor responses in Kenyon cells. We also provide
results using a 50% criterion to allow for comparison with results obtained in locusts6.

The distribution of spike number per trial was analyzed by counting the number of spikes
occurring within 5.5 s of odor onset using only the cell-odor pairs that included odor
responses (that is, met the response reliability criteria given above). To compute the
sparseness of Kenyon cell responses, we used measures of population (SP) and lifetime (SL)
sparseness6,27. SP estimates the proportion of cells not responding to each stimulus:
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where N is the total number of Kenyon cells and rj is the number of spikes detected in cell j
over ten trials. SP takes values from 0 to 1, with SP = 1 being sparsest. To estimate the
response intensity (rj), we segmented the 5.5-s full response window into 250-ms bins and
calculated the mean spike count in each bin averaged over ten trials for each cell-odor pair.
The mean baseline activity in the 2-s pre-stimulus period was then subtracted from all of the
bins. Finally, only the bins showing more than the mean basal activity (values greater than
0) were added to obtain rj. SL estimates the range of responses of each cell and was
calculated in the same way as SP, except that index j corresponds to each odor and N to the
total number of odors tested with each cell.

Statistical tests were made using SAS version 9.0 (SAS Institute) and R version 2.4.1
(http://www.r-project.org/) for behavioral data and using Statistical toolbox version 5.2 for
MATLAB for physiological data. All of the statistical tests for physiology were two-tailed
and significance was judged at P = 0.05. To make conservative multiple comparisons of
results from behavioral experiments, we judged significance by more stringent, Bonferroni-
corrected P values. For evaluation of sensitization, spontaneous PER probability was
estimated using the 1-min window before the beginning of the unconditioned stimulus alone
procedure and compared with the PER probability of the test period with McNamar’s exact
test. PER probabilities between different procedures were compared with Fisher’s exact test.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Projection neurons respond reliably to odors, and different odors evoke different temporally
structured patterns of activity. (a) Examples of intracellular recordings of projection neurons
(PN) responding to 4-s odor pulses (stimulus duration indicated by horizontal bars). Top,
intracellular record of 1 trial. Bottom, rasters showing spikes from multiple trials. In PN1,
1% linalool induced brief inhibition followed by sustained spiking that outlasted the
stimulus and a prolonged period of inhibition at the offset. In PN2, 1% cyclohexanone
evoked only brief excitation. PN3, PN10 and PN12 showed distinct patterns to the same
odor (100% hexanol). PN3 and PN10 showed excitatory off responses as well. Vertical scale
bars represent 40 mV. (b) Peri-stimulus time histograms (PSTHs) showed reliable odor
responses in projection neurons to 4-s odor pulses. These firing patterns contained
information about odors (see Supplementary Fig. 2). Spikes were binned (10 ms) and bins
with at least one spike are indicated by a black dot. One row represents one trial, and 62
projection neuron–odor combinations, each separated by a horizontal black bar, are shown.
All projection neurons (except PN14) were tested with more than one odor.
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Figure 2.
Odor-elicited spiking in Kenyon cells is brief and sparse. (a) Examples of Kenyon cells
(KC) responding to a panel of 21 odors. KC50a, KC41a and KC21a responded very
sparsely, with either spikes at odor onset or offset. KC3a responded to a broader set of
odors. KC1a was the most responsive cell in our set and fired reliably at different points in
time for different odors. Ten trials were carried out for each odor. Rasters indicate spike
times and the gray blocks indicate odor stimulation (4 s). See Methods for odors. (b) Spiking
and subthreshold depolarization in Kenyon cells occurred mainly on odor onset and offset.
The top trace indicates the intracellular voltage record and the dark horizontal line indicates
odor delivery (4 s). The subsequent lines indicate the number of trials (one line per trial),
and the rasters indicate spikes. Insets, enlarged membrane potential, averaged over first five
trials, for on and off responses (times indicated as horizontal lines below rasters). (c)
Histogram of Kenyon-cell firing probability (117 Kenyon cells, 10 trials each of 21 odors).
The top brackets indicate the percentage of spikes during onset, middle and offset periods.
The bottom brackets indicate the analysis bins used in subsequent panels. (d,e) Responses of
Kenyon cells to odors were sparse. (e) Odor responses usually consisted of a single spike.
Frequency distributions of odor-evoked spikes per trial measured over the full analysis bin
are shown. (f) Different Kenyon cell ensembles were usually active during on, middle and
off responses (ON, MD and OFF, respectively). MD&ON, overlap in spiking between
middle and on responses; OFF&ON, overlap between off and on responses; OFF&MD,
overlap with off and middle responses.
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Figure 3.
Kenyon cells responded only to the onset of brief odor pulses and to the onset and offset of
long pulses. (a) Kenyon cell responses varied with odor pulse duration. Pulses at least 4 s
long were most likely to induce odor-specific off responses. Briefer odor pulses generally
elicited weaker or no off responses (see also b). Examples shown were selected for
prominent off responses. Trials are shown from top to bottom (20 trials of 4-s odor pulses,
then 6 shorter pulses, 3 trials each). (b) Off response probability increased with stimulus
duration. Multiunit recordings of Kenyon cells (including 117 sorted cells from 16 animals,
see Methods) responding to odor pulses of different durations (gray bars, tested in a
randomized order, ten trials each). The histogram (bin size, 1 ms) combines the responses to
five odors. (c) Long 4-s (black) and 18-s (gray) odor pulses evoked comparable onset and
offset responses (arrows indicate the corresponding off responses). Multiunit recordings of
Kenyon cells averaged across the four odors shown in d and across multiple trials are
shown. (d) Examples of Kenyon cells responding to the offset of 18-s odor pulses. See
Methods for the odor labels in a and d.
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Figure 4.
Greater temporal overlap between odor-elicited spiking in Kenyon cells and reinforcement
delivery did not lead to more learning. (a) Diagrams illustrate PER conditioning procedures
used to vary temporal overlap between spiking in Kenyon cells and sucrose delivery. Black
traces represent time course of Kenyon cell spike response probability and gray boxes
indicate analysis time windows used to compute conditioned stimulus (CS, odor)-elicited
Kenyon cell spike probability concurrent with the unconditioned stimulus (US, sucrose)
presentation shown in b (right ordinate). Conditioned stimulus was always paired with the
unconditioned stimulus five times with 5 min between trials. The unconditioned stimulus
duration was always 3 s. Short-term memory was tested 5 min after training by presenting
the conditioned stimulus without the unconditioned stimulus. (b,c) Bar graphs in b and c
show the PER probability for short-term memory tests. Asterisks indicate significant
difference (P < 0.05, Fisher’s exact test with Bonferroni correction). More Kenyon cell
spikes in the unconditioned stimulus period did not result in better learning. Open circles
indicate normalized numbers of Kenyon cell spikes during the unconditioned stimulus
presentation period (see Fig. 3b); spike counts were normalized with respect to the
maximum elicited during the on response procedure (0.25-s ISI). (c) Reinforcement
provided following off response spiking in Kenyon cells does not support learning. (d) The
most effective conditioning occurred when the unconditioned stimulus followed the burst of
onset spiking in Kenyon cells by a delay of several seconds. A delay of 20 s elicited no
learning. The graph shows PER probability during the short-term memory test for different
on response procedure groups.
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