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promiscuous KCs could occur simultaneously on
the same tetrode, which indicates that differ-
ences in tuning width were not caused by
global modulation of excitability over time.

Response intensity. Response patterns and
intensities differed in PNs and KCs. Whereas

PN responses often lasted several seconds (Fig.
1A), KC responses were brief and lacked the
slow temporal patterning typical of PNs (Fig.
1B). Using responsive cell-odor pairs, we
counted action potentials produced by PNs and
KCs over the 3-s window after stimulus onset.

The distribution of PN spike counts over that
period was broad, with a mean of 19.53 !
10.67 spikes. KCs responded with 2.32 !
2.68 spikes (Fig. 2A) (38). We found a
negative correlation between KC spike count
and response selectivity (Spearman-ranked

Fig. 1. In vivo tetrode recordings
of odor responses in PNs (A and
C) and KCs (B, D, and E). Shaded
area, odor puff (1 s). (A) Re-
sponses of three simultaneously
recorded PNs (PN1 to PN3) to
16 different odors (first 10 trials
with each stimulus displayed,
top to bottom). Odors from top,
left column: hpo, don, che, hx3,
unn, min, oca, pnn; right column:
chx, oco, nnn, thx, 2hp, nna, 3hp,
hxo (37). Abbreviations are as
follows: 1-hexen-3-ol (hx3),
trans-2-hexen-1-ol (thx), cis-3-
hexen-1-ol (chx), 1-hexanol (hxo),
1-heptanol (hpo), 1-octanol (oco),
hexanal (hxa), heptanal (hpa), oc-
tanal (oca), nonanal (nna), 3,7-
dimethyl-2,6-octadiene-nitrile
(don), 3-pentanone (pnn), 2-hep-
tanone (2hp), 3-heptanone (3hp),
5-nonanone (nnn), 6-undecanone
(unn), cherry (che), mint (min),
geraniol (ger), vanilla (van), citral
(cit), apple (app), strawberry (str),
amylacetate (ama), benzaldehyde
(bnh), methyl salicylate (mts), eu-
genol (eug), L-carvone (lca), D-
carvone (dca), dihydro-myrcenol
(dhm). (B) Responses of 3 KCs to
the same 16 odors. Conditions
are the same as in (A) with the
following exceptions: for six of
the odors, KC1 and KC2 have only
five trials; in KC2, the seventh
odor in the right column is hxa.
(C) Expanded view of PN1 rasters
in response to hxo (trials 3 to 15).
Note alignment of spikes. (D) Re-
sponse of a fourth KC to hx3
(trials 3 to 15). Note low baseline
activity and alignment of first
spike in the response across trials.
(E) Response of a fifth KC with
superimposed LFP, recorded in
the MB (10- to 55-Hz bandpass).
Note phase-locking of KC spikes.
LFP " 400 #V.
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Hebbian STDP in mushroom bodies facilitates the
synchronous flow of olfactory information in locusts
Stijn Cassenaer1 & Gilles Laurent1

Odour representations in insects undergo progressive trans-
formations and decorrelation1–3 from the receptor array to the
presumed site of odour learning, the mushroom body4–7. There,
odours are represented by sparse assemblies of Kenyon cells in a
large population2. Using intracellular recordings in vivo, we exam-
ined transmission and plasticity at the synapse made by Kenyon
cells onto downstream targets in locusts. We find that these indi-
vidual synapses are excitatory and undergo hebbian spike-timing
dependent plasticity (STDP)8–10 on a625ms timescale. When
placed in the context of odour-evoked Kenyon cell activity (a 20-
Hz oscillatory population discharge), this form of STDP enhances
the synchronization of the Kenyon cells’ targets and thus helps
preserve the propagation of the odour-specific codes through the
olfactory system.

Olfactory processing in insects begins in an array of receptor neu-
rons that express collectively many tens of olfactory receptor genes
(,60 inDrosophila11,12;,150 in honeybees13). The representations of
general odours are then decorrelated by local circuits of projection
neurons and local neurons in the antennal lobe1–3. In locusts and
other insects, the antennal lobe output is distributed in space and
time and can be described as stimulus-specific time-series of projec-
tion-neuron activity vectors, updated at each cycle of a 20-Hz col-
lective oscillation1,14,15. Distributed projection-neuron activity is then
projected to Kenyon cells, the intrinsic neurons of the mushroom
body. In contrast to projection neurons, Kenyon cells respond very
specifically and fire extremely rarely2. The mechanisms underlying
this sparsening are starting to be understood2,16. Such sparse repre-
sentations are advantageous for memory and recall16, consistent
with established roles of the mushroom bodies in learning4–7. In
Drosophila, experiments combining molecular inactivation with
behaviour indicate that synaptic output from Kenyon cells in the
lobes is required for memory retrieval5. Little is known, however,
about the electrophysiological properties of these synapses.

We studied the connections made by Kenyon cells onto a small
population of extrinsic neurons17 in the b-lobe of the locust mush-
room body (Fig. 1a), using an intact, in vivo preparation (Methods).
b-lobe neurons (b-LNs) respond to odours; their responses are
odour-specific and their tuning is sensitive to input synchrony17.
We recorded intracellularly from pairs of Kenyon cells and b-LNs:
randomly selected Kenyon cells were impaled in their soma; b-LNs
were impaled in a dendrite in the b-lobe. We focused on one b-LN
anatomical subtype17, which comprises many individual neurons.
Neurons of this subtype, called b-LNs here, could be recognized also
by their physiological characteristics (see below). Each b-LN has
extensive dendrites (Fig. 1a, and Supplementary Fig. 1) that intersect
many of 50,000 Kenyon cell axons. Monosynaptic connections were
found in ,2% of tested Kenyon cell (KC)–b-LN pairs (Fig. 1b). All
were excitatory. The delay between Kenyon cell spike and b-LN-
excitatory post-synaptic potential (EPSP) onset was 6.56 0.70ms,

1California Institute of Technology, Division of Biology, 139-74, Pasadena, California 91125, USA.
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Figure 1 | Synaptic connections between individual Kenyon cells and b-LNs
are excitatory, powerful and varied in gain. a, Schematic of the locust
olfactory circuits: Projection neuron axons (n5 830) exit the antennal lobe
(AL) and send collaterals into the mushroom body (MB) calyx. There, they
excite Kenyon cells (n5 50,000) with,50% average connectivity16. Kenyon
cells each send a bifurcating axon into the a- and b-lobes (a-, b-L), forming
‘beams’ of thousands of tightly packed axons (inset). The finer dendrites of
b-LNs runnormal toKenyon cell axons inb-LN-specific sectors: two of these
can be seen in the inset (a photomicrograph of a 10-mm-thick section of the
distal end of the b-lobe). b, Spike-triggered averages of b-LN intra-dendritic
recordings from nine different KC–b-LN pairs (9 Kenyon cells, 5 b-LNs). All
b-LNs and Kenyon cells are recorded in vivo, with intracellular electrodes.
Note the wide-range of spike-triggered average amplitudes. Same-symbol-
marked spike-triggered averages are from the same b-LNs, with different
presynaptic Kenyon cells sampled successively. Inset, scaled spike-triggered
averages in b, illustrating similarity of kinetics. c, Simultaneous dendritic
impalements of one b-LNwith two separate electrodes (el. 1, 2). el. 22el. 1 is
the difference between the two voltage traces; note the high correlation of
amplitudes (noise envelope is 2 s.d., red stipples), indicating similar
electrotonic access to synaptic sites. Lower panel, overlay of selected EPSPs
from above. d, Simultaneous dendritic impalements of two different b-LNs
(1 and 2). Note some common EPSPs (boxes) and EPSPs specific to either
b-LN (*).b-LN22b-LN1 is the difference between the two voltage traces;
note significant variations on each side of the noise envelope (stippled lines
as in panel c). Lower panel, overlay of selected EPSPs from above.
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is constrained to within-cycle interactions between pre-and post-
synaptic neurons. STDP is therefore not specific to vertebrates or
cortical architectures. We do not know the molecular underpinnings
of STDP in this system, orwhether STDPmight confer the associative
features usually ascribed to mushroom bodies4–7. The fly and honey-
bee genomes both reveal coding sequences forN-methyl-D-aspartate
(NMDA) receptor subunits13,23 and some Drosophila behavioural
results24 are compatible with STDP learning rules25. One hypothesis,
readily testable here, is that STDP provides associativity by tagging
transiently the subset of synapses activated simultaneously by the
odour, before the conditional arrival of a slower, non-specific reward
signal26.

Our results reinforce the proposed importance of spike timing for
this, and possibly other, olfactory system(s)1,2: Kenyon cells act as
coincidence detectors for synchronized projection neuron input2,
b-LNs act as coincidence detectors for Kenyon cell input; because
STDP helps enhance b-LN synchronization, we infer that spike

timing must be relevant also for the processing of b-LN output.
These results indicate that the oscillation cycle—a temporal unit
of processing first defined by negative feedback in the antennal
lobe14—is actively preserved in at least three successive layers of
processing (projection neurons, Kenyon cells and b-LNs). It will be
interesting to assess whether all Kenyon cell outputs obey the same
STDP rules, and if these rules are themselves subject to learning-
related modifications. Indeed, Kenyon cells seem to communicate
with one another through axo-axonal chemical synapses27. Given the
dynamics of projection neuron/Kenyon cell activity vectors in res-
ponse to odours1,2,15, the possibility that Kenyon cell–Kenyon cell
synapses also undergo STDP suggests a mechanism for sequence
learning28, similar to principles proposed for spatial map formation
in rodents29,30; here, however, the learned sequences have no rela-
tion to movement in physical space. The existence of such simila-
rities (synaptic learning rules, and synchronized and sequential
neural activity patterns) may bring us closer to understanding the
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Figure 4 | The effect of STDP on b-LN spike timing. a, Polar plot of Kenyon
cell spike phase in the calyx (somata) (KCC) and in the b-lobe (KCL), and
b-LN spike phase (from dendrites in the b-lobe) relative to the LFP (in the
calyx). All measurements from experiments. Green and red lines indicate
extrema of the STDP curve (see panel c). b, Schematic of temporal
relationships between LFP, Kenyon cell spike time, b-LN spike time and the
STDP rule. The Kenyon cell mean spike time in the calyx (KCC) is about p/2
after the LFP peak, and near the LFP trough in the b-lobe (KCL), owing to
propagation delay. b-LN mean spike time in the b-lobe is at the LFP trough
(p rad). The STDP curve is represented in colour gradients. The predicted
effect of STDP on b-LN spike time is schematized underneath. If the b-LN
spike occurs early, STDP should depress late Kenyon cell inputs (in this
oscillation cycle), delaying this b-LN spike at the next opportunity. The
converse applies if the b-LN spike occurs late. c, The STDP fit (two
exponentials flanking a linear segment, see text) overlaid on experimental
data. d, Simulations of STDP on b-LN spike time (rasters) (model b-LN
excited by 10 model Kenyon cells during one LFP cycle). First trial at top.
Three conditions are illustrated: left panel, low input weights (mean, 1.8mV;
range, 3mV), causing late b-LN-spike times (dt. 0); when STDP is turned
on, potentiation shifts b-LN spikes to earlier times. Right panel, high input

weights (mean, 9mV; range, 3mV); when STDP is turned on, depression
delays b-LN-spike times. Middle panel, intermediate weights, causing no
change. Histograms show the distribution of b-LN spike times before (red)
and after (black) STDP (1,000 runs per condition). e, Evolution of KC–b-LN
weights (upper panel), b-LN mean spike phase (middle panel) and number
of spikes per response (lower panel) over 50 trials following onset of STDP
(at trial 1). AP, action potential. Each curve is an average of 200 simulations
(11 different input distribution means). Asterisks indicate a corresponding
condition in the three plots. f, Schematic of experimental design. LFP cycles
(1…k) during which the recorded b-LN-produced action potentials are
selected. Peaks of LFP are used to trigger a sequence of current (Im) pulses (a,
b, c) into the b-LN (one such sequence per oscillation cycle). The a-b-c
sequence lasts less than one oscillation cycle, and is repeated for all selected
cycles, over several trials. g, Example of protocol described in panel f, such
that the b-LN spike is phase-delayed to ,3/2p (arrows). (Interrupted
segments of b-LN potential trace are bridge-balance artefacts.) h, Phase plot
of spikes in one b-LN before and after pairing (10 trials each), as in panel
g. Fifteen pairing trials (estimated dt5 17ms). i, Distributions of pairing-
induced mean phase shifts, measured in 20 separate experiments (6 b-LNs;
mean6 s.e.m.520.746 0.4ms versus 2.0 6 0.4ms).
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the same tetrode, which indicates that differ-
ences in tuning width were not caused by
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PN responses often lasted several seconds (Fig.
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slow temporal patterning typical of PNs (Fig.
1B). Using responsive cell-odor pairs, we
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KCs over the 3-s window after stimulus onset.

The distribution of PN spike counts over that
period was broad, with a mean of 19.53 !
10.67 spikes. KCs responded with 2.32 !
2.68 spikes (Fig. 2A) (38). We found a
negative correlation between KC spike count
and response selectivity (Spearman-ranked

Fig. 1. In vivo tetrode recordings
of odor responses in PNs (A and
C) and KCs (B, D, and E). Shaded
area, odor puff (1 s). (A) Re-
sponses of three simultaneously
recorded PNs (PN1 to PN3) to
16 different odors (first 10 trials
with each stimulus displayed,
top to bottom). Odors from top,
left column: hpo, don, che, hx3,
unn, min, oca, pnn; right column:
chx, oco, nnn, thx, 2hp, nna, 3hp,
hxo (37). Abbreviations are as
follows: 1-hexen-3-ol (hx3),
trans-2-hexen-1-ol (thx), cis-3-
hexen-1-ol (chx), 1-hexanol (hxo),
1-heptanol (hpo), 1-octanol (oco),
hexanal (hxa), heptanal (hpa), oc-
tanal (oca), nonanal (nna), 3,7-
dimethyl-2,6-octadiene-nitrile
(don), 3-pentanone (pnn), 2-hep-
tanone (2hp), 3-heptanone (3hp),
5-nonanone (nnn), 6-undecanone
(unn), cherry (che), mint (min),
geraniol (ger), vanilla (van), citral
(cit), apple (app), strawberry (str),
amylacetate (ama), benzaldehyde
(bnh), methyl salicylate (mts), eu-
genol (eug), L-carvone (lca), D-
carvone (dca), dihydro-myrcenol
(dhm). (B) Responses of 3 KCs to
the same 16 odors. Conditions
are the same as in (A) with the
following exceptions: for six of
the odors, KC1 and KC2 have only
five trials; in KC2, the seventh
odor in the right column is hxa.
(C) Expanded view of PN1 rasters
in response to hxo (trials 3 to 15).
Note alignment of spikes. (D) Re-
sponse of a fourth KC to hx3
(trials 3 to 15). Note low baseline
activity and alignment of first
spike in the response across trials.
(E) Response of a fifth KC with
superimposed LFP, recorded in
the MB (10- to 55-Hz bandpass).
Note phase-locking of KC spikes.
LFP " 400 #V.
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consequences. Consider the phases of Kenyon cell and b-LN
spikes (Fig. 4a). Owing to propagation delays, Kenyon cell spikes
reach their targets just before the trough of the LFP, a little before
b-LN firing (Fig. 2a, b). Consider a cycle in which a b-LN spikes early
(dt, 0): some KC–b-LN connections will undergo depression
(Fig. 3e); at the next trial, b-LN spike time at this cycle should be
delayed (Fig. 4b). If, in contrast, a b-LN spikes late, STDP should
potentiate Kenyon cell drive to it, and thus advance spike time for
that cycle (Fig. 4b). In short, the cycle-by-cycle action of STDP sug-
gests adaptive control of b-LN spike phase. The need for such regu-
lation is not unique to this system: models of cortical networks
indicate that, as activity propagates through successive ‘layers’, accu-
mulating noise can rapidly smear the temporal structure that may
exist18,19. Modelling studies20–22 predict that STDP, given appropriate
parameters, could preserve the temporal discretization of activity
through such layers.

We generated a reduced model of the KC–b-LN circuit (Methods)
and introduced the STDP rule derived from our experiments
(Fig. 4c). To control the relative phases of Kenyon cells and b-LNs,
we drew Kenyon cell spike phases from experiments2, and input
weights from uniform distributions with different means: with low
weights, b-LN spikes tended to occur late (dt. 0, Fig. 4d); with larger
weights, they occurred early (dt, 0, Fig. 4d). After several trials (each
with a randomdraw of inputs from the same distribution), STDPwas
allowed to modify synaptic weights for the following trials: when
b-LN spikes occurred late (dt. 0), Kenyon cell outputs became
potentiated and b-LN spikes were advanced; for dt, 0, time shifts
were inverted. The histograms in Fig. 4d represent spike-time dis-
tributions for 1,000 trials before (red) and after (black) STDP, for
each of three conditions. These simulations were repeated 200 times
(50 trials each), with 11 different Kenyon cell input distributions
(Fig. 4e). Once STDP was turned on (trial 1), the evolution was

systematic and rapid, leading to the adaptive up- or downregulation
of input weights, firing phase and response intensity (top,middle and
bottom, respectively, all averages; Fig. 4e). Given that the model is
entirely constrained by experiments, it is noteworthy that the mean
phase of the first b-LN spike at steady state (p rad, Fig. 4e), matches
precisely that measured experimentally (Fig. 2b).

To test directly the effect of STDP on b-LN output, we next
manipulated b-LN spike timing during responses to odours in vivo:
if ourmodel is correct, suchmanipulations should change the output
of the odour-activated Kenyon cells onto that b-LN and, thus, gen-
erate predictable shifts in its spike phase. During odour stimuli, short
current pulses locked to selected cycles of the LFP were injected in a
b-LN: a negative pulse (b, Fig. 4f) was injected during the cycles and
phase when the b-LN would naturally fire (to prevent stimulus-
evoked spikes), and a positive pulse (c, Fig. 4f) was injected at a
desired phase, for those same cycles (that is, at an abnormal time
relative to the Kenyon cell inputs that would normally drive the
recorded b-LN). An example is shown for four consecutive cycles
in Fig. 4g. After several such pairing trials, current injection was
terminated and b-LN-firing phase over the next trials was compared
to that before pairing. Figure 4h plots the effects of one such manip-
ulation (dt. 0): as predicted, an artificial phase-delay caused a cor-
rective phase-advance. Twenty distinct experiments were carried out
in six b-LNs; the expected phase shifts were observed in 16 of those 20
(Mann–Whitney: P, 0.001) (Fig. 4i). This is consistent with an
adaptive role for STDP in the fine-tuning of b-LN spike-phase, and
may explain the tight synchronization of b-LNs (Fig. 2d). Hence,
STDP helps preserve the discrete and periodic structure of olfactory
representations as they flow through the mushroom bodies.

We showed that the connections made by Kenyon cells to b-LNs
are excitatory, strong on average, variable across pairs, and plastic.
Plasticity follows time-sensitive hebbian associativity rules8–10 and
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Figure 3 | Hebbian spike-time-dependent plasticity at the KC–b-LN
synapse. a, Effect of single, near-coincident spikes in pre- and post-synaptic
neurons on the Kenyon cell to b-LN synapse. The b-LN is held from a
dendrite at normal resting potential in vivo, and subjected to paired Kenyon
cell stimuli at 20-ms intervals (first and second stimuli in train are from
different Kenyon cell electrodes). At trial 4, the effect of the first stimulus
sums with an on-going slow depolarization, causing a b-LN action potential.
At trial 5, the first EPSP (asterisk) is dramatically enhanced. b, Stimulation
protocols to probe STDP. For ‘pairing’, the b-LN is depolarized with a 5-ms
DC pulse, causing a single b-LN spike in a window around the time of the
Kenyon cell pairing stimulus (p). We tested the effects of 5 to 25 successive
pairings (10-s intervals); all evoked STDP. Control Kenyon cell stimulus (c)
is offset by 5 s relative to the b-LN current pulse. ‘Test’, same protocol as
pairing, except that Kenyon cell and b-LN stimuli are 2.5 s apart.

c, Potentiation of KC–b-LN connection after 25 pairings with dt5 10ms.
Upper panel, superimposed before- and after-trials, with their averages (bold
lines).Middle panel, EPSP slope against trial index, with 25 pairings between
the before- and after- periods. Stippled lines are average slopes over
corresponding trials. Lower panel, a control, recorded at the same time with
a second Kenyon cell pathway, offset by 5 s with respect to the b-LN spike,
and showing no significant change. d, Depression of KC–b-LN connection
after 25 pairings with dt524ms. Panels as in panel c. e, STDP plot for 26
values of dt5 tpost – t pre, where dt ismeasured as the delay between the b-LN
spike (tpost, caused by intracellular current injection,1 i) and the b-LNEPSP
onset (tpre, grey line, upper panels). EPSP onset time is used (rather than
Kenyon cell stimulus time) because Kenyon cell spike time at the b-LN
synapse is delayed from stimulus time, owing to spike propagation (see
Fig. 4a). Note the zero-crossing is slightly offset from dt5 0 (lower panel).
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consequences. Consider the phases of Kenyon cell and b-LN
spikes (Fig. 4a). Owing to propagation delays, Kenyon cell spikes
reach their targets just before the trough of the LFP, a little before
b-LN firing (Fig. 2a, b). Consider a cycle in which a b-LN spikes early
(dt, 0): some KC–b-LN connections will undergo depression
(Fig. 3e); at the next trial, b-LN spike time at this cycle should be
delayed (Fig. 4b). If, in contrast, a b-LN spikes late, STDP should
potentiate Kenyon cell drive to it, and thus advance spike time for
that cycle (Fig. 4b). In short, the cycle-by-cycle action of STDP sug-
gests adaptive control of b-LN spike phase. The need for such regu-
lation is not unique to this system: models of cortical networks
indicate that, as activity propagates through successive ‘layers’, accu-
mulating noise can rapidly smear the temporal structure that may
exist18,19. Modelling studies20–22 predict that STDP, given appropriate
parameters, could preserve the temporal discretization of activity
through such layers.

We generated a reduced model of the KC–b-LN circuit (Methods)
and introduced the STDP rule derived from our experiments
(Fig. 4c). To control the relative phases of Kenyon cells and b-LNs,
we drew Kenyon cell spike phases from experiments2, and input
weights from uniform distributions with different means: with low
weights, b-LN spikes tended to occur late (dt. 0, Fig. 4d); with larger
weights, they occurred early (dt, 0, Fig. 4d). After several trials (each
with a randomdraw of inputs from the same distribution), STDPwas
allowed to modify synaptic weights for the following trials: when
b-LN spikes occurred late (dt. 0), Kenyon cell outputs became
potentiated and b-LN spikes were advanced; for dt, 0, time shifts
were inverted. The histograms in Fig. 4d represent spike-time dis-
tributions for 1,000 trials before (red) and after (black) STDP, for
each of three conditions. These simulations were repeated 200 times
(50 trials each), with 11 different Kenyon cell input distributions
(Fig. 4e). Once STDP was turned on (trial 1), the evolution was

systematic and rapid, leading to the adaptive up- or downregulation
of input weights, firing phase and response intensity (top,middle and
bottom, respectively, all averages; Fig. 4e). Given that the model is
entirely constrained by experiments, it is noteworthy that the mean
phase of the first b-LN spike at steady state (p rad, Fig. 4e), matches
precisely that measured experimentally (Fig. 2b).

To test directly the effect of STDP on b-LN output, we next
manipulated b-LN spike timing during responses to odours in vivo:
if ourmodel is correct, suchmanipulations should change the output
of the odour-activated Kenyon cells onto that b-LN and, thus, gen-
erate predictable shifts in its spike phase. During odour stimuli, short
current pulses locked to selected cycles of the LFP were injected in a
b-LN: a negative pulse (b, Fig. 4f) was injected during the cycles and
phase when the b-LN would naturally fire (to prevent stimulus-
evoked spikes), and a positive pulse (c, Fig. 4f) was injected at a
desired phase, for those same cycles (that is, at an abnormal time
relative to the Kenyon cell inputs that would normally drive the
recorded b-LN). An example is shown for four consecutive cycles
in Fig. 4g. After several such pairing trials, current injection was
terminated and b-LN-firing phase over the next trials was compared
to that before pairing. Figure 4h plots the effects of one such manip-
ulation (dt. 0): as predicted, an artificial phase-delay caused a cor-
rective phase-advance. Twenty distinct experiments were carried out
in six b-LNs; the expected phase shifts were observed in 16 of those 20
(Mann–Whitney: P, 0.001) (Fig. 4i). This is consistent with an
adaptive role for STDP in the fine-tuning of b-LN spike-phase, and
may explain the tight synchronization of b-LNs (Fig. 2d). Hence,
STDP helps preserve the discrete and periodic structure of olfactory
representations as they flow through the mushroom bodies.

We showed that the connections made by Kenyon cells to b-LNs
are excitatory, strong on average, variable across pairs, and plastic.
Plasticity follows time-sensitive hebbian associativity rules8–10 and
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Figure 3 | Hebbian spike-time-dependent plasticity at the KC–b-LN
synapse. a, Effect of single, near-coincident spikes in pre- and post-synaptic
neurons on the Kenyon cell to b-LN synapse. The b-LN is held from a
dendrite at normal resting potential in vivo, and subjected to paired Kenyon
cell stimuli at 20-ms intervals (first and second stimuli in train are from
different Kenyon cell electrodes). At trial 4, the effect of the first stimulus
sums with an on-going slow depolarization, causing a b-LN action potential.
At trial 5, the first EPSP (asterisk) is dramatically enhanced. b, Stimulation
protocols to probe STDP. For ‘pairing’, the b-LN is depolarized with a 5-ms
DC pulse, causing a single b-LN spike in a window around the time of the
Kenyon cell pairing stimulus (p). We tested the effects of 5 to 25 successive
pairings (10-s intervals); all evoked STDP. Control Kenyon cell stimulus (c)
is offset by 5 s relative to the b-LN current pulse. ‘Test’, same protocol as
pairing, except that Kenyon cell and b-LN stimuli are 2.5 s apart.

c, Potentiation of KC–b-LN connection after 25 pairings with dt5 10ms.
Upper panel, superimposed before- and after-trials, with their averages (bold
lines).Middle panel, EPSP slope against trial index, with 25 pairings between
the before- and after- periods. Stippled lines are average slopes over
corresponding trials. Lower panel, a control, recorded at the same time with
a second Kenyon cell pathway, offset by 5 s with respect to the b-LN spike,
and showing no significant change. d, Depression of KC–b-LN connection
after 25 pairings with dt524ms. Panels as in panel c. e, STDP plot for 26
values of dt5 tpost – t pre, where dt ismeasured as the delay between the b-LN
spike (tpost, caused by intracellular current injection,1 i) and the b-LNEPSP
onset (tpre, grey line, upper panels). EPSP onset time is used (rather than
Kenyon cell stimulus time) because Kenyon cell spike time at the b-LN
synapse is delayed from stimulus time, owing to spike propagation (see
Fig. 4a). Note the zero-crossing is slightly offset from dt5 0 (lower panel).
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consequences. Consider the phases of Kenyon cell and b-LN
spikes (Fig. 4a). Owing to propagation delays, Kenyon cell spikes
reach their targets just before the trough of the LFP, a little before
b-LN firing (Fig. 2a, b). Consider a cycle in which a b-LN spikes early
(dt, 0): some KC–b-LN connections will undergo depression
(Fig. 3e); at the next trial, b-LN spike time at this cycle should be
delayed (Fig. 4b). If, in contrast, a b-LN spikes late, STDP should
potentiate Kenyon cell drive to it, and thus advance spike time for
that cycle (Fig. 4b). In short, the cycle-by-cycle action of STDP sug-
gests adaptive control of b-LN spike phase. The need for such regu-
lation is not unique to this system: models of cortical networks
indicate that, as activity propagates through successive ‘layers’, accu-
mulating noise can rapidly smear the temporal structure that may
exist18,19. Modelling studies20–22 predict that STDP, given appropriate
parameters, could preserve the temporal discretization of activity
through such layers.

We generated a reduced model of the KC–b-LN circuit (Methods)
and introduced the STDP rule derived from our experiments
(Fig. 4c). To control the relative phases of Kenyon cells and b-LNs,
we drew Kenyon cell spike phases from experiments2, and input
weights from uniform distributions with different means: with low
weights, b-LN spikes tended to occur late (dt. 0, Fig. 4d); with larger
weights, they occurred early (dt, 0, Fig. 4d). After several trials (each
with a randomdraw of inputs from the same distribution), STDPwas
allowed to modify synaptic weights for the following trials: when
b-LN spikes occurred late (dt. 0), Kenyon cell outputs became
potentiated and b-LN spikes were advanced; for dt, 0, time shifts
were inverted. The histograms in Fig. 4d represent spike-time dis-
tributions for 1,000 trials before (red) and after (black) STDP, for
each of three conditions. These simulations were repeated 200 times
(50 trials each), with 11 different Kenyon cell input distributions
(Fig. 4e). Once STDP was turned on (trial 1), the evolution was

systematic and rapid, leading to the adaptive up- or downregulation
of input weights, firing phase and response intensity (top,middle and
bottom, respectively, all averages; Fig. 4e). Given that the model is
entirely constrained by experiments, it is noteworthy that the mean
phase of the first b-LN spike at steady state (p rad, Fig. 4e), matches
precisely that measured experimentally (Fig. 2b).

To test directly the effect of STDP on b-LN output, we next
manipulated b-LN spike timing during responses to odours in vivo:
if ourmodel is correct, suchmanipulations should change the output
of the odour-activated Kenyon cells onto that b-LN and, thus, gen-
erate predictable shifts in its spike phase. During odour stimuli, short
current pulses locked to selected cycles of the LFP were injected in a
b-LN: a negative pulse (b, Fig. 4f) was injected during the cycles and
phase when the b-LN would naturally fire (to prevent stimulus-
evoked spikes), and a positive pulse (c, Fig. 4f) was injected at a
desired phase, for those same cycles (that is, at an abnormal time
relative to the Kenyon cell inputs that would normally drive the
recorded b-LN). An example is shown for four consecutive cycles
in Fig. 4g. After several such pairing trials, current injection was
terminated and b-LN-firing phase over the next trials was compared
to that before pairing. Figure 4h plots the effects of one such manip-
ulation (dt. 0): as predicted, an artificial phase-delay caused a cor-
rective phase-advance. Twenty distinct experiments were carried out
in six b-LNs; the expected phase shifts were observed in 16 of those 20
(Mann–Whitney: P, 0.001) (Fig. 4i). This is consistent with an
adaptive role for STDP in the fine-tuning of b-LN spike-phase, and
may explain the tight synchronization of b-LNs (Fig. 2d). Hence,
STDP helps preserve the discrete and periodic structure of olfactory
representations as they flow through the mushroom bodies.

We showed that the connections made by Kenyon cells to b-LNs
are excitatory, strong on average, variable across pairs, and plastic.
Plasticity follows time-sensitive hebbian associativity rules8–10 and
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Figure 3 | Hebbian spike-time-dependent plasticity at the KC–b-LN
synapse. a, Effect of single, near-coincident spikes in pre- and post-synaptic
neurons on the Kenyon cell to b-LN synapse. The b-LN is held from a
dendrite at normal resting potential in vivo, and subjected to paired Kenyon
cell stimuli at 20-ms intervals (first and second stimuli in train are from
different Kenyon cell electrodes). At trial 4, the effect of the first stimulus
sums with an on-going slow depolarization, causing a b-LN action potential.
At trial 5, the first EPSP (asterisk) is dramatically enhanced. b, Stimulation
protocols to probe STDP. For ‘pairing’, the b-LN is depolarized with a 5-ms
DC pulse, causing a single b-LN spike in a window around the time of the
Kenyon cell pairing stimulus (p). We tested the effects of 5 to 25 successive
pairings (10-s intervals); all evoked STDP. Control Kenyon cell stimulus (c)
is offset by 5 s relative to the b-LN current pulse. ‘Test’, same protocol as
pairing, except that Kenyon cell and b-LN stimuli are 2.5 s apart.

c, Potentiation of KC–b-LN connection after 25 pairings with dt5 10ms.
Upper panel, superimposed before- and after-trials, with their averages (bold
lines).Middle panel, EPSP slope against trial index, with 25 pairings between
the before- and after- periods. Stippled lines are average slopes over
corresponding trials. Lower panel, a control, recorded at the same time with
a second Kenyon cell pathway, offset by 5 s with respect to the b-LN spike,
and showing no significant change. d, Depression of KC–b-LN connection
after 25 pairings with dt524ms. Panels as in panel c. e, STDP plot for 26
values of dt5 tpost – t pre, where dt ismeasured as the delay between the b-LN
spike (tpost, caused by intracellular current injection,1 i) and the b-LNEPSP
onset (tpre, grey line, upper panels). EPSP onset time is used (rather than
Kenyon cell stimulus time) because Kenyon cell spike time at the b-LN
synapse is delayed from stimulus time, owing to spike propagation (see
Fig. 4a). Note the zero-crossing is slightly offset from dt5 0 (lower panel).
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consequences. Consider the phases of Kenyon cell and b-LN
spikes (Fig. 4a). Owing to propagation delays, Kenyon cell spikes
reach their targets just before the trough of the LFP, a little before
b-LN firing (Fig. 2a, b). Consider a cycle in which a b-LN spikes early
(dt, 0): some KC–b-LN connections will undergo depression
(Fig. 3e); at the next trial, b-LN spike time at this cycle should be
delayed (Fig. 4b). If, in contrast, a b-LN spikes late, STDP should
potentiate Kenyon cell drive to it, and thus advance spike time for
that cycle (Fig. 4b). In short, the cycle-by-cycle action of STDP sug-
gests adaptive control of b-LN spike phase. The need for such regu-
lation is not unique to this system: models of cortical networks
indicate that, as activity propagates through successive ‘layers’, accu-
mulating noise can rapidly smear the temporal structure that may
exist18,19. Modelling studies20–22 predict that STDP, given appropriate
parameters, could preserve the temporal discretization of activity
through such layers.

We generated a reduced model of the KC–b-LN circuit (Methods)
and introduced the STDP rule derived from our experiments
(Fig. 4c). To control the relative phases of Kenyon cells and b-LNs,
we drew Kenyon cell spike phases from experiments2, and input
weights from uniform distributions with different means: with low
weights, b-LN spikes tended to occur late (dt. 0, Fig. 4d); with larger
weights, they occurred early (dt, 0, Fig. 4d). After several trials (each
with a randomdraw of inputs from the same distribution), STDPwas
allowed to modify synaptic weights for the following trials: when
b-LN spikes occurred late (dt. 0), Kenyon cell outputs became
potentiated and b-LN spikes were advanced; for dt, 0, time shifts
were inverted. The histograms in Fig. 4d represent spike-time dis-
tributions for 1,000 trials before (red) and after (black) STDP, for
each of three conditions. These simulations were repeated 200 times
(50 trials each), with 11 different Kenyon cell input distributions
(Fig. 4e). Once STDP was turned on (trial 1), the evolution was

systematic and rapid, leading to the adaptive up- or downregulation
of input weights, firing phase and response intensity (top,middle and
bottom, respectively, all averages; Fig. 4e). Given that the model is
entirely constrained by experiments, it is noteworthy that the mean
phase of the first b-LN spike at steady state (p rad, Fig. 4e), matches
precisely that measured experimentally (Fig. 2b).

To test directly the effect of STDP on b-LN output, we next
manipulated b-LN spike timing during responses to odours in vivo:
if ourmodel is correct, suchmanipulations should change the output
of the odour-activated Kenyon cells onto that b-LN and, thus, gen-
erate predictable shifts in its spike phase. During odour stimuli, short
current pulses locked to selected cycles of the LFP were injected in a
b-LN: a negative pulse (b, Fig. 4f) was injected during the cycles and
phase when the b-LN would naturally fire (to prevent stimulus-
evoked spikes), and a positive pulse (c, Fig. 4f) was injected at a
desired phase, for those same cycles (that is, at an abnormal time
relative to the Kenyon cell inputs that would normally drive the
recorded b-LN). An example is shown for four consecutive cycles
in Fig. 4g. After several such pairing trials, current injection was
terminated and b-LN-firing phase over the next trials was compared
to that before pairing. Figure 4h plots the effects of one such manip-
ulation (dt. 0): as predicted, an artificial phase-delay caused a cor-
rective phase-advance. Twenty distinct experiments were carried out
in six b-LNs; the expected phase shifts were observed in 16 of those 20
(Mann–Whitney: P, 0.001) (Fig. 4i). This is consistent with an
adaptive role for STDP in the fine-tuning of b-LN spike-phase, and
may explain the tight synchronization of b-LNs (Fig. 2d). Hence,
STDP helps preserve the discrete and periodic structure of olfactory
representations as they flow through the mushroom bodies.

We showed that the connections made by Kenyon cells to b-LNs
are excitatory, strong on average, variable across pairs, and plastic.
Plasticity follows time-sensitive hebbian associativity rules8–10 and
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Figure 3 | Hebbian spike-time-dependent plasticity at the KC–b-LN
synapse. a, Effect of single, near-coincident spikes in pre- and post-synaptic
neurons on the Kenyon cell to b-LN synapse. The b-LN is held from a
dendrite at normal resting potential in vivo, and subjected to paired Kenyon
cell stimuli at 20-ms intervals (first and second stimuli in train are from
different Kenyon cell electrodes). At trial 4, the effect of the first stimulus
sums with an on-going slow depolarization, causing a b-LN action potential.
At trial 5, the first EPSP (asterisk) is dramatically enhanced. b, Stimulation
protocols to probe STDP. For ‘pairing’, the b-LN is depolarized with a 5-ms
DC pulse, causing a single b-LN spike in a window around the time of the
Kenyon cell pairing stimulus (p). We tested the effects of 5 to 25 successive
pairings (10-s intervals); all evoked STDP. Control Kenyon cell stimulus (c)
is offset by 5 s relative to the b-LN current pulse. ‘Test’, same protocol as
pairing, except that Kenyon cell and b-LN stimuli are 2.5 s apart.

c, Potentiation of KC–b-LN connection after 25 pairings with dt5 10ms.
Upper panel, superimposed before- and after-trials, with their averages (bold
lines).Middle panel, EPSP slope against trial index, with 25 pairings between
the before- and after- periods. Stippled lines are average slopes over
corresponding trials. Lower panel, a control, recorded at the same time with
a second Kenyon cell pathway, offset by 5 s with respect to the b-LN spike,
and showing no significant change. d, Depression of KC–b-LN connection
after 25 pairings with dt524ms. Panels as in panel c. e, STDP plot for 26
values of dt5 tpost – t pre, where dt ismeasured as the delay between the b-LN
spike (tpost, caused by intracellular current injection,1 i) and the b-LNEPSP
onset (tpre, grey line, upper panels). EPSP onset time is used (rather than
Kenyon cell stimulus time) because Kenyon cell spike time at the b-LN
synapse is delayed from stimulus time, owing to spike propagation (see
Fig. 4a). Note the zero-crossing is slightly offset from dt5 0 (lower panel).
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Hebbian STDP in mushroom bodies facilitates the
synchronous flow of olfactory information in locusts
Stijn Cassenaer1 & Gilles Laurent1

Odour representations in insects undergo progressive trans-
formations and decorrelation1–3 from the receptor array to the
presumed site of odour learning, the mushroom body4–7. There,
odours are represented by sparse assemblies of Kenyon cells in a
large population2. Using intracellular recordings in vivo, we exam-
ined transmission and plasticity at the synapse made by Kenyon
cells onto downstream targets in locusts. We find that these indi-
vidual synapses are excitatory and undergo hebbian spike-timing
dependent plasticity (STDP)8–10 on a625ms timescale. When
placed in the context of odour-evoked Kenyon cell activity (a 20-
Hz oscillatory population discharge), this form of STDP enhances
the synchronization of the Kenyon cells’ targets and thus helps
preserve the propagation of the odour-specific codes through the
olfactory system.

Olfactory processing in insects begins in an array of receptor neu-
rons that express collectively many tens of olfactory receptor genes
(,60 inDrosophila11,12;,150 in honeybees13). The representations of
general odours are then decorrelated by local circuits of projection
neurons and local neurons in the antennal lobe1–3. In locusts and
other insects, the antennal lobe output is distributed in space and
time and can be described as stimulus-specific time-series of projec-
tion-neuron activity vectors, updated at each cycle of a 20-Hz col-
lective oscillation1,14,15. Distributed projection-neuron activity is then
projected to Kenyon cells, the intrinsic neurons of the mushroom
body. In contrast to projection neurons, Kenyon cells respond very
specifically and fire extremely rarely2. The mechanisms underlying
this sparsening are starting to be understood2,16. Such sparse repre-
sentations are advantageous for memory and recall16, consistent
with established roles of the mushroom bodies in learning4–7. In
Drosophila, experiments combining molecular inactivation with
behaviour indicate that synaptic output from Kenyon cells in the
lobes is required for memory retrieval5. Little is known, however,
about the electrophysiological properties of these synapses.

We studied the connections made by Kenyon cells onto a small
population of extrinsic neurons17 in the b-lobe of the locust mush-
room body (Fig. 1a), using an intact, in vivo preparation (Methods).
b-lobe neurons (b-LNs) respond to odours; their responses are
odour-specific and their tuning is sensitive to input synchrony17.
We recorded intracellularly from pairs of Kenyon cells and b-LNs:
randomly selected Kenyon cells were impaled in their soma; b-LNs
were impaled in a dendrite in the b-lobe. We focused on one b-LN
anatomical subtype17, which comprises many individual neurons.
Neurons of this subtype, called b-LNs here, could be recognized also
by their physiological characteristics (see below). Each b-LN has
extensive dendrites (Fig. 1a, and Supplementary Fig. 1) that intersect
many of 50,000 Kenyon cell axons. Monosynaptic connections were
found in ,2% of tested Kenyon cell (KC)–b-LN pairs (Fig. 1b). All
were excitatory. The delay between Kenyon cell spike and b-LN-
excitatory post-synaptic potential (EPSP) onset was 6.56 0.70ms,
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electrotonic access to synaptic sites. Lower panel, overlay of selected EPSPs
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as in panel c). Lower panel, overlay of selected EPSPs from above.

Vol 448 |9 August 2007 |doi:10.1038/nature05973

709
Nature   ©2007 Publishing Group

hi gain

is constrained to within-cycle interactions between pre-and post-
synaptic neurons. STDP is therefore not specific to vertebrates or
cortical architectures. We do not know the molecular underpinnings
of STDP in this system, orwhether STDPmight confer the associative
features usually ascribed to mushroom bodies4–7. The fly and honey-
bee genomes both reveal coding sequences forN-methyl-D-aspartate
(NMDA) receptor subunits13,23 and some Drosophila behavioural
results24 are compatible with STDP learning rules25. One hypothesis,
readily testable here, is that STDP provides associativity by tagging
transiently the subset of synapses activated simultaneously by the
odour, before the conditional arrival of a slower, non-specific reward
signal26.

Our results reinforce the proposed importance of spike timing for
this, and possibly other, olfactory system(s)1,2: Kenyon cells act as
coincidence detectors for synchronized projection neuron input2,
b-LNs act as coincidence detectors for Kenyon cell input; because
STDP helps enhance b-LN synchronization, we infer that spike

timing must be relevant also for the processing of b-LN output.
These results indicate that the oscillation cycle—a temporal unit
of processing first defined by negative feedback in the antennal
lobe14—is actively preserved in at least three successive layers of
processing (projection neurons, Kenyon cells and b-LNs). It will be
interesting to assess whether all Kenyon cell outputs obey the same
STDP rules, and if these rules are themselves subject to learning-
related modifications. Indeed, Kenyon cells seem to communicate
with one another through axo-axonal chemical synapses27. Given the
dynamics of projection neuron/Kenyon cell activity vectors in res-
ponse to odours1,2,15, the possibility that Kenyon cell–Kenyon cell
synapses also undergo STDP suggests a mechanism for sequence
learning28, similar to principles proposed for spatial map formation
in rodents29,30; here, however, the learned sequences have no rela-
tion to movement in physical space. The existence of such simila-
rities (synaptic learning rules, and synchronized and sequential
neural activity patterns) may bring us closer to understanding the
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Figure 4 | The effect of STDP on b-LN spike timing. a, Polar plot of Kenyon
cell spike phase in the calyx (somata) (KCC) and in the b-lobe (KCL), and
b-LN spike phase (from dendrites in the b-lobe) relative to the LFP (in the
calyx). All measurements from experiments. Green and red lines indicate
extrema of the STDP curve (see panel c). b, Schematic of temporal
relationships between LFP, Kenyon cell spike time, b-LN spike time and the
STDP rule. The Kenyon cell mean spike time in the calyx (KCC) is about p/2
after the LFP peak, and near the LFP trough in the b-lobe (KCL), owing to
propagation delay. b-LN mean spike time in the b-lobe is at the LFP trough
(p rad). The STDP curve is represented in colour gradients. The predicted
effect of STDP on b-LN spike time is schematized underneath. If the b-LN
spike occurs early, STDP should depress late Kenyon cell inputs (in this
oscillation cycle), delaying this b-LN spike at the next opportunity. The
converse applies if the b-LN spike occurs late. c, The STDP fit (two
exponentials flanking a linear segment, see text) overlaid on experimental
data. d, Simulations of STDP on b-LN spike time (rasters) (model b-LN
excited by 10 model Kenyon cells during one LFP cycle). First trial at top.
Three conditions are illustrated: left panel, low input weights (mean, 1.8mV;
range, 3mV), causing late b-LN-spike times (dt. 0); when STDP is turned
on, potentiation shifts b-LN spikes to earlier times. Right panel, high input

weights (mean, 9mV; range, 3mV); when STDP is turned on, depression
delays b-LN-spike times. Middle panel, intermediate weights, causing no
change. Histograms show the distribution of b-LN spike times before (red)
and after (black) STDP (1,000 runs per condition). e, Evolution of KC–b-LN
weights (upper panel), b-LN mean spike phase (middle panel) and number
of spikes per response (lower panel) over 50 trials following onset of STDP
(at trial 1). AP, action potential. Each curve is an average of 200 simulations
(11 different input distribution means). Asterisks indicate a corresponding
condition in the three plots. f, Schematic of experimental design. LFP cycles
(1…k) during which the recorded b-LN-produced action potentials are
selected. Peaks of LFP are used to trigger a sequence of current (Im) pulses (a,
b, c) into the b-LN (one such sequence per oscillation cycle). The a-b-c
sequence lasts less than one oscillation cycle, and is repeated for all selected
cycles, over several trials. g, Example of protocol described in panel f, such
that the b-LN spike is phase-delayed to ,3/2p (arrows). (Interrupted
segments of b-LN potential trace are bridge-balance artefacts.) h, Phase plot
of spikes in one b-LN before and after pairing (10 trials each), as in panel
g. Fifteen pairing trials (estimated dt5 17ms). i, Distributions of pairing-
induced mean phase shifts, measured in 20 separate experiments (6 b-LNs;
mean6 s.e.m.520.746 0.4ms versus 2.0 6 0.4ms).
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consequences. Consider the phases of Kenyon cell and b-LN
spikes (Fig. 4a). Owing to propagation delays, Kenyon cell spikes
reach their targets just before the trough of the LFP, a little before
b-LN firing (Fig. 2a, b). Consider a cycle in which a b-LN spikes early
(dt, 0): some KC–b-LN connections will undergo depression
(Fig. 3e); at the next trial, b-LN spike time at this cycle should be
delayed (Fig. 4b). If, in contrast, a b-LN spikes late, STDP should
potentiate Kenyon cell drive to it, and thus advance spike time for
that cycle (Fig. 4b). In short, the cycle-by-cycle action of STDP sug-
gests adaptive control of b-LN spike phase. The need for such regu-
lation is not unique to this system: models of cortical networks
indicate that, as activity propagates through successive ‘layers’, accu-
mulating noise can rapidly smear the temporal structure that may
exist18,19. Modelling studies20–22 predict that STDP, given appropriate
parameters, could preserve the temporal discretization of activity
through such layers.

We generated a reduced model of the KC–b-LN circuit (Methods)
and introduced the STDP rule derived from our experiments
(Fig. 4c). To control the relative phases of Kenyon cells and b-LNs,
we drew Kenyon cell spike phases from experiments2, and input
weights from uniform distributions with different means: with low
weights, b-LN spikes tended to occur late (dt. 0, Fig. 4d); with larger
weights, they occurred early (dt, 0, Fig. 4d). After several trials (each
with a randomdraw of inputs from the same distribution), STDPwas
allowed to modify synaptic weights for the following trials: when
b-LN spikes occurred late (dt. 0), Kenyon cell outputs became
potentiated and b-LN spikes were advanced; for dt, 0, time shifts
were inverted. The histograms in Fig. 4d represent spike-time dis-
tributions for 1,000 trials before (red) and after (black) STDP, for
each of three conditions. These simulations were repeated 200 times
(50 trials each), with 11 different Kenyon cell input distributions
(Fig. 4e). Once STDP was turned on (trial 1), the evolution was

systematic and rapid, leading to the adaptive up- or downregulation
of input weights, firing phase and response intensity (top,middle and
bottom, respectively, all averages; Fig. 4e). Given that the model is
entirely constrained by experiments, it is noteworthy that the mean
phase of the first b-LN spike at steady state (p rad, Fig. 4e), matches
precisely that measured experimentally (Fig. 2b).

To test directly the effect of STDP on b-LN output, we next
manipulated b-LN spike timing during responses to odours in vivo:
if ourmodel is correct, suchmanipulations should change the output
of the odour-activated Kenyon cells onto that b-LN and, thus, gen-
erate predictable shifts in its spike phase. During odour stimuli, short
current pulses locked to selected cycles of the LFP were injected in a
b-LN: a negative pulse (b, Fig. 4f) was injected during the cycles and
phase when the b-LN would naturally fire (to prevent stimulus-
evoked spikes), and a positive pulse (c, Fig. 4f) was injected at a
desired phase, for those same cycles (that is, at an abnormal time
relative to the Kenyon cell inputs that would normally drive the
recorded b-LN). An example is shown for four consecutive cycles
in Fig. 4g. After several such pairing trials, current injection was
terminated and b-LN-firing phase over the next trials was compared
to that before pairing. Figure 4h plots the effects of one such manip-
ulation (dt. 0): as predicted, an artificial phase-delay caused a cor-
rective phase-advance. Twenty distinct experiments were carried out
in six b-LNs; the expected phase shifts were observed in 16 of those 20
(Mann–Whitney: P, 0.001) (Fig. 4i). This is consistent with an
adaptive role for STDP in the fine-tuning of b-LN spike-phase, and
may explain the tight synchronization of b-LNs (Fig. 2d). Hence,
STDP helps preserve the discrete and periodic structure of olfactory
representations as they flow through the mushroom bodies.

We showed that the connections made by Kenyon cells to b-LNs
are excitatory, strong on average, variable across pairs, and plastic.
Plasticity follows time-sensitive hebbian associativity rules8–10 and
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Figure 3 | Hebbian spike-time-dependent plasticity at the KC–b-LN
synapse. a, Effect of single, near-coincident spikes in pre- and post-synaptic
neurons on the Kenyon cell to b-LN synapse. The b-LN is held from a
dendrite at normal resting potential in vivo, and subjected to paired Kenyon
cell stimuli at 20-ms intervals (first and second stimuli in train are from
different Kenyon cell electrodes). At trial 4, the effect of the first stimulus
sums with an on-going slow depolarization, causing a b-LN action potential.
At trial 5, the first EPSP (asterisk) is dramatically enhanced. b, Stimulation
protocols to probe STDP. For ‘pairing’, the b-LN is depolarized with a 5-ms
DC pulse, causing a single b-LN spike in a window around the time of the
Kenyon cell pairing stimulus (p). We tested the effects of 5 to 25 successive
pairings (10-s intervals); all evoked STDP. Control Kenyon cell stimulus (c)
is offset by 5 s relative to the b-LN current pulse. ‘Test’, same protocol as
pairing, except that Kenyon cell and b-LN stimuli are 2.5 s apart.

c, Potentiation of KC–b-LN connection after 25 pairings with dt5 10ms.
Upper panel, superimposed before- and after-trials, with their averages (bold
lines).Middle panel, EPSP slope against trial index, with 25 pairings between
the before- and after- periods. Stippled lines are average slopes over
corresponding trials. Lower panel, a control, recorded at the same time with
a second Kenyon cell pathway, offset by 5 s with respect to the b-LN spike,
and showing no significant change. d, Depression of KC–b-LN connection
after 25 pairings with dt524ms. Panels as in panel c. e, STDP plot for 26
values of dt5 tpost – t pre, where dt ismeasured as the delay between the b-LN
spike (tpost, caused by intracellular current injection,1 i) and the b-LNEPSP
onset (tpre, grey line, upper panels). EPSP onset time is used (rather than
Kenyon cell stimulus time) because Kenyon cell spike time at the b-LN
synapse is delayed from stimulus time, owing to spike propagation (see
Fig. 4a). Note the zero-crossing is slightly offset from dt5 0 (lower panel).
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consequences. Consider the phases of Kenyon cell and b-LN
spikes (Fig. 4a). Owing to propagation delays, Kenyon cell spikes
reach their targets just before the trough of the LFP, a little before
b-LN firing (Fig. 2a, b). Consider a cycle in which a b-LN spikes early
(dt, 0): some KC–b-LN connections will undergo depression
(Fig. 3e); at the next trial, b-LN spike time at this cycle should be
delayed (Fig. 4b). If, in contrast, a b-LN spikes late, STDP should
potentiate Kenyon cell drive to it, and thus advance spike time for
that cycle (Fig. 4b). In short, the cycle-by-cycle action of STDP sug-
gests adaptive control of b-LN spike phase. The need for such regu-
lation is not unique to this system: models of cortical networks
indicate that, as activity propagates through successive ‘layers’, accu-
mulating noise can rapidly smear the temporal structure that may
exist18,19. Modelling studies20–22 predict that STDP, given appropriate
parameters, could preserve the temporal discretization of activity
through such layers.

We generated a reduced model of the KC–b-LN circuit (Methods)
and introduced the STDP rule derived from our experiments
(Fig. 4c). To control the relative phases of Kenyon cells and b-LNs,
we drew Kenyon cell spike phases from experiments2, and input
weights from uniform distributions with different means: with low
weights, b-LN spikes tended to occur late (dt. 0, Fig. 4d); with larger
weights, they occurred early (dt, 0, Fig. 4d). After several trials (each
with a randomdraw of inputs from the same distribution), STDPwas
allowed to modify synaptic weights for the following trials: when
b-LN spikes occurred late (dt. 0), Kenyon cell outputs became
potentiated and b-LN spikes were advanced; for dt, 0, time shifts
were inverted. The histograms in Fig. 4d represent spike-time dis-
tributions for 1,000 trials before (red) and after (black) STDP, for
each of three conditions. These simulations were repeated 200 times
(50 trials each), with 11 different Kenyon cell input distributions
(Fig. 4e). Once STDP was turned on (trial 1), the evolution was

systematic and rapid, leading to the adaptive up- or downregulation
of input weights, firing phase and response intensity (top,middle and
bottom, respectively, all averages; Fig. 4e). Given that the model is
entirely constrained by experiments, it is noteworthy that the mean
phase of the first b-LN spike at steady state (p rad, Fig. 4e), matches
precisely that measured experimentally (Fig. 2b).

To test directly the effect of STDP on b-LN output, we next
manipulated b-LN spike timing during responses to odours in vivo:
if ourmodel is correct, suchmanipulations should change the output
of the odour-activated Kenyon cells onto that b-LN and, thus, gen-
erate predictable shifts in its spike phase. During odour stimuli, short
current pulses locked to selected cycles of the LFP were injected in a
b-LN: a negative pulse (b, Fig. 4f) was injected during the cycles and
phase when the b-LN would naturally fire (to prevent stimulus-
evoked spikes), and a positive pulse (c, Fig. 4f) was injected at a
desired phase, for those same cycles (that is, at an abnormal time
relative to the Kenyon cell inputs that would normally drive the
recorded b-LN). An example is shown for four consecutive cycles
in Fig. 4g. After several such pairing trials, current injection was
terminated and b-LN-firing phase over the next trials was compared
to that before pairing. Figure 4h plots the effects of one such manip-
ulation (dt. 0): as predicted, an artificial phase-delay caused a cor-
rective phase-advance. Twenty distinct experiments were carried out
in six b-LNs; the expected phase shifts were observed in 16 of those 20
(Mann–Whitney: P, 0.001) (Fig. 4i). This is consistent with an
adaptive role for STDP in the fine-tuning of b-LN spike-phase, and
may explain the tight synchronization of b-LNs (Fig. 2d). Hence,
STDP helps preserve the discrete and periodic structure of olfactory
representations as they flow through the mushroom bodies.

We showed that the connections made by Kenyon cells to b-LNs
are excitatory, strong on average, variable across pairs, and plastic.
Plasticity follows time-sensitive hebbian associativity rules8–10 and
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Figure 3 | Hebbian spike-time-dependent plasticity at the KC–b-LN
synapse. a, Effect of single, near-coincident spikes in pre- and post-synaptic
neurons on the Kenyon cell to b-LN synapse. The b-LN is held from a
dendrite at normal resting potential in vivo, and subjected to paired Kenyon
cell stimuli at 20-ms intervals (first and second stimuli in train are from
different Kenyon cell electrodes). At trial 4, the effect of the first stimulus
sums with an on-going slow depolarization, causing a b-LN action potential.
At trial 5, the first EPSP (asterisk) is dramatically enhanced. b, Stimulation
protocols to probe STDP. For ‘pairing’, the b-LN is depolarized with a 5-ms
DC pulse, causing a single b-LN spike in a window around the time of the
Kenyon cell pairing stimulus (p). We tested the effects of 5 to 25 successive
pairings (10-s intervals); all evoked STDP. Control Kenyon cell stimulus (c)
is offset by 5 s relative to the b-LN current pulse. ‘Test’, same protocol as
pairing, except that Kenyon cell and b-LN stimuli are 2.5 s apart.

c, Potentiation of KC–b-LN connection after 25 pairings with dt5 10ms.
Upper panel, superimposed before- and after-trials, with their averages (bold
lines).Middle panel, EPSP slope against trial index, with 25 pairings between
the before- and after- periods. Stippled lines are average slopes over
corresponding trials. Lower panel, a control, recorded at the same time with
a second Kenyon cell pathway, offset by 5 s with respect to the b-LN spike,
and showing no significant change. d, Depression of KC–b-LN connection
after 25 pairings with dt524ms. Panels as in panel c. e, STDP plot for 26
values of dt5 tpost – t pre, where dt ismeasured as the delay between the b-LN
spike (tpost, caused by intracellular current injection,1 i) and the b-LNEPSP
onset (tpre, grey line, upper panels). EPSP onset time is used (rather than
Kenyon cell stimulus time) because Kenyon cell spike time at the b-LN
synapse is delayed from stimulus time, owing to spike propagation (see
Fig. 4a). Note the zero-crossing is slightly offset from dt5 0 (lower panel).
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consequences. Consider the phases of Kenyon cell and b-LN
spikes (Fig. 4a). Owing to propagation delays, Kenyon cell spikes
reach their targets just before the trough of the LFP, a little before
b-LN firing (Fig. 2a, b). Consider a cycle in which a b-LN spikes early
(dt, 0): some KC–b-LN connections will undergo depression
(Fig. 3e); at the next trial, b-LN spike time at this cycle should be
delayed (Fig. 4b). If, in contrast, a b-LN spikes late, STDP should
potentiate Kenyon cell drive to it, and thus advance spike time for
that cycle (Fig. 4b). In short, the cycle-by-cycle action of STDP sug-
gests adaptive control of b-LN spike phase. The need for such regu-
lation is not unique to this system: models of cortical networks
indicate that, as activity propagates through successive ‘layers’, accu-
mulating noise can rapidly smear the temporal structure that may
exist18,19. Modelling studies20–22 predict that STDP, given appropriate
parameters, could preserve the temporal discretization of activity
through such layers.

We generated a reduced model of the KC–b-LN circuit (Methods)
and introduced the STDP rule derived from our experiments
(Fig. 4c). To control the relative phases of Kenyon cells and b-LNs,
we drew Kenyon cell spike phases from experiments2, and input
weights from uniform distributions with different means: with low
weights, b-LN spikes tended to occur late (dt. 0, Fig. 4d); with larger
weights, they occurred early (dt, 0, Fig. 4d). After several trials (each
with a randomdraw of inputs from the same distribution), STDPwas
allowed to modify synaptic weights for the following trials: when
b-LN spikes occurred late (dt. 0), Kenyon cell outputs became
potentiated and b-LN spikes were advanced; for dt, 0, time shifts
were inverted. The histograms in Fig. 4d represent spike-time dis-
tributions for 1,000 trials before (red) and after (black) STDP, for
each of three conditions. These simulations were repeated 200 times
(50 trials each), with 11 different Kenyon cell input distributions
(Fig. 4e). Once STDP was turned on (trial 1), the evolution was

systematic and rapid, leading to the adaptive up- or downregulation
of input weights, firing phase and response intensity (top,middle and
bottom, respectively, all averages; Fig. 4e). Given that the model is
entirely constrained by experiments, it is noteworthy that the mean
phase of the first b-LN spike at steady state (p rad, Fig. 4e), matches
precisely that measured experimentally (Fig. 2b).

To test directly the effect of STDP on b-LN output, we next
manipulated b-LN spike timing during responses to odours in vivo:
if ourmodel is correct, suchmanipulations should change the output
of the odour-activated Kenyon cells onto that b-LN and, thus, gen-
erate predictable shifts in its spike phase. During odour stimuli, short
current pulses locked to selected cycles of the LFP were injected in a
b-LN: a negative pulse (b, Fig. 4f) was injected during the cycles and
phase when the b-LN would naturally fire (to prevent stimulus-
evoked spikes), and a positive pulse (c, Fig. 4f) was injected at a
desired phase, for those same cycles (that is, at an abnormal time
relative to the Kenyon cell inputs that would normally drive the
recorded b-LN). An example is shown for four consecutive cycles
in Fig. 4g. After several such pairing trials, current injection was
terminated and b-LN-firing phase over the next trials was compared
to that before pairing. Figure 4h plots the effects of one such manip-
ulation (dt. 0): as predicted, an artificial phase-delay caused a cor-
rective phase-advance. Twenty distinct experiments were carried out
in six b-LNs; the expected phase shifts were observed in 16 of those 20
(Mann–Whitney: P, 0.001) (Fig. 4i). This is consistent with an
adaptive role for STDP in the fine-tuning of b-LN spike-phase, and
may explain the tight synchronization of b-LNs (Fig. 2d). Hence,
STDP helps preserve the discrete and periodic structure of olfactory
representations as they flow through the mushroom bodies.

We showed that the connections made by Kenyon cells to b-LNs
are excitatory, strong on average, variable across pairs, and plastic.
Plasticity follows time-sensitive hebbian associativity rules8–10 and
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Figure 3 | Hebbian spike-time-dependent plasticity at the KC–b-LN
synapse. a, Effect of single, near-coincident spikes in pre- and post-synaptic
neurons on the Kenyon cell to b-LN synapse. The b-LN is held from a
dendrite at normal resting potential in vivo, and subjected to paired Kenyon
cell stimuli at 20-ms intervals (first and second stimuli in train are from
different Kenyon cell electrodes). At trial 4, the effect of the first stimulus
sums with an on-going slow depolarization, causing a b-LN action potential.
At trial 5, the first EPSP (asterisk) is dramatically enhanced. b, Stimulation
protocols to probe STDP. For ‘pairing’, the b-LN is depolarized with a 5-ms
DC pulse, causing a single b-LN spike in a window around the time of the
Kenyon cell pairing stimulus (p). We tested the effects of 5 to 25 successive
pairings (10-s intervals); all evoked STDP. Control Kenyon cell stimulus (c)
is offset by 5 s relative to the b-LN current pulse. ‘Test’, same protocol as
pairing, except that Kenyon cell and b-LN stimuli are 2.5 s apart.

c, Potentiation of KC–b-LN connection after 25 pairings with dt5 10ms.
Upper panel, superimposed before- and after-trials, with their averages (bold
lines).Middle panel, EPSP slope against trial index, with 25 pairings between
the before- and after- periods. Stippled lines are average slopes over
corresponding trials. Lower panel, a control, recorded at the same time with
a second Kenyon cell pathway, offset by 5 s with respect to the b-LN spike,
and showing no significant change. d, Depression of KC–b-LN connection
after 25 pairings with dt524ms. Panels as in panel c. e, STDP plot for 26
values of dt5 tpost – t pre, where dt ismeasured as the delay between the b-LN
spike (tpost, caused by intracellular current injection,1 i) and the b-LNEPSP
onset (tpre, grey line, upper panels). EPSP onset time is used (rather than
Kenyon cell stimulus time) because Kenyon cell spike time at the b-LN
synapse is delayed from stimulus time, owing to spike propagation (see
Fig. 4a). Note the zero-crossing is slightly offset from dt5 0 (lower panel).
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consequences. Consider the phases of Kenyon cell and b-LN
spikes (Fig. 4a). Owing to propagation delays, Kenyon cell spikes
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weights, b-LN spikes tended to occur late (dt. 0, Fig. 4d); with larger
weights, they occurred early (dt, 0, Fig. 4d). After several trials (each
with a randomdraw of inputs from the same distribution), STDPwas
allowed to modify synaptic weights for the following trials: when
b-LN spikes occurred late (dt. 0), Kenyon cell outputs became
potentiated and b-LN spikes were advanced; for dt, 0, time shifts
were inverted. The histograms in Fig. 4d represent spike-time dis-
tributions for 1,000 trials before (red) and after (black) STDP, for
each of three conditions. These simulations were repeated 200 times
(50 trials each), with 11 different Kenyon cell input distributions
(Fig. 4e). Once STDP was turned on (trial 1), the evolution was

systematic and rapid, leading to the adaptive up- or downregulation
of input weights, firing phase and response intensity (top,middle and
bottom, respectively, all averages; Fig. 4e). Given that the model is
entirely constrained by experiments, it is noteworthy that the mean
phase of the first b-LN spike at steady state (p rad, Fig. 4e), matches
precisely that measured experimentally (Fig. 2b).

To test directly the effect of STDP on b-LN output, we next
manipulated b-LN spike timing during responses to odours in vivo:
if ourmodel is correct, suchmanipulations should change the output
of the odour-activated Kenyon cells onto that b-LN and, thus, gen-
erate predictable shifts in its spike phase. During odour stimuli, short
current pulses locked to selected cycles of the LFP were injected in a
b-LN: a negative pulse (b, Fig. 4f) was injected during the cycles and
phase when the b-LN would naturally fire (to prevent stimulus-
evoked spikes), and a positive pulse (c, Fig. 4f) was injected at a
desired phase, for those same cycles (that is, at an abnormal time
relative to the Kenyon cell inputs that would normally drive the
recorded b-LN). An example is shown for four consecutive cycles
in Fig. 4g. After several such pairing trials, current injection was
terminated and b-LN-firing phase over the next trials was compared
to that before pairing. Figure 4h plots the effects of one such manip-
ulation (dt. 0): as predicted, an artificial phase-delay caused a cor-
rective phase-advance. Twenty distinct experiments were carried out
in six b-LNs; the expected phase shifts were observed in 16 of those 20
(Mann–Whitney: P, 0.001) (Fig. 4i). This is consistent with an
adaptive role for STDP in the fine-tuning of b-LN spike-phase, and
may explain the tight synchronization of b-LNs (Fig. 2d). Hence,
STDP helps preserve the discrete and periodic structure of olfactory
representations as they flow through the mushroom bodies.

We showed that the connections made by Kenyon cells to b-LNs
are excitatory, strong on average, variable across pairs, and plastic.
Plasticity follows time-sensitive hebbian associativity rules8–10 and
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Figure 3 | Hebbian spike-time-dependent plasticity at the KC–b-LN
synapse. a, Effect of single, near-coincident spikes in pre- and post-synaptic
neurons on the Kenyon cell to b-LN synapse. The b-LN is held from a
dendrite at normal resting potential in vivo, and subjected to paired Kenyon
cell stimuli at 20-ms intervals (first and second stimuli in train are from
different Kenyon cell electrodes). At trial 4, the effect of the first stimulus
sums with an on-going slow depolarization, causing a b-LN action potential.
At trial 5, the first EPSP (asterisk) is dramatically enhanced. b, Stimulation
protocols to probe STDP. For ‘pairing’, the b-LN is depolarized with a 5-ms
DC pulse, causing a single b-LN spike in a window around the time of the
Kenyon cell pairing stimulus (p). We tested the effects of 5 to 25 successive
pairings (10-s intervals); all evoked STDP. Control Kenyon cell stimulus (c)
is offset by 5 s relative to the b-LN current pulse. ‘Test’, same protocol as
pairing, except that Kenyon cell and b-LN stimuli are 2.5 s apart.

c, Potentiation of KC–b-LN connection after 25 pairings with dt5 10ms.
Upper panel, superimposed before- and after-trials, with their averages (bold
lines).Middle panel, EPSP slope against trial index, with 25 pairings between
the before- and after- periods. Stippled lines are average slopes over
corresponding trials. Lower panel, a control, recorded at the same time with
a second Kenyon cell pathway, offset by 5 s with respect to the b-LN spike,
and showing no significant change. d, Depression of KC–b-LN connection
after 25 pairings with dt524ms. Panels as in panel c. e, STDP plot for 26
values of dt5 tpost – t pre, where dt ismeasured as the delay between the b-LN
spike (tpost, caused by intracellular current injection,1 i) and the b-LNEPSP
onset (tpre, grey line, upper panels). EPSP onset time is used (rather than
Kenyon cell stimulus time) because Kenyon cell spike time at the b-LN
synapse is delayed from stimulus time, owing to spike propagation (see
Fig. 4a). Note the zero-crossing is slightly offset from dt5 0 (lower panel).
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STDP rule is plastic

Cassenaer and Laurent, in prep.
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Figure 3. PN Ensemble Spatiotemporal Patterns Cluster by Odorant and Concentration

(A) Representative ensemble responses (shown as raster plots, each row is a different PN) to two odorants, presented at two concentrations,
throughout the time shown. The first 14 PNs (bracket at left) were recorded simultaneously in one experiment (see [B]). The rest were obtained
in 14 other experiments. Repeated presentations of ger .01 (a and b) elicited very similar ensemble responses; a different concentration (ger
.1) elicited a somewhat different response; a different odorant (hex .01) elicited a very different response.
(B1) Spatiotemporal responses from 14 simultaneously recorded PNs (bracket at left in [A]) to five concentrations of three odors projected
onto the space of the first three principal components (PC1-3). Spike counts were measured in bins defined by the simultaneously recorded
LFP oscillation cycle. Each dot represents an ensemble response such as shown in [A]. The distribution of variance is discussed in Experimental
Procedures.
(B2) Hierarchical clustering of the reduced data (eight PCs) shows that individual trials cluster by concentration; concentration groups then
cluster by odor. Asterisks (*) identify the two exceptions.
(C1) Same analysis as in (B1) but using all 110 PNs (pooled from 15 animals). Spike counts for individual PNs were measured in 50 ms bins.
(C2) Same as in (B2), with set of 110 PNs from (C1).

mixing among close concentrations), and concentration using simple classification algorithms (tests A and B,
see Experimental Procedures) based on the first eightgroups then clustered by odor, with a couple of excep-

tions (asterisks) for one very high and one very low principal components and Euclidian distances. For the
experiment shown, we could classify individual re-concentration (Figure 3B2). We assessed the clustering



!"!#
$%&'#
()*

Δt +, ,

!+!

--)

!./...#
012*

3(4(

$(4(

+

natural 
input

high-level
properties

a few details (1)

PNs

trajectories

Odor ALL

Odor W

Odor WYZ

Odor W Odor WYZ Odor ALL

1Hz

0
0 2s

1 1 1

21

34
43

KCs

0 2s 0 2s

A  4 x

C  4 x

W 4 x

A

B

C

D

W

X

Y

Z

P

A B

A C

A D

A X

B C

D W

WX

WY

WZ

X Y

X Z

Y Z

A B C

A C D

A X Z

B C X

B D W

D X Y

WX Y

WY Z

A B C D

A B C X

B C WX

B D WX

D WY Z

WX Y Z

A B C D X

A B C WX

A D WY Z

A WX Y Z

B C WX Z

A B C D WX Y Z
Sep212007Set2t1Cell#2

A  4 x

C  4 x

W 4 x

A

B

C

D

W

X

Y

Z

P

A B

A C

A D

A X

B C

D W

WX

WY

WZ

X Y

X Z

Y Z

A B C

A C D

A X Z

B C X

B D W

D X Y

WX Y

WY Z

A B C D

A B C X

B C WX

B D WX

D WY Z

WX Y Z

A B C D X

A B C WX

A D WY Z

A WX Y Z

B C WX Z

A B C D WX Y Z
Sep212007Set2t1Cell#2

A  4 x

C  4 x

W 4 x

A

B

C

D

W

X

Y

Z

P

A B

A C

A D

A X

B C

D W

WX

WY

WZ

X Y

X Z

Y Z

A B C

A C D

A X Z

B C X

B D W

D X Y

WX Y

WY Z

A B C D

A B C X

B C WX

B D WX

D WY Z

WX Y Z

A B C D X

A B C WX

A D WY Z

A WX Y Z

B C WX Z

A B C D WX Y Z
Oct162007Set1t1Cell#2

A  4 x

C  4 x

W 4 x

A

B

C

D

W

X

Y

Z

P

A B

A C

A D

A X

B C

D W

WX

WY

WZ

X Y

X Z

Y Z

A B C

A C D

A X Z

B C X

B D W

D X Y

WX Y

WY Z

A B C D

A B C X

B C WX

B D WX

D WY Z

WX Y Z

A B C D X

A B C WX

A D WY Z

A WX Y Z

B C WX Z

A B C D WX Y Z
Oct162007Set1t1Cell#2

A  4 x

C  4 x

W 4 x

A

B

C

D

W

X

Y

Z

P

A B

A C

A D

A X

B C

D W

WX

WY

WZ

X Y

X Z

Y Z

A B C

A C D

A X Z

B C X

B D W

D X Y

WX Y

WY Z

A B C D

A B C X

B C WX

B D WX

D WY Z

WX Y Z

A B C D X

A B C WX

A D WY Z

A WX Y Z

B C WX Z

A B C D WX Y Z
Apr132007Set2t1Cell#5

A  4 x

C  4 x

W 4 x

A

B

C

D

W

X

Y

Z

P

A B

A C

A D

A X

B C

D W

WX

WY

WZ

X Y

X Z

Y Z

A B C

A C D

A X Z

B C X

B D W

D X Y

WX Y

WY Z

A B C D

A B C X

B C WX

B D WX

D WY Z

WX Y Z

A B C D X

A B C WX

A D WY Z

A WX Y Z

B C WX Z

A B C D WX Y Z
Sep212007Set2t1Cell#2

A  4 x

C  4 x

W 4 x

A

B

C

D

W

X

Y

Z

P

A B

A C

A D

A X

B C

D W

WX

WY

WZ

X Y

X Z

Y Z

A B C

A C D

A X Z

B C X

B D W

D X Y

WX Y

WY Z

A B C D

A B C X

B C WX

B D WX

D WY Z

WX Y Z

A B C D X

A B C WX

A D WY Z

A WX Y Z

B C WX Z

A B C D WX Y Z
Oct162007Set1t1Cell#2

A  4 x

C  4 x

W 4 x

A

B

C

D

W

X

Y

Z

P

A B

A C

A D

A X

B C

D W

WX

WY

WZ

X Y

X Z

Y Z

A B C

A C D

A X Z

B C X

B D W

D X Y

WX Y

WY Z

A B C D

A B C X

B C WX

B D WX

D WY Z

WX Y Z

A B C D X

A B C WX

A D WY Z

A WX Y Z

B C WX Z

A B C D WX Y Z
Apr132007Set2t1Cell#5

A  4 x

C  4 x

W 4 x

A

B

C

D

W

X

Y

Z

P

A B

A C

A D

A X

B C

D W

WX

WY

WZ

X Y

X Z

Y Z

A B C

A C D

A X Z

B C X

B D W

D X Y

WX Y

WY Z

A B C D

A B C X

B C WX

B D WX

D WY Z

WX Y Z

A B C D X

A B C WX

A D WY Z

A WX Y Z

B C WX Z

A B C D WX Y Z
Apr132007Set2t1Cell#5

A

B

C

D

EAc
cu

ra
cy

 (%
)

Time (s)
0 21

Proportion of all neurons
0.03 10.12 0.5
Proportion of all neurons

Ac
cu

ra
cy

 (%
)

F

G

Identification Categorization

KCs

PNs 90

50

60

70

80

100

0.03 10.12 0.5

90

50

60

70

80

100

Time (s)
0 21

80

0

20

40

60

100

80

0

20

40

60

100

KCs

PNs

LLE 1

LLE 1 LLE 2

LLE 2

LL
E 

3
LL

E 
3

piecewise decoding oscillations

integration 
unit 
=

oscillation 
cycle



!"!#
$%&'#
()*

Δt +, ,

!+!

--)

!./...#
012*

3(4(

$(4(

+

natural 
input

high-level
properties

a few details (2)

PNs

normalizing 
gain control

all-to-all

direct excitation
KC-specific (and 50%)

non-linearity
tau = 2-20ms

f-fwd inhibition
non-specific
delayed (π)



!"!#
$%&'#
()*

Δt +, ,

!+!

--)

!./...#
012*

3(4(

$(4(

+

coincidence detectors

Neuron
992

Figure 1. Network Oscillations and PN Phase Preference over Odor Concentrations

(A) Higher odor concentrations elicit greater oscillatory power in the local field potential (LFP) (see also Bäcker, 2002). LFP power measured
over 1 s beginning with response onset. (Left) Examples of responses to hexanol from one experiment. Gray bar (here and throughout) indicates
odor presentation. For display only, LFP was band-pass filtered, 5–55 Hz. Scale bar, 0.5 mV. (Right) Mean ! SEM response power from 38
experiments, ANOVA: f(3,175) " 8, p # 0.0001. LFP power slightly decreased at the highest concentration. The duration of the oscillatory
response of the LFP also increased with odor concentration; ANOVA: f(3,175) " 21.2, p # 0.0001.
(B) LN oscillatory power also increased with concentration. (Left) Intracellular responses of an LN to cherry; low-pass filtered, 3 kHz. Scale
bar, 8 mV. (Right) Mean ! SEM responses from 35 experiments, ANOVA: f(3,162) " 9.5, p # 0.0001.
(C1) PN spike phase preference (with respect to the LFP) is independent of odor concentration. (Top) All PNs: polar histograms (0 rad " peak
of LFP cycle) show phase preference of 47 PNs responding to three odorants (octanol, hexanol, and geraniol); phase preference (arrow angle)
was not significantly different across concentrations [cellwise ANOVA: f(4,299) " 0.8, ns] (see also Bäcker, 2002); vector strength (arrow length)
increased with concentration. (Bottom) One PN: phase preferences of a single PN for responses to octanol; this PN spiked vigorously during
the period of LFP oscillation for all concentrations. Phase preference did not change with concentration [spikewise ANOVA: f(4,2773) " 2.1, ns].
(C2) None of the 47 PNs examined showed a change in phase preference with odor concentration. For each PN, the preferred phase obtained
with the highest concentration was subtracted from the phase obtained with the other four concentrations; all within-cell phase differences
are plotted in the histogram. Within all PNs and across all concentration steps, an ANOVA detected no overall effect of concentration [F(3,184) "
0.68, p " 0.56]. Phase differences are all distributed normally around 0 (confirmed by individual unpaired t tests).
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is constrained to within-cycle interactions between pre-and post-
synaptic neurons. STDP is therefore not specific to vertebrates or
cortical architectures. We do not know the molecular underpinnings
of STDP in this system, orwhether STDPmight confer the associative
features usually ascribed to mushroom bodies4–7. The fly and honey-
bee genomes both reveal coding sequences forN-methyl-D-aspartate
(NMDA) receptor subunits13,23 and some Drosophila behavioural
results24 are compatible with STDP learning rules25. One hypothesis,
readily testable here, is that STDP provides associativity by tagging
transiently the subset of synapses activated simultaneously by the
odour, before the conditional arrival of a slower, non-specific reward
signal26.

Our results reinforce the proposed importance of spike timing for
this, and possibly other, olfactory system(s)1,2: Kenyon cells act as
coincidence detectors for synchronized projection neuron input2,
b-LNs act as coincidence detectors for Kenyon cell input; because
STDP helps enhance b-LN synchronization, we infer that spike

timing must be relevant also for the processing of b-LN output.
These results indicate that the oscillation cycle—a temporal unit
of processing first defined by negative feedback in the antennal
lobe14—is actively preserved in at least three successive layers of
processing (projection neurons, Kenyon cells and b-LNs). It will be
interesting to assess whether all Kenyon cell outputs obey the same
STDP rules, and if these rules are themselves subject to learning-
related modifications. Indeed, Kenyon cells seem to communicate
with one another through axo-axonal chemical synapses27. Given the
dynamics of projection neuron/Kenyon cell activity vectors in res-
ponse to odours1,2,15, the possibility that Kenyon cell–Kenyon cell
synapses also undergo STDP suggests a mechanism for sequence
learning28, similar to principles proposed for spatial map formation
in rodents29,30; here, however, the learned sequences have no rela-
tion to movement in physical space. The existence of such simila-
rities (synaptic learning rules, and synchronized and sequential
neural activity patterns) may bring us closer to understanding the
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Figure 4 | The effect of STDP on b-LN spike timing. a, Polar plot of Kenyon
cell spike phase in the calyx (somata) (KCC) and in the b-lobe (KCL), and
b-LN spike phase (from dendrites in the b-lobe) relative to the LFP (in the
calyx). All measurements from experiments. Green and red lines indicate
extrema of the STDP curve (see panel c). b, Schematic of temporal
relationships between LFP, Kenyon cell spike time, b-LN spike time and the
STDP rule. The Kenyon cell mean spike time in the calyx (KCC) is about p/2
after the LFP peak, and near the LFP trough in the b-lobe (KCL), owing to
propagation delay. b-LN mean spike time in the b-lobe is at the LFP trough
(p rad). The STDP curve is represented in colour gradients. The predicted
effect of STDP on b-LN spike time is schematized underneath. If the b-LN
spike occurs early, STDP should depress late Kenyon cell inputs (in this
oscillation cycle), delaying this b-LN spike at the next opportunity. The
converse applies if the b-LN spike occurs late. c, The STDP fit (two
exponentials flanking a linear segment, see text) overlaid on experimental
data. d, Simulations of STDP on b-LN spike time (rasters) (model b-LN
excited by 10 model Kenyon cells during one LFP cycle). First trial at top.
Three conditions are illustrated: left panel, low input weights (mean, 1.8mV;
range, 3mV), causing late b-LN-spike times (dt. 0); when STDP is turned
on, potentiation shifts b-LN spikes to earlier times. Right panel, high input

weights (mean, 9mV; range, 3mV); when STDP is turned on, depression
delays b-LN-spike times. Middle panel, intermediate weights, causing no
change. Histograms show the distribution of b-LN spike times before (red)
and after (black) STDP (1,000 runs per condition). e, Evolution of KC–b-LN
weights (upper panel), b-LN mean spike phase (middle panel) and number
of spikes per response (lower panel) over 50 trials following onset of STDP
(at trial 1). AP, action potential. Each curve is an average of 200 simulations
(11 different input distribution means). Asterisks indicate a corresponding
condition in the three plots. f, Schematic of experimental design. LFP cycles
(1…k) during which the recorded b-LN-produced action potentials are
selected. Peaks of LFP are used to trigger a sequence of current (Im) pulses (a,
b, c) into the b-LN (one such sequence per oscillation cycle). The a-b-c
sequence lasts less than one oscillation cycle, and is repeated for all selected
cycles, over several trials. g, Example of protocol described in panel f, such
that the b-LN spike is phase-delayed to ,3/2p (arrows). (Interrupted
segments of b-LN potential trace are bridge-balance artefacts.) h, Phase plot
of spikes in one b-LN before and after pairing (10 trials each), as in panel
g. Fifteen pairing trials (estimated dt5 17ms). i, Distributions of pairing-
induced mean phase shifts, measured in 20 separate experiments (6 b-LNs;
mean6 s.e.m.520.746 0.4ms versus 2.0 6 0.4ms).
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