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Neuronal filtering of multiplexed odour
representations
Francisca Blumhagen1{*, Peixin Zhu1*, Jennifer Shum1{*, Yan-Ping Zhang Schärer1*, Emre Yaksi2, Karl Deisseroth3

& Rainer W. Friedrich1,4

Neuronal activity patterns contain information in their temporal structure, indicating that information transfer between
neurons may be optimized by temporal filtering. In the zebrafish olfactory bulb, subsets of output neurons (mitral cells)
engage in synchronized oscillations during odour responses, but information about odour identity is contained mostly in
non-oscillatory firing rate patterns. Using optogenetic manipulations and odour stimulation, we found that firing rate
responses of neurons in the posterior zone of the dorsal telencephalon (Dp), a target area homologous to olfactory cortex,
were largely insensitive to oscillatory synchrony of mitral cells because passive membrane properties and synaptic
currents act as low-pass filters. Nevertheless, synchrony influenced spike timing. Moreover, Dp neurons responded
primarily during the decorrelated steady state of mitral cell activity patterns. Temporal filtering therefore tunes Dp
neurons to components of mitral cell activity patterns that are particularly informative about precise odour identity.
These results demonstrate how temporal filtering can extract specific information from multiplexed neuronal codes.

The temporal structure of neuronal activity patterns contains
information that may be retrieved by temporal filtering operations1–8.
Oscillatory synchronization has been implicated in sensory and cog-
nitive processing based on the assumption that synchronization
enhances the impact of neuronal ensembles on their targets3,5,7,8.
Indeed, coincidence detection is a generic neuronal filtering operation
that can be further supported by active conductances and synaptic
microcircuits. However, few studies have directly demonstrated the
impact of synchrony on neuronal responses in the intact brain9–12.
Moreover, information can also be encoded by other temporal fea-
tures of population activity patterns6,13–20, and the information trans-
mitted during a sensory response can change over time20–24. The
retrieval of information from neuronal activity patterns thus depends
on temporal filters that tune higher-order neurons to specific tem-
poral structure in their input. Filtering is particularly important when
different temporal features simultaneously transmit distinct messages
(multiplexing)13,15,24.

We explored temporal filtering during transformations of spatio-
temporal activity patterns in the olfactory system of zebrafish. Odours
stimulate combinations of mitral cells in the olfactory bulb, which
project to multiple higher brain areas. In zebrafish, mitral cell activity
patterns are dynamically reorganized during the initial phase of an
odour response before they approach a steady state5,22,24,25. After
approximately 400 ms, two important consequences of this reorgan-
ization emerge (Supplementary Fig. 1)24. First, odour-dependent sub-
sets of mitral cells rhythmically synchronize their action potentials at
a frequency near 20 Hz. Activity patterns across synchronized mitral
cells are highly correlated in response to similar odours and contain
information about molecular categories, but they are not well suited
for precise odour identification. Second, patterns of non-synchronized
spikes become decorrelated and informative about precise odour iden-
tity. Mitral cell activity patterns in the steady state therefore simulta-
neously convey information about complementary stimulus features24.
Extracting information from these multiplexed activity patterns

depends critically on temporal filtering by their targets. Precise odour
identity could be efficiently decoded from late activity patterns across
non-synchronized mitral cells, but this may be complicated by syn-
chronized mitral cell ensembles as synchronization can have a strong
impact on target neurons.

Optogenetic manipulation of synchrony
We first used an optogenetic approach to examine the impact of syn-
chrony among mitral cells on neuronal responses in the posterior zone
of the dorsal telencephalon (Dp), a major target of the olfactory bulb
that is homologous to olfactory cortex26,27. In transgenic zebrafish
expressing channelrhodopsin-2 (Chr2)28,29 in sensory afferents30,
patterns of blue laser light were projected onto the ventral olfactory
bulb using a digital micromirror device (DMD). Each of the
1,024 3 768 mirrors in the DMD was controlled independently with
submillisecond temporal resolution. Light patterns consisted of dis-
tributed active squares (50 3 50mm2 or 20 3 20 mm2; Fig. 1a and
Supplementary Fig. 2). Activation of individual squares near a mitral
cell for 5 ms evoked depolarizations up to 10 mV and action potential
firing (Supplementary Fig. 3). In a stimulus pattern, each mirror within
an active square was switched on for 5 ms at a mean event rate of
20 Hz. Synchrony among pixels was then varied by periodically modu-
lating the probability of events at a common carrier frequency of 20 Hz
(Supplementary Fig. 4 and Supplementary Movies 1 and 2). Synchrony
was quantified by a synchronization index, S, that ranges between zero
(independent Poisson-distributed events) and infinity (perfectly syn-
chronous events; Supplementary Fig. 4).

Mitral cells responded robustly to optical stimulation. As S was
increased (S 5 0, 1, 10, ‘), 20 Hz oscillatory fluctuations emerged in
the membrane potential of individual neurons (Fig. 1a), as well as in
averaged recordings (Fig. 1b–d; n 5 161 responses of 49 mitral cells
from 13 fish at each S; 3.4 6 1.1 trials per stimulus; mean 6 s.d.)
and in the local field potential (LFP; Fig. 2 and Supplementary Fig. 5).
The overall magnitude and time course of the mitral cell response,
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however, remained nearly constant (Fig. 1b, c). Similarly, increasing S
strongly enhanced oscillatory synchronization of firing rate responses,
with minimal effects on the magnitude and overall time course
(Fig. 1e–g). Optical stimulation therefore allowed us to selectively
modulate oscillatory synchrony among mitral cells.

We then stimulated the olfactory bulb with the same light patterns
while recording from different types of Dp neurons (Fig. 1h and
Supplementary Fig. 6). Dp neurons had low spontaneous activity
(0.1 6 0.5 Hz; mean 6 s.d.) and usually responded to optical stimu-
lation with a depolarization, but only a minority of responses were
suprathreshold (77 out of 372 neuron–stimulus pairs; 21%). The
mean membrane potential change and overall response time course
were not substantially affected by synchrony (Fig. 1i, j; n 5 94 res-
ponses of 34 Dp neurons from 10 fish at each S). Unlike in the olfact-
ory bulb, increasing synchrony did not produce prominent
oscillations in the membrane potential (Fig. 1h, i) or in the LFP
measured in Dp (Fig. 2 and Supplementary Fig. 5). Even when
depolarizations were large and when synchrony was high, oscillatory

membrane potential fluctuations were small and occurred on top of a
large, slow depolarization (Supplementary Fig. 7). Power spectral
analysis revealed only a slight increase in membrane potential fluc-
tuations at 20 Hz (Fig. 1k; note different scaling of inset). Action
potential firing of Dp neurons did also not systematically depend
on synchrony and showed no prominent 20 Hz oscillation at any level
of synchronization (Fig. 1l–n). Moreover, switching synchrony from
S 5 0 to S 5 ‘ during optical stimulation failed to evoke an obvious
response (Supplementary Fig. 8). Nevertheless, spikes evoked by
oscillatory input occurred around a preferred phase of the LFP oscil-
lation in the olfactory bulb (Supplementary Fig. 9). Oscillatory syn-
chrony can therefore influence the timing of action potentials in Dp,
but it did not increase the overall depolarization and firing rates.

Impact of synchrony on odour responses
To examine the impact of synchrony on odour responses of Dp neurons
we performed whole-cell recordings during stimulation with natural
odours (food extracts and amino acid odours; n 5 166 neuron–odour
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Figure 1 | Optogenetic manipulation of mitral cell synchrony and its effect
on Dp neurons. a, Schematic illustration of optical stimulation in the olfactory
bulb (OB) and responses of a mitral cell to the same spatial pattern at two
different synchronies S. b, Mean membrane potential (Vm) response of mitral
cells to the same optical stimulus patterns presented at four different
synchronies S (n 5 161 stimuli in 49 mitral cells at each S). Action potentials
were removed before averaging by median filtering. c, Mean membrane
potential change during the first second of optical stimulation as a function of
synchrony. d, Power spectrum of the membrane potential, averaged over trials

and neuron–stimulus pairs, during the first second of the response to optical
stimulus patterns with different synchrony. Inset shows an enlargement around
20 Hz. e–g, Time course of mean mitral cell firing rate, mean mitral cell firing
rate during the first second, and average power spectrum of mitral cell firing
rate in response to patterns with different synchrony. Continuous firing rate
traces were generated by convolving action potential events with a Gaussian
kernel (s.d. 5 5 ms). h–n, Same analysis for responses of Dp neurons. Error bars
show s.d.

10 20 30
0

0.5

1

1.5

× 10–5

P
o

w
e
r 

(m
V

2
 H

z
–
1
)

Frequency (Hz)

Odour

Frequency (Hz)

Optical stim. (S = ∞)

0.1 mV

1 s

OB

Dp

Optical stim. (S = 0) 

Optical stim. (S = ∞) Odour (food extract)

OB
Dp

ba

10 20 30
0

0.5

1

1.5
× 10–4

OB
Dp

Figure 2 | Local field potential responses. a, Left: simultaneously recorded
LFP responses in the olfactory bulb (OB; red) and Dp (blue) to optical
stimulation with high synchrony (S 5 ‘; top) and no synchrony (S 5 0;
bottom). Right: LFP responses to odour stimulation (food extract; 5–40 Hz).
b, Power spectra of LFP responses to optical stimulation with high synchrony

(left; S 5 ‘) and odour stimulation (right) in the olfactory bulb (red) and in Dp
(blue). Power spectra were calculated for each trial and averaged over trials and
stimuli (olfactory bulb, odour: n 5 208 stimuli in 17 fish; Dp, odour: n 5 20
stimuli in 4 fish; olfactory bulb and Dp, optical: n 5 16 stimuli in 4 fish).
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pairs, 57 Dp neurons in 43 fish; mean number of repetitions per stimu-
lus, 4.1 6 1.8). As observed previously26, responses of Dp neurons were
often depolarizing, but many remained subthreshold (Supplementary
Fig. 10). Power spectral analysis showed no evidence for oscillatory
modulation of the membrane potential, spiking activity, or LFP in Dp
during odour stimulation (Fig. 2 and Supplementary Fig. 5).

In 122 neuron–odour pairs (492 individual trials), we simulta-
neously recorded the LFP oscillation in the olfactory bulb and com-
pared it to membrane potential fluctuations of Dp neurons in the
same frequency band (5–40 Hz; Fig. 3a). In some cases, a weak oscil-
latory cross-correlation was observed (Supplementary Fig. 11);
however, membrane potential fluctuations were substantially smaller
than the slow depolarization. On average, the amplitude of membrane
potential fluctuations (filtered 5 – 40 Hz) was 0.7 6 0.7 mV (mean 6

s.d.; mean maximal fluctuations, 2.4 6 1.9 mV). In the same neurons,
the mean difference between the resting potential and action potential
threshold was 27.7 6 5.9 mV (Fig. 3b). The amplitude of the slow
depolarization had a mean of 15.4 6 12.7 mV (6 s.d.) and varied
substantially across neurons and odours (Fig. 3b). Spike output there-
fore depended primarily on the magnitude of the slow depolarization,
rather than on oscillatory fluctuations. Nevertheless, spikes of Dp
neurons occurred around a preferred phase of the LFP oscillation in
the olfactory bulb (Supplementary Fig. 9), indicating that oscillatory
synchronization influenced action potential timing.

To confirm further that oscillatory fluctuations are not the primary
drive underlying action potentials, we compared subthreshold and
suprathreshold responses of the same Dp neurons to different odours
(Fig. 3c; n 5 13 Dp neurons; 6.7 6 5.5 and 6.7 6 3.8 subthreshold and

suprathreshold trials per neuron, respectively). The magnitude of the
slow component was, on average, 10.1 mV larger in suprathreshold
responses than in subthreshold responses (15.5 6 10.7 mV versus
25.6 6 12.0 mV; P , 1025), whereas the mean amplitude of fluctua-
tions in the 5–40 Hz band was only 0.3 mV larger (0.8 6 0.5 mV ver-
sus 1.1 6 0.5 mV; P , 1024; Fig. 3c). Hence, oscillatory fluctuations
did not substantially contribute to the overall depolarization under-
lying action potential firing.

Low-pass filtering mechanisms
To explore why synchrony had no detectable effect on firing rates of
Dp neurons we first measured their membrane time constants by step
current injections. In randomly selected neurons, time constants were
29 6 12 ms (mean 6 s.d.; n 5 27 neurons) and 45 6 18 ms (n 5 30
neurons) in response to hyperpolarizing and depolarizing steps,
respectively (Fig. 4a). In neurons expressing GFP from the promoter
of the vesicular glutamate transporter 2a, a marker for glutamatergic
neurons, time constants were 67 6 43 ms and 79 6 24 ms after hyper-
polarizing and depolarizing pulses, respectively (n 5 14 each; GFP-
negative neurons, 33 6 13 ms and 41 6 14 ms, n 5 5 each; P , 0.01;
Fig. 4a). These time constants are long compared to the temporal
precision of spike synchronization in the olfactory bulb24 and to the
period of the oscillation. Passive membrane properties of Dp neurons
therefore support low-pass filtering rather than coincidence detec-
tion, particularly in glutamatergic neurons.

We then injected sinusoidal currents with fixed or modulated
frequencies to examine whether oscillatory input at frequencies near
20 Hz is amplified by active conductances (Supplementary Fig. 12).
However, the voltage response decreased gradually as a function of
frequency (Fig. 4b), indicating passive low-pass filtering2. To examine
responses in the spiking regime we simulated synaptic inputs of 20
neurons, each firing at a mean rate of 20 Hz, and varied their oscillatory
synchrony by varying S (Supplementary Fig. 4). Simulated spike pat-
terns (10-s duration) were convolved with idealized excitatory post-
synaptic current waveforms and injected into Dp neurons in current
clamp. The amplitude was adjusted to evoke action potential firing at
,10 Hz for S 5 0. On average, firing rates increased slightly with syn-
chrony, but this effect was not significant (Fig. 4c, d; P . 0.3 for all
pairwise comparisons). Together, these results indicate that Dp
neurons are not intrinsically tuned to detect synchronized input near
the natural oscillation frequency but act as passive low-pass filters,
unlike Kenyon cells in the mushroom body of insects9,10,31.

In many brain areas, a delay between excitatory and inhibitory
input can establish a narrow time window for the integration of
coincident synaptic input32. This mechanism selects synchronized
input in the insect mushroom body10 and has been proposed also for
olfactory cortex33–35. To examine whether delayed inhibition supports
coincidence detection in Dp neurons, we recorded excitatory and
inhibitory synaptic currents evoked by 20 Hz electrical stimulation of
the olfactory tract and analysed synaptic integration in a conductance-
based model neuron (Supplementary Fig. 13). Although inhibitory
currents were delayed, oscillatory synchrony was not efficiently
detected by the model neuron because passive membrane properties
act as strong low-pass filters at 20 Hz, and because inhibitory synaptic
currents were slow (Supplementary Fig. 13). Our results therefore
indicate that slow passive properties, the absence of active amplifica-
tion, and the slow time course of collective synaptic currents can
account, at least in part, for the insensitivity of Dp neurons to syn-
chrony in their inputs.

Late responses of Dp neurons
When responses to optical stimulation were averaged over all neurons,
stimuli and synchronizations, the peak of the membrane potential and
firing rate responses in Dp (n 5 372 responses from 34 Dp neurons)
occurred approximately 200 ms after the peak of mitral cell responses
(n 5 644 responses from 49 mitral cells; Fig. 5a, b). This effect was
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Figure 3 | Spiking responses to odours in Dp are driven by slow
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(6 s.d.) in the oscillatory frequency band (5–40 Hz; DVFluct) and the slow
depolarization (DVSlow) in subthreshold and suprathreshold responses of the
same Dp neurons (n 5 13). ***P , 1024.
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independent of synchrony (compare Figs 1b, e and Figs 1i, l) and also
observed when only strong responses ($10 s.d. of fluctuations before
stimulus onset) were considered (Fig. 5c, d). In response to odours,
mitral cell firing rates changed during the initial phase of the response
and stabilized after approximately 400 ms (n 5 52 mitral cell–odour
pairs; 12 mitral cells in 8 fish), as observed previously22,24. Responses of
Dp neurons evolved more slowly and peaked substantially later, even
when only strong depolarizing responses ($10 s.d. of pre-odour fluc-
tuations) were considered (Fig. 5e–h and Supplementary Fig. 10). Peak
firing of Dp neurons occurred approximately 500 ms later than in
mitral cells. Hence, responses of many Dp neurons occurred during
the decorrelated steady state of mitral cell activity patterns.

Filtering of oscillatory input and late responses of Dp neurons
should favour the detection of decorrelated mitral cell activity patterns.
To examine this we measured population activity patterns evoked by
three groups of similar amino acid odours (10mM) using temporally
deconvolved two-photon calcium imaging36. Odours within each
group activate overlapping combinations of glomeruli37 and evoke
mitral cell activity patterns that become decorrelated22,24,38. In Dp,
correlations between activity patterns were already lower than in the
olfactory bulb during the initial phase of the odour response22,24,38 and
subsequently decreased further (Fig. 5i and Supplementary Fig. 14). The
transformation of activity patterns between the olfactory bulb and Dp
therefore results in decorrelated odour representations, consistent with
the temporal filtering properties of Dp neurons.

Discussion
We found that the response intensity of neurons in Dp, a cortex-like
target of the olfactory bulb in zebrafish, is largely insensitive to 20 Hz
oscillatory synchrony in its input, demonstrating that synchrony does
not necessarily enhance responses of target neurons. The impact of
synchrony is attenuated because passive properties of Dp neurons and

synaptic currents act as low-pass filters. As a consequence, Dp neurons
do not directly decode the information contained in the oscillatory
synchronization of mitral cell ensembles. However, this information
may not be lost because mitral cell synchrony is still reflected in the
timing of action potentials in Dp. Moreover, information contained in
the synchrony of mitral cell ensembles may be processed by other
target areas of the olfactory bulb. Indeed, odour-evoked LFP oscilla-
tions phase-locked to those in the olfactory bulb were detected in a
distinct area in the central telencephalon (Supplementary Fig. 15).

Many suprathreshold responses of Dp neurons occurred after the
peak of the mitral cell response, when mitral cell activity patterns
approached their steady state. Multiple mechanisms may contribute
to this delay. First, the long membrane time constants of Dp neurons
indicate that the integration of synaptic inputs is slow. Second, results
from mammalian piriform cortex demonstrated that feed-forward
inhibitory neurons are more sensitive to mitral cell input and more
broadly tuned than principal neurons27,34,39,40. Feed-forward inhibi-
tion by a small subset of interneurons may thus suppress responses of
other neurons during the early phase of an odour response. Third,
inhibitory input to piriform cortex neurons undergoes depression
whereas excitatory input undergoes facilitation in response to trains
of electrical stimulation in brain slices39. These observations are con-
sistent with synaptic currents evoked by olfactory tract stimulation in
Dp neurons (Y.-P.Z.S. and R.W.F., unpublished data) and suggest that
the net excitatory input increases during later response phases.
Fourth, in a recurrent network, the summation of direct and recurrent
excitatory input in individual neurons is expected to be maximally
effective in the steady state when both inputs are stable. Responses of
Dp neurons may therefore be low initially because the network is
unable to follow dynamic mitral cell input.

Temporal filtering attenuates the impact of synchronized mitral
cell ensembles and early mitral cell activity patterns, which contain
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information about molecular categories but are not well suited for fine
odour discrimination. Temporal filtering therefore tunes Dp neurons
to features of mitral cell responses that are particularly informative
about precise odour identity. Consistent with these filtering opera-
tions, activity patterns evoked by similar odours were more distinct in
Dp than in the olfactory bulb. The transformation between the olfactory
bulb and Dp therefore establishes specific and decorrelated odour
representations, which is a prerequisite for higher-order computations
such as pattern storage by auto-associative networks.

Contrary to neurons in Dp, Kenyon cells in the insect mushroom
body are exquisitely sensitive to oscillatory synchronization10,41 and
respond preferentially during the initial phase of an odour res-
ponse9,25. Pattern read out in the mushroom body is therefore differ-
ent from Dp. However, odour representations differ already at the
previous processing stage: in the antennal lobe, response patterns are
dense, synchronized ensembles represent odour identity, and the
dynamic phase of the odour response is more informative than the
steady state6,25. Moreover, the convergence onto second-order neurons
in the insect mushroom body is high42, unlike in olfactory cortex27.
Under these conditions, the detection of synchronized ensembles
results in highly selective, robust and sparse odour representa-
tions9,10,41. Second-order processing therefore extracts information
about precise odour identity both in zebrafish and insects. In zebrafish,
temporal constraints on odour processing may be less strict than in
other species because zebrafish live in non-turbulent environ-
ments and do not sniff43,44. As a consequence, zebrafish may afford
to use steady-state activity patterns for neuronal computations. In
general, our results show that temporal filters can be tuned to extract
specific information from multiplexed neuronal codes, indicating that

multiplexing can be used by the brain to efficiently encode and trans-
mit information.

METHODS SUMMARY
Experiments were performed in an explant preparation of the intact brain and
nose of adult zebrafish22. Odour stimulation, electrophysiological recordings and
temporally deconvolved calcium imaging were performed as described22,26,36.
Chr2 was expressed in sensory afferents under the control of the Tet system as
described30 or, in a few fish, using the promoter of olfactory marker protein45.
Spatio-temporal patterns of blue laser light were projected onto the olfactory bulb
through the objective of an upright microscope using a DMD with an accelerator
board (DMD Discovery 1100 with ALP-1; Texas Instruments) that enabled tem-
poral resolution up to 0.125 ms.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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Figure 5 | Late responses of Dp neurons. a, Time course of membrane
potential responses averaged over all optical stimulus patterns and synchronies
(normalized to maximum). Red, mitral cells (n 5 644 stimulus–neuron pairs in
49 mitral cells); blue, Dp neurons (n 5 372 stimulus–neuron pairs in 34 Dp
neurons). b, Average time course of firing rate responses (normalized; same
responses). c, d, Mean time to peak depolarization (6 s.d.) of strong membrane
potential responses (c; $10 s.d. of baseline fluctuations; mitral cells, n 5 25
stimulus–neuron pairs; Dp neurons, n 5 82) and strong firing rate changes
(d; mitral cells, n 5 137; Dp neurons, n 5 58). e, Mean membrane potential
time course (normalized) of depolarizing odour responses. Mitral cells and Dp
neurons were recorded in the same fish or under the same conditions (mitral

cells, n 5 34 neuron–odour pairs; Dp neurons, n 5 33). f, Mean time course of
odour-evoked firing rate responses (normalized). g, h, Mean time-to-peak
( 6 s.d.) of strong depolarizing responses (g; $10 s.d.; mitral cells, n 5 12; Dp
neurons, n 5 14) and strong firing rate responses to odours (h; $10 s.d.; mitral
cells, n 5 15; Dp neurons, n 5 19). *P , 0.05; ***P , 1029. i, Pearson
correlation between activity patterns (n 5 405 neurons from 5 fish) evoked by
different odours as a function of time. Activity patterns were measured using
temporally deconvolved two-photon calcium imaging. Time relative to
stimulus onset (t 5 0) is shown above each correlation matrix in milliseconds.
Left correlation matrix (t 5 2140 ms) shows pre-stimulus correlations.
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METHODS
Animals, experimental preparation and odour delivery. Experiments were
performed in adult zebrafish (Danio rerio) that were raised and kept under
standard laboratory conditions (26.5 uC; 13/11-h light/dark cycle). All experi-
ments were performed in accordance with official guidelines and approved by
the Veterinary Department of the Canton Basel-Stadt (Switzerland). For optical
stimulation of sensory inputs to the olfactory bulb, transgenic fish lines were used
that express Chr2 (refs 28, 29) selectively in sensory afferents to the olfactory bulb.
Five out of thirty-four transgenic fish expressed Chr2 under a 2-kb fragment of
the promoter of the zebrafish olfactory marker protein gene45. This line expresses
Chr2 mainly in sensory afferents projecting to the medial and dorsal olfactory
bulb, as described for other transgenic lines generated with this promoter45. Fish
used in the remaining 29 experiments were generated by expressing Chr2 under
the control of a HuC promoter fragment46 using the Tet system47, which results in
diverse expression patterns in different founder lines30. For experiments in this
study, one line was selected that expressed Chr2 in the olfactory bulb selectively in
sensory afferents without any obvious regional bias (HuC:itTA/Ptet:Chr2YFP
Line 02)30. Experiments not including Chr2 stimulation were performed in
wild-type fish or fish48 expressing green fluorescent protein under the control
of a promoter of the vesicular glutamate transporter 2a.

Fish were cold-anaesthetized, decapitated and the ventral forebrain was
exposed by removal of the jaws and palate. The preparation was transferred into
a custom chamber, continuously superfused with teleost artificial cerebrospinal
fluid (ACSF)49, and warmed up to room temperature. Odours were introduced
into a constant stream directed at one naris using a computer-controlled HPLC
injection valve. Odour stimuli took approximately 600 ms to reach a plateau
concentration and lasted approximately 2.5 s in total. Odour applications were
separated in time by at least 40 s, usually longer, to minimize adaptation. Each
odour was applied, on average, 4.1 6 1.8 (mean 6 s.d.) times and results were
averaged, except for the analysis of membrane potential fluctuations and their
relationship to LFP oscillations in individual trials, and for power spectral analysis.
Electrophysiological recordings, calcium imaging and tract stimulation.
Whole-cell patch-clamp recordings were performed using borosilicate pipettes
filled with intracellular solution containing (in mM): 130 K-gluconate, 10 Na-
gluconate, 10 Na-phosphocreatine, 4 NaCl, 4 Mg-ATP, 0.3 Na-GTP, 10 HEPES
(pH 7.25; ,300 mosM). For voltage clamp recordings, a Cs-based internal solution
was used that contained (in mM): 135 Cs-methanesulphonate, 3 Na-ascorbate, 10
Na-phosphocreatine, 4 MgCl2, 4 Na2-ATP, 0.4 Na-GTP, 10 HEPES (pH 7.2;
300 mosM). In most experiments, pipette solutions also contained the fluorescent
dye Alexa594 to visualize neuronal morphology under two-photon optics. Pipettes
had resistances of 10–16 MV and were targeted to somata using contrast-
enhanced optics that detected the transmitted infrared laser beam in a two-photon
microscope. Signals were recorded at 10 kHz using a Multiclamp 700B amplifier
(Molecular Devices) and Scanimage/Ephus software50,51. Recording stability was
assessed regularly by test pulses. All recorded neurons responded to current injec-
tion with action potentials. LFPs were recorded using glass pipettes filled with
ACSF and a Multiclamp 700B amplifier.

To stimulate olfactory tracts, glass pipettes filled with ACSF were placed at
individual fibre bundles. Because olfactory tracts in zebrafish consist of many
dispersed fibre bundles, only a small subset of axons was stimulated by this
approach. Stimuli consisted of 10 pulses of 0.5 ms duration at 20 Hz. Intensity
(usually 20–30 V) was adjusted to evoke a response of intermediate magnitude.

Multiphoton calcium imaging of odour responses was performed as
described26,36. Data were acquired at 128 ms per frame. Relative firing rate
changes were reconstructed from calcium signals by low-pass filtering and sub-
sequent temporal deconvolution with an exponentially decaying kernel as
described36. The decay time constant of the kernel (tdecay 5 3 s) was determined
by simultaneous calcium imaging and loose-patch recordings of spikes36. No
additional filtering before or after deconvolution was performed.
Optical stimulation. To generate spatio-temporal patterns of light, the beam of a
blue laser (500 mW) was expanded to match the minor diameter (10.5 mm) of a
digital micromirror device (DMD) equipped with an accelerator card that
allowed for switching each mirror between two angles with a temporal resolution
up to 0.125 ms (DMD Discovery 1100 with ALP-1; Texas Instruments). The
device was coupled into a two-photon laser scanning microscope using a custom
lens system and a dichroic mirror at 45u between the scanners and scan lens. The
DMD device was mounted so that the laser light reflected from a given mirror
either entered the microscope optics (‘on’ angle) or was deflected into a beam
dump (‘off’ angle). Light patterns entering the microscope were projected into the
image plane through the scan lens, the tube lens, and the objective (203, NA 1.0,
Zeiss). Each mirror of the DMD corresponded to a 0.67 3 0.67 mm2 pixel in the
image plane. Light intensity below the objective was 63mW mm22. To verify
proper resolution, light patterns were projected onto a thin film of fluorescein

solution and fluorescence images were collected using a CCD camera
(Supplementary Fig. 2).

Optical stimulation of mitral cells was performed by projecting spatio-
temporal patterns of blue light onto the olfactory bulb in fish expressing Chr2
in sensory afferents. In each stimulus, a subset of ‘active’ squares was switched on
and off in a temporal sequence determined by event trains (see below), whereas
‘inactive’ squares remained off. Two sets of spatial stimulus patterns were generated.
Stimulus set 1 consisted of 50 3 50mm2 squares in the image plane (75 3 75
mirrors). Mirrors within each square were switched on and off together, while
different squares were controlled by different event trains. Stimulus set 2 consisted
of 20 3 20 mm2 squares (30 3 30 mirrors), and each mirror was controlled by an
individual event train. At each event in a train, the corresponding square (set 1) or
mirror (set 2) was switched from the ‘off’ to the ‘on’ position for 5 ms to deliver a
pulse of blue light to the corresponding pixels in the image plane. The average event
rate for each square or mirror was zero before and after the optical stimulus and
20 Hz during stimulation. In set 2, random latencies between zero and 300 ms were
assigned to each square to mimic latency differences between responses of different
glomeruli. The synchrony between event trains controlling different squares or
mirrors was defined by the synchronization index S (see below). Spatial patterns
were created with active squares only over the lateral olfactory bulb, over the
medial olfactory bulb, or over the whole olfactory bulb (Supplementary Fig. 2).
On average, each optical stimulus was repeated 3.4 6 1.2 times (mean 6 s.d.;
mitral cells, 3.4 6 1.1 repetitions; Dp neurons, 3.5 6 1.2 repetitions) and results
were averaged (except for power spectral analysis).

Responses to stimulus set 2 (n 5 68 responses from 21 mitral cells and n 5 55
responses from 18 Dp neurons at each S) increased more slowly than responses to
stimulus set 1 (n 5 93 responses from 28 mitral cells and n 5 38 responses from
16 Dp neurons) because squares were activated successively during the initial
300 ms. However, the time difference between responses of mitral cell and Dp
neurons was similar in response to both stimulus sets: the mean peak time of
strong depolarizations (.10 s.d.) in response to stimulus set 1 was 108 6 48 ms
for mitral cells and 263 6 110 ms for Dp neurons. The mean peak time of strong
depolarizations (.10 s.d.) in response to stimulus set 2 was 261 6 125 ms for
mitral cells and 438 6 178 ms for Dp neurons. The mean peak time of strong
firing rate changes (.10 s.d.) in response to stimulus set 1 was 132 6 179 ms for
mitral cells and 283 6 213 ms for Dp neurons. The mean peak time of strong
firing rate changes (.10 s.d.) in response to stimulus set 2 was 267 6 228 ms for
mitral cells and 407 6 206 ms for Dp neurons. Otherwise, responses to both stimu-
lus sets were similar. Data obtained with the two stimulus sets were therefore
pooled.

The stability of mitral cell firing rates to changes in synchrony may be due to
the fact that mitral cell membrane potentials are near spike threshold already in
the absence of odour stimulation so that synchrony affects primarily the timing of
action potentials. Moreover, stronger mitral cell activation is counterbalanced by
increased feedback inhibition in the olfactory bulb52, and inputs of different
strengths might be equalized by a nonlinear transformation at the sensory neuron-
to-mitral cell synapse, as found in Drosophila53.
Generation of event trains and modelling. To generate trains of events (spike
times or DMD mirror activations) with varying degrees of synchrony, individual
events were drawn from probability distribution P(t) given by

P(t)~X(t)=
ðtmax

0 X(t)dt with

X(t) 5 (S 3 sin(20 3 2p3 t) 1 1) j S # 1

X(t) 5 (sin(20 3 2p3 t) 1 1)S j S # 1

where t # tmax is time in seconds and S is the synchronization index. To allow for a
refractory period, events closer than 5 ms to an event kept previously were dis-
carded. This procedure was repeated until the mean number of events per unit
time was equal to the desired event rate. For S 5 0, the instantaneous probability
of an event was defined to be constant. This procedure parameterized synchrony
in simulated spike trains and in optical stimulus patterns.

Event trains were transformed into excitatory postsynaptic currents by con-
volving the delta functions representing event times with an alpha function
representing a unitary excitatory postsynaptic current (EPSC; rise time, 0.8 ms;
decay time, 5 ms).

To simulate the integration of synaptic currents in a simple model, a conductance-
based, non-spiking point neuron model without voltage-gated conductances was
used. The input resistance Rin was 2 GV and the time constant was tm 5 40 ms,
similar to values measured in Dp neurons. The neuron received n 5 10 inputs,
each firing at a mean rate of 10 Hz. Each input spike evoked excitatory and
inhibitory synaptic currents with a time course (250 ms length) given by the mean
current measured at these potentials in Dp neurons in response to electrical
stimulation of the olfactory tract (Supplementary Fig. 13). Since time courses of
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synaptic currents could be measured only over 50 ms between successive stimulus
pulses, the remaining 200 ms were extrapolated by exponential functions.
Reversal potentials of excitatory and inhibitory synaptic currents were
Vrev,exc 5 0 mV and Vrev,inh 5 270 mV, respectively. The evolution of the mem-
brane potential Vm was then given by

CdVm/dt 5 2g0(V(t) – Vrev,0) – gexc(t) (V(t) – Vrev,exc) – ginh(t) (V(t) – Vrev,inh)

where C 5 tm/Rin is membrane capacitance, g0 5 1/Rin is the input conductance,
Vrev,0 5 270 mV is the resting potential, gexc(t) is the excitatory synaptic con-
ductance and ginh(t) is the inhibitory synaptic conductance.

Simulations were performed for input spike patterns with three different syn-
chronies S. For each synchrony, we also shifted the onset of inhibitory currents
backward and forward in time (25 ms and 120 ms). Moreover, we varied the
mean firing rate of each input between 8 Hz and 12 Hz, and the number of inputs
N between 8 and 12 (without changing the amplitude of synaptic currents). For
each condition, results of 128 simulations, each 2.5 s long, were averaged.
Data analysis. Power spectral analysis was performed on individual trials. Power
spectra were then first averaged over trials with the same stimulus, and subse-
quently averaged over stimulus–neuron pairs. LFPs in the olfactory bulb were
recorded in the deep layers, beyond the point of reversal24. Oscillations were
analysed by band-pass filtering LFP recordings between 5 and 40 Hz using a
non-causal filter designed in Matlab (The MathWorks). Spike phases were deter-
mined by the time of each spike relative to the neighbouring peaks in the band-
pass filtered LFP. Spike phase distributions were determined for each neuron–
stimulus pair from repeated trials and normalized by the number of trials and
spikes. Experiments in which less than 16 spikes were collected in total were
excluded. Distributions were then averaged over neuron–stimulus pairs.

Trains of action potentials were transformed into continuous firing rates by
convolution with a Gaussian kernel (s.d., 5 ms). Mean changes in membrane
potential and mean firing rates in response to optical stimulation were determined
within a 1-s time window following stimulus onset. For analyses of membrane
potential dynamics, action potentials were removed by a sliding median filter with
width 14 ms. To determine peak times of membrane potential responses, the time
course of the median-filtered membrane potential trace was smoothed by a non-
causal four-pole low-pass Butterworth filter with cutoff frequency 50 Hz.

The resting potential was determined as the mean over the 500 lowest mem-
brane potential values (1-ms bins) during a 1.5–3 s pre-odour period. Action

potential thresholds were determined as the inflection point of action potentials
in each trial. To determine the amplitude of membrane potential fluctuations in
the 5–40 Hz band and of the slow depolarization during odour stimulation,
membrane potential traces were first low-pass filtered by a non-causal four-pole
Butterworth filter with cutoff frequency 5 Hz. The amplitude of the slow
depolarization was quantified as the difference between the resting potential
and the peak of the low-pass filtered membrane potential trace. Fluctuations were
isolated by subtracting the low-pass filtered trace from the raw trace and subse-
quently band-pass filtered with the same filter as used for the LFP. The amplitudes
of fluctuations were then quantified as the amplitudes of the positive peaks.
Maximal amplitudes of fluctuations in a given trial were determined as the mean
over the 10% largest fluctuations. For the separate analysis of subthreshold and
suprathreshold responses, subthreshold responses were defined as neuron–
stimulus pairs that never responded with action potentials to a given odour,
whereas suprathreshold responses were defined as responses that included, on
average, at least one spike.

Significance tests were performed using a non-parametric Wilcoxon rank-sum
test unless noted otherwise.
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