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Odor representation in the olfactory bulb (OB) undergoes a trans-

formation from a combinatorial glomerular map to a distributed

mitral/tufted (M/T) cell code. To understand this transformation,

we analyzed the odor representation in large populations of

individual M/T cells in the Xenopus OB. The spontaneous [Ca2�]

activities of M/T cells appeared to be irregular, but there were

groups of spatially distributed neurons showing synchronized

[Ca2�] activities. These neurons were always connected to the

same glomerulus. Odorants elicited complex spatiotemporal re-

sponse patterns in M/T cells where nearby neurons generally

showed little correlation. But the responses of neurons connected

to the same glomerulus were virtually identical, irrespective of

whether the responses were excitatory or inhibitory, and inde-

pendent of the distance between them. Synchronous neurons

received correlated EPSCs and were coupled by electrical conduc-

tances that could account for the correlated responses. Thus, at the

output stage of the OB, odors are represented by modules of

distributed and synchronous M/T cells associated with the same

glomeruli. This allows for parallel input to higher brain centers.

calcium imaging � mitral cell � synchronous activity

The glomeruli of the olfactory bulb (OB) constitute an important
interface for the coding of odor information. Every individual

glomerulus collects convergent inputs from olfactory sensory neu-
rons (OSN) expressing the same olfactory receptor (OR) (1), and
it delivers output information to higher brain regions via a number
of M/T cells connected to it (2). This modular architecture is
thought to play a fundamental role in odor coding (3).

M/T cells of the same glomerulus receive primary inputs from
OSNs of the same type, but each M/T cell also extends additional
dendrites and gets complex secondary inputs from local interneu-
rons (4, 5), top-down projections (6, 7), and from other M/T cells
(8, 9). M/T cells are also connected through gap junctions within
glomeruli (9–11). While the intraglomerular gap junctions could
produce a certain degree of synchronization (9, 11, 12), the synaptic
interactions could transform the initial OSN inputs into spatiotem-
poral patterns of M/T cell output activity (13–15). As the secondary
inputs presumably differ from M/T cell to M/T cell, every M/T cell
could process its primary and secondary inputs differentially, which
would allow for a large information capacity of M/T cell activity
patterns.

Three major signal sources thus determine the M/T cell activity
patterns conveyed to higher brain centers: primary OSN inputs,
currents through intraglomerular gap junctions, and complex sec-
ondary synaptic inputs of various origins. As all three input sources
of M/T cells depend, directly or indirectly, on odor stimulation, the
physiological M/T cell activity patterns must be measured while
applying odorants to the olfactory epithelium.

Here, we use a nose-brain preparation of the Xenopus tadpole to
analyze M/T cell activity pattern following natural odor stimulation.
Using a method for identifying neurons that are connected to the
same glomerulus, we can observe how natural odorants are repre-
sented by modules of glomerulus-specific M/T cells.

Results

Identification of Glomerulus-specific M/T Cells Using [Ca2�] Imaging.

We investigated the neuronal network of the Xenopus tadpole OB
using a combination of [Ca2�] imaging and the patch clamp
technique. Recordings were obtained from a nose-brain prepara-
tion that preserves the connections between the olfactory epithe-
lium and the OB (16, 17) (Fig. S1). This allows us to analyze the
circuitry and the response of the OB network to natural odor inputs.
In the absence of stimulation, neurons in the M/T cell layer show
a rich pattern of spontaneous [Ca2�] activities (Fig. 1A and B) that
reflect their spontaneous firing patterns (Fig. S2) (18). The corre-
lation of these activities was low in randomly chosen cell pairs
(activity correlation index r � 0.0069 � 0.0003; n � 50325 pairs).
However, a complete search in a correlation matrix (Fig. 1C)
revealed specific pairs of neurons that showed strongly correlated
activities (r � 0.6, Fig. 1D, E, and G). These neurons were
synchronized for almost every [Ca2�] upstroke (Fig. 1D and Movie
S1). Correlated activities in synchronous neurons were stable over
time. The same pair of neurons remained synchronous in different
recording sessions spanning more than an hour.

Synchronous neurons were distributed in the M/T cell layer and
were intermixed with cells belonging to other synchronous modules
(Fig. 1F). The distance between synchronous neurons ranged from
10 to 184 �m (Fig. 1H, average: 53 � 37 �m, SD; n � 73 pairs). A
neuron could be uncorrelated with its immediate neighbor (e.g.,
cells 6 and 8, r � 0.09) while at the same time being tightly
correlated with a more distant cell (e.g., cells 6 and 7, r � 0.78). We
often found more than two neurons in the recorded field of view
that were synchronous with each other (e.g., cells 1–3 in Fig. 1F).
The number of neurons making up a synchronous group ranged
from 2–7 cells, the average being 2.4 cells/group. This average
underestimates the total number of cells per synchronous group
because some neurons of a group might have been located outside
the image plane and not been detected. Synchronous neurons were
found both in preparations with intact olfactory nerves (3.8 � 1.0
pairs/optical section, n � 19) as well as in preparations with the
olfactory nerves cut (4.6 � 1.4 pairs/optical section, n � 16; P �

0.66; Fig. S3), suggesting that the coordinated activity was intrinsic
to the OB and did not require OSN inputs.

To analyze the correlated spiking at a higher temporal reso-
lution, we recorded the action potentials (AP) of cell pairs using
dual cell-attached recordings. Without any stimulation, M/T
cells fired spontaneous APs that were highly correlated in cell
pairs showing synchronous [Ca2�] activities (Fig. 1I). The cor-
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related spikes did not have a fixed delay. The two neurons could
either fire nearly simultaneously or with a small positive or
negative time lag (�t) (Fig. 1J). The distribution of �t showed a
narrow peak near �t � 0 (Fig. 1K), indicating that spikes of one
neuron tended to occur within a narrow time window around the
spikes of the other neuron and vice versa. A Gaussian fit to the
distribution peaked, on the average, at 4.2 � 1.0 ms (n � 5) with
a standard deviation of the fitted curves of 14.9 � 3.0 ms (n �

5). These results show that the synchronous neurons fire corre-
lated APs at a precision of a few milliseconds.

A tight synchronization of both [Ca2�] and spiking activities is
highly suggestive of some connection between synchronous neu-
rons. To test this possibility, we reconstructed the morphology of
nine pairs of synchronous cells (r � 0.6) by filling them with
fluorescent tracers during targeted whole-cell recording. All 18 cells
had dendrites that extended into the glomerular layer and termi-
nated in tuft-like structures, confirming their identity as M/T cells.
In all cell pairs examined, the two synchronous neurons invariably
had dendrites that connected to the same glomerulus (Fig. 1L and
Movie S2). In contrast, nearby but nonsynchronous neurons (r �

0.4) projected their dendrites into different glomeruli (n � 3 pairs).
The soma distances of the synchronous pairs examined ranged from
20–109 �m (average: 57.3 �m). This indicates that synchronous
M/T cells, irrespective of the distance between their somata, are
output elements of the same glomerulus.

Responses of Synchronous Neurons to Natural Odor Simulations. The
reliable relationship between the synchronization of spontaneous
[Ca2�] activities and common glomerular connection offers a highly
specific criterion for identifying glomerulus-specific neurons online.
This enabled us to analyze how odors are represented by M/T cells
that diverge from the same glomerulus. To this end, we first

recorded spontaneous [Ca2�] activity of M/T cells to infer their
glomerular connectivity and then recorded their odorant responses.

Generally, odor stimulation modulated the activities of M/T cells
in at least two different ways (Fig. S4) (18). In some cells, odors
reliably induced [Ca2�] increases that could be clearly distinguished
from their spontaneous activities. In other cells, odor suppressed
spontaneous [Ca2�] transients, leading to a [Ca2�] decrease with
respect to the pre-stimulus level (Fig. S4). We quantified the
responses of 448 cells (nine bulbs) to an odorant stimulus (mixture
of 14 amino acids, see Materials and Methods). An excitatory or
inhibitory response was assumed when the fluorescence change
within a 7-s post-stimulus window exceeded � 2.5 SD of the
spontaneous fluctuations. Using this criterion, 29.5% of the exam-
ined neurons showed excitatory responses and 14.7% showed
inhibitory responses.

The spatial distribution of odor-responsive M/T cells was highly
heterogeneous (Fig. S4). There was a substantial intermix of
neurons that showed excitatory responses with others showing
inhibitory responses. In 177 randomly chosen pairs of neighboring
and odor-responsive neurons, 57 pairs responded in an opposite
way (i.e., excitation in one cell and inhibition in the other one). In
cases where both responses were either excitatory or inhibitory,
their durations or response waveforms would differ (Fig. S4).

Despite this marked variety of different response patterns of OB
neurons, we observed a striking response similarity in syn-
chronous neurons. Whenever an odor elicited an excitatory re-
sponse in one neuron, its synchronous partner also responded with
excitation (Fig. 2A, left). This is consistent with the synchronous
neurons sharing common excitatory OSN inputs within the same
glomerulus (1). To our surprise, when odor elicited inhibitory
responses in one neuron, its synchronous partner also responded
with inhibition (Fig. 2A, right). Such highly similar excitatory or
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Fig. 1. Identification of connected M/T

cellsusingcross-correlationanalysis. (A)A

fluorescence image of the M/T cell layer

stained with calcium indicator Fura-2. (B)

Spontaneous [Ca2�] signals of 50 simul-

taneously recordedcells. (C)Acorrelation

matrix of calcium signals in the 50 neu-

rons. Cells are rearranged according to

the correlation values. Distinct regions of

high correlation coefficients reveal

groups of synchronous neurons. (D)

[Ca2�] signals in 4 groups of synchronous

neurons. (E) A pixel-based map of cross-

correlationvaluescalculatedwithrespect

to the activity of the neuron marked by

an arrow. Two cells (arrowheads) were

synchronoustothereferencecell. (F)Cells

belonging to different synchronous

groups marked by different colors. (G)

Histogram of the correlation values of

50,325 cell pairs. Inset, a peak in the high

correlation range showing the presence

of synchronous pairs. A similar peak does

not exist in the negative correlation

range (r�-0.5). (H) Histogram of the dis-

tances between synchronous cell pairs

(r � 0.6, n � 73 pairs). (I) Simultaneous

on-cell recording of action potentials in a

pair of synchronous neurons. (J) Ex-

panded traces from regions marked in I.

(K) Spike cross-correlogram showing the

distribution of the lag (�t) in spike time

between the two cells. (L) Morphological

reconstruction of a pair of synchronous

neurons revealed their dendritic connec-

tions to the same glomerulus. (Scale bars,

20 �m.)
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inhibitory responses were observed in all 18 pairs of synchronous
neurons (Fig. 2B). The strong similarity of odor responses was
restricted to synchronous neurons. A neuron can show substantially
different or even opposite responses to its nearest, nonsynchronous
neighbor but always show a precisely matched response to a
synchronous, although more distant, neuron (Fig. 2A and B). The
responses of the synchronous neurons were similar not just in
direction but also in amplitude, duration and temporal patterns
(Fig. 2B). We quantified the amplitudes and the response wave-
forms in 18 pairs of synchronous neurons and in 18 nonsynchronous
neurons located next to one of the synchronous neurons. Although
the synchronous neurons were separated by larger distances (Fig.
2C), their responses, in particular the response directions, ampli-
tudes (Fig. 2D) and the temporal waveforms (Fig. 2E) were more
similar than in nearby, nonsynchronous pairs.

The response similarity of synchronous neurons was not limited
to a particular odorant. When applying different odorants to the
olfactory epithelium, we observed different odor-specific response
patterns (Fig. 3B), indicating that these neurons carried information
about odor identity. In nearby nonsynchronous neurons (e.g., cells
2 and 3 in Fig. 3A and B), the responses were similar for some
odorants (e.g., the amino acid mixture inhibited both cells 2 and 3)
but different for others (e.g., lysine excited cell 2 but inhibited cell
3). However, in neurons belonging to the same synchronous mod-
ule, different odorants led to virtually identical responses (Fig. 3B
and C).

Fig. 3D shows an ensemble representation of five different odors
by 34 M/T neurons (Fig. 3D, upper row). Each odor was represented
by a specific pattern of excitation/inhibition distributed across the
population. In the ensemble formed by the synchronous partners of
these neurons (Fig. 3D, lower row), we observed highly similar
representations of the same odors (r � 0.87 � 0.02; n � 5 odors).
The high correlation was not due to a lack of specificity of the
[Ca2�] response waveforms because random reshuffling of the cell
indices eliminated the correlation (r shuffled � 0.03 � 0.01).
Further, when the correlation was measured over short time
windows (250 ms), the correlation was reliable before, during and
after odor responses (Fig. 3E). The high correlation suggests that
synchronous neurons essentially carry the same odorant feature.
This is confirmed by principal component analysis, which shows that
the first principle component explains �90% of the variance of the
cell pairs’ odor responses (91.1 � 0.9%, n � 34 pairs, Fig. 3F). Thus,
higher brain centers could retrieve virtually the same odor infor-
mation using both or either of the synchronous neurons.

We further recorded the odor modulation of spiking activities in
pairs of synchronous neurons using dual patch clamp. Consistent
with imaging data, odors can modulate the spiking of M/T cells in
excitatory or inhibitory direction. In synchronous neurons, both the

Fig. 2. Synchronous M/T neurons show precisely matched excitatory/

inhibitory odor responses. (A) Odor modulation of [Ca2�] signals in two pairs

of synchronous M/T neurons. The first pair consistently responds with an

increase in [Ca2�] (left) while the second pair responds to the same odor with

a [Ca2�] decrease (right). Bottom traces: The response of a nearby, nonsyn-

chronous neuron. (B) Odor-induced calcium responses color coded and shown

for 18 pairs of synchronous M/T cells (left and middle panel). The responses of

nonsynchronous neurons located next to one of the synchronous cells as a

control (right panel). (C) The soma distances between the synchronous pairs

and the nearby pairs in (B). (D) Integral responses in a poststimulus time

window (marked under the panels in B) plotted for the synchronous cell pairs

(left) and the nearby, nonsynchronous pairs (right). (E) The correlation coef-

ficient of the response waveforms in synchronous pairs and nearby pairs (n �

18; *, P � 10�4).

Fig. 3. Two copies of odor codes in the Xenopus OB. (A) Two pairs of

synchronous M/T cells (top) and their spontaneous [Ca2�] signals (bottom).

Scale bar, 10 �m. (B) The responses of the four neurons to four different

odorants (amino acid mixture, lysine, arginine and methionine, 50 �M). Color

traces show average responses, gray traces show individual trials. (C) Single

trial responses of a synchronous pair and their overlay. (D) Responses of 34

neurons to five odors (upper row). The same odors are similarly represented

by the synchronous partners of these neurons (lower row). r, correlation

coefficient. (E) The correlation coefficient (r) between the two ensembles

measured in successive 250-ms windows plotted over time (red). Re-shuffling

the cell order eliminates the correlation (blue). Error bars represents the SEM

of r values over 12 trials (6 odors, each applied twice). Black trace shows the

response waveform averaged over all neurons. (F) Percentage of response

variance covered by the first (PC1) and the second principle component (PC2).

Using a single variable (PC1) explains �90% of the variance of the responses

of synchronous neurons.
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excitatory/inhibitory spiking responses were highly similar (Fig. S5).
The tuning curves reconstructed by measuring the changes in firing
rate across 6 odors had similar shapes in synchronous neurons (Fig.
S5; n � 4 pairs). These data suggest that downstream neurons can
rely on correlated odor responses of synchronous neurons.

Mechanisms of Correlated Activity in Synchronous M/T Cells. How can
the neurons of a synchronous module show such highly coordinated
ongoing, odor-modulated activities? In other systems, correlated
neuronal activities have been attributed to common excitatory
inputs (19), synchronous inhibitory inputs (20, 21) or a direct
coupling among neurons (11, 22). We investigated these possibili-
ties by recording pairs of synchronous neurons using dual whole-cell
patch clamp. At �60mV, M/T cells predominantly showed synaptic
inward currents that could be blocked by CNQX and APV. In
synchronous neurons, some of these EPSC events occurred con-
currently in both cells (Fig. 4A, asterisks) while others occurred in
only one of the neurons (arrows). The cross-correlogram of the
membrane currents had a peak near �t � 0 [r (0) � 0.35 � 0.07;
n � 8], suggesting that the excitatory inputs of these neurons exhibit
a certain degree of correlation. At a potential close to the reversal
potential for ionotropic currents mediated by glutamate receptors
(0 mV), M/T cells predominantly showed synaptic outward currents
that were abolished by picrotoxin (50 �M). Examining these
currents revealed that the IPSC events rarely occurred simulta-
neously in synchronous neurons (Fig. 4B). The cross-correlogram of
the membrane currents did not show a detectable peak [r (0) �

0.05 � 0.02; n � 4]. As a control, we recorded the spontaneous
synaptic currents in nonsynchronous M/T cell pairs. Here, both

EPSCs and IPSCs were essentially uncorrelated. The cross-
correlograms of EPSCs and IPSCs did not show any peak near �t �

0 [r (0) � 0.001 � 0.002 for EPSP and 0.004 � 0.01 for IPSC, n �

3 pairs, see Fig. S6]. Taken together, these data suggest that
synchronous cell pairs receive correlated excitatory input, and that
IPSCs play a relatively minor role in synchronizing the spontaneous
activity of M/T cells.

We next examined the possibility of a direct coupling between
synchronous M/T cells. Studies in the mammalian OB show that
M/T cells connected to the same glomerulus are coupled by gap
junctions (9, 11, 23). Because gap junctions can pass both depolar-
izing and hyperpolarizing currents, they could play a role in
coordinating the excitatory/inhibitory responses. In whole-cell re-
cordings that specifically targeted synchronous M/T cells, a 25 mV
hyperpolarization pulse (from �60 to �85 mV) applied to one cell
(cell 1) reliably elicited a hyperpolarizing (outward) current in its
synchronous partner (cell 2, averaged amplitude: 3.73 � 0.51 pA;
n � 10 pairs, Fig. 4C). A current of similar amplitude was observed
in cell 1 when the voltage pulses were applied to cell 2 (Fig. 4C,
right). Also, depolarizing and hyperpolarizing voltage steps in one
cell resulted in currents of opposite sign but similar amplitude in the
other cell (Fig. 4E). The coupling current was not seen in recordings
made in pairs of nearby nonsynchronous neurons (n � 3, data not
shown), suggesting that the coupling was specific for synchronous
cells. Finally, Cd2� (200 �M), which blocked most synaptic currents,
had little effect on the coupling current whereas the gap junction
inhibitor carbenoxolone (200–400 �M) largely reduced the current
(Fig. 4D, 80 � 11% reduction, n � 4). These results show that the
synchronous M/T cells in the Xenopus OB are electrically coupled,

Fig. 4. Mechanism of correlated activities

in synchronous M/T cells. (A) Left, excitatory

synaptic currents (EPSC) in a pair of synchro-

nous neurons measured at �60 mV. Aster-

isks: synchronous events; arrows: asynchro-

nous events. Right, membrane current cross-

correlogram had a peak (r � 0.43) near �t �

0. (B) Left, inhibitory synaptic currents (IPSC)

in synchronous neurons measured at 0 mV.

Most IPSC events are not synchronous. Right,

cross-correlogram of the IPSCs do not show a

significant peak. (C) Hyperpolarizing voltage

steps (�60 to �85 mV) in one M/T cell elicit

hyperpolarizing(outward)currents in its syn-

chronouspartner (leftcolumn)andviceversa

(right column). The current traces are aver-

agesof80sweeps. (D) Thecouplingcurrent is

not affected by Cd2� but it is abolished by

subsequent application of gap junction in-

hibitor carbenoxolone (Carb). (E) Applica-

tion of depolarizing or hyperpolarizing

pulses to one neuron (upper) elicited nearly

symmetrical coupling current responses in its

synchronous partner (lower). Right: sum-

mary of coupling current responses in 4 pairs

of synchronous neurons (6 coupling direc-

tions) (F) Simultaneous recording of mem-

brane potential in a mitral cell (cell 1) during

spontaneous [Ca2�] activity of its synchro-

nous partner (cell 2). The voltage in cell 1 is

locked to the [Ca2�] activity of cell 2. (G)

Stimulating a patch-clamped neuron in de-

polarizingorhyperpoloarizingdirectionspe-

cifically enhances or suppresses the [Ca2�]

activity of its synchronous partner. (H) Sum-

mary (mean � SEM.) of the [Ca2�] activity

modulation in synchronous (n � 4) and non-

synchronous (n � 7) pairs.
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suggesting that a glomerulus-specific M/T cell coupling is a general
feature of glomerular function in the vertebrate OB.

Because Xenopus M/T cells have large input resistances
(�1G�) (24), the electrical coupling conductances we observed
could have a strong effect. We tested this by patch clamping one
M/T cell (cell 1) while simultaneously monitoring the [Ca2�]
activity of its synchronous partner (cell 2). Consistent with a role
of electrical coupling in synchronizing M/T cell activity, we
observed a potential in cell 1 coupled to the spontaneous [Ca2�]
signals in cell 2 (Fig. 4F). To test whether the coupling could be
strong enough to coordinate odor-induced responses, we stim-
ulated the patch clamped neuron while measuring the [Ca2�]
activities of other neurons. In these experiments, depolarizing a
single M/T cell induced measurable excitatory [Ca2�] responses
in its synchronous partner (but not in other cells in the same field
of view, Fig. 4G and H, n � 4 synchronous pairs and 7
nonsynchronous pairs). Moreover, hyperpolarizing the neuron
reduced the spontaneous activities of its synchronous partner
(Fig. 4G and H), leading to a [Ca2�] decrease similar to
inhibitory odor-induced [Ca2�] responses (Fig. 2 A, right). These
data show that depolarizing or hyperpolarizing an M/T cell can
propagate and specifically modulate the responses of other
synchronous neurons. This provides a mechanism to coordinate
the responses of synchronous neurons during odor processing in
the OB.

Discussion

Correlated Spontaneous Activity of M/T Cells and Their Potential

Functions. By analyzing correlated [Ca2�] activities of OB neurons,
we have been able to specifically identify connected M/T cells in
living tissue (Fig. 1). This characterizes their functional coupling
(Fig. 4) and reveals a precise relationship between the odor
representation of M/T cells and their glomerular connectivity (Figs.
2 and 3). A tight correlation of spiking discharges has long been
used as an indication of connections between neurons (9, 25, 26).
However, finding connected pairs in living tissue remains a chal-
lenging task because of a low connection probability in most
networks and the technical difficulty to simultaneously record from
many cell pairs. Using [Ca2�] imaging, we can easily test the
correlated activities in thousands of cell pairs in a single experiment,
allowing us to identify connected M/T cell pairs in almost every
preparation. This approach might be generally useful for identifying
connected neurons in other neuronal networks.

In addition to its use as an experimental tool, the correlated
spontaneous activity might serve specific functions. For example, as
M/T cells connected to the same glomerulus can be identified from
their synchronous ongoing activities, they could provide a tonic
‘identity signal’ to downstream neuronal circuits for inferring the
common glomerular specificity of incoming axons without requir-
ing odorant exposure. This may be important for the establishment
of specific circuit connections in higher olfactory centers. In addi-
tion, correlated activities of M/T cells could play a role for the
insertion of newborn granule cells, which continuously migrate into
the OB and have to make specific connections with M/T cells (27).

Mechanism of Correlated Activity. The data from paired recordings
reveal correlated EPSCs and noncorrelated IPSCs in synchronous
neurons. The simplest explanation for correlated EPSCs is a
common input from OSNs. As the dendritic fields of synchronous
neurons overlap extensively within the glomerulus (Fig. 1L and
Movie S2), these neurons could be simultaneously contacted by the
same OSNs. Activation of these OSNs would lead to correlated
EPSCs. On the other hand, at 0 mV, the IPSC events in synchronous
neurons show virtually no correlation (Fig. 4B). This suggests that
IPSCs play a relatively minor role in synchronizing the spontaneous
activity of M/T cells. These data, however, do not exclude the role
of inhibitory networks in coordinating stimulus-induced M/T cell
activity. For example, a synchronous activation of inhibitory neu-

rons (e.g., by patterned ON stimulation) might lead to correlated
IPSCs (21) and further enhance the correlated activity of M/T cells.

Previous studies in the mammalian OB revealed that mitral cells
of the same glomerulus show ubiquitous gap junction coupling and
an AMPA mediated coupling component in a subset of cells (10).
Our data consistently showed gap junction currents in synchronous
neurons of the Xenopus OB. The coupling conductance was 150 �

20 pS (range:48–256 pS, n � 10 pairs), and the current was nearly
symmetrical during application of � 50mV stimulation pulses (Fig.
4E). Because � 50 mV voltage pulses are sufficient to open voltage
gated calcium channels and induce neurotransmitter release, a
symmetrical coupling current suggests that the coupling is presum-
ably mostly electrical. As Xenopus M/T cells have small somata
(	10 �m diameter) and high input resistences (� 1 G�), the
electrical coupling alone can already have a strong functional effect.
This is illustrated by the experiment shown in Fig. 4G and H. In
these experiments, a 25 mV de- or hyperpolarization in a single M/T
cell induced [Ca2�] responses in its synchronous partner. This
strong coupling could play an important role for the coordination
of odor-induced responses.

The Response of Synchronous Neurons to Natural Odors. Recently, the
correlation between M/T cells of the same glomerulus has been
examined in slices of the rodent olfactory bulb (9, 11, 28, 29). Using
paired recordings, these studies have revealed that neighboring M/T
cells of the same glomerulus can exhibit correlated activity upon
electrical or pharmacological stimulation (9, 11, 28, 29). However,
the preparations used did not preserve the OSN inputs, and
therefore could not show how synchronous neurons behaved during
processing of natural odors. The odor response properties of M/T
cells have been examined using both electrophysiology and imaging
techniques in vivo (30–33) or using in vitro nose-brain preparations
(14, 15, 18, 34). However, none of these studies related the odor
response of M/T cells to their glomerular connectivity. It was thus
impossible to make any assertion regarding a modular odor coding
scheme as shown in the present study. Here we have analyzed the
odor responses of M/T cells with respect to their common glomer-
ular connection as inferred from their synchronous spontaneous
activity. Our data show that M/T cell responses are highly similar in
neurons connected to the same glomerulus during both odor-
induced excitation and inhibition, while activities in neighboring
cells are mostly uncorrelated.

One immediate implication of the highly correlated responses is
that they largely reduce the number of potentially independent
coding variables of the OB’s output. Generally, to describe a neural
system containing N neurons, one would need N variables each
representing the activity of a neuron. Thus, the neural representa-
tion of each odor could be considered as a vector in an N-
dimensional ‘‘coding space’’ (35), with N being the total number of
M/T cells. However, our data suggest that the actual size of the OB’s
coding space is presumably much smaller than N. Indeed, more
than 90% of the variance of synchronous M/T cell pair responses
can be explained by one variable (Fig. 3F). Although it is presently
not feasible to simultaneously record all M/T cells connected to the
same glomerulus, the extrapolation of our findings suggests that the
dimension of the OB’s coding space might be close to the number
of glomeruli.

The OB projects its outputs to the cortex and to other higher
brain areas that mediate learning, memory and the emotional
responses to odors (3). The OB as the interface between olfactory
sensory neurons and central brain areas has to coordinate the odor
information sent to various target areas. Recent studies have
revealed that the axonal outputs of a given glomerulus target
multiple locations in higher brain regions (36). A correlated re-
sponse of these glomerulus-specific outputs appears to be consis-
tent with such parallel distribution of odor information. Thus,
individual glomeruli could be viewed not only as convergence
centers of OSN inputs but also as the starting points of parallel
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‘‘broadcasting channels’’ that deliver coherent odor information to
higher brain regions.

Materials and Methods
Xenopus Tadpole Nose-Brain Preparation. Xenopus laevis tadpoles (stage 53–55)

were chilled in a mixture of ice and water, and decapitated as approved by the

GöttingenUniversityCommittee forEthics inAnimalExperimentation.Ablockof

tissue containing the olfactory mucosae, intact olfactory nerves, and most of the

brain (Fig. S1) was cut out and kept in physiological saline (in mM, NaCl 98, KCl 2,

CaCl2 1, MgCl2 2, glucose 5, Na-pyruvate 5, and Hepes 10; 230 mOsm, pH 7.8). The

dorsal part of the olfactory bulb was sliced off to expose neurons for imaging and

patch-clamp recordings. The olfactory mucosae and nerves were kept intact

unless stated otherwise.

Dye Loading and Calcium Imaging. To load the neurons with [Ca2�]-sensitive dye,

the preparations were incubated in a bath solution containing 50 �M of Fura-

2/AM or Fluo-4/AM (Molecular Probes) for 30 min at room temperature, and then

rinsed with bath solution for at least 30 min in the recording setup. [Ca2�]

measurements with Fura-2 were performed using an upright microscope (Axios-

kop 2, Zeiss) with a 40
 (NA � 0.8) objective. Fluorescence images excited at 380

nm were taken at 5 Hz using a frame-transfer, back-illuminated CCD camera

(Micromax, Visitron). Confocal imaging with Fluo-4/AM was performed using a

laser scanning microscope (Zeiss LSM 510/Axiovert 100M) with a 40
 (NA � 1.3)

oil immersion objective. Fluorescence images (excited at 488 nm) were acquired

at 4 Hz.

Odorant Stimulation. A mixture of 14 L-amino acids (alanine, serine, threonine,

cysteine, valine, leucine, isoleucine, methionine, proline, arginine, lysine, histi-

dine, phenylalanine, and trytophan, 10 �M in Ringer’s solution) or single amino

acids (50–100 �M in Ringer’s solution) were used as odorants. Short pulses (1 s) of

odorant were applied by triggering odor delivery valves using custom build

recording software. In experiments involving many odors (Fig. 3), repeated

stimulations of an odor were interleaved with the application of other odorants.

Targeted Electrophysiological Recordings and Morphological Reconstructions.

Imaging data were first analyzed online to select neurons showing synchronous

activities. The same cells were then re-identified under transmission optics. Patch

pipettes containing internal solution (in mM, NaCl 2, KCl 11, MgSO4 2, K-

gluconate 80, Hepes 10, EGTA 0.2, ATP 3, and GTP 0.3) were directed to the

selectedneuronsundervisualcontrol. Insomerecordings(Fig.4A–D),aCs�-based

internal solution (inmM,NaCl1,MgCl2 1,TEA-Cl11,CsCH3SO4 79,Hepes10,EGTA

5, ATP 3, and GTP 0.3) was used. The data in Fig. 4E were recorded using this

solution with 1 mM EGTA. For morphological reconstructions, 200 �M Alexa-488

orAlexa-555 (MolecularProbes)wereaddedtotherecordingpipette solution.To

avoid any ambiguity, only two cells (one color each) were subjected to staining

attempts in each bulb. The slices were fixed in 4% paraformaldehyde (Sigma) for

2 h and rinsed. The bulbs were then excised and mounted in 85% glycerol. The

cells’ morphology was reconstructed by taking confocal 3D stacks.

Data Analysis. Image analysis was performed using custom programs written in

MATLAB (MathWorks). Regions of interest (ROI) corresponding to cell somata

were selected using a semiautomatic algorithm and the average fluorescence

intensities of individual ROIs were measured as a function of time. The back-

ground of each ROI was determined using a pixel-based algorithm (37) and

subtracted before the calculation of �F/F values.

To identify synchronous M/T cells, fluorescence images were recorded over

180 s in the absence of stimulation. Slow baseline drifts of every trace (calculated

by smoothing the trace with a Hanning filter, window length 8 s) were first

subtracted from each trace (38). The activity correlation index (r) was defined as

the zero-lag cross-correlation value between pairs of baseline-subtracted traces.

Data values are reported as mean � SEM unless otherwise noted.
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