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M. MIGLIORE∗

Department of Neurobiology, Yale University School of Medicine, New Haven, CT, USA; Institute of Biophysics,
National Research Council, Palermo, Italy

michele.migliore@yale.edu

M.L. HINES AND GORDON M. SHEPHERD
Department of Neurobiology, Yale University School of Medicine, New Haven, CT, USA

Received June 8, 2004; Revised September 15, 2004; Accepted October 8, 2004

Action Editor: Roger Traub

Abstract. One of the first and most important stages of odor processing occurs in the glomerular units of the
olfactory bulb and most likely involves mitral cell synchronization. Using a detailed model constrained by a number
of experimental findings, we show how the intercellular coupling mediated by intraglomerular gap junctions (GJs)
in the tuft dendrites could play a major role in sychronization of mitral cell action potential output in spite of their
distal dendritic location. The model suggests that the high input resistance and active properties of the fine tuft
dendrites are instrumental in generating local spike synchronization and an efficient forward and backpropagation
of action potentials between the tuft and the soma. The model also gives insight into the physiological significance
of long primary dendrites in mitral cells, and provides evidence against the use of reduced single compartmental
models to investigate network properties of cortical pyramidal neurons.
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Introduction

Gap junctions (GJs) between neurons are ubiquitous
(Connors and Long, 2004) and their many roles have
been shown in both experiments and models (reviewed
in Velazques and Carlen 2000). The overall effects
caused by the presence of GJs in a neuronal network can
be complex. Several factors such as coupling strength
(Sherman and Rinzel, 1994), cell properties (Pfeuty
et al., 2003), and location (Traub et al., 2002) combine
to modulate cell firing properties. In fact, GJs have been
shown to be involved in spike frequency modulation
(Kepler et al., 1990; Lewis and Rinzel, 2000; Moortgat
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et al., 2000), fast oscillations (Draguhn et al., 1998;
Friedman and Strowbridge, 2003), and in promoting
the entire range of synchronization properties, from
perfect synchronization to phase locking to antisyn-
chrony (Sherman and Rinzel, 1994; Chow and Kopell,
2000).

These studies indicate the increasing interest in un-
derstanding how GJs affect the dynamics of neuronal
networks. This is particularly important because their
precise role is difficult to investigate experimentally,
since the exact location, especially within extensive
dendritic trees and with respect to the recording site, is
usually unknown. In the olfactory bulb, however, ex-
citatory connections (Urban and Sakmann, 2002) and,
in particular, electrical coupling between mitral cells
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Figure 1. Basic properties of the model. (a) Schematic representation of the mitral cells used in the simulations; (b) Fluorescence image of
a typical tuft of a mitral cell (courtesy of Zhishang Zhou, Yale University); (c) Schematic representation of the tuft geometry; each segment
is 0.04λ long, and markers of different colors represent a few cases in which GJs where distributed on different portions (%) of the tuft (red:
5%, 0.08λ; green: 20%, 0.2λ; violet: 50%, 0.6λ; orange: 100%, 1.0λ; (d) Somatic membrane potential during a step current injection in the tuft
(20 pA, 150 ms); (e) membrane potential in the soma (black) and tuft (red, 0.3λ from primary dendrite) during a single activation of a weak
(thick lines, 0.3 nA peak) or a strong (thin lines, 0.4 nA) tuft stimulation with a double-exponential current injection (2, and 5 ms for raise and
decay time constants, respectively); (f) firing rate as a function of input current.
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(Schoppa and Westbrook, 2002) has been experimen-
tally observed only between cells projecting to the same
glomerulus, suggesting that they are located in the tuft,
making it a near ideal model system to study the ef-
fects of GJs. At the same time, it raises the question
of how these distally-located GJs can control the syn-
chronization of action potential output in the mitral cell
axons.

Thus far there are limited insights into the roles
of GJs in mitral cells compared with other neurons.
The main suggestion thus far is that GJs provide for
spread of the depolarization caused by activation of
slow AMPA-like autoreceptors in the presynaptic cells
(Schoppa and Westbrook, 2002). Building on this
initial insight, we have asked what further functions
might be mediated. An important recent finding is
that the entire mitral cell dendritic tree (including
the tuft) has been shown to have active properties
(Bischofberger and Jonas, 1997; Debarbieux et al.,
2003), with somatic action potentials propagating into
the tuft at full amplitude (Debarbieux et al., 2003). A
fundamental question therefore is how the function of
gap junctions relates to these active properties?

To answer this question, we employ a realistic com-
putational model of the mitral cell constrained by the
experimental data. We first test the hypothesis that the
GJs play a critical role in coupling action potential de-
polarization between the active dendritic tufts of mitral
cells. We then test a second hypothesis that this cou-
pling of action potentials in the distal tufts has a major
role in promoting synchronization of mitral cell axonal
output. We show that because the GJs are localized
in the branches of the distal tuft they are electroton-
ically distant from the soma, allowing local process-
ing of odor input before it reaches the soma. The fine
branches have a high input resistance, which results in
a local depolarization higher than that observed at the
soma. The active properties provide a fast and efficient
forward propagation of the synchronized spikes to the
mitral cell somas and output through the axons. The
model thus gives a physiologically plausible explana-
tion for the development of long primary dendrites in
mitral cells. It also provides evidence against the use

Figure 2. Model’s implementation of the experimental protocol used to study GJs in mitral cells (Schoppa and Westbrook, 2002) under different
conditions of GJs location along the tuft and percent of dendrites connected. (left) Schematic representation of the different connections between
the two mitral cells (M1, M2) used for the simulations on the right; in each case, the total GJ conductance, GJ location along the tuft, and percent
of dendrites connected is indicated; markers indicate different recording locations (black: M1—soma, red: M1—tuft, blue: M2—tuft, green:
M2—soma). (middle) membrane potential of different compartments during an hyperpolarizing somatic current injection in M1 (−0.3 nA,
150 ms). Lines color corresponds to the markers shown on the left. (right) membrane potential in the tuft (blue) and soma (green) of M2 during
a short suprathreshold somatic current injection in M1 (1.5 nA, 1.5 ms). Coupling ratio is 0.04 in all cases.

of reduced single compartmental models to investigate
network properties of cortical pyramidal neurons.

Methods

All the simulations were carried out with the NEURON
simulation program (Hines and Carnevale, 1997,
ver. 5.5) using its variable time step feature and the
ParallelContext class on a 24-processor cluster under
PVM. In a few cases, simulations were carried out us-
ing a 512-processors IBM Linux cluster under MPI.
The model and simulation files are available for public
download under the ModelDB section of the Senselab
database (http://senselab.yale.med.edu).

Circuit and Cell Properties

The canonical model used in all simulations was com-
posed of 2 identical mitral cells (M1, M2). Each mitral
cell (schematically represented in Fig. 1a) was imple-
mented with an axon, soma, two secondary dendrites,
and a primary dendrite connected to a tuft. For the tuft
(Fig. 1b), except for the obvious presence of many small
dendritic processes that in general may be electroton-
ically distant from the branch point with the primary
dendrite, there is no detailed information on its mor-
phology. Thus, any specific implementation would be
arbitrary. However, experiments showing simultane-
ous dendritic and somatic mitral cell recordings, fol-
lowing a short electrical stimulation of the olfactory
nerve (Chen et al., 2002), showed a smooth dendritic
depolarization of the distal primary dendrite leading to
a somatic or dendritic action potential. This suggests
that there is no impedance mismatch between the tuft
and the primary dendrite and that, in principle, the tuft
could be modeled as a simple prolongation of the pri-
mary dendrite with an equivalent cable. However, we
were interested in modeling the effects of placing gap
junctions in different portions of the tuft. In this case,
the effects of small dendrites, which present a higher
input resistance, could be relevant.

For these reasons, we implemented the tuft using 20
identical thin compartments connected to the primary
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dendrite (Fig. 1c), with diameters adjusted to follow
the 3/2 branching rule (0.4 µm, in our case), and length
equivalent to ∼1.3λ50, where λ50 was the space con-
stant calculated at 50 Hz (Hines and Carnevale, 2001,
300 µm in our case). Uniform passive properties were
used, with Ra = 150 �·cm, τm = 20 ms, and Rm and Cm

adjusted to obtain an input resistance of about 100 M�

(Mori et al., 1981). Resting potential was set at −65 mV
and temperature at 35◦C. Cells were modeled as regular
firing cells (Fig. 1d), with Na, KA, and KDR conduc-
tances uniformly distributed over the entire dendritic
tree (Bischofberger and Jonas, 1997; Debarbieux et al.,
2003). Kinetics for the Na conductance were from CA1
hippocampal neurons (Migliore et al., 1999), whereas
those for KA and KDR were from mitral cell data (Wang
et al., 1996). Somatic action potentials backpropagated
at full amplitude up to the tuft (Debarbieux et al., 2003),
and AP could also initiate in the tuft or in the primary
dendrite for moderate to strong odor inputs (Chen et al.,
1997), as shown in the simulations in Fig. 1e. Odor
inputs were modeled using long (1 sec) pulses of cur-
rent injections in all tuft compartments at ∼0.35λ5w

from the branch point with the primary dendrite. This
resulted in the mitral cells firing within the range of
experimentally observed firing rates (Fig. 1f).

It should be noted that a number of additional mech-
anisms were not included in our model. Virtually all of
them, such as subthreshold oscillations, additional K+

conductances, persistent Na+ current, Ca2+-dependent
currents, but also activity-dependent changes in chan-
nels density or kinetic, non-uniform distribution of the
various Ca2+ currents, intracellular Ca2+ dynamics,
etc., may modulate the synchronization process. This is
precisely why we did not include them in the model, at
this stage. Rather, we were interested in focusing on the
specific role of action potential coupling mediated by
GJs in the tuft, a process that is quite difficult to study
experimentally. For these reasons, only those mecha-
nisms needed for action potential generation have been
included. It would be interesting to include additional
cell properties in a future study, to investigate how and
to what extent they affect the basic findings shown in
this paper.

Gap Junction (GJ)

We modeled the current generated by a gap junction
(GJ) as IGJ = ggap · (vpost − vpre), where ggap, vpost,
and vpre, are the GJ conductance, the post- and the
pre-synaptic membrane potential, respectively. There

is no indication from experiments on the dendritic loca-
tion and total conductance. However, two experimental
findings can be used to constrain the parameter space:
(1) an action potential elicited in a cell should result
in a somatic depolarization ∼1 mV in a connected cell
(Schoppa and Westbrook, 2002; Urban and Sakmann,
2002), and (2) the somatic voltage deflections observed
with hyperpolarizing current injections in a test ver-
sus a stimulated cell should result in a coupling ratio
(CR) in the range 0.01 < CR < 0.08 (Schoppa and
Westbrook, 2002). In most cases, the location within
the tuft, the percentage of the dendrites connected, and
the total GJ conductance were systematically explored
and, in all cases, the main findings are presented and
discussed for the cases that were consistent with the
experimental findings.

In the experiments (Schoppa and Westbrook, 2002),
a small (<0.15 mV, <1 ms) rapid deflection of the
somatic membrane potential of the test cell was also
observed at a short latency, with respect to an AP
elicited in the stimulated cell. This deflection was inter-
preted as the “spikelet” resulting from the GJ coupling,
in analogy with what observed in hippocampal cells
(MacVicar and Dudek, 1982; Vigmond et al., 1997).
However, the short latency and time course observed
in the mitral cells case are inconsistent with the basic
theory of signal spread in a dendritic tree (Rall, 1969),
which predicts that a distal signal (such as that gen-
erated by a GJ in the tuft) will be delayed, reduced,
and slowed as it spreads passively toward the soma.
In fact, in hippocampal cells, spikelets are much larger
(>1 mV) and most likely caused by axo-axonal GJs
(Traub et al., 2003). Furthermore a detailed model
of the electrical coupling between pyramidal cells
(Vigmond et al., 1997) suggested that a rapid deflection
such as that observed in mitral cells could be caused
by the electric field of a single source cell. For these
reasons, our model did not take into account this effect.

Results

The number and distribution of GJs connecting the tuft
dendrites of two mitral cells is unknown, as is the elec-
trotonic distance between the recording site and the
GJs location (soma and tuft, respectively). There could
therefore be a number of different combinations of GJ
strengths and distributions that could be consistent with
the experimental findings. In Fig. 2 we explore sev-
eral relevant possibilities. The GJs were distributed
in different ways within the tuft, as schematically
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represented in Fig. 2 left, and in each case the volt-
age deflections at different locations (Fig. 2, markers)
are shown during a somatic stimulation of M1 with a
hyperpolarizing current injection (Fig. 2, DC coupling,
−0.3 nA 150 ms) or with a brief suprathreshold cur-
rent pulse (Fig. 2, AP coupling, 1.5 nA, 1.5 ms). For
comparison, we also included the unrealistic assump-
tion (but widely used in network simulations of gap
junctional coupling between neurons) of a somatically
located input and GJ.

In all simulations, the total GJ conductance was ad-
justed in such a way to be consistent with the experi-
mental findings of a CR = 0.04 and a peak somatic de-
polarization of ∼1 mV (see Methods). The first result
was that to meet these two conditions, approximately
the same total GJ conductance (∼2 nS) could be used
for GJs wherever located in the tuft. Assuming a uni-
tary channel conductance of 10–15 pS for GJs formed
by Connexin 36 (Teubner et al., 2000) this value corre-
sponds to the opening of 100–150 individual channels.
By comparison, a much lower value (0.475 nS, corre-
sponding to 32–48 open channels) was obviously re-
quired for the unrealistic case of coupling of the somas
through a somatic GJ. The second result was that even if
an AP in M1 resulted in the same small M2 somatic de-
polarization (Fig. 2, AP coupling, green lines) the local
tuft depolarization varied widely depending on the spe-
cific GJ connectivity (Fig. 2, AP coupling, blue lines).
There was a smaller depolarization when GJs were dis-
tributed over the entire tuft (∼5 mV, Fig. 2a), and a
much higher depolarization for localized GJs (∼20 mV,
Fig. 2c). These results indicated that the distal tuft
branches are sensitive sites for regulating the local cou-
pling between the mitral cells, without having differ-
ential effects on distant somatic coupling potentials.

To examine more closely the effects of the tuft regu-
lation as seen at the somas, in Fig. 3 we compared the
different somatic depolarizations under the different
conditions of GJ coupling in the tufts from Fig. 2 (green
traces at far right). The brief transient current, gener-
ated in M2 through the GJ connections by an AP in
M1, caused a somatic depolarization that, with respect
to the AP in M1 (Fig. 3A, dashed line), peaked at differ-
ent latencies as the GJs were moved from the soma to
more distal locations in the tuft. As expected from cable
properties affecting subthreshold signal propagation in
a dendritic tree (Rall, 1969; Johnston and Wu, 1995),
and consistent with what has already been pointed out
in a detailed modeling study of electrical coupling be-
tween pyramidal cells (Vigmond et al., 1997), the GJs

Figure 3. Somatic depolarization induced in M1 by eliciting an
AP in M2. (top) Modeling results: expanded view of the somatic
depolarization from Fig. 2. The GJ location along the tuft, and percent
of dendrites connected is indicated. The dashed line indicates the time
of AP peak in M1; Coupling ratio is 0.04 in all cases.

in the tuft resulted in a somatic depolarization with a la-
tency and decay time determined by the cell properties
and GJ locations. These depolarizations were very sim-
ilar to the average AMPA-like synaptic EPSP observed
experimentally (Schoppa and Westbrook, 2002). Al-
though a direct comparison between model and exper-
imental traces was not possible (it would require much
more detailed information on the experimental condi-
tions), these results suggest that these depolarizations
could be due to the APs propagating through the GJs
in the tuft, and support the view that they play an im-
portant role in intraglomerular coupling.

In the experiments (Schoppa and Westbrook, 2002),
the somatic depolarization attributed to GJs in the tuft
was very small (a 0.1 mV spikelet). We then studied if
this effect could result at the same time in a coupling
ratio within the experimentally observed range (0.01
< CR < 0.08). A series of simulations were thus car-
ried out by finding, for each combination of extent of
dendrites connected by GJs and distance within the tuft
to the site of branching from the primary dendrite, the
GJ conductance needed to obtain a 0.1 mV depolariza-
tion at the soma. This conductance was then used in
each case to calulate the CR using the hyperpolariza-
tion protocol as in Fig. 2 (DC coupling). The results are
summarized in the contour plot in Fig. 4, and show that
the CR was negligible (<0.001) in all cases, suggesting
that a 0.1 mV somatic depolarization caused by a GJs
coupling in the tuft cannot result in a CR within the
experimentally observed range.
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Figure 4. Coupling ratio at the soma when AP coupling caused a
GJs mediated somatic depolarization of 0.1 mV as a function of the
percentage of tuft dendrites connected by a GJ (abscissa) at differ-
ent electrotonic distances from the branch point with the primary
dendrite (ordinate).

The next question addressed was what possible GJ
distributions were consistent with the experiments. To
answer this we carried out an extensive series of simu-
lations in which we varied the location of GJs within the
tuft and the extent of dendrites interconnected, under
the constraint of the coupling ratio as seen at the soma
of CR = 0.04. The results are summarized in the con-
tour plots in Fig. 5. The red areas represent values of the
parameters for which an AP was generated in M2. The
results show that there was a wide range of GJ distribu-
tions that were consistent with the experimental find-
ings of a somatic depolarization 0.6 < Vsoma < 1 mV
(Fig. 5, left, light blue and green areas). The same
CR could be obtained with GJs close to the primary

Figure 5. Depolarization in M2 induced by an AP in M1. The contour plots show the peak depolarization at the soma (left), the local peak
depolarization in the tuft (middle), and the total GJ conductance (right) as a function of the percentage of tuft dendrites connected by GJ at
different electrotonic distances from the branch point with the primary dendrite. Coupling ratio is 0.04 in all cases.

dendrite but connecting only a few dendrites (lower
left corner of countour plot) or with GJs distributed
throughout the entire tuft. Under these conditions, the
peak dendritic depolarization was always >2.5 mV, and
spanned a wide range of subthreshold values (Fig. 5,
middle, blue and green areas). The total GJ conduc-
tance needed in each case to satisfy CR = 0.04 (Fig. 5,
right) was within the theoretical limit for a GJ, as es-
timated by ultrastructural studies (∼5 nS, Fukuda and
Kosaka, 2003, corresponding to 350–500 channels). In
summary, the distribution of GJs within the tuft cannot
be inferred from somatic recordings (this is discussed
further in the Discussion).

Synchronization

What is the significance of AP synchronization at
the soma and axonal output between neurons through
distally-located dendritic GJs? This is obviously a crit-
ical question for odor processing in the olfactory bulb,
and may be a more general phenomenon.

The synchronization test system is shown in Fig. 6.
In the simulation illustrated in Fig. 6, M1 (black line)
and M2 (red line) receive the same current injection
(20 pA) but starting with a 10 ms relative delay. Un-
der control conditions of no coupling (Fig. 6A), the two
cells fire independently and do not, of course, show any
synchronization. The addition of a GJ (100%, 1.3λ5w,
CR = 0.03) resulted in cell synchronization (Fig. 6B).
The GJ current was rather large at the beginning of the
stimulation, when the two cells were not synchronized.
The current direction was determined by the relative
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Figure 6.

Figure 7.
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difference in the local (tuft) membrane potential be-
tween the two cells, and altered the spike times of each
cell until synchronization took place. As synchroniza-
tion occurred, the GJ current decreased to near zero,
because there was no net current between the two si-
multaneously firing cells. The active properties of the
tuft might have an important role in the synchronization
properties and the model suggests the experimentally
testable prediction that blocking Na channels (required
for AP generation) in one of the cell should interfere
with the synchronization process. In the simulation of
Fig. 6C, Na+ channels were blocked only in the tuft
of M2. Under these conditions, somatic action poten-
tials were still elicited in M2 (Fig. 6C, red line) but
a substantial portion of the GJ current was lost (since
APs could not propagate or be generated in the M2
tuft) and the two cells could not synchronize. These
results clearly showed that GJs and active properties
constrained by the experimental parameters are able to
mediate AP synchronization for the case of the same
inputs with delays.

In the more general case likely to occur in vivo M1
and M2 may be assumed to receive a different input to
their distal dendrites. The way in which two cells can
become synchronized under these conditions is very
difficult to study experimentally. In the model, this was
studied by calculating the cross-correlation of M1 and
M2 somatic membrane potentials (Fig. 7A and B), un-
der different GJ distributions while still meeting the
constraint of a peak somatic depolarization of ∼1 mV.
Each curve was the average of 25 simulations in which
both the input strength and starting times were drawn
from a uniform random distribution within the intervals
20 ± 2 pA and 0–12 ms, respectively, and in all cases
M1 received the higher input and was chosen as refer-
ence. We first studied some typical cases in which GJs
produced a peak dendritic depolarization of ∼20 mV

Figure 8. Synchronization process for M1 and M2 receiving the same input current (0.2 nA) starting with a 10 ms delay. (A) Somatic membrane
potential of M1 (black) and M2 (red) under control conditions; (B) Somatic membrane potential of M1 (black) and M2 (red) with GJ (total cond.
7.2 nS) connecting 100% of M1 and M2 tuft dendrites at 1.3λ5w; (C) Same in (B) but with no sodium channels in the tuft dendrites of M2.

Figure 9. Cross correlation of 0.5 sec recordings of M1 and M2 somatic membrane potential from 25 simulations. Input currents and relative
latency in each simulation were drawn from a uniform random distribution within the intervals 18–22 pA and 0–12 ms, respectively. (A)
Normalized average cross correlation (c, in arbitrary units, a.u.): (thin black line) control (no GJ); (thick black line) GJ and input at the soma;
(blue) M1 and M2 tufts fully connected with GJ at 1.3λ5w from branch point; (red) 50% of M1 and M2 tufts connected with GJ at 0.9λ5w;
(green) 10% of M1 and M2 tufts connected with GJ at 0.1λ5wug or the cases of GJ in the tuft, the peak M2 tuft and somatic depolarization was
∼20 and ∼1 mV, respectively. (B) As in A) but, in all cases, 50% of M1 and M2 tufts were connected with GJs at 0.9λ5w. (C) raster plots of the
first 10 spike times over the 25 trials under control conditions (top) and with GJ (bottom, 50%, 0.9λ5w). Black markers: spike times of the cell
receiving the higher input; Red markers: spike times of the cell receiving the weaker input. The same input was used for the same trial under
different conditions. See text for details on how the plots were arranged.

(Fig. 7A). No correlation was found under control con-
ditions, and GJs in the tuft always resulted in better
synchronization with respect to a GJ in the soma. The
different GJ distributions in the tuft resulted in similar
peak cross-correlation values and phase shift between
the reference and the test cell, with the cell receiv-
ing the higher input firing a few ms before the other
cell. Because the correlation properties could also de-
pend on the coupling strength we also tested different
GJ conductances (Fig. 7B, GJs in 50% of the tuft, at
0.9λ5w from branch point with the primary dendrite).
The cross-correlation curves differed little. Only for a
very weak coupling (0.2 nS and CR = 0.011, close
to the lowest experimentally measured of CR = 0.012)
was a significant reduction in the cross-correlation peak
(≈25%) and a larger spike time difference (≈4 ms) ob-
served. These results thus show that the GJs in the tuft
play a major role in MC synchronization over a broad
range of distributions in the tuft, different strengths of
inputs, and different input latencies.

To visualize the GJ effects, in Fig. 7C we present the
raster plots of the first 10 spike times for 25 trials (sim-
ulations) under control conditions (Fig. 7C, top) and
with GJ (Fig. 7C, bottom, 50%, 0.9λ5w). In all cases
black markers show the spike times of the cell receiv-
ing the higher input (M1), whereas the spike times of
the other cell (M2) are shown in red. In order to illus-
trate better the differences between the two conditions,
the n-th spike times were independently aligned to the
n-th spike time of the cell firing first across all trials,
and successive spikes during each trial (Fig. 7C, ab-
scissa) were arbitrarily spaced by 10 ms. Thus, in these
plots, only the relative time difference between the
n-th spikes of the two cells was significant. The effect
of the GJ was striking (Fig. 7C, bottom). After just
a couple of spikes the cell receiving the higher input
(black) always fired a few ms before the other one (red),
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even when the cell receiving the weaker input was fir-
ing first at the beginning of the simulation (see spike
#1 for trials 1, 6, 14, 16, 18, and 22–25 in control).

Discussion

In a realistic model of electrically connected mitral
cells we have shown that the somatically-measured
experimental properties of GJs may correspond to a
variety of different local coupling strengths and den-
dritic distributions of GJs in the tuft. The model sug-
gested that the somatic depolarization caused in the
test cell by GJ coupling, as constrained by the exper-
imental findings, is practically indistinguishable from
an AMPA-like EPSP, in agreement with another study
(Vigmond et al., 1997). We thus propose that the prop-
agation of the GJ-induced local depolarization is the
major component of the experimentally-observed so-
matic depolarization. Of course, this does not exclude
the activation of slow AMPA autoreceptors, but the
model predicts that they would not be necessary for
synchronization. In the experiments, the involvement
of glutamatergic transmission was inferred from the ef-
fects of the AMPA/kainate receptor antagonist NBQX
(Schoppa and Westbrook, 2002), which nearly abol-
ished the somatic depolarization in the test cell. Be-
cause in our model the somatic depolarization is caused
by the GJ alone, this implies the interesting possibility
that the intraglomerular GJ coupling might be directly
or indirectly affected by pharmacological manipula-
tions of the neurotransmitter/neuromodulator-related
processes. A detailed discussion of the biochemical
processes that could be involved in this modulation
is outside the scope of the present paper. It should be
stressed, however, that there is experimental evidence
for glutamate-dependent modulation of the GJ conduc-
tance (reviewed in Hatton, 1998). In mitral cells be-
longing to the same glomerulus, this effect could be
experimentally tested by comparing the DC coupling
(as in Fig. 2) before and after application of glutamate
receptor antagonists.

Synchronization

Previous studies of cell synchronization in the olfactory
bulb have provided information on mechanisms such as
lateral inhibition (Linster and Hasselmo, 1997; Urban,
2002; Davison et al., 2003), oscillating subthreshold

inputs (e.g. Margrie and Schaefer, 2003), and more
general computational issues (Haberly, 2001; Laurent
et al., 2001; Brody and Hopfield, 2003). In all cases,
the focus has been on the inhibitory mechanisms medi-
ated by granule cell activation. In this work we focused
on the role of GJs in a reduced glomerular unit, con-
sisting of two intereconnected mitral cells, as key to
synchronization mechanisms. The model predicts that,
in spite of the observed small somatic coupling ratio,
GJs are sufficient for synchronization of mitral cells.
The effect is robust for the entire range of somatic cou-
pling ratio experimentally measured, is caused by the
much larger local coupling in the tuft (Fig. 5), and is
supported by the active properties in the tuft (Fig. 6).
The GJs’ strategic position (where odor input arrives)
and its working range (any difference in the mem-
brane potential between the two connected cells will
immediately generate a gap coupling) make them the
first mechanism to promote mitral cells synchroniza-
tion during odor responses. In fact, they could have
an instrumental role to spread and “equalize” the tuft
depolarization among the mitral cells belonging to the
same glomerulus even before it reaches the soma or
generate an action potential. This may critically control
the initial processing of odor input before the network
of granule cells, that connect the mitral cell secondary
dendrites, becomes involved, and could explain the ex-
perimental observation that synchronization is not sen-
sitive to the block of inhibition of mitral cells connected
by GJs (Schoppa and Westbrook, 2002). According
to our findings, the GJs may act to merge the inputs
received from differently-activated ORNs to synchro-
nize the activated mitral cells within a glomerular unit
(i.e., all cells connected to a given glomerulus). This
can be regarded as effectively implementing a many-
are-equal (MAE) kind of computation (Hopfield and
Brody, 2000, 2001; Brody and Hopfield, 2003) at the
initial stage of odor processing. Further intraglomerular
processing within the glomerular unit, due to the local
inhibitory mechanisms caused by the activation of dif-
ferent interneuron populations (e.g. periglomerular and
juxtaglomerular cells), could be expected to modulate
the range of inputs for which synchronization could be
achieved. Their role and interaction with GJs will be
the subject of a future study.

For our study we have used the values for GJ cou-
pling obtained in physiological experiments. For wider
application of these results it should be noted that the
experiments were carried out in slices obtained from
young animals. Extrapolation to mature animals of
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many months therefore must be done with caution.
Although serial electron microscopical reconstructions
have shown intraglomerular GJs between mitral cells
in 2-month old mice (Kosaka and Kosaka, 2004), there
is a general tendency for gap junctional coupling to be
highest during early development. It may be thus hy-
pothesized that GJ coupling plays a leading role in syn-
chronizing mitral cells duirng early development, with
other mechanisms involving synaptic inhibition play-
ing an increasing role with aging. Interactions between
electrical and chemical synaptic coupling therefore will
be of increasing importance.

In this study we have focused on synchronization
per se. Further studies will be required to relate these
mechanisms to the generation of different types of syn-
chronous oscillatory activity that may be found in the
olfactory bulb under different conditions of sensory
stimulation and centrifugal control.

Comparisons with Other Systems

Much of the current interest in synchronization through
gap junctions in the mammalian brain is focused on
inhibitory interneurons (Galarreta and Hestrin, 2001).
By contrast, there are only a few cases of GJs between
principal neurons (such as mitral cells). Historically,
the best known is the inferior olive, in which gap junc-
tions between the principal cells are located between
distal dendrites that shunt excitatory synaptic inputs
(reviewed in Llinas et al. 2002), and axonal GJs be-
tween hippocampal CA1 pyramidal neurons has beeen
suggested as a novel source of fast network oscillations
(reviewed in Traub et al., 2002). This type of interaction
deserves further study in the mitral cell tuft.

Considerations of Large Scale Networks

Our results in the mitral cell have further general rel-
evance to neural network simulations. To reduce sim-
ulation time or to allow analytical investigation of the
equations involved, individual neurons are customar-
ily implemented in large networks using reduced sin-
gle compartment (“isoelectrotonic”) units representing
the entire neuron with its dendritic tree. Although this
could be appropriate in studying network properties
caused by events occurring (electrotonically) close to
the soma, neurons with extensive dendritic trees cannot
be easily reduced in this way, unless the overall effect
has been previously assessed in a realistic model and
then (if possible) adequately reproduced in a reduced

model. This is particularly important for the case of
GJs between mitral cells, for which there is clear ex-
perimental evidence of their localization in the tuft, far
from the soma. This actual distance is 300–500 microns
in the rat, with the electronic length of the order of 1
(see Shepherd et al., 2004). An investigation of the con-
ditions under which a realistic model of a mitral cell
could be reduced to a minimal implementation, pre-
serving the same basic properties, is outside the scope
of this work. However, our findings suggested one of
the possible problems in using a somatic GJ (as in sin-
gle compartment models) rather than in the tuft. By
using a somatic GJ, and taking into account the exper-
imental constraints, the effective coupling between the
two cells will be greatly underestimated (Fig. 2). The
end result will be a much weaker effect of GJ on syn-
chronization (Fig. 7), which cannot be compensated by
simply increasing the GJ conductance, since this will
produce a higher somatic depolarization. In addition to
being inconsistent with experiments, this could also be
expected to interfere with the other mechanism that is
widely assumed to have a major role in mitral cell syn-
chronization as well as other properties, i.e. inhibition
through granule cells. We thus have a persuasive func-
tional rationale for the development of an elongated
primary dendrite ending with a tuft: to separate intra-
glomerular local processing of odor input coming from
a homogeneous population of ORNs within the same
glomerular unit, from interglomerular processing un-
derlying odor recognition and discrimination occurring
at a later stage mediated by granule cells and involving
many glomerular units (cf. Davison et al., 2003).
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