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Davison, Andrew P., Jianfeng Feng, and David Brown. Dendro-
dendritic inhibition and simulated odor responses in a detailed olfac-
tory bulb network model. J Neurophysiol 90: 1921–1935, 2003. First
published May 7, 2003; 10.1152/jn.00623.2002. In the olfactory bulb,
both the spatial distribution and the temporal structure of neuronal
activity appear to be important for processing odor information, but it
is currently impossible to measure both of these simultaneously with
high resolution and in all layers of the bulb. We have developed a
biologically realistic model of the mammalian olfactory bulb, incor-
porating the mitral and granule cells and the dendrodendritic synapses
between them, which allows us to observe the network behavior in
detail. The cell models were based on previously published work. The
attributes of the synapses were obtained from the literature. The
pattern of synaptic connections was based on the limited experimental
data in the literature on the statistics of connections between neurons
in the bulb. The results of simulation experiments with electrical
stimulation agree closely in most details with published experimental
data. This gives confidence that the model is capturing features of
network interactions in the real olfactory bulb. The model predicts that
the time course of dendrodendritic inhibition is dependent on the
network connectivity as well as on the intrinsic parameters of the
synapses. In response to simulated odor stimulation, strongly acti-
vated mitral cells tend to suppress neighboring cells, the mitral cells
readily synchronize their firing, and increasing the stimulus intensity
increases the degree of synchronization. Preliminary experiments
suggest that slow temporal changes in the degree of synchronization
are more useful in distinguishing between very similar odorants than
is the spatial distribution of mean firing rate.

I N T R O D U C T I O N

The main olfactory bulb receives signals from the population
of olfactory receptor neurons and transmits signals to the
olfactory cortex, the limbic system, and other brain regions.
Mapping of the sensory inputs has revealed that each odorant
produces a reproducible spatial pattern of activation in the
glomerular layer of the bulb (reviewed in Xu et al. 2000). This
pattern is transformed in the bulb by lateral interactions be-
tween mitral and tufted (M/T) cells. The secondary dendrites of
M/T cells extend long distances, allowing the M/T cells inner-
vating one glomerulus to communicate, via interneurons, with
M/T cells dispersed widely across the bulb. Evidently the
spatial patterning of both inputs and interactions is important in
olfactory bulb information processing (Luo and Katz 2001).
The spatial pattern alone may not be sufficient, however; there

is evidence that the temporal patterning of bulbar activity has
functional relevance. The evidence for the role of fine- and
coarse-scale temporal patterns in the antennal lobe (the insect
analogue of the olfactory bulb) is reviewed in Laurent et al.
(2001). Global oscillations (Adrian 1942) and synchronization
between mitral cells (Kashiwadani et al. 1999; Schoppa and
Westbrook 2001) have been seen in the mammalian olfactory
bulb.

Most studies of odor coding in the olfactory bulb/antennal
lobe have, of necessity, focused on either the spatial or the
temporal aspects. Electrophysiological recordings have excel-
lent time resolution but can follow only a few individual
neurons, or the averaged activity of many. Imaging methods
can record the activity of neurons across half the bulb, but with
spatial resolution on the order of the size of a glomerulus, not
a single neuron, and with temporal resolution on the order of
hundreds of milliseconds, not single action potentials. In con-
trast, detailed, biologically realistic, quantitative modeling can
potentially simulate every neuron in the olfactory bulb with
submillisecond temporal resolution and can integrate the re-
sults from the different experimental modalities.

We have developed a biologically realistic model of a mam-
malian olfactory bulb. Our main hypothesis is that lateral
inhibition and network synchronization will arise naturally
from a model consisting only of mitral and granule cells, with
parameters obtained from the literature and not from tuning the
model. The model was tested by performing simulation exper-
iments studying dendrodendritic synaptic currents and compar-
ing the results to published experimental data (Schoppa et al.
1998). There was good agreement between model and data,
which gives confidence that the model is capturing features of
network interactions in the real olfactory bulb. We then inves-
tigated the model’s response to odor stimulation. We found
that strongly activated mitral cells tend to suppress neighboring
cells, that the mitral cells readily synchronize their firing, and
that increasing the stimulus intensity increases the degree of
synchronization. Synchronization is reduced by high-fre-
quency modulation (FM) of the input intensity such as might
be found during active sniffing. Preliminary experiments sug-
gest that slow temporal changes in the degree of synchroniza-
tion are more useful than the spatial activity map in distin-
guishing between very similar odorants.

The model predicts that 1) increasing the number of acti-
vated synapses onto granule cells will lengthen the duration of
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lateral inhibition in mitral cells; and 2) increasing the odor
intensity will increase the degree of synchronization. Experi-
mental testing of these and other predictions is now required.

M E T H O D S

In this section, we describe the model, with an emphasis on the
approximations and simplifications that were made. The model is
available from the SenseLab ModelDB database at http://senselab.
med.yale.edu.

Cell types

The major neuron types that have been described in the olfactory
bulb are mitral cells, tufted cells, periglomerular (PG) cells, granule
cells, and short-axon cells. The decision as to which of these cell types
should be included in a model is based primarily on the contribution
each is thought to make to the network behaviors of interest (i.e., a cell
type which makes a large contribution must be included, while one
which makes a minor contribution may be excluded) and secondarily
on the information that is available about each cell type (i.e., little is
gained by including a poorly characterized cell type in the model). In
summary, there must be a trade-off between completeness and sim-
plicity.

The mitral/tufted cells and the granule cells are thought to form the
fundamental circuit of the olfactory bulb. Detailed models of these
cell types have been published (Bhalla and Bower 1993), and in
previous work we have simplified these detailed models so they are
fast enough to be used in large networks (Davison 2001; Davison et
al. 2000). Therefore these cell types have been included in the model.

The short-axon cells are present in small numbers compared with
the other cell types, which suggests that their role in the processing
carried out by the bulb may be small, and almost nothing is known
about their physiology; therefore we have not included these cells in
the model.

The decision whether or not to include periglomerular neurons is
difficult. The population of periglomerular cells is large and their
synaptic connections are fairly well understood. Less is known about
the physiology of these cells than about mitral and granule cells,
although there have been measurements of sodium and potassium
channel kinetics in frogs (Bardoni et al. 1995, 1996) and in rats
(Puopolo and Belluzzi 1996, 1998), and PG cell responses to current
injection have been characterized (McQuiston and Katz 2001). De-
tailed reconstructions of the cell morphology for compartmental mod-
eling have not been made. In evolutionary terms, periglomerular cells
appeared late—they are not present at all in fish and are most numer-
ous in mammals (Dryer and Graziadei 1994). This suggests that PG
cells provide a refinement of the bulb’s fundamental computations
supposed to be performed by the mitral/tufted-granule cell system. On
balance, we have decided not to include PG cells in this model,
although future extensions of the model could include these cells.

Is it necessary to model mitral and tufted cells separately? Both
types are output neurons and have similar morphology—glomerular
tuft and extensive lateral dendrites—but there are also many differ-
ences between them: in size, in orthodromic response properties (Ezeh
et al. 1993; Schneider and Scott 1983), in axonal projection patterns
to central olfactory areas, in the distribution of secondary dendrites
(Mori et al. 1983; Orona et al. 1984), and of local axon collaterals
(Kishi et al. 1984). The differences in the distribution of secondary
dendrites, together with the different dendritic branching patterns of
granule cell subtypes, mean that there is less communication between
the mitral and tufted cell populations than within them. Adding to this
the differences in axonal projection patterns leads to the idea of a
functional separation between the mitral and tufted cell populations
(Mori et al. 1983). We conclude that tufted cells need not be modeled
explicitly to gain basic insights into olfactory bulb function, although

they must be included as the model is developed and we gain a fuller
picture.

The mitral cell and granule cell models are morphologically sim-
plified versions of the detailed compartmental models published by
Bhalla and Bower (1993). The simplified models run about 60 times
faster than the original detailed models but closely reproduce the
firing patterns of the detailed models. The simplified mitral cell model
has four compartments, representing soma/axon, secondary dendrites,
primary dendrite shaft, and primary dendrite tuft. The simplified
granule cell model has three compartments, representing soma, deep
dendrites, and peripheral dendrite. Full details of the simplified mod-
els are given in Davison et al. (2000) (mitral cell) and in Davison
(2001) (mitral and granule cells).

Network connectivity

As the olfactory bulb is laminar, it is convenient to describe it by a
two-dimensional network, with the direction perpendicular to the
laminae not explicitly represented. To represent the shape of the bulb,
the network topology should be defined by the surface of some
ellipsoid. A planar network, however, makes calculation of location
and distance much easier. The arrangement of mitral and granule
cells, and the connections between them, are shown in Fig. 1. Both
mitral and granule cells are arranged in square arrays. The separation
between granule cells is taken as unity, and both the separation
between mitral cells and the length of mitral cell secondary dendrites
are expressed as a multiple of this unit granule cell separation. The
mitral cells were either all grouped into a single glomerulus, in which
case the mitral cell separation was taken as zero, for computational
simplicity, or each mitral cell represented a different glomerulus, in
which case the mitral cell separation was the square root of the ratio
of the number of granule cells to mitral cells.

The numbers of mitral and granule cells in rodent olfactory bulb are
in the region of 5 � 104 and 5 � 106, respectively (Hinds and
McNelly 1977; Panhuber et al. 1985; Royet et al. 1998; Shepherd and
Greer 1998). Lacking the computational resources to simulate so
many cells, the size of the network must be reduced. This may be done
either by reducing the extent of the network (which ignores inputs
from cells outside the network; these may be significant, given the
long length of mitral cell secondary dendrites) or by making the
network more sparse (which changes either the number of connections
per cell or the degree of connectivity between cells). We have used
both strategies. Modeling a single glomerulus reduces the number of
cells by a factor of about 1,000 and if only that glomerulus is
stimulated the problem of outside inputs is removed (except for
background activity). To model multiple glomeruli, we have used
only one mitral cell per glomerulus and attempt to infer the behavior
of the full network from the behavior of the smaller one. This
simplification may be reasonable since there is evidence that mitral

FIG. 1. Mitral–granule cell network. Mitral cells are shown as large dots.
Each mitral cell makes nsyn connections to granule cells selected randomly
from all the cells within its “arbor” (shown as a circle). nsyn � 200. Granule
cells connected to the central mitral cell are shown as intermediate-size dots.
There are fewer connected cells than connections since some granule cells
have more than 1 connection to the mitral cell. Remaining granule cells are
shown as the smallest dots.
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cells innervating the same glomerulus tend to have synchronized
firing (Schoppa and Westbrook 2001). We have simulated between 25
and 100 mitral cells and between 144 and 14,400 granule cells. The
numbers used for each simulation experiment are given in the relevant
section of RESULTS.

A simple method of specifying which mitral cells are connected to
which granule cells was adopted. We make the simplifying assump-
tion that the probability of a mitral cell forming a synapse at a point
depends only on the radial distance from the soma and not on the
direction. This is an approximation, since dendrites project in definite
directions from the soma, but the dendrites branch copiously, so the
approximation appears reasonable. The probability of forming a syn-
apse is zero outside a certain radius determined by the length of the
mitral cell secondary dendrites. In the model this radius was set,
except where noted otherwise, to one-half the extent of the granule
cell array so as to maximize the number of granule cells inside the
mitral cell dendritic arbor. The trade-off for this is that we are then
modeling only a limited region of the bulb. Inside this radius, for each
mitral cell synapse, a direction and distance were each chosen at
random from uniform distributions, defining a point in the plane. A
connection was then made with the granule cell whose location was
nearest to this point.

The number of synapses can be estimated to be on the order of 104

per mitral cell (see Davison 2001 for more details). Due to limitations
of computer resources, however, only a few hundred synapses per
mitral cell could be included in the model.

In some simulations we added GABA synapses between granule
cells. The existence of inhibitory synapses onto the deep or basal
dendrites of granule cells was shown by Price and Powell (1970).
Wellis and Kauer (1994) further demonstrated that granule cells
receive hyperpolarizing GABAergic input. Finally, Nusser et al.
(2001) demonstrated that disruption of GABAA receptors on granule
cells affects network activity.

Based on published camera lucida drawings (cat, Mori et al. 1983;
rat, Orona et al. 1983), the maximum extent of granule cell basal
dendrites is 50–100 �m. This compares to 850 �m for the radius of
the mitral cell secondary dendritic field (rabbit, Mori et al. 1983).
Based on this evidence we set the radius of granule–granule connec-
tions to be 1/10 the radius of mitral–granule connections. The mean
number of spines on granule cell basal dendrites ranges from 26 to 42
depending on subtype (Mori et al. 1983). Assuming one synapse per
spine and further assuming that all synapses onto these basal spines
are from granule cells (there may also be centrifugal connections from
outside the bulb), the cells in the model receive and make 40 granule–
granule cell connections. Note that action potentials do not propagate
into the basal dendrites of the granule cell model, so for convenience
the granule–granule cell synapses were triggered by an action poten-
tial measured in the peripheral dendrite.

We did not include synapses onto granule cells from mitral cell
axon collaterals, as the influence of such connections on mitral–
granule cell interactions is secondary to that of the dendrodendritic
synapses (Shepherd and Greer 1998). We have not attempted to model
gap junctions between granule cells (Reyher et al. 1991) because of
the lack of information on the functional consequences of such junc-
tions. Finally, we have not modeled any of the self- and mutually
excitatory interactions between mitral cells hypothesized to arise from
extrasynaptic glutamate diffusion (Didier et al. 2001; Isaacson 1999;
Schoppa and Westbrook 2001). These interactions are much smaller
than, and are masked by, the dendrodendritic inhibitory synaptic
currents. As secondary effects, they were therefore excluded from the
current model to retain simplicity.

Synapses

The mitral cell secondary dendrite and granule cell peripheral
dendrite compartments were reciprocally connected by spike-trig-
gered synapses. The granule–mitral synapse has GABAA receptors,

the mitral–granule synapse has both AMPA and N-methyl-D-aspartate
(NMDA) receptors. For the AMPA and GABAA synapses, the syn-
aptic response was modeled as an instantaneous step in conductance
followed by exponential decay. For the NMDA receptor, the conduc-
tance has a finite rise time, followed by exponential decay. There is a
time delay between the presynaptic spike and the onset of the postsyn-
aptic response. The expressions for the synaptic currents are given in
the APPENDIX. Values of the maximal conductances and synaptic time
constants were obtained from the literature and are as follows. Except
where noted, all values are from Schoppa et al. (1998). Unitary
inhibitory postsynaptic currents (IPSCs) recorded in mitral cells have
a peak amplitude of about 40 pA and decay time constant of 18 � 1
ms, with the chloride reversal potential maintained near 0 mV and the
holding potential at �70 mV. This gives a maximal conductance of
0.6 nS per synapse. The rise time is about 4 ms, but for simplicity, an
instantaneous rise was modeled. The decay time constant of the fast
component of the excitatory postsynaptic current (EPSC) in granule
cells has been measured as 5.5 � 1.2 ms. The rise time of the NMDA
current is about 30 ms. The rise time constant has not been measured
experimentally so we used a value of 52 ms based on estimation. The
decay phase has been fitted with two components with time constants
52 � 10 and 343 � 48 ms. The relative amplitudes of these compo-
nents were not specified. For simplicity, therefore, we have used a
single exponential decay with time constant 343 ms. The peak of the
fast (AMPA) component of the EPSC recorded in granule cells is
approximately 60 pA (Isaacson and Strowbridge 1998; Schoppa et al.
1998). Assuming a difference of about 60 mV between holding and
reversal potentials gives a maximal conductance of 1.0 nS per syn-
apse. The peak amplitude of the NMDA current is 0.26 � 0.05 times
that of the AMPA current in magnesium-free conditions, giving a
peak conductance of 0.26 nS, but due to the nonzero rise time, this is
not the same as the maximal conductance, which can be calculated to
be 0.59 nS using Eqs. 7 and 8 in the APPENDIX.

Miniature IPSCs (mIPSCs) in granule cells have a time constant of
8.3 � 0.6 ms (Nusser et al. 2001), shorter than in mitral cells. The
peak amplitude of the mIPSCs was 74.8 � 11.9 pA with a holding
potential of �70 mV and symmetrical chloride concentrations, giving
a peak conductance of 1.1 nS. This is larger than in mitral cells, but
due to the faster time constant, the total charge transfer is similar in
both cell types.

The ideal way to determine the synaptic time delays is to record
simultaneously from mitral and granule cells and measure the time
between a mitral cell spike and the onset of the excitatory postsynaptic
potential (EPSP) in the granule cell, and the time between a granule
cell spike and the onset of the inhibitory postsynaptic potential (IPSP)
in the mitral cell. To our knowledge, such a recording has not been
carried out, so we must rely on more indirect data. Mori and Takagi
(1978) measured the time between the arrival of an antidromic spike
at the mitral cell soma (inferred from field potential recordings) and
the onset of an EPSP in a granule cell (from intracellular recording),
obtaining a value of 1.8 � 0.3 ms. The time between the arrival of the
antidromic spike and the onset of an IPSP in mitral cells was 2.4 � 0.4
ms, giving a time delay for the granule–mitral synapse of at most 0.6
ms. In the absence of information about the time delay of granule–
granule synapses, we used a value of 0.6 ms. The synaptic parameters
are summarized in Table 1.

TABLE 1. Synaptic parameters

g�AMPA 1.0 nS g�NMDA 0.593 nS
g�GABAA

0.6 nS g�GABAA
g 1.1 nS

�AMPA 5.5 ms �GABAA
18 ms

�NMDA
� 52 ms �NMDA

� 343 ms
�GABAA

g 8.3 ms tdur 30 ms
td
E 1.8 ms td

I 0.6 ms
EE 0 mV EI �70 mV

An explanation of the terms is given in the APPENDIX.
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Network inputs

The mitral cells were stimulated by current injection to the apical
dendrite (glomerular) compartment. For focal electrical stimulation all
cells received a short current pulse of fixed amplitude. For odor inputs
each cell received a different level of input (current amplitude). Only
a few cells received strong currents; most received weak currents.
This was intended to mimic the findings of odor mapping studies that
simple chemical odors strongly activate only a subset of all glomeruli
(see Xu et al. 2000 for a review). The relative amplitudes of the inputs
to the different cells were fixed for a particular “odor,” but the
absolute amplitude (“odor concentration”) could be changed. In most
of the simulations, the odor concentration (current amplitude) was not
changed with time, to see the steady-state response of the network. In
one set of simulations the odor concentration was varied sinusoidally.
Using a continuous current for the input mimics a time-averaged
olfactory receptor neuron response. This method has the advantages of
simplicity and computational speed. The principal disadvantage is that
it is less noisy than a synaptic stimulus arising from a real spike train.

Numerical methods

The model was simulated in NEURON (Hines and Carnevale 1997)
(available from www.neuron.yale.edu). Both the backward Euler
method with time step 25 �s and a multi-order locally variable
time-step method with absolute tolerance of 0.01 were used to inte-
grate the model. A few simulations were repeated with time step 0.1
�s or absolute tolerance of 10�6 to check that the larger time step/
larger tolerance was adequate.

Synchronization index

Perfect or near-perfect synchrony can easily be recognized in the
spike time raster plots of the cell population. Phase-locking and partial
synchronization are much more difficult to discern. Therefore a nu-
merical index is necessary to identify and quantify synchronization
and phase-locking. We use an index that is sensitive to phase-locking
(synchronization being the special case with zero phase difference),
based on statistics of the phase-lag between spikes in different cells.
The phase-lags are calculated as follows: for each mitral cell k (k �
1, . . . , n) in the network, for each spike time ti

k (i � 2, . . . Nk�1)
(where Nk is the number of spikes in cell k) of that cell except the first
and last, we find the closest spike time tj

l in every other cell l
(l � 1, . . . , n; l � k), provided that spike is within one-half the
inter-spike interval. The time lag for spike time ti

k with respect to cell
l is then defined by �i

kl � tj
l � ti

k. The phase lag �i
kl is defined by

�i
kl � ��i

kl/�ti
k � ti�1

k � �i
kl � 0

�i
kl/�ti�1

k � ti
k� �i

kl 	 0
(1)

The phase-locking index, 
, is defined by


 � � 1

n�n � 1�
�
k�1

n �
l�1
l�k

n

Var��i
kl��1/2

(2)

where Var(�i
kl ) is the variance of the phase lags �i

kl of cell k with
respect to cell l. The smaller the index, the better is the phase-locking.
In the case of all spikes in all cells being perfectly phase-locked, 
 �
0. We will also refer to 
 as the synchronization index, since the phase
lags are usually a small fraction of the inter-spike interval.

R E S U L T S

Response to focal electrical stimulation

The dendrodendritic reciprocal synapse has a central role in
olfactory bulb function, and therefore it is desirable to test this

aspect of the model with reference to experimental results.
Schoppa et al. (1998) recorded synaptic currents in mitral and
granule cells in response to focal electrical stimulation of one
glomerulus, giving a detailed picture of dendrodendritic func-
tion. In this experiment, the bulb model was simulated with the
same conditions, as far as possible, as used by Schoppa et al.

The somata of mitral cells innervating a single glomerulus
are likely to be distributed within a small area (one study found
that 96% of mitral cells connected to the same glomerulus were
separated by 	120 �m (Buonviso et al. 1991). For simplicity
in determining connections, the model assumes that the somata
are located at a single point, and therefore the range of con-
nections can be set to the entire extent of the cell array.

The size of the mitral cell array was 5 � 5. To reduce
synchronization of cell firing, some heterogeneity was added to
the network by picking g�NMDA for each cell from a normal
distribution with SD equal to one-half the mean. This method
of adding heterogeneity was chosen arbitrarily to obtain the
desired effect. One mitral cell was voltage clamped at �70 mV
with a series resistance of 2 M
 and the chloride reversal
potential set to 0 mV to measure synaptic currents in this cell.
All mitral cells were stimulated simultaneously in the glomer-
ular compartment with a current pulse of amplitude 20 nA and
duration 5 ms. The extracellular magnesium concentration,
[Mg2�], was set to 0 mM. The model was simulated for
3,000 ms.

The network model responds to short-duration glomerular
stimulation with a single action potential in each mitral cell
(Fig. 2A) and a train of action potentials in granule cells (e.g.,
Fig. 2B). The duration and frequency of this spike train de-
pends on the number of synaptic inputs each granule cell
receives. The granule cell population response is an initial,
synchronized burst followed by unsynchronized firing (Fig.
2D) with an exponentially decaying spike-time histogram
(STH; Fig. 2E). The prolonged granule-cell firing produces a
long-duration IPSC in the voltage-clamped mitral cell. This
IPSC was fitted between 50 and 1,500 ms with a single expo-
nential function (time constant, 310 ms), although the sum of
two exponentials (time constants 78 and 487 ms) gave a better
fit. This IPSC is similar in amplitude and time-course to that
seen experimentally by Schoppa et al. (1998; their Fig. 1A),
except that the model time constant (310 ms) is shorter than the
experimental time constant (540 ms).

Effect of Mg2�

The previous simulation was carried out with [Mg2�] � 0
mM. We investigated the effect of magnesium ion concentra-
tion on the model by simulating the mitral cell IPSC for
different values of [Mg2�] (Fig. 3A). The effect of increasing
[Mg2�] is to shorten the prolonged component of the IPSC,
with little or no effect on the early component. The total charge
transferred to the mitral cell may be found by integrating the
IPSC curve over time. Figure 3B shows the total charge (as a
fraction of the total charge at [Mg2�] � 0 mM) as a function
of [Mg2�], for the simulations and for Schoppa et al.’s exper-
imental results. The total charge decreases exponentially as a
function of [Mg2�]. The model is more sensitive to small
Mg2� concentrations than is the experimental preparation.
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Contributions of AMPA and NMDA receptors

To separate the contributions of the AMPA and NMDA
receptors to the network response, the model was simulated
with the conductances for these synapses set in turn to zero.
The results are shown in Fig. 4. It is apparent that the NMDA
receptor is needed to generate prolonged spike trains in the
granule cell population (Fig. 4B) and hence to generate pro-
longed IPSCs in the mitral cells (Fig. 4C). The main effect of
removing the AMPA current is to increase the rise time of the
mitral cell IPSC. A second effect is to increase the amplitude
of the prolonged granule cell population response: the peak of
the baseline spike time histogram is 66 spikes/s while the peak
of the non-AMPA histogram is 72 spikes/s (Fig. 4D). The
mechanism for this may be that the double spike produced by
the AMPA current causes a long refractory period, reducing
the excitability of the granule cell population during the pro-
longed response.

Influence of network connectivity

The easily characterized response to glomerular shock pro-
vides a good opportunity to examine the effects of changing

network connectivity parameters. The number of mitral cells,
nmit, was fixed throughout at 25. The number of granule cells,
ngran, was first fixed at 2,500 while the number of synapses per
mitral cell, nsyn, was set at 50, 200, or 500. The results are
shown in Fig. 5. Increasing nsyn increases the mean number of
synapses per granule cell (0.5, 2.0, and 5.0 for the 3 cases),
leading to faster and more prolonged granule cell firing in a
larger number of cells. In turn, this decreases the rate of decay
of the mitral cell IPSC. Increasing nsyn also increases the
amplitude of the mitral cell IPSC. Decreasing ngran has a
similar effect to increasing nsyn (data not shown). When both
nsyn and ngran are increased together so as to keep the average
number of synapses per granule cell constant, the effect dis-

FIG. 2. Glomerular stimulation produces a single spike in all mitral cells
(A), and prolonged firing in some granule cells (B). Overall granule cell
response is a brief, synchronized burst, seen in the raster plot (D) and post-
stimulus spike histogram (E), followed by unsynchronized firing that decays
exponentially (E). The granule cells produce a prolonged inhibitory postsyn-
aptic current (IPSC) in mitral cells (C), which is similar to that seen experi-
mentally (Schoppa et al. 1998, their Fig. 1A), although the decay is faster. In
the raster plot, each dot represents a spike and each row of dots is a different
cell. The 2-dimensional structure of the network cannot be represented in this
plot: the network is laid out row by row into a 1-dimensional array. Therefore
neighboring lines in the plot do not necessarily represent neighboring cells in
the array. Parameters: ngran/nmit � 100; nsyn � 200; [Mg2�] � 0 mM.

FIG. 3. A: increasing the external magnesium ion concentration, [Mg2�],
reduces the duration of the mitral cell IPSC while having little effect on the
peak current. B: total charge transferred to the cell (found by integrating the
IPSC curve) is reduced exponentially by increasing [Mg2�]. The sensitivity of
the model (E) to [Mg2�] is greater than is found experimentally (Schoppa et al.
1998) (�).
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appears—there is almost no change in the decay constant of the
IPSC (data not shown). In summary, increasing the number of
synapses onto granule cells increases the duration of the mitral
cell IPSC.

We propose a simple mechanism for this effect (Fig. 6). We
suppose that there is a threshold for the granule cell EPSC,
below which the EPSC does not cause GABA release at the
synapses onto mitral cells. Above this threshold, transmitter
release is proportional to the height above the threshold. It does
not matter whether the EPSP triggers action potentials, which
lead to transmitter release, or whether the EPSP can cause
transmitter release directly. The mitral cell IPSC is then pro-

portional to the amount of transmitter released from the granule
cell. A larger EPSC due to the activation of more synapses
(Fig. 6, right column) will be above the threshold for a longer
time than a smaller EPSC (Fig. 6, left column) and therefore the
duration of the IPSC will be longer. By normalizing the IPSCs
(Fig. 6, bottom) it is clear that the larger IPSC also has a slower
decay rate and a faster onset.

Increasing the conductance of individual synapses, for ex-
ample, through synaptic plasticity, or activating more of the
existing synapses by stimulating more mitral cells should have
the same effect as adding synapses.

Effect of granule–granule connections

Adding fast inhibitory synapses between granule cells, as
described in METHODS, causes a small reduction in the early
phase of the response (Fig. 7).

Response to odor stimulation

Having verified that the model gives a reasonable response
to short-duration electrical stimulation, we proceeded to stim-
ulate the bulb network model with an “odor-like” input. Except
where noted, the network size was 6 � 6 mitral cells and 72 �
72 granule cells, and the number of synapses per mitral cell,
nsyn, was 500. The range of synaptic connections was 0.5 times
the size of the granule cell array (r/rmax � 0.5). The external

FIG. 5. Effect on the response to glomerular stimulation of changing the
number of synapses per mitral cell (nsyn): increasing nsyn increases the average
number of synapses per granule cell, leading to faster and more prolonged
mitral cell firing. This in turn leads to slower decay of the mitral cell IPSC.
Shown are the mitral cell IPSCs fitted with the sum of 2 exponentials.
Increasing the number of synapses increases both time constants and increases
the weight of the slow-time-constant term relative to the fast-time-constant
term. Bottom: GABAA reversal potential was changed from 0 to �40 mV to
prevent space clamp breakdown (nsyn � 500). This explains why the amplitude
of the IPSC does not increase from the nsyn � 200 case.

FIG. 4. The separate contributions of fast AMPA and slow N-methyl-D-
aspartate (NMDA) currents to the granule cell excitatory postsynaptic current
(EPSC) (A) in response to glomerular stimulation are clearly seen. While the
presence of NMDA receptors alone is sufficient to produce a prolonged train
of action potentials in granule cells (B and D), AMPA receptors alone produce
only 1 or 2 spikes per cell, leading to a greatly-reduced duration of the IPSC
in the mitral cells (C). Note that removing AMPA receptors increases the
amplitude of the broad peak in the granule cell population spike-time histo-
gram (STH) (D) compared with baseline. D: *bin has been truncated at 100
spikes.
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