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Abstract

This work describes a biophysical model of the initial stages of vertebrate olfactory system containing structures representing
the olfactory epithelium and bulb. Its main novelty is the introduction of gap junctions connecting neurons both in the epithelium
and bulb, and of biologically detailed dendrodendritic synapses between granule and mitral cells in the bulb. The model was used
to simulate the effect of an odor presentation on the neural activity pattern in the epithelium and bulb. During the time for which
an odor is presented with a constant concentration, there are spatiotemporal patterns in the epithelium and bulb generated by the
couplings due to the gap junctions and/or dendrodendritic synapses. A study varying the strength of the gap junction coupling
shows that the spatiotemporal patterns, both in the epithelium and bulb, are dependent of the coupling strength. It is also shown
that the olfactory bulb’s spatiotemporal pattern depends on the existence of the dendrodendritic connections between mitral and
granule cells. If these spatiotemporal patterns really exist in the early processing stages of the olfactory system they may be used
for odor coding and the gap junctions and dendrodendritic synapses might have a role on it.
© 2003 Elsevier Ireland Ltd. All rights reserved.
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1. Introduction 1998; White and Kauer, 1999, 2001; Friedrich and
Stopfer, 2001; Laurent et al., 2001; Friedrich, 2002;
One of the leading hypotheses for odorant coding in Spors and Grinvald, 2002In order to verify this hy-
the olfactory system is that identity and concentration pothesis, in parallel with the development and/or im-
are represented by spatiotemporal patterns of activity provement of experimental techniques to register and
distributed across populations of neurons at each level analyze simultaneously the activity of large neural
of the olfactory pathwayRearce, 1997; Erdi et al., populations throughout the olfactory system, it also
is important to construct large-scale computational
T Comesponding author, Teks 55-16-6023859; r_nodels of the qlfgctory system that can generate spa-
fax: 155-16-6339949. ’ tiotemporal activity patterns to be used as tools for
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Olfactory processing starts at the level of olfactory works have shown these broadly tuned responses of
sensory neurons (OSNSs) in the olfactory epithelium single OSNs and mitral/tufted cells to different odors
(Trotier and MacLeod, 1983; Morrison and Cons- (Gesteland et al., 1965; Getchell, 1974; Duchamp
tanzo, 1990; Schild and Restrepo, 189Bach OSN et al., 1974; Revial et al., 1978; Wellis et al., 1989;
generally expresses only one type of odorant trans- Morri et al., 1992; Firestein et al., 1993; Sato et al.,
membrane receptor, and all neurons expressing a given1994; Hirono et al., 1994; Bozza and Kauer, 1998;

receptor are randomly organized inside a so-called
zone of the olfactory epitheliunRessler et al., 1993;
Vassar et al., 1993 forming what can be regarded

Duchamp-Viret et al.,, 1999; Malnic et al., 1999
Also, several imaging techniques (for reviews see,
e.g. Kauer and White, 2001; Korsching, 2002s

as a mosaic arrangement comprising several different voltage sensitive dye<{nelli et al., 1995; Friedrich

neuronal populationsMombaerts et al., 1996 This

and Korsching, 1998; Lam et al., 2000; Spors and

mosaic arrangement probably changes during the Grinvald, 2002, calcium imaging Bozza and Kauer,

lifetime of an individual because of the processes of

1998; Malnic et al., 1999; Ma and Shepherd, 2000;

degeneration and regeneration of OSNs, which occur Wachowiak and Cohen, 2001; Fried et al., 2002;

every 30-45 days for the entire lifé&sfaziadei and
Graziadei, 197p Recent evidence in favor of this mo-
saic arrangement has been providedMby and She-
pherd (2000)who demonstrated in detail a functional
mosaic organization in the olfactory epithelium with
the existence of tight clusters of OSNs and large den-

Wachowiak et al., 2002and intrinsic signalsRubin
and Katz, 1999; Uchida et al., 2000; Belluscio and
Katz, 2001; Bozza and Mombaerts, 2001; Meister and
Bonhoeffer, 2001 have shown different odor-evoked
activity maps in the olfactory bulb.

The third level of representation occurs at the bul-

sities of dispersed OSNSs that respond to the same odorbar layers containing mitral and tufted cellégmilton

intermingled with OSNs responding to other odors.

Another recent discovery is that the gap junction
subunit connexin 43 is strongly expressed in ventrolat-
eral areas of the olfactory epithelium by mature OSNs
(Zhang et al., 2000 This raises the possibility that
gap junctions might exist and have a functional role
on information processing in the olfactory epithelium
at least in ventrolateral regions. But the role of elec-
trotonic coupling at the level of OSNs is not yet un-
derstood Zhang et al., 2000

The second level of olfactory information pro-
cessing takes place in and around the glomeruli of
the olfactory bulb, where the OSNs make excitatory
synapses with the dendrites of mitral and tufted cells,
and with periglomerular cellsMorri et al., 1998;
McQuiston and Katz, 20Q1 Although the axons of

and Kauer, 1989; Heyward et al., 200&and gran-
ule cells {Voolf et al., 199]). At this level, synaptic
interactions between mitral and granule cells in-
clude both inhibitory and excitatory synaps&®Koi

et al.,, 1995; Schoppa et al., 1998; Isaacson, 1999;
Friedman and Strowbridge, 2000; Halabisky et al.,
2000; Didier et al., 2001; Isaacson, 2001; Urban and
Sakmann, 2002 which may play a role on the syn-
chronized oscillatory discharges of the mitral/tufted
cells Oesmaisons et al., 1999; Isaacson, 1999;
Kashiwadani et al., 1999; Schoppa and Westbrook,
2001; Urban and Sakmann, 2Q0Here, glutamate
release from mitral dendrites excites granule cell
spines, which, in turn, produce a recurrent inhibition
through the releasing of inhibitory-aminobutyric
acid (GABA) back onto mitral cell dendrite&/@koi

OSNs expressing the same receptor converge at fixedet al., 1995; Schoppa et al., 1998; Halabisky et al.,

sites in only a few of the bulb’s glomeruli forming a
stereotyped sensory map in the bulReésler et al.,
1994; Vassar et al., 1994; Mombaerts, 1996; Mom-
baerts et al., 1996each single receptor can recognize
multiple odorants and a single odorant can be rec-
ognized by multiple receptorsviainic et al., 1993
Therefore, different combinations of receptors and
consequently of overlapping activity patterns involv-
ing multiple glomeruli may be recruited to recognize
each different odorantMalnic et al., 1999. Several

2000; Isaacson, 2001; Urban and Sakmann, 2002;
Desmaisons et al., 1999; Kashiwadani et al., 1999;
Schoppa and Westbrook, 2Q0Recently, it has also
been shown, the existence of glutamate autoreceptors
in the mitral cell dendritesi¢aacson, 1999; Friedman
and Strowbridge, 2000; Didier et al., 2001; Urban and
Sakmann, 2002and glutamate releasing from some
granule cells Didier et al., 200}, which suggest a
process of recurrent excitation and self-excitation of
the mitral cells.
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Gap junctions also have been found between gran- This simplification can be justified because the
ule cell perikaryaReyher et al., 1991suggesting that ~ Cat-dependent chloride channels are responsible by
there is a significant, low-resistance electrical trans- as much as 85% of the receptor current in mammalian
mission between aggregated granule cells. It was alsoOSNs (owe and Gold, 1993; Kurahashi and Yau,
reported that gap junctions exist between granule cell 1994).
dendrites and proximal dendrites of mitral and tufted = The OSNMs are connected among themselves ex-
cells, thus forming dendrodendritic junctiorRdyher clusively via gap junctions, modeled as constant pas-
et al., 199). sive resistancedT(aub et al., 1999 and each OSNM

To investigate the possible effects of gap junction is connected to its first eight neighbors in the grid.
connections both at the epithelium and bulb levels, we There is a more complex model of a dynamic voltage
constructed a biologically detailed model of pieces of and time-dependent gap junction made by connexin 43
the olfactory epithelium and olfactory bulb, with gap (Henriquez et al., 20Q1however a constant resistance
junctions in the two structures, and used it to study in general may be a good model to simulate gap junc-
the spatiotemporal responses of these systems duringions, and no important difference was found between
odor stimulation under different situations regarding the dynamic gap junction model and the constant gap
the gap junction coupling strength. We also considered junction model regarding the shape and conduction
two different scenarios for these studies, one in with velocity of propagating action potentialsiénriquez
the mitral and granule cells in the bulb are connected et al., 200). For poorly coupled systems, the dynamic
by dendrodendritic synapses, and one in which they gap junction model shows significant differences in re-
are not. lation to the constant modeHénriquez et al., 2001

however this is not the case of the present work.
To study the effect of the gap junction coupling
2. The model strength, some values of the fixed resistance of the sim-
ulated gap junction were considered within a range of

A biophysical model of the olfactory epithelium physiologically relevant values, namely: 75, 300, 600,
was built containing 2500 identical olfactory sensory and 1200 M2. The case with gap junctions blocked
neuron models (OSNMs) distributed in a 5050 also was considered.
grid. Each OSNM is composed of four compartments,  The constructed epithelium model can respond to
namely cilium, dendritic knob, dendrite and cellular eight different odors simultaneously. The model's spa-
body Simbes-de-Souza and Roque, 2p0Cilium tial distribution of odor sensitivity was an attempt to
is a biochemical compartment and incorporates the reproduce the experimental results M and She-
molecular pathways involved in odor transduction pherd (2000)In their paper, Ma and Shepherd mapped
(Menini, 1999; Zufall and Leinders-Zufall, 2000 different areas of the olfactory epithelium and were
Dendrite is a passive compartment and the dendritic able to identify the spatial position of the cells with the
knob has C&"-dependent chloride channelddllani corresponding odor or odors (some cells were found to
et al.,, 1998. Cellular body has sodium, potassium respond to more than one odor) that excited each one
and calcium channels that produce action potentials of them. We made a composition using three of these
(Schild and Restrepo, 1988A pool of molecular areas—shown iRigs. 4, 5 and &f Ma and Shepherd’s
odors, which increase the &aintracellular concen-  paper (2000}-into a single square area, which was su-
tration by opening cAMP-activated cyclic nucleotide perimposed over the left half of the 5®0 epithelium
gated channels (CNG channels), provides input to the model grid. An identical replica of this composition
model cell. This leads to opening of adependent  was superimposed over the right half of the grid. In
chloride channels, causing membrane depolarization this way, each one of Ma and Shepherd’s cells was as-
and generating action potentials at the soma. The signed to one node on the left side and one node on the
depolarization effect generated by the CNG channels right side of the 5& 50 grid (sed~ig. 1). Since the grid
was not explicitly represented in the model. It was with 2500 cells has a number of 162 odor-sensitive
simulated by an increase in the maximum conduct- cells, which corresponds to only 6.48% of the total,
ance of the C& -dependent chloride channels. all the other 2338 OSNMs in the grid (93.52% of the
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Fig. 1. Schematic representation of the>680 epithelium model grid with 2500 cells, which can respond to eight different odors, namely
n-amyl acetate (red), acetophenone (yellow), cineole (green), 3-heptanone (blue), octanol (pink), octanal (brown), octanoic acid (gray) and
benzaldehyde (orange). The white color represents the cells that do not respond to any of the eight odors. Each little square in the grid
corresponds to a receptor cell and the colors inside it represent the different odors to which the cell can respond.

total) were considered as non-responsive to any of the that some cells can respond to two or three different
eight odors considered. They only could be excited odors.
via the gap junctions. The olfactory bulb model was constructed with 64
The OSNM response depends only on the variable identical mitral neuron models (MNMs) arranged in
“odor concentration,” without taking into considera- an 8x 8 grid and 100 identical granule neuron models
tion a particular odor’'s molecular structure. Therefore, (GNMs) arranged in a 1& 10 grid. The MNM and
the assignment of an odor or odors to a given OSNM GNM were constructed as simplifications Bhalla
in the grid was made by hand to implement the dis- and Bower’s (1993)detailed single-neuron models.
tribution explained inFig. 1 Although the chemical The MNM is composed of seven compartments: tuft,
formula of an odor has no meaning in our simulations, soma, primary dendrite and four secondary dendrites.
the names of the eight odors used by Ma and ShepherdThe GNM is composed of 12 compartments: soma,
were kept to facilitate their identification. In this way, deep dendrite, trunk and peripheral dendrite with four
the 162 odor-sensitive OSNMs were distributed in the spines of one neck and one head (the details about the
following way: 60 cells responded te-amyl acetate parameters used to model the cells can be found in the
(2.4% of the total), 44 to acetophenone (1.76%), 22 to Appendix A).
cineole (0.88%), 26 to 3-heptanone (1.04%), 4 to oc- Each MNM is connected to four adjacent GNMs
tanol (0.16%), 14 to octanal (0.56%), 12 to octanoic through dendrodendritic synapses between the secon-
acid (0.48%) and 8 to benzaldehyde (0.32%). Notice dary dendrites and the spinelidrri et al., 1998,
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forming a circuit of self-inhibition and lateral-inhibition. that respond to aliphatic odors in the bulb, forming an
These dendrodendritic synapses were simulated ac-odotopic map, so that the larger the carbon chain of
cording to a model proposed Brennan and Keverne the aliphatic odor molecule, the more anterior is its
(1997) Depolarization in a mitral cell dendrite position in the bulb. To model this situation, the ax-
increases the release of glutamate, which opensons of the OSNMs responsive to non-aliphatic odors
N-methylp-aspartate (NMDA) and-amino-3-hydro- (acetophenone, benzaldeyde, and cineole) converge to
xy-5-methyl-4-isoxazolepropionate (AMPA) receptor glomeruli in the right side of the bulb, considered
channels in the granule cells dendritic spines. The to be the anterior region. The axons of the aliphatic
calcium that flows mainly through NMDA recep- odor-responsive OSNMs (the other five odors) con-
tor channels increases the release of GABA, which verge to the glomeruli that were left in a way that re-
opens GABA, receptor channels in the mitral cell spected the topographic dependence with the carbon
dendrites Kalabisky et al., 2000 The AMPA and number in the chain, from the antero side (more car-
NMDA synaptic channel models are based in the bons) to the posterior side (less carbons). Of course,
model ofZador et al. (199Q)and the GNM dendritic  this simulated antero-posterior topographic map is an
spines and calcium diffusion mechanisms are basedoversimplification and do not intend to reproduce all
in the model ofDe Schutter and Smolen (1998)he the complexity of the real system.
recurrent excitation and self-excitation circuits in- The model's equations were implemented using
volving the mitral cells glutamate autoreceptors were the GENESIS neural simulatoBéwer and Beeman,
not simulated in the present work. Besides these den-1998 running under the Linux operating system on a
drodendritic synapses, the MNM secondary dendrites Pentium IV PC. The results of the simulations were
were connected by gap junctions to the GNM den- further processed and the graphs were generated using
dritic spines Reyher et al., 1991 Also, the GNMs ~ MATLAB ® and Microsoft Excé?.
were connected among themselves via gap junctions
linking their somataReyher et al., 1991

Since the epithelium model can respond to eight dif- 3. Results
ferent odor types the olfactory bulb model was divided
into eight glomeruli, each one composed of eight mi-  To investigate the effects of the gap junctions and
tral cell tufts. Each modeled OSN which responds to dendrodendritic synapses in the model, we performed
the same odor converges one excitatory axon to all several simulations in which the experimental pro-
mitral cells that constitute a single specific glomeru- tocol was identical, consisting of the presentation of
lus in the olfactory bulb. The OSNMs that can re- odor acetophenone to the system. The difference from
spond to two or three different odors also converge one simulation to the other was in the strength of the
their axons to only one glomerulus in the model bulb, gap junction coupling and in the existence or not of
which was determined by a random choice from the dendrodendritic synapses in the bulb. The following
two or three possible convergent glomeruli. This was cases were considered: (1) all gap junctions in the ep-
necessary becauséa and Shepherd (200@)ve only ithelium and bulb and dendrodendritic synapses in the
the positions of the OSNs that respond to a given bulb blocked; (2) gap junctions of varying strength
odor, and not the odorant receptor type expressed byboth in the epithelium and bulb (the same strength was
them. Notice that this connection pattern produces used for the two areas), and dendrodendritic synapses
some degree of glomeruli overlap, in which a glomeru- blocked in the bulb; (3) gap junctions of varying
lus can respond to multiple odorants and one odorant strength both in the epithelium and bulb and dendro-
may be recognized by multiple glomeruli. The OS- dendritic synapses in the bulb; (4) gap junctions of a
NMs that are non-responsive to any of the eight simu- given strength (300 2) in the epithelium, and gap
lated odors do not converge axons to glomeruli in the junctions and dendrodendritic synapses blocked in
bulb. the bulb; (5) gap junctions of 300 in the epithe-

The works ofBelluscio and Katz (2001gndMeister lium and dendrodendritic synapses in the bulb but gap
and Bonhoeffer (2001)ave shown that there exists an junctions blocked in the bulb; (6) gap junctions in the
antero-posterior topographic distribution of glomeruli epithelium and dendrodendritic synapses in the bulb
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blocked but gap junctions of 300®1in the bulb; and pearance of a time varying activity pattern involving
(7) gap junctions in the epithelium blocked but gap more neurons than those which respond exclusively to
junctions of 300 M2 and dendrodentritic synapses in the odor acetophenone. The spatial patterns for times
the bulb. 5 and 7s look like thin spiral filaments. The third
The objective of the latter four cases was to assessand fourth rows ofFig. 2 show the epithelium re-
the cases in which the epithelium does not have gap sponses for gap junction coupling strengths of 600 and
junctions but the bulb has, and vice versa, in the two 300 M2, respectively. In both of these cases the ac-
scenarios of dendrodendritic synapses in the bulb (with tivity filaments become much wider, occupying most
them or without them), and not to investigate the role of the epithelium area, and interact during the time
of the gap junction coupling strength as in the former span of the simulations leading to wave annihilation
ones. This is the reason why we used only a single and wave break. The final row &fig. 2 shows what
gap junction coupling strength. The results obtained happens when the gap junction coupling is too strong
in these studies are described below. (Rgap= 75MQ). The complex activity pattern across
The first rows ofFigs. 2—4show the responses of the epithelium disappears and only some focused ac-
the olfactory epithelium, mitral cell layer and granule tivity areas can be observed. Rows2 of Figs. 3 and
cell layer at three different instants in time for Case 4 show the corresponding responses of the mitral and
1, with all gap junctions and dendrodendritic synapses granule cell layers. In the mitral cell layer with weak
blocked. In the epithelium, only those OSNMs that gap junction coupling (second row Bfg. 3), only the
respond to the odor acetophenone are activated. TheyMNMs in the acetophenone glomerulus are active 3s
can be seen as the red dots in the first rowigf 2 In after the odor presentation but in the subsequent times
the mitral layer, the first MNMs that become depolar- other MNMs become depolarized and the initial “sin-
ized are the eight ones that belong to the glomerulus gle glomerulus” odor representation disappears. The
to which the OSNMs that respond exclusively to ace- odor representation at the mitral cell layer becomes
tophenone send their axons (the red rectangle in thedistributed. Notice that in the subsequent times none
3's column of the first row oFig. 3). Let us call this of the MNMs in the acetophenone glomerulus are
the ‘acetophenone glomerulus.” However, since there active. This phenomenon is even more pronounced
are some OSNMs that respond to acetophenone andfor the “intermediate gap” junction coupling values of
other odors (as can be seenHigy. 1) there are some 600 and 300 M. In these cases the odor elicits a time
MNMs outside of this glomerulus that become active varying spatial pattern in the mitral layer consisting
over time. This can be seen at the columns for 5 and 7 s of only a relatively small number of active MNMs at
in the first row ofFig. 3. Notice, though, that the eight  each instant of time scattered over the layer. When the
MNMs in the acetophenone glomerulus remain active gap junction coupling is too strong the spatial pattern
during the entire course of the simulation. On the other does not change with time in the mitral layer. It con-
hand, the response of the granule cell layer with gap sists of a pattern in which most of the cells are in rest-
junctions and dendrodendritic synapses blocked doesing state and only a few in each one of the glomeruli
not change over time (all cells remain at the same low are depolarized. This may occur because of current
activity level indicated by the green color in the first leakages from the cells through their low resistance
row of Fig. 4). This is due to the isolation of these gap junction connections, which prevent them from
cells from the mitral cell layer and from each other in reaching spike threshold. In the granule cell layer,
this case. the spatiotemporal activity patterns indicate that areas
The remaining rows ofFigs. 2—4are relative to of strong activity appear around the corresponding
Case 2, i.e. with gap junctions both in the epithelium active areas in the mitral layer. In particular, one can
and bulb and dendrodendritic synapses blocked in the observe the appearance of rings of four active GNMs
bulb. Each row of these figures corresponds to a given surrounding a corresponding cell in the mitral layer.
value of gap junction coupling strength (the same for ~ The responses of the mitral and granule cell layers
both the epithelium and bulb). IRig. 2, the second  for Case 3, with gap junction coupling both in the
row shows the epithelium response for a weak gap epithelium and bulb and dendrodendritic synapses in
junction coupling Rgap = 1200 M2). Notice the ap- the bulb are shown ifrigs. 5 and 6respectively.
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Fig. 2. Instantaneous voltage maps of the olfactory epithelium model at times 3s (left column), 5s (middle column) and 7 s (right column)
after the presentation of 3QM of the odor acetophenone. Each row corresponds to a given value of gap junction resistance, namely
gap junctions blocked, 1200, 600, 300, and 78 MEach voltage map represents the epithelium grid. A color-coding scheme was used to
indicate the cell's voltage value at the soma (in Volts). Hot colors represent depolarizing voltages, while cool colors represent voltages
near the cell's resting potential.
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Fig. 3. Activity maps in the mitral cell layer of the model olfactory bulb for the instants 3s (left column), 5s (middle column) and 7s
(right column) after the presentation of 3@ of the odor acetophenone, for the case with gap junctions blocked or of varying strength
both in the olfactory epithelium and bulb and dendrodendritic synapses blocked in the olfactory bulb. The gap junction coupling strengths
are shown to the left of the rows in the figure. The color code used is the saffig.dl
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Fig. 4. Activity maps in the granule cell layer of the model olfactory bulb for the instants 3s (left column), 5s (middle column) and 7s
(right column) after the presentation of 30M of the odor acetophenone, for the case with gap junctions blocked or of varying strength
both in the olfactory epithelium and bulb and dendrodendritic synapses blocked in the olfactory bulb. The gap junction coupling strengths
are shown to the left of the rows in the figure. The color code used is the saffig.dt
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Fig. 5. Activity maps in the mitral cell layer of the model olfactory bulb for the instants 3s (left column), 5s (middle column) and 7s
(right column) after the presentation of 3@ of the odor acetophenone, for the case with gap junctions blocked or of varying strength
both in the olfactory epithelium and bulb and dendrodendritic synapses in the olfactory bulb. The gap junction coupling strengths are
shown to the left of the rows in the figure. The color code used is the sarR@ o2
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Fig. 6. Activity maps in the granule cell layer of the model olfactory bulb for the instants 3s (left column), 5s (middle column) and 7s
(right column) after the presentation of 3™ of the odor acetophenone, for the case with gap junctions blocked or of varying strength
both in the olfactory epithelium and bulb and dendrodendritic synapses in the olfactory bulb. The gap junction coupling strengths are
shown to the left of the rows in the figure. The color code used is the sarf@gof
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The first rows ofFigs. 5 and 6show what hap- mitral cell layer Fig. 5, first row), the odor elicits
pens when there are no gap junctions in the model activity in more than one glomerulus. There are at
and the mitral and granule cells in the bulb are con- lest three glomeruli which show relatively high ac-
nected exclusively by dendrodendritic synapses. In the tivity values during the time course of the simulation

3s 58 7s

(A) |

(B)

©

HYPERPOLARIZATION DEPOLARIZATION

Fig. 7. Activity maps in the mitral cell layer of the model olfactory bulb for the instants 3s (left column), 5s (middle column) and 7s
(right column) after the presentation of 30M of the odor acetophenone. All gap junctions for this figure had coupling strength of
300 MQ. (A) Gap junctions in the olfactory epithelium, and blocked gap junctions and dendrodendritic synapses in the olfactory bulb. (B)
Gap junctions in the olfactory epithelium and dendrodendritic synapses in the olfactory bulb, and blocked gap junctions in the olfactory
bulb. (C) Gap junctions in the olfactory bulb, and gap junctions in the olfactory epithelium and dendrodendritic synapses in the olfactory
bulb blocked. (D) Gap junctions and dendrodendritic synapses in the olfactory bulb, and gap junctions in the olfactory epithelium blocked.
The color code used is the sameFi§. 2
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(counting glomeruli from top to bottom and from left gap junctions produced an alteration in the mitral layer
to right, these are the second, the fifth and the sev- response pattern. In the two cases the odor represen-
enth glomeruli). The activity pattern in the granule cell tation pattern is made of a combination of glomeruli
layer (Fig. 6, first row) again follows the activity pat-  (instead of single MNMs as in other cases) but the
tern in the mitral cell layer, with a more or less diago- recruited glomeruli change from the case with bul-
nal area of activity going from the top left to the bottom bar gap junctions blocked to the case with bulbar gap
right of the granule layer. This is due to the dendro- junctions unblocked. The final case, showig. 7D,
dendritic synapses between mitral and granule cells. is similar to the above but it contains dendrodendritic
In the weak gap junction coupling cadéds. 5 and 6 synapses in the bulb. The inclusion of the dendroden-
second row) the spatiotemporal patterns in the mitral dritic synapses led to the appearance of a more irregu-
and granule cell layers are even more distributed than lar and widespread activity pattern in the mitral layer.
in the same cases without dendrodendritic synapses.
This trend can be observed for the intermediate values
of gap junction coupling strength as welli¢s. 5 and 4. Discussion
6, third and fourth rows). In the granule cell layer, the
patterns with four active granule cells around a single  Neural oscillations triggered by odorant stimulation
active mitral cell vanish and a more irregular granule have often been reported at various levels of the olfac-
cell activity pattern can be observed. In the strong gap tory nervous system in a wide variety of vertebrates
junction coupling strength regime, the behavior exhib- (Adrian, 1957; Ottoson, 1959; Takagi and Shibuya,
ited by the mitral and granule cell layers is similar to 1960; Sutterlin and Sutterlin, 1971; Hamilton and
the one of the case without dendrodendritic synapses.Kauer, 1989 and recent studies have addressed their
The results obtained in Cases 4, 5, 6, and 7 are role in odorant information codingLaurent, 1999;
shown inFig. 7. This figure shows the activity mapsin Dorries and Kauer, 2000; Lam et al., 2000; Bokil
the mitral cell layer at three different time instants for et al., 2001; Friedrich and Stopfer, 2001; Laurent
the four cases considerdeig. 7A shows the behavior et al., 2001; Friedrich, 2002; Spors and Grinvald,
for a gap junction coupling strength of 30GMn the 2002; Suzuki et al., 2002; Wachowiak et al., 2p02
epithelium and no gap junctions and dendrodendritic Dorries and Kauer (200®)ave shown in the salaman-
synapses in the bulb. The glomeruli shapes are muchder the existence of odor-evoked oscillations in the
easier to see in this case, and all of them patrticipate olfactory epithelium and bulb. Their results suggest
in the odor representation in a way that is driven by that the oscillations both in the olfactory epithelium
the spatiotemporal activity pattern disseminated over and bulb have a common source and, by sectioning
the epithelium (sed-ig. 2, fourth row). In Case 5, the olfactory nerve and injecting tetrodotoxin to the
when dendrodendritic synapses are added to the bulbepithelium, they gathered evidence in favor of a pe-
(Fig. 7B), the activity patterns become much more ripheral source for the epithelium oscillations related
irregular and it is no longer possible to spot a sin- to OSN spiking. The observed oscillations probably
gle glomerulus. The results for Case 6 are shown in emerge from some sort of OSN communication, and
Fig. 7C In this case the activity pattern in the epithe- gap junctions constitute one of the possible means of
lium consists of the red dots seen in the first row of implementing this Dorries and Kauer, 2000
Fig. 2 containing the OSNMs that project to the ace-  Several models in literature have been proposed to
tophenone glomerulus and other OSNMs that project explain the origin of oscillations in the olfactory bulb
to different glomeruli. The corresponding pattern in (Rall and Shepherd, 1968; Freeman, 1975; Li and
the mitral cell layer clearly shows the acetophenone Hopfield, 1989; Meredith, 1992; White et al., 1992;
glomerulus active over the whole duration of the sim- Rospars and Fort, 1994; Linster and Hasselmo, 1997;
ulation plus another glomerulus, the first one count- Hendin et al., 1998; White and Kauer, 1999, 2001; Li
ing from top to bottom and left to right. Comparing and Hertz, 2000; Davison et al., 2001; Freeman et al.,
this figure with the first row ofrig. 3, which gives a 2001; Laurent et al., 2001However, little has been
similar situation but with gap junctions blocked in the done to explain the origin of the peripheral voltage
bulb, one can see that the introduction of the bulbar oscillations observed in the olfactory epithelium.
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A recent computational model of current flow a0
through the extracellular space between unmyeli-
nated axons in the olfactory nervBdkil et al., 200) 60 4
showed that significant ephaptic interactions may oc-
cur for a range of physiologically relevant parameters,
with an action potential in a single axon evoking ac- 20
tion potentials in all other axons in the fascicle. This
model showed that ephaptic interactions also can lead
to synchronized firing of independently stimulated
axons. Another recent computational model based Time (s) —all eight odors
the origin of neural oscillations triggered by odorant
stimulation on the cAMP olfactory transduction sig-

—e— acetophenone

—a— octanoic acid
—a— octanal
= 40

—x—octanol
—— 3-heptanone
—e—cineole

—— benzaldehyde

123 456 78 9 ——n-amyl acetate

. } Bacetophenane
naling pathways of the OSNSQzuki et al., 200R B0 phend
. . 70 — M octanoic acid
The present study is one of the first to explore the T 11 D octanl
T I octana

possible effects of gap junction coupling on the initial
stages of the olfactory systeri@hiang et al., 2000;
Zhang and Restrepo, 2002

O octanol

H3-heptanone

The constructed model of olfactory epithelium can RN Bcineole
be seen as an animation of the group of 162 cells de- NN Abenzaldehyde
scribed byMa and Shepherd (200@mbedded in a S g n-amyl acetate

grid of receptor cells, allowing the simultaneous vi-
sualization of the voltage values of a large number of
OSNMSs during odor stimulations. The model shows Fig. 8. (A) Percentage of active OSNM cells as a function of the
that the existence of gap junctions connecting OSNs time after the presentation of 30 of each one of the eight simu-
in the olfactory enithelium are responsible for the aen- lated odors. Whenever the membrane voltage of an OSNM became
Int _e o y ) p - p g higher than—35 mV (the resting potential of an OSNM-+4s55 mV)
eration of activity waves which propagate across the e considered that it was active. In all cases there are gap junction
epithelium. Moreover, depending on the gap junction couplings in the olfactory epithelium with strength of 30G(B)
coupling strength these waves exhibit different behav- Average (calculated between 1 and 9s) percentage of active cells
iors. For weak gap junction coupling they are like thin in the_ olfactory epithelium during the presentation of each one of
iral filaments. and for stronaer coupling their spi- the eight odors simulated. The average values ar&3595.32%
Spiral T , _ g pling Pl (n-amyl acetate), 6@ 2.12% (benzaldehyde), 482+ 2151% (ci-
ral branches become wider and wave break happenspeole), 6189+ 2.98% (3-heptanone), 439+ 21.02% (octanol),
leading to a situation in which most of the OSNMs 60.44+3.54 (octanal), 5%7+4.53 (octanoic acid), 456+24.68%
are active during the time of odor presentation. This (acetophenone). The average value when all the eight odors were

@ all eight odors

can be seen ifrig. 2 (first row) and inFig. 8 which presented simultaneously was 6Q8766%.
shows the percentage of active cells in the olfactory
epithelium during odor stimulation. around 60% and remains there. The graphs shown in

To obtain the graphs ifrig. 8 we maintained the  Fig. 2are all for times after 5, so that they apply for
olfactory epithelium gap junction coupling strength at the case of high percentage of active OSNMs. Since
a constant value which causes wave propagation andthe average activity level remains more or less constant
wave break Rgap = 300 M2) and stimulate the olfac-  around 60%, this suggests that the wave propagation
tory epithelium with one of the eight different odors at and annihilation due to gap junction coupling in the ol-
a time.Fig. 8 shows that for all odors, there is a high factory epithelium generates a self-organizing mecha-
percentage of OSNMs active during the entire dura- nism that constantly tunes this system to a high degree
tion of odor presentation. In particular, notice that for of activity. This might be a source of synchronous ac-
the odor acetophenorféig. 8 shows that before the tivity in the olfactory epithelium.
fourth second after the odor presentation the percent- Gap junction coupling in the olfactory epithelium
age of OSNMs that are active is relatively small (less suggests a new mechanism of odor coding by the
than 20%) but after this time the percentage grows to olfactory system, due to wave interaction, which is
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complementary to the one based on overlapping or-

ganization of afferents into glomerulM@lnic et al.,
1999; Laurent et al., 2001The results of the simula-
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In this work, we have studied several different
possibilities of combining gap junctions with varying
coupling strengths in the olfactory epithelium and in

tions have shown that the existence of gap junctions the olfactory bulb, and of combining these with den-

of varying coupling strengths in the olfactory epithe-
lium causes different spatiotemporal activity patterns
in the olfactory bulb which are, in turn, different from
the patterns existing when the gap junctions in the
olfactory epithelium are blocked. This suggests that
if functional gap junctions are proven to exist in the
olfactory epithelium the spatiotemporal odor repre-
sentation found in the olfactory bulb might be driven
by a spatiotemporal odor representation in the olfac-
tory epithelium. In other words, odor coding might
start already at the odor receptor layer.
A problem with the view that olfactory epithelium

drodendritic synapses in the olfactory bulb. The results
showed distributed spatiotemporal patterns produced
in the olfactory bulb model during odor stimulation,
with several glomeruli activated by a single odorant
and a widely distributed response over time involv-
ing many glomeruli. These results are qualitatively
similar to recent experimental finding$Sgors and
Grinvald, 2002 and are compatible with the possibil-
ity of a combinatorial code in the olfactory epithelium
and olfactory bulb, with a given odor activating differ-
ent OSNs and glomeruli at different instants in time,
and a given glomerulus and OSN being activated by

odor-evoked wave-like patterns may code odors is that different odors Cinelli et al., 1995; Bozza and Kauer,

the propagation of the waves generated at OSN clus-

1998; Friedrich and Korsching, 1998; Malnic et al.,

ters across the whole epithelium causes an overlap1999; Rubin and Katz, 1999; Lam et al., 2000; Ma

of the receptive ranges of different OSNs, thus de-
creasing the system’s specificity. Using information
theory analysisAlkasab et al., 1999and a general-
ized framework for modeling odorants and olfactory
receptorsAlkasab et al. (2002have shown that sen-

sors with a substantial overlap of their receptive ranges

and Shepherd, 2000; Uchida et al., 2000; Belluscio
and Katz, 2001; Bozza and Mombaerts, 2001;
Meister and Bonhoeffer, 2001; Wachowiak and
Cohen, 2001; Fried et al., 2002; Spors and Grinvald,
2002; Wachowiak et al., 2002

Itis possible that some of the mechanisms described

carry redundant information. Less obviously, they also in the present work may exist in other brain systems
have shown that sensors whose receptive ranges dowhere there are neurons connected by gap junctions
not overlap at all have greater information redundancy (Condorelli et al., 2000; Rozental et al., 200 par-
than sensors whose receptive ranges partially overlapticular, these mechanisms could be present in the gen-
(Alkasab et al., 2002 Therefore, the receptive range eration of spatiotemporal wave-like patterns observed

overlap provoked by the propagating waves might not
be a totally undesirable effect, if properly tuned.

The mechanism of wave propagation and an-
nihilation in the olfactory epithelium might be a

in the retina Roerig and Feller, 2000; Deans et al.,
2002.

self-organizing mechanism that tunes the receptive 5. Conclusion

ranges of the receptor cells to a partially overlapped

state. This mechanism could improve the performance

of the sensory network to allow the capture of the
largest amount of information possible about differ-
ent stimuli and, at the same time, protecting it from
an over-activation. Moreover, since the positions of
OSNs in the epithelium are constantly being modified
because of OSN turnovefG(aziadei and Graziadei,

1979 this self-organizing mechanism might provide
a way of continually retuning the receptive system
in order to keep it capable of capturing information

This work has shown that the spatiotemporal ac-
tivity patterns in the olfactory bulb could be, at least
partially, a consequence of propagating activity waves
in the olfactory epithelium with OSNs connected via
gap junctions. A suggestion that comes from this
result is that odor coding might start already at the
olfactory epithelium or, at least, that the olfactory ep-
ithelium is not a passive receptor layer but processes
odor information as well. A possible role for the ex-
istence of gap junctions in the olfactory epithelium

about odors and their concentrations in a stable way and olfactory bulb, as well as of the existence of the

amidst its changing environment.

dendrodendritic synapses in the olfactory bulb, would
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be to distribute the odor-evoked activity over the ep-
ithelium and bulb, thus broadly tuning these systems
(Reyher et al., 1991; Trotier, 1998; Condorelli et al.,
2000; Zhang et al., 2000; Zhang and Restrepo, 2002

The constructed model or improved versions of it

may be used as tools for testing different hypotheses
and scenarios related to information processing and

coding in the olfactory system.
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Appendix A

The single cell parameters listed in this appendix
are: Cy: membrane capacitance (F)nRmn: mem-
brane resistances{m?); R, axial resistancestm):
Vrep: rest potential (V);D,: diameter of a compart-
mentx (wm); andL,: length of a compartment(um).

We give below these values for the OSNM, the MNM,
and the GNM.

¢ OSNM Cm = 0.01; Ry = 11, Ry = 1; Viep
—0.055; Dsoma = 10; Lsoma = 13; Ddentrite =
Ldendrite = 70; Ddendritic knob = 3; Ldendritic knob
3. Threshold:V = —0.035V. The somatic ionic
channels and densitiebraub et al. (1991) The
simulated calcium dependent chloride channel
of the dendritic knob has a maximum conduc-
tance of 3ns and an equilibrium potential of
+6mV (Reuter et al.,, 1998 The details about
this channel can be found &ttp://www.genesis-
sim.org/BABEL/babeldirs/models/Clchan/

e MNM: Cy = 0.01; Rm = 10; Ra = 2; Viep =
—0.065; Dsoma= 32; Lsoma= 32; Dprimary.dentrite =
7.9; Lprimary.dendrite = 370; Dsecondarydendrite =
5.8; Lsecondarydendrite = 500; Dyt = 3.5; Lyt =
180. The simulated channels and densities
the same oBhalla and Bower (1993)Threshold:
V =—-0.03V.

o GNM: Cy = 0.01; Ry = 12; R = 0.5; Vigp =
—0.065; Dsoma= 6; Lsoma= 8; Dperiphericdentrite =
1.25; Lperipheric;dendrite = 200; Ddeepdendrite =1
Ldeepdendrite = 100; Dyunk = 2; Lyunk = 200;
Dspinehead= 1; Lspinehead= 3; Dspineneck = 0.2;

are
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Lspineneck = 1. The simulated channels and den-
sities are the same dhalla and Bower (1993)
Threshold:V = —0.03 V.

More details about the construction and valida-
tion of the simulated cells, as well as about the whole
model of the olfactory system used in this work
can be found in Sim&es-de-Souza’s M.Sc. thesis (in
Portuguese), which is available http://www.teses.
usp.br/teses/disponiveis/59/59134/tde-14092002-
092930/
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