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Abstract Insect olfactory receptor neurons are com-
partmentalized in sensilla. In a sensillum, typically two
receptor neurons are in close contact and can influence
each other through electrical interaction during stimu-
lation. This interaction is passive, non-synaptic and a
consequence of the electrical structure of the sensillum.
It is analysed in a sensillum model and its effects on the
neuron receptor potentials are investigated. The neurons
in a sensillum can be both sensitive to a given odorant
compound with the same sensory threshold or with
different thresholds, or only one neuron be sensitive to
the odorant. These three types of sensilla are compared
with respect to maximum amplitude, threshold and dy-
namic range of the potentials. It is found that gathering
neurons in the same sensillum is disadvantageous if they
are identical, but can be advantageous if their thresholds
differ. Application of these results to actual recordings
from pheromone and food-odour olfactory sensilla is
discussed.
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Introduction

Understanding how olfactory receptor neurons (ORN5)
encode intensive, qualitative, temporal and spatial
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information about odour stimuli is an intriguing topic
which has attracted much attention in recent years
(Buck 1996; Hildebrand and Shepherd 1997; Krieger
and Breer 1999). Building on our previous modelling
work on these neurons (Rospars et al. 1996; Vermeulen
and Rospars 1998a, 2001a, 2001b), we investigate here a
neglected physiological aspect of olfactory transduction,
the passive (non-synaptic) electrical interaction that
takes place between two or more ORNSs in close contact.
In a favourable case, the insect olfactory system, we
show that this interaction can modify the receptor po-
tential of the neurons and consequently their informa-
tion coding properties.

In insects, an olfactory sensillum consists of (usually)
one to five ORNSs, three auxiliary cells and an often hair-
like cuticular formation (Fig. 1). These sensilla are lo-
cated at the surface of the body, essentially on two head
appendages, the antennae (Altner and Prillinger 1980;
Boeckh et al. 1987; Steinbrecht 1996; Keil 1999). The
number of receptor cells per sensillum depends on their
function and on species (Rospars 1988). The number of
olfactory sensilla per antenna is usually large, for
example one antenna of the male moth Bombyx mori
bears on average 15,000 sensilla trichodea involved in
the detection of the sexual pheromone, which contain on
average 1.8 ORNSs, and 5000 sensilla basiconica con-
taining 4 or 5 ORNs (Schneider and Kaissling 1957;
Steinbrecht 1970).

The sensillum complex is embedded in an epithelium
with septate (and other) junctions between cells (Keil
1999). This creates an inhomogeneous environment
around them and defines an external side, indirectly
exposed to air, and an internal side. The dendrites (or
cilia) of the neuron are on the external side, surrounded
by the sensillum lymph filling the hair lumen (Steinbr-
echt 1997). Odorant compounds in the air can find their
way to them through tiny pores in the hair wall. The rest
of the neuron (dendritic trunk, cell body and axon) is on
the internal side, partially wrapped by the auxiliary cells.
The ionic concentrations of the sensillum lymph and the
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Fig. 1 Schematic representation of the sensillum with two ORNES.
The thecogen, tormogen and trichogen cells are auxiliary cells.
Adapted from Kaissling (1995)

hemolymph are different and maintained by ionic
pumps. They cause a difference of potential between
them, across the auxiliary cells: the transepithelial po-
tential, of more than 30 mV (Kaissling and Thorson
1980; Kaissling 1987). The driving force of the receptor
potential is thought to be due for a large part to the
transepithelial potential (Thurm 1974).

In the present work we consider the generation of the
receptor potential in a sensillum with multiple electri-

cal part of the transduction process, i.e. the conversion
of the odorant concentration to an odorant-dependent
conductance increase. This conductance is the input of
the electrical model of the sensillum presented in the
next sub-sections, which is an extension of our previous
single-neuron models (Rospars et al. 1996; Vermeulen
and Rospars 1998a, 2001a, 2001b). Secondly, we inves-
tigate (in the Results section) the advantages and
drawbacks on sensory transduction of the presence of
more than one ORN in the sensillum. We do this by
considering three different cases of sensillar organiza-
tion: (1) two or more ORNSs with the same sensitivity, (2)
two ORNs with different but overlapping sensitivities,
and (3) two ORNs with non-overlapping (selective)
sensitivities to the same odorant compound. Finally, in
the Discussion, we compare our theoretical results to the
experimental observations. On this basis we propose an
explanation of why case (1) has never been found in
nature, and we suggest that case (2) is actually rare.

Model

Model of the biochemical part of the transduction
process

The conductance change taking place in the sensory
membrane (ORN outer segment) is modelled as the
linearly amplified version of the odorant-receptor
interaction (Rospars et al. 1996). The membrane is
stimulated by an odorant compound A whose concen-
tration is denoted [A] (all symbols used in this subsection
are defined in Table 1). The concentration-to-conduc-
tance conversion presents two main steps: binding and
activation of receptors, then amplification and conduc-
tance change. Consider the first step. The membrane
bears receptor proteins R of the same type on its surface.
The odorant molecules bind to the receptors, then acti-
vate them according to the reactions:

. . ky K,
cally coupled ORNSs. Firstly, we summarize a model A 4+ R = AR = AR* (1)
(Kaissling 1987; Rospars et al. 1996) of the non-electri- k- K
Table 1 Symbols describing the ; .
receptor-to-channel Parameter Unit Description
transduction
[A] M Concentration of odorant A
[R1] M Total concentration of odorant receptor
[R] M Concentration of free odorant receptors
[AR] M Concentration of receptor—odorant complex
[AR*] M Concentration of activated receptor—odorant complex
ki, k_ s ! M’l, s~! Rate constants of the association and dissociation reactions
kKo, k' s ! Rate constants of the activation and deactivation reactions
K M Equilibrium dissociation constant
K - Equilibrium deactivation constant
K - Ratio of equilibrium dissociation constants for different neurons
Fm Q cm Membrane resistance at rest
g - Ratio of the membrane conductance during simulation and at rest
0 - Dimensionless conductance g when all receptors are in activated state AR*
M - g for large [A], gm <0
Is - Electrotonic length of the cilia (in membrane space constants)




where k., k_, k', and k’_ are rate constants, AR is the
bound receptor—ligand complex and AR* is the acti-
vated complex. The concentration of the activated
complex at equilibrium is:

[R1]

K+l
L+ 853
where K=k_/k. and K'=k’_/k’ . are the equilibrium
dissociation and deactivation constants, respectively,
and [Rq] is the total concentration of receptors (ratio of
the number of receptors on the membrane to the volume
of the sensillum lymph).

In the second step we assume that, through G-protein
activation and second messenger production, each acti-
vated receptor finally opens I" odorant-dependent ionic
channels with a unit conductance of . Hence the
(dimensionless) conductance change is given by
g=rmyITAR*], using rm |, the inverse of the membrane
resistance at rest ry,, as the unit of conductance. Using
Eq. (2) and introducing 0 = r,,yT[R], which is the mem-
brane conductance when all receptor-dependent chan-
nels are open, the conductance change can be written as:

0
- 7 (3)
K Ki
1+ /+ [5]

[AR*] = (2)

9

The maximum value of g when [A] = « is gy=0/
(1+ K’). Note that this quantity does not depend on K.

The parameters affecting the odorant-dependent
conductance change g are thus 6, K and K’. 0 acts as a
mere proportionality factor. Increasing K shifts the
curve to higher concentrations (Fig. 2), making the
neuron less sensitive to the odorant compound, whereas
increasing K’ mainly decreases the maximum conduc-
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Fig. 2 Influence on conductance of the odorant-receptor equilib-
rium dissociation constant K controlling the ORN sensitivity to
odorant compound A. Decrease in sensitivity due to increase of K,
K=xx37.8 pM with k=1 (solid line), 10 (dashed line), 100 (dotted
line). Threshold is defined as the concentrations at which g/gy is
equal to some small value ¢, close to zero, and saturation as the
concentration at which it is 1 —e¢, close to one. Dynamic range is the
distance between threshold and saturation. With &£=5%, the
threshold of the solid curve is 107>%° M and the dynamic range
of all curves is 2.95 decades. Parameters: K'=5.8, 0=100
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tance gy (not shown). In the following, only the effect of
K is considered.

Before studying the electrical coupling of neurons
with the same or different sensitivities to odorant A, we
examine how the conductance change is converted into
voltage.

Outline of the electrical model

The electrical model of the sensillum is shown in Fig. 3
and the corresponding symbols are defined in Table 2.
The sensillum lymph is considered to be isopotential, as
well as the hemolymph. Auxiliary cells are modelled with
their Thévenin equivalent circuit, i.e. battery E4 in series
with resistance R (see, for example, Vermeulen and
Rospars 1998b). The Thévenin theorem states that any
two-terminal circuit can be replaced by the open-circuit
voltage source (battery) E in series with resistance R
(impedance) obtained when all independent sources are
set to zero. No complex resistance (i.e. impedance) has
to be considered because we assume the stimulation to
be constant and the sensillum to have only linear-time-
invariant properties (LTI model).

All ORNs are assumed to have the same morpho-
logical and electrical characteristics. The model of the
neuron, which is equivalent to the model of Kaissling
and Thorson (1980) and to model B of Vermeulen and
Rospars (1998a), consists of two circuits connected in
series, one corresponding to the sensory dendrite and the
other to the non-sensory part of the neuron (dendritic
inner segment, soma and axon). Each circuit is replaced
by its Thévenin equivalent circuit. The Thévenin equiv-
alent of the sensory dendrite consists of the stimulation-
dependent resistance Rts (which can be different for
each neuron and is consequently noted with an addi-
tional subscript indicating the neuron number: Rrgy,
Rrs», etc.) and has no batteries. The Thévenin equiva-
lent circuit of the non-sensory part consists of a battery
E.n and a resistance R;,; it is assumed to be the same for

auxiliary

cells

neuron | neuron 2 neuron W

Fig. 3 Electrical model of a sensillum with M ORNSs. The sensillum
lymph and the hemolymph are each considered isopotential so that
the current flows only between them, going through the auxiliary
cells and through the neurons. V4 is the transepithelial potential

and V,, ; the transmembrane potential of the non-sensory part of
ORN;,. See Table 2 for the electrical components and currents
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Table 2 Symbols for the

electrical components, currents ~ Parameter Unit Description
and potentials (see Fig. 3)
Rrs ; Q Thévenin’s input resistance of sensory dendrite (outer segment)
R, Q Input resistance of an unstimulated cylindrical dendrite of infinite length
Rin Q Thévenin’s input resistance of non-sensory neuron part
A Q Resistance simulating auxiliary cells
Tin - Ratio of R;, to R,
A - Ratio of Ra to R,
Ea \Y% Battery simulating auxiliary cells
En A% Battery simulating resting potential of non-sensory neuron part
I A Current flowing through the auxiliary cells
I; A Current flowing through the neuron
Va v Transepithelial potential
Vin \Y% Transmembrane potential of non-sensory neuron part
AVA A% Transepithelial receptor potential
AV v ORN transmembrane receptor potential
Va* - Transepithelial relative receptor potential
Vin - ORN transmembrane relative receptor potential
M - Number of neurons in the sensillum

all neurons in the sensillum. The resistance Rrg is the
input resistance of the sensory dendrite as seen from the
non-sensory neuron part. It is calculated in Vermeulen
and Rospars (1998a, 1998b):

_ Rycoth(y/T +gls)
T

where [ is the electrotonic length of the dendrite (ex-
pressed in membrane space constants 1), R, is the input
resistance of an unstimulated cylindrical dendrite of
infinite length, and g is the dimensionless stimulation-
dependent conductance of the neuron considered (see
section above on Model of the biochemical part of the
transduction process). The calculation of these param-
eters, knowing the morphological and electrical charac-
teristics of the sensillum, is explained in Vermeulen and
Rospars (1998a, 2001a). For a complete numerical
example, see Rospars et al. (2003).

Rts 4)

Several neurons with the same sensitivity

Consider M identical ORNs with the same sensitivities,
ie. 0, K and K’ are the same for all neurons. Conse-
quently, all stimulation-dependent conductances and

resistances are the same (g;=g,=..=g and
Rtsi = Rrsp=...= Rts) and the same current passes
through all neurons (I;=5L=...=I). The Thévenin

equivalent circuit of all ORNSs is then given by resistance
(Rin + Rts)/M in series with battery E,, so the current
passing through the auxiliary cells, /4, is obtained using
Ohm’s law and Eq. (4):

e — YE  Ex+EnN
A= _ZR o _RA—i-Ri“;[RTS
_ MV1+Q(EA+ErN) (5)
V14 g(MRA + Rin) + Ricoth(y/T + gls)
The transepithelial potential V4 is given by:
Va = Ea + Rala (6)

Substituting Eq. (5) in this formula, we have:

MRAV/T 4+ g(Ea + ExN)

Va =Ep —
A A V14 g(MRA + Rin) + Ricoth(v/T + gls)

(7)

or, with the use of the dimensionless resistances r;, = R;,/
R, [this ratio has a different definition in Vermeulen and
Rospars (1998a, 2001a, 2001b) where r;, = (Rj, + Ra)/R(]
and rp = Ra/R;:

Mra\/1+g(Ex + EN)
V14 g(Mra + rin) + coth(\/1 + gls)

The membrane potential at the junction of the sen-
sory and non-sensory part of the ORN reflects the po-
tential at the axon initial segment (Rospars et al. 1996;
Vermeulen and Rospars 1998b). In the remainder of this
work we will call it the transmembrane potential of the
non-sensory neuron part. It is the same for all neurons
(Vm1=Vma=...=Vy) and is given by:

Vi = —ExN + Rind

Va=En —

®)

©)

The current which flows through the auxiliary cells
is equal to the sum of all currents through the ORNS,
but of opposite sign: I, =—M]I. Thus Eq. (9) becomes,
using Eq. (5) and the dimensionless resistances r;, and

Fa:

Voo— _Ea— Rnla MRin\/1+9(En+EN)
" ™ M N \/ 1+g(MRA+Rin)+R, coth(1 /1+gls)
M”illm(EA+ErN)
\/ 1+g(Mra+rin)+coth (\/ 1+gls)
(10)

=—EN+

Two neurons with different sensitivities

We consider now a sensillum containing two identical
ORNE, except for the equilibrium dissociation constants



of their receptor proteins with respect to odorant com-
pound A. Let us denote K; and K, these constants in
ORN; and ORN,, respectively, and « their ratio, x = K,/
K; with k>1. This corresponds to a mere horizontal shift
of the ORN, conductance versus concentration curve to
the right of the ORN, curve (see Fig. 2). Thus ORNj is
less sensitive to A than ORNj. In the limit, ORN, is
insensitive to A, which corresponds to K, — o and
Kk — oo. From a modelling point of view, the third sen-
sillum type (one sensitive neuron and the other insensi-
tive) is a special case of the second one (two sensitive
neurons with different sensitivities), so Egs. (11)—(13)
apply to both.

The current through the auxiliary cells is now given
by:

Y E EA +EnN

N R - (Rin+Rts1)(Rin++R1s2)
Z Ra + 2Rin+R1s1+Rts2

Iz =

(11)

The transepithelial potential V5 is still given by
Eq. (6), but the dendritic membrane potential is now
different in each neuron:

Rin + Rts2
ml N inf1 N+ Rin 2Rin + Rts1 + Rtsa2 A
(12)
Rin + Rts)
Vi = —EiN — Rinh = —Exx + Ry
m2 N ind2 N + Rin 2Rin + R1s1 + Rts2 A
(13)

The derivation of potentials Vi, Vi and Vi, as a
function of g, and g, is straightforward. However, the
equations are too long to be given here.

Results

Three different types of potential are considered in this
section: (1) the difference of potential V' between two
points taken across the epithelium (transepithelial po-
tential) or across the membrane of the non-sensory part
of the ORN (transmembrane potential); (2) the change
of transepithelial or transmembrane potential V' caused
by stimulation g, AV=V—-V,, where V, is the potential
at rest, i.e. for g=0; we call it potential change (in the
neuron this is the receptor potential stricto sensu), and
it can be positive (depolarization) or negative (hyper-
polarization); and (3) the normalized receptor potential
or relative potential, V*:AV/AVM, where AV is the
potential change for maximal stimulation as [A] — oe.
Except for 0, numerical values for the model parame-
ters used in the figures (see legend of Fig. 4) are taken
or derived from Kaissling (1987, 2001). Selecting
0=100 gives gpm~~15, i.e. the maximum conductance
change is 15 times the conductance at rest. This value
results in the same transepithelial potential for a high
odorant concentration, as observed by Kaissling
(1987).
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Response properties of neurons with the same sensitivity
are deteriorated

All three types of transepithelial and neuronal trans-
membrane potentials are shown in Fig. 4 in the case of a
sensillum with M identical ORNs. Although the trans-
epithelial potential, V5, and the transmembrane poten-
tial of the non-sensory part of the ORN, V,,, are
different (Fig. 4a and b), the transepithelial potential
change AV, is linearly proportional to the receptor po-
tential of the ORNs AV,,. The only difference is that
their absolute values are different and of opposite sign
(Fig. 4c and d). This can also be seen in the relation
between the potential changes of the neurons and aux-
iliary cells derived from Egs. (8) and (10):

-
AV = —— x AV, 14
My A (14)

N
Consequently, both relative potentials are the same
(Fig. 4¢ and f).

When the number of neurons increases, the relative
receptor potentials (AVx* and AVy,*) change only
slightly (Fig. 4e and f), but the amplitude of the receptor
potentials changes significantly (Figs. 4d and 5a). With
the parameter values chosen, the amplitude of the
transepithelial receptor potential AV5 starts at 24.7 mV
for M =1, reaches a maximum of 27.6 mV for M =2,
then decreases significantly for more than two ORNs
(Fig. 5a, solid line), and that of the transmembrane
receptor potential AV, decreases steeply from the same
starting point at 24.7 mV (Fig. 5a, dashed line). From a
functional point of view, this is a serious disadvantage
because the depolarization at the axon initial segment of
every neuron also decreases for a given stimulation and
a stronger stimulation is necessary to generate the same
train of action potentials. Moreover, the absolute
threshold linearly increases and the absolute dynamic
range linearly decreases with the number of neurons in
the sensillum (Fig. 5b and c, dotted lines), although the
relative threshold and dynamic range are practically
independent of it (solid lines).

Response properties of neurons with different
sensitivities are improved

When the sensillum contains two ORNs with different
equilibrium dissociation constants (K; < Kj3), and con-
sequently different sensitivities to the same compound
A, the shape of the concentration—potential curves
changes significantly for the three types of potentials
considered. This is shown in Fig. 6 for three different
values of the ratio x=K;/K,, with ORN, of similar
(x=10, left column) and much lower (x=10* middle
column) sensitivity than ORNj, and even not sensitive at
all (right column).

The change is the easiest to observe for the rela-
tive transepithelial and transmembrane potentials
(Fig. 6g and h). The transmembrane potential versus
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Fig. 4a—f Transepithelial potentials (leftf) and transmembrane
potentials of the ORN (right) as a function of odorant concentra-
tion for a varying number of neurons in the sensillum. All M ORNs
are identical with the same sensitivity to the odorant compound
and the same morpho-electrical characteristics. Top row: transepi-
thelial ¥V, (Eq. 8) and transmembrane V,, (Eq. 10) potentials.
Middle row: potential changes AV and AVy,. The double arrow in
(¢) indicates the maximum amplitude of the transepithelial
potential for M = 1. Bottom row: relative potentials Vo* and V,*.
As in Fig. 2, relative threshold (left vertical dotted line in e) and
saturation (right vertical dotted line in e) are the concentrations at
which V* or V,* are equal to ¢ and 1—eg, respectively (remember
that 0 < Va* < 1), and relative dynamic range as the distance
between them (double arrow in e). Parameters: ri, =rp=0.7, Is=1,
Exn=50mV, FE,=100mV, 0=100, K=37.8 uM, K =538,
£=0.05, M =1, 2 (thicker lines), 4, 10, as indicated

concentration curves of the ORNs are no longer of
sigmoid shape. The curve of the most sensitive neuron
(ORNy; dashed curve) rises to a maximum (overshoot),
then decreases to a constant asymptotic level, whereas
the curve of the least sensitive one (ORN,; dotted curve)
decreases to a minimum (undershoot), then increases to
the same asymptotic level as the first curve. When the
ratio x, reflecting the difference in sensitivity of the
neurons, increases (Fig. 6, middle column), the shape of
the curves changes. The threshold moves a little to the
left, the maximum and minimum move a little to the
right and the point where the curves meet again moves
more to the right on the horizontal axis, i.e. towards
higher concentrations. As a result, the length of the
overshoot or undershoot increases when x increases. The
transepithelial concentration—potential curve is no
longer exactly sigmoid (solid curves in Fig. 6). Although

it has no overshoot or undershoot, it is “flattened” in the
middle. When k increases, the length of this shoulder
increases, the beginning of the shoulder corresponding
approximately to the extrema of the transmembrane
curves. This shoulder can be easily interpreted as the
intermediate zone in the transition from the left part of
the curve dominated by the most sensitive neuron, for
stimulus concentrations of the order of K, to the right
part of the curve with the contribution of the least sen-
sitive neuron, for concentrations of the order of kK.
This qualitative interpretation applies also to a couple of
ORN:s, one sensitive and the other completely insensitive
or only very weakly sensitive to A (i.e. k is very large). In
this case the responses are due to the sensitive ORN
alone (Fig. 6, right column). Only the shoulder of the
transepithelial potential remains visible in the meaning-
ful range of concentrations and simultaneously the
overshoot and undershoot of the transmembrane dis-
appear. In summary, Fig. 6 shows from left to right the
complete set of behaviour displayed by the potentials.
Figure 7 illustrates these effects on the response
properties (amplitude, threshold and dynamic range). It
shows that the amplitude of the transmembrane poten-
tial increases with x, although it remains always smaller
than the constant transepithelial potential (Fig. 7a).
Both transmembrane and transepithelial thresholds,
whether absolute (concentration at which a receptor
potential of, for example, 1 mV is reached) or relative
(concentration at which a given fraction of the maxi-
mum, for example 5%, is reached), are similar and re-
main practically the same whatever the relative



w
o

N
o
-~

Amplitude (mV)
o
’

o

|
N

|
[¢)]

|
~

Threshold log[A] (M)
|
(o))

|
@

Dynamic range (log)
N

0
2 4 6 8 10

Number of ORNs

Fig. 5a—c Response properties of transepithelial potential (solid
line) and ORN transmembrane potential (dashed line) as a function
of the number of identical ORNs in the sensillum. Relative
threshold (b, solid line) and dynamic range (¢, solid line) defined as
in Fig. 4e; transepithelial and transmembrane curves are superim-
posed. With respect to conductance (see Fig. 2), in the case M =2,
the relative threshold is lower (10747 M=0.17 uM instead of
107>% M=1.29 uM) and the relative dynamic range slightly
narrower (2.77 instead of 2.95 decades). Absolute threshold (b,
dotted line) and dynamic range (c, dotted line) of ORN transmem-
brane potentials determined on Fig. 4d for AV,,,=1 mV (threshold)
and max(AV,,)—1 mV (saturation). Parameters: as in Fig. 4

sensitivities of the ORNs (Fig. 7b). The most remark-
able effect is on the dynamic ranges (Fig. 7c). Two dy-
namic ranges must be distinguished. The first one
(overall, solid line) runs from (absolute or relative)
threshold to saturation (asymptotic level) and involves
the increasing and decreasing parts of the potential; this
overall range is equally defined for the transepithelial
and transmembrane potentials. The second range (re-
stricted, dashed line) applies only to the ORN; trans-
membrane potential; it goes from threshold to maximum
(in fact 1 mV below the maximum for the absolute range
or 95% of maximum for the relative range) and so de-
scribes the monotonously increasing part of the curve
(Fig. 6h). Figure 7c shows that both the overall and
restricted ranges increase with the logarithm of «x, al-
though the overall ranges grow linearly while the re-
stricted ranges reach an asymptote. For ¢=5% (see
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definition of ¢ in Fig. 4) and K,=22K,, the overall rel-
ative range is 3.44 and the restricted one is 2.22. When
K> is 10° times greater than K, the overall relative range
rises to 8.06 and the restricted one reaches 2.93. This
effect results entirely from the electrical coupling of the
neurons. It cannot occur with an ‘“isolated” neuron
(Rospars et al. 1996) or in a single-neuron sensillum,
whatever the morphological and electrical characteristics
of the neuron (Vermeulen and Rospars 1998a).

Figure 8 shows how the transmembrane receptor
potential of the most sensitive ORN in a couple depends
on the odorant concentration for various values of &
(Fig. 8a) and of the electrotonic length /5 of the sensory
dendrite (Fig. 8b). The latter factor is likely important
because of the wide range of variation of dendritic
length in different sensilla, from a few micrometres to
half a millimetre (see Discussion). Both factors x and /g
influence the size of the overshoot, which grows with
up to an asymptotic maximum (Fig. 8c), whereas as a
function of /g it reaches a maximum and then decreases
(Fig. 8d).

Discussion

Response characteristics of a sensillum model
with several neurons

ORNSs in the same sensillum influence each other via
passive electrical interaction. For studying this effect, we
developed an electrical model of a multi-neuron sensil-
lum. We investigated the influence of the electrical
interaction between ORNs on their response properties
when they are stimulated by the same odorant com-
pound. The response of the sensillum to a mixture of
odorants being still more complex was not considered.
This led us to compare three sensillum types according
to the response of their ORNS to the odorant, which can
be identical, overlapping (one ORN is more sensitive
than the other) or selective (only one ORN is sensitive).
For these comparisons we utilized the difference of
potentials across the auxiliary cells (transepithelial po-
tential) and across the non-sensory dendritic membrane
of the ORNSs (transmembrane potential). Although the
transmembrane potential is the most important to know
because it controls the firing rate of the neuron, it cannot
be experimentally measured in vivo with the available
techniques; it can be only estimated from the firing rate,
contrary to the transepithelial potential (see next sub-
section).

In the single-neuron sensillum, or the sensillum with
several identical neurons, the concentration-response
curves of the transepithelial potential and of the trans-
membrane receptor potential of the individual neurons
are sigmoid. This is not the case for a pair of neurons
with different (overlapping) sensitivities, for which they
are no longer sigmoid (Fig. 6).

The transepithelial curve presents a shoulder in the
middle whose length depends on the ratio x of the
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Fig. 6a—i Comparison of dose—

Similar sensitivities

Different sensitivities Second ORN insensitive

response curves for a pair of
ORNs with ORN; very
sensitive to an odorant and
ORN, slightly less sensitive
(k=10, left column), much less
sensitive (x=10% middle
column) and not sensitive at all
(kK = oo, right column) to the
same odorant. The ORNS differ

40

20

Potential (mV)

N\

40 40 — c

20 20

only by their sensitivities, i.e.
the ratio of the equilibrium
dissociation constants, k= K5/

K. Top row: transepithelial
potential Vo (solid line) and
transmembrane potentials for
ORN; V1 (dashed line) and
ORN, Vo (dotted line) are
shown. Middle row: potential
changes AV 5 (solid line), AV,
(dashed line) and AV, (dotted

Potential change (mV)

line). Bottom row: relative
potentials Va* (solid line), Vi *
(dashed line) and V,»* (dotted

6 -4 -2
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(1—e)max(V,*); compare with
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Relative potential
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equilibrium dissociation constants characterizing the
neurons. When k increases, the shoulder moves to the
right on the concentration axis. It results in the increase
of the dynamic range of the transepithelial receptor
potential, which is the most significant effect of co-
localizing neurons with different but overlapping sensi-
tivities. In contrast, neither the threshold nor the
amplitude of the transepithelial potential are much
modified, except in the limit case of a completely
insensitive second neuron, for which the amplitude is
reduced.

The transmembrane potential of the least sensitive
neuron presents an undershoot and that of the most
sensitive neuron an overshoot. When « increases, the
overshoot and the undershoot move to the right on the
concentration axis (compare second and third columns
of Fig. 6) so that, in the limit case of a completely
insensitive second neuron (x — o), the curves become
sigmoid again. Then the insensitive neuron responds to
the stimulation with a hyperpolarization and can be
considered, from a modelling point of view, as an aux-
iliary cell, so this special case is equivalent to that of the
sensillum model with a single ORN surrounded by
auxiliary cells studied in a previous work (Vermeulen
and Rospars 1998a). The varieties of shape of the
transmembrane receptor potential versus concentration
curves have several consequences on the response
properties of the ORNs, which can be summarized as
follows.

0

-0.5
8 6 -4 -2 0

Concentration log [A] (M)

-0.5

8 6 -4 -2

1. Gathering in the same sensillum several ORNs with

the same biochemical, electrical and morphological
characteristics has no apparent advantages and at
least one serious drawback, because the transmem-
brane receptor potential at the axon initial segment is
decreased for all ORNSs, with a corresponding in-
crease of the absolute threshold and narrowing of the
absolute dynamic range. The larger the number of
identical ORNs per sensillum, the greater the de-
crease.

. Co-localization in the same sensillum of two ORNs
sensitive to the same compound, but with different
sensitivities, presents some advantages. Starting from
two identical neurons and then increasing the ratio k
of the equilibrium dissociation constants of the neu-
rons, i.e. putting together neurons more and more
dissimilar, increases the amplitude of the transmem-
brane receptor potential of the most sensitive neuron
and slightly lowers its threshold. If only the monot-
onous part of the concentration—response curve is
considered, no improvement of the dynamic range is
obtained. The presence of an overshoot, however,
poses a potential problem for coding odour intensity,
since the same receptor potential, and consequently
the same firing rate, can encode two different stimulus
intensities.

3. Gathering in the same sensillum two ORNSs, one

sensitive to the odorant compound and the other
completely insensitive to it, maximally increases the
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Fig. 7a—c Response properties of transepithelial potential (solid
line) and ORN| transmembrane potential (dashed and dotted lines)
for the pair of neurons shown in Fig. 6. These ORNs differ only by
their sensitivities to odorant A, i.e. the ratio of the equilibrium
dissociation constants, = K,/K;. Transepithelial (circle) and
transmembrane (cross) potentials for very large x, i.e. ORN,
insensitive to odorant A, are shown on the right. In (b) are the
relative threshold of the transepithelial potential (solid line), relative
(dashed line) and absolute (dotted line, see legend of Fig. 5)
thresholds of the transmembrane receptor potential; the corre-
sponding points for very large « (on right margin) are practically
superimposed. In (¢) are the same representations for the dynamic
ranges: full relative range for the transepithelial potential (from
threshold to asymptotic saturation, see arrow in Fig. 4e); restricted
dynamic ranges of the transmembrane potential of ORN;
(monotonously increasing part of the curve only, see arrow in
Fig. 6h for the relative range, and corresponding part of the dashed
curve in Fig. 6e for the absolute range). Parameters: as in Fig. 6

amplitude of the transmembrane receptor potential
of the sensitive neuron. It gives an intermediate
threshold and intermediate dynamic range with re-
spect to pairs of identical neurons, on the one hand,
and to pairs of neurons with different sensitivities, on
the other hand.

Comparison with experimental data

The transepithelial potential and the action potentials
can be recorded by cutting the extremity of the hair and
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slipping a pipette on it (Kaissling 1995). A theoretical
analysis of this system shows that the tip-recorded po-
tential is an excellent approximation of the transepi-
thelial potential (Vermeulen and Rospars 2001a).
Another commonly used technique for recording action
potentials consists in inserting a tungsten wire electrode
into the base of the sensillum (Boeckh et al. 1987). The
transmembrane potentials cannot be measured directly
with these extracellular techniques. However, they are
reflected in the firing rates of the ORNSs. In sensilla with
only two (active) ORNSs, individual rates can be deter-
mined from the different sizes of the action potentials of
both cells, even when they are identical (Meunier et al.
2003).

Insect olfactory sensilla have been thoroughly inves-
tigated, especially the trichoid sensilla of moths (Zack
1979; Kaissling and Thorson 1980; Kaissling 1987).
These long sensilla house two ORNSs, each sensitive to
one of the two components of the sexual pheromone,
e.g. bombykol and bombykal in Bombyx mori. The
transepithelial potential and the firing frequency were
measured using the tip-recording technique and both
were found to be sigmoid in shape as a function of
concentration. The ratio x of the dissociation reaction
constants of the pheromone components for the bom-
bykol ORN, for example, is not known, although it can
be considered as large. This is consistent with the shape
of the curves of the transepithelial potential for = 10%,
shown in Fig. 6e (the shoulder of the experimental
curve, being small, might be hidden in the experimental
variability), and that of the transmembrane potential in
Fig. 8a (curve ¢); or, if x> 10, with the shapes shown in
Figs. 6f and 8a (curve d), respectively.

Concentration—response curves were determined also
for small sensilla housing ORNSs sensitive to food
odours, e.g. in the cockroach Periplaneta americana
(Selzer 1984). The sensilla sensitive to food odours are
more diverse than those sensitive to pheromones. For
this reason, a sensillum housing ORNs with well-defined
olfactory spectra is more difficult to identify and
repeatedly investigate, which makes the assessment of
the respective sensitivities of ORNs in the same sensil-
lum difficult. A significant advance in this direction,
however, was the recent identification of physiological
types of neurons and sensilla in Drosophila melanogaster,
permitting repeated measurements of the firing rate of a
given ORN type (de Bruyne et al. 1999, 2001). All
complete dose—response curves established by these au-
thors are sigmoid in shape. Qualitatively, the 2— 4 ORNs
in a same sensillum are usually sensitive to different
series of compounds, although in one sensillum type
(abl), two of the neurons, although different, responded
strongly to ethyl acetate (de Bruyne et al. 2001). In this
case also the dose-response curve of one neuron was
found sigmoid. That of the other was not determined, so
that x is not known, although likely small (corre-
sponding to left column of Fig. 6).

Therefore, the sensilla investigated so far give no
evidence for the pairing of identical ORNSs in the same
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sensillum (reviewed in Todd and Baker 1999). This can
be interpreted in the framework of the present model,
which shows that gathering two (or more) identical
ORNSs would decrease the amplitude of the transmem-
brane potential. The two remaining possibilities, namely
pairing of ORNs with either overlapping or selective
sensitivities, can, in principle, be distinguished by the
sigmoid (selective ORNs) or non-sigmoid (overlapping
ORNGs) shape of the dose-response curves. The fact that
only sigmoid shapes have been observed, as yet, may
signify that ORNs with overlapping sensitivities are
actually rare.

However, the available evidence is inconclusive be-
cause, to our knowledge, no complete dose—response
curves to the same odorant of both neurons in a sensil-
lum have been established yet. Further investigations on
a larger sample of identified sensilla and odorants are
needed to assess the rarity of non-sigmoid curves.
Moreover, the presence of a shoulder in the transepi-
thelial potential and of an overshoot in the transmem-
brane potential might be difficult to observe for other
reasons. (1) For a pheromone-sensitive ORN, these ef-
fects might not be visible because the sensitivity to the
pheromone components are very different (large «). This
is consistent with the equality of the dynamic ranges for
the transepithelial receptor potential and the firing rate in
moth pheromone ORNSs (Zack 1979). (2) For an ORN
responding to many odorants with overlapping sensi-
tivities (food odours), the effects might not be seen be-
cause the dendrites are too short (see Fig. 8). (3) In the
studied model, the maximum conductances in both
neurons are assumed equal, whatever their sensitivities
(see Fig. 2). If the stimulus with the highest threshold
evokes a smaller maximal conductance, the effects pro-
duced, including the size of the overshoot, will be smaller
than in the present model. (4) The model applies to the

0
2 4 6 0

Sensitivity ratio log

0.5 1
Length of sensory dendrite

transmembrane potential, which was never measured in
vivo, and is only indirectly related to the firing rate. If the
firing rate is not a linear function of the transmembrane
receptor potential, the observation of an overshoot of the
latter may be prevented. This is the case, for example,
when the maximum rate is reached before saturation of
the receptor potential. (5) In the electrical model studied
the ORNs contain no “‘active” components. This seems
justified for the ORNSs housed in the trichoid sensilla of
moths (for references see above), but might be wrong for
other sensilla. Interpretations (2) to (5) may apply to the
response to ethyl acetate of the abl sensillum type men-
tioned above (de Bruyne et al. 2001). Choosing between
these alternatives calls for further experimental and
computational studies.

Other reasons for grouping ORNs into sensilla

The presence in sensilla of pairs or triplets of ORNs with
different sensitivities may have other reasons than the
electrical interaction between them in the same sensil-
lum. Developmental and other physiological reasons are
also important, and their inventory is likely far from
being completed. For example, such grouping permits,
by a series of controlled cell divisions during develop-
ment (Keil 1999), obtention of the same numbers of
ORNSs of two or three different types on the antenna.
Moreover, recent experiments by Fadamiro et al. (1999)
showed that the Heliothis zea males can discriminate
whether a single or two pheromone components are
present in the same filament of the pheromone plume.
According to the authors, this is possible only if the pair
of different ORNs involved in the reception of these
components are co-compartmentalized within the same
sensillum (see discussion in Todd and Baker 1999).
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