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Abstract
A mathematical model of perireceptor and receptor events has been developed for olfactory sensilla on the antennae of
the moth Antheraea polyphemus. The model includes the adsorptive uptake of pheromone molecules by the olfactory
hair, their transport on and within the hair by diffusion, the formation of a complex of pheromone and the extracellular
pheromone-binding protein (PBP), the interaction of the complex pheromone–PBP with the hypothetical receptor molecule on
the plasma membrane of the olfactory cell, the deactivation of the pheromone and, finally, its enzymatic degradation. In the
model the PBP with its reduced form (with one or two intramolecular disulfide bonds) first acts as a carrier of the odorant.
Later, while the pheromone is bound, it changes to an oxidized form (three disulfide bonds) with a scavenger function
(carrier-to-scavenger model). This process of pheromone deactivation rather than the enzymatic pheromone degradation is
responsible for the fall of the receptor potential after stimulus offset. The model is based on morphometrical, radiometrical,
electrophysiological and biochemical data reported by several authors. The study supports the idea that peripheral events
rather than intracellular signalling processes govern the kinetics of the receptor potential in the unadapted receptor cell.

Introduction
Before   pheromone molecules (F) reach the olfactory
receptor neuron of an insect antennal hair (sensillum
trichodeum), they may interact not only with receptor
molecules (R) at the plasma membrane of the neuron but
also with various proteins dissolved in the sensillum lymph:
the well known pheromone-binding proteins (PBP), and
the pheromone-degrading enzymes (E). As suggested in this
paper, a further enzyme (N) is involved in the rapid phero-
mone deactivation postulated by Kaissling (Kaissling,
1972). All of these interactions, the so-called perireceptor
events (Getchell et al., 1984; Pelosi, 1996; Hildebrand and
Shepherd, 1997; Stengl et al., 1999) and the interactions
of stimulus and receptor molecules contribute to olfactory
transduction. It will be shown that peripheral interactions
rather than intracellular signalling processes may determine
the kinetics of the unadapted receptor potential, that is here
the change of the transepithelial potential recorded from
single sensilla upon pheromone stimulation (Kaissling and
Thorson, 1980; Boeckh and Ernst, 1987), as also reflected
in the electroantennogram (Schneider, 1992). This idea is
based on the observation that receptor potentials elicited by
certain pheromone derivatives differ in their kinetics from
the responses to the pheromone itself (Kaissling, 1974,
1977, 1998a). In principle, each of the peripheral inter-
actions may contribute to the relationships between the
structure of the stimulus molecule and the receptor cell
response.

Since Kasang (Kasang, 1971) detected the enzymatic
pheromone degradation on the antennae of silkmoths, a
mass of experimental data on peripheral interactions has
been accumulated which requires a mathematical model
for an appropriate interpretation. The data were obtained by
using morphometrical (Gnatzy et al., 1984; Keil, 1984),
radiometrical (Kanaujia and Kaissling, 1985; Kasang et al.,
1988, 1989a,b; Kaissling, 1995), electrophysiological (Zack,
1979; Meng et al., 1989) and biochemical methods (Vogt and
Riddiford, 1981, 1986; Vogt et al., 1985; Raming et al., 1989;
Du and Prestwich, 1995; Maida et al., 1995, 2000;
Ziegelberger, 1995; Prestwich, 1996; Sandler et al., 2000).
The analysis is restricted mainly to experiments on the male
saturniid moth Antheraea polyphemus and the receptor cell
responding to the major pheromone component (E,Z)-6,11-
hexadecadienyl acetate. Some data obtained from Bombyx
mori are included (Kaissling, 1987) (also A.V. Minor et al.,
unpublished data).

Several qualitative models of peripheral interactions have
been proposed, especially after Vogt and Riddiford (Vogt
and Riddiford, 1981) detected the abundant pheromone-
binding protein or PBP (Vogt et al., 1999) and the phero-
mone-degrading enzyme in the sensillum lymph bathing
the receptor-cell dendrites inside the hairs. On the basis of
morphological contacts between pore tubule and receptor-
cell membrane Steinbrecht and Mueller (Steinbrecht and
Mueller, 1971), Vogt and Riddiford (Vogt and Riddiford,
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1981), and Kaissling (Kaissling, 1986) discussed that the
pheromone molecules reach the receptor cell membrane
directly via the pore tubule of the hair wall and are, after
their excitatory action, deactivated by binding to the PBP.
Thus, the binding protein would act as a scavenger. How-
ever, the contacts between pore tubules and receptor-cell
membrane were observed rarely and their existence turned
out to be difficult to prove (Steinbrecht, 1973, 1997; Keil,
1984; Keil and Steinbrecht, 1984). The pheromone-binding
assay of Kaissling et al. (Kaissling et  al., 1985) demon-
strated a solubilizer function of the PBP. Hence the PBP
came to be considered as a carrier for the transport of the
lipophilic pheromone through the sensillum lymph towards
the receptor cell (Vogt et  al., 1985; Vogt and Riddiford,
1986). Wojtasek and Leal (Wojtasek and Leal, 1999) and
Sandler et al. (Sandler et al., 2000) considered the PBP as a
carrier but not a scavenger.

With the PBP as a carrier the mechanism of the rapid
pheromone deactivation by binding  to  the PBP became
questionable, since a scavenger would be inappropriate as
a carrier. The rapid deactivation had been postulated by
Kaissling (Kaissling, 1972) because the enzymatic degrad-
ation of the pheromone on the moth antenna in vivo takes
minutes (Kasang, 1971; Kasang and Kaissling, 1972;
Kasang et al., 1988, 1989a,b) and is too slow to account for
the fall of the receptor potential within seconds after the
end of stimulus exposure. In view of the slow pheromone
degradation found in vivo, the purified pheromone degrad-
ing esterase isolated from A. polyphemus antennae acted
surprisingly fast (Vogt et al., 1985). This discrepancy would
be resolved if the pheromone is protected from degrad-
ation while bound to the PBP (Vogt and Riddiford, 1986;
Kaissling, 1986, 1987).

Van den Berg and Ziegelberger (Van den Berg and
Ziegelberger, 1991) found that pheromone-containing buffer
applied inside the hair excited the receptor cell ~100-fold
more effectively when PBP was added. This result supported
the solubilizer and carrier function of the PBP. Further-
more, it was suggested that the pheromone interacts with the
receptor molecule while bound to the PBP (Kaissling, 1986,
1987). The latter view was shared by Du and Prestwich (Du
and Prestwich, 1995) and Prestwich (Prestwich, 1996), who
studied the binding of pheromone and PBP.

Ziegelberger (Ziegelberger, 1995) presented evidence for
the idea that the PBP—sequentially—acts as both a carrier
and a scavenger. She found that the PBP does indeed occur
in two forms in A. polyphemus, a reduced form with one or
two disulfide bridges and an oxidized form with three
disulfide bridges. Her in vitro experiments suggest that
pheromone molecules (F) entering the olfactory hair lumen
are mostly bound to the PBP in its reduced form (Bred),
thus being solubilized and transported to the receptor cell.
The complex of pheromone and reduced PBP (FBred) may
interact with a receptor molecule. Finally it turns into the
oxidized form (FBox), which is assumed to be unable to

activate receptor molecules. This ‘redox shift’ was in vitro
shown to be catalysed by an agent contained within the ol-
factory hairs (Ziegelberger, 1995), possibly by the receptor
molecules (Kaissling, 1998b; Rospars et al., 2000) or a
separate enzyme (N) as discussed by Kaissling (Kaissling,
1998a).

Kaissling (Kaissling, 1998b) quantitatively modeled a
simplified reaction scheme, which included the stimulus
uptake, the interaction of the stimulatory complex (FBred)
and the  receptor molecule (R), as well as a pheromone
deactivation by the redox shift of the PBP. This model was
used to derive tentative rate constants for these reactions.
The extended model presented here is based on new
experiments and includes further interactions: diffusional
transport of the pheromone from the hair surface to the
receptor cell; activation of the receptor molecules; binding
of pheromone to the PBP; deactivation of the pheromone by
the postulated enzyme N; and the enzymatic pheromone
degradation. It permits a number of open questions to be
discussed on a quantitative basis.

A network of chemical reactions between the stimulus
molecule and all of the above reaction partners (R, Bred, Box,
E and N) is modeled using a computer program that allows
adjustment of the initial concentrations (indicated by (0)) of
each reaction partner as well as the rate constants for every
reaction included. The computer model (see Computer
Modeling) simulates the time course of every reaction
partner and of the receptor potential elicited by pheromone
stimuli of defined intensity and duration.

For comparison and discussion, a simpler model with
only one form of the PBP, i.e. without a redox shift, is
presented in Appendix B. In this model the free pheromone
rather than that bound to PBP interacts with the receptor
molecule.

The model reaction network
In the reaction network proposed (Figure 1) the pheromone
is adsorbed (reaction 1) and diffuses along the hair surface
and through the hair wall via the pore tubules. Entering the
hair lumen, the pheromone (F) encounters three reaction
partners dissolved in the sensillum lymph: the pheromone-
binding protein (PBP), more precisely its reduced (Bred) and
its oxidized form (Box), and the pheromone-degrading
enzyme (E) (reactions 2, 7 and 8, respectively). The complex
FBred interacts with the receptor molecule (R) (reaction 3)
whereas the free pheromone (F) and the complex FBox (and
also FE) are unable to activate receptor molecules. The
ternary complex (FBredR) may go to an activated state
(FBredR′) which initiates cell excitation (reaction 4). The
enzyme (N) postulated here catalyses the redox shift
FBred → FBox deactivating the pheromone (reactions 5
and 6). The free pheromone is degraded by the enzyme E
(reaction 9). After an initial network of these nine reactions
had been constructed, it turned out that further reactions
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are required to allow for an enzymatic degradation of the
bound pheromone: 10 and 11 for the complex FBox, or 12
and 13 for FBred. Most reactions can take place in a forward
and in a reverse direction, with the rate constants ki and
k–i, respectively. The catalytic steps 6, 9, 11 and 13 of the
enzymatic reactions are considered to be irreversible.

Reaction 1: uptake of pheromone by the olfactory hairs

The number of stimulus molecules adsorbed on the antenna
of male A. polyphemus has been determined for various
stimulus intensities using 3H-labelled pheromone. The frac-
tion adsorbed on the sensilla trichodea was 80% of that
adsorbed on the whole antenna. At least half of the
molecules adsorbed by the hairs were found in the sensillum
lymph, and probably most enter the hair lumen (Kanaujia
and Kaissling, 1985; Kaissling, 1995). Since very little
desorption was found after fresh air had been blown over
the antenna for as long as 30 min (Kanaujia and Kaissling,
1985), the amount of stimulus molecules on the antenna
must increase linearly during exposure to a constant
stimulus flux (Kaissling, 1998a).

Diffusion within the olfactory hair

The latency of single elementary receptor potentials (ERPs,
see below) elicited by single pheromone molecules has
been thought to be due to diffusion of the pheromone from
the adsorption site on the hair surface to the receptor cell
dendrite inside the hair lumen. From the latencies—on
the average several 100 ms (Kaissling, 1987)—an apparent
diffusion coefficient of  5 · 10–9 cm2/s has been calculated.
However, a much larger diffusion coefficient of 3 · 10–7 cm2/s
has been determined for the longitudinal migration of
tritium-labelled pheromone on and within the olfactory
hairs of A. polyphemus (Kanaujia and Kaissling, 1985); see
also Steinbrecht (Steinbrecht, 1973) for Bombyx mori. As
shown below, other processes than diffusion are responsible
for the latencies of the ERPs.

The measured diffusion coefficient of 3 · 10–7 cm2/s most
likely applies to the diffusion of stimulus molecules within
the sensillum lymph, while bound to the PBP; a diffusion
coefficient in this range is expected for a protein of this size
(15 kDa). Apparently, the pheromone adsorbed on the
cuticle diffuses even faster: the longitudinal migration of
pheromone measured for dried hairs was about threefold
faster than in intact hairs (Kanaujia and Kaissling, 1985).
Tentatively, this migration is considered to occur by dif-
fusion on the cuticle. The diffusion across the hair wall via
the pore tubules is assumed to have a coefficient in the same
range as cuticular diffusion (assumption A) since the pore
tubules seem to consist of the same material as the outer-
most layer of the hair cuticle (Steinbrecht, 1997).

With a diffusion coefficient >3 · 10–7 cm2/s the phero-
mone molecules would become distributed on and within
the hair (diameter 2–3 µm) within <10 ms. Because this time
is short compared with the transients of the receptor
potential, it seems adequate to express the amount of each
molecular species of the network in relation to the total hair
volume (2.6 pl), about half of which is occupied by the hair
lumen. Accordingly, the adsorptive stimulus uptake U (Fig-
ure 1, reaction 1) is defined as the number of  pheromone
molecules adsorbed per second by a hair divided by the
volume of the hair and will be expressed as µM/s.

In order to study the possible effects of diffusion on the
receptor potential, especially on its relatively fast rise after
stimulus onset, the chemical network model is combined
with the diffusion model of J. Thorson, described elsewhere
(Kaissling, 1987). In this model the stimulus molecules are
adsorbed on a circular area of the hair surface around
each pore with a diameter of 0.5 µm, corresponding to the
spacing of pores in the hair wall. The adsorbed molecules
randomly walk within this area, being reflected at its bound-
ary and trapped at the pore entrance (diameter 10 nm). Then
they diffuse along the pore tubules until they reach the inner
end and enter the sensillum lymph. The length of the pore
tubules (1 µm used here) represents about the average dis-
tance from the hair wall to the receptor cell, although in

Figure 1 Redox model: hypothetical reaction network of perireceptor and
receptor events for pheromone reception in the moth A. polyphemus. (1)
Adsorption of the pheromone F on the surface of the olfactory hair and
diffusion towards the receptor cell. (2) Binding of F and the reduced form of
the binding protein Bred. (3) Binding of the stimulatory complex FBred to the
receptor molecule R at the receptor cell membrane. (4) Activation of the
ternary complex FBredR. The activated complex FBredR′ is thought to trigger
cellular transduction processes. (5, 6) Redox shift of the complex FBred

to FBox, which is catalysed by the postulated enzyme N (pheromone
deactivation). (7) Binding of F and Box. (8, 9) Enzymatic degradation of
F into the metabolite M by the sensillar esterase E. (10–13) Degradation
of the complexes FBox and FBred by E into MBox and MBred, respectively.
Small arrows indicate reverse reactions. Areas in grey: enzymatic reactions
including association with and dissociation from the enzymes (reactions 5,
8, 10 and 12), and the catalytic reactions 6, 9, 11 and 13 considered to be
irreversible.
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A. polyphemus the  tubules often are shorter and seldom
connect with the receptor cell (Keil, 1984). Using an
overestimated tubule length may approximately compensate
for the fact that the time needed for the transport from the
inner end of the tubules to the receptor cell is neglected here.

Reactions 2 and 7: binding of pheromone to PBP

As shown for homogenates of isolated hairs after native gel
electrophoresis, Bred and Box comprised 87 and 13% of the
PBP, respectively (Ziegelberger, 1995). According to these
percentages and to the concentration of the PBP found in
the sensillum lymph—5–10 mM (Vogt and Riddiford, 1981;
Klein, 1987)—we use initial concentrations (amounts related
to the entire hair volume, see above) of 3.5 and 0.5 mM for
Bred(0) and Box(0), respectively.

The free pheromone F adsorbed by the hair binds in the
model to both forms of the PBP, the reduced form Bred
(reaction 2) and the oxidized form Box (reaction 7). After an
incubation of  the homogenate for 1 min, Bred bound 83%
and Box bound 17% of the radiolabelled pheromone com-
ponent   (E,Z)-6,11-hexadecadienyl acetate (Ziegelberger,
1995). These numbers together with the relative amounts of
the two forms of the PBP indicate a similar affinity of the
pheromone to either form. Thus, for both forms of the PBP
we use the same dissociation constant of 60 nM as deter-
mined in a binding assay with the native PBP isolated from
antennal branches of A. polyphemus (Kaissling et al., 1985).
The two constants are Kd2 for FBred [see equation (A16) in
Appendix A] and Kd7 for FBox [see (A20)]. Using a different
assay, Du and Prestwich (Du and Prestwich, 1995) found
a Kd of 640 nM for the recombinant PBP, that most likely
occurs in the oxidized form. A lower affinity of the oxidized
form is supported by recent work (Maida et al., 2000). As
shown below, the values of the dissociation constants are
less important for the model than those of certain rate
constants.

Reaction 3: the binding of the stimulatory complex FBred

to the receptor molecule

On the basis of the experiments of Van den Berg and
Ziegelberger (Van den Berg and Ziegelberger, 1991)—see
Introduction—it is assumed that the complex FBred rather
than the free pheromone binds to the (for A. polyphemus still
hypothetical) receptor molecules (assumption B). This
assumption seems reasonable if an extremely small fraction
of the pheromone in the sensillum lymph is free, i.e. not
bound to the PBP, which is expected from the high
concentration of the PBP and its dissociation constant (see
below).

Reaction 4: the activation of receptors

It is generally assumed that receptor molecules may adopt an
activated state due to binding of a ligand (Del Castillo and
Katz, 1957; Kaissling, 1977; Lauffenburger and Linderman,
1993; Rospars et al., 2000). Accordingly, after binding of

the stimulatory ligand FBred to R we let the complex FBredR
change to an activated state FBredR′ (reaction 4), which
initiates cellular transduction processes. We assume that the
activation of the receptor molecules is reflected by the ERPs
(assumption C) elicited by single pheromone molecules
(Kaissling and Thorson, 1980; Kaissling, 1994a). From the
ERPs, rate constants of the receptor activation can be
deduced—see below (A.V. Minor et al., unpublished data).

Reactions 5 and 6: the redox shift of the PBP

The model includes the assumption that the complex FBox
is inactive; only the complex FBred activates the receptors
(assumption D). Accordingly, the redox shift from FBred to
FBox deactivates the pheromone. The redox shift of the PBP
found by Ziegelberger (Ziegelberger, 1995) in homogenates
of isolated olfactory hairs must be catalysed by an agent
within the hair, since no redox shift occurred with purified
PBP and pheromone. Here we postulate the existence of an
enzyme N catalysing the redox shift (see Discussion).

Reactions 8–13: the enzymatic pheromone degradation

Reactions 8 (association with and dissociation from the
enzyme) and 9 (catalytic step) represent the enzymatic de-
gradation of the free pheromone into a non-stimulatory
metabolite M. The enzyme concentration in situ was esti-
mated as maximally 1/10 000 of the concentration of the
pheromone-binding protein (Vogt et al., 1985), which
amounts to E(0) = 400 nM for the model.

Pheromone molecules bound to PBP are largely protected
from degradation by the enzyme E (assumption E). This
assumption is inferred from experiments of Vogt and
Riddiford (Vogt and Riddiford, 1986), who found that PBP
added to a solution of pheromone and sensillar esterase,
the latter purified from male antennae of A. polyphemus,
reduced the velocity of pheromone degradation. As shown
below, the degradation of only the free pheromone would
be much too slow to explain the rate of pheromone de-
gradation measured on intact antennae. This means that the
protection cannot be complete; the enzyme must be able
to degrade, to some extent, the pheromone bound to PBP
(reactions 10–13).

In summary, together with experimental data the follow-
ing assumptions (A)–(E) were used to construct the reaction
network proposed here (Figure 1).

(A) The transport of pheromone towards the receptor cell
occurs with the same diffusion coefficient as deter-
mined for longitudinal migration on the hair.

(B) Only the complex FBred activates the receptor mol-
ecules.

(C) The elementary receptor potentials elicited by single
pheromone molecules reflect the temporal pattern of
the activation of single receptor molecules.

(D) The observed redox shift FBred → FBox deactivates
the pheromone molecules.
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(E) Pheromone molecules bound to PBP are largely, but
not fully protected from enzymatic degradation.

The determination of model parameters
After the construction of a reaction  network, tentative
model parameters (Figure 2) will be determined analytically,
based on experimental data and further assumptions (F)
and (G), as shown in the following. In a later section these
parameters will be used in a computer simulation of the
receptor potential (derived by J. Thorson, Oxford).

The reaction network is described by equations (A1)–
(A11) in Appendix A. Some of these equations can  be
simplified since certain mass flows turned out to be very
small in relation to other flows. Thus we obtain the
approximate equations (A12)–(A14) from (A1), (A4) and
(A8), respectively. Correspondingly, some of the constants
for flow equilibrium at constant stimulus uptake U [(A16)–
(A23)] are approximate equations [(A16), (A19) and (A20)].
The initial concentrations  of E, R and  N are given by
equations (A24)–(A28). Equation (A24) is simplified to
(A25). For saturating stimuli, equation (A26) becomes
(A27). The factors Q1–Q5, determined experimentally, are
defined in equations (A29)–(A33), respectively.

The rate constants for binding of pheromone to PBP
(reactions 2 and 7)

For determining the rate constant k2 we use the flow
equilibrium with equation (A15)

U = k2 · F ·Bred + k9 · FE (1)

Here the very small direct flows of F to and from Box are
neglected (see below). To estimate k2, we assume that only
very few of the stimulus molecules adsorbed are enzym-
atically degraded before they have a chance to bind to Bred
and to hit a receptor molecule. Most likely, not only the size
and construction of the antenna but also the perireceptor
processes in the pheromone sensilla are optimized for
providing high sensitivity of pheromone detection. Thus
most of the molecules adsorbed, the fraction Q1 [= 99%,
equation (A29)], should bind to Bred. Using equations (A21)
and (A29) we find from equation (1)

(2)

For small uptake values we set E ≈ E(0) and Bred ≈ Bred(0) and
find

(3)

The Km of the purified esterase [Km8,9 = 2.2 µM, see
equation (A21)] and the rate constant k9 of metabolite
production were determined in vitro by Vogt et al. (Vogt et
al., 1985). Here we use k9 = 30/s, which is a value between
that derived from Vogt et al. (= 45/s) and that from Vogt
and Riddiford [= 7/s (Vogt and Riddiford, 1986)]. With a
concentration of E(0) = 0.4 µM (Vogt et al., 1985), Bred(0) =
3.5 mM (see above) and Q1 = 0.99 we obtain k2 =
0.154/(µM · s). From this value of k2 and the dissociation
constant Kd2 = 60 nM [see (A16)] we find k–2 = 0.00924/s. In
the following we use a rounded value of k–2 = 0.01/s and
k2 = 0.17/(µM · s).

For the dissociation of FBox we choose a rate constant
k–7 = 0.000,01/s, 1000-fold smaller than k–2, in order to
adjust the level of tailing of the receptor potential (see
below). From this number and the dissociation constant
Kd7 = 60 nM we arrive at k7 = 0.000,17/(µM · s) for the
association of F and Box. Note that with this number and
with Box(0) = 0.5 mM (see above), the direct flow of F to Box
(= k7 · Box(0) · F) is negligible, it amounts to only 1/7000 of
the flow of F to Bred (= k2 · Bred(0) · F).

The rate constants for the receptor interactions (reactions
3 and 4)

On the basis of the assumption C, three rate constants for
the interaction of the stimulatory complex FBred with the
receptor molecules R have been determined by an analysis
of the ERPs (A.V. Minor et al., unpublished data). This
analysis was done using ERPs recorded extracellularly from
pheromone receptor  cells of the silkmoth Bombyx mori
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Figure 2 Parameters of the redox model (Figure 1), obtained from
biochemical, morphometrical, radiometrical and electrophysiological studies
of various authors on A. polyphemus, including assumptions and model
considerations. Asterisks denote values obtained from Bombyx mori (see
text). Areas in grey: rate constants of enzymatic reactions.
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(Kaissling, 1977, 1994a). The ERPs consist of transient
voltage changes (bumps) of small amplitude (<1 mV) and
~10 ms duration which occur as single events or in bursts of
two to about ten bumps. It is assumed that a bump reflects a
single activation  of the receptor molecule,  leading to a
transient increase of the conductance of the receptor cell
membrane; a single pheromone molecule elicits a single
activation or a burst of activations when bound to a single
receptor molecule (A.V. Minor et al., unpublished data).
The measured values included the durations of bumps and
the gaps between bumps within the bursts, as well as the
number of bumps per burst. From these data several rate
constants were calculated: k–3 (= 7.9/s) for the dissociation
of the ternary complex (FBredR), and both rate constants of
the activation of the receptor molecule, k4 (= 16.8/s) and k–4
(= 98/s). These rate constants are considered as tentative
values for the model discussed here for A. polyphemus. The
rate constant k3 was determined from the response kinetics
as shown below.

The receptor molecules (R) and the postulated enzyme (N)
(reactions 3, 5 and 6)

The model parameters R(0), k3, and two of the parameters
N(0), k5, k–5 and k6 may be determined from experimental
data, i.e. from:

. the stimulus uptake Usat necessary for the saturation of
the receptor potential amplitude;. the rate constant kfall of the fall of FBredR′ after stimulus
offset, obtained from the fall of  the receptor potential;
and. the fraction Q3 of stimulus molecules adsorbed at weak
stimulation which elicit elementary responses.

(1) For a flux detector at flow equilibrium, Usat is the
uptake at which saturation of the receptor molecules is
reached (Kaissling, 1998a). Usat can be defined from the
uptake–response relationship for FBredR′ at flow equi-
librium which is derived in Appendix A [equation (A38)]

(4)

It seems reasonable (see below) to assume that receptor R
and enzyme N half-saturate at the same concentration of
FBred (assumption F). With this assumption (Kd3 · Q4 =
Km5,6) we find equation (A40)

(5)

showing a linear dependence of FBredR′ on U. If we set this

equation = 1 for the maximum value of FBredR′, we obtain
equation (A41)

k6 · N(0) ≈ Usat · Q1 (6)

The uptake Usat must be reached at (or above) saturation of
the uptake–response curve of the steady receptor potential
amplitude. From the measured curve (Figure 3A) we take
Usat = 30 µM/s as a minimum value, and obtain the product
k6 · N(0) ≈ 29.7 µM/s.
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Figure 3 Dose–response functions of the receptor potential recorded
(dots), comparison with the redox model (circles). Abscissa: stimulus uptake
U (molecules adsorbed per second and per total hair volume, given in µM/s)
calibrated using the 3H-labelled pheromone (Kaissling et al., 1987; Kaissling,
1995). Dots: data obtained from recordings from single sensilla trichodea of
male A. polyphemus stimulated  by the major pheromone component
(E,Z)-6,11-hexadecadienyl acetate (Zack, 1979). The lower three values were
re-measured by Blanka Pophof (Seewiesen). Circles: responses of the redox
model using the standard parameters (Figure 2). (A) Steady mV-amplitudes
of the receptor potential reached after stimulation for 2 s. The steady
µM-levels of FBredR′ reached after 2 s increase in linear proportion to the
uptake, over the entire range of the latter. (B, C) Half times of the transients
of the receptor  potentials  after stimulus offset (fall) and onset (rise),
respectively. All model amplitudes in (A) and the one model half-time at the
‘adjustment uptake’ of –2 in (B) were adjusted to the data. All other model
half-times in (B) and (C) were obtained after conversion of the FBredR′ values
into mV amplitudes (see text).
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(2) The rate constant kfall of the  fall  of FBredR′ after
stimulus offset is

(7)

Using equations (A14) and (A19) for small uptake values we
find

(8)

Thus we may use kfall in order to determine Q2 [equation
(A30)]

(9)

The value of kfall may be estimated using the fall of the
receptor potential after stimulus offset. For this purpose, the
momentary amplitude of the receptor potential (in mV)
has to be converted into the concentration of the activated
receptors (FBredR′). This conversion is based on the assump-
tion that during the relatively slow fall of the potential after
stimulus offset, the relationship between the mV-amplitude
and FBredR′ at every moment is approximately the same as
at flow equilibrium—assumption G (Kaissling, 1998b). The
same relationship we find between the mV-amplitude and
the uptake U, since at flow equilibrium FBredR′ is propor-
tional to U. With assumption F we find this proportionality
from equations (5) and (6)

(10)

For Usat = 30 µM/s and FBredR′max = 0.2 µM (Figure 3A),
the proportionality factor is FBredR′/Usat = s/150.

The relationship between the ‘steady’ mV-amplitudes of
the receptor potential and FBredR′ is represented by the
‘steady’ uptake–response function covering a wide range of
antennal stimulus uptake (Figure 3A, dots). The responses
were measured by Zack (Zack, 1979) after 2 s of stimulation
when the receptor potential almost reached a constant level.
The uptake was calibrated by means of radiolabelled
pheromone (Kanaujia and Kaissling, 1985; Kaissling, 1995).
The empirical uptake–response function was implemented
in the computer program (Figure 3A, circles). Asterisks in
Figure 3A give the linear increase of FBredR′ for 2 s stimuli,
in the lower range of uptake not visible in the semilog plot.

By means of  the ‘steady’ uptake–response function and
on the basis of assumption G and equation (10) the

momentary receptor potential amplitudes during the fall
of the receptor potential were converted into momentary
values of FBredR′/FBredR′max. This way the fall of FBredR′
was reconstructed from the fall of the receptor potential
after stimulus offset, and from this the half life tfall/2 of
FBredR′ was determined. A value of tfall/2 = 0.83 s was
determined for an ‘adjustment uptake’ of 0.01 µM/s, in the
lower range of uptakes. From the relationship

kfall = ln2/tfall/2 ≈ Q2 (11)

we find kfall = 0.83. For calculating the model parameters we
use the approximate value of kfall,  namely Q2 =  0.924/s
[equation (9)] which reveals optimal simulation of the fall
time at the adjustment uptake. From equations (A30) and
(6) we find

(12)

According to assumption F and using equation (A32) we
find Kd3 = 37.7 µM. With the latter and equation (A17) we
obtain k3 = 0.209/(µM · s).

From k6 · N(0) = 29.7 µM/s and Km5,6 = 32.1 we may
determine possible sets of the partially free parameters N(0),
k5, k–5 and k6, by arbitrarily choosing two  of the four
parameters. For instance, if we set N(0) = 1 µM, we get
k6 = 29.7/s, and if we then set k5 = 4/(µM · s), we get k–5 =
Km5,6 · k5 – k6 = 98.9/s.

It should be noted that the velocity of the redox shift was
measured using homogenates of isolated olfactory hairs
(Ziegelberger, 1995; Kaissling, 1998b). Taking into account
the 200-fold dilution of the homogenate, the rate constant of
the redox shift in vitro [determined from Figure 6 in
Ziegelberger (Ziegelberger, 1995)] is kfall in vitro = 0.074/s,
which is 8% of Q2, the value of kfall used for optimal
simulation (see above). The fact that kfall in vitro is smaller
than kfall could indicate partial decomposition of the enzyme
N in the homogenate assuming that the rate constants k5, k–5
and k6 are unchanged in vitro.

(3) For determining R(0) we need the fraction Q3 [equation
(A31)] of pheromone molecules adsorbed by the antenna
activating a receptor molecule. Voltage recordings at weak
stimulus intensities revealed that 25% of the molecules
adsorbed elicited a nerve impulse (Kaissling, 1987). The
spikes are preceeded by ERPs which are thought to reflect
activations of single receptor molecules (see above). Conse-
quently, the rate rERP of the ERPs [equation (A42)] depends
on the rate of associations of FBred and  R and  on  the
fraction Q5 [equation (A33)] of the FBredR complexes
formed that become activated. As shown in Appendix A,
equations (A42) and (A43) can be used to calculate R(0)
[equations (A44)–(A46)]. With assumption F we find
equation (A47)
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(13)

where the expression in brackets (= 0.22 s) can be con-
sidered as a dwelling time of the pheromone in the ternary
complex (FBredR and FBredR′). Since not all ERPs elicit a
nerve impulse, Q3 = 25% is a minimum value. Also Usat =
30 µM/s is a minimum value (see above). Consequently, R(0)
is a minimum value. Using the above values of Q3 and Usat
in equation (13) we find R(0) ≈ 1.6 µM. This is ~15% of the
value of 10.9 µM expected for the maximum density of
receptor molecules in the plasma membrane of the receptor
cell dendrite, with 40 000 units per µm2 (see Discussion).
Assumption F (Kd3 · Q4 = Km5,6) seems reasonable since Kd3 ·
Q4 > Km5,6 would reveal even higher numbers of recep- tor
molecules, whereas Kd3 · Q4 < Km5,6 would let the receptors
half-saturate at too low uptake values (Kaissling, 1998a).

The rate constants for the enzymatic degradation of the
free pheromone F (reactions 8 and 9)

For the dissociation of F and E we set k–8 ten times higher
than k9 (= 30/s, determined for the purified esterase by Vogt
et al., see above) to k–8 = 300/s, according to common
enzyme  systems,  in which  the  product formation is the
slowest reaction. From Vogt’s value of Km8,9 = 2.2 µM and
k9 = 30/s we then obtain k8 = 150/(s · µM).

The rate constants for the degradation of the complexes
FBox and FBred (reactions 10 to 13)

The half life of the pheromone adsorbed on living antennae
of male A. polyphemus was found to be 3.0  ± 0.3  min
(Kasang et al., 1988), whereas the half life obtained from
the simulation of the reactions 1–9 is >1000-fold larger. The
modeled half life is too long if only the free pheromone is
enzymatically degraded (reactions 8 and 9) and since the
proportion of free/bound pheromone is small. The small
proportion of free pheromone results from the high
concentration of the PBP and the high association rate k2 of
PBP and pheromone as demonstrated in the following.

The computer simulation of the reactions 1–9 shows that
during and even more after the stimulation offset, the frac-
tion of the free pheromone (F) is minute and most of the
pheromone adsorbed is bound to Bred and Box. For instance,
with an uptake of 1 µM/s we find the following concentra-
tions at the end of a 2 s stimulus

F = 0.0018 µM FBred = 0.87 µM FBox = 1.0 µM
M = 0.0186 µM

At 8 s after stimulation offset we have

F = 5 · 10–8 µM FBred = 0.001 µM FBox = 1.965 µM
M = 0.0187 µM.

The ratio free/bound is F/(FBred + FBox) ≈ 10–3 during,
and ≈ 4 · 10–7 after, stimulation. From the above discrepancy
between the half life of the pheromone measured on the
antenna and the half life expected from the reactions 1–9 we
conclude that the pheromone bound to the PBP is not fully
protected from the enzyme. Thus, a limited degradation of
the large amount of pheromone bound to PBP must occur.
We propose that the enzyme is able to bind and to metab-
olize the complex FBox to a non-stimulatory metabolite
MBox (reactions 10 and 11, Figure 1). In order to fit the
measured pheromone degradation we set the value of the
rate constant k10 for the association of FBox and E 1000-fold
smaller than k8 [k10 = 0.15/(µM · s)] whereas we keep k–10
(= 300/s) and k11 (= 30/s) equal to k–8 and k9, respectively.
This corresponds to an affinity between FBox and E with
Km10,11 = 2.2 mM [equation (A22)], which is 1000-fold
smaller than that between F and E (with Km8,9).

A high value of Km10,11 is supported by observations in
living Bombyx antennae loaded with high doses of radio-
labelled bombykol. The bombykol degradation did not
saturate at antennal loads of 1013 pheromone molecules,
corresponding to a concentration of ~1 mM on the hair
(Kasang and Kaissling, 1972). Signs of saturation (pro-
longed half life  of pheromone) were  detected when the
antennal load was increased to 1015 pheromone molecules
(Kasang, 1973). We assume similar concentrations of sat-
urating stimuli for A. polyphemus since there are similarities
in pheromone degradation in the two species. Thus, the half
life of  pheromone was 3.5 min in male Bombyx antennae
(Kasang and Kaissling, 1972) and 3 min in male antennae of
A. polyphemus (Kasang et al. 1988). Metabolic pheromone
breakdown was found on isolated hairs of A. polyphemus
(Kasang et al., 1989b).

According to equations (A11a) and (A22), the velocity of
degradation of FBox is given (for FBox < Km10,11) by

(14)

With Km10,11 = 2.2 mM and if the rate constants k–10 and k11
are kept equal to k–8 (= 300/s) and k9 (= 30/s), respectively,
the computer simulation (see below) shows a half life of
the bound pheromone FBox of 2 min, in the range of the
measured half life of 3 min (Figure 4). Due to the high value
of Km10,11, the half life of the pheromone on the antenna is
constant up to an uptake of 100 µM/s.

In summary, in spite of the 1000-fold lower affinity of
FBox and E, compared with that of F and E, most of the
pheromone adsorbed on the hair is degraded while bound to
Box—simply because the concentration of FBox is so much
larger than that of F.

Finally, in analogy to the degradation of FBox we intro-
duce a degradation of FBred (reactions 12 and 13, Figure 1).
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The rate constants are set equal to those of the reactions 10
and 11:

k12 = k10 = 0.15/(s · µM), k–12 = k–10 = 300/s and k13 = k11
= 30/s.

The simulation of the receptor potential
The time course of the receptor potential was simulated
using the model parameters determined above. In a later
section the model parameters will be varied in order to
demonstrate their influence on the kinetics of the receptor
potential.

For  a  constant stimulus  uptake and a given stimulus
duration, the computer model first calculates the time
course of the concentrations of each  molecular species
including the active ternary complex FBredR′. Examples

generated using the set of parameters listed in Figure 2 are
shown in Figure 5A and B for a medium stimulus uptake
(1 µM/s). Then the values of FBredR′ during and  after
stimulation are converted into mV-values (Figure 5C) by
means of the uptake–response function as described above.

After implementing the steady uptake–response function
(Figure 3A, circles), the computer program generates dose–
response curves of the model receptor potential (a) for the
half time of its fall after stimulus offset (Figure 3B) and (b)
for its rise after stimulus onset (Figure 3C). As described
above, the model half life of the fall of the receptor potential
was adjusted to the data for an ‘adjustment uptake’ of
0.01 µM/s. For uptakes below 0.01 µM/s, the simulated
model half lives (Figure 3B, circles) agree with the data
(Figure 3B, dots). At higher uptakes, however, the model
half lives are smaller than those measured. This discrepancy
may be due to alterations of intracellular transduction pro-
cesses at high stimulus intensities (adaptation).

Figure 4 Redox model, pheromone degradation at different loads of
pheromone. Stimulus duration 2 s. At lower stimulus loads, half of the
pheromone is metabolized after ~2 min (with k10 = 1000 k8). At an uptake
of 1 mM/s the enzyme N is near to saturation which slows down the decline
of FBox.

Figure 5 Time course of (redox) model variables after a 2 s stimulus with
a medium uptake of 1 µM/s. Model parameters as in Figure 2. Line without
symbols in (A) shows the product of pheromone uptake and time. The
concentration of the free pheromone F shows a most rapid increase and fall
(B) whereas FBred (A) and FBredR′ (B) show much slower transients. The
model receptor potential (C) shows the typical asymmetrical shape with
rapid rise and slow fall, produced by the conversion of FBredR′ values into
mV amplitudes.
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Furthermore, the model almost correctly produces the
fast rise times of the receptor potential over the entire range
of uptake values (Figure 3C). The good fit of the rise times
suggests that the intracellular processes leading from the
receptor activation to the electrical signal are fast enough to
reflect even the rapid increase of receptor activation upon
onset of strong stimuli (see Discussion). It also suggests that
adaptation does not occur during the rise. The fit supports
assumption G, on which the conversion between mV ampli-
tudes  and the concentration of FBredR′ was  based (see
above). In conclusion, the model satisfactorily simulates the
transients of the receptor potential, with the exception of
the fall times at higher uptake values.

The model offers an explanation for further character-
istics of the receptor potential kinetics: saturation effects,
the tailing of the response, and the initial delay of the
receptor potential seen at strong stimuli. This is demon-
strated by simulating the responses of single receptor cells
to brief stimuli applied to a single sensillum (Figure 6). For

the simulation of the responses shown in Figure 6A, the
concentration N(0) was changed from 1 to 1.8 µM, since the
fall of the recorded potentials was somewhat faster than
the average fall.

The simulated receptor potentials (Figure 6A,C) agreed
satisfactorily with the measured receptor potentials (Figure
6B,D). With an uptake of 500 µM/s for 200 ms, the fall of
the receptor potential was delayed by about 2 s after
stimulation (Figure 6A,B). This indicates that the response
was saturated, as expected above a stimulus uptake Usat =
30 µM/s. Furthermore, the fall of the simulated receptor
potential (Figure 6A) exhibits the typical tailing as often
observed in recorded receptor potentials, especially at high
stimulus loads on the antenna—Figure 6B (Kaissling,
1998a). As shown below, the tailing may be explained by the
dissociation of the complex FBox. The initial rise of modeled
and recorded receptor potentials is compared in Figure 6C
and D. The responses obtained with stimulation of  single
sensilla at unknown stimulus intensities correspond to
model responses at uptake values in the range of 1 nM/s and
1 mM/s, respectively.

Finally, the influence of diffusion on the initial rise of the
receptor potential becomes obvious at very strong stimuli
(Figure 7A,B). With the diffusion parameters chosen (see
above), the rise of the model receptor potential starts after
a delay of a few milliseconds (Figure 7A). It fits approxi-
mately to the delay observed in single-sensillum recordings
at very strong stimuli (Figure 7B). No such delay of the
model response is seen if diffusion is made infinitely fast
(Figure 7A, smooth curve). These results support assump-
tion A and further strengthen the hypothesis that the
extracellular processes govern the kinetics of the receptor
potential. Diffusion does not noticeably affect the com-
paratively slow fall of the receptor potential (not shown).

In summary, the simulation shows that saturation effects,
the  tailing of the response, and the initial delay of the
receptor potential can be produced by perireceptor events
rather than intracellular processes. The idea that peri-
receptor events govern the kinetics of the receptor potential
is supported by the observation that saturation effects are
obtained with pheromone derivatives, although these com-
pounds elicit smaller maximum amplitudes of the receptor
potential (Kaissling, 1972).

Variation of model parameters
By varying the model parameters we examine the influence
of rate constants and initial concentrations on the kinetics
of the receptor potential. We vary single model parameters
by a factor of ten up and down and show the model
responses (in mV) to a standard stimulus of a non-
saturating uptake of 1 µM/s and 2 s duration (dots in
Figures 8–11). In this section we study the amplitude of the
receptor potential and its fall after stimulus offset for the

Figure 6 Receptor potentials (= negative deflection of the transepithelial
potential) simulated by the redox model (A, C) and recorded from single
sensilla of A. polyphemus (B, D), shown at different time scales. Note that
in (B) and (D) the rise of the recorded receptor potentials is plotted
downwards, the fall upwards. (A, B) Saturating stimuli of 20 and 200 ms
duration. The saturation amplitude of the model receptor potential was
adjusted to 31 mV, the maximum average value reported for the major
pheromone component (E,Z)-6,11-hexadecadienyl  acetate (AC1) (Zack,
1979). In (A) the concentration of N(0) was set to 1.8 µM, in order to fit the
fall of the recorded potentials. Upon 200 ms stimulation, the fall of the
potential starts with a delay of ~2 s, indicating oversaturation of the system.
The model responses show the typical tailing of the receptor potential often
observed at high stimulus intensities. An uptake of 1 nM/s resembles 1.6 ×
103 molecules per hair (volume 2.6 pl) and per second. (C, D) Rise of
receptor potentials at weak and saturating stimuli. The bottom trace in (D)
shows the time of stimulus exposure at the olfactory hair (25 ± 1 ms),
monitored by a pressure detector. (D) Nerve impulses are superimposed on
the receptor potential. Upon strong stimulation impulse firing of the AC1
cell starts after 15 ms, but also the second cell in the hair cell tuned to
(E,Z)-6,11-hexadecadienal (AL) responds weakly. Its first nerve impulse
appears after ~50 ms (see also Figure 7B).
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redox model. For comparisons with the alternative model
see Appendix B and Figures A6 and A7.

Varying stimulus intensity (Figure 8A, see also Figure 3A)

Besides amplitude, rise and fall of the receptor potential
(Figure 3), the stimulus uptake influences the level of
tailing. For the standard set of parameters (Figure 2) and 2
s stimuli we find tailing levels of 0.15, 2, 3, 6.3 and 11.6 mV
for uptake values of 0.1, 1, 10, 100 and 1000 µM/s,
respectively. For the following comparisons, responses to the
standard uptake of 1 µM/s and its variations are shown in
Figure 8 (Vary Uptake).

Varying the interaction with the receptor molecules
(Figure 8)

Variation of the number of receptor molecules R(0) and of
the rate constants k3 and k4, has effects like those of varying
the stimulus uptake. Reciprocal effects occur upon varying
k–3 and k–4. The response amplitude is affected and the half
time of the fall of the receptor potential changes to a minor
extent. A smaller R(0) could be compensated, for instance,
by a larger k3; this would imply a larger affinity between
pheromone and receptor.

Varying pheromone binding to the PBP (Figure 9)

Changes in the concentration of Bred and Box, as well as
variation of the rate constants k2, k–2 and k7 by a factor of
ten up and down, practically do not influence amplitude and
fall of the receptor potential. Consequently,  within  the
limits of the factor 10 to 1/10, the values of the dissociation
constants Kd2 and Kd7 are also of no importance for the
responses. Variations of Bred and k2, however, do have clear
effects on the rise time of the receptor potential (Figure 7C
and D). With ten times smaller Bred or k2 the half time of
the rise would increase by 10 ms, or more, depending on
stimulus intensity. In addition, the efficiency of pheromone
binding to Bred represented by Q1 [equation (A29)] would
decrease. In contrast, an increase of k2 has almost no effect.

Interestingly, k–7 strongly determines the level of tailing; a
higher level is obtained by a larger k–7, which increases the
rate of dissociation of F from the deactivated complex FBox

(Figure 9). The influence of k–7 on the tailing is similar in the
alternative model (Figure A7). The tailing is abolished if the
pheromone is not allowed to dissociate from the complex
FBox, i.e. with k7 = 0, a condition which may be physically
improbable. The height of the tailing level in relation to the
peak amplitude was adjusted to match that in measured
receptor potentials (Figure 6B) by choosing k–7 = 0.000 01/s
(see above).

Varying the redox shift (Figure 10, left-hand panels)

The velocity of the redox shift and, consequently, the fall of

Figure 7 The rise of responses at saturating stimuli. The model receptor
potential (A) shows an initial delay similar to that of the recorded potential
(~10 ms) (B). The delay disappears if diffusion is made infinitely high (A,
thinner curve). The model receptor potential rises more slowly if the
concentration B(0) or the rate constant k2 is reduced (C and D, respectively).
An increase of the two parameters has almost no effect. Variation of k–2

does not affect the rise (see also Figure 9). (B) Nerve impulses are
superimposed on the receptor potential. The first nerve impulse of the AL
cell appears after ~50 ms (see also Figure 6D).

Figure 8 Receptor potentials generated by the redox model upon
variation by factors of 10 of the pheromone uptake, the receptor concen-
tration R(0), and the rate constants involved in the receptor interaction
(reactions 3 and 4). The standard pheromone uptake (dots) was 1 µM/s, the
stimulus duration 2 s. Variations of the concentration of R(0), and of the rate
constants, show effects like those produced by the variation of the uptake.
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the receptor potential strongly depend on the four, partially
free parameters N(0), k5, k–5 and k6 (Figure 10). The depend-
ence is similar for N(0), k5 and k6, and reciprocal for k–5.
Effects on the half time of the fall due to altering these
parameters are much larger than those obtained by varying
R(0), k3, k–3, k4 and k–4.

Varying the enzymatic degradation of the free pheromone
(Figure 10, right-hand panels)

The enzymatic pheromone degradation in the model has
practically no influence on the fall of the receptor potential;
its slope remains unchanged even if one completely removes
the enzyme. This result is consistent with the observation
that the fall is not affected in antennae that happen to have
<1% of the regular amount of the sensillar esterase (Maida
et al., 1995). The situation differs for the alternative model
(see Appendix B and Figure A6).

Varying the protection of the pheromone bound to PBP
from enzymatic degradation (Figure 11)

The introduction of reactions 10–13 in the computer model
does not noticeably alter the time course of the receptor
potential during the first 20 s (not shown). Even if the
protection from degradation of pheromone bound to Box is
removed by setting k10 = k8, there would be no visible effect
on the fall of the receptor potential. However, the tailing
would disappear due to the 1000-fold faster degradation of
the complex FBox and the smaller amount of F dissociating

from it (not shown); actually this appears advantageous (see
Discussion).

Reducing the protection of F bound to Bred by a 10-fold
increase of k12 to 1.5/(µM · s) would not change the time
course of the receptor potential. However, if k12 is further
increased, the fall of FBredR′ becomes faster. If the
protection of F bound to Bred is completely removed, i.e. if

Figure 9 Variation of the concentrations of the reduced (Bred(0)) and the
oxidized form (Box(0)) of the PBP, and the rate constants for association (k2,
k7) and dissociation (k–2, k–7) of the pheromone. These parameters do not
influence the fall of the receptor potential, except for k–7, which controls the
tailing of the receptor potential. The rise of the receptor potential is affected
by k2 (see Figure 7).

Figure 10 Variation of parameters involved in the redox shift, catalysed by
the postulated enzyme N (reactions 5 and 6), and in the degradation of the
free pheromone F, catalysed by the sensillar esterase E (reactions 8 and 9).
The redox shift has strong effects on the fall of the receptor potential (panels
at the left), whereas the enzymatic degradation does not control the
response kinetics during the first 20 s after stimulation (panels at the right).

Figure 11 Variation of the protection of the pheromone bound to the
reduced form of the PBP. Protection from enzymatic degradation is obtained
by decreasing k12, starting from k12 = k8 = 150/(µM × s) (open triangles),
that lowers the affinity of FBred and E. The protection increases FBredR′ by up
to fivefold.
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k12 = k8, the response amplitude is reduced to ~20% (Figure
11). This reduction corresponds to an at least fivefold higher
threshold concentration of the pheromone, due to a loss of
pheromone molecules (bound to Bred) on their way to the
receptor molecules.

Varying diffusion

A decrease of the diffusion coefficient by a factor ten would
mainly increase the initial delay of  the receptor potential;
the relatively slow fall of the receptor potential would not
noticeably be affected. Details of diffusion will be treated in
a separate paper.

Discussion
The proposed network model of perireceptor and receptor
events (here called redox model) satisfactorily simulates the
receptor potential kinetics of an unadapted receptor cell.
Before discussing this model we ask whether a simulation is
possible with a simpler model network, which is related to
earlier, qualitative models (Vogt and Riddiford, 1981, 1986;
Vogt et al., 1985, 1987). Is the simpler model as consistent
with all experimental data as the redox model?

The ‘scavenger’ model

In the alternative model (Figure A1) presented in Appendix
B, the free pheromone F interacts directly with the receptor
molecules. This model does not employ the redox shift of
the PBP as a mechanism of pheromone deactivation. The
pheromone is deactivated while bound to B, the only species
of the pheromone-binding protein. Thus in the alternative
model the PBP acts as a scavenger, not as a carrier (‘scav-
enger model’).

The parameters of this model (Figure A2) are the same
as in the redox model with two exceptions: E(0) had to be
decreased from 400 to 18 nM, in order to match the fall of
the receptor potential. As a consequence, the protection
of the pheromone bound to PBP had to be weakened by
increasing k10, in order to match the velocity of pheromone
degradation measured on intact antennae (Figure A4). The
increased k10 leads to a Km11,12 that is lower than in the redox
model.

With respect to the responses to 2 s stimuli, the alternative
model simulates the receptor potential amplitude, its rise
and fall as perfectly as the redox model (Figures A3, A5).
There are, however, differences to the redox model, e. g. with
respect to the way the model responds to changes of single
parameters.

(1) First of all, the alternative model lacks a carrier for
the transport of the pheromone towards the receptor cell. In
this model, the PBP solubilizes the pheromone by binding
but at the same time deactivates it. It does not act as a carrier
since the small amount of pheromone dissociating from the
complex FB is not sufficient to elicit the receptor potential;
it produces the tailing of the receptor potential, after

stimulus offset. Increasing the rate constant k–7 would
merely increase the tailing level beyond the observed values
(Figure A7). If also k7 is increased (to keep Kd7 the same),
the rate of pheromone deactivation due to binding to PBP
would be too high. In contrast to this model, the sensillum
lymph exchange experiments of Van den Berg and
Ziegelberger (Van den Berg and Ziegelberger, 1991) suggest
that the pheromone is active while bound to the PBP (see
Introduction).

(2) In the alternative model the enzymatic pheromone
degradation saturates at lower uptake values than in the
redox model. This is due to the lower value of Km10,11 in
the alternative model (see above). Experimentally, however,
a half life of ~3 min has been found over the entire range
of stimulus uptake tested, 10–1–103 µM/10 s (Kasang, 1971,
1973). Thus the experimental result is better simulated by
the redox model (Figure 4), with its higher Km10,11.

(3) In contrast to the redox model, the alternative model
shows a dependence of the fall of the receptor potential on
the enzyme concentration E(0), especially for an increased
E(0) (Figure A6). Experimentally, no changes of the kinetics
of the receptor potential were detected in antennae that
happened to contain <1% of the usual amount of enzyme
(Maida et al., 1995). This finding is, however, not suited
to distinguish between the two models. The small increase
of the fall time expected from the alternative model for a
smaller E(0) (Figure A6) was not measurable due to the large
variability of the data.

In conclusion, the alternative (scavenger) model is able
to simulate the receptor potential kinetics, but is not fully
compatible with experimental findings in moth antennae.
However, the scavenger model might be valid for olfactory
organs where the receptor cells are exposed to the air space,
e.g. in vertebrates. It is conceivable that sufficient amounts
of odour molecules directly reach parts of the olfactory cilia
at the very surface of the mucosa (Reese, 1965; Menco, 1989;
Menco and Farbman, 1992) without the help of  a carrier
protein. The odorant binding proteins in the mucosa could
then act as scavengers only.

The ‘carrier-to-scavenger’ model

In the redox model the PBP has four functions:

1. to solubilize the pheromone and to carry it to the recep-
tor molecule;

2. to protect it, on its way to the receptor, from enzymatic
degradation;

3. to mediate the interaction with the receptor; and
4. to keep the pheromone away from the receptors (deact-

ivation, or scavenger function).

As shown below, the described network (Figure 1) applies
not only to the redox model, but also to other models in
which the PBP switches from a carrier to a scavenger func-
tion (‘carrier-to-scavenger model’). A number of questions
can be addressed in the framework of the redox model.
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How does the diffusional transport of the adsorbed pheromone
influence the receptor potential?

The diffusion towards the receptor cell of the pheromone
molecules adsorbed by the olfactory hairs influences the rise
time of the receptor potential. With a diffusion coefficient
of 3 · 10–7 cm2/s determined for the pheromone migration
on the olfactory hairs (Kanaujia and Kaissling, 1985),
diffusion is responsible for the initial delay of the receptor
potential in the range of 10 ms observed at very strong
stimulus intensities. The fall of the receptor potential is not
noticeably affected by diffusion. As discussed  below, it
strongly depends on the pheromone deactivation.

Does the free pheromone or the complex pheromone–PBP
interact with the receptor molecule at the receptor cell
membrane?

It was shown for the redox model that, due to the large
amount of PBP and the rapid association of pheromone
and Bred, almost no free pheromone exists in the sensillum
lymph. Therefore the pheromone interacts with the receptor
molecule most likely while bound to the carrier form of the
PBP (Bred). This gives rise to two further questions: (a) how
does the pheromone–PBP binding affect the receptor cell
response and (b) why is the PBP concentration so high?

(a) Interestingly, the affinity between the complex FBred
and the receptor resulting from the model is much (1000-
fold) smaller than that between F and Bred, as can be seen
by comparing Kd3 and the measured dissociation constants
(Kaissling et al. 1985; Du and Prestwich, 1995) (Figure 2).
This shows that high sensitivity of the receptor cells, i.e.
their response to single pheromone molecules, does not
necessarily involve high binding affinity between stimulus
and receptor molecules. A similar situation applies for the
reception of maltose in Escherichia coli. The maltose-bind-
ing protein (MBP) occurs in a high concentration (1 mM) in
the periplasmic space. Maltose is bound to the MBP with a
Kd of 3 µM; the complex of MBP and maltose is bound to
the receptor at the cell membrane less strongly, with a Kd of
250 µM (Manson, et al., 1985; Bohl et al., 1995).

Furthermore, the degree of affinity between pheromone
and PBP is not necessarily correlated with the one of  the
specificity of binding. This is suggested by the observation
that the specificity of pheromone–PBP binding was different
from and much lower than the specificity of the receptor cell
response. Binding and competition assays with PBP and
pheromone components as well as their derivatives  are
reported for Antheraea species. In competition experiments
with the pheromone component [3H](E,Z)-6,11-hexadeca-
dienyl acetate and native PBP, 50% reduction of 3H-binding
by hexadecanyl acetate, or (E,Z)-6,11-hexadecadienol was
reached at a 10- or 300-fold higher concentration, respect-
ively (De Kramer and Hemberger, 1987; Prestwich et al.,
1995; Kaissling, 1998c). Electrophysiological tests showed
an ~10 000-fold lower effectiveness of the alcohol and an
~1 000 000-fold lower effectiveness of the saturated acetate

(Kaissling, unpublished). Two recombinant PBPs of
A. pernyi (Krieger et al., 1991) differed by 3- to 16-fold in
their affinities for two pheromone components tested (Du
and Prestwich, 1995), whereas the effects of the pheromone
compounds on the receptor cells differed by ~1000-fold or
more (Kaissling, 1987). Examples are seen in Figures 6D
and 7B, where the cell tuned to the aldehyde component
of the pheromone [(E,Z)-6,11-hexadecadienyl] weakly re-
sponds to very strong stimulation by the acetate. It should be
noted that in A. polyphemus three PBPs have been found,
that occurred in about the following proportions PBP1 :
PBP2 : PBP3 = 100 : <10 : 40 [estimated from Maida et al.
(Maida et al., 2000), where PBP1 = Apol3 of Du and
Prestwich (Du and Prestwich, 1995)]. In a recent study, the
dissociation constants of (+)- and (–)-disparlure and two
recombinant PBPs in the gypsy moth differed by ~2- to
4-fold (Plettner et al., 2000). In contrast, the sensitivities of
both types of single receptor cells for the two enantiomers
differed by factors of >100 (Hansen, 1984). Several authors
studied ligand binding in moth PBPs (Feixas et al., 1995;
Maibeche-Coisne et al., 1997; Oldham et al., 2000), honey
bees (Danty et al., 1999) and beetles (Wojtasek et al., 1999).
In conclusion, the contribution of pheromone–PBP binding
to the specificity of the receptor cells seems to be minor
(Steinbrecht, 1996). In addition, according to the redox
model, different affinities of the PBP for its ligands would
hardly affect the receptor cell response, whereas a significant
contribution of the binding to PBP is possible in the
scavenger model.

(b) In the redox model, the concentration of PBP does not
affect the amplitude or the fall of the receptor potential
(Figure 9), except if the PBP concentration is >100-fold
reduced. The latter  would reduce  the proportion Q1 of
pheromone adsorbed that is available to the receptor
molecules [equation (A29)] and the sensitivity of the moth
important for upwind orientation over long distances
(Kaissling and Priesner, 1970; Todd and Baker, 1999).
However, already with a 10-fold reduction of the PBP
concentration the receptor potential would rise more slowly
(Figure 7C). This would impair the temporal resolution of
the receptor cells at high stimulus concentrations, where
moths respond to each of several odor pulses per second
with an  upwind  turn [reviewed  by Kaissling (Kaissling,
1997) and Baker et al. (Baker et al., 1998)].

How many receptor molecules per membrane area are
expected?

The minimum density of receptor molecules in the outer
dendrite membrane, determined from equation (13), is in
the range of 15% of the value expected for maximum
coverage, by 40 000 units/µm2 of membrane area. The
latter value was given by Dratz and Hargrave (Dratz and
Hargrave, 1983) for rhodopsin molecules in the disk
membrane of visual cells and might apply also for olfactory
receptor molecules of  insects (Clyne et al., 1999; Vosshall
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et al., 1999). Maximum coverage of the dendrite area of
426 µm2 [(Keil, 1984); for identification of the cell type,
see Kumar and Keil (Kumar and Keil, 1996)] corresponds to
1.7 · 107 receptor molecules per receptor cell. The above
value of R(0) for the receptor cell tuned to the major phero-
mone component of A. polyphemus is preliminary since it is
partially based on data from Bombyx mori: the rate
constants were derived for the bombykal receptor cell
(A.V. Minor et al., unpublished data). However, the uncer-
tainty of R(0) is not very large, since the value obtained from
equation (13) is a minimum, which is not very far from the
maximum estimated from the dendritic membrane area and
the above density of rhodopsin.

It should be noted that the (minimum) density of receptor
molecules calculated here for A.  polyphemus (6000/µm2)
is  below the  one of membrane  ‘substructures’ found in
olfactory dendrites of this species—30 000/µm2 (Klein and
Keil, 1984). The density of   ‘intramembrane particles’
counted in olfactory dendrites of the fly Calliphora vicina or
in cilia of the vertebrate olfactory mucosa was 1200/µm2

(inner membrane face) and 200/µm2 (outer face) (Menco
and Van der Wolk, 1982; Steinbrecht, 1980). The expected
density of ion channels per receptor cell is much smaller,
~25/µm2 for a conductance per channel of 30 pS (Kaissling
and Thorson, 1980; Kaissling and Kumar, 1997; Eschrich et
al., 1998).

Could  the  redox  shift of the PBP serve as a deactivation
mechanism?

The modeling showed that the redox shift of the PBP
observed in vitro (Ziegelberger, 1995) could serve as a
deactivation mechanism. The velocity of the redox shift
measured in vitro was 8% of the velocity expected from the
modeling analysis of the receptor potential (Kaissling,
1998b); the difference could be due to deteriorating con-
ditions in the homogenate, which might interfere with this
process.

Conceivably, the reduced PBP (with one or two disulfide
bonds) represents an ‘open’ form of the protein which binds
the pheromone more rapidly than its ‘closed’ form. It carries
the pheromone and possibly ‘presents’ it to the receptor
molecules. The formation of the disulfide bonds by oxida-
tion would turn the PBP into a scavenger that deactivates the
pheromone. The redox mechanism is compatible with the
finding that saturation of binding was reached with one
pheromone molecule per PBP (Kaissling et al., 1985).

In the redox model the dissociation constants used for
both forms of the PBP-pheromone complex, Kd2 and Kd7,
are the same. However, the respective rate constants for
association and dissociation are 1000-fold lower for binding
to the scavenger form of the PBP than to its carrier form.
This is necessary since k2 needs to be high to produce
enough FBred, whereas k–7, responsible for the tailing of the
receptor potential, needs to be minimal.

Is the redox shift catalysed by the receptor molecules or by a
separate enzyme?

The fact that the redox shift did not occur with PBP and
pheromone alone, but only in the presence of isolated hairs,
suggested the existence of a catalysing agent (Ziegelberger,
1995). The previously discussed possibility of receptor
molecules acting as catalysts (Kaissling, 1998b) seems less
likely in view of recent experiments with decyl-thio-tri-
fluoro-propanone (DTFP) (Pophof, 1998; Pophof et al.,
2000), a putative blocker of pheromone receptor molecules.
This compound reduced the receptor potential amplitude
but did not affect the half time of its fall after stimulus
offset. A special reaction network with the receptor mol-
ecules as catalysts showed that their blocking would cause
a slower fall of the receptor potential. Since this did not
occur we now prefer the idea that a postulated enzyme (N)
catalyses the redox shift.

In addition to the enzyme N, the redox shift might require
an oxidizing cofactor. One candidate cofactor could be the
sensory neuron membrane protein 1 (SNMP1) recently
discovered in male antennae of A. polyphemus and supposed
to have a docking function for the stimulus (Rogers et al.,
1997). This protein is anchored  by two transmembrane
domains and has a large extracellular loop containing nine
cysteines, at least six of which might be involved in disulfide
bonds, as found for the related CD36 protein (Rasmussen et
al., 1998).

It should be noted that with physiological stimuli only a
minute fraction of Bred is converted into Box, since even with
the strongest stimuli the amount of pheromone loaded on
the hair is small compared with the abundance of PBP.
For this reason a regeneration of Box to Bred has not been
included in the network. It is an open question whether the
redox shift of the PBP in vivo requires the presence of the
pheromone. If the shift occurs without the pheromone, the
reduced PBP and the oxidizing agent ought to be constantly
renewed. Interestingly, a significant turnover of the PBP
within a few days has been found in the gypsy moth
Lymantria dispar (Vogt et al., 1989).

Which alternative mechanisms of pheromone deactivation are
to be discussed?

So far the redox shift has been described for one species
only, A. polyphemus. The redox model, however, can be
applied to any mechanism in which the PBP turns from a
carrier into a scavenger and in which this process is enzym-
atically catalysed.

A new mechanism may be proposed here for the case of a
binding protein that may exist in the oxidized form only, not
showing a redox shift. A possible example is the PBP of
Bombyx mori, of which the crystal structure has recently
been analysed by X-ray diffraction (Sandler et al., 2000).
The recombinant  protein  has three disulfide bonds  and
shows a hydrophobic binding pocket for the bombykol mol-
ecule inside the protein (Sandler et al., 2000). The authors
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suggested that the pheromone is released when the complex
contacts the plasma membrane of the receptor cell in order
to interact with the receptor molecule. In their model the
PBP functions as a carrier but not as a scavenger. The
release may be caused by conformational changes induced
by local charge distributions at the membrane acting like pH
changes (Wojtasek and Leal, 1999; Damberger et al., 2000;
Sandler et al., 2000). These authors do not discuss how the
pheromone enters the inner binding cavity and how it is
deactivated.

In contrast, we propose that the pheromone entering the
sensillum lymph space is bound to hydrophobic patches on
the outer side of the protein, thus being solubilized and
transported to the receptor cell. Binding of the pheromone
to the outer side could be facilitated by the dimeric structure
of the PBP. That the PBP occurs as a dimer was suggested
by non-denaturating gel electrophoresis and gel filtration
(Kaissling et al., 1985) and finally proven by Campanacci et
al. (Campanacci et al., 1999) and Leal (Leal, 2000). Bound
to the outer side of the PBP, the pheromone would remain
‘visible’ to the receptor molecules of the receptor cell mem-
brane. Due to the above pH effects and/or with the help of a
catalysing factor, the PBP could become ‘open’ and
‘swallow’ the pheromone and thereby deactivate it, i.e.
prevent it from interacting further with receptor molecules.
This ‘carry-and- swallow’ mechanism is formally identical
with the redox model if FBred and FBox represent the
pheromone bound to an outer and an inner binding site,
respectively.

Does the enzymatic pheromone degradation contribute to the
kinetics of the receptor potential?

In the redox  model, the enzyme E does not contribute
significantly to the receptor potential kinetics in a time scale
of ~20 s. The importance of enzymatic pheromone degrad-
ation can be demonstrated using a pheromone derivative
that most likely cannot be degraded by sensillar enzymes.
Thus, a brief (1 s) stimulus of the bombykol derivative
(Z,E)-4,6-hexadecadiene produced a ‘normal’ receptor
potential of the bombykol receptor cell of Bombyx mori.
After stimulus offset, however, the receptor cell continued to
fire nerve impulses at low rate for ten or more minutes, much
longer than after a bombykol stimulus (Kaissling et  al.,
1989). The markedly prolonged tailing caused by the
derivative might indicate that the putative alcohol dehydro-
genase metabolizing the alcohol (Kasang et al., 1989b) is
not able to degrade the alkene derivative.

In conclusion, the main function of the enzymatic degrad-
ation may be to reduce the tailing to zero, i.e. to eliminate
the pheromone molecules completely from the hairs and
thus maintain the high sensitivity of the receptor cell. This
is important since even a small increase of  impulse firing
above the spontaneous level due to residual pheromone on
the hair would seriously impair the threshold sensitivity to a
new stimulus.

Is the pheromone protected from enzymatic degradation while
bound to the PBP?

The relatively slow pheromone degradation measured on the
living antenna (Kasang et al., 1989b) in spite of the fast
degradation by the purified enzyme (Vogt et al., 1985) can
be explained if the pheromone associated with the antenna
is largely protected from enzymatic degradation (Vogt and
Riddiford, 1986). However, a partial degradation of the
pheromone bound to PBP (especially to Box) is necessary
since otherwise the degradation would take much longer
than observed in situ [t1/2 = 3 min (Kasang et al., 1988,
1989b)]. Thus an enzymatic degradation of the pheromone
in the complex FBox was introduced in the model, with a
1000-fold smaller association rate of FBox and E, as
compared with the association of F and E. This is an
interesting parallel to the 1000-fold lower rate constants of
the interaction of pheromone and Box (reaction 7). Degrad-
ations of F to M and FBox to MBox have to be considered as
separate reaction mechanisms.

Because it promotes the tailing, the protection of the
pheromone bound to Box from enzymatic degradation
appears disadvantageous. What is then the advantage of
the protection? The biological function of the protection
may be to guarantee that the complex FBred remains intact
during its transport towards the receptors. The protection of
the pheromone bound to Bred increases the sensitivity of the
system by fivefold. The benefit of the protection of the
pheromone on its way towards the receptor cell seems
significant if one considers the enormous efforts of male
saturniid moths to lower the detection threshold by
increasing the size of the antennae. To compensate for a five-
fold reduced sensitivity would require a more than fivefold
enlarged antenna.

Which reactions are rate-limiting for the receptor potential and
responsible for its altered kinetics upon stimulation with phero-
mone derivatives?

The modeling demonstrates that the kinetics of the cell
response may be determined not just by the binding to and
activation of the receptor molecule. In both versions of the
carrier-to-scavenger model discussed—the redox model and
the carry-and-swallow model—the deactivation process
significantly contributes  to the response  characteristics.
Especially it affects the transients of the receptor potential,
but also its amplitude. In contrast, changes in the receptor
activation merely correspond to those obtained by varying
the stimulus intensity, with little influence on the transients.
Interestingly, the binding affinity to the PBP, both forms,
and the enzymatic degradation  are of little importance
for the responses of the carrier-to-scavenger model, but
strongly influence the response kinetics of the alternative
‘scavenger’ model. The differences between the two models
become clear if one considers the initial flows of F to the
various reaction partners involved in the pheromone
deactivation (Figure 12). The deactivation  of F almost

140 K.-E. Kaissling



exclusively occurs via binding to Bred in the redox model,
whereas it works via the binding to E and B in the alter-
native model.

The characteristic variations of the time course of the
responses to bombykol homologues observed by Kaissling
(Kaissling, 1987, 1998a) could be due to the velocity of
the switching from the carrier to the scavenger function.
The homologues with shorter chain lengths than bombykol
showed a faster time course, possibly indicating a more rapid
swallowing. Conceivably, the alcohols enter the binding
pocket with the aliphatic end first, and find the docking
position at the serine 9 more rapidly if the chain is shorter.
Furthermore, the bombykol homologues with even
positions of the double bonds (10,12 or 8,10) show a faster
time course than those with odd positions (11,13 or 9,11).
While entering the binding pocket, those ligands with even
positions might more easily adopt the correct hook-like
shape of the lipophilic end and, therefore, be swallowed
more rapidly. Thus, the change of the PBP from the carrier
to the scavenger, catalysed by the enzyme N, may contribute
to the  high specificity of the receptor cell response. To
explain the subtle pattern of the responses to the bombykol
homologues by effects on intracellular processes rather than
by peripheral interactions seems much more difficult.

In summary, the structure of the ligand could influence
rate constants involved in receptor reactions (k3, k–3, k4, k–4),
but also those involved in the pheromone deactivation (k5,
k–5 and k6). The receptor interaction and the deactivation
mechanism can be considered as parallel sets of filters, both
of them determining the extraordinary chemical specificity
of the receptor cell response. This view applies to any chemo-
receptors that are associated with a stimulus deactivation
mechanism and seems important to be considered in any
structure–activity studies. The binding of the pheromone to
the Bred in the redox model would correspond to a preceding
filter. As shown above, this serial filter plays a minor role for
the specificity of the cell response in the carry-to-scavenger
model. In the scavenger model binding to E, B and R are

parallel processes all of which may contribute to the
response specificity.

How does intracellular signalling contribute to the kinetics of
the receptor potential?

The fact that the receptor potential kinetics, including satur-
ation effects and tailing, can be modeled by perireceptor and
receptor reactions suggests that these events proceed more
slowly than the subsequent intracellular processes leading
from receptor activation to the receptor potential. In fact,
some intracellular signalling processes observed in vitro
are extremely fast (Boekhoff et al., 1993; Breer et al., 1994;
Stengl et al., 1999). However, a quantitative understanding
of these processes in vivo, especially for the stimulation by
single pheromone molecules is still lacking (Kaissling and
Boekhoff, 1993; Kaissling, 1994b, 1996).

Up to this point the model proposed here does not include
processes such as adaptation, or desensitization of ion chan-
nels, etc. It has been shown that adaptation of pheromone
receptor cells occurs, and even local adaptation of a portion
of the outer dendrite is possible (Zack, 1979; Kaissling et al.,
1987). So far unexplained, and probably depending on
intracellular processes, is the shape of the dose–response
curve of the receptor  potential  amplitude  at flow equi-
librium (Kaissling, 1987). Several physical explanations have
been discussed for the slope of this curve, which covers
about six decades of stimulus intensity. It could be due in
part to electrical cable properties of the sensory dendrite
(Kaissling, 1971, 1974; Vermeulen et al., 1997). A further
reason, neglected in this analysis, could be distributed
affinities of reaction partners of the pheromone involved in
reception as well as deactivation (Thorson and Biederman-
Thorson, 1974). In this context it would be most interesting
to study the alterations of the dose–response curves ob-
served after sensory adaptation (Kaissling, 1972, 1987).

Concluding remarks
In the course of the modeling, gaps in our knowledge
became apparent. These had to be bridged by assumptions
in order to obtain a functioning model that is compatible
with all experimental data obtained so far. One purpose
of this approach is to formulate hypotheses in order to
stimulate further experiments towards clarification of the
functional interrelations of peripheral processes in olfactory
reception and to facilitate understanding of their biological
significance. Some of the assumptions may be difficult to
confirm with the techniques presently available. However,
one goal of this paper was to demonstrate that the kinetics
of the receptor potential may be governed by perireceptor
and receptor events rather than intracellular signalling
processes. This idea, first suggested by the observation of
saturation effects and ligand-dependent kinetics of the
receptor potential (Kaissling, 1972, 1974, 1977, 1998a), is
now supported by a quantitative model. Another goal was
to demonstrate the multifunctional character of odorant

Figure 12 Initial flows of F to various reaction partners in two types of
model, calculated from the product of the association rate constant and the
concentrations of both binding partners at uptake of 1 µM/s. Total flow =
100%. The deactivation of F works via the switch of the PBP from the carrier
form Bred to the scavenger form Box in the redox model, and via E and
binding to the scavenger B in the scavenger model. In both models the same
fraction of F flows to the receptors R.
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binding proteins, including their possible switch from the
carrier to the scavenger function during olfactory trans-
duction. It should be noted that additional functions
have not been discussed. For instance, that the PBP is a
significant organic anion is suggested by the excess of
negative charges; the PBP may compensate for the lack of
anions found by elementary analysis of the sensillum lymph
(Kaissling and Thorson, 1980).

Computer modeling
Any set of coupled chemical reactions with associated rate
constants, once specified in a chosen syntax, is automatic-
ally  parsed by our custom computer programs so as to
generate a map of the corresponding set of differential
equations. Given a set of initial conditions, these are solved
by a fifth-order, adaptive Runge–Kutta algorithm [modified
from Press et al. (Press et al., 1992)] for the time courses of
the concentrations of all species. The accuracy has been
controlled by detailed comparison of complex cases with
the Berkeley Madonna Generalized Kinetics Program, the
IBM Chemical Kinetics Simulator (CKS) and the standard
Electronic Circuit Analysis Programs (ECAP, in DOS).
Menu selection within lists of all species involved and
parameter-sensitivity analyses elicit autoscaled plots of the
transient behaviours of the concentrations of the selected
species. This facility is implemented on the Macintosh with
C-language control of the Macintoxh User Interface via
the code resources provided by MitoSystems Inc. (Santa
Monica, CA, USA).

Summary
Olfactory perireceptor and receptor events are considered
as a network of chemical reactions between the odorant, an
odorant binding protein, hypothetical olfactory receptor
molecules, the odorant degrading enzyme E and a postu-
lated enzyme N involved in the rapid deactivation of the
odorant. A quantitative model of this network is presented
for the pheromone reception of the moth Antheraea
polyphemus. The model is combined with a model of phero-
mone diffusion on the cuticular olfactory hair of the moth
antenna, using a diffusion coefficient measured for longi-
tudinal diffusion along the hairs. The parameters of the
network, including the initial concentration of each reaction
partner and the rate constant of  each reaction, have been
determined experimentally and using assumptions.

Two versions of the network are compared: In the
‘carrier-to-scavenger model’ the pheromone-binding protein
(PBP) first acts as a carrier which binds the pheromone,
transports it through the extracellular sensillum lymph, and
mediates its interaction with the receptor molecule. Later
the PBP turns into a scavenger which deactivates the bound
pheromone. The switch from a carrier to a scavenger is
catalyzed by a postulated enzyme N. Two possible mech-
anisms for the switch are discussed, the redox shift found in

vitro by Ziegelberger (Ziegelberger, 1995) and a ‘swallowing’
of the pheromone into the binding cavity of the PBP. The
latter idea is based on the structure of the bombykol binding
protein of Bombyx mori analysed recently (Sandler et al.,
2000). In the second model, the PBP acts as a scavenger only
(‘scavenger model’). This model lacks a carrier; the free
pheromone interacts with the receptor molecule.

Computer versions of both models simulate the kinetics
of the receptor potentials recorded from single olfactory
hairs. However, only the carrier-to-scavenger model might
apply to the reception of amphiphilic pheromone molecules
in insects. The scavenger model could describe events in
the vertebrate mucosa where the olfactory cilia might be
partially exposed to the air space so that the odorants could
contact them directly, without the help of a carrier.

In either model the kinetics of the receptor potential
largely reflects the velocity of odorant deactivation, i.e. it
depends on the enzyme N in the carrier-to-scavenger model
but on the pheromone-degrading enzyme E and the
association rate of pheromone and PBP in the scavenger
model. In the first model the enzyme E and the binding
affinity of pheromone and PBP do not influence the speci-
ficity of the receptor cell response, whereas they do so in
the second model. Interestingly, the affinity of the binding
of the pheromone to the PBP is ~600 fold higher than the
affinity between the receptor molecules and the pheromone–
PBP complex in the first model, or the free pheromone in the
second model.

In both models the pheromone bound  to the  PBP  is
partially protected from enzymatic degradation. The pro-
tection is important in the first model especially for the
pheromone on its way towards the receptor molecule, i.e.
while bound to the carrier form of the PBP.

Finally, it has been calculated that the plasma membrane
of the receptor cell dendrite is densely covered by receptor
molecules, with a minimum value of 15% of full coverage
defined by the density of  rhodopsin in the discs of visual
cells. The number of receptor molecules calculated is >2000-
fold smaller than the number of PBP molecules in the
olfactory hair.
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Appendix A
The following equations are used to discuss the model
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(A11a)

(A11b)

Equations (A1), (A4) and (A8) can be simplified if certain mass
flows in relation to other flows are very small. In equation (A1) we
have k–2 · FBred << k2 · F · Bred, and also both flows of reaction 7
are <<k2 · F · Bred. Thus equation (A1) becomes

(A12)

If the flows of reaction 12 are much smaller than those of reaction
5 and if k–2 · FBred << k2 · F · Bred, equation (A4) becomes

(A13)

If the flows of reactions 7 and 10 are very small, equation (A8)
becomes

(A14)

At constant uptake U flow equilibrium is reached. From equations
(A2) and (A12) set to zero and from (A3) for F < Km8,9 we obtain

(A15)

In the following all equilibrium constants are defined for mono-
and bimolecular reactions. The equations (A16), (A20), (A22) and
(A23) do not apply for the situation in the network.

(A16)
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(A22)

(A23)

Furthermore, we set

E(0) = E + FE + FBredE + FBoxE (A24)

E(0) ≈ E + FE (for FBredE + FBoxE << E +FE) (A25)

(A26)

(from equations A18 and A32)

(A27)

N(0) = N + FBredN (A28)

(A29)

(from equation A15)

(A30)

(A31)

(A32)

(A33)

The dose–response relationship for FBredR′ at flow equilibrium is
derived as follows. For the flow equilibrium we get from equations
(A7), (A13) and (A29)

k6 · FBredN ≈ U · Q1 (A34)

Using this equation and equations (A19) and (A17) we obtain

(A35)

With equations (A26), (A28), (A34) and (A35) we find

(A36)

Due to equations (A18) and (A27)
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(A37)

Combining equations (A36) and (A37) we arrive at

(A38)

For

(A39)

(assumption F) we find

(A40)

which shows a linear dependence of FBredR′ on U. If we set this
expression = 1 we find

k6 · N(0) ≈ Usat · Q1 (A41)

For determining R(0) we use equations (A31) and (A33) and a small
uptake with R ≈ R(0)

(A42)

From (A19), (A34) and (A30) we obtain for small uptake where
N ≈ N(0)

(A43)

Equations (A41)–(A43) and (A17) reveal

(A44)

After introducing Q4 [see equation (A32)]

(A45)

we find

(A46)

For

(assumption F) we find

(A47)

Appendix B

Alternative model without redox shift

In the alternative model (Figure A1) the pheromone encounters
three reaction partners, the receptor molecules R (reaction 3), the
pheromone-binding protein, which occurs as only one species B
(reaction 7), and the enzyme E (reactions 8 and 9). The
assumptions B and D of the redox model are changed. Only the
free pheromone F activates the receptor molecules (alternative
assumption B). The pheromone is deactivated while bound to B
(alternative assumption D).

Since the complex FB does not interact with the receptor
molecule, the PBP acts as a scavenger but not as a carrier. The
model lacks a carrier; it is called the scavenger model. In this
model, B corresponds to Box of the redox model (also called the
carrier-to-scavenger model). Compared with the latter model,
reactions 2, 5, 6, 11 and 13 are omitted; the numbering of the
remaining reactions is kept the same as in the redox model (Figure
A2). Also the initial concentrations and the rate constants are
retained, with the exception of E(0); it had to be decreased to 4.5%
of the value for the redox model in order to fit the fall of the model
receptor potential (Figure A3B). Furthermore, due to the reduced
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Figure A1 Alternative model: simplified, hypothetical reaction network of
perireceptor and receptor events. The reactions 2, 5, 6, 12 and 13 were
omitted. Numbering of the remaining reactions is the same as in the redox
model (cf. Figure 1). (1) Adsorption of the pheromone F on the surface of
the olfactory hair and diffusion towards the receptor cell. (3) Binding of F to
the receptor molecule R at the receptor cell membrane. (4) Activation of the
complex FR. (7) Binding of F and B (pheromone deactivation). (8, 9)
Enzymatic degradation of F into the metabolite M by the enzyme E (sensillar
esterase). (10, 11) Degradation of the complex FB by E into MB. Small
arrows indicate reverse reactions. Reactions 9 and 11 are assumed to be
irreversible.
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concentration of the degrading enzyme E, the protection of  the
pheromone bound to B from enzymatic degradation had to be
weakened by increasing k10 by the reciprocal factor 22, in order
to obtain the same half life of pheromone as in the redox model
(~2 min). This implies an affinity of E and FB that is 22-fold higher
than in the redox model. A consequence of the higher affinity is an
earlier saturation of the pheromone degradation indicated by a
longer half life of the pheromone (Figure A4, at uptake 100 µM/s).

With these modifications the fall and rise times of the receptor
potential could be fitted in the same way as with the redox model
(Figure A3B and C). For a stimulus uptake of 1 µM/s the
alternative model shows a time course of F very different from that
of F in the redox model, but similar to that of  FBred; the time
courses of FB and MB correspond approximately to those of FBox

and MBox in the redox model, respectively (compare Figures A5
and 5).

Varying the parameters R(0), k3, k–3, k4 and k–4 of the alternative
model produced effects similar to those found with the redox model
(compare Figures A6 and 8). In contrast to the redox model, the
variation of E(0) and of the rate constants k8, k–8 and k9 affects the
amplitude and fall of the receptor potential. The fall is much more
rapid with more enzyme (Figure A6), larger k8, and k9, and with a
smaller k–8 (not shown). Decreasing the concentration of E(0) has
almost no effect. Strong effects on the fall are observed also upon
changes of B(0) and k7, but not with k–7 (Figure A7). Increasing k–7

increases the level of tailing as in the redox model (cf. Figures A7
and 9).

Figure A3 Dose–response functions of the receptor potential recorded
(dots);  comparison with the alternative  model  (circles) (cf. Figure 3).
Abscissa: stimulus uptake U. Circles: responses of the alternative model
using the parameters given in Figure A2. (A) Steady amplitudes reached
after stimulation for 2 s. (B, C) Half times of the transients of the receptor
potentials.

Figure A2 Parameters of the alternative model (Figure A1). The
parameters are the same as for the redox model (Figure 2), except that
E(0) = 18 nM and k10 = 3.33/(µM · s). Asterisks denote values obtained
from Bombyx mori.

Figure A4 Alternative model, pheromone degradation at different uptake
values; stimulus duration 2 s. At an uptake of 100 µM/s the enzyme E is near
to saturation which increases the half life of the pheromone (mostly bound
to B).
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The effects on the kinetics of the receptor potential of variations
of E(0) and B(0) are due to the much higher concentration of  F
in the scavenger model as compared with the redox model (see
above). With an uptake of 1 µM/s we find the following concen-
trations at the end of a 2 s stimulus

F = 0.93 µM FB = 0.80 µM M = 0.22 µM

At 8 s after stimulation offset we have

F = 0.001 µM FB = 1.50 µM M = 0.44 µM

During stimulation, there is much more of F available for the
enzymatic degradation than in the redox model. For the scavenger
model at low values of  the uptake, the direct production of M
(dM/dt) via E and the initial flow of F to B can be obtained from
the following equations:

(15)

k7 · B(0) · F = 0.68F / s (16)

dM
d

/ s(0)

t

k E F

K
F

m

=
⋅ ⋅

=9

8 9

0 245
,

.

Figure A5 Time course of model variables after a 2 s stimulus (cf. Figure
5). Model parameters as in Figure A2. The concentration of the free
pheromone F (panel A) shows a time course similar to that of FBred in the
redox model (Figure 5A). The concentration of MB parallels that of MBox

(Figure 5B).

Figure A6 Receptor potentials generated by the alternative model upon
variation by factors of ten of the pheromone uptake, of the receptor
concentration R(0), and  of the  enzyme  concentration  E. The  standard
pheromone uptake was 1 µM/s (dots), the stimulus duration 2 s. In contrast
to the redox model (Figure 11E), the concentration of E and also the rate
constants of reactions 8 and 9 (not shown) control the fall of the receptor
potential.

Figure A7 Variation of the concentration B(0) of the PBP, and of the rate
constants of reaction 7. The parameters B(0) and k7 strongly influence the
fall of the receptor potential; k–7 only controls its tailing.
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Thus, the enzymatic degradation contributes much more to the
pheromone deactivation (26%) than in the redox model where only
1% of the adsorbed molecules were  degraded directly. In the
scavenger model this fraction would increase to 78% if E(0) is
increased 10-fold, and decrease to 3.5% if E(0) is decreased to 1/10.

A further reduction of E has almost no effect on the deactivation
and the fall of the receptor potential.

Variations of k10, k–10 and k11 in the scavenger model do not
affect the kinetics within the range of 20 s (not shown), as in the
redox model.
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