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Olfactory marker protein modulates the cAMP kinetics
of the odour-induced response in cilia of mouse olfactory

receptor neurons
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Olfactory marker protein (OMP), a phylogenetically conserved protein, is highly, and almost
exclusively, expressed in vertebrate olfactory receptor neurons (ORNs). Although OMP is widely
used asa marker for ORNSs, its function has remained largely elusive. Here we used suction-pipette
recordings from isolated ORNs of OMP~/~ mice to investigate its role in olfactory transduction.
Vertebrate olfactory transduction is initiated when odourants bind to receptor proteins to
activate an adenylyl cyclase via a G protein-coupled signalling pathway. This leads to an increase
in cAMP and the opening of a cyclic nucleotide-gated (CNG), non-selective cation channel which
depolarizes the cells. Ca** influx through the CNG channel in turn activates a Ca**-activated
Cl~ channel, causing a Cl~ efflux and further depolarization. In the absence of OMP, the
time-to-transient-peak of the response, the latency to first spike, and the response termination
were slowed 2- to 8-fold, indicating its role in regulating olfactory response kinetics and
termination. This phenotype persisted in OMP~/~ ORNSs even in low external Ca>* solution
chosen to prevent Cl~ channel activation, suggesting OMP acts upstream of Cl~ channel
activation. Furthermore, the response kinetics in cilia are virtually indistinguishable between
OMP~/~ and wild-type ORNs when intracellular cAMP level was elevated by the phospho-
diesterase inhibitor, IBMX, suggesting OMP acts upstream of cAMP production. Together, our
results suggest a role for OMP in regulating the kinetics and termination of olfactory responses,
implicating a novel mechanism for fast and robust response termination to ensure the temporal
resolution of the odour stimulus. These observations also help explain the deficits in odour

detection threshold and odour quality discrimination seen in the OMP~/~ mice.
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Olfactory marker protein (OMP) is an abundant, small,
cytoplasmic protein (Margolis, 1972) the expression of
which is highly restricted to mature chemosensory neurons
in the main olfactory epithelium, the vomeronasal organ,
the septal organ and the Grueneberg ganglion (Johnson
et al. 1993; Matsuoka et al. 2002; Ma et al. 2003; Fuss
et al. 2005; Breer et al. 2006; Fleischer et al. 2006). This
protein is derived from a single copy, intronless gene that
gives an amino acid sequence > 50% identical across all
vertebrate species (Keller & Margolis, 1975; Buiakova et al.
1994; Rossler et al. 1998; Ferrando et al. 2006). There is
no evidence of an OMP orthologue in invertebrates, indi-
cating that OMP was a vertebrate innovation. Its selective
expression in chemosensory neurons and its phylogenetic
conservation suggest that OMP serves a common function
in vertebrate chemosensory transduction.
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Homozygous OMP knockout (OMP~/~) mice exhibit
much slower onset and decay kinetics of odour-induced
electrical responses, based on electro-olfactographic
(EOG) recordings (Buiakova et al. 1996). The successful
rescue of this EOG deficit by the expression of OMP via
adenoviral delivery of cDNA to olfactory receptor neurons
(ORNs) of adult OMP~/~ mice in vivo has confirmed
that the deficit is indeed due to an acute absence of OMP
rather than a developmental role of this protein (Ivic et al.
2000). The OMP~/~ mice also have deficits in their ability
to detect and discriminate odours, likewise reversible
by adenoviral delivery of OMP ¢DNA (Youngentob &
Margolis, 1999; Youngentob et al. 2001, 2003, 2004). In
addition, OMP~/~ mice exhibit altered innervation of the
olfactory bulb (St John & Key, 2005) and OMP is reported
to enhance mitosis of ORN precursors (Farbman et al.
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1998). Despite these diverse phenotypic indications of
OMP function in the olfactory system, the target of OMP
in olfactory transduction remains unknown.

Olfactory transduction begins with the binding of an
odourant molecule to a receptor protein on the ciliary
membrane of ORNs. This binding triggers the exchange
of GDP by GTP on the «-subunit of the olfactory
G protein, G, and activates an adenylyl cyclase (type III),
leading to elevated intraciliary cAMP (for review
see Schild & Restrepo, 1998; Matthews & Reisert,
2003). The consequent opening of the olfactory cyclic
nucleotide-gated (CNG) channel lets Ca** and Na* into
the cilia (Zufall & Firestein, 1993; Dzeja et al. 1999),
depolarizing the cell. This depolarization is amplified
by a substantial excitatory Ca®*-activated Cl~ current
at the ciliary membrane (Kleene & Gesteland, 1991;
Kurahashi & Yau, 1993; Lowe & Gold, 1993; Reisert et al.
2005), owing to a high intracellular Cl~ concentration
maintained mostly by constitutive Cl~ uptake through a
Nat—K*—Cl~ cotransporter (Kaneko et al. 2004; Nickell
et al. 2006; Reisert et al. 2005). The Ca?* influx
through the CNG channels also leads to olfactory
adaptation. One mechanism of Ca** -mediated adaptation
involves, through Ca’*—calmodulin, a reduction in the
CNG channel’s sensitivity to cAMP (Chen & Yau,
1994; Kurahashi & Menini, 1997; Bradley et al. 2004).
Another adaptation mechanism involves an inhibition,
via Ca>"—calmodulin and calmodulin-dependent protein
kinase I, of the adenylyl cyclase (Wei et al. 1998;
Leinders-Zufall et al. 1999). The termination of the
ORN response requires all components of the signal
transduction cascade to be inactivated. This begins with
the separation of the odourant from the receptor, which
occurs quickly (Bhandawat et al. 2005). The GTP bound to
Ga,.oif is hydrolysed to GDP, deactivating G, orand allowing
the adenylyl cyclase to return to its basal activity. The
generated cAMP is hydrolysed by a phosphodiesterase
(PDE) (Borisy et al. 1992; Yan et al. 1995). Finally, the
excess intracellular Ca*" is removed from the ciliary space
via Nat-Ca*" exchange (Reisert & Matthews, 1998) or
a Ca’T-ATPase (Weeraratne et al. 2006) in order for the
Ca**-activated Cl~ channel to close.

The action of OMP can be at any of the above steps in
olfactory transduction. The experiments described here
were aimed at identifying the target of OMP.

Methods
Tissue preparation

Female OMP~/~ (Buiakova et al. 1996) and control mice
(129SvEvTac) aged 2-7 months were killed using CO,
followed by decapitation, as approved by Johns Hopkins
University School of Medicine and conforming with NTH
guidelines. Olfactory turbinates were removed from the
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nasal cavity and stored in oxygenated Ringer solution at
4°C until use. A small piece of olfactory epithelium was
freed from the underlying cartilage, placed in an Eppendorf
tube containing 200 ul of Ringer solution and briefly
vortexed (Reisert & Matthews, 2001a). The resulting cell
suspension containing isolated ORNs was transferred to a
recording chamber on an inverted microscope equipped
with phase-contrast optics, and allowed to settle for 30 min
before bath perfusion commenced.

Electrophysiological recordings

The suction-pipette technique was used to record from
isolated ORNs (Baylor et al. 1979; Lowe & Gold, 1991;
Reisert & Matthews, 2001a). The cell body of an isolated
ORN was drawn into the tip of the recording pipette,
leaving the cilia exposed to the bath solution. In this
recording configuration, the recorded current represented
the transduction current which entered at the cilia and
exited at the cell body. Also, since the intracellular voltage
was free to vary, the ORNs generated action potentials,
which also were recorded as biphasic, fast current
transients. Once an ORN was successfully sucked into the
tip of the recording pipette, it was tested for odourant
and IBMX responsiveness. The odour-induced receptor
current was recorded with an Axopatch-1D patch clamp
amplifier, digitized using a Digidata 1322A interface and
pCLAMP software (Axon Instruments). All currents were
sampled at 10 kHz. The slow receptor current was recorded
with a bandwidth of DC to 50 Hz (—3dB, 8-pole Bessel
filter), and action potentials were recorded with the wider
bandwidth of DC to 5000 Hz (—3dB, 8-pole Bessel filter).
Data were analysed with Origin software.

Solutions and solution changes

Mammalian Ringer solution contained (mm): 140 NaCl,
5 KCI, 1 MgCl,, 2 CaCl,, 0.01 EDTA, 10 Hepes, and 10
glucose. Low Ca* solution contained 2 mm nitriloacetic
acid (NTA) (and no EDTA) and 0.115 mm CaCl, to give
a free Ca™ concentration of 20 um. To keep the total
concentration of free Ca’*t and Mg*" at the same level
as Ringer solution, 4.48 mm MgCl, was added to give
a free Mg?" concentration of 3mm in the low-Ca*"
Ringer solution. The free Ca’* and Mg*" concentrations
were calculated using MaxChelator Winmaxc 2 (C. Patton,
Stanford University, Palo Alto, CA, USA). The pH was
adjusted to 7.5 with NaOH. Cineole was used as the
odourant at 100 M unless noted otherwise. When added,
IBMX was at 1mwm. Forskolin was also tried at a
concentration of 10 M but was found to be inadequate for
our intended experiments. Responses to forskolin, beit due
to slowactivation of the adenylyl cyclase or slow membrane
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permeability, occurred with a long (~1 s) delay and only
decayed over several seconds after forskolin removal.
Solutions were changed by transferring the tip of the
recording pipette holding the cell across the interface
of neighbouring streams of solutions using the Perfusion
Fast-Step  solution changer (Warner Instrument
Corporation). When the stimulus duration was 1s
or longer, the flow rate was such that the solution
change was complete within 15 ms. For shorter stimulus
durations, the flow rate was increased to achieve solution
change in < 5ms, assessed from the junction current
arising when stepping into a solution of different ionic
composition. A delay of 40 ms occurred between the
digital command and the actual solution change, and has
been subtracted from all processed timing data in Fig. 2.
Experiments were performed at 37°C. The solutions
were heated just prior to entering the solution changer
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Figure 1. Suction pipette recordings of mouse
olfactory receptor neurons

Fast wild-type (A) and slow OMP~/~ ORN (B) responses
were recorded in response to a 2's 100 um cineole
stimulation. C and D, suction pipette currents elicited by
the phosphodiesterase inhibitor IBMX (1 mm for 1 s) in
an OMP-positive and -negative ORN. All traces are
filtered DC to 50 Hz to display the receptor current
alone. E-F, the same recordings as in A-D at an
expanded time scale, but filtered at DC to 5000 Hz to
investigate action potential firing. The solution monitor
at the top indicates the timing of the command pulse
which initiated the solution change; the actual solution
change occurred with a slight delay (see Methods).
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by a heater according to Matthews (1999). In low-Ca**
experiments, ORNs were exposed to the low-Ca*™ Ringer
solution for 3s prior to, during, and for 4s after, the
odour stimulation.

Results
Altered response kinetics in ORNs lacking OMP

When stimulated by a 2 s pulse of the odourant cineole,
a wild-type (WT) ORN gave a response that rose to a
transient peak quickly before declining to a lower level,
and rapidly terminated upon cineole removal (Fig. 1A). In
some cells, the response also showed oscillations during
the 2 s stimulus (Reisert & Matthews, 2001a; see Fig. 4).
In contrast, the response of an OMP~/~ ORN to the
same stimulus rose more slowly and also declined from

100uM cineole E 100uM cineole

T
100+

=60 —

0 1 2 0 0.05 0.10

Time I:S} Time (S}



734 J. Reisert and others

its transient peak more slowly. In some cells, the response
did not even reach its peak during a 1s stimulation,
which explained why we chose a stimulus duration
of 2s. Most significantly, the response persisted for a
substantial period upon stimulus removal. On average, the
time for the response to fall to 20% (#599,) of its value at
the end of stimulation increased 7-fold, from 0.23 to 1.7 s
(Fig. 2C). This prolongation was apparently not due to a
higher sensitivity of OMP~/~ ORNs making the response
activation over-ride the response termination because,
from behavioural experiments, OMP~/~ ORNSs are much
less sensitive than WT ORNs (Youngentob & Margolis,
1999; see also Fig. 2A). Oscillatory responses were never
observed during a 2 s stimulation of OMP~/~ ORNs. In
Fig. 1E and F, the same traces as in Fig. 1A and B were
filtered at a wider bandwidth and expanded on the time
scale to reveal action potentials. WT ORNs typically gave
a short burst of action potentials, consisting of 1-3 spikes
during the early rising phase of the response (Figs 1E and
2F). OMP~/~ ORNS, on the other hand, typically gave a
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longer spike train with approximately twice as many spikes
(Figs 1F and 2F). The maximal spike frequency was lower
in OMP~/~ ORNs compared to wild-type ORNS, but this
difference did not reach statistical significance (Fig. 2E).
Thelatency (i.e. time delay) to the first spike was prolonged
nearly 4-fold (Figs 1E and F, and 2C).

We have also used 3-isobutyl-1-methylxanthine
(IBMX), a phosphodiesterase inhibitor, to elicit responses.
In this case, the response came from a rise in cAMP
concentration due to constitutive adenylyl cyclase activity
not balanced by cAMP hydrolysis due to endogenous
phosphodiesterase activity. Thus, the odourant receptor
and the G protein were bypassed. Importantly, the
responses of WT and OMP~/~ ORNSs to a 1s exposure
to IBMX were quite similar in time course, showing a
comparable time to peak, latency to first spike and, in
particular, 5y, (Figs 1C and D, and 2D). The current at
the transient peak and at the end of the 1 s IBMX exposure
were significantly larger in the OMP~/~ ORNs compared
to control (Fig.2B), explainable by slower adaptation
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and by the slower overall kinetics of the response (see
next section). Unlike odourants (see previous paragraph),
IBMX triggered a higher maximal spike frequency in
OMP~/~ than in WT ORNSs (Fig. 1G and H; collected data
in Fig. 2E and F).

From a total of 491 WT ORNSs tested with 100 um
cineole, 4% of the cells (20 ORNs) responded, comparable
as a percentage to the 6% (25 of 416) of cineole-responsive
OMP~/~ ORNs. The response to IBMX was 24% of WT
(79 of 334) and 45% (97 of 217) of OMP~/~ ORNS.
Superficially, the higher percentage of OMP~/~ ORNs
responsive to IBMX together with the increased response
to IBMX could imply either elevated adenylyl cyclase
activity or an overall increase in adenylyl cyclase gene
expression. RT-PCR analyses did not support the latter,
since no up-regulation in transcription was observed (E. L.
Margolis, unpublished observations).

OMP is required for fast recovery from adaptation

The much slower odour-induced responses in OMP~/~
ORNSs may also lead to a slower recovery from adaptation.

Figure 3. Double pulse experiment to investigate recovery
from adaptation

A wild-type (4) and an OMP~/~ ORN (B) were exposed twice to
100 uM cineole for 1 s with increasing recovery time between
the odour exposures as indicated by the solution monitor at the
top. C, the recovery time course as a function of the recovery
time, the ordinate displays the peak current of the second
response normalized to the first. Individual data points represent
the average of 2-8 measurements. Cineole concentration was
100 pm.
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We examined this property by exposing an ORN to two
1 s pulses of 100 M cineole, separated by different time
intervals, with the second servingas a test pulse for recovery
from the first. In Fig. 3A, the WT neuron regained ~75% of
its sensitivity in 2 s after the first cineole pulse. By contrast,
an OMP~/~ neuron required ~5s for the sensitivity to
recover by the same degree (Fig.3B). Figure 3C shows
collected data, giving the percentage recovery as a function
of time. This finding confirmed previous observations in
EOG recordings (Buiakova et al. 1996).

Oscillatory response during prolonged stimulation

A characteristic behaviour of ORNs is their ability
to generate oscillatory responses during prolonged
stimulation at intermediate odour concentrations
(Reisert & Matthews, 2001a,b). In Fig. 4A, after an initial
large response to a 60s cineole exposure (300 um), the
response of the WT ORN displayed oscillations with a
period of ~0.6 s (0.83 0.1 s, mean £ s.e.M.,n = 11). The
inset shows a record filtered at a wide bandwidth on an
expanded time scale from a different cell. Action potentials
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were generated at the rising phase of each inward current
wave. Hence the continuous presence of odour is translated
into short, high-frequency bursts of action potentials
to the olfactory bulb. In contrast, the response of an
OMP~/~ ORN to a similar prolonged odourant stimulus
was typically non-oscillatory, with action potentials
occurring only at the initial rising phase of the response.
When oscillations did occur, their period lengthened by
more than 10-fold (10.6 s in Fig. 4B and 100 um cineole;
10.4 &+ 1.5s, mean £ s.e.M. 1 = 6); the same lengthening
in periodicity would be expected for action potentials. The
3-fold difference in the cineole concentration used for the
WT and the OMP~/~ ORNS in Fig. 4 was not the reason
for the difference in oscillation period, because the
periodicity ~varies only slightly with odourant
concentration (Reisert & Matthews, 2001a).

Decay of odour- and IBMX-induced responses

The connection between OMP and the recovery time
course was examined more closely with 25-50 ms
odourant stimulations. With such short stimulus
durations, the odour exposure actually terminated before
the response began to develop, so that the response can be
considered as an impulse response (see Bhandawat et al.
2005). As with long odourant pulses, WT ORNs showed
much faster olfactory response kinetics than OMP~/~
ORNs (cf. Fig. 5A and C; note the compressed time scale in
Fig. 5C). The final response decline (typically, fitting began
at around 60% of the maximal peak current) followed
a single exponential with a time constant of 26 ms for
WT and 260 ms for OMP~/~ neurons (grey traces in
Fig. 5A and C; see also Fig. 6A for averaged data). The
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occurrence of action potentials distorted the rising phase
of the response, so we did not attempt a curve fit, but the
far more obvious asymmetry (about the transient peak) of
the response in OMP~/~ cells compared with WT cells
suggested that not all of the steps of the transduction
cascade were slowed by the absence of OMP. It should
be mentioned here that the slow recovery of the OMP~/~
response does not necessarily mean that the deactivation
step of the response is differentially affected. All it means is
that one step is significantly slowed down, and this could
be one of the activation steps.

In low (20 um)-Ca’* solution, which simplifies the
transduction process by attenuating the Ca’'-activated
Cl~ current in the response and the Ca’'-mediated
adaptation (see Introduction), the decay of the WT
response remained 10-fold faster than that of the OMP~/~
response (time constant of 35 ms in Fig. 5B versus 570 ms
in Fig. 5D; note again the compressed time scale in Fig. 5D;
averaged data in Fig. 6A) than in Ringer solution. Under
low-Ca*" conditions, the observed response kinetics
should reflect mainly the change in cAMP concentration
in the olfactory cilia.

As with long IBMX pulses described earlier, a 50 ms
pulse of 1 mm IBMX elicited responses with similar decay
rates in WT or OMP~/~ ORNS, regardless of whether
in Ringer or low-Ca** solution (Fig. 5E-H; see Fig. 6B
for collected data). IBMX pulses of 25 and 35 ms gave
similar results (data not shown). Because IBMX elicits a
response by acting on (inhibiting) the phosphodiesterase,
the fact that it gave essentially identical responses in
WT and OMP/~ cells suggests that, again, the main
target of OMP in olfactory cilia is at the step of adenylyl
cyclase or earlier. This conclusion is consistent with the

Figure 4. The oscillatory response

T during prolonged stimulation
60 A, a wild-type ORN was exposed to 300 um
cineole for 60 s and exhibited a fast
oscillatory response pattern with a mean
oscillatory period of 0.64 s. The inset shows
a recording from a different OMP-positive
ORN, which was filtered DC to 5000 Hz.
Action potentials are now visible at the
rising phase of each repetitive oscillation.
B, an OMP~/~ ORN shows drastically
slowed oscillations when exposed to cineole

T (100 M) with the mean oscillation period
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low-Ca’* experiments above. Incidentally, the overall
faster time course of the IBMX response compared to the
odourant-induced response simply stems from the fact
that the action of IBMX bypasses the steps of odourant
receptor and Ggr. Moreover, the permeation of IBMX
through the ciliary plasma membrane is very rapid.

Discussion

Although OMP was discovered many years ago, its exact
function remains unknown. Behavioural experiments on
OMP~/~ animals demonstrated a > 50-fold decrease in
sensitivity to odours (Youngentob & Margolis, 1999) and
an alteration in odourant quality perception (Youngentob
et al. 2001). The first indication of its effect on olfactory
response kinetics came from EOG recordings from
OMP~/~ mice which showed a slowing of odour-induced
response onset and its termination. Curiously, OMP has
also been implicated in regulating the mitotic activity

cinecle
A OMP++ C  omp--
0 f,\.__'u..v . 0 ,llf'.-é‘h‘l Ty
5 1/
J -5
< -8
& -
g -12 - Rlnger -10 Ringer
5 T 71 1
300.20.40.60123
=
a B
a
=
S
B
=
w

Olfactory marker protein and olfactory transduction

737

of ORN precursors (Farbman ef al. 1998) and in axon
guidance in the olfactory bulb (St John & Key, 2005). To
gain insight into the OMP function we have studied the
connection between OMP and olfactory response kinetics
more closely in this work.

The olfactory neuroepithelium of WT mice includes
both mature and immature ORNs. Thus, would we have
expected to record from an ORN of a WT mouse that
has not yet expressed OMP and therefore displays slow
response kinetics? The proportion of immature cells varies
with the age of the animal (Farbman & Margolis, 1980;
Miragall & Monti Graziadei, 1982; Margolis et al. 1991;
Farbman, 1994). Maturation of ORNs in WT mice is
associated with the expression of OMP, formation of cilia
and expression of the dipeptide carnosine (Biffo et al.
1990; Farbman, 1994). In mice > 2 months old as used
in this study, the immature ORNSs are limited to a small
population of the total that lie adjacent to the basal lamina
(Margolis et al. 1991; Schwob et al. 1992). These immature
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Figure 5. Analysis of the falling phase of the suction pipette current using short cineole or IBMX

stimulations

Wild-type (A) or OMP~/~ (C) ORNs were exposed to cineole and the falling phases of the suction pipette current
fitted with single exponentials (grey line) with time constants of 26 and 260 ms, respectively. To minimize the
contribution of the Ca?*-activated CI~ conductance external Ca2* was reduced to 20 um (low Ca2*) for an
OMP*/* (B) and an OMP~/~ (D) ORN. The fitted exponentials had time constants of 46 and 570 ms. Stimulation
durations were chosen to generate peak currents of comparable magnitudes and were 40, 25, 50 and 25 ms
in A-D, respectively, and chosen to elicit small currents, typically between 5 and 20 pA. Recordings in A and B
are from the same OMP*/+ ORN, and in C and D are from the same OMP~/~ ORN. Exposure to 1 mm IBMX for
50 ms in normal Ringer solution generated suction pipette currents with comparable time courses in wild-type (E)
or OMP~/~ (G) neurons (time constants of 25 and 39 ms). In low Ca?* Ringer solution the kinetics of the falling
phase also did not change much and could be fitted with time constants of 40 ms in the wild-type (F) and 53 ms
in the OMP~/~ ORN (G). Traces are in most cases averages of 5 recordings. Recordings in £~H are from different
ORNSs. Odourant or IBMX stimulations commenced at 40 ms.

© 2007 The Authors. Journal compilation © 2007 The Physiological Society



738 J. Reisert and others

ORN:Ss lack cilia and do not express OMP or carnosine.
In OMP~/~ mice, the number of ORNs with cilia and
expressing carnosine was unaltered (Buiakova et al. 1996).
However, because the recorded currents reported in this
study derive from the ORN cilia, it is highly unlikely that
any of our recordings were from immature ORNs.

Our recordings from single ORNs confirmed the
substantial slowing of their response to odourants in
the absence of OMP. Furthermore, the experiments with
IBMX and low-Ca*" solution both pointed to the step of
cAMP production or earlier in the transduction cascade
as a major target of OMP action in the cilia of ORN:S.
Our results indicating that OMP acts very early in
the transduction cascade are in apparent disagreement
with the report that Ca’" extrusion via the Nat-Ca**
exchanger is slowed in the dendritic knobs of OMP~/~
ORNs (Kwon et al. 2005). In principle, such an effect
should have affected the response kinetics of OMP~/~
ORNs much more in Ringer than in low-Ca** solution,
because the involvement of Ca’* should be strongly
attenuated by the latter condition. However, we found
that the two conditions made little difference (Figs5
and 6). The disparity in findings could potentially arise
from a difference in experimental approach or in the
preparation. In particular, Kwon et al. (2005) studied
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Figure 6. Averaged time constants of the falling phases of
cineole or IBMX-triggered responses

A, comparison of averaged time constants in OMP+/* and OMP~/~
ORNs when stimulated with cineole in either normal or low-Ca?*+
Ringer solution. Values are averages of 8-10 cells. B, time constants of
IBMX-triggered suction pipette currents in normal or low-Ca%* Ringer
solution. Symbols indicate values that are significantly different at the
0.05 (*) and 0.005 (**) level (Student's t test).
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the Ca*" dynamics in the dendritic knob, whereas the
electrical responses we studied came predominantly from
the cilia, a compartment with its own Ca’>" dynamics
compared to the dendritic knob (Leinders-Zufall et al.
1998). The small ciliary volume compared to its surface
area means that even small amounts of Ca’** entering
the cilia through the CNG channel can lead to large
local Ca** changes (Lindemann, 2001). Equally, this small
absolute amount of Ca’" can be quickly removed by
Na™—Ca?* exchange, which is abundantly expressed in
ORNs and their cilia (Pyrski et al. 2007). This offers a
parsimonious explanation for the difference in finding
between the two studies. Nat—Ca*" exchange could also
be affected in the cilia, but, owing to the small amount
of Ca’" present in cilia, might not become apparent even
when Na™—Ca?* exchange was slowed due to the absence
of OMP, thus allowing other more dominant effects of
OMP to be uncovered as reported here. Nevertheless, we
have demonstrated, using suction electrode recordings
of individual dissociated ORNs that OMP is indeed a
critical participant in modulating olfactory transduction.
It appears to participate at a very early stage in the cascade,
possibly at the level of the adenylyl cyclase (ACIII) where its
absence leads to a delayed response to odour stimulation.

How could such a role of OMP explain not only the
prolongation but also the sluggish onset of the response?
In wild-type ORNS, any spontaneous activation of the
receptor, the G protein or ACIII would cause a response,
which would terminate quite quickly due to the presence
of OMP and therefore remain small. If indeed OMP’s role
is to terminate transduction prior to cAMP production,
any spontaneous activation of the receptor, G protein or
ACIII would give rise to a longer and larger, although
still small current in the absence of OMP and therefore
a higher overall basal activity, which is indeed observed
(increased response to IBMX). Furthermore, an increased
basal activity in the OMP knockout can be mimicked
by a low, continuous activation of the odourant receptor
in wild-type ORN:Ss, like a low, adapting level of odour,
causing increased levels of cAMP. Adaptation of this kind
doesin fact bring about a slowing of the time to peak of frog
odour responses (Reisert & Matthews, 1999), reminiscent
of what is observed in OMP~/~ ORNs. Alternatively,
OMP might play a more subtle role and modulate a
common regulator of several steps in the transduction
cascade. For example, it might modulate the availability of
calmodulin which is a critical effector of many stages of the
transduction cascade (Wei et al. 1998; Bradley ef al. 2004;
Kaneko et al. 2006).

OMP, action potential firing and behavioural
implications

The recorded alterations in action potential firing also shed
light on reasons for the severe reduction in behaviourally
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determined odour sensitivity (Youngentob & Margolis,
1999), odour quality perception (Youngentob et al. 2001)
and alterations in odourant-induced mucosal activity
patterns (Youngentob et al. 2003). Constant, albeit low,
levels of activity as that observed in the OMP~/~ ORNSs
can desensitize ORNs quite effectively, leading to a shift
of the odour dose-response relation to higher odour
concentration and even complete failure to generate
action potentials in response to odour stimulation (Reisert
& Matthews, 1999). Furthermore, OMP~/~ ORNS,
when stimulated for extended durations, generate only
occasionally, if at all, an oscillatory response pattern with a
very low frequency. Consequently, action potentials, which
can be associated with each repetitive response, only occur
around every 10 s (instead of every second as in the WT).
This severely reduces the number of action potentials and
changes the action potential pattern signalled to the mitral
cells, the olfactory second-order neurons in the olfactory
bulb. Also, since OMP~/~ ORNs recover only very slowly,
any response following a previous stimulation is reduced,
compromising rapid sampling (e.g. during sniffing) of an
odour, a situation compounded by the increased latency
to generate an action potential in response to odour
stimulation in the OMP knockout. Together, these results
on the level of a single cell can explain the reported increase
in behaviourally determined odour detection threshold
in the OMP knockout (Youngentob & Margolis, 1999)
and odour quality perception deficits (Youngentob et al.
2001). They mightalso be related to the altered innervation
patterns reported in the olfactory bulb of OMP~/~ ORNGs
(St John & Key, 2005).

We have demonstrated that OMP plays a key role in one
of the earliest steps of olfactory transduction in ORNs.
However, the expression of OMP is highly restricted to
chemosensory neurons in the main olfactory epithelium,
the vomeronasal organ, the septal organ and the Griineberg
ganglion. This restricted cellular distribution of OMP
coupled with the phylogenetic conservation of its amino
acid sequence suggests that it plays a common role in these
various loci where it is present. However, these different
sites do not all use a common signal transduction pathway.
It will be interesting to determine the role OMP plays in
these various cells as this should help to explain why OMP
has such a selective expression pattern.
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