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Abstract
Olfactory marker protein (OMP) was first described as a protein expressed in olfactory receptor neurons (ORNs) in the nasal 
cavity. In particular, OMP, a small cytoplasmic protein, marks mature ORNs and is also expressed in the neurons of other 
nasal chemosensory systems: the vomeronasal organ, the septal organ of Masera, and the Grueneberg ganglion. While its 
expression pattern was more easily established, OMP’s function remained relatively vague. To date, most of the work to 
understand OMP’s role has been done using mice lacking OMP. This mostly phenomenological work has shown that OMP 
is involved in sharpening the odorant response profile and in quickening odorant response kinetics of ORNs and that it con-
tributes to targeting of ORN axons to the olfactory bulb to refine the glomerular response map. Increasing evidence shows 
that OMP acts at the early stages of olfactory transduction by modulating the kinetics of cAMP, the second messenger of 
olfactory transduction. However, how this occurs at a mechanistic level is not understood, and it might also not be the only 
mechanism underlying all the changes observed in mice lacking OMP. Recently, OMP has been detected outside the nose, 
including the brain and other organs. Although no obvious logic has become apparent regarding the underlying commonality 
between nasal and extranasal expression of OMP, a broader approach to diverse cellular systems might help unravel OMP’s 
functions and mechanisms of action inside and outside the nose.
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Abbreviations
AC3  Adenylyl cyclase type III
Ano2  Anoctamin 2
AP  Action potential
Bex1-6  Brain-expressed X-linked protein 1–6
cAMP  Cyclic adenosine monophosphate
CNG  Cyclic nucleotide-gated
CNGA2, CNGA4  cyclic nucleotide-gated alpha 2 or 4 

subunit
CNGB1  Cyclic nucleotide-gated beta 1 subunit
EOG  Electro-olfactogram
EphA, EphB  ephrin A or B receptor
ETC  External tufted cell
FMRP  Fragile X mental retardation protein

GBC  Globose basal cell
GFP  Green fluorescent protein
Golf  Olfactory G protein
Gs  G protein
HBC  Horizontal basal cell
IBMX  3-isobutyl-1-methylxanthine
K1-18  Cytokeratin 1–18
Kir2.1  Inwardly rectifying potassium channel
KO  Knockout
M71  Olfactory receptor type
mOR-23  Olfactory receptor type
mOR-EG  Olfactory receptor type
NCKX4  K+-dependent  Na+/Ca2+ exchanger 4
NCX  Na+/Ca2+ exchanger
Nrp1  Neuropilin 1
OB  Olfactory bulb
OE  Olfactory epithelium
OMP  Olfactory marker protein
OR  Olfactory receptor
ORN  Olfactory receptor neuron
PDE  Phosphodiesterases
PlxnA1  Plexin A1
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Sus   Sustentacular
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Introduction

When studying the basic science of olfaction, there is one 
protein that, one might argue, represents the complexity 
of the peripheral olfactory system: olfactory marker pro-
tein (OMP). This protein is expressed in olfactory recep-
tor neurons (ORNs), the neurons that detect odorants and 
convert their presence into action potentials. The story 
of OMP is filled with the trials and tribulations of try-
ing to understand the function of the protein in general 
and in ORNs in particular, even nearly 50 years since its 
discovery (Margolis 1972). OMP is still the subject of 
many research papers, and it continues to reveal surprises, 
though not necessarily its function(s), whose complexity 
is still blurred.

Since the first seminal paper, by Frank L. Margolis in 
1972 (Margolis 1972), OMP has been showing remarkable 
features:

1. Specificity: it is abundantly and predominately expressed 
in the chemosensory systems (Hartman and Margolis 
1975; Monti-Graziadei et al. 1977).

2. Phylogenetically conserved: it displays similar expres-
sion patterns in the chemosensory organs of many ver-
tebrate species (Keller and Margolis 1975).

OMP was first described as a protein of low molecu-
lar weight found in a fraction of soluble proteins from 
mouse brain extract (Margolis 1972). At the time, OMP 
was detected exclusively in the olfactory bulb (OB), lead-
ing Margolis to hypothesize that its expression site could 
be in the nasal cavity, and therefore peripheral to the OB, 
where the ORNs that innervate the bulb are located. Thus, 
the protein found in the brain extract could be from ORN 
axons that synapse onto second-order neurons in the glo-
meruli of the OB.

Margolis’s hypothesis turned out to be correct, and OMP 
was then localized in the olfactory epithelium (OE) and the 
vomeronasal organ using biochemical methods. Margolis 
and Tarnoff (1973) could not exclude OMP expression in 
other, non-neuronal cell types in the OE, they concluded 
“The existence of a protein uniquely associated with a spe-
cific neuron type, synapsing in an area of the brain which 
modulates sexual, social, and nutritional behavior, will 
facilitate meaningful studies of biochemical correlates of 
specific behavioral parameters at the level of the primary 
sensory input.” Later work described OMP expression in 
the other two chemosensory organs in the nasal cavity: the 
septal organ of Masera, located at the base of the septum 

(Breipohl et al. 1989; Weiler and Farbman 2003), and the 
Grueneberg ganglion in the rostrodorsal part of the nasal 
cavity (Fleischer et al. 2006).

Margolis and colleagues made an antibody directed 
against OMP (Keller and Margolis 1975; Margolis 1972; 
Monti-Graziadei et al. 1977), and since then, its use has 
become almost a rite of passage—it has been used probably 
at least once by any scientist working on the basic aspects 
of the peripheral olfactory system. Over the years, the Mar-
golis lab has sent the antibody to 400 labs in more than 30 
countries (personal communication with Dr. Margolis) and 
OMP’s peculiar expression pattern was determined using the 
antibody and immunostaining. In the OE, OMP is expressed 
only in fully mature ORNs (Barber et al. 1982; Hartman 
and Margolis 1975; Monti-Graziadei et al. 1977). This find-
ing gave scientists an important tool to study chemosensory 
systems from the peripheral organ to the first synapse in the 
OB, by using OMP not only to identify mature ORNs but 
also to drive or delete genes of interest using Cre-mediated 
approaches. Since then, much progress in understanding 
OMP function and the chemical senses has been made. 
However, OMP’s potential role, or even multiple roles, in 
ORN transduction, axonal targeting, and behavior remain 
to be fully elucidated.

Following the cloning of OMP (Rogers et al. 1987) and 
the first transgenic mouse model expressing Thy-1.1 as a 
reporter gene in mature ORNs under the OMP promoter 
(Danciger et al. 1989), several studies have used OMP to 
characterize the OE in different species and experimental 
conditions (e.g., regeneration studies, identification via co-
localization of other proteins expressed in ORNs). In the 
meantime, an increasing number of olfactory transduction 
proteins were described and their cellular localization deter-
mined. These proteins involved in odorant transduction are 
abundantly expressed in the cilia/knob of ORNs and, at best, 
at very low levels in the cell body, while OMP, as a cytoplas-
mic protein, is present in all the cellular compartments, from 
cilia to axonal endings in the OB. This made hypothesizing 
a single role, or potentially several locally and developmen-
tally dependent roles, for OMP a challenging endeavor.

Cell types of the olfactory epithelium

The OE is an epithelium with several cell types with differ-
ent functions and morphologies (Fig. 1a). Finding markers 
to help distinguish among them all is crucial. The main 
cell type in the OE is the ORN, a bipolar neuron with its 
soma located in the middle portion of this pseudostrati-
fied epithelium. ORNs extend their axons behind the basal 
membrane to form the olfactory nerve that reaches the 
OB. On the other end of their soma, a single unbranched 
dendrite departs and reaches the apical portion of the OE, 
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where it ends in a knob from which several cilia protrude 
into the nasal cavity (Morrison and Costanzo 1992). Olfac-
tory knobs have a round, spherical shape, 1–2 μm in diam-
eter. The number of cilia varies; usually 10–25 processes 
extend from each knob with different lengths, depending 
on the species (some extend over 50 µm) (Moran et al. 
1982b; Morrison and Costanzo 1990). Cilia contain all 
the proteins required to transduce an odor stimulus into 
a generator potential that triggers action potentials (APs) 
in the cell body of ORNs, which then travel via the ORN 
axons to the OB. The ORNs are the cells that express OMP 
in the OE. Although several other cellular markers have 
been described for ORNs, OMP is still widely used, and it 

serves in several transgenic animal models to drive expres-
sion of or to delete genes of interest specifically in mature 
ORNs.

In addition to its complement of ORNs, the OE contains 
several other cell types (Fig. 1a): sustentacular (Sus) sup-
porting cells (Andres 1966; Graziadei and Graziadei 1979), 
microvillar cells (a heterogeneous population with respect 
to phenotype and function) (Asan and Drenckhahn 2005; 
Genovese and Tizzano 2018; Hegg et al. 2010; Kusumakshi 
et al. 2015; Montani et al. 2006; Moran et al. 1982a; Morri-
son and Costanzo 1992), and two populations of basal cells, 
dark or horizontal basal cells (HBCs) and light or globose 
basal cells (GBCs) (Graziadei and Graziadei 1979). The OE 

Fig. 1  The olfactory epithelium and olfactory transduction. a Sche-
matic representation of the olfactory epithelium (OE). The OE is a 
pseudostratified epithelium consisting of several cell types, both 
neuronal (mature and immature ORNs) and non-neuronal. Mature 
ORNs are ciliated bipolar neurons extending an apical dendrite to 
the surface of the epithelium and a basal axon to the olfactory bulb. 
Non-neuronal cells in the OE include sustentacular cells (columnar 
supporting cells with apical microvilli), microvillar cells (a diverse 
population of pear-shaped cells extending an apical process with 
microvilli into the nasal cavity), globose basal cells (progenitors of 
ORNs), and horizontal basal cells (attached to the basal lamina and 
mitotically inactive in the uninjured OE). The OE also has Bowman’s 
glands (ducts projecting through the OE that release mucus). Note 
that the olfactory cilium and dendritic knob of ORNs are represented 
again in b and c, respectively, to highlight the olfactory transduction 
events related to OMP occurring at each location. b Schematic rep-

resentation of the olfactory transduction cascade occurring within 
the cilium of an ORN and suggested roles of olfactory marker pro-
tein (OMP). OR, olfactory receptor; Gαolf, β, and γ, subunits of the 
olfactory G protein; AC3, adenylyl cyclase 3; CNG, cyclic nucleo-
tide-gated channel; Ano2,  Ca2+-activated  Cl− channel anoctamin 2; 
NCKX4,  K+-dependent  Na+/Ca2+ exchanger 4; PDE1C, phosphodies-
terase 1C. OMP is hypothesized to act upstream of the production of 
cAMP. Dashed arrows indicate the speculative effect of OMP on vari-
ous elements of the olfactory transduction cascade. The OMP struc-
ture presented in this figure is a β-clamshell formed by two β sheets 
based on the work by Smith et al. (2002). c Schematic representation 
of the hypothesized role of OMP in the dendritic knob of ORNs. An 
OMP dimer forms a complex with brain-expressed X-linked protein 
1 (Bex1) that binds to the plasma membrane and can interact with 
 Ca2+/calmodulin (CaM) and an  Na+/Ca2+ exchanger (NCX). Images 
created with Biorender
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also contains the Bowman’s duct glands that secrete mucus. 
None of these other OE cell types express OMP.

Sus cells are tall and columnar shaped, extending 
throughout the entire layer of the OE. Their apical surface 
bears microvilli (Engstrom et al. 1989; Menco 1980; Moran 
et al. 1982b). They are closely associated with ORNs, almost 
entirely wrapping the ORN cell bodies and dendrites extend-
ing to the epithelial surface. Markers that uniquely identify 
Sus cells are typical of epithelial cells (cytokeratin 8 [K8] 
and K18) (Holbrook et al. 2011).

HBCs are quiescent cells and have been described as stem 
cells of the adult OE (Carter et al. 2004; Graziadei and Gra-
ziadei 1979), but now are considered to be the “reserve stem 
cells” of the OE, activated only in case of severe damage of 
the OE (Schwob et al. 2017). Markers for this cell population 
are K5 and K14 and the transcription factor p63. GBCs are 
the progenitors of ORNs in the OE. They constitute a het-
erogeneous population of cells and share some markers with 
HBCs, such as Pax6 and Sox2 (Peterson et al. 2019; Schwob 
et al. 2017). Following damage of the OE (e.g., bulbectomy), 
ORNs derive from differentiating GBCs (Caggiano et al. 
1994; Schwob et al. 1994). They are considered immature 
ORNs, not expressing OMP but instead the markers GAP-
43 and the G protein subunit gamma 8 (Tirindelli and Ryba 
1996; Verhaagen et al. 1989). Interestingly, these immature 
ORNs express multiple types of olfactory receptors (ORs), 
and their single OR choice will be stabilized during later 
stages of maturation (Hanchate et al. 2015).

Does a protein expressed everywhere 
in ORNs participate in olfactory 
transduction?

The answer to this question came when a knockout (KO) 
mouse model for OMP was first generated by Buiakova et al. 
(1996). By recording electro-olfactograms (EOGs; odorant-
induced field potential changes) from the ciliary layer of the 
OE of OMP-KO animals, they found a reduced response 
to odors, slowed response kinetics (Fig. 2a), and reduced 
ability to respond to a second stimulation in a paired-pulse 
adaptation protocol compared with wild-type (WT) mice. 
EOGs record the summated generator potential from the sur-
face of the OE (Scott and Scott-Johnson 2002). It is therefore 
thought to represent the signal transduction events happen-
ing at the cilia/knob region of many ORNs in the vicinity of 
the recording site. As Buiakova et al. (1996) stated, “These 
observations provide strong support for the conclusion that 
OMP is a novel modulatory component of the odor detec-
tion/signal transduction cascade.” Probably at the time, it 
was also surprising that the OE and OB of OMP-KO mice 
appeared grossly normal, without any obvious histological 
changes. Interestingly, after adenoviral-mediated expression 

of OMP in an OMP-KO mouse, the EOG looked similar to 
those of WT mice (Fig. 2a; see also Ivic et al. 2000). This 
also suggests that, at least for the odorant-induced response, 
OMP is not required during development to exert its function 
at maturity. However, these results raise questions about how 
OMP modulates olfactory transduction and through which 
other transduction protein(s) it exerts its action.

Transduction starts upon binding of an odorant molecule 
to an OR, a member of the large olfactory family of G pro-
tein-coupled receptors that are abundantly expressed in the 
ciliary membrane of ORNs (Fig. 1b). This then activates an 
alpha stimulatory subunit (Golf) of a trimeric G protein to 
stimulate adenylyl cyclase type III (AC3) to produce cyclic 
adenosine monophosphate (cAMP) which opens olfactory 
cyclic nucleotide-gated (CNG) channels, allowing  Na+ 
and  Ca2+ to enter the ciliary lumen. This current begins to 
depolarize the ORN to generate APs to be sent to the OB. 
The  Ca2+ that enters via the CNG channel is responsible for 
various mechanisms, including activation of  Ca2+-activated 
 Cl− channels (TMEM16B or anoctamin 2 [Ano2]) that leads 
to  Cl− exiting the cilium, further depolarizing the cell (Bil-
lig et al. 2011; Boccaccio and Menini 2007; Dibattista et al. 
2017; Pietra et al. 2016; Rasche et al. 2010; Reisert and 
Zhao 2011; Stephan et al. 2009). The depolarizing action 
of Ano2 shortens the spike train and the duration of AP 
firing by causing quick inactivation of voltage-dependent 
 Na+ channels, which leads to cessation of AP generation. 
Both the number of APs and the AP train duration might be 
required to correctly encode for the right odorant concentra-
tion and stimulus duration, generating the appropriate flow 
of information that ultimately arrives in the OB.

The transduction events triggered by the activation of the 
ORs need to be terminated. In particular, at this stage, cAMP 
and  Ca2+ are at high concentrations in the ciliary lumen. 
cAMP is hydrolyzed by two phosphodiesterases (PDEs), 
PDE1C in the cilia and PDE4A in the remaining parts of the 
ORN. Although expression of PDE1C and PDE4A is highly 
compartmentalized and mutually exclusive, their individual 
role in response termination is probably dispensable since 
the diffusion of cAMP from the cilia into the knob is suf-
ficient to mediate a rapid response termination (Cygnar 
and Zhao 2009).  Ca2+ removal via  Ca2+ exchangers leads 
to closure of Ano2 and hence response termination. Since 
the 1990s, the major players responsible for terminating the 
olfactory response in ORNs were suggested to be the  Na+/
Ca2+ exchangers (Antolin and Matthews 2007; Jung et al. 
1994; Noe et al. 1997; Reisert and Matthews 1998). The pre-
cise molecular identity of NCXs responsible for ciliary  Ca2+ 
extrusion remained somewhat elusive until Stephan et al. 
(2012) showed that the  K+-dependent  Na+/Ca2+ exchanger 
4 (NCKX4) is present in olfactory cilia and functions to 
extrude  Ca2+ from the ciliary lumen.
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The odorant response and OMP

Because EOG recordings in OMP-KO mice showed differ-
ences in the kinetics of odorant responses, it was suggested 
that OMP may interact with proteins involved in signal trans-
duction. However, because EOG experiments measure the 
response of a population of ORNs, it was hard to pinpoint 
a potential target protein of OMP in the olfactory trans-
duction pathway. Suction electrode recordings from single 
mouse ORNs (Fig. 2 b and b’), a loose patch-clamp method 
that records the odorant-induced current originating from 
the cilia confirmed that the odorant response kinetics were 
slowed in OMP-KO mice (Reisert et al. 2007), as shown 
previously in EOG recordings. Adaptation to a paired-
pulse protocol was also impaired in OMP-KO mice, and 
the response failed to recover from the first stimulus, thus 
showing a much reduced amplitude to the second stimula-
tion. Later experiments with ORs tagged with green fluores-
cent protein (GFP) in ORNs lacking OMP found prolonged 
response onset, slower rising phase, and slower response 
termination of the odorant-induced response (Dibattista 
and Reisert 2016), in agreement with previous reports (Lee 
et al. 2011; Reisert et al. 2007). In addition, because two dif-
ferent mouse lines were used that expressed GFP in ORNs 
either expressing the mOR-EG OR and the M71 OR, dose-
response experiments could be performed with the cognate 
ligands for these two ORs. This revealed that OMP contrib-
utes to defining the dynamic range of odorant sensitivity in 
ORNs. In particular, in OMP-KO mice, the dose-response 
curve was flattened and broadened in response to lower 
odorant concentrations, compared with WT mice, indicating 
that ORs can be activated by odorants at much lower con-
centrations than those usually reported. OMP suppresses the 
responses at low odorant concentrations and thus narrows 
the dose-response relation. This mechanism allows ORNs 
to retain a well-defined dynamic response range to be able 
to encode meaningful concentration ranges (Dibattista and 
Reisert 2016).

Youngentob et al. (2003) imaged the medial face of the 
OE using voltage-sensitive dyes and found that the spati-
otemporal pattern of activation was degraded in the absence 
of OMP. Mature ORNs of adult OMP-KO mice seem to lose 
their odorant selectivity profile, as if they expressed more 
than one OR type. Indeed, recording from GFP-tagged 
ORNs expressing mOR-23, Lee et al. (2011) showed that 
OMP-KO ORNs, similar to ORNs in newborn WT mice, 
failed to be selective for lyral, the best-known agonist for 

Fig. 2  Odorant-induced responses in wild-type and OMP-knockout 
mice. a EOG recordings showing that the absence of OMP causes 
slower kinetics of the olfactory response, here in response to amyl 
acetate. EOG traces were normalized to 100% to aid comparison of 
the response time course and recorded from control mice  (OMP+/+), 
OMP-knockout mice  (OMP−/−), and  OMP−/− mice rescued with 
OMP adenoviral infection (using CMV-OMP-IRES-EGFPAdV) at 
day 1 postinfection (short RES  OMP−/−) and at day 3 postinfection 
(RES  OMP−/−). Gray traces represent the actual EOG recordings; 
black curves are EOG recordings fitted with double exponential func-
tions. Figure adapted from Ivic et  al. (2000) with permission from 
Nature Neuroscience. b, b’ Suction pipette recordings showing that 
the absence of OMP causes slower kinetics of the olfactory transduc-
tion current in single ORNs. Both traces are recorded in response to a 
2-s stimulation with cineole (100 µM). b A control mouse  (OMP+/+). 
b’ An OMP-knockout mouse  (OMP−/−). Figure adapted from Reisert 
et al. (2007), with permission from the Journal of Physiology 

▸
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this OR, in contrast to adult WT ORNs. Instead, single 
mOR-23-expressing ORNs still responded to lyral but also 
responded to nonoverlapping sets of additional odorants 
known not to be mOR-23 ligands. These observations could 
explain the significant shift toward equal responsivity across 
the OE in OMP-KO mice observed using voltage-sensitive 
dyes (Youngentob et al. 2003).

Most likely in this scenario, in mature ORNs lacking 
OMP, the complex regulatory machinery that typically 
leads to the expression of one OR type per neuron has been 
altered (Magklara et al. 2011). Another possibility is that 
OMP acts directly on ORs to increase their sensitivity to 
odorants other than their main ligand, although this might 
be less likely given the above-described broadening of the 
ORN response profile to different sets of odorants. What 
is also unknown is whether virally mediated expression of 
OMP in an adult OMP-KO mouse (Ivic et al. 2000) restores 
not only the response kinetics, as mentioned above, but also 
the narrower response profile and dose response of an ORN.

Ciliary cAMP dynamics and OMP

The observed changes in response kinetics in OMP-KO ORNs 
suggested that the two underlying messengers of olfactory 
transduction, cAMP and  Ca2+, should have altered kinetics. 
cAMP is generated by AC3 in response to OR basal activity 
or odorant stimulation (Connelly et al. 2013; Reisert 2010), 
raising the questions of if and how these two aspects of ORN 
physiology might be controlled by OMP. In the absence of 
odorants, ORNs show varying levels of “noise” (membrane 
potential fluctuations) driven by cAMP and generated by the 
given constitutive activity of the expressed OR (Connelly 
et al. 2013; Nakashima et al. 2013; Reisert 2010). This in 
turn drives G protein and AC3 activation to open the CNG and 
then Ano2 channels. These cAMP fluctuations are partly con-
trolled and mitigated by cAMP-degrading PDEs, as applica-
tion of the PDE blocker 3-isobutyl-1-methylxanthine (IBMX) 
generates responses that depend on the basal activity of the 
ORs (Reisert 2010). Since IBMX blocks PDEs downstream 
of the OR, Golf, and AC3, the resulting current reveals that 
it is the OR’s constitutive activity that drives the following 
transduction events (Reisert 2010).

Suction pipette experiments showed that OMP is indeed 
involved in cAMP dynamics inside the cilia. Unlike 
responses to odorants, ORNs lacking OMP have response 
kinetics similar to WT ORNs when stimulated with IBMX 
(Reisert et al. 2007). This indicates that OMP does not regu-
late the activity of CNG or Ano2 channels; rather, it acts 
upstream of cAMP production by AC3, hence on OR, Golf, 
and/or AC3 (see Fig. 1b). During low extracellular  Ca2+ 
conditions aimed at reducing  Ca2+ influx through CNG 
channels and to eliminate the activation of Ano2, OMP-
KO ORNs still displayed slower kinetics in response to an 

odorant stimulation but no changes in response to IBMX. 
This suggests that the action of OMP does not require or is 
not regulated by dynamic changes in ciliary  Ca2+.

Interestingly, while no change in the kinetics of IBMX 
responses has been observed in OMP-KO ORNs, the magni-
tude of IBMX responses increased and the number of ORNs 
responding to IBMX nearly doubled compared with WT 
ORNs (Reisert et al. 2007). The responses became bigger in 
ORNs expressing ORs with lower basal activity, as has been 
shown in mOR-EG-expressing GFP-tagged ORNs whose 
responses to IBMX were particularly larger compared with 
WT responses (Dibattista and Reisert 2016). It appeared that 
removing OMP was like removing a “brake,” but a brake on 
what? One hint came from the observation that AC3 expres-
sion is twofold higher in OMP-KO ORNs (Lee et al. 2011). 
A second hint came from the IBMX responses in mOR-
EG-expressing ORNs, which lack basal OR-driven noise in 
WT mice (Dibattista and Reisert 2016), thus indicating that 
cAMP increases in OMP-KO ORNs are not predominantly 
driven by basal activity of mOR-EG. Instead, OMP might 
act as a brake on basal AC3 activity (and potentially also its 
expression level), such that the constitutive activity of a given 
OR becomes the dominant source of noise (Dibattista and 
Reisert 2016). Hence, OMP coordinates OR type and AC3 
activity to lower cAMP levels in the absence of a stimulus. In 
this way, OMP controls basal activity so that the basal noise 
driven by the OR can play different instructive roles in ORN 
physiology in the olfactory system (e.g., axonal guidance to 
glomeruli in the OB).

Ca2+ dynamics and OMP

Altered cAMP dynamics in OMP-KO mice will alter  Ca2+ 
influx through the CNG channel and potentially also  Ca2+ 
efflux. A proposed site of action of OMP  is the NCX (see 
Fig. 1c and Kwon et al. 2009).  Ca2+ imaging of the den-
dritic knobs of ORNs showed that, in the absence of OMP, 
the extrusion of  Ca2+ generated by the activation of cAMP 
signaling was slowed down in OMP-KO ORNs compared 
with WT. By manipulating  Na+ concentration (intracellularly 
and extracellularly) and by pharmacological blockage, Kwon 
et al. (2009) showed that NCX activity was reduced both in 
the  Ca2+ efflux mode and in the reverse  Ca2+ entry mode of 
NCX in OMP-KO animals.

In addition, molecular analysis suggested a possible pro-
tein-protein interaction (Kwon et al. 2009) between a com-
plex formed by OMP, brain-expressed X-linked protein 1 
(Bex1),  Ca2+/calmodulin, and NCX. This finding that OMP 
controls  Na+/Ca2+ exchange in the dendritic knob seems to 
contradict the finding that OMP does not affect any protein 
downstream of AC3, which includes ciliary NCKX4. But 
the underlying assumption here would be that OMP has the 
same function in all parts of the ORN, which is actually not 
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resolved. Instead, OMP might act differentially in different 
cellular compartments.  Ca2+ dynamics in ORNs contributes 
to many aspects of response kinetics, and  Ca2+ dynamics in 
the dendritic knob can be altered by disabling mitochondrial 
 Ca2+ sequestration, thus prolonging the odorant response and 
steepening the dose-response curve (Fluegge et al. 2012). In 
ORNs, mitochondria are present in the knob/dendrite region 
and not in the cilia, so it is possible that the reported inter-
action between OMP and NCX happens exclusively in this 
cellular region, thus not excluding a different role of OMP 
in the cilia.

Action potential firing in ORNs and OMP

By regulating odorant-induced and basal levels of cAMP, 
OMP also influences odorant-induced and spontaneous AP 
firing. The odorant-induced current depolarizes ORNs and 
leads to the firing of APs (Getchell and Shepherd 1978; 
Mathews 1972; O’Connell and Mozell 1969). Properties 
of APs such as frequency, number of spikes, and latency 
to first spike encode several aspects of odorant responses 
and are translated into specific behaviors later on in the 
brain (Doving 1965; Harrison and Scott 1986; Kauer 1974; 
Kauer and Shepherd 1977; Meredith 1986; Reisert and Mat-
thews 1999). OMP-KO ORNs show longer latency to first 
spike and longer AP trains (Nakashima et al. 2020; Reisert 
et al. 2007). The longer train of APs might be OR specific 
since M71-expressing ORNs fire more APs in the absence 
of OMP, whereas the pattern of APs firing in mOR-EG-
expressing ORNs is not affected by OMP (Dibattista and 
Reisert 2016).

A pattern of odorant delivery that resembles a breath-
ing frequency of 2 Hz showed that ORNs can fire APs in 
response to each stimulation and are able to follow the 
stimulation pattern (Ghatpande and Reisert 2011). However, 
when stimulated with a higher frequency (5 Hz), this reli-
ability is lost. OMP-KO ORNs are not able to fire APs dur-
ing either 2 Hz or 5 Hz stimulation (Dibattista and Reisert 
2016; Nakashima et al. 2020). This can be explained by the 
fact that, in the presence of OMP, the termination phase of 
the response is faster. OMP facilitates cellular repolariza-
tion and enables the ORN to be ready to fire APs at the next 
odorant stimulation to reliably send odorant information to 
the OB (Dibattista and Reisert 2016). Hence, OMP enables 
ORNs to act as low-pass filters of the stimulation frequency 
as they generate APs reliably at 2 Hz but fail to do so at 
higher stimulus frequency (5 Hz).

OMP binding partners

An alternative approach to elucidating the function of OMP, 
compared with addressing physiological changes in an 
OMP-KO animal, is to identify potential binding partners of 

OMP, through which OMP might exert its effects or through 
which OMP itself might be regulated. Behrens et al. (2003) 
used phage-display screening of a cDNA library obtained 
from mouse olfactory tissue to identify proteins interacting 
with OMP. Interestingly, they did not find OMP interacting 
with the usual suspects of olfactory transduction proteins. 
Instead, OMP interacted with brain-expressed X-linked pro-
tein 2 (Bex2), which belongs to a family of five proteins in 
the mouse, Bex1-4 and Bex6 (Alvarez et al. 2005). Bex pro-
teins, with molecular weights around 15 kDa and hence of 
size roughly comparable with OMP (19 kDa), are expressed 
in a wide range of tissues, including the brain and play roles 
in both tumor progression (Bex2) and tumor suppression 
(Bex1 and 3) (Kazi et al. 2015; Naderi 2019). In situ hybridi-
zation of Bex1-3 demonstrated their RNA presence in the 
OE, in both mature and immature ORNs, unlike OMP RNA, 
which was localized only in mature ORNs at the more apical 
portion of the OE. Perplexingly, antibody staining for both 
OMP and Bex1/2 entirely overlapped, indicating that Bex1 
was actually not present at appreciative levels in immature 
ORNs (Koo et al. 2005). This discrepancy is currently not 
understood. Bex1-3 were also found in OMP-positive neu-
rons in the vomeronasal organ, and it remains unknown if 
Bex proteins are also present in the septal organ of Masera 
or the Grueneberg ganglion.

Because Bex proteins are expressed prior to OMP (but 
see caveat mentioned above) in the developing ORN, and 
given their role in cell death in other systems, this raises the 
possibility that their roles lie in regulating maturation or cell 
turnover of ORNs. Because Bex proteins remain expressed 
in mature ORNs, they might play multiple roles, depend-
ing on their localization in developing and mature ORNs 
(Behrens et al. 2003). This notion is supported by observa-
tions in HEK cells heterologously expressing Bex, where 
it is found in both cytoplasm and nucleus. When OMP was 
co-transfected with Bex, it was also observed in the nucleus 
(Behrens et al. 2003). Immunogold labeling and electron 
microscopy confirmed that OMP can exist in the nucleus, 
predominantly in the nucleoplasm (Koo et al. 2004). These 
findings were somewhat unexpected since OMP was nor-
mally thought of as a strictly cytoplasmic protein.

To further address the interaction of Bex and OMP, 
Koo et al. (2004) performed cross-linking and co-immu-
noprecipitation experiments with Bex and OMP. When 
heterologously expressed, and when in mouse olfactory 
tissue, OMP could be observed both as a monomer and 
as a dimer, with the dimer much less abundant in native 
tissue. Intriguingly, it is the dimer that interacts with both 
Bex1 and Bex2 (Fig. 1c), while little interaction could 
be observed between the OMP monomer and Bex pro-
teins. When fractionating CHO cells transfected with 
OMP, the OMP monomer was found in the cytoplasmic 
and nuclear fractions, while the dimer was enriched in the 
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membrane and cytoskeletal fractions. Generation of the 
dimer requires de novo protein synthesis, and the dimer is 
degraded (either entirely or into monomers) to around 50% 
within 30 min; thus, it is relatively short-lived. The mono-
mer turnover is approximately every 5–6 days (Kream and 
Margolis 1984).

Both the nuclear magnetic resonance and the crystal 
structure of OMP have been determined. OMP forms a 
β-clamshell-like structure from two β sheets comprising 
four β strands each. OMP takes a mostly convex shape, 
which does not display obvious small-molecule binding 
sites (Baldisseri et al. 2002; Smith et al. 2002; Wright et al. 
2005). The cleft formed by the β sheets interacts with Bex1, 
in particular residues 50–75, with a Kd of around 150 µM for 
the OMP-Bex1 interaction (Baldisseri et al. 2002), although 
it remains unclear if this interaction occurs in the monomer 
or dimer form of OMP. While OMP has very little similar-
ity with other proteins at the amino acid level, it has one 
highly conserved amino acid sequence that forms an Ω loop 
next to the Bex1 interaction site. This loop is structurally 
homologous to the binding domain of the ephrin B2 receptor 
(EphB2) (Baldisseri et al. 2002; Smith et al. 2002), but its 
role as a cytoplasmic protein versus in a transmembrane-
located receptor tyrosine kinase has not yet been determined. 
Interestingly, Bex1 contains a potential isoprenylation site at 
its C terminus that could target Bex1 and therefore anchor 
the bound OMP dimer to the plasma membrane (Fig. 1c) 
(Baldisseri et al. 2002). While EphA receptors are known to 
play a role in axonal targeting of ORNs (Sakano 2020), the 
roles for EphB receptors are less clear but might be involved 
in prenatal development of the olfactory system (St John 
and Key 2001).

Recently, OMP has been proposed to directly bind cAMP, 
and its role might be to buffer changes in ciliary cAMP dur-
ing the odorant response (Nakashima et al. 2020) using 
heterologously expressed CNG alpha 2 subunit (CNGA2) 
channels and OMP. While this is an interesting possibility, 
it remains to be verified if OMP can indeed buffer cAMP at 
a concentration range relevant to the sensitivity of the native 
olfactory CNG channel, or if the OMP present in the small 
ciliary volume has sufficient buffering capacity. During 
repeated stimulation, such a scenario would require either 
rapid unbinding of cAMP from OMP (which would inad-
vertently prolong the response, again due to cAMP released 
from OMP) or continuous free OMP to buffer newly gener-
ated cAMP with each successive stimulation. Such a buff-
ering scenario would also suggest that in OMP-KO ORNs, 
the responses to the PDE inhibitor IBMX should be slowed 
and smaller similar to odorant responses, but they are not—
responses are actually larger (Reisert et al. 2007). Although 
structures of OMP exist and studies have been carried out to 
determine interactors, none has previously described poten-
tial cAMP binding sites on OMP.

In the ORN axon, OMP mRNA co-localizes with rib-
onucleoprotein particles that form the fragile X complex 
composed of RNA-binding proteins and the mRNAs with 
which they associate (Akins et al. 2012). Fragile X mental 
retardation protein (FMRP) belongs to the fragile X com-
plex, and it regulates local translation. Interestingly, when 
FMRP is deleted in a KO model, axonal OMP levels are 
increased in the axon, not only compared with the WT mice 
but also relative to dendrite and soma levels (Akins et al. 
2017). This is consistent with FMRP regulating axonal OMP 
expression by local translations within axons. Since local 
cAMP dynamics have been shown to exist in ORN axons 
(Maritan et al. 2009), it could be that, during synaptic plas-
ticity and activity-dependent synaptic formation, the fragile 
X complex targets OMP to modulate cAMP dynamics. This 
would provide a local feedback mechanism for circuitry for-
mation and/or maintenance in the olfactory bulb (Korsak 
et al. 2017).

Organization of the olfactory bulb

The main olfactory bulb (OB) is a paired structure of right 
and left hemispheres situated in the anterior part of the fore-
brain and separated from the nasal cavity by the cribriform 
plate (Fig. 3a). The OB not only collects the information 
from the innervating ORNs but also mediates the afferent 
odorant-driven signal (Buck 1996; Nagayama et al. 2014; 
Shepherd 1972). From the OE in the nasal cavity, the axons 
of ORNs reach the OB after passing through the cribriform 
plate.

The axons of ORNs expressing the same OR converge in 
discrete synaptic units called glomeruli (Mombaerts 2006; 
Ressler et al. 1993; Vassar et al. 1994), dense synaptic neu-
ropils exceptionally well conserved across different species 
and phyla (Ache and Young 2005; Hildebrand and Shepherd 
1997). Glomeruli are organized in a mirroring pattern in 
each OB hemisphere: typically two isofunctional glomeruli, 
which are targeted by ORNs that express the same OR are 
medially and laterally localized on the surface of the OB 
(Mombaerts 2006; Ressler et al. 1993; Vassar et al. 1994), 
with more or less stereotyped locations across bulbs and 
mice (Fig. 3b, left bulb). Mitral and tufted cells constitute 
the principal output neurons of the OB; their primary den-
drites ramify in a dense tuft of branches in only one glomer-
ulus, making synaptic contact with multiple ORN terminals 
and reciprocal dendrodendritic synapses with periglomerular 
interneurons (Schoppa and Urban 2003).

Odorants activate specific ensembles of glomeruli, 
which depend on the identity of the odorant and its con-
centration (Friedrich and Korsching 1998; Schoppa and 
Urban 2003; Stewart et al. 1979; Wachowiak and Cohen 
2003). Due to its innervation pattern and function, each 
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glomerulus can be considered an OR-specific functional 
unit (Wachowiak and Shipley 2006; Xu et al. 2000). When 
odorants enter the nasal cavity, they activate different sets 
of ORNs that express ORs activated by particular odor-
ants. This then corresponds to the activation of a specific 
set of glomeruli, as the glomerular circuits produce a rep-
resentation of the incoming signal from the ORNs with 
enhanced contrast (Gire and Schoppa 2009; Linster and 
Cleland 2009). Such modifications are driven mainly by 
intra- and interglomerular microcircuits driven by bul-
bar interneurons, modulating the activity of mitral and 
tufted cells within the same glomerulus (Belluscio and 
Katz 2001; Friedrich and Stopfer 2001; Soucy et al. 2009; 
Uchida et al. 2000) and the activity of different glomeruli 

in odor-specific patterns (Schoppa and Urban 2003; 
Wachowiak et al. 2004; Whitesell et al. 2013).

Glomerular organization in the absence 
of OMP

Olfactory coding in the OB intrinsically relies on the 
homogeneity of projections to each glomerulus, maintain-
ing the “one OR per glomerulus” rule. Even though each 
glomerulus can be seen as a functional unit, it is possible 
to identify within each glomerulus distinct microdomains: 
interdigitating compartments constituted by segregated ORN 
axon terminals and OB neuron dendrites (Chao et al. 1997; 
Kasowski et al. 1999; Kosaka et al. 1997). However, these 
microdomains are functionally equivalent (Wachowiak et al. 
2004).  Ca2+ imaging of the presynaptic activity within a 
glomerulus shows that sensory inputs with the same odorant 
at different concentrations elicit the same intraglomerular 
map; the only variation is the response amplitude for each 
microdomain. Similarly, the presynaptic  Ca2+ signal pattern 
in the same glomerulus evoked by olfactory stimuli of dif-
ferent duration, concentration, and identity appears to be 
indistinguishable (Wachowiak et al. 2004), suggesting that 
only ORNs expressing the same OR target the same glo-
merulus (Fig. 3b).

Glomeruli targeted by ORNs expressing different ORs 
are considered to be rare in adult mice, but they have been 
observed in adolescent mice (Lodovichi and Belluscio 2012; 
Royal and Key 1999).  Ca2+ signal maps unravel the nature 
of more broadly responsive glomeruli in adolescent mice, 
which are characterized by different functional microdo-
mains within each glomerulus, each activated by a set of 
different odorants. This suggests that each microdomain 
represents the axon terminals of ORNs expressing different 
ORs. Similar to mice in early developmental stages, adult 
OMP-KO mice show increased numbers of heterogeneous 
glomeruli (Fig. 3b) and a bulbar innervation pattern that is 
not fully refined (Albeanu et al. 2018; Kass et al. 2013a). 
OMP-KO mice do not show alteration of the OB macrostruc-
ture compared with  OMP+/− or WT mice (Fig. 4). However, 
contrary to adult WT mice, they show a high ratio of het-
erogeneous glomeruli, which are targeted by ORNs express-
ing different ORs. Thus, a given glomerulus could now be 
responsive to a broader range of odorants. Indeed, a single 
odorant activates almost double the number of glomeruli, 
on average, in OMP-KO mice compared with  OMP+/− mice 
(Fig. 5), with glomeruli responding to the same set of odor-
ants located in close proximity (Albeanu et al. 2018; Kass 
et al. 2013b).

Another feature that OMP-KO mice share with WT mice 
in early developmental stages is the presence of ORN axonal 
projections overshooting into the external plexiform layer 

Fig. 3  Organization of the olfactory bulb in the presence and absence 
of OMP. a Representation of a sagittal section of a mouse head. From 
the olfactory epithelium (OE), ORN axons pass through the cribri-
form plate and terminate in the glomeruli in the olfactory bulb (OB). 
b Terminals of ORNs expressing the same OR converge to the same 
isofunctional glomeruli (shown as blue, green, or red), organized 
in a mirroring pattern on the medial and lateral surface of each OB 
hemisphere. Compared with WT and  OMP+/− mice (left), the OB of 
OMP-KO mice (right) is characterized by a high frequency of het-
erogeneous glomeruli, showing functional microdomains, each rep-
resenting the terminals of ORNs expressing different ORs. GL, glo-
merular layer; EPL, external plexiform layer; MCL, mitral cell layer; 
IPL, internal plexiform layer; GCL, granule cell layer. Image created 
with Biorender
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(St John and Key 2005). In WT mice, such projections com-
pletely disappear by postnatal day 12, while in  OMP+/− and 
OMP-KO mice, they can still be detected up to 8 months 
postnatally. Overshooting axons are significantly longer and 
more frequent in OMP-KO than in  OMP+/− mice, but in 
both, they are progressively reduced in number during life 
(St John and Key 2005).

Does OMP have a role in axon targeting 
and refinement of the OB sensory map?

The development and refinement of the glomeruli and the 
OB sensory map are regulated by multiple factors, including 
gradients of axon guidance molecules and neuronal activ-
ity (Imai and Sakano 2008; Lodovichi and Belluscio 2012; 
Lorenzon et al. 2015). The exact contribution provided by 
each type of mechanism is still unknown. Two different path-
ways have been identified in the regulation of axonal target-
ing during development. One is agonist independent, rely-
ing on OR spontaneous activity, mediated by the G protein 

Gs predominantly expressed in immature ORNs. The other 
is agonist dependent (i.e., odorant-evoked activity) medi-
ated by Golf. A common and crucial role in both pathways 
is played by cAMP, which is regulated by OMP (Piper et al. 
2007; Reisert et al. 2007).

Role of odorant‑independent OR activity 
in development in the glomerular refinement

In immature ORNs, activity-independent cAMP signaling 
affects the position of their projections along the anterior-
posterior axis of the OB. Agonist-independent OR activation 
of Gs increases local levels of cAMP through the stimulation 
of AC3. Higher cAMP levels activate the protein kinase A 
pathway, determining the expression levels of targeting mol-
ecules neuropilin 1 (Nrp1) and plexin A1 (PlxnA1) (Imai 
and Sakano 2008; Imai et al. 2006; Nakashima et al. 2013; 
Piper et al. 2007). Higher levels of cAMP shift ORN pro-
jections posteriorly; lower levels shift them anteriorly (Imai 
et al. 2006). In the OB, Nrp1 and PlxnA1 are expressed in 

Fig. 4  Glomerular macro-
organization in OMP-KO mice 
is not altered. a Wide field view 
of the resting spH fluorescence 
in the dorsal OB surface of 
an  OMP−/− mouse. Scale bar, 
500 µm. b Quantification of the 
number of glomeruli in a central 
coronal section of the OB in 
 OMP+/− and  OMP−/− mice. n.s., 
not statistically significant. c, 
c’ Glomerular area in a central 
coronal section of the OB for 
 OMP+/− (c) and  OMP−/− (c’) 
mice, showing no significant 
difference overall. Modified 
from Albeanu et al. (2018), with 
permission from Nature Com-
munications 
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Fig. 5  OMP-KO mice show 
altered glomerular responses to 
odorants. a Resting light images 
of the dorsal surface of the OB 
in  OMP+/− (top) and  OMP−/− 
(bottom) mice: response maps 
evoked by three different 
concentrations of butyl acetate 
(BA). Levels of glomerular 
activation are represented in 
false color (see bar in the bot-
tom). OMP-KO mice show an 
overall higher number of glo-
meruli activated by BA at each 
concentration. However, there 
was no significant difference 
in maximal responses evoked 
at each concentration between 
the two mouse lines. From Kass 
et al. (2013a), with permission 
from PLoS ONE. (b, c) Number 
of odorants able to activate a 
single glomerulus (b, c) and 
number of glomeruli responding 
to a single odorant (b’, c’) in 
 OMP+/− (b, b’) and  OMP−/− (c, 
c’) mice. In OMP-KO mice, 
given glomeruli respond to an 
increased number of odorants 
(c,  OMP−/− 9.7 ± 0.6;  OMP+/− 
8.5 ± 0.5) and the number of 
glomeruli activated by a single 
odorant is almost doubled 
(c’,  OMP−/− 16.2 ± 0.6; 
OMP ± 8.2 ± 0.5). Mean ± 
SEM, Kolmogorov-Smirnov 
test). Modified from Albeanu 
et al. (2018), with permission 
from Nature Communications 
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ORN terminals, determining the projection’s position based 
on the complementary gradient of these two proteins (Imai 
and Sakano 2008; Imai et al. 2006). Nrp1 has been analyzed 
in OMP-KO mice, showing no alterations in expression lev-
els or distribution across the OB compared with WT mice 
(Dibattista and Reisert 2016). This result is not surprising 
since glomerular targeting mediated by agonist-independent 
cAMP signaling is characteristic of immature ORNs, which 
do not yet express OMP (Ihara et al. 2016; Nakashima et al. 
2013; Rodriguez-Gil et al. 2015). However, other mecha-
nisms could be promoted by spontaneous OR activity and 
contribute to formation of the OB sensory map. Agonist-
independent OR activation might play a role in the survival, 
strengthening, and stabilization of synapses within the glo-
merulus after their formation.

The role of spontaneous activity in the glomerular forma-
tion and maintenance has been studied using a transgenic 
mouse line in which ORNs overexpress the inwardly rectify-
ing potassium channel Kir2.1. These mice showed a drastic 
reduction of spontaneous ORN activity but no changes in 
odor-evoked activity compared with WT mice (Lorenzon 
et al. 2015; Yu et al. 2004). Kir2.1 mice also showed delayed 
formation of the glomeruli at birth, with a reduced number 
of ORN terminals in the glomerular layer compared with 
WT mice (Yu et al. 2004). Although in Kir2.1 mice, ORN 
terminals reached the designated isofunctional glomeruli 
on the medial and lateral sides, they showed more diffusely 
distributed targeting compared with WT mice, innervating 
several other adjacent glomeruli (Lorenzon et al. 2015; Yu 
et al. 2004).

This phenotype strongly resembles the one described 
above in OMP-KO mice, with the persistence of heteroge-
neous glomeruli (Albeanu et al. 2018; Kass et al. 2013b). 
As in Kir2.1 mice, and also in OMP-KO mice, ORNs show 
reduced spontaneous firing rates compared with WT mice 
(Dibattista and Reisert 2016), supporting the hypothesis that 
disruption of spontaneous ORN activity causes the presence 
of broader glomerular innervation, with an increased number 
of heterogeneous glomeruli. The frequency of spontaneous 
events differs among different ORs (Connelly et al. 2013; 
Dibattista and Reisert 2016), which might explain why, in 
both OMP-KO and Kir2.1 mice, different subpopulations 
of ORNs show different levels of mistargeting to multiple 
sparsely distributed glomeruli, due to reduction of their 
basal activity (Albeanu et al. 2018; Lorenzon et al. 2015; 
Yu et al. 2004).

Role of odorant‑dependent OR activity and OMP 
in the refinement of the OB circuitry

Activity-dependent cAMP signaling, resulting in the activa-
tion of the canonical olfactory signal transduction cascade, 
regulates the expression of homophilic adhesion proteins, 

such as Kirrel2 and Kirrel3, involved in segregation of 
ORN axons and refinement of the glomerular map (Imai 
and Sakano 2008; Imai et al. 2006; Serizawa et al. 2006). 
Therefore, alterations of ORN activity levels can affect the 
expression of Kirrel2/Kirrel3 and induce changes to axonal 
segregation. In olfactory signal transduction, OMP acts 
upstream of cAMP production, and its loss changes cAMP 
kinetics as described above. Heterogeneous glomeruli in 
OMP-KO mice could therefore be explained by changes in 
Kirrel2/Kirrel3 expression. However, Kirrel2 and Kirrel3 
are not the only molecules guiding the refinement of the 
glomerular map. Different axon-sorting molecules are finely 
regulated by ORN activity. ORNs show different response 
patterns in the absence of odorant exposures and during 
long odorant exposures (Nakashima et al. 2019; Reisert and 
Matthews 2001; Ukhanov et al. 2019). Such patterns are 
OR-dependent (Reisert 2010), leading to a mosaic expres-
sion of axon-sorting molecules uniquely linked to the OR 
expressed by a given ORN (Nakashima et al. 2019). Focus-
ing on cAMP dynamics, however, might not fully explain the 
lack of refinement of the OB map in the absence of OMP. 
The slower cAMP kinetics in OMP-KO ORNs delays odor-
evoked responses (Dibattista and Reisert 2016; Kass et al. 
2013a; Lee et al. 2011); thus, the AP output in response to 
stimulation might be an alternative factor, or the determining 
factor, for refinement (Nakashima et al. 2019).

Beyond the glomeruli?

External tufted cells (ETCs) are located in the external plexi-
form layer of the OB, and they make direct synaptic contact 
with ORNs within a single glomerulus. Their axons project to 
the internal plexiform layer on the opposite OB site, targeting 
granule cells, which in turn synapse onto the lateral dendrites 
of mitral cells and ETCs, serving as a link between medial and 
lateral isofunctional glomeruli (Belluscio et al. 2002; Hayar 
et al. 2005). The disruption of ORN spontaneous firing in 
Kir2.1 mice affects the synaptic organization of the internal 
plexiform layer; specifically, ETCs present broader axonal 
projections, contacting an increased number of glomeruli 
(Lorenzon et al. 2015). No studies have addressed changes 
in interglomerular projections in OMP-KO mice. However, 
OMP-KO mice and Kir2.1-overexpressing mice share the lack 
of glomerular refinement, resulting in a more extensive set 
of glomeruli activated by the same olfactory stimulus com-
pared with WT mice (Albeanu et al. 2018; Lorenzon et al. 
2015). Therefore, we can speculate that in OMP-KO mice, 
as in Kir2.1 mice, ETCs might present broader projections 
in the internal plexiform layer, contacting a higher number 
of glomeruli, such that the perturbation of axonal targeting 
to the glomeruli in OMP-KO mice reverberates onward into 
the bulbar circuitry.
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Changes in bulbar odor representation due 
to the lack of OMP

It is interesting to evaluate how OMP impacts OB coding. 
Due to OMP’s role in olfactory transduction, the lack of 
OMP affects odorant-evoked activity, slowing down the 
response kinetics, with delayed odor-response onset, rising 
phase and termination, and broadening dose-response rela-
tions, as described above. These changes in signal trans-
duction are reflected in OB activation: in vivo odor-evoked 
synaptic release in OMP-KO mice shows that the odor 
response map develops on a longer time scale compared 
with  OMP+/− mice, with lower neurotransmitter release in 
the early phases of odor presentation (Kass et al. 2013a).

Odor perception is thought to be based on spatiotempo-
ral activity patterns. Based on identity and concentration, 
each odorant activates a specific subpopulation of ORNs, 
to generate a perceptually meaningful combination of acti-
vated glomeruli, with a precise spatial identity and tem-
poral latency (Carey et al. 2009; Chong et al. 2020; Spors 
and Grinvald 2002; Spors et al. 2006). OMP contributes to 
both spatial identity and temporal latency of the glomerular 
odor representation (Albeanu et al. 2018; Kass et al. 2013a, 
2013b), but how it affects olfactory coding overall is not 
clear yet. In OMP-KO mice, the increased and broader set 
of heterogeneous glomeruli being activated by a single odor-
ant could lead to reduced numbers of possible odor repre-
sentations, reducing the ability of the olfactory system to 
recognize and discriminate among different odorants and 
concentrations (Kass et al. 2013b; Perez-Orive et al. 2002; 
Willmore and Tolhurst 2001).

OMP and odor‑driven behavior

Detecting and identifying odorants facilitates a broad range 
of behaviors, such as searching for food and assessing its 
hedonic quality; avoiding potential toxins, pathogens, and 
predators; sexual and reproductive behaviors; and social 
interactions (Firestein 2001; Tirindelli et al. 2009). Remark-
ably, even though olfactory behaviors are routinely assessed, 
very little is known about the neural mechanisms underlying 
detection, threshold, adaptation, or discrimination. We can 
gather a few pieces of the puzzle from gene studies that link 
components of the olfactory transduction pathway to animal 
behavior.

Pups’ behavior is olfactory driven, since their hearing 
and vision do not develop until postnatal days 12 and 14, 
respectively (Bouslama et al. 2005). Pups lacking Golf or the 
CNGA2 channel subunit have a high mortality rate, prob-
ably because of their impaired ability to smell their mother, 
resulting in decreased suckling behavior (Belluscio et al. 
1998; Brunet et al. 1996).  CNGA4−/− mice have a higher 

odor detection threshold and are less sensitive to new odor-
ants (Kelliher et al. 2003). CNGB1 subunit (CNGB1)-null 
mice and Ano2-KO mice took longer than WT animals to 
locate food pellets (Michalakis et al. 2006; Neureither et al. 
2017; Pietra et al. 2016), while AC3-null mice failed to 
detect odorants in an odorant-associated passive-avoidance 
test and failed to find an odorant-associated food reward 
(Wong et al. 2000).

OMP is involved in many physiological aspects of the 
odor response, so how does it alter behavioral outcomes? 
The behavioral repercussions of lack of OMP are subtle. 
Pups lacking OMP do not appear to be anosmic and can find 
nipple location, attach, and suckle (Buiakova et al. 1996). 
However, unlike WT pups, when presented with their bio-
logical mother versus an unfamiliar lactating female, OMP-
null pups show no preference in suckling or huddling to their 
mother (Lee et al. 2011).

Olfactory habituation and discrimination can be measured 
using a noninvasive olfactory habituation/cross-habituation 
paradigm (Cleland et al. 2002; Coronas-Samano et al. 2016; 
Fletcher and Wilson 2001). In this paradigm, the rodent is 
exposed to the same odorant multiple times before being 
presented with a novel odorant, while the experimenter 
measures exploration time or the more accurate sniffing 
frequency. Rodents typically recognize and identify when 
a novel odorant is presented, as they spend more time 
investigating or sniffing the odorant source. The lack of 
OMP delays identification of the first odorant presented 
but does not affect the time spent investigating the odorant 
(Kass et al. 2013a). Repeated exposure to the same stimu-
lus causes habituation (Rankin et al. 2009; Thompson and 
Spencer 1966), which manifests as a decreased behavioral 
response, decreased exploration time, or decreased resting 
sniffing frequency. OMP seems to impair habituation since 
the investigation time across multiple presentations of the 
same odorant remains the same in OMP-null animals (Kass 
et al. 2013a). When a different odorant is presented, cross-
habituation typically occurs: the rodent increases its sniffing 
frequency or exploration time, indicating the ability to dis-
criminate between the repeated and novel stimuli. However, 
since OMP-KO mice do not habituate, it is difficult to ascer-
tain that cross-habituation occurs. Furthermore, when OMP-
KO animals were tested for habituation/cross-habituation, 
odors were presented for 50 s, separated by intertrial inter-
vals of 5 min, which complies with long-term habituation 
mediated by the OB in WT mice (McNamara et al. 2008); 
however, in OMP-KO animals, the OB is neuroanatomi-
cally different compared with their WT counterparts, and 
OMP-KO mice may habituate/cross-habituate at different 
timescales.

In addition to olfactory habituation/cross-habituation, 
which is a spontaneous behavioral test that requires no 
training, trained olfactory-guided behaviors can be used 
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to assess olfaction, such as the odor-reward association 
test. When WT and OMP-KO water-restricted mice were 
trained to associate a reward (sucrose water) with an odor-
ant  (limonene(+)), in room air or in the presence of back-
ground limonene at low levels, OMP-KO mice took longer 
to locate the odor-associated reward and spent less time 
exploring the odor source (Nakashima et al. 2020). In addi-
tion, food-restricted OMP-KO mice rarely located a food 
reward (Nakashima et al. 2020). In contrast, an earlier study 
showed that the lack of OMP does not hinder mice’s ability 
to find a buried food pellet (Buiakova et al. 1996).

Other aspects of olfactory behavior are modulated dif-
ferently by OMP. In OMP-null mice, odorant threshold is 
increased. In a go/no-go olfactory discrimination paradigm, 
OMP-null mice can acquire the task similarly to WT mice 
but are 50 times less sensitive to odorants (Youngentob and 
Margolis 1999). Olfactory sensitivity was restored in OMP-
null mice after viral delivery of the OMP gene, demonstrat-
ing a link between OMP and olfactory threshold (Young-
entob et al. 2004). However, simply training mice to identify 
five different odors does not seem to be dependent on OMP 
(Youngentob et al. 2001). These behavioral data seem to 
concur with imaging and electrophysiological recordings 
since lack of OMP alters the spatial pattern of activity elic-
ited by an odorant (Dibattista and Reisert 2016; Lee et al. 
2011; Youngentob et al. 2003).

Taken together, these data indicate that OMP, present in 
mature ORNs and by regulating ORN physiology, contrib-
utes to the fine-tuning of olfactory behavior. How to attribute 
these changes in odorant-driven behaviors to changes in, for 
example, odorant responses in ORNs or to broader targeting 
to axons to glomeruli remains to be determined.

Co‑localization of OMP with ORN 
transduction components 
outside of the nose

One commonality of OMP expression in the nasal cavity 
is that OMP is expressed in neurons that mediate chem-
osensation, with the addition of cold temperatures in case 
of Grueneberg ganglion neurons (Schmid et al. 2010) and 
pressure changes by ORNs (Grosmaitre et al. 2007). While 
this might hint at a role preferentially in chemodetection, it 
does not provide a simple lead to OMP’s function, as signal 
transduction mechanisms for ORNs, vomeronasal neurons, 
and Grueneberg ganglion neurons are quite different and 
thus do not suggest a simple, common target. Neverthe-
less, it evokes the questions of whether OMP co-localizes 
with, in particular, olfactory transduction proteins outside 
of the nasal cavity and whether it contributes to neuronal 
functions outside of the nose. One of the early studies to 
address extranasal expression of OMP in rat, mouse, and 

hamster, focusing mainly on the brain, showed expression in 
several brain regions that varied across the species, but in all 
three species, OMP expression was observed in the preoptic 
region and the hypothalamus (Baker et al. 1989), the latter 
co-expressing Bex1 in the same neurons (Koo et al. 2005). 
Unlike in the OE, where OMP is expressed in ORNs at a 
high density, OMP expression in the brain was often limited 
to small clusters of just a few neurons. No clear pattern of 
expression was observed, for example, exclusively in motor 
or sensory regions.

Focusing on tissues outside of the brain, Kang et al. 
(2015b) described expression of OMP in the bladder, thy-
roid, thymus, heart, and testis. Somewhat contradictorily, 
using an OMP-Cre mouse line to drive tdTomato expression 
in OMP-expressing cells, Riera et al. (2017) did not observe 
tdTomato expression in the thymus, thyroid, or bladder, for 
reasons that are unclear. In the bladder and the thymus, 
OMP-positive cells also expressed the olfactory transduc-
tion components Golf and AC3, whereas in the thyroid, only 
AC3 co-localized with OMP (Kang et al. 2015b). No immu-
nofluorescence signal could be detected for Golf and AC3 
in the heart and testis. More detailed analysis revealed that 
OMP localizes to calcitonin-producing parafollicular cells 
in the thyroid. Interestingly, three types of ORs were also 
expressed in OMP-positive cells in the bladder and thyroid. 
In a similar manner, OMP co-localizes with Golf and AC3 in 
α-cells in mouse pancreatic islands, as well as with several 
ORs (Kang et al. 2015a). In particular, the expression of the 
OR Olfr544 mediates responsiveness to a dicarboxylic acid 
(azelaic acid) to facilitate intracellular  Ca2+ increases and 
regulates glucagon secretion. The kidney also expresses Golf 
and AC3, which help regulate the glomerular filtration rate, 
and expresses a defined set of ORs (Pluznick et al. 2009), 
but it remains uncertain if OMP is also expressed in kid-
ney. OMP is expressed in the outer layer of the cornea, and 
Golf is expressed mostly in cells in the middle layer, with 
some overlap between these two sets of cells, which sug-
gests they might have mostly independent functions in the 
cornea (Pronin et al. 2014). Recently, OMP was also found 
to co-localize with AC3 and Golf in spermatozoa (Makeyeva 
et al. 2020).

While these studies show that, indeed, OMP can be 
expressed with or without other olfactory transduction pro-
teins outside of ORNs, its functional role remains unad-
dressed. Prolactin-producing lactotrophs in the human 
and mouse pituitary gland both express OMP. Using small 
interfering RNA against OMP in pituitary cell lines and 
OMP-KO mice, Kang et al. (2018) demonstrated that OMP 
controls and reduces basal levels of prolactin. Lack of OMP 
leads to increased levels of intracellular  Ca2+ in the GH4 
pituitary cell line, preventing any further  Ca2+ modula-
tion by thyrotropin-releasing hormone, which normally 
stimulates prolactin release. OMP-KO mice have twice the 
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amount of circulating prolactin compared with WT control 
mice, while mice heterozygous for OMP have intermediate 
levels.

Overall, these data suggest a complex mosaic expres-
sion of olfactory transduction components outside of ORNs 
but also indicate that other G proteins or effector proteins 
beyond AC3 might be utilized in OMP-expressing cells. 
Conversely, OMP is expressed in cells that do not express 
Golf and AC3 (similar to, e.g., in the vomeronasal organ), 
suggesting that it might have targets other than the canonical 
olfactory transduction proteins. To make matters more com-
plex, dolphins do not express OMP at all, suggesting that 
no functions associated with OMP in other species require 
OMP in dolphins (Springer and Gatesy 2017). The latter 
might lead one to suggest that water-based species might 
not require OMP for some reason. But a further interesting 
twist of the expression of OMP is that in the vertebrate spe-
cies mentioned so far, one OMP is expressed in a unique 
neuronal population (mature ORNs), but this is not the case 
in teleost and frogs. In teleosts, two OMP genes have been 
identified, OMP1 and OMP2, with a mutually exclusive 
staining pattern probably representing different ORN sub-
populations and OMP2 also expressed in the retina (Suzuki 
et al. 2015). Two different OMPs have also been described 
in Xenopus also (Rössler et al. 1998): XOMP1 and XOMP2. 
They are expressed in ORNs detecting water-borne and air-
borne odorant molecules, respectively. While XOMPs’ roles 
are still elusive, it seems safe to speculate that they mark 
two distinct subpopulations of ORNs with XOMP2 being 
expressed in a heterogeneous population of cAMP-depend-
ent, forskolin-sensitive ORNs (Syed et al. 2013).

Conclusions and future perspectives

The endeavor to understand the function of OMP started 
50 years ago, following its discovery by Frank Margolis 
(Margolis 1972). It emerged that OMP is expressed in the 
neurons of the chemosensory organs in the nasal cavity of 
vertebrate species. At first glance, such a limited examina-
tion of the OMP expression pattern might offer easy insights 
into its function; however, somewhat paradoxically, it also 
might have hindered our ability to understand its function 
by providing no insight into potential functions in other tis-
sues. Recently, studies of the function of OMP outside of 
the chemosensory systems have seen progress. Furthermore, 
we now know that cytosolic localization allows OMP to be 
distributed in different cellular compartments, where it could 
function differentially, not only in space but also in devel-
opmental time, as OMP is expressed only in mature ORNs 
but might be expressed at other stages of development in 
other cells.

In the cilia of ORNs, OMP contributes to signal trans-
duction by controlling and speeding up cAMP dynamics. 
The precise mechanics are still elusive. Our work and that 
of others suggest a possible interaction with or upstream of 
AC3 (i.e., expression levels or enzymatic activity) (Dibat-
tista and Reisert 2016; Lee et al. 2011; Reisert et al. 2007) 
or potentially directly by buffering cAMP (Nakashima et al. 
2020). In ORN axons, OMP localizes all the way up to the 
glomeruli in the OB, where it contributes to refinement of 
the glomerular map and to axon pruning (Albeanu et al. 
2018; Kass et al. 2013a; St John and Key 2005). Further-
more, ORNs lacking OMP have a broader response pro-
file to odorants, indicating that more than one OR might 
be expressed (Lee et al. 2011). In the maturing ORN, ORs 
begin to be expressed 1–2 days prior to expression of OMP 
(Rodriguez-Gil et al. 2015), suggesting that OMP might play 
a role not in OR choice per se but in stabilization of the OR 
choice, possibly via interaction with elements involved in 
cAMP dynamics (i.e., AC3).

These diverse roles of OMP ask the question if OMP 
actually has one particular function that alters ORN physi-
ology such that these changes reverberate through the system 
and manifest as described above. A logical starting point 
for this hypothesis would be altered expression of ORs in 
the absence of OMP, which could alter the response profile 
and perturb glomerular targeting in a reasonably straightfor-
ward manner. Yet, reconciling altered OR expression with 
the observed slowed response kinetics in OMP-KO mice is 
not as easily accomplished. Alternatively, OMP might have 
multiple interaction partners in different parts of the cell. 
While such a free-for-all scenario would allow for spatial 
and temporal flexibility, there is currently no experimen-
tal support for or against it, nor is it particularly elegant 
or imaginative as an explanation. On the other hand, given 
that OMP is more broadly expressed than only in ORNs, 
this might argue for OMP having multiple functions and 
interaction partners.

In this review, we described how OMP in the periphery of 
the olfactory system contributes to physiology from the sin-
gle cell to animal behavior. How OMP’s role in single-cell 
physiology contributes to animal behavior is an interesting 
aspect that deserves further attention. Animals have different 
sniffing strategies during odorant sampling behavior, and 
OMP, expressed predominantly in the OE, could help us 
understand how odor-elicited activation patterns in ORNs 
drive behavioral outputs. As previously discussed, OMP-KO 
ORNs entirely lose their ability to act as low-pass filters to 
encode odorant stimulation patterns because of slower ORN 
kinetics and altered AP firing. This means that rodents that 
can reach sniffing frequency of around 10 Hz might need 
to change their sampling strategies. Therefore, it could be 
interesting to investigate whether altered kinetics in the ORN 
response could alter the precise coordination of the sniff 
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cycle, an issue relevant to odorant coding in the bulb (Iwata 
et al. 2017).

Several questions mentioned during this review remain 
open: because OMP does not seem to have a role in ORN 
maturation, how do ORNs lacking OMP retain some of the 
features of immature ORNs? Do ORNs that lack OMP and 
show altered selectivity for odorants express more than one 
OR type, and if so, what is the underlying mechanism? How 
does OMP control response kinetics and axonal targeting? 
And how is the expression of OMP itself controlled? These 
questions also potentially apply to other nasal chemosensory 
systems, in which the role of OMP is even less understood.

Since its discovery, and with the advent of our modern era 
of molecular biology techniques, OMP has been widely used 
as a tool to time, spatially restrict, or enable the expression and/
or deletion of several different genes to mature ORNs. As such, 
OMP has greatly driven our understanding of how the periph-
eral olfactory system works while, somewhat paradoxically, the 
function of OMP itself remains elusive. In recent years, OMP 
has become less enigmatic, slowly revealing its function and 
providing new insights into its roles. Understanding OMP will 
help us decipher a key piece of the current olfactory puzzle.
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