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Exploring the Role of Olfactory Marker Protein in 
Reproductive System: A Narrative Review
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ABSTRACT
Background: Olfactory marker protein (OMP) is a key marker of mature olfactory receptor neurons (ORNs) in vertebrates. 

The expression of OMP has also been mapped in non-olfactory tissues such as the bladder, colon, pancreas, pituitary gland, and 
thyroid gland. 

Objectives: Immunolabeling of OMP has been observed in a small population of neurons in higher brain regions of rodents 
such as in the hypothalamus and amygdala. However, the involvement of OMP in the brain function is poorly understood. 

Method: This review of the literature focused on the role of OMP in the reproductive system. 
Conclusion: Interestingly, OMP is essential in normal production and secretion of prolactin. Also, OMP plays a role in moth-

er preference as well as reproductive behaviours. Therefore, understanding its role in the brain can invoke novel pathways of 
the reproductive system. 
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INTRODUCTION

Smell is the most critical sense across vertebrates as well as inverte-
brates. Living organism across species developed a complex chemosen-
sory system and use their sense of smell to detect chemical stimulants in 
searching for mates, food, and danger (Bargmann, 2006). In mammals, 
there are two main olfactory subsystems namely the main olfactory sys-
tem (MOS) and the vomeronasal system (VNS) (Jacobson L, 1813; 
Døving and Trotier, 1998; Lledo et al., 2005; Mohrhardt et al., 2018). 
The MOS is involved in transferring odorant information from the main 
olfactory epithelium (MOE) to the higher brain regions (Buck and Axel, 
1991; Zhang et al., 2007). A single olfactory receptor type expressed by 
single olfactory receptor neuron (ORN) and scattered within defined 
zones in the OE (Ressler et al., 1993; Vassar et al., 1993; Chess et al., 
1994; Serizawa et al., 2003; Lewcock and Reed, 2004; Shykind et al., 
2004; Nguyen et al., 2007; Fleischmann et al., 2008). The axons of 
olfactory receptor neurons (ORNs) in the OE project to the main olfac-
tory bulb, the anterior olfactory nucleus, olfactory tubercle, lateral part 
of the cortical amygdala, piriform and entorhinal cortices (Lledo et al., 
2005) and finally being interpreted in the primary olfactory cortex. 

The VNS is also known as Jacobson's organ as it was firstly 
described more than 200 years ago by anatomist Ludwig L. Jacobson. It 
is involved in detecting chemical compounds such as pheromones 
(Karlson and Luscher, 1959). VNS projects to the accessory olfactory 
bulb (AOB), where they make contact with mitral cells (Meisami and 
Bhatnagar, 1998). In the AOB, mitral cells project to the amygdala 
(Scalia and Winans, 1975), and cells in the amygdala project back to the 
AOB (Canteras et al., 1995; Pardo-Bellver et al., 2012), suggesting an 
olfactory feedback control by the amygdala. The VNS provides infor-
mation about social status and sexual activity within species (Døving 
and Trotier, 1998).

ODORANT  RECEPTORS

In mammals, thousands of odorant molecules are recognised by the 
odorant receptors (ORs) which occupy terminal dendritic trees of ORNs 
in up to four areas of the nasal cavity epithelium (Buck and Axel, 1991; 
Buck, 1996). The main area of this kind is the MOE (Graziadei and 
Graziadei, 1979); the other nasal structures that may have an ORN-
bearing epithelium are the vomeronasal organ (VNO) (Jacobson, 1813; 
Doving and Trotier, 1998; Zancanaro, 2014), the ganglion of Grüneberg 
(GG) (Grüneberg, 1973; Fleischer, 2010), and the septal organ (SO) 
(Rodolfo-Masera, 1943). 

Odorant molecules bind to ORs which form the largest family of 
G-protein-coupled receptors in mammals and are expressed in olfactory 
receptor neurons (ORNs) (Dibattista and Reisert, 2016). This binding 
triggers an olfactory signal transduction cascade via a subunit of the 
olfactory G-protein (Golf)-adenylate cyclase III (ACIII)-cyclic nucleo-
tide-gated (CNG) cation channels and generates nerve impulses, which 
travel to the brain (Su et al., 2009; Ma, 2012). Olfactory marker protein 
(OMP), OR, Golf, and ACIII are among the highly selective markers 
expressed in the olfactory system (Pifferi et al., 2010). 

OLFACTORY  MARKER  PROTEIN

OMP is a unique 19 kDa protein and was first identified by Frank 
Margolis in 1972 (Margolis, 1972). Previous studies have revealed that 
the OMP sequence is widely cloned and phylogenetically conserved in 
various vertebrates such as human, rodents, fish and amphibians 
(Nakashima et al., 1985; Chuah and Zheng, 1987; Riddle and Oakley, 
1992; Krishna et al., 1995). Interestingly, two genes of OMP (OMP1 
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and OMP2) have been identified in teleosts (Yasuoka et al 1999; Kudo 
et al 2009; Suzuki et al 2015) and African clawed frog (Xenopus laevis) 
(Rossler et al 1998), whereas only one was present in other vertebrates.

OMP has been demonstrated to be a key marker of mature ORNs in 
vertebrates (Mombaerts et al. 1996; Potter et al 2001; Celik et al 2002; 
Sato et al 2005) and is involved in functional maturation of ORNs in 
perinatal (Graziadei et al., 1980) and adult mice (Liberia et al 2019). 
Differential expression of OMP in all the three epithelia of ORNs with 
highest in SO, followed by OE and lowest in VNO neurons (Weiler & 
Farbman, 2003). The order is corresponding to the epithelia prolifera-
tion ratios, hence the neurogenesis (Weiler & Farbman, 1997), with the 
higher the OMP expression, the higher the rate of neuronal proliferation. 
Recent study has also reported that OMP plays a role in the formation 
and refinement of olfactory bulb glomerular map (Albeanu et al 2018). 

In addition, OMP found in the cells that detect odor molecules, 
plays a key role in regulating the speed and transmission of odor infor-
mation to the brain (Dibattista and Reisert, 2016). Slower odorant 
response kinetics recorded by electroolfactogram (EOG) and calcium 
imaging after genetic deletion of OMP (Buiakova et al., 1996; Ivic et 
al., 2000; Reisert et al., 2007; Kwon et al., 2009). OMP-/- mice also 
exhibit reduced odorant sensitivity and altered odor discrimination 
(Youngentob and Margolis, 1999; Youngentob et al., 2001; Youngentob 
et al., 2003). 

OMP is also expressed in non-olfactory tissues, including the colon, 
bladder, pancreas, thyroid gland (Neuhaus et al., 2009, Kang and Koo, 
2012; Kang et al 2015; Morita et al., 2016) hypothalamus (Baldisseri et 
al., 2002; Koo et al 2005), pituitary gland (Kang et al 2018) and various 
brain areas (Baker et al 1989) including retinal horizontal cells (Suzuki 
et al 2015) of several vertebrate species. Although the knowledge its 
expression in various tissues has been well published, the identification 
of its function is still limited. This review article aims to highlight the 
roles of OMP in the reproductive system based on the available pub-
lished data.

OMP  REGULATES  PROLACTIN  SECRETION

Endocrine neurons in the hypothalamus regulate anterior pituitary 
prolactin (PRL) secretion. Dopamine acts on lactotrophs of the anterior 
pituitary gland to inhibit PRL secretion. On contrary, thyrotropin-releas-
ing hormone (TRH) acts on thyrotrophs of the anterior pituitary gland to 
stimulate PRL release (Kim et al 1994; Sun et al 2003). 

Recent study by Kang and colleagues (2018) demonstrated that 
OMP in lactotrophs plays a role in normal production and secretion of 
PRL, and that associated molecules function in TRH-induced PRL 
secretion. They also observed that TRH did not lead to an increase in 
intracellular Ca2+ and ERK1/2 phosphorylation in mice lacking of OMP. 
Thus, they suggested that OMP modulated Ca2+-mediated PKC/MAPK 
signalling, the main pathway responsible for TRH-induced PRL expres-
sion.

Previous studies have demonstrated that OMP modulates Ca2+ extru-
sion from ORNs by direct interaction with brain expressed X-linked 1 
(Bex1) proteins, which also bind to the Ca2+-dependent modulator, calm-
odulin (CaM) (Koo et al 2004; Pyrski et al 2007; Kwon et al 2009;). 
The OMP-Bex1-CaM interaction explains the desensitization to TRH 
stimulation that is observed in the absence of OMP. Furthermore, it has 
been stated that PRL gene expression is modulated by the Ca2+-CaM 
complex itself. These findings propose that OMP plays a role in PRL 
production and secretion in lactotrophs through Ca2+ and TRH signalling 
modulation (Kang et al 2018).

The desensitization seen might be due to the downregulation of 
TRHR in lactotrophs in the absence of OMP, as receptor downregula-
tion is an important mechanism for modulating cell responsiveness 
(Hinkle & Tashjian 1975; Gershengom 1978). Decreased TRHR expres-
sion was observed in GH4 cells and mice lacking OMP. Nonetheless, 
whether this effect is due to decreased transcription or increased mRNA 
degradation is still unclear.

OMP  IN  DEVELOPMENT  OF  MOTHER 
PREFERENCE

At birth, the olfactory system is relatively immature and undergoes 
significant postnatal development. Rodents pups continue to improve 
odor detection abilities (Alberts and May, 1980) and develop preference 

for familiar odors that signal mother, siblings, home and food (Schapiro 
and Salas, 1970; Gregory and Pfaff, 1971; Galef and Henderson, 1972; 
Alberts and Brunjes, 1978; Brunjes and Alberts, 1979; Polan and Hofer, 
1998). When olfactory function in mice is genetically disrupted, the 
pups die from inability to suck shortly after birth (Brunet et al., 1996; 
Belluscio et al., 1998; Wong et al., 2000).

A study by Lee and colleagues (2011) found that when the mouse 
pups are given a choice between the biological mother and another 
unfamiliar lactating female, wild-type pups choose the biological moth-
er, while OMP knockout pups do not have a preference. Rodent pups 
slowly show preference for huddling with conspecifics (Alberts and 
Brunjes, 1978; Brunjes and Alberts, 1979), for home odors (Gregory 
and Pfaff, 1971), and for mother odors (Polan and Hofer, 1998) during 
the early postnatal period. These behaviours can be explained by the 
attraction of rodent pups to familiar odors, which could result from 
genetic relatedness (Todrank et al., 2005) and/or experience-dependent 
learning (Wilson and Sullivan, 1994). Lee et al (2011) concluded that 
ORN undergoes an OMP-dependant functional maturation process that 
corresponds with early development of the odor system, which is 
important for pups to prefer their mother.

OMP  IN  MODULATING  REPRODUCTIVE 
BEHAVIOURS

Olfactory stimuli initiate a wide range of social behaviours and 
emotions, and are well recognised to play an important role in mamma-
lian reproduction (Petrulis, 2013). Both MOE and VNO have been 
demonstrated to be involved in sensing pheromonal cues in mammals 
(Munger, Leinders-Zufall, & Zufall, 2009). However, the precise mech-
anisms through which pheromones interact with the HPG axis to modu-
late reproductive behaviours is not fully described.

Recently, the olfactory input pathway for RP3V kisspeptin neurons 
in female rodents has emerged as demonstrated by selective ablation of 
the VNO by surgical resection, and/or the MOE by intranasal infusion 
with zinc sulphate solution (Hellier et al. 2018). In rodents, removal of 
the VNO prevents the ability of male odors to activate the RP3V kiss-
peptin neurons (Hellier et al. 2018), thus, delineating the olfactory input 
pathway to the RP3V kisspeptin neurons occurs through the VNO.

Reciprocal connectivity between the AOB and amygdala kisspeptin 
neurons has been identified using retrograde and anterograde tracer 
microinjections (Pineda et al. 2017). In addition, as shown by double 
immunofluorescence histochemistry, amygdala kisspeptin neurons also 
project to GnRH neurons in the preoptic area (Pineda et al. 2017). Such 
findings thus provide proof of a neural circuit through which the neu-
rons of amygdala kisspeptin incorporate olfactory signals with the hypo-
thalamic-pituitary-gonadal (HPG) axis in rodents. Evidence suggests 
that in behavioural responses to olfactory stimuli, specifically olfactory 
partner preference, kisspeptin signalling is also crucial. 

The kisspeptin neurones projecting via the stria terminalis to GnRH 
neurones in the preoptic area have been observed by microinjections of 
retro- and anterograde tracers (Pineda et al 2017). Kisspeptin adminis-
tration inhibited half of the olfactory mitral cells as recorded by electro-
physiological studies (Pineda et al 2017). The male urinary odors have 
been shown to activate the RP3V kisspeptin neurons of female mice 
(Bakker et al. 2010). Congruent to this, c-Fos-immunopositive in the 
Kiss1□expressing cells of female rats showed an increase of kisspeptin 
expression which also occurs in response to male-soiled bedding, but 
not when exposed to clean or femalesoiled bedding (Watanabe et al. 
2017). Also, increased expression of kisspeptin on exposure to male 
odors leads to an increased LH surge (Watanabe et al. 2017), which 
offers functional significance by demonstrating that kisspeptin could 
incorporate olfactory signals with the HPG axis.

Although it is possible that OMP is directly involved in the regula-
tion of HPG axis since ORNs and GnRH neurons share the common 
embryonic origins and migratory pathways. Indirect regulation of the 
HPG axis via AOB-kisspeptin connectivity cannot be excluded at this 
point. Further studies using OMP knockout animal are necessary to ver-
ify the involvement of OMP in the regulation of HPG axis. Whether 
OMP is directly or indirectly involved in regulating the HPG axis 
remains to be investigated.
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CONCLUSION

OMP, a molecular marker for mature ORNs, has been shown to play 
a regulatory role in various reproductive functions such as prolactin 
secretion, development of maternal preference and reproductive 
behaviours. However, the detailed mechanisms remain to be investigat-
ed.

ACKNOWLEDGEMENT

The author is indebted to the referees for their valuable comments 
and suggestions, which led to the improvement of the paper.

REFERENCES 

Albeanu DF, Provost AC, Agarwal P, Soucy ER, Zak JD, Murthy VN. Olfactory marker 
protein (OMP) regulates formation and refinement of the olfactory glomerular map. 
Nat Commun. 2018 Nov 29;9(1):5073. doi: 10.1038/s41467-018-07544-9.

Alberts, J.R. and Brunjes, P.C., 1978. Ontogeny of thermal and olfactory determinants of 
huddling in the rat. Journal of comparative and physiological psychology, 92(5), 
p.897.

Alberts, J.R. and May, B., 1980. Ontogeny of olfaction: Development of the rats' sensitivity 
to urine and amyl acetate. Physiology & Behavior, 24(5), pp.965-970.

Baker, H., Grillo, M. and Margolis, F.L., 1989. Biochemical and immunocytochemical cha-
raterization of olfactory marker protein in the rodent central nervous system. Journal 
of Comparative Neurology, 285(2), pp.246-261.

Bakker, J., Pierman, S. and Gonzárez-Martínez, D., 2010. Effects of aromatase mutation 
(ArKO) on the sexual differentiation of kisspeptin neuronal numbers and their activa-
tion by same versus opposite sex urinary pheromones. Hormones and behavior, 57(4-
5), pp.390-395.

Baldisseri, D.M., Margolis, J.W., Weber, D.J., Koo, J.H. and Margolis, F.L., 2002. 
Olfactory marker protein (OMP) exhibits a β-clam fold in solution: implications for 
target peptide interaction and olfactory signal transduction. Journal of molecular biol-
ogy, 319(3), pp.823-837.

Bargmann, C.I., 2006. Comparative chemosensation from receptors to ecology. Nature, 
444(7117), p.295.

Belluscio, L., Gold, G.H., Nemes, A. and Axel, R., 1998. Mice deficient in Golfare anos-
mic. Neuron, 20(1), pp.69-81.

Brunjes, P.C. and Alberts, J.R., 1979. Olfactory stimulation induces filial preferences for 
huddling in rat pups. Journal of comparative and physiological psychology, 93(3), 
p.548.

Brunet, L.J., Gold, G.H. and Ngai, J., 1996. General anosmia caused by a targeted disrup-
tion of the mouse olfactory cyclic nucleotide---gated cation channel. Neuron, 17(4), 
pp.681-693.

Buck, L.B., 1996, January. Information coding in the mammalian olfactory system. In Cold 
Spring Harbor symposia on quantitative biology (Vol. 61, pp. 147-155). Cold Spring 
Harbor Laboratory Press.

Buck, L. and Axel, R., 1991. A novel multigene family may encode odorant receptors: a 
molecular basis for odor recognition. Cell, 65(1), pp.175-187.

Buiakova, O.I., Baker, H., Scott, J.W., Farbman, A., Kream, R., Grillo, M., Franzen, L., 
Richman, M., Davis, L.M., Abbondanzo, S. and Stewart, C.L., 1996. Olfactory marker 
protein (OMP) gene deletion causes altered physiological activity of olfactory sensory 
neurons. Proceedings of the National Academy of Sciences, 93(18), pp.9858-9863.

Canteras, N.S., Simerly, R.B. and Swanson, L.W., 1995. Organization of projections from 
the medial nucleus of the amygdala: a PHAL study in the rat. Journal of Comparative 
Neurology, 360(2), pp.213-245.

Celik A, Fuss SH, Korsching SI. Selective targeting of zebrafish olfactory receptor neurons 
by the endogenous OMP promoter. Eur J Neurosci. 2002;15:798 06

Chess, A., Simon, I., Cedar, H. and Axel, R., 1994. Allelic inactivation regulates olfactory 
receptor gene expression. Cell, 78(5), pp.823-834.

Chuah, M.I. and Zheng, D.R., 1987. Olfactory marker protein is present in olfactory recep-
tor cells of human fetuses. Neuroscience, 23(1), pp.363-370.

Dibattista M,Reisert J.The Odorant Receptor-Dependent Role of Olfactory Marker Protein 
in Olfactory Receptor Neurons. J Neurosci. 2016 Mar 9;36(10):2995-3006. doi: 
0.1523/JNEUROSCI.4209-15.2016.

Døving, K.B. and Trotier, D., 1998. Structure and function of the vomeronasal organ. 
Journal of Experimental Biology, 201(21), pp.2913-2925.

Fleischer, J. and Breer, H., 2010. The Grueneberg ganglion, a novel sensory system in the 
nose. Histology and histopathology.

Fleischmann, A., Shykind, B.M., Sosulski, D.L., Franks, K.M., Glinka, M.E., Mei, D.F., 
Sun, Y., Kirkland, J., Mendelsohn, M., Albers, M.W. and Axel, R., 2008. Mice with a 
"monoclonal nose": perturbations in an olfactory map impair odor discrimination. 
Neuron, 60(6), pp.1068-1081.

Galef, B.G. and Henderson, P.W., 1972. Mother's milk: a determinant of the feeding prefer-
ences of weaning rat pups. Journal of comparative and physiological psychology, 
78(2), p.213.

Gershengorn, M.C., 1978. Bihormonal regulation of the thyrotropin-releasing hormone 
receptor in mouse pituitary thyrotropic tumor cells in culture. The Journal of clinical 
investigation, 62(5), pp.937-943.

Graziadei, G.M., Stanley, R.S. and Graziadei, P.P.C., 1980. The olfactory marker protein in 
the olfactory system of the mouse during development. Neuroscience, 5(7), pp.1239-
1252.

Graziadei, P.P.C. and Graziadei, G.M., 1979. Neurogenesis and neuron regeneration in the 
olfactory system of mammals. I. Morphological aspects of differentiation and structur-
al organization of the olfactory sensory neurons. Journal of neurocytology, 8(1), pp.1-
18.

Gregory, E.H. and Pfaff, D.W., 1971. Development of olfactory-guided behavior in infant 
rats. Physiology & behavior, 6(5), pp.573-576.

Grüneberg, H., 1973. A ganglion probably belonging to the N. terminalis system in the 
nasal mucosa of the mouse. Zeitschrift f  Anatomie und Entwicklungsgeschichte, 
140(1), pp.39-52.

Hellier, V., Brock, O., Candlish, M., Desroziers, E., Aoki, M., Mayer, C., Piet, R., Herbison, 
A., Colledge, W.H., Prévot, V. and Boehm, U., 2018. Female sexual behavior in mice 
is controlled by kisspeptin neurons. Nature communications, 9(1), p.400.

Hinkle, P.M. and Tashjian Jr, A.H., 1975. Thyrotropin-releasing hormone regulates the 
number of its own receptors in the GH3 strain of pituitary cells in culture. 
Biochemistry, 14(17), pp.3845-3851.

Ivic, L., Pyrski, M.M., Margolis, J.W., Richards, L.J., Firestein, S. and Margolis, F.L., 
2000. Adenoviral vector-mediated rescue of the OMP-null phenotype in vivo. Nature 
neuroscience, 3(11), p.1113.

Jacobson, L., 1813. Anatomisk beskrivelse over et nyt organ i huusdyrenes naese. Veter 
Salesk Skrift, 2, pp.209-246.

Kang CW, Han YE, Lee MK, Cho YH, Kang N, Koo J, Ku CR, Lee EJ.Olfactory marker 
protein regulates prolactin secretion and production by modulating Ca2+ and TRH sig-
naling in lactotrophs. Exp Mol Med. 2018 Apr 6;50(4):15. doi: 10.1038/s12276-018-
0035-z.

Kang, N., Kim, H., Jae, Y., Lee, N., Ku, C.R., Margolis, F., Lee, E.J., Bahk, Y.Y., Kim, M.S. 
and Koo, J., 2015. Olfactory marker protein expression is an indicator of olfactory 
receptor-associated events in non-olfactory tissues. PLoS One, 10(1), p.e0116097.

Kang, N. and Koo, J., 2012. Olfactory receptors in non-chemosensory tissues. BMB reports, 
45(11), p.612.

Karlson, P. and Lüscher, M., 1959. 'Pheromones': a new term for a class of biologically 
active substances. Nature, 183(4653), p.55.

Kim, G.D., Carr, I.C., Anderson, L.A., Zabavnik, J., Eidne, K.A. and Milligan, G., 1994. 
The long isoform of the rat thyrotropin-releasing hormone receptor down-regulates Gq 
proteins. Journal of Biological Chemistry, 269(31), pp.19933-19940.

Koo, J.H., Gill, S., Pannell, L.K., Menco, B.P.M., Margolis, J.W. and Margolis, F.L., 2004. 
The interaction of Bex and OMP reveals a dimer of OMP with a short half□ life. 
Journal of neurochemistry, 90(1), pp.102-116.

Koo, J.H., Saraswati, M. and Margolis, F.L., 2005. Immunolocalization of Bex protein in 
the mouse brain and olfactory system. Journal of Comparative Neurology, 487(1), 
pp.1-14.

Krishna, N.S., Getchell, M.L., Buiakova, O.I., Margolis, F.L. and Getchell, T.V., 1995. 
Human olfactory receptor neurons contain OMP mRNA in their dendritic and axonal 
processes. NeuroReport, 6(5), pp.817-821.

Kudo H, Doi Y, Ueda H, Kaeriyama M. Molecular characterization and histochemical 
demonstration of salmon olfactory marker protein in the olfactory epithelium of lacus-
trine sockeye salmon (Oncorhynchus nerka). Comp Biochem Physiol A Mol Integr 
Physiol. 2009;154:142 0.

Kwon, H.J., Koo, J.H., Zufall, F., Leinders-Zufall, T. and Margolis, F.L., 2009. Ca2+ extru-
sion by NCX is compromised in olfactory sensory neurons of OMP-/- mice. PLoS 
One, 4(1), p.e4260.

Lee, A.C., He, J. and Ma, M., 2011. Olfactory marker protein is critical for functional matu-
ration of olfactory sensory neurons and development of mother preference. Journal of 
Neuroscience, 31(8), pp.2974-2982.

Lewcock, J.W. and Reed, R.R., 2004. A feedback mechanism regulates monoallelic odorant 
receptor expression. Proceedings of the National Academy of Sciences, 101(4), 
pp.1069-1074.

Liberia T, Martin-Lopez E, Meller SJ, Greer CA.Sequential Maturation of Olfactory 
Sensory Neurons in the Mature Olfactory Epithelium. eNeuro. 2019 Oct 16;6(5). pii: 
ENEURO.0266-19.2019. doi: 10.1523/ENEURO.0266-19.2019. Print 2019 Sep/Oct

Lledo, P.M., Gheusi, G. and Vincent, J.D., 2005. Information processing in the mammalian 
olfactory system. Physiological reviews, 85(1), pp.281-317.

Ma, M. and Luo, M., 2012. Optogenetic activation of basal forebrain cholinergic neurons 
modulates neuronal excitability and sensory responses in the main olfactory bulb. 
Journal of Neuroscience, 32(30), pp.10105-10116.

Margolis, F.L., 1972. A brain protein unique to the olfactory bulb. Proceedings of the 
National Academy of Sciences, 69(5), pp.1221-1224.

Meisami, E. and Bhatnagar, K.P., 1998. Structure and diversity in mammalian accessory 
olfactory bulb. Microscopy research and technique, 43(6), pp.476-499.

Mohrhardt, J., Nagel, M., Fleck, D., Ben-Shaul, Y. and Spehr, M., 2018. Signal detection 



Salmi A. A. et al.580

and coding in the accessory olfactory system. Chemical senses, 43(9), pp.667-695.
Mombaerts P, Wang F, Dulac C, Chao SK, Nemes A, Mendelsohn M, et al. Visualizing an 

olfactory sensory map. Cell. 1996;87:675-86
Morita, R., Hirohashi, Y., Torigoe, T., Ito-Inoda, S., Takahashi, A., Mariya, T., Asanuma, H., 

Tamura, Y., Tsukahara, T., Kanaseki, T. and Kubo, T., 2016. Olfactory Receptor 
Family 7 Subfamily C Member 1 Is a Novel Marker of Colon Cancer---Initiating Cells 
and Is a Potent Target of Immunotherapy. Clinical Cancer Research, 22(13), pp.3298-
3309.

Munger, S.D., Leinders-Zufall, T. and Zufall, F., 2009. Subsystem organization of the mam-
malian sense of smell. Annual review of physiology, 71, pp.115-140.

Nakashima, T., Kimmelman, C.P. and Snow, J.B., 1985. Olfactory marker protein in the 
human olfactory pathway. Archives of Otolaryngology, 111(5), pp.294-297.

Neuhaus, E.M., Zhang, W., Gelis, L., Deng, Y., Noldus, J. and Hatt, H., 2009. Activation of 
an olfactory receptor inhibits proliferation of prostate cancer cells. Journal of 
Biological Chemistry, 284(24), pp.16218-16225.

Nguyen, M.Q., Zhou, Z., Marks, C.A., Ryba, N.J. and Belluscio, L., 2007. Prominent roles 
for odorant receptor coding sequences in allelic exclusion. Cell, 131(5), pp.1009-
1017.

Pardo-Bellver, C., Cádiz-Moretti, B., Novejarque, A., Martínez-García, F. and Lanuza, E., 
2012. Differential efferent projections of the anterior, posteroventral, and posterodor-
sal subdivisions of the medial amygdala in mice. Frontiers in neuroanatomy, 6, p.33.

Petrulis, A., 2013. Chemosignals, hormones and mammalian reproduction. Hormones and 
behavior, 63(5), pp.723-741.

Pifferi, S., Menini, A. and Kurahashi, T., 2010. Signal transduction in vertebrate olfactory 
cilia. The neurobiology of olfaction, pp.203-224.

Pineda, R., Plaisier, F., Millar, R.P. and Ludwig, M., 2017. Amygdala kisspeptin neurons: 
putative mediators of olfactory control of the gonadotropic axis. Neuroendocrinology, 
104(3), pp.223-238.

Polan, H.J. and Hofer, M.A., 1998. Olfactory preference for mother over home nest shav-
ings by newborn rats. Developmental Psychobiology: The Journal of the International 
Society for Developmental Psychobiology, 33(1), pp.5-20.

Potter SM, Zheng C, Koos DS, Feinstein P, Fraser SE, Mombaerts P. Structure and emer-
gence of specific olfactory glomeruli in the mouse. J Neurosci. 2001; 21: 9713-23.

Pyrski, M., Koo, J.H., Polumuri, S.K., Ruknudin, A.M., Margolis, J.W., Schulze, D.H. and 
Margolis, F.L., 2007. Sodium/calcium exchanger expression in the mouse and rat 
olfactory systems. Journal of Comparative Neurology, 501(6), pp.944-958.

Reisert, J., Yau, K.W. and Margolis, F.L., 2007. Olfactory marker protein modulates the 
cAMP kinetics of the odour□induced response in cilia of mouse olfactory receptor 
neurons. The Journal of physiology, 585(3), pp.731-740.

Ressler, K.J., Sullivan, S.L. and Buck, L.B., 1993. A zonal organization of odorant receptor 
gene expression in the olfactory epithelium. Cell, 73(3), pp.597-609.

Riddle, D.R. and Oakley, B., 1992. Immunocytochemical identification of primary olfactory 
afferents in rainbow trout. Journal of Comparative Neurology, 324(4), pp.575-589.

Rodolfo-Masera, T., 1943. Su l'esistenza di un particolare organo olfattivo nel setto nasale 
della cavia e di altri roditori. Arch. Ital. Anat. Embriol., 48, pp.157-213.

Rössler P, Mezler M, Breer H. Two olfactory marker proteins in Xenopus laevis. J Comp 
Neurol. 1998; 395: 273-80.

Sato Y, Miyasaka N, Yoshihara Y. Mutually exclusive glomerular innervation by two dis-
tinct types of olfactory sensory neurons revealed in transgeniczebrafish. J Neurosci. 
005; 25: 4889-97

Scalia, F. and Winans, S.S., 1975. The differential projections of the olfactory bulb and 

accessory olfactory bulb in mammals. Journal of Comparative Neurology, 161(1), 
pp.31-55.

Schapiro, S. and Salas, M., 1970. Behavioral response of infant rats to maternal odor. 
Physiology & Behavior, 5(7), pp.815-817.

Serizawa, S., Miyamichi, K., Nakatani, H., Suzuki, M., Saito, M., Yoshihara, Y. and 
Sakano, H., 2003. Negative feedback regulation ensures the one receptor-one olfactory 
neuron rule in mouse. Science, 302(5653), pp.2088-2094.

Shykind, B.M., Rohani, S.C., O’Donnell, S., Nemes, A., Mendelsohn, M., Sun, Y., Axel, R. 
and Barnea, G., 2004. Gene switching and the stability of odorant receptor gene 
choice. Cell, 117(6), pp.801-815.

Su, C.Y., Menuz, K. and Carlson, J.R., 2009. Olfactory perception: receptors, cells, and cir-
cuits. Cell, 139(1), pp.45-59.

Sun, Y., Lu, X. and Gershengorn, M.C., 2003. G-protein-coupled receptor signaling in neu-
roendocrine systems. Thyrotropin-releasing hormone receptors---similarities and dif-
ferences. J. Mol. Endocrinol, 30, pp.87-97.

Suzuki H, Nikaido M, Hagino-Yamagishi K, Okada N.Distinct functions of two olfactory 
marker protein genes derived from teleost-specific whole genome duplication. BMC 
Evol Biol. 2015 Nov 10;15:245. doi: 10.1186/s12862-015-0530-y.

Todrank, J., Busquet, N., Baudoin, C. and Heth, G., 2005. Preferences of newborn mice for 
odours indicating closer genetic relatedness: is experience necessary?. Proceedings of 
the Royal Society B: Biological Sciences, 272(1576), pp.2083-2088.

Vassar, R., Ngai, J. and Axel, R., 1993. Spatial segregation of odorant receptor expression 
in the mammalian olfactory epithelium. Cell, 74(2), pp.309-318.

Watanabe, Y., Uenoyama, Y., Suzuki, J., Takase, K., Suetomi, Y., Ohkura, S., Inoue, N., 
Maeda, K.I. and Tsukamura, H., 2014. Oestrogen□induced activation of preoptic kiss-
peptin neurones may be involved in the luteinising hormone surge in male and female 
Japanese monkeys. Journal of neuroendocrinology, 26(12), pp.909-917.

Weiler, E. and Farbman, A.I., 2003. The septal organ of the rat during postnatal develop-
ment. Chemical senses, 28(7), pp.581-593.

Weiler, E. and Farbman, A.I., 1997. Proliferation in the rat olfactory epithelium: age-depen-
dent changes. Journal of Neuroscience, 17(10), pp.3610-3622.

Wilson, D.A. and Sullivan, R.M., 1994. Neurobiology of associative learning in the neo-
nate: early olfactory learning. Behavioral and neural biology, 61(1), pp.1-18.

Wong, S.T., Trinh, K., Hacker, B., Chan, G.C., Lowe, G., Gaggar, A., Xia, Z., Gold, G.H. 
and Storm, D.R., 2000. Disruption of the type III adenylyl cyclase gene leads to 
peripheral and behavioral anosmia in transgenic mice. Neuron, 27(3), pp.487-497.

Yasuoka A, Endo K, Asano-Miyoshi M, Abe K, Emori Y. Two subfamilies of olfactory 
receptor genes in medaka fish, Oryzias latipes: Genomic organization and differential 
expression in olfactory epithelium. J Biochem. 1999; 126: 866-73.

Youngentob, S.L. and Margolis, F.L., 1999. OMP gene deletion causes an elevation in 
behavioral threshold sensitivity. Neuroreport, 10(1), pp.15-19.

Youngentob, S.L., Margolis, F.L. and Youngentob, L.M., 2001. OMP gene deletion results 
in an alteration in odorant quality perception. Behavioral neuroscience, 115(3), p.626.

Youngentob, S.L., Kent, P.F. and Margolis, F.L., 2003. OMP gene deletion results in an 
alteration in odorant-induced mucosal activity patterns. Journal of neurophysiology, 
90(6), pp.3864-3873.

Zancanaro, C., 2014. 9 Vomeronasal Organ. In Neurobiology of chemical communication. 
CRC Press/Taylor & Francis.

Zhang, X., Zhang, X. and Firestein, S., 2007. Comparative genomics of odorant and phero-
mone receptor genes in rodents. Genomics, 89(4), pp.441-450.


