POLISH ANNALS OF MEDICINE 20 (2013) 5I-55

Available online at www.sciencedirect.com

SciVerse ScienceDirect bR LLEDICING

journal homepage: www.elsevier.com/locate/poamed

Review Article

Olfactory receptors and the mechanism @mm
of odor perception ™

Ryszard Farbiszewski, Robert Kranc*

School of Medical Science, Biatystok, Poland

ARTICLE INFO ABSTRACT

Article history: Introduction: The olfactory system plays one of the key roles in the lives of humans and
Received 12 September 2012 animals. It can detect thousands of different odor molecules through a large family of
Accepted 17 February 2013 olfactory receptors (ORs), of a diverse protein sequence, which are located in olfactory
Available online 20 February 2013 sensory neurons (OSNs) in the olfactory epithelium in the nose of humans, and in the
Keywords: vomeronasal organ in animals. The OR family is comprised of 172 subfamilies, whose
Olfactory receptors members have related protein sequences and are encoded by a single chromosomal locus.
Sensory neurons The human receptor gene family includes 339 intact receptor genes and 297 receptor
Olfactory bulb pseudogenes, unevenly distributed among 51 different loci on 21 human chromosomes.
Odor perception Different parts of the genome may be involved in the detection of different types of

structural odorants.

Odor detection is mediated by odorant receptors. Signals generated in OSNs in response
to odorants are transmitted to the olfactory bulb (OB) of the brain, i.e., the first relay station
in the control of the olfactory system in mammals. Then, signals are transmitted to the
olfactory brain cortex, which has a cortical structure with distinct layers and numerous
glomerular modules, and forms a map of olfactory axon terminals. The axonal projection
of OSNs is precisely organized with a few topographically fixed glomeruli.

Aim: The purpose of this paper is to present the recent literature in the field of the
undertaken subject.

Material and methods: The review of articles is devoted to olfactory receptors and the
mechanism of odor perception.

Discussion: In the first part, this review summarizes the mammalian protein ORs that are
encoded by genes, as well as the location and structure of these receptors. Extensive
studies reveal that mammals can have up to 1000 different OR genes, which constitute
approximately 1% of the genomic complement of genes. The analysis of the entire receptor
family has shown that it is comprised of 172 subfamilies, whose members are 60%
identical in protein amino acid sequence and can recognize odorants with related
structures. The second part of this review presents the opinions of many authors
concerning the olfactory perception that initiates in the olfactory epithelium. Odor signals
are further transmitted to the OB, i.e., the first relay station of the central olfactory system
in the mammalian brain. Then such signals ultimately reach higher cortical areas involved
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in the conscious perception of odor. At the review’s conclusion some diseases associated

with smell disorders are discussed.

Results: The olfactory cortex still remains an unexplored and unexplained area in terms of
the processing of odorant information. This subject requires further study.

© 2013 Warminsko-Mazurska Izba Lekarska w Olsztynie. Published by Elsevier Urban & Partner

Sp. z o.0. All rights reserved.

1. Introduction

The sense of smell is a primal sense of enormous significance
for humans and animals. The olfactory system was unex-
plained until 1985. It was known that odorants were detected
through receptors located in the epithelium of the nasal
cavity in humans, and through the olfactory sense organ,
called the vomeronasal organ, in most animals. In the late
1980s Richard Axel, a geneticist from the Institute of Cancer
Research of Columbia University, New York, together with
Linda Buck, a biochemist from Harvard Medical School,
Boston, Massachusetts, began to consider the following
questions: How do mammals begin to recognize the vast
diversity of odorant molecules that can vary in size, shape,
functional groups, and charge? How does odor perception
occur? And how is the chemosensory system presented in
the brain? These were some of the basic and most challen-
ging questions concerning the field of olfactory research.
The olfactory system posed a fascinating problem for these
biologists.”

Later, it was discovered that a subtle change in the
structure of chemical odors dramatically changes their per-
ceived odor. Olfactory sensory neurons (OSNs) that detect
odorants express different receptors, elicit different signals in
the brain, and thereby, generate distinct odor perception.

Recent in vivo and in vitro studies have challenged the
existing models of olfactory processing in the vertebrate
olfactory bulb (OB) and the insect antennal lobe. Lateral
connectivity between olfactory glomeruli was previously
thought to form a dense, topographically organized inhibitory
surrounding. New evidence suggests that lateral connections
may be sparse, nontopographic, and partly excitatory. Other
recent studies highlight the role of active sensing (sniffing) in
the shaping of odor-evoked neural activity and perception.?’

2. Aim

The purpose of this paper is to present the recent literature in
the field of olfactory receptors and the mechanism of odor
perception.

3. Material and methods

A review of articles devoted to olfactory receptors and
the mechanism of odor perception was performed. Available
medical databases PubMed, Scopus, Embase, and ProQuest
were used.

4. Discussion
4.1.  Receptors for odorants and pheromones

Axel and Buck, pioneers in the research of molecular structure
of odor and pheromone sensing in animals, employing the
technique of gene cloning and other methods (e.g., PCR-
reaction), have isolated genes encoding protein-coupled olfac-
tory receptors (ORs) in the human genome. Then, they have
determined the chromosomal location of each OR gene, and
analyzed the subfamily structure of the human OR family, the
chromosome of genes encoding the members of each family,
and the subfamily composition of each chromosomal locus.

This has led to the discovery of three distinct families of
ORs, each encoded by a multigene family. One family of 1000
genes encodes ORs in the olfactory epithelium.® It comprises
approximately 1% of the genomic complement of genes, and
this family is the largest unit identified in the genome of any
species. The other two OR families are expressed in the
vomeronasal organ in mammals. They are called: V;R family
with about 35 members,” and the V,R family with about 150
members.*” Both receptor families are considered to be candi-
date receptors for pheromones in most mammals, and recog-
nize different types of chemicals, ligands for these receptors.”
V,Rs differ clearly from ORs and V;Rs in having a very large
N-terminal extracellular domain. V,Rs are related to metabo-
tropic glutamate receptors whose large N-terminal domains bind
ligands. Short N-terminal extracellular domains in ORs and V4Rs
bind ligands in a pocket that is formed in the membrane by the
combination of the transmembrane domain.** A single amino
acid in the transmembrane domain has been shown to alter
odorant specificity.”® According to the recent studies of Buck,
individual ORs recognize multiple odorants, but V4Rs and V,Rs
might, instead, be selective for specific pheromones — different
types of chemicals, ligands for these receptors.

Studies of Buck have indicated that humans have 636 OR
genes, 339 of which are intact and therefore likely to encode
functional odorant receptors in the olfactory epithelium of
the nasal cavity, and 297 OR pseudogenes. It is assumed that
mammals can have up to 1000 different OR genes that encode
odorant receptors.” This comprises approximately 1% of the
genomic complement of genes and this family is the largest
unit identified in the genome of any species.

The determination of their genomic locations has demon-
strated that OR genes are unevenly distributed among 51
different loci on 21 human chromosomes; 38 chromosomal
loci have one or more intact genes and are likely to function
in odor perception.

An analysis of the entire OR family has shown that it is
comprised of 172 subfamilies, whose members are 60% or
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more identical as regards the protein sequence and can
recognize odorants with related structures.”’** The identifi-
cation of 172 human OR subfamilies indicates the extreme
diversity of the human OR family. This information concern-
ing ORs has facilitated the creation of a model in which each
subfamily recognizes a particular class of odorant struc-
tures.”> Members of the same subfamily would recognize
partially overlapping sets of odorants with highly related
structures. The majority of subfamilies are encoded by a
single chromosomal locus. Moreover, many loci encode only
one or a few subfamilies, suggesting that different parts of
the genome may be involved in the detection of different
types of odorant structures. Studies of many authors indicate
that some odorants can be recognized by ORs that are less
than 60% identical and therefore belong to different subfa-
milies. It should be noted that further studies are necessary
to verify the reliability of the applied method and to estimate
the individual ORs that interact with odorants in the definite
structure.

Moreover, numerous scientists carry out research pertain-
ing to new channels of olfaction. New evidence demonstrates
that a putative new candidate, bestrophin-2 (Best2), cannot
be involved in the olfactory channel. Additional studies now
identify anoctamin-2 (ANO2, also known as TMEM16B) as a
strong candidate.’

In 2006 Pifferi et al*>*! argued that Best2 might be the
olfactory CI” channel. Best2 can function as a calcium-activated
chloride channel (CaCC) when exogenously expressed, although
its role in vivo has been controversial. The authors showed that
Best2 is expressed in the proximal sections of the olfactory cilia.
Furthermore, the olfactory Cl- channel and expressed Best2
channels have similar biophysical properties (anion selectivities,
unitary conductances, voltage dependences, and sensitivities to
blockers). The authors also highlighted one difference: Best2 is
about 12 times more sensitive to Ca®" than is the olfactory
channel. But three years later Pifferi et al. presented new
evidence that refuted their former hypothesis. When knockout
mice lacking Best2 became available, the authors compared
them to wild-type mice and found no significant differences in
their olfactory physiologies. In both intact epithelia and isolated
OSNs, electrical responses to odors and olfactory second mes-
sengers have no requirement for Best2. The sensory endings of
OSNs lacking Best2 have CaCCs like those in the wild-type mice.

New evidence suggests that TMEM16B is the olfactory Cl~
channel. In 2005, TMEM16B topped a list of proteins preferen-
tially expressed in mouse OSNs.>**® It was reported that
anoctamin family proteins, CaCCs and TMEM16B, emerged
as a likely olfactory transduction channel. TMEM16B was
identified in the proteome of rat olfactory cilia.

In 2004 Linda Buck and Richard Axel were awarded the
Nobel Prize in physiology and medicine for the discovery of
genes encoding ORs, and for their isolation and research.

4.2.  The mechanism of olfactory perception

In mammals there are two anatomically independent yet
integrated olfactory systems: the main olfactory system,
which is concerned primarily with environmental odors and
is further compartmentalized into zones and subzones, and
the vomeronasal system, which is rather specialized in

detecting pheromones, although this functional difference
is not absolute.”"'® The latter system modulates behaviors,
e.g., aggression.'**®

It should be emphasized that a very important feature of
olfactory perception is that a slight change in the structure of
the odorant can dramatically alter its perceived odor.

It was assumed that odor perception is initiated in the
olfactory epithelium of the nasal cavity, where odorants
are detected by the large family of ORs. These receptors are
members of the seven-transmembrane domain receptors,
also known as G-protein-coupled receptors (GPCRs). They
are extremely diverse in amino acid sequences, consistent
with the ability to recognize a variety of structurally diverse
odorants.?® ORs induce GTP-dependent adenylyl cyclase III
activity and an increase in cyclic adenosine monophosphate
(cAMP) production. cAMP opens cyclic nucleotide-gated (CNG)
cation channels causing membrane depolarization,”*'" and
alters membrane potential.”*® Signals from different types
of receptors are detected and processed at the level of OSNs
and further transmitted to the OB. The OB plays a key role in
the perception of odor quality of odorants in the brain. It is
the first relay station in the central olfactory system in the
mammalian brain and contains a few thousand forms of
odorant receptor maps.’ In the OB, OSNs and their axons
make synaptic connections with second-order neurons
in neotropic structures termed glomeruli.”> The pattern of
glomerular innervations in the OB is critical for innate
behavioral responses.8 In vertebrates, odor is organized
beyond the OB in a spatial map within the medial forebrain
bundle.

In the identification of the components of odor mixtures,
the olfactory system codes characteristic odors of critical
components by adjusting the intensity of many potential
odor stimuli.’* Time intensity factors and prior adaptation
to other components play a significant role in the perception
of odor.*?

Sensory neurons in the main olfactory system send their
axons to the targets in the main OB in humans, whereas
vomeronasal sensory neurons send their axons to a well-
demarcated dorsal and posterior region of the OB. In both
systems, axons of sensory cells synapse onto the dendrites of
second order projection neurons known as mitral cells.

The question of how specific chemical features of odors
are represented in the OB is not conclusive. It has been
proved that odors are spatially distributed in the OB,?” and an
odor evoked pattern of activity does not correlate directly
with odor structure. According to the authors, glomeruli are
tuned to odors of multiple types and are hierarchically
arranged into clusters by their odor-tuning similarity. The
spatial organization of glomeruli conforms to the organiza-
tional principle in other sensory systems. At present, other
authors confirm the existence of the glomerular response
cluster to similar odorants,'® and indicate a partial hierar-
chical chemotropic organization. Larger glomerular regions
are subdivided into smaller areas which are specific in their
responses to particular functional groups of odorants.

It is speculated that inputs from different ORs partially
overlap in the olfactory cortex,"®? and single cortical neu-
rons receive combinational inputs from multiple different
ORs.*® Via these pathways, odor signals ultimately reach
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higher cortical areas involved in the conscious perception of
odors, as well as limbic areas, such as the amygdale and
hypothalamus, which are involved in emotional and motiva-
tional responses. How signals derived from different ORs are
organized beyond the bulb, and in the cortex, and how those
signals are ultimately decoded to yield the perception of an
odorant, or a specific endocrine, or behavioral response, is
relatively little known.

Cortical neurons require a combination of receptor input
for their activation and the merging of the receptor codes of
two odorants, which provides novel combinations of receptor
inputs that stimulate neurons beyond those activated by the
single odorants. These findings explain the manner in which
odorant mixtures can elicit novel odor perception in humans.
Another olfactory structure in the nasal septum of animals,
the vomeronasal organ, has two additional receptor families
which detect pheromones and induce hormonal and behav-
ioral responses, through a different projection in the brain.”

Recently it has been believed that neurogenesis in the
olfactory activity has a functional significance in the recognition
of odorant molecules. It occurs continuously in the adult fore-
brain in mammals. Neurons can migrate into the OB and into
the hippocampal dentate gyrus.* It has been proven that mutant
male and female mice having a deficit in sex-specific innate
activities showed dependence on olfaction in sexual behaviors.*
These results indicate that continuous neurogenesis in the adult
forebrain is required for innate olfactory responses.

Further imaging studies in mammals may provide important
insight as to how odors are represented within distinct forebrain
areas, and how higher order processes within the forebrain
permit the confluence of an odorant stream conveying informa-
tion about different odorant types serving behavioral functions.

While the primary mechanisms of vertebrate olfactory
transduction are largely understood, much remains to be
learned about the events that establish, maintain, and mod-
ulate the encoding of odor signals. Scientists reporting
discoveries important to the olfactory cilia found that a
phosphofurin acidic cluster sorting protein 1 (PACS-1) is
involved in the trafficking of CNG channels into the mam-
malian olfactory cilia via an interaction with the CNGB1b
subunit of the channel, and that the retinitis pigmentosa
GTPase regulator, whose isoforms locate to dendritic knobs or
olfactory cilia, is necessary for odorant responses. Others
reported that odorants stimulate the production of nitric
oxide by OSNs and that the dynamics of electro-
olfactograms were altered in mice lacking endothelial nitric
oxide synthase (eNOS). Other researchers reported that leptin
and insulin increase the excitability of rat OSNs, strengthen-
ing links between satiety and the sense of smell. This is in
accordance with previous reports that the daily regimen
of intranasal insulin now used by some diabetics improves
object memory and odor discrimination in mice.

4.3.  Smell disorders and quality of life

Olfactory sensitivity depends on age and sex. Women are
superior to men in virtually all aspects of olfactory function,
whereas the exact reasons for this remain unclear. Hormonal
effects have been discussed, but remain a matter for debate.
Possibly, the higher social awareness of women is also

instrumental in so far as women, more than men, show
interest in odors as social signals (e.g.,, body odors, food
odors). Accordingly, women on average suffer more than
men from the loss of the sense of smell. The reduced ability
to smell with increasing age has been long known and is also
partly due to the decrease in ORNs. Presbyosmia is, however,
not unavoidable, but also represents an expression of overall
health - people who have “aged well” and do not take any
medication seem to have essentially normal smell thresh-
olds. Anosmia refers to the lack of the ability to smell, and
specific anosmia relates to the inability to smell a specific
odor, whereas the vast majority of odors are normally
perceived. Specific anosmias have been described for a series
of different odors and are considered a physiological phe-
nomenon. The occurrence of specific anosmias indicates that
specific receptors are necessary for perceiving a specific odor.
Specific anosmias are of little clinical importance. The term
functional anosmia refers to a significantly reduced ability to
smell, although some smell sensations can be present.
Hyposmia refers to the reduced ability to smell, and hyper-
osmia to an enhanced ability to smell. Hyposmic conditions
are common, but hyperosmias are very rare; they have been
encountered, for example, after exposure to toxic vapors and
in association with migraines.’®

The four main causes of smell disorders are (1) trauma, (2)
viral infections, (3) nasal causes such as sinusitis or nasal
polyps, and (4) smell disorders associated with aging or
neurological illnesses such as Parkinson’s disease or Alzheimer’s
disease. Posttraumatic smell disorders are possible due to the
severance of the fila olfactoria, and probably also the contusion
of secondary olfactory-related areas of the brain such as the
orbitofrontal cortex. Viral infections are assumed to cause
damage to the ORNSs; however, the triggering agent is still
unclear. Huntington’s disease is associated with moderate
hyposmia. Mild olfactory disorders have also been described
for some heredoataxias and motor neuron diseases.'®

5. Conclusions

The information contained in this review suggests that knowl-
edge concerning the mechanisms of olfactory perception and
the encoding of odor signals continues to improve, but is not
yet firmly established and, hence, requires further study.
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