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Olfaction plays a very important role across the lifespan of most mammalian species, including humans. Being the oldest,
chemical communication is one of the least understood forms of communication due in part to the difficulty of detecting and
measuring the chemicals in a sample. The ability to detect chemicals in the environment serves many functions. Individuals
with specific anosmia, or “odor blindness”, have significantly increased olfactory thresholds to particular odorants though
they show normal general olfactory acuity. Hereby we review research on specific anosmia in humans, factors that may affect
individual variation in olfaction as well as animal models of specific anosmia. Variability in sensitivity to odorants is influenced
by genotype, age, gender, individual olfactory experience and environmental cues. Large data pile from human and animal
studies suggests that not all factors are determined yet. The possibility of induction of olfactory sensitivity to biologically
relevant chemical cues is discussed. Olfactory plasticity determines the adaptability of the species to the environment.
Mechanisms that underlie the induction of sensitivity to the odorants still to be elucidated.
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Introduction

Olfaction plays an important role across the lifespan of most mammalian species, including humans. Intra- and interspecific
chemical communication is utilized for a variety of purposes. In many mammals such processes as foraging, reproduction,
threat avoidance, social communication, raising offspring mainly rely on chemical cues. Behavioral and physiological
responses to chemical cues influence spatial distribution and population interactions of the species.

Mammals are able to detect and discriminate a wide variety of odorants and chemical signals, such as pheromones. Humans,
previously considered to be microsmatic, also proved to have excellent olfactory abilities (McGann, 2017). According to recent
studies humans discriminate at least one trillion olfactory stimuli (Bushdid et al., 2014; Gerkin & Castro, 2015). The impact of
deficiency in sense of smell on health and well-being are commonly underestimated. Impairments in olfactory function
significantly affect the quality of life and, oftentimes, overall health. Decreased sense of smell compromises the ability to
detect the full array of food flavors and, thus, may lead to poor dietary choices resulting in nutrition-related health conditions
such as malnutrition and obesity. Complete loss of the sense of smell even poses a safety concern because anosmic
individuals are unable to detect warning odors such as gas leakage or the smell of the spoiled food. Anosmia and hyposmia,
the inability or decreased ability to smell, affects about 3-20% of the population, more commonly in elderly people (Boesveldt
et al., 2017). Normally, the human olfactory abilities defined by means of olfactory thresholds to a number of substances vary
between individuals. This variation reaches extreme values in case of specific anosmia, or “odor blindness” (Amoore, 1967).
Specific anosmia is an inability to smell a particular odor while the majority of other odors are normally perceived. About ten
specific anosmias to various groups of chemical compounds were described (Wysocki & Beauchamp, 1991), though Croy et al.
(2015) argued that their number is underestimated. Less is known about intraspecific variation in olfactory sensitivity among
other mammalian species. Most of experimental data were obtained using laboratory mouse Mus musculus (Linnaeus, 1758)
model. For instance, extreme variants of olfactory sensitivity corresponding to several types of specific anosmias in humans
were described in laboratory mice (Wysocki et al., 1977; Price, 1977; Voznessenskaya et al., 1995). The phenomenon of specific
anosmia attracts scientists’ attention for many years because of its value for various studies to provide insight into
fundamental basis of odor perception, olfactory loss, as well as inter- and intraspecies chemical communication. Main
research in the area was focused on specific anosmias to odorants that could potentially play a role in the chemical
communication of mammals, such as androstenone and isovaleric acid. Our review covers current research on specific
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anosmias occurring in humans; factors that may affect individual variation in olfaction; animal models of specific anosmia as
well as underlying mechanisms of specific olfactory deficits. We pay special attention to the environmental influences. In our
review, we aimed to place more than half a century research on specific anosmia in a framework of current knowledge about
organization of olfactory reception, and to reveal existing gaps.

Methodology for Review

Here we review publications on specific anosmia and major principles of olfactory reception in human and animal species.
Over 95% of publications we cite are indexed in PubMed, Web of Science or Scopus databases. A time period of publications
is 1948-2019. 85% of cited items are research papers, and 15% are relevant reviews.

Historical perspective

A term “specific anosmia” was introduced to a wide scientific audience in 1950-1970s by John E. Amoore (1930-1998). Much of
the research in this field is still associated with his name. Amoore defined specific anosmia as “the condition in which a
person of otherwise normal olfactory acuity cannot perceive a particular compound, at a concentration such that its odor is
obvious to most other people” (Amoore, 1977). Amoore’s interest in specific anosmia was interconnected with his
stereochemical theory of olfaction and concept of primary odors. Amoore’s theory of olfaction flowed out of Moncrieff's
hypothesis that the olfactory system is composed of receptor cells of a few different types. Each represents a distinct
“primary” odor, and odorous molecules produce their effects by fitting closely into “receptor sites” on these cells (Moncrieff,
1949). Amoore proposed that receptor cells are stimulated by different molecules depending on their size, shape or their
charge (Amoore, 1952). Following ideas of Marcel Guillot (Guillot, 1948), he suggested that each type of specific anosmia
corresponds to a genetic defect in the receptor cell that responds to one of classes of odorous substances. Amoore
anticipated that, by analogy with color blindness, odor blindness would help to decipher olfactory code (Amoore, 1967). For
the search of “primary odors” Amoore aimed to survey groups of related odorants in order to select the one with the largest
threshold difference. Amoore and his colleagues conducted a preliminary survey of olfactory sensitivity to the supposed
primary odorants using hundreds of people, and then groups of 10-30 subjects were selected as “normosmics” and “specific
anosmics”. In practice, the olfactory thresholds of specific anosmics should have exceeded the value of two standard
deviations from the average value of the olfactory threshold in the population to a given substance. Thresholds were defined
in a test where subjects had to choose two odorous bottles from a five bottle set. The ability to perceive a particular smell in
subjects with specific anosmia was reduced by 10-1000 times compared to people with normal olfactory sensitivity. Amoore
defined at least 8 types of primary odors (Amoore, 1979). Here we list these types with the corresponding primary odorants
and percentage of anosmia occurrence: sweaty (isovaleric acid - 3%), spermous (I-pyrroline - 16%), fishy (trimethylamine -
6%), malty (isobutyraldehyde - 36%), urinous (5a-androst-16-en-3-one - 47%), musky (w-pentadecalactone - 12%), minty (I-
carvone - 8%), camphor (1,8-cineole - 33%). It should be noted that Amoore selected in the group of “specific anosmics”
people with elevated thresholds to definite odors, but still not completely deprived of sensitivity to them, so it would be more
correct to call them specific “hyposmics”. People who are not sensitive even to the highest concentration (saturated vapors) of
odorant were practically excluded from the Amoore’s analysis. The percentage of such subjects in population, for example, in
the case of specific anosmia to androstenone, may reach 50%. Though the concept of “primary odors” is now largely
forgotten, stereochemical theory of olfaction, in a broad sense, is widely accepted as it still accommodates the emerging data
on olfactory reception processes (Hoehn et al., 2018).

Olfactory reception: Over the past two-three decades, a huge amount of data concerning molecular organization of odorant
reception was acquired. In their most influential paper Nobel Prize winners Buck and Axel (1991) characterized rat olfactory
receptor (OR) gene family. By their seven transmembrane domain structure and ability to interact with G proteins, ORs were
assigned to the superfamily of G protein-coupled receptors (GPCRs) (Kajiya et al., 2001; Krautwurst et al., 1998). Olfactory
receptors are localized in the membrane of the cilia of the olfactory sensory neurons (OSNs), immersed in a layer of mucus.
Apparently, odorant binding and activation of the OR occurs according to the known principles of ligand-receptor interaction.
Experimentally, it was shown that several hydrophobic amino acid residues of the receptor protein are involved in the ligand
binding and that transmembrane domains 3, 5 and 6 form a pocket for the binding of an odorant (Katada et al., 2005). A large
repertoire of olfactory receptors is impressive. In mammals, OR genes comprise 3-5% of the total number of genes, which
makes the superfamily of OR genes one of the largest in the genome. Mouse genome contains about 1200 intact and
potentially functional OR genes (Young & Trask, 2002; Zhang &Firestein, 2002), meanwhile in humans this number is lower
and accounts for about 350 genes (Glusman et al., 2001; Zozulya et al., 2001). Total number of OR genes in the mammalian
genome is even larger, as far as a significant part of Ors is represented by pseudogenes. For instance, in humans, about 50%
of all Ors are pseudogenes; in mice and rats, the proportion of pseudogenes is smaller, about 20%. It was noticed that the
percentage of pseudogenes increases from rodents to monkeys and humans. It is speculated that reduction in the number of
functional OR genes is accompanied by a decrease of species olfactory abilities (Touhara, 2008). Also some pseudogenes are
considered “segregating”, because of their segregation in populations between intact and pseudogene states. Analysis of
several hundred human genomes showed that almost each individual set of olfactory receptor genes/pseudogenes differs
from other, which, in turn, can be linked with variability in olfactory sensitivity (Menashe et al., 2003).
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Despite of the fact that the number of functional olfactory receptors is large, the number of smells that we can detect is
incomparably greater, which leads to an idea of the combinatorial coding principle. More precisely, one receptor recognizes
several odorants, and one odorant is detected by several receptors. According to the common hypothesis, referred as “one
neuron - one receptor” hypothesis, only one type of olfactory receptor is expressed in one olfactory sensory neuron (OSN) in
mammals (Mombaerts, 2004). Functional activation of a single OSN by several odorants was demonstrated quite a long time
ago (Sicard & Holley, 1984; Firestein et al., 1993; Sato et al., 1994). Due to application of advanced techniques, activation of
OSNs expressing a certain type of olfactory receptor directly by a set of odorants was finally demonstrated (Zhao et al., 1998;
Malnic et al., 1999, Abaffy et al., 2006). The conclusion that a combinatorial receptor code does exist at the peripheral level of
olfactory system was based on the fact that there are many olfactory receptors with a unique spectrum of ligands, while each
odorant is recognized by many types of receptors (Malnic et al., 1999; Touhara, 2002). John Amoore’s and his predecessors’
assumptions about receptor defects underlying specific anosmia, by analogy with color blindness, fit well into this modern
concept of olfactory reception, genetic architecture of Ors and combinatorial receptor code. For instance, according to the
combinatorial code principle, the fact that a specific anosmic detects a smell to a certain extent can be explained by the
existence of several olfactory receptors for a given substance with varying degrees of affinity. One more class of
chemosensory receptors in the main olfactory epithelium was described in 2006 (Liberles & Buck, 2006). Trace amine-
associated receptors (TAARs) also belong to G protein-coupled receptors; several TAARs are definitely involved in detection of
volatile amines (Liberles, 2015).

Variability in perception of androstenone and isovaleric acid odors: For more than half a century of research on specific
anosmia, a large set of experimental data has been accumulated. One of the most important models of specific anosmia
remained a specific olfactory deficit towards the boar sex pheromone androstenone (5a-androst-16-en-3-one, AND). Also
significant amount of research was devoted to specific anosmia towards isovaleric acid (IVA). The most extensive study of
human olfactory sensitivity up to nowadays (1.5 million respondents) was carried out in collaboration with the popular
National Geographic magazine in 1986-1987. The study confirmed the prevalence of AND specific anosmia on different
continents (35% on average) (Gilbert & Wysocki, 1987). Noteworthy, this study revealed that percentage of people unable to
smell AND varied from region to region. Thus, olfactory sensitivity to AND differed in respondents of European origin residing
in Africa vs. those residing in the UK. Such phenotypic variation suggests not only the involvement of genetic factors, but also
some environmental influences. For instance, olfactory sensitivity to AND may be acquired after repeated exposures to the
substance (details are provided in the subsequent sections of the review).

Researchers' attention was primarily attracted to specific anosmia to odorants that could potentially play a role in the
chemical communication of mammals. Androstenone (AND) is a C19 steroid of gonadal origin abundant in boar saliva. AND is
a sex pheromone in boar. In receptive female pigs, application of this substance facilitates the characteristic posture of
lordosis (Reed et al, 1974). AND is found in human urine, blood plasma and axillary secretions; it is present in larger quantities
in men than in women (Gower & Ruparelia, 1993). Androstenone and structurally closely related steroid androstadienone
were proposed as candidates for the role of modulatory human pheromones, but this statement remains speculative (Wyatt,
2015). However, the effects of AND on mood, sexual behavior and sexual attractiveness in humans were described (Cowley et
al., 1977; Filsinger et al., 1984; Pause, 2004). Notably, Wyart et al. showed hormonal response in women to the presentation of
the related steroid androstadienone. Smelling this compound maintained significantly higher levels of the hormone cortisol in
saliva (Wyart et al., 2007). AND may also act as a chemical signal in the house mouse (M. musculus). AND presented in the
context of the urine of a castrated male, induced aggressive reactions in SJL male mice towards scented intruders (Ingersoll &
Launay, 1986). We also demonstrated the involvement of an accessory olfactory system in the detection of androstenone in
CBA inbred mouse strain, highly sensitive to this odor. Accessory, or vomeronasal, olfactory system is largely associated with
the detection of pheromones in rodents. Using Fos-immunostaining, we observed neuronal activation in the receptor tissue
of the mouse vomeronasal organ in response to stimulation with androstenone. Removal of the vomeronasal organ in CBA
mice led to a significant decrease in sensitivity to androstenone (Voznessenskaya et al., 2010).

According to different estimates, from 30 to 50% of the human population has a specific anosmia to androstenone (Labows &
Wysocki, 1984; Gilbert & Wysocki, 1987; Voznessenskaya & Klyuchnikova, 2017). Lower estimates of the proportion of
anosmics received in some studies (Bremner et al., 2003) may be explained by involvement in detection of another
chemosensory structure, the trigeminal nerve system (Boyle et al., 2006). Notably, people highly sensitive to AND describe its
smell as unpleasant, like urine and sweat. While low sensitive to AND people more often describe the smell as a pleasant,
sweet and floral. On the side, the hedonic evaluation is a fairly stable characteristic of odorant (Yeshurun & Sobel, 2010). At
the same time, the higher the olfactory sensitivity to AND is, the more unpleasant this smell perceived. These variances in the
qualitative characteristics of odor suggest the involvement of several types of olfactory receptors in the detection of
androstenone.

Isovaleric acid (IVA) is the main component of the subauricular gland of the male pronghorn Antilocarpa americana (Ord,
1815), used for marking the territory (Muller-Shwarze et al., 1974). This compound was also found in the vaginal secretions of
the rhesus monkey Macaca mulatta (Zimmermann, 1780) (Michael et al., 1971), in the vaginal (Michael et al., 1975) and sweat
(Leyden et al., 1981) human secretions, in the urine and vaginal secretions of mice (Novikov, 1988). John Amoore estimated
percentage of specific anosmia to IVA as 3% (Amoore, 1977). In a later genetic study, scientists characterized another extreme
variant of sensitivity to IVA - specific hyperosmia to this odorant (Menashe et al., 2007). The literature sources do not describe
differences in the qualitative characterization of the odor of IVA in people with different olfactory thresholds, which indicate
that different mechanisms underlie anosmia to the AND and IVA (for example, the different number of receptors involved in
the perception of these two substances) (Amoore 1967, Menashe et al., 2007; Keller & Vasshall, 2016).
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Interestingly, in addition to androstenone and isovaleric acid, a few other specific anosmias associated with human body
odors were described, but they were less studied. For instance, Amoore characterized specific anosmias to |-pyrroline - the
smell of sperm and trimethylamine - the smell of menstrual secretions and women sweat during menses. Meanwhile, a
relatively recent study failed to find a link between specific anosmia to trimethylamine and polymorphism of human TAAR5
receptor, which is activated in vitro by this odorant (Wallrabenstein et al., 2013). Recently, Ferdenzi et al. showed a large inter-
individual variability of sensitivity to major constituents of human axillary odor 3-hydroxy-3-methylhexanoic acid (HMHA) and
(E)-3-methylhex-2-enoic acid (3MHA) within two populations. Prevalence of anosmia was determined as 8% and 19% for
HMHA in France and Madagascar respectively, and 25% for 3MHA in France (Ferdenzi et al., 2019). If there is any linkage
between specific anosmias to body odor compounds and their involvement into human social communication, still remains to
be elucidated.

Genetic influences: Olfactory sensitivity to androstenone (AND) is largely determined by genetic factors. Wysocki and
Beauchamp showed that concordance in ability or inability to detect the odor of AND in pairs of monozygous (identical) twins
was 100%, while in pairs of dizygotic (non-identical) twins was only 61% (Wysocki & Beauchamp, 1984). The coefficient of
correlation between the olfactory thresholds to AND in identical twins was 0.95, while in non-identical twins 0.22, which
confirms the significance of the genetic factors. Close estimates were obtained in another sample of twins by an independent
group of researchers (Gross-Isseroff et al., 1992). Analysis of family pedigrees (67 families from the Philadelphia area, USA)
revealed the complex mode of the inheritance of olfactory sensitivity to AND. The researchers suggested explanation of the
observed distribution through the possible linkage of the trait to the X chromosome, but this hypothesis did not receive
further attention (Wysocki & Beauchamp, 1991). Another study, performed on an impressive sample of twin pairs (a total of
917 people from 4 countries), estimated the contribution of genetic and environmental factors to the variability of olfactory
sensitivity to the AND (Knaapila et al., 2008). The analysis based on the assumption that monozygotic twins have a completely
identical set of genes, and dizygotic ones are only half identical, while both types of twin pairs are equally affected by
environmental factors. It was found that additive genetic effects explain 28% of the phenotypic variability in the intensity of
the perception of the odor of the AND and 21% in pleasantness of the smell perception. Highly likely that low estimates of
genetic influence were due to the use of an approximate “scratch-and-sniff” test carried out in most cases under uncontrolled
conditions. A significant impact of genetic factors was confirmed by the development of several mouse genetic models of
specific anosmia (Table 1).

Table 1. Mouse models of specific anosmias.

Odorant Mouse strains, contrasting in Method of determining olfactory Reference
olfactory sensitivity sensitivity
Isovaleric AKR/) and C57BI/6) inbred strains Odor-conditioned aversion behavioral Wysocki et al, 1977;
acid approach (LiCl injection) Pourtier & Sicard, 1990
Electro-olfactogram recordings Troitskaya et al, 1987;

Wang et al., 1993
DBA/2) and C57BI/6) inbred strains  Odor-conditioned aversion behavioral Griff & Reed, 1995
approach (LiCl injection)

Geraniol, Animals with different sensitivity Odor-conditioned aversion behavioral Price, 1977

phenylethyl were selected from outbred Swiss approach (electroshock)

alcohol strain

Androstenon  CBA/J and NZB/BINJ inbred strains ~ Behavioral approach: positive food and Voznessenskaya et al,

e water reward tests, aversive drink 1995; Voznessenskaya et
reinforcement al., 1999

Electro-olfactogram recordings and Wangetal., 1993
conditioned aversion

Animal model of specific anosmia to androstenone (AND) was developed using two inbred mouse strains CBA/J (CBA) and
NZB/BINJ (NZB) having a contrasting olfactory sensitivity to AND. These two mouse strains were selected from more than 20
Jackson laboratories mouse strains in a preliminary screen. CBA mice are more than 2000 times more sensitive to AND than
NZB mice (Voznessenskaya et al., 1995). Olfactory thresholds at the behavioral level were determined using three different
approaches in these two mouse strains.

The recessive Mendelian mode of the inheritance of specific anosmia to isovaleric acid (IVA) was demonstrated in F1 hybrids
from crosses of parental inbred mouse strains with alternate sensitivity to this odor. That was shown at the behavioral level in
C57BI/6) x DBA/J cross progeny (Griff & Reed, 1995) and by electrical olfactogram recordings from olfactory epithelium of
C57BI/6 x AKR offspring (Novikov et al., 2002).

Quantitative trait locus (QTL) analysis is a powerful genetic tool for mapping chromosome regions that determine complex
polygenic traits. The loci on mouse chromosomes 4 and 6, Ival and Iva2, respectively, were associated with olfactory
sensitivity to isovaleric acid, using recombinant mouse strains obtained by crossing insensitive C57BI/6) mice and sensitive
DBA/] (Griff & Reed, 1995). The observed segregation of androstenone (AND) olfactory threshold phenotypes in F2 hybrids
derived from NZB x CBA cross allowed us to perform chromosomal linkage analysis. An association analysis revealed
suggestive linkages for AND sensitivity on mouse chromosomes 2, 12 and 17, and a significant male sex-specific linkage on
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chromosome 10 (Klyuchnikova et al., 2015). Intriguingly, the linkage on chromosome 10 overlaps with intermale aggression
trait linkage (Klyuchnikova & Voznessenskaya, 2011).

New methods of functional expression of olfactory receptor (OR) genes in cell culture allowed to study ligand spectrum of
individual human ORs (Abaffy et al. 2006; Zhuang & Matsunami, 2007). Using an outstanding combination of molecular
biological and psychophysical methods, Keller and colleagues detected human olfactory receptor OR7D4 as a receptor of
closely related steroids androstenone (AND) and androstadienone (Keller et al., 2007). OR7D4, expressed in Hana3A cells,
gave the most specific response to AND and androstadienone among the other remaining 335 cloned ORs. The most
frequently found in the population allelic variant of OR7D4 (RT) responded selectively to stimulation with both steroids, while
the other allelic variant (WM), differing only in two amino acid substitutions, was not activated by any of the 66 tested
odorants. Keller et al. (2007) showed that individuals heterozygous for the gene OR7D4 (RT/WM) are more sensitive to AND
than individuals homozygous for the WM allele (WM/WM). Subjects with the RT/WM genotype more often identified the smell
of AND as unpleasant than those with the WM/WM genotype. The percentage of variability in the population, which is
explained by the OR7D4 genotype, assessed using non-parametric regression analysis, was 19% for the intensity of
perception of smell and 39% for its pleasantness. Thus, the OR7D4 genotype was identified as a significant genetic factor
influencing sensitivity to AND. It is particularly important that this work was the first experimental confirmation of the link
between genetic variants of OR and the manifestation of specific anosmia. OR7D4 genetic factor was later confirmed in a
large-scale study (over 1800 subjects) by Knaapila et al. (2012). In a research conducted by Lunde et al. (2012) subjects with
two copies of the RT allele rated the AND-containing meat as less favorable than subjects with the WM allele. Thus, genetic
variation in OR7D4 may affect food preferences. Meanwhile, in a recent study of Hornung et al. (2018) homozygous carriers of
RT allele did not rate the related steroid androstedienone as more intense and unpleasant than heterozygous carriers nor did
sensitivity towards the odorant differ between these groups (n=72).

In parallel to the described above, Menashe and colleagues studied genetic determinants of sensitivity to isovaleric acid
(Menashe et al., 2007). However, here the attention of researchers was drawn not to the known genes of functional olfactory
receptors, but to a selected group of segregating pseudogenes (authors described 66 such genes). Single nucleotide
mutations (SNPs) in those OR pseudogenes lead to a transition to a functional state. Researchers found a statistically
significant association between the presence of a nonsense mutation in the OR11H7P coding region and the detection
thresholds of isovaleric acid. This mathematically predicted relationship has been confirmed by the functional expression of
this receptor in Xenopus laevis oocytes (Menashe et al., 2007).

Summarizing the latest research on the search for genetic loci and olfactory receptor genes that control sensitivity to
androstenone (AND) and isovaleric acid (IVA), we note that some inconsistencies between human and animal models still are
not resolved. For instance, it is known that genes of mouse olfactory receptors located in clusters on all chromosomes except
12 and Y (Zhang & Firestein 2002). Meanwhile, among two QTLs for olfactory sensitivity to IVA on mouse chromosomes 4 and
6, only one on chromosome 4 contains genes of olfactory receptors (Griff & Reed, 1995). However, in humans, the cluster of
orthologous genes was generally lost in the process of evolution (Aloni et al., 2006). Vice versa, mouse gene ortholog of
human olfactory receptor segregating pseudogene OR11H7P (Menashe et al., 2007) does not map to mouse chromosomes 4
or 6. Our research in mouse model of specific anosmia to AND (details are provided above) showed that several genetic loci
may be involved (Klyuchnikova et al., 2015). We also investigated genes located within the QTL intervals to find candidates
that are either olfactory receptor genes or are implicated in genetic control of olfactory sensitivity to AND in humans (Keller et
al., 2007; Knaapila et al., 2012). But, like in case with IVA anosmia, we could not show association of OR7D4 mouse gene
ortholog with mouse olfactory sensitivity to AND. However, locus on mouse chromosome 12 has a conserved synteny with a
human genome region associated with AND sensitivity in large scale study (Knaapila et al., 2012). Intriguingly, this locus does
not contain olfactory receptor genes. Nevertheless, we cannot argue the fact that human individual variation in olfactory
sensitivity is strongly associated with OR genes polymorphisms.

Sex-related, age-related and environmental influences

It is well known that general olfactory sensitivity gradually declines in elderly people (i.e. Doty & Kamath, 2014); women often
show better olfactory abilities than men. However, for odorants with documented specific anosmia age- and sex-related
patterns may be more complicated.

Research performed for several age and sex defined groups, revealed a significant decrease in androstenone (AND) sensitivity
with age, especially in men. Most children at the age of 3 likely detect AND (Schmidt & Beauchamp, 1988). Meanwhile, the
occurrence of specific anosmia to AND in males at the age of 15-20 years is three times higher than that at the age of 9-14
years (Dorries et al., 1989). These results were confirmed in the large population study performed with assistance of National
Geographic magazine (Wysocki & Gilbert, 1989). Moreover, even in males who remained sensitive to AND after sexual
maturation, olfactory detection thresholds to this substance increased. In females, another trend was observed, as far as a
tendency for decrease in sensitivity was less profound. However, women who were initially sensitive to AND became even
more sensitive over time, though their sensitivity to control odor of pyridine did not change (Wysocki & Beauchamp, 1991).
The reasons for such specific decrease in olfactory sensitivity in men by the time of sexual maturation and the observed
sexual dimorphism are not clear. Among the suggested explanations are changes in olfactory system caused by elevation of
sexual hormones, or adaptation to the odor as a result of increase in self-secretion of odorous steroids. An independent
group of researchers confirmed the same age and sex dependent pattern for olfactory sensitivity changes towards closely
related steroid androstadienone (Hummel et al., 2005). Later reports propose that the observation also extends towards
other malodors since a decline in olfactory sensitivity in boys during puberty was also noted in relation to some other,
unrelated to AND, unpleasant odors (Chopra et al., 2008).
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Some experimental data (Lubke & Pause, 2014) suggest a link between sex-hormone levels and perception of androstenone
(AND). In men, higher testosterone levels were associated with lower olfactory sensitivity to AND. In women, higher estradiol
levels were related to rating AND as more unpleasant.

To the best of our knowledge, age dynamics of olfactory sensitivity to isovaleric acid (IVA) were never studied in humans.
Though related data were obtained in rodents: sensitivity of mice to the odor of IVA reaches maximum in immature animals,
both in males and females, and gradually decreases with age. A significant decrease in sensitivity to IVA was observed in male
mice by the fourth month of development compared to one-month old animals (Boryakova et al., 2007; Melnik et al., 2009).
Induced olfactory sensitivity in humans was demonstrated for the first time using androstenone molecule (AND). Wysocki and
colleagues showed that half of the test subjects with specific anosmia to AND after daily smelling (three times a day for 3
minutes) became sensitive to the odor in one to three weeks after the start of exposure. At the same time, the sensitivity to
the control odorants of pyridine and amyl acetate did not change during the experiment (Wysocki et al., 1989). In initially
sensitive to androstenone individuals the thresholds to this substance were also lowered after repeated exposures (Wang et
al., 2004). This effect has also been demonstrated in a mouse model of CBA/] (CBA) and NZB/B1NJ (NZB) inbred strains. After 3
weeks of exposure to AND for 16 hours per day of 7 weeks old mice, the sensitivity to AND in CBA mice increased 200-400
times, in NZB mice sensitivity increased 64-128 times. Similar exposures of CBA mice at the age of 14-28 days (critical period
for odor sensitization) resulted in 600-fold increase in sensitivity to androstenone by the age of 7-9 weeks compared to
control group (Voznessenskaya et al., 1995; Voznessenskaya et al., 1999a). Notably, the induction of olfactory sensitivity in
rodents also was demonstrated for wide array of biologically relevant odor mixtures indicating the generality of the described
phenomenon, at least, in rodents (Voznessenskaya et al., 1995; Sokolov et al., 1996). The existence of the critical period for
maximal sensitization to particular odors during early postnatal development was confirmed in laboratory mice and rats
(Voznessenskaya et al., 1995; Sokolov et al., 1996; Sokolov & Voznessenskaya, 1997; Voznessenskaya et al. 2016a). The
elevated sensitivity to odorants has a long lasting nature: olfactory thresholds to target odors remained significantly lowered,
at least for 8 months after completion of the exposure (Voznessenskaya et al., 1999b). The phenomenon of induced sensitivity
to a range of odorants (benzaldehyde, citralva) in women of reproductive age has been confirmed by other groups of
researchers (Dalton et al., 2002). Positive influence of olfactory training of specific anosmics to the target odors was
demonstrated by Croy et al. (2015).

In experiments with elecrophysiological recordings from olfactory epithelium of C57BI/6) mice (anosmic to isovaleric acid), the
response increased after intermittent exposure to this odor (Wang et al., 1993). A number of studies on mouse olfactory
epithelium preparations (Troitskaya et al., 1987; Wang et al., 1993) as well as studies in humans (Wang et al., 2004; Lapid et al.,
2009) demonstrated that the amplitude of the response correlated with the sensitivity to particular odor.

Two basic mechanisms may underlie the induced sensitivity to odors: peripheral and central. For the first suggested
mechanism, it is assumed that the interaction, for example, of androstenone (AND) with olfactory sensory neurons leads to
an increase in the number of specific or nonspecific receptors for this odorant. For another mechanism, it is suggested that
the induction occurs due to central influences. Data obtained from electrophysiological recordings from the olfactory
epithelium in laboratory animals as well as human studies point to the peripheral mechanism of plasticity. The amplitude of
the electrophysiological response increased after two weeks of exposure to AND in the initially insensitive to the compound
NZB mice (Wang et al.,, 1993). The similar effect was observed after AND exposures in human test subjects initially low
sensitive to AND (Wang et al., 2004). Interestingly, such an increase in electrophysiological response was not observed in
highly sensitive to AND CBA mice, while at the behavioral level a significant increase in sensitivity to AND was recorded
(Voznessenskaya et al., 1995). Intermittent exposures to AND for 2 weeks also caused a significant increase in number of Fos-
positive cells in vomeronasal receptor epithelium in inbred mice (Voznessenskaya et al., 2010). Biochemical studies showed a
correlation between sensitivity to AND and activity of membrane alkaline phosphatase in vomeronasal epithelium of
laboratory mice and rats (Chukhray et al.,1992, 1995). One-week exposure to AND was sufficient to produce an irreversible
conformational isomerization of an immobilized (membrane) form of alkaline phosphatase from the olfactory and
vomeronasal epithelium in CBA mice (Chukhray et al., 1997a,b; Poltorak et al., 1997; Voznessenskaya et al., 1999a). Another
evidence for the peripheral mechanism of induced sensitivity comes from the study of Yee and Wysocki, in which CBA mice
previously exposed to AND underwent bilateral olfactory nerve transaction. After recovery mice still showed increased
sensitivity to the compound (1), CBA mice acquired increased sensitivity being exposed to AND after operation (2) (Yee &
Wysocki, 2001). Nevertheless, the available experimental data on the relationship between shifts in sensitivity at the level of
behavior and changes at the level of the receptor olfactory epithelium do not exclude the involvement of central components
of olfactory system. For instance, explaining their results, Yee and Wysocki discuss possible centrifugal influences as the fibers
grow with uneven regeneration of the olfactory nerve (Yee &Wysocki, 2001). Anyway, the odorants themselves may enter the
body, for example, through the lungs and then spread through the blood stream to the other tissues producing
pharmacological effect, or some hormonal factors may play a role in the induction of sensitivity. But relatively small number
of studies demonstrated the involvement of central components of olfactory system in sensitization processes. In one study,
specific anosmics to AND were subjected to repeated exposures to this odorant through one nostril. Another nostril was
“turned off” as humid air was forced through it to avoid the retronasal flow of the odorant. As a result, the thresholds to AND
decreased equally for both nostrils (Mainland et al., 2002). The data obtained using a mouse model, also suggest an
involvement of central mechanisms in sensitization processes. Induction of sensitivity to AND in CBA mice was followed by a
significant increase in number of Fos-positive cells in the main and accessory olfactory bulbs (Voznessenskaya &
Klyuchnikova, 2009) indicating the involvement of central pathways. Sensitization of C57BL/6) mice to cat specific molecule L-
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felinine (Voznessenskaya et al., 2016b) also correlated with significant increase of Fos-positive cells in accessory olfactory bulb
which suggests that both discussed mechanisms of plasticity occur.

The possibility of modifying the olfactory sensitivity of a species to various kinds of odorants, depending on the surrounding
odor environment and the previous history of olfactory contacts, expands its adaptive capabilities. Physiological changes in
olfactory abilities could give advantages in searching for a potential mate, distant food sources, or identifying potential danger
cues. Ultimately, olfactory plasticity determines the adaptability of the species to the environment.

Conclusion

Specific anosmia serves an excellent model for diverse studies of individual variability in olfactory sensitivity for humans and
animals. Up to date, specific anosmia to sex boar pheromone androstenone (AND) received the most detailed scientific
description. Variability in sensitivity to AND is influenced by genotype, age, gender and individual olfactory experience.
However, more specific genetic and physiological mechanisms underlying these influences have not yet been largely revealed.
Apparently, individual differences in sensitivity to AND and closely related steroid androstadienone, are associated with
variations in the olfactory receptor genes, including the alleles of the OR7D4 gene. However, large data pile from extensive
human and animal studies suggests that other undetermined genetic factors are also involved. The induction of olfactory
sensitivity to AND as well as to other biologically relevant odors is a general phenomenon that may reflect the plasticity of
information processing in the brain and provide instances of stimulus-controlled gene expression in the periphery. The
possibility to modify olfactory sensitivity to biologically relevant odors facilitates the adaptability of the species to certain
environment. Mechanisms that underlie the phenomenon still remain to be elucidated. Potentially, solving this problem will
give insight into fundamental basis of chemical communication.
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