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Abstract 

This review will attempt to bring together several current fields of research on the topic of the 

olfactory system. The neurobiology of the system is fairly well understood in many different 

species, from insects to humans, which advanced significantly with the characterization of 

olfactory G-protein coupled receptors. These receptors bind odorant molecules and the sensory 

neurons carry the signal of that odor to the brain for further identification. Each olfactory sensory 

neuron only expresses a single type of receptor. The mechanisms for how this is done are not 

well understood. Epigenetics have been identified as a possible mechanism of inheritance of 

neurobiological and behavioral changes in response to odor fear-conditioning. Many different 

scientific disciplines will need to combine knowledge and further studies in order to discover 

how olfaction has evolved in varying ways across species having many different lifestyles. 

Introduction to Olfactory System 

Most insects use olfactory cues as a general way of locating food sources such as particular 

plants in the environment, or as nurse plants to lay their eggs, and many insects also rely on 

olfaction as a means of communicating with conspecifics, such as sex-pheromones (Christensen 

et al 2002). It is generally perceived that humans have relatively poor senses of smell when 

compared with insects or bloodhounds. The olfactory epithelium of other more olfactory-driven 

animals may have greater surface area or have a greater number of odorant sensitive cells, while 

the human brain has a complex network of regions with different functions that all are connected 

by memories associated with smells. The olfactory systems of animals are varied across many 

different animal phyla and species, but the general mechanism of detection and signal 

transduction to the nervous system is relatively conserved. Volatile chemicals are detected by 

olfactory receptors expressed on olfactory receptor neurons. These receptors are part of a family 
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of highly conserved G-protein coupled receptors (GPCR’s) that activate a protein signal cascade 

within the neuron, as revealed by Buck and Axel in 1999, who won the Nobel Prize for their 

discoveries in 2004. Activation of these receptor proteins causes an action potential in the 

sensory neuron which travels through the neuron’s axon to higher brain areas. For insects, the 

olfactory receptors are usually located in the membrane of olfactory sensilla, which are often 

hair-like structures concentrated on an antennae or antennae-like structure (Martin et al 2011, 

Mißbach et al 2011). The basic circuits of this neural system have been well studied in insects, 

where the general organization is that all of the olfactory sensory neurons expressing a particular 

odorant receptor travel to a single glomerulus in the antennal lobe. Glomeruli are small spherical 

neuropils, dense areas of synaptic connections between sensory input neurons and output 

neurons (projection neurons) that connect to higher order processing centers, the lateral 

protocerebrum and the mushroom bodies (Rössler et al 2010). Glomeruli integrate information 

from the sensory neurons from specific receptors (Figure 1). These act as centers where 

horizontal inhibition and activation by local interneurons regulate the pattern of olfactory 

information that the glomeruli receive (Christensen et al 2002).  Lateral inhibition occurs 

between glomeruli to silence signals from background odorants and increase response to only 

novel odorants (Whitesell et al 2013). It is these glomeruli that create a topographically 

organized field representing the odorants received from the olfactory epithelium. The structures 

of glomeruli are also found in mammalian structures. The olfactory bulb is the mammalian 

structure analogous to the insect antennal lobe. After odorant signals have been integrated in the 

olfactory bulb, projection neurons carry the information about the environment’s odor landscape 

to the rest of the brain via the olfactory nerve, known as cranial nerve I in humans.  
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Figure 1.

 

 
 
Diagram of topographical organization of 
olfactory sensory information carrying 
information to glomeruli in the olfactory 
bulb. From 2006 review article titled “Maps 
of Odorant Molecular Features in the 
Mammalian Olfactory Bulb” by Mori et al. 

Another important point in the comparison of olfactory systems, which cannot be ignored, is the 

genes for these olfactory receptors, and their rates of expression. It has been shown that each 

olfactory sensory neuron only expresses one olfactory receptor protein and that this organization 

pattern of primary odorant detection is highly conserved from insects to mammals. How this 

pattern of receptor expression is achieved has been studied using transgenic animals and other 

methods (Nishizumi et al 2007; Serizawa et al 2000). Nuclear transfer studies have shown some 

evidence that expression of olfactory receptors in olfactory sensory neurons is monoallelic and 

irreversible, and that DNA rearrangements, as with transposon activity, are not responsible (Li et 

al 2004). Further epigenetic exploration of the loci of these genes reveal a potential feedback 

pathway, whereby a mature olfactory sensory neuron expressing a single olfactory receptor 

maintains this choice throughout the life of the neuron (Lyons et al 2013). Also it may be 

possible that inheritance of odor fear-conditioning is regulated through methylation pattern 

changes at the receptor gene in male sperm as the vector (Dias and Ressler 2014).  
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Figure 2. 

  
 
Shepherd 2004 Figure 1. Hypothetical “Odor Wheel” Representing and Comparing the Odor Worlds of Mouse and 
Human 

 
Odor Receptor Binding 

The chemicals detected by most vertebrate and invertebrate olfactory systems are volatile 

molecules that dissolve in the air. In the same way that a bacterium senses the chemicals in its 

environment to locate food or detect signals to trigger reproduction, animals use olfaction as a 

way of detecting the chemicals in the environment (Figure 2). The mechanism by which these 

odor molecules bind and activate specific olfactory GPCR’s is largely unknown. Most of the 
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knowledge of the odors behavior as ligands is based on odor puff studies in single cell 

recordings. Electrical activity of olfactory sensory neurons can be recorded using patch clamp 

and other recording techniques. The amino acids of specific binding pockets on the GPCRs are 

not known for the vast majority of the known receptors and odors, but are now being studied 

through single point mutagenesis studies. It has been shown that some receptors respond to more 

than one odorant, suggesting that the receptors are activated by a particular feature of the odor 

molecule. One highly characterized mouse olfactory receptor, M71, has been shown to activate 

upon binding acetophenone and benzaldehyde (Crasto et al 2002 and Olfactory Receptor 

Database). These molecules are similar except for a single methyl group. The crystal structures 

of the receptors are not yet fully characterized, but the high degrees of amino acid sequence 

similarity with rhodopsin, a seven transmembrane domain GPCR that detects light in 

photoreceptor cells of the retina in vertebrate animals, has led many to believe the structures are 

similar.  

Signal Transduction  

When an odor ligand binds to the extracellular face of the olfactory GPCR, a conformational 

change occurs that transforms the entire protein just enough that the side of the protein in the 

cytoplasm of the olfactory sensory neuron changes its position or exposes new amino acids. This 

is the chemical signal of the odor inside the neuron which activates the heterotrimeric G-protein. 

The olfactory G-protein contains an Golfα-, Gβ-, and Gδ-subunit. The Golfα-subunit is bound to 

an adenosine diphosphate (ADP) molecule, which is exchanged for an adenosine triphosphate 

(ATP) upon activation of the GPCR. This Golfα-subunit-ATP molecule then diffuses in the 

cytoplasm until it reaches a membrane bound adenylyl cyclase enzyme, which converts cytosolic 

ATP into cyclic adenosine monophosphate (cAMP). This cAMP is a cyclic nucleotide, which is 
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able to open cyclic-nucleotide-gated calcium and sodium ion channels, thereby depolarizing the 

cell. (Purves et al 2001). If enough calcium and sodium enter the cell, the depolarization of each 

neuron’s cilia results in an action potential that is propagated down the axons of the olfactory 

sensory neurons, which synapse onto neurons in the glomerulus that corresponds to a particular 

odor, which receives signals from one or several receptors. This protein and second messenger 

signal cascade allow the presence of the odor in the air to be detected by the structures of the 

sensory neuron. 

Olfactory Receptor Genes and Pseudogenes 

Despite having fewer than half as many functional olfactory receptor genes as mice and rats, 

humans are able to detect almost the same odorant repertoire as mice and rats (Zhang et. al 

2002). Mice and rats rely much more heavily on their sense of smell than humans and some other 

primates. Trichromatic vision evolving in primates probably decreased the selective pressure on 

highly discerning olfactory senses. Pseudogenes, or genes that are not expressed, but share high 

sequence similarity with functioning genes, are present in almost all gene families in mammals. 

They can be a result of gene duplications, followed by mutations which silenced expression, or 

they can simply be loss of sequences related to transcription promotion. Humans are believed to 

have a very high olfactory GPCR pseudogene-to-gene ratio, compared to many other mammals 

(Ache et al 2005). One estimate suggests that in humans out of the 906 known olfactory receptor 

genes, only 347 are expressed and functional, with dedicated olfactory sensory neurons (Zuzulya 

et al 2001). Mice have been shown to have 1,296 receptor genes, with only 20% pseudogenes 

(Zhang & Firestein 2002). These gene sequencing studies rely on criteria to search previously 

sequenced regions of genomes. As the criteria is refined, and more genes are sequenced, the 

numbers change, but not substantially. The general idea that humans do not rely on a large 
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repertoire of olfactory sensory neurons, but can still sense thousands of chemicals, requires that 

the higher processing of odors in the brain be taken into account (Shepherd 2004). It was even 

shown that removing up to 80% of a rat’s olfactory glomeruli bilaterally does not significantly 

diminish its ability to detect its full odor repertoire (Bisulco et al 2003). This is further evidence 

that although there is a significant amount of odor processing occurring at the level of the 

olfactory bulb, or antennal lobe in insects, higher order structures are necessary for the conscious 

detection of these odors and consequent modification of behaviors. These are the structures and 

pathways that are still not fully understood, even in insect models, therefore further studies are 

necessary. 

Ectopic Expression of Olfactory GPCRs 

Studies of the function of olfactory GPCRs expressed in sperm are inconclusive in determining 

their function. There has been evidence to suggest that the calcium ion fluctuations that are used 

to drive flagellar motion are, in part, regulated by the activation of a few odorant receptors 

(Spehr et al. 2003). In the 2003 experiment by Spehr and colleagures, a particular olfactory 

GPCR from human chromosome 17, hOR17-4, two ligand effectors have opposite effects on this 

receptor, expressed in the mid-piece of human spermatozoa, and subsequent calcium fluctuations 

of the flagellum membrane. After establishing that bourgenal binds and activates the typical 

ligand-binding domains as well as the full-length hOR17-4, and that undecanal inhibits this 

activity, the adenylate cyclase and phospholipase C pathways were studied using inhibitors of 

these proteins. A sufficient extracellular calcium concentration and the presence of an adenylate 

cyclase inhibitor stopped the influx of calcium into the spermatozoa mediated by bourgenal. The 

phospholipase C inhibitor showed no effect, suggesting that if the hOR17-4 is playing a role in 

the calcium fluctuations used in sperm movement, that it is doing so by activating the adenylate 
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cyclase pathway to open cyclic nucleotide gated calcium channels. The following experiments in 

the 2003 Spehr article attempted to show that the regulation of movement by the hOR17-4 using 

bourgenal and undecanal are functionally related to chemotaxis, rather than chemokinesis. 

Chemotaxis and chemokinesis are both movements of cells driven by chemicals in the 

environment, but in chemotaxis, the cell moves in a deliberate direction towards a chemical 

attractant, while in chemokinesis, cell movement is random. The experiment used a 

microcapillary tip to create a chemical gradient of bourgenal and undecanal (Figure 3). If the 

direction that the sperm tips were pointed was significantly uniform, then chemotaxis is the 

likely function of bourgenal/undecanal activity on hOR17-4, rather than chemokinesis, which 

would only affect swimming speed, but not direction of travel. There is still much that is not 

understood about how sperm travel with direction, and how the rates of flagellar movement are 

regulated, not just with respect to these olfactory sensory receptors. Experiments such as these 

can be useful in determining functions of various olfactory receptors on the sperm and 

potentially the evolution of using this adenylate cyclase pathway to drive chemotaxis.  Through 

studying how multiple olfactory receptors can be expressed on a sperm cell, it may be possible to 

gain understanding of how only one type is expressed in a single olfactory sensory neuron.  
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Figure 3.  

  
Figure 2 from Hatt 2006. Proposed model of a bifunctional human odorant receptor. Either expressed in 
ciliary membranes of nasal OSNs or on the midpiece of mature sperm, hOR17-4 (OR1D2) is activated by 
the synthetic floral odorant bourgeonal and competitively inhibited by undecanal. In both systems, receptor 
activation triggers a cAMP-dependent signaling cascade. In sperm, however, the identity of the G protein 
and mAC isoform involved as well as the nature of downstream signaling components remains elusive. (A–
C) Bourgeonal-induced signals in human olfactory epithelium and sperm. (A) Electro-olfactogram 
recordings from the olfactory mucosa show considerable inhibition of bourgeonal-induced field potentials 
after brief undecanal exposure. (B and C) Ca2+ signals in individual sperm are blocked by coapplication of 
both undecanal (B) and SQ22536 (C).  
 
This direction of research has a many medical applications, including a temporary male 

contraceptive. If these olfactory GPCR’s are driving the movement of the flagella that is 

necessary to navigate the female reproductive tract, then it is possible that an inhibitor of the 

receptor could decrease mobility of spermatozoa, and increase the effectiveness of other 

contraceptive measures. Not enough is understood about the role of these GPCR’s in the lifespan 

of the sperm cell, and their function as flagellar movement drivers makes them a target for 

inhibition. The effects of these odors as potential irritants should also be explored. This is an 

instant where public health could be positively impacted by research on these ectopically 

expressed olfactory receptors. 
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Transgenerational Inheritance of Environmental Odor Conditions?  

Recent experiments in epigenetics have made strange discoveries in the inheritance patterns of 

fear-conditioned odorant sensitivity. One particularly controversial paper by Dias and Ressler 

from 2014 suggested evidence that male mice fear-conditioned to a particular odor passed this 

sensitivity along through two generations of offspring via hypomethylation at two separate CpG 

methylation sites near the Olfr151 gene locus for the M71 olfactory receptor in the sperm of the 

fear-conditioned F0 male (Figure 5). The M71 glomeruli area was measured using the ß-

galactosidase stain method and the paper asserts that the glomeruli of the fear-conditioned F1 

and F2 offspring are much larger than the controls. The effects of “real-estate encroachment” 

were not addressed, only the size of the glomeruli in question. Without MRI or PET scanning of 

the entire olfactory bulb in the mice, it would be difficult to determine what effect the increased 

M71 glomeruli size has on total brain volume. Without more advanced imaging of the glomeruli 

landscape, the question remains whether the neuroanatomical changes in offspring of odor fear-

conditioned mice are indeed significant. A larger sample size would also dispel many of the 

inhibitions expressed by scientists reacting to Dias and Ressler’s 2014 work.  
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Figure 4. 

	
Figure 1 of Szyf 2014: Model for epigenetic inheritance of odor fear conditioning. Association of acetophenone 
odor with an electrical shock conditions the mouse for an enhanced acetophenone startle response. Although the 
mechanism is unknown, this may trigger the release of circulating molecule(s), such as microRNAs or 
glucocorticoids, that act on spermatogonia to direct DNA methylation changes in both specific olfactory receptor 
genes, such as Olfr151, and other genes, as yet unknown, that are involved in the fear conditioning circuitry in the 
brain. When the demethylated sperm fertilizes a naive female, the methylation pattern is maintained in the 
fertilized eggs and may guide the differentiation of fear circuitry. The adult F1 mouse exhibits enhanced startle in 
the presence of acetophenone. During primordial germ cell differentiation in the F1 mouse, the methylation 
pattern triggered by the conditioned exposure to acetophenone is preserved. When the resulting marked sperm 
fertilizes a naive mouse, the offspring F2 will develop the same conditioned fear response circuitry in the brain, 
using the epigenetic information in the F1 sperm to guide differentiation. The adult F2 mouse likewise shows a 
heightened startle response in the presence of acetophenone.	

After demonstrating what was perceived to be significant neuroanatomical and behavioral 

changes in the offspring of male mice, who had been conditioned to associate a particular odor 

with a foot shock, the authors explored the idea that epigenetic changes in the sperm DNA could 

be the vector of inheritance. Many previous experiments have shown that certain apparent 

epigenetic changes can be inherited, with observed variances in methylation of DNA in the 

sperm. This paper wisely used controls that had been fear-conditioned to a separate odorant 

which activates non-overlapping glomeruli, to control for the effects of stress on the epigenetic 

landscape. The protocols for the behavioral tests were reasonable, although the large amount of 
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variation suggests the possibility that not every F1 male mouse inherited the extra behavioral 

sensitivity to the odor. The neuroanatomical measures of ß-galactosidase in the odor receptor 

neurons of the glomeruli in the olfactory bulbs of the M71-LacZ offspring, could introduce error 

as the experimenters counted stained cells that are not only olfactory sensory neurons but 

neuroglia, interneurons, or projection neurons. Dias and Ressler claim that experimental counting 

of these stained cells are double-blind, so as not to introduce bias. Other scientists such as 

Churchill (2014) and Francis (2014) question the statistical reporting methods of this experiment 

and many others that are published. This is a valid point. Statistical evidence is often used as a 

qualifier for results supporting a hypothesis; however, reproducibility is the most important 

factor when analyzing the conclusions drawn by the experimenters of the original paper.  

Figure 5.

 

 

Figure 6 of Dias and Ressler 2014 Methylation of odorant receptor 
genes in sperm DNA from conditioned F0 and odor naive F1 males. (a) 
Bisulfite sequencing of CpG di-nucleotides in the Olfr151 (M71) gene 
in F0 sperm revealed that F0-Ace mouse DNA (n = 12) was 
hypomethylated compared with that of F0-Prop mice (n = 10) (t test, P 
= 0.0323, t16 = 2.344). (b) A particular CpG di-nucleotide in the 
Olfr151 (M71) gene in F0 sperm was hypomethylated in F0-Ace mice 
(n = 12) compared with F0-Prop mice (n = 10) (P = 0.003, Bonferroni 
corrected). (c) We found no differences in methylation between F0-Ace 
(n = 12) and F0-Prop (n = 10) mice across all of the CpG di-nucleotides 
queried in the Olfr6 gene in F0 sperm (P > 0.05). (d) Across specific 
CpG di-nucleotides in the Olfr6 gene, we found no differences in 
methylation between F0-Ace (n = 12) and F0-Prop (n = 10) mice 
(Bonferroni corrected). (e) Bisulfite sequencing of the Olfr151 (M71) 
gene in F1 sperm revealed that F1-Ace mouse DNA (n = 4) was 
hypomethylated compared with that of F1-Prop mice (n = 4) (t test, P = 
0.0153, t14 = 2.763). (f) Bisulfite sequencing of CpG di-nucleotides in 
the Olfr151 (M71) gene in F1 sperm revealed that two particular CpG 
di-nucleotides in the Olfr151 (M71) gene were hypomethylated in F1-
Ace mice (n = 4) compared with F1-Prop mice (n = 4) (P = 0.002, 
Bonferroni corrected). Data are presented as mean ±	s.e.m. *P < 0.05 
after correction. 

Experiments demonstrating observations of inheritance of epigenetic changes across generations 

are growing number and quality albeit in different animal models and using different 

environmental stimuli, including metabolic changes, drug-addiction, or odorant fear conditioning 

(Szyf 2014; Figure 4). Some of these systems are not completely understood. One such example 
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explored cocaine resistance in mice and found a cocaine resistant phenotype in male offspring of 

male mice who had self-administered cocaine and increased acetylation of histone 3 at Bdnf 

promoters in the sperm of F0 and F1 male cocaine-addicted mice (Vassoler et al, 2012). The idea 

that chromatin remodeling can be transmitted through sperm has been studied extensively, 

although since the mechanisms of cocaine addiction are still not fully understood in both mice 

and humans. Observing a significant difference in the epigenetic landscape in cocaine exposed 

parents and offspring is a starting place for further experiments. In Dias and Ressler 2014, since 

there is no proposed mechanism for how the sperm DNA at Olfr151 gene locus became 

methylated at that CpG site (Figure 5). The conclusion cannot be made that this methylation is 

the vector for the inheritance of the observed neuroanatomical and behavior changes observed in 

the offspring and grand-offspring of the odorant fear-conditioned sire.  

The applications of understanding the mechanism transgenerational inheritance of odor 

fear-conditioning has few applications for human medicine or science. Humans apex predators, 

so transmitting an increased sensitivity to an odor to offspring is not likely to be significantly 

selective from an evolutionary standpoint. It has been argued that humans have better senses of 

smell than we think, not because of highly sensitive olfactory epithelium, but because of our 

higher order processing of just a few odors. For modern humans, we mainly use our sense of 

smell for taste, as the sensory experience of food relies on aroma as well as gustatory excitation. 

It may be that in cultures where food is especially valued as a ritual and a part of the social 

experience, a greater sensitivity to some odors may be passed down through some kind of 

epigenetic mechanism similar to the one proposed by Dias and Ressler, but for the purpose of 

taste more so than olfaction. There are many other applications for understanding the expression 

patterns of olfactory sensory neurons, such as for re-growing severed sensory neurons or 
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repairing otherwise damaged olfactory epithelium, which should be pursued in further research 

of the field. 

Conclusions and Further Studies 

Since it is known that olfactory sensory neurons regenerate continuously throughout the life of 

the animal, the expression patterns of the single receptor to neuron phenomenon could 

potentially be studied in vivo or in vitro using cultured cells from the basal cells surrounding the 

olfactory sensory neurons. Tagging potential transcription factors and monitoring chromatin 

structures of the olfactory gene regions during the development of these new cells may help to 

understand how this pattern of expression evolved and is unique to the olfactory system. 

Whether any experimental methods can successfully show the process in a measurable and 

reproducible way is still an ongoing question. Perhaps the mechanism is epigenetic, as Dias and 

Ressler showed, and the pattern of new olfactory sensory neurons observed after odor fear-

conditioning is the target for research. They showed an increase in number of receptor-

expressing neurons and an increase in glomerular real-estate, which could be a result of the basal 

cells becoming sensory neurons sensitive to that odor. Whether or not the transmittance of this 

observed epigenetic adaptation during the life of an individual is inherited via altered 

methylation patterns present in sperm is still in debate. Olfactory GPCRs expressed in sperm are 

a potential culprit, although without fully understanding the expression of the olfactory epithelial 

cells, this is still speculation. If the function of odor receptors on sperm is indeed to drive 

chemotaxis, then perhaps at least these proteins can be targets of temporary non-invasive male 

contraceptives, although a much better understanding of their function is needed as well. 

Olfactory receptors are well categorized and their genes sequenced, however their crystal 

structures, a crucial component of the function, are still not characterized, only their sequence 
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similarity to known GPCRs in other systems. Olfaction is probably not the most important 

sensory system for humans, but it has been a major factor in our evolution and in the life cycles 

of many insects and vertebrates that have huge impacts on our environment. Understanding the 

olfactory system in its entirety is something that will come from further study as technology and 

experimental procedures continue to advance. 
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