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Abstract. The physiological basics of the olfactory neuro-epithelium. All living organisms can detect and identify
chemical substances in their environment. The olfactory epithelium is covered by a mucus layer which is essential for the
function of the olfactory neurons that are directly connected to the brain through the cribriform plate. However, little is
known about the composition of this mucus in humans and its significance for the diagnosis of olfactory disorders.

The olfactory epithelium consists of four primary cell types, including the olfactory receptor cells essential for odour

transduction.

This review examines the anatomical, histological and physiological fundamentals of olfactory mucosa. Particular atten-
tion is paid to the biochemical environment of the olfactory mucosa that regulates both peri-receptor events and several

protective functions.

Introduction

The olfactory system is important
for the quality of life and it can
trigger distinct memories from our
childhood or of emotional
moments — positive or negative —
later in life. Furthermore, olfac-
tion is of central importance for
most species. All living organisms
can detect and identify chemical
substances in their environment.
The olfactory nerve, in concert
with the trigeminal nerve, serves
as an important interpreter and
modulator of chemosensory
information.! In animals, it is
obviously of great survival value
to be able to identify suitable food
and to identify potential sexual
partners.

The olfactory neuro-epithelium
is a specifically differentiated tis-
sue inside the nasal cavities and,
due to the particular embryologi-
cal development of the anterior
skull basis, it is closely related to
both the airways and the central
nervous system. This interface is
unique in the entire human body.

As a result, analysis is complex
and the interface is still poorly
understood.

A preliminary description of
the anatomical, histological and
physiological characteristics of
the olfactory neuro-epithelium is
mandatory to understand better
why this tissue can be highly
sensitive to its environment.

1. Anatomy

In mammals, the olfactory mucosa
(OM) is located on the roof of the
nasal cavity. The size of the epithe-
lium is a good indicator of the acu-
ity of an animal’s sense of smell.
For example, the surface area of
the human epithelium is 10 cm?
whereas the surface area of a dog’s
epithelium is 170 cm? Dogs also
have 100 times more receptors per
square centimetre than humans,
explaining why dogs have a much
better sense of smell (Figure 1).>

However, up to several millions
of olfactory receptor cells have
been identified in the human
olfactory epithelium.

2. Histology

The olfactory mucosa is an organ
comprising the olfactory epitheli-
um, the lamina propria and
mucus-secreting glands behind
the epithelium.* The mucus pro-
tects the olfactory epithelium and
allows odours to dissolve so that
they can be detected by olfactory
receptor neurons.

The olfactory epithelium con-
tains millions of olfactory neurons,
which send messages directly to
the olfactory bulb of the brain. The
olfactory receptor cells are the
only neurons in the nervous sys-
tem exposed directly to the exter-
nal environment. The olfactory
neuro-epithelium is secured on the
roof of the nasal cavity by gap
junctions.’ It is made up of three
layers of cells: the supporting
cells, the olfactory receptor neu-
rons (ORN), and the basal cells.

Basal cells serve as precursors
for the generation of new ORNs
throughout adulthood. This func-
tion is crucial to the maintenance
of the sense of smell.
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Figure 1

Olfactory system in different species

A. Telencephalic projections of olfactory bulbs.
B. Nasal cavities and olfactory organs in human and dogs. Arrows identify the respec-
tive olfactory mucosa on cross-sections (OB = olfactory bulb).

Supporting cells are similar to
glial cells and help produce
mucus.® The supporting cells, also
known as sustentacular cells, have
multiple, long microvilli, and
definite points of contact with the
olfactory cells; they appear to
spread their secretion over the
microvilli in a novel manner, pro-
ducing a layer of regularly spaced,
spike-like granules (Figure 2).
Ultrastructural and immunocyto-
chemical studies also suggest that
supporting cells could help to
balance the mucous environment
of olfactory cilia.® The sustentacu-
lar, the progenitor basal and the
duct cells of the Bowman’s glands
located in the lamina propria con-
tain the majority of xenobiotic-
metabolising enzymes in the
olfactory epithelium.® Finally, sus-
tentacular cells may also produce
growth factors important to olfac-

tory receptor neurons develop-
ment.’

Among the epithelial cells,
olfactory receptor neurons are the
exclusive site of transduction.”
Each sensory neuron has a pri-
mary cilium. The cilia of the sen-
sory neurons are immersed in a
layer of mucus.' Olfactory recep-
tor cells are the only neurons in
the nervous system that are regu-
larly replaced (they last about 4-
8 weeks)."

The histological pictures sug-
gest that the normal re-arrange-
ment of neuro-epithelium is not
an uniform process; it takes place
in a zone pattern with distinct
dynamics between neurosensorial
and support cells.” Recently,
round or oval openings with a
diameter of 50 to 500 microns
were observed on the surface of
the olfactory epithelium." These
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olfactory pits are blind pouches
lined with olfactory epithelium,
appearing as invaginations of the
neuro-epithelium into the connec-
tive tissue and varying in depth
between 150 and 200 microns.
Although the function of the pit
specialisation is unclear, the con-
figuration of the blind pouch may
prolong odorant association with
the olfactory receptor neurons, or
it may contain specialised neurons
that have not yet been recognised.

The lamina propria contains
Bowman’s glands and connective
tissue. Bowman’s glands are the
primary source of mucous and
serous secretions in the olfactory
mucosa. They contain many xeno-
biotic-metabolising enzymes. The
distribution of adrenergic inner-
vation suggests that vasomotor
tone and secretion are regulated
by adrenergic nerves.” Olfactory
ensheathing cells have been
described as unique glial cells
with the ability to encourage nerve
fibres to grow.'* Furthermore,
active immune activity has been
observed at this level. The human
olfactory mucosa, which could
provide a direct neural route for
pathogens to the brain, is a site for
the synthesis and secretion of
immune and other defence fac-
tors."”

3. Physiology

3.1. General principles

1. The odorant receptors are located
on the olfactory receptor cells,
which occupy a small area in the
upper part of the nasal epithelium
and detect inhaled odorant mole-
cules.

2. When odorant molecules bind
to receptors, the olfactory receptor
cells are activated and send
electric signals to the brain.
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Figure 2

Histology of olfactory mucosa

a. Histomorphology of olfactory mucosa (Hematoxillin, eosin X100): neuro-epithelium,
basement membrane and Bowman’s glands.

b. Olfactory receptor cells and supporting cells (Hematoxillin, eosin X400).
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Figure 3
Relationship between neuro-epithelium and glomerulus
Each group of olfactory receptor cells (white, grey or black cells) is sensitive to specific
stimuli (as illustrated here by citrus, floral, peppermint) and they project on the same
glomerulus structure in the olfactory bulb.

3. The signals are relayed in the
glomeruli, well-defined micro-
regions in the olfactory bulb.

Receptor cells of the same type
are randomly distributed in the
olfactory mucosa but converge on
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the same glomerulus (Figure 3). In
the glomerulus, the receptor nerve
endings excite mitral cells that
forward the signal to higher
regions of the brain while main-
taining specificity. This particular
aspect of olfaction physiology will
be described in greater detail in
subsequent sections.

3.2. Air
odorants

transportation of

Airflow through the respiratory
part of the nose is actually fast
(250 mL/sec) and mainly turbu-
lent. As a result, only a small frac-
tion of the inspired air can enter
the olfactory cleft. Breathing
deeply or sniffing accelerates the
air flow in the nostrils and modi-
fies the direction of the airflow.'®
More of the inspired air comes
into contact with the olfactory
epithelium. During a common
cold or other inflammatory condi-
tions of the nasal cavities, the pro-
duction of mucus increases and
this may obstruct the narrow
openings to the olfactory tissue,
making it more difficult to smell."”
In humans then, any naturally
occurring or surgically induced
alteration in the nasal airflow may
affect olfactory perception.
There are still many gaps in our
knowledge about the precise influ-
ence of the nasal cavity on air con-
ditioning for olfactory purposes.
For instance, the shape and
diameter of the nasal cavity varies
from person to person. The
mucosal distribution pattern could
theoretically affect odorant analy-
sis but the patterns appear fairly
stable in comparison with the
rather wide variations in terms of
physical structure and content in
nasal airflow (namely, odorant
concentration, flow rate, volume,
and duration).* Anatomically, the
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olfactory membrane is pigmented.
No one knows why, but we do know
that the pigmentation does play a
role in olfaction, because albino
animals lack a sense of smell.”

3.3. Peri-receptor environment

During inspiration, most of the
chemical stimuli in the air are
dissolved in the layer of mucus
coating the epithelium. This
mucus contains water, mucopoly-
saccharides,” lysosyme* and other
enzymes, antibodies, salts, and
odorant-binding proteins. The most
abundant proteins are secreted,
whereas some others correspond
to intracellular proteins covering a
large range of functions: anti-
inflammatory, antimicrobial, pro-
tease inhibition, anti-oxidant, trans-
port, transcription, transduction,
cytoskeletal, regulation, binding,
and metabolism of odorant mole-
cules.” The cation concentrations
in olfactory mucus samples are
closer to those derived from secre-
tory tissue than to those found in
the extracellular fluids surround-
ing typical neural tissue.*
Hydrophilic odorant molecules
dissolve in the mucus and bind to
receptors on the cilia, whereas
hydrophobic odorant molecules
need binding proteins to reach the
receptor region. Odorant-binding
proteins (OBPs) are small, soluble
proteins present in the aqueous
medium surrounding olfactory
receptor neurons.”* They belong
to the lipocalin superfamily. They
are secreted in the mucus of a
variety of species from insects to
vertebrates, including human
beings.” OBPs were detected in
the olfactory cleft mucus but not
in the mucus covering other areas
of activity.”* They are thought to
participate in peri-receptor odour
detection events but a complete

overview of their functions in
olfaction is still not available.
Fundamentally, it has been sug-
gested that OBPs facilitate the
transit of hydrophobic molecules
to olfactory receptors to deactivate
the odorant stimulus and/or to
play a role in chemosensory
coding.*** They might also play a
role in protecting the nasal
mucosa against airflow and oxida-
tive injuries.*

3.4. Receptor cells

Olfactory receptor cells are bipo-
lar, meaning that they have one
dendrite and one axon. The den-
drite ends in a knob from which
several small cilia dangle. When
the chemical stimuli, or odorants,
dissolve in the mucus on the
epithelium, they bind specific
receptor proteins on these cilia.
This begins the transduction
process.’

Each olfactory neuron expresses
only a single type of receptor.

3.4.1. Receptors

Each receptor consists of a protein
chain that traverses the cell mem-
brane seven times. Odorant recep-
tors represent one family of many
types of G-protein-coupled recep-
tors (GPCRs). Receptors of pep-
tide hormones, taste receptors and
GABA receptors in certain
synapses are other examples of
GPCRs.

The odorant receptors are located
on the apical part of the olfactory
receptor cells in the nasal cavity.
This transmembrane protein is
encoded by one single gene and
all of these receptors resemble, but
are not identical to, the others.?*3¢
Each protein contains seven
regions of hydrophobic alpha
helix that allow the molecule to
pass back and forth 7 times
through the plasma membrane.
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Each olfactory receptor cell
expresses only one type of odorant
receptor, and each receptor can
detect a limited number of odorant
substances.”’ In some cases, the
portion of the molecule exposed
outside the cell may be responsi-
ble for binding the odorant mole-
cule. However, many odorant
molecules are hydrophobic and
could easily enter the lipid bilayer
and bind to the receptor intracellu-
larly. This possibility is supported
by the finding that much of the
sequence variability from one
receptor to another is found in the
alpha helices.*

When an odorant substance
attaches to an olfactory receptor,
the shape of the receptor protein is
altered, resulting in G protein acti-
vation. An electric signal is trig-
gered in the olfactory receptor
neuron and sent to the brain via
nerve processes (Figure 4).

Gene family encoding odorant
receptors

Richard Axel and Linda Buck,
who received the Nobel Prize in
Medicine in 2004, published their
fundamental paper in 1991,%
describing the genes coding for a
large family of odorant receptors.

Mice — the species Axel and
Buck studied — have about one
thousand different odorant recep-
tor types. Humans seem to have a
smaller number of genes than
mice; some of the genes were
probably lost during evolution.
Using molecular biology tech-
niques, Axel and Buck discovered
a large set of genes coding for
olfactory receptors.*®* The mam-
malian genome contains a family
of about 1000 related but separate
genes encoding different odour
receptors. No more than 40% of
these are functional in humans,
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the rest are pseudogenes,* which
may also help to explain why dogs
are better at detecting odours. The
olfactory epithelium of rats
expresses several hundred genes
not expressed in other tissues.
These genes encoding odour
receptors could represent around
three per cent of the total number
of genes in mammals.

Combination of receptor codes

The odorant receptor family is
used in a combinatorial manner to
detect odorants and encode their
unique identities. First of all, the
differences between all odorant
receptors are confined to just
some amino acid residues. The
subtle differences in the protein
chains explain why the receptors
can be triggered by different
odorant molecules. Furthermore,
each receptor is probably capable
of binding to several different
odorants, some more tightly than

others. Each odorant is capable of
binding to several different recep-
tors and thus has different receptor
codes. This provides the basis for
combinatorial diversity. These
codes are translated by the brain
into diverse odour perceptions.
The immense number of potential
receptor combinations is the basis
for distinguishing and forming
memories of more than 10,000
different odorants.

3.4.2. Second messenger and cell
activation

This stimulus/receptor interaction
leads to activation of a G-protein,
probably Golf, but perhaps Gs
(especially in embryos) as well.*
Other proteins involved in the
onset of the adenylyl cyclase
(AC)/cAMP cascade are Type III
AC,* cyclic nucleotide-gated
(CNG) channels® and regulators
of G-protein-signalling (RGS)
that probably contribute to the
ability of olfactory neurons to dis-
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cern odours by controlling AC
activity.*

The process begins when a G-
protein is stimulated. This triggers
the activation of adenylyl cyclase,
the enzyme that speeds up the
conversion of ATP to cAMP, a
second messenger. Cyclic adeno-
sine monophosphate, or cAMP,
then binds to action channels in
the membrane of the cilia. This
causes the channels to open and
Ca++ to enter the cilia. The influx
of Ca++ activates chloride chan-
nels, opening them up, and CI-
leaves through these channels.
Calcium then plays an important
role in odorant transduction and
can fluctuate upon odorant expo-
sure. The membrane charge
becomes more positive and depo-
larises. If this depolarisation
reaches the threshold value, it
generates an action potential. The
action potential travels down the
axon of the olfactory receptor cell,
eventually encountering the axons
of the other olfactory receptor
cells to form the olfactory nerve
(Cranial Nerve 1)* (Figure 5).

3.4.3. Post-depolarisation proces-
ses

In order for the axons of the recep-
tor cell to form the olfactory
nerve, they must pass through the
cribriform plate, a thin sheet of
bone. The olfactory bulb rests on
the cribriform plate and the once
the axons have reached it, they
make their first synapse in the
glomeruli within the bulb. There
are many more receptor cells than
glomeruli, so about 10 million
receptor cells converge on
2,000 glomeruli. This complex
combination of mechanisms and
further neuronal implementation
gives humans the ability to smell
approximately 16 million different
smells."”
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Figure 5
Intracellular cascade after olfactory signal onset

4. Exploring the olfactory
mucosa
The structural/ultrastructural

abnormalities of the olfactory
mucosa that accompany many
pathological states leading to total
or partial loss of olfactory func-
tion may be very useful for the
diagnosis and appropriate treat-
ment of olfactory diseases.* The
olfactory dysfunction may be
caused either by damage to recep-
tors, supporting, basal, and
Bowman’s gland cells or combi-
nations of the above. However,
other exploratory methods have
also been applied to olfactory
mucosa content.

4.1. Histomorphological explo-
ration of olfactory mucosa: biopsy

The olfactory mucosa is located in
an area that is difficult to access in
the upper part of the nasal vault on
a thin, bony shelf (cribriform plate
of the ethmoid bone) that
separates the nasal from anterior

cranial cavities. As a result, taking
biopsies from this region is a dan-
gerous procedure for the clinician.
When performed under nasal
endoscopy, safe removal of human
olfactory mucosa is feasible.
However, the olfactory tissue may
become mixed with the respirato-
ry mucosa, as demonstrated by
combined electro-olfactogram
(EOG) and anatomically located
biopsy specimens.* It also appears
that human olfactory epithelium
appears to be distributed more
anteriorly than  previously
assumed. In addition to an assess-
ment of the epithelium as such,
the fascicles of the olfactory nerve
need to be characterised for a
complete analysis of the olfactory
mucosa.*’

The findings from biopsy sam-
ples of the OE are directly related
to various olfactory disorders and
will be discussed further in subse-
quent sections of this report.
Although some insights about the
nature of changes in the olfactory
epithelia associated with aging
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and a number of diseases have
been observed, data are still
sparse. New biopsy techniques
should provide an opportunity for
a more systematic study of the
histopathology of the olfactory
epithelium in a variety of disease
states.

4.2. Biochemical exploration of
mucus

Recently, a simple and safe
method was developed for sam-
pling the mucus directly from
the cleft using a thin sterile poly-
ethylene catheter with an internal
diameter of 0.7 mm and an exter-
nal diameter of 1.09 inserted into
the cleft and connected to a
vacuum pump.”

Mucus sampling has already
provided essential information
about numerous proteins that
could conceivably be involved in
olfactory signal onset, such as
Ca* exchangers, olfactory marker
proteins and binding proteins.*
The calcium-binding proteins that
the olfactory tissues contain are
calmodulin, calretinin, calbindin-
D28k, neurocalcin, and recoverin.
The study of the calcium-binding
proteins may provide important
background information about the
complex signal transduction path-
way involved in olfaction.

Furthermore, these studies have
generated pivotal information
about acidic, sulphated, or neutral
mucopolysaccharides secreted by
the acinar cells of Bowman’s
glands and, in some species,
sustentacular cells. It rapidly
emerged that the percentage of
each depends on the species and
the specific physiological, neu-
ronal and environmental condi-
tions. Human nasal secretions also
contain immune factors, anti-
microbial proteins and a number
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of antioxidants. The levels of
growth factors and neuropeptides
in the mucus were also found to
vary in several pathological condi-
tions by comparison with normal
circumstances. Finally, rapid
progress has been also made in the
identification and characterisation
of nasal biotransformation enzymes.
Many new enzymes have been
identified in recent years. The
majority of work focused on
members of the P450 gene super-
family, and a short summary of the
activity of these biotransformation
enzymes is proposed in subse-
quent sections of this report.
Reverse-phase liquid chroma-
tography and Edmann sequencing
have identified additional proteins
not observed with the 2-DE-
coupled MALDI-TOF mass spec-
tometry approach. They include
antileukoproteinase 1, epithelial
membrane protein-2, lipid-bind-
ing protein 4, human-odorant-
binding protein and tyrosine-pro-
tein phosphatase 1E.” Recently,
modern techniques in proteomics
have been applied to olfactory
cleft mucus.” The most abundant
well-known proteins we found in
olfactory mucus were serum albu-
min, serotransferin, alpha-1 antit-
rypsin, actins, squamous cell car-
cinoma antigen, palate lung nasal
epithelial clone (PLUNC) protein,
apolipoprotein A-1, and glu-
tathione S-transferase P. Serum
albumin is generally the most
abundant of these abundant pro-
teins and it generates a horizontal
streaking at around 69 kDa. These
proteins account for approximate-
ly 80% of the proteins in olfactory
mucus. Half of them have anti-
inflammatory, antimicrobial, anti-
oxidant, or protease inhibitor
properties. These functions could
justify their secretion into the
mucus since they help in olfactory

neuron protection. However, the
largest functional class in the
secreted proteins is the group of
transport proteins (of ions, elec-
trons, oxygen, or hydrophobic
molecules), which are mandatory
in biological fluids.

4.3. Microbiological exploration

Viruses or bacteria responsible for
olfactory dysfunction can be
detected after the collection of the
nasal discharge from the olfactory
cleft using a disposable mucus
extractor and electrophoresis® or
polymerase chain reaction.” Work
is still in progress on the investiga-
tion of viruses in biopsies of the
olfactory region from patients
with post-viral olfactory dysfunc-
tion.

4.4. Electrophysiological meas-
urement of olfactory function

Leopold et al.* recently used elec-
tro-olfactogram (EOG) recordings
to analyse the distribution of the
olfactory epithelium. The EOG is
recorded with tubular electrodes
that are placed using thin-fibre
endoscopic guidance in 15 smell-
tested patients. More work is
required before EOG recordings
can be meaningfully employed in
clinical investigations or in large
numbers of subjects.

5. Conclusions

The olfactory receptor neuron is
the only neuron that is in direct
contact with inspired air and all its
components. This highly sensitive
localisation exposes it to regular
and sometimes massive amounts
of toxics, irritants and pathogens.
The olfactory mucosa has several
instruments for the safeguarding
of its integrity: regeneration, a bat-
tery of metabolising enzymes and
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a range of antimicrobial agents.
Several biochemical techniques
have been applied with success
to tissue or mucus samples.
However, even if advances in the
knowledge of olfactory signal
onset and detoxification have been
remarkable, the details of the
underlying mechanisms remain
unclear, mainly because of the
difficulty of access to the olfac-
tory tissue.
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