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Olfactory Epithelium: Cells, Clinical Disorders,

and Insights from an Adult Stem Cell Niche

Rhea Choi, BA; Bradley J. Goldstein, MD, PhD

Disorders causing a loss of the sense of smell remain a therapeutic challenge. Basic research has, however, greatly expanded
our knowledge of the organization and function of the olfactory system. This review describes advances in our understanding of
the cellular components of the peripheral olfactory system, specifically the olfactory epithelium in the nose. The article discusses
recent findings regarding the mechanisms involved in regeneration and cellular renewal from basal stem cells in the adult olfac-
tory epithelium, considering the strategies involved in embryonic olfactory development and insights from research on other
stem cell niches. In the context of clinical conditions causing anosmia, the current view of adult olfactory neurogenesis, tissue
homeostasis, and failures in these processes is considered, along with current and future treatment strategies.
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INTRODUCTION
The human olfactory system is a highly sensitive

detector of volatile chemicals. An intact olfactory system
can identify minute concentrations of odorants and dis-
criminate among highly similar chemical structures,
enabling us to perceive a vast number of unique odors.1

Chemosensation in many mammals is critical for survival:
it is required for the avoidance of predators, the identifica-
tion of food, and identification or selection of mating part-
ners. While human behavior may rely less on chemical
senses, human olfaction is of great importance in safety,
to warn of dangers such as smoke, noxious fumes, or
spoiled food; in proper nutritional intake, as many of the
pleasurable qualities of flavor involve retronasal olfaction;
and in daily social interactions. Many disease processes
can, however, impair olfaction, including genetic disorders,
rhinosinusitis, concussion, post-viral olfactory disorder, or
presbyosmia (age-related olfactory decline). While some
processes are amenable to current treatments2–5, ongoing
research will be necessary to bring novel therapies to phy-
sicians caring for olfactory disorders. Recent advances
have provided tremendous insight into the organization
and function of the peripheral olfactory system, as well as
the production of new olfactory cells from adult stem cells
residing in the olfactory neuroepithelium of the nose.

Here, olfactory function, dysfunction, and the reparative
properties of the olfactory system are reviewed, with a
focus on potential for new treatment approaches. The
majority of information comes from animal models, unless
specifically indicated that studies involved human tissue.

Anatomy and Organization of the Peripheral
Olfactory System

The olfactory epithelium (OE) in the nose is the
peripheral organ for the sense of smell. A large range of
organic compounds, generally having a hydrophobic region
and a molecular weight under 300, can be perceived as
odors by humans.6 In the initial step in olfaction, inspired
odor molecules interact with olfactory sensory neurons
(OSNs) in the nasal cavity, situated in the lining the olfac-
tory cleft (Fig. 1A,B). The mucosa of olfactory cleft con-
tains the OE. A true neuroepithelium, rather than
respiratory epithelium, the OE is situated along the supe-
rior medial vertical lamellae of the superior turbinates, a
similar small portion of the middle turbinates, and the
corresponding nasal septum.7 In general terms, a sensory
system involves the conduction of a stimulus to receptor
structures, a transduction apparatus to convert the stimu-
lus into a neural signal, and a sensory relay to a second
order processor. The conduction system in the nose
requires that airflow can successfully deliver inspired
odorants to the olfactory cleft, without obstructing disease
such as edema or polyps. In the OE, the OSN is the criti-
cally important cell and functions as the receptor, trans-
duction and relay apparatus (Fig. 1).

Odorant-binding specificity occurs due to odorant
receptor (OR) proteins, which are members of the super-
family of seven-transmembrane domain G-protein cou-
pled receptors, expressed by OSNs. Of the estimated
several million neurons lining the olfactory cleft, there
exist approximately 350 functionally distinct “types” of
OSNs in humans, scattered in broad zones, with each
“type” of neuron defined by its expression of one specific
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OR gene from a repertoire of 350 possible genes.8–10 OR
proteins may be narrowly or broadly tuned; however,
most ORs can be activated by a range of compounds that
share a common structural group or backbone.

The bipolar-shaped neurons extend a dendrite to the
airspace at the epithelial surface, and extend an axon
through the base of the epithelium to join other axons
forming the first cranial nerve (CN I). The dendrites end
in a dendritic knob apically, which extends multiple immo-
tile cilia in the mucus layer, greatly extending membrane
surface area for the molecular recognition of odor mole-
cules by ORs at neuronal cilia membranes11,12 (Fig. 1C,
D). The primary projection of OSN axons from the nose to

the glomerular layer of the olfactory bulb of the brain
establishes a spatial odor map. Because axons from OSNs
expressing a given OR converge only to specific glomeruli
in the bulb, where they synapse with mitral or tufted cells,
the odorant-induced glomerulus activation pattern repre-
sents the initial coding of odor.13 The human olfactory
bulb bears the same general laminar organization seen in
commonly studied animal models, however it does appear
to differ in some respects from rodents.14 In humans, the
olfactory bulb has, on average, over 5000 glomeruli, such
that there is a high ratio of convergence of glomeruli/
OSNs innervating them, indicating that complex initial
odor coding occurs at this tissue.14 Higher center

Fig. 1. Overview of the peripheral olfactory system. Within the nasal cavity, the OE is the peripheral organ for the sense of smell. (A) While
respiratory epithelium lines the majority of the nasal cavity, OE lines the region of the olfactory cleft. On a coronal CT image through the
nasal region, the olfactory cleft (box) is seen in the superior medial area. (B) On closer view of the olfactory cleft, the area lined by OE
(blue) is indicated. The cribriform plate bone separates nasal cavity from cranial cavity, with the olfactory bulbs and crista galli seen supe-
rior to the olfactory cleft. OE lines the medial superior vertical lamellae of the superior turbinates and the corresponding superior septum.
However, there is considerable variability among individuals, with biopsy samples often showing patches of respiratory epithelium from
superior olfactory cleft. (C) The composition of the OE is shown schematically. OE is a pseudostratified neuroepithelium, housing the cell
bodies of mature olfactory sensory neurons (mOSN), as well as immature neurons (iOSN) produced from basal stem cells. Two populations
of stem and progenitor cells, the globose basal cells (GBC) and the horizontal basal cells (HBC), support life long self-renewal of the OE,
replacing neurons as needed. Glia-like sustentacular (Sus) and sensory microvillar (MV) cells are situated apically. Axons from OSNs exit
the base of the OE and their fascicles project as the first cranial nerve (CN I) through the cribriform plate to synapse in the olfactory bulbs.
At the nasal airspace, OSNs extend a mat of immobile cilia (blue) from their dendritic knobs. (D) The cilia are the site of odor transduction.
Inspired odor molecules are recognized by odor receptors (OR) expressed at the neuronal cilia membranes. ORs are seven-
transmembrane domain G-protein coupled receptors. OR activation leads to OSN depolarization and signaling to specific olfactory bulb
glomeruli. BL indicates basal lamina.
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processing, involving areas such as the entorhinal and
pyriform cortex, is beyond the scope of this review. Since
odor conduction, recognition, transduction and initial
coding all occur in the periphery, it is evident that the
maintenance of a population of OSNs in the nose, and
their projection to synapse with their targets in
the olfactory bulbs, is necessary for an intact olfactory
sensory system.

A Vulnerable Sensory System
Due to their position in the nose in contact with the

inspired air, the OSNs are considered to be highly vul-
nerable to a variety of insults that may lead to their
degeneration and loss. How is a population of OSNs
maintained throughout life? Pathogens such as virus or
bacteria, inflammatory cytokines in the mucus such as
products of eosinophil granules, inspired toxins or chem-
icals, or blunt head injuries causing mechanical shearing
of their delicate axon fascicles projecting through the
cribriform plate, can all lead to OSN death15–17 (Table I).
Indeed, classical mitotic labeling data from animal stud-
ies suggest that, on average, OSNs may only survive on
the order of months.18 More recent findings indicate
that OSNs situated more dorsomedially likely survive
longer than the ventrolateral populations, perhaps due
to differences in the expression of certain detoxification
enzymes.19 Nonetheless, it is evident that over many
decades of life, humans must maintain a capacity for the
replacement of OSNs to sustain an intact olfactory sys-
tem. An age-related decline in olfaction, termed presby-
osmia, is well described, and may be reflective of
cumulative damage that has exhausted normal repair
mechanisms.20–22

Tissue Homeostasis: Basal Stem Cells
The replacement of OSNs is accomplished normally

by the presence of populations of basal stem and progeni-
tor cells in the OE.23–29 The basal germinal zone of the
OE is an active neurogenic niche, capable of producing
new neurons from bona fide neural stem cells (Fig. 2).
The robust capacity for ongoing neurogenesis in the OE
contrasts with most other regions of the adult nervous
system. In mouse or rat, models of experimentally
induced olfactory injury have been used to study the
damage-induced proliferation and differentiation of basal
cells in the OE.24,26,30–32 Using an experimental approach
termed genetic fate mapping, multiple categories of dis-
tinct OE stem or progenitor cell populations have been
defined, along with the specific types of progeny cells that
they can produce.28,29,33,34 In this technique, mice are
engineered so that cells expressing a gene of interest will
also produce a heritable reporter protein that can be visu-
alized in tissue sections. Often, activation of the labeling
mechanism is designed to be manipulated under pharma-
cologic temporal control.35 Daughter cells, and subsequent
generations of progeny cells, produced from these founder
cells will also be identifiable by expression of the reporter
(e.g. a fluorescent protein). Such lineage tracing studies
have defined the lineages of two distinct categories of OE
stem cells: the reserve horizontal basal cells, which gener-
ally remain mitotically quiescent unless activated by
injury, and the globose basal cells, which are a heteroge-
neous population of both reserve and active progenitors.
Thus, the OE is a self-renewing tissue, and epithelial
homeostasis results from the replacement of senescent
cells from basal progenitors.

In many respects, the adult OE appears to retain
certain embryonic properties, in terms of the biochemical

TABLE I.
Selected Causes of Olfactory Dysfunction.

Category Condition Details/Mechanisms

Genetic Kallmann Syndrome Defects in projection and migration from olfactory placode may lead to failure in
olfactory bulb development.

Ciliopathies Olfactory neurons in the OE express odorant receptors on the membranes of
immotile cilia. In disorders in which cilia are malformed or absent, odor
transduction cannot occur. Examples include Bardet-Biedel, Meckel-Gruber and
Joubert syndromes.

Inflammatory Chronic rhinosinusitis Edema with or without polyps may cause obstruction of the olfactory cleft. Also,
inflammatory cytokines may directly impair OSN function or survival. Cytokines
may alter the reparative response of basal cells.

Rhinitis/allergy Obstruction from allergic edema may cause conductive hyposmia.

Aging Presbyosmia Biopsy evidence suggests that cumulative damage or “wear and tear” may lead to
neurogenic exhaustion in the OE, or a failure in tissue maintenance. It is also
possible that central degenerative changes occur.

Neurodegenerative disease
(Alzheimer’s, Parkinson’s)

Hyposmia/anosmia often precedes other general symptoms; evidence suggests
olfactory bulb neurons dependent upon renewal via the rostral migratory stream
may be involved.

Head trauma Concussion, Traumatic
brain injury

Blunt head injury, especially to the occiput, causes a coup-contrecoup injury with
shearing of the delicate olfactory nerves projecting through the cribriform.
Damage to olfactory bulbs/cortex may also occur. A lack of recovery suggests a
failure of OSNs to successfully reinnervate the olfactory bulbs.

Post-viral olfactory
disorder

Anosmia occurs following
resolution of upper
respiratory infection

Etiology unclear. Recovery can occur over several months, although approximately
1/3 of patients do not recover. Biopsies demonstrate peripheral damage to the
OE, with a failure in normal OE reconstitution from basal stem cells.
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phenotypes of OE cells and its neurogenic potential.
Insights from research with pluripotent stem cells in
general, and from cranial sensory placode development
in particular, may inform our understanding of adult
stem cell biology in the OE.

Olfactory Development and Persistence of
Embryonic Features in the Adult OE

While our understanding of the embryonic develop-
ment of the peripheral olfactory system is incomplete,
many details of this complex process have emerged. As
with other sensory tissue in the head, one of the earliest

events as the three primary germ layers develop is that ecto-
dermal thickenings, or placodes, arise. Cells that comprise
these thickenings, such as the otic placodes or the olfactory
placodes, begin to express distinct transcription factors, such
as Six1 or Eya1.36 Transcription factors are proteins that
orchestrate the expression of target genes, which ultimately
result in a given cellular phenotype. Other early placode
markers include Pax genes, another key transcription factor
family. The olfactory placodes invaginate into pits and,
through incompletely understood interactions with underly-
ing mesenchyme and migratory cranial neural crest cells,
further inductive events lead to the expression of olfactory-
specific developmental programs. It is generally accepted

Fig. 2. Adult stem cells and tissue homeostasis in the olfactory epithelium (OE). The population of olfactory sensory neurons (OSNs) are
inherently vulnerable to damage and death, positioned in contact with the nasal airspace. However, mammals have retained an ability to
replenish OSNs, and the other cells of the OE, from populations of basal neural stem cells, the horizontal basal cells (HBCs) and globose
basal cells (GBCs) described in Fig. 1. (A) A schematic depiction of injury and epithelial reconstitution in the OE. In experimental animal
models, toxicants or chemical exposures lead to a rapid degeneration of the normal OE cells, generally sparing some of the basal popula-
tions post-injury, as shown. Within days to weeks, stem cells respond to tissue injury to proliferate and produce pools of differentiating pre-
cursors, leading to OE reconstitution. As in other self-renewing tissues, stem cells are subject to regulatory mechanisms to maintain
epithelial homeostasis. (B) OE stem and progenitor cell populations produce the multiple cell lineages in the OE. Several progenitor cell
stages are indicated, and are identifiable by expression of specific regulatory factors. Key transcription factors (i.e. Sox2, Ascl1, Neurog1,
NeuroD, OAZ), epigenetic modifiers (Bmi1), or growth factor receptors (c-Kit) marking specific cells are indicated. Growth factors and feed-
back signals, such as ActivinB, BMP4, and GDF11 are not depicted here. Intercellular signaling conveys the status of the OE to basal cells;
for instance Notch-Delta signals from the sustentacular cells to the HBCs have been shown to regulate proliferation or dormancy via p63
inactivation.
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that the majority of the OE arises from ectodermal placode
progenitors, while the underlying lamina propria, including
the nonmyelinating Schwann-like cells termed olfactory
ensheathing glia, arises largely from neural crest. However,
there is some evidence from fate mapping studies that neu-
ral crest intermixing with placode may also contribute to a
subset of OE cells.37 Of interest, the gonadotropin releasing
hormone (GnRH)-expressing neurons that migrate during
development from the olfactory placode region to the hypo-
thalamus arise from neural crest. A developmental failure
involving GnRH neurons leads to Kallmann syndrome, or
hypogonadotrophic hypogonadism with anosmia, with
defects in development of the olfactory bulb and the GnRH
cell population.

Many of the inductive or extracellular signals regu-
lating embryonic olfactory neurogenesis have been iden-
tified, as well as their downstream effectors.
Remarkably, most of these molecular mechanisms
remain active in the adult OE, suggesting strongly that
these pathways are likely to be clinically relevant (Fig.
2). For instance, the BMP family of growth factors is
widely involved in embryonic development, and certain
BMP proteins appear to have inhibitory effects on sub-
sets of OE precursors.38 One of the key transcription fac-
tors required for olfactory neurogenesis, Ascl1
(previously known as Mash1), appears to be negatively
regulated by BMP4. Ascl1 belongs to the basic helix-
loop-helix family of transcription factors and is part of
an evolutionarily conserved mechanism regulating neu-
roectodermal development.39 Loss of Ascl1 results in
severe defects in embryonic development of OSNs and
also autonomic neurons.40 Intercellular signaling, via
surface receptors of the Notch family and Notch ligands
on neighboring cells, alter the expression of basic helix-
loop-helix factors including Ascl and Hes genes to drive
differentiation programs, ie, neuronal or non-neuronal
fate. Another key feature of early or upstream OE pro-
genitors is expression of Sox2, one of the pluripotency
factors identified as necessary for reprogramming adult
cells into so-called induced pluripotent stem cells
(iPSCs).41 Evidence suggests that negative feedback sig-
nals of the TGFb superfamily, including ActivinB and
GDF11, regulate Sox2 expression, and that accumulation
of either Sox2 or Ascl1 in a progenitor cell drives lineage
decisions to either sustentacular (glia-like) cells or
OSN.42

Regulation of Adult Neurogenesis
Using mouse olfactory lesion-regeneration models,

the process of adult olfactory neurogenesis has been the
subject of considerable study. As stated, many of the
molecular mechanisms identified during OE develop-
ment remain active during adult regeneration. It is well
established that during “normal” OSN turnover, it is the
globose basal cells that divide to produce new OSNs as
needed.28,31 Even in settings involving widespread loss
of OSNs, such as the coordinated retrograde degenera-
tion of the entire OE mature OSN population due to
olfactory bulbectomy or nerve section, increased globose
basal cell proliferation accounts for the neurogenic

response.18,43,44 As during development, adult globose
cells express factors such as Ascl1, other basic-helix-
loop-helix proteins, and the surface marker c-Kit.29,45,46

However, other forms of injury that cause direct epithe-
lial damage that includes a loss of the sustentacular
cells situated at the apical layer of the pseudostratified
OE, along with OSNs, activate also the horizontal basal
cells to proliferate and contribute to reconstitution of the
OE.28,47,48 Interestingly, it is Notch signaling that
appears to mediate a feedback cue to the horizontal
cells, causing a loss of p63 expression and cell cycle acti-
vation.49 Other regulatory factors identifiable during
early embryonic development are active in the adult OE,
including the placode markers Six1 and Pax6, as well as
the pluripotency factor Sox2, all of which are expressed
selectively in the adult basal progenitor and apical glial
(sustentacular) layers34,50,51(Fig. 2). Finally, epigenetic
regulatory proteins of the Polycomb group have recently
been found to also play a role in adult OE neurogene-
sis.34 The Polycomb proteins form complexes that modify
chromatin, via methylation or monoubiquitination of
specific histone residues, to repress transcriptional pro-
grams.52,53 Polycomb proteins, including EZH2, SUZ12,
and BMI1, are key regulators of renewal and differentia-
tion in embryonic stem cells,54,55 as well as other adult
stem cell niches such as the bone marrow and intestinal
crypts.56–58 The expression patterns of these proteins in
adult OE, and activity in OE basal cell cultures, is con-
sistent with conserved epigenetic mechanisms regulating
OE renewal.34 In summary, the adult OE is a highly
robust neuroproliferative zone, containing both reserve
and active populations of stem cells, responsive to feed-
back cues and multiple regulatory mechanisms to main-
tain epithelial homeostasis.

Clinical Disorders Causing Anosmia
A range of clinical conditions can contribute to

hyposmia or anosmia (Table I). Categories include
genetic causes, inflammatory disorders, trauma, or other
forms of damage such as post-viral olfactory disorder or
presbyosmia.

Genetic disorders
Among the genetic causes of anosmia, Kallmann

syndrome, or hypogonadotrophic hypogonadism with
anosmia, has been well studied.59 Several genes have
been implicated in causing Kallmann syndrome, includ-
ing KAL1, encoding a cell adhesion protein termed
anosmin-1; FGF8 and FGFR1, encoding a fibroblast
growth factor and receptor, respectively, that is critical
for embryonic neural development; PROK2, encoding a
prokineticin signaling pathway protein involved in olfac-
tory bulb development; and CHD7, a chromodomain pro-
tein also known to cause CHARGE syndrome.60–63 Of
interest, CHARGE is also associated with variable senso-
rineural olfactory loss, likely due to abnormalities in OE
basal cell function.64 Defects due to Kallmann mutations
result in failure of proper early olfactory neuron projec-
tions from the placode to the olfactory bulb. This impairs
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the ability of GnRH-expressing neurons to migrate from
the olfactory placode to their destination in hypothala-
mus, resulting in varying degrees of agenesis of the
olfactory bulbs along with hypogonadotrophic hypogo-
nadism. While there is no treatment for the anosmia
associated with Kallmann syndrome, early identification
is important, since appropriate referral to the endocri-
nologist can provide hormone replacement therapy.

Ciliopathies are another important category of
genetic anosmias. Diseases in which the formation or
the function of cilia are impaired have broad clinical
manifestations, including renal cysts, hearing and/or
vision loss, cognitive deficits, and polydactyly. Olfactory
neurons in the OE express OR proteins on their cilia,
along with other transduction components, such as
olfactory-specific G proteins and ion channels. Therefore,
if cilia are absent or malformed, odorant detection can-
not occur. For this reason, anosmia is considered a hall-
mark of cliliopathies.11,12 Examples of these uncommon
disorders include Bardet-Biedel syndrome, Joubert syn-
drome, and Meckel-Gruber syndrome. Of particular
interest, an intranasal viral gene therapy was used to
treat a mouse model of a genetic ciliopathy disorder,
restoring olfactory neuron cilia morphology as well as
olfactory function.65 Correction of a murine genetic sen-
sorineural anosmia using gene therapy provides evi-
dence that a viral gene therapy approach may be useful
for gene delivery to the human OE for certain
conditions.

HEAD TRAUMA. Objective smell loss occurs in
15–35% of traumatic brain injury (TBI) subjects.66 The
pathogenesis of head trauma-induced anosmia likely
involves several mechanisms. Evidence suggests that
blunt trauma causes the brain to move rapidly against
the fixed skull base, causing shearing or stretch of the
delicate olfactory nerve fibers that project from the nasal
cavity through the cribriform plate of the ethmoid bone
to connect to the olfactory bulbs of the brain. Further-
more, the trauma can result in bruising or direct injury
to the olfactory bulbs, among other intracranial injuries.
The end result appears to be a rapid degeneration and
death of the primary OSNs, situated in the OE of the
nose. Biopsies of human nasal olfactory tissue from post-
head trauma anosmia patients often show neurodegener-
ative changes, strongly supporting the notion that loss
of function is related to damage to the OE.67,68 Despite
the ability of basal cells in the OE to produce new neu-
rons, many TBI patients do not regain olfactory func-
tion, suggesting that after injury the axons fail to
properly reinnervate the olfactory bulbs. Disordered
reinnervation has been observed in animal models.69,70

It is likely that other consequences of trauma such as
intracranial scarring, or reactive gliosis, develop and
may prevent reinnervation.

POST-VIRAL OLFACTORY DISORDER.
Another well described but incompletely understood
cause of anosmia or hyposmia is post-viral olfactory dis-
order (PVOD). It has been estimated that up to 30% of
olfactory loss patients may suffer from PVOD.15 Such

patients report an upper respiratory infection or influ-
enza clearly preceding their loss of smell. Despite resolu-
tion of nasal congestion and other cold symptoms,
anosmia appears to persist. Biopsies of olfactory mucosa
from PVOD subjects demonstrate evidence of degenera-
tive changes, consistent with peripheral damage causing
loss of function.15 It is estimated that approximately
two-thirds of PVOD subjects experience some improve-
ment over time, but many patients remain anosmic.
Although upper respiratory infection is essentially ubiq-
uitous, the reason that some patients develop PVOD is
not understood. It is possible that certain genetic factors
predispose some individuals to excess OE degeneration,
failures in regeneration, or to an inflammatory response
that results in excessive OE damage.

SINUSITIS/INFLAMMATION. Decreased olfac-
tion is one of the common complaints associated with
active rhinosinusitis. Objective measures report olfactory
dysfunction in 30–78% of chronic rhinosinusitis patients,
depending upon measurement technique.71 Indeed, suc-
cessful treatment of chronic rhinosinusitis can result in
objective olfactory improvement.2,72,73 While obstruction
of airflow to the olfactory cleft can cause anosmia, there
is compelling evidence that inflammatory cytokines can
directly perturb cells within the OE.74 In mouse models,
inflammation can impair OSN function, and prolonged
cytokine exposure can cause OSN death.75 In this model,
the typical OE basal cell proliferative response appears
abnormally diminished in the presence of ongoing
inflammation, but there is recent evidence that steroid
treatment to block inflammation also inhibits the prolif-
eration of certain basal cells, and that TNFa receptor 1
may mediate important aspects of basal cell signaling.76

Thus, both conductive and pleiotropic sensorineural
mechanisms can lead to diminished olfaction in rhinosi-
nusitis patients.

PRESBYOSMIA. Several studies have demon-
strated that a decline in olfactory function is prevalent
among the elderly.21,77–79 The most recent findings from
the U.S. National Health and Nutrition Examination Sur-
vey (NHANES), which included measures of olfaction from
1281 participants, identified olfactory dysfunction in 4.2%
of subjects age 40–49, 12.7% of subjects age 60–69, and
39.4% of those over 80 years of age.80 The mechanisms
underlying presbyosmia are not fully understood. However,
biopsies from olfactory mucosa demonstrate decreased
intact neuroepithelium, and increased regions with
patches of respiratory epithelium instead of OE.68 These
findings suggest that, in some subjects, there may be
cumulative damage leading to neurogenic exhaustion, or a
failure of basal stem cells to continue to replace OSNs over
time. Olfactory function in the elderly is important for
safety, nutritional issues, and quality of life, but anosmia
in the elderly has been found, for unclear reasons, to also
correlate with increased mortality risk.22,81

Treatment strategies, present and future
The treatment of disorders causing olfactory loss

remains challenging.82 In broad terms, goals should include
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establishment of a specific diagnosis or cause, if possible;
appropriate therapies for any treatable conditions; and
proper counseling regarding reasonable expectations and
safety issues. The inclusion of objective olfactory measures
in rhinology clinical outcomes studies has provided evi-
dence that anosmia or hyposmia due to certain common
conditions is often amenable to treatment. For instance,
both medical and surgical management of chronic rhinosi-
nusitis can lead to improved olfactory function.2,73 In
appropriate cases in which medical therapy remains inef-
fective, endoscopic sinus surgery has been shown to
improve objective olfactory measures.3,4

In cases categorized as sensorineural olfactory losses,
such as post-viral olfactory disorder, post-head trauma
anosmia or presbyosmia, specific pharmacologic therapies
are currently lacking. However, treatment involving
intentional repeated exposure to odorants, termed olfac-
tory training therapy, has shown some benefits.5,83–85 The
stimulation of intact OSNs is felt to provide trophic sup-
port via activity-dependent mechanisms, and likely also
influences synaptic remodeling at the olfactory bulbs.

Ongoing basic research is necessary to identify new
treatment strategies for sensorineural anosmias. Many
small clinical studies have attempted to test various sup-
plements with little evidence of effectiveness. However,
cell culture and animal studies, aimed at understanding
the mechanisms involved in damage-induced degenera-
tion and regeneration of the OE by basal stem cells, may
provide novel pharmacologic targets. For instance, under-
standing the signals necessary to activate basal stem cells
to proliferate and differentiate may permit the use of
agents to promote OE neurogenesis in clinical conditions
in which it has malfunctioned. Strategies involving neuro-
protective drugs may have a role in preventing excess
degeneration in appropriate conditions. Viral gene thera-
pies hold great promise for the treatment of certain disor-
ders, especially genetic diseases involving loss-of-function
mutations. Adenoviral based vectors are highly capable of
delivering genes to the nasal mucosa, and ease of delivery
makes this an attractive strategy. Finally, the translation
of cell-based therapies for regenerative medicine has
steadily advanced, and has led to clinical trials for the
repair of tissues in other organs.86

CONCLUSIONS
The peripheral olfactory system is a highly dynamic

neuroepithelium lining the olfactory cleft of the nose, from
which olfactory neurons project to the brain. Due to their
anatomic location exposed to the inspired air, OSNs are vul-
nerable to damage. The OE appears to retain embryonic-
like properties, including populations of neural stem and
progenitor cells in the basal layers, providing the tissue an
ability to replace OSNs as needed. Nonetheless, a variety of
disorders can lead to anosmia, and evidence suggests that
OE damage and neurogenic exhaustion may underlie com-
mon forms of olfactory loss. Thorough evaluation, including
objective olfactory testing, and appropriate diagnosis can
direct proper management. Treatment of chronic rhinosi-
nusitis can improve olfactory dysfunction due to obstruc-
tion and inflammation, and olfactory training therapy can

be of benefit to certain sensorineural hyposmia patients.
Ongoing research is necessary to identify new effective
treatment options.

Acknowledgments
This work was funded by grants from NIH DC013556 (to
B.J.G) and the Triological Society/American College of Sur-
geons Clinician-Scientist Development Award (B.J.G). The
authors have no conflicts of interest to disclose.

BIBLIOGRAPHY

1. Bushdid C, Magnasco MO, Vosshall LB, Keller A. Humans can discrimi-
nate more than 1 trillion olfactory stimuli. Science 2014;343:1370–1372.

2. DeConde AS, Mace JC, Alt JA, Schlosser RJ, Smith TL, Soler ZM. Com-
parative effectiveness of medical and surgical therapy on olfaction in
chronic rhinosinusitis: a prospective, multi-institutional study. Int
Forum Allergy Rhinol 2014;4:725–733.

3. Litvack JR, Mace J, Smith TL. Does olfactory function improve after endo-
scopic sinus surgery? Otolaryngol Head Neck Surg 2009;140:312–319.

4. Kuperan AB, Lieberman SM, Jourdy DN, Al-Bar MH, Goldstein BJ,
Casiano RR. The effect of endoscopic olfactory cleft polyp removal on
olfaction. Am J Rhinol Allergy 2015;29:309–313.

5. Pekala K, Chandra RK, Turner JH. Efficacy of olfactory training in
patients with olfactory loss: a systematic review and meta-analysis. Int
Forum Allergy Rhinol 2016;6:299–307.

6. Katada S, Hirokawa T, Oka Y, Suwa M, Touhara K. Structural basis for a
broad but selective ligand spectrum of a mouse olfactory receptor: map-
ping the odorant-binding site. J Neurosci 2005;25:1806–1815.

7. Holbrook EH, Wu E, Curry WT, Lin DT, Schwob JE. Immunohistochemical
characterization of human olfactory tissue. Laryngoscope 2011;121:
1687–1701.

8. Buck L, Axel R. A novel multigene family may encode odorant receptors: a
molecular basis for odor recognition. Cell 1991;65:175–187.

9. Horowitz LF, Saraiva LR, Kuang D, Yoon KH, Buck LB. Olfactory receptor
patterning in a higher primate. J Neurosci 2014;34:12241–12252.

10. Glusman G, Yanai I, Rubin I, Lancet D. The complete human olfactory
subgenome. Genome Res 2001;11:685–702.

11. Kulaga HM, Leitch CC, Eichers ER, et al. Loss of BBS proteins causes
anosmia in humans and defects in olfactory cilia structure and function
in the mouse. Nat Genet 2004;36:994–998.

12. Williams CL, McIntyre JC, Norris SR et al. Direct evidence for BBSome-
associated intraflagellar transport reveals distinct properties of native
mammalian cilia. Nat Commun 2014;5:5813.

13. Mombaerts P, Wang F, Dulac C, et al. Visualizing an olfactory sensory
map. Cell 1996;87:675–686.

14. Maresh A, Rodriguez Gil D, Whitman MC, Greer CA. Principles of glomer-
ular organization in the human olfactory bulb—implications for odor
processing. PLoS One 2008;3:e2640.

15. Seiden AM. Postviral olfactory loss. Otolaryngol Clin North Am 2004;37:
1159–1166.

16. Wrobel BB, Leopold DA. Clinical assessment of patients with smell and
taste disorders. Otolaryngol Clin North Am 2004;37:1127–1142.

17. Kern RC, Quinn B, Rosseau G, Farbman AI. Post-traumatic olfactory dys-
function. Laryngoscope 2000;110:2106–2109.

18. Carr VM, Farbman AI. The dynamics of cell death in the olfactory epithe-
lium. Exp Neurol 1993;124:308–314.

19. Gaun V, Zunitch MJ, Lin B, Jang W, Schwob JE. The lifespan of olfactory
sensory neurons. Association for Chemoreception Sciences 39th Annual
Meeting Poster #236, Bonita Springs, FL, 2017.

20. Paik SI, Lehman MN, Seiden AM, Duncan HJ, Smith DV. Human olfac-
tory biopsy. The influence of age and receptor distribution. Arch Otolar-
yngol Head Neck Surg 1992;118:731–738.

21. Doty RL, Shaman P, Applebaum SL, Giberson R, Siksorski L, Rosenberg L.
Smell identification ability: changes with age. Science 1984;226:1441–1443.

22. Pinto JM, Wroblewski KE, Kern DW, Schumm LP, McClintock MK. Olfac-
tory dysfunction predicts 5-year mortality in older adults. PLoS One
2014;9:e107541.

23. Graziadei PP, Graziadei GA. Neurogenesis and neuron regeneration in the
olfactory system of mammals. I. Morphological aspects of differentiation
and structural organization of the olfactory sensory neurons. J Neurocytol
1979;8:1–18.

24. Schwob JE, Youngentob SL, Mezza RC. Reconstitution of the rat olfactory
epithelium after methyl bromide-induced lesion. J Comp Neurol 1995;
359:15–37.

25. Goldstein BJ, Schwob JE. Analysis of the globose basal cell compartment
in rat olfactory epithelium using GBC-1, a new monoclonal antibody
against globose basal cells. J Neurosci 1996;16:4005–4016.

26. Huard JM, Youngentob SL, Goldstein BJ, Luskin MB, Schwob JE. Adult
olfactory epithelium contains multipotent progenitors that give rise to
neurons and non-neural cells. J Comp Neurol 1998;400:469–486.

27. Calof AL, Chikaraishi DM. Analysis of neurogenesis in a mammalian neu-
roepithelium: proliferation and differentiation of an olfactory neuron
precursor in vitro. Neuron 1989;3:115–127.

Laryngoscope Investigative Otolaryngology 3: February 2018 Choi et al.: Olfactory Maintenance

41



28. Leung CT, Coulombe PA, Reed RR. Contribution of olfactory neural stem
cells to tissue maintenance and regeneration. Nat Neurosci 2007;10:
720–726.

29. Goldstein BJ, Goss GM, Hatzistergos KE et al. Adult c-Kit(1) progenitor
cells are necessary for maintenance and regeneration of olfactory neu-
rons. J Comp Neurol 2015;523:15–31.

30. Graziadei GA, Graziadei PP. Neurogenesis and neuron regeneration in the
olfactory system of mammals. II. Degeneration and reconstitution of the
olfactory sensory neurons after axotomy. J Neurocytol 1979;8:197–213.

31. Caggiano M, Kauer JS, Hunter DD. Globose basal cells are neuronal pro-
genitors in the olfactory epithelium: a lineage analysis using a
replication-incompetent retrovirus. Neuron 1994;13:339–352.

32. Bergman U, Ostergren A, Gustafson AL, Brittebo B. Differential effects of
olfactory toxicants on olfactory regeneration. Arch Toxicol 2002;76:104–112.

33. Chen M, Tian S, Yang X, Lane AP, Reed RR, Liu H. Wnt-responsive
Lgr5(1) globose basal cells function as multipotent olfactory epithelium
progenitor cells. J Neurosci 2014;34:8268–8276.

34. Goldstein BJ, Goss GM, Choi R, et al. Contribution of Polycomb group pro-
teins to olfactory basal stem cell self-renewal in a novel c-KIT1 culture
model and in vivo. Development 2016;143:4394–4404.

35. Hayashi S, McMahon AP. Efficient recombination in diverse tissues by a
tamoxifen-inducible form of Cre: a tool for temporally regulated gene
activation/inactivation in the mouse. Dev Biol 2002;244:305–318.

36. Ikeda K, Ookawara S, Sato S, Ando Z, Kageyama R, Kawakami K. Six1 is
essential for early neurogenesis in the development of olfactory epithe-
lium. Dev Biol 2007;311:53–68.

37. Forni PE, Taylor-Burds C, Melvin VS, Williams T, Wray S. Neural crest
and ectodermal cells intermix in the nasal placode to give rise to GnRH-
1 neurons, sensory neurons, and olfactory ensheathing cells. J Neurosci
2011;31:6915–6927.

38. Shou J, Rim PC, Calof AL. BMPs inhibit neurogenesis by a mechanism
involving degradation of a transcription factor. Nat Neurosci 1999;2:
339–345.

39. Cau E, Gradwohl G, Fode C, Guillemot F. Mash1 activates a cascade of
bHLH regulators in olfactory neuron progenitors. Development 1997;
124:1611–1621.

40. Guillemot F, Lo LC, Johnson JE, Auerbach A, Anderson DJ, Joyner AL.
Mammalian achaete-scute homolog 1 is required for the early develop-
ment of olfactory and autonomic neurons. Cell 1993;75:463–476.

41. Takahashi K, Yamanaka S. Induction of pluripotent stem cells from mouse
embryonic and adult fibroblast cultures by defined factors. Cell 2006;
126:663–676.

42. Gokoffski KK, Wu HH, Beites CL, et al. Activin and GDF11 collaborate in
feedback control of neuroepithelial stem cell proliferation and fate.
Development 2011;138:4131–4142.

43. Verhaagen J, Oestreicher AB, Grillo M, Khew-Goodall YS, Gispen WH,
Margolis FL. Neuroplasticity in the olfactory system: differential effects
of central and peripheral lesions of the primary olfactory pathway on
the expression of B-50/GAP43 and the olfactory marker protein.
J Neurosci Res 1990;26:31–44.

44. Schwob JE, Szumowski KE, Stasky AA. Olfactory sensory neurons are tro-
phically dependent on the olfactory bulb for their prolonged survival.
J Neurosci 1992;12:3896–3919.

45. Manglapus GL, Youngentob SL, Schwob JE. Expression patterns of basic
helix-loop-helix transcription factors define subsets of olfactory progeni-
tor cells. J Comp Neurol 2004;479:216–233.

46. Fletcher RB, Das D, Gadye L, et al. Deconstructing olfactory stem cell tra-
jectories at single-cell resolution. Cell Stem Cell 2017;20:817–830 e818.

47. Schnittke N, Herrick DB, Lin B, et al. Transcription factor p63 controls
the reserve status but not the stemness of horizontal basal cells in the
olfactory epithelium. Proc Natl Acad Sci U S A 2015;112:E5068–5077.

48. Fletcher RB, Prasol MS, Estrada J, et al. p63 regulates olfactory stem cell
self-renewal and differentiation. Neuron 2011;72:748–759.

49. Herrick DB, Lin B, Peterson J, Schnittke N, Schwob JE. Notch1 maintains
dormancy of olfactory horizontal basal cells, a reserve neural stem cell.
Proc Natl Acad Sci U S A 2017;114:E5589–E5598.

50. Guo Z, Packard A, Krolewski RC, Harris MT, Manglapus GL, Schwob JE.
Expression of pax6 and sox2 in adult olfactory epithelium. J Comp Neu-
rol 2010;518:4395–4418.

51. Davis JA, Reed RR. Role of Olf-1 and Pax-6 transcription factors in neuro-
development. J Neurosci 1996;16:5082–5094.

52. Boyer LA, Plath K, Zeitlinger J, et al. Polycomb complexes repress devel-
opmental regulators in murine embryonic stem cells. Nature 2006;441:
349–353.

53. Lee TI, Jenner RG, Boyer LA, et al. Control of developmental regulators
by Polycomb in human embryonic stem cells. Cell 2006;125:301–313.

54. Surface LE, Thornton SR, Boyer LA. Polycomb group proteins set the
stage for early lineage commitment. Cell Stem Cell 2010;7:288–298.

55. Morey L, Helin K. Polycomb group protein-mediated repression of tran-
scription. Trends Biochem Sci 2010;35:323–332.

56. Hosen N, Yamane T, Muijtjens M, Pham K, Clarke MF, Weissman IL.
Bmi-1-green fluorescent protein-knock-in mice reveal the dynamic regu-
lation of bmi-1 expression in normal and leukemic hematopoietic cells.
Stem Cells 2007;25:1635–1644.

57. Sangiorgi E, Capecchi MR. Bmi1 is expressed in vivo in intestinal stem
cells. Nat Genet 2008;40:915–920.

58. Yan KS, Chia LA, Li X, et al. The intestinal stem cell markers Bmi1 and
Lgr5 identify two functionally distinct populations. Proc Natl Acad Sci
U S A 2012;109:466–471.

59. Kallmann F, Schoenfeld, WA and Barrera, SE. The genetic aspects of pri-
mary eunuchoidism. Am J Ment Defic 1944;48:203–236.

60. Franco B, Guioli S, Pragliola A, et al. A gene deleted in Kallmann’s syn-
drome shares homology with neural cell adhesion and axonal path-
finding molecules. Nature 1991;353:529–536.

61. Hu Y, Poopalasundaram S, Graham A, Bouloux PM. GnRH neuronal
migration and olfactory bulb neurite outgrowth are dependent on FGF
receptor 1 signaling, specifically via the PI3K p110alpha isoform in
chick embryo. Endocrinology 2013;154:388–399.

62. Pitteloud N, Zhang C, Pignatelli D, et al. Loss-of-function mutation in the
prokineticin 2 gene causes Kallmann syndrome and normosmic idio-
pathic hypogonadotropic hypogonadism. Proc Natl Acad Sci U S A 2007;
104:17447–17452.

63. Kim HG, Layman LC. The role of CHD7 and the newly identified WDR11
gene in patients with idiopathic hypogonadotropic hypogonadism and
Kallmann syndrome. Mol Cell Endocrinol 2011;346:74–83.

64. Layman WS, McEwen DP, Beyer LA, et al. Defects in neural stem cell pro-
liferation and olfaction in Chd7 deficient mice indicate a mechanism for
hyposmia in human CHARGE syndrome. Hum Mol Genet 2009;18:1909–
1923.

65. McIntyre JC, Davis EE, Joiner A, et al. Gene therapy rescues cilia defects
and restores olfactory function in a mammalian ciliopathy model. Nat
Med 2012;18:1423–1428.

66. Schofield P, Moore T, Gardner A. Traumatic brain injury and olfaction: a
systematic review. Frontiers in Neurology 2014;5:1–22.

67. Holbrook EH, Leopold DA. An updated review of clinical olfaction. Curr
Opin Otolaryngol Head Neck Surg 2006;14:23–28.

68. Holbrook EH, Leopold DA, Schwob JE. Abnormalities of axon growth in
human olfactory mucosa. Laryngoscope 2005;115:2144–2154.

69. Yee KK, Costanzo RM. Changes in odor quality discrimination following
recovery from olfactory nerve transection. Chem Senses 1998;23:513–519.

70. Christensen MD, Holbrook EH, Costanzo RM, Schwob JE. Rhinotopy is
disrupted during the re-innervation of the olfactory bulb that follows
transection of the olfactory nerve. Chem Senses 2001;26:359–369.

71. Kohli P, Naik AN, Harruff EE, Nguyen SA, Schlosser RJ, Soler ZM. The
prevalence of olfactory dysfunction in chronic rhinosinusitis. Laryngo-
scope 2017;127:309–320.

72. Kohli P, Naik AN, Farhood Z, et al. Olfactory outcomes after endoscopic
sinus surgery for chronic rhinosinusitis: a meta-analysis. Otolaryngol
Head Neck Surg 2016;155:936–948.

73. Patel ZM, Thamboo A, Rudmik L, Nayak JV, Smith TL, Hwang PH. Surgi-
cal therapy vs continued medical therapy for medically refractory
chronic rhinosinusitis: a systematic review and meta-analysis. Int
Forum Allergy Rhinol 2017;7:119–127.

74. Lane AP, Turner J, May L, Reed R. A genetic model of chronic
rhinosinusitis-associated olfactory inflammation reveals reversible func-
tional impairment and dramatic neuroepithelial reorganization.
J Neurosci 2010;30:2324–2329.

75. Turner JH, May L, Reed RR, Lane AP. Reversible loss of neuronal marker
protein expression in a transgenic mouse model for sinusitis-associated
olfactory dysfunction. Am J Rhinol Allergy 2010;24:192–196.

76. Chen M, Reed RR, Lane AP. Acute inflammation regulates neuroregenera-
tion through the NF-kappaB pathway in olfactory epithelium. Proc Natl
Acad Sci U S A 2017;114:8089–8094.

77. Murphy C, Schubert CR, Cruickshanks KJ, Klein BK, Klein R, Nondahl
DM. Prevalence of olfactory impairment in older adults. JAMA 2002;
288:2307–2312.

78. Schubert CR, Cruickshanks KJ, Murphy C, et al. Olfactory impairment in
adults. Ann N Y Acad Sci 2009;1170:531–536.

79. Hoffman HJ, Ishii EK, MacTurk RH. Age-related changes in the preva-
lence of smell/taste problems among the United States adult population.
Results of the 1994 disability supplement to the National Health Inter-
view Survey (NHIS). Ann N Y Acad Sci 1998;855:716–722.

80. Hoffman HJ, Rawal S, Li CM, Duffy VB. New chemosensory component in
the U.S. National Health and Nutrition Examination Survey
(NHANES): first-year results for measured olfactory dysfunction. Rev
Endocr Metab Disord 2016;17:221–240.

81. Gopinath B, Sue CM, Kifley A, Mitchell P. The association between olfac-
tory impairment and total mortality in older adults. J Gerontol A Biol
Sci Med Sci 2012;67:204–209.

82. Hummel T, Whitcroft KL, Andrews P, et al. Position paper on olfactory
dysfunction. Rhinology 2017; doi: 10.4193/Rhin16.248.

83. Konstantinidis I, Tsakiropoulou E, Bekiaridou P, Kazantzidou C,
Constantinidis J. Use of olfactory training in post-traumatic and postin-
fectious olfactory dysfunction. Laryngoscope 2013;123:E85–90.

84. Damm M, Pikart LK, Reimann H, et al. Olfactory training is helpful in
postinfectious olfactory loss: a randomized, controlled, multicenter study.
Laryngoscope 2014;124:826–831.

85. Altundag A, Cayonu M, Kayabasoglu G, et al. Modified olfactory training
in patients with postinfectious olfactory loss. Laryngoscope 2015;125:
1763–1766.

86. Bianco P, Cao X, Frenette PS, et al. The meaning, the sense and the sig-
nificance: translating the science of mesenchymal stem cells into medi-
cine. Nat Med 2013;19:35–42.

Laryngoscope Investigative Otolaryngology 3: February 2018 Choi et al.: Olfactory Maintenance

42

info:doi/10.4193/Rhin16.248

