
Analysis of the olfactory mucosa in chronic rhinosinusitis

Karen K. Yeea,*, Edmund A. Pribitkina,b, Beverly J. Cowarta,b, David Rosenb, Pu Fenga, and
Nancy E Rawsona,c

aMonell Chemical Senses Center, 3500 Market Street, Philadelphia, PA 19104-3308
bOtolaryngology-Head & Neck Surgery, Thomas Jefferson University, Philadelphia, PA

Abstract
The impact of chronic rhinosinusitis (CRS) on the olfactory mucosa (OM) is dramatic. Cellular
profiles and epithelial integrity in OM biopsies were evaluated using histological and
immunohistochemical methods to define a strategy for future histological studies of CRS. We
have examined nasal biopsies of 54 CRS patients (18 - 63 years old) and have defined specific
histopathological patterns of the OM: normal pseudostratified, goblet cell hyperplasia, squamous
metaplasia and erosion. Goblet cell hyperplasia was most similar to a normal pseudostratified OM
pattern but with goblet cells intermixed in the apical layers. Squamous metaplasia exhibited an
absence of olfactory supporting cells and had olfactory sensory neurons that were morphologically
abnormal. It is unknown if these neurons would be functional in this type of tissue transformation.
The pattern of erosion exhibited a severe loss of epithelial layers and a higher prevalence of
infiltrating inflammatory cells within the olfactory epithelium when compared to the other OM
patterns. Although it is not known if the OM remodeling patterns we have noted correspond to
specific stages or distinct pathways of the disease, the template proposed here can be used in
further studies to understand how the histopathological progression of CRS relates to olfactory
loss and the response to treatment.
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INTRODUCTION
Chronic rhinosinusitis (CRS) is a primary cause of olfactory loss among patients presenting
to chemosensory clinics1, and is the most common chronic medical condition in the United
States, affecting an estimated 33 million people/year.2 CRS is symptomatically defined as
the presence of rhinosinusitis symptoms persisting for greater than 12 weeks as outlined by
the Sinus and Allergy Health Partnership Task Force definition for adult CRS.3

The impact of this disease on the olfactory mucosa (OM), defined as both the olfactory
epithelium and lamina propria, is dramatic and involves inflammation and tissue degradation
that under normal circumstances would be followed by repair, regeneration and recovery.
Instead, in chronic disease, tissue remodeling can persist and lead to significant loss of
differentiated epithelium in both respiratory and olfactory mucosa. In approximately 25-30%
of cases, this long term inflammatory process can result in partial or complete olfactory loss.
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2 While conductive impairment accounts for some cases of olfactory loss, particularly in the
presence of polyposis or severe edema, obstruction of airflow often does not correlate with
olfactory performance4. In these cases, damage to the sensorineural pathways in the
epithelium has been proposed as an alternative cause of olfactory impairment. Several
studies have reported histopathological alterations and the loss of olfactory sensory neurons
in the nasal biopsies of patients with olfactory loss due to chronic sinusitis5-7, viral
infection8, head trauma9-10, or allergic rhinitis.11 To better understand the processes
underlying OM degradation and repair, we developed a panel of pathological stains and
cellular biomarkers for characterizing olfactory sensory neurons, olfactory supporting cells,
and immune cells to better understand the processes underlying OM degradation and repair.
We have identified four OM patterns that were present to differing degrees in CRS biopsies.

HISTOPATHOLOGY OF THE OLFACTORY MUCOSA
A 1-2 mm3 biopsy was taken from the superior aspect of the middle turbinate (n = 45) or the
opposed septum (n=9) of 54 CRS patients (13M and 41F) ranging in age from 18-63 years
old (mean, 42.6 ± 1.78). The precise region where the biopsies were taken was dependent on
accessibility in the nasal cavity in each patient. We (E.A.P. and D.R.) have taken 500+ nasal
biopsies over the past 10 years. Following informed consent, biopsies were taken under local
anesthetic according to protocols approved by the Institutional Review Board of Thomas
Jefferson University by experienced otorhinolaryngologists in the physician’s clinic.
Approximately 63% of the biopsies of CRS patients had olfactory sensory neurons based on
immunohistochemical analysis. We analyzed over 150 alcian blue/hematoxylin and eosin-
stained sections and observed four distinctive OM patterns: normal pseudostratified, goblet
cell hyperplasia, squamous metaplasia, and erosion. The human olfactory epithelium has a
laminar organization composed of an apical layer of olfactory supporting cells, several
layers of mature and immature olfactory sensory neurons underneath, and one or more lower
layers composed of proliferating basal cells which sit on top of the basement membrane and
can differentiate into olfactory neurons or supporting cells (Fig 1A). Beneath the basement
membrane is the lamina propria which is composed of connective tissue, mucus glands,
blood vessels, axonal bundles, ensheathing cells, trigeminal fibers and local immune cells.12

In goblet cell hyperplasia, goblet cells were intermixed with olfactory supporting cells, as
revealed by Alcian blue staining, while the underlying neuronal layers in the olfactory
epithelium remained unchanged (Fig 1B). Goblet cells are normally found only in
respiratory epithelium13, and it has been reported that areas of damaged olfactory
epithelium are often replaced with respiratory epithelium.12 However in most cases,
biopsies with goblet cell hyperplasia contained neuronal cells, indicating the presence of
sensory epithelium and not respiratory epithelium.

Squamous metaplasia was characterized by the transformation of the apical layers of the
olfactory epithelium into thick squamous-like cellular layers, which may extend deep into
the olfactory epithelium (Fig 1C). In more severe cases, the apical layers became flattened,
sloughed off, and transformed into a continuous squamous layer (Fig 1D). Another
characteristic of squamous metaplasia was the hyperproliferation of multiple layers of basal
cells (data not shown). Squamous metaplasia could be a protective response of epithelia to
injury, irritation, and chronic inflammation, but this “protection” may paradoxically impair
recovery of sensory or respiratory epithelium after remodeling.

The degree of epithelial erosion varied from damage confined to the apical cell layers,
coincident with the loss of olfactory supporting cells, to extensive erosion leaving only a few
cell layers attached to the basement membrane (Fig 1E), to complete loss of all cell layers
leaving an exposed basement membrane (Fig 1F). This could occur if the cellular matrix
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(e.g., matrix metalloproteinasess and their tissue inhibitors) in the olfactory epithelium was
compromised by chronic inflammation. Degradative enzymes and acids released by
inflammatory cells and activation of matrix metalloproteinases may directly alter the
intracellular composition.14-15 This could lead to a greater susceptibility to damage from
ordinary mechanical stresses as well as render the tissue more susceptible to damage during
excision. In either case, altered tissue composition could result in the erosion pattern we
observed most commonly among patients with the most severe clinical pathology.

These olfactory epithelial changes were accompanied by morphological alterations in the
lamina propria, such as thickening of the basement membrane, invagination of the lamina
propria into the olfactory epithelium, fibrosis of the connective tissue, and infiltration of
inflammatory cells. Specific characteristics of the lamina propria were observed with each
OM pattern of remodeling. There were fewer mucus glands but more vasculature in the
lamina propria of squamous metaplasia compared to the two other OM patterns. Infiltration
of immune cells (i.e., eosinophils, neutrophils, and macrophages) into the olfactory
epithelium was most prevalent in the OM exhibiting a pattern of erosion.

CELLULAR CHARACTERISTICS OF OLFACTORY MUCOSA PATTERNS
Standard immunohistochemical methods were applied as previously described.16
Antibodies used in this study were mouse anti-cytochrome 2A5 (1:500, gift from Dr. Xin-
Xin Ding), goat anti-olfactory marker protein (1:2000, cat. #54-1000, WAKO, Richmond,
VA), rabbit polyclonal anti-PGP9.5 (1:1000, cat. #AB1761, Chemicon, Temecula CA),
mouse anti-β-tubulin III (1:500, cat. #MMS-435P, Babco, Berkeley, CA), mouse anti-CD64
(1:50, cat. #555525. BD Biosciences, San Jose, CA), mouse anti-elastase (1:200, cat.
#E2230, BD Biosciences), and mouse anti-major basic protein (1:50, cat. #550843, BD
Biosciences).

Each OM pattern was characterized by distinctive cellular profiles. In the normal
pseudostratified OM pattern, olfactory supporting cells and serous cells of the mucus glands
were cytochrome 2A5-immunoreactive (cyp2A5-ir). Cyp2A5 plays an important role in the
metabolism of air-borne compounds found in the environment and its localization in the
olfactory supporting cells provides protection for the underlying olfactory sensory neurons.
17-18 Olfactory supporting cells were absent in eroded olfactory epithelium and absent in
squamous-like olfactory epithelium, potentially leaving the underlying neuronal cell layers
and lamina propria vulnerable to air-borne toxicants and environmental insults. In addition,
there is growing evidence that olfactory supporting cells play a role in the maintenance of
the olfactory neurons. Hegg and her colleagues suggested that olfactory supporting cells
play a role in olfactory sensory neuron proliferation by ATP-induced neutrotrophic factor
mediation.19-20 Hence the loss of olfactory supporting cells in both erosion and squamous
OM patterns could have significant implications for both tissue remodeling and normal
regeneration processes. Olfactory marker protein-immunoreactive (OMP-ir) mature
olfactory sensory neurons were observed in the normal OM pattern. These cells exhibited a
typical morphology with dendritic processes, cell bodies located below the olfactory
supporting cells and axonal processes projecting through the basement membrane and into
the lamina propria. Similar cellular morphologies were observed in goblet cell hyperplasia.
In squamous metaplasia, OMP-ir olfactory sensory neurons had abnormal morphology in
which the olfactory sensory neurons lacked dendritic processes and were localized just
above the basement membrane and/or in the apical squamous layers. The neuronal identity
of these apically localized OMP-ir cells was confirmed with other neuronal markers
including PGP9.5 and β-tubulin III, which co-localized with OMP. Thus, a subset of these
squamous-like cells expressed neuronal proteins and perhaps was olfactory neurons before
transformation. However, it seems unlikely that these abnormal OMP-ir olfactory sensory
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neurons are functional and even if some function remains, it is doubtful that odorants could
penetrate through the thick, squamous-like layers. In erosion, the loss of OMP-ir olfactory
sensory neurons varied with the degree of damage.

In CRS, the infiltration of immune cells was observed within the lamina propria, sometimes
as dense clusters or scattered throughout, and also within the olfactory epithelium. As an
initial analysis, we examined the infiltration of specific immune cells in the olfactory
epithelium. Major basic protein-ir eosinophils, CD64-ir macrophages, and elastase-ir
neutrophils were the most prevalent in the olfactory epithelium with erosion, followed by
squamous metaplasia, and then goblet cell hyperplasia. This sequence suggests that the
pattern of erosion may be the initial result of chronic inflammatory responses whereas
squamous metaplasia may represent a state of protective OM repair.

SUMMARY
Our purpose was to characterize nasal tissue remodeling caused by CRS and to assist in
generating hypotheses as to the possible cellular/inflammatory mechanisms contributing to
the disease. The presence of all four OM patterns in CRS patients indicates that the OM
undergoes continuous remodeling and repair. However, it is unknown if these patterns
represent successive steps in the progression of the disease or result from different
remodeling pathways involved in CRS, perhaps related to initial cause, history of therapy or
medication, or genetics. It is notable that each of the OM patterns were detected in differing
degrees in both diseased and healthy subject biopsy samples (data not shown). This suggests
that the processes observed in CRS represent repair and remodeling processes that occur
normally in response to the wear and tear of pollution, airborne infectious agents and other
environmental challenges. Cytokines and other factors released both by dying cells and
activated immune cells play critical roles in the processes of repair and regeneration. In the
OM, several factors released by macrophages have been directly implicated in this process,
including leukemia inhibitory factor (LIF), LIF receptor, STAT3, macrophage inflammatory
protein-1α and moncyte chemoattractant protein-1.21-22

Indeed, a mild inflammatory state may be the ‘default’ condition of the nasal mucosa, and
treatments designed to block that process may prove counterproductive. Histopathological
and immunohistochemical data from this study also suggest that the chronic inflammatory
process has a detrimental effect on the neuroepithelium that may exceed its ability to
regenerate. In addition, the loss of olfactory supporting cells in both erosion and squamous
metaplasia suggests that tissue repair and cellular recovery in the olfactory epithelium may
depend on these cells. Future studies will examine the inflammatory mechanisms causing
the loss of both the olfactory sensory neurons and the olfactory supporting cells, which
could lead to insights into potential treatments for CRS-related smell loss.
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Figure 1.
Olfactory mucosa patterns observed in the biopsies of CRS patients. A. A normal
pseudostratified human olfactory epithelium has a laminar organization consisting of an
apical layer of olfactory supporting cells, several layers of immature and mature olfactory
sensory neurons, and one or more layers of basal cells sitting on top of the basement
membrane. Beneath the basement membrane is the lamina propria which is composed of
connective tissue, mucus glands, blood vessels, olfactory axon bundles, trigeminal fibers and
local immune cells. B. Goblet cell hyperplasia pattern is characterized by the presence of
goblet cells intermixed with olfactory supporting cells in the olfactory sensory epithelium.
C. Squamous metaplasia pattern is characterized by the transformation of the apical layers of
cells into squamous-like layers. D. Flattening of squamous-like apical layers indicates severe
squamous metaplasia pattern. E - F. Erosion pattern is characterized by various degrees of
olfactory epithelium loss, leaving an exposed basement membrane. Arrows = goblet cells, G
= glands, BV = blood vessel, dashed line = basement membrane. Scale bar: A and F =
40μm, B = 50μm, C-E = 20μm.
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