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Abstract
OBJECTIVES—Olfactory loss is a debilitating symptom of chronic rhinosinusitis. To study the
impact of inflammation on the olfactory system, the Inducible Olfactory Inflammation (IOI)
transgenic mouse was created in which inflammation can be turned on and off within the olfactory
epithelium. In this study, the type II TNF receptor (TNFR2) was knocked out, and the effect on
the olfactory loss phenotype was assessed.

METHODS—IOI mice were bred to TNFR2 knockout mice to yield progeny IOI mice lacking
the TNFR2 receptor (TNFR2−/−). TNF-α expression was induced within the olfactory epithelium
for 6 weeks to generate chronic inflammation. Olfactory function was assayed by electro-
olfactogram (EOG), and olfactory tissue was processed for histology and immunohistochemical
staining.

RESULTS—Compared to IOI mice with wild type TNFR2, IOI mice lacking the TNFR2
demonstrated similar levels of inflammatory infiltration and enlargement of the subepithelial
layer. However, IOI-TNFR2−/− mice differed markedly in that the neuronal layer was largely
preserved and active progenitor cell proliferation was present. Odorant responses were maintained
in the IOI-TNFR2−/− mice, in contrast to IOI mice.

CONCLUSIONS—TNFR2 is the minor receptor for TNF-α, but appears to play an important
role in mediating TNF-induced disruption of the olfactory system. This finding suggests that
neuronal death and inhibition of proliferation in CRS may be mediated by TNFR2 on olfactory
neurons and progenitor cells. Further studies are needed to elucidate the subcellular pathways
involved and develop novel therapies for treating olfactory loss in the setting of CRS.
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INTRODUCTION/BACKGROUND
Among the symptoms associated with chronic rhinosinusitis (CRS), olfactory loss can have
a particularly negative impact on quality of life 1–3. Moreover, the loss of the sense of smell
presents a health risk, because of an inability to detect dangers such as smoke, natural gas, or
rotting food. The cause of olfactory dysfunction in CRS is incompletely understood. While
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obstruction of airflow to the olfactory cleft is likely a major contributing factor, chronic
sinonasal inflammation can also lead to pathologic alterations in peripheral olfactory
structure and physiology 4. Olfactory receptor neurons and their progenitor cells reside
within the nasal mucosa in the olfactory cleft 5. They have a remarkable capacity for
regeneration, but, nevertheless are susceptible to local immune mediators in the setting of
chronic rhinosinusitis 5. It is believed that longstanding tissue damage results in replacement
of the specialized olfactory neuroepithelium with respiratory mucosa 4. However, the
relatively rapid reversibility of CRS-associated olfactory loss with systemic corticosteroids
observed in some patients suggests that other mechanisms, which are perhaps cytokine-
mediated, decrease olfactory function.

A transgenic mouse model of inducible olfactory inflammation (IOI) has recently been
developed to provide insight into the pathophysiology of the human disease 6. In this IOI
mouse model system, which has been previously described by our group 7–9, tissue-specific
expression of inflammatory cytokines can be controlled temporally by administration of the
antibiotic doxycycline. Our initial studies have employed the CRS-associated cytokine,
tumor necrosis factor alpha (TNF-α), for which in vitro evidence had suggested a direct
effect on olfactory neurons and their progenitors 10–11. Chronic inflammation induced by
TNF-α causes neuronal apoptosis and suppression of normal olfactory regeneration 6. Also,
there is a decrease in the electrophysiologic response to odorant stimulation in these mice
that occurs before neuronal loss is evident 6, 8. Expression of TNF-α results in a progressive
inflammatory infiltrate that mimics mucosal inflammation in CRS. In the IOI mouse, once
administration of doxycycline is discontinued, the inflammatory infiltrate resolves rapidly
and the olfactory epithelium regenerates. Simultaneous treatment of the mice with systemic
corticosteroids inhibits the inflammatory response and preserves the normal architecture in
some portions of the olfactory mucosa 9. However, steroids cannot modulate transgene
TNF-α expression, and thus the decrease in odorant responses remains.

TNF-α is a pleiotrophic cytokine with diverse roles in multiple cell types and organ systems.
It is associated with most infectious and inflammatory diseases, including rhinosinusitis. The
binding of TNF-α to its receptors results in recruitment of signal transducers that act on
complex signaling cascades and networks. There are two receptors for TNF-α that have
been described. Both are members of the TNF receptor superfamily characterized by
cysteine-rich pseudorepeats in their extracellular regions 12–13. The type I TNF receptor
(TNFR1), or p55 receptor, is the dominant receptor that is expressed in all cell types and
believed to responsible for most effects of the cytokine 14. TNFR1 is activated by both
membrane-bound and soluable forms of TNF-α. Research on TNF signaling is derived
mostly from the TNFR1-dependent pathway. TNF-α activation can initiate one or more of
the three pathways: activation of NF-κB, activation of MAPK, and induction of death
signaling 13, 15. The NF-κB pathway is primarily responsible for the inflammatory response;
the MAPK pathway is primarily responsible for cell differentiation and proliferation; the
induction of death signaling pathway is primarily responsible for caspase-induced cell
apoptosis. Activation of TNFR1 appears to be sufficient to induce the most common TNF
responses 16–18.

The role of the type II TNF receptor (TNFR2), or p75 receptor, is less well characterized
and presumed to have an accessory function. Experimental results reported in the literature
do not demonstrate a consistent activity of TNFR2 in mediating TNF-α responses. In some
cell types, TNFR2 can independently mediate cellular responses like activation of NF-
κB 18–19, proliferation 20, and cell death 21–24. TNF-α has been shown to induce apoptosis
of mature olfactory receptor neurons in olfactory epithelium explants 11. However, its role in
human olfaction physiology is unknown. In this study, we utilize the inducible olfactory
inflammation model to explore the importance of the TNFR2 in the development of the
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olfactory loss phenotype. The findings suggest a previously unrecognized role of this
receptor in mediating olfactory neuron death and progenitor cell proliferation in
inflammatory olfactory loss.

MATERIALS & METHODS
Inducible Olfactory Inflammation (IOI) Mouse

The creation of the IOI mouse line has been described previously 6. Briefly, the reverse
tetracycline transactivator gene was knocked into the olfactory-specific cyp2g1 coding
region generating a cyp2g1-rtTA strain. This line was crossed with a line containing the
TNF-α gene under the control of a tetracycline-responsive element (TRE-TNF-α) to
generate the inducible inflammation model (IOI mouse). The IOI mouse line was bred to a
strain deficient in the tumor necrosis factor receptor superfamily, member 1b (Tnfrsf1b or
TNFR2) (Jackson Laboratory, Bangor ME), until homozygous progeny were achieved that
were homozygous for TNFR2 knockout and carried the IOI genotype (IOI-TNFR2−/−).
Doxycycline (DOX) was used to induce TNF-α expression in adult mice between the ages
of 6 and 8 weeks old.

Histologic Analyses
After sacrifice by CO2 inhalation, the mice were decapitated and the heads were fixed and
decalcified by immersion in TBD2 solution (Shandon, Pittsburgh, PA) for 24 hours. The
heads were embedded in paraffin, and 6-μm sections were obtained and collected on glass
slides for hemotoxylin and eosin staining. For frozen section analysis, the mice were
anesthetized by an intraperitoneal injection of 100 mg/kg of ketamine hydrocholoride/
xylazine hydrochloride solution (Sigma, St. Louis, MO), before intracardiac perfusion with
4% paraformaldehyde. The olfactory tissue was then dissected, postfixed in 4%
paraformaldehyde overnight, and transferred to a solution of 30% sucrose and 250 mM of
EDTA for 48 hours. The decalcified heads were then infiltrated with TFM tissue freezing
medium (Triangle Biomedical Sciences, Inc., Durham, NC) and frozen on dry ice into a
plastic mold. Sections of mouse olfactory tissue in OCT were cut on a cryostat (10 μm),
placed on Super-frost plus slides (Fisher Scientific, Pittsburgh, PA), and dried 4° C
overnight. Slides were stored −80°C for future staining.

Immunohistochemistry
Cryostat sections were microwaved at 60% power for 10 minutes in 0.01M Citrate Buffer,
pH 6.0, washed in phosphate-buffered saline (PBS) and were blocked for 1 hour in PBS
containing 10% normal goat serum. Slides were incubated overnight at 4°C in 5% normal
serum containing primary antibody to keratin 5 (1:500) (K5, Covance, Princeton, NJ),
NCAM (1:1000) (Millipore, Billerica, MA) or CD-68 (1:1000) (Serotec, Raleigh, NC).
Primary antibodies were detected using 1:200 dilution of fluorescent tagged secondary
antibodies (Alexa-fluor, Invitrogen, Carlsbad, CA; Dylight, Jackson ImmunoResearch, West
Grove, PA). Each sample was counterstained by the nuclear stain, DAPI (Vector Labs,
Burlingame, CA). Images were viewed using a LSM510 confocal microscope (Carl Zeiss
Micro-imaging). Measurements of K5 fluorescent intensity along a zone 4 turbinate were
made using Axiovision 4.8 software.

Bromodeoxyuridine Labeling
Mice were injected intraperitoneally with bromodeoxyuridine (BrdU) (Sigma, St. Louis,
MO), 50 μg/g of body weight, 120 minutes before sacrifice. Cryostat sections were then
incubated with 3 N HCl for 30 minutes and treated with proteinase K in Tris-Edta buffer for
10 minutes before immunostaining with rat anti-BrdU antibody (1:100) (Abcam,
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Cambridge, MA). Primary antibodies were detected using a fluorescent tagged secondary
antibody (Alexa-fluor, Invitrogen, Carlsbad, CA). Each sample was counterstained by the
nuclear stain, DAPI (Vector Labs, Burlingame, CA). Images were viewed using a LSM510
confocal microscope.

Electro-olfactogram (EOG)
EOGs were performed according to previously published methods. 6,7,9 The medial surface
of the olfactory turbinates was prepared for recording after the mouse was sacrificed using
CO2. Odorant solutions (Aldrich, St. Louis, MO) were prepared in DMSO and diluted with
water to the working concentration just before EOG recording. Test odorants for air delivery
were prepared at liquid concentrations of 10−3 [final DMSO concentration of 0.2% (v/v)],
and diluted to 10−4 and 10−5 M concentrations. Responses to DMSO diluent alone were
measured. Odorant stimulation was delivered in the vapor phase as a 100-millisecond pulse
by injection into the continuous stream of humidified air. The odorant stimulus pathway was
cleaned by air between each stimulus presentation with a minimum interval of 1 minute
between two adjacent stimuli. Field potentials were measured with two electrodes, placed on
either turbinate IIb or turbinate III, to acquire simultaneous recordings. Data was analyzed
with Clampfit (Axon Instruments, Union City, CA). Peak amplitudes were determined from
pre-pulse baseline, but no other data normalizations were performed.

RESULTS
In the absence of inflammation, the olfactory epithelium (OE) demonstrates an apical single
layer of sustentacular cells overlying a densely packed layer of olfactory sensory neurons
and their progenitors (figure 1, top panel). Multipotent stem cells (horizontal basal cells and
globose cells) reside in the most basal aspect of the neuronal layer. Below the basement
membrane in the subepithelium are well-demarcated axon bundles. In the absence of
doxycycline administration, the gross olfactory histologic phenotypes of the IOI and IOI-
TNFR2−/− mice are identical and normal. After 6 weeks of doxycycline-induced TNF-α
expression in IOI mice, the OE is significantly thinned (figure 1, middle panel). There is a
near complete loss of the population of mature olfactory receptor neurons, although the
sustentacular layer remains intact. In the subepithelium, there is disruption in the
architecture with inflammatory cell infiltration and absent axon bundles. In the IOI-
TNFR2−/− mice after 6 weeks of doxycycline-induced TNF-α expression, there is a
subepithelial inflammatory infiltrate that is comparable to IOI mouse (figure 1, bottom
panel). However, the OE in many areas is similar in thickness to that of the uninflamed
mouse, and axon bundles are present, although compressed and irregular.

To better visualize the changes suggested by the histologic sections, immunohistochemical
staining was performed for a series of markers. First, the population of olfactory neurons
and their axon bundles were labeled with an antibody to neural cell adhesion molecules
(NCAM). As seen in figure 2, in the absence of inflammation, NCAM is highly expressed in
the cytoplasm of the olfactory neurons within the OE and in the axon bundles within the
subepithelium. NCAM staining is almost completely absent in the IOI mouse after 6 weeks
of doxycycline. In the IOI-TNFR2−/− mice, the neurons are preserved, although the axon
bundles are smaller. Using an antibody to CD68, a protein heavily expressed by tissue
macrophages 25, the inflammatory cell infiltrate was better demarcated (figure 3). This
reveals that the changes in the axon bundle size and shape in IOI-TNFR2−/− mice are due to
inflammatory cell infiltration and crowding within the subepithelium. Taken together, these
findings suggest that loss of TNFR2 does not significantly impact the inflammatory
response to chronic TNF-α, but does prevent the destruction of the olfactory neuron layer
that we have reported in IOI mice.
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Horizontal basal cells (HBC) lie in the basal layer of the OE and contribute to normal turn-
over and injury-induced neurogenesis 26. These cells are normally quiescent but undergo a
proliferative burst in the setting of extensive olfactory neuron depletion to repopulate all
olfactory epithelial cell compartments 27. Keratin 5 (K5) is specifically expressed on HBCs
and it used as a identifying marker in immunohistochemical analysis 28. We employed K5
immunohistochemical staining to identify HBC in the OE (figure 4). In uninflamed mice, the
basal aspect of the OE shows a uniform layer of HBC directly above the basement
membrane (figure 4A). After 6 weeks of doxycycline-induced TNF-α expression in IOI
mice, there is diminished expression of K5 in the thinned epithelium (figure 4B). This
suggests that the HBC population in inflamed regions was destroyed, depleted, or lost K5
expression. However, in IOI-TNFR2−/− mice after 6 weeks of doxycycline-induced TNF-α
expression, K5+ cells persist above the basement membrane, and in some places appear to
form multiple layers (figure 4C). The increased number of K5+ cells after TNF- α induction
is highly statistically significant (p=0.006). This unexpected finding suggests that TNFR2
may be important in mediating the loss of olfactory stem cells in the setting of prolonged
inflammation.

A key feature of the IOI mouse is the absence of progenitor cell proliferation and
regeneration of the OE during active inflammation. This is notable, because other
experimental insults to the OE result in very robust expansion of progenitor cells and rapid
reconstitution of the OE. In order to determine whether the maintenance of stem cells in IOI-
TNFR2−/− mice was associated with ongoing OE regeneration, we utilized
bromodeoxyuridine (BrdU) staining. 29. Dividing cells in the OE were labeled with BrdU
and visualized with a fluorescent anti-BrdU antibody (figure 5). As previously reported, the
normal level of cell division in the OE is very low in the uninflamed state (figure 5A) 6.
After 6 weeks of doxycycline induction, BrdU+ cells above the basement membrane remain
rare in the IOI mouse (figure 5B, center panel), although dividing cells may be seen in the
lamina propria. However, after 6 weeks of doxycycline-induced TNF-α expression in the
IOI-TNFR2−/− mice, there is active proliferation in the basal layer of the epithelium, with
seven to eight BrdU+ cells observed per high power field (figure 5C). The increased number
of proliferating cells in the doxycycline-treated IOI-TNFR2−/− mice versus IOI mice is
statistically significant (p=0.03). Our previous studies had suggested that TNF-α directly
inhibited progenitor cell proliferation 7, and these current results further support a TNFR2-
dependent pathway.

Lastly, we examined the consequences of TNF-α on sensory function. The responses of
mature olfactory neurons to odorants were assessed by electro-olfactogram (EOG)
recordings (figure 6). Odorant responses were reduced approximately 60% in both IOI and
IOI-TNFR2−/− groups at 2 weeks. Of note, our previous study showed that the histological
changes seen in IOI mice were not present at this time point 6. After 6 weeks of doxycycline,
there is further reduction of odorant responses in both groups. The IOI-TNFR2−/− mice had
slightly higher EOG amplitudes at 6 weeks compared to EOG responses in IOI mice,
although this did not achieve statistical significance (p=0.06). These results are consistent
with our previous hypothesis that TNF-α expression directly results in a desensitization of
the odorant response. While the olfactory loss in the IOI mouse becomes profound due to a
near total loss of neurons at 6 weeks, the olfactory neuron dysfunction in the IOI-TNFR2−/−

mouse is less complete because the neurons remain intact. This suggests that TNF-α
modulation of olfactory neuron function is not mediated completely via TNFR2.

DISCUSSION
The IOI mouse model provides a robust system to study inflammation-induced olfactory
loss. In the present study, we show that IOI mice lacking the TNFR2 receptor (IOI-
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TNFR2−/−) develop similar levels of inflammatory cell infiltration and enlargement of the
subepithelial layer as do IOI mice with wild type TNFR2 (IOI-TNFR2+/+). However, the
IOI-TNFR2−/− mice demonstrate comparative preservation of the neuronal layer and active
progenitor cell proliferation, while the IOI mice display progressive death of olfactory
receptor neurons. Odorant responses were maintained to a greater extent in the IOI-
TNFR2−/− mice, in contrast to the IOI mice, although both were significantly affected,
suggesting that TNFR2 does not mediate TNF-α-induced dysfunction of mature olfactory
receptor neurons.

TNF-α is a cytokine generally associated with infection, injury, and inflammation
throughout the body in diverse disease states, including CRS. The specific mechanisms of
TNF-α expression and signaling on olfactory dysfunction have yet to be fully elucidated.
Much of the research on TNF-α and inflammation have focused on the TNFR1 receptor,
which is believed to be the dominant receptor in inducing TNF responses 16–18. The function
of TNFR2 is less well understood. Experimental results reported in the literature do not
demonstrate a defined consistent activity of TNFR2 in mediating TNF-α responses 13. TNF-
α signaling pathways are complex, and the recent literature suggests functional cross-talk
may occur between the two receptors as well as autoregulation of the TNFR2 receptor 13.

There has been growing evidence for an independent role of TNFR2 in immune and
inflammatory reactions 30–33. TNFR2 has been shown to maintain and exert tumor cytolytic
activity in vitro and induce tumor necrosis in vivo in studies using receptor-specific agonist
antibodies that selectively bind TNFR1 and TNFR2 34–36. Recent work with TNFR knock-
out mice has highlighted the once overlooked effects of the TNFR2 receptor. Using both
single and double knock-out TNFR mice, Zhao et al. showed that TNFR2 expressed on host
innate immune cells is sufficient to mediate the antitumor effect of TNF 37. TNFR2 has been
shown to play important role in inflammation in the kidney 38, gastrointestinal system 39–40,
and lung 13. Our study is the first to use TNFR2 knock-out mice to study the olfactory
system, and also the first to implicate a role of TNFR2 in inflammation of the olfactory
epithelium.

Our previous investigation into the role of TNF-α in inflammatory olfactory loss provided
evidence that TNF-α has both direct and indirect mechanisms that lead to olfactory
dysfunction 9. The addition of prednisolone to IOI mouse model diminishes the indirect
effects that occur via downstream mediators, thus isolating the direct effects of transgene-
mediated TNF-α expression on the olfactory epithelium. Prednisolone resulted in the
preservation of large areas of olfactory epithelium, suggesting that neuronal apoptosis was
not directly mediated by TNF-α. At the same time, diminished olfactory function remained
despite steroid treatment, which may indicate a direct effect of TNF-α. A possible
mechanism would be increased neuronal intracellular calcium levels due to TNF-α
signaling, leading to feedback desensitization of the odorant electrical response. These
findings led us to our current study which attempts to isolate the individual roles of the two
TNF-α receptors. We hypothesized that differential effects of TNFR1 and TNFR2 would
exist in TNF-α-mediated olfactory loss. The results of the present study are consistent with
the concept that chronic TNF-α signaling results in desensitization of olfactory neuron
odorant responses via TNFR1, whereas TNFR2 mediates suppression of basal progenitor
cell proliferation. It remains unclear whether TNFR2 on progenitor cells are directly
responsible, or whether TNF-α acts through TNFR2 on another cell type, which in turn
secretes mediators that impact progenitor cells via different receptor types. Future studies
will be necessary using steroid treatment in the IOI-TNFR2−/− mice, as well as employing
conditional knockouts in progenitor cell populations, in order to clarify this issue.
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Olfactory loss in the setting of CRS is difficult to treat, and patients often find this symptom
to be particularly debilitating. The use of systemic steroids to reduce inflammation has
shown some benefit in improving olfaction 41, but it is not a feasible long-term therapy
because of significant side-effects and potentially serious health complications. Functional
endoscopic sinus surgery, used to remove polyps and allow for more effective delivery of
topical anti-inflammatory agents, has limited benefit in improving olfaction 42. Further
research is needed to understand the pathophysiology of inflammation-induced olfactory
dysfunction in order to develop new therapies that target the specific pathways involved.

CONCLUSION
The IOI transgenic mouse provides a unique model to study mechanisms underlying human
olfactory dysfunction. TNF-α is a potent inflammatory cytokine that provokes severe
inflammation and olfactory loss in the IOI mouse. Genetic ablation of the type 2 TNF
receptor permits new insights into subcellular pathways underlying TNF-α-induced
inflammatory olfactory loss. Although TNFR2 has traditionally been considered the minor
receptor for TNF-α, findings in the IOI mouse suggest that TNFR2, either through direct or
indirect pathways, has an important function in mediating CRS-associated olfactory loss.
Neuronal death and inhibition of proliferation in inflammation appears to be dependent in
part on TNFR2 expressed by olfactory neurons and their progenitor cells. Further
investigations are needed to fully elucidate this complex pathway in animal models and CRS
patients. Insights into the role of TNF-α will promote development of novel specific
therapies for treating olfactory loss in the setting of CRS.
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Figure 1.
Histopathologic features of the olfactory epithelium in the IOI mouse and TNFR2 knockout.
Top panel: In the absence of dox induction of TNF-α, the olfactory epithelium has a normal
appearance with apical sustentacular cells, a thick layer olfactory neurons and their basal
progenitors, and a loose subepithelial space below the basement membrane with blood
vessels, glands, and axon bundles. Middle panel: Within 6 weeks of doxycycline-induced
TNF-α expression in IOI mice, the olfactory neuronal layer becomes dramatically thinned
due to widespread death of olfactory neurons. The sustentacular cells remain intact. There is
prominent subepithelial infiltration by inflammatory cells and axon bundles are largely
absent. Bottom panel: In IOI-TNFR2−/− mice, 6 weeks of doxycycline-induced TNF-α

Pozharskaya et al. Page 10

Int Forum Allergy Rhinol. Author manuscript; available in PMC 2014 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



expression, the olfactory neuron layer remains relatively intact, despite a subepithelial
infiltration of inflammatory cells comparable to that observed in the IOI mouse. Axon
bundles appear reduced in size and irregular, likely secondary to crowding by subepithelial
inflammatory cells.
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Figure 2.
Neural cell adhesion molecule (NCAM) staining of olfactory epithelium. Left panel: At
baseline, control mice express NCAM diffusely within the cytoplasm of olfactory sensory
neurons as well as within the axon bundles. Center panel: After 6 weeks of doxycycline-
induced TNF-α expression, IOI mice show almost no NCAM expression. Right panel: After
6 weeks of doxycycline-induced TNF-α expression, IOI-TNFR2−/− mice demonstrate
NCAM expression within the olfactory neuroepithelium and axon bundles. Note the smaller
size of the axon bundles due to compression by infiltrating inflammatory cells.
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Figure 3.
CD68 staining of olfactory epithelium. CD68 is a glycoprotein that is expressed on
monocytes and macrophages. A: At baseline, control mice show no expression of CD68+
cells. B&C: After 6 weeks of doxycycline-induced TNF-α expression, IOI mice (B) and
IOI-TNFR2−/− mice (C) demonstrate diffuse CD68 expression within the subepithelium,
representing an inflammatory cell infiltrate. As depicted in the graph lower left panel, there
is a statistically significant increase in the percentage of turbinate tissue with CD68 staining
in both IOI and IOITNFR2−/− mice as compared to untreated mice. *p=0.009, **p=0.035.
Error bars represent standard error of the mean.
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Figure 4.
K5+ olfactory progenitor cells are abundantly present in IOI-TNFR2−/− mice after chronic
TNF-α expression. A: The K5+ cell population (horizontal basal cells) are normally present
as a uniform single layer of immediately above the basal lamina. B: In IOI mice expressing
TNF-α for 6 weeks, there is a near complete absence of K5 expression in the markedly
thinned olfactory epithelium. C: In IOI-TNFR2−/− mice, horizontal basal cells are not only
present, but appear to be in multiple layers with heterogeneous cell sizes. Differences in K5-
expressing cells are represented graphically in the lower left panel. *p=006, **p=0.043.
Error bars represent standard error of the mean.
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Figure 5.
Active proliferation of basal cells in IOI-TNFR2−/− mice. BrdU labeling was used to
visualilze proliferating progenitor cells in the OE. A: Dividing cells are rare in adult mice in
the absence of injury or perturbation. B: After 6 weeks of doxycycline-induced TNF-α
expression in IOI mice, there are also no BrdU expression in the OE, although dividing
inflammatory cells in the subepithelium may be seen. C: After doxycycline-induced TNF-α
expression for 6 weeks in the IOI-TNFR2−/− mice, BrdU+ cells can be seen in the basal
layer of the olfactory epithelium. Lower left panel: graph depicting differences in BrdU
labeling. *p= 0.02, **p=0.03. Error bars represent standard error of the mean.
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Figure 6.
Effect of TNFR2 knockout on functional odorant responses in TNF-α-induced olfactory
inflammation. Normal baseline electro-olfactogram (EOG) responses in uninflamed IOI and
IOI-TNFR2−/− mice are shown in the first column. After 2 weeks of doxycycline treatment,
the EOG responses are reduced in both groups. There is further reduction in odorant
response at 6 weeks in both groups, with the IOI-TNFR2−/− group demonstrating slightly
higher response amplitudes than the IOI group. This difference did not achieve statistical
significance (p=0.06, Student's T-test). The data represent average responses from a
minimum of 4 independent recordings. Error bars represent SEM.
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