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Clinical data show that part of patients with sinonasal diseases suffered from olfactory dysfunction,
especially with allergic rhinitis (AR) and chronic rhinosinusitis (CRS). However, the mechanisms
responsible for AR-induced olfactory loss are still largely unknown. Because of the difficulty to obtain
human olfactory mucosa, an AR-induced olfactory loss animal model needs to be constructed to clarify
the mechanism. The AR mouse model was induced by intraperitoneal sensitizing with ovalbumin (OVA)
followed by intranasal challenge lasted from 1 to 12 weeks. For groups with recovery, mice were housed
for another 4-week long without any treatment after the last intranasal challenge. Olfactory function,
olfactory receptor neurons (ORNs) density and leukocytes infiltration were examined at different time
points. Olfactory loss occurs immediately after 1-week intranasal challenge and deteriorates almost to
anosmia after 8th week, and after that olfactory loss become irreversible. Nasal inflammation induces
significant infiltration of leukocytes into olfactory epithelium (OE), which negatively correlated with the
density of ORNs and mouse olfaction in a time dependent manner. The neutrophilic subtype dominates
in number amongst the total infiltrated leukocytes, indicating its pivotal role in nasal inflammation-
induced olfactory dysfunction. In this study, we constructed a persistent AR-induced olfactory loss
mouse model, losing the ability to recover from dysfunction if the disease duration more than eight
weeks, which implies that timely treatments are necessary. Meanwhile, this mouse model could provide
an easy and reliable system to clarify the mechanisms of AR-induced irreversible olfactory dysfunction.

© 2019 Published by Elsevier Inc.

1. Introduction

Olfaction is an ancient and critical system in the evolution which
plays important roles in safety, nutrition, sexuality, mood, etc [1].
Olfactory dysfunction impairs the ability to discriminate flavors,
detect harmful odors from the environment, and decreases the
quality of life [2,3]. Recent researches show the prevalence of ol-
factory dysfunction is 3—20% in the general population [4], which
may be underestimated due to the lack of attention (as compared to
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blindness and deafness). Risks of olfactory dysfunction include age,
chronic sinonasal diseases, upper airway infections, severe head
trauma and neurodegenerative diseases [5]. Chronic sinonasal
diseases, especially allergic rhinitis (AR) and chronic rhinosinusitis
(CRS) account for the main causes of olfactory dysfunction [6].
Morbidity of olfactory dysfunction in AR patients ranges from 20%
to 40%, with a mild-to-moderate severity [7], which increases to
61%—83% in CRS patients. Nowadays AR-induced olfactory loss has
attracted much attention, while the mechanisms responsible for
AR-induced olfactory loss are still largely unknown and need
further investigation.

Because of the difficulty to obtain and analyze human olfactory
mucosa, available animal model needs to be constructed. When
odor molecules bind to the receptors on the olfactory cilia, they
activate the ion channels of olfactory receptor neurons (ORNs),
which transduce the signals through the cribriform plate into ol-
factory bulb and then transfer to the olfactory center, leading to
sense of smell [8]. Several animal models of olfactory loss have been
developed by damaging the olfactory pathways, including viruses,
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toxins, transection of the olfactory filaments, or use transgenic
mouse that exhibits olfactory ciliary loss [9—12]. It is considered
that nasal obstruction prevents odor molecules from binding to the
olfactory receptor, then causing olfactory loss. Recently, it is re-
ported that loss of ORNs has been observed in CRS patients [13],
which may be the main reasons for olfactory dysfunction. Despite
the animal models of olfactory loss constructed by direct impair-
ment of nasal mucosa, there are also limitations that they cannot
reflect the main progress of olfactory dysfunction induced by
allergic response, which is the main reason of olfactory loss in
patients.

The classic animal model of AR was made by ovalbumin (OVA)
sensitization and challenge [14]. After nasal challenge, this AR
model can show typical symptoms of AR including sneezing and
nasal rubbing, as well as increased serum IgE and eosinophil infil-
tration in the nasal mucosa [15]. Loss of ORNSs can also be observed
in an AR mouse model [16]. However, these animal studies did not
show the dynamic changes of olfactory dysfunction and immuno-
logical profile within the olfactory epithelium (OE) in a long period
of time. Therefore, the results of AR-induced olfactory loss in a long
period of time are still unclear.

In the present study, we attempted to use the mouse model of
OVA induced AR to study the olfactory changes, and then observe
the dynamic changes of olfactory function in different period of
time, using behavioral assessment of olfaction and histopatholog-
ical analysis of olfactory epithelial, so as to construct a mouse model
to mimic AR-induced olfactory loss in patients.

2. Materials and methods
2.1. Animals

Six-week-old male BALB/c mice were purchased from SLAC
Laboratory Animal Co. Ltd (Shanghai, China). Mice were maintained
under specific-pathogen-free animal laboratory of Changhai Hos-
pital (Shanghai, China) with 12 h light/dark cycle, temperature of
18—22 °C, humidity of 50—60% and OVA-free food and water. The
experiments were performed in accordance to the Institutional
Animal Care and Use Committee (IACUC) guidelines of Second
Military Medical University (Shanghai, China).

2.2. Induction of sinonasal inflammation

Mice were randomly divided into OVA groups and saline groups.
In OVA groups, mice were sensitized by intraperitoneally injecting
of 25 pg OVA (grade V, Sigma-Aldrich, St. Louis, MO, USA) with 50 pl
Imject®Alum (Pierce Biotechnology, Rockford, USA) as adjuvant
once a week for 3 weeks, and mice in saline groups received the
same dosage of saline. One week after the last sensitization, mice
were intranasal challenged with 20 ul OVA (50 mg/ml in saline,
OVA groups) or saline only (saline groups) once a day for the
duration as Fig. 1D illustrated. For groups with recovery, mice were
housed for another four or eight weeks without any treatment after
last intranasal challenge.

2.3. Symptom assessment and sample collection

Fifteen minutes after intranasal challenge, frequencies of
sneezing and nasal rubbing were measured within a 15 min period
at the corresponding time points. Twenty-four hours after the last
intranasal challenge, blood samples were collected from the sinus
retro-orbital rout under general anesthesia. Nasal tissues including
the paranasal parts of the skull were dissected and fixed with 4%
PFA. The intact nasal tissues with preserved anatomical structures
were collected by carefully removing the bones for further use.

2.4. Olfactory ability test

Mouse olfactory ability was measured by the buried food test as
previously described [17]. The testing food should be ensured that
highly palatable to the mice. The experimental protocol consists 3
consecutive days. On day 1, mice were placed in clean cages con-
taining a 3-cm layer of fresh cage bedding. The conventional forage
was replaced with the testing cookies. Cages were checked the
following morning to verify that the cookies were consumed. On
day 2, food was removed leaving the mice fasted overnight. On day
3, 24 h after fasting, mice were individually introduced into a clean
cage containing fresh bedding and allowed to acclimate to the cage
for 5 min before testing. A piece of cookies was buried in a random
corner of the cage and the mouse was reintroduced into the cage.
The time that the mouse took to retrieve the cookie with its fore-
paws was recorded in a 15 min limit.

2.5. Enzyme-linked immunosorbent assay (ELISA)

Blood samples were stayed 1 h at room temperature followed by
3000 rpm centrifugation for 10 min and serums were collected.
OVA-specific immunoglobulin (Ig) E was measured by mouse
serum anti-OVA IgE ELISA kit (Chondrex Kits, Redmond, WA, US)
according to the manuals.

2.6. Histopathological analysis

Nasal tissues for histopathological analysis were fixed in 4% PFA
for 48 h followed by 1-week decalcification in 10% EDTA, gradient
dehydration in ethanol and then embedded with paraffin. Serial
coronal sections (3-um thick) were mounted on glass slides and
stained with hematoxylin and eosin (HE). Photos were taken with
Olympus BX53 microscope.

2.7. Immunofluorescence (IF) analysis

After fixation in 4% PFA overnight, nasal tissues were dehydrated
overnight. Serial cryo-sections (6-pm thick) were mounted on glass
slides followed by IF staining. Briefly, sections were rinsed with PBS
5min for 3 times, permeabilized with 0.5% Triton X-100 (Pierce
Biotechnology, Rockford, USA) in PBS for 15 min, blocked with 4%
BSA in PBS for 1 h at room temperature followed by incubation with
primary antibody for OMP (WAKO, Japan), CD45 (ab10558, Abcam),
Ly6G (G11229, Servicebio) or CD3 (ab16669, Abcam) diluted in
blocking buffer at 4 °C overnight. Sections were then rinsed with
PBS 5 min for 3 times, incubated with Cy3 conjugated donkey anti-
goat antibody (1:200, Jackson ImmunoResearch, West Grove, PA,
USA), FITC conjugated donkey anti-rabbit antibody (1:400, Jackson
ImmunoResearch, West Grove, PA, USA), or Cy3 conjugated donkey
anti-rabbit antibody (Servicebio) for 1 h followed by Hoechst 33258
(1 pg/ml, Sigma-Aldrich, USA) for 15 min at room temperature and
rinsed with PBS 5 min for 3 times. Slides were mounted with 50%
glycerol in PBS and examined with a Nikon ECLIPSE NI-E micro-
scope. TUNEL assay was performed according to the manuals of In
Situ Cell Death Detection Kit (Roche). The slides were viewed with a
Zeiss LSM 510 confocal laser microscope.

2.8. Immunocytochemistry

Nasal mucosa samples were fixed in PFA and then embedded in
paraffin. Dewaxed 3 mm-thick sections were treated with 3% H,0;
for 25min to neutralize the activity of endogenous peroxidase fol-
lowed by blocking with 3% BSA for 30 min at room temperature
[18]. Primary antibody for MBP (ab187523, Abcam) or CD68
(GB11067, Servicebio) was added overnight at 4 °C. The next day,
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Fig. 1. Establishment of ovalbumin (OVA) induced mouse sinonasal inflammation and evaluation of olfaction. (A) Frequency of sneezing and nasal rubbing are significantly
increased in OVA group as compared with saline group. (B) OVA specific IgE in serum is markedly elevated after OVA intranasal challenge. (C) Representative images show a robust
infiltration of eosinophil into the olfactory mucosa after OVA challenge (black arrows). (D) Schematic illustration of experimental design. The black bars indicate the duration of
treatments (OVA or saline intranasal challenge, i.n.), and the white bars indicate the duration of recovery interval. (E) A picture showing the mouse searching for a buried cookie.
(F—H) Statistics of mouse olfaction. Data are shown as mean + SD (N = 6), *p < 0.05, ***p < 0.001.

sections were rinsed with PBS 5 min for 3 times, incubated with
secondary antibody for 50 minat room temperature and then
staining was performed with DAB Peroxidase Substrate Kit (DAKO).
Subsequently, sections were counterstained with hematoxylin
(G1004, Servicebio). Photographs were acquired with Olympus
BX53 microscope.

2.9. Statistics

The results are presented as mean + standard deviation (SD).
Statistics were analyzed by the IBM SPSS Ver. 21.0 (IBM, Shanghai,
China), and a two-tailed p < 0.05 was taken to indicate statistical
significance. Mann-Whitney U test were used for in-between-
group comparisons. Pearson Correlation Coefficient was applied
to analyze the correlation between olfactory function and ORNs
density, CD45" cells and ORN density, and TUNEL" cells and ORN
density. All data from histology were measured in the same
anatomic location of different mice to control the inter-animal
heterogeneity.

3. Results
3.1. Induction of AR mouse model

In order to construct a mouse model with AR, mice were
sensitized with OVA and then received intranasal challenge by the
same allergen. As described before, mice exhibited typical charac-
teristics of AR, including increased frequency of sneezing and nasal
rubbing, elevated level of OVA-specific IgE in serum, and massive
infiltration of eosinophils into nasal mucosa when compared with
saline group (Fig. 1A—C), demonstrating a successful induction of
AR mouse model.

3.2. Olfactory loss continued as AR sustained

To know the olfactory loss in terms of disease duration of AR,
mice were continuously intranasal challenged with saline or OVA
for 1-12 weeks. Before intranasal challenge, mice showed no ab-
normality in nasal symptoms of sneezing and nasal rubbing, which
were burst out and persisted to the end of experiments after
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intranasal challenge. In the buried food test, mice of OVA groups
spent 2—3 times as much the time than saline groups to found the
buried cookies during the first four weeks (Fig. 1G). This latency
increased to a surprisingly high level at the 8 th week and there-
after, indicating a mild to severe olfactory loss in acute or early
phase sinonasal inflammation, which was deteriorated to anosmia
as the inflammation sustained (Fig. 1G).

To further know the recovery potential of olfactory loss after
sinonasal inflammation, a 4-week recovery interval was conducted
following the corresponding time points [19], and olfaction were
evaluated at the end of the interval. Results showed the olfaction
recovery potential depends on the duration of AR. Olfaction
recovered almost to baseline before four weeks of OVA challenge
but not after, even a prolonged recovery interval (as long as eight
weeks) has few effects to olfaction recovery as compared to that of
four weeks recovery interval (Fig. 1H). Thus, the irreversible AR-
induced olfactory loss model was constructed, of which the olfac-
tory loss is not recovered after 8-week recovery interval.

3.3. ORNs loss contributes to olfactory loss after 8-week intranasal
challenge

ORNs are the first line of olfaction and injuries to the neurons
impair olfactory function directly. IF staining of olfactory marker
protein (OMP), a marker of mature ORNs, showed the intensive
OMP" significantly decreased after 2-week intranasal challenge
and the neuronal loss continued thereafter (Fig. 2A and B). Olfac-
tory loss can be measured after 1-week intranasal challenge while
the OE seems still intact. This may be explained by the physical
congestion of airway by nasal secretion, and when allergen stim-
ulation stopped, the olfaction was easy to recover (Fig. 1H). From 2-
week and on, both nasal congestion and ORNs loss may count for
the olfactory loss. Before the time point of four weeks, those lost

neurons still can be regenerated after a 4-week recovery interval
but not when OVA challenge continued. Accordingly, the olfactory
loss is irreversible after the time point of eight weeks, even with a
prolonged recovery interval (Fig. 1H). Taken together, these data
showed a highly correlation of ORNs loss and olfactory loss (Fig. 2C
and D), with disease duration around eight weeks as the divide,
after which, the neuronal loss along with olfactory loss became
irreversible.

3.4. CD45% leukocytes accumulation may contribute to ORNs loss

Leukocytes recruitment to nasal mucosa is one of the key events
in sinonasal inflammation which have been reported by numbers of
literatures [20—22]. In this study, IF staining of CD45 showed a
massive infiltration of leukocytes into olfactory mucosa immedi-
ately after 1-week OVA challenge (Fig. 3A and B). And statistics
showed the number of CD45™" cells reached to a peak at the 2-week
time point and stayed a high level during OVA challenge continued
(Fig. 3B). Of note, most of the leukocytes located beneath or around
the basement membrane at early phase (within one week) and
gradually migrated toward the surface of mucosa at latter phase
(after two weeks) (Fig. 3A). Furthermore, CD45" cells number was
reverse correlated with OMP" cells number. This correlation at
individual level was in line with that of histological level within an
identical mouse, indicating the enhanced of mucosa immunity or a
hyper immunological response may contribute to the ORNs loss
and subsequently olfactory loss.

3.5. Neutrophils dominated among other cell types
To further investigate the specific subtypes of those infiltrated

leukocytes, the eosinophils, neutrophils, T-lymphocytes and mac-
rophages, four main cell types that play important immunological
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Fig. 2. The neuronal loss of OE in a time dependent manner in terms of sinonasal inflammation. (A) Olfactory marker protein (OMP) IF staining. Mouse challenged with OVA
exhibited significant pathological changes to OE with massive neuronal loss when compared with saline group, which the mouse shows healthy turbinate with robust olfactory
receptor neurons (ORNSs) layers. (B) Statistics of ORNs density. OMP" cells are counted within a 0.1 x 0.1 mm area of the epithelial layer and the density is expressed by cells per
mm?, (C and D) The ORNSs density is reverse correlated to olfactory loss. Results are expressed as means + SD (N = 3). All data are at least from 3 pictures/mouse, ***p < 0.001.
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Fig. 3. Leukocytes infiltration in a time dependent manner that positively correlated to ORNs loss. (A) OMP and CD45 double staining demonstrating a continuous leukocytes
infiltration corresponding to the ORNSs loss when challenged with OVA. (B) The leukocytes infiltration is strictly reverse correlated to ORNs density. (C) Statistics of four immuno-cell
subtypes within OE. (D) The number of infiltrated leukocytes increases immediately after OVA challenge. Results are expressed as means + SD (N = 3). All data are at least from 3
pictures/mouse, **p < 0.01, ***p < 0.001.

roles in AR, were labeled with antibodies to MBP, Ly6G, CD3 and cells result in olfactory dysfunction [23,24]. In this study TUNEL
CD68 respectively. Results showed that all of the four subtypes had assay was used to determine apoptotic cells. Interestingly, a sig-
a marked increase after OVA challenge, among which neutrophils nificant increase of TUNEL signals was observed after challenge, but
dominated in number during the whole experimental scheme the results of OMP/TUNEL double staining showed the TUNEL sig-

(Fig. 3C and D). nals barely overlaid with OMP throughout the whole experiments
(Fig. 4A). The increasing TUNEL cells were accompanied by a looser
3.6. Apoptotic neutrophils is positively correlated with olfactory loss structure of OM (decreased cell density of Hoechst) and less apical

OMP signals (Fig. 4B). Further research found that Ly6G™ neutro-
It is considered that the apoptotic death of ORNs and supporting phils and TUNEL" cells are overlaid, suggesting that the detected
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apoptotic cells are neutrophils during olfactory loss progression
(Fig. 4C), which may contribute to AR-induced olfactory loss.

4. Discussion

In this study, our data showed that inflammation in AR mice
model results in significant ORNs loss in a time dependent manner,
causing subsequent olfactory loss. Chronic inflammation that lasted
longer than eight weeks impaired the regenerative ability of ORNs,
leading to irreversible recovery of olfactory loss. The dynamic
changes of infiltrated leukocytes in terms of disease duration pro-
vided important evidence for the pathology of sinonasal inflam-
mation associated olfactory dysfunction. Domination of neutrophils
in number among all immunological cell types during the process
of disease implying their pivotal roles in sinonasal inflammation,
and may be the core contributors to ORNs loss and olfactory
dysfunction. Meanwhile, this mouse model provides an easy and
reliable system to clarify the mechanisms of AR-induced irrevers-
ible olfactory dysfunction.

To our knowledge, impaired olfaction has been observed in a
mouse model of AR [25], while the dynamic changes of olfaction as
well as the pathological changes of OE have not been reported yet.
ORNs are normally updated every 30—60 days and replaced
through the proliferation and differentiation of a series of imma-
ture precursors and multipotent progenitor cells [19,26]. In this
study, a significant reduction of ORNs was observed within the
mice OE after 2-week intranasal challenge. A 4-week interval of
stopping intranasal challenge endows the OE recover from injuries,
and we found the mice lost the ability to recover to normal level if
the disease duration more than eight weeks. It may explain the
severity of olfactory dysfunction and its recovery capacity varies
with the severity or duration of patients suffered from AR or CRS. It
is strongly suggested that early diagnose and treatment are
necessary for better recovery of olfactory function.

There is growing evidence that inflammation induced patho-
logical changes of olfactory epithelium may be the main reason for
olfactory loss in patients with AR or CRS. It is reported that a
reduction of normal OMP* ORNSs in biopsy specimens from CRS
patients [27] and morphological abnormal OMP™ cells in those
patients [28]. A clinical study showed topical steroids are effective
in olfactory improvement in AR patients when applied in combi-
nation with an antihistamine [29]. In this study, the general cell
density of OM is statistically different between OVA and saline
groups at 8 th week. One explanation for this is that ORNs ho-
meostasis is broken by infiltrated leukocytes. By inducing cyto-
toxicity and neurotoxicity, leukocytes play important roles in AR-
induced olfactory loss [30]. It is remarkable that few apoptosis
was found in OMP™ cells, but most of the TUNEL signals were Ly6G™
neutrophils. The reverse correlation of infiltrated leukocytes to
ORNSs or olfactory loss further suggests that sinonasal inflammation
should be treated timely to prevent the olfactory loss exacerbation.
Meanwhile, the olfactory loss may also be indicative for the disease
severity like AR or CRS.

In conclusion, the present study describes the olfaction changes
and recovery capacities in terms of disease durations in AR mice
model of OVA induced sinonasal inflammation, and finds that the
duration of 8-week as the divide between reversible and irrevers-
ible olfactory loss. Our research suggests that a mild olfactory loss
induced by acute or short term sinonasal inflammation is favorable
to recover once the inflammation is cured; a moderate olfactory
loss in the early phase of chronic inflammation still have the po-
tential to recover for the robust regeneration capability of OE; when
the stem cells or progenitors of OE lost its regenerative ability or
died when uncontrolled chronic inflammation sustained for
enough long, anosmia as the consequence may be irreversible.
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