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ABSTRACT

Introduction: Olfactory loss is highly prevalent and is commonly accompanied by comorbid
mood disorders. Considering olfactory input is highly interconnected with the limbic system
and the limbic system is the brain region that manages mood, it is predictable that
impairments in the sense of smell may result in mood changes. However, olfaction is the
most neglected among the five senses in clinics as well as research, resulting in sparse reports
regarding the impacts of olfactory deficits on the brain.

Methods: Chronic anosmia was induced by repeated intranasal irrigation of ZnSO4 for 12
weeks, while acute anosmia was induced by a single treatment of ZnSO4 in BALB/c mice.
H&E staining, OMP staining, and potato chip finding test were performed to confirm
olfactory loss. Tail suspension, forced swim, and splash tests were performed to evaluate
depression, as well as open field, elevated plus maze tests were applied to assess anxiety. The
mRNA levels of glucocorticoid receptor (GR) and corticotropin releasing hormone (CRH)
were measured by real-time PCR to confirm relevant molecular changes.

Results: Disruption of the olfactory epithelium and olfactory loss was confirmed by
histological analyses and potato chip finding test. Behavioral tests showed that both chronic
and acute anosmia resulted in increased depression and reduced anxiety. PCR data showed
that mRNA levels of GR in the hypothalamus were reduced in the chronic model and that
CRH expression in the amygdala was decreased in both the chronic and acute model.
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Conclusions: These results propose that ZnSO4-induced acquired anosmia can cause a
depressive and anxiolytic state via decreased hypothalamic GR and/or amygdalar CRH.

Keywords: Anosmia, Depression, Anxiety, Glucocorticoid Receptor, Corticotropin-Releasing
Hormone, Olfactory deficit, Hypothalamus, Amygdala

Student number: 2009-21891
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INTRODUCTION
Anosmia is as highly prevalent as 5.8% in adults, and it has been reported that loss of
olfactory function increases with age (Bramerson et al., 2004). In adults older than 53, 24.5%
of the population show impaired sense of smell (Murphy et al., 2002). The sense of smell is
important in perception of danger, in non-verbal communication, and in eating and drinking.
As a result, anosmics may lack the ability to recognize danger signals, including smoke or
spoiled food, have trouble binding close relationships, and have reduced pleasure gained from
eating and drinking (Stevenson, 2010). Although this is well known, the sense of smell is
given less priority in research than other senses, such as vision and hearing. In this study, I
focused on olfaction, the sense that receives less attention and tried to emphasize its impacts
on mental health.

Olfactory deficit as a consequence of psychiatric disorders
Odor perception is initiated by stimulation of olfactory receptors located on olfactory
neurons in the olfactory epithelium. Axons from the olfactory neurons synapse in the
olfactory bulb, then this information being conveyed to other parts of the brain. The
amygdala, piriform cortex, entorhinal cortex, and orbitofrontal cortex receives this input and
processes olfactory information (Anderson et al., 2003; Rolls et al., 2003). Interestingly, the
brain regions involved in olfactory information processing are frequently affected in
neurological diseases such as major depression, schizophrenia, Alzheimer's disease, and
Parkinson's disease (Atanasova et al., 2008; Babizhayev et al., 2011). It has also been
documented that decrease in olfactory performance is observed in these disorders (Mesholam
et al., 1998; Pause et al., 2001). Especially in Parkinson's disease, olfactory dysfunction
precedes the onset of motor symptoms and is present in 90% of early stage patients. The
1

mechanisms behind this close link remains unknown, but its diagnostic value has been
acknowledged, introducing olfactory function tests in diagnosis of Parkinson's disease (Doty,
2012; Suchowersky et al., 2006).

Impact of olfactory deficits on quality of life and mood
Recent questionnaire studies conducted on patients with olfactory deficits show that
olfactory dysfunction has a strong relationship with low quality of life, as well as higher
scores in indices of anxiety and depression (Katotomichelakis et al., 2013; Keller et al., 2013).
However, it must be considered that olfactory dysfunction is often confounded with
comorbidities, making it difficult to conclude whether decreased quality of life is a result of
olfactory impairment or the comorbid disorder. For example, chronic rhinosinusitis, asthma,
allergies have negative effects on quality of life regardless of olfactory function (Alobid et al.,
2008). But still, less pleasure from eating or drinking, problems with cooking, failure to
detect spoiled food or smoke, difficulties related to personal hygiene, impaired social
relations, limitations in occupation, and constantly being concerned of the abovementioned
problems may contribute to depressed mood (Nordin et al., 2011; Temmel et al., 2002).

Zinc as an inducer of anosmia
After the first report by Alberts and Galef in 1971, intranasal lavage with zinc sulfate has
been considered a reliable method to disrupt the olfactory epithelium and produce anosmia.
The effectiveness of this method has been so widely accepted that some studies have omitted
the step to confirm loss of olfactory function with behavioral tests (Andine et al., 1995;
Winans et al., 1977). A number of studies show that intranasal ZnSO4 damages the whole
olfactory epithelium in mice, and that decline in olfactory function is observed for 1 day to 7
weeks according to the volume and concentration of intranasal zinc (Hansen et al., 1994;
2

Maruniak et al., 1975; Sipos et al., 1995; Vandenbergh, 1973). In a rather recent article,
McBride and colleagues confirmed complete deafferentation of the main olfactory bulb by
applying WGA-HRP to the naris, as well as total anosmia measured with an olfactometer in
mice treated with 50 μL of 5% ZnSO4 (McBride et al., 2003).
Zinc sulfate has been used in the 1930s during the polio outbreak in a nasal spray form to
prevent polio in children. However, 52 cases out of approximately 5000 of the children that
received this spray have reported to suffer disturbance in sense of smell (Tisdall et al., 1938).
Insignificant efficacy and olfactory side effects lead to rapid discontinue of this treatment and
research was shifted to polio vaccine development. An intranasal zinc product to treat the
common cold named "Zicam" has been marketed for 10 years until a warning was issued by
the FDA regarding its risk of causing anosmia. The causality between Zicam and anosmia
was not proven but the high number of anosmia complaints finally lead to recall of the
products (Gaither, 2010). Insulin preparations for medical use contain zinc, since zinc is
essential for processing and action of insulin in the human pancreas, and promotes the
formation of a stable hexameric structure of the peptide and prevents aggregation (Li, 2014).
Since 2002, the intranasal delivery of insulin has been used as a less invasive route, and the
insulin preparations contain approximately 0.0007% of zinc (Hamidovic, 2015). Although
this is a much lower dose compared to 1% of the polio prophylactic regimen and 0.2% of
Zicam, the risk of olfactory damage by zinc in intranasal insulin needs to be considered. In
conclusion, zinc is an effective inducer of anosmia in mice, and may also be an anosmiacausing substance in human.

Animal research regarding the effects of anosmia on mood
Olfaction is phylogenetically considered to be the most primitive sense, and is known to
be interconnected with the primitive areas of the brain, the limbic system. Stimulation of the
3

olfactory system is known to activate the amygdala, hippocampus, and the orbitofrontal
cortex (Gottfried, 2010). A radical animal model of olfactory damage is the olfactory
bulbectomy, which has been extensively studied in rodents since the 1970s to show
hyperactivity, irritability, and passive avoidance deficits (Cairncross et al., 1977; Kelly et al.,
1997; van Riezen et al., 1990; Zueger et al., 2005). This model also showed depressive
behavior, and the fact that the behavioral changes can be rescued by chronic antidepressant
administration led to its widespread use as a depression model (Jarosik et al., 2007). However,
surgical removal of a brain region can vary in the extent of the lesion and have extensive
effect in the brain, including retrograde and anterograde degeneration, inflammation, and
neurochemical alterations (Schoenfeld et al., 1977). The defect in the cortical-hippocampalamygdala circuit caused by the lesion rather than anosmia itself is considered to be the major
reason for depression-like changes (Gelhaye et al., 2006). In effort to overcome such
limitations in the olfactory bulbectomy model, knockout of Cnga2 has been utilized in the
recent years for anosmia research. Olfaction is initiated by activation of the cAMP signaling
pathway and subsequent activation of cation-selective cyclic nucleotide-gated channels in
olfactory neurons. Genetic ablation of the cyclic nucleotide gated channel 2 (Cnga2) blocks
this step removing the ability of olfactory neurons to generate odorant-evoked action
potentials, consequently rendering the mouse anosmic (Brunet et al., 1996). Behavioral tests
displayed normal spatial memory in a Y-maze task, elevated anxiety in open field, light/dark
box, and novelty-suppressed feeding (Chen et al., 2014; Glinka et al., 2012). Depression-like
behavior was reported to be increased (Chen et al., 2014) or have no change (Glinka et al.,
2012) in the knockout mice. This genetic model may have successfully reproduced an
isolated state of anosmia by selectively removing a gene crucial to olfactory signaling, but
has limited value in translational research, since congenital anosmia accounts for only 0-4%
of the anosmia cases (Bramerson et al., 2004; Nordin et al., 2008).
4

To date, a large number of population studies link olfactory deficits to alterations in
emotional states, but animal studies focusing on the relationship between anosmia and mood
are limited. Moreover, literature that center upon the molecular mechanisms behind this
phenomenon is very rare. In this study, I used an acquired mouse model of anosmia, the
ZnSO4-induced anosmia model, to study the mood changes and its underlying mechanisms. A
chronic model was rendered by applying multiple ZnSO4 nasal instillations for 12 weeks and
compared it with olfactory bulbectomized mice. Also, in order to study the short-term effects
of olfactory loss, an acute anosmia group was produced by a single nasal instillation and was
followed-up for 5 weeks to observe the mood-related behavioral alterations as well as
molecular changes during recovery.

5

MATERIALS AND METHODS
1. Animals
For the chronic anosmia experiment, 26 6-week-old male BALB/c mice (Samtako Bio
Korea, South Korea) were randomly divided into three groups and were housed in groups of
3 to 5 in each cage. A 12 h light-12 h dark cycle was applied and the mice had free access to
water and food. The chronic anosmia group (CA group, n=8) and chronic control group (CC
group, n=8) received an intranasal instillation with 20 μL of 170 mM ZnSO4 or normal saline
solution in each nostril (total 40 μL) 3 times a week for 12 weeks. The olfactory bulbectomy
group (OB group, n=10) underwent OB on the first day of the nasal instillation schedule as
previously described with minor modifications (Hendriksen et al., 2014). Mice were
anesthetized and placed on a stereotaxic apparatus. After exposing the skull with a sagittal
incision, the olfactory bulbs were exposed by drilling a burr hole over each olfactory bulb.
The olfactory bulbs were thoroughly removed by aspiration with a 16 G blunt needle. No
further measurements were taken on the OB group to the end of the schedule (Figure 1A).
After 12 weeks of treatment, the mice were subjected to a series of behavioral studies, and
were sacrificed to collect tissue.
For the acute anosmia experiment, 72 6-week-old male BALB/c mice (Koatech Korea,
South Korea) were randomly divided into 6 groups of 12 mice, and were housed in groups of
6 in each cage. A 12 h light-12 h dark cycle was applied and the mice had free access to water
and food. The acute anosmia group (AA group, 1 week, n=12; 3 week, n=12; 5 week, n=12;
total n=36) and acute control group (AC group, 1 week, n=12; 3 week, n=12; 5 week, n=12;
total n=36) received an intranasal instillation with 20 μL of 170 mM ZnSO4 or normal saline
solution in each nostril (total 40 μL). After 1, 3, or 5 weeks, the mice were subjected to a
series of behavioral studies, and were sacrificed to collect tissue. In order to apply behavior
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tests into a short timeframe, 12 mice of each group were divided into two subgroups of 6, and
each subgroup was subjected to a different set of behavior tests. Set #1: Potato chip finding
test - T-maze test - Elevated plus maze - Tail suspension test. Set #2: Potato chip finding test Splash test - Open field test - Forced swim test. Except for the potato chip finding test, the
mice were left undisturbed after the nasal treatment and were subjected to one of the behavior
test sets on the defined week in effort to exclude the effects of repeated behavior tests (Figure
1B). All animal experiments were performed following the National Institutes of Health
Guidelines for the Humane Treatment of Animals, with approval from the Institutional
Animal Care and Committee of Seoul National University (IACUC number SNU-130318-3-2
and SNU-150715-4-1).

2. Potato chip finding test
To test the olfactory function, potato chip-finding test was performed as previously
described with minor modifications 6 weeks after initiation of treatment (Kim et al., 2012).
Briefly, after depriving of food for 24 h, the mice were individually placed in clear plastic test
cages (20 x 40 x 15 cm) with fresh bedding of a depth of 5 cm. A potato chip (Pringles
Original Potato Chip, Kellogg, MI, USA) was hidden on the bottom of the cage, and its
location was alternated around the center of each quadrant for each test. A maximum of 6
minutes (for the chronic anosmia experiment) or 8 minutes (for the acute anosmia experiment)
was waited, and if the mouse failed to find the hidden potato chip during this period, the
maximum time was recorded. The average latency of 2-3 trials for each mouse to find the
potato chip was used to assess the olfactory function.

3. T-maze test
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The T-maze is a T-shaped arena with 3 arms (30 x 7 x 15 cm each) connected to a center
piece (7 x 7 x 15 cm). The subject mouse was placed in the starting arm and was left to freely
explore until it moved into the left or right arm. A plastic block was placed in the center to
obstruct the mouse from moving back to the center. After 30 seconds, the mouse was moved
back into the starting arm and left again to explore the arena. If the mouse entered the same
arm as the previous choice, it was scored not to alternate. If the mouse entered the opposite
arm, it was scored to alternate. Two trials were performed with a 3 hour interval and were
repeated on the next day, resulting in a total of 4 trials over 2 days. The average alternation
ratio of the 4 trials for each mouse was scored.

4. Tail suspension test
Mice were suspended 20 cm above the floor by adhesive tape placed on approximately 1
cm from the tip of the tail. The test was recorded for a 10-minute period by a digital camera
and was analyzed by Ethovision 8.5 software (Noldus, Netherlands). The total duration of
immobility, defined as no movement of all four limbs and the head, and latency to the first
immobile period were used as parameters.

5. Forced swim test
On the pre-test day, the mice were exposed to water by being placed in a transparent
plastic cylinder (25 cm high, 15 cm diameter) filled with water up to 20 cm for 5 minutes.
After the pre-test, subjects were dried with paper towels for 5 minutes under an infrared
heater to prevent hypothermia then returned back to their home cages. Twenty-four hours
after the initial exposure, the mice were tested for 10 minutes under identical conditions. The
test was videotaped by a digital camera then was analyzed using Ethovision 8.5 software
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(Noldus, Netherlands). Total time of immobility, which is defined as no movement on all four
limbs, and latency to the first immobile period were recorded.

6. Splash test
The mice were individually placed in clear plastic test cages (12 x 28 x 15 cm) with fresh
bedding and were habituated for 10 minutes with the lids closed. After the habituation period,
a 10% sucrose solution was squirted twice on the dorsal coat of each mouse with a sprayer,
and the mice were moved back into the test cage. A 5-minute trial (for the chronic anosmia
experiment) or a 10-minute trial (for the acute anosmia experiment) was recorded by a digital
camera, and was analyzed by Ethovision 8.5 software (Noldus). The viscosity of the sucrose
solution soils the fur and triggers grooming behavior. Total grooming time after applying the
sucrose solution was used as an index of self-care and motivated behavior.

7. Open field test
Spontaneous locomotion and anxiety behavior was measured by the open field test. In the
chronic anosmia experiment, mice were individually placed in a 40 x 40 x 40 cm clear plastic
box. After a 10-minute habituation period, activity was monitored by Opto-Varimex-4 AutoTrack (Columbus Instruments, OH, USA) for 30 minutes. Time spent in corners was
calculated as a parameter of anxiety by the instrument's bundled software. In the acute
anosmia experiment, subjects were individually placed in a 40 x 40 x 40 cm black plastic box.
Activity was recorded with a digital camera attached to the ceiling for 30 minutes. Time spent
in the center was calculated as a parameter of anxiety by Ethovision 8.5 software (Noldus).

8. Elevated plus maze
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The elevated plus-maze consisted of two open arms, two closed arms, and a center area
elevated to a height of 50 cm above the floor (arms are 8 cm wide, 25 cm long). After fasting
overnight, mice were placed in the center of the maze and were allowed to explore the maze
for 10 minutes. The test was recorded by a digital camera attached to the ceiling, and was
analyzed by Ethovision 8.5 program (Noldus). Total time spent in open arms was used to
assess anxiety of the subjects.

9. Tissue preparation
Animals were anesthetized and immediately cardiac-perfused with heparinized PBS. After
the brains were removed from the skull, the amygdala and hypothalamus were quickly
dissected on an ice-cold plate. The brain tissue was stored in -70℃ until used for further
studies. For nasal histologic evaluation, the nasal tissue specimens were fixed in 4%
paraformaldehyde and decalcified in 5% nitric acid solution (for the chronic anosmia
experiment) or 10% EDTA solution (for the acute anosmia experiment) for 4-5 days at 4℃.
The specimens were excised from the second palatal ridge to the first upper molar teeth. The
tissue was dehydrated and processed according to standard paraffin-embedding procedures.
The tissue was cut in coronal sections with a thickness of 4 μm.

10. Histological studies
Hematoxylin and eosin (H&E) staining was conducted for general findings.
Immunohistochemical staining was performed by using the polink-2 plus polymerized
horseradish peroxidase (HRP) broad DAB Detection System (Golden Bridge International
Labs, WA, USA). Briefly, after deparaffinization, the sections were incubated in 3%
hydrogen peroxide for endogenous peroxidase inhibition and microwave-treated in 10
mmol/L citrate buffer (pH 6.0) for heat-induced epitope retrieval. The sections were
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incubated for 60 min at room temperature with rabbit anti-mouse olfactory marker protein
(OMP) antibody (1:500; Abcam, Cambridge, UK). The sections were incubated in broad
antibody enhancer and polymer-HRP and then stained with the DAB Detection System.
Finally, slides were counterstained with hematoxylin. Ten areas from nasal mucosal section
were chosen randomly for evaluation under high-power fields (x400) and measured by two
examiners blinded to the groups.

11. Real-time PCR
RNA samples were prepared using the NucleoSpin RNA/Protein kit (Machery-Nagel,
Germany) according to the manufacture's protocols. First strand cDNA was synthesized from
the RNA samples using AccuPower RocketScript RT Premix (Bioneer, South Korea) and
quantitative real-time PCR assays were carried out by using EvaGreen 2X qPCR MasterMix
(Applied Biological Materials, Canada) with BioRad CFX96 Real-time PCR Detection
System (Bio-Rad Laboratories, CA, USA) and its bundled software. Levels of GR and CRH
were normalized by using beta-actin as an internal control. The primer sequences were as
follows: GR forward, 5'- TGA TGG GGA ATG ACT TGG GC-3', GR reverse, 5'-CTT CTC
TGT CGG GGT AGC AC-3', CRH forward, 5'- ACC TTC TGC GGG AAG TCT TG- 3',
CRH reverse, 5'- CGG AGC TGC GAT ATG GTA CA-3', beta-actin forward, 5'-GGC TGT
ATT CCC CTC CAT CG-3', beta-actin reverse, 5'-CCA GTT GGT AAC AAT GCC ATG T-3'.

12. Serotonin ELISA
The amygdala tissue was analyzed for its serotonin concentration with Serotonin Research
ELISA Kit (LDN, Germany) according to the manufacturer's protocols. Total protein
concentration of the amygdala lysate was determined by Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, MA, USA) according to the manufacturer's protocols. The
11

amygdala serotonin level was calculated by dividing the serotonin concentration by total
protein concentration.

13. Western blot
Amygdala lysates from the Serotonin Research ELISA kit were loaded onto 10% SDSPAGE gels and were transferred to PVDF membranes (Millipore, MA, USA). The
membranes were blocked in 5% bovine serum albumin (Bovogen Biologicals, Australia) for
1 hour at room temperature, and were incubated with a primary antibody (5-HT2A antibody,
1:1,000, sc-15073, Santacruz Biotechnology, CA, USA; beta-actin antibody, 1:2,000, sc47778, Santacruz Biotechnology) overnight at 4℃. Subsequently, the membranes were bound
to a secondary antibody (anti-goat IgG, 1:10,000, A50-101p, Bethyl Laboratories, TX, USA;
anti-mouse IgG, 1:2,000, Cat#62-6520, Thermo Fisher Scientific) for 1 hour at room
temperature, and the HRP signals were visualized by WestSave Chemiluminescent Detection
Kit (AbFrontier, South Korea). Protein expression was assessed by densitometric analysis on
ImageJ Software (National Institute of Health, MA, USA) and the 5-HT2A expression level
was calculated by dividing 5-HT2A expression by beta-actin expression.

14. Statistical analysis
The data are expressed as means ± standard errors of the mean (SEM) values. SPSS
version 21 (IBM, NY, USA) was used for statistical analysis. Since the chronic anosmia
experiment had 3 groups, one-way ANOVA and LSD post hoc test were used to compare
among groups. For the acute anosmia experiment, Student's t-test was used to compare
between AA and AC groups for each week. The results were considered statistically
significant if p <0.05.
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Figure 1. Experimental timeline. (A) In the chronic anosmia experiment, CC and CA groups
received 3 nasal instillations per week for 12 weeks. The OB group underwent surgery on the
first day of the schedule. (B) In the acute anosmia experiment, AC and AA groups received a
single nasal instillation and were subjected to behavior tests on the defined week.
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RESULTS

Olfactory epithelium destruction and olfactory functional impairment was observed in
CA mice.
To confirm ablation of the olfactory epithelium by ZnSO4 instillation, H&E staining and
OMP staining were performed. In the H&E staining results, CA mice showed severe
disruption of the olfactory epithelium while CC and OB mice showed relatively intact
structure (Figure 2A). OMP-positive cells were significantly decreased in both CA and OB
mice (CC: 7.19 ± 3.21, n=5; CA: 3.44 ± 1.72, n=4; OB: 5.39 ± 2.41, n=5), indicating
decreased activity of olfactory sensory receptor neurons (Figure 2B) (Buiakova et al., 1996).
The functional impairment of olfaction was assessed by potato chip finding test, which
resulted in an increased latency in CA and OB mice (CC: 116.70 ± 31.24 sec, n=5; CA:
276.00 ± 56.26 sec, n=5; OB: 321.70 ± 72.78 sec, n=5) (Figure 2C).

Working memory was not altered in CA and OB mice.
The T-maze test was applied to subject mice in order to check working memory
impairments. No difference was detected among experimental groups (one way ANOVA,
p=0.593) (Figure 3).

Depressive behavior was increased in CA mice.
In order to evaluate depression in mice, a battery of behavioral tests was applied. Tail
suspension and forced swim tests are similar tasks to evaluate the behavioral despair of
subjects in an inescapable situation (Castagne et al., 2011). In CA and OB mice, increased
immobile ratio in tail suspension and forced swim was documented (tail suspension: CC:
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0.0693 ± 0.0275, n=5; CA: 0.1959 ± 0.0478, n=5; OB: 0.4304 ± 0.0307, n=5; forced swim:
CC: 0.1729 ± 0.0473, n=5; CA: 0.3806 ± 0.0383, n=5; OB: 0.5282 ± 0.0772, n=5) (Figure 4A,
4C). Shorter latency to immobility in tail suspension was observed in CA and OB mice (CC:
215.11 ± 55.20 sec, n=5; CA: 72.47 ± 21.83 sec, n=5; OB: 25.38 ± 4.66 sec, n=5) (Figure 4B).
Forced swim test results also showed a tendency of decrease in latency in CA and OB mice
but did not reach significance (CC: 51.83 ± 22.31 sec, n=5; CA: 20.61 ± 2.83 sec, n=5; OB:
15.04 ± 2.91 sec, n=5) (Figure 4D). The splash test evaluates disturbances in self-care
behavior, which is considered parallel to apathetic behavior observed in depression (Willner,
2005). The grooming ratio in the splash test was decreased in OB mice but not at a significant
degree (CC: 98.92 ± 15.42 sec, n=5; CA: 90.11 ± 21.84 sec, n=5; OB: 61.71 ± 13.88 sec, n=5)
(Figure 4E). Behavioral test results consistently show that CA and OB mice have depression
and also a trend of OB mice showing more depressive behavior than CA mice.

Anxiety behavior was decreased in CA mice.
In order to assess anxiety in subject mice, open field and elevated plus maze tests were
performed. In the open field test, total time spent in the corner areas was decreased in CA
mice (CC: 1097.7 ± 138.0 sec, n=5; CA: 689.2 ± 47.4 sec, n=5; OB: 1193.9 ± 103.9 sec, n=5)
(Figure 5A). Elevated plus maze results exhibited that CA mice spent more time in the open
arms (CC: 91.44 ± 9.26 sec, n=5; CA: 223.36 ± 28.68 sec, n=5; OB: 69.22 ± 20.29 sec, n=5)
(Figure 5B). These findings indicate that CA mice, but not OB mice show decreased anxiety.

Hypothalamic GR and amygdalar CRH expression was disrupted in CA mice.
To investigate the molecular changes related to the mood changes observed in CA mice,
GR in the hypothalamus and CRH in the amygdala were assessed by real-time PCR.
Hypothalamic GR expression was significantly reduced in both CA and OB mice (CC: 1.000
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± 0.073, n=5; CA: 0.722 ± 0.068, n=6; OB: 0.760 ± 0.048, n=6) (Figure 6A). Amygdalar
CRH was significantly reduced in CA but not in OB mice (CC: 1.000 ± 0.161, n=3; CA:
0.294 ± 0.040, n=3; OB: 0.962 ± 0.107, n=4) (Figure 6B). The changes in hypothalamic GR
and amygdalar CRH correspond to the behavioral changes in the aspect of depression and
anxiety respectively.

Amygdalar serotonin signaling was not altered in CA or OB mice.
Since amygdalar 5-HT2A receptor expression is known to be decreased in depression
related suicide victims (Hrdina et al., 1993), the serotonin level and 5-HT2A receptor protein
expression were examined by ELISA and western blot respectively (Figure 7). However, the
results did not show difference among groups (serotonin ELISA: one-way ANOVA, p=0.489;
5-HT2A western blot: one-way ANOVA, p=0.719).

Time-dependent recovery of the olfactory epithelium and olfactory function was
observed in AA mice.
To confirm ablation of the olfactory epithelium by single ZnSO4 nasal instillation, H&E
staining was performed. Severe damage to the olfactory epithelium was observed on the first
week in AA mice, and this change was recovered over time (Figure 8A). The olfactory
function was assessed by measuring the latency to find a hidden potato chip. AA mice
showed increased latency on the first week to 2.5 weeks (1 w, p<0.001, n=12 per group; 2 w,
p<0.001, n=12 per group; 2.5 w, p<0.05, n=6 per group), and from 3 weeks there was no
difference among groups (Figure 8B). The results indicate anatomical and functional
recovery from a single ZnSO4 nasal instillation after approximately 3 weeks.

AA mice did not show changes in working memory.
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T-maze test results did not show changes in working memory on 1, 3, and 5 weeks after
ZnSO4 treatment (1 w, p=0.874; 3 w, p=0.177; 5 w, p=0.687) (Figure 9).

Depressive behavior was increased in AA mice.
In order to evaluate depression in mice, a battery of behavioral tests was applied. Tail
suspension and splash tests indicated an increase in depressive behavior in AA mice on the
first week (tail suspension test 1 week, p<0.05, n=6 per group; splash test 1 week, p<0.05,
n=6 per group) (Figure 10A, 10B). However, forced swim test failed to show difference on all
weeks (Figure 10C).

Anxiety behavior was decreased in AA mice.
In order to assess anxiety in subjects, open field and elevated plus maze tests were
performed. In the open field test, total time spent in the center was increased on week 1 (AC:
700.1 ± 96.9 sec, AA: 1601.0 ± 197.6 sec, p<0.05, n=6 per group) (Figure 11A). On the
contrary, elevated plus maze results displayed an increase of time spent in open arms on week
3 (AC: 36.4 ± 12.2 sec, AA: 95.3 ± 32.6 sec, p<0.05, n=6 per group) (Figure 11B). Total
distance moved during the tests showed no difference in all tests, allowing exclusion of the
effects by disparity in general locomotion (data not shown).

Amygdalar CRH, but not hypothalamic GR expression is disrupted in AA mice.
To investigate the molecular changes related to the mood changes in AA mice, GR in the
hypothalamus and CRH in the amygdala were assessed by real-time PCR. Hypothalamic GR
expression was not different between AC and AA on all weeks (Figure 12A). Amygdalar
CRH expression was significantly reduced on week 1 (AC: 1.000 ± 0.125, AA: 0.640 ± 0.091,
p<0.05, n=6 per group) (Figure 12B).
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Figure 2. Olfactory epithelium destruction and olfactory functional impairment was observed
in CA and OB mice. Nasal tissues were stained with hematoxylin and eosin (H&E) to check
disruption of the olfactory epithelium. Immunohistochemistry of olfactory marker protein
(OMP) was performed and OMP-positive cells were counted under high-power fields (x400).
Olfactory function was measured by potato chip finding test. (A) Representative
pictomicrographs of H&E staining and OMP staining of the olfactory epithelium. Scale bars
indicate 50μm. (B) Quantification of OMP-positive cells per high power field from OMP
staining. (C) Latency to finding a hidden potato chip. *p<0.05, **p<0.01, ***p<0.001
compared with CC group.

18

Figure 3. Working memory was not altered in CA and OB mice. The T-maze test was
performed to assess working memory and failed to show difference among groups.
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Figure 4. Depressive behavior was increased in CA and OB mice. Behavioral tests including
tail suspension, forced swim, and splash tests were performed to assess depression. (A)
Immobile time in tail suspension test. (B) Latency to first immobile period in tail suspension
test. (C) Immobile time in forced swim test. (D) Latency to first immobile period in forced
swim test. (E) Grooming time in splash test. *p<0.05, **p<0.01, ***p<0.001 compared with
CC group, ###p<0.001 compared with CA group.
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Figure 5. Anxiety behavior was decreased in CA mice. Behavioral tests including open field
and elevated plus maze tests were performed to evaluate anxiety. (A) Time spent in corner
areas in the open field test. (B) Time spent in open arms in the elevated plus maze test.
*p<0.05, **p<0.001 compared with CC group,
group.
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##

p<0.01,

###

p<0.001 compared with CA

Figure 6. Hypothalamic GR and amygdalar CRH expression was reduced in CA mice. In
order to investigate molecular changes in the brain that correlate with behavioral changes,
RNA was extracted from the hypothalamus and amygdala, followed by real-time PCR. (A)
GR mRNA expression in the hypothalamus. (B) CRH mRNA expression in the amygdala.
*p<0.05, **p<0.01 compared with CC group, ###p<0.001 compared with CA group.
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Figure 7. Amygdalar serotonin signaling was not altered in CA and OB mice. Serotonin level
in the amygdala was measured by ELISA, and 5-HT2A receptor level in the amygdala was
measured by densitometric analysis of western blots. (A) Amygdalar serotonin level
measured by ELISA. (B) Amygdalar 5-HT2A receptor level measured by densitometric
analysis of western blots.
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Figure 8. Time-dependent recovery of the olfactory epithelium and olfactory function was
observed in AA mice. Nasal tissue slides were stained with hematoxylin and eosin (H&E) to
check disruption of the olfactory epithelium. Latency to find a hidden potato chip was
measured to assess olfactory function. (A) Representative pictomicrographs of H&E staining
of the olfactory epithelium. Scale bar indicates 100 μm. (B) Latency to find a hidden potato
chip. *p<0.05, ***p<0.001 compared among groups of same week.
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Figure 9. AA mice did not show changes in working memory. The T-maze test was
performed to assess working memory and failed to show difference among groups.
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Figure 10. Depressive behavior was increased in AA mice. Behavioral tests including tail
suspension, splash, and forced swim tests were performed to assess depression. Results
indicate a depressive change on 1 week after treatment. (A) Immobile ratio in tail suspension
test. (B) Grooming ratio in splash test. (C) Immobile ratio in forced swim test. *p<0.05,
**p<0.01 compared among groups of same week.
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Figure 11. Anxiety behavior was decreased in AA mice. Behavioral tests including open field
and elevated plus maze tests were performed to evaluate anxiety. (A) Time spent in center
area in the open field test. (B) Time spent in open arms in the elevated plus maze test.
*p<0.05 compared among groups of same week.
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Figure 12. Amygdalar CRH, but not hypothalamic GR expression was reduced in AA mice.
In order to investigate molecular changes in the brain that correlate with behavioral changes,
RNA was extracted from the hypothalamus and amygdala, followed by real-time PCR. (A)
GR mRNA expression in the hypothalamus. (B) CRH mRNA expression in the amygdala.
*p<0.05 compared among groups of same week.
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DISCUSSION

In this study, mice treated with chronic or acute intranasal instillation of ZnSO4 were
utilized to assess the effects of anosmia on behavioral phenotypes and its underlying
mechanisms. Anatomical and functional loss of olfaction was confirmed by histology of the
olfactory epithelium and potato chip finding test. The behavioral studies demonstrated that
ZnSO4-induced chronic and anosmia mice show increased depressive behavior and decreased
anxiety compared to the control group (Figure 4, 5, 10, 11). Changes in CRH and GR
expression in the amygdala and hypothalamus were examined as possible molecular
mechanisms (Figure 6, 12).
Tail suspension, forced swim, and splash tests were used to evaluate depressive behavior.
Tail suspension and forced swim tests are behavioral tests that assess the escape behavior in
inescapable aversive situation (Castagne et al., 2011; Porsolt et al., 1979). After a period of
intense motor activity the subjects learn that escape is impossible and adopt an immobile
position, also known as behavioral despair. The total time of immobility during the test period
and the latency to the first immobile period are considered to indicate the degree of
depression of the subject. Splash test evaluates the degree of self-care behavior by spraying a
viscous sucrose solution on the dorsal coat and measuring the time of grooming behavior
(Santarelli et al., 2003). The decrease in grooming time is considered parallel to apathetic
behavior observed in depressive patients (Willner, 2005). In the chronic anosmia experiment,
both CA and OB mice showed an increase in depressive behavior. Interestingly, CA mice
appeared to have less severe depression compared to OB mice (Figure 4). This can be
explained that the CA model is induced by a limited disruption of the olfactory epithelium,
while the OB model is achieved by radical removal of the olfactory bulb. Bulbectomy causes
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dysfunction of the cortical-hippocampal-amygdalar circuit, direct surgical damage and edema,
disruption in the blood supply (Kelly et al., 1997). It is also known that retrograde and
anterograde degeneration occurs to various regions that are connected to the olfactory bulb
(Song et al., 2005). Therefore, the OB model can be considered as a more profound
depression model. In the acute anosmia experiment, AA mice showed increased depressive
behavior on week 1, and this change was spontaneously recovered on week 3 and 5 (Figure
10). Tail suspension and forced swim tests are similar tasks that evaluate behavioral despair
in an inescapable situation. However, discrepancy between the two tasks has been
acknowledged and its difference in neurochemistry has also been studied (Bai et al., 2001;
Renard et al., 2003). The inconsistency in depression-related behavior tests on week 1 may be
due to the subtle difference between the tests.
Hyperactivity of the hypothalamus-pituitary-adrenal (HPA) axis is considered to be one of
the main biochemical changes in major depression (van Rossum et al., 2006), and it has been
reported that GR down-regulation can cause an increase in glucocorticoid levels, possibly due
to impaired GR-mediated negative feedback inhibition in the hypothalamus and pituitary
gland (Pariante et al., 2001). The CA and OB mice showed depressive behavioral changes as
well as diminished mRNA levels of GR in the hypothalamus which concur with previous
studies. Unlike the chronic model, AA mice did not show changes in hypothalamic GR
mRNA levels. The chronic anosmia experiment was conducted by applying repeated nasal
treatments of ZnSO4 for 12 weeks, whereas the acute model received a single dose which the
effects lasted for 2-3 weeks. The smaller dose of ZnSO4 and the shorter exposure to the
anosmic state may have not been sufficient to manifest in downregulation of hypothalamic
GR. There is a possibility that a direct mechanism of anosmia-induced depression exists, and
if the mouse is exposed long enough to this state the imbalance of the HPA axis occurs. The
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immediate and direct changes of the brain that lead to depressive behavior in anosmia need to
be explored in further studies.
The serotonin system is one of the major neurotransmitters known to be affected in
depression, and the cortical and amygdalar 5-HT2A receptor is known to be decreased in
suicide victims (Hrdina et al., 1993). Dysregulation of GR in depression animal models and
patients has been reported to result in suppression of serotonin receptors (Lopez et al., 1998;
Vazquez et al., 2012). Based on the high connectivity between the olfactory bulb and the
amygdala, the serotonin and 5-HT2A receptor levels were checked in the amygdala. However,
serotonin ELISA results and 5-HT2A western blots failed to show alteration of the serotonin
system in the amygdala (Figure 7).
In the open field paradigm the mice are exposed to a novel open space, which triggers
anxiety behavior, specifically, moving to the corner of the arena, triggered by the fact that the
subject is separated from its social group, and also by agoraphobia (Carola et al., 2002; Prut
et al., 2003). The elevated plus maze has arms elevated from the floor in order to evoke fear,
and the approach-avoidance conflict is assess by time spent in open and closed arms (Carola
et al., 2002; Pellow et al., 1985). Open field and elevated plus maze tests revealed a reduction
in anxiety-like behavior in CA mice (Figure 5). Hyperactivity and anxiety is considered a
typical behavioral change in OB mice (Zueger et al., 2005), but the results in this study failed
to show difference in aspect of anxiety between CA and OB mice. This may be due to the
different timeline of experiments since the results in this study were obtained 12 weeks after
surgery, while most of the studies on OB mice are performed 1-2 weeks after bulbectomy
(Harkin et al., 2003). In the acute anosmia experiment, AA mice showed a decrease in anxiety
behavior on week 1 in the open field test and on week 3 in the elevated plus maze test. The
two behavioral tasks are routinely used to study anxiety related behavior in mice, but the
difference in anxiogenic properties has been shown to occasionally induce disparate
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behavioral responses (Carola et al., 2002). Also, it must be taken into account that juvenile
mice were used in this study and that aging may have been responsible for distinct responses
on different weeks.
The amygdala is highly recognized as the key brain region for fear and anxiety, and is
known to be activated by olfactory signals (LeDoux, 2007). Injection of a CRH agonist in the
central nucleus of the amygdala (CeA) resulted in increased anxiety, while mice that received
a CRH antagonist injection showed decreased anxiety-like behavior (Heinrichs et al., 1992;
Rassnick et al., 1993). Kolber and colleagues reported that knockdown of GR in the CeA
impaired conditioned fear behavior, and that intraventricular CRH delivery rescued the
deficits. The abovementioned studies exhibit the important role of CRH and GR in the
amygdala in the aspect of regulating anxiety (Kolber et al., 2008). Various types of stressors
can induce CRH expression in the amygdala (Makino et al., 1999), and a bilateral amygdala
lesion study showed that HPA activation by somatosensory and olfactory stimulation, but not
photic or acoustic stimulation, was blocked by damaging the amygdala (Feldman et al., 1981).
Collectively, these lines of study suggest that olfactory signals can promote CRH
transcription in the amygdala, and that loss of olfactory inputs may result in decreased CRH
and an anxiolytic state.
Increased depression and coexisting decrease in anxiety-like behavior in CA mice may
seem contradictory, considering that anxiety and depression are usually comorbid conditions
in human cases (Gorman, 1996; Wittchen et al., 2000). This uncoupled phenotype of
depression and anxiety has been reported in thyrotropin-releasing hormone (TRH) receptor
type 2 (TRH-R2) deficient mice (Sun et al., 2009). The TRH/TRH-R system has been
proposed as a major regulatory system within the central nervous system including a role in
the modulation of mood, arousal, and circadian rhythm and its functions are thought to be
impaired or altered in depression and anxiety (Gary et al., 2003; Gutierrez-Mariscal et al.,
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2008; Pekary et al., 2006; Sattin, 1999; Yarbrough et al., 2007). There are prominent
similarities between control of central nervous system function by TRH and CRH (Steckler et
al., 1999). Meanwhile, serotonin 5-HT1A receptor mutant mice and cAMP response element
binding protein deficient mice have been reported to show increased anxiety and reduced
depression (Gur et al., 2007; Heisler et al., 1998). These previous studies suggest that the
disturbances and/or subtle imbalance in the endogenous neurotransmitters such as
monoamines (serotonin and/or norepinephrine) and neurohormones such as CRH and TRH
serve as underlying mechanisms for the unexpected phenotype of increased depression with
decreased anxiety observed in CA and AA mice in the current study. Further study is needed
to elucidate detailed mechanisms of the uncommon mood changes observed in ZnSO4induced anosmic mice.
Deterioration in quality of life and increase in prevalence of mood disorders by olfactory
loss have been documented in population-based studies (Jung et al., 2014; Katotomichelakis
et al., 2013). However, molecular changes in the mood-related brain regions in anosmic mice
have not been thoroughly studied. This study shows evidence of the chronic impacts of
olfactory loss which was induced in juvenile mice. Since the younger population is more
susceptible to olfactory loss than the elderly and the brain continues development during
childhood and adolescence, olfactory deficits may have higher influence in young patients
(Giedd et al., 1999; Hummel et al., 2005). Direct translation of the current work to human
patients may be limited since rodents heavily rely on olfactory cues to detect information of
their environment (Yang et al., 2009). Also, while all the subject mice in the acute anosmia
experiment have recovered olfactory function, spontaneous recovery of olfaction is known to
be limited in human patients (Reden et al., 2006). In spite of the limitations from inter-species
difference, data of the present study demonstrates the magnitude of the effects of olfactory
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loss on the brain and also suggests target brain regions and putative molecular pathways for
future research on the comorbid mood disorders in patients with olfactory problems.
To summarize, anosmia induced by ZnSO4 nasal instillation resulted in depression and
reduced anxiety, both in chronic and acute conditions. The anxiolytic effects of anosmia in
both experiments share a common molecular pathway, CRH in the amygdala. However, GR
suppression in the hypothalamus, a common finding in depressive patients and also detected
in the olfactory bulbectomy model, was only present in the chronic model. Olfactory
impairments, both histologically and functionally, were recovered around 3 weeks after a
single ZnSO4 nasal treatment, and the behavioral changes were rescued at this period as well.
To my knowledge, this is the first animal study to link acquired anosmia with mood disorders
and display time-dependent behavioral and molecular recovery. The results suggest that loss
of the sense of smell, often left neglected, has high impact on mental health and thus requires
more attention in diagnosis and treatment.
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국문 초록

서론: 후각상실은 유병률이 매우 높은 질병으로 기분장애와 동반되는 경우가
흔하다. 코를 통해 들어온 후각 정보는 변연계와 연결된다는 점과 변연계가
뇌에서 감정을 조절하는 부위라는 점을 감안할 때 후각상실이 기분에도 영향을
미치는 것은 충분히 예상 가능한 내용이다. 하지만 임상이나 연구에서 후각은
오감 중 가장 관심이 떨어지는 분야인 관계로 지금까지 후각상실이 뇌에 미치는
영향은 연구된 바가 거의 없다.

방법: 6 주령 BALB/c 수컷 마우스에 ZnSO4 를 만성 후각상실 모델은 12 주간 주
3 회, 급성 후각상실 모델은 단회 비강투여해 만들었다. 후각기능의 상실을
보이기 위해 H&E 염색, OMP 면역염색, potato chip finding test 를 수행했다.
Tail suspension, forced swim, splash test 를 통해 우울 증상을 확인하고 open
field, elevated plus maze 를 통해 불안 증상을 평가했다. 기분 변화와 관련된
분자적 변화를 확인하기 위해 뇌하수체의 glucocorticoid receptor (GR)와
편도체의 corticotropin-releasing hormone (CRH)의 mRNA 발현량을 realtime PCR 로 측정했다.

결과: 조직 염색과 potato chip finding test 를 통해 후각 상피의 파괴와 후각
기능의 상실을 확인할 수 있었다. 기분장애를 평가하기 위한 행동실험에서는
만성과 급성 후각상실 모두에서 의해 우울 증상이 나타나고 불안 증상이

43

감소하는 것으로 나타났다. PCR 결과에서는 만성 모델에서 뇌하수체의 GR
발현량이 감소했고, 만성과 급성 모델에서 편도체의 CRH 발현이 감소한 것으로
나타났다.

결론: 실험 결과 ZnSO4 에 의한 만성과 급성 후각상실 모델 모두에서 우울
증상의 증가와 불안증상의 감소가 나타났다. 이러한 기분장애는 뇌하수체의
GR 와 편도체의 CRH 발현 변화와 관련이 있을 것으로 추정할 수 있다.

주요어: 후각상실, 우울증, 불안장애, 당질코르티코이드 수용체, 코르티코트로핀
분비 호르몬, 후각장애, 뇌하수체, 편도체

학번: 2009-21891
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ABSTRACT

Introduction: Olfactory loss is highly prevalent and is commonly accompanied by comorbid
mood disorders. Considering olfactory input is highly interconnected with the limbic system
and the limbic system is the brain region that manages mood, it is predictable that
impairments in the sense of smell may result in mood changes. However, olfaction is the
most neglected among the five senses in clinics as well as research, resulting in sparse reports
regarding the impacts of olfactory deficits on the brain.

Methods: Chronic anosmia was induced by repeated intranasal irrigation of ZnSO4 for 12
weeks, while acute anosmia was induced by a single treatment of ZnSO4 in BALB/c mice.
H&E staining, OMP staining, and potato chip finding test were performed to confirm
olfactory loss. Tail suspension, forced swim, and splash tests were performed to evaluate
depression, as well as open field, elevated plus maze tests were applied to assess anxiety. The
mRNA levels of glucocorticoid receptor (GR) and corticotropin releasing hormone (CRH)
were measured by real-time PCR to confirm relevant molecular changes.

Results: Disruption of the olfactory epithelium and olfactory loss was confirmed by
histological analyses and potato chip finding test. Behavioral tests showed that both chronic
and acute anosmia resulted in increased depression and reduced anxiety. PCR data showed
that mRNA levels of GR in the hypothalamus were reduced in the chronic model and that
CRH expression in the amygdala was decreased in both the chronic and acute model.

i

Conclusions: These results propose that ZnSO4-induced acquired anosmia can cause a
depressive and anxiolytic state via decreased hypothalamic GR and/or amygdalar CRH.

Keywords: Anosmia, Depression, Anxiety, Glucocorticoid Receptor, Corticotropin-Releasing
Hormone, Olfactory deficit, Hypothalamus, Amygdala
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INTRODUCTION
Anosmia is as highly prevalent as 5.8% in adults, and it has been reported that loss of
olfactory function increases with age (Bramerson et al., 2004). In adults older than 53, 24.5%
of the population show impaired sense of smell (Murphy et al., 2002). The sense of smell is
important in perception of danger, in non-verbal communication, and in eating and drinking.
As a result, anosmics may lack the ability to recognize danger signals, including smoke or
spoiled food, have trouble binding close relationships, and have reduced pleasure gained from
eating and drinking (Stevenson, 2010). Although this is well known, the sense of smell is
given less priority in research than other senses, such as vision and hearing. In this study, I
focused on olfaction, the sense that receives less attention and tried to emphasize its impacts
on mental health.

Olfactory deficit as a consequence of psychiatric disorders
Odor perception is initiated by stimulation of olfactory receptors located on olfactory
neurons in the olfactory epithelium. Axons from the olfactory neurons synapse in the
olfactory bulb, then this information being conveyed to other parts of the brain. The
amygdala, piriform cortex, entorhinal cortex, and orbitofrontal cortex receives this input and
processes olfactory information (Anderson et al., 2003; Rolls et al., 2003). Interestingly, the
brain regions involved in olfactory information processing are frequently affected in
neurological diseases such as major depression, schizophrenia, Alzheimer's disease, and
Parkinson's disease (Atanasova et al., 2008; Babizhayev et al., 2011). It has also been
documented that decrease in olfactory performance is observed in these disorders (Mesholam
et al., 1998; Pause et al., 2001). Especially in Parkinson's disease, olfactory dysfunction
precedes the onset of motor symptoms and is present in 90% of early stage patients. The
1

mechanisms behind this close link remains unknown, but its diagnostic value has been
acknowledged, introducing olfactory function tests in diagnosis of Parkinson's disease (Doty,
2012; Suchowersky et al., 2006).

Impact of olfactory deficits on quality of life and mood
Recent questionnaire studies conducted on patients with olfactory deficits show that
olfactory dysfunction has a strong relationship with low quality of life, as well as higher
scores in indices of anxiety and depression (Katotomichelakis et al., 2013; Keller et al., 2013).
However, it must be considered that olfactory dysfunction is often confounded with
comorbidities, making it difficult to conclude whether decreased quality of life is a result of
olfactory impairment or the comorbid disorder. For example, chronic rhinosinusitis, asthma,
allergies have negative effects on quality of life regardless of olfactory function (Alobid et al.,
2008). But still, less pleasure from eating or drinking, problems with cooking, failure to
detect spoiled food or smoke, difficulties related to personal hygiene, impaired social
relations, limitations in occupation, and constantly being concerned of the abovementioned
problems may contribute to depressed mood (Nordin et al., 2011; Temmel et al., 2002).

Zinc as an inducer of anosmia
After the first report by Alberts and Galef in 1971, intranasal lavage with zinc sulfate has
been considered a reliable method to disrupt the olfactory epithelium and produce anosmia.
The effectiveness of this method has been so widely accepted that some studies have omitted
the step to confirm loss of olfactory function with behavioral tests (Andine et al., 1995;
Winans et al., 1977). A number of studies show that intranasal ZnSO4 damages the whole
olfactory epithelium in mice, and that decline in olfactory function is observed for 1 day to 7
weeks according to the volume and concentration of intranasal zinc (Hansen et al., 1994;
2

Maruniak et al., 1975; Sipos et al., 1995; Vandenbergh, 1973). In a rather recent article,
McBride and colleagues confirmed complete deafferentation of the main olfactory bulb by
applying WGA-HRP to the naris, as well as total anosmia measured with an olfactometer in
mice treated with 50 μL of 5% ZnSO4 (McBride et al., 2003).
Zinc sulfate has been used in the 1930s during the polio outbreak in a nasal spray form to
prevent polio in children. However, 52 cases out of approximately 5000 of the children that
received this spray have reported to suffer disturbance in sense of smell (Tisdall et al., 1938).
Insignificant efficacy and olfactory side effects lead to rapid discontinue of this treatment and
research was shifted to polio vaccine development. An intranasal zinc product to treat the
common cold named "Zicam" has been marketed for 10 years until a warning was issued by
the FDA regarding its risk of causing anosmia. The causality between Zicam and anosmia
was not proven but the high number of anosmia complaints finally lead to recall of the
products (Gaither, 2010). Insulin preparations for medical use contain zinc, since zinc is
essential for processing and action of insulin in the human pancreas, and promotes the
formation of a stable hexameric structure of the peptide and prevents aggregation (Li, 2014).
Since 2002, the intranasal delivery of insulin has been used as a less invasive route, and the
insulin preparations contain approximately 0.0007% of zinc (Hamidovic, 2015). Although
this is a much lower dose compared to 1% of the polio prophylactic regimen and 0.2% of
Zicam, the risk of olfactory damage by zinc in intranasal insulin needs to be considered. In
conclusion, zinc is an effective inducer of anosmia in mice, and may also be an anosmiacausing substance in human.

Animal research regarding the effects of anosmia on mood
Olfaction is phylogenetically considered to be the most primitive sense, and is known to
be interconnected with the primitive areas of the brain, the limbic system. Stimulation of the
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olfactory system is known to activate the amygdala, hippocampus, and the orbitofrontal
cortex (Gottfried, 2010). A radical animal model of olfactory damage is the olfactory
bulbectomy, which has been extensively studied in rodents since the 1970s to show
hyperactivity, irritability, and passive avoidance deficits (Cairncross et al., 1977; Kelly et al.,
1997; van Riezen et al., 1990; Zueger et al., 2005). This model also showed depressive
behavior, and the fact that the behavioral changes can be rescued by chronic antidepressant
administration led to its widespread use as a depression model (Jarosik et al., 2007). However,
surgical removal of a brain region can vary in the extent of the lesion and have extensive
effect in the brain, including retrograde and anterograde degeneration, inflammation, and
neurochemical alterations (Schoenfeld et al., 1977). The defect in the cortical-hippocampalamygdala circuit caused by the lesion rather than anosmia itself is considered to be the major
reason for depression-like changes (Gelhaye et al., 2006). In effort to overcome such
limitations in the olfactory bulbectomy model, knockout of Cnga2 has been utilized in the
recent years for anosmia research. Olfaction is initiated by activation of the cAMP signaling
pathway and subsequent activation of cation-selective cyclic nucleotide-gated channels in
olfactory neurons. Genetic ablation of the cyclic nucleotide gated channel 2 (Cnga2) blocks
this step removing the ability of olfactory neurons to generate odorant-evoked action
potentials, consequently rendering the mouse anosmic (Brunet et al., 1996). Behavioral tests
displayed normal spatial memory in a Y-maze task, elevated anxiety in open field, light/dark
box, and novelty-suppressed feeding (Chen et al., 2014; Glinka et al., 2012). Depression-like
behavior was reported to be increased (Chen et al., 2014) or have no change (Glinka et al.,
2012) in the knockout mice. This genetic model may have successfully reproduced an
isolated state of anosmia by selectively removing a gene crucial to olfactory signaling, but
has limited value in translational research, since congenital anosmia accounts for only 0-4%
of the anosmia cases (Bramerson et al., 2004; Nordin et al., 2008).
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To date, a large number of population studies link olfactory deficits to alterations in
emotional states, but animal studies focusing on the relationship between anosmia and mood
are limited. Moreover, literature that center upon the molecular mechanisms behind this
phenomenon is very rare. In this study, I used an acquired mouse model of anosmia, the
ZnSO4-induced anosmia model, to study the mood changes and its underlying mechanisms. A
chronic model was rendered by applying multiple ZnSO4 nasal instillations for 12 weeks and
compared it with olfactory bulbectomized mice. Also, in order to study the short-term effects
of olfactory loss, an acute anosmia group was produced by a single nasal instillation and was
followed-up for 5 weeks to observe the mood-related behavioral alterations as well as
molecular changes during recovery.
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MATERIALS AND METHODS
1. Animals
For the chronic anosmia experiment, 26 6-week-old male BALB/c mice (Samtako Bio
Korea, South Korea) were randomly divided into three groups and were housed in groups of
3 to 5 in each cage. A 12 h light-12 h dark cycle was applied and the mice had free access to
water and food. The chronic anosmia group (CA group, n=8) and chronic control group (CC
group, n=8) received an intranasal instillation with 20 μL of 170 mM ZnSO4 or normal saline
solution in each nostril (total 40 μL) 3 times a week for 12 weeks. The olfactory bulbectomy
group (OB group, n=10) underwent OB on the first day of the nasal instillation schedule as
previously described with minor modifications (Hendriksen et al., 2014). Mice were
anesthetized and placed on a stereotaxic apparatus. After exposing the skull with a sagittal
incision, the olfactory bulbs were exposed by drilling a burr hole over each olfactory bulb.
The olfactory bulbs were thoroughly removed by aspiration with a 16 G blunt needle. No
further measurements were taken on the OB group to the end of the schedule (Figure 1A).
After 12 weeks of treatment, the mice were subjected to a series of behavioral studies, and
were sacrificed to collect tissue.
For the acute anosmia experiment, 72 6-week-old male BALB/c mice (Koatech Korea,
South Korea) were randomly divided into 6 groups of 12 mice, and were housed in groups of
6 in each cage. A 12 h light-12 h dark cycle was applied and the mice had free access to water
and food. The acute anosmia group (AA group, 1 week, n=12; 3 week, n=12; 5 week, n=12;
total n=36) and acute control group (AC group, 1 week, n=12; 3 week, n=12; 5 week, n=12;
total n=36) received an intranasal instillation with 20 μL of 170 mM ZnSO4 or normal saline
solution in each nostril (total 40 μL). After 1, 3, or 5 weeks, the mice were subjected to a
series of behavioral studies, and were sacrificed to collect tissue. In order to apply behavior
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tests into a short timeframe, 12 mice of each group were divided into two subgroups of 6, and
each subgroup was subjected to a different set of behavior tests. Set #1: Potato chip finding
test - T-maze test - Elevated plus maze - Tail suspension test. Set #2: Potato chip finding test Splash test - Open field test - Forced swim test. Except for the potato chip finding test, the
mice were left undisturbed after the nasal treatment and were subjected to one of the behavior
test sets on the defined week in effort to exclude the effects of repeated behavior tests (Figure
1B). All animal experiments were performed following the National Institutes of Health
Guidelines for the Humane Treatment of Animals, with approval from the Institutional
Animal Care and Committee of Seoul National University (IACUC number SNU-130318-3-2
and SNU-150715-4-1).

2. Potato chip finding test
To test the olfactory function, potato chip-finding test was performed as previously
described with minor modifications 6 weeks after initiation of treatment (Kim et al., 2012).
Briefly, after depriving of food for 24 h, the mice were individually placed in clear plastic test
cages (20 x 40 x 15 cm) with fresh bedding of a depth of 5 cm. A potato chip (Pringles
Original Potato Chip, Kellogg, MI, USA) was hidden on the bottom of the cage, and its
location was alternated around the center of each quadrant for each test. A maximum of 6
minutes (for the chronic anosmia experiment) or 8 minutes (for the acute anosmia experiment)
was waited, and if the mouse failed to find the hidden potato chip during this period, the
maximum time was recorded. The average latency of 2-3 trials for each mouse to find the
potato chip was used to assess the olfactory function.

3. T-maze test
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The T-maze is a T-shaped arena with 3 arms (30 x 7 x 15 cm each) connected to a center
piece (7 x 7 x 15 cm). The subject mouse was placed in the starting arm and was left to freely
explore until it moved into the left or right arm. A plastic block was placed in the center to
obstruct the mouse from moving back to the center. After 30 seconds, the mouse was moved
back into the starting arm and left again to explore the arena. If the mouse entered the same
arm as the previous choice, it was scored not to alternate. If the mouse entered the opposite
arm, it was scored to alternate. Two trials were performed with a 3 hour interval and were
repeated on the next day, resulting in a total of 4 trials over 2 days. The average alternation
ratio of the 4 trials for each mouse was scored.

4. Tail suspension test
Mice were suspended 20 cm above the floor by adhesive tape placed on approximately 1
cm from the tip of the tail. The test was recorded for a 10-minute period by a digital camera
and was analyzed by Ethovision 8.5 software (Noldus, Netherlands). The total duration of
immobility, defined as no movement of all four limbs and the head, and latency to the first
immobile period were used as parameters.

5. Forced swim test
On the pre-test day, the mice were exposed to water by being placed in a transparent
plastic cylinder (25 cm high, 15 cm diameter) filled with water up to 20 cm for 5 minutes.
After the pre-test, subjects were dried with paper towels for 5 minutes under an infrared
heater to prevent hypothermia then returned back to their home cages. Twenty-four hours
after the initial exposure, the mice were tested for 10 minutes under identical conditions. The
test was videotaped by a digital camera then was analyzed using Ethovision 8.5 software
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(Noldus, Netherlands). Total time of immobility, which is defined as no movement on all four
limbs, and latency to the first immobile period were recorded.

6. Splash test
The mice were individually placed in clear plastic test cages (12 x 28 x 15 cm) with fresh
bedding and were habituated for 10 minutes with the lids closed. After the habituation period,
a 10% sucrose solution was squirted twice on the dorsal coat of each mouse with a sprayer,
and the mice were moved back into the test cage. A 5-minute trial (for the chronic anosmia
experiment) or a 10-minute trial (for the acute anosmia experiment) was recorded by a digital
camera, and was analyzed by Ethovision 8.5 software (Noldus). The viscosity of the sucrose
solution soils the fur and triggers grooming behavior. Total grooming time after applying the
sucrose solution was used as an index of self-care and motivated behavior.

7. Open field test
Spontaneous locomotion and anxiety behavior was measured by the open field test. In the
chronic anosmia experiment, mice were individually placed in a 40 x 40 x 40 cm clear plastic
box. After a 10-minute habituation period, activity was monitored by Opto-Varimex-4 AutoTrack (Columbus Instruments, OH, USA) for 30 minutes. Time spent in corners was
calculated as a parameter of anxiety by the instrument's bundled software. In the acute
anosmia experiment, subjects were individually placed in a 40 x 40 x 40 cm black plastic box.
Activity was recorded with a digital camera attached to the ceiling for 30 minutes. Time spent
in the center was calculated as a parameter of anxiety by Ethovision 8.5 software (Noldus).

8. Elevated plus maze
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The elevated plus-maze consisted of two open arms, two closed arms, and a center area
elevated to a height of 50 cm above the floor (arms are 8 cm wide, 25 cm long). After fasting
overnight, mice were placed in the center of the maze and were allowed to explore the maze
for 10 minutes. The test was recorded by a digital camera attached to the ceiling, and was
analyzed by Ethovision 8.5 program (Noldus). Total time spent in open arms was used to
assess anxiety of the subjects.

9. Tissue preparation
Animals were anesthetized and immediately cardiac-perfused with heparinized PBS. After
the brains were removed from the skull, the amygdala and hypothalamus were quickly
dissected on an ice-cold plate. The brain tissue was stored in -70℃ until used for further
studies. For nasal histologic evaluation, the nasal tissue specimens were fixed in 4%
paraformaldehyde and decalcified in 5% nitric acid solution (for the chronic anosmia
experiment) or 10% EDTA solution (for the acute anosmia experiment) for 4-5 days at 4℃.
The specimens were excised from the second palatal ridge to the first upper molar teeth. The
tissue was dehydrated and processed according to standard paraffin-embedding procedures.
The tissue was cut in coronal sections with a thickness of 4 μm.

10. Histological studies
Hematoxylin and eosin (H&E) staining was conducted for general findings.
Immunohistochemical staining was performed by using the polink-2 plus polymerized
horseradish peroxidase (HRP) broad DAB Detection System (Golden Bridge International
Labs, WA, USA). Briefly, after deparaffinization, the sections were incubated in 3%
hydrogen peroxide for endogenous peroxidase inhibition and microwave-treated in 10
mmol/L citrate buffer (pH 6.0) for heat-induced epitope retrieval. The sections were
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incubated for 60 min at room temperature with rabbit anti-mouse olfactory marker protein
(OMP) antibody (1:500; Abcam, Cambridge, UK). The sections were incubated in broad
antibody enhancer and polymer-HRP and then stained with the DAB Detection System.
Finally, slides were counterstained with hematoxylin. Ten areas from nasal mucosal section
were chosen randomly for evaluation under high-power fields (x400) and measured by two
examiners blinded to the groups.

11. Real-time PCR
RNA samples were prepared using the NucleoSpin RNA/Protein kit (Machery-Nagel,
Germany) according to the manufacture's protocols. First strand cDNA was synthesized from
the RNA samples using AccuPower RocketScript RT Premix (Bioneer, South Korea) and
quantitative real-time PCR assays were carried out by using EvaGreen 2X qPCR MasterMix
(Applied Biological Materials, Canada) with BioRad CFX96 Real-time PCR Detection
System (Bio-Rad Laboratories, CA, USA) and its bundled software. Levels of GR and CRH
were normalized by using beta-actin as an internal control. The primer sequences were as
follows: GR forward, 5'- TGA TGG GGA ATG ACT TGG GC-3', GR reverse, 5'-CTT CTC
TGT CGG GGT AGC AC-3', CRH forward, 5'- ACC TTC TGC GGG AAG TCT TG- 3',
CRH reverse, 5'- CGG AGC TGC GAT ATG GTA CA-3', beta-actin forward, 5'-GGC TGT
ATT CCC CTC CAT CG-3', beta-actin reverse, 5'-CCA GTT GGT AAC AAT GCC ATG T-3'.

12. Serotonin ELISA
The amygdala tissue was analyzed for its serotonin concentration with Serotonin Research
ELISA Kit (LDN, Germany) according to the manufacturer's protocols. Total protein
concentration of the amygdala lysate was determined by Pierce BCA Protein Assay Kit
(Thermo Fisher Scientific, MA, USA) according to the manufacturer's protocols. The
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amygdala serotonin level was calculated by dividing the serotonin concentration by total
protein concentration.

13. Western blot
Amygdala lysates from the Serotonin Research ELISA kit were loaded onto 10% SDSPAGE gels and were transferred to PVDF membranes (Millipore, MA, USA). The
membranes were blocked in 5% bovine serum albumin (Bovogen Biologicals, Australia) for
1 hour at room temperature, and were incubated with a primary antibody (5-HT2A antibody,
1:1,000, sc-15073, Santacruz Biotechnology, CA, USA; beta-actin antibody, 1:2,000, sc47778, Santacruz Biotechnology) overnight at 4℃. Subsequently, the membranes were bound
to a secondary antibody (anti-goat IgG, 1:10,000, A50-101p, Bethyl Laboratories, TX, USA;
anti-mouse IgG, 1:2,000, Cat#62-6520, Thermo Fisher Scientific) for 1 hour at room
temperature, and the HRP signals were visualized by WestSave Chemiluminescent Detection
Kit (AbFrontier, South Korea). Protein expression was assessed by densitometric analysis on
ImageJ Software (National Institute of Health, MA, USA) and the 5-HT2A expression level
was calculated by dividing 5-HT2A expression by beta-actin expression.

14. Statistical analysis
The data are expressed as means ± standard errors of the mean (SEM) values. SPSS
version 21 (IBM, NY, USA) was used for statistical analysis. Since the chronic anosmia
experiment had 3 groups, one-way ANOVA and LSD post hoc test were used to compare
among groups. For the acute anosmia experiment, Student's t-test was used to compare
between AA and AC groups for each week. The results were considered statistically
significant if p <0.05.
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Figure 1. Experimental timeline. (A) In the chronic anosmia experiment, CC and CA groups
received 3 nasal instillations per week for 12 weeks. The OB group underwent surgery on the
first day of the schedule. (B) In the acute anosmia experiment, AC and AA groups received a
single nasal instillation and were subjected to behavior tests on the defined week.
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RESULTS

Olfactory epithelium destruction and olfactory functional impairment was observed in
CA mice.
To confirm ablation of the olfactory epithelium by ZnSO4 instillation, H&E staining and
OMP staining were performed. In the H&E staining results, CA mice showed severe
disruption of the olfactory epithelium while CC and OB mice showed relatively intact
structure (Figure 2A). OMP-positive cells were significantly decreased in both CA and OB
mice (CC: 7.19 ± 3.21, n=5; CA: 3.44 ± 1.72, n=4; OB: 5.39 ± 2.41, n=5), indicating
decreased activity of olfactory sensory receptor neurons (Figure 2B) (Buiakova et al., 1996).
The functional impairment of olfaction was assessed by potato chip finding test, which
resulted in an increased latency in CA and OB mice (CC: 116.70 ± 31.24 sec, n=5; CA:
276.00 ± 56.26 sec, n=5; OB: 321.70 ± 72.78 sec, n=5) (Figure 2C).

Working memory was not altered in CA and OB mice.
The T-maze test was applied to subject mice in order to check working memory
impairments. No difference was detected among experimental groups (one way ANOVA,
p=0.593) (Figure 3).

Depressive behavior was increased in CA mice.
In order to evaluate depression in mice, a battery of behavioral tests was applied. Tail
suspension and forced swim tests are similar tasks to evaluate the behavioral despair of
subjects in an inescapable situation (Castagne et al., 2011). In CA and OB mice, increased
immobile ratio in tail suspension and forced swim was documented (tail suspension: CC:
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0.0693 ± 0.0275, n=5; CA: 0.1959 ± 0.0478, n=5; OB: 0.4304 ± 0.0307, n=5; forced swim:
CC: 0.1729 ± 0.0473, n=5; CA: 0.3806 ± 0.0383, n=5; OB: 0.5282 ± 0.0772, n=5) (Figure 4A,
4C). Shorter latency to immobility in tail suspension was observed in CA and OB mice (CC:
215.11 ± 55.20 sec, n=5; CA: 72.47 ± 21.83 sec, n=5; OB: 25.38 ± 4.66 sec, n=5) (Figure 4B).
Forced swim test results also showed a tendency of decrease in latency in CA and OB mice
but did not reach significance (CC: 51.83 ± 22.31 sec, n=5; CA: 20.61 ± 2.83 sec, n=5; OB:
15.04 ± 2.91 sec, n=5) (Figure 4D). The splash test evaluates disturbances in self-care
behavior, which is considered parallel to apathetic behavior observed in depression (Willner,
2005). The grooming ratio in the splash test was decreased in OB mice but not at a significant
degree (CC: 98.92 ± 15.42 sec, n=5; CA: 90.11 ± 21.84 sec, n=5; OB: 61.71 ± 13.88 sec, n=5)
(Figure 4E). Behavioral test results consistently show that CA and OB mice have depression
and also a trend of OB mice showing more depressive behavior than CA mice.

Anxiety behavior was decreased in CA mice.
In order to assess anxiety in subject mice, open field and elevated plus maze tests were
performed. In the open field test, total time spent in the corner areas was decreased in CA
mice (CC: 1097.7 ± 138.0 sec, n=5; CA: 689.2 ± 47.4 sec, n=5; OB: 1193.9 ± 103.9 sec, n=5)
(Figure 5A). Elevated plus maze results exhibited that CA mice spent more time in the open
arms (CC: 91.44 ± 9.26 sec, n=5; CA: 223.36 ± 28.68 sec, n=5; OB: 69.22 ± 20.29 sec, n=5)
(Figure 5B). These findings indicate that CA mice, but not OB mice show decreased anxiety.

Hypothalamic GR and amygdalar CRH expression was disrupted in CA mice.
To investigate the molecular changes related to the mood changes observed in CA mice,
GR in the hypothalamus and CRH in the amygdala were assessed by real-time PCR.
Hypothalamic GR expression was significantly reduced in both CA and OB mice (CC: 1.000
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± 0.073, n=5; CA: 0.722 ± 0.068, n=6; OB: 0.760 ± 0.048, n=6) (Figure 6A). Amygdalar
CRH was significantly reduced in CA but not in OB mice (CC: 1.000 ± 0.161, n=3; CA:
0.294 ± 0.040, n=3; OB: 0.962 ± 0.107, n=4) (Figure 6B). The changes in hypothalamic GR
and amygdalar CRH correspond to the behavioral changes in the aspect of depression and
anxiety respectively.

Amygdalar serotonin signaling was not altered in CA or OB mice.
Since amygdalar 5-HT2A receptor expression is known to be decreased in depression
related suicide victims (Hrdina et al., 1993), the serotonin level and 5-HT2A receptor protein
expression were examined by ELISA and western blot respectively (Figure 7). However, the
results did not show difference among groups (serotonin ELISA: one-way ANOVA, p=0.489;
5-HT2A western blot: one-way ANOVA, p=0.719).

Time-dependent recovery of the olfactory epithelium and olfactory function was
observed in AA mice.
To confirm ablation of the olfactory epithelium by single ZnSO4 nasal instillation, H&E
staining was performed. Severe damage to the olfactory epithelium was observed on the first
week in AA mice, and this change was recovered over time (Figure 8A). The olfactory
function was assessed by measuring the latency to find a hidden potato chip. AA mice
showed increased latency on the first week to 2.5 weeks (1 w, p<0.001, n=12 per group; 2 w,
p<0.001, n=12 per group; 2.5 w, p<0.05, n=6 per group), and from 3 weeks there was no
difference among groups (Figure 8B). The results indicate anatomical and functional
recovery from a single ZnSO4 nasal instillation after approximately 3 weeks.

AA mice did not show changes in working memory.
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T-maze test results did not show changes in working memory on 1, 3, and 5 weeks after
ZnSO4 treatment (1 w, p=0.874; 3 w, p=0.177; 5 w, p=0.687) (Figure 9).

Depressive behavior was increased in AA mice.
In order to evaluate depression in mice, a battery of behavioral tests was applied. Tail
suspension and splash tests indicated an increase in depressive behavior in AA mice on the
first week (tail suspension test 1 week, p<0.05, n=6 per group; splash test 1 week, p<0.05,
n=6 per group) (Figure 10A, 10B). However, forced swim test failed to show difference on all
weeks (Figure 10C).

Anxiety behavior was decreased in AA mice.
In order to assess anxiety in subjects, open field and elevated plus maze tests were
performed. In the open field test, total time spent in the center was increased on week 1 (AC:
700.1 ± 96.9 sec, AA: 1601.0 ± 197.6 sec, p<0.05, n=6 per group) (Figure 11A). On the
contrary, elevated plus maze results displayed an increase of time spent in open arms on week
3 (AC: 36.4 ± 12.2 sec, AA: 95.3 ± 32.6 sec, p<0.05, n=6 per group) (Figure 11B). Total
distance moved during the tests showed no difference in all tests, allowing exclusion of the
effects by disparity in general locomotion (data not shown).

Amygdalar CRH, but not hypothalamic GR expression is disrupted in AA mice.
To investigate the molecular changes related to the mood changes in AA mice, GR in the
hypothalamus and CRH in the amygdala were assessed by real-time PCR. Hypothalamic GR
expression was not different between AC and AA on all weeks (Figure 12A). Amygdalar
CRH expression was significantly reduced on week 1 (AC: 1.000 ± 0.125, AA: 0.640 ± 0.091,
p<0.05, n=6 per group) (Figure 12B).
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Figure 2. Olfactory epithelium destruction and olfactory functional impairment was observed
in CA and OB mice. Nasal tissues were stained with hematoxylin and eosin (H&E) to check
disruption of the olfactory epithelium. Immunohistochemistry of olfactory marker protein
(OMP) was performed and OMP-positive cells were counted under high-power fields (x400).
Olfactory function was measured by potato chip finding test. (A) Representative
pictomicrographs of H&E staining and OMP staining of the olfactory epithelium. Scale bars
indicate 50μm. (B) Quantification of OMP-positive cells per high power field from OMP
staining. (C) Latency to finding a hidden potato chip. *p<0.05, **p<0.01, ***p<0.001
compared with CC group.
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Figure 3. Working memory was not altered in CA and OB mice. The T-maze test was
performed to assess working memory and failed to show difference among groups.
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Figure 4. Depressive behavior was increased in CA and OB mice. Behavioral tests including
tail suspension, forced swim, and splash tests were performed to assess depression. (A)
Immobile time in tail suspension test. (B) Latency to first immobile period in tail suspension
test. (C) Immobile time in forced swim test. (D) Latency to first immobile period in forced
swim test. (E) Grooming time in splash test. *p<0.05, **p<0.01, ***p<0.001 compared with
CC group, ###p<0.001 compared with CA group.
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Figure 5. Anxiety behavior was decreased in CA mice. Behavioral tests including open field
and elevated plus maze tests were performed to evaluate anxiety. (A) Time spent in corner
areas in the open field test. (B) Time spent in open arms in the elevated plus maze test.
*p<0.05, **p<0.001 compared with CC group,
group.
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p<0.01,

###

p<0.001 compared with CA

Figure 6. Hypothalamic GR and amygdalar CRH expression was reduced in CA mice. In
order to investigate molecular changes in the brain that correlate with behavioral changes,
RNA was extracted from the hypothalamus and amygdala, followed by real-time PCR. (A)
GR mRNA expression in the hypothalamus. (B) CRH mRNA expression in the amygdala.
*p<0.05, **p<0.01 compared with CC group, ###p<0.001 compared with CA group.

22

Figure 7. Amygdalar serotonin signaling was not altered in CA and OB mice. Serotonin level
in the amygdala was measured by ELISA, and 5-HT2A receptor level in the amygdala was
measured by densitometric analysis of western blots. (A) Amygdalar serotonin level
measured by ELISA. (B) Amygdalar 5-HT2A receptor level measured by densitometric
analysis of western blots.

23

Figure 8. Time-dependent recovery of the olfactory epithelium and olfactory function was
observed in AA mice. Nasal tissue slides were stained with hematoxylin and eosin (H&E) to
check disruption of the olfactory epithelium. Latency to find a hidden potato chip was
measured to assess olfactory function. (A) Representative pictomicrographs of H&E staining
of the olfactory epithelium. Scale bar indicates 100 μm. (B) Latency to find a hidden potato
chip. *p<0.05, ***p<0.001 compared among groups of same week.
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Figure 9. AA mice did not show changes in working memory. The T-maze test was
performed to assess working memory and failed to show difference among groups.
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Figure 10. Depressive behavior was increased in AA mice. Behavioral tests including tail
suspension, splash, and forced swim tests were performed to assess depression. Results
indicate a depressive change on 1 week after treatment. (A) Immobile ratio in tail suspension
test. (B) Grooming ratio in splash test. (C) Immobile ratio in forced swim test. *p<0.05,
**p<0.01 compared among groups of same week.
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Figure 11. Anxiety behavior was decreased in AA mice. Behavioral tests including open field
and elevated plus maze tests were performed to evaluate anxiety. (A) Time spent in center
area in the open field test. (B) Time spent in open arms in the elevated plus maze test.
*p<0.05 compared among groups of same week.
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Figure 12. Amygdalar CRH, but not hypothalamic GR expression was reduced in AA mice.
In order to investigate molecular changes in the brain that correlate with behavioral changes,
RNA was extracted from the hypothalamus and amygdala, followed by real-time PCR. (A)
GR mRNA expression in the hypothalamus. (B) CRH mRNA expression in the amygdala.
*p<0.05 compared among groups of same week.
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DISCUSSION

In this study, mice treated with chronic or acute intranasal instillation of ZnSO4 were
utilized to assess the effects of anosmia on behavioral phenotypes and its underlying
mechanisms. Anatomical and functional loss of olfaction was confirmed by histology of the
olfactory epithelium and potato chip finding test. The behavioral studies demonstrated that
ZnSO4-induced chronic and anosmia mice show increased depressive behavior and decreased
anxiety compared to the control group (Figure 4, 5, 10, 11). Changes in CRH and GR
expression in the amygdala and hypothalamus were examined as possible molecular
mechanisms (Figure 6, 12).
Tail suspension, forced swim, and splash tests were used to evaluate depressive behavior.
Tail suspension and forced swim tests are behavioral tests that assess the escape behavior in
inescapable aversive situation (Castagne et al., 2011; Porsolt et al., 1979). After a period of
intense motor activity the subjects learn that escape is impossible and adopt an immobile
position, also known as behavioral despair. The total time of immobility during the test period
and the latency to the first immobile period are considered to indicate the degree of
depression of the subject. Splash test evaluates the degree of self-care behavior by spraying a
viscous sucrose solution on the dorsal coat and measuring the time of grooming behavior
(Santarelli et al., 2003). The decrease in grooming time is considered parallel to apathetic
behavior observed in depressive patients (Willner, 2005). In the chronic anosmia experiment,
both CA and OB mice showed an increase in depressive behavior. Interestingly, CA mice
appeared to have less severe depression compared to OB mice (Figure 4). This can be
explained that the CA model is induced by a limited disruption of the olfactory epithelium,
while the OB model is achieved by radical removal of the olfactory bulb. Bulbectomy causes
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dysfunction of the cortical-hippocampal-amygdalar circuit, direct surgical damage and edema,
disruption in the blood supply (Kelly et al., 1997). It is also known that retrograde and
anterograde degeneration occurs to various regions that are connected to the olfactory bulb
(Song et al., 2005). Therefore, the OB model can be considered as a more profound
depression model. In the acute anosmia experiment, AA mice showed increased depressive
behavior on week 1, and this change was spontaneously recovered on week 3 and 5 (Figure
10). Tail suspension and forced swim tests are similar tasks that evaluate behavioral despair
in an inescapable situation. However, discrepancy between the two tasks has been
acknowledged and its difference in neurochemistry has also been studied (Bai et al., 2001;
Renard et al., 2003). The inconsistency in depression-related behavior tests on week 1 may be
due to the subtle difference between the tests.
Hyperactivity of the hypothalamus-pituitary-adrenal (HPA) axis is considered to be one of
the main biochemical changes in major depression (van Rossum et al., 2006), and it has been
reported that GR down-regulation can cause an increase in glucocorticoid levels, possibly due
to impaired GR-mediated negative feedback inhibition in the hypothalamus and pituitary
gland (Pariante et al., 2001). The CA and OB mice showed depressive behavioral changes as
well as diminished mRNA levels of GR in the hypothalamus which concur with previous
studies. Unlike the chronic model, AA mice did not show changes in hypothalamic GR
mRNA levels. The chronic anosmia experiment was conducted by applying repeated nasal
treatments of ZnSO4 for 12 weeks, whereas the acute model received a single dose which the
effects lasted for 2-3 weeks. The smaller dose of ZnSO4 and the shorter exposure to the
anosmic state may have not been sufficient to manifest in downregulation of hypothalamic
GR. There is a possibility that a direct mechanism of anosmia-induced depression exists, and
if the mouse is exposed long enough to this state the imbalance of the HPA axis occurs. The
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immediate and direct changes of the brain that lead to depressive behavior in anosmia need to
be explored in further studies.
The serotonin system is one of the major neurotransmitters known to be affected in
depression, and the cortical and amygdalar 5-HT2A receptor is known to be decreased in
suicide victims (Hrdina et al., 1993). Dysregulation of GR in depression animal models and
patients has been reported to result in suppression of serotonin receptors (Lopez et al., 1998;
Vazquez et al., 2012). Based on the high connectivity between the olfactory bulb and the
amygdala, the serotonin and 5-HT2A receptor levels were checked in the amygdala. However,
serotonin ELISA results and 5-HT2A western blots failed to show alteration of the serotonin
system in the amygdala (Figure 7).
In the open field paradigm the mice are exposed to a novel open space, which triggers
anxiety behavior, specifically, moving to the corner of the arena, triggered by the fact that the
subject is separated from its social group, and also by agoraphobia (Carola et al., 2002; Prut
et al., 2003). The elevated plus maze has arms elevated from the floor in order to evoke fear,
and the approach-avoidance conflict is assess by time spent in open and closed arms (Carola
et al., 2002; Pellow et al., 1985). Open field and elevated plus maze tests revealed a reduction
in anxiety-like behavior in CA mice (Figure 5). Hyperactivity and anxiety is considered a
typical behavioral change in OB mice (Zueger et al., 2005), but the results in this study failed
to show difference in aspect of anxiety between CA and OB mice. This may be due to the
different timeline of experiments since the results in this study were obtained 12 weeks after
surgery, while most of the studies on OB mice are performed 1-2 weeks after bulbectomy
(Harkin et al., 2003). In the acute anosmia experiment, AA mice showed a decrease in anxiety
behavior on week 1 in the open field test and on week 3 in the elevated plus maze test. The
two behavioral tasks are routinely used to study anxiety related behavior in mice, but the
difference in anxiogenic properties has been shown to occasionally induce disparate
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behavioral responses (Carola et al., 2002). Also, it must be taken into account that juvenile
mice were used in this study and that aging may have been responsible for distinct responses
on different weeks.
The amygdala is highly recognized as the key brain region for fear and anxiety, and is
known to be activated by olfactory signals (LeDoux, 2007). Injection of a CRH agonist in the
central nucleus of the amygdala (CeA) resulted in increased anxiety, while mice that received
a CRH antagonist injection showed decreased anxiety-like behavior (Heinrichs et al., 1992;
Rassnick et al., 1993). Kolber and colleagues reported that knockdown of GR in the CeA
impaired conditioned fear behavior, and that intraventricular CRH delivery rescued the
deficits. The abovementioned studies exhibit the important role of CRH and GR in the
amygdala in the aspect of regulating anxiety (Kolber et al., 2008). Various types of stressors
can induce CRH expression in the amygdala (Makino et al., 1999), and a bilateral amygdala
lesion study showed that HPA activation by somatosensory and olfactory stimulation, but not
photic or acoustic stimulation, was blocked by damaging the amygdala (Feldman et al., 1981).
Collectively, these lines of study suggest that olfactory signals can promote CRH
transcription in the amygdala, and that loss of olfactory inputs may result in decreased CRH
and an anxiolytic state.
Increased depression and coexisting decrease in anxiety-like behavior in CA mice may
seem contradictory, considering that anxiety and depression are usually comorbid conditions
in human cases (Gorman, 1996; Wittchen et al., 2000). This uncoupled phenotype of
depression and anxiety has been reported in thyrotropin-releasing hormone (TRH) receptor
type 2 (TRH-R2) deficient mice (Sun et al., 2009). The TRH/TRH-R system has been
proposed as a major regulatory system within the central nervous system including a role in
the modulation of mood, arousal, and circadian rhythm and its functions are thought to be
impaired or altered in depression and anxiety (Gary et al., 2003; Gutierrez-Mariscal et al.,
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2008; Pekary et al., 2006; Sattin, 1999; Yarbrough et al., 2007). There are prominent
similarities between control of central nervous system function by TRH and CRH (Steckler et
al., 1999). Meanwhile, serotonin 5-HT1A receptor mutant mice and cAMP response element
binding protein deficient mice have been reported to show increased anxiety and reduced
depression (Gur et al., 2007; Heisler et al., 1998). These previous studies suggest that the
disturbances and/or subtle imbalance in the endogenous neurotransmitters such as
monoamines (serotonin and/or norepinephrine) and neurohormones such as CRH and TRH
serve as underlying mechanisms for the unexpected phenotype of increased depression with
decreased anxiety observed in CA and AA mice in the current study. Further study is needed
to elucidate detailed mechanisms of the uncommon mood changes observed in ZnSO4induced anosmic mice.
Deterioration in quality of life and increase in prevalence of mood disorders by olfactory
loss have been documented in population-based studies (Jung et al., 2014; Katotomichelakis
et al., 2013). However, molecular changes in the mood-related brain regions in anosmic mice
have not been thoroughly studied. This study shows evidence of the chronic impacts of
olfactory loss which was induced in juvenile mice. Since the younger population is more
susceptible to olfactory loss than the elderly and the brain continues development during
childhood and adolescence, olfactory deficits may have higher influence in young patients
(Giedd et al., 1999; Hummel et al., 2005). Direct translation of the current work to human
patients may be limited since rodents heavily rely on olfactory cues to detect information of
their environment (Yang et al., 2009). Also, while all the subject mice in the acute anosmia
experiment have recovered olfactory function, spontaneous recovery of olfaction is known to
be limited in human patients (Reden et al., 2006). In spite of the limitations from inter-species
difference, data of the present study demonstrates the magnitude of the effects of olfactory
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loss on the brain and also suggests target brain regions and putative molecular pathways for
future research on the comorbid mood disorders in patients with olfactory problems.
To summarize, anosmia induced by ZnSO4 nasal instillation resulted in depression and
reduced anxiety, both in chronic and acute conditions. The anxiolytic effects of anosmia in
both experiments share a common molecular pathway, CRH in the amygdala. However, GR
suppression in the hypothalamus, a common finding in depressive patients and also detected
in the olfactory bulbectomy model, was only present in the chronic model. Olfactory
impairments, both histologically and functionally, were recovered around 3 weeks after a
single ZnSO4 nasal treatment, and the behavioral changes were rescued at this period as well.
To my knowledge, this is the first animal study to link acquired anosmia with mood disorders
and display time-dependent behavioral and molecular recovery. The results suggest that loss
of the sense of smell, often left neglected, has high impact on mental health and thus requires
more attention in diagnosis and treatment.
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국문 초록

서론: 후각상실은 유병률이 매우 높은 질병으로 기분장애와 동반되는 경우가
흔하다. 코를 통해 들어온 후각 정보는 변연계와 연결된다는 점과 변연계가
뇌에서 감정을 조절하는 부위라는 점을 감안할 때 후각상실이 기분에도 영향을
미치는 것은 충분히 예상 가능한 내용이다. 하지만 임상이나 연구에서 후각은
오감 중 가장 관심이 떨어지는 분야인 관계로 지금까지 후각상실이 뇌에 미치는
영향은 연구된 바가 거의 없다.

방법: 6 주령 BALB/c 수컷 마우스에 ZnSO4 를 만성 후각상실 모델은 12 주간 주
3 회, 급성 후각상실 모델은 단회 비강투여해 만들었다. 후각기능의 상실을
보이기 위해 H&E 염색, OMP 면역염색, potato chip finding test 를 수행했다.
Tail suspension, forced swim, splash test 를 통해 우울 증상을 확인하고 open
field, elevated plus maze 를 통해 불안 증상을 평가했다. 기분 변화와 관련된
분자적 변화를 확인하기 위해 뇌하수체의 glucocorticoid receptor (GR)와
편도체의 corticotropin-releasing hormone (CRH)의 mRNA 발현량을 realtime PCR 로 측정했다.

결과: 조직 염색과 potato chip finding test 를 통해 후각 상피의 파괴와 후각
기능의 상실을 확인할 수 있었다. 기분장애를 평가하기 위한 행동실험에서는
만성과 급성 후각상실 모두에서 의해 우울 증상이 나타나고 불안 증상이
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감소하는 것으로 나타났다. PCR 결과에서는 만성 모델에서 뇌하수체의 GR
발현량이 감소했고, 만성과 급성 모델에서 편도체의 CRH 발현이 감소한 것으로
나타났다.

결론: 실험 결과 ZnSO4 에 의한 만성과 급성 후각상실 모델 모두에서 우울
증상의 증가와 불안증상의 감소가 나타났다. 이러한 기분장애는 뇌하수체의
GR 와 편도체의 CRH 발현 변화와 관련이 있을 것으로 추정할 수 있다.

주요어: 후각상실, 우울증, 불안장애, 당질코르티코이드 수용체, 코르티코트로핀
분비 호르몬, 후각장애, 뇌하수체, 편도체
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