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Abstract

Background: Olfactory loss is highly prevalent, and comorbid mood disorders are common. Considering olfactory input is highly
interconnected with the limbic system, and that the limbic system manages mood, it is predictable that impairments in the sense
of smell may result in mood changes.

Methodology: Chronic olfactory deficits were induced by repeated intranasal irrigation of ZnSO, for 12 weeks 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 in histological studies and potato chip finding
test. Behavioral tests show that the chronic anosmic state caused increased depression and reduced anxiety. PCR data showed

that mRNA levels of GR in the hypothalamus and CRH in the amygdala were significantly decreased.

Conclusions: These results propose that ZnSO,-induced chronic anosmia can cause a depressive and anxiolytic state via decre-
ased hypothalamic GR and amygdalar CRH.
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Introduction olfactory neuroepithelium, consequently leading to olfactory
Olfactory dysfunction is highly prevalent in the general popula- dysfunction ©4., Olfactory loss can result in neuropsychiatric
tion, and it may be caused by upper respiratory tract infections, phenotypes, such as emotional changes ©7. Patients with

head trauma, neurodegenerative disorders, exposure to toxins, olfactory dysfunction caused by nasal inflammation have been
and various inflammatory conditions of the nasal cavity such reported to show higher scores in indices of anxiety and depres-
as allergic rhinitis and chronic sinusitis 2. Toxin exposure or sion compared with control subjects. Recovery of olfaction

inflammation of the olfactory mucosa results in damage of the after treatment correlates with improvement of quality of life
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including depression and anxiety scores .

Olfaction is phylogenetically considered to be the most primi-
tive sense, and is known to be interconnected to the primitive
areas of the brain, the limbic system. Stimulation of the olfactory
system is known to activate the amygdala, hippocampus and
orbitofrontal cortex ©. Considering the limbic area is linked with
emotion, it is rather predictable that damage of the olfactory
system can cause emotional symptoms in humans and animal
models. An extreme animal model of olfactory damage is the
olfactory bulbectomy (OB), where the olfactory bulb is surgically
removed. The OB model shows symptoms of anxiety and de-
pression "9, and has high value in depression research since the
symptoms can be reversed by chronic antidepressant treatment

1)

Although previous studies linking olfactory deficits to alteration
in emotional state are present, studies that focus on the mole-
cular mechanism are sparse. Moreover, literature focusing on
the mechanism of how peripheral deficits of the nasal olfactory
neuroepithelium can affect the central nervous system is rare.

In this study, we used an animal model of chronic anosmia
induced by repeated intranasal irrigation of ZnSQO, to study the
effects of nasal olfactory deficits on emotional behaviors. The
chronic anosmic mice were also compared with an established
model of anosmia and depression, the OB model. The behavio-
ral alteration in aspect of depression and anxiety was explored
alongside with the corresponding changes of molecules in the
hypothalamus and amygdala.

Materials and methods

Animals

Six-week-old male BALB/c (Samtako Bio Korea, South Korea)
mice 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 control group
(CONT group, n=_8) received an intranasal instillation with 20 pL
of 170 mM ZnSQO, or normal saline solution in each nostril (total
40 pL) 3 times a week for 12 weeks. The olfactory bulbectomy
group (OB group, n=10) underwent surgery on the first day

of the nasal instillation schedule as previously described with
minor modifications 2. Briefly, 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. After 12 weeks of treatment, the mice were sub-
jected to series of behavioral studies, and sacrificed to collect
tissue. All animal experiments were performed following the Na-
tional Institutes of Health Guidelines for the Humane Treatment
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of Animals, with approval from the Institutional Animal Care and
Committee of Seoul National University (IACUC number SNU-
130318-3-2).

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 ©. 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 piece of a potato chip (1 x 2 cm, Pringles Original Po-
tato 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. The average latency of two trials for each
mouse to find the potato chip was recorded.

Tail suspension test

Mice were suspended 30 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
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. One mouse which managed to self-
climb was excluded from analysis.

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 and 15 cm in
diameter) filled with water up to 20 cm for 5 minutes. After the
pre-test, subjects were dried with paper towels under an infra-
red heater for 5 minutes 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 (Noldus). Total time
of immobility, which is defined as no movement of all four limbs,
and latency to the first immobile period were recorded.

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 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 beha-
vior. Total grooming time after applying the sucrose solution was
used as an index of self-care and motivated behavior.
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Open field test

Spontaneous activity was measured by the open field test. 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 Auto-Track (Columbus Instruments, OH, USA)
for 30 minutes. Time spent in corners was calculated as a para-
meter of anxiety by the instrument’s bundled software.

Elevated plus maze

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.

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°C until
RNA extraction. For nasal histologic evaluation, the nasal tissue
specimens were fixed in 2% paraformaldehyde and decalcified
in 5% nitric acid for 4-5 days at 4°C. 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 um.

Histological studies

Hematoxylin and eosin (H&E) staining was conducted for ge-
neral 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 peroxi-
dase inhibition and microwave-treated in 10 mmol/L citrate
buffer (pH 6.0) for heat-induced epitope retrieval. The sections
were 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.

Real-time PCR
RNA samples were prepared using the NucleoSpin RNA kit
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(Machery-Nagel, Germany) according to the manufacture’s pro-
tocols. First strand cDNA was synthesized from the RNA samples
using AccuPower RocketScript RT Premix (Bioneer, Republic of
Korea) and quantitative real-time PCR assays were carried out by
using EvaGreen 2X qPCR MasterMix (Applied Biological Materi-
als, Canada) with BioRad CFX96 Real-time PCR Detection System
(Bio-Rad Laboratories, CA, USA) and its bundled software. 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'- ACCTTC TGC GGG AAG TCT TG- 3, CRH
reverse, 5'- CGG AGC TGC GAT ATG GTA CA-3; beta-actin forward,
5-GGCTGT ATT CCC CTC CAT CG-3; beta-actin reverse, 5'-CCA
GTT GGT AAC AAT GCC ATG T-3.

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. One-way ANOVA and LSD post hoc test was
used to compare among groups. The results were considered
statistically significant if p <0.05.

Results

Olfactory epithelium destruction and olfactory functional
impairment was observed in CA mice

To confirm ablation of the olfactory epithelium by ZnSO,
instillation, H&E staining and OMP staining were performed.
CA mice showed severe disruption of the olfactory epithelium
while CONT and OB mice showed intact structure (Figure TA).
OMP-positive cells were significantly decreased in both CA and
OB mice (CONT: 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 1B) 3. The functional impairment of
olfaction was assessed by potato chip-finding test, which resul-
ted in an increased latency in CA and OB mice (CONT: 116.70 +
31.24 sec, n=5; CA: 276.00 = 56.26 sec, n=5; OB: 321.70 + 72.78
sec, n=5) (Figure 1Q).

Depressive behavior was observed in CA mice when as-
sessed with tail suspension, forced swim, and splash tests

In order to evaluate depression in mice, a battery of behavioral
tests were applied. Tail suspension and forced swim tests are
similar tasks to evaluate the behavioral despair of subjects in an
inescapable situation ™. In CA and OB mice, increased immobile
time in tail suspension and forced swim was documented (tail
suspension: CONT: 41.57 + 16.50 sec, n=5; CA: 117.54 £ 28.70
sec, n=5; OB: 258.25 + 41.17 sec, n=>5; forced swim: CONT: 103.76
+ 28.40 sec, n=5; CA: 228.39 £ 51.44 sec, n=5; OB: 316.93 + 46.32
sec, n=>5) (Figure 1A, C). Shorter latency to immobility in tail sus-
pension was observed in CA and OB mice (CONT: 215.11 + 55.20
sec, n=5; CA: 72.47 + 21.83 sec, n=5; OB: 25.38 £ 4.66 sec, n=5)
(Figure 2B). Forced swim test results also showed a tendency of
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Figure 1. 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 50um. 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 CONT group.

decrease in latency in CA and OB mice but did not reach signifi-
cance (CONT: 51.83 £ 22.31 sec, n=5; CA: 20.61 * 2.83 sec, n=5;
OB: 15.04 + 2.91 sec, n=5) (Figure 2D). The splash test evaluates
disturbances in self-care behavior, which is considered paral-
lel to apathetic behavior observed in depression . The total
grooming time in the splash test was decreased in OB mice but
not at a significant degree (CONT: 98.92 + 15.42 sec, n=5; CA:
90.11 £ 21.84 sec, n=5; OB: 61.71 + 13.88 sec, n=5) (Figure 2E).
Behavioral test results consistently show that CA and OB mice
have depression and also a trend of OB mice showing more
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Figure 2. Depressive behavior was observed 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 suspen-
sion 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 CONT group, ###p<0.001 compared with CA
group.

depressive behavior than CA mice.

Anxiety was decreased in CA mice when assessed with open
field and elevated plus maze tests

In order to assess anxiety in subject mice, open field and eleva-

ted plus maze tests were performed. In the open field test, total
time spent in the corner areas was decreased in CA mice (CONT:
1097.7 + 138.0 sec, n=5; CA: 689.2 + 47.4 sec, n=5; OB: 11939 +

103.9 sec, n=5) (Figure 3A). Elevated plus maze results exhibited
that CA mice spent more time in the open arms (CONT: 91.44 +
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Figure 3. Anxiety 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 CONT group, ##p<0.01, ###p<0.001 compared with CA
group.

9.26 sec, n=5; CA: 223.36 + 28.68 sec, n=5; OB: 69.22 + 20.29 sec,
n=>5) (Figure 3B). These findings indicate that CA mice, but not
OB mice show decreased anxiety.

Hypothalamic GR and amygdalar CRH expression is disrup-
ted 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. Hypotha-
lamic GR expression was significantly reduced in both CA and
OB mice (CONT: 1.000 + 0.073, n=>5; CA: 0.722 + 0.068, n=6; OB:
0.760 * 0.048, n=6) (Figure 4A). Amygdalar CRH was significantly
reduced in CA but not in OB mice (CONT: 1.000 £ 0.161, n=3;
CA:0.294 £ 0.040, n=3; OB: 0.962 + 0.107, n=4) (Figure 4B). The
changes in hypothalamic GR and amygdalar CRH correspond to
the behavioral changes in the aspect of depression and anxiety
respectively.

Discussion

In the present study, mice treated with repeated intranasal
instillation of ZnSO, were utilized to assess the effects of chronic
anosmia on behavioral phenotypes and its underlying mecha-
nisms. The behavioral studies demonstrated that ZnSO,-induced
chronic anosmia mice show increased depressive behavior and
decreased anxiety compared to the control group (Figure 2, 3).
Changes in CRH and GR expression in the amygdala and hypo-
thalamus were examined as possible molecular mechanisms.
Tail suspension, forced swim, and splash tests were used in the
present study to evaluate depressive behavior. Tail suspension
and forced swim tests are behavioral tests that assess the escape
behavior in inescapable aversive situation ', After a period of
intense motor activity the subjects learn that escape is impos-
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Figure 4. Hypothalamic GR and amygdalar CRH expression was dis-
rupted 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 CONT group, ###p<0.001
compared with CA group.

sible 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 indica-
te 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 7. The decrease in grooming time is considered paral-
lel to apathetic behavior observed in depressive patients .
Both CA and OB mice showed depressive behaviors when
assessed with tail suspension, forced swim, and splash tests.
However, interestingly, CA mice appeared to have less severe
depression compared to OB mice (Figure 2). This is a predictable
outcome considering 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. OB causes
dysfunction of the cortical-hippocampal-amygdalar circuit,
direct surgical damage and edema, disruption in the blood
supply 8. It is also known that retrograde and anterograde de-
generation occurs to various regions that are connected to the
olfactory bulb ". Therefore, the OB model can be considered as
a more profound depression model. Notably, disturbances in the
monoamine system have long been implicated in depression,
and have been shown in previous studies on OB mice ). It is
also known that dysregulation in GR can result in suppression
of serotonin receptors 22", We speculate that the monoamine
system may be disturbed in the brains of both the OB and CA
model mice.

Hyperactivity of the hypothalamus-pituitary-adrenal (HPA) axis
is considered to be one of the main biochemical changes in
major depression @2, and it has been reported that GR down-re-
gulation can cause an increase in glucocorticoid levels, possibly
due to impaired GR-mediated negative feedback inhibition in
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the hypothalamus and pituitary gland ?®. The CA and OB mice
showed depressive behavioral changes as well as diminished
mMRNA levels of GRin the hypothalamus which concur with
previous studies.

In the open field paradigm the mice are exposed to a novel
open space, which triggers anxiety behavior, specifically, mo-
ving to the corner of the arena, triggered by the fact that the
subject is separated from its social group, and also by agorap-
hobia ?%? 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 252, Open field
and elevated plus maze tests revealed a reduction in anxiety-
like behavior in CA mice (Figure 3). Hyperactivity and anxiety is
considered a typical behavioral change in OB mice %, but the
results in this study failed to show difference in aspect of anxiety
between control mice 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.

The amygdala is highly recognized as the key brain region for
fear and anxiety, and is known to be activated by olfactory sig-
nals ", 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 %829, Kolber and colleagues reported that knock-
down of GR in the CeA impaired conditioned fear behavior, and
that intraventricular CRH delivery rescued the deficits. These
lines of studies exhibit the important role of CRH and GR in the
amygdala in the aspect of regulating anxiety ©%. In this study, CA
mice showed decreased anxiety in the open field and elevated
plus maze tasks, which were accompanied by decreased CRH
expression in the amygdala.

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 ©'32, This uncoupled phenotype of depression and
anxiety has been reported in thyrotropin-releasing hormone
(TRH) receptor type 2 (TRH-R2) deficient mice ©*. 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
3438 There are prominent similarities between control of central
nervous system function by TRH and CRH ©%. Meanwhile, sero-
tonin 5-HT,, receptor mutant mice and cAMP response element
binding protein deficient mice have been reported to show
increased anxiety and reduced depression “4V. 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 unexpec-
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ted phenotype of increased depression with decreased anxiety
observed in CA mice in the current study (Figure 2, 3). Further
study is needed to elucidate detailed mechanisms of the mood
changes observed in CA mice.

Deterioration in quality of life and increase in prevalence of
mood disorders by olfactory loss have been documented in
population-based studies 9. However, molecular changes in
the mood-related brain regions in anosmic mice have not been
thoroughly studied. Our results show evidence of the chronic
impacts of olfactory loss which was induced in juvenile mice.
Since the younger population is more susceptible to changes in
olfactory function than the elderly and the brain continues de-
velopment during childhood and adolescence, olfactory deficits
may have higher influence in younger patients “>*. Direct trans-
lation of the current work to human patients may be limited
since rodents heavily rely on olfactory cues to detect informati-
on of their environment. Nevertheless, data of the present study
demonstrates the magnitude of the effects of olfactory 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.

Conclusion

Together, our data show that olfactory deficits induced by che-
mical ablation of the olfactory epithelium result in behavioral
changes related to anxiety and depression as well as correspon-
ding decreased mRNA levels of GR in the hypothalamus and
CRH in the amygdala. While the decline in olfactory function is
mainly considered as an outcome of neuropsychiatric diseases,
the loss in olfactory inputs may influence brain regions which
are closely related with odor processing and emotion. Further
research in how olfactory deficits affect emotion and its cor-
responding brain regions may serve as a rationale for closer
management of patients with olfactory deficits.
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