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Abstract

Epidemiological evidence suggests that adverse environmental factors in the nasal cavity may 

increase the risk for neuropsychiatric diseases. For instance, air pollution and nasal viral infection 

have been underscored as risk factors for Parkinson’s disease, schizophrenia, and mood disorders. 

These adverse factors can elicit local inflammation in the nasal cavity, which may in turn influence 

higher brain function. Nevertheless, evidence that directly supports their causal link is missing. To 

fill this knowledge gap, we used an inducible mouse model for olfactory inflammation and showed 

the evidence that this local pathological factor can elicit behavioral abnormalities.
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Olfactory dysfunction has been reproducibly reported across neurodegenerative and 

neuropsychiatric disorders, such as Alzheimer’s disease (AD), Parkinson’s disease (PD), and 
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schizophrenia (SZ) (Doty, 2017; Moberg et al., 2014). Importantly, olfactory impairments 

frequently precede neurological and psychiatric manifestations (Brewer et al., 2003; Kamath 

et al., 2019, 2018; Moberg et al., 2014). Olfactory deficits are capable of identifying patients 

at high risk for unremitting negative symptoms, particularly anhedonia, and predicting poor 

outcomes in patients with psychosis (Corcoran et al., 2005; Ishizuka et al., 2010; Moberg et 

al., 2014).

Odorants are received by olfactory sensory neurons (OSNs) in the olfactory epithelium 

(OE). OSNs project to glomeruli within the olfactory bulb (OB), and odor information is 

transferred to higher cerebral cortex, such as the medial prefrontal cortex and orbitofrontal 

cortex via projection from the primary olfactory cortices (Mori and Sakano, 2021). 

Therefore, the olfactory deficits can be elicited by deficits in either the peripheral olfactory 

system (e.g., the OE and OB), or the central olfactory system, or both.

Epidemiological evidence highlights air pollution as an environmental risk factor for 

multiple neuropsychiatric disorders, such as PD, AD, and SZ (Attademo et al., 2017; Shi et 

al., 2020). Air pollution can elicit pathological responses in the OE, including inflammatory 

responses (Ajmani et al., 2016). Viral infection in the nasal cavity directly disturbs the OE 

as another main stressor (van Riel et al., 2015). The pathological link of viral infection in 

the nasal cavity and brain disorders has also been suggested in herpes simplex virus and 

AD (Bathini et al., 2019). During the current outbreak of novel coronavirus disease 2019 

(COVID-19), severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and 

its transmucosal invasion through the nasal cavity are underscored in the context of olfactory 

dysfunction, possibly followed by deficits of higher brain function associated with psychosis 

(Steardo et al., 2020). These results imply that disturbance of the peripheral olfactory system 

may underlie multiple neuropsychiatric disorders. Nevertheless, its causal impact of the 

peripheral olfactory system and its mechanism for the disease pathophysiology remain to be 

elucidated.

In rodent models, disturbance of the peripheral olfactory system elicits behavioral changes 

(Chen et al., 2014; Hendriksen et al., 2015; Moberly et al., 2018). For example, surgical 

removal of the OB (i.e., olfactory bulbectomy) results in hyperactivity, altered sleep 

pattern, behavioral despair, and abnormalities in various cognitive behaviors, including 

fear learning (Hendriksen et al., 2015). Notably, these include odor-independent behaviors, 

suggesting that olfactory bulbectomy does not simply cause olfactory deficits but also elicits 

pathophysiological alterations in higher cerebral cortex regulating the odor-independent 

behaviors. Nevertheless, there remain two major knowledge gaps: (1) although inflammatory 

response in the OE elicited by air pollution and viral infection may contribute to the etiology 

of neuropsychiatric conditions, whether olfactory inflammation-induced disturbance in 

the peripheral olfactory system indeed causes behavioral alterations of neuropsychiatric 

relevance remains obscure; and (2) the mechanisms by which peripheral olfactory 

disturbance lead to the pathology of higher cerebral cortex that underlies behavioral 

abnormalities remain to be investigated.

The goal of the present study is to address the first question described above as the initial 

step of our long-term efforts to address the overall questions. Accordingly, we used an 
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inducible olfactory inflammation (IOI) mouse model that was generated by crossing the 

Tet-response element (TRE)-Tumor Necrosis Factor α (TNF-α) transgenic mice with Cyp2 

g1-reverse tetracycline trans-activator (rtTA) line and developed in the C57BL/6 background 

as previously described (Lane et al., 2010). In these previous studies, IOI mice were treated 

with 0.2 g/kg doxycycline (DOX) food for 6 weeks to induce TNF-α expression in the 

sustentacular cells of the OE, leading to chronic and local OE inflammation. TNF-α-induced 

chronic OE inflammation resulted in substantial loss of OSNs, leading to reduced response 

of the OE to odorants as assessed by electroolfactogram recordings (Lane et al., 2010).

In this study, we examined the behavioral impact of chronic OE inflammation in male and 

female IOI mice housed on a reversed 12-h light/dark cycle. All tests were conducted during 

the dark period of the cycle. 12-week (n = 8), 16-week (n = 9), and 20-week (n = 6) old mice 

were fed a DOX-containing diet (IOI group) or non-DOX-containing diet (control group) for 

6 weeks and during behavioral tests including a 1-week habituation. The behavior tests were 

performed in the following order using the published protocols including ours (Han et al., 

2003; Hikida et al., 2007; Johnson et al., 2013; Matsuoka et al., 2008; Saito et al., 2016; 

Sumitomo et al., 2017; Zhu et al., 2019; Zoubovsky et al., 2011). Olfactory habituation/

dis-habituation test: Each mouse was tested during three consecutive 2-min periods for each 

odor with 2-min intervals and the time that a mouse smelled the swab was recorded. Open 

field test: Locomotor activity was assessed over a 30-minute period in 40 × 40 cm activity 

chambers with built-in infrared beams (PAS system, San Diego Instruments Inc., San Diego, 

CA, USA). Elevated plus maze test: A mouse was placed in the intersection (middle) of 

the “open” and “closed” arms in the plus maze (San Diego Instruments, Inc.). The number 

of entries and the time spent in the arms were recorded for 5 min. Three-chamber social 

approach test: Time spent sniffing of the subject mouse in the 10-min sociability session and 

10-min social novelty session were manually measured by the researchers. The heat maps 

were generated by Ethovision XT 11.0 (Noldus, Leesburg, VA). In the sucrose preference 

test: During days 1–2 and 3–4, a mouse was habituated with bottle “A” and “B” with 

water and 1.5 % sucrose, respectively. During days 5–8, bottle A contained 1.5 % sucrose, 

and bottle B contained drinking water. Sucrose preference on each day was calculated as 

100 % × (Vol A/(Vol A + Vol B)). Trace fear conditioning test: This test was conducted 

on three consequent days in large sound-proof isolation chambers (Med associates Inc.). 

Mice were subject to associate a pure tone (conditioned stimulus, CS; 3 KHz, 70 dB, 20 

s each) with a foot-shock (unconditioned stimulus, US; 2 s, 0.5 mA), with the CS and 

US being separated by a trace interval (18 s). The CS-US pairing was repeated 4 times 

at intervals with variable duration (160−200 s). One day after fear acquisition, cued fear 

retrieval was measured by recording freezing responses to the same pure tones (CS) 4 times 

in a newly-constructed context, with each tone being delivered at variable intervals (160–200 

s). Freezing (%) was scored every 10 s using Video Freeze Software (Med associates Inc.). 

The interval between different behavioral tests was at least 24 h. Each apparatus was cleaned 

with 70 % ethanol between individual animals to control for odor cues. All studies were 

conducted with approved protocols from the Johns Hopkins University Institutional Animal 

Care and Use Committee and were in accordance with the NIH guidelines for the Care 

and Use of Laboratory Animals. All data are presented as means ± standard error of the 

mean (S.E.M.). Statistical comparisons between IOI and control mice were performed using 

Hasegawa et al. Page 3

Neurosci Res. Author manuscript; available in PMC 2023 December 03.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



two-tailed unpaired Student t-test. Two-way mixed analyses of variance (ANOVA) were also 

used for data analysis followed by Bonferroni’s post hoc tests with multiple comparisons in 

olfactory habituation/dis-habituation test, social interaction test, and trace fear conditioning. 

A value of p < 0.05 was considered statistically significant.

Given that changes in body weight may nonspecifically affect behavioral phenotypes, we 

confirmed no difference in body weight between IOI mice and controls after a 6-week 

DOX treatment (Fig. 1A). We first examined whether chronic OE inflammation impairs 

olfaction using the olfactory habituation/dis-habituation test. The control mice showed an 

increased sniffing time at the first presentation of the first odorant and greater response to 

the second odorant compared with that to the previous odorant, whereas the IOI mice had no 

response to either odorant, suggesting that olfaction is impaired by chronic OE inflammation 

in IOI mice (Fig. 1B). Animals were then evaluated in the open field test to measure 

locomotor activity and anxiety-like behavior. We found no difference in locomotion and 

rearing between the two groups (Fig. 1C). Since mice with reduced anxiety-like behavior 

tend to prefer center areas in the open field apparatus, the percentage of time spent in the 

center of the open field was also measured. There was no signifi-cant difference in the 

percentage of time spent in the central area between the two groups (Fig. 1C). Consistently, 

no difference was observed in the percentage of time spent in the open arm between IOI 

mice and controls in the elevated plus maze test (Fig. 1D).

In order to evaluate whether OE inflammation affects odor-guided behaviors, we examined 

social behaviors that highly rely on olfactory cues in the rodents (Ko, 2017), assessed by 

the three-chamber social interaction test, where the social approach of a mouse toward a 

stranger mouse trapped in a cage was measured (Zhu et al., 2019). Control mice exhibited 

preference for exploring a stranger mouse (stranger 1) relative to a cage where an inanimate 

mouse-like object was located, whereas IOI mice did not show preference for exploring the 

stranger mouse relative to the inanimate, measured by the total amount of time spent sniffing 

each cage (Fig. 2A). When another stranger mouse (stranger 2) was placed into the cage, 

control mice showed preference for exploring stranger 2 relative to stranger 1. In contrast, 

IOI mice did not exhibit preference for exploring stranger 2 relative to stranger 1 (Fig. 

2B). These results suggest that chronic OE inflammation impairs social behaviors in the IOI 

mouse model.

The sucrose preference test is frequently used to measure sensitivity of taste reward 

and to characterize loss of consummatory pleasure, a component of anhedonia (Scheggi 

et al., 2018), which may be impaired by disturbance of olfaction. To examine whether 

consummatory pleasure is impaired by chronic OE inflammation, the IOI mice and controls 

were subjected to an 8-day sucrose preference test (Zhu et al., 2019). There was no 

difference in total fluid intake between the IOI mice and controls (Fig. 3A). IOI mice 

exhibited less preference for the sucrose solution compared with controls (Fig. 3B), 

suggesting that OE inflammation may dampen consummatory pleasure. Nonetheless, it 

should be noted that these phenotypes may result from gustatory impairments due to olfac-

tory dysfunction.
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Chronic nasal inflammation may affect non-odor guided cognitive behaviors. To test this 

hypothesis, animals were subjected to auditory-cued trace fear conditioning, which is 

associative learning in which a trace interval between conditioned stimulus (CS) and 

unconditioned stimulus (US) imposes higher-cognitive processing (Han et al., 2003) (Fig. 

4A). Chronic OE inflammation induces exaggerated fear responses to a discrete auditory 

cue (CS) even before it gets paired with an electric foot-shock (US) during the cued 

fear acquisition phase, despite no significant effect of the CS on the groups (Fig. 4B). 

Similar levels of freezing were displayed by IOI mice and controls before tone exposure 

(Pre tone), and no difference was observed in CS-evoked fear responses between the two 

groups during cued fear memory retrieval in a different context (Fig. 4C). These results 

suggest that OE inflammation enhanced auditory sensation, which may affect freezing 

behaviors during retrieval of conditioned fear. Given that a degree of olfactory inflammation 

may depend on how much DOX-containing diet each mouse consumes, the variability in 

acoustic response during the fear acquisition period may derives from varied severity of 

the olfactory inflammation. We suspect that the observed augmented freezing during the 

conditioned tone arises from increased sensitivity to auditory stimuli for several reasons. 

First, as the enhanced freezing was observed even before the first shock, a difference in 

pain perception may not be a contributing factor. Second, as there was no difference in 

percent time frozen during the 10-min habituation phase, a between-group difference in 

potentially anxious responses to the conditioning chamber is not likely to be a contributing 

factor. Third, multiple lines of evidence support the idea that olfactory deficits can enhance 

auditory sensation. Specifically, it is known that the loss of a sensory modality can lead 

to compensatory enhancement of the remaining senses through a process often termed 

‘cross-modal plasticity’ (Lee and Whitt, 2015; Meng et al., 2015). Therefore, augmented 

freezing may be consistently observed even when conditioned with rewarding events (e.g., 

sucrose/food).

The main finding of the present study is a set of behavioral phenotypes that are elicited 

by chronically induced olfactory inflammation in a mouse model. While previous studies 

demonstrate behavioral changes followed by impairment of the peripheral olfactory system 

in rodent models (Chen et al., 2014; Hendriksen et al., 2015; Moberly et al., 2018), to 

the best of our knowledge, this is the first demonstration that local inflammatory insults 

in the OE can be an initial driver of behavioral abnormalities. Our results support the 

intriguing hypothesis that chronic OE inflammation may contribute to pathological effect 

of environmental factors such as air pollutants and viral infection on the central nervous 

system, leading to neurobehavioral consequences relevant to SZ.

Interestingly, some behavioral phenotypes observed in IOI model are inconsistent with 

those in other models of olfactory impairment. For instance, olfactory bulbectomy-induced 

hyperactivity has been repeatedly reported (Hendriksen et al., 2015). In contrast, no change 

in spontaneous locomotion was observed in IOI model. While the mouse models of 

genetic inhibition of olfactory function such as the mouse with genetic deletion of cyclic 
nucleotide gated channel subunit alpha 2 (Cnga2), which play a critical role for regulating 

odorant signal transduction, and OSN-specific overexpression of M71 odorant receptor 

produced anxiety-like behaviors (Glinka et al., 2012), IOI mouse showed no abnormalities 

in the elevated plus maze test. Difference of these results may be explained by different 
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experimental approaches to impair olfactory function. Considering that olfactory deficits 

are correlated with cognitive abnormalities and negative symptoms of SZ and early onset 

psychotic patients (Corcoran et al., 2005; de Nijs et al., 2018; Ishizuka et al., 2010; Kamath 

et al., 2013), relevant behavioral domains in IOI model warrant future investigation.

By taking advantages of the IOI mouse model, in which local OE inflammation can be 

induced within a specific time window, we will be able to address two key questions 

in future studies: first, whether there is a “critical period” of olfactory inflammation 

that may impact higher brain function; second, whether transient olfactory inflammation 

at the critical period may result in irreversible changes in the brain system, leading 

to long-term impairments in cognition and emotion. Major psychiatric disorders such 

as SZ usually occur in specific age ranges, in particular late adolescence and young 

adulthood, and developmental periods including adolescence are vulnerable to disease-

related environmental stressors (Owen et al., 2016). Accordingly, the IOI mouse model 

will be a novel and useful tool to study the disease trajectory and pathophysiology of 

major psychiatric disorders such as SZ. Furthermore, by inducing OE inflammation in aged 

animals, this model may be utilized for studying geriatric disease conditions, including PD 

and AD.
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Fig. 1. 
Chronic OE inflammation impairs olfactory discrimination and has no effect on locomotion 

and anxiety. (A) There was no difference in body weight between IOI mice and control 

mice. p = 0.2904, t = 1.102, df = 13 determined by Student’s t-test. IOI, n = 8 (7 male, 

1 female); Control, n = 7 (6 male, 1 female). Data are presented as the mean ± SEM. 

(B) The mice were subsequently exposed to water and two different odorants (i.e., vanilla 

and banana) 3 consecutive times. The control mice showed an increase in time sniffing 

to water and both odorants for the first time, whereas IOI mice displayed no response to 

either odorant, suggesting that chronic OE inflammation impairs olfactory discrimination. 

Dishabituation: odor of water to vanilla; F1,13 = 220.1, ***p < 0.0001 for genotype × odor 

by two-way ANOVA; Bonferroni’s post hoc tests with multiple comparisons were used to 

examine the differences between water and vanilla, Control: p < 0.0001; IOI: p = 0.5757. 

Dishabituation: odor of vanilla to banana; F1,20 = 117.7, ***p < 0.0001 for genotype × odor 

by two-way ANOVA; Bonferroni’s post hoc tests with multiple comparisons were used to 

examine the differences between vanilla and banana, Control: p < 0.0001; IOI: p > 0.9999. 

IOI, n = 8 (7 male, 1 female); Control, n = 7 (6 male, 1 female). Data are presented as the 

mean ± SEM. (C) IOI mice showed no changes in locomotion (left); p = 0.5720, t = 0.5746, 

df = 21 determined by Student’s t-test, percentage of time spent in central area (middle); p 
= 0.3797, t = 0.8984, df = 21 determined by Student’s t-test, and rearing (right); p = 0.0870, 

t = 1.795, df = 21 determined by Student’s t-test as indicated by the open field test. IOI, 

n = 12 (7 male, 5 female); Control, n = 11 (6 male, 5 female). Data are presented as the 

mean ± SEM. (D) No difference was found in the percentage of entries into the open arm 
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between groups as indicated by the elevated plus maze test. p = 0.4068, t = 0.8465, df = 21 

determined by Student’s t-test. IOI, n = 12 (7 male, 5 female); Control, n = 11 (6 male, 5 

female). Data are presented as the mean ± SEM
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Fig. 2. 
Chronic OE inflammation impairs social behaviors. (A) IOI mice displayed impaired 

sociability, assessed by time spent sniffing an inanimate and stranger 1 in the three-

chambered social interaction test. F1,20= 4.748, p = 0.0415 for genotype × sociability by 

two-way ANOVA; Bonferroni’s post hoc tests with multiple comparisons were used to 

examine the differences between the inanimate and stranger mouse 1, Control: ***p < 

0.0001; IOI: p = 0.0546. (B) Reduction in preference for social novelty was observed in 

IOI mice, assessed by measurement of time spent sniffing stranger 1 and stranger 2. F1,40= 

10.66, p = 0.0022 for genotype × social novelty by two-way ANOVA; Bonferroni’s post hoc 

tests with multiple comparisons were used to examine the differences between the stranger 

mouse 1 and 2, Control: ***p = 0.0036; IOI: p = 0.4221. Representative heat map images 

(right panels) represent movements of the IOI mice and controls. IOI, n = 12 (7 male, 5 

female); Control, n = 11 (6 male, 5 female). Data are presented as the mean ± SEM.
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Fig. 3. 
Chronic OE inflammation impairs consummatory behaviors. (A) There was no difference 

in total fluid intake between the IOI mice and controls. p = 0.5498, t = 0.6141, df = 13 

determined by Student’s t-test. (B) IOI mice showed impaired consummatory behaviors 

reflected by decreased sucrose consumption when given a choice between 1.5 % sucrose and 

water. ***p = 0.0001, t = 5.326, df = 13 determined by Student’s t-test. IOI, n = 8 (7 male, 1 

female); Control, n = 7 (6 male, 1 female). Data are presented as the mean ± SEM.
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Fig. 4. 
Chronic OE inflammation induces exaggerated fear responses to a discrete auditory cue. 

(A) Schematic diagram showing the experimental schedule of the trace fear conditioning 

test. CS: conditioned stimulus, US: unconditioned stimulus. (B) During the fear acquisition 

period, compared with controls, IOI mice showed a higher percent of time spent freezing 

as a response to a discrete auditory cue (CS) even before it was paired with a foot-shock 

(US), despite no significant effect of the CS on the group. Two-way repeated measures 

ANOVA for group x CS, F3,39 = 0.342, p = 0.795; Bonferroni’s post hoc tests with multiple 

comparisons were used to examine the differences between Control and IOI mice, CS1: 

p = 0.01, CS2: p = 0.0065, CS3: p = 0.0240, CS4: p = 0.1556. (C) In the cued fear 

retrieval phase, similar levels of freezing were displayed by IOI mice and controls before 
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tone exposure (Pre tone), and there was no difference in freezing behavior between the two 

groups during auditory cue re-exposure in a different context. Two-way ANOVA for group x 

tone, F1,26 = 0.249, p = 0.622; Bonferroni’s post hoc tests with multiple comparisons were 

used to examine the differences between Control and IOI mice, Pre tone: p = 0.1968, Cue: 

p = 0.5412. bar graphs expressed as mean ± SEM; **p < 0.01 and * p < 0.05; IOI, n = 8 (7 

male, 1 female); Control, n = 7 (6 male, 1 female).
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