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Abstract

Smell deficits and neurobiological changes in the olfactory bulb (OB) and olfactory epithelium
(OE) have been observed in schizophrenia and related disorders. The OE is the most peripheral
olfactory system located outside the cranium, and is connected with the brain via direct neuronal
projections to the OB. Nevertheless, it is unknown whether and how a disturbance of the OE
affects the OB in schizophrenia and related disorders. Addressing this gap would be the first

step in studying the impact of OE pathology in the disease pathophysiology in the brain. In this
cross-species study, we observed that chronic, local OE inflammation with a set of upregulated
genes in an inducible olfactory inflammation (101) mouse model led to a volume reduction,

layer structure changes, and alterations of neuron functionality in the OB. Furthermore, 101

model also displayed behavioral deficits relevant to negative symptoms (avolition) in parallel to
smell deficits. In first episode psychosis (FEP) patients, we observed a significant alteration in
immune/inflammation-related molecular signatures in olfactory neuronal cells (ONCs) enriched
from biopsied OE and a significant reduction in the OB volume, compared with those of healthy
controls (HC). The increased expression of immune/inflammation-related molecules in ONCs was
significantly correlated to the OB volume reduction in FEP patients, but no correlation was found
in HCs. Moreover, the increased expression of human orthologues of the 101 genes in ONCs

was significantly correlated with the OB volume reduction in FEP, but not in HCs. Together, our
study implies a potential mechanism of the OE-OB pathology in patients with psychotic disorders
(schizophrenia and related disorders). We hope that this mechanism may have a cross-disease
implication, including COVID-19-elicited mental conditions that include smell deficits.

INTRODUCTION

Smell deficits, measured by established psychophysical measures (odor identification, odor
discrimination, and odor detection threshold), have been reproducibly reported in patients
with psychatic disorders, such as schizophrenia and related disorders [1-8]. Smell deficits
are also observed in patients with first episode psychosis (FEP) [3, 9-11]. Importantly,

the correlation of smell deficits in these severe mental disorders is tightly observed with
negative symptoms and some domains of cognitive deficits, whereas rarely with positive
symptoms [2, 3, 12-19]. Smell deficits also appear to predict poor outcomes in patients
with schizophrenia and can identify patients at high risk of developing unremitting negative
symptoms, particularly anhedonia [15, 20]. Altogether, smell deficits are not merely a
secondary outcome of confounding factors, such as medications. Instead, smell deficits may
be a reflection of specific pathophysiological mechanisms underlying schizophrenia and
related disorders.

Anatomically, olfactory sensory neurons (OSNSs) in the olfactory epithelium (OE) directly
project to the glomeruli in the olfactory bulb (OB), where they form synapses on mitral
and tufted cells [21]. Mitral and tufted cells in the OB then project to the primary olfactory

Mol Psychiatry. Author manuscript; available in PMC 2024 June 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Page 3

cortex, where the information from OSNs is transmitted to the higher cortex, such as the
orbitofrontal cortex and medial prefrontal cortex, as well as other central brain regions that
are involved in motivation, emotion, and cognition [22]. Studies in basic neurobiology have
deciphered a mechanistic link between the OE and the brain circuitry in which the OB plays
a crucial role as the gateway of higher brain circuitries at the functional levels [23, 24]. Our
group previously reported an inducible olfactory inflammation (101) mouse model in which
induction of local and chronic OE inflammation switches the fate of neuroepithelial stem
cells from neurogenesis to immune defense, with a set of inflammation-related genes (called
101 genes) upregulated.

The OE is the most peripheral olfactory system located outside the cranium. As a result,
the OE is directly exposed to air pollution and viral infections in the upper respiratory
tract. Intranasal infection with SARS-CoV-2 associated with smell deficits has frequently
resulted in brain dysfunction, including the development of schizophrenia-related clinical
manifestations [25, 26]. Likewise, air pollution has been reproducibly reported as a major
risk factor for schizophrenia and related disorders [27-29]. For subjects intrinsically
vulnerable to mental illnesses, the OE can be a nidus of interactions between genetic and
environmental risk factors for the disease. Molecular and cellular changes in the OE in
patients with schizophrenia and related disorders have been reported from multiple groups
[30-38].

One outstanding question is whether and how the OE pathology may impact the brain
pathophysiology in patients with schizophrenia and related disorders. Given that the OSNs
in the OE directly project to the OB, which functions as the gateway for olfactory-higher
brain neurocircuits (e.g., the olfactory-prefrontal circuits), defining the OE pathology and
its impact on the OB will be the crucial first step to address this question. To address this
knowledge gap, we hypothesized that inflammation-related pathological processes exist in
the OE of FEP patients, given that the OE is a tissue where psychosis-associated genetic
and environmental factors come across. We assumed that olfactory neuronal cells (ONCs)
enriched from the nasal cavity via biopsy [39], represented pathological signatures at the
molecular level. We further hypothesized that a mouse model with OE local inflammation,
such as the 101 mouse model, might mimic the pathological changes in the OE found in FEP
patients.

In the present study, we showed that chronic local OE inflammation led to anatomical and
layer structure changes in the OB, reduced synaptic inputs to OB neurons, and behavioral
deficits relevant to negative symptoms (avolition) in parallel to smell deficits, in the 10l
model. We also observed immune/inflammation-related molecular signatures in ONCs and
a significant volume reduction of the OB in FEP patients compared with healthy controls
(HCs). Importantly, the increased expression of immune/inflammation-related molecules in
ONCs was significantly correlated to the reduction of the OB volume in FEP patients, but
such a correlation was not observed in HCs. Moreover, the increased expression of the
human orthologues of the 101 genes in ONCs was also significantly correlated with the
reduction of the OB volume in FEP patients. No such a correlation was observed in HCs.
Together, these results suggest an association between OE inflammation and OB pathology
in schizophrenia and related disorders.
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MATERIALS AND METHODS

IOl mouse model

The 101 mouse model was generated by crossing mice expressing an exogenous TNF-

a transgene under the Tet-response element (TRE) with a strain carrying the reverse
tetracycline transcriptional activator (rtTA) under the control of the Cyp2g1 promoter, which
has been standardized in the C57BL/6 background as previously described [40-42]. For
anatomical assessment of the OB, three- to four-month-old 101 mice were treated with

0.2 g/kg doxycycline (DOX) containing food for 6 weeks to induce TNF-a expression

in the sustentacular cells of the OE, leading to chronic and local OE inflammation. To
examine the effect of OE inflammation on behaviors in young adulthood, one month-old 10l
mice (DOX-treated CypZgl-rtTA,; TRE-TNF) and controls (DOX-treated 7RE-TNF single-
transgenic mice) of both sexes were fed a DOX-containing diet for 30-40 days, followed by
behavioral experiments.

Both male and female mice were used in each experiment. The sample size for each
experiment was determined using the pilot result. A power level of 0.80 and significance
level of 0.05 were selected. The animals in the experiments were littermates, and used the
same age and sex. Mice were first categorized based on their genotype, and then randomly
distributed among the experimental groups. All data collection and analysis were conducted
by experimenters who were blinded to the groups. All animal procedures were approved by
the Institutional Animal Care and Use Committee of Johns Hopkins University School of
Medicine, and adhered to ethical considerations in animal research.

Anatomical assessment of the OB in the 10l model

Mouse brains were extracted after perfusion with 4% paraformaldehyde (PFA). The fixed
brains were embedded in cryocompound (Sakura Finetek) after replacement of PFA with
30% sucrose in phosphate buffered saline. Coronal sections were obtained at 20 um with a
cryostat (Leica). The length and width of the OB was measured as shown in Fig. 1A.

The OB layer structure was further examined using DAPI signal to divide the middle
section of the OB into layers. The area of each layer was then measured using ImageJ-FIJI
software (https://imagej.net/Fiji). Signal intensity was also measured by creating a 2D mask
of the affected area and examining the mean fluorescence of signal in all sections using
ImageJ-FIJI software. The same imaging parameters and thresholds were used for both 101
and control mice to minimize the experimental bias.

Immunohistochemistry in the 101 model

Immunohistochemistry was performed using our previously published methods with some
modifications [43]. Briefly, brain sections were heated in HistoVT One solution for 30

min at 60 °C for antigen retrieval, followed by blocking procedures. Sections were then
incubated with primary antibodies at 4 °C overnight. The primary antibodies include an
anti-OMP antibody (Wako, 1:1000), an anti-VGIlut2 antibody (Sigma-Aldrich, 1:100), an
anti-PGP9.5 antibody (NOVUS, 1:200), and an anti-CCK8 antibody (Sigma-Aldrich, 1:500).
After this, sections were incubated for 2 h with secondary antibodies conjugated with Alexa
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488 (Invitrogen, 1:400), Alexa 568 (Invitrogen, 1:400), and Alexa 647 (Invitrogen, 1:400).
Lastly, nuclei were labeled with DAPI (Roche). Immunofluorescence images were acquired
using the Zeiss LSM700 confocal microscope with ZEN 2010 software.

Behavioral assessment in the 10l model

After DOX treatment followed by 1 week habituation for reversed 12-h light/dark cycle,
during the dark period of the cycle, we conducted the following tests.

Open field test.—Following our established protocol [43], the locomotor activity was
assessed over a 30-min timeframe in 40 x 40 cm activity chambers equipped with infrared
beams (PAS system, San Diego Instruments). Any horizontal and vertical locomotor activity
that occurred in the center or along the periphery walls was automatically captured by the
beam breaks.

Olfactory habituation/dis-habituation test.—Olfaction was evaluated using the
olfactory habituation/dis-habituation test, following our established protocol [40]. The odors
were presented to the mice via a suspended cotton swab placed inside a clean cage filled
with fresh shavings. Each mouse underwent three consecutive 2-min trials for each odor,
with 2-min intervals between trials. The duration during which the mouse sniffed the swab
was recorded. Three odors were tested in this study: unscented water, vanilla (1:33; GEL
SPICE), and banana (1:100; McCormick).

Progressive ratio (PR) schedule of reinforcement task.—The PR schedule task
assessed the progressively increasing number of responses needed before a reward was
given during a PR test session. We quantified the motivation for the food reward using

the “breakpoint”, the amount of lever pressing needed for the reward. The animals were
individually housed and habituated to a reversed light/dark cycle. Food intake was restricted
until the target weight (80-90% of the ad libitum feeding weight) was achieved. Then the
PR training started as follows: mice were placed in an operant chamber box (7.5 in x7.5

in x10 in) equipped with a food delivery port, 2 levers, and a tone generator (PACKWIN
system, Harvard Apparatus). The task was administered under red light. First, fixed-ratio
tasks were conducted. Mice could initially get food reward, a 20 mg sugar pellet, by pressing
the lever once. Once the target (1 session of 50 rewards or 3 sessions of more than 30
rewards) was achieved during a 1 h session, tasks were transitioned to 3 presses, and then

5 presses for reward delivery. Then, progressive-ratio tasks were administered. Mice had to
press the lever an increasing number of times (0, 1, 2, 4, 6, 9, 12, 15, 20, 25, 32, 40, 50, 62,
77,95, 118, 145, 178, 219, 268) over 2 h to earn a food pellet. The number of total lever
presses, total earned food pellets, and final breakpoint reached were recorded in the 2 h test
session.

Free feeding test.—According to published protocol [44], each mouse was subjected to
an 18-h period of fasting, then was provided with a single food pellet of standard lab chow
or sugar pellet in their home cage. Their free-feeding behavior was observed for 60 min. The
weight of the consumed food (in grams) was then measured and recorded.

Mol Psychiatry. Author manuscript; available in PMC 2024 June 21.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Yang et al.

Page 6

Elevated plus maze test.—Following our published protocol [43], a mouse was
positioned at the central intersection of the arms within the plus maze (San Diego
Instruments) and observed through videography for 5 min. The frequency of entries into
both the closed and open arms, as well as the time spent in each arm, was recorded. The
average percentage of entries into the open arms was calculated.

Patch clamp recording in mouse brain slices

Mice were deeply anesthetized with ketamine-xylazine (200 and 15 mg/kg body weight,
respectively) and decapitated. The brain was dissected out and immediately placed in
ice-cold HEPES buffer. Coronal OB slices (130 um) were cut using a Leica VT 1200S
vibratome. Slices were incubated in oxygenated artificial cerebrospinal fluid (ACSF)
containing (in mM): 126 NaCl, 2.5 KCl, 2.4 CaCl2, 1.2 MgS04, 11 D-glucose, 1.4
NaH2PO4 and 25 NaHCO3 (osmolality ~ 305 mOsm and pH 7.4, bubbled with 95% O2 -
5% CO2) for 1 h at 31 °C and kept in oxygenated ACSF at room temperature thereafter.
Before recording, slices were transferred to a recording chamber and continuously perfused
with oxygenated ACSF. Recording pipettes were made from borosilicate glass (GC210F-10;
Harvard Apparatus) with a Flaming-Brown P-97 puller (Sutter Instruments; tip resistance
5-8 MQ). The pipette solution contained (in mM): 120 K-gluconate, 10 NaCl, 1 CaCl2, 10
EGTA, 10 HEPES, 5 Mg-ATP, 0.5 Na-GTP, and 10 phosphocreatine. Electrophysiological
recordings were controlled by an EPC-10 amplifier combined with Pulse Software (HEKA
Electronic) and analyzed using Igor Pro and mini-analysis (Synaptosoft, Inc.).

Human study participants

The present study with human subjects was conducted in accordance with The Code of
Ethics of the World Medical Association (1964 Declaration of Helsinki) and was approved
by the Johns Hopkins School of Medicine Institutional Review Board. Written informed
consent was obtained for all participants.

Adolescents and young adults between 18 and 35 years old were recruited from within
and outside of the Johns Hopkins Hospital. All the subjects were recruited before

the COVID pandemic. Exclusion criteria included history of traumatic brain injury,
neurologic condition, intellectual disability, cancer, viral infection, active substance abuse,
and conditions affecting olfaction (e.g., history of sinus surgery, rhinoplasty, chronic
rhinosinusitis). Controls were screened and excluded for a family history of psychotic
disorders. Patients must be within 24 months of the onset of psychotic manifestations as
assessed by study team psychiatrists using the Structured Clinical Interview for DSM-1V
(SCID) and information from available medical records.

The present study investigated the data from 89 HCs and 93 FEP patients. Data from all
these subjects were used for the OB volume assessment. These patients included those with
schizophrenia (n7=50), schizoaffective disorder (n= 10), schizophreniform disorder (n= 3),
bipolar disorder with psychaotic features (n7=21), major depressive disorder with psychotic
features (n=5), brief psychotic disorder (n7 = 2), and psychotic disorder not otherwise
specified (7= 2). A demographic summary of these 182 (89 HCs and 93 FEP patients)
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subjects is shown in Table 1A. All the demographic variables were adjusted in data analyses
(see details in “Statistical analysis”).

Among 89 HCs and 93 FEP patients whom we assessed for the OB volume, we

collected ONCs from 59 HCs and 44 FEP patients (20 schizophrenia, 6 schizoaffective
disorder, 2 schizophreniform disorder, 12 bipolar disorder with psychotic features, and 3
major depressive disorder with psychotic features, and 1 psychotic disorder not otherwise
specified). A demographic summary of these 103 subjects (59 HCs + 44 FEP patients) is
shown in Table 1B. Notably, we didn’t find any significant difference in the demographics
of HCs between the entire (89 HCs) and subset (59 HCs with ONCs) cohorts. Likewise, we
did not find any significant difference in the demographics of FEPs between the entire (93
FEP patients) and subset (44 FEP patients with ONCs) cohorts (Table 1C). These results
suggested that there was no cohort bias between these two cohorts.

ONCs obtained via nasal biopsy from human subjects

Nasal biopsy followed by the enrichment and collection of ONCs was conducted according
to our established protocol shown in past publications [35, 38, 39, 45]. Briefly, nasal
biopsied tissues were collected under endoscopic control with local anesthesia and
dissociated by mechanical and enzymatic treatments. After removing tissue debris, cells
were plated on 6-well plates (Day 0 plate). Cells floating or loosely attached to the surface
were transferred from the Day 0 plate to a Day 2 plate and from a Day 2 plate to a Day

7 plate. Through these processes, connective tissue-origin cells and non-neuronal cells that
are attached to Day 0 and Day 2 plates are removed. Accordingly, in the present study, we
examined cells in Day 7 plates called ONCs. ONCs were stored in liquid nitrogen tanks for
further experiments.

Molecular expression profiles (RNA-Seq) of ONCs

Total RNA was isolated from ONCs using the RNeasy Plus Mini Kit (Qiagen). RNA
quality was assessed on the Agilent Fragment Analyzer using an RNA High Sensitivity kit
(DNF-472) and quantified using a Qubit 4 RNA BR kit (Thermo Fisher). RNA libraries
were prepared with 500 ng total RNA. Library generation was accomplished using the
NEBNext Ultra Il Directional RNA Library Prep Kit for lllumina (E7760 and E7490)
following the NEBNext Poly(A) mRNA Magnetic Isolation Module protocol. Libraries
were enriched using 11 cycles of PCR amplification. Library quality and quantification was
assessed on the Agilent Fragment Analyzer using a High Sensitivity NGS Kit (DNF-474)
and a Qubit 4 RNA BR kit (Thermo Fisher). Samples were then normalized to 4 nM

and pooled in equimolar amounts. Paired-End Sequencing was performed using Illumina’s
NovaSeq6000 S4 200 cycle kit.

OB volume measurement in human subjects

All images were acquired on a 3T Philips MRI scanner (Philips Healthcare, Best, The
Netherlands). The three-dimensional T2-weighted scan was acquired for each participant
with the following parameters: voxel = 1.1 x 1.1 x 2.2 mm3, 70 slices, repetition time (TR)
= 4165 ms, echo time (TE) = 80 ms, flip angle = 90°, acquisition time = 3 min 28 s.
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The FMRIB Software Library (FSL, https://fsl.fmrib.ox.ac.uk/fsl/) software was used to
normalize the T2-weighted images into the MNI space. Subsequent analysis was performed
in Insight ToolKitSNAP (ITK-SNAP) (www.itksnap.org). The OB was manually identified
and segmented on coronal images, with additional corrections made in the sagittal and axial
planes. Volumetric measures were obtained using the built-in functions in ITK-SNAP at the
level of the anterior cribriform plate following the procedures established previously [46].
Two experienced researchers (NP and LD) performed the segmentation separately and were
blinded to participant information. After all segmentation was completed, discrepancies
between the two researchers were assessed and final measurements were agreed upon. The
intraclass correlation coefficient for inter-rater reliability between raters (NP and LD) was
0.86.

Statistical analysis

R version 4.1.2 was used to conduct statistical analysis. For the preclinical study, #test was
conducted to compare data between the 101 mice and control mice. For the clinical study,
ttest and chi-squared test were conducted to compare demographics between groups for
continuous and categorical variables, respectively. Most of the patients, except five patients,
were medicated. Antipsychotic medication dosages were converted to chlorpromazine (CPZ)
equivalents using published reference tables with the Defined Daily Doses (DDDs) method
[47].

RNA-seq analysis in human ONCs.—Data preprocessing: FastQC [48] was used to
check the quality of reads. High-quality data were obtained from raw data by using cutadapt
[49] to remove adapters, primers, and reads with low quality (option -q 10) or shorter than
20 nt. Hisat2 (option --dta) [50] was used to map the clean reads to the human genome,
version GRCh38 (Genome Reference Consortium Human Build 38). Stringtie [50] was
used to assemble and merge transcripts and estimate transcript abundance. A Python script
(prepDE.py) provided by the Stringtie developer [50] was used to create count tables for
further analysis. Principle component analysis (PCA) was conducted for quality control and
no outliers were detected in our dataset.

Differential expression analysis: R library DESeq2[51] was utilized to compare the
expressional profiles between FEP patients and HCs. Age, sex, race, tobacco usage status
(YYes/No), and one hidden/unknown confounding factor identified by sva [52] were included
as covariates in the design formula. The Benjamini and Hochberg procedure was used for
multiple comparison correction. Genes with false discovery rates (FDR) smaller than 0.05
were considered significant.

Co-expression gene network analysis: Linear regression was conducted to calculate

the adjusted transcripts per million (TPM) values controlling for age, sex, race, tobacco
usage status, and one hidden/unknown confounding factor identified by sva[52]. A
weighted correlation network analysis (WGCNA) [53] was then conducted to construct co-
expression gene networks using adjusted TPM values, and the expression of the identified
network module(s) was compared between FEP patients and HCs via two-tailed analysis
of covariance (ANCOVA) controlling for age, sex, race, tobacco usage status and one
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hidden/unknown confounding factor identified by sva [52]. The Benjamini and Hochberg
procedure was used for multiple comparison correction. Lastly, the biological functions of
network modules were examined via functional enrichment analysis using gProfiler [54].
Additionally, the potential involvement of genes in immune/inflammation-related processes
was assessed by literature mining of PubMed. We searched PubMed using each gene with
the keywords “immune,” “inflammation,” or “inflammatory”. A gene that appeared with
either keyword in more than 20 publications was defined as immune/inflammation-related.
We also tested the robustness of our results via additional analyses using more than 30 or 40
publications as the threshold to define the immune/inflammation-related genes.

OB volume assessment in human subjects.—Two-tailed ANCOVA with age, sex,
race, tobacco usage status, and intracranial volume as covariates was performed to compare
the total, left, and right OB volumes between FEP patients and HCs.

Association between OE inflammation and OB volume.—When we looked for

an association between immune/inflammation-related differentially expressed genes (DEGs)
and the OB volume, PCA analysis was conducted for the matrix of expression levels of
immune/inflammation-related DEGs. The first principal component was used to measure
the total expression of immune/inflammation-related DEGs. Two-tailed partial correlation
analysis controlling for age, sex, race, tobacco usage status, intracranial volume, duration

of illness, and CPZ dose was then conducted to examine whether an increase in immune/
inflammation-related DEGs was correlated with a reduction of the OB volume in FEP
patients.

When we integrated the mouse and human data to further explore the association between
OE inflammation and OB volume, we conducted PCA analysis and used the first principal
component to measure the total expression of the human orthologues of the 101 genes [41]
in ONCs. We then examined the correlation between the total expression and the OB volume
in FEP patients, via two-tailed partial correlation analysis controlling for age, sex, race,
tobacco usage status, intracranial volume, duration of illness, and CPZ dose.

Mouse study: pathological impact of chronic, local OE inflammation on the OB anatomy,
OB volume, and behaviors in the 10l model

We examined the impact of chronic, local OE inflammation on the OB volume and structure
in young adult male and female mice. After exposure to local OE inflammation for 6 weeks
(starting when mice were 3—4 months old in young adulthood), we observed significant
reductions in the length (p = 9.87E-03) and width (o = 3.65E-03) of the OB in the

101 mice compared with control mice (Fig. 1A). We next examined the influence of OE
inflammation on the layer structure of the OB. The glomerular layer (p= 1.18E-07) and
external plexiform layer (EPL) (p = 3.30E-05) in the OB of the 101 mice were smaller than
those of the control mice. In contrast, no significant differences between the two groups
were observed in the granule cell layer and the layer that included both the mitral cell and
internal plexiform layers (Fig. 1B).
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At the immunohistochemical level, we observed a reduction in the expression of OMP

(a marker for mature OSNs), CCK8 (a marker for tufted cells), and PGP9.5 (a marker

for mitral cells) in the glomerular layer of the 101 model (Fig. 1C). Furthermore, we

also observed a reduction in Vglut2 (a glutamatergic pre-synapse marker) staining in the
glomerular layer of the 101 model (Fig. 1C). These data suggest that local OE inflammation
elicits a reduction in OSNs, which would lead to reduced synaptic connectivity between
OSNs and OB neurons.

To directly test this hypothesis, we performed patch clamp recordings on OB neurons in
acute brain slices. We targeted tufted cells in the external plexiform layer because they
receive strong excitatory inputs from OSNs and can be readily identified based on size,
morphology and firing patterns [55]. With a holding potential at =70 mV under the voltage
clamp mode, which minimizes the contribution of GABAa-mediated inhibitory currents,
we found a significant reduction in the frequency of spontaneous excitatory postsynaptic
currents (SEPSCs) in the neurons from the 101 mice compared to controls (Fig. 1D).

The glomerular size in the 101 mice is much smaller than that of the control mice (Fig.
1B), and the glomerular size is linearly correlated with the number of input OSNs [56].
Taken together, although we can’t completely rule out that an enhanced network inhibition
might influence the release probability from OSNs, the most likely mechanism indicated
by these data is a reduction of OSN synaptic inputs to tufted cells. In contrast, there was
no significant change in the amplitude of SEPSCs, suggesting normal glutamate receptor
signaling in postsynaptic cells in the 101 mice. Taken together, our data show that chronic,
local OE inflammation results in structural and functional changes in the OB.

We previously reported smell deficits in the 101 model by through electro-olfactogram
recordings and olfactory habituation/dis-habituation test [40, 42]. In the present study,
through olfactory habituation/dis-habituation test, we confirmed the presence of smell
deficits in the 101 mice (Fig. 2A). A strong association between smell deficits and negative
symptoms has been reproducibly reported in patients with psychotic disorders [2, 3, 12-19].
Thus, we performed PR schedule of reinforcement task, a representative behavioral assay
relevant to negative symptoms (particularly associated with avolition) using the same cohort
of the 101 mice and controls (Fig. 2B). Both 101 and control groups had similar increases

in the lever pressing over time in the fixed ratio reinforcement training sessions. In the PR
test session, the 101 group displayed a lower number of total lever presses (p = 4.99E-05)
and a reduced number of earned food pellets (p = 7.19E-04), compared to controls (Fig.
2C). These data were consistent with the reduction in the breakpoint of the 101 mice (a
decrease of 44.9%; p=5.36E-04) (Fig. 2C). To exclude the possibility that the PR test
results were affected by smell deficits, we further conducted the free feeding behavioral
test. the 101 mice exhibited normal food intake under free-access conditions and displayed
a preference for high-sugar food pellets over regular food pellets at the physiological level
(Fig. 2D), indicating that smell deficits are unlikely to influence the outcome of the PR
task. In addition, no difference was observed in body weight between the 101 and control
mice (Supplementary Fig. S1A). No deficits in open field behaviors and elevated plus maze
tests (Supplementary Fig. S1B, C). Taken together, chronic, local OE inflammation in young
adulthood leads to avolition-like behavioral deficits in parallel to smell deficits.
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Human study: immune/inflammatory molecular signature in OE-derived neuronal cells
(ONCs) from patients

Previously, we reported preliminary observations of altered molecular signatures in ONCs
from FEP patients (7= 16) compared with HCs (7= 22) [57]. In the present study, we
expanded the sample size (44 FEP patients and 59 HCs: see Table 1B) and conducted a
more comprehensive analysis, particularly testing our hypothesis that immune/inflammatory
molecular changes exist in the OE-derived neuronal cells from FEP patients.

We conducted a genome-wide differential expression analysis to identify genes that

were differentially expressed in FEP patients compared with HCs, while controlling for
confounding factors and correcting for multiple comparisons. Our analysis identified 27
DEGs (FDR < 0.05) in FEP patients (Supplementary Table S1). We then conducted
literature mining of PubMed by searching for publications using each gene with the keyword
“immune,” “inflammation,” or “inflammatory.” Here a gene that appeared with any keyword
in more than 20 publications was defined as immune/inflammation-related. Based on these
criteria, 33.3% of the DEGs (9 out of 27) were categorized as immune/inflammation-related,
whereas 24.5% of the non-DEGs (3,413 out of 13,908) were categorized as immune/
inflammation-related. Notably, this higher proportion of immune/inflammation-related genes
in DEGs compared to non-DEGs was consistent even when we changed the threshold (the
number of publications) to define the immune/inflammation-related genes: 30 publications
as the threshold: 29.6% of DEGs (8 out of 27) and 19.7% of non-DEGs (2,738 out of
13,908); 40 publications as the threshold: 25.9% (7 out of 27) of DEGs and 16.7% of
non-DEGs (2,323 out of 13,908). These findings suggest that FEP patients have altered
immune/inflammation-associated molecular signatures in ONCs.

We further conducted a co-expression gene network analysis. Six co-expression network
modules were identified, and 2 out of these 6 network modules were significantly altered

in FEP patients compared with HCs: module | includes 124 genes, and module 11 includes
223 genes (Supplementary Table S2). We then conducted a functional enrichment analysis
to examine the biological functions of each network module. We found that genes related to
the nervous system development and the immune system process were enriched in module
I1, while genes related to the metabolic process of serine and glutamate were enriched in
module I. A further PubMed search found that 31.8% of genes in module 11 (71 out of 223)
appeared in more than 20 publications with the keywords “immune,” “inflammation,” or
“inflammatory” (Supplementary Table S3). In contrast, only 24.4% of non-module 11 genes
(3351 out of 13,712) were immune/inflammation-related. In summary, we observed a higher
proportion of immune/inflammation-related genes in module 11 than in other modules. These
data also endorse the notion that FEP patients have immune/inflammation-related molecular
signatures in ONCs, which likely reflect OE inflammation.

Human study: reduced OB volume in FEP patients

Our group has reported preliminary observations of a reduced OB volume derived from
T1-weighted (T1w) images at 3 Tesla in FEP patients (7= 16) compared with HCs (n=
22) [57]. In the present study, we addressed the OB volume more systematically with T2w
images in a much larger sample size: 93 FEP patients and 89 HCs (Table 1A). Compared
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with T1w images, T2w images are more precise in assessing the OB volume due to a
brighter signal of the cerebrospinal fluid, which helps define the edges of the OB more
clearly (Fig. 3A).

Accordingly, we investigated the volumes of the total, right, and left OB in FEP patients
compared to HCs, while controlling for confounding factors (see details in Methods). We
observed a significant reduction in the volumes of the total (p= 2.12E-04), right (p=
5.14E-04), and left (p = 8.42E-04) OB in FEP patients compared with HCs (Fig. 3B).

Human study: pathological impact of local OE inflammation on the OB volume in FEP

patients

Under the hypothesis that OE inflammation may have a pathological impact on the OB
volume in FEP patients, we investigated an association between immune/inflammation-
related DEGs (7= 9) (defined above, Supplementary Table S1) and the OB volume in these
patients. Partial correlation analysis controlling for confounding factors found a significant
correlation between an increase in the total expression of immune/inflammation-related
DEGs (measured by the first principal component of all 9 immune/inflammation-related
DEGs) and a reduction in the right OB volume in FEP patients (total o= 0.05, right p=
0.03, and left p=0.16) (Fig. 4A). In contrast, such a correlation was not observed between
the expression of 18 non-immune/inflammation-related DEGs and the OB volume (total p
=0.31, right p=0.22, and left p= 0.49). We then examined HCs and found no significant
correlation between 9 immune/inflammation-related DEGs and the OB volume (total p =
0.12, right p=0.14, and left p=0.13) in HCs (Fig. 4B). Also, no correlation was observed
between 18 non-immune/inflammation-related DEGs and the OB volume (total p=0.59,
right p=0.55, and left p=0.68) in HCs. These results suggest that immune/inflammation-
related changes in ONCs/OE may have a more specific impact on the reduction of the OB
volume in FEP patients.

Integration of mouse and human studies: pathological impact of local OE inflammation on
the OB volume

To further examine the pathological impact of local OE inflammation on the OB volume,

we conducted an integrative analysis using both mouse and human data. As described

above, our past publication identified the 101 genes, a set of inflammation-related genes
upregulated in the 101 mice compared with control mice [41]. Here, we examined the total
expression of the human orthologs of the 101 genes in ONCs (measured by the first principal
component of all 83 101 genes) and their association with the OB volume in FEP patients.
We observed a significant correlation between the increased expression of the 101 genes (n=
83) and a reduction of the right OB volume (total p=0.09, right o= 0.04, and left p= 0.26)
(Fig. 4C). On the other hand, no significant correlations were observed between non-101
genes (n7=14,534) and the OB volume in FEP patients (total p=0.21, right p=0.08, and
left p=0.54). We also examined HCs and found no significant correlations between the 101
genes and the OB volume (total p=0.21, right p=0.11, and left p=0.44) in HCs (Fig. 4D).
No correlation was observed between non-101 genes and the OB volume (total p= 0.60,
right p=0.56, and left p= 0.68) in HCs either. These results imply that the inflammatory
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molecular changes in ONCs are linked to a smaller OB volume, endorsing the notion that
OE inflammation may impact the OB volume in FEP patients.

DISCUSSION

Smell deficits have been reproducibly reported in psychotic disorders, such as schizophrenia
and related disorders [1-8]. Several studies have reported a reduced OB volume in these
disorders [16, 46, 57-60], but the sample size of these studies was relatively small. Multiple
groups have prepared/enriched primary neuronal cells and stem cells from the OE via nasal
biopsy from living subjects [30-32, 35-39, 57, 61, 62]. Molecular and cellular analyses

of these cells from schizophrenia and related disorders have displayed deficits, indicating
pathological alternations in the OE in these disorders [30-32, 35-39, 57, 61, 62]. Although
changes associated with the olfactory system in patients with schizophrenia and related
disorders are prominent and reproducibly reported from many groups [1, 3, 7, 14, 16,

18, 20, 30, 35, 39, 46, 57-60, 63], their mechanistic link is unclear. To the best of our
knowledge, no study has addressed the changes in OE and OB in a systematic manner,
looking for the pathological relationship between the OE and OB. It is difficult to address
the causal relationship between two distinct phenotypes, except in longitudinal studies with
intervention. To fill these gaps, the present study combined the observations from both
mice and humans. In human studies, we examined FEP patients with both brain imaging
and molecular (next-generation sequencing) methodologies. We believe that the multimodal
nature of the study design is a uniqueness and strength of the present study.

In the present study, by using the 10l model, we demonstrated a causal impact of chronic,
local OE inflammation on OB volume and layer structure changes, reduced synaptic inputs
to OB neurons. Furthermore, the 101 model displayed behavioral deficits relevant to negative
symptoms (avolition) in parallel to smell deficits. In addition, we observed a significant
alteration in the immune/inflammation-associated molecular signatures in OE-derived
ONCs from FEP patients, implying that OE inflammation underlies the disease pathology.
Concurrently, we also observed a significant reduction of the OB volume in FEP patients. In
analogy to the OE-OB relationship in the 101 model, we looked for a potential link between
the OE and OB in FEP patients via OE inflammatory changes, and demonstrated multiple
lines of evidence that support such a link. First, we found a significant correlation between
an increase in the expression of immune/inflammation-related DEGs and a reduction in

the right OB volume in FEP patients, whereas a correlation was not observed between
non-immune/inflammation-related DEGs and the OB volume in FEP patients. In contrast,
no significant correlations were observed in HCs for either immune/inflammation-related

or non-immune/inflammation-related DEGs. Second, we found a significant correlation
between an increase in the expression of the 101 genes and a reduction in the right

OB volume in FEP patients, whereas a correlation was not observed between non-10I

genes and the OB volume in FEP patients. Furthermore, no significant correlations were
observed in HCs for either 101 or non-101 genes. Taken together, we now report pathological
molecular changes in the OE, reduced volume of the OB, and a possible link between OE
inflammatory molecular changes and the reduced OB volume in FEP patients.
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The associations between two types of inflammation-associated genes (immune/
inflammation-related DEGs and 101 genes) and OB volume were observed only in FEP
patients, but not in HCs. As described above, the OE is the most peripheral olfactory

system located outside the cranium. As a result, the OE is directly exposed to several
environmental risk factors, such as air pollution and viral infections in the upper respiratory
tract. The difference in the immune/inflammation-related molecular signatures between FEP
patients and HCs is likely a converged outcome of environmental factors and genetic risk
factors associated with the disease. Furthermore, the OE-OB correlations only found in

FEP patients, but not in HCs, may also imply the involvement of intrinsic (genetic) factors.
This discussion is consistent with a clinical observation that, although a pool of patients
with chronic rhinosinusitis (CRS) show cognitive changes [64-66], all CRS patients do not
show such mental manifestations. Together, at both OE pathology itself and the OE-OB
relationship, disease-associated intrinsic factors may also play a role. In the future, with a
much larger sample size, one may further test the impact of genetic factors on the outcome
measures observed in the present study by utilizing polygenic risk scores. Although this is
beyond the scope of the present study, the impact of the OE-OB pathological relationship
on clinical manifestations in patients by considering the contributions of each environmental
and genetic factor will be investigated as a significant research topic in the future.

In the present study, we also demonstrated the advantage of OE biopsy from living patients.
Although we acknowledge the significance of postmortem tissues in research [67], the cells/
tissues obtained via biopsy reflect the condition of the subjects at the time of sampling. As
shown in the present study, a multimodal assessment from living patients becomes available
with OE biopsy. One potential drawback of OE biopsy is that it is technically difficult to
maintain intact OE (neuroepithelium) at the quality for histopathological assessment in all
biopsy cases. In contrast, we can enrich neuronal cells (e.g., ONCs) from any biopsied
tissue, which facilitates scalability. Therefore, in the present study, we utilized ONCs to
study pathological molecular signatures associated with OE inflammation in conjunction
with the OB volume measurement in FEP patients. Nevertheless, to further validate and
reinforce our observations, neuropathological and histological assessments of the intact
neuroepithelium via biopsy may also be expected.

In summary, here we report OE pathological changes in immune/inflammatory pathways,
OB structural changes, and their potential relationships in FEP patients. We believe that
the compatibility of these patient data with those from the 101 mouse model reinforces the
mechanistic link. Importantly, the electro-physiological data from OB neurons suggest that
OE inflammatory changes can affect OB neurons that project to higher brain regions. This
implies that a similar OE pathology found in FEP patients may also impact higher brain
regions, such as the prefrontal cortex, via the olfactory-prefrontal circuits. The dysfunction
of these circuits can underlie negative symptoms and some cognitive deficits that are known
to associate with smell deficits. Taken together, the OE-OB data of the present study may
be a basis for future studies that explore the implication of the olfactory system deficits in
psychiatric manifestations in schizophrenia and related disorders.

Smell deficits are also reported in other neuropsychiatric conditions. Given that OE
pathology is influenced by disease-specific genetic risk factors, the implication of OE
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pathology in smell deficits and neuropsychiatric manifestations may vary in each disease.
Nevertheless, a cross-disease nature of smell deficits may also include common mechanistic
changes shared among these diseases. It is known that SARS-CoV-2 infected patients
frequently show smell deficits [68—70]. Post SARS-CoV-2 symptoms include psychosis,
but several other neuropsychiatric conditions also occur [71, 72]. Post SARS-CoV-2
neuropsychiatric manifestations may occur due to the viral-induced microvascular changes
in the brain, but may also happen because of the impact from the OE-OB pathology.

We should be careful and avoid a superficial link between the OE-OB pathology in
schizophrenia and post SARS-CoV-2 neuropsychiatric conditions. Nevertheless, it is also
possible that the mechanistic study of OE-OB pathology in schizophrenia and related
disorders, as well as in other neuropsychiatric disorders, may provide valuable insight to
post SARS-CoV-2 neuropsychiatric conditions.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Structural alterations in the OB of the 101 mice.
GL glomerular layer, EPL external plexiform layer, MCL mitral cell layer, IPL internal

plexiform layer, GCL granule cell layer. A OB size (n= 6 mice per condition): left panel:
dorsal view of the OB, and schematic diagram of the OB measurement methods; right panel:
guantification of the OB length and width. B DAPI staining of the OB (white) (7= 10
mice per condition): left panel: representative coronal section image of the OB. Scale bar,
500 um; middle panel: schematic diagram of the OB coronal section layers; right panel:
quantification of each area as % of control mice. C Immunochistochemistry with antibody
against OMP (green), VGlut2 (red), CCK8 (red), and PGP9.5 (red) with DAPI staining in
the GL (n7=6-12 mice per condition): left panel: representative images of the GL. Scale
bar, 50 um; right panel: quantification of the signal intensity of OMP, VGIut2, CCKS8, and
PGP9.5 as % of control. D Patch clamp recording of spontaneous EPSCs from OB tufted
cells: left panel: raw traces; middle panel: averaged frequency; right panel: amplitude. For
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all cells, the holding potential was —70 mV under voltage clamp mode. ***p < 0.001, **p <
0.01, *p<0.05.
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Fig. 2. Behavioral deficits in the 101 mice.
A Olfactory habituation/dis-habituation test. The mice were subjected to three consecutive

exposures to water and two distinct odorants, such as vanilla and banana. Control, n=9

(4 males, 5 females); 101, n=7 (4 males, 3 females). B The schema of PR schedule of
reinforcement task using an operant conditioning chamber. C Total number of lever presses,
pellets received, and animal’s breakpoints in PR test session were shown. Control, 7=19 (9
males, 10 females); 101, n= 17 (8 males, 9 females). D Free feeding test. The weight of the
consumed standard lab chow (normal food pellet) or high-sugar pellet food in 60 min was
measured under free-feeding conditions. Control, 7= 14 (6 males, 8 females); IOI, n=11 (8
males, 3 females). ***p < 0.001.
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Fig. 3. Volumetric alterations in OB in FEP patients.
A Representative T1w (upper panel) and T2w (lower panel) images of the OB region of the

same subject in the axial (left), coronal (middle), and sagittal (right) views. B Boxplot of
total (left), right (middle), and left (right) OB volume between FEP patients and HCs. ***p
< 0.001.
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Fig. 4. Correlation between OB volume and expression profiles in ONCs.

The first principal component from PCA analysis was used to measure the total expression
of a set of genes. A larger value means a higher expression level. A Dotplot of the
expression of inflammation-related differentially expressed genes (DEGS) in ONCs versus
right OB volume in FEP patients. B Dotplot of the expression of inflammation-related
differentially expressed genes (DEGs) in ONCs versus right OB volume in human HCs. C
Dotplot of the expression of human orthologs of the inflammation-related genes (101 genes)
in ONCs versusright OB volume in FEP patients. D Dotplot of the expression of human
orthologs of the inflammation-related genes (101 genes) in ONCs versusright OB volume in

human HCs. *p < 0.05.
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