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Abstract
Traumatic brain injury (TBI) leads to long-term cognitive impairments with an increased risk for neurodegenerative and psychiatric disorders. Among these
various impairments, olfactory dysfunction is one of the most common symptoms in TBI patients. However, there are very few studies that show the
association between olfactory dysfunction and repetitive TBI, which accounts for the majority of all head injuries. In this present study, we investigated the
effects of repetitive TBI on olfactory functioning and the related pathological neuronal injuries in mice. Through pathological examination, we found a
signi�cant increase in p-Tau (S202/T205) in olfactory bulb-associated areas such as the Anterior Olfactory Nucleus (AON), Pyriform Cortex (PC), Tenia Tecta
(TT), and Olfactory Tubercle (OT). Neuronal atrophy in the Lateral Anterior Olfactory Nucleus (AOL), Granule Layer Olfactory Bulb (GrO), and Dorsal Tenia
Tecta (DTT) was also found to be correlated with p-Tau levels. Furthermore, electroencephalography (EEG) of repetitive TBI mouse models showed impaired
spontaneous delta oscillation, as well as altered cross-frequency coupling between delta phase and amplitudes of the fast oscillations in the resting-state
olfactory bulb. Also, abnormal alterations in EEG band powers were observed during the olfactory oddball paradigm test. This study provides evidence of
pathological and physiological alterations in the mouse olfactory system caused by repetitive TBI. Together, p-Tau alterations and EEG impairments may
serve as important biomarkers of olfactory track-associated dysfunctions and behavioral impairments commonly observed in repetitive TBI patients.

Key Message
Repetitive TBI affected olfactory function and induced molecular pathological neuronal injuries in mice

p-Tau (S202/T205) levels were signi�cantly increased in olfactory bulb-associated areas

An increase of neuronal atrophy in the olfactory bulb-associated areas was correlated with an increase of p-Tau levels

TBI impaired spontaneous delta oscillation in the resting-state olfactory bulb

p-Tau alterations and EEG impairments may serve as important biomarkers of olfactory track-associated dysfunctions in TBI 

Introduction
Traumatic brain injury (TBI) accounts for approximately 1.7 million patients yearly in the United States and remains as a leading cause of mortality
worldwide [1-3]. Dep ending on the nature and severity of TBI, anatomical changes are highly variable and often result in long-term neurobehavioral and
neuropathological sequelae [4-6]. Clinical manifestations may include neuropsychiatric disturbances such as memory impairment, and di�culty sleeping. As
well as mood or behavioral abnormalities such as depression, aggression, and anxiety [7].

Out of the many pathological phenotypes, olfactory dysfunction is often an early signal for chronic neurodegenerative disorders such as chronic traumatic
encephalopathy (CTE), Alzheimer’s disease (AD), and Parkinson’s disease [4, 6, 8, 9]. For instance, pathophysiological markers such as a-synuclein and
tauopathy have been linked to changes in the olfactory system and are well known to be indicators of dementia risk. In the case of Parkinson’s disease, the
olfactory bulb has been proposed as a possible induction site for Lewy pathology. Pathological changes were also observed in other areas of the olfactory
system such as the anterior olfactory nucleus (AON), cortical nucleus of the amygdala, piriform cortex, olfactory tubercle, entorhinal cortex, and orbitofrontal
cortex [10] .

While the associations between olfactory dysfunction and its pathological markers have been mainly observed in cases of moderate-to-severe TBI, in recent
years, special interest has headed towards those of repetitive sub-concussions or repetitive mild-TBI (mTBI) [11-16]. However, a gap in TBI studies has been
the use of a simple model system that accurately reads the physiological and behavioral changes of olfactory disruption after mTBI events [6]. Human
imaging tools, such as MRI and CT scans, have limitations in the sensitivity of detecting focal brain lesions caused by TBI, which often result in mTBI
patients showing cognitive de�cits even when MRI and CT results are normal [17]. Furthermore, Callaham & Hinkebein found that 65% of TBI patients
experienced anosmia, although most were unaware of their impaired olfaction. Anosmia was also correlated with greater cognitive disability [4]. 

These subtle behavioral differences in olfactory dysfunction show that a sensitive measuring tool is needed to detect TBI related injuries in human patients.
Thus, we used a proper mouse model that closely imitates the conditions of human TBI patients. Past TBI models have utilized invasive methods such as
controlled cortical injury (CCI), blast-induced TBI (bTBI), �uid percussion injury (FPI), and closed/head impact model of engineered rotational acceleration
(CHIMERA). These methods are likely to result in fractures, brain contusions, or anoxic-ischemic injuries which lead to signi�cant neurological impairments
and high mortality rates.  Human patients who experience repetitive TBI, rarely undergo acute injuries, which make these animal models inappropriate to use
to examine the post-injury conditions of human patients.

In this study, we produced repetitive TBI mice with repetitive concussion to emulate human sub concussion scenarios and examined the various neurological
consequences of repetitive head injuries.  Although the buried food-seeking test is the most reliable olfactory assay in rodents so far [18, 19], it is reported to
be closely associated with other cognitive de�cits, such as abnormalities in food motivation or elevated fear. For this reason, it is hard to detect and measure
subtle olfactory impairments may remain undetected [20].

To overcome this weakness, we used electroencephalogram (EEG) to measure neuronal oscillations of mice during an olfactory oddball paradigm test to
scale olfactory functionality instead. Then, to avoid disruption from surgery, a separate mouse cohort was used to examine the neurological consequences
of the olfactory system in repetitive TBI mice. Using an interdisciplinary approach, we found alterations in olfaction-related EEG activities and found
pathophysiological signs of neuronal atrophy such as tauopathy and cell shrinkage in olfactory related areas.

Materials And Methods
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Mice

A total of 35 mice were used for this study. 14 Thy1 mice (B6.Cg-Tg(Thy1-COP4/EYFP)18Gfng/J, Stock #007612, The Jackson Laboratory, Bar Harbor, ME,
USA; 9-16 weeks; body weight 19-31g) of both genders (male, n=4; female, n=10) and 21 male wild type mice (C57BL/6N; 8-10 weeks) were used. All mice
received �ve weight drop-induced closed diffuse TBI events. While Thy1 mice were used to collect odor-evoked electrophysiology data, 10 wild type mice
were used to collect immunochemistry data and 11 wild type mice were used to collect Y-maze behavioral data. All mice were born and raised under
standard laboratory conditions of a 12-hour light/dark cycle at 22°C with 55% humidity and were fed a standard laboratory diet and water ad libitum.

Repetitive concussion treatment

Mice received a total of �ve weight drop-induced closed diffuse TBIs, each administered every three days. Closed diffuse TBIs were performed by a weight-
drop device (weight 100g, fall height 75cm, angle 90deg), as previously described with a slight modi�cation [21, 22].   Control and TBI mice were
anesthetized with 2% Avertine (23 μg/g) IP injection before receiving the weight drop-induced TBI. Sham-injured animals were subjected to the same
protocol, but no mass was dropped (Fig. 1). No mice were killed following impact, and mice were monitored for signs of severe injury or skull fracture.

Immunohistochemistry

Immunohistochemistry was performed as previously described [22]. Animals were deeply anesthetized with 2% avertine (23 μg/g, i.p.) and then perfused
through the ascending aorta with 100 ml of cold 0.1 M phosphate buffer saline (PBS), followed by 100 ml of 4% paraformaldehyde in 0.1 M PBS. The brain
was removed, post-�xed overnight and cryoprotected in 30% sucrose in 0.1 M PBS at 4°C. Then cut by cryotome into 30 μm coronal sections, and processed
histochemically as free-�oating sections. Tissue sections were then rehydrated, blocked with blocking solution (3% H2O2), and incubated with p-Tau
(S202/T205) (1:200; Thermo�sher, Waltham, MA, USA) and p-Tau (S199) (1:200; Abcam, Cambridge, MA, USA) for 24 hrs. After three times of washing, the
slides were processed with Vector ABC Kit (Vector Lab, Burlingame, CA, USA). Immunoreactive signals were developed with DAB chromogen (Thermo Fisher
Scienti�c, Waltham, MA, USA). Slides were photomicrographed under bright �eld microscopy and analyzed using Image J.

Electrode implantation

EEG electrodes were implanted after repetitive concussion treatment. Mice were deeply anesthetized with ketamine (120mg/kg, intraperitoneal) and xylazine
(6mg/kg, intraperitoneal), and �xed in a stereotaxic apparatus (David Kopf Instruments, Model 902, Tujunga, CA, USA). Sterilized micro-screw electrodes
(Asia Bolt, South Korea) were �xed onto the skull surface of the olfactory bulb (anteroposterior, 4.8mm; mediolateral, 1.2mm; dorsoventral, -1.1 mm from
bregma), frontal (anteroposterior, 0.5mm; mediolateral, 1.2mm), and parietal cortex (anteroposterior, -3.08mm; mediolateral, 3.75mm), with ground/reference
electrodes implanted on the interparietal bone. The electrode coordinates were selected in accordance with the mouse atlas [23]. To secure the electrode
positions, dental cement (VertexTM Self-Curing, Vertex-Dental, Netherlands) was applied, along with two polycarbonate nuts (inner diameter 3mm, Nippon
Chemi-Con, Japan) which were attached to the caudal edge of the cement for head-�xation during the experiment.

LFP recording

After one week of recovery period, mice were placed in front of the olfactometer while being head �xed in a custom mouse restrainer. Mice were placed so
that their nose tip had a 1 cm distance from the olfactometer outlet. Three-channel LFP (the olfactory bulb, the frontal cortex, and the parietal cortex) data
were collected during the olfactory oddball paradigm with a Cerebus ampli�er (Blackrock Microsystems, UT, USA). All signals were digitized with a 2 kHz
sampling rate and bandpass �ltered from 0.3 to 500Hz.

Olfactory Oddball Paradigm

The experiment was conducted utilizing the olfactometer setup previously described by Kum et al. (2019) [20] (Fig. 1c). For odor delivery, constant �ow of
�ltered air (1L/min) was delivered, with odor stimuli being diluted by pumped air (200ml/min). Methyl salicylate (Sigma Aldrich, > 99% purity, mineral oil
solution, odorant:solvent ratio was 3:1) and ethyl acetate (Sigma Aldrich, > 99.5% purity, distilled water solution, odorant:solvent ratio was 1:1) were selected
for the olfactory oddball paradigm; methyl salicylate being the standard odorant and ethyl acetate being the deviant odorant. The standard and deviant odor
were presented randomly with a 5:1 ratio. The stimulation period was 2 seconds with an inter-stimulus interval of 20 seconds. After presented, odor stimuli
were vacated through the vacuum pump (1.5L/min) (Fig. 1d).

One session was composed of 90 trials (75 standard trials and 15 deviant trials), lasting approximately 33 minutes (Fig. 1d). Each mouse received four
sessions of experiment in total, which were divided into two days in order to prevent adaptation to the odor stimuli and over-exhaustion caused by the long
duration of head-�xing. Two sessions were given each day with an interval of 30 minutes between each session, and there were three to �ve days between
the two days of experiment. The recording room was ventilated for 30 minutes after each recording session.

LFP analysis

The LFP data were processed in Matlab 2019a (Mathworks, MA, USA) with Signal Processing Toolbox (ver. 8.2). First, the signals were bandpass-�ltered (1-
150 Hz using a 5-th order Butterworth �lter, then transformed into time-frequency domain using sliding Hanning window (512 ms length, 100 ms resolution)
and fast Fourier transform to obtain amplitude spectrogram. The frequency bands of interest were delta (1.5 – 4 Hz), theta (4 – 8 Hz), beta (12 – 30 Hz), low
gamma (40 – 60 Hz), and high gamma (70 – 120 Hz) bands. In case of analysis of resting state, the amplitude spectrum of each channel was obtained
from each individual by averaging the spectrogram of 2-min before the olfactory oddball paradigm. Cross-frequency coupling was evaluated using
modulation index (MI), which is a statistical measure of phase lock of fast oscillation amplitudes to the relative time window of slow oscillation [24]. The MI



Page 4/13

was calculated by dividing the Kullback-Leibler distance of actual amplitude distribution of fast oscillations over the phase of slow oscillations (bin number
= 30) with uniform distribution. For the analysis of olfactory oddball paradigm, event-related spectral perturbation (ERSP) was obtained by averaging the
spectrogram of baseline-corrected signals with temporal and frequency resolutions of 100 ms and 2 Hz. To match the number of trials between standard
and deviant trials, only the standard trials right before the deviant trials were used. To evaluate the diminished oscillatory activities in TBI model mice,
independent sample t-tests (alpha = 0.05, one-tailed) were performed using ttest2.m function in Matlab 2019a, over the individual mean value in the band-of
interests and time-of-interests (degree of freedom = 15).

Olfactory Discrimination using Y-maze

Y maze was performed the subsequent day after the �fth weight drop, PND (12 weeks)  as previously described with a modi�cation [9]. The Y maze
apparatus was composed of three enclosed arms (35.3 x 6 x 18.4 cm (l × w × h)) constructed of white acrylic. A tray of home bedding (7.2 x 2.9 x 1.3) was
placed at the end of one arm, and the same to its adjacent arm with new bedding. Each trial began by placing each individual mouse in the arm with no
bedding and was observed for 10 minutes. Total distance (cm), velocity (cm/s), time (s), frequency (count), and latency to start (time) at each arm was
recorded by Ethovision Software (Noldus Information Technology, Wageningen, Netherlands).

Results
Olfactory bulb associated areas exhibit increased tauopathy in repetitive TBI

To examine whether short-term TBI is associated with elevated tauopathy, we �rst performed immunohistochemistry. As expected, the immunoreactivity of
tau was strongly elevated in olfactory bulb associated areas in TBI mice (N=5) compared to control subjects (N=5; Fig. 2a). Interestingly, an increase in
tauopathy was not observed in the Main Olfactory Bulb. However, densitometry analysis showed a signi�cant increase in tauopathy in six out of nine regions
examined including the Anterior Olfactory Nucleus (lateral AOL; medial AOM), Olfactory Bulb (GrO), Tenia Tecta (dorsal DTT), Pyriform Cortex, and Olfactory
Tubercle.

Tauopathy is correlated with neuronal atrophy in repetitive TBI

To better understand the in�uence of tauopathy to neuronal atrophy or cell size shrinkage in olfactory bulb associated areas, we performed densitometry
analysis combined with cell size analysis on the regions displaying the strongest tauopathy. Densitometry analysis veri�ed the AOL, AOM, GrO, and DTT or
the AON and TT regions (Fig. 3a) as the areas with the most signi�cant increases in tauopathy, in controls (N=5) versus repetitive TBI subjects (N=5; Fig. 3b).
Additionally, cell size analysis of the same cells measured for densitometry revealed cell shrinkage in three of the four areas observed, including the AOL,
GrO, and DTT (Fig. 3c).

Altered spectral power of slow oscillations of olfactory bulb in concussed mice

We investigated the effects of repetitive TBI on spontaneous oscillation by measuring LFP in the prefrontal cortex, hippocampus, and olfactory bulb. The
level of spontaneous oscillations was quanti�ed with power spectral analysis and is summarized in Table 1. Compared to the control group (N = 8), mice in
the concussed group (N = 9) exhibited a signi�cant decrease in delta bands of the olfactory bulb whereas spontaneous oscillations in the prefrontal cortex
and hippocampus were not affected in the concussed group (Fig. 4a-b).

Table1. Summary of spontaneous oscillation and modulation by delta phase

Results of analysis of resting state EEG. Independent t-test was used. The values are average and standard deviation in parenthesis.

We further investigated the cross-frequency coupling by calculating the modulation index (MI) according to  Tort, Komorowski, Eichenbaum, & Kopell,
2010 [24]. We calculated MI for delta and theta phases. We found that MI values for the delta phase were signi�cantly attenuated in fast oscillations of the
olfactory bulb of repetitive m-TBI mice. The comodulograms (Fig. 4c) display the averaged MI across animals for the control mice and for the concussed
mice, with differences largely captured by changes in scale. Statistical tests returned that the cross-frequency couplings between delta phase and beta/low
gamma amplitude are signi�cantly reduced in the concussed model (Fig. 4d).

Attenuated response to deviants in concussed mice

We performed an olfactory oddball paradigm with methyl salicylate as a standard odor and ethyl acetate as a deviant odor. Fig. 5a shows the averaged
ERSP for standard and deviant stimuli. Overall, a broadband response was elicited by odor release but beta oscillation responded in the most eminent
manner. As expected, the deviant stimuli elicited stronger in a signi�cant way. Fig. 5b shows the grand average of differential spectrograms of ERSP
calculated from individual mice, showing an overall debilitation. Fig. 5c-d marks the ranges of frequency showing the signi�cant or marginal differences in
responses to the deviant odor in the concussed mice (N = 9) compared to the control mice (N= 8). The responses in the measured areas are summarized in
Table 2. It is noteworthy that the relative power of dominant power (beta) dropped from 65% (control) to 35% (TBI), but in a marginally signi�cant way. On
the other hand, the other frequency EEG bands were enhanced in a signi�cant way by repetitive head injury as summarized in Table 2.

Table 2. Summary of event spectral density during olfactory oddball paradigm. 

The ratio, (Pdeviant – Pstandard)/ Pstandard were calculated for each frequency band and then noted in percent, where Pstandard and Pdeviant are powers during
standard and deviant odor stimulations, respectively.
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EEG
Parameters

Frequency

bands

Frontal Cortex  Parietal Cortex Olfactory Bulb

Control

(n=8)

TBI

(n=9)

t-stat

(df=15)

p-
value

Control

(n=8)

TBI

(n=9)

t-stat

(df=15)

p-
value

Control

(n=8)

TBI

(n=9)

t-stat

(df=15)

p-
value

Amplitude
(mV)

Delta 15.21

(1.99)

14.66

(2.33)

0.52 0.3056 12.99

(2.73)

13.85

(2.23)

-0.72 0.2425 23.30

(6.79)

17.52

(4.99)

2.02 0.0309

Theta 16.40

(2.20)

15.81

(2.04)

0.57 0.2898 15.49

(3.05)

16.05

(3.85)

-0.33 0.3718 17.91

(3.46)

15.77

(3.17)

1.33 0.1013

Beta 5.11

(0.80)

4.70

(0.51)

1.28 0.1100 4.80

(0.74)

4.77

(0.80)

0.07 0.4708 5.12

(1.04)

4.37

(0.37)

2.05 0.0293

Low
Gamma

2.59

(0.44)

2.39

(0.24)

1.17 0.1311 2.50

(0.44)

2.47

(0.24)

0.21 0.4191 2.88

(0.56)

2.73

(0.35)

0.69 0.2492

High
Gamma

1.52

(0.36)

1.48

(0.23)

0.26 0.4004 1.44

(0.39)

1.48

(0.19)

-0.27 0.3957 1.99

(0.44)

1.97

(0.29)

0.11 0.4586

Coupling to
delta phase 

(x 104)

Beta 0.54

(0.35)

0.96

(0.54)

-1.89 0.0388 1.50

(0.67)

1.71

(0.62)

-0.69 0.2500 5.68

(4.32)

1.71

(0.65)

2.73 0.0077

Low
Gamma

0.49

(0.38)

0.86

(0.43)

-1.88 0.0396 0.89

(0.74)

1.10

(0.35)

-0.76 0.2284 4.73

(2.83)

2.53

(1.42)

2.05 0.0289

High
Gamma

0.72

(0.53)

1.23

(0.55)

-1.94 0.0360 0.61

(0.46)

1.36

(0.86)

-2.18 0.0227 7.22

(6.18)

7.11

(8.86)

0.03 0.4884

EEG
Parameters

Frequency

bands

Frontal Cortex  Parietal Cortex Olfactory Bulb

Control

(n=8)

TBI

(n=9)

t-stat

(df=15)

p-
value

Control

(n=8)

TBI

(n=9)

t-stat

(df=15)

p-
value

Control

(n=8)

TBI

(n=9)

t-stat

(df=15)

p-
value

Amplitude
Difference
(%)

Delta -1.62

(9.99)

1.60

(15.87)

-0.49 0.3146 -15.94

(3.90)

-10.13

(11.15)

-1.40 0.0915 -7.38

(17.07)

9.49

(12.22)

-2.36 0.0160

Theta -4.26

(4.96)

2.70

(8.17)

-2.09 0.0272 -8.55

(2.41)

-1.48

(7.39)

-2.58 0.0105 7.69

(13.26)

20.43

(6.56)

-2.56 0.0109

Beta 2.95

(7.65)

7.75

(12.05)

-0.96 0.1751 3.04

(11.60)

8.70

(13.43)

-0.92 0.1851 64.85

(54.11)

35.49

(34.52)

1.34 0.0985

Low
Gamma

6.10

(3.06)

10.49

(3.87)

-2.57 0.0106 6.63

(4.12)

11.09

(5.75)

-1.81 0.0448 8.19

(3.54)

24.44

(24.92)

-1.82 0.0443

High
Gamma

13.10

(8.50)

15.81

(10.49)

-0.58 0.2855 7.05

(6.64)

14.33

(7.68)

-2.08 0.0277 -3.43

(11.23)

4.84

(7.29)

-1.82 0.0441

Preference for home bedding is lost

We used a Y maze apparatus to characterize the effects of repetitive TBI on olfactory related behaviors (Online Resource 2 and Fig. 6a). Although both
control (N=5) and repetitive TBI mice (N=6) displayed a preference for home bedding (Fig. 6b), repetitive TBI mice exhibited longer duration in new bedding
versus control mice. Unpaired t-test revealed that the amount of time or duration spent in the closed arm with home bedding differed slightly between groups
but did not reach statistical signi�cance (Fig. 6c).

Discussion
Olfactory dysfunction is an indicator of dementia risk, however whether it is present in individuals with a history of repetitive TBI has yet to be fully
elucidated. As conventional neuroimaging fails to reveal underlying symptoms and abnormalities [25], we have demonstrated the structural and functional
changes in the olfactory system using a repetitive TBI mouse model. Particularly, acute evaluation (1 week) after injury in repetitive TBI animals showed
evident pathology in olfactory bulb associated areas. In almost all regions, not only did repetitive TBI mice show greater tauopathy compared to sham injury
mice; areas displaying the greatest increase in tauopathy (AOL, GrO, and DTT) were also associated with cell size shrinkage or neuronal atrophy.
Interestingly, the olfactory bulb, a region anatomically larger and possibly more vulnerable to injury in mice, was not prone to pathology.  Similar pathological
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sequelae have been reported in other repetitive TBI models showing damage in rostral areas (optic tract, interior olfactory nuclei, lateral olfactory tract) after
3 repetitive TBI events [13]. Rather, it appears that regions directly caudal, adjoining the olfactory bulb, may be more vulnerable to cellular damage.      

Studies have shown measured neuropathological consequences considerably after repetitive TBI events. For example, Mouzon et al. [15] were observed
persistent white matter loss and Corpus Callosum thinning up till 12 months after repetitive TBI injury. Furthermore, the same study demonstrated that any
history, even a single mTBI event, may be signi�cantly injurious and could be correlated with cognitive decline or neurobehavioral differences [15]. In this
regard, cell shrinkage, a characteristic of programmed cell death or apoptosis, may be an indicator of long-term cognitive impairments and reduced olfactory
capacity. Whether the pathological sequelae in the olfactory system will persist and evolve post mTBI in the olfactory system remains to be clari�ed.

In this study, repetitive TBI produced subtle de�cits in olfactory performance as measured in the y-maze task. The discrimination index showed that both
mTBI and control mice displayed an overall stronger preference for home bedding than new bedding. Although TBI mice frequented their home bedding more
than new bedding, they explored new bedding for longer than control mice. In addition, equivalent activity levels and velocity between control and mTBI mice
showed that the loss of preference for home bedding in mTBI mice was not due to sensorimotor disturbances (Online Resource S1). This data suggests that
the subtle loss of preference for home bedding in mTBI mice was due to a loss in olfactory discrimination.      

The subtle differences in olfactory performance between mTBI and control mice is in alignment with the effects of repeated mTBI in humans. With a recent
study that examined the olfactory functionality of former NFL players, former NFL players who experienced repetitive head impacts showed a lower
performance in the Brief Smell Identi�cation Test (B-SIT) compared to healthy controls. However, the majority of subjects (~94%) performed within healthy
olfactory standards [11]. Although football players may experience, on average, more than 1000 subconcussive events per playing season, olfactory
performance remains to be a subtle factor in describing brain injury. Similar results were obtained in analyses measuring visuospatial scanning speed,
visuomotor processing speed, visuospatial construction, and verbal memory of NFL players compared to healthy controls [17]. Subtle olfactory differences
may be di�cult to detect with the current behavioral assessments used on human mTBI patients, and thus warrants further attention.

To overcome this weakness in behavioral assessments of olfactory functionality, here we used EEG recordings of repetitive TBI mice to detect olfactory
dysfunction in repetitive TBI patients. Concerning the background resting-state EEG, our results showed that slow oscillation, especially the delta band
oscillation, at the olfactory bulb was signi�cantly decreased in the repetitive TBI mouse models. Also known as respiratory rhythms, olfactory slow
oscillations are commonly observed in the mouse olfactory bulb, primary olfactory cortices, frontal cortex, and hippocampus and are synched to the
respiratory cycle [26, 27]. Even though there are not many previous studies concerning the olfactory delta oscillation, a recent study proposed that
respiration-coupled slow oscillation activities play a major role in transferring information between olfactory-related brain regions to high-order brain
regions [28], which suggest that weakened resting-state delta oscillation could re�ect alterations in internal processing which thus causes impaired olfactory
perception.

Furthermore, our data suggests a signi�cant reduction in the resting state cross-frequency coupling (CFC) between the delta phase and beta/low gamma
amplitude in repetitive TBI mouse models. Massive interconnected parallel processes in the brain require coordination of information between areas, and this
often appears as CFCs [29, 30]. Our �nding is in line with previous studies that found a reduction of functional connectivity strength within the delta-beta and
delta-gamma1 frequency pairs in the frontal brain region of mTBI human patients [31]. Recent studies have also been reporting the modulation of high
frequency oscillations, such as local beta rhythm and gamma rhythms, by slow rhythms in the OB [27]   and other higher order brain regions [32, 33], which
suggests that the impaired resting state delta power could be the cause of the decreased CFC between delta and beta/low gamma band frequencies in
repetitive TBI mouse models.

The present study also used the olfactory oddball paradigm to measure direct brain responses to odor stimuli. Oddball paradigms are frequently used to
study sensory discrimination by comparing event-related potentials (ERP) or event-related spectral power (ERSP) from a standard stimulus with high
probability to a deviant (oddball) stimulus with low probability. Typically, oddball stimuli elicit stronger responses in a correlational way of discriminability,
thus, this paradigm has been widely used in conscious patients, infants, or animals that have limited expression in their language or motion. Here, using the
olfactory odd-ball paradigm, we measured LFPs in the olfactory-bulb (OB), which serves as the direct receiver of olfactory sensory signals in the mouse brain,
and other higher-order regions, such as the prefrontal cortex and hippocampus.

Regarding both the resting state LFP and ERSP during the olfactory oddball paradigm, our data showed signi�cant neural impairments in the OB, whereas
the prefrontal cortex and hippocampus appeared to be not affected by the injury. This is in line with past studies that show weakened brain activities in
olfaction-related brain regions in PD patients that showed reduced olfactory functioning [34]. Especially, the power of beta oscillations was observed to be
decreased in the OB. The beta oscillation is known to be one of the main oscillatory rhythms linked to odor processing, commonly observed at the OB. The
beta oscillation is reported to be strongly elicited by aversive odors with high volatility [35, 36]. Also, past studies have shown enhanced beta power induced
by repeated exposure to the same series of odorants [37], which suggests that the beta oscillation is closely linked to odor recognition and classi�cation.
Thus, decreased beta power in the OB during olfactory oddball tasks show impaired functionality in these speci�c areas of odor perception.

In conclusion, we show that after repetitive TBI events, olfactory related areas demonstrate abnormal electrophysiological changes, as well as increased
tauopathy and decreased cell size. Tauphosphorylation causes cellular dysfunction resulting in decreased cell size associated with altered pathophysiology
in olfactory related areas. These �ndings demonstrate that a history of repetitive TBI increases pathophysiology which may serve as a criterion of post-TBI
neurodegenerative diseases such as chronic traumatic encephalography and dementia [38]. Our work further suggests that electrophysiological neural data
can aid in revealing the olfactory impairment frequently observed in repetitive TBI, and the possible progression of brain damage in patients. Given the subtle
behavioral changes observed during odor perception tests, patients with a history of repetitive TBI may be unaware of their condition. Without the use of
verbal or behavioral examinations, early diagnosis of anosmia by its related EEG responses may be a more objective method in measuring brain damage.
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Figures

Figure 1

Weight-drop model of traumatic brain injury (TBI) and experiment work�ows. a Wild type (WT) and Thy 1. b Mice experienced 5 weight drop induced TBI
events. c Brain tissue was analyzed from postmortem WT mice (n=5 control, n=5 TBI). d Living WT mice underwent Y maze behavioral testing (n=5 control,
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n=6 TBI). e A simpli�ed diagram of the olfactometer used to deliver the two odor stimuli. Odor-evoked electrophysiology data of Thy1 mice was collected
using a two-odor olfactory oddball paradigm (n=8 control, n=9 TBI). f Schematic overview of the two-odor olfactory oddball paradigm.

Figure 2

Olfactory bulb associated areas exhibit increased tauopathy in repetitive TBI. a A schematic diagram of the central olfactory system. Axonal projections
from the olfactory bulb reach a number of areas including the Anterior Olfactory Nucleus (AON), Pyriform Cortex (PC), Olfactory Tubercle (OT), Tenia Tecta
(TT), Lateral Entorhinal Cortex (LEC), and Cortical Amygdala (PLCo). **PLCo was unaccounted for analysis (Takeshi, 2014). b Densitometry analysis showed
a signi�cant increase in tauopathy in repetitive TBI mice [tissue, N=2-5; cell counting, n=250 (50 cells/tissue)] compared to control mice [tissue, N=3-5; cell
counting, n=250 (50 cells/tissue)]. Those regions included rostrally from the AON to the caudal regions of the TT (p < 0.05). Two regions of the Olfactory
Bulb (MOBgr1 and MOBgr2) as well as the Entorhinal Cortex, did not reach statistical signi�cance. Error bars indicate SEM, (controls, N= 5; repetitive TBI,
N=5).



Page 11/13

Figure 3

Tauopathy of olfactory bulb-associated areas is correlated with neuronal atrophy by repetitive TBI. a Tauopathy was increased and cell size was decreased
in repetitive TBI mice compared to controls. Scale bars (white): 50μm. (black):10μm. b Cell size analysis showed a signi�cant decrease in repetitive TBI mice
[tissue, N=2-5; cell counting, n=100 (20 cells/tissue)] compared to controls [tissue, N=3-5; cell counting, n=100 (20 cells/tissue)] in the AOL, AOM, GrO, and
DTT. p=.0017, p=0.0001. c Densitometry and Cell Size analysis exhibited a link between tauopathy and neuronal atrophy. AOL, GrO, and DTT regions
exhibited a downward regression, (controls, N=5; repetitive TBI, N=5).
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Figure 4

Olfactory bulb exhibits reduced delta oscillations and modulation index by repetitive TBI. a Resting state phase amplitude analysis in the olfactory bulb.
There was a decrease (p = 0.0309) in resting state delta-band amplitude in TBI mouse models. b There was no signi�cant amplitude change observed at the
Frontal and Parietal regions of the mouse brain. c Comodulogram comparing healthy and TBI mouse subjects’ cross frequency coupling with delta bands.
TBI mouse models showed reduced cross frequency coupling in delta-beta and delta-theta1 phase pairs. d Statistical analysis illustrating lowered MI of
delta-beta (p = 0.0077), delta-theta (p = 0.0289) oscillation pairs of TBI mouse models.

Figure 5
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Response to deviant odors is attenuated by repetitive TBI mice. a Power spectrogram illustrating averaged ERSP for standard and deviant odors. Deviant
odors elicit a stronger ERSP response, especially in beta band range. b Differential spectrogram of ERSP response. c Mean of amplitude difference during
0.5-2s time range. d Statistical analysis of amplitude difference of each band range. Relative power of beta oscillation decreased (p = 0.0985), while other
frequency ranges showed increased relative power (p < 0.05).

Figure 6

Repetitive TBI shows a reduced preference for home bedding. a Y maze apparatus and placement of new bedding and home bedding. b A representative
heat map of Y maze trials show an increased frequency in TBI mice in the arm with new bedding. c Control and TBI mice display alterations of latency to
�rst, frequency, and duration. TBI mice show greater frequency for home bedding (p = 0.0189) as well as a greater duration for new bedding (p=0.0276)
compared to controls. d Discrimination Index for duration and frequency shows that control mice have a greater preference for home bedding (p = 0.1154, p
= 0.1512) [control, N=5; TBI, N=6].
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