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Abstract

Introduction: This study aimed to: (1) quantify and compare middle ear status in two mice strains, C57BL/6] and CBA/CaJ, using wideband
acoustic immittance (WAI) to measure wideband absorbance at ambient pressure (WBA) and at tympanometric peak pressures (WBT);
(2) determine the percentage of mice with histologic evidence of otitis media (OM) after nasal inoculations with Bordetella hinzii; (3) assess
how B. hinzii affects WBA and WBT; and (4) evaluate if antibiotic treatment reduces OM and restores absorbance to normal.

Material and methods: Eight C57BL/6] and eight CBA/CaJ mice were used in Experiment 1. WBA and WBT (averaged across 0.5-8 kHz) were
measured at baseline and 3 and 6 weeks after B. hinzii inoculation. Middle ear histopathology was performed to confirm the presence of OM.
In Experiment 2, ten C57BL/6] mice with OM received antibiotics, and absorbance was tracked at baseline, during OM, and post-treatment.

Results: (1) Baseline absorbance responses were reliably measured in both strains and both showed similar results with peak WBA (~0.4)
near 1 kHz and maximal WBT at -50 daPa near 6-8 kHz; (2) None of the CBA/CaJ developed OM, whereas 13 of 16 C57BL/6] ears showed
OM histologically; (3) WBA and WBT remained normal in CBA/CaJ mice post-inoculation. In C57BL/6] mice, WBA at ambient pressure
was insensitive to OM, but WBT was significantly reduced at 3 and 6 weeks post-inoculation (p = 0.001); (4) Antibiotic-treated C57BL/6] mice
showed WBT recovery as OM resolved histologically.

Conclusions: Wideband acoustic immittance provides reliable absorbance measures in mice. C57BL/6] mice are susceptible to OM induced
by B. hinzii, whereas CBA/CaJ are resistant. WBT can be used to detect and monitor OM in mice. Limitations of the study include a modest

sample size and relative rather than absolute values of WBA and WBT due to species differences in calibration.

Keywords: otitis media « histopathology « antibiotics « mouse model « wideband tympanometry « B. hinzii

SZEROKOPASMOWA IMPEDANCJA AKUSTYCZNA (WAI) I HISTOPATOLOGIA
W MYSIM MODELU ZAPALENIA UCHA SRODKOWEGO

Streszczenie

Wprowadzenie: Celem niniejszego badania bylo: 1) ilo§ciowe okreslenie i poréwnanie stanu ucha §rodkowego u dwoch szczepéw myszy
(C57BL/6] i CBA/CaJ) z wykorzystaniem szerokopasmowej impedancji akustycznej (WAI) do pomiaru szerokopasmowej absorbancji
w naturalnych warunkach ci$nienia atmosferycznego (WBA) i przy ci$nieniu szczytowym (WBT); 2) okre$lenie odsetka myszy objawami
zapalenia ucha $rodkowego (OM), stwierdzonego w badaniu histologicznym, po donosowym podaniu bakterii Bordetella hinzii; 3) ocena
wplywu B. hinzii na WBA i WBT; oraz 4) ocena, czy leczenie antybiotykami zmniejsza OM i przywraca absorbancj¢ do normy.

Material i metody: W eksperymencie 1. wykorzystano osiem myszy C57BL/6] i osiem myszy CBA/CaJ. WBA i WBT ($rednia dla zakresu
0,5-8 kHz) zmierzono w stanie wyjéciowym oraz 3 i 6 tygodni po zaszczepieniu B. hinzii. W celu potwierdzenia OM wykonano histopatologie
tkanek ucha §rodkowego. W eksperymencie 2. dziesie¢ myszy C57BL/6] z OM otrzymalo antybiotyki, a absorbancje zmierzono: w stanie
wyjsciowym, podczas OM i po leczeniu.

Wyniki: 1) Uzyskano wiarygodne pomiary absorbancji u obu szczepéw myszy, a wyniki byly zblizone: dla szczytu WBA (~0,4) przy 1 kHz
oraz maksymalny WBT przy -50 daPa w zakresie 6-8 kHz; 2) u zadnej z myszy CBA/CaJ nie stwierdzono rozwoju zapalenia ucha $rodkowego,
podczas gdy w 13 z 16 uszu myszy C57BL/6] stwierdzono OM w badaniu histologicznym; 3) WBA i WBT pozostaly prawidlowe u myszy
CBA/CaJ po inokulacji. Wartosci WBA u myszy C57BL/6] przy cisnieniu wyjéciowym pozostawaly podobne niezaleznie od tego, czy ucho
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byto zdrowe, czy wykazujace OM, natomiast WBT w przypadku OM uleglo istotnemu obnizeniu w 3. i 6. tygodniu po inokulacji (p =0,001);
4) u myszy C57BL/6] leczonych antybiotykami wartosci WBT wracaly do normy réwnolegle z ustepowaniem zmian histopatologicznych OM.

Whioski: Szerokopasmowa impedancja akustyczna zapewnia wiarygodny pomiar absorbancji u myszy. Szczep C57BL/6] myszy jest podatny na
rozwoj zapalenia ucha srodkowego wywotanego przez B. hinzii, podczas gdy CBA/CaAJ jest odporny. WBT moze by¢ stosowane do wykrywania
i monitorowania OM u myszy. Do ograniczen niniejszego badania naleza: niewielka liczebnos¢ proby oraz wykorzystanie wartosci wzglednych,
a nie bezwzglednych WBA i WBT, ktore to wartosci wynikaja z réznic gatunkowych w kalibracji.

Stowa kluczowe: zapalenie ucha « histopatologia « antybiotyki « model mysi « tympanometria szerokopasmowa e B. hinzii

Key to abbreviations

3D three-dimensional

ABR auditory brainstem response

AOM acute otitis media

Cco cochlea

DPOAE distortion product otoacoustic emission

EAC external auditory canal

EDTA ethylenediaminetetraacetic acid

IP intraperitoneal

ME middle ear

oM otitis media

OME otitis media with effusion

SMTP sulfamethoxazole and trimethoprim

SNR signal to noise ratio

WAI wideband acoustic immittance

WBA wideband absorbance

WBT wideband tympanometry
Introduction

Two-thirds of children experience at least one episode of
acute otitis media (AOM) by the age of 5 [1], with some
children prone to recurrent or chronic OM [2]. Chronic
OM may lead to a permanent conductive or mixed hearing
loss as a result of chronic inflammation and hyperplasia of
middle ear mucosa and breakdown of its epithelial lining
[2-4]. For OM to develop, the pathogens must adhere to
the nasopharyngeal epithelium, enter the middle ear cav-
ity intranasally or through the Eustachian tube, and over-
come the immune and other natural defense mechanisms
of the middle ear [5,6].

Many species have been used to investigate OM and chang-
es in middle ear status following inoculation with exper-
imental bacteria [7-15]. Mice provide many advantages
for OM research including low cost, ease of care, availa-
bility of inbred and mutant strains that could provide in-
sights on the genetics of OM relevant to humans [1,13].
Standard tympanometry performed on 61 inbred mouse
strains [16] revealed 46 with normal type A tympano-
grams, 3 with type B, flat tympanograms, 3 with type C
tympanograms with a negative middle ear peak pressure,
and 9 unclassified. Mcph1-deficient mice, a model of mi-
crocephaly, spontaneously developed OM that increased
in frequency and severity with age [17].
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The etiology of acute and chronic OM has been investi-
gated with different pathogens, treatments and diagnos-
tic tools [13,18-20]. Using otomicroscopy, BALB/c mice
were found to be much more susceptible to bacteria-in-
duced OM than C57BL/6] and Swiss-Webster mice [14].
After inducing OM in C57BL/6] mice with Bordetella pseu-
dohinzii, auditory brainstem response (ABR) thresholds
increased and distortion product otoacoustic emission
(DPOAE) amplitudes decreased across a broad range of
frequencies [9]; however, these functional metrics failed to
distinguish middle ear dysfunction from cochlear hearing
loss that can rapidly develop in some strains [21,22].

Sound transmission from the middle ear to the cochlea
is frequency dependent, varies across species, and can be
disrupted by middle ear pathologies [23-25]. In contrast
to traditional tympanometric measurements typically per-
formed at a single frequency (adults, 226 Hz; children, 1000
Hz), wideband acoustic immittance (WAI) provides meas-
urements of (a) wideband absorbance at ambient pressure
(WBA) that assesses the proportion of sound energy ab-
sorbed into the middle ear across a wide frequency range
(0.25-8 kHz) at ambient pressure, and (b) wideband tym-
panometry (WBT) that measures energy absorbance at
various ear canal pressures, similar to traditional tympa-
nometry, but across a wide frequency range (0.25-8 kHz).
In contrast to traditional methods performed at a single
frequency, WAI is highly effective for assessing middle
ear function over a broad frequency range by computing
the power absorbed by the middle ear relative to the in-
cident power from 0.25 to 8 kHz [26,27]. Acoustic pow-
er absorbance values, which range from 1.0 (100%) to 0.0
(0%), have proved useful in assessing middle ear patholo-
gies such as otosclerosis, ossicular discontinuity, OM with
effusion, and tympanic membrane perforation in humans
[28-30]. However, additional research is needed in both
humans and animals to develop norms and detect various
dysfunctions [31]. WAI was used to study OM in chinchil-
las inoculated with non-typeable Haemophilus influenza
[11]. Reduced absorbance at 4 days post-inoculation was
attributed mainly to buildup of middle ear pressure where-
as reduced absorbance at 8 days post-inoculation was at-
tributed to OM with effusion and structural changes in
the middle ear; however, these results were not confirmed
histologically [32]. Because the full resolution of OM can
occur over several weeks or more, further changes in ab-
sorbance would likely have been missed [13]. Although
WAL is well established in human research, this study is
innovative in its application of WAI to a mouse model of
otitis media, incorporating longitudinal monitoring and
pressure manipulation.
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Table 1. Summary of the histology results including: tissue ID, strain of mouse, survival time (in weeks) post inoculation of B. hinzii and
the status of the middle ear cavity. Results shows 13 of the 16 ears of all C57BL/J6 strains (n=8) got infected, whereas none of the

CBA/CaJ got infected with B. hinzii

Tissue ID Strain

Survival time post inoculation Status of middle ear cavity

[weeks]

11WBO03 C57BL/6) 3 Severe bilateral OM
11WB04 C57BL/6J 3 Moderate unilateral OM
11WBO05 C57BL/6J 3 Severe bilateral OM
11WB06 C57BL/6J 3 Severe bilateral OM
11WB07 C57BL/6J 6 Clear

11WB08 C57BL/6) 6 Severe bilateral OM
11WB09 C57BL/6J 6 Severe bilateral OM
11WB10 C57BL/6) 6 Severe bilateral OM
11WB13 CBA/Cal 6 Clear

11WB14 CBA/CaJ 6 Clear

11WB15 CBA/Cal 6 Clear

11WB16 CBA/Cal 6 Clear

11WB17 CBA/Cal 3 Clear

11WB18 CBA/Cal 3 Clear

11WB19 CBA/CaJ 3 Clear

11WB20 CBA/Ca) 3 Clear

WAI could be extremely useful for identifying middle
ear dysfunction in murine models of human disorders
such as Downs syndrome [33], genes that contribute to
the development of OM [16], and assessing the develop-
ment and resolution of OM and antibiotic treatment. In
Experiment 1, we tested for differences in the develop-
ment of OM between two widely used murine strains,
C57BL/6] and CBA/CaJ mice, by inoculating them with
B. hinzii, a human pathogen associated with OM. WAI was
conducted pre- and post-inoculation and WBA and WBT
were measured to compare the frequency- and tympano-
metric pressure-dependent changes in absorbance caused
by OM in these two strains. OM was confirmed by his-
tological assessment of the middle ear. In Experiment 2,
C57BL/6] mice with OM induced by B. hinzii received a
4-week course of oral combination antibiotic treatment
(sulfamethoxazole and trimethoprim) often used to treat
bacterial middle ear infections in humans [34]. Following
antibiotic treatment, the mice were evaluated by WBT and
histology to assess the resolution of OM.

Material and methods

Experiment 1: WAI and histology pre/post
B. hinzii inoculation

Animals

Eight male CBA/Ca]J mice and eight male C57BL/6] mice
(Jackson Laboratories, Bar Harbor, ME) were used in
Experiment 1. The 16 mice (8 per strain) were inoculated
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with B. hinzii. Table 1 shows the strains, timeline of sacri-
fice, and status of the middle ear cavity based on histologi-
cal examination at time of sacrifice (see Results). Mice were
6 weeks of age at the start of the study and were housed
in groups of 3 or 4 in autoclaved, static micro-isolator
cages with food and water available ad lib. Irradiated gel
packs (Hydrogel, Clear H,O, Portland, ME) were used as
water source to avoid potential cross-contamination be-
tween cages. Ambient temperature and relative humidi-
ty were maintained at 21-22°C and 55-60% respectively
and a 12:12 light: dark cycle.

B. hinzii preparation

The two experimental groups (n =38 per strain) were
bi-nasally inoculated with 25 uL of a suspension of
2.45 x 10° cfu/mL of B. hinzii (isolated and characterized
from a spontaneous occurrence within our animal facil-
ity) [15]. The isolate was maintained in tryptic soy broth
with 5% glycerol and stored at —80°C. Inoculation medi-
um was prepared by culturing bacteria on 5% sheep blood
agar for 24 h at 37°C. Bacteria were then collected with a
sterile swab and suspended in sterile phosphate buffered
saline to the desired concentration.

WAI at both ambient pressure (WBA) and tympa-
nometric pressure (WBT)

The Interacoustics wideband tympanometry system
(research version 3.2.1) with Interacoustics probe assem-
bly was used in this study. The equipment was calibrated

2025 Vol. 15 - No. 4
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Figure 1. Standard histological preparation used in the present study. Upper panel shows a horizontal whole head section from
a B. hinzii-exposed mouse; the temporal bone region is enlarged in the lower panel. In this bilaterally affected sample, note the accu-
mulation of inflammatory exudate (black arrows) in the middle ear space (ME) and lack of exudate in the external auditory canal (EAC).
Eustachian tubes, not shown in this section, were also always free of inflammation. All infected ears were graded as moderate or severe
regardless of post-inoculation interval, consistent with the chronic nature of OM. Middle ear space (ME), external auditory canal (EAC),
cochlea (CO), L (left), R (right), S (superior), | (inferior), A (anterior), and P (posterior)

according to the manufacturer’s specification and a daily
verification procedure was performed to ensure probe in-
tegrity and stimulus accuracy. In the absence of mouse
species-specific calibration and given its smaller ear ca-
nal, we employed the ‘newborn’ calibration setting as a
practical approximation [35]. Calibration was conducted
by using the two tubes of the two sets of calibration tubes
(Reflwin Interacoustics) at the beginning of each test day.
Once successful tube calibration was obtained, WBA and
WBT measurements were obtained from both ears of each
mouse. Thirty-two click responses were acquired and valid
sweeps averaged and analyzed.

All measurements were obtained from mice that had been
lightly anesthetized in an isoflurane by chamber induc-
tion. Testing was completed in a quiet laboratory setting
to minimize external noise. During absorbance testing,
the anesthetized mouse was placed in the prone position
on a flat surface. A sterilized probe ear tip, with a flanged
flexible 3-5 mm diameter eartip was securely placed in
the mouse ear canal (with practice, the investigators be-
came adept at probe placement). Absorbance measures
were obtained from both ears in response to clicks as pres-
sure was slowly swept from +200 daPa to -300 daPa at
a slow pump speed of 100 daPa/sec. The responses to the
32 click stimuli were recorded across 1/8 octave bands
from 0.25 to 8 kHz, yielding 31 data points. Of the 31 re-
corded data points in the spectral analysis, 26 frequencies
were analyzed; the six lowest frequencies (0.25-0.45 kHz)
were excluded due to extremely low absorbance, possibly
caused by the high stiffness of the mouse middle ear at low
frequencies [36], and/or minor changes in the ear-probe
calibration. Absorbance was measured five times during
each test and the average was calculated. To ensure meas-
urement reliability, the probe was removed and reposi-
tioned between recordings. WAI is an objective assessment
of middle-ear status; however, the examiner was blind-
ed to the experimental condition of each animal during
data collection.

Histopathology

Mice were sacrificed either 3 weeks (half the mice) or 6
weeks (other half) post-inoculation. Mice were sacrificed
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with an overdose of pentobarbital (200 mg/mL, IP) and
transcardially perfused with 45 mL of fixative contain-
ing 4% paraformaldehyde and 0.1% glutaraldehyde in
Sorensen’s phosphate buffer. Following perfusion, the low-
er jaw and scalp were removed, and the head immersed
in fixative for several days. Heads were then rinsed free
of fixative and placed in 14% acid free ethylenediami-
netetraacetic acid (EDTA) for decalcification at 4°C for
2 weeks. Tissues were processed and embedded in paraf-
fin and sectioned in the horizontal plane at a thickness of
4 pum. Ten sequential sections were saved at 100 um in-
tervals throughout the ventral-dorsal aspect of the mid-
dle ear space. Sections were stained with hematoxylin and
eosin and cover slipped with Permount. All tissues were
examined under an Olympus BH-2 upright light micro-
scope for evidence of infection (inflammatory cells, bacte-
rial biofilm, and debris) in both left and right middle ear
spaces, external auditory canals, and Eustachian tubes, as
well as the nasopharynx and sinus spaces. Histologically,
the incidence of OM (present or absent) was classified as
clear, unilateral, or bilateral. Earlier pilot studies had at-
tempted to grade severity of the infection using a semi-
quantitative scale (0-4) but showed infections to be robust
or absent. For that reason, efforts to grade severity were
not used in the present study.

Statistical analyses of Experiment 1

Test-retest reliability of baseline WBA as a function of fre-
quency (0.5-8 kHz) and average WBT as a function of tym-
panometric pressure were analyzed to assess intra-session
reliability and consistency of the five runs of each mouse
strain using independent sample ¢-tests, and results were
considered significantly different when Cohen’s d <0.05.
Paired samples t-tests of the baseline WBA were conduct-
ed to test the mean differences between the right and left
ears of each mouse strain. If results were not significantly
different, data from both ears were averaged. Absorbance
data were summarized as means and standard deviations.

Data analyses using parametric tests included both within-
and between-mouse strain comparisons to identify differ-
ences in mean WBA versus frequency (0.5, 1, 2, 4, 6, 7, and
8 kHz) and mean WBT absorbance (averaged over 0.5 to
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Table 2. Test-retest reliability between the five runs of baseline wideband absorbance at ambient pressure (WBA) in each of the C57
(n=8) and CBA mice (n=28). Results showed no significant differences between the five runs in both mouse strains at baseline

Frequency [kHz] Mouse strain Cronbach’s o Lo::ﬁ)g:ln d Ups:r%ia:llm d

C57 0.785 0.708 0.846

o2 CBA 0.729 0.636 0.803
Cc57 0.760 0.706 0.809

' CBA 0.717 0.610 0.800
C57 0.819 0.784 0.851

? CBA 0.801 0.734 0.855
57 0.712 0.696 0.734

! CBA 0.839 0.813 0.865
C57 0.778 0.710 0.833

° CBA 0.839 0.813 0.865
C57 0.762 0.649 0.734

’ CBA 0.805 0.754 0.849
C57 0.748 0.656 0.819

° CBA 0.809 0.762 0.851

8 kHz frequencies) at five tympanometric pressures (200,
-100, 0, +100, and +200 daPa) at baseline, 3 weeks post-
inoculation, and 6 weeks post-inoculation. Within and be-
tween-strain comparisons were conducted using a series of
one-way repeated measures ANOVA at three time points.
If a main effect was significant, Bonferroni post hoc testing
was performed with significance of p < 0.05.

Experiment 2: Recovery of WBA after antibiotics

For Experiment 2, 10 male C57BL/6] mice infected with
B. hinzii were used to test the recovery of WBA and WBT
absorbance following treatment of OM with antibiotics.
The ten C57BL/6] mice were 6 weeks old at the onset of
testing. Mice, lightly anesthetized with isoflurane, were
inoculated intranasally with 25 uL of 1.95x 10* cfu/mL
suspension of B. hinzii and subsequently allowed to re-
cover in their home cage. Four weeks after inoculation,
a time sufficient to allow for development of OME, all
mice were placed on a 4-week course of sulfamethoxazole
(320 mg/L) and trimethoprim (64 mg/L) oral antibiotic
suspension. Serial WBA and WBT absorbance measure-
ments were conducted at baseline, after inoculation of B.
hinzii, and following a 4-week antibiotic treatment to test
for recovery of normal middle ear status.

Statistical analyses of Experiment 2

Recovery of absorbance was assessed in 10 C57BL/6]
mice infected with B. hinzii following antibiotics treat-
ment. Descriptive statistics were used to show the tem-
poral changes in the WBT profiles measured at base-
line, 1 week, and 4 weeks post-inoculation and then after
1 month of continuous antibiotic treatment (4 weeks
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post-antibiotic). To assess the recovery of absorbance fol-
lowing antibiotic treatment, a one-way repeated-measures,
within-subject ANOVA was conducted, followed by mul-
tiple comparisons against the baseline values of the ten
C57BL/6] mice infected with B. hinzii. Statistically sig-
nificant differences were considered at a p < 0.05. All par-
ametric statistical analyses were conducted using JASP
software (version 0.18.3).

Ethical approval

All aspects of the care and use of these rodents in
Experiment 1 and 2 were carried out in accordance with
the Care and Use of Laboratory Animals of the National
Institutes of Health, and the study protocol was approved
by the Washington University in St. Louis, Missouri
Animal Studies Committee (Protocol No. 20090049).

Results

Experiment 1: Histology and WBA pre/post
B. hinzii

Histological phenotype

Histological examination of tissues from B. hinzii inocu-
lated mice revealed inflammatory cells, acellular matrices,
and bacterial biofilms localized to the middle ear. Although
the suspension of B. hinzii was inoculated through the
nasal cavity, the infection was limited to the middle ear
cavity. Table 1 illustrates the status of the middle ear cav-
ity categorized by strain, group, and time of sacrifice. As
shown in Table 1 and Figure 1, histological examination
of the eight C57BL/6] mice showed that 7 of 8 mice had

2025 Vol. 15 - No. 4
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Baseline absorbance at ambient pressure
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Figure 2. Baseline wideband absorbance versus frequency measured at ambient pressure (WBA). Mean data from both ears of each
of the eight C57BL/6) mice (top panel) and each of the eight CBA/CaJ mice (bottom, n = 8). Both strains exhibited similar absorbance
values with the highest peak around 1 kHz, a second peak near 8 kHz, and a characteristic M-shape absorbance profile between 2.8 and
6.3 kHz. The absorbance profiles within and between strains are similar, suggesting similar probe placement and middle ear properties

in both strains

positive histology for OM. These seven C57BL/6] mice de-
veloped severe OM bilaterally (n =6, 12 ears) and a mod-
erate OM unilaterally (n=1, 1 ear of 11WB04 mouse).
Only one inoculated C57BL/6] mouse (11WBO07) failed to
develop signs of OM in either ear. Among the OM posi-
tive mice (Figure 1), infection was limited to the middle
ear, causing acute and chronic suppurative OM (black
arrows), without affecting the ear canal or inner ear. In
contrast, none of the eight CBA/CaJ mice (n =38, 16 ears)
showed signs of OM in either ear at either 3 weeks or 6
weeks post inoculation, indicating that they were resist-
ant to B. hinzii infection.

WBA post-inoculation

Based on histological findings of 16 C57BL/6] ears, 13 ears
developed AOM bilaterally. Only three ears of two mice
(two ears of 11WBO07 and the left ear of 11WB4) were clear
of infection; therefore, data from these three ears were
not included in the analysis. Table 2 shows the results
of the test-retest reliability of the five WBA runs of each
C57BL/6] and CBA/CaJ mouse. Cronbach’s a correlation
agreement was good to strong (0.712-0.839), with minimal
variability between the confidence limits among the five
WBASs recorded in each animal of the C57BL/6] and CBA/
CaJ mice, suggesting stability of the recorded absorbance.
Paired-samples ¢-test analysis of the baseline WBA from
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Mean wideband absorbance at ambient pressure (WBA)
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Figure 3. Mean wideband absorbance at ambient pressure versus frequency (WBA) in C57BL/6) (top, n=7) and CBA/CaJ (bottom, n=8)
at baseline, 3 weeks post-inoculation, and 6 weeks post-inoculation with B. hinzii. Mean WBA in both mouse strains at 3 weeks and 6
weeks post-inoculation were unaltered and not significantly different from baseline (p < 0.05), suggesting that WBA lacks sensitivity in

detecting histologically-verified OM

the right and left ears of each mouse strain did not show
statistically significant differences between ears from 0.5
to 8 kHz for C57BL/6] strain, #(7) =0.812, p =0.312, nor
for the CBA/CaJ strain, #(9) =0.914, p = 0.432. Therefore,
data from both ears were averaged for further analyses.

Figure 2 presents the baseline WBA versus frequency
plot for each C57BL/6] infected mouse (top panel: n=7,
13 ears) and CBA/CaJ mouse (bottom panel: n =8, 16 ears).
WBA from each mouse of the two strains exhibited simi-
lar absorbance values and patterns with the highest peak
at an absorbance value of approximately 0.4 near 1 kHz,
the second highest peak near 8 kHz, a slight dip at 1.6 kHz,
and an M-shape between 3.2 and 6.3 kHz.

Figure 3 compares the mean WBA results from 0.5 to
8 kHz in C57BL/6] (top panel) and CBA/Ca] (bottom
panel) mice at baseline, 3 weeks post-inoculation, and
6 weeks post-inoculation. The mean absorbance val-
ues and patterns follow those of the individual respons-
es shown in Figure 2. Mean absorbance at 3 weeks or
6 weeks post-inoculation were not significantly differ-
ent from baseline (p <0.05). In both strains (C57BL/6],
top panel; CBA/CaJ, bottom panel), mean baseline WBA
values were similar for the two strains at the three test
times, suggesting no evidence of maturation. Repeated
measures ANOVA of mean WBA were conducted for the
two strains. Greenhouse-Geisser was used for spheric-
ity correction. The C57BL/6] strain showed no statisti-
cally significant changes in mean absorbance at 3 weeks
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Figure 4. Mean baseline wideband tympanometry (WBT) for C57BL/6J and CBA/CaJ strains averaged across frequency for each mouse
strain. WBT is averaged from 0.5 to 8 kHz and is plotted as a function of tympanometric pressure from +200 to —300 daPa. There is
a single peak with highest absorbance around 0.38 at =50 daPa. Baseline WBT absorbance profiles are similar in both strains

(0.252+£0.034) and 6 weeks (0.251 +0.006) post-inocu-
lation compared to baseline absorbance (0.265 +0.018)
(F=0.696, df =1.257, 7.540, p =0.463, n,>=0.104). The
CBA/Ca] strain also showed no statistically significant
changes in mean absorbance at 3 weeks (0.265 +0.009)
and 6 weeks (0.271 +£0.009) post-inoculation compared
to baseline mean absorbance (0.273 +0.009) (F=1.740,
df=1.914, p=0.213, n,* =0.199). The lack of statistically
significant changes in WBA in the C57BL/6] strain post-
inoculation, despite the presence of moderate to severe
OM documented histologically in the C57BL/6] group,
suggests low sensitivity of WBA.

Average WBT absorbance and post-inoculations

The mean baseline WBT for C57BL/6] and CBA/Ca]J
strains averaged both across frequency and mice are show
in Figure 4. The WBT is single-peaked; at baseline, the
mean absorbance in both mouse strains shows a peak of
approximately 4.1 around -50 daPa, with a similar absorb-
ance profile. Figure 5 presents the average WBT absorb-
ance in C57BL/6] (top panel) and CBA/CaJ mice (bot-
tom panel) averaged from 0.5 to 8 kHz and plotted as
a function of tympanometric pressure (daPa) at baseline,
3 weeks post-inoculation, and 6 weeks post-inoculation
with B. hinzii. As shown in Figure 5, mean WBT absorb-
ance at 3 weeks and 6 weeks post-inoculation showed
a marked reduction in peak absorbance to a nearly flat
WBT profile in the C57BL/6] mice compared to baseline
absorbance, suggesting the presence of OM with effusion.
In contrast, the CBA/CaJ mice showed no changes in ab-
sorbance profile at 3 weeks and 6 weeks post-inoculation
compared to baseline absorbance. These results indicate
that C57BL/6] mice’s middle ears are extremely susceptible
to B. hinzii infection.

Table 3 presents the statistical analyses and significant
post-inoculation differences of the average WBT in both

strains. C57BL/6] mice showed a main effect across the
three test times (baseline, 3 weeks post, and 6 weeks post
B. hinzii inoculation) at all tympanometric pressures
(p <0.05). Bonferroni post hoc analysis revealed a signifi-
cant reduction in absorbance at 3 weeks and 6 weeks post-
inoculation compared to baseline absorbance (p =0.001).
There were no significant changes in absorbance between
the 3-week and 6-week post-inoculation at —300 daPa
(p=1.000), —200 daPa (p=0.176), -50 daPa (p =0.796),
and 0 daPa (p = 0.483), with slightly larger absorbance at
6 weeks than at 3 weeks post-inoculation at +100 daPa
(p=0.015) and +200 daPa (p =0.001), possibly indicating
an early resolution of OM. CBA/CaJ mice showed no sta-
tistically significant changes at 3 weeks and 6 weeks post-
inoculation compared to baseline (p>0.05). These find-
ings suggest that C57BL/6] mice are more sensitive to
B. hinzii infection than CBA/CaJ mice, consistent with
the histological findings.

WBT absorbance in C57BL/6] mice following
antibiotics

Figure 6 illustrates the temporal changes in WBT absorb-
ance profiles in a typical C57BL/6] mouse from baseline
(0 week) out to 1 week and 4 weeks post inoculation, and
then during and after one month of antibiotic treatment;
WBT evaluations were performed at 7, 8, and 9 weeks
post-inoculation or 3, 4, and 5 weeks after the start of
antibiotic treatment. At baseline (0 week), and consist-
ent with the WBT absorbance profile of C57BL/6] mice
from Experiment 1, the WBT plot shows two absorbance
peaks: one at 1 kHz at -100-0 daPa and a second larger
peak between 6 and 8 kHz at —-300 daPa. At 1 week post-
inoculation, the peak absorbance decreased at 1 kHz but
increased significantly at 6-8 kHz at negative pressures
compared to baseline value, followed by significant re-
duction of absorbance 4 weeks post-inoculation. The in-
itial increase in absorbance at 1 week post-inoculation
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Figure 5. Mean wideband tympanogram (WBT) for two mouse strains, averaged across frequency (0.5 to 8 kHz) and plotted as a func-
tion of tympanometric pressure (+200 to —300 daPa) at baseline, 3 weeks post-inoculation, and 6 weeks post-inoculation with B. hinzii.
The C57BL/6)J strain is shown in top panel and CBA/Cal strain at bottom. Mean WBT absorbance in C57BL/6)J at 3 weeks and 6 weeks
post-inoculation shows significantly reduced absorbance, resulting in a flat WBT indicative of OM. CBA/CaJ mice show no statistically
significant changes in WBT absorbance at 3 weeks and 6 weeks post-inoculation compared to baseline absorbance, ruling out OM.
Results indicate that C57BL/6) mice have succumbed to B. hinzii infection at 3 weeks post-inoculation and infection persists at 6 weeks

is consistent with negative middle ear pressure due to
Eustachian tube dysfunction. This change was followed by
severely reduced absorbance peaks to a nearly flat WBT
profile at 4 weeks post-inoculation, indicative of the de-
velopment of OM in C57BL/6] mice. After antibiotic treat-
ment, absorbance recovered gradually over the course of
antibiotic treatment and returned to baseline values at
8 and 9 weeks after antibiotic treatment. ANOVA showed
a significant difference in absorbance across the four test
times (baseline, 4 weeks post-inoculation, and after anti-
biotic treatment) (F(2,36) =6.231, p =0.005, n,>=0.211.
Bonferroni post hoc analysis revealed significantly smaller
absorbance at 4 weeks post inoculation compared to base-
line (p < 0.05), and no significant difference post treatment
compared to baseline (p < 0.05).
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Histology in B. hinzii inoculated mice
before/after antibiotics

The left panel of Figure 7 illustrates typical histologi-
cal findings in one B. hinzii-inoculated C57BL/6] mouse
prepared for histological evaluation at a time when ab-
sorbance was reduced. The middle ear in this mouse was
packed full of inflammatory material (see black arrow).
The right panel of Figure 7 illustrates the typical results
in another B. hinzii-inoculated C57BL/6] mouse prepared
for histologic evaluation 4 weeks after the start of an-
tibiotic treatment (note: this mouse also showed a re-
duction of WBT at 4 weeks post-B. hinzii inoculation).
After antibiotic treatment, the middle ear in this mouse
shows a relatively clear middle ear space, with some
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Table 3. One-way ANOVA comparing average WBT at different ear canal tympanometric pressure (daPa) for the C57BL/6]
(n=13 ears) and CBA/CaJ (n =16 ears) mouse strains at three testing periods (baseline, 3 weeks post-inoculation and
6 weeks post-inoculation of B. hinzii

Canal pressure [daPa] Mouse strain F P 7
C57 5.725 0.018* 0.488
-300
CBA 1.217 0.328 0.158
C57 17.745 <.001*** 0.747
-200
CBA 0.032 0.968 0.005
C57 37.476 <.001*** 0.862
-100
CBA 3.437 0.066 0.923
C57 19.452 <.001*** 0.764
0
CBA 3.972 0.091 0.379
C57 5.106 0.025* 0.460
+100
CBA 3.628 0.056 0.358
C57 4.699 0.031* 0.439
+200
CBA 0.477 0.631 0.068

Note: Three ears from two C57BL/6) mice were excluded from the analysis due to lack of developing OM infection post-inoculation of
B. hinzii

Baseline (57BL/6) mouse Post-inoculation
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Figure 6. Changes in WBT absorbance over time from baseline (0 week), post inoculation with B. hinzii (1 and 4 weeks), and during
continuous antibiotic treatment (7-9 weeks) in a treated C57BL/6) mouse. At baseline, two WBT absorbance peaks are present around
1 and 8 kHz (marked with *). At 1 week post-inoculation, the 8 kHz peak shows an increase in absorbance, but by 4 weeks post-inocu-
lation, there is decreased absorbance at both regions. At 7 and 8 weeks post-antibiotic treatment, there is a gradual recovery (increase)
of absorbance returning to near baseline values at 9 weeks of treatment
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Figure 7. Histological profiles of the temporal bone region of two mice inoculated with B. hinzii before (left) and after (right) antibi-
otic treatment. Inoculation reduced wideband absorbance 4 weeks later. The mouse on the left, sacrificed and prepared for histology
4 weeks post-inoculation, shows a middle ear full of inflammatory material. The mouse on the right underwent a 4-week course
of sulfamethoxazole and trimethoprim (SMTP) antibiotic treatment and was then sacrificed and prepared for histology. This mouse
shows a relatively clear middle ear space, with only minor evidence of epithelial hyperplasia (arrows). Middle ear space (ME), external
auditory canal (EAC), and cochlea (CO)

10T
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Figure 8. Time-course of wideband tympanometry (WBT) in C57BL/6) mice after inoculation with B. hinzii. Each gray dot represents data
from an individual mouse (n = 10) and the black line denotes the mean absorbance at each time point. Mean absorbance increased at
1 week post-inoculation (T Absorbance), primarily reflecting Eustachian tube dysfunction, and decreased markedly at 4 weeks post-
inoculation, consistent with the development of OM. Absorbance values progressively returned to near-baseline levels during the post-
treatment period (7-9 weeks), indicating recovery and histologically confirmed resolution of OM

tube function. By 4 weeks post-inoculation, mean absorb-
ance markedly decreased, consistent with OM develop-

residual evidence of epithelial hyperplasia (black arrows).
Figure 8 illustrates the time-course of mean WBT ab-

sorbance across six measurement intervals in C57BL/6]
mice. Individual data points from 10 mice are displayed
to illustrate within-group variability across time. At base-
line (0 week), mean absorbance was approximately 0.45.
A significant increase in absorbance was observed at 1
week post-inoculation, likely reflecting altered Eustachian
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ment. Following antibiotic treatment, absorbance values
at 7, 8, and 9 weeks post-treatment progressively improved
and returned to near-baseline levels remained relatively
stable, suggesting recovery and histologically confirmed
resolution of OM. These findings are also consistent with
the histopathological findings shown in Figure 7.
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Discussion

Baseline WBA and WBT in young adult mice

This study is one of the first to use WAI to assess middle
ear function in normal mice - before, during the devel-
opment, and following the resolution of OM. WBA values
provide estimates of absorbance as function of frequen-
cy at ambient pressure, whereas WBT values provide es-
timates of the average absorbance between 0.5 to 8 kHz at
several tympanometric pressures from +200 to —-300 daPa.
Normal baseline measures were obtained from C57BL/6]
and CBA/CaJ mice to determine if there were any signif-
icant differences in absorbance between these two wide-
ly used strains. Intra-session absorbance measured across
five runs in which the probe was removed and replaced
during each measurement showed good intra-session re-
liability, suggesting that WAI measure provides reasona-
bly reliable estimates of absorbance across a broad range
of frequencies and tympanometric pressures in mice —
even though the device was not designed for species other
than humans. Baseline WBA revealed two peaks, one peak
near 1 kHz and a second around 8 kHz, in both C57BL/6]
and CBA/CaJ mice.

Baseline WBT absorbance values, averaged from 0.5 to 8 kHz,
were highest with a peak value around 0.41 in both
C57BL/6] and CBA/CaJ mice when the ear canal pres-
sure was —50 daPa. The general absorbance pattern in
these two mouse strains is much different from humans.
Peak absorbance in humans, which occurs near 4 kHz at
0 daPa, is approximately 0.8, a value twice that of mice
[27,30]. The low absorbance values in mice likely reflects
the fact that murine middle ear impedance is dominated
by stiffness at frequencies below 6-8 kHz, ostensibly re-
ducing the sensitivity of the Interacoustics device [18,36].
The Interacoustics device provides absorbance measures
that cover much of the human clinical audiometric range
(0.25 to 8 kHz). By contrast, the hearing range in mice
ranges from approximately 1 to 80 kHz with maximum
sensitivity around 20 kHz [37,38]. Given the limitations of
using the Interacoustics WBT device in mice, future stud-
ies with this device might be better suited to the chinchilla,
with an audiometric range similar to humans and an ear
canal and middle ear space much larger than that of mice
[11,39-41]. Laser doppler vibrometers are capable of meas-
uring middle ear motion up to at least 20 kHz, making it
more suitable for studies in mice with excellent high-fre-
quency hearing [36]; however, these instruments are not
readily available or suitable for most research clinicians.

Changes in WBA and WBT after inoculation of
B. hinzii

Of the eight CBA/CaJ mice (16 ears) inoculated with B.
hinzii, no statistically significant changes in WBA or WBT
absorbance were noted at 3 weeks and 6 weeks post-inoc-
ulation compared to baseline as shown in Figure 3 and
Figure 5. Given that the middle ears in all CBA/CaJ mice
were histologically clear of infection, the lack of change
in absorbance accurately reflects the normal status of the
middle ear and absence of OM in this strain following B.
hinzii inoculation. Among the eight C57BL/6] mice inocu-
lated with B. hinzii, seven developed histological evidence
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of OM, six had bilateral OM, and one had unilateral OM.
This lack of sensitivity of WBA at ambient pressure could
reflect a genuine, strain-specific biological response in
which mild to moderate middle-ear changes do not sub-
stantially alter ambient absorbance across the 0.5-8 kHz
band in mice. This null result could also be caused part-
ly by using equipment mainly designed for testing human
middle ears, and partly by the high stiffness of the mouse
middle ear at low frequencies (stiffness dominated), mak-
ing it difficult to detect absorbance changes cause by OM.
Changes in absorbance might be detected in mice above
8 kHz where stiffness declines [36]. Therefore, the lack of
significant WBA changes at ambient pressure should be
interpreted with caution.

In contrast to our WBA results in mice, others have re-
ported significant reductions in WBA among children with
conductive hearing loss [27], Eustachian tube dysfunc-
tion [42], middle ear effusion, and tympanic membrane
perforations [30]. The reductions in WBA in humans
with conductive hearing loss were frequency-dependent.
Decreased absorbance began around 1 kHz, increased up
to approximately 4 kHz, and then rapidly decreased by
8 kHz. Thus, WBA appears to be more sensitive at detect-
ing conductive hearing losses in humans than in mice.
Possible reasons for these species difference are unclear
but are likely related to species differences in ear canal
and middle ear anatomy and acoustic properties, the use
of the newborn calibration for the Interacoustics WBT
device versus device calibration specifically optimized for
mice, and possible differences in the duration and nature
of the middle ear pathologies.

The average WBT revealed a significant reduction of ab-
sorbance at all tympanometric pressures at both 3 and 6
weeks post-inoculation (see Figure 5). The high sensitiv-
ity and specificity of WBT in detecting B. hinzii-induced
OM in mouse is consistent with absorbance findings in pa-
tients with OM that showed 95% sensitivity and 88% spec-
ificity [43]. Notably, WBT detected OM in all mouse ears
with documented OM, whereas WBT remained normal
in mice with histologically normal middle ears, indicat-
ing high sensitivity and specificity. Our finding of reduced
average WBT in confirmed cases of OM was noticeable
at all tympanometric pressures. However, we unexpect-
edly observed an increase in absorbance around 6-8 kHz
at negative tympanometric pressure after 1 week of infec-
tion, suggesting that C57BL/6] mice had developed nega-
tive middle ear pressure (Figure 6) during the early stage
of infection prior to full blown OM. This finding is similar
to results obtained in humans with Eustachian tube dys-
function which showed an increase in absorbance around
2-4 kHz, a result attributed to negative middle ear pres-
sure [42]. These results suggest that WBT might be use-
ful for detecting the negative middle ear pressure in mice
associated with the early stages of OM infection.

Strain differences in OM susceptibility

C57BL/6] mice were highly susceptible to B. hinzii-induced
OM whereas CBA/CaJ mice were highly resistant to infection
for reasons that are poorly understood. Strain differences in
susceptibility to various types of infections and viral-me-
diated cancers have been reported in the literature [44,45].
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The factors that make C57BL/6] highly susceptible to
B. hinzii are not fully understood, but some reports indi-
cate that infected mice deficient in B cells are burdened by
a greater number of bacteria [46]. Another factor that could
contribute to the susceptibility of C57BL/6] mice to OM
is the ability of certain bacteria to ascend the Eustachian
tube into the middle ear [47]. C57BL/6] mice with com-
promised mucociliary transport appear to be susceptible
to OM infection [48]. Other factors in C57BL/6] mice that
could enhance susceptibility to pathogen-mediated infec-
tions include differences in cytokines and chemokines ex-
pression levels [49]. In addition, C57BL/6] mice have a mu-
tation of a cadherin gene that is not only associated with
early age-related hearing loss but is also known to medi-
ate host—pathogen interactions [50]. The mutation of the
cadherin 23 gene in C57BL/6] mice could allow for an
opportunistic interaction with B. hinzii that is not pre-
sent with the wild type cadherin present in CBA/CaJ mice
[51]. If OM from B. hinzii-mediated infection is associat-
ed with this cadherin mutation, this would represent an
important finding.

Recovery of WBT following antibiotic treatment

Our WBT absorbance data showed a significant reduc-
tion of absorbance 4 weeks following B. hinzii inocula-
tion that recovered to baseline following the full course of
antibiotic treatment. This recovery in absorbance was as-
sociated with virtually complete histological resolution of
middle ear infection. These results indicate that combina-
tion antibiotic treatment (sulfamethoxazole and trimetho-
prim) often used to treat middle ear infections in humans
was highly effective at treating OM from B. hinzii-mediat-
ed infection in C57BL/6] mice [34]. Because of the strong
correlation with the histological findings, these results sug-
gest that WBT measure is a reliable and highly sensitive
research tool that can be used to study the development
and resolution of OM and other middle ear pathologies in
different murine strains infected with various pathogens.
From a scientific and clinical perspective, WBT could be
used to determine the susceptibility of mice with specif-
ic genetic mutations that contribute to the development
of OM and other middle ear pathologies [21,44,45,50,51].
It could also be used to determine what drugs are most effec-
tive at resolving OM [52,53] or other middle ear pathologies
induced by specific pathogens [4,9,54]. Our histopatholog-
ical analysis following B. hinzii inoculation and antibiotic
treatment also revealed evidence of ossicular chain remod-
eling in several cases, as well as minor residual infiltrates in
some ears consistent with prior reports [55-57]. It is unclear
if these subtle residual histopathologies would resolve with
longer recovery times, longer treatments, or other antibiot-
ics. Another related question that requires further investiga-
tion is whether the OM in the C57BL/6] mice would natu-
rally resolve without antibiotic treatment. The outcome of
such an experiment would likely depend on the sterility of
the environment in which the mice were housed.

Conclusions

of genetic variants. The presence of B. hinzii bacteria in
a mouse colony is a particularly serious problem for audi-
tory researchers, because they cannot be easily eradicated
by standard antibiotic administration, and because they
can evade host immune responses. Our results show that
WBT can be used to monitor the progression of B. hinzii-
induced OM in mice and that a 4-week course of oral treat-
ment with sulfamethoxazole and trimethoprim can effec-
tively eradicate OM in C57BL/6] mice. Notably, C57BL/6]
mice are highly susceptible to developing OM, in contrast
to CBA/CaJ mice which are highly resistant to this form
of bacterial infection.

Histological assessment of OM has confirmed the relia-
bility and specificity of using WBT to assess the develop-
ment and resolution of OM, but further research is need-
ed to confirm the generality of these findings in other
murine models, different species, and other pathologies.
Although the trends in Experiment 1 and 2 were consist-
ent and clear, a limitation of the study from a statistical
standpoint was the relatively modest sample size. These
statistical concerns could be overcome by increasing the
numbers of mice used in Experiment 1 and 2 to enhance
the statistical power of the analysis. However, the sample
sizes we employed are typical of animal studies and reflect
the practical concern of the large time, effort, and costs
associated with performing serial measurements over an
extended period. The sample sizes also reflect the ethical
concern of not using an excessive number of animals for
studies in which the subjects are sacrificed at the conclu-
sion of the study. Notwithstanding statistical concerns, we
believe the consistent trends observed across Experiments
1 and 2 support the general conclusions.

Another limitation of the method is that the instrument
software assumes characteristic impedance values based on
human ear-canal cross-sectional areas, rather than those
of mice [58], so the absolute absorbance values used here
need to be interpreted with caution [59]. However, this lim-
itation is not unique to small animals; it reflects a broader,
inherent constraint of WBT systems used in both human
and non-human ears (IEC 60318-4, 2010). Nevertheless,
although we did not calculate the mouse ear-canal equiv-
alent volume or impedance using an in situ characteristic
impedance, our findings remain valid for within-species
comparisons. The use of a consistent measurement setup
across all animals ensures that relative absorbance trends
are meaningful and interpretable. Future studies should
aim to establish the acoustically equivalent cross-section-
al area of the mouse ear canal in situ in order to improve
calibration accuracy and the reliability of absolute absorb-
ance measurements. Future studies of WAI would benefit
from the use of Titan instrumentation with enhanced fea-
tures (e.g., having a probe with different dimensions op-
timized for mice and accurately measuring the ear-canal
characteristic impedance and equivalent volume of mice)
to test the generalizability of the current findings [30,60].
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