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Abstract

Objective—Our study examined the relationship between variant stereociliary bundles of cochlear
outer hair cells (OHCs) and auditory function to analyze assessment criteria for rotated stereociliary
bundles in the guinea pig cochlea.

Methods—Auditory brainstem response and distortion product otoacoustic emission (DPOAE)
were recorded on 100 guinea pigs. Variant hair cells were identified and counted by scanning electron
and light microscopy.

Results—The most common variation observed was rotation of stereociliary bundles in the first-
row OHCs (OHC,), with most 13.3% variant OHC rotated 90 degrees and a few 2.5% rotated 180
degrees. Occasionally, the length and angle of the 2 arms of an OHC deviated from the norm. The
auditory brainstem response threshold of affected animals increased only slightly, 20- to 30-dB sound
pressure level. More importantly, amplitude of DPOAE increased significantly (40.5 dB sound
pressure level).

Conclusion—Our study suggests that rotation of stereociliary bundles in the cochlear OHC was
found to be prevalent in 28% of the animals. We established the assessment criteria for rotated
stereociliary bundles that were more than 10% OHC; rotated. This hair bundle seemed to be rotated
by 90 degrees from the normal orientation and was accompanied with changes of auditory function.
Increased amplitude of DPOAE is associated with the variation of rotated OHC that might result in
hearing loss.
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Variant stereociliary bundles of cochlear outer hair cells (OHCs) in guinea pigs were
discovered fortuitously in approximately 50% of the animals examined by several investigators
(1). We also found this phenomenon frequently in our previous observations of guinea pigs,
even in human newborns (2). Accordingly, the anomaly has been described in a subset of
animals obtained from animal suppliers, including golden hamsters from Japan (3) and guinea
pigs from the U.K. and China (1,3-5).
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Planar cell polarity (PCP) refers to the polarization of cells within the plane of a cell sheet. A
distinctive epithelial PCP in vertebrates is the uniform orientation of stereociliary bundles of
the sensory hair cells in the mammalian cochlea (6,7). Planar cell polarity is a fundamental
aspect in the development of the inner ear. Not only is the uniform orientation of stereociliary
bundles on hair cells one of the clearest examples of planar polarity in a mammalian system,
the cochlea is also an ideal model system to study this (8,9). Yoshida and Liberman (10)
histologically examined the cochleae from 100 albino guinea pigs and observed 24 of these to
have rotated stereociliary bundles, with males and females almost equally represented in the
affected population. This congenital anomaly was strictly limited to first-row OHCs, of which
15 to 50% were found to be rotated up to a possible 180 degrees from the normal orientation.
Compound action potentials (CAPs) were measured on mice that displayed abnormal hair
bundles to analyze whether this structural alteration had a functional consequence. Indeed, this
structural change resulted in CAP thresholds increased by 5 to 10 dB on average when
compared with thresholds of control animals. The level of CAP threshold increase was
correlated with a quantitation of the degree of stereociliary rotation to demonstrate that first-
row OHCs play a greater role in amplifying signals within the cochlea than do the second- and
third-row OHCs (10).

Another study found that OHCs from av6J mutant (6J/6J) mice appear rotated from normal
position in the basal turn. Additionally, in av® mice, OHCs are severely deformed and show
abnormal organization of the stereocilia (11), whereas some of the cells have rotated stereocilia
bundles, with the tip of the V pointing at an angle of up to 90 degrees away from the normal
orientation.

Normal cochleae were apparent in the first row; however, 50% OHCs were rotated bundles,
but they were considered normal by this investigator. It was concluded by this author that the
irregular arrangement and natural loss of stereociliary bundles of the OHCs are not considered
to be pathologic (12).

In this current study, assessment of cochlear OHC rotation was not based on criteria from
previous literature. Rather, our study involved the assessment of hearing acuity in 100 guinea
pigs that were then independently examined for cochlear morphology and histology. We
measured hearing acuity by both auditory brainstem response (ABR) and distortion product
otoacoustic emission (DPOAE) testing. It is well established that DPOAE analysis can discern
alterations of OHC functionality that are not detected by ABR analysis (9). The cochlea of
each animal was examined by electron microscopy for stereociliary bundle misorientation that
was mapped to specific cochlear areas. The histologic results of cochlear damage were
compared with the DPOAE analysis to see if both methods concomitantly pinpointed similar
areas of stereociliary bundle misorientation. The goal is to use DPOAE analysis to discern
subtle changes in stereociliary bundle misorientation.

MATERIALS AND METHODS

Animals

One hundred pigmented guinea pigs, each having a normal Preyer reflex, normal tympanic
membrane, and weighing 400 to 500 g, were obtained from the Animal Center of the Fourth
Military Medical University. The data on prevalence of the stereocilia anomaly in a sample of
100 guinea pigs from 4 separate experiments were conducted between 2000 and 2006 (Table
1). Animals were provided by the Experimental Animal Center of the Medical College of Xian
Jiaotong University. All procedures were performed in accordance with the US Public Health
Services Guide for Care and Use of Laboratory Animals and approved by the Institutional
Animal Care and Use Committee of Xian Jiaotong University.
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All 100 animals were assessed by ABR analysis in both ears. For this analysis, each animal
was anesthetized with barbital sodium (40 mg kg1, i.p.) and then placed in a soundproof room.
A recording electrode was inserted into the calvarium, a reference electrode into the mastoid
being tested, and a ground electrode into the opposite mastoid. The animals were stimulated
with a click. Auditory brainstem response thresholds were measured with a SmartEP system
(Intelligent Hearing Systems, Miami, FL, USA) and Wave |11 was used as a marker, essentially
as described (13). Stimuli were presented at a rate of 25 milliseconds and averaged across 512
sweeps. Responses were band-pass filtered at 100 and 3,000 Hz and amplified 100,000-fold.
A threshold was defined as the minimal stimulus level that gave a recognizable waveform on
a normalized scale.

DPOAE Assay

We also used DPOAE testing to specifically assess OHC functionality. All 100 animals were
tested in both ears. Animals were anesthetized and placed in a soundproof room, and their
external auditory meatus was cleaned, and animals were microscopically examined for external
ear canal and middle ear obstruction. Only guinea pigs with clearly visible healthy tympanic
membranes were included. Therefore, 21 of the 121 were excluded for unhealthy tympanic
membranes. Before recording, an operating room microscope (Olympus x10; Tokyo, Japan)
was used to place the stimulus probe and microphone in the test ear. The coupler was placed
close to the tympanic membrane. Distortion product-grams were acquired, and 2 or more
assessments were obtained for each animal in both ears.

We used the HIS SmartEP3.30 USBez Software (Intelligent Hearing Systems), and for DPOAE
measurement, DPOAE measurements were conducted for pure tones from 2 to 36 KHz. An
Etymotic 10B+ (Etymotic Research, Elk Grove Village, IL, USA) probe was inserted into the
external ear canal and used with 2 different types of transducers depending on the range of the
stimulation frequency. For frequencies ranging from 2 to 16 kHz, Etymotic ER2 stimulus
response signals were sampled at a rate of 128 kHz using a 16-bit D/A converter; L1 and L2
amplitudes were set to the same level. Frequencies were acquired with an F2-F1 ratio of 1:22.
Stimuli were then presented starting from the lowest frequencies tested and increasing to the
highest frequencies tested. Five stimulation levels ranging from 65 to 25 dB sound pressure
level in 10-dB steps were used. A total of 4 blocks were acquired with each block consisting
of 32 sweeps.

Cochlear Surface Preparation

After each guinea pig was killed, its auditory vesicles were excised through the temporal bone.
The left cochlea was slowly perfused with 0.5% AgNO3 (staining fluid, 10-20 ml), washed
with distilled water 3 times, and then fixed with 10% (phosphate-buffered saline) formaldehyde
solution. After exposure to daylight for 2 to 4 hours, cochleas were extracted and stretched
under a dissecting microscope and sealed with glycerin (Sigma-Aldrich, Inc., St Louis, MO,
USA). Inner hair cells and OHCs were observed and counted under a light microscope.

Scanning Electron Microscopy

The right cochlea was used for this procedure (because treatment of the left is described in the
previous section) (Table 1). Each guinea pig was decapitated, and the cochleae were quickly
removed from the skull and immersed in fixative (2.5% glutaldehyde in 0.1 mol/L phosphate
buffer; Sigma-Aldrich). The round and oval windows were immediately opened, and a small
hole was drilled in the apex and basal turn of the cochlea. The fixative was perfused through
the cochlea via the oval window or round window and small hole. Specimens were postfixed
in the same fixative for 3 hours to several days at 4°C. After rinsing in buffer, the cochleae
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were microdissected and removed from the bone, vestibular membrane, and tectorial
membrane using a surgical dissecting microscope (Olympus x10). The cochleae were then
treated with 1% OsO, for 1 hour (Sigma), rinsed again, and dehydrated in increasing
concentrations (30-100%) of ethanol. The basilar membrane was exposed at a critical point
by drying and then coated with gold. All specimens were viewed with an H-600 SEM (Hitachi,
Tokyo, Japan) scanning electron microscope.

Histologic Examination of Cochleae Reveals Frequency and Location of Variant Stereociliary

Bundles

Observations via light microscope were performed in 4 separate experiments to identify variant
stereociliary bundles in bilateral cochlear OHCs in 28% of the animals tested. Specifically,
among the 28 guinea pigs (two ears from each guinea pig to obtain 75 ears), 14 cochlear surface
preparations were intact. To examine the cochleae thoroughly and systematically, we divided
the cochleae into designated quadrants: apical turn, second turn, third turn, and basal turn.
Detailed analysis of each quadrant revealed that variant stereociliary bundles were found
mainly in the first row of cochlear OHCs and existed in every turn of the cochlea with greater
(60% in the basal turn) and lesser frequency (5% in the apex; Table 2). All of these variant
forms of stereociliary bundles were either irregular or rotated (62.28% were frequently rotated
by 90 degrees, 11.45% were less frequently rotated by 180 degrees; Table 2) (Figs. 1 and 2).
The rotated OHCs found in Table 1 in Group 11 ear samples were counted and summarized in
Figures 3 and 4. It seems that 90-degree rotation is the most common of the rotational
conformations and becomes less frequent toward the apex (Figs. 3 and 4).

Auditory Function and OHC Stereociliary Bundle Variation

Auditory brainstem response thresholds of 8 guinea pigs increased slightly (20-30 dB sound
pressure level), but with no statistically significant difference between animals with various
degrees of stereociliary rotation alteration (mild to severe) and animals with normal cochlear
morphology. To resolve this and increase the sensitivity of functional measurement, DPOAE
analysis was used to discern altered stereociliary functionality that is not readily detected by
ABR analysis. Recent studies have provided evidence that DPOAE analysis can detect
stereociliary bundle impairment localized to a specific cochlear region. Indeed, DPOAE
amplitudes increased significantly in these 8 guinea pigs, especially in high-frequency areas
that correlated with histologic analysis that mapped the greatest variation to the base of the
cochlea. Thus, the severe variant group exhibited the greatest amplitude at the highest
frequency tested for DPOAE analysis when compared with animals of normal cochlear
morphology (Fig. 2).

In contrast to other studies, we observed that abnormal OHC stereociliary bundles were
frequently (60.28%) rotated toward the round window and rarely (34.18%) in the opposite
direction (toward the copula of the cochlea). Some 11.45% of bundles were rotated up to 180
degrees (Table 3). Although the extent of OHC stereociliary bundle variation was very severe
in many animals, bundle rotation existed in the first-row OHCs only.

DISCUSSION

The results of our electron microscopic analysis revealed that 28% of the animals had

stereociliary bundle misorientation, inconsistent with other studies (Table 4) (1,14) reporting
this in 50% of the animals. This discrepancy can be attributed to a significantly smaller sample
size of animals examined in the previously cited studies. Another study of stereocilia bundle
rotation that used light microscopy and the same sample size as our study reported 24% of the
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animals with stereociliary bundle misorientation (10). The histologic analysis of Yoshida and
Liberman of cochleae from 100 albino guinea pigs revealed congenital anomalies in roughly
equal prevalence in males and females. In these affected animals, 15 to 50% of the first-row
OHCs showed distinctly abnormal orientation of the W-shaped stereociliary array. These
abnormal hair bundles could be rotated by up to 180 degrees from the normal quasi-radial
orientation. Second- and third-row OHCs seemed normal in all cases. Our study confirmed
this previously published result by Yoshida and Liberman and extends the results by showing
the phenomenon occurs in normal pigmented and albino guinea pigs and can be detected by
the relatively sensitive and convenient DPOAE technique.

Earlier studies discussed the difficulty in detecting stereociliary bundle variations by
electrophysiologic measurements (10). In fact, ABR analysis failed to demonstrate any
appreciable differences (15- to 20-dB threshold increase over control animal thresholds) in
affected animals even with substantial stereociliary bundle misorientation (5). The inability to
readily detect the bundle rotation phenotype with ABR analysis prompted the use of CAP
(10) and DPOAE analysis in our study. Together, increase in CAP threshold and changes in
DPOAE threshold implicate stereocilia bundle rotation and OHC dysfunction. Compound
action potential thresholds in affected animals were, on the average, elevated by 5 to 10 dB
with respect to normal controls. It was observed that if 40 to 70% of first-row OHCs show
rotational anomaly, this promotes a 5- to 10-dB shift in CAP thresholds, suggesting that
OHC; significantly contributes to cochlear amplification than either of the other OHC rows
(10). It should be noted that CAP analysis is an invasive surgical procedure that may pose a
morbidity risk to the animals tested. To facilitate testing, we used DPOAE analysis that is non-
invasive and significantly easier than CAP analysis, which directly measures OHC function.
The CAP is the summed electric response from spiral ganglion cells that form the afferent
neural signal from the cochlea. Distortion product otoacoustic emissions are thought to arise
from active elements within the OHC, and the endocochlear potential (EP) measure the ability
of the stria vascularis to power the cochlea (15). The inconsistent relations between the DPOAE
and OHC loss may be attributed, in part, to the inability to easily quantify other morphologic
changes (e.g., stereocilia defects, altered tip links) over the entire extent of the basilar
membrane in large numbers of animals or to changes in the EP that may affect the function of
cells that are present. Brown (16), for example, reported that electron microscopic analysis
showed OHC abnormalities that could explain the reduction in DPOAES in the absence of OHC
loss. Martin et al. (17) also reported a temporary reduction in the amplitude of the DPOAE
resulting from the effect of furosemide on the EP generated by the stria vascularis in rabbits.

We have shown by corresponding histologic analysis that this procedure can correctly identify
cochlear regions with the greatest stereociliary bundle misorientation (2,4). Therefore,
significant increase in DPOAE amplitude accompanied by normal or slightly elevated ABR
threshold might act as diagnostic reference criteria for OHC variations, including stereocilia
bundle rotation. Outer hair cell stereociliary bundle variations were found mainly in the first
row of the cochlea, where the differentiation of OHC was highest and the functions were the
most complicated. Our study found that ABR threshold increased by 15 dB in animals with
OHC variations, which coincided with nonlinear active micromechanic movement of OHC in
Corti organ resulting in DPOAE that could reflect OHC functional sensitivity. For instance,
many sensory epithelia are composed of population of hair cells in which all the stereociliary
bundles are oriented in the same direction. When variant OHC stereociliary bundles were
stimulated, populations of cells with opposite orientations are located on opposite sides of a
clear reversal line, resulting in a situation in which the same stimulus leads to depolarization
of 1 group of cells and hyperpolarization of the other population, their movements became
more contradictory, and the nonlinearity of basilar membrane became more evident, which
made amplitudes of DPOAE increase abnormally and induced a significantly increased
amplitudes in frequency areas where OHC variant degrees were more severe. Therefore, a
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significant raised amplitude of DPOAE accompanying normal or slightly higher threshold of
ABR might act as a diagnostic reference criteria for OHC variations in this article.

It has been suggested that stimulus-frequency emissions and low-level, transiently evoked
emissions may differ fundamentally from distortion-product emissions in that the former arise
as linear cochlear reflections of local irregularities in cochlear architecture (18,19), whereas
the latter arise as nonlinear distortions in basilar membrane mechanics. It has been further
suggested that the relatively large size of stimulus-frequency emissions in primate ear results
from the greater overall irregularity in the cochlear architecture compared with rodent ear. The
presence of severe rotational anomaly described in the report of Yoshida and Liberman (10)
may offer an ideal way to test this hypothesis. Our research data suggest that a significant
increase in DPOAE amplitude accompanied by normal or slightly elevated ABR threshold
might act as a diagnostic reference criteria for OHC variations, including stereocilia bundle
rotation.

In a related study, we found OHC rotation in newborn humans, suggesting that OHC
morphology variation normally occurs in humans and in animals. Little is known of the
incidence of stereociliary bundle misorientation in the adult human population. We had found
that variant OHC stereociliary bundles occurred in the apex turn of the newborn cochlea. It is
possible that variant-rotated OHC might result in deafness and tinnitus (2). These disorders
may be named as “deafness and tinnitus related to OHC stereociliary bundles variations.”

In conclusion, OHC stereociliary bundle variations may be common in humans and animals,
thus requiring future studies to confirm these results. If the DPOAE test is correct, it might
also provide a way to screen for the anomaly in a more deterministic or predictive fashion.

Therefore, rotation of stereociliary bundles and extra stereocilia on the OHC as well as the
extra inner hair cell is induced by genetic variation. For example, a second noncanonical
pathway uses F2 and Dv1, along with a number of relatively novel molecules, to regulate the
generation of PCP (20,21). Our interests are centered in these cited studies of mutated genes
that have generated the stereociliary bundle rotations that have included the rangl2 mutant,
which shows the single inner and 3 outer rows of sensory hair cells with the characteristic
chevrons formed by their stereocilia (22-24) (Fig. 5). With the exception of orientation,
stereociliary bundles seemed normal, which suggests that the effects of Vangl2 are restricted
to orientation and do not include bundle formation. Shortly after this study was published, the
inner ear was used to identify several additional genes that are also involved in mammalian
PCP (25,26). Whereas some of these genes are orthologs of Drosophila PCP genes, such as
Celsrl, amammalian ortholog of flamingo, others seem to be “new” PCP genes, such as protein
tyrosine kinase 7, a novel single transmembrane tyrosine (27). In vitro studies demonstrated a
role for Wnts and, most likely, Wnt7a in some aspects of stereociliary bundle orientation,
suggesting that Wnts can play arole in the PCP signaling pathway in vertebrates (7,8,28) These
researchers measured the angel of the rotated OHCs from normal orientation. Analysis revealed
that most were rotated by 80 degrees, and a few were rotated to achieve 180 degrees, which
was distributed predominantly at the whole cochlear turn, with frequent occurrence in the bases
region of cochlea. Therefore, the stereociliary bundle can deviate from the final orientation by
as much as 180 degrees. Their results indicated that, whereas most bundles arise with an
orientation that is within 80 degrees of their final orientation, some bundles develop with initial
orientations that deviate by as much as 160 degrees (29).

Cochlear generation of this polarity is important for hair cell mechanotransduction and auditory
perception because stereociliary bundles are only sensitive to vibrations in their single plane
of polarization. We analyze assessment criteria for rotated stereociliary bundles, which can be
applied to PCP mice, guinea pigs, and others mammals.
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FIG. 1.

There are regular OHCs in the normal groups (A). Variant forms of stereociliary bundles were
irregular or rotated often frequently by 90 degrees and less frequently by 180 degrees in the
first-row OHC; (B; arrows). There is less rotation in the OHC3 (C, D).
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FIG. 2.

Light micrographs showing the orientation of hair cells in the cochlear anomaly in guinea pigs.
First-row OHCs (OHC,), second-row OHCs (OHC,), and third-row OHCs (OHC3). Surface
view of organ of Corti of a control guinea pig showing abnormal OHCs (arrow-heads),
particularly in the OHC;. The rotation of OHC bundles can be in the 180-, +90-, —90-, +45-,
and —45-degree direction.
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FIG. 3.
The percentage of rotated OHCs’ stereociliary bundle in 31 to 41 guinea pigs.
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Page 12

The percentage of rotated first-row OHCs in all the affected ears analyzed in the present study
(series 1, 180 degrees; series 2, 90 degrees; series 3, —90 degrees; series 4, 45 degrees; series

5, —45 degrees).
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FIG. 5.

Distortion product otoacoustic emission analysis of animals with various degrees of
stereociliary bundle rotation. Values are the means and standard deviations for each group
(severe, 3; moderate, 2; mild, 4; normal, 6).
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TABLE 1

Data on prevalence of the stereocilia anomaly in a sample of 100 guinea pigs from 4 separate experiments that
were conducted between 2000 and 2006

1duasnue Joyiny vd-HIN 1duasnue Joyiny vd-HIN

1duosnue Joyiny vd-HIN

ID Group history Group size, Stereocilia Stereocilia
(dates) N (ears) anomaly normal
(n[%]) (n [%])
1 OHCs damage and 20 (both ears) 8 (40) 12 (60)
DPOAE (2001.4)
2 GM ototoxicity 20 (both ears) 5 (25) 15 (75)
(2002.6)
3 Inner ears proteomics 50 (left ear) 12 (24) 38 (76)
(2005.12)
4 CAPs assayed 10 (both ears) 3(30) 7(70)
surgery (2006.3)
Total 100 (75 ears) 30 (28) 76 (72)

CAP indicates compound action potential; GM, gentamicin; OHC, outer hair cell; DPOAE, distortion product otoacoustic emission.
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TABLE 3

Quantitation of rotation angle of variant OHCs in the base of the cochlea (Table 1; 1 group; n = 8)

+90 degrees —90 degrees 180

Animals (positive) (negative) degrees Ratio
60 93 57 28 3:2:1

52 101 62 30 3:2:1

34 59 14 7 4:2:1

1 54 30 8 741

34 56 32 6 9:5:1

38 61 57 13 5:4:1

15 101 37 7 14:5:1

7 41 29 8 5:3:1

21 30 16 12 5:3:2

23 47 18 5 9:3:1

17 10 10 2 5:5:1
Average value 60.28% 34.18% 11.45% 5:3:1

Tables 3 summarizes different rotated OHC number in the base of cochlea, and the average ratio was 5:3:1. According to degrees of stereociliary
bundle variations, they could be classified as follows: severe, variant OHC >50%; moderate, >20%; light, individual OHC variations. In this study, 3
guinea pigs (6 ears) had severe variation, 2 (3 ears) were moderate, and 3 (5 ears) were light. OHC indicates outer hair cell.
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