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ABSTRACT
Background: Current attempts to regenerate cochlear sensorineural structures motivate further inspec-
tion of the human organ of hearing. Here, we analyzed the supernumerary inner hair cell (sIHC), a pos-
sible sign of regeneration and cell replacement.
Methods: Human cochleae were studied using field emission scanning electron microscopy (FESEM;
maximum resolution 2nm) obtained from individuals aged 44, 48, and 58 years with normal sensori-
neural pure-tone average (PTA) thresholds (PTA <20dB). The wasted tissue was harvested during
trans-cochlear approaches and immediately fixed for ultrastructural analysis.
Results: All specimens exhibited sIHCs at all turns except at the extreme lower basal turn. In one speci-
men, it was possible to image and count the inner hair cells (IHCs) along the cochlea representing the
0.2 kHz–8 kHz region according to the Greenwood place/frequency scale. In a region with 2,321 IHCs,
there were 120 scattered one-cell losses or ‘gaps’ (5%). Forty-two sIHCs were present facing the modi-
olus. Thirty-eight percent of the sIHCs were located near a ‘gap’ in the IHC row (±6 IHCs).
Conclusions: The prevalence of ectopic inner hair cells was higher than expected. The morphology
and placement could reflect a certain ongoing regeneration. Further molecular studies are needed to
verify if the regenerative capacity of the human auditory periphery might have been underestimated.
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Introduction

In 1884, the Swedish anatomist Gustav Retzius presented sur-
face preparations of the human auditory epithelium (1). Lim
and Lane (2) and Bredberg et al. (3) were the first to reveal
the fine surface structure of the mammalian organ of Corti
(OC) using scanning electron microscopy (SEM). This was fol-
lowed by high-resolution SEM studies in humans (4–15).
Electron microscopy studies of autopsied material are often
limited by postmortem autolysis and age-related changes,
and, to overcome this, perilymph fixation may be accom-
plished within hours after death.

Here, we used field emission scanning electron micros-
copy (FESEM) to analyze immediately fixed human cochleae
removed at surgery. FESEM provides a maximum resolution
of approximately 2 nm (16,17). Specimens were examined to
investigate the fine structure and distribution of the so-called
‘extra’ or ‘supernumerary’ inner hair cells (sIHCs). Retzius (1)
described sIHCs in the apical part of the mature rabbit coch-
lea and in the apical and middle turn of newborn humans

(Figure 1). Since then, several authors have described
sIHCs in various species (humans, rabbits, mouse, and rat)
and speculated about their function (8,10,18–20). Ectopic or
sIHCs appear during cochlear development, and there
have been speculations that they may reflect an ongoing
regeneration (21).

Materials and methods

Three human cochleae were obtained during trans-cochlear
surgery. During surgery, the facial nerve was re-routed
postero-inferiorly and a petrosectomy performed. Instead of
drilling through the cochlea, it was removed. The cochleae
were put directly in fixative and transferred to the labora-
tory. The study was conducted in conformity with the
Declaration of Helsinki principles, all patients provided
informed consent, and the Ethics Committee of Uppsala
University Hospital approved the study (No. 99398, 22/9
1999, 29/12 2013).
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Patient 1

Patient 1 (female, aged 48 years) exhibited extensive growth
of a right-sided dermoid cyst (5� 3.5� 2 cm), which com-
pressed the eighth cranial nerve and caused right-sided par-
alysis of the abducens nerve. Pure-tone audiometry was
normal, with a speech discrimination of 72% on the right
side. The cochlea was immediately fixed in 2.5% buffered
glutaraldehyde for 7 days after removal. Decalcification was
omitted; instead, the bony capsule was drilled away.

Patient 2

Patient 2 (female, aged 58 years) suffered from a large, right-
sided petro-clival meningioma. Audiometry was normal. After
removal, the cochlea was fixed in 2.5% buffered glutaralde-
hyde and decalcified in 0.1 M Na-EDTA for 4 weeks.

Patient 3

Patient 3 (female, aged 44 years) was operated on to remove
a squamous cell carcinoma originating from the right exter-
nal auditory meatus. A surgical labyrinthectomy was per-
formed for radicality. Preoperative hearing thresholds showed
a conduction hearing loss due to invasion of the tumor into
the middle ear. Sensorineural functions were normal. After
removal, the cochlea was immediately fixed in 2.5% buffered
glutaraldehyde for 7 days.

Field emission scanning electron microscopy (FESEM)

The specimens were dissected under an Olympus SZX9 stereo-
microscope, washed in phosphate-buffered saline (pH 7.4) and
dehydrated in a graded ethanol series, and critical-point dried
using a CP Dryer (Balzers, Lichtenstein). They were attached to
aluminum stubs using carbon glue (Planocarbon, Groepl,
Austria), coated with a 10–15-nm layer of gold-palladium in a
Baltech MED 020 coating system, and observed under a Zeiss
DSM 982 Gemini field emission electron microscope operating
at 4–5 kV. Maximum resolution was estimated to be 2 nm.
Digital photographs were captured at a resolution of
1,280� 1,024 pixels and stored in TIFF format. In specimen 1,
the surface of the OC was photographed using overlapping
exposures at 1,000� magnification such that inner hair cells
could be counted and analyzed. A photomontage was con-
structed from serial digital photographs using Photoshop soft-
ware, and inner hair cells (IHCs), sIHCs, and ‘gaps’ between the
IHCs were counted. The lamina reticularis was analyzed for
scarring at areas with missing hair cells.

Results

The human cochlea—a histological ‘challenge’

FESEM processing, including long-time Na-EDTA decalcifica-
tion, preserved the surface structures and hair cells well in all
specimens and allowed structure-audiometric correlations
(Figures 2, 3, 4, 7, and 8). Diamond drilling on un-decalcified
cochlea caused bone dust contamination and was further
avoided. Two specimens could therefore not be used for
quantitative assessment. The IHCs were surprisingly intact in
these individuals, with few losses.

Different from most animals, the human hair cells are not
strictly aligned in straight rows. In patient 1, it was possible
to count all IHCs over a distance of 20,175 lm, which corre-
sponded to the 0.2 kHz–8 kHz region according to the
Greenwood place/frequency scale (Figures 2–5). Extrapolating
the number of IHCs per unit length to the entire OC (35mm)
yielded a calculated total of 4,027 IHCs, a somewhat higher
number than previously described (22). There were 2,321
IHCs, representing one hair cell per 8.7 lm or 11–12 IHCs per
100 lm of length. It contained 120 (5%) scattered IHC losses
(mostly one cell wide) (Figure 5).

Structure–audiometric correlations

The hair cell loss resulted in no recordable hearing loss at
audiometry. In the ‘hook’ region, most hair cells were absent,

Figure 1. Surface pattern of the human cochlea (from Retzius 1884) (1).
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and there was scarring of the lamina reticularis (Figure 6). At
another place, three IHCs were degenerating, with the center
cell missing (Figure 8(e–g)). In the basal turn, there were
three rows of outer hair cells (OHCs), while in the apical
region a fourth and fifth incomplete row of OHCs were rec-
ognized (Figure 3). OHCs were frequently missing but with-
out obvious scarring, suggesting that it represented a
biological irregularity rather than pathology. Some OHCs and
IHCs showed giant cilia. One inner pillar cell head displayed
ectopic stereocilia (not shown). IHCs had approximately
40–60 cilia per cell, arranged in three to four almost linear
rows, with the longest cilia positioned laterally. Rudimentary
kinocilia were seen at the lateral cell surface (Figure 8(c)).
The cilia were not always arranged parallel to the hair cell

Figure 2. Composite SEM micrographs of the organ of Corti (specimen 1).

Figure 3. Image a: Field emission scanning electron microscopy (FESEM) of the
cochlea of patient 1 ($ 48 y.o.) with a normal audiogram (PTA). The framed
area is magnified in image b. The most apical part was traumatized during
preparation and is not shown. The IHCs were plotted and are shown in Figure
5. According to the Greenwood place/frequency scale, 2,321 IHCs were repre-
sented in the 0.2 kHz–4 kHz region (20,175 lm), corresponding to one hair cell
per 8.7 lm or 11–12 IHCs per 100 lm of length. Image b: Higher magnification
of the framed area shown in Image a. The exposed region corresponds to the
junction between the upper second and lower apical turns of the cochlea.

Figure 4. FESEM of the framed area shown in Figure 3(b). The image approxi-
mately represents the 300-Hz region. Four to five rows of OHCs are present, of
which the second to fifth rows are incomplete. The left arrow shows one miss-
ing IHC. The right arrow shows a sIHC located against the modiolar side.
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row. Their width was estimated at 280–300 nm, as measured
at mid-length. The short cilia were thinner than the long cilia.
The distal tips of the long cilia were sometimes flat, whereas
the short cilia often had pointed tips. At the base, the cilia
narrowed into an anchoring rootlet. No inter-cilia links were
observed, and cilia in the same row often exhibited different
lengths. A few IHCs showed giant cilia.

Ectopic inner hair cells—surprisingly common in
humans

All specimens exhibited sIHCs in all turns (Figures 3, 4, 5,
and 7–9) which were consistently located on the modiolus
side of the IHC row. The sIHCs had mostly normal IHC
morphology, with well-developed cilia. Their surface plate
was ovoid or slightly angular, with no microvilli. Some sIHCs
had rudimentary cilia with short stubs. Supernumerary IHCs
often showed a shifted cell polarity at deviating angles up
to 45� from normal (Figure 8(a)). In patient 1 there were 42
extra IHCs, and 38% were related to a ‘gap’ in the IHC row

(±6 IHCs). The ‘gaps’ were observed in all cochlear turns
and commonly associated with sIHCs. A few sIHCs had cilia
with short stubs, suggesting that they were non-functional.
Such stubs were also observed on IHCs, portentous that
they were instigated by trauma, such as drilling before fix-
ation. However, similar stubs were observed when drilling
was performed after fixation (9). At one place the reticular
lamina had ruptured near a sIHC, and it was possible to
visualize its lateral surface and find that it was innervated
(Figure 10).

Discussion

Mammalian hair cells are believed to be terminally differenti-
ated with no capacity to replenish, and their loss would inex-
orably produce permanent functional impairment, unless
there is substantial redundancy. The doctrine that these cells
are not renewed is based on animal experiments and the
clinical experience that patients with sensorineural hearing
loss do not regain function. Regeneration of hair cells in the
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Figure 5. Missing IHCs (white bars) and sIHCs (blue bars). Light blue areas depict regions that are difficult to evaluate. The Greenwood place/frequency scale shows
the characteristic frequencies (Hz) as the distance from the apex.
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vestibular system of mammals has been reported after genta-
micin-induced hair cell loss (23–26). Similar findings were
observed in the human utricle (25) and vestibular hair cells
following aminoglycoside-induced hair cell loss (27).
Immature hair bundles were present in epithelia harvested
from patients >60 years of age, suggesting that
supporting cells in the human vestibular sensory epithelium
may respond to damage by enhancing hair cell regeneration.
The authors concluded that spontaneous hair cell regener-
ation is retained throughout life in human vestibular tissue.
A similar activity in the human cochlea has never been
verified.

A small resource of auditory receptors

Human hearing relies on a relatively small number of mech-
anoreceptor cells, and each cochlea contains around 3,400
IHCs and 12,000 OHCs (22). IHCs are the principal receptors
that convert mechanical vibrations into afferent signals in the
auditory nerve. Currently, there are joint efforts to explore a
means to re-establish the pool of degenerated hair cells.
Techniques including the use of stem cells, gene transfer, or
induction of potential supporting cells to undergo trans-dif-
ferentiation or mitotic proliferation have been envisaged
(21,28–38). In animal experiments, with p27kip gene disrup-
tion, Math1-overexpression, down-regulation of Notch signal-
ing, retinoblastoma gene-deletion, enhancer of Hes1, Hes5,
new hair cells may arise with ectopic or supernumerary hair
cells (20,21,28–31,38–45). A relevant query is therefore if

Figure 6. FESEM of the ‘hook’ region of the human cochlea. This region was
generally devoid of hair cells. Image a: There is a solitary IHC with short stereo-
cilia. Scarring of the reticular lamina is present. The inset shows two degener-
ated IHCs. Image b: A solitary IHC can be observed. The inner pillar heads
appear preserved, whereas degenerated OHCs are observed below. Reparative
processes or sIHCs are not apparent (patient 1).

Figure 7. FESEM of the IHC region at the second turn of the human cochlea (patient 3). Sensorineural hearing is normal, with a minor conductive loss due to a carcin-
oma of the external auditory canal. The IHCs are not well aligned. Several sIHCs are located at the modiolar side (arrows). Microvilli-rich border cells surround the
sIHCs (inset). The surface of the inner sulcus is smooth. Some IHC stereocilia are not arranged in straight lines parallel to the long axis of the cochlear duct (encircled).
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Figure 8. FESEM of the IHC region at the second turn of the human cochlea (patient 3). Image a: sIHCs are located at the modiolar side. The stereocilia bundle of
the left sIHC is not well aligned and forms an angle of almost 90� with the IHC row. The surface of the bordering cells is rich in microvilli, whereas the surface of
the inner sulcus cells is smooth. One IHC is apparently missing (filled arrow). Image b: At one site (encircled), two parallel hair cells are present. Image c: A sIHC in
the upper region of the second turn. The lengths of the longest stereocilia vary. Image d: The IHC region of the lower second turn. A sIHC can be observed. A bulg-
ing border cell is present on the right of the sIHC. Image e: Three degenerated IHCs are present in this region. The center cell (arrow) is replaced with a supporting
cell. Image f: Higher magnification of center cell (asterisk) shown in Image e. Image g: The lost IHC is replaced with a cell process from the adjacent supporting cell.
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sIHCs found in the human cochlea reflect ongoing regener-
ation in man.

‘Humans are not simply big mice’

The present study allowed the analysis of the fine structure
of well-preserved cochleae from individuals with normal
sensory-neural function. Almost 2% of the IHCs were extra
IHCs, and they were often related to a ‘one-cell-gap’ in the
IHC row and were seen in all cochlear turns. Furthermore,

sIHCs were innervated, suggesting that they are functional.
Human hair cells’ less rigorous alignment, double IHCs, and
irregular mosaic cell pattern are surprising. Human
mechano-electric transduction and auditory processing
should rely on strictly organized receptor cells along the
cochlear axis. This might reflect a modification in the biol-
ogy of the OC. The limited receptor pool would have an
imposing longevity unless there is cell renewal.
Consequently, a low-grade cell replacement could explain
the negligible loss of IHCs in individuals reaching middle

Figure 9. SEM images of sIHCs. Image a: A sIHC is located at the modiolar side of the IHCs near a ‘gap’ with a missing IHC. Image b: An image at higher magnifica-
tion of the cell shown in Image a. The sIHC stereocilia are rudimentary and stub-like. Image c: A sIHC whose cell surface shows several ciliary stubs and several lon-
ger cilia. Image d: Another sIHC near a ‘gap’ with a missing IHC. The surface exhibits several stereocilia stubs. Image e: A sIHC (white arrow) is magnified in Image f.
A gap with missing IHCs is marked with a dark arrow.
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age. If sIHCs reflect a renewal of 1 in every 25 IHCs, the
regeneration rate would be considerable. However, in a
human transmission electron microscopy (TEM) study of an
individual with hearing loss due to chronic noise exposure,
there was no hard evidence of IHC regeneration in the
damaged 4 kHz area (46). Nonetheless, a certain regenera-
tive capacity cannot be ruled out, since the exposure could
also waste support cells. Borg and Viberg (18) studied
sIHCs in noise-exposed rabbits and found no difference in
unexposed ears (11 sIHCs per cochlea). Maximum numbers
were seen at the apex and at 6–9mm from the apex. The
cuticle plate was slightly larger than in ordinary IHCs and
had fewer damaged cilia than ordinary IHCs after short-
term, high-level noise exposure. The sIHCs appeared less
susceptible to noise trauma than ordinary IHCs. There was
no evidence of generation of sIHC in the region of hair
cell damage.

Microvilli are common on the surface during hair cell
development. Supernumerary IHC had no microvilli.
Furthermore, during ciliogenesis small cilia buds develop
well-aligned stereocilia on the cuticular plate with a subse-
quent staircase pattern (47–49). Such formation was not
observed in the adult human cochlea. Taken together, it can-
not be settled if the sIHC represent renewed or redundant
accessory IHCs. Further molecular studies are needed to ver-
ify if the regenerative capacity of the human auditory periph-
ery might have been underestimated.
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