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Outer hair cell (OHC) electromotility, which powers the cochlear
amplifier, develops at a later stage of hearing ontogeny. There
has been speculation whether efferents play a necessary role in
directing or achieving OHC maturation in mammals. In this
study, we examine whether the development of OHC motility
depends on the establishment of efferent innervation of the
cells’ synaptic pole by measuring electromotility of OHCs
grown in cultures, deprived of efferent innervation. Tissue cul-
tures of the organ of Corti were prepared from the cochleas of
newborn gerbils. Solitary OHCs were obtained from 4- to 15-
d-old cultures by enzymatic digestion and mechanical tritura-

tion. Length changes evoked by transcellular electrical stimu-
lation were detected and measured with a photodiode sensor.
Results show that OHCs develop electromotility between 6 and
13 d in culture without the presence of efferent innervation. The
timetable for the onset of OHC electromotility is comparable
with that in vivo. This demonstrates that the ontogeny of OHC
electromotility is an intrinsic process that does not require the
influence of efferent innervation.
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The interaction between peripheral nerve fibers and their target
organs during development has been an interesting topic to neu-
roscientists since the observations of Cajal (1919), who first stud-
ied and discussed neurotrophic interactions during embryonic
development. Speidel (1947, 1948, 1964) reported in a series of
articles that lateral-line sensory receptors in regenerating tails of
the green frog tadpoles, rendered aneural by repeated sectioning
of the regenerating lateral line nerves, could develop independent
of any influence from their sensory nerves. Jörgensen and Flock
(1976) extended the original observations of Speidel with ultra-
structural observations of regenerating tail lateral-line tissue in
salamander embryos. They showed that normal sensory hair cells
with synaptic bodies could develop in the absence of their nor-
mally present sensory nerves. However, observations by Knowlton
(1967), Orr (1968), Sher (1971), and Thornhill (1972) provided
evidence supporting a relationship between the presence of neural
elements and the cytodifferentiation of sensory cells.

OHCs can contract or elongate at acoustic frequencies upon
direct electrical stimulation (Brownell, 1983; Brownell et al.,
1985). This electromotility is believed to be a part of the feedback
process that contributes to the exquisite frequency selectivity and
sensitivity observed in the mature mammalian cochlea (Brownell
et al., 1985; Dallos, 1992a). Although immotile at an earlier stage
of development, OHCs acquire motile behavior at the later stage

of ontogeny (Pujol et al., 1991; He et al., 1994). In gerbil, OHCs
develop electromotility between 7 and 12 d after birth (He et al.,
1994).

In mature mammals, OHCs are innervated dominantly by ef-
ferents, which originate in the superior olivary complex. However,
ultrastructural studies in developing gerbils show that in the first
two postnatal days OHCs are exclusively innervated by afferents.
During the next few days, efferent fibers approach OHCs (Pujol et
al., 1978; Echteler, 1992) as the inappropriate connections of
afferents to the OHC system withdraw. Labeling experiments in
mouse and hamster indicate that efferent fibers contact OHCs
;4–8 d after birth (Simmons et al., 1990; Sobkowicz, 1992).

There has been speculation whether efferents play a necessary
role in directing or achieving OHC maturation in mammals.
Whether the functional maturation of OHCs, i.e., their major role
as force-generating effectors via their electromotile mechanism,
depends on the establishment of efferent innervation at their
synaptic pole is still unknown. The present study attempts to
address this question by determining whether OHCs isolated from
efferent-deprived cultures of the organ of Corti develop motility
as they normally do in developing animals.

Organotypic cultures of the organ of Corti of newborn gerbils
were developed for the experiments. The gerbil offers several
important advantages for the study of development and interac-
tion between nerve fibers and hair cells. As in other altricial
rodents such as rat, mouse, and hamster (Echteler, 1992), the
onset of hearing in gerbil does not occur until at least 10 d after
birth (Woolf and Ryan, 1984). Therefore, important periods of
development in the auditory periphery that precede the onset of
hearing are more amenable to direct observation in this animal
than in precocial mammals (primates, cats, and guinea pigs)
whose hearing begins prenatally or at birth (Rubel, 1978; Horner
et al., 1987).
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MATERIALS AND METHODS
Births in the gerbil breeding colonies were monitored at 9 A.M. and 5
P.M. daily. Litters that were born during the daytime were used for
cochlear explantation. Unless stated, explantations were performed on
the same day when the litters were born. The day when the explantation
was performed was designated as 0 day in vitro (DIV) and the next day as
1 DIV and so on.

Cochlear explantation. A detailed description of the general prepa-
ration, dissection, and culturing of the isolated organ of Corti of mouse
is given by Sobkowicz et al. (1975, 1993). The method described below
is simple but different from theirs, although the general preparation
and dissection procedures are similar. Therefore, only differences are
highlighted below.

Newborn gerbil pups were cryoanesthetized at 210°C for 5 min. After
the skin was cleaned with 75% alcohol, the animals were decapitated. The
head was then bisected midsagittally. After the skin was peeled off the
scalp, the hemiskull was cut into two pieces posteriorly to the eye, and the
piece containing the cochlea was kept in cold preoxygenated medium in
a plastic Petri dish (60 3 15 mm, Style, Falcon). The medium used for
dissection was Leibovitz’s L-15 (Life Technologies, Grand Island, NY)
supplemented with 15 mM HEPES and adjusted to pH 7.35, 300 mOsm.

Unlike the mature gerbil’s cochlea, that of the newborn was very small
and difficult to find. It was critical to identify appropriate landmarks. To
find landmarks, the concave surface of the hemiskull should be oriented
toward the investigator under an upright dissecting scope (Wild M5).
After the muscles attached to the temporal bone were removed, a striking
landmark, a half-turn white ring, the ossifying tympanic annulus, could be
seen. After removing the tympanic annulus, one could see the inner ear
cavity. The cochlea, which was a cartilaginous capsule at this stage, lay
within this cavity filled with tenacious mesenchymal tissue. Once the
cochlea was identified, the remaining tissues outside the inner ear
cavity could be removed, and the cochlea was transferred to a new dish
containing fresh medium.

The next maneuver was to open the wall of the cochlear capsule
without disrupting the organ of Corti. One pair of fine forceps was used
to hold the cochlea, and the cartilage of the capsule was carefully peeled
off, piece by piece, from the oval window to the apex with another pair of
fine forceps. At this point, the two and one-half turns of the organ of
Corti bordered by the stria vascularis could be seen clearly. Two ap-
proaches were taken to dissect out the organ of Corti, depending on
whether the spiral ganglion cells were to be kept with the tissue. To
maintain afferent innervation, cuts were made between the mid and basal
turns and between the mid and apical turns. To remove afferent inner-
vation, the basilar membrane–organ of Corti was carefully unwrapped
from the modiolus, where spiral ganglion cells resided. In both cases, the
efferent innervation was eliminated. The organ of Corti from apical and
basal turns was transferred to small size dishes (35 3 10 mm, Style,
Falcon) containing 0.85 ml of DMEM (Life Technologies). It is important
to maintain a thin layer of medium to allow adequate oxygen diffusion to
the tissue. The tissue was pressed firmly but carefully onto the bottom of
the dish with the Deiters’ cell side lying on the bottom of the dish and the
ciliated pole of hair cells pointing upward toward the experimenter. No
collagen was used to coat the dish. After ;2 hr incubation, 150 ml of
heat-inactivated fetal bovine serum (Life Technologies) was added to
each dish. Serum present in the media at the time of transplantation
would prevent tissue from adhering to the bottom of the dish. The
cultures were then left in a 37°C moist incubator (Lunaire, Lunaire
Environmental, Inc.) with 5% CO2 for in vitro growth. The culture
medium was replaced every 2 d. The color of the medium was monitored,
and the cultures were taken out from the incubator for observation and
photographing under an inverted tissue culture microscope (Leitz IL900),
which was also equipped with fluorescence capability.

The entire dissection and explantation procedure was performed on a
cold plate inside a laminar flow hood (EdgeCard Hood, Baker Company,
Sanford, ME). Frequent rinsing of the specimen and changing of dishes
during the dissection greatly reduced the chance of contamination. No
antibiotics were added to the dissection and culture media.

Isolated hair cell preparation. After the tissue was cultured for a desired
interval, the dish was taken out of the incubator and quickly rinsed in
buffer to remove any excess protein. Enzymatic digestion medium [L-15
supplemented with 1% trypsin (Sigma, St. Louis, MO) and 1 mg / ml
collagenase type IV (Sigma)] was then added to the dish. After 30 min
incubation, the organ of Corti was transferred to the experimental bath
containing fresh L-15 medium. To obtain solitary OHCs, gentle tritura-
tion of the tissue with a small pipette was needed. To compare the onset

time of electromotility, OHCs from developing gerbils with correspond-
ing age were also isolated. Those cells were referred to as in vivo OHCs.

Microchamber, experimental bath, and protocols. Detailed description of
the experimental method and apparatus for motility measurement can be
found elsewhere (Evans et al., 1991; He et al., 1994). It is recapitulated
briefly.

Isolated OHCs were gently drawn partially into a microchamber
(Fig. 1), which resembled, in principle, the suction pipette used by Baylor
et al. (1979) for the study of isolated retinal rods. The microchamber was
fabricated from 2 mm thin-wall glass tubing (Glass Company of America)
by a two-stage microelectrode puller (Narishige) and heat-polished to an
aperture diameter close to that of a hair cell (;8–9 mm). The micro-
chamber, with a series resistance of ;0.4–0.5 MV, was mounted in an
electrode holder that was held on a Leitz 3-D micromanipulator. The
position and height of the microchamber in the bath were readily adjust-
able with the micromanipulator. By moving the microchamber, cells in
the bath could be picked up easily. The experimental bath, which con-
tained the solitary OHCs, was placed on the stage of an inverted micro-
scope (Zeiss LM201). The bath was grounded via a Ag / AgCl electrode.
The microchamber was connected to the voltage command generator by
a Ag / AgCl wire. The suction port of the microchamber holder was
connected to a micrometer-driven syringe to provide positive or negative
pressure so as to draw in or expel the cells. The inserted cell and the
microchamber formed a resistive seal (4–6 MV) that was mechanically
stable but allowed the cell to be moved in and out of the pipette without
apparent damage to it. Cells were selected for experiments if they showed
no obvious signs of damage and/or deterioration such as swelling,
translocation of nucleus, and granulation.

Length change measurement and stimulus generation. A Zeiss inverted
microscope with 103, 163, and 403 objectives was used for the experi-
ments. Cell motions were measured by the change in the current of a
photodiode when the magnified image of the ciliated pole was projected

Figure 1. Video image showing experimental setup for measuring elec-
tromotility with the microchamber technique. An OHC (isolated from the
basal turn of an 8-d-old gerbil cochlea) is 80% inserted into the micro-
chamber with its synaptic pole inside. The culticular plate is imaged via
rectangular slit on a photodiode. The photocurrent is proportional to
length changes. Command voltage (Vc) is delivered between electrolytes
inside and surrounding the microchamber. The partitioning of the cell in
the microchamber forms a voltage divider. The voltage drops on the
included and excluded membrane segments are in opposite polarity and
have approximate magnitudes of qVc and (1 - q)Vc (Dallos et al., 1993a,b),
where q is the fraction of the cell length outside microchamber (here q 5
0.75). The image is modified from an earlier publication (He et al., 1994).
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onto the photodiode through a rectangular slit (Fig. 1). The cell position
in the slit was also monitored by a video camera behind the slit. The
photocurrent response was calibrated to length change units by an optical
lever method (Clark et al., 1990). The photodiode measurement system,
without postfiltering, had a corner frequency (3 dB roll-off) of 1100 Hz.
After amplification, the photocurrent signal was low-pass-filtered at 1600
Hz by an antialiasing filter before being digitized by a Metrabyte DASH-
16F data acquisition board in a PC. The sampling frequency was 10 kHz.
With some averaging, movement amplitudes as low as 10 nm could be
routinely detected. In general, the results were the average of 100
presentations. Experiments were performed at room temperature (20 6
2°C) and videotaped with a Panasonic video recorder.

The electrical stimulus was a sequence of 10 msec rectangular pulses of
alternating polarity separated by 40 msec, increasing in amplitude from
640 to 6280 mV in 640 mV steps (Fig. 7f ). The stimulus was generated
by a programmable stimulus generator (Qua Tech) on a PC.

When the cell was partially inserted into the microchamber, the voltage
command Vc was applied across the excluded and the included segments
of the cell, which together formed a voltage divider. Therefore, the
voltage drops on the included and excluded membrane segments were of
opposite polarity and had approximate magnitudes of qVc and (1 2 q)Vc,
where q was the fraction of the cell length excluded from the chamber
(Dallos et al., 1991). For example, if the cell was 80% excluded (q 5 0.8)
and the voltage command was varied from 640 to 6280 mV, the calcu-
lated voltage drop on the excluded segment was estimated to be approx-
imately 68 to 656 mV. The details of the modeling and calculations can
be found elsewhere (Dallos et al., 1992b, 1993a,b).

Morphological examinations of the cultured organ of Corti. The devel-
opment and condition of the cultures were routinely examined under an
inverted microscope. Using Nomarski or Hoffmann optics, one could
easily observe the “V”- or “W”-shaped stereocilia bundle on the cuticular
plate of hair cells. Visualization of cilia was generally accepted as a way
to identify hair cells and to assess their viability in tissue culture (Sobkow-
icz et al., 1975, 1993). It was not difficult to observe the cilia during the
first 2–4 d of explantation, when the architectural organization of the
explanted tissue was not yet disrupted. However, when different tissue
constituents shifted in position because of proliferation and growth, the
standard architecture of the organ of Corti was no longer retained and
visualizing hair bundles became difficult. A live/dead EukoLight assay
L-3224 (Molecular Probes, Eugene, OR) was used to assess viability of
the cells (Haugland, 1992). When the cells were in good condition, cell
outlines in yellow/green color could be seen. If the cells were dead, red
nucleus was revealed. Because of the unique organization of the organ of
Corti seen under a fluorescence microscope, this assay could actually help

to identify hair cells when viewing stereocilia was no longer possible in the
long-term cultures.

For morphological examination of the basilar membrane–organ of
Corti, the cultures were quickly rinsed in buffer to remove excess medium
and fixed for 1 hr at room temperature with 5% glutaraldehyde in 0.1 M
sodium cacodylate buffer, pH 7.4, containing 1 mM CaCl2. After a
thorough buffer rinse, the cultures were post-fixed in 1% osmium tetrox-
ide in 0.1 M sodium cacodylate with 1 mM CaCl2 for 10 min. Dehydrated
in acetone, the tissues were embedded in a mixture of Araldite and Epon
812 in flat rubber molds. The blocks were then mounted in an Ultracut
(AO/Reichert, Buffalo, NY). Two micrometer semithin sections were cut
with a glass knife and stained with 1% Toluidine blue in 0.5% borax
buffer and photographed. For electron microscopic examination, 60 nm
thin sections were cut with a diamond knife and collected on 300-mesh
grids or Formvar-coated slot grids. Stained with 3% uranyl acetate for 15
min and 1.5% lead citrate for 3 min, the preparations were examined in
an electron microscope (JEOL 100CX) and photographed.

The sensory organ can be excised either with or without its complement
of spiral ganglion. To verify whether the cochlear ganglion cells were
present in the cultures, anti-neurofilament immunohistochemical staining
was used to label the ganglion cells. Cultures were fixed for 1 hr with 4%
paraformaldehyde prepared in 0.1 M PBS, pH 7.3. The tissues were then
incubated with an anti-neurofilament antibody (mouse monoclonal, 160
kDa, Sigma) for 24 hr at 4°C. The antibody was diluted from the stock
(1:100) in a solution containing 20% fetal calf serum, 80% PBS, 0.02%
Triton X-100, and 0.05% thimerosal. After being stained with the primary
antibody, the cultures were rinsed with PBS three times before being
labeled with a secondary antibody for 2 hr at room temperature (20 6
2°C). The secondary antibody (Sigma) was an anti-mouse IgG conjugated
with FITC. Explants were washed twice with PBS and mounted on an
inverted microscope with fluorescence capability for photographing.

RESULTS
Morphology of the cultures
Figure 2 shows a survey micrograph of a typical 1-d-old culture of
basilar membrane–organ of Corti prepared from the basal turn of
a newborn gerbil. The basilar membrane–organ of Corti is the
fastest growing tissue and, after attaching to the substrate, grows
luxuriantly. First outgrowth, which is easy to see even after a few
hours of explantation, is the mesenchymal tissue emanating from
the cut edges of the tissue. Another indication of growth is the

Figure 2. Survey microphotograph of a 1-d-old cul-
ture of basilar membrane–organ of Corti prepared
from basal turn cochlea of a newborn gerbil pup. The
first outgrowth seen from the culture is the mesenchy-
mal tissue emanating from the cut edges. The individ-
ual structural regions in the explanted tissue can be
easily identified at this stage. The central core of the
explant contains the spiral ganglion cells (sg), which are
surrounded and overlaid by loose mesenchymal tissue.
Progressing outward radially from the central core lie
the limbus (li), the epithelium of the inner spiral sulcus
(is), the organ of Corti (arrows indicate the hair cell
region), Hensen’s cells, and an outgrowth zone ema-
nating from the cut edge of the tissue. The micropho-
tographs shown in this and in all subsequent figures
were taken with an inverted microscope and bright-
field illumination. Scale bar, 120 mm.
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expansion of the structural regions caused by the growth of the
constituent cells. The individual structural regions in the ex-
planted tissue can be identified. The central core of the explant
contains the spiral ganglion cells, which are surrounded and
overlaid by loose mesenchymal tissue. Progressing outward radi-
ally from the central core lie the limbus, the epithelium of the
inner spiral sulcus, the organ of Corti (marked by arrows in Fig. 2),
Hensen’s cells, and an outgrowth zone emanating from the cut
edge of the tissue. Figure 3A shows a top view of the hair cell
region using Hoffmann optics. The three rows of V-shaped struc-
tures indicate the hair bundles of OHCs. The outlines of the
elongated bodies are the pillars. The cilia of inner hair cells are
partially obscured.

As an example, Figure 4A depicts a fluorescence image of a hair
cell region obtained from the same preparation as shown in
Figure 3A with the live/dead two-color assay. Whereas the yellow/
green color signifies the integrity of the hair cells, the alignment of
OHCs manifested in the fluorescence image indicates that the
organization of the organ of Corti is well maintained at this stage.
Over the next several days, the individual structural regions ex-
panded dramatically and their boundaries became less clear. The
tissue was flattened out, and more mesenchymal tissue was seen
along the cut edges. Under high magnification, it is apparent that
the architectural organization of the organ of Corti was disturbed
because of the growth and shift of different tissue constituents. It
may be that because the stria vascularis, the formidable wall that
could block the spread of the explant and retain the architecture
of the organ, was removed before explantation, disorganization of
the hair cell region occurred (Sobkowicz et al., 1993). The shift
and collapse of the tissue made the hair bundles difficult to view.
It is difficult to identify hair cells in Figure 3B, which was obtained
from a 10-d-old culture. However, if the hair cells were labeled
with the two-color fluorescence-based assay, one can easily iden-
tify them by their unique arrangement, i.e., one row of IHCs and
three to four rows of OHCs as shown in Figure 4B. It is not
uncommon to see more than three rows of OHCs in the late stage
of culturing. Generally, the explanted organ of Corti can grow in
culture for .16–18 d. However, at the later stage, i.e., after
;12–14 d, deterioration can occur, as reflected by a loss in hair
cells in some areas.

In most of the cultures, afferent innervation was preserved. One
way to confirm this was to use anti-neurofilament immunohisto-
chemical staining to label the ganglion cells. Figure 4, C and D,
presents images of immunofluorescent staining of ganglion cells
from a 10-d-old culture of the organ of Corti. As shown, spiral
ganglion cells are located in the central core of the explant and
give rise to radial fibers innervating the organ of Corti (Fig. 4C).
In the hair cell region, outer spiral fibers are also seen. One
interesting observation is that some afferent neurons project ra-
dially and innervate both IHCs and OHCs (arrows in Fig. 4D).
Similar observations at the apex of newborn gerbils (Echteler,
1992) and a newborn cat (Perkins and Morest, 1975) were re-
ported previously. One might notice the low density of spiral
ganglion cells and radial fibers in the culture. It is quite common
that only a fraction of the spiral ganglion cells survives in the
tissue culture (Sobkowicz et al., 1993). Surgical trauma and
culture environment are usually responsible for this.

Figure 5 shows radial sections of the basilar membrane ob-
tained from 2- and 10-d-old cultures. Some gross morphological
features are illustrated clearly in the survey pictures. The most
important feature is that hair cells and supporting cells are closely
packed and that no extracellular space is found at 2 DIV. Tunnel
of Corti at this stage is still not formed. At 10 DIV, the tunnel of
Corti is already formed and the Nuel’s spaces between outer hair
cells start to open. In developing gerbils, the tunnel of Corti is
formed between 6 and 8 DAB and extracellular spaces begin to
appear after 8 DAB (Souter et al., 1995). The appearance of
tunnel of Corti and Nuel’s space in cultured tissue is clearly
comparable with that in intact gerbils. One might also notice that
the height of basilar membrane at 2 DIV is greater. As develop-
ment progresses, the thickness decreases. A decrease in basilar
membrane thickness during development in gerbils is reported by
Echteler (1995) and Schweitzer et al. (1996).

EM was used to examine the ultrastructure of the cultured hair
cells and to verify their innervation. Six basal turn cultures (3
cultures with afferent and 3 without afferent innervation) were
prepared for the EM examination. Each culture (block) was cut
into four segments. When the appropriate location was found with
2 mm survey sections, a series of ;50 consecutive thin sections (60
nm) was cut from each segment. Figure 6 shows some represen-

Figure 3. A, Surface view of the hair cell region of a live 1-d-old culture. The culture was prepared from the basal turn of a newborn gerbil cochlea. Three
rows of the “V”-shaped stereocilia identify the OHCs. Inner hair cell stereocilia are partially obscured. At this stage, the organization of the organ of Corti
is well maintained as manifested by alignment of three rows of OHCs and one row of IHCs. B, Surface view of the hair cell region of a live 10-d-old basal
turn cochlear culture. It is very difficult to see hair bundles at this stage. The elongated bodies are pillar cells (Pi). Scale bar, 50 mm (for both panels).
Hoffmann modulation contrast optics were used.
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tative EM pictures taken from 10-d-old cultures with and without
afferent innervation. In all sections examined, the ultrastructure of
the cultured hair cells appeared to be normal and very similar to
their in vivo counterparts. Cell organelles such as mitochondria,
nucleus, and nucleolus could be seen clearly. The nucleus was
always found close to the bottom of the cells, whereas the mito-
chondria were found in two major groups: the supranuclear and
the infranuclear. When afferent innervation was removed, no
afferent synapses were found, as shown in Figure 6A. Figure 6B
gives a magnified picture of the basolateral membrane of the cell
shown in Figure 6A. One notices that one to two layers of
subsurface cisternae are evident along the basolateral membrane
at 10 DIV. This is an another important sign of growth because
subsurface cisternae are virtually absent in newborn gerbil OHCs
and do not appear until 8–10 DAB (Souter et al., 1995). For those
cultures in which afferent innervation was maintained, afferent
synapses could often be seen. Figure 6C shows an example of two
afferents making synapses with an OHC. The presynaptic dense
bodies are marked with arrows.

Onset of OHC electromotility
To determine whether and when the cells became motile,
solitary OHCs obtained from age-graded tissue cultures of the
organ of Corti were partially drawn into the microchamber with
;20% of their length inserted. Square-pulse voltage commands
with opposite polarity and increasing amplitude were applied,
and length changes of the excluded segment (ciliated pole)
were measured. Motile response is defined as any measurable
change in length that is repeatable and time-locked to the
stimulus. As an example, Figure 7 shows the responses of some
OHCs isolated from 5- to 10-d-old cultured cochleas. No motile
response could be detected at any voltage level at 5 DIV, as
shown in Figure 7a. However, at 7 DIV, some motile responses
(Fig. 7b) could be observed at high command voltage level
(above 6200 mV). For a cell isolated from an 8 DIV cochlea,
motile response (Fig. 7c) could be seen even at the lowest
voltage level applied (40 mV). For control purposes, inner hair
cells encountered in the preparations were also drawn into the
microchamber to measure motility. None of them revealed any

Figure 4. Fluorescence images of the cultured organ of Corti and spiral ganglion cells. A, B, A live/dead EukoLight assay L-3224 (Molecular Probes)
was used to assess viability of the cells. When the cells are in good condition, cell outlines in yellow/green color can be seen. A, Fluorescence image of the
same hair cell region shown in Figure 3A. The architectural organization of the organ of Corti at this stage is not yet disrupted, as evidenced by the well
aligned three rows of OHCs and one row of IHCs. B, Fluorescence image of the hair cell region shown in Figure 3B. Note one row of IHCs and three
to four rows of OHCs. The alignment of hair cells is irregular, indicating that organization of the organ of Corti is disrupted at this stage. Scale bar, 50
mm (for both A and B). C, D, Fluorescence images of spiral ganglion cells in a 10-d-old culture of the basilar membrane–organ of Corti of a newborn
gerbil. The ganglion cells labeled with an anti-neurofilament antibody are in yellow/green color when the secondary antibody (anti-mouse IgG) is
conjugated with FITC. C, Ganglion cells (GC, arrows) lay in the central core of the culture and gave rise to radial fibers (RF ) innervating hair cells.
Neurons are monopolar with a process projecting toward the receptor region. D, In the hair cell region, one can clearly see that some radial fibers joining
outer spiral bundles (OSB, arrows) after innervating IHCs (arrows). Scale bar, 50 mm (for both C and D).
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motile response. An example of the lack of responses of an
inner hair cell (10 DIV) is plotted in Figure 7e.

The detailed timetable of the onset of electromotility at differ-
ent ages is shown in Table 1. To determine whether there was a
difference in onset of electromotility between apical and basal
turn OHCs in cultures, OHCs from these turns were isolated and
measured separately. Electromotility was first examined in 14
basal turn and 13 apical turn OHCs at 4 DIV. None of them at this
age responded to any level of the electrical stimulation used in the
experiments. Similarly, no motile responses were detected at 5
DIV. At 6 DIV, 1 of 13 basal turn OHCs exhibited detectable
stimulation-following response, whereas 0 of 14 apical turn cells
showed any motile response. Apical turn OHCs did not show
motile response until 8 DIV. Over the next several in vitro days,
the number of motile responsive cells increased in both turns. By
13 DIV, all of the OHCs tested were motile.

Figure 8 illustrates the percentage of motile cells (motile cells vs
total cells measured) as a function of postnatal ages for the basal
and apical turn OHCs. The percentage of motile OHCs measured
from developing gerbils is also plotted for comparison. Interest-
ingly, the onset of motility of the cultured basal turn cells precedes
that of the in vivo cells, whereas the full expression of motility in
the cultured apical and basal turn cells is delayed by 1 d. When the
onset of motility was compared between the cultured and in vivo
cells between 6 and 13 DAB, statistical significance ( p # 0.05) was
found between the two groups. It is not surprising that difference
exists between the two groups of the cells because the organ of
Corti often develop faster at the first few days in culture (Van de
Water and Rubin, 1973; Van de Water et al., 1973; Sobkowicz et
al., 1993) and then slows down at the later stage. As the base–apex
gradient found in in vivo OHCs, electromotility appears in the
cultured basal turn OHCs 2 d earlier than their apical turn
counterpart.

All of the above data were collected from cultures with ganglion
cells. To determine whether the early afferent innervation in
OHCs would influence the development of motility, cochlear
spiral ganglion cells were removed at the time of explantation.
The absence of ganglion cells was verified by the negative staining
results of anti-neurofilament labeling in six afferent-deprived cul-
tures and by EM examination in four cochleas at 10 d (one
example of the absence of afferent synapses is shown in Fig. 6A).
Six afferent-present cultures were used to verify the presence of

spiral ganglion cells at 10 DIV, and all of them showed positive
staining (Fig. 4C,D). Another two afferent-present cultures were
used for EM examination, and one example is given in Figure 6C.
OHCs were isolated from afferent-deprived basal turn cochleas at
10 DIV, and the expression of motility was compared with that of
OHCs isolated from afferent-present basal turn cultures at the
same age. The percentage of motile responsive cells from
afferent-deprived cultures was 64% (7/11 cells), whereas that of
the afferent-present group was 69% (9/13 cells). No statistical
significance was found between the groups ( p . 0.05).

DISCUSSION
Tissue culture of the basilar membrane–organ of Corti
Tissue cultures of the cochleas of mouse (Van de Water and
Ruben, 1971; Sobkowicz et al., 1975), rat (Lefebvre et al., 1990),
guinea pig (Yamashita and Vosteen, 1975), and cat (Sugahara,
1964) have been reported, but no literature on tissue culture of
the organ of Corti of gerbil is available. The development of such
preparation can be useful in studying auditory development,
neurotrophic effects, and hair cell regeneration.

The general morphology of the tissue culture of the organ of
Corti of gerbils is not significantly different from that of mouse
and rat. Hair cells in the cultures of this study can live for .16–18
d. All signs indicate that the explanted organ of Corti continues to
grow. One obvious sign of growth in gross morphology is the
formation of the tunnel of Corti and emergence of Nuel’s space.
At the ultrastructural level, the appearance of the cisternal layers
along the plasma membrane is particularly important, because the
formation of a first layer of laminated cisternae is found to be
temporally coincident with the onset of motility in fetal guinea pig
(Pujol et al., 1991) and at least one layer is required for the
optimal generation of electromotility in mammalian OHCs
(Holley and Ashmore, 1990; Pujol et al., 1991).

In the present studies, I did not measure the physiological
condition (e.g., membrane potentials) of cultured cells. However,
intracellular recordings by Russell et al. (1986a,b) from cultured
mouse hair cells revealed that OHCs were only slightly depolar-
ized in cultures (membrane potentials were approximately 257
mV). The membrane potentials of IHCs and nonsensory support-
ing cells were also comparable with those of in vivo cells. It can be
inferred from their studies that the physiological condition of hair
cells in tissue culture environment is well maintained.

Figure 5. Radial sections of the basilar membrane and organ of Corti obtained from 2 and 10 DIV cultures (basal turn). A, Two DIV. Hair cells and
supporting cells are closely packed; no extracellular space is found. Tunnel of Corti at this stage is not formed. B, Ten DIV. Note that the tunnel of Corti
(TL) is already formed and Nuel’s spaces (arrows) begin to appear. The apical surface of the inner and outer hair cells displays stereocilia. The radial
sections were obtained with standard EM procedures. The sections were ;2 mm in thickness and stained with 1% Toluidine blue. Arrows indicate Nuel’s
space. Bright-field illumination was used. Scale bar, 50 mm.

He • Ontogeny of Electromotility in Denervated OHCs J. Neurosci., May 15, 1997, 17(10):3634–3643 3639



Ontogeny of OHC motility does not require
neurotrophic effects of innervation
Almost all previous studies on interaction between target sensory
cells and their innervation focused on whether the sensory cells or
the neurons could survive without the presence of one another
and what were the morphological changes after denervation (Ard
et al., 1985; Zhou and Van de Water, 1987; Hauger et al., 1989;
Lefebvre et al., 1990). A number of investigations were also
targeted to the question of how the presence of neuronal elements
or the pattern of innervation exert influence on the cytodifferen-
tiation of sensory cells (Knowlton, 1967; Orr, 1968; Sher, 1971;
Thornhill, 1972; Van de Water, 1976, 1986, 1988; Van de Water et
al., 1984, 1989; Pirvola et al., 1991). No attempt has been made to
test directly the hypothesis that efferent innervation regulates the
maturation of OHCs. There were some observations supporting
this hypothesis. For instance, Kikuchi and Hilding (1965) noticed
the delayed development of the organ of Corti and the early
degeneration of OHCs in the Shaker-1 strain of mice, whose

efferent innervation was virtually absent. Milkaelian and Ruben
(1964) also reported that the appearance of cochlear potentials
recorded from the Shaker-1 strain of mice was delayed when
compared with normal animals. However, other studies seem to
indicate that outer hair cell maturation is independent of efferent
innervation. For example, when the efferent bundle is sectioned in
1-week-old kittens, OHCs appear normal in the adult cochlea but
are covered exclusively with afferent terminals (Pujol and Carlier,
1982).

By examining the development of motility in OHCs from gerbil
cochleas grown in vitro from the day of birth until 15 DAB, the
present study shows that OHCs develop electromotility indepen-
dent of efferent innervation. The appearance and maturation of
motility are comparable with those of OHCs obtained from nor-
mally developing animals. The evidence is conclusive that
efferent-denervated OHCs can develop motility with no signifi-
cant delay. The ontogeny of OHC motility, therefore, seems to be
essentially autonomous and likely governed by intrinsic local

Figure 6. Electron microscopic pictures of 10-d-old OHCs. A, Ultrastructure of two OHCs obtained from an afferent-deprived culture. Cell organelles
such as mitochondria, nucleus, and nucleolus are clearly shown. The nucleus is close to the bottom of the cells, and the mitochondria are found in two
major groups: the supranuclear and the infranuclear. Note that no afferent innervation is present at the synaptic pole of the cell. Scale bar, 5 mm. B, An
area of the basolateral membrane of the cell shown in A. Note that one layer of subsurface cisternea is present (arrows). C, OHC synaptic region with
afferent innervation. Afferent synapses are marked with Af. Arrows indicate presynaptic ribbon. Scale bar, 1.5 mm.
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factors. Efferent denervation neither hinders nor alters the full
expression of motility.

It needs to be emphasized that, in gerbils, it is not exactly clear
when efferent fibers make contact with OHCs during develop-

ment. The timing of the efferent innervation could be inferred
from the mouse and hamster, whose onset of auditory function is
very similar to that of the gerbil. Using Karnoversusky and Roots
enzymatic staining, Sobkowicz and Emmerling (1989) showed that
AChE-positive innervation occurs in outer hair cells between 3
and 7 d after birth in the base and between 7 and 10 d after birth
in the apex of mouse cochleas. A similar time course of efferent
innervation was also observed by Cole and Robertson (1992) and
Merchan-Perez et al. (1994) in rat. In vitro horseradish peroxidase
labeling in the developing hamster shows that efferent fibers
contact OHCs between 6 and 8 d after birth (Simmons et al.,
1990). Therefore, it is assumed that the efferent innervation of
OHCs arrives ;4–10 d in the gerbil.

Because the IHCs and OHCs receive separate and highly dis-

Table 1. Timetable of onset of electromotility in cultured and in vivo OHCs

Age (DIV
or DAB)

Motile cells
(cultured, basal) (%)

Motile cells
(cultured, apical) (%)

Motile cells
(in vivo, basal) (%)

Motile cells
(in vivo, apical) (%)

4 0/14 (0%) 0/13 (0%)
5 0/13 (0%) 0/13 (0%) 0/13 (0%) 0/12 (0%)
6 1/13 (7%) 0/14 (0%) 0/11 (0%) 0/8 (0%)
7 3/15 (20%) 0/14 (0%) 3/14 (21%) 0/11 (0%)
8 4/15 (26%) 2/13 (15%) 6/13 (46%) 3/13 (23%)
9 8/14 (57%) 4/13 (30%) 11/15 (73%) 6/14 (43%)

10 9/13 (69%) 6/13 (46%) 10/12 (83%) 11/15 (73%)
11 11/13 (84%) 9/13 (69%) 9/10 (90%) 11/13 (84%)
12 13/14 (92%) 12/14 (86%) 10/10 (100%) 11/11 (100%)
13 13/13 (100%) 13/13 (100%) 12/12 (100%) 13/13 (100%)
14 14/14 (100%) 13/13 (100%) 10/10 (100%) 10/10 (100%)

Note: Motility is defined as any measurable change in length at any level that is repeatable and time-locked with the stimulus. All cultures began on the day of birth.

Figure 7. Motile responses and voltage command waveform. a, The noise
floor with no detectable motile response at any levels. This trace was
obtained from a 17-mm-long OHC harvested from the basal turn of a
5-d-old culture. b, Motile response of a 19-mm-long OHC isolated from
the basal turn of a 7-d-old culture. The motile response was observed
above 240 mV levels. c, Motile response of a 21 mm OHC obtained from
the basal turn of an 8-d-old culture. The response was seen at the lowest
level (40 mV). d, Response of a 21 mm OHC isolated from the basal turn
of a 10-d-old culture. e, Response of an IHC obtained from the basal turn
of a 10-d-old culture. No motile response was detectable at any level
applied. f, Waveform of the square-pulse voltage command. The stimulus
consisted of a sequence of 10 msec rectangular pulses of alternating
polarity separated by 40 msec, increasing in amplitude from 640 to 6280
mV in 640 mV steps. Cell contraction is plotted downward, and all of the
responses are the average of 100 trials.

Figure 8. Percentage of motile cells obtained from cultured and in vivo
cochleas at different ages. The percentage of motile cells was calculated as
the number of motile cells versus the total number of cells tested at each
age group. The number of motile cells and total cells tested is given in
Table 1.
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tinctive patterns of innervation, one might suspect that it is the
difference in innervation that makes IHCs and OHCs develop
differently and produce different physiological functions and
properties. Such speculation is not totally without merit. An
example of how innervation controls its target cells can be found
in the interaction between muscles and their innervation (Close,
1965). In the auditory system, it was proposed that the presence of
neuronal elements or the pattern of innervation exerted influence
on the cytodifferentiation of sensory cells. Observations by Orr
(1968) provided evidence supporting such a relationship.
However, Van de Water and Rubin (1973) and Van de Water et
al. (1973) demonstrated that inner ear sensory structures that
formed in organ-cultured mouse otocysts were not dependent on
trophic influence of neuronal elements for their development and
differentiation (Van de Water, 1976, 1988; Van de Water et al.,
1989). In our case, if it were the innervation that determined the
characteristics of hair cells, one would have observed IHC motility
at an early stage of development when IHCs were innervated by
both afferent and efferent fibers. The immotility of IHCs demon-
strated in this study suggests that it is not the difference in
innervations that makes the two types of hair cells develop
differently.

Although no significant difference in onset of electromotility
was found between OHCs grown with and without spiral ganglion
cells, the interpretation of the results needs to be made with
caution. One reason is that we do not know precisely when
afferents make contact with OHCs. Afferent innervation in some
locations is already present at birth (Echteler, 1992). Therefore, it
is difficult to rule out that early innervation can have any influence
in hair cell development. However, this study at least demon-
strates that removal of afferent innervation at birth does not
hinder further development of OHCs. A similar conclusion
was also reached by Sobkowicz et al. (1986), who demonstrated
that removal of afferent innervation at birth did not hinder
further morphological development of hair cells or cause any
degeneration of the organ of Corti in tissue culture.

Base–apex gradient of maturation of OHC motility
in culture
It is generally agreed that the organ of Corti develops in the basal
turn first and that maturation then proceeds toward the apex (Lim
and Anniko, 1985). In the developing animals, a great deal has
been learned both morphologically and physiologically about the
maturation difference between apex and base (for review, see
Ryan and Woolf, 1992; Walsh and Romand, 1992). Although little
is known about the base–apex gradient in maturation during
development in vitro, determining whether such a gradient exists
in cultured cells would help to determine whether the gradient is
inherent or controlled by the surrounding environment.

Furness et al. (1989) studied the gradient of hair bundle mor-
phology in cultured mouse cochleas. They demonstrated that the
OHC stereociliary bundles showed a progressive change in differ-
entiation from apex to base. The degree of differentiation at apical
and basal locations was comparable with that in vivo. The present
study shows that the onset of electromotility occurs in the basal
turn OHCs first and follows by the apical cells with a 2 d delay. In
developing gerbils in vivo, there is a 1 d difference in onset of
motility between the basal and apical turn cells (He et al., 1994).
Although difference exists between in vivo and cultured OHCs in
motility onset, the presence of a base–apex gradient in cultured
cells seems to suggest that the maturation gradient is controlled
primarily by intrinsic factors.
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