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Abstract Outer hair cells (OHCs) damage is a general phenomenon in clinical disorders such
as noise-induced hearing loss and drug-induced hearing loss. In order to elucidate the mecha-
nism underlying these disorders, OHCs e its diseased region needs to be deeply investigated.
However, OHCs array on the basilar membrane which contains massive cells with different
types. Therefore, to isolate OHCs from this huge population is significant for revealing its path-
ological and molecular changes during disease processing. In the present study, we tried to
isolate OHCs from the commonly used animal model eSprague-Dawley (SD) rats. By separating
outer hair cells from SD rats with different day ages, we found that 9 days after birth was a
suitable time for the separation of the OHCs. At this time, the number of OHCs isolated from
rats was large, and the cell morphology was typical of cylindrical shape. OHCs isolated using
this method are histologically suitable and quantitatively adequate for molecular biological
and electrophysiological analyses.
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Introduction

Cochlear hair cells are terminal nerve cells of auditory
sensation, including inner hair cells (IHCs) and outer hair
cells (OHCs).1 In patients with sensorineural hearing loss,
OHCs are more susceptible to injury compared to IHCs.2

Researches on animal models with drug-induced deafness
or noise-induced deafness also showed that OHCs are more
fragile.3e5 To better protect OHCs, it’s important that we
have a better understanding of the underlying mechanisms
for the vulnerability of OHCs, and to isolate OHCs from
animals was a critical way to study hair cells.

In 1953, Katsuki and Covell firstly isolated OHCs from
guinea pig, it hence became important model for histological
and pathological investigation.6 By studying the isolated
OHCs of guinea pig, researchers discovered motor protein
named prestin, and explored its critical role in OHCs elec-
tromotility, demonstrating that prestin-based electro-
motility is essential for cochlear amplification.7e9 The
isolated OHCs also serve as a good model for studying the
ionic channels of cochlea hair cells.10e12 For example, by
investigating isolated OHCs, Meech et al13 found that the
OHCs resting potential is determined by a Ca2þ-activated Kþ

conductance at the base of the cell. OHCs in guinea pig were
easy to isolate and the yield was large.14,15 Guinea pig was
used mostly as animal model for hair cells isolation, while
SpragueeDawley (SD) rat model was rarely used. However,
in biological studies, the rat is a more widely used model
animal, and the types of antibody of rat is far more abundant
than that of the guinea pig. Cell count of isolation from adult
rats was low by using collagenase digestion, the yield and
quality of OHCs were unpredictable, which limit its appli-
cation in scientific researches. Consequently, it’s important
that a more efficient method for OHCs isolation from SD rats
be developed. In this article, by separating OHCs from SD
rats of different days of age, we found that postnatal 9 days
was a suitable time for the separation of OHCs. During this
period, the number of OHCs isolated was large, and the cell
morphology was typical of cylindrical shape. The morphology
of OHCs isolated from postnatal 9 days rats is close to that of
adult OHCs and can be used for subsequent pathological and
electrophysiology researches.
Materials and methods

Postnatal 1 day, 3 days, 7 days, 9 days, 11 days, 14 days,
and 28 days SD rats, regardless of sex, were purchased from
the laboratory animal center of the Fourth Military Medical
University. Collagenase IV and Leibovitz L-15 tissue culture
media were purchased from Sigma. Hank’s balanced salt
solution (HBSS) was purchased from Solarbio.

P1 and P3 rats were decapitated. P7 rats and older rats
were injected with 10% chloral hydrate (3 ml/kg i.p.).
Cochlea were dissected out and rinsed in ice cold saline and
then transported into ice cold HBBS. The isolation proced-
ure was essentially the same as described by Zenner
et al.16,17 Basilar membrane together with the organ of
Corti were dissociated without ligamentum spirale ductus
cochlearista. The organ of Corti was incubated with colla-
genase IV (1 mg/ml, diluted in L-15 medium) for 10 min at
room temperature. Enzyme was then removed using a
sterilized pipette and 1 ml L-15 culture medium was added
to the petri dish. The organ of Corti was repeatedly gently
triturated using a microsyringe for isolation of OHCs and
was then placed at room temperature for 10 min for OHCs
to adhere to the bottom of the dish. The petri dish con-
taining isolated OHCs was then mounted onto the stage of
an inverted phase contrast microscope for observation and
analysis. After sitting in room temperature for 10 min,
single OHC can be recognized under microscope. Identifi-
cation of OHCs was mainly based on their morphology ac-
cording to the widely acknowledged criteria.14 The detailed
morphology of OHCs observed was described in the Results
and Discussion sections below. The procedures involving
animals in this study were approved by the Animal Care and
Use Committee at the Fourth Military Medical University.
Results

Yield and morphology of OHCs isolated from rats
with different day age

OHCs isolation method used in this study is described in the
above method section. According to the results, OHCs with
cylindrical features can barely be separated from P1, P3
rats. Under the same conditions, OHCs could be harvested
from P7 rats with 200e250 OHCs separated from each co-
chlea. The figures of the cells were irregular cylindrical
with the site of the nucleus larger in diameter and top of
the cells slightly narrower (Fig. 1A). About 140e190 OHCs
can be isolated from each cochlea of P9 rats, and the cells
were in typical cylindrical shape (Fig. 1B, C). Since P11, the
lamina spiralis ossea ossification was completed, and the
number of isolated OHCs decreased markedly, with
approximately 30e40 OHCs per cochlea. The outer hair
cells were cylindrical in shape, with cell length further
extending (Fig. 1D). The isolated OHCs from P14 rats are
similar to cells isolated from P11 rats, also presenting cy-
lindrical shape (Fig. 1E), and the number of OHCs that can
be separated from each cochlea decreased to 20e30. The
cochlea of P28 rats was mature and the number of isolated
cells further reduced to about 10e20 OHCs each cochlea
(Fig. 1F). The number of separated OHCs is closely related
to the degree of cochlear ossification. Rat lamina spiralis
ossea ossification started from basal turn at day 9 after
birth, and completed at day 11 or day 12. After ossification,
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Fig. 1 Morphology of outer hair cells (OHCs) isolated from SpragueeDawley (SD) rats of different day age. The common features
of the cells are as follows: the cells are in cylindrical shape, the nuclei are located at the bottom of the cells, and the cilia are
visible on the cuticular plate. A: OHC isolated from P7 rat. The cell is in irregular cylindrical shape and the cytoplasm is not quite
transparent. B: OHC in the apex turn isolated from P9 rat. C: OHC in the basal turn isolated from P9 rat. The cell in the basal turn is
shorter than that in the apex turn and the cytoplasm is less transparent. D: OHC isolated from P11 rat. E: OHC isolated from P14 rat.
F: OHC isolated from P28 rat is in typical cylindrical shape and the cytoplasm is transparent.

Fig. 2 The survival condition of OHCs in vitro were observed
over time. Five hours after isolation, more than half of the
cells were dead. No cells survived longer than 9 hours.
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the number of outer hair cells separated from the basal
membrane dropped dramatically.

Characteristics of OHCs isolated from P9 rats

Morphology observation of the P9 rats OHCs under the mi-
croscope showed that P9 OHCs are long and shaped in
standard cylindrical, which are close to OHCs isolated from
mature rats. These unique morphological features are
easily identified under microscope and provide evidence for
us to distinguish hair cells. The nucleus of OHC locates at
the bottom of the cell body. Kinocilium of apex turn OHCs
were long and obvious, with less transparent cytoplasm.
Kinocilium of basal turn OHCs were not so obvious with
transparent cytoplasm.

Comparison of OHCs isolated from P9 rats and adult
rats

The shape of OHCs from P9 rats was cylindrical with slightly
shorter length compared with cells from P28 rats. The
average length of P9 rats OHCs was (23.2 � 5.0) mm, which
is shorter than the cells with (32.3 � 4.3) mm in adult rats.
The average diameter of P9 rats OHCs was (8.6 � 0.8) mm,
which was similar to cells from the (8.3 � 0.9) mm of adult
rats. In general, the OHCs isolated from P9 rats resembled
OHCs isolated from P28 rats, namely the young adult rats.

Survival of OHCs in vitro

The survival of a total of 150 single OHCs from P9 rats was
observed over time (Fig. 2). After resting at room temper-
ature for 10 min, most vital OHCs became attached to the
bottom of the petri dish. According to our experiment, the
longer OHCs from apex turn could survive up to 8 hours
in vitro while the shorter OHCs from basal turn could only
survive for approximately 3 hours. Six hours after isolation,
only 21 cells in the total 150 cells survived, and all of them
were long outer hair cells. Five hours after isolation, more
than half of the cells were dead. No cells survived longer
than 9 hours. Generally, the longer OHCs survived longer
time than shorter ones.
Degeneration of OHCs over time

Morphological changes during cell degeneration were also
observed in this study. After 1e3 h, the OHCs began to
degenerate. In the process of degeneration of the OHCs,
there appeared cell edema, nuclear displacement, cell
membrane shrinkage, particles in Brownian motion in



Fig. 3 In the degeneration of OHCs, there appeared swelling at the bottom of the cell (A) and upward displacement of nucleus
(B).
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cytoplasm and disappearance of birefringence. Degenera-
tion of most cells was accompanied by edema (Fig. 3A). In
normal state, IHCs look like flasks, while OHCs are in cy-
lindrical shape, and they can be easily distinguished from
each other visually. However, when OHCs degenerated and
became swollen, their appearance tended to become
similar to that of IHCs, thus, it can be hard to tell these two
cell types apart. Also, we discovered that in the process of
degeneration of some OHCs, there showed the upward shift
of the nucleus, but with no obvious cell swelling (Fig. 3B).
Eventually, the cells died, with the outlines of the cells
remained.
Discussion

In the present study, we attempted to isolate OHCs from SD
rats. The results indicated that the yield and morphology of
isolated OHCs were closely related with the developmental
stages of the rats. The ossification of basement membrane
is an important factor affecting the yield of OHCs. The
higher the ossification degree, the lower the yield. Hardly
can OHCs in typical cylindrical shape be separated from
cochlear in P1eP3 rats. In P7 days, the yield of OHCs
reached the highest, even up to 1.5 times of the yield of P9
days, but during this period the OHCs morphology is
different from a typical cylindrical shape. Since P9, the
appearance of OHCs gradually developed into standard
cylinder and 140e190 OHCs can be obtained from each
cochlea. The cell count of OHCs isolated from P14 rats were
20e30, and in adult rats, the number was 10e20. Since P9,
lamina spiralis ossea became ossified from basal turn to
apical turn, and the ossification completed at P11. With the
completion of ossification, the yield of isolated OHCs
dramatically decreased, which may be caused by the more
compact connection between cells.

P9 rats are still in developmental stage, and their co-
chlea have not been complete ossified. However, morpho-
logically, the OHCs in P9 are mature enough. Besides,
compared to adult rats, the yield of OHCs was much larger
in P9 rats. The isolation of OHCs from P9 rats could ensure
cell yield large enough for subsequent researches and
guarantee that OHCs that were close to mature state at the
same time. In 1986, Zajic and Schacht14 brought up with the
following standards of good morphological quality of OHCs:
the cell must be in cylindrical shape with no swelling or
distortion of the cell membrane, the nucleus must locate
near the bottom of the cell and no extrusion of cytosol or
Brownian particles should be observed. The OHCs we iso-
lated from P9 rats complied to all above requirements and
display similar morphology with OHCs from adult rats.

In this study, microsyringe was used to significantly in-
crease the yield of isolated OHCs and can ensure a rela-
tively stable production of OHCs. Enzymatic digestion was
also a critical step. There are several types of enzymes that
can be used to digest the organ, such as collagenase,
trypsin and papain.1,18e21 Previous study has reported that
trypsin was harmful to the cells, and isolated OHCs’ survival
period is comparatively shorter whereas collagenase is
almost non-harmful to the cells.22 In addition, the yield of
OHCs was closely related with experiment operation. To
obtain OHCs with high quality and strong vitality, basal
membrane has to be separated quickly and completely, and
then be cautiously transferred to culture medium L-15 with
gentle trituration.

We introduced an optimized method for isolating OHCs
from SD rats in this study, nevertheless, there are some
limitations in this research. For instance, the present study
simply compared the maturity of cells from morphological
perspective, and not from aspects such as protein expres-
sion and electrophysiological characteristics. In the future,
we would identify hair cells in a more comprehensive way.
Conclusions

The present study is performed on rats, but this method
could also be used for the isolation of OHCs in other spe-
cies. There is a period of easy separation of OHCs in the
early stage of animals, that is, before the basement
membrane is ossified. The large yield as well as the mature
morphology were the distinct advantages of isolating OHCs
during this period.
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