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Olfactory Epithelium as an Infinitive Source of Neural
Stem Cells for Derivation of Inner Ear Hair Cells
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SUMMARY: Surgical techniques for treatment of sensory neural hearing loss (SNHL) have unpredictable outcomes and in
recent years cell therapy investigated for treatment of SNHL. Olfactory epithelium proceed neurogenesis during life tivid@ad pr
easily accessible source of neural stem cells. So the aim of this study was isolating neural stem cells from olfactony epititelnd
differentiation of these cells into hair cells of inner avitro. The epithelium tissue of olfactory mucosa of rats were removed and
digested by collagenase H. The digested tissue was cultured in flasks in suspension forms to create spheres. Sphemgsdnare passa
from passage 2 spheres selected for differentiation. At this stage cells of spheres isolated from each other and Hamedamfras
defined differentiation medium. Cells at this stage cultured in adhesive form. Immunohistochemistry and RT-PCR were usad for ne
stem cells and hair cells identification. Spheres formed from olfactory epithelium culture and immunohistochemistry ravealksd th
of spheres from passage one and two expressed the neural stem cells markers. After culture of isolated cells in diffeeglitiztjon
the morphology of cells begun to change. The cells presented neural cells projections and after 10 days the projectahsietengat
and interact to each other in multi layers. RT-PCR and immunohistochemistry revealed that differentiated cells expresed hair ¢
specific genes. In this study we showed that neural stem cells of olfactory epithelium can differentiate into hair cetlearf &md
therefore can be used for treatment of SNHL.
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INTRODUCCION

Sensory neural hearing loss (SNHL) is one of themplification techniques (Patet al, 2004). Therefore

most disabilities in the world that mainly results fronrecently, attentions have turned to the regeneration of hair
dysfunction of mechanosensory hair cells of the cochlezlls by cell therapy specifically stem cell therapy (Koehler
(Okano & Kelley, 2012). Previous researches revealed thedtal, 2013). Although recent studies revealed that there
the mammalians in contrast with non-mammalians lacke evidences of the existence tissue specific stem cells of
the capacity of regeneration of hair cells of inner ear (Rydlner ear in mammalians (Lopetal, 2004; Whiteet al,
& Rubel, 1988). Therefore, nowadays the surgicad006; Oshimat al, 2007). These studies also showed that
technigues such as cochlear implantation and amplificatitime regeneration capacity of inner ear specific stem cells
techniques such as a hearing aid are used for treatmenisofery low and age-dependent. Therefore, it is critical to
SNHL still the outcomes of these techniques arfind proper sources of stem cells for regenerating the hair
unpredictable (Limb, 2012). It is more efficient to treatells of inner ear. Embryonic stem cells have legal and
SNHL by biological methods rather than surgical oimmunologic problems for clinical usage. Induced
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pluripotent stem cells (iPS cells) also have some problantubated in 2 mg/ml collagenase H (Roche, Mannheim,
for clinical usage because of viral vectors using to crea®ermany) at 37oc for 60 minutes. Cellular suspension
them. Mesenchymal stem cells have a low potential fobtained from tissue digestion filtered and centrifuged for
neuronal differentiation, so it seems that a patient's specificminutes in 700g. The pellet was resuspended in 5 ml
neural stem cells are the most proper stem cells foulture medium and put into 25 énulture flasks [NUNC,
treatment of SNHL (Okano & Kelley). Denmark) and placed in a G@cubator. The culture
medium was DMEM (Gibco, Breda, the Netherlands) / F-
Olfactory epithelium consists of a specific neural2 (Gibco) mediums in a 3:1 ratio containing: B-27 minus
stem cell with neural crest origin (Suzuli al., 2013) vitamin A (Invitrogen, Carlsbad, CA, USA) 2 BFGF
which unlike the other regions of central nervous syste(Relia-Tech, Australia) 40 ng/ml, EGF (Biovision, CA,
(CNS) proceed with neurogenesis throughout life (BeitasSA) 20 ng/ml, LIF (Sigma, St. Louis, MO, USA) 10 ng/
et al, 2005). This capacity of regeneration candidates tinel, Pen/Strep (Applichem) 100 IU/ml, Amphotericin-B
stem cells of olfactory epithelium as an efficient sourcgBristol-Myers Sqible, NY, USA) fug/ml, and NaHCQ2
for treatment of neurodegenerative disorders of CNgIi. In this stage the cells cultured in suspension form, so
(Evgrafovet al, 2011; Mackay-Sim, 2012). The neuralthe flasks were coated with Poly-Hema (Sigma) before
stem cells of the olfactory epithelium were previouslyhe culture. The fresh culture medium was added three ti-
isolated and characterized (Caédfal, 2002; Hahret al, mes a week to flasks and the cellular spheres begun to
2005). These cells express neural stem cells markegenerate after 2 days. After 10 days the cellular spheres
including Nestin and Vimentin and can easily be isolatadere centrifuged, resuspended in culture medium and
by culture methods. These cells can differentiate into boglipetted up and down for isolating the cells from each other.
neuronal and glial cells (Beites al). Then the isolated cells were passaged. The passage
procedure was repeated every 10 days.
Based on the data, olfactory epithelium can be used
as an easily accessible source of neural stem cells wlittentification of neural stem cells markers by
high renewal potential for treatment of SNHL byimmunohistochemistry.Immunohistochemistry was used
regenerating the hair cells. Based on our literature reviefoy identification of neural stem cells. Both cellular spheres
there is not enough evidence of successful differentiatiamd single cells from passage 1 and 2 were used for
of neural stem cells of olfactory epithelium into hair cellsmmunohistochemistry study. Monoclonal anti-human
of inner ear. So we performed this study in order to isolakéestin antibody (R&D, Minneapolis, USA) and
neural stem cells from the olfactory epithelium of rat anonoclonal anti-human Vimentin antibody (R&D) were
first, and then differentiate them into hair cells of inner eadded to the fixed cells and spheres, then secondary anti-
in vitro. mouse IgG antibody conjugated with FITC (produced in
Medical Biology Research Center of Kermanshah
University of Medical Sciences) was added in appropriate
MATERIAL AND METHOD dilution. After immunohistochemistry staining the cells
were evaluated under a fluorescence microscope (TS100,
Nikon, Tokyo, Japan).
Isolation of olfactory epithelium from rat nose.Outbred
Sprague adult rats were anesthetized with chloroform abifferentiation of neural stem cells into hair cells.
then the rat head was removed under sterile conditioi8pheres from passage 2 were selected for differentiation.
The removed head was placed in Hank’s balanced sa@ilie plates were centrifuged and after that the 2/3 upper
solution (HBSS) buffer (AppliChem, Germany) andmedium removed and the cellular pellet resuspended in
transferred under a class Il laminar airflow hood. Undeemaining 1/3 medium. The cellular suspension was
the hood, with sterile surgical instruments, the head skpipetted up and down frequently to isolate the cells from
was carefully removed and the skull was precisely dividezhch other. Then the differentiation medium was added to
into two sagittal parts. The olfactory epithelium, whictihe tubes and the suspension was transferred to 25 cm
has a pale tissue, was removed as the next step and pldlzeds. In this stage the culture condition was adhesive, so
in a 50 ml Falcon centrifuge tube containing fresh HBSthe flasks were coated with Poly-D-lysine (Sigma) before
buffer. culture. The flasks placed in a 5 % g@cubator in 37C.
The differentiation medium contains: DMED/F12in a 3:1
Primary culture of rat olfactory epithelium and ratio, FCS (Gibco) 1 %, B-27 serum free (Invitrogen) 2
isolation of neural stem cellsThe epithelium sample was %, NGF (Jena Bioscience, Australia) dg@/ml, Pen/Strep
washed three times in 50 ml HBSS buffer, and thelDO0 IU/ml and Amphotericin fig/ml. The culture medium
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was exchanged three times a week with fresh medium anudture some single cells begun to form small spheres and
the cells were cultured 8 days under this condition fdhe most of adhesive cells attached to the bottom of flasks
neuronal differentiation. and the confluency of suspended cells decreased (Fig 1B).
In day 7, some of small spheres attached to each other and
Identification of differentiated cells by RT-PCR and formed big spheres and the confluency of single cells
Immunohistochemistry. We selected five genes todecreased more, which in most visual fields of microscope
evaluate differentiation. These genes include: Math-&,combination of small and big spheres were seen (Fig 1C).
Myosin, Brn3, EPSIN and AchRa9 which are hair celltin day 10, the spheres produced a noticeable cellular
specific genes. Immunohistochemistry was used to evalugigpulation by their continuous divisions and at this stage
expresson of Myosin and RT-PCR for all genes.they were passaged (Fig. 1D). In next passage, the spheres
Immunohistochemistry study performed lwi¥lonoclonal formed and grew more rapid and the numerous of cells
anti Myosin antibody (Santa Cruz, CA, USA) andattached again. The remaining spheres produced big spheres
secondary anti-mouse IgG antibody conjugated with FIT@:hich were bigger than previous passage. The big spheres
were passaged again. In passage 2, an almost pure
To perform RT-PCR, RNA was extracted bypopulation of spheres produced and the spheres were bigger
chloroform (Sigma) technique and cDNA was synthetizetthan the passage 1 (Fig. 1E). Spheres from this passage
by Reverse transcriptase enzyme (Fermentas, Canadegre selected for differentiation.
Sequences of forward and reverse primers of the five genes
and GAPDH (housekeeping gene) were designed (Tablel)  The cultured spheres expressed Nestin and
and Tag DNA polymerase (Roche) was used fov¥imentin. For identification of neural stem cells,
polymerization. PCR cycles perform by an automatiecnmunohistochemistry was used. Both spheres and sphere-
thermal cycler device (Eppendorf mastercycler gradienisolated single cells from passage one and passage two
Hamburg, Germany). Melting temperature and elongatiaxpressed Nestin and Vimentin, protein markers which
temperature was € and 72°C in order. Polymerization express in neural stem cells. (Figs. 2A and B).
was performed for 32 PCR cycles.
_ The neural stem cells generated cytoplasmic
Table I. Sequences of forward and reverse primers of , iactions in differentiation medium. As described before,
amplified genes. spheres from passage two were selected for differentiation.
genes Primer Sequences bp The cells of spheres were isolated from each other by
Brn3 F: cietggeggeggiggata 325 pipetting and then seeded in low density in flasks coated

R: t tgact ; s
b acggealgeggeteactc with Poly D-lysin (Sigma) so the cells attached to the flasks.
. ggtaaaagagttgggggace

Math-1 Rt 545 24 h after that, the morphology of attached cells begun to
: tggacagcttcttgtegttg .
Myosin F: atctacacatacatacacg ggttcca . gﬂznge. The most of cells became polygonal or splndl_e
R: tictictictoctoctcatica .pe.and some o_f them present_ed flng c;ytop!asmlc
ESPIN F: cecteatceccacacttgatgage 100 projections, so the_flr_st degree of differentiation tn_gged
R: ctegtegtate ctagtgteeg (Fig. 3A). Differentiation procedure was observed in 10
AChR 9 F: atcctgaagtacatgtocaggate 301 days. Inday 3, t_he morphologm changes were more evident.
- R: tggecttgtggtec ttgaggeact The neural projections elongated more (Fig. 3B). On day
GAPDH F: aaggtcatcccagagctgaa 138 7, neural projections interfergd to_eac_h other (Fig. 3C). In
R: atgtagaccatgaggtccac second week, the cytoplasmic projections progressed more
rapidly and in day 10, the final morphology of differentiated
cells presented. The differentiated celisdHong neural
RESULTS projections which interacted to each other in multi layers

(Fig. 3D).

The cultured olfactory epithelium cells produced RT-PCR revealed that differentiated cells expressed hair
spheres.As described above, the isolated olfactorgells specific genesFor molecular definition of
epithelium was digested by collagenase H then cultureddifferentiated cells, total RNAs of them was extracted and
suspension condition in flask coated with poly-Hema. IoDNAs was constructed and expression of five hair cells
first day the numerous of cells attached or dead and tégecific genes were evaluated. These genes included: Math-
other cells proliferate in culture medium. These cells wede Myosin, Brn3, EPSIN, and AchRa9. RT-PCR of these
a heterogeneous population of blood cells, cartilage cefenes revealed that differentiated cells expressed all of them
and neural stem cells (Fig 1A). Three days after primag¥ig. 4).
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Fig. 1. Microscopic view of primary culture of rat olfactory epithelium. 4 h after culture (A), 3 days after culture and formation of spheres

(B), 7 days after culture and enlargement of spheres (C), and 10 days after culture and attachment of spheres to each other (D). Spheres
in passage two was bigger and tended to attach to flask bottom (E). Arrows show spheres.

Differentiated cells were Myosin positive in evaluated by immunohistochemistry. The differentiated cells
immunohistochemistry. Expression of Myosin was also were positive for Myosin marker (Fig. 5).
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Fig. 2. Immunohistochemistry evaluation of
spheres cultured from rat olfactory epithelium for
neural stem cells markers Nestin (A) and Vimentin

A RS AN NN | |
Fig. 3. Morphology of differentiated neural stem cells in differentiation process. 24 h after culturing cells in diffeneméaliiom

morphology of cells begun to change (A). In day 3 neuronal projections were more sensible (B). In day 7 neural projegitaus elon
more and interfered to each other (C). In day 10 projection interfered to each other in multi layers (D).

Fig. 4. RT-PCR revealed that differentiated cells expressed h
cells specific genes: Math-1, Myosin, Brn-3 (A), EPSIN, anc,tig_ 5

. i Immunohistochemistry of differentiated cells for Myosin
AchRa9 (B). GAPDH is a house keeping gene.

marker.
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DISCUSSION hair cells and did not evaluate physiological differentiation
of hair cells, which is the most important limitation of our
study. Doyleet al also did not evaluate the physiological

In this study, we successfully isolated and culturedifferentiation of hair cells. So further studies are needed to
neural stem cells from the olfactory epithelium of rat andssess whether the differentiated hair cells are functional or
then differentiated to hair cells of inner ear. Indeed, it isot.

presented that olfactory epithelium, as an easy accessible

and infinitive source of neural stem cells, can be a proper In conclusion, our study provides anotliervitro

potential for cell therapy of sensory-neural hearing loss. evidence of capability of usage of olfactory epithelium as
an easily accessible and high regenerative source of neural

Due to our literature review, there is just one similastem cells for treatment of sensory neural hearing loss. But
study to this study reported by Doyd¢ al (2007). They furtherin vitro and animal model studies are needed for
isolated and cultured stem cells from an olfactory epitheliunesigning clinical trials. Finally, with performing high quality

of inbreed mice and differentiated these cells into hair celt$inical trials in future, it is anticipated that by the usage of

of inner ear. They cultured the neural stem cells in suspens@piece of the olfactory mucosa of a person his/her hearing

method and produced spheres like our study, using a differéogs can be treated.

method for differentiation. They cultured cochlear cells from

inner ear of mice separately and then used two techniques

for differentiation. One co-culturing of neural stem cellACKNOWLEDGMENTS

spheres with primary cultures of cochlear cells and the other

one exposure of neural stem cells spheres with cochlear cells

supernatant. Both techniques led to successful differentiation ~ We appreciate Dr. KirollahYari, Dr Maryam Mehrabi

of hair cells. In contrast, we used a defined cultured mediuvand Mr Kaikawoos Gholami (Medical Biology Research

for differentiation addressed in materials and methods. Center, Kermanshah University of Medical Sciences) for
their technical supports. We also thank research Deputy of

Generation of hair cells was investigated duringiermanshah Medical University for financial support.
recent years in some study with other cell sources. Koehler

et al and Oujiet al (2012) worked on differentiation of BAHMANI, T. ; GHOLAMI, S.; MOSTAFAIE, A.; KARIMI,

mouse embryonic stem cells into hair cells of innerirear E.; HOSEINKHANI, Z.; AZAD, T.; MAHDIZADEH, H. &

vitro. The first group done this work in 3D culture. DuradMANSOURI, K. El epitelio olfatorio como fuente infinita de ce-

Alonso et al (2012) and Qiret al (2011) investigated Iu]as _madre neurales para la derivacion de los vestibulocitos del

mesenchymal stem cells (MSCs) potential to differentiaf’eIdo internolnt. J. Morphol., 35(2)413-419, 2017.

into hair cells. First study_was 9” human apd the S,eCO”‘?' ON€  RESUMEN: Las técnicas quirurgicas para el tratamiento

was on rat. In both studies, first MSCs differentiated intge |a pérdida auditiva neural sensorial (PANS) tienen resultados

neural precursor cells and then differentiated into hair cellgpredecibles y en los ultimos afios la terapia celular ha sido in-
by defined medium. Wang & Dong (2011) isolated neurakstigada para su tratamiento. El epitelio olfatorio se forma duran-
stem cells from newborn guinea- pig hippocampus arid la neurogénesis y proporciona una fuente faciimente accesible

differentiated them into hair cells both with defined mediurfle células madre neurales. El objetivo de este estudio fue aislar las
and artificial perilymph techniques. células madre neurales del epitelio olfativo de la rata y la diferen-

ciacion de estas células en vestibulocitos del oido intewvitro.

The most important advantage of this study i§_e re_tiré el tejido del epitelio de Ig_mucosa o!fa,toria de ratas y fue

. LT . . igerido con colagenasa H. El tejido se cultivd en forma de sus-
establishing reql_Jlr.em vitro evidence for animal model pension para crear esferas. Se seleccionaron dos esferas para la
study and then clinical study for treatment of sensory-neui@ferenciacion. En esta fase, las células de esferas fueron aisladas
hearing loss by cell therapy with neural stem cells deriveghas de otras y colocadas en un medio de diferenciacion definido.
from the olfactory epithelium. Another important advantag€élulas en esta etapa fueron cultivadas en forma adhesiva.
of this study compared to previous similar study (D&tle Inmunohistoquimica y RT-PCR se utilizé para las células madre
al.) is differentiation of neural stem cells into hair cells byreurales y la identificacion de células ciliadas. Las esferas forma-

defined culture medium instead of co-culturing with cochledlas a partir del cultivo del epitelio olfatorio y la inmunohistoquimica
avelaron que las células de esferas en etapas uno y dos expresa-

cells or supernatant of cultured cochlear cells facilitate{) >
. o an los marcadores de células madre neurales. Se observaron cam-
differentiation process. . P . . - .
bios en la morfologia de las células después del cultivo de células
. . . aisladas. RT-PCR e inmunohistoquimica revelaron que las células
_ We Just evaluated .mo.rphologlc and genetigiferenciadas expresaron células especificas de gen de
differentiation of olfactory epithelium neural stem cells int@estibulocitos. Se observé que las células madre neuronales de
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epitelio olfatorio puede diferenciarse en células en forma de cabe-guinea pig hippocampus neural stem cells into cells resembling inner
llo del oido interno y por lo tanto puede ser utilizado para el trata- hair cells, using artificial perilympHd. Laryngol. Otol., 125(8J71-5,
2011.

miento de PANS. ‘ .
White, P. M.; Doetzlhofer, A.; Lee, Y. S.; Groves, A. K. & Segil, N.

Mammalian cochlear supporting cells can divide and trans-differentiate

PALABRAS CLAVE: Mucosa olfatoria; Células ma- into hair cellsNature, 441(7096984-7, 2006.

dre; vestibulocitos; Diferenciacion; Rata.
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