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Sammanfattning 

 
Innerörat omvandlar mekaniska vibrationer till nervimpulser som fortskrider till hjärnans 
hörselcentrum. Hörselskador innebär oftast att innerörats hårceller är påverkade vilket leder 
till att även nervcellerna till hjärnan skadas. I Sverige är över 1 miljon människor drabbade. 
Vid allvarliga hörselskador eller dövhet opererar man in s.k. cochleaimplantat som direkt 
stimulerar kvarvarande nervceller elektriskt och kringgår hårcellerna. För att implantatet ska 
fungera framgångsrikt krävs det att det finns nervceller kvar i innerörat; i annat fall måste man 
ersätta skadade nerver. En möjlighet är att transplantera in neurala progenitor/stamceller från 
innerörat. Dessa kan differentiera till nervceller och gliaceller (stödjeceller).  
 
I den här studien har celler från innerörat markerats in vitro genom inkorporering av GFP-gen. 
GFP, Grönt Fluorescerande Protein, gör att cellerna fluorescerar och kan därför lätt spåras 
efter en transplantation. Huvuduppgiften i detta projekt var att utvärdera olika metoder för att 
föra in GFP-genen (transfektion). Humana neurala progenitorceller och gliaceller kunde 
transfekteras framgångsrikt med en s.k. nukleofektionsteknik, baserad på en cellspecifik 
nukleofektionslösning och en elektrisk spänning, men inte med en s.k. liposomtransfektion, 
baserad på DNA/liposom-komplex som integreras i cellen. Gliaceller från marsvin kunde 
dock transfekteras med liposommetoden. Ingen neural transfektion kunde påvisas. 
Överlevnad, effektivitet och cellåtgång har undersökts för de olika metoderna. En s.k. 
transgen mus med inkorporerad GFP-gen har analyserats. GFP-cellerna kommer att 
transplanteras till innerörat på marsvin. Graden av inkorporering, migration, differentiering 
och överlevnad ska sedan analyseras histologiskt. En modell för detta föreslås här. Målet är 
att i framtiden transplantera in humana celler från innerörat tillsammans med ett implantat till 
innerörat på patienter med allvarliga hörselskador och därigenom återskapa delar av 
hörselnerven.  
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1. Introduction 
 

 
1.1 The inner ear and hearing loss  
 
The organ of hearing consists of three different parts, the external, the middle and the inner 
ear. The external ear which is the ear canal and ear drum collect air-born vibrations (receiver) 
and transmits them to the middle ear where energy is transformed into mechanical vibrations 
(transformer). In the inner ear, see Figure 1, mechanical vibrations are conveyed into neural 
impulses through the central auditory pathways to the auditory cortex in the brain 
(transducer). In addition, the inner ear provides sensory information to the brain for balance 
(vestibular system) and also contains a third non-sensory part named the endolymphatic duct 
and sac; believed to be important for homeostasis of the inner ear fluids. The inner ear 
contains a so-called endolympathic duct system filled with endolymph. It is surrounded by 
another fluid system called perilymph. The fluids are located in a bony cavity in the skull 
base. The cochlear and vestibular nerves together form the VIII:th cranial nerve.  
 
 

 
Figure 1. Anatomy of the human inner ear. (a) Plastic corrosion cast of a human inner ear. Arrow pointing at 
the cochlea. The photograph is used with permission from Professor Helge Rask-Andersen, Uppsala University 
Hospital. (b) Principal drawing of the inner ear. Red lines showing inner hair cells (IHC) and outer hair cells 
(OHC). Blue lines showing the cochlear nerve and the cochlear neurons. This picture is a modification from an 
original picture by H. Schuknecht in Pathology of the Ear, 2nd edition. 
 
 
The human cochlea contains about 15 000 hair cells that transforms mechanical energy into 
electrical signals; the mechano-electrical transduction. Approximately 35 000 afferent nerve 
fibres (nerve fibers leading from the peripheral nervous system, PNS, to the central nervous 
system, CNS) innervate these cells. Most of these fibres innervate the flask-shaped so-called 
inner hair cells (IHC) which are about 3500; distributed in one row. The IHCs are the actual 
sensory receptors and 95% of the auditory neurites (type I cells) that project to the brain are 
derived from this population. Type I neurons are myelinated and large in size. In addition, the 
sensory organ of hearing (organ of Corti) contains four rows of cylinder-shaped outer hair 
cells (OHC) which are mainly innervated by efferents (nerve fibers leading from the CNS to 
the PNS), reaching the inner ear through the olivo-cochlear bundle system. The OHCs are 
reached by approximately 5 % of the afferent neurons; the type II cells. Type II neurons are 
unmyelinated and thinner than type I. This innervation pattern was demonstrated by 
Spoendlin in 1969 (Spoendlin, 1969). The OHCs are believed to function as micro-amplifiers 
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increasing mechanical sensitivity of the organ of hearing. This is accomplished through motor 
proteins, such as actin, myosin and prestin, present in the OHCs. The perikarya of the auditory 
nerve are located within the central axis of the cochlea called modiolus. These bipolar nerves 
have a peripheral process reaching the inferior pole of the hair cells and a central process 
reaching the cochlear nucleus.  
 
Acquired hearing loss is the most common disability in the world and it affects around one 
half of people over 65 years of age. The incidence of inborn deafness in Sweden is around 
1/1000 births (The Swedish Association of Hard of Hearing People, 2005). Hearing loss can 
also occur due to presbyacusis (aging), acoustic trauma (noise), infection or ototoxic drugs 
(aminoglycosides). The most common cause is degeneration or malfunction of the sensory 
epithelium of the inner ear, so-called sensorineural hearing loss. Since there are relatively few 
hair cells with no regeneration capacity in humans including other mammals, the ability to 
detect sound is decreased. A degeneration and secondary loss of auditory neurons may occur 
over time following the loss of hair cells. The loss of neurons may also occur due to primary 
degenerative events (neuropathy). 

 
Today, patients with sensorineural hearing loss can potentially be treated with cochlea 
implantation (CI); an electrical prosthesis inserted into the cochlea, see Figure 2. It bypasses 
the hair cells and provides direct stimulation to remaining neurons. Due to differences in 
deafness duration and aetiology this treatment gives various results, but the hearing capacity 
is often tremendously improved. It is particularly effective in young children. In order for the 
implant to function successfully, the cochlea needs to contain functional nerves to some 
extent. It is still discussed (Khan et al., 2005), but generally believed that a good preservation 
of neurons is beneficial for the functional outcome of a CI. This is supported by the results 
from early implantation following deafness, i.e. more neurons; a crucial factor for an optimal 
functional results. Auditory brain stem implants (ABI) have also been developed for 
stimulation of the cochlear nucleus when both auditory nerves have been severed.  
 
 

 
Figure 2. Cochlear implant (CI). 64-year old male operated with a Medel Combi 40+ CI. X-ray shows the 
position of the twelve different electrodes within the cochlea. Inset shows a plastic mould of left human cochlea. 
ow; oval window (the port into the inner ear, the entrance for the vibrations), rw; round window (a 
pressure/release valve). Green circle shows the position of the cochleostoma where the electrode is inserted into 
the cochlea. The picture is used with permission from Professor Helge Rask-Andersen, Uppsala University 
Hospital. 
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Patients not treatable with CI and ABI need a replacement of their auditory nerve. With a cell 
replacement strategy, transplanted cells will hopefully be able to regenerate the auditory nerve 
and alleviate severe sensorineural hearing disorders in the future. The transplanted cells would 
replace missing cochlear neurons to become fully integrated within the auditory system both 
structurally and functionally. Neurons would hopefully migrate, fasciculate and reconnect 
with remaining hair cells and reinforce the effect of an implant, both through amplification of 
the inner ear neural potential and improvement of the neural/electric interface. Hopefully the 
development of novel techniques to regenerate hair cells will also have great impact. This 
strategy would need the replacement of the conduction pathways including the peripheral 
mechano-electrical receptor.  
 
 
1.2 Stem cells 
 
It has been shown and suggested that several classes of stem cells exist during early 
development and in the adult (Pevny and Rao, 2003). A stem cells is a cell that has the 
capability of almost unlimited self-renewal through asymmetric cell division, is pluripotent 
(i.e. can differentiate into several cell types) and has the ability of in vivo tissue-
reconstitution. Stem cells can, for example, be found in blood, embryonic tissue and bone 
marrow. These cells can be divided into different categories depending on their pluripotency. 
The fertilised egg is the most potent stem cell, called totipotent. Multipotent stem cells self-
renew and differentiate into multiple organ-specific cell types and cells which have limited or 
no self-renewal ability and differentiate into only one cell type, such as neural stem cells 
(NSCs), are called progenitor cells or precursor cells. When a stem cell proliferates, one 
daughter cell still contains the stem cell characteristics and the other daughter cell is a 
progenitor cell, which can differentiate into a specific cell type through stimulation. It is still 
discussed whether adult stem cells can differentiate into cell types other than the cell types in 
the organ from which they derive. There are examples of results indicating that NSCs can 
give rise to cells other than neural cells, such as haematopoetic cells (Bjornson et al., 1999) 
but many researchers remain sceptical. However, the expectations on the clinical use of adult 
stem cells are high, since this technique could overcome problematic immune rejections after 
transplantation, could possibly reconstitute organ tissue and be less controversial to use than 
embryonic stem (ES) cells. Issues not yet resolved are the risk for tumourogenesis and the 
stem cell’s exact origin. 
 
NSCs in the adult brain located in the central nervous system (CNS), have been shown to 
proliferate in vitro and form neurospheres (McKay et al., 1988; Reynolds and Weiss, 1992).  
Neurospheres are multipotent proliferative clones, which can give rise to neurons, astrocytes 
and oligodendrocytes, and can be considered as neural stem cells. It has also been reported 
that the mammalian cochlea, including that of man, contains progenitor cells that divide and 
differentiate into mature elongating neurons, positive for the neural markers β-tubulin and 
NeuN, and glia cells, positive for the glia/Schwann cell markers GFAP and S-100 (Rask-
Andersen et al., 2005), see Figure 3. Similar to brain cells; these progenitors can be cultured 
as multipotent neurospheres with basic fibroblast growth factor (bFGF) and epidermal growth 
factor (EGF). 
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Figure 3. Immunohistochemistry of adult guinea pig differentiating neurosphere. (a) β-tubulin-staining 
(inverted contrast). Frame shows a neuron differentiating from a sphere and is magnified in (b). (b) β-tubulin-
staining of differentiated neuron. Inset shows an expanding neuron stained with NeuN. The photographs are used 
with permission from Professor Helge Rask-Andersen, Uppsala University Hospital. 
 
 
1.3 Spiral ganglion neurons 
 
The spiral ganglion neurons (SGN) are dependent on two neurotrophins; brain derived 
neurotrophic factor (BDNF) and neurotrophic factor 3 (NT-3). Their receptors, tyrosine 
kinase B and C (Trk B and Trk C) respectively, are co-expressed (Pirvola et al., 1992; Farinas 
et al., 2001) and can be detected by immunohistochemical staining. These results, together 
with the precise dissection indicates that newly developed neurons derived from the inner ear 
are cochlea-specific (Rask-Andersen et al., 2005). Another important growth factor for SGNs 
is the transforming growth factor, glia cell-line derived neurotrophic factor (GDNF) which 
has been shown to have a protecting and stimulating effect on auditory neural growth (Stover 
et al., 2001; Keithley et al., 1998). Time lapse video microscopy of spiral ganglion neurons 
also shows the inborn migration and “ganglion” formation ability in great detail (Boström et 
al., 2005, in press), see Figure 4. It shows that developing spiral ganglion neurons migrate 
through perikaryal translocation (translocation of the nucleus) and construct organized 
assemblies or “ganglions” through process fasciculation and bundle-formation, directed by the 
growth cone (GC). These events clearly show the inborn regenerative capacity of these cells. 
 
When differentiating neurospheres in vitro, the neural/glia ratio is usually estimated to be in 
the order of 20/80 or 10/90. For transplantation- and regeneration -studies it would be 
desirable to obtain as many neurons as possible since these would carry on the synaptic 
process and hopefully start to regenerate the auditory nerve. On the other hand, glia cells can 
not be excluded completely since they seem to play a significant role for neural outgrowth and 
preservation, suggesting that a co-culture of these cells constitute the optimal environment for 
the neurons. 
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Figure 4. “Ganglion” formation. (a) Graphical reconstruction of guinea pig spiral ganglion cell regeneration 
(from time lapse video microscopy). Cells were treated with nerve growth factors BDNF, NT-3 and GDNF (10 
ng/ml) and cultured on an expandíng layer of GFAP-positive glia cells. Cells were followed for 7 days. Different 
colours are used to trace the origin of each group of cells. 
 
 
1.4 Schwann cells 
 
Schwann cells are the myelin producing glia (grek. glue) cells in the peripheral nervous 
system (PNS) and can be compared to astrocytes and oligodendrocytes in the CNS. They 
support, protect and maintain neural function. They monitor the ionic environment, control 
the uptake of neurotransmitters near the synaptic cleft and are involved in the neural recovery. 
Schwann cells produce myelin which they ensheat around larger axons for support and 
produce neurotrophic factors which stimulates axonal and neural growth. The presence of 
these cells during a neural transplantation process would therefore, be essential.  
 
In the case of a neural injury, Schwann cells proliferate and form band of Bungner 
(denervated Schwann cell band), which helps the regrowing axon to elongate its growth cone. 
The newly formed axon is then remyelinated. During these cellular responses to peripheral 
nerve damage, called Wallerian degeneration, Schwann cells produce neurotrophic factors, 
such as nerve growth factor (NGF), BDNF, cell adhesion molecules and integrins. The cell 
membrane itself of the Schwann cells also serve as a substrate for axonal outgrowth. 
 
Schwann cells can be divided into several subtypes and the myelinating types are mostly 
found in nerves and especially in ganglion, such as the spiral ganglia. These cells express 
specific markers, such as myelin binding protein (MBP). They also express the S-100 β 
subunit (a marker for Schwann cells) more strongly than non-myelinating Schwann cells. 
When there is no neural cell - Schwann cell interaction, the Schwann cells dedifferentiate 
towards more immature stages (myelin genes are down regulated). This is necessary since 
their proliferation depends on myelin breakdown. Schwann cells also have different 
morphologies and in vitro two distinct types are distinguished, the classical bipolar spindle-
shaped cells and the more flattened cells.  
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1.5 Green Fluorescent Protein 
 
Green Fluorescent Protein (GFP) is a spontaneously fluorescent protein with a molecular size 
of 27kD, which occurs naturally in the dermal layer of the Pacific Northwest jellyfish 
Aequorea victoria. It was first isolated by Chalfie in 1994 (Chalfie et al., 1994). GFP 
transduces, by energy transfer, the blue chemiluminescence of the protein aequorin into green 
fluorescent light. Since GFP makes its own chromophore it is perfect for genetic engineering. 
The protein and its gene with the same name are frequently used in medicine and biology 
today, either to mark cells for following them in vitro and in vivo, or as a reporter gene for the 
study of gene expression. Used as a reporter gene, the open reading frame (ORF) of a specific 
gene is replaced by the ORF of the GFP gene, which changes the protein expression of the 
original gene to the production of green fluorescent protein. Thus, the level of gene 
expression from the original gene is the same, since the promoter is remained, and 
corresponds to the level of GFP produced. The protein consists of 238 amino acids arranged 
in a helical basket and three amino acids form an annular structure inside the basket by special 
bonding that emits fluorescence. GFP could be a useful marker for a transplantation study 
since it is easily visualised with fluorescence microscopy and it diffuses within the cytoplasm 
hence, labelling the entire cell, including axons and dendrites.  
 
 
1.6 Transfection of a GFP-gene 
 
Transfection is the incorporation of a known but foreign gene to a population of cells. The 
intention is to obtain a wanted gene product from the transfected cells. Carriers or vectors of 
the wanted gene are often virus or plasmids (a circular piece of DNA often found in bacteria). 
A transfection could either be transient or stable. In a transient transfection the incorporated 
DNA is transported into the nucleus but is not integrated into the genome of the cell. The 
expression will end after some time when the DNA is broken down. A transient transfection 
protocol needs to be optimised for each cell type because of inherent differences in DNA 
uptake efficiencies. In a more rare, stable transfection the DNA is integrated in the genome 
and is inherited when the cell divides. DNA integration could be positively selected for by 
including a marker gene (for example neomycin) on the expression vector.  
 
There are several different transfection methods and the most common are electroporation, 
microinjection, biolistics (gene gun), liposome-mediated transfection, calcium-phosphate 
transfection, DEAE-dextran transfection and viral transduction. Some methods are more 
effective and some are only working on a specific cell types or species, so it is important to 
use the best-suited method for the cell type being studied. The transfection procedure always 
causes cell death to some extent so it is also important to find a method that is sensitive 
enough on the cells. 
 
 
 
 
 
 
 
 
 

 7



1.6.1 Liposome-mediated transfection 
 
A liposome is an artificial phospholipid vesicle consisting of an aqueous core. When DNA is 
mixed with liposomes in vitro, complexes are formed in which the DNA is encapsulated in 
the vesicle. These complexes merge easily with the cell membrane, also made of a 
phospholipid bilayer. The liposomal content is transferred to the inside of the cell. It enters the 
nucleus but not the genome, and the gene in the transferred DNA is expressed, see Figure 5. It 
is a rapid, highly reproducible, effective and easily performed technique, but does not apply to 
all kinds of cells. The ratio between DNA and lipofection reagent is important for an effective 
transfection. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 5. Liposome-mediated transfection. Schematic drawing of the different steps during a liposome-
mediated transfection. 
 
 
1.6.2 Electroporation 
 
Cells together with medium containing DNA are placed in a chamber lined by two electrodes, 
see Figure 6. An electric field is created and a voltage potential across the membrane occurs. 
The membrane becomes leaky to exogenous DNA and the genes are randomly introduced into 
the cells. The technique is optimised by changing the magnitude of the electric field and the 
time duration the cells are exposed to the electric field. This method has been shown to be 
effective for many different kinds of cells, such as primary cells and bacterial cells. It is a very 
efficient method; useful on many hard-to-transfect cells, but requires an electroporator 
apparatus. 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 6. Electroporation. Schematic drawing showing the principle of electroporation. 
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1.6.3 Nucleofection 
 
Most transfection protocols transfer the DNA into the cytoplasm and the DNA can enter the 
nucleus only during cell division, when the nuclear envelope is disintegrated. Nucleofection is 
an electroporation-based technique where the DNA is directly integrated into the nucleus. It 
plays an important role for transfecting hard-to-transfect cells without using viral methods. 
This nucleofector technologyTM, is based on a cell-specific nucleofector solution together with 
electrical pulses, developed by Amaxa biosystems. 
 
 
1.6.4 Viral transduction 
 
Recombinant eukaryotic viruses with deleted versions of the viral genome can deliver DNA to 
the cell of interest. Retroviral expression systems give an efficient gene transfer and can be 
used both for transient and stable transfections. It is the most effective method but a permit is 
often needed, there is a risk of handling potentially hazardous viruses, viruses can induce 
significant immunological responses and the method is more time consuming than e.g. 
electroporation.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 7. Viral transduction. Schematic drawing showing different steps during a viral transduction. 
 
 
1.7 GFP-transgenic mouse 
 
A transgenic mouse contains DNA that has been artificially incorporated into one or more of 
its cells. It is a useful tool for studying gene function and testing drugs. Cells harvested and 
cultured from a mouse with the GFP-gene already integrated in its cells emit green fluorescent 
light. To obtain a GFP transgenic mouse, the DNA can either be injected randomly into the 
pronucleus of a fertilized egg, where it can integrate anywhere in the genome, or it can be 
introduced into embryonic stem (ES) cells in which the DNA has undergone homologous 
recombination with matching genomic sequences (targeted insertion). The latter technique, 
which is the most common, can also include a positive selectable marker, such as an antibiotic 
resistance gene.  
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2. Aim of the project 
 

The aim of this study was to culture adult human and guinea pig inner ear cells, mainly 
progenitor cells, transfect them with GFP using different approaches and to evaluate these 
cells for their use as transplantation material in order to regenerate the auditory nerve. In 
addition to these cultures, inner ear and brain cells from GFP-transgenic mice were cultured 
and investigated for their potential use as transplantation material. A transplantation model 
was proposed. 
 
A future goal of these studies would be to obtain stable GFP-cell lines of spiral ganglion 
neurons, Schwann cells and progenitors and to confirm cell migration, increase of neurons 
and finally a regeneration of the auditory nerve after transplantation to the inner ear of guinea 
pigs. Transplanted cells may also work as vectors and deliver neurotrophic factors to the 
remaining cells. Cells marked with GFP can easily be detected and followed after 
transplantation. Simultaneous delivery of chemical stimuli (or at other occasions), such as 
neurotrophic factors with the transplanted cells, would also be of interest. The final goal 
would be to use this method on human patients with severe hearing loss.  
 
In addition, more knowledge about the constitutive regeneration capacity of adult spiral 
ganglion Schwann cell interaction and optimal culture conditions for these cells may be 
obtained. Influence by different growth factors (BDNF, NT-3, GDNF, LIF, EGF, bFGF) on 
cell growth, migration and differentiation in vitro will also provide a better understanding of 
the regenerative capacity of the auditory nerve in the future. Development of transfection 
methods and marking of cells may also come useful in forthcoming gene function studies of 
the human auditory nerve analysed both during development and regeneration as well as 
during reparative processes and reactions followed by hair cell injury to the mature system.  
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3. Materials and Methods 
 
3.1 Cell culture 
 
Cochlear dissections. Human inner ear material was obtained during intracranial surgery for 
life-threatening petroclival meningiomas. The two-day surgery includes total petrosectomy on 
the first day and tumour removal the second day. The inner ear was drilled away to reach the 
apical portion of the petrous pyramid and clivus for tumour removal. Instead of destroying the 
cochlea it was drilled out and removed. Pieces of tissue were placed in Dulbecco´s modified 
Eagle´s medium (DMEM, Gibco) and transported to the research lab. The local medical ethics 
committee (No. 99398, 22/9 1999, 29/12 2003) permitted this study, in addition to the consent 
of the patients. Adult guinea pigs (weight 200-300 g; age 2-6 months) were anaesthetized 
through i.p injection of pentobarbital (study approved by the ethical committee, 22/9 1999, 
jan 2005, No. C 254/4). Animals were decapitated and spiral ganglia dissected. The same 
procedure was used for dissecting spiral ganglia from a GFP-transgenic mouse (the mouse 
was a gift from Petri Olivius, MD, Ph.D, at the Institute for Hearing and Communication 
Research, Karolinska Institutet, Stockholm). In addition, areas of the subventricular zone 
(SVZ) were dissected out from the GFP-transgenic mouse. 
 
Culture. Spiral ganglions were rinsed several times in DMEM, transferred to a tube with 
0.25% trypsine and incubated at 37oC for 20 minutes. DNase (10 mg/ml) was added, the cells 
were dissociated by pipetting up and down several times and larger pieces were allowed to 
settle for 2 minutes. The supernatant was transferred to a new tube and the enzymatic reaction 
was stopped by addition of serum-containing medium (10% fetal calf serum, Gibco). The cell 
suspension was centrifuged at 1000 rpm for 5 minutes, the supernatant was removed and the 
pellet was resuspended in specific culture media. For neurosphere cultures, cells were 
resuspended in DMEM (High glucose, Gibco) combined with Ham´s F12 (Gibco) medium 
(1:1), B27 supplement (Invitrogen), gentamicin (Gibco), EGF (20 ng/ml, Austral Biologicals) 
and bFGF (10 ng/ml, Austral Biologicals). In order to enhance Schwann cell proliferation 
forskolin (2-10 µM, Sigma) or 2% serum and other growth factors, such as GDNF (10 ng/ml, 
Invitrogen), NT-3 (10 ng/ml, Sigma) and/or bFGF were added. Neurons were obtained in 
Neurobasal medium (Gibco) supplemented with B27, L-glutamine (Gibco), gentamicin and 
with the addition of BDNF (10 ng/ml, Invitrogen), NT-3 (10 ng/ml) and GDNF (10 ng/ml). 
Cells were cultivated on poly-L-ornithine coated dishes. The same conditions were used when 
culturing brain derived neurospheres and glia cells from a GFP-transgenic mouse and to 
differentiate spheres into neurons, BDNF (10 ng/ml), was the only growth factor added. All 
cells were incubated at 37oC in 5% CO2 atmosphere. Every second or third day, medium was 
renewed and fresh growth factors were added. Brain derived neurospheres were split for the 
first time seven days after culture start and after that every third day. 0.25% trypsine was 
added for a few minutes, spheres were mechanical dissociated, serum-containing media was 
added, cells were centrifuged at 1000 rpm for 5 min and finally, seeded in a new dish with 
fresh medium. 
 
Time lapse video recordings: A Zeiss (Axiophot) inverted microscope was used for time-
lapse video (1 pict/3min) recordings of brain neurosphere differentiation and documentation. 
An incubator was connected to an automatic climate regulator and monitor for concentration 
of carbon dioxide. A Sony video camera and a video recorder with time lapse function and 
monitor was connected to the microscope. Video recordings were digitalised and computer 
analysed (Quick-time, Window Media Player). Individual cells were also photographed 
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digitally using an Olympus camera with an image device (Olympus digital 4.1 megapixel C-
404OZ00M).  
 
 
3.2 Immunocytochemistry 
 
Cells were fixed for 20 minutes in 4% paraformaldehyde in phosphate-buffered saline (PBS) 
and washed a few times with PBS. After fixation they were stored in PBS in 4°C until 
staining.  
 
Inner ear cells. In order to immunocytochemically stain guinea pig and human neural and 
Schwann cells, cells were first washed in PBS-Saponin (0.1%). Primary antibodies were S-
100 (1:400, DAKO, a kind gift from Åsa Fex-Svenningsen, Ph.D. at the Department of 
Genetics and Pathology, Rudbeck Laboratory, Uppsala), GFAP, (1:400, Sigma), vimentin 
(1:400, Sigma) and β-tubulin (1:600, Chemicon). Antibodies were left over night in 4°C or in 
RT for 1 h, the concentration was doubled with 50% in the later case. The next day cells were 
blocked with 3% H2O2(30%) in methanol and washed in PBS-Saponin(0.1%). Secondary 
antibodies, left in RT for 30 minutes, were biotinylated anti-rabbit in goat (1:200, Vector 
laboratories) for S-100- and GFAP-staining and biotynylated anti-mouse in horse (1:200, 
Vector laboratories) for vimentin- and β-tubulin-staining. ABC (avidine-horseradish 
peroxidase, 1:100, Vectastain ABC kit, Vector laboratories) was added and visualization was 
made with AEC as the chromogen. Cells were mounted in glycerin gelatin. Mouse IgG 
(1:1000, Vector laboratories) and rabbit IgG (Vector laboratories) were used as controls. 
Human neurospheres were stained with nestin (1:200, Chemicon) as primary antibody and 
biotynylated anti-mouse in horse (1:200, Vector laboratories) as secondary antibody and 
performed in the same way as described above. Differentiated Schwann cells from the spheres 
were also S-100 stained, as described above. 
 
Brain cells from a GFP-transgenic mouse. Differentiated neurospheres were stained for nestin 
and β-tubulin, using primary antibodies nestin (1:200, Chemicon) and β-tubulin (1:600, 
Chemicon) and secondary antibodies biotinylated anti-mouse in horse (1:200, Vector 
laboratories). The rest of the protocol was performed as described above for inner ear cells.  
 
 
3.3 Transfection 
 
3.3.1 Liposome-mediated transfection 
 
3.3.1.1 The TransFectinTM Lipid Reagent 
Liposome-mediated transfection using the TransFectinTM Lipid Reagent was performed on 
human and guinea pig inner ear Schwann cells and neurons. A slightly modified protocol 
developed for the TransFectinTM Lipid Reagent (BioRad) was used. The DNA, i.e. the 
plasmid vector containing the enhanced GFP-gene (EGFP), was a kindly provided by 
Professor Dan Lindholm at the Department of Neurobiology, BioMedical Centre, Uppsala. 
The plasmid, pEGFP-C1 (GenBank Accession #: U55763, BD Biosciences, USA), see Figure 
8 (a), encodes a red-shifted variant of wild-type GFP, optimised for brighter fluorescence and 
higher expression in mammalian cells. Except for the EGFP-gene the plasmid contains a 
human cytomegalovirus (CMV) immediate early (IE) promoter for the EGFP expression, a 
bacterial promoter for the expression of kanamycin resistance (Kanr)-gene in E. Coli, a SV40 
early promoter, a kanamycin/neomycin resistance gene and a pUC plasmid replication origin. 
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In order to isolate cells containing the plasmid the selectable marker, kanamycin (Kanr) can be 
used. The liposomal reagent used was a TransFectin Lipid Reagent (BioRad), which is a 
mixture of a proprietary cationic compound and a co-lipid (1,2-Dioleoyl-sn-Glycero-3-
Phosphoethanolamine).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 Figure 8. Vectors. Plasmids carry the GFP-gene. (a) pEGFP-C1 (b) pC52/EGFP-Epi   
 
 
For guinea pig Schwann cells and neurons, cells were counted the day before transfection and 
plated so that they were 50-90% confluent the next day. TransFectin Reagent and plasmid 
DNA was prepared separately in serum-free medium, mixed together and left at RT for 20 
minutes. The lipid reagent-plasmid-media solution was added to the cell culture by pipetting it 
gently to the dish. 24-48 hours after transfection the medium was changed and the results 
could be analysed using a fluorescence microscope. The use of serum in the medium during 
transfection was evaluated and different DNA/lipid ratios were tried in order to optimise the 
protocol for the specific cells (amounts between 1-8 µg DNA/2-15 µl lipid were tried). 
 
For human Schwann cells and neurons, a modified version of this protocol (inspired by the 
Lipofectamine plusTM Reagent protocol from Life technologies) was used. For a confluent 
p35 petri dish 1 µg DNA (concentration 1µg/µl) and 3 µl TransFectin reagent was used 
(together with 200 µl serum-free medium for each component). No serum was used, the DNA 
and the reagent was prepared in DMEM, the media during transfection was only DMEM and 
the transfection media was changed after 4 hours instead of 24 hours. 
 
 
3.3.1.2 The Lipofectamine plusTM Reagent 
Liposome-mediated transfection using the Lipofectamine plusTM Reagent was performed on 
human and guinea pig inner ear Schwann cells and neurons. A slightly modified protocol 
developed for the Lipofectamine plusTM Reagent (Life Technologies) was used. The plasmid, 
containing the enhanced GFP-gene (EGFP) was a kind gift from Professor Joseph Miller 
(Kresge Hearing Research Centre) and Sue O´Shea, Ph.D. (Department of Cell and 
Developmental Biology), University of Michigan, Ann Arbor, USA. The plasmid, called 
pC52/EGFP-Epi, see Figure 8 (b), has a constitutive cytomegalovirus (CMV) promoter for the 
EGFP expression and a SV40ori promoter for the selectable marker Neor. The parent plasmid 
is pC52/EGFP. The Lipofectamine PLUS Reagent kit consists of a Lipofectamine Reagent 
and the proprietary PLUS Reagent for pre-complexing the DNA.  
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The day before transfection, cells were counted and plated so that they were 50-90% 
confluent the next day. Plasmid DNA was first prepared in Optimem (or DMEM), mixed and 
then PLUS Reagent was added, to avoid DNA precipitation. The mixture was incubated at RT 
for 15 minutes. The Lipofectamine Reagent was prepared in Optimem (or DMEM) and mixed 
with the DNA-PLUS Reagent solution and incubated at RT for 15 minutes. The cell culture 
medium was removed and Optimem (or DMEM) was added instead and the DNA-PLUS 
Reagent-Lipofectamine Reagent-solution was carefully added to the medium. Four hours after 
transfection, the transfection medium was changed to normal culture medium and 24-48 hours 
after transfection the results were visualised with a phase-inverted fluorescence microscope.  
 
 
3.3.2 Nucleofection 
 
3.3.2.1 Mouse ES cell kit 
Nucleofection using a mouse ES cell kit was performed on human inner ear Schwann cells 
and neurons. The first nucleofection transfection was performed with the amaxa nucleofector 
apparatus and kit, kindly provided by Professor Joseph Miller (Kresge Hearing Research 
Centre) and Sue O´Shea, Ph.D. (Department of Cell and Developmental Biology), University 
of Michigan, Ann Arbor, USA. They also provided the plasmid containing the GFP-gene, 
pC52/EGFP-Epi, described earlier. The kit used was the Mouse ES cell NucleofectorTM Kit 
(Amaxa biosystems). Confluent cells (around 1-2 million cells) growing in two p35 dishes 
were trypsinised for a few minutes, transferred to a tube, the enzymatic reaction was stopped 
with serum-containing medium (10% FCS in DMEM) and the cell-trypsin-serum-medium 
solution was centrifuged for 5 minutes. The supernatant was removed and the pellet was 
washed with 10 ml PBS*1 and then centrifuged again. The supernatant was removed and the 
pellet was resuspended in 90 µl of the mouse ES Cell NucleofectorTM Solution. The DNA 
containing the GFP-gene (2-20 µg highly purified, in max. 5 µl) was mixed with 10 µl of the 
mouse ES Cell NucleofectorTM Solution. The cell solution was added to this tube and mixed 
by pipetting up and down 4-6 times. The DNA-cell solution was transferred to a kyvette and 
inserted in the machine, program A-23 was chosen and the “X” bottom pressed. The 
nucleofection was started. When the program was finished, about two seconds later, 500 µl of 
pre-warmed medium was added to the kyvette and mixed with the transfected cells by 
pipetting up and down a couple of times. All of the transfected cell-solution (except the white 
precipitate) was finally transferred to a culture dish by using a filter-1 µl tip coupled to a non-
filter-200 µl tip. After 24 hours the media was changed and the results was visualised in a 
fluorescence microscope. 
 
 
3.3.2.2 Rat NSC kit 
Nucleofection using a rat NSC kit was performed on human inner ear neurospheres and 
Schwann cells. In the second nucleofection transfection was performed with the amaxa 
nucleofector apparatus and the Rat NSC NucleofectorTM Kit (Amaxa biosystems), kindly 
provided by Karin Nilsson, Ph.D., at the department of Medical Biochemistry and 
Microbiology, BMC, Uppsala. The plasmid containing the GFP-gene, pEGFP-C1 (described 
earlier), was provided by Professor Dan Lindholm, Department of Neurobiology, BMC, 
Uppsala. The procedure was the same as with the Mouse ES cell kit, except for the program 
run (A-33), the NucleofectorTM Solution (Rat NSC) and the pipettes used when transferring 
transfected cell solution to culture dish (amaxa certified pipette). Around 1 million 
neurospheres and Schwann cells were transfected and afterwards seeded into one p60 petri 
dish with medium containing bFGF and EGF. 
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4. Results 
 
4.1 Inner ear cell cultures 
 
Adult human and guinea pig inner ear neurospheres were cultured with bFGF and EGF. Due 
to the limited amount of material and the uncertainty of their location, enough spheres in 
order to perform a successful transfection were not always obtained. In one human cell culture 
many spheres were obtained, see Figure 9, and successful transfection could be made on these 
cells together with human Schwann cells. Spheres were positive for the progenitor marker 
nestin, see Figure 9 (b, d, f). Successful transfections of guinea pig neurospheres could not be 
achieved due to the limited amount of spheres.  
 

 

 

 
Figure 9. Adult human inner ear neurospheres.  Freely floating spheres cultured in medium with bFGF and 
EGF (a, c) or on coated plates with medium containing BDNF, GDNF and NT-3 (10 ng/ml) (e). (a) Expanding 
neurosphere with proliferating cells at the periphery (arrow). (c) Low power microscopy of expanding cells and 
freely floating neurospheres. (b, d) Immunocytochemically staining showing spheres positive for the progenitor 
marker protein, nestin. (e) Differentiating sphere attached to the coated culture dish. (f) Nestin-positive 
differentiating sphere. 
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Adult human and guinea pig Schwann cells were also cultured, expanded and documented, 
see Figure 10. Different growth conditions were tested and evaluated and various growth 
factors and mitogens in different combinations were added, such as bFGF, EGF, GDNF, NT-3 
and forskolin. In general, the use of two mitogens, such as forskolin and bFGF, and 2% serum 
gave the best cell proliferation. Two distinct morphologies were detected, a flattened shape 
and a spindle-shaped, longer, sometimes even nerve-like, morphology, see Figure 10 (d, g, h). 
The flattened type underwent cell division more often, every second or third day. These cells 
were also observed to interact physically with and enwrap cultured auditory neurons using the 
time lapse video microscopy. Schwann cells could be expanded and maintained through 
several cell passages and could also be frozen and thawed successfully. Schwann cells were 
positive for glia-markers, S-100 and GFAP, see Figure 10 (c-e, i-j). They were negative for 
vimentin, a mesenchymal cell marker, see Figure 10 (k). The spindle-shaped cells expressed 
the S-100 β subunit stronger than the flattened cells. 
 

 

 

 
Figure 10. Adult human and guinea pig Schwann cells, in culture and immunocytochemically stained. (a-f) 
Human Schwann cells. (c, d, e) S-100-positive cells, (d) Human Schwann cell with nerve-like morphology. (e) 
Differentiating human auditory sphere. (f) Negative control staining for rabbit IgG. (g) Spindle-shaped and 
nerve-like guinea pig Schwann cells. (h) Flattened morphology. (i, j, k) Guinea pig Schwann cells positive for S-
100 (i) GFAP (j) and negative for vimentin (k). 
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Spiral ganglion neurons were cultured in Neurobasal medium including GDNF, BDNF and 
NT-3 and on poly-L-ornithine coated dishes, see Figure 11. The precise dissection and earlier 
neural staining showing co-expression of Trk B and Trk C, suggest that the neurons are 
cochlea-specific. They always grew in co-culture with Schwann cells and their axon growth 
could be followed and documented. They were too few to be transfected alone, but they could 
be evaluated for transfection together with Schwann cells. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 11. Adult guinea pig spiral ganglion neuron. Neurons were cultured in Neurobasal medium containing 
BDNF, GDNF and NT-3 (10 ng/ml) on poly-L-ornithine coated dishes. Picture showing a typical neuron with a 
nucleus ~30 µm in diameter and long processes. 
 
 
4.2 Liposome-mediated transfection 
 
4.2.1 The TransFectinTM Lipid Reagent 
 
Guinea pig inner ear Schwann cells were transfected using a liposome-based method, see 
Figure 12 (a, a’, b, b’). The protocol used was developed for the TransFectinTM Lipid Reagent 
(BioRad) and the plasmid used was pEGFP-C1. Several different concentrations and 
DNA/TransFectin ratios were tried in order to receive best efficiency and optimal cell 
survival. For a confluent p35 petri dish the following amounts were shown to be best; DNA 
plasmid: 1-2 µg (conc. 1µg/µl) and 2-4 µl TransFectin-reagent, each component mixed in 
200-250 µl serum-free medium. Overall, the transfection worked well on guinea pig cells with 
efficiency around 20%. The survival was ~50% but can probably be further improved. 
 
When transfecting human Schwann cells, see Figure 12 (d), a slightly modified TransFectinTM 
Lipid Reagent-protocol (inspired by the Lipofectamine plusTM Reagent protocol) was used. 
No serum was included before and during transfection and DMEM was used as transfection 
medium. The transfection medium was removed 4 hours after transfection and changed to 
regular medium. The transfected cells grew well the first five days but after more than 7 days, 
60% had died, revealing the sensitivity of the human cells to the liposome method. The 
efficiency was low (<1%) and only a couple of cells showed uptake of the GFP-gene.  
 
Neurons grown in co-culture with human and guinea pig Schwann cells were found to be 
difficult to transfect. These cells survived the transfection well, but no fluorescence was seen, 
see Figure 12 (c, c’) 
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Figure 12. Liposome-mediated transfection using the pEGFP-C1 vector and the TransFectinTM Lipid 
Reagent. (a, b) GFP-transfected guinea pig Schwann cells in culture under fluorescence light and the same cells 
under normal light (a’, b’). Arrow in figure (a’) shows GFP-transfected, fluorescent  cell in (a). (c) Negative 
GFP-transfection of a guinea pig neuron. The surrounding Schwann cells show fluorescence. (c’) The same 
neuron under normal light. (d) GFP-transfected human Schwann cells, only a few weak fluorescent cells can be 
seen. 
 
 
4.2.2 The Lipofectamine plusTM Reagent 
 
Guinea pig and human Schwann cells were again transfected with a liposome-mediated 
method, see Figure 13. The protocol used was developed for the Lipofectamine PLUS 
Reagent (Life Technologies) and the plasmid used was pC52/EGFP-Epi. Compared to the 
TransFectin Reagent protocol, this protocol did not include serum in the medium, the 
LipoFectamine PLUS Reagent kit consisted of a LipoFectamine Reagent and the proprietary 
PLUS Reagent for pre-complexing the DNA and the transfection medium was removed after 
4 hours. In the guinea pig case, see Figure 13 (b, b’, c, c’), the survival of the cells with this 
protocol was better compared to the former one, around 80%, and the efficiency was ~50%. 
Almost no human cells, see Figure 13 (a, a’), could be transfected (less than 2%) using this 
technique and many cells underwent apoptosis (survival <10%). Thus, this method did not 
work on human Schwann cells but gave good results on guinea pig cells. No neural 
transfection was observed. 
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Figure 13. Liposome-mediated transfection using the pC52/EGFP-Epi vector and the Lipofectamine 
plusTM Reagent. (a) GFP-transfected human Schwann cells. Only a few cells show positive results. (a’) The 
same cells under normal light. (b) Neuronal-like GFP-transfected guinea pig Schwann cell with the spindle-
shaped nuclear morphology. (b’) The same cell under normal light. (c) GFP-transfected guinea pig Schwann 
cells. (c’) The same cell under normal light with overlapping fluorescent picture. 
 
 
4.3 Nucleofection on human inner ear cells 
 
4.3.1 Mouse ES cell kit 
 
A modified version of electroporation, nucleofection (developed by Amaxa biosystems), was 
used to transfect human Schwann cells, see Figure 14. A mouse ES cell-kit was used and two 
confluent p35 petri dishes were transfected. After 24 hours many cells were already 
fluorescent and the amount increased after 48 and 72 hours, reaching a peak 4-5 days after 
transfection. The efficiency after 24 hours was estimated to 20-25% and the survival was 
more than 50%. This method worked better on human cells than the liposome-method.  
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Figure 14. Nucleofection on human Schwann cells using the mouse ES cell kit and the nucleofection 
technique developed by Amaxa biosystems. (a, b, c) GFP-transfection of human Schwann cells under 
fluorescent light after 24h. (a’, b’, c’) The same cells under normal light. Arrow shows fluorescent cell in (c).  
 
 
4.3.2 Rat NSC kit 
 
Nucleofection was also performed on human neurospheres together with Schwann cells 
(~80% spheres and ~20% Schwann cells), using a rat NSC kit, see Figure 15. After 20 hours 
many fluorescent cells were seen, the majority representing small neurospheres, and the 
efficiency was estimated to ~25%. Usually, only some of the cells in a sphere had 
incorporated the GFP-gene and were fluorescent. The survival was less than with the mouse 
ES cell kit, around 30-40%. The Schwann cells did not have the time to expand and only a 
few were detected to by fluorescence.  
 
 
 
 
 
 
 
 
 
 
 
 
Figure 15. Nucleofection of human inner ear cells using the rat NSC kit and the nucleofection technique 
developed by Amaxa biosystems.  (a) GFP-transfection of neurospheres. Inset (a’) shows the same cells under 
normal light. (b) GFP-transfection of a neurosphere in more detail. The cells in the sphere show a heterogeneous 
uptake and fluorescence. (c) Low power microscopy shows GFP-transfection with many GFP-positive 
neurospheres. 
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4.4 GFP-transgenic mouse 
 
Culturing brain-derived neurospheres from a GFP-transgenic mouse, see Figure 16, was found 
to be easier than culturing them from the inner ear. This seemed partly due to the relative 
large amount of tissue that can be surgically collected but may also be species-related. 
Neurospheres were first seen seven days after seeding and ready for their first passage two to 
three days later. They were split up to ten times. The spheres grew well in culture medium 
developed for inner ear spheres, with bFGF and EGF, and usually together with only a few 
glia cells. Some spheres were mechanically isolated and single spheres were transferred to 
new culture dishes using a small pipette. These spheres could be analysed using time lapse 
video microscopy and their differentiation on a poly-L-ornithine-coated dish in Neurobasal 
medium containing BDNF (Video). After only two hours, the spheres had differentiated. Most 
of the cells deriving from the spheres were glia cells, but some neurons could also be seen.  
 
Spheres showed strong fluorescence, even after several weeks in culture and when frozen and 
thawed again, indicating a stable fluorescence in the cells, see Figure 17. Brain-derived 
neurospheres were saved and frozen for the first transplantation to the inner ear of guinea 
pigs. The differentiating spheres were found to be nestin-positive, see Figure 16 (e). A few 
cells were identified as neurons due to their large characteristic nucleus and long processes. 
The cells also showed positive β-tubulin stainings, see Figure 16 (f), although only the 
peripheral cells can be considered when identifying positive cells. More neural markers 
however should be used for evidence of their true neuronal nature.  
 
 
 

 

 
Figure 16. Brain neurospheres from a GFP-transgenic mouse, in culture and immunocytochemically 
stained. (a - d) Photographs showing neurospheres cultured in medium with bFGF and EGF. (a) Third passage. 
(b, c, d) Differentiation of murine neurospheres from an (b) intact sphere to (d) differentiated single cells. Cells 
were cultured in medium with BDNF (10 ng/ml) and on poly-L-ornithine coated dishes. After ~2h the spheres 
had differentiated out and separated into single cell cell growth. (e, f) Differentiating neurosphere positive for the 
progenitor marker, nestin(e) and the neural marker β-tubulin (f). 
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Figure 17. Murine brain-derived GFP-positive neurospheres from a GFP-transgenic animal. (a, b) 
Fluorescent neurospheres detected after several weeks in culture. (a’, b’) Same cells under normal light. 
 
 
4.5 Transplantation model 
 
A protocol for a future transplantation-study was prepared. Culture conditions, transfection 
method, type of cells to be transplanted as well as surgical procedure, detection and analysis 
following surgery are proposed. Results from earlier performed inner ear transplantations by 
other groups are also studied and taken under consideration. The first cells to be transplanted 
will be brain neurospheres from a GFP-transgenic mouse. These cells will be good to start 
with since they are larger in number, easier to culture and the transfection-step is avoided. 
When more practice of the transplantation-procedure is obtained and the model is optimised, 
adult human or guinea pig inner ear-specific neurospheres, Schwann cells and neurons will be 
transplanted, where adult human inner ear neurospheres are the most interesting cells. 
 
1. Transplantation of adult brain neurospheres from a GFP-transgenic mouse to the inner ear 
of guinea pig.  
 
• Brain neurospheres are cultured, analysed for fluorescence with positive stable results and 

frozen until transplantation. 
• Transplantation: Host guinea pigs are anaesthetised with Ketalar (4 mg/100 g BW) and 

Rompun (1 mg/100 g BW) intramuscularly. A skin incision is performed behind one of 
the ears and the bulla is opened. The round window nisch is identified and a small hole is 
drilled into the scala tympani. 1-5 µl medium + cells (104-105 cells/µl) is injected with a 
microsyringe. 

• After transplantation neurotrophic factor-delivery in the form of BDNF, GDNF and NT-3 
(10-100 ng/ml) are injected to the same hole, using a micro-cannula attached to an 
osmotic pump. 
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• After transplantation and neurotrophic factor-delivery, the hole is covered with fascia, 
glued and the skin is sutured. The contralateral ear will be used as control.  

• Animals receive daily injections of immunosupressant and antibiotics (Cyclosporine and 
Doxycycline) intraperitoneally until sacrifice. 

• Guinea pigs are left for ~7 days. 
• Sacrifice of animals with an overdose of Ketalar and Rompun. 
• Immediately after 0.9% saline at 37oC and 4% paraformaldehyde is perfused as well as 

14% saturated picric acid solution in 0,15 M phosphate buffer. 
• Cochleas are carefully removed, trimmed and decalcified for ~2 weeks, paraffin 

embedded, serially sectioned and stained for β-tubulin (for neural cells), GFAP (for glia 
cells), nestin for progenitor cells and an antibody against GFP to detect GFP-positive cells 
in addition to the visual observation under fluorescence light. 

• Stained sections are analysed using a fluorescence microscope with a digital camera 
attached or a confocal microscope. 

 
2. Transplantation of adult human and guinea pig inner ear neurospheres, Schwann cells 

and neurons to the inner ear of guinea pig. 
 
When the first transplantations are performed and a more detail protocol is developed inner 
ear specific neurogenic cells, in the form of adult human or guinea pig neurospheres, 
Schwann cells and neurons, will be transplanted. The large difference will be the transfection-
step, where it is important to obtain a high number of surviving and fluorescent cells. 
Neurospheres will be transfected using the nucleofection technique, split before transfection 
and using a human NSC kit or a mouse NSC kit. Human Schwann cells will also be 
transfected using the nucleofection technique and a kit for mouse ES cells or a glia-specific 
kit. Guinea pig Schwann cells may be transfected using the liposome-mediated technique, 
with no serum and only four hours of transfection. Human and guinea pig neurons need more 
evaluation. Nucleofection should be tried more and if not successful, a lentiviral transduction 
should be tried. Neurons are transfected in co-culture with Schwann cells. 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 18. Principal anatomy of a human cochlea. Picture showing the location of the spiral ganglion (frame). 
Arrow shows possible injection pathway of auditory nerve progenitor cells. SV, scala vestibuli, and ST, scala 
tympani, are fluid-filled chambers on each side of the cochlear partition. SM, scala media, is a distinct channel 
that runs within the cochlear partition. Picture was used with permission from Professor Helge Rask-Andersen, 
Uppsala University Hospital. 
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5. Discussion 
 
Hearing loss is an increasing problem around the world and affects around 13% of the 
Swedish population in the ages 16 to 84. In cases hearing cannot be improved or restored with 
hearing aids or inner ear implants other strategies has to be developed. Today, inner ear 
researchers are focusing on finding different ways to regenerate hair cells as well as spiral 
ganglion neurons partly to enhance the effect of an implant and deliver neurotrophic factors to 
the inner ear. Recently, neural progenitor cells or neurospheres was discovered in the adult 
inner ear (Rask-Andersen et al., 2005). These cells can be differentiated into neurons and 
Schwann cells, indicating multipotency. The neurons also co-express Trk B and C indicating 
inner ear-specificity. The potential use of these cells, apart from giving more knowledge about 
the function and development of inner ear cells, would be in transplantation in order to 
improve the effect of an implant and stimulate neural growth. Similar approaches have for 
example been developed for the brain, for treatments of degenerative diseases such as 
Parkinson’s (Piccini et al., 1999), and the retinal nerve (Qiu et al., 2005). The results are 
promising but there are still many issues to be resolved before a broad clinical use. 
 
The aim of this project was to evaluate different transfection techniques in order to 
incorporate adult human and guinea pig inner ear cells with GFP and develop a model for 
transplantation of these cells. When transfecting cells with GFP they can easily be followed 
and detected after transplantation or during other in vitro-experiments. 
 
Cell culture 
 
Since all cells in this study are primary cells, deriving from a small organ with limited amount 
of material a considerable part of the project focused on cell culturing and optimising growth 
conditions. Adult human and guinea pig inner ear specific progenitor cells, Schwann cells and 
neurons were cultured. In addition, brain-derived neurospheres and glia cells from a GFP-
transgenic mouse were cultured and analysed. 
 
The limited amount of material and the lack of knowledge of where exactly stem/progenitor 
cells are located in the inner ear limited the number of neurospheres obtained. However, 
maintained spheres could be passaged several times. From one human culture, many spheres 
were obtained and expanded. Spheres were nestin-positive, an intermediate filament only 
transcribed in a precursor state (Dahlstrand et al., 1992), indicating that they represented 
progenitor cells. Their morphology and behaviour when differentiated was also strong 
evidence that this was in fact progenitors. Attempts on detecting stem/progenitor cells in the 
inner ear of neonatal and adult GFP-nestin transgenic mice in vivo has been made (Lopez et 
al., 2004). The proliferating GFP-nestin cells were found in the organ of Corti and the spiral 
ganglia, but the number was much more limited in adult. This supports the findings in this 
study that the number of adult progenitor cells in the inner ear is limited. In addition to these 
inner ear findings, several successful cultivations of adult neurospheres from the brain have 
been made, using similar methods and culture conditions as in this study. For example, the 
important role of bFGF for proliferation of brain neurosphere has been demonstrated (Gritti et 
al., 1996). In this study, spheres were differentiated using GDNF, BDNF and NT-3. However, 
most of these cells were Schwann cells, results that correspond with earlier findings in both 
CNS and PNS. A gene-insertion that stimulates neurospheres into a neural fate would be 
highly interesting in the future. 
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Directly cultured neural cells were also limited in number. They grew well together with 
Schwann cells and if these cells will be transplanted in the future it would be in co-culture. In 
vitro culturing of acoustic ganglion have earlier been performed but mostly on embryonic 
(Van de Water et al., 1989) and explant material (Aletsee et al., 2001). Studies of dissociated 
adult spiral ganglion cells (Lefebvre et al., 1992) and postnatal rat spiral ganglion neuron 
cultures (Bok et al., 2003) have also earlier been described. The first successful in vitro 
culturing of human spiral ganglion neurons were performed by Rask-Andersen et al. (Rask-
Andersen et al., 2005). In this study, their characteristic morphology, large round nucleus 
(>30µm in diameter) and long processes, indicate clearly that they are in fact type I neurons 
and earlier stainings with β-tubulin, NeuN and NF 160 (Rask-Andersen et al., 2005) support 
this further. 
 
Schwann cells were cultured and proliferated and improved culture conditions as well as 
further knowledge about their function and morphology were obtained. Their importance for 
axonal outgrowth and neural regeneration and their supportive and protective properties was 
further revealed and analysed. Schwann cells were immunopositive for S-100, indicating that 
they were in fact Schwann cells and not fibroblasts, which could have a similar morphology. 
Schwann cells were also negative for vimentin, a mesenchymal marker. The use of serum free 
medium, or small amount of serum, when culturing Schwann cells is also an indicator that 
these cells did not represent fibroblasts. Fibroblasts have a tendency to take over a cell culture 
if too much serum is added. However, findings suggest that a small presence of fibroblast 
could be important for Schwann cell function, leading to basal lamina deposition and 
ensheathment of unmyelinated sympathetic neurites (Shen et al., 1999; Obremski et al., 1993). 
In addition to this, the use of a small percent serum could also be important in order for 
Schwann cells to ensheat and myelinate axons (Eldridge et al., 1987). The flattened-shaped 
cells expressed S-100 weaker than the spindle-shaped type, which corresponds with findings 
in the literature. It was observed that cells with a more flattened morphology surround axons 
with myelin and divide faster than the spindle-shaped morphology. It has been shown that 
spiral ganglion Schwann cells from dissociated SGs of 5-day-old rat pups express important 
neurotrophins, such as BDNF and NT-3 (Hansen et al., 2001), indicating their supportive role 
for neurons. These cells could be important for growth factor delivery to the inner ear as well 
as support for remaining neurons. They were best grown with forskolin and bFGF and/or 2 % 
serum. In most literature, a combination of forskolin and glia growth factor (GGF) is used in 
order to receive a pure and stable Schwann cell culture (Raff et al., 1978; Porter et al., 1986). 
Techniques such as patch-clamp and microarray has also revealed the important role of 
Schwann cells. For example, neural-like voltage gated ion channels have been found in 
mammalian Schwann cells (Wilson and Chiu, 1990). Some evidence has even shown that glia 
cells have progenitor capacities (Laywell et al., 2000). All of these findings indicate that 
Schwann cells are important ingredients in a cell replacement culture.  
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Transfection 
  
Results of the tested transfection techniques and protocols are summarised in Table 1. 
 
 
 
Table 1. Transfection efficiencies and cell survival. Table showing a summary of the different transfection 
techniques and protocols tried on human and guinea pig inner ear progenitor cells, Schwann cells and neurons. 
Text in red indicates a working protocol and text in blue a non-working protocol. Approaches for receiving a 
good transfection in the future are suggested. 

 
Cell type 
(inner ear) 

Liposome 
transfection 
(TransFectinTM 
Lipid Reagent) 

Liposome 
transfection 
(Lipofectamine 
plusTM Reagent) 

Nucleofection 
(Amaxa 
biosystems) 
Mouse ES cell 
kit 

Nucleofection 
(Amaxa 
biosystems) Rat 
NSC kit 

 
 

The future 

Human 
progenitor 
cells 

 
Not tested 

 
Not tested 

 
Not tested 

Efficiency: ~25% 
Survival: ~35% 

 

Nucleofection with a 
kit specific for 
human NSC 

Human 
Schwann 
cells 

Efficiency: <1% 
Survival: ~40% 

 

Efficiency: <2% 
Survival: <10% 

 

Efficiency: ~25% 
Survival: >50% 

 

Efficiency: ~25% 
Survival: ~25% 

 

Nucleofection with a 
kit specific for 
human glia cells 

Human 
neurons 
 

Efficiency: 0% 
Survival: good 

 

Efficiency: 0% 
Survival: good 

 

Efficiency: 0% 
Survival: good 

 

Efficiency: 0% 
Survival: good 

 

Nucleofection with a 
kit specific for 
neural cells; viral 
transduction 

Guinea pig 
progenitor 
cells 

 
Not tested 

 
Not tested 

 
Not tested 

 
Not tested 

More progenitor 
cells are needed, 
optimise culture 
conditions 

Guinea pig 
Schwann 
cells 

Efficiency: ~20% 
Survival: ~50% 

 

Efficiency: ~50% 
Survival: ~80% 

 

 
Not tested 

 
Not tested 

Improve efficiency 
further with 
liposome 
transfection 

Guinea pig 
neurons 
 

Efficiency: 0% 
Survival: good 

 

Efficiency: 0% 
Survival: good 

 

 
Not tested 

 
Not tested 

Nucleofection with a 
kit specific for 
neural cells; viral 
transduction 

 
 
 
Human neurospheres and Schwann cells 
Human progenitor cells and Schwann cells were successfully transfected with the 
nucleofection technique (Amaxa biosystems), using the rat NSC kit and the mouse ES cell kit 
respectively. The survival was ~30-40% for the spheres and ~50% for the Schwann cells. 
Efficiency for both assays was ~20-25%, as early as 24 h after transfection. In the future, a kit 
specific for human cells as well as for glia cells should be tested, in order to improve the 
survival and efficiency even more. No large differences could be seen between the 
nucleofection kits. The reason the survival was higher with the mouse ES cell kit may be due 
to the fact that the majority of transfected cells were Schwann cells. Neurospheres seemed to 
be harder to transfect than Schwann cells. In future experiments, spheres could be split 
immediately before transfection in order to make them more susceptible. The transfected 
spheres were generally small since larger spheres may be more difficult or even impossible to 
transfect. 
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A liposome-mediated transfection did not work satisfactorily on human cells. The survival 
was only ~10-40%, but the major problem was the low transfection efficiency. Almost no 
cells (<1%) were transfected with both the pC52/EGFP-Epi vector and the pEGFP-C1 vector, 
and with different protocols. Human adult brain neural progenitor cells have been transfected 
with a liposome-mediated method, using Lipofectin in Optimem (Life Technologies) with an 
efficiency of ~9-10 % (Roy et al., 2000). Perhaps this protocol could be tried in the future, not 
only on human Schwann cells but also on neurospheres, which were not liposome-transfected 
in this study.  
 
For the future, a lentivirus transduction could also be tested, an efficient method with stable 
results. However, the method requires more preparations, permission is needed and there is 
always a small risk when handling viruses. Human neural progenitor cells isolated from the 
embryonic brain have been transfected with a retroviral vector (Zhang et al., 2005; Horiguchi 
et al., 2004) with good results. Adult human subcortical white matter has also been isolated, 
neurospheres obtained and successfully transfected with GFP using a lentiviral tagging 
(Nunes et al., 2003).  
 
Guinea pig Schwann cells 
Guinea pig Schwann cells were transfected using liposome-mediated techniques and the 
highest efficiency, over 50%, and lowest mortality, ~20%, was obtained when using the 
pC52/EGFP-Epi vector and the Lipofectamine plusTM Reagent. Important factors seemed to 
be the use of non-serum medium during transfection, short time period for transfection (4 
hours) and slightly different liposome reagent, containing a PLUS reagent. Since a liposome 
protocol, which is less expensive and more available, worked well on guinea pig cells no 
other transfection technique was tried on these cells. Adult rat sciatic nerve Schwann cells 
have earlier been transfected (Mauritz et al., 2004) with several methods, Ca-phosphate 
transfection, liposome-transfection and electroporation. Electroporation was the most 
effective method. 
 
Human and guinea pig neurons 
Human and guinea pig neurons, existing in co-culture with Schwann cells, were not 
transfected with these methods. Postnatally derived rat spiral ganglion neurons have been 
transfected using a Ca-mediated protocol (Bok et al., 2003), a technique which could be tried 
on neurons as well as nucleofection and lentiviral transduction. Postnatally dissociated rat 
spiral ganglion neurons have been transfected with GFP using a lentiviral transduction (Han et 
al., 1999). Nucleofection gave also good results on adult rat retinal ganglion cells (Leclere et 
al., 2005) with rat neuron nucleofector solution. 
 
 
GFP-transgenic mouse 
 
Brain derived neurospheres from a GFP-transgenic mouse was cultured. These in vitro 
experiments showed that brain cells were generally more easy to culture presumably due to 
the larger amount of material. Sampling of cochlear neurospheres was performed but yielded 
too few for successful transfection procedures, but further attempts will be made in the future. 
The advantage with these cells is that there is no transfection procedure, avoiding cell death 
and low fluorescence-efficiency. The brain neurospheres appeared ~7 days after seeding and 
were split every second or third day. Neurospheres were expanded with EGF and bFGF as 
mitogens and proliferated. They were maintained for more than 10 passages and could be 
frozen and thawed successfully. Spheres were fluorescent after several weeks in culture and 
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after having undergone several passages. These results are promising since future transplanted 
inner ear neurospheres would probably also yield strong and stable fluorescence. 
Differentiated spheres were nestin-positive, a marker for progenitor/stem cells. A few cells 
differentiating from the spheres developed into neurons, with strong positivity for β-tubulin 
staining. However additional staining should be performed on these spheres that has 
undergone longer differentiation, in order to verify the neural marker staining of these cells. 
Neurospheres from GFP transgenic mice have earlier been cultivated and transplanted to the 
inner ear in guinea pigs (Hu et al., 2005). DRG neurons and ES cells from a GFP transgenic 
mouse were cultivated (Hu et al., 2004) and also successfully transplanted into the adult rat 
inner ear. 
 
 
Transplantation model 
 
A model for transplanting inner ear specific human or guinea pig progenitor and Schwann 
cells as well as neurons into scala tympani of guinea pig, was developed and proposed. As a 
first attempt brain neurospheres from GFP-transgenic mice will be transplanted and analysed. 
When a protocol is developed and more knowledge obtained, transplantation of organ-specific 
inner ear neurospheres, neurons and Schwann cells will be made. The most interesting cells 
are human inner ear neurospheres since it is their behaviour in a transplantation-study that 
will give the most accurate information on how the human auditory nerve can be regenerated. 
 
Today, transplantation of other cells such as guinea pig fetal DRG neurons (Olivius et al., 
2004), adult mouse brain neurospheres (Hu et al., 2005) and mouse ES cells (Hu et al., 2004) 
has been performed to the rat or guinea pig inner ear with promising results. The neurons 
survived for several weeks migrated towards the cochlear nucleus in the brain stem and the 
spiral ganglion and the stem cells showed signs of differentiation into glia cells and neurons. 
Human amniotic epithelial (HAE) cells have been successfully transplanted to the inner ear of 
guinea pigs (Yuge et al., 2004). However, no contact between implanted neurons and host 
auditory neurons or hair cells has been observed in any study and the survival of transplanted 
cells is still very low. These factors need to be improved including getting a larger number of 
differentiating neurons from the stem cells, both in vivo and in vitro. It has been shown that if 
neurogenin 2 (ngn2), a gene that promotes sphere-differentiation into neural fate, is 
transduced to the spheres before transplantation more neurons are obtained from the 
differentiating cells (Hu et al., 2005). The same observation has been made with a soluble 
BMP inhibitor noggin and its gene (Zimmerman et al., 1996). Even if most of the spheres 
contain more than 90 % Schwann cells, these cells still extract important neurotrophins to the 
inner ear and would work as “deliverymen” of growth factors in transplantation. The 
delivered factors make the remaining neurons more sensitive for electrical stimuli from the 
implant. This is a more long-term delivery process than directly injecting factors using an 
osmotic pump (Iguchi et al., 2003). 
 
The proposed experiments would represent the first where inner ear-specific adult stem cells, 
spiral ganglion neurons and Schwann cells are transplanted to the inner ear, guinea pig to 
guinea pig or human to guinea pig. These experiments may provide us with more information 
about optimal culture conditions for cochlear neurogenic cells, the neuron/Schwann cell as 
well as neuron/hair cell interactions and so forth. Before transplantation it is also important to 
improve the techniques so that a larger number of neurospheres and neurons can be obtained 
from the inner ear. Different transplantation vehicles and materials should also be tested, such 
as collagen, chitosan and fibrin, in order to provide a more ECM-like environment for the 
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cells for optimal cell-attachment to the cochlear tissue. The interaction between hair cell and 
spiral ganglion neuron should also be analysed both in vitro and in vivo and in vivo 
conditions with gene insertions in hair cells, such as MATH1 which has been shown to direct 
hair cell differentiation from mature non-sensory supporting cells (Kawamoto et al., 2003).  
 
In conclusion, this study demonstrate that adult human inner ear neurospheres and Schwann 
cells can be successfully transfected with a GFP-gene using an electroporation-based 
nucleofection technique. A liposome-mediated transfection did not work on these cells, the 
major problem being limited efficiency. However, guinea pig Schwann cells were positively 
transfected with this method. Human and guinea pig spiral ganglion neurons could not be 
transfected with either the nucleofection or liposome-mediated technique. From these findings 
and additional analyses of GFP-transgenic mice, a transplantation model for inner ear cells is 
proposed. The paradigm of cell renewal through replacement would hopefully lead both to 
enhancement of the CI treatment in the near future but also to the regeneration of the neural 
auditory pathway. 
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