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Chapter 1

Hearing, development, anatomy and physiology

Hearing is one of the five senses of perception in humans and most other vertebrates. 
In the process of hearing, sound pressure waves are converted into electrical signals, 
that are propagated by neurons to the brain where these signals are subsequently 
processed.

During embryonic development the structures of the inner ear arise from the otic 
placode, an ectodermal thickening in the head region of the embryo.

The otic placode, like other neurogenic placodes, develops at the border of the neural 
plate [1]. All epibranchial neurogenic placodes originate in a common pre-placodal 
region slightly more lateral than the neural crest (NC) and form discrete areas of 
columnar epithelium derived from non-neural ectoderm [2]. During development, 
these placodes give rise to neuroepithelium in the sensory organs of the vertebrate.

The olfactory epithelium in the nose is generated by the olfactory placode and 
the lens of the eye is produced by cells of the lens placode (or optic placode). 
Similarly, the audiovestibular system originates from the otic placode. Together with 
the NC, the otic placode also contributes to the peripheral nervous system of the 
respective sensory organ. The otic placode invaginates and undergoes a complex 
morphogenesis into the inner ear [3, 1].

The fully mature hearing organ consists of three major parts: the outer ear, the 
middle ear, and the inner ear (Fig. 1). The outer ear consists of the pinna (or auricle; 
Fig. 1A) and the external auditory meatus (or outer ear canal; Fig. 1B), which focus 
sound, an audible mechanical wave of pressure and displacement, and conduct it 
to the tympanic membrane (or eardrum; Fig. 1C). In the middle ear, sound waves 
are propagated and transformed through vibrations of the comparatively large, low-
impedance tympanic membrane to the smaller, high-impedance oval window of 
the cochlea (impedance increase: 18.75 times in humans) by means of the three 
auditory ossicles (Fig. 1D): the malleus (hammer; impedance increase: 2.1 times in 
humans), incus (anvil), and stapes (stirrup) [4]. The auditory ossicles function as an 
acoustic impedance transformer that converts sound energy from low-impedance air 
to the high-impedance cochlear fluids (Fig. 1E) [5]. This is achieved by a piston-like 
movement of the stapes’ footplate in the oval window, which generates pressure 
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waves that travel through the fluid-filled compartments of the cochlea. In humans, the 
total transformer ratio of the middle ear amounts to 82.5 times, which also includes 
the 2.1-times velocity decrease (2.12 = 4.4 times) [4].

The cochlea is a snail-shaped, bony structure that houses the neurosensory organ 
of hearing (organ of Corti) and forms one of the two major structures of the inner ear. 
The other major apparatus of the inner ear is the vestibular system, containing the 
organs of balance (Fig. 1F).

In humans, the cochlea coils approximately 2.5 turns around its central axis, while 
in other mammals the number of turns slightly varies. The cochlea in mice has 2 
turns and in guinea pigs it has approximately 4 turns (Fig. 2A). In humans and other 
mammals, the cochlea consists of three fluid-filled compartments: the scala vestibuli, 

Fig. 1: The ear. A: pinna (auricle), B: external auditory meatus (ear canal), C: tympanic membrane 
(eardrum), D: auditory ossicles: the malleus (hammer), incus (anvil), and stapes (stirrup), E: cochlea, F: 
vestibular system, G: auditory nerve, H: vestibulocochlear nerve. Picture adapted from “Ear” [6].
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scala tympani and scala media (Fig. 2B). The scala vestibuli spirals upwards to the 
helicotrema at the apex of the cochlea, where it is connected to the scala tympani 
which conversely spirals downwards. Both compartments are broad near the base 
and become more narrow towards the apex. They are filled with perilymph, which 
is characterized by a high sodium concentration (~140 mM) and low levels of 
potassium (4-5 mM) and resembles the electrolyte composition of the cerebrospinal 
fluid. In between these two perilymph-filled scalae, the scala media (or cochlear 
duct) is located. It is filled with endolymph, which has low levels of sodium (~1 mM) 
and a high potassium concentration (~150 mM). The scala media contains the organ 
of Corti, which houses the sensory receptors of hearing, the cochlear hair cells, 
i.e., one row of inner hair cells (IHCs) and three to four rows of outer hair cells 
(OHCs), and other highly specialized cells, such as Deiters’ cells, Hensen’s cells and 
Claudius’ cells (Fig. 2C).

In the scala vestibuli, the traveling pressure wave, which is generated by the 
movement of the stapes, causes a vibration of the perilymphatic fluid towards the 
round window [4]. This initiates a displacement on the basilar membrane from base 
to apex, whereby pattern and positioning of the wave depends upon the frequency 
of the stimulus. In response to the vibrations of the basilar membrane, the entire 
organ of Corti is moved up and down [7]. Depending on the frequency, the location of 
maximal displacement of the basilar membrane is different and relies on its physical 
mechanics and the composition of the cochlear fluids [5]. At the base of the cochlea, 
high-frequency stimuli lead to a maximal displacement of the basilar membrane, 
since it possesses a lower mass and higher stiffness than in the more apical regions 
[7, 5]. Consequently, low-frequency stimuli lead to maximal displacement towards 
the apex of the cochlea.

The displacement of the basilar membrane pushes the stereocilia of the OHCs 
against the tectorial membrane [4]. Due to this tension on the tips of the stereocilia, 
the stereocilia deflect, whereupon the mechanoelectrical transduction channels 
open leading to depolarization of the hair cells through influx of potassium from 
the endolymph [8]. This depolarization results in a release of the neurotransmitter 
glutamate at the base of the hair cells that evokes an action potential in the 
synapses of the innervating afferent spiral ganglion neurons (SGNs). After 
binding of the neurotransmitters to the respective membrane receptors in the 
synapse, the individual neurons depolarize and an electrical signal is generated.
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Fig. 2: The guinea pig cochlea and organ of Corti. A: Midmodiolar section of a guinea pig cochlea showing 
all eight scalae. M = modiolus; AN = auditory nerve; B1 = lower basal turn; B2 = upper basal turn; M1 
= lower middle turn; and M2 = upper middle turn; A1, A2 and A3 = three apical turns; H = helicotrema. 
B: The upper basal turn (B2) and its scalae. RM = Reissner’s membrane; OC = organ of Corti; SG = 
spiral ganglion; M = modiolus; SL = spiral ligament; SV = stria vascularis. C: The organ of Corti contains 
different highly specialized cells, such as the cochlear hair cells, Deiters’ cells, Hensen’s cells, Claudius’ 
cells, and the inner sulcus. The organ of Corti is located on the basilar membrane and contains inner hair 
cells (arrow) and outer hair cells (arrowheads). OSL = osseous spiral lamina; SL = spiral ligament; TM = 
tectorial membrane.
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Small voltage changes are propagated by the SGNs, which form the cochlear nerve 
within the modiolus. Outside the cochlea, the cochlear nerve joins the vestibular 
nerve to form the vestibulocochlear nerve, which ends in the brain stem (Fig. 1H). 
Next, the nerve fibers enter the cochlear nucleus. The signal is then transferred to 
the trapezoid body, the superior olivary complex, the lateral lemniscus, the inferior 
colliculus and medial geniculate nucleus before reaching the primary auditory cortex 
in the brain (Fig. 3).

The propagation of the electrical signal through the neural tracts of the auditory 
pathway can be measured from relatively large distances using superficial electrodes 
in humans or subdermal needle electrodes in animals. The time window to record 
this electrical activity is within milliseconds after the auditory stimulus. Acoustically-
evoked auditory brainstem responses (aABRs) can be used to measure and record 
the propagation of the electrical signal, which gives an indication about the hearing 
capability of living mammals [9]. The measurements do not require active participation 
of the subject and are thus a reliable proxy for auditory function in human infants and 
animals during sleep or anesthesia [10, 11].

After electrical activity is evoked by a broadband acoustic click stimulus, its propagation 
can be recorded by means of aABR and subsequently visualized as a series of 
waves using non-invasive or minimally invasive electrodes within 10 milliseconds 
[12-14]. The first five dominant peaks (I-V) of these waves are evaluated in cats and 
guinea pigs (Fig. 3A). In these animals, wave I (P1-N1) consists of the first positive 
peak (P1) and the first negative peak (N1) and represents the combined distal and 
proximal part of the auditory nerve (Fig. 3B) [15-20]. Waves II-V are generated 
in the different nuclei in the auditory brainstem [21-23]. The ipsilateral cochlear 
nucleus generates wave II (P2-N2), while wave III (P3-N3) reflects the activity of 
the contralateral superior olivary complex and medial nucleus of the trapezoid body. 
Wave IV represents the combined activity of superior olivary complex and lateral 
lemniscus (P4-N4) and wave V arises from lateral lemniscus and inferior colliculus 
(P5).

Recordings of aABRs can help to estimate sensorineural hearing loss (SNHL) by 
finding the lowest intensity level, at which wave V is present and replicable. SNHL can 
result from a variety of factors, such as genetic disorder, prolonged exposure to loud 
noise, ototoxic drug treatment, or simply as a result of ageing, causing degeneration 
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Fig. 3: Schematic drawing of the origin of ABR waves in the guinea pig. A: Representation of example of 
ABR waves with peaks (P) and troughs (N) as measured in a guinea pig. B: Waves I – V are generated 
by the activity of the auditory nerve (yellow), while passing through different areas of the auditory system 
to deliver the signal to the auditory cortex.
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of hair cells and auditory neurons [24]. The degree of neuronal degeneration is 
of particular significance for hearing-impaired patients. Early on, in ageing or 
noise-exposed ears, the synapses between the cochlear hair cells and the SGNs 
degenerate at first and so-called hidden hearing loss develops, which does not affect 
hearing thresholds but could impair speech understanding in noisy environment [25, 
26]. However, once SNHL is diagnosed, affected patients face a rather limited range 
of therapeutic options, amongst them conventional hearing aids in mild cases or 
bone-anchored hearing devices and cochlear implants (CIs) in severe cases.

Regarding SNHL, CIs help many hearing-impaired people by partially restoring 
their sensation of hearing by means of bypassing part of the peripheral auditory 
system, i.e. the hair cells. The surgically inserted electrode of the CI generates 
action potentials within the remaining nerve fibers of the spiral ganglion by direct 
electrical stimulation of the SGNs. Despite considerable progress in CI technology 
in the past 20 years, there is variability in the performance between individual CI 
users. Previous studies have suggested that this might be caused by an auditory 
neuropathy spectrum disorder, which creates site-specific variations of stimulus-
dependent activation of neurons [27-29].

Another reason could be an increased distance between the electrodes of the CI and 
the peripheral projections (dendrites) of the SGNs, which would impair stimulation of 
the neurons [27, 30-32]. Hence, limiting these variations and increasing the efficiency 
of the CI is an important aim of current research. Several different approaches have 
been recently investigated, such as a combination of CI implantation with (neuro)
trophic growth factors or stem cell (SC) therapy to improve the hearing of SNHL 
patients.

Stem cell therapy

Cell-based therapy may counteract the effect of cochlear nerve degeneration [33], 
although it has to be taken into consideration that, in patients with disabling hearing 
loss, stem cells will lack (neuro)trophic support of hair cells and perhaps also of non-
sensory cells (Fig. 4A-C). Different types of SCs could be applied to support and 
regenerate the auditory nerve and thereby reducing the distance between CI and 
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nerve fibers (Fig. 4D). A healthy population of SCs could support the auditory nerve by 
differentiating into neurons and/or glial cells, which then interact with and help repair 
the degenerating auditory nerve (Fig. 4E). Another mechanism could be through 
paracrine effects by stimulation of angiogenesis or support of the microenvironment 
by reduction of inflammation as shown in other models [34, 35].

Fig. 4: Schematic drawing of organ of Corti pathology and possible stem cell-based regenerative therapy. 
A: Normal situation with intact inner and outer hair cells (blue), which are innervated by the peripheral 
projections (dendrites) of the efferent spiral ganglion neurons (SGNs; yellow). TM = tectorial membrane; 
IS = inner sulcus; OSL = osseous spiral lamina. B: Early pathology after damage. Inner and outer hair 
cells are lost and the amount of SGNs is decreased. C: Advanced pathology of the organ of Corti after 
damage. Organ of Corti is degenerated and replaced by flat epithelium. D: Implantation of cochlear 
implant and transplantation of stem cells (red). E: Stem cells support the degenerated nerve fibers and 
possibly differentiate into new neurons and/or glial cells (purple). This could lead to outgrowth of new 
nerve fibers and reduce the neural gap with the CI.
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For future clinical applications, it would be ideal to have suitable autologous SCs 
to avoid transplant rejection. Cell-based therapy using stem cells from the neural 
crest (NC) may represent an attractive therapeutic option [2]. As explained earlier, 
the NC develops in close proximity to the cranial sensory placodes and interacts 
with, among others, the otic placode during embryogenesis [36-41, 1]. In addition, 
gene expression patterns in NC and the otic placode are similar to each other during 
development [2]. At an early stage of neurulation, the neural plate border is a stripe 
adjacent to the neural plate and the ectoderm, which co-expresses pre-neural and 
non-neural ectodermal markers [42-44]. Within the neural plate border region, 
precursors for neural, NC, epidermal and placodal cells remain interspersed [45, 37].
Similar to the placodal cells, NC cells arise between the newly formed ectoderm and 
the neural tube in vertebrates after neurulation. This was first described by Wilhelm 
His in the developing chick embryo as the intermediate cord (‘Zwischenstrang’) in 
1868 [46]. From this tissue, embryonic NC cells migrate out and give rise to several 
ectodermal and mesodermal cell types in the vertebrate organism [47, 48]. When the 
first three streams migrate out from the NC, epibranchial progenitor cells converge to 
form distinct placodes. This suggests a role of NC migration in the individualization 
of otic and epibranchial placodes in sub-dividing the posterior pre-placodal region 
[49, 1].

During their migration NC cells undergo developmental restrictions. However, it is 
generally accepted that populations of NC-derived stem cells (NCSCs) can be found 
within various niches throughout the adult body where they retain the capacity for 
self-renewal and multi-lineage differentiation [50, 51].

In the adult human body, populations of NCSCs can be found in various, easily 
accessible locations, such as teeth, inferior turbinate, and the palate [52-55]. Their 
developmental ability to differentiate into glial cells and neurons is conserved during 
adulthood [51, 56].

As shown by various studies, SCs from the NC can, furthermore, be found in both 
mouse and human hair follicles [57-61], of which the latter can be easily harvested 
using minimally invasive techniques. Differentiation of SCs derived from the hair 
follicle into smooth muscle cells, melanocytes, keratinocytes, osteocytes, and 
chondrocytes as well as glial cells, and, most importantly, neurons has been indicated 
in earlier studies [62-66]. In this thesis, we will investigate if hair follicle bulge-derived 
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SCs (HFBSCs) are able to migrate and differentiate into glial and neuronal cells 
in vitro (Chapters 2-4). Depending on these findings, NCSCs – and especially the 
relatively immune-privileged HFBSCs – might represent promising candidates for 
autologous SC therapies [67-69].

Due to the easy harvesting, efficient isolation and their in vitro differentiation potential, 
HFBSCs have advantages over SCs from other origins, such as neural progenitor 
cells or embryonic SCs. Nevertheless, the novelty of this type of stem cell in the 
field of regenerative therapy and particularly of inner ear cell-based therapy requires 
investigation of the differentiation and migration potential in the living animal, such 
as the mouse or the guinea pig.

The animal model and deafening

Guinea pigs have been used as experimental animals for centuries, which gave 
rise to the expression ‘guinea pig’ in English in the sense of a human experimental 
subject. Guinea pigs and humans share many biological similarities, such as a 
similar immune system, which led Robert Koch to discover in an 1882 study with 
guinea pigs that tuberculosis is caused by the bacterium Mycobacterium tuberculosis 
[70]. In addition, vitamin C was discovered in guinea pigs by means of nutritional 
deficiency, since guinea pigs like humans – and in contrast to most other animals 
– are incapable of endogenous synthesis of vitamin C, which leads to scurvy-like 
symptoms [71].

Moreover, the structure of the cochlea of guinea pigs is comparable to that of 
humans, demonstrating a more similar hearing range when compared to that of, 
e.g., mice, rats, gerbils, and cats. Therefore, guinea pigs have long been a preferred 
animal model in the field of hearing research. The anatomy of the guinea pig middle 
ear, allowing easy access to the round window and thus to the cochlea, further adds 
to its suitability. Another advantage of this animal model is the fact that the guinea 
pig permits xenogeneic transplants without induction of an immune rejection [72].

Altogether, these advantages are in favor of the guinea pig for cell-based regenerative 
therapy in the auditory system. Therefore, this could enable tracking of mouse-derived 
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HFBSCs after their implantation into the cochleas of deafened animals, in order 
to monitor their long-term survival, proliferation, and differentiation into functional 
SGNs. As explained earlier, SGNs are afferent neurons, that transmit electric signals 
encoding sound from the cochlear hair cells to the brain. They are classified as type-I 
(myelinated) SGNs - making up 90-95% of the total SGN population – and type-II 
(unmyelinated) SGNs (5-10%). Type-I SGNs innervate the inner hair cells within the 
organ of Corti, which are the primary sound receptors and, as such, are responsible 
for the sensation of hearing.

A potent drug for the induction of deafness is the selective Na+/K+-ATPase inhibitor 
ouabain (g-strophanthin), which has been reported to selectively destroy the type-I 
SGNs in certain species of rodent cochleas, while leaving type-II SGNs and cochlear 
hair cells unharmed. Contrary to deafening methods that are based upon systemic 
application of ototoxic drugs, this method uses local (i.e., deposition on RWM) 
instillation of the drug in order to bypass the blood-cochlea barrier. The advantage 
of this application approach is that ouabain does not interfere with the production of 
chemotactic growth factors of the hair and supporting cells. These growth factors 
may support survival of transplanted stem cells and may also direct peripheral 
projections of the newly formed neurons to the organ of Corti [73, 74].

The denervation effect of ouabain was initially observed in many studies using 
Mongolian gerbils [75-79] and was subsequently observed to occur as well in the 
cochlea of other rodent species, such as mice [80-84], rats [85-87], but also in cats 
[88], in a dose-dependent way.

However, comparably little is known about the effect of ouabain upon the guinea pig 
inner ear. Only two (contradictory) studies have described the morphological effect 
of local application of ouabain upon the SGNs in the guinea pig cochlea [89, 73]. It 
is hence necessary to evaluate if ouabain can be used for selective deafening of 
guinea pigs and subsequent regenerative stem cell therapy (Chapter 6).
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Multimodal visualization

Following transplantation, it is necessary to track the transplanted cells in the living 
animal. Long-term follow-up studies of implanted cells give a closer insight into 
their survival, distribution in the inner ear and, ultimately, to their contribution to the 
regeneration of damaged structures.

Visualization of mammalian cells is used in a broad field of research: Investigation of 
engrafted cells, tracking of cancer cells in the mammalian organism, and the homing 
capacity of stem cells [90, 91]. Therefore, a range of different labeling techniques for 
mammalian cells has been developed, such as (i) genetic manipulation using a viral 
vector to introduce one or more reporter molecules (fluorescent or bioluminescent), 
and (ii) loading with superparamagnetic iron oxide (SPIO) and/or fluorescent 
nanoparticles, which enables multimodal imaging, but label the cells only temporarily.

More specifically, these labeling techniques enable imaging with different modalities, 
such as fluorescence imaging (FLI), bioluminescence imaging (BLI), and magnetic 
resonance imaging (MRI). Each one of these approaches has advantages and 
disadvantages and requires different imaging equipment. Multimodal imaging 
combining two or more of the above-mentioned modalities, offers the possibility 
of minimizing the potential drawbacks of using one single modality. This approach 
allows to make use of the modality-specific strengths and will help to optimize and 
complete the comprehension of graft behavior.

One approach to visualize cells is the use of naturally occurring fluorescent 
molecules, such as the green fluorescent protein (GFP), which can be used for both 
fluorescence microscopy and imaging. GFP was first described by Shimomura and 
colleagues in 1962 during the isolation of the bioluminescent protein aequorin from 
the luminous hydrozoan jellyfish Aequorea victoria as a byproduct [92, 93]. Since 
then, GFP and its numerous variants have become widely used tools for biological 
imaging in biochemistry and cell biology [93, 94]. Apart from jellyfish, other species 
were discovered expressing GFP-like proteins [95, 96]. Among these species are two 
copepod families in the class of Crustacea (phylum Arthropoda), which are known 
for expressing such GFP-like proteins, namely the Pontellidae and the Aetideidae 
[95, 97]. Advantages of copepod GFP (copGFP; λex: 482nm, λem: 502nm) over other 
GFP variants are a high fluorescence quantum yield, which is more stable at a wide 
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range of temperatures (including 37°C, i.e. human body temperature) and features 
faster folding and post-translational maturation rates, resulting in rapid availability of 
the protein after transduction [98]. In addition, green fluorescence can be detected 
in copGFP-expressing cells during cell culture and in histological sections using 
conventional fluorescence microscopy. However, copGFP is not suitable for in vivo 
detection due to the low penetration depth of the excitation and emission light [92-
94, 97].

This drawback of copGFP can be obviated by the use of expression of bioluminescent 
proteins, such as click beetle luciferase or firefly luciferase. Firefly luciferase and 
its visualization in single mammalian cells was first demonstrated by Hooper and 
colleagues [99]. As a result, visualization of cells using BLI became suitable for in 
vitro and in vivo studies. The firefly luciferase is an adenosine triphosphate (ATP)-
dependent oxidoreductase, which specifically converts the substrate D-luciferin into 
oxyluciferin in the presence of molecular O2, resulting in a bioluminescent signal 
emitting at a wavelength of 425–550 nm [100-102]. One of the most red-shifted 
naturally-occurring luciferases is derived from the head lanterns of the railroad worm, 
Phrixothrix hirtus, with λem= 628 nm, which corresponds to (dark) orange [103]. The 
blue light-emitting luciferases Renilla and Gaussia are ATP-independent, but require 
coelenterazine as a substrate [104]. Furthermore, the blue-bioluminescent bacterial 
luciferase lux from Photorhabdus luminescens functions independent of substrate 
by auto-induction of luminescence [105-107]. Despite the fact that codon-optimized 
versions of lux were recently published, it remains difficult to express P. luminescens 
in mammalian cells [108, 109, 102].

Nonetheless, light in this range (blue to green) is particularly well-absorbed by tissue 
chromophores, such as (oxy-)hemoglobin, melanin and cytochromes in mammalian 
tissue, which leads to impracticality of these luciferases for in vivo imaging [110, 
111]. However, the codon-optimized Photinus pyralis luciferase (Luc2) possesses 
major advantages in comparison to the wildtype luciferases, such as a high photon 
flux and an emission peak of 560 nm at 25°C [112]. At 37°C, a thermally induced 
shift towards 612 nm, which is above the light absorption spectrum of mammalian 
tissue, makes Luc2 a valuable tool for in vivo BLI [113]. Therefore, it is suitable for 
visualization of viable exogenous stem cells in the intact guinea pig cochlea using 
molecular optical imaging.
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The lentiviral Luc2-copGFP reporter gene construct, which stably integrates into the 
genome of mammalian cells by means of viral transduction, leads to constitutive 
expression of Luc2 and copGFP at equimolar ratio, allowing FLI and BLI. Both 
imaging techniques, however, do not provide detailed anatomical information, nor 
do they enable visualization of transplanted cells. MRI, on the other hand, allows 
in vivo assessment of the exact location of transplanted cells, when loaded with 
SPIO nanoparticles and their migration within the host after engraftment. For 
dynamic evaluation of the migration of transplanted cells in deep tissue during in vivo 
experiments, SPIO nanoparticles have advantages due to their large signal contrast 
change [114]. Moreover, after sacrificing the animal, they can also be detected in 
histological sections using light and electron microscopy [115, 116].

Two examples of contrast-enhancing SPIO nanoparticles are ferumoxytol and NEO-
STEM. Ferumoxytol is an U.S. Food and Drug Administration (FDA)-approved iron 
preparation for the treatment of anemia in chronic kidney disease [117]. With a 
straightforward cell-loading approach ferumoxytol effectively labels cells for in vivo 
MRI through formation of self-assembling nanocomplexes in the presence of heparin 
and protamine. NEO-STEM™ TMSR50 nanoparticles contain a magnetic core and a 
red-fluorescent dye, which allows visualization of nanoparticles using both MRI and 
FLI. The silica shell of NEO-STEM™ TMSR50 nanoparticles is biocompatible and 
resistant to degradation.

In conclusion, the fluorescent protein copGFP can be used to assess the transduction 
efficiency, for monitoring transduced cells in vitro, and in histological sections using 
conventional fluorescence microscopy. In vivo, viable cells can be detected by 
means of emitted light from the bioluminescent Luc2 after engraftment. This allows 
non-invasive long-term monitoring of cell viability and survival, while MRI of SPIO 
nanoparticle-loaded cells can be used to obtain additional anatomical information.



20

Chapter 1

Aims and outline of this thesis

The general aim of this thesis is to investigate the feasibility of multimodal imaging 
techniques for the visualization of exogenous stem cells, i.e., HFBSCs, in the living 
animal. Due to the novelty of HFBSCs in this field of research, a series of proof-of-
principle experiments have been undertaken in vitro, ex vivo/in situ, and in vivo:

Objective 1: The isolation, expansion and neural differentiation of stem cells from 
human plucked hair (Chapter 2).
This chapter examines whether HFBSCs still possess the immunophenotype of 
NCSCs and neural differentiation potential after isolation and expansion. In addition, 
it is investigated whether these cells support cryopreservation and tolerate needle 
shear-stress.

Objective 2: Rule out the possible cytotoxic effects of lentiviral transduction and 
subsequent loading with nanoparticles on cell viability and proliferation of HFBSCs 
in vitro (Chapter 3).
Prior to application of HFBSCs in vivo, the possible risk of negative effects of lentiviral 
transduction and loading with SPIO nanoparticles needs to be ruled out to obtain 
and maintain a viable cell population for cell-based regenerative therapy.

Objective 3: Investigate the neuronal differentiation potential of HFBSCs in co-culture 
with modiolus explants from adult mice (Chapter 4).
This chapter focuses on three key factors to ensure successful application of HFBSCs 
in cell-based therapy in vivo: (i) to ascertain the migratory character of the cells, (ii) to 
monitor their incorporation into damaged cochlear tissue lacking supportive growth 
factors from hair cells, and (iii) to assess their capability to undergo differentiation 
within a neural phenotype after integration into the modiolus explant.

Objective 4: The feasibility of BLI for the visualization of transduced cells after 
engraftment in the intact guinea pig cochlea (Chapter 5).
After excluding negative effects of the labeling methods, it is essential to assure that 
it is possible to image the labeled cells by means of BLI after transplantation in the 
inner ear of the guinea pig. This is particularly challenging since the cochlea of the 
guinea pig (our experimental animal model) is embedded within a bony otic capsule 
consisting of compact bone with a high mineral density, the bulla may block signal 
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detection during molecular FLI and BLI.

Objective 5: Determine if the ototoxic drug ouabain results in selective degeneration 
of type-I SGNs in guinea pigs (Chapter 6).
Due to two conflicting papers, we decide to re-investigate the ototoxic effect of 
ouabain application via the round window membrane of the cochlea and to study the 
validity of this protocol in the guinea pig.

Objective 6: Multimodality imaging of HFBSCs in a mouse model of traumatic brain 
injury (Chapter 7).
In this chapter we aim to establish that HFBSCs keep their neural differentiation 
potency after transplantation in vivo, and to investigate i) whether HFBSCs integrate 
into the brain, ii) whether they differentiate, and if so into which type of cell, and iii) 
whether they do not form extracellular matrix in vivo.

In Chapter 8, the results of our studies are discussed and future experiments will be 
considered, based upon the results presented in this thesis, to visualize HFBSCs in 
the cochlea of the guinea pig.
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