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CHAPTER 8

HUMAN COCHLEAR EMBRYOLOGY

On the origin of cell types in the human cochlea

The first aim of this thesis was to gain more insight into the developing human
fetal cochlea. The adult cochlea contains cells detived from different embryonic
regions: the otic placode, the mesoderm, and the neural crest. To establish the
exact origin of a cell type one has to perform lineage-tracing experiments, either
by using the classic, chimeric, transplantation and dye injection approaches or by
using more modetrn genetic fate-mapping methods. Although lineage tracing in the
human fetus is difficult due to both ethical and technical reasons, experiments
on the salamander [1], chicken [2], and rodent [3] have shown similar embryonic
origins of various cochlear cell types in these three species. All immunostainings
presented in this dissertation on the human fetal cochlea, as shown in Chapters 2-4,
match the expression patterns (when available) of the developing cochlea in other
vertebrate species. This strongly supports the hypothesis that the origin of all cell
types in the vertebrate cochlea, including the human, is highly conserved. Animal
data in combination with the data presented in Chapters 2-4 result in a model of
the origin of cell types in the human cochlea, described in the following paragraphs

and summarized in Table 1.

Cell type Origin

Cochlear duct epithelium Otic placode (cranial placode)

Spiral ganglion neurons Otic placode (cranial placode)
Peripheral glial cells Neural crest

Strial melanocytes (intermediate cells) Neutal crest

Basal cells of the stria vascularis Unknown (likely mesoderm)
Interdental cells Unknown (otic placode or neural crest?)
Fibrocytes Periotic mesenchyme (mesoderm)

Otic capsule Periotic mesenchyme (mesoderm)
Blood vessels Periotic mesenchyme (mesoderm)

TABLE 1. THE EMBRYONIC ORIGIN OF VARIOUS COCHLEAR CELL TYPES
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Cochlear duct epithelium

Most of the cochlea is derived from the otic placode and develops via the otic vesicle
stage into both the vestibular labyrinth and the cochlear duct. It is therefore likely
that all epithelial cells lining the cochlear duct are derived from the otic placode.
Countetrclockwise (Figure 1), starting at the organ of Corti, these cells are: hair cells
and various types of supporting cells, Hensen’s cells, Claudius’ cells, outer sulcus
root cells, the epithelial cells of the spiral prominence, the marginal cells of the
stria vascularis, the epithelial cells of Reissner’s membrane, interdental cells, and
the inner sulcus cells (or Kolliker’s organ in the fetus). All these diff erent cell types
develop from a more or less undiff erentiated epithelium which at the 10* week of
gestation (W10) expresses SOX9 and SOX10, with additional SOX2 exptession in
the prosensotry domain (Chapter 2).

Spiral ganglion neurons

Spiral ganglion neurons (SGNs) are, like the epithelial lining of the cochlear

duct, also derived from the otic placode. Proneural cells delaminating from the
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FIGURE 1. SCHEMATIC ILLUSTRATION OF THE COCHLEAR DUCT / SCALA MEDIA.

1: hair cells, 2: Hensen’s cells, 3: Claudius’ cells, 4: outer sulcus root cells, 5: epithelial cells of the spiral prominence, 6: marginal
cells of the stria vascularis, 7: epithelial cells of Reissner’s membrane, 8: interdental cells in the spiral limbus, 9: inner sulcus cells.
Picture courtesy of S.B. Blankevoort.
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CHAPTER 8

otic vesicle start to form the statoacoustic ganglion, which in humans presumably
occurs around Carnegie stage 13 (~32 days of fetal age, during the 6® week of
gestation) [4]. As maturation advances, the cochlear spiral ganglion separates from
the vestibular neurons (Scarpa’s ganglion) and type-I and type-II SGNs gradually
appear. As we could not acquitre cochlear specimens of fetal stages before W9, we
were unable to visualize the key event of delamination. We did, however, shed
new light on the onset of type-1 versus type-II SGN identity in the human cochlea,
as from W18 onwards, the intermediate filament peripherin became restrictively
expressed in groups of cells representing type-1I SGNs, suggesting that they shatre a

common progenitor (Chapter 2).

Peripheral glial cells and melanocytes

Presently, at least two neural crest-derived cell types are known to be present in the

cochlea: (1) peripheral glial cells and (2) specialized melanocytes.

A neural crest origin of the peripheral glial cells in the cochlea has been investigated
in multiple studies, both recently by genetic tracing studies in the mouse [5, 6] and
longer ago by tissue transplantation studies in the salamander and chicken [1, 2].
As shown in Chapter 3, the distribution and developmental pattern of peripheral
glial cells in the human fetal cochlea matches with the postulate of a neural crest
origin. The importance of these glial cells cannot be underestimated, as they (or
their precursors) not only guide the central processes of SGNs towards their correct
position within the brain [7], but are also essential for synchronous activity of SGNs
in the adult cochlea, a prerequisite for normal hearing [8]. An intriguing question
remaining to be answered is the exact route that is taken by the neural crest-derived
peripheral glial cells to reach and enter the cochlea. The cellular distribution
pattern we observed at W9 indicates that the peripheral glial cells migrate via
the vestibulocochlear nerve (the 8th cranial nerve) into the human fetal cochlea.
However, as SGNs originate from the otic placode, there has to be a moment during
embryonic development when these two cell populations encounter one another
for the first time. Interestingly, the vestibulocochlear ganglion and the geniculate
ganglion (the ganglion of the facial netve, n. VII) are in close proximity to one
another early during development [9]; also see Figure 2). As the facial nerve and
the geniculate ganglion receive their neural crest-derived cell population from a
migratory stream of neural crest cells originating from rhombomere 4°°mo«! (Figure

3A), it is likely that the peripheral glial cells populating the cochlea also originate
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from this migratory stream of neural crest cells [2, 6, 10, 11].

As proposed in Chapter 4, cochlear melanocytes might be derived from a diff erent
migratory stream of neural crest cells, this one originating from rhombomere 6. This
is supported by images from several studies in mouse embryos in which, although
not mentioned by the authors, neural crest (derived) cells are clearly visible on the
apical side of the developing otic vesicle, i.e. the side facing rhombomere 6 [3, 5,
6, 12, 13]. In the human fetus at W9.1, melanocytes are present both around the
nervous tissue at the apical side of the developing cochlea (at this stage likely part
of the glossopharyngeal nerve (n. IX)), within the developing otic capsule, and
in the mesenchyme bordering the developing stria vascularis (Chapter 4, Figure
S1A). The glossopharyngeal nerve itself originates partly from an epibranchial
placode and partly from delaminating neural crest cells, both of which atre derived
from rhombomere 6 [11, 14]. Taken together, we therefore believe that cochlear
melanocytes originate from the stream of migrating neural crest cells from

rhombomere 6 before travelling through the developing otic capsule and finding

Carnegie Stage 14 Carnegie Stage 1
ca 33 days (W6.7) ca 36days (W7.1)

FIGURE 2. SECTIONS THROUGH HUMAN FETUSES AT CARNEGIE STAGES 14 AND 15.

14-6: thombomeres 4-6, G+VCG: geniculate ganglion and the vestibulocochlear ganglion, OV: otic vesicle, n. VII: facial nerve, n.
IX: glossopharyngeal nerve. Images modified and reproduced with permission from the Virtual Human Embryo website: http;//www.ehd.org/
virtuahuman-embryo/
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their way to the lateral wall epithelium during the early embtryonic development. A
model of these migratory streams of neural crest cells is shown in Figure 3B. Future

studies are needed to test this model.

Cell types with unknown origin

There are two cell types residing in the cochlea whose the exact embryonic origin

remains unknown: (1) the basal cells and (2) the interdental cells.

A
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FIGURE 3. SCHEMATIC ILLUSTRATION OF THE HINDBRAIN AND OTIC VESICLE IN THE HUMAN FETUS.

(A) Overview showing the otic vesicle (OC) and its position relative to the thombomeres (r1-7), the developing cranial nerves n. V,
n. VII/VIII and n. IX and the pharyngeal arches (PA1-4). (B) Migratory streams of neural crest cells delaminating from the regions
at thombomeres 4 and 6, with their proposed contribution to the development of the cochlea.



DiscussioN

Basal cells

The origin of the basal cells in the stria vascularis remains unknown as little
research has been done on these cells (the exact location of the basal cells within
the cochlea is shown in Chapter 4, Figutre 1). Theotetically, there are three possible
sites of origin: (1) they belong to the mesenchymal portion of the cochlea (as do
the bordering fibrocytes in the spiral ligament), (2) they originate from the neural
crest (as the strial melanocytes), and (3) they are derived from the otic placode
(diff erentiating from the marginal cells). The first option is the most likely one, as
basal cells have never been identified in lineage-tracing studies of the otic placode

or neural crest.

Interdental cells

Interdental cells are located in the spiral limbus and most likely play an additional
role in potassium homeostasis [15] as they express KCNJ10 on their apical (luminal)
membranes [16]. A recent study in mice traces interdental cells to a shared lineage
with spiral ganglion neurons, suggesting an otic placode origin [17]. However,
the same study also groups them with the intermediate cells (melanocytes), which
clearly have a diff erent (neural crest) origin. This contradiction needs to be resolved
to conclusively confirm their origin. Neural crest lineage-tracing studies in the
cochlea have never observed cells that migrate to the spiral limbus, which would
argue against a neural crest origin of the interdental cells. Nonetheless, they would
have been easily overlooked as this specific region has not been investigated at the
proper embryonic ot fetal stages, and as multiple lineage markers are expressed in
both the neural crest and the otic placode, hampering discrimination between the

two.

STEM CELL REGENERATION

Cochlear regeneration using stem cells

The second aim of this thesis was to pursue a possible stem cell strategy for the
restoration of hearing. To successfully regenerate damaged or lost cochlear structures
by means of stem cell-based therapies, one has first to select the appropriate stem

cell source. Two general approaches may be considered: (1) taking advantage of
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stem cells residing in the adult cochlea itself, and (2) introducing exogenous stem

cells into the damaged cochlea.

Cochlear stem cells

There are several lines of evidence suggesting that the adult mammalian cochlea
still contains stem cells. In the 1980s it was discovered (against expectations) that
adult birds atre able to regenerate hair cells in their damaged basilar papillae, i.e.,
the hearing organ in birds [18, 19]. Later, it became clear that in various vertebrate
species, ranging from amphibians to fish, hair cells are able to regenerate or are
continuously produced [20]. Hair cells in the vestibular organs likewise renew
throughout life in birds as well as in most other non-mammalian vertebrates. The
supporting cells in the sensory epithelium were found to be the source of the new
hair cells. Unfortunately, spontaneous hair cell regeneration in mammals seems
to have been lost during evolution, except for the limited capability for hair cell
renewal in the vestibular organs of rodents. Although the exact reason remains
unknown, it is suggested that this loss has been a trade-off with the development
of the unique but intricate architecture of the organ of Corti in which regeneration

has become too challenging [21].

Since the discovery that hair cells in birds can regenerate, numerous studies have
focused on identifying the key regulators of hair cell specification, diff erentiation
and regeneration in order to induce hair cell (re)generation in mammals. Major
players that have been identified presently are the Notch/Jagged signaling pathway,
transcription factors Atohl and Sox2 and cell cycle regulatory protein p275ir! [22].
Since it has been shown that new hair cells are derived from Sox2-expressing
supporting cells, an important question is to ask if the human organ of Corti still
contains SOX2-positive cells supporting cells. Experiments from Chapter 2 showed
that these supporting cells in the human fetal cochlea do express SOX2 positive
up to the latest stage investigated (W19). Whether or not they retain their SOX2
expression in the adult cochlea remains to be seen. If so, successful experimental

therapies in animal studies could benefit potential human trials.

Another interesting note is be made regarding regeneration of other cochlear
structures. At present, there is no evidence whatsoever for regeneration of, for
example, spiral ganglion neurons or cells in the stria vascularis by means of innate
cochlear stem cells. Does this mean that there are no such cells? Intriguingly,

we know that there are melanocytes residing in the spiral ligament (as shown in
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Chapter 4) or in the modiolus (data not shown). Why exactly are those cells present

at these sites, and are they or could they serve as a local source of stem cells?

Exogenous stem cells

The other stem cell option to consider in cochlear regeneration is the transplantation
of exogenous stem cells into the damaged cochlea, which should be able to migrate
to the appropriate site and diff erentiate into the desired cell type. Therefore, it
is essential to know the embryonic origin of the cells that need to be replaced,
especially since it is unlikely that a neural crest stem cell will diff erentiate into an
otic placode-derived hair cell or that a stem cell from the central nervous system will
differentiate into a myelinating Schwann cell from the peripheral nervous system.
As stem cells come in multiple flavours, extensive knowledge of the molecular
basis of cell fate is a prerequisite for selecting the appropriate stem cell type. For
example, the transcription factors Pax2 and Pax8 are expressed in the otic placode,
whereas cochlear neural crest precursors express Pax3. A Pax2-/Pax3+/Pax8- stem
cell most likely will not diff erentiate into a hair cell, as it is destined to develop
in another cell lineage (more extensively reviewed in [23]). However, this cell type
could very well be the stem cell of choice for the formation of new peripheral glial

cells.

As the otic placode is formed very early during embryological development, the
most likely candidates for otic placode-derived cell induced regeneration (such
as hair cell or spiral ganglion cell regeneration) are the pluripotent stem cells.
Promising candidate stem cells are the induced-pluripotent stem cells (iPSCs) [24]
as these cells resemble in many aspects an early embryonic cell type still able to
diff erentiate into most cell lineages. An additional advantage is that iPSCs can be
derived from adult tissue of the patient himself. Another option would be to use
human embtyonic stem cells, which have recently been shown to have a restorative
effect on auditory function when introduced in an animal model with auditory
neuropathy [25]. Although transplantation proved eff ective in that study, immune
responses can be expected when using such cells in a human transplantation setting.
Stem cells such as patient-specific iPSCs will most likely not have this adverse
effect if used autologously. Other important reasons to consider in selecting a
stem cell source for regeneration purposes is the tendency of stem cells to form
tumors after transplantation, and the lineage distance between the stem cell and

the desired, diff erentiated, cell type. A larger distance results in a higher number of
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diff erentiation steps needed and consequently a higher chance that the stem cell will
deviate from its requested path. To circumvent this problem, a stem cell type could
be selected that is mote diff erentiated but retains stem cell characteristics, such as
neural crest stem cells (NCSCs). Evidently in the case of NCSCs, their suitability to
regenerate hair cells or spiral ganglion neurons is limited, but they could prove to
be the appropriate choice when it comes to regeneration of peripheral glial cells or

cochlear melanocytes.

Hair follicle stem cells

Beginning in 2004, researchers began reporting that adult hair follicles contain
NCSCs [26, 27]. As mentioned ptreviously, this could have an enormous therapeutic
potential, as it is thought that these cells are still able to diff erentiate into multiple
important cell lineages and because they can be easily harvested from patients. In
one of the original studies a WntI-cre/R26R compound transgenic mouse was used
[26]. In hair follicle bulge cultures, TUBB3-positive cells were found showing X-gal
activity, meaning that these cells (had) expressed Wntl. The authors mentioned
that neural crest cells express Wntl transiently, and therefore concluded that the
TUBB3-positive cells (which were identified as neurons) originated from NCSCs.
However, as shown in Chapters 5-7, we suggest that there are no bona fide NCSCs
in the adult hair follicle and that the interpretations made in their study were likely
based on an extended expression of TUBB3 in multiple neural crest derivatives,
including the melanocytic lineage (Chaptets 5-7). Furthermore, Wnt1 is not only
expressed transiently in the neural crest but also in the melanocytic lineage, where
it controls differentiation, proliferation and tumor initiation [28, 29]. Therefore,
an alternative conclusion about the presence of TUBB3-positive cells in adult
hair follicles could be that TUBB3-positive cells from those original studies wete
melanoblasts/melanocytes rather than neurons. In that perspective, the TUBB3-
positive cells could originate from melanocyte stem cells residing in the bulge, or
could be dedifferentiated Schwann cells (Chapter 7). Remarkably, no study so far
has convincingly shown exptession of other neuron-exclusive markers or recorded

action potentials (Chapter 5) from in vitro hair follicle bulge-derived cells.

Even though it seems plausible that there is no true neural crest stem cell located
in the hair follicle bulge and that these cells do not differentiate into neurons,
hair-follicle bulge derived cells might retain their therapeutic potential when it

comes to regeneration of other neural crest derived cell types such as melanocytes
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or petripheral glial cells. This reasoning and our work from Chapters 5-7 support the
hypothesis that diff erent groups of neural crest descendants exist in the hair follicle

bulge region, which may act jointly to achieve tissue restoration [30, 31].

Nevertheless, whether neural crest-derived neurons are the right candidate to
replace damaged SGNs remains an open question. SGNs are derived from the
otic placode and not from the neural crest like most other neurons from the
peripheral nervous system. Therefore, cell regeneration with neurons derived from
neural crest stem cells might not result in cells with the unique morphological and

electrophysiological characteristics of SGNs.

Although more research is required, it is very likely that both Schwann cells and
melanocytes can be easily cultured from hair follicle explants (from the mouse
whisker pad), though it is unclear whether they originate from one multipotent
stem cell or from two diff erent (stem) cell pools (Chapter 7). In the inner ear, such
cells could potentially be put to use in restoring the petipheral glial cells around the
SGNss, or to renew melanocytes in the stria vascularis. As etiologic knowledge on
many types of deafness is still incomplete, future insights may lead to applicability

of these cell types in treating hearing loss.

THE ONSET OF HUMAN HEARING

In the mouse and rat, hearing develops predominantly after birth [32]. In contrast,
the development of the cochlea in humans (as well as guinea pigs [33] and chinchillas
[34]) occurs during gestation (Chapters 2-4). However, in all mammals, the cascade
of developmental events that leads to hearing is largely identical. At which fetal age
auditory function starts in the human remains an intriguing question, one that very

few studies have investigated or have speculated on.

For simplicity’s sake, hearing can be defined as the generation of an action potential
in a reaction to sound, which is propageted to the brain (therefore disregarding
any ‘highet” features such as synchronicity and central processing, which likely
continue to develop after birth). Taking this into account, there are two absolute
requirements: (1) the right cells should be present at the right location, and (2)
there should be a functional electrochemical environment. Unfortunately, there is
a lack of knowledge on both aspects in the human fetal cochlea. Do we understand
all the key cell types involved in hearing? Much insight has been gained on hair

cell function, but is there hearing if interdental cells do not develop, or Claudius’
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cells for that matter? Also, we do not know the exact contribution of each cell type
to the cochlear ionic homeostasis. For example, do satellite glial cells play a role
in potassium regulation (which they likely do)? Or, what are the exact routes of

potassium recycling?

Even within these limitations, an educated guess can be made using the following
assumptions: hearing is possible (1) when the spiral ganglion neurons are connected
to hair cells, and (2) when there is a functional endocochlear potential (see Chapter

4 for an explanation of the term ‘endocochlear potential’).

As shown in Chapter 2, the first contact between hair cells and SGNs occurs in
the basal turn at W12, refining in the weeks thereafter. At W18, a configuration of
type-I and type-II SGNs and inner and outer hair cells can be found in the basal
turn that by and large mimics the adult situation. However, the question remains
whether a positive endocochlear potential is present at 18 weeks of gestation (which
is, for ethical reasons, impossible to measure in an experimental setting). Based
upon the morphological development of SGNs and hair cells, we have proposed, as
have others, (Chapters 2-3) that hearing commences around W18-20. However, this
statement has been made without taking the endocochlear potential into account
(Chapter 4). There are several studies measuring auditory responses in preterm
human neonates. One study measured evoked otoacoustic emissions and observed
(very weak) activity in neonates born at 28 weeks of gestation [35]. Unfortunately
presence of these responses was not investigated in all neonates of that particular
age, and younger subjects (very preterm neonates) were not measured. In a different
study measuring automated auditory brainstem responses in preterm neonates, a
bilateral pass was first observed at W27-28, steeply increasing to W32 where pass
rates included almost all subjects [36]. Both studies suggest that the earliest week at
which hearing in humans commences is around W28. Howevert, as the used auditory
tests have limitations in their sensitivity, the actual onset of hearing could occur

earlier.

In mice and in gerbils, the rise of the endocochlear potential has been studied
during embryonic development [37, 38]. These studies concluded concluded that a
certain level of maturation of gap junctions and tight junctions is required before
the endocochlear potential develops. Data from Chapter 4 studying several key
potassium channels and other proteins that are thought to play a role in the
generation of the endocochlear potential indicate that this system of potassium-
regulating structures is still immature at W18. For example, the intermediate cells

do not yet express KCNJ10 and the basal cells have not or are barely formed. A
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study investigating the fetal stria vascularis by means of electron microscopy in a
few human cochlear samples from stages older than W19 found that basal cells and
gap junctions could be cleatly observed at the end of W24 [39]. When comparing the
limited amount of human immunohistochemical and electron microscopical data
from all investigated developmental stages to the timelines of mouse and gerbil
cochlear development, a clear pattern emerges. Extrapolating the functional onset
of the endocochlear potential in these animals to the human developmental timeline
indicates that hearing is unlikely to take place in a human cochlea at W18-W20. We
now speculate that human hearing commences somewhere between W26 and W28

(in the 7th month of pregnancy, around the start of the third trimester).

FUTURE RESEARCH AND APPLICATIONS

Both basic research investigating physiology and development of auditory function
and more clinically oriented research in genetics and stem cell therapies help in
discriminating between normal and pathological conditions and in finding new

treatment strategies for patients with hearing loss.

Investigating later gestational stages and even adult human cochlear tissue
could extend the developmental insights gained by this work. However, obtaining
material of sufficient quality has of course both practical and ethical issues. Other
investigations could focus on mapping the expression of all genes known to be
involved in SNHL. This would provide mote knowledge on the involved cell types
and damaged structures, which in turn will provide valuable input to the field on
therapeutic interventions. Finally, regardless of whether or when gene or stem cell
therapies become clinically available, there is much knowledge to be gained by
investigating the causes of SNHL. For a large portion of hereditary SNHL cases, the
cause of their hearing loss remains unknown. Further, patients are not yet screened
for all known mutations. As knowledge on the genetics of hereditary hearing loss
continues to increase and genetic screening methods become more extensive and

cheaper, much progress should be expected on this topic within the next decade.

Footnotes:

1: Rhombomeres are developmental segments of the neural tube that later form the
rhombencephalon, the hind-brain.
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