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Neurogenesis in the inner ear: the zebrafish statoacoustic
ganglion provides new neurons from a Neurod/Nestin-positive
progenitor pool well into adulthood
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Stefan Hans‡

ABSTRACT
The vertebrate inner ear employs sensory hair cells and neurons to
mediate hearing and balance. In mammals, damaged hair cells and
neurons are not regenerated. In contrast, hair cells in the inner ear of
zebrafish are produced throughout life and regenerate after trauma.
However, it is unknown whether new sensory neurons are also formed
in the adult zebrafish statoacoustic ganglion (SAG), the sensory
ganglion connecting the inner ear to the brain. Using transgenic lines
andmarkeranalysis, we identify distinct cell populationsandanatomical
landmarks in the juvenile and adult SAG. In particular, we analyze a
Neurod/Nestin-positive progenitor pool that produces large amounts of
new neurons at juvenile stages, which transitions to a quiescent state
in the adult SAG. Moreover, BrdU pulse chase experiments reveal
the existence of a proliferative but otherwise marker-negative cell
population that replenishes the Neurod/Nestin-positive progenitor pool
at adult stages. Taken together, our study represents the first
comprehensive characterization of the adult zebrafish SAG showing
that zebrafish, in sharp contrast to mammals, display continued
neurogenesis in the SAG well beyond embryonic and larval stages.
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INTRODUCTION
The vertebrate inner ear is a complex structure mediating hearing and
balance through an arrangement of mechanosensory hair cells, non-
sensory supporting cells and bipolar sensory neurons, which all derive
from a transient ectodermal thickening, the otic placode (Barald and
Kelley, 2004; Ladher, 2017). Hair cells convert vestibular and
auditory stimuli into electrical signals that are transmitted via neurons
of the eighth cranial ganglion to the brain (Schwander et al., 2010). In
mammalian species, hair cells and neurons are only produced during
fetal stages. Despite the presence of neurosensory stem cells in the
adult mammalian inner ear that are able to proliferate and differentiate
in vitro, there is no evidence for the ability to replace lost neurosensory
cells in mammals in vivo, making deafness irreversible (Bermingham
et al., 1999; Li et al., 2003; Ma et al., 1998). Currently, more than 5%
of the world’s population, which corresponds to roughly 466 million
people, are affected by hearing impairment or deafness and it is
estimated that this number will rise to more than 900 million people

by 2050 (http://www.who.int/news-room/fact-sheets/detail/deafness-
and-hearing-loss). Hence, there is a pressing need to develop new
therapies to restore hearing abilities. One leading cause of hearing loss
is the degeneration of inner ear neurons (Liberman, 2017). Previously,
it was thought that inner ear neurons are lost only secondarily owing to
hair cell degeneration. Emerging data, however, challenge this view
and indicate that neuronal loss can occur independent of damage to
hair cells, known as primary degeneration, which can develop as a
consequence of environmental and genetic means (Furman et al.,
2013; Seal et al., 2008).

Genetic mechanisms of otic development, as well as the
anatomical and physiological structure of the inner ear, are highly
conserved among vertebrates, meaning that zebrafish – as well as
other advantages – are an ideal model organism to study deafness and
regeneration of the inner ear (Fritzsch and Elliott, 2017). Since the
first anatomical characterization of the teleost inner ear was published
as early as 1872 by Gustav Retzius (Retzius, 1872), the zebrafish
inner ear has been subject to detailed studies, providing
comprehensive descriptions for embryonic and larval development
(Bever and Fekete, 2002; Haddon and Lewis, 1996). In particular,
neuroblasts that give rise to all neurons of the inner ear derive from the
anterior and posteromedial part of the otic vesicle (Saped̀e et al.,
2012). Following delamination, neuroblasts undergo transient
amplification before they differentiate into mature neurons that
spatially separate the pool of transient amplifying cells from the otic
vesicle (Vemaraju et al., 2012). Subsequently, neuronal cells start
forming the statoacoustic ganglion (SAG) that can be divided into an
anterior part, innervating the anterior and lateral cristae as well as the
utricular macula, and a posterior part, innervating the posterior crista
and the saccular macula (Saped̀e and Pujades, 2010). Furthermore, a
thorough account of adult ear morphology, with a particular emphasis
on the stimuli-receiving hair cells in the sensory patches, has been
conducted (Bang et al., 2001). In contrast to mammals, zebrafish
exhibit continuous formation of new hair cells throughout life (Higgs
et al., 2002). Moreover, hair cell regeneration after trauma has been
described in the vestibular and auditory parts of the inner ear in
zebrafish and also other non-mammalian vertebrate species (Corwin
andCotanche, 1988; Ryals andRubel, 1988; Schuck andSmith, 2009;
Stone and Rubel, 2000). However, it is unknown whether lifelong
formation of new neurons accompanies continued hair cell production
and regeneration. In contrast to mammals, zebrafish exhibit lifelong
brain growth due to widespread adult neurogenesis along the entire
length of the neuraxis and display robust regeneration after brain injury
(Lindsey et al., 2018). Recent studies have demonstrated the
possibility of targeting and reprogramming glial cells of the central
nervous system (CNS) into functional neurons with high efficiency
in vitro and in vivo (Torper and Götz, 2017). Similarly, glia cells
closely associated with the neurons of the inner ear can be
reprogrammed in vitro into neuron-like cells that display aReceived 15 February 2019; Accepted 25 February 2020
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transcriptome profile resembling that of endogenous inner ear neurons
(Noda et al., 2018). However, even if reprogramming of inner ear glia
into neurons is successful in vivo, the cellular properties of the
reprogrammed cells to ensure functional restoration remain unclear.
Hence, characterization of species that show continuous formation of
new inner ear neurons throughout life may provide important insights.
In this study, we thoroughly characterized the adult zebrafish

statoacoustic ganglion (SAG) on an anatomical and cellular level at
juvenile and adult stages, and investigated whether zebrafish display
continuous neurogenesis within the inner ear beyond larval stages. We
found that the SAG is a highly heterogeneous structure containing
myelinated Calretinin-positive neurons and a Neurod/Nestin-positive
population. Moreover, Sox2-positive cells align in the peripheral
and central nervous system transitional zone (PCTZ, also known
as Redlich-Obersteiner’s-zone). Abundant proliferation of Neurod/
Nestin-positive cells is observed at juvenile stages, whereas actively
cyclingNeurod/Nestin-positive cells are not detectable at adulthood. In
contrast, proliferation of marker-negative cells in the vicinity of the
Neurod/Nestin-positive cell pool declines from high levels at juvenile
stages to a low steady-state level in adulthood. Furthermore, BrdU
pulse chase experiments show the existence of a proliferating but
otherwise marker-negative cell population that replenishes the Neurod/
Nestin-positive progenitor pool. In contrast to the juvenile SAG, in
which neurogenesis is frequently observed, adult neurogenesis is an
extremely rare event. In summary, we propose the lifelong existence of
a Neurod/Nestin-positive neuronal progenitor cell pool as a source of
newborn neurons in the SAG of juvenile and adult zebrafish.

RESULTS
Anatomy of the SAG in adult zebrafish
The zebrafish inner ear has been subject to detailed studies (Bever
and Fekete, 2002; Haddon and Lewis, 1996; Waterman and Bell,
1984). Here, we focus on the SAG connecting the different sensory
patches to the brain. We performed Haematoxylin and Eosin (H&E)
and antibody staining on serial cross-sections spanning the
complete inner ear of wild-type and pou4f3:GFP transgenic
animals expressing GFP in differentiated hair cells (Xiao et al.,
2005). Consistent with 3D reconstructions of the larval SAG
(Saped̀e and Pujades, 2010), we found that the adult zebrafish SAG
is not a cable-like structure but a flat (in dorsal-ventral and lateral-
medial dimension) and rather broad (in rostral-caudal dimension)
sheet-like structure entering the hindbrain underneath the
cerebellum (Fig. 1). As previous thin-sheet laser imaging with 3D
reconstruction has shown (Santi et al., 2009), the adult SAG is
closely associated with the medial wall of the pars superior (dorsal
part of the ear) containing the utricular macula as well as the
anterior, lateral and posterior crista and the pars inferior (ventral part
of the ear) harbouring the saccular and lagenar macula.
Morphologically, the SAG can be divided into two parts: an
anterior part shaped like an elbow switching from a dorsal-ventral to
a medial-lateral axis (Fig. 1C,F; purple arrowheads); and a posterior
part forming a rod-like structure aligned along the dorsal-ventral
axis (Fig. 1G,J; purple arrowheads). The anterior part innervates the
anterior crista (Fig. 1A,D), the lateral crista (Fig. 1B,E) and the
utricular macula (Fig. 1C,F), which all belong to the pars superior.
The posterior part connects the posterior crista (Fig. 1H,K), also part
of the pars superior, and the saccular and lagenar maculae
(Fig. 1G,I,J,L), both belonging to the pars inferior, to the brain.
The most abundant cells within the adult SAG are neurons
expressing the pan-neuronal markers HuC (also known as Elavl3)
and/or HuD (Elavl4) (hereafter HuC/D) in their cell bodies and the
calcium-binding protein Calretinin in their soma as well as in their

processes (Fig. 1M). In addition, HuC/D labels a subgroup of
Calretinin-negative neurons mostly found ventromedial to the
Calretinin/HuC/D-positive neurons. This pattern was found
throughout the entire rostral-caudal length of the SAG. As
sections of the elbow-like structure contain the anterior SAG, with
a high accumulation of mature neurons as well as the large sensory
patch of the utricular macula, and are relatively stable during tissue
preparation, we primarily focused on this part for further studies.

The amount and density of HuC/D-positive neurons
decreases during growth of the SAG
Loss of neuronal cells during development and maturation of the
vertebrate CNS and peripheral nervous system (PNS) is a well-
known phenomenon (Cowan et al., 1984; Oppenheim, 1991). To
evaluate the growth and the number of sensory neurons in the SAG,
we used the neuronal marker HuC/D to quantify all neurons in the
entire anterior SAG of juvenile (2 months) and adult (8 months)
zebrafish (Fig. 2). In juveniles, HuC/D-positive neurons are found
in the medial part of the SAG throughout all sections, whereas in
adult zebrafish, HuC/D-positive neurons are found in the medial
part of the SAG in the anterior sections but are distributed more
lateral in the posterior sections (Fig. 2A, second last section
2 months versus 8 months). The highest number of HuC/D-positive
neurons in 2-month-old fish is found in the first half of the anterior
part of the SAG, where neurons are densely accumulating in a
relatively small region on the ventral side in the medial part of the
SAG. In contrast, the highest number of HuC/D-positive neurons in
adult fish is usually located in the posterior part of the anterior SAG
and neurons are spread more widely across the medial-lateral axis
(Fig. 2A). Quantification revealed a significant decrease in the
overall number of HuC/D-positive neurons, as well as in the average
number of HuC/D-positive neurons per section in the entire SAG
(Fig. 2B,C). In addition, the highest number of HuC/D-positive
neurons counted on one section also significantly decreases from
juvenile to adult stages (Fig. 2D). However, the overall thickness of
the anterior SAG significantly increases with age (Fig. 2E). Taken
together, these data reveal that, during growth, HuC/D-positive
neurons are lost in the anterior SAG, as is shown by a decreased
overall number and density of HuC/D-positive neurons,
accompanied by an increased thickness of the adult SAG.

neurod:GFP-positive cells proliferate and give rise to new
neurons at juvenile stages but cease to proliferate and
display only reduced neurogenesis in the adult SAG
In contrast to mammals, zebrafish exhibit widespread adult
neurogenesis and lifelong brain growth (Grandel et al., 2006).
Similarly, hair cells in the inner ear are continuously generated
throughout life (Schuck and Smith, 2009). During early mammalian
inner ear development, the proneural transcription factor Neurod is
crucial for neuronal differentiation and is required to build a pool of
transient-amplifying neuronal progenitor cells (Kim et al., 2001).
Using transgenic neurod:GFP zebrafish (Obholzer et al., 2008), we
investigated whether neuronal progenitors are still present in the SAG
at juvenile and adult stages. Using immunohistochemistry for the
proliferation marker PCNA and the neuronal marker HuC/D in
neurod:GFP transgenic animals, we analyzed proliferation in and
neurogenesis from the neurod:GFP-positive population, using
persistence of GFP from the neurod:GFP transgene as short-term
lineage tracing. Indeed, neurod:GFP expression was found in
dispersed groups of cells residing at the ventromedial side in the
anterior and posterior part of the zebrafish SAG (Fig. 3, Fig. S2).
In situ hybridizations against neurod and gfp on consecutive sections
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Fig. 1. Anatomy of the statoacoustic ganglion (SAG) in the adult zebrafish. (A-L) H&E staining (A-C,G-I) and immunohistochemistry (D-F,J-L) of cross-
sections through the entire inner ear show the innervation of the pars superior, the dorsal part of the inner ear consisting of the anterior (A,D), the lateral
(B,E) and the posterior cristae (H,K) and the utricular macula (B,C,E,F) as well as the pars inferior, the ventral part of the inner ear including the saccular macula
(G,J) and the lagenar macula (I,L) by the SAG, the eighth cranial nerve. Neurons of the SAG express the neuronal markers HuC/D (labelling neuronal cell bodies)
and Calretinin [labelling neuronal cell bodies as well as the axons (purple arrowheads)]. Hair cells in the sensory patches are labelled using pou4f3:GFP
(green arrowheads). The former position of the three otoliths lapillus (utricular macula), sagitta (saccular macula) and asteriscus (lagenar macula) are visible as
light purple residual structures left after decalcification of the otoliths, close to the sensory hair cells in the H&E staining (A-C,G-I; marked with yellow asterisks).
(M) Close-up of the medial part of the SAG at the level of the utricular macula; comparison of HuC/D with Calretinin reveals that the latter only labels a
subpopulation of neurons in the dorso-lateral part of the SAG (green and white arrowheads point to HuC/D-positive but Calretinin-negative neurons). Bottom
panels in M showmagnification of boxed area in top panel. Scale bars: 200 µm for A-L; 50 µm for M. Cross-sections show dorsal to the top and lateral to the right.
Distance from first section through semicircular canals to the section of interest: anterior cristae (A) 0.5 mm; lateral cristae (B) 1.39 mm; utricular macula (C)
1.66 mm; posterior cristae (G) 2.53 mm; saccular macula (H) 3.15 mm; lagenar macula (I) 3.44 mm.
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of neurod:GFP transgenic animals and RT-PCR analysis on dissected
SAGs corroborated that the reporter faithfully recapitulates
endogenous neurod expression (Fig. S1). Simultaneous labelling of
GFP, PCNA and HuC/D revealed that neurod:GFP-positive cells
proliferate (neurod:GFP/PCNA-positive) and independently give rise
to new neurons (neurod:GFP/HuC/D-positive) at juvenile stages
(2 and 3 months). We also observed differences in the nuclear shape
in these two populations: whereas proliferating neurod:GFP-positive
cells contain oblong nuclei, newborn neurons display a round-shaped
nucleus similar to mature neurons. However, the pool of proliferating
neurod:GFP-positive cells is absent at adult stages (8 months) and in
aged fish (20 months) (Fig. 3A). In contrast, newborn neurons
(neurod:GFP/HuC/D-positive), although infrequent, are still present
in the adult SAG and are mostly found in the first half of the anterior
SAG. It is noteworthy that proliferating but neurod:GFP-negative
cells could be detected within the vicinity of neurod:GFP cells at all
stages examined (Fig. 3B).
Quantification of overall PCNA-positive cells in the SAG revealed

a significant reduction in proliferation from 2 to 3 months and a

further decline to a low but steady-state level at adult stages (Fig. 3C).
Also, a significant drop in the overall number of neurod:GFP-positive
cells was observed from 2 to 3 months, with only a further slight
decline at adulthood (Fig. 3D). Similarly, the number of proliferating
neurod:GFP-positive cells decreased significantly during juvenile
stages towards complete absence at adulthood (Fig. 3E). Antibody
staining with HuC/D revealed that around one-third of neurod:GFP-
positive cells located at the dorsal side of the neurod:GFP-expressing
cell pool are also positive for HuC/D. In addition, they show the
characteristic round nuclei of sensory neurons, indicating that these
cells are early immature neurons, differentiating from the neurod:
GFP-positive pool into neurons retaining the GFP label (Fig. 3A,F).
Neurogenesis significantly decreases from 2 to 3 months and a
further reduction can be seen from 3 to 8 months, resulting in only
very few neurod:GFP/HuC/D-positive cells in the adult SAG
(Fig. 3A,F). Interestingly, the number of neurod:GFP cells that
neither co-express PCNA nor HuC/D (neurod:GFP-only cells) is
constant during juvenile and adult stages (Fig. 3G). Taken together,
the neurod:GFP-positive cells constitute a neuronal progenitor pool

Fig. 2. Number and density of HuC/D-
positive neurons decreases during growth
of the SAG. (A) Antibody staining against
neuronal marker HuC/D in the SAG of 2- and
8-month-old fish. The entire anterior part of the
SAGwas analyzed, starting with the first section
with HuC/D-positive neurons and ending with
the last section of the anterior part of the SAG.
Shown are the second, middle and second-last
section as well as the section with the highest
density of HuC/D-positive cells. Note that in
2-month-old fish, the section with the highest
density of HuC/D-positive cells is found in the
first half of the anterior SAG, whereas at
8 months it is usually found in the last quarter of
the anterior SAG. (B-E) Quantification of HuC/
D-positive neurons in the entire anterior part of
the SAG, showing that the overall number of
HuC/D-positive cells (B), the average number of
HuC/D-positive cells per section (C) and highest
number of HuC/D-positive cells on one section
(D) decreases, whereas the overall thickness of
the anterior SAG along the anteroposterior axis
(E) increases during growth. Scale bars: 50 µm.
Cross-sections show dorsal to the top and
lateral to the right. For all quantifications: n=4
fish with mean values calculated of all sections
of both anterior SAGs; data are presented as
mean±s.e.m. Unpaired two-tailed Student's
t-test. **P≤0.01; ***P≤0.001.
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that proliferates at juvenile stages but becomes quiescent with respect
to proliferation at adulthood. At the same time, neurogenesis from
this neurod:GFP-positive progenitor pool also rapidly decreases at
juvenile stages but – independent from proliferation – does not cease
at adult stages.

neurod:GFP-positive cells are proliferating and give rise
to new neurons at juvenile stages
Because Neurod is expressed only transiently (Andermann et al.,
2002; Kim et al., 2001), the observation of newborn neurons is
based on short-term lineage tracing due to persistence of GFP. To

Fig. 3. Proliferation and neurogenesis
rapidly decrease at juvenile stages and is
severely reduced in the adult zebrafish
SAG. (A,B) Antibody staining showing
proliferation (PCNA), neurod:GFP-positive
cells and mature neurons (HuC/D) in the
SAG of juvenile (2 and 3 months) and adult
(8 and 20 months) neurod:GFP zebrafish.
(A) At juvenile stages, neurod:GFP-positive
cells proliferate (neurod:GFP/PCNA-
positive cells, solid arrowheads) and give
rise to new neurons (neurod:GFP/HuC/D-
positive cells, arrows). In contrast, neurod:
GFP-positive cells (open arrowheads) are
not proliferating in adult fish and neurod:
GFP/HuC/D-positive cells are rarely found.
(B) Proliferating PCNA-positive but neurod:
GFP-negative cells (arrowheads) can be
found in the vicinity of the neurod:GFP-
positive population at all stages. Panels on
right show magnification of boxed areas in
left panels. (C-G) Quantification of antibody
staining. The overall number of PCNA-
positive cells (C), the overall number of
neurod:GFP-positive cells (D) and neurod:
GFP/PCNA-positive cells (E) significantly
decrease from 2 to 3 months, leaving only
few PCNA-positive cells but no neurod:GFP/
PCNA-positive cells at 8 months. (F) The
number of newborn neurons marked by
neurod:GFP and HuC/D decreases
significantly from 2 to 3 and further from 3 to
8 months. (G) The number of cells in the
neurod:GFP-positive pool that are neither
proliferating nor positive for HuC/D stays
constant over time. Scale bars: 50 µm.
Cross-sections show dorsal to the top and
lateral to the right. For quantifications: 2
months, n=3; 3 months, n=3; adult, n=4
(n=fish; 1 SAG/fish; 12 sections/SAG); data
are presented as mean±s.e.m. Ordinary
one-way ANOVA with Tukey’s multiple
comparison test. *P≤0.05; **P≤0.01;
***P≤0.001.
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corroborate our findings, we performed a pulse chase experiment
using bromodeoxyuridine (BrdU), a thymidine analogue that is
incorporated during the S-phase of the cell cycle and hence labels
active cycling cells (Kiernan et al., 2005). To this aim, 3-month-old
neurod:GFP transgenic animals were exposed to BrdU for 24 h and
kept for chase times of 0, 7, 15 and 28 days, after which they were
analyzed (Fig. 4A). Consistent with our proliferation analysis at
juvenile stages (Fig. 3), we found neurod:GFP-positive cells
incorporating BrdU at 0 days post treatment (dpt) (Fig. 4B).
Subsequently, neurod:GFP-positive cells that have incorporated
BrdU can differentiate into neurons directly after proliferation, as
indicated by the presence of a triple positive newborn neuron

(neurod:GFP/BrdU/HuC/D-positive) at 0 dpt (seen only once in
only one individual). Double-positive more-mature neurons that
have already lost the neurod:GFP label (BrdU/HuC/D-positive)
were observed as early as 7 dpt. In addition, some neurod:GFP-
positive cells that had incorporated BrdU remained in the neurod:
GFP-positive pool. Quantification of overall BrdU-positive cells in
the SAG revealed a significant increase of BrdU-positive cells from
0 to 15 dpt (Fig. 4C). The percentage of neurod:GFP cells which
incorporated BrdU (BrdU/neurod:GFP-positive) significantly
dropped from 0 dpt to the other time points (Fig. 4D). However,
the percentage of triple-positive newborn neurons (BrdU/neurod:
GFP/HuC/D-positive) increased over time to ∼4% at 15 dpt,

Fig. 4. neurod:GFP-positive cells are
proliferating and give rise to new neurons at
juvenile stages. (A) Time course of the BrdU
pulse chase experiment: 3-month-old
Tg(neurod:GFP) zebrafish were sacrificed at 0,
7, 15 and 28 dpt. (B) Antibody staining shows
BrdU/neurod:GFP-positive cells (0 and 7 dpt,
arrowheads) which differentiate into BrdU/
neurod:GFP/HuC/D-positive (15 dpt, solid
arrows) and BrdU/HuC/D-positive neurons (28
dpt, open arrows). Panels on right show
magnification of boxed areas in left panels.
(C-F) Quantification of antibody staining.
(C) The overall number of BrdU-positive cells
increases from 0 dpt to later time points,
indicating continued proliferation of precursor
cells. (D) Percentage of BrdU/neurod:GFP-
positive cells of all BrdU-positive cells
decreases significantly from 0 dpt to later time
points. (E) At 7 dpt, some BrdU/neurod:GFP-
positive cells have already differentiated into
immature BrdU/neurod:GFP/HuC/D-positive
cells. (F) First newborn BrdU/HuC/D-positive
neurons appear as early as 7 dpt and the
percentage of BrdU/HuC/D positive neurons
increases over time. Scale bars: 50 µm. Cross-
sections show dorsal to the top and lateral to
the right. For all quantifications n=4 (n=fish; 1
SAG/fish; 12 sections/SAG); data are
presented as mean±s.e.m. Ordinary one-way
ANOVA with Tukey’s multiple comparison test.
*P≤0.05; ***P≤0.001.
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revealing the exit of formerly active cycling cells from the neurod:
GFP-positive progenitor pool to differentiate into neurons (Fig. 4E).
Even though the number of newborn neurons (BrdU/HuC/D-
positive) was low, we saw an increase in the percentage of BrdU/
HuC/D-positive newborn neurons over time (Fig. 4F). In addition,
we also calculated the percentage of BrdU double-positive cells
in relation to the specific cell type, e.g. neurod:GFP-positive
progenitor cell, neurod:GFP/HuC/D-positive immature neuron and
HuC/D-positive mature neuron (Fig. S3A). The number of BrdU/
neurod:GFP-positive cells per neurod:GFP-positive cell does not
change significantly during the 28 day trace. Similar to the
quantifications shown above, the percentages of BrdU/neurod:
GFP/HuC/D-positive cells per neurod:GFP/HuC/D-positive cell
and of BrdU/HuC/D-positive cells per HuC/D-positive cell
increases over time. In summary, our data show the continued
production of new inner ear neurons at juvenile stages.

A proliferating but marker-negative cell population
replenishes the neurod:GFP-positive cell pool at adult stages
Our PCNA-based proliferation analysis revealed that neurod:GFP-
positive cells represent a progenitor pool that shows robust
proliferation as well as neurogenesis at juvenile stages but not at
adulthood. However, a low but steady-state proliferation outside of
the neurod:GFP-positive population was detected at adult stages
(Fig. 3B). Hence, we repeated the BrdU pulse chase experiment at
adult stages to investigate whether non-neurod:GFP-positive cells
are also able to form new neurons at this later time point (Fig. 5A).
Consistent with our proliferation analysis using PCNA (Fig. 3), we
found no neurod:GFP-positive cell co-localizing with BrdU at 0 dpt
(Fig. 5B). In contrast, double-positive cells (neurod:GFP/BrdU-
positive) were detected at 7 dpt, indicating the presence of a
proliferating non-neurod:GFP-expressing cell population that can
differentiate into neurod:GFP-positive cells and thus replenish the
pool of neurod:GFP-positive cells. Furthermore, triple-positive
newborn neurons (neurod:GFP/BrdU/HuC/D-positive) as well as
more-mature neurons that have already lost the neurod:GFP label
(BrdU/HuC/D-positive) were present in single individuals with
chase times of more than 14 days. Interestingly, again some neurod:
GFP-positive cells retained the BrdU label at 29 dpt, indicating that
not all BrdU-labelled cells developed into mature neurons at this late
time point. Quantification of the overall number of BrdU-positive
cells (Fig. 5C), as well as the percentage of BrdU-positive-only
cells, BrdU/neurod:GFP-positive cells and BrdU/HuC/D-positive
cells from all BrdU-positive cells (Fig. 5D-G) showed that
neurogenesis in the adult SAG is a very rare event. A trend for an
increase in the number of BrdU-positive cells from 0 dpt to 7/14/
29 dpt can be seen, indicating further proliferation in stem/
progenitor cells (Fig. 5C). Importantly, at 0 dpt, all BrdU-positive
cells are BrdU-positive-only cells, lacking expression of neurod:
GFP or HuC/D (Fig. 5D). Consistently, multiple BrdU-positive-
only cells remain present at later time points. In contrast, BrdU/
neurod:GFP-double-positive cells can first be seen at 7 dpt and,
moreover, at least one individual per time point displayed BrdU/
neurod:GFP-double-positive cells in all later time points. Newly
formed BrdU/HuC/D-double-positive neurons were only found in
one individual at 14 dpt (Fig. 5F). Similarly, quantification of the
ratio of BrdU-double-positive cells in relation to their specific cell
type displayed the same trends (Fig. S3B). Taken together, our data
show that new cells are added to the pool of neurod:GFP-positive
progenitors from proliferating non-neurod:GFP-expressing cells.
Moreover, although the number of analyzed animals was not
sufficient to reach statistical relevance, adult neurogenesis is an

extremely rare event but is present in the adult SAG and new HuC/
D-positive neurons are generated.

Nestin expression labels embryonic neuronal progenitors
and overlaps with neurod:GFP expression at juvenile and
adult stages
The cellular composition of neural stem cell niches varies across
vertebrate species and even within the very same species. However,
neural stem cell niches share common characteristics and possess
either a radial glia or neuroepithelial-like identity (Lindsey et al.,
2018). We analyzed the cellular composition of the neurogenic
niche of the SAG in more detail. One marker associated with
neuroepithelial-like stem cell identity is the class IV intermediate
filament protein Nestin, which is downregulated when cells
differentiate and become post-mitotic (Wiese et al., 2004). During
zebrafish development, nestin is expressed in proliferative zones of
the CNS as well as in the cranial ganglia (Mahler and Driever,
2007). Consistently, analysis of bacterial artificial chromosome
(BAC) transgenic nestin:GFP animals, in which GFP expression is
driven by nestin regulatory elements and recapitulates all aspects of
the endogenous nestin mRNA expression (Kaslin et al., 2009),
revealed nestin:GFP-positive cells in the region of the neurod:GFP-
positive niche of the juvenile SAG (Fig. 6A). RT-PCR analysis on
dissected SAGs corroborated that the reporter recapitulates
endogenous nestin expression (Fig. S1). Similar to neurod:GFP,
co-staining for proliferation (PCNA) and neurons (HuC/D) revealed
that nestin:GFP-positive cells proliferate (nestin:GFP/PCNA-
positive cells) and give rise to newborn neurons (nestin:GFP/
HuC/D-positive cells). To corroborate our hypothesis that nestin:
GFP and neurod:GFP mark the same cell population, we could not
simply use animals carrying both transgenes. Hence, we employed a
nestin reporter line expressing a different fluorophore. In this line, a
single open reading frame coding for mCherry and CreERT2

separated by a viral T2A peptide sequence is expressed under
the control of a nestin promoter fragment recapitulating the
endogenous cranial nestin expression (Fig. S4). Subsequently, we
analyzed mCherry expression of nestin:mCherry-T2A-CreERT2 in
combination with the nestin:GFP as well as the neurod:GFP
transgenes. Analysis of double-transgenic fish harbouring nestin:
GFP and nestin:mCherry-T2A-CreERT2 proved that both transgenic
lines mark the same cell population in the SAG (Fig. S4). Indeed,
co-staining for neurod:GFP, nestin:mCherry-T2A-CreERT2 and
HuC/D confirmed that neurod:GFP and nestin:mCherry-T2A-
CreERT2 are actually co-expressed in most cells in the juvenile
and adult SAG (Fig. 6B). However, compared with neurod:GFP,
expression of nestin:mCherry-T2A-CreERT2 persists longer in
newborn neurons (nestin:mCherry-T2A-CreERT2/HuC/D-positive
cells) in the juvenile SAG. To estimate the degree of neurogenesis at
embryonic/larval stages versus later neurogenesis, we performed
long-term lineage tracing of cells recombined during early otic
development (Fig. 6C, Fig. S4). This analysis revealed that many,
but not all, mature HuC/D-positive neurons populating the adult
SAG are derived from the embryonic progeny of the nestin:
mCherry-T2A-CreERT2-positive cells (Fig. 6D). Quantification of
nestin:mCherry-T2A-CreERT2-derived HuC/D-positive neurons
showed that only ∼57% of all neurons in the adult zebrafish
SAG are progeny of nestin:mCherry-T2A-CreERT2-positive
cells recombined at embryonic/larval stages (Fig. 6E,F). Taken
together, expression of the class IV intermediate filament
protein Nestin overlaps with neurod:GFP expression at juvenile
and adult stages and labels neuronal SAG progenitors at embryonic
stages.
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Distribution of glia andmyelination label the PCTZ in the SAG
In the zebrafish telencephalon, radial glia expressing the
filamentous proteins glial fibrillary acidic protein (GFAP; also
known as Zrf1), S100B and members of the Hairy/enhancer of split
4 (Her4) family serve as neuronal progenitor cells (Chapouton et al.,
2011; Ganz et al., 2010; Lam et al., 2009). To analyze the presence
and distribution of cells with glial characteristics as well as
myelinated cells in the SAG, we used transgenic reporter lines and

marker analysis to characterize the expression of the glia markers
S100B, GFAP and Her4.3 as well as the myelin markers Claudin K
and Mbp. Claudin K expression indicates strong myelination in
the medial part entering the brain and low myelination in the lateral
part of the juvenile SAG, resulting in a sharp boundary between
both myelination levels (Fig. 7A). Similarly, her4.3:GFP, as
well as endogenous GFAP and S100B all show an identical
expression pattern and are expressed in the medial part of the

Fig. 5. A proliferating but marker-negative
cell population replenishes the neurod:
GFP-positive cell pool at adult stages.
(A) Time course for BrdU pulse chase
experiment: 8-month-old Tg(neurod:GFP)
zebrafish were sacrificed at 0, 7, 14 and 29 dpt.
(B) Antibody staining reveals that BrdU-positive
cells never co-localize with neurod:GFP at 0 dpt
(open arrowheads). However, BrdU/neurod:
GFP-positive cells are present at 7 dpt (solid
arrowheads). Newly generated neurod:GFP-
positive cells can either differentiate into new
neurons [BrdU/neurod:GFP/HuC/D-positive
cells (solid arrows) and BrdU/HuC/D-positive
cells (open arrows)], as can be seen as early as
14 dpt, or remain in the pool of neurod:GFP-
positive cells (solid arrowheads) as can be seen
at 29 dpt. Panels on right show magnification of
boxed areas in left panels. (C-F) Quantification
of overall BrdU-positive cells (C) as well as
percentage of BrdU-positive-only cells (D),
BrdU/neurod:GFP-positive cells (E) and BrdU/
HuC/D-positive cells as a fraction of all BrdU-
positive cells (F). Scale bars: 50 µm. Cross-
sections show dorsal to the top and lateral to
the right. For quantifications: 0, 7, 14 days, n=5;
29 days, n=4 (n=fish; 1 SAG/fish; 12 sections/
SAG); data are presented as mean±s.e.m.
Ordinary one-way ANOVAwith Tukey’smultiple
comparison test.
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juvenile and adult SAG, with a sharp border to the more lateral part
in which the neuronal HuC/D-positive cell bodies reside (Fig. 7B,
Fig. S5). Simultaneous labelling with the myelin marker Mbp
revealed co-localization of GFAP-positive cells within the strongly
myelinated territory in the adult SAG (Fig. 7C). The change in
myelination has been described as the PCTZ, the boundary between
the CNS, with oligodendrocyte-mediated myelination, and the PNS,
with Schwann cell-mediated myelination (Bojrab et al., 2017;

Fraher, 1999; Wang et al., 2013). Because co-localization indicated
that glia cells reside within the highly myelinated territory, and
hence within the CNS, we also examined the expression of Sox2,
which plays pivotal roles in the regulation of neural stem cells
(Hagey et al., 2018). Besides strong expression in the sensory patch
of the utricular macula, Sox2 can be found in a straight line in
the medial part of the SAG (Fig. 8A). Co-staining of GFAP and
GFP in Tg(sox2:GFP) and Tg(neurod:GFP) revealed that sox2:

Fig. 6. Nestin expression labels embryonic
neuronal progenitors and overlaps with
neurod:GFP expression at juvenile and
adult stages. (A) Antibody staining showing
nestin:GFP expression in the region of the
neurod:GFP-positive cells. nestin:GFP-
positive cells are proliferating (nestin:GFP/
PCNA-positive cells, solid arrowheads) and
differentiate into neurons (nestin:GFP/HuC/D-
positive cells, arrows) in 2-month-old
zebrafish. (B) nestin:mCherry-T2A-CreERT2 is
expressed in the neurod:GFP-positive
progenitor pool (open arrowheads) in 2- and
6-month-old zebrafish; expression of nestin:
mCherry-T2A-CreERT2 persists longer in
newly differentiated neurons than neurod:GFP
expression (arrows). (C) Time course of nestin:
mCherry-T2A-CreERT2 long-term lineage
tracing experiment. Recombination in
Tg(nestin:mCherry-T2A-CreERT2), Tg(hsp70l:
loxP-DsRed2-loxP-nlsEGFP) double-
transgenic embryos was induced from
5-30 hpf. At 7 months, zebrafish were heat
shocked four times within 24 h to activate the
reporter and afterwards analyzed for nestin:
CreERT2-derived cells. (D) Co-staining of
GFP-positive nestin:CreERT2-derived cells
with HuC/D shows the presence of nestin:
CreERT2-derived/HuC/D-positive cells
(arrows). (E,F) Quantification of GFP-positive
(recombined) and GFP-negative (non-
recombined) HuC/D-positive cells (E) and
percentage of recombined HuC/D-positive
cells (F). Panels on right show magnification of
boxed areas in left panels. Scale bars: 50 µm.
Cross-sections show dorsal to the top and
lateral to the right. Quantification: n=3 (n=fish;
1 SAG/fish; 12 sections/SAG); data are
presented as mean±s.e.m.
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GFP-positive cells are located only a few μm lateral to the GFAP
domain (Fig. 8B). In contrast, the neurod:GFP-positive cell
population is located at the ventral side of the SAG, notably
separated (more than 50 µm) from the GFAP domain (Fig. 8C).
Therefore, Sox2-positive cells reside along the PCTZ and are clearly
outside of the Neurod/Nestin-positive progenitor pool.
Interestingly, the density of nuclei medial to the line of Sox2-
positive cells is usually very low compared with the area lateral of
Sox2-positive cells. This, together with the characteristic elongated
shape of the Sox2-positive nuclei, allows identification of the
PCTZ, even on the basis of the nuclear DAPI staining.
In summary, we show that cells with glial characteristics,

expressing GFAP, S100B and her4.3:GFP, as well as cells
expressing the neural stem cell marker Sox2, are not present in or
near the Neurod/Nestin-positive progenitor pool. However, together
with the distribution of myelin markers Claudin K and Mbp, they
mark the PCTZ in the medial part of the SAG, which is highly similar
to the mammalian system (Fraher and Delanty, 1987; Hu et al., 2014).

DISCUSSION
In zebrafish, hair cells in the inner ear are produced throughout life
(Higgs et al., 2002). To investigate whether continued hair cell
formation is accompanied by neurogenesis, we thoroughly
characterized the cellular composition of and neurogenesis in the
SAG beyond larval stages. We found that the SAG can be
morphologically divided into an anterior and a posterior part in
cross-sections: these parts do, however, display the same cellular
composition (Fig. 9A). We have identified a neurogenic niche at the
ventromedial side consisting of Neurod- and Nestin-double-positive
cells. Importantly, the neurogenic niche in the adult SAG is not a
continuous band of cells but is rather composed of dispersed islets
along the anteroposterior axis. The cell bodies of the neurons are
located at the dorsolateral side of the neurogenic niche, with
newborn neurons being in close proximity to the neurogenic niche
(Fig. 9B). The lateral part of the SAG contains mostly the dendrites
of mature neurons innervating hair cells in the respective sensory
patches. In contrast, the medial part contains the axons of the mature

Fig. 7. Expression of glia markers and
differences in myelination patterns
mark the PCTZ in the SAG.
(A) Antibody staining against Claudin K
showing the PCTZ (dashed line) as a
sharp boundary, visible as a change in
the myelination pattern in the SAG in
2-month-old fish. (B) Antibody staining
against the glia marker her4.3:GFP and
HuC/D in 3-month-old zebrafish reveals
expression of her4.3:GFP in the medial
part of the SAG, similar to themyelination
expression pattern (dashed line); HuC/
D-positive neurons reside lateral from the
PCTZ. (C) Co-staining of the glia marker
GFAP and the myelination marker Mbp
shows a similar expression pattern as
reported in A and B, with the PCTZ
marked by a change in the myelination
pattern and medial expression of the glia
marker. Panels on right show
magnification of boxed areas in left
panels. Scale bars: 200 µm. Cross-
sections show dorsal to the top and
lateral to the right.
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neurons, and also the PCTZ (Fig. 9A). The PCTZ forms the
boundary between the PNS and the CNS in the nerve roots of
vertebrates and it is known that the CNS extension is exceptionally
long in the mammalian cochlear nerve (Fraher and Delanty, 1987;
Hu, 2013). In the zebrafish SAG, the PCTZ is characterized by a
strong myelination pattern in the medial part (corresponding to the
CNS) and a weaker myelination in the lateral part (corresponding to
the PNS). In addition, the medial PCTZ is also marked by the
presence of cells expressing glia markers such as GFAP, S100B and
her4.3:GFP. Interestingly, the neural progenitor marker Sox2 is
expressed in cells at the intersection from the medial to the lateral
part of the PCTZ, making it a functional marker for this zone.
The phenomenon of programmed cell death leading to a loss of

20-80% of newly generated neurons is a physiological process
during development and maturation of the vertebrate CNS and PNS
(Oppenheim, 1991). Quantification of all HuC/D-positive neurons

in the anterior SAG revealed that the overall number and the density
of sensory neurons decreases as the SAG grows and increases in
thickness (∼20% decrease on overall number of neurons from 2 to
8 months, Fig. 2). This suggests that a surplus of neurons are
produced during juvenile stages that are either subsequently lost or
gradually mature to innervate hair cells at later times.

Interestingly, our data show that neurogenesis still takes place at
late juvenile and also even at adult stages independent of this surplus
of sensory neurons. During mammalian inner ear development,
NeuroD is required for neuronal differentiation and is expressed in a
pool of transient-amplifying neuronal progenitor cells (Kim et al.,
2001). At juvenile stages, the neurogenic niche is still highly active
and Neurod/Nestin-positive cells proliferate and give rise to
newborn neurons. Moreover, quantification after BrdU treatment
shows that the percentage of BrdU/neurod:GFP-positive cells does
not change significantly from a 7 day chase to later time points,

Fig. 8. Sox2-positive cells reside along the PCTZ outside the NeuroD/Nestin-positive progenitor pool in the SAG. (A) Antibody staining against Sox2
reveals that Sox2-positive cells (arrowheads) are present along a line in the medial portion of the adult SAG. (B) Co-staining for GFAP and sox2:GFP in the
sox2:GFP reporter shows presence of sox2:GFP-positive cells (arrowheads) only a few microns lateral of the GFAP staining. (C) Co-staining for GFAP and
neurod:GFP reveals presence of neurod:GFP-positive cells ∼50 µm away from the GFAP-positive zone (arrowheads). Panels on right show magnification of
boxed areas in left panels. Scale bars: 200 µm. Cross-sections show dorsal to the top and lateral to the right.
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indicating that some of the proliferating neurod:GFP-positive cells
remain in the transient-amplifying progenitor pool and do not
initiate differentiation within 28 days after proliferation. Whether
these cells belong to a pool of progenitors with proliferative
potential residing in the neurogenic niche or will eventually
differentiate into new neurons at later time points is not yet clear.
In contrast, the Neurod/Nestin-positive progenitor pool is largely

quiescent and does not proliferate at adulthood. Moreover,
neurogenesis (neurod:GFP/HuC/D-positive cells) is reduced to
extremely low levels. This indicates that neurogenesis from the
neurod:GFP-positive progenitor pool in the adult SAG is
independent of proliferation of these cells. This hypothesis is
further supported by the fact that we do see a low neurogenesis rate
at adult stages when using GFP persistence in the neurod:GFP line
combined with an antibody staining against HuC/D as a short-term
lineage tracing, but have almost no newborn neurons labelled after a
28 day-lasting trace of proliferating cells with the BrdU lineage
tracing approach at adult stages. In this context, exhaustion of the
Neurod/Nestin-positive progenitor pool would be anticipated over
time, which is in contrast to our findings in aged fish that still
display the neurod:GFP-positive cell pool. Consequently, a
replenishing source can be postulated. Indeed, a small population
of proliferating but otherwise marker-negative cells is present: this
feeds into the neurod:GFP-positive progenitor pool and also gives
rise to neurons at a low but steady-state level at the adult stage.
Taken together, the Neurod/Nestin-positive cells represent a pool of

neural progenitors capable of differentiating into new neurons in the
juvenile as well as in the adult SAG. This is actively maintained
throughout life by a proliferating but otherwise marker-negative
stem cell population.

It is currently unclear whether neurogenesis occurs exclusively
via the Neurod/Nestin-positive progenitor pool or whether
alternative mechanisms such as proliferation followed by direct
differentiation into mature neurons without expression of NeuroD or
Nestin in an intermediate progenitor are also present. In the
zebrafish telencephalon, some neuronal progenitors are GFAP/
S100B/Her4.3-positive radial glia cells (Chapouton et al., 2011;
Ganz et al., 2010). However, in the SAG we only find expression of
these glia markers in the medial portion of the PCTZ, presumably in
the CNS. Hence, we consider it very unlikely that glia cells serve as
an alternative source of new sensory neurons in the SAG. Similarly,
Sox2-positive cells in the SAG are also only located in the region
close to the PCTZ, which is in contrast to neonatal mice, in which
Sox2-expressing glia cells are distributed evenly within the spiral
ganglion (Meas et al., 2018a). Interestingly, in cranial and dorsal
root ganglia, a neural-crest-derived population called boundary cap
cells is involved in CNS-PNS boundary formation and is transiently
found at the peripheral nerve entry/exit points during development
(Maro et al., 2004; Niederlander and Lumsden, 1996). It has been
shown in various studies that boundary cap cells are capable of
differentiating into glia cells and sensory neurons of the PNS and
therefore serve as neural progenitor cells (Gresset et al., 2015; Maro

Fig. 9. Schematic of the adult zebrafish SAG and the course of neurogenesis from juvenile to adult stages. (A) The SAG connects the sensory patches of
the inner ear to the CNS and can be morphologically divided into an anterior elbow-shaped part and a posterior rod-shaped part. The PCTZ is a strong
landmark further dividing the SAG along the lateromedial axis into two parts: a lateral part corresponding to the PNS and characterized by weaker myelination and
a lack of glia marker expression, and a medial part, corresponding to the CNS and characterized by a strong myelination pattern and expression of various glia
markers. The anterior and the posterior part harbour a neurogenic niche at the ventromedial side consisting of Neurod/Nestin-double-positive cells. The cell
bodies of the neurons are located around the neurogenic niche. In the anterior part of the SAG, neuronal cell bodies and the neurogenic niche are found
between the lateral and themedial part, whereas in the posterior part of the SAG, both are located in themedial part. Neurons extend their axons in themedial part
towards the CNS and their dendrites in the lateral part towards the sensory patches. D, dorsal; L, lateral. (B) Scheme depicting the potential development of the
neurogenic niche from an active proliferating neurod:GFP-positive pool giving rise to new neurons in juvenile zebrafish to a more quiescent, non-proliferating
neurod:GFP-positive pool with a very low neurogenesis rate in adult zebrafish.
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et al., 2004). However, whether Sox2-expressing cells found in the
adult SAG are related to boundary cap cells found in the PCTZ of
other vertebrates, and whether these Sox2-positive cells have the
capacity to serve as neuronal progenitor cells for sensory neurons in
the SAG remains elusive.
Our findings are in line with the production rate of hair cells

reported for the inner ear of adult zebrafish and other teleost species.
Studies on hair cell and ganglion cell generation in Astronotus have
shown that the average ratio of hair cells to afferent ganglion cells
increases from 30:1 in small/younger fish to 300:1 in larger/older
fish (Popper and Hoxter, 1984). Quantification of saccular hair cells
in zebrafish aged 2 to 20 months revealed an increase from 2800
hair cells in 6-month-old zebrafish to almost 3600 hair cells in
10-month-old zebrafish (Higgs et al., 2002). The addition of ∼800
hair cells within 4 months corresponds to a hair cell production rate
in the magnitude of, on average, 6.5 hair cells per day within the
whole saccule. As one sensory neuron innervates multiple hair cells,
our experiments revealing a proliferation rate of less than one
sensory neuron per day in the anterior part of the adult SAG fit
perfectly well to the known literature.
In summary, the neurogenic niche of the zebrafish SAG switches

from a high neurogenesis rate at juvenile stages to a low level
production at adulthood. As the number of neurod:GFP cells
remains constant throughout juvenile and adult stages, we
hypothesize that the neurogenic niche is not depleted over time
but maintained throughout life.
It will be interesting to investigate whether the neurogenic niche

can adapt and increase its activity after loss of mature neurons due to
injury. Regeneration of hair cells is known to occur in various
vertebrate species, except mammals (reviewed by Rubel et al.,
2013). In zebrafish, studies on hair cell regeneration, especially on
hair cells in neuromasts of the lateral line, have been carried out
confirming the regenerative capacity of hair cells after injury. This
raises the question of whether neurons, which can undergo
secondary degeneration after hair cell loss or be injured directly
by various other factors such as noise, ototoxic drugs or infections,
are also capable of regeneration? In various mammalian species,
application of the neurotoxin ouabain, a potent inhibitor of the Na+/
K+-ATPase pump, results in degeneration of auditory neurons with
no visible sign of regeneration (Fu et al., 2012; Lang et al., 2011;
Schmiedt et al., 2002). In contrast, the adult zebrafish CNS displays
robust regeneration after brain injury (Kaslin et al., 2017; Kroehne
et al., 2011). Regeneration requires the maintenance of the
neurogenic niche into adulthood. In the zebrafish cerebellum,
the stem cell niche arises during embryonic development from the
rhombic lip and consists of two distinct populations with either
radial glia or neuro-epithelial-like identity (Kaslin et al., 2009).
However, only the neuro-epithelial-like stem cell pool persists
throughout life whereas the radial glia stem cells are terminated
during juvenile stages. Consequently, neuronal cell lineages of the
epithelial-like stem cell pool are replaced but cell lineages of the
cerebellar radial glia do not regenerate (Kaslin et al., 2017).
Although it is not clear whether the findings from the CNS can be
directly transferred to the PNS, we would expect that the neurogenic
niche in the adult zebrafish SAG contributes to regeneration because
the niche is not terminated but rather maintained at adulthood.
Independent of that, understanding neurogenesis in the adult

zebrafish SAG during homeostasis and potentially regeneration will
be of particular importance because it can provide significant insights
into the cellular properties of the progenitors and help in
the identification of mechanisms to rekindle regeneration in the
mammalian inner ear. Currently, reprogramming of resident cells

within the auditory system is considered a promising way to cure
hearing loss (Meas et al., 2018b). To this aim, glia cells of the eighth
cranial ganglion have been reprogrammed in vitro into neuron-like
cells that display a transcriptome profile resembling that of
endogenous inner ear neurons (Noda et al., 2018). Although the
results indicate that reprogramming of glia represents a viable
strategy, targeting progenitor-like cells to re-initiate proliferation and
differentiation might provide a valid alternative. As we have shown,
Nestin is expressed in the progenitor cells within the neurogenic niche
that gives rise to new neurons in the juvenile SAG and that is in a
quiescent state in the adult zebrafish SAG. More importantly, the
analysis of nestin:GFP transgenic mice revealed a reduced but
persisting expression of Nestin in cells of the eighth cranial ganglion,
indicating the persistence of progenitor-like cells in the mammalian
auditory system (Chow et al., 2016). In conclusion, we provide the
first in-depth characterization of the neurogenic niche in the juvenile
and adult zebrafish, which might help in the identification of
mechanisms to rekindle neurogenesis in the mammalian inner ear.

MATERIALS AND METHODS
Ethical statement
All animal experiments were conducted according to the guidelines and
under supervision of the Regierungspräsidium Dresden (permits: TVV 79/
2016; TVV 21/2018; TVA 1/2017). All efforts were made to minimize
animal suffering and the number of animals used.

Plasmid construction and germline transformation
To create the pTol nestin:mCherry-T2A-CreERT2 plasmid, the 3932-bp
upstream promoter region of nestin (Lam et al., 2009) was PCR amplified
flanked by ApaI and FseI restriction sites that allowed substitution of the
hsp70l promoter of the pTol hsp70l:mCherryT2ACreERT2 plasmid (Hans
et al., 2011). For germline transformation, plasmid DNA and transposase
mRNA were injected into fertilized eggs (F0), raised to adulthood and
crossed to AB wild-type fish as previously described (Kawakami et al.,
2004). To identify the Tg(nestin:mCherry-T2A-CreERT2) driver line, F1
embryos were examined under a fluorescent microscope and positive
embryos were raised. Two independent F0 founder fish were tested for
recombination by crossing to Tg(EF1α:loxP-DsRed2-loxP EGFP) and
application of 4-hydroxy-tamoxifen (4-OHT; Hans et al., 2009), but
recombination was elicited in one line only, which was subsequently
established Tg(nestin:mCherry-T2A-CreERT2)tud45.

Zebrafish husbandry and lines
Zebrafish were kept and bred according to standard procedures (Brand et al.,
2002; Westerfield, 2000). Our experiments were carried out using juvenile
(2 and 3 months old) and adult (6 months and older) zebrafish from wild-
type stocks with the AB genetic background and transgenic lines as follows:
TgBAC(neurod1:EGFP)nl1 (known as neurod:GFP; Obholzer et al., 2008),
Tg(pou4f3:GAP-GFP)s356 (known as pou4f3:GFP; Xiao et al., 2005),
Tg(her4.3:GFP)y83 (known as her4.3:GFP; Yeo et al., 2007), TgBAC(nes:
EGFP)tud100 (known as nestin:GFP; Kaslin et al., 2009), Tg(hsp70l:
loxP-DsRed2-loxP-nlsEGFP)tud9 (known as hsp70l:loxP-DsRed2-loxP-
nlsEGFP; Knopf et al., 2011), Tg(nestin:mCherry-T2A-CreERT2)tud45
(known as nestin:mCherry-T2A-CreERT2; Fig. S4) and Tg(sox2:sox2-
P2a-GFP)stl84 (known as sox2:GFP; Shin et al., 2014). Besides date of
birth and genotype, sex and body length were also measured from the tip of
the mouth to the base of the caudal fin for every fish. Age and body length
were used as staging criteria: the body length of 2-month-old fish varied
from 15.5 mm to 19 mm, the body length of 3-month-old fish varied from
20 mm to 27 mm, and the body length of adult fish (6 months and older)
varied from 27 mm to 34 mm (for detailed information see Table S1).

Bromodeoxyuridine (BrdU) pulse chase experiment
To label cells in S-phase of the cell cycle, transgenic neurod:GFP zebrafish
were immersed for 24 h in 5 mM BrdU (Sigma-Aldrich) solution (modified
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after Grandel et al., 2006). Therefore, BrdU was dissolved in E3 medium
and the pHwas adjusted to pH 7.2-7.4 using freshly prepared HEPES buffer.
Depending on age and size of the fish, up to five fish were kept under
oxygen supply in beakers containing 500 ml of the 5 mM BrdU solution.
After 24 h, fish were kept in the fish facility for 0, 7, 15 and 28 days in case
of the juvenile (3 months old) zebrafish and for 0, 7, 14 and 29 days in case
of the adult (8 months old) zebrafish before fish were sacrificed for analysis.

Long-term lineage tracing
To trace nestin-derived cells in the SAG, nestin:mCherry-T2A-CreERT2 was
crossed to the Cre-dependent reporter line hsp70l:loxP-DsRed2-loxP-
nlsEGFP (see Fig. S4). Subsequently, 4-OHT (Sigma-Aldrich, H7904) and
heat-shock treatments during embryonic stages were performed as
previously described (Hans et al., 2011; Hans et al., 2009). Briefly,
recombination was achieved by immersing embryos from 8 to 24 h post
fertilization (hpf ) in 0.5 µM 4-OHT in E3medium. At 24 hpf, embryos were
heat shocked at 37°C for 0.5 h and GFP-positive embryos were raised. At
6 months, zebrafish were placed in a heat-shock tank and heat shocked four
times for 1 h at 37°C at 6 h intervals at 27°C between the heat shocks.
Afterwards, zebrafish were sacrificed to analyze nestin-derived cells.

H&E staining
Wild-type zebrafish were sacrificed and the skull plate was carefully
removed with forceps to enable better fixation of the otic tissue underneath
the brain. Samples were fixed overnight in 4% paraformaldehyde in 0.1 M
phosphate buffer (PB) (pH 7.5) at 4°C and then incubated for 2 days in
0.5 M EDTA in 0.1 M PB (pH 7.5) at 4°C, refreshing the solution after the
first day. Afterwards, samples were washed twice in PBS and prepared for
paraffin embedding, which was carried out using a paraffin infiltration
processor (STP 420, Zeiss) according to the following programme: ddH2O:
1×1 min; 50% ethanol (EtOH) 1×5 min; 70% EtOH 1×10 min; 96% EtOH
1×25 min; 96% EtOH 2×20 min; 100% EtOH 2×20 min; xylene 2×20 min;
paraffin 3×40 min at 60°C; paraffin 1×60 min at 60°C. After dehydration
and paraffin infiltration, samples were embedded using an Embedding
Center EG1160 (Leica) and cut into 10 µm thick sections using an Ultracut
microtome (Microm, HM 340E). Subsequently, samples were
counterstained using H&E (Sigma-Aldrich).

Tissue preparation for immunohistochemistry
Experimental animals were sacrificed and the skull plate was carefully
removed with forceps to enable better fixation of the otic tissue underneath
the brain. Samples were fixed overnight in 4% paraformaldehyde in 0.1 M
PB (pH 7.5) at 4°C and then incubated overnight in 20% sucrose/20%
EDTA in 0.1 M PB (pH 7.5) for decalcification and cryoprotection.
Subsequently, samples were embedded in 7.5% gelatin/20% sucrose and
stored at −80°C. Samples were cut into 12 µm thick transverse sections
using a Microm HM 560 Cryostat and stored at −20°C.

Immunohistochemistry
For immunohistochemistry, sections were post-fixed for 20-30 min with
100% ice cold methanol at room temperature. Afterwards, sections were
washed once with PBS and three times with PBS containing 0.3% Triton
X-100 (PBST×0.3%) and were incubated at 4°C overnight with primary
antibodies in PBST×0.3% (see Table S2). Next day, sections were washed
three times with PBST×0.3% before incubation with Alexa 488-, 555- and
633-conjugated secondary antibodies (ThermoFisherScientific, see Table S2)
in PBST×0.3% for 2 h at room temperature. Then, 4,6-diamidino-2-
phenylindole (DAPI, 1 µg/ml, Invitrogen) was added to the secondary
antibodies to counterstain nuclei. Sectionswerewashed again three times with
PBST×0.3% and once with PBS and were mounted in 70% glycerol/PBS.

Modifications for PCNA and HuC/D staining
For immunohistochemistry against PCNA and HuC/D, an antigen retrieval
was performed before incubation with primary antibodies. Therefore, slides
were incubated in 85-95°C preheated sodium citrate buffer (pH 6) (10 mM)
for 15 min, followed by a 10 min cool down in the heated sodium citrate
buffer at room temperature.

Modifications for Sox2 staining
For immunohistochemistry against Sox2, an antigen retrieval was
performed before incubation with primary antibodies. Therefore, slides
were incubated in 99°C preheated sodium citrate buffer (pH 6) (10 mM) for
10 min, followed by a 10 min cool down in the heated sodium citrate buffer
at room temperature.

Modifications for BrdU staining
As samples were co-stained for neurod:GFP, BrdU and HuC/D, and BrdU
and HuC/D both require different antigen retrieval, immunohistochemistry
was performed sequentially. First, samples were stained for neurod:GFP and
HuC/D as described above, without adding DAPI, while incubating with the
secondary antibodies. Instead of mounting, samples werewashed again with
PBST×0.3% and afterwards slides were incubated for 13 min at 37°C in
preheated 2 M HCl to retrieve the antigenicity of BrdU. Afterwards, slides
were washed for 10 min in tetraborate buffer and then with PBST×0.3%.
Slides were incubated with primary antibody against BrdU overnight at 4°C,
washed with PBST×0.3%, incubated with all secondary antibodies plus
DAPI for 2 h at room temperature, and then washed again and mounted as
described above.

Image acquisition
Images were taken in the light microscopy facility of the Center for Molecular
and Cellular Bioengineering (CMCB) technology platform with either a
ZEISS Axio Imager upright microscope with Zeiss Plan-Apochromat
10×0.45, 20×0.8 and 40×0.95 korr objectives for magnification, or a Zeiss
Axiovert 200 M inverted microscope with Zeiss Plan-Neofluar 10×0.30 and
Zeiss Plan-Apochromat 20×0.8 or 40×0.95 korr objectives for magnification.
An Axiocam MRm (1388×1040, 6.45×6.45 µm, b/w) or an Axiocam MRc
(1388×1040 pixel, 6.45×6.45 µm, colour) was used for detection. Sequential
image acquisition was used in samples co-stained with multiple fluorophores.
For imaging, z-stacks were acquired to cover the full information in all three
dimensions (typically 5-25 z-planes with an interval of 0.4-1.5 µm depending
on the numerical aperture of the objective). Imageswere processed using ZEN
blue 2012 and Fiji. Close-up images were generated from the original
overview image. For overview images, a maximum projection was taken from
several z-planes, whereas only 2-3 z-planes were used for the close-up images.
Figures were assembled using Adobe Illustrator CS5.

Quantification and statistical analysis
Quantification of HuC/D-positive neurons in juvenile (2 month) and adult
(8 month) zebrafish was carried out using the ZEISS Axio Imager upright
microscope. Every HuC/D-positive cell in the entire anterior part of both
SAGs, as well as every section containing HuC/D-positive cells, were
counted on consecutive 12 µm thick sections, starting with the first section
containing a HuC/D-positive cell and ending with the last section of the
anterior part of the SAG (for detailed numbers, see Table S3). From these
values, the overall number of HuC/D-positive neurons, the average number
of HuC/D-positive neurons per section, the section with the highest number
of HuC/D-positive neurons as well as the thickness of the anterior part of the
SAG containing HuC/D-positive neurons were calculated. Values from the
right and from the left SAG of one fish were averaged, resulting in one value
per category and fish. In total, four fish were analyzed for both time points
(n=4). For every other experiment, quantification was performed on
acquired images comprising all z-planes using Fiji software. Therefore,
one SAG per fish (either left or right side, depending on sample quality) was
analyzed. To analyze the neurogenic niche, a square covering the
neurogenic area and the surrounding cells was chosen as the region of
interest (see overview images in Fig. 3A, Fig. 4B and Fig. 5B: size of square:
132 mm2). For the proliferation analysis, cells were counted on 12
consecutive 12 µm thick sections (for detailed numbers, see Table S4). If
a section was damaged, it was excluded from the analysis and less than
twelve sections were taken into account. All values from one fish were
averaged and the mean cell count/section was used for statistical analysis (in
total: n=5 for the 2 month time point; n=3 for the 3 month time point; n=4
for the 8 month time point). For BrdU pulse chase experiments, cells were
counted on either five or 12 consecutive 12 µm thick sections (if possible,
see above). In the case of all BrdU-positive cells, the average cell numbers/
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section for each fish, four fish per time point for the experiment with
juvenile fish and four to five fish for the experiment with adult fish (time
point: 0/7/14 days post treatment n=5; time point: 29 days post treatment
n=4), was calculated and used for statistical analysis (for detailed numbers,
see Tables S5 and S6). For all other analysis, the average cell number/section
for each fish was taken to calculate either the percentage of the specific cell
group of all BrdU-positive cells (on a total of twelve sections) or the
percentage of the specific cell group of all cells within that group of cell
type, e.g. neurod:GFP/BrdU-positive cells per neurod:GFP-positive cell or
HuC/D/BrdU-positive cells per HuC/D-positive cell (on a total of five
sections). The corresponding percentage values, one per fish and cell group,
were used for further analysis. For the nestin lineage tracing experiment, the
number of HuC/D-positive and HuC/D/GFP-double-positive cells (derived
from recombined nestin:mCherry-T2A-CreERT2 cells) as well as the
percentage of recombined HuC/D/GFP-double-positive cells from all
HuC/D-positive cells was quantified in the whole SAG on 12 consecutive
12 µm thick sections from three fish (where possible, see above; for detailed
numbers, see Table S7). For statistical analysis the GraphPad Prism software
was used to determine P-values with a one-way ANOVA test with a Tukey’s
Multiple Comparison Test for post hoc analysis. Chosen significance levels
are ***P≤0.001, **P≤0.01, *P≤0.05; values above P>0.05 are not
considered significant; data are presented as mean±s.e.m.

In situ hybridization
Probe synthesis and in situ hybridization was essentially carried out as
previously described (Westerfield, 2000). The following cDNA probes were
used to detect expression: neurod (Andermann et al., 2002), gfp (Hans and
Campos-Ortega, 2002), nestin (Mahler and Driever, 2007), mCherry and
CreERT2 (Hans et al., 2011).

SAG dissection
Before dissection, experimental animals were sacrificed and placed on their
ventral side in a Petri dish on ice. Initially, the skull plate was carefully
removed using forceps. After cutting through the brain between optic tectum
and cerebellum with dissection scissors, the entire anterior part of the brain
including olfactory bulb, telencephalon and optic tectum was carefully
removed. The cerebellum was carefully pushed to the side to localize the
anterior part of SAG laying underneath the lapillus (otolith of the utricular
macula). Both SAGs were cut at a 50-60° angle from the frontal plane
including the medial parts of the SAG entering the brain. Afterwards, the
brain was cut posterior of the brain stem and the brain was completely
removed, so that the posterior parts of the inner ear also came into sight. The
anterior part of the SAG, attached to the utricular macula and semicircular
canals, was collected using forceps to grab the otolith within the utricle and
carefully lift out the utricular macula, parts of the adjacent semicircular
canals and the anterior SAG. The lapillus was removed from the utricular
macula either before or after taking out the anterior part of the inner ear. If
possible, parts of the posterior SAG were also collected and otoliths were
removed from the posterior part of the inner ear. All dissected tissue was
placed into an Eppendorf tube and stored on ice. In total, tissue from either
eight male or eight female adult Tg(neurod:GFP) fish were pooled,
generating two samples (male and female) with the tissue from 16 SAGs
each. The whole dissection procedure did not take longer than 1:15 h to
minimize the degree of tissue degradation.

Cell dissociation
To dissociate the inner ear tissue including the SAG, the Neural Tissue
Dissociation Kit (P) (Miltenyi Biotec) was used, with some modifications to
the manufacturer’s protocol. After a primary enzymatic dissociation step in
preheated enzyme mix 1 for 15 min at 28°C, enzyme mix 2 was added to
stop enzymatic dissociation. Subsequently, samples were further sheared
mechanically by carefully pipetting samples up and down through fire-
polished glass Pasteur pipettes (230 mm). Four different opening sizes were
used, starting with the pipette with the widest opening, and additional
incubation steps at 28°C were carried out between changing from a pipette
with a wide opening to one with a smaller opening. The acquired cell
suspension was filtered drop wise through a Hanks’ Balanced Salt Solution

(HBSS; without Ca2+ and Mg2+)-equilibrated 70 μm cell strainer, collected
in HBSS and the cell strainer was washed once with 5 ml HBSS. After
centrifugation of the cell suspension for 15 min at 300 g and 4°C, the
supernatant was removed and cells were resuspended in ∼400 µl fresh
HBSS and stored on ice.

Fluorescence-activated cell sorting (FACS) of cells derived from
the SAG
Calcein Violet at a final concentration of 8 µM was added to the cell
suspension before FACS to distinguish live from dead cells. FACS was
performed with the help of the Flow Cytometry Core Facility of the CMCB
technology platform using a BD FACSAria III system. A total of 250 single
live neurod:GFP-positive cells and 300 single live wild-type cells were
sorted into PCR tubes and kept on ice.

Analysis of gene expression in neurod:GFP-positive cells
To analyze gene expression of neurod and nestin, RNA isolation and cDNA
synthesis including an RNA amplification step from sorted neurod:GFP-
positive cells as well as a wild-type negative control was performed by the
deep sequencing facility of the CMCB technology platform. Primers (see
Table S8) were designed in a way that primers were either located in two
neighbouring exons (neurod) or that one primer was exon-junction spanning
(nestin forward primer) and the corresponding primer was located in the
neighbouring exon (nestin reverse primer) to exclude amplification of
amplicons derived from genomic DNA. PCR was performed with both
samples (neurod:GFP-positive male, neurod:GFP-positive female) and a
genomic DNA (gDNA) sample as a negative control. We used 40 PCR
cycles (30 s/94°C denaturation, 30 s/59°C annealing, 30 s/72°C elongation)
and the amplification products were separated on a 2% agarose gel.
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