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Teleost fish have a remarkable neurogenic and regenerative capacity in the adult throughout
the rostrocaudal axis of the brain. The distribution of proliferation zones shows a remarkable
conservation, even in distantly related teleost species, suggesting a common teleost ground
plan of proliferation zones. There are different progenitor populations in the neurogenic
niches—progenitors positive for radial glial markers (dorsal telencephalon, hypothalamus)
and progenitors with neuroepithelial-like characteristics (ventral telencephalon, optic
tectum, cerebellum). Definition of these progenitors has allowed studying their role in
normal growth of the adult brain, but also when challenged following a lesion. From these
studies, important roles have emerged for intrinsic mechanisms and extrinsic signals con-
trolling the activation of adult neurogenesis that enable regeneration of the adult brain to
occur, opening up new perspectives on rekindling regeneration also in the context of the

mammalian brain.

eleost fish display the most prominent and

widespread adult neurogenesis throughout
the central nervous system compared with any
other vertebrate studied so far (Zupanc and
Horschke 1995; Zikopoulos et al. 2000; Lema
et al. 2005; Zupanc et al. 2005; Adolf et al.
2006; Grandel et al. 2006; Lindsey and Tropepe
2006; Pellegrini et al. 2007; Kaslin et al. 2008,
2009; Alunni et al. 2010; Kuroyanagi et al. 2010;
Strobl-Mazzulla et al. 2010; Fernandez et al.
2011; Maruska et al. 2012; Teles et al. 2012; Toz-
zini et al. 2012; Olivera-Pasilio et al. 2014). Usu-
ally, the term adult refers to specimens that have
reached their sexual maturity. Twelve to sixteen
proliferation zones have been identified along
the rostrocaudal axis in different teleosts (Fig.
1) (Zupanc and Horschke 1995; Ekstrom et al.

2001; Grandel et al. 2006; Maruska et al. 2012).
Interestingly, the distribution of proliferation
zones shows a remarkable conservation between
even very distantly related teleost species (e.g.,
zebrafish and stickleback; Fig. 1B), although
there are some species-specific differences in
the proliferation pattern, for example, the mas-
sive proliferation in the granular eminence of
the brown ghost knifefish (Fig. 1B) (Zupanc
and Horschke 1995). This remarkable conser-
vation suggests a common teleost ground plan
of proliferation zones in the adult brain. Unfor-
tunately, there is no data on proliferation or
adult neurogenesis available on more basal tel-
eosts like Osteoglossomorpha (i.e., bony
tongues and mooneyes) or Elopomorpha (i.e.,
eel) nor in rayfin fish species outside the teleost
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Figure 1. The layout of proliferation zones is conserved among teleost fishes. (A) Proliferation zones in the adult
zebrafish brain. (B) Phylogenetic tree of gnathostomata, with sagittal views of brains from different teleost
species and the identified proliferation zones (Raymond and Easter 1983; Zupanc and Horschke 1995; Ekstrom
et al. 2001; Candal et al. 2005; Grandel et al. 2006; Kuroyanagi et al. 2010; Maruska et al. 2012). White brain
regions have not been analyzed with regard to adult proliferation. As a comparison, the proliferation zones in the
adult brain of the canary and the house mouse are also shown (Kaslin et al. 2008). (Panel A from Grandel et al.

2006; modified, with permission, from the authors.)

lineage like Lepisosteidae or Polypteridae (i.e.,
bichir) to determine whether the ground plan
of proliferation zones is teleost- or rayfin-spe-
cific. It still remains unclear why teleost fish
have such a remarkable neurogenic potential
in the adult, but two roles of adult neurogenesis

have been proposed: (1) addition of neurons—
corresponding to brain growth, and (2) replace-
ment and thus turnover of neurons within the
brain. It is well known that fish show lifelong
growth (Brandstitter and Kotrschal 1989, 1990;
Zupanc and Horschke 1995; Nieuwenhuys et al.
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1998), and it has been suggested that the wide-
spread neurogenic capacity throughout the
brain is required to expand the existing sensory
systems concomitantly with body growth and
the accompanying increase in primary sensory
input (Kaslin et al. 2008). However, how neuro-
genesis progresses during the lifetime of the or-
ganism, which neuronal subtypes are added or
replaced at different stages, and whether indeed
all neurons are generated throughout the life-
time remains largely unknown in teleost fish. A
recent study showed in detail which neurons are
generated in the zebrafish cerebellum from em-
bryo to adulthood (Kaslin et al. 2013). Surpris-
ingly, only granule cells continue to be pro-
duced in the adult, whereas Purkinje neurons
and eurodendroid cells are only produced up to
1 month and only a few interneurons and glia
cells are generated after 3 months (Kaslin et al.
2013). This is interesting because it shows that
not all cell types continue to be generated in
high numbers in the adult fish brain. In addi-
tion, in the zebrafish telencephalon, the number
of progenitors and the rate of neurogenesis and
oligodendrogenesis are also thought to decrease
with age (Edelmann et al. 2013), but it is un-
known which neuronal subtypes are generated
from larval to adult stages. In contrast, Aptero-
notus leptorhynchus—which shows linear in-
crease in brain weight and total number of brain
cells with body length throughout life—does
not show age-related changes in adult neuro-
genesis (Zupanc and Horschke 1995; Traniello
et al. 2014).

Better understanding of adult neurogenesis
in teleosts is likely to be informative with respect
to reactivating adult neurogenesis in mam-
malian species, in which this process appears
normally to be limited to only two subdivi-
sions of the telencephalon, the dentate gyrus
and the subventricular zone (see other articles
in the literature). Additional “nonclassical”
neurogenic niches in other parts of the mam-
malian brain, such as in the hypothalamus,
have been described, but it remains to be seen
whether they show robust, continuous neuro-
genesis in the adult (Maggi et al. 2014; Rojczyk-
Golebiewska et al. 2014). The astounding regen-
erative capacity of adult zebrafish has recently
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been reviewed elsewhere (Kizil et al. 2012b;
Grandel and Brand 2013; Kyritsis et al. 2014;
Becker and Becker 2015). Key concepts that
have emerged are, for instance, the dependence
of adult neurogenesis during telencephalon re-
generation following a stab wound lesion on
adult radial glia cells in the absence of scar tissue
formation (Kroehne et al. 2011; Kroehne and
Brand 2012) and the discovery of a positive
stimulatory role of the innate immune system
onto regeneration in this process (Kizil et al.
2012c; Kyritsis et al. 2012, 2014). These findings
required technological advances, such as the es-
tablishment of conditional CreERT2-1oxP tech-
nology to allow genetic lineage tracing (Hans
et al. 2009, 2011; Jungke et al. 2013) or fluores-
cence-activated cell sorting (FACS) of identified
adult radial glia stem cells to identify key chang-
es in their transcriptome (Kizil et al. 2012a; Kyr-
itsis et al. 2012).

A more detailed anatomical understanding,
in particular of the structure of the adult stem
cell niche and the involved cell types in consti-
tutive and regenerative neurogenesis is warrant-
ed, and is reviewed below. In mammals, it is well
established—and was a surprising discovery—
that progenitors in the adult brain show glial
characteristics. In teleost, progenitors with ra-
dial glia characteristics are also present the adult
brain, such as in the dorsal telencephalon and
the hypothalamus. Surprisingly, most of the
studied neurogenic niches contain progenitors
with neuroepithelial-like characteristics, such as
the ventral telencephalon, optic tectum, and the
cerebellum. In addition, a second glial-marker-
negative progenitor population has been iden-
tified in the dorsal telencephalon, whose cellu-
lar nature remains unknown (Ganz et al. 2010).
In the next sections, we will present five well-
studied neurogenic niches at different rostro-
caudal levels of the teleost brain.

DISTINCT PROGENITOR NICHES IN THE
DORSAL AND VENTRAL TELENCEPHALON:
CELL TYPES AND DIFFERENTIATION
PATTERN

The telencephalon is the rostralmost part of the
brain and can be subdivided in a dorsal part
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(pallium) and a ventral part (subpallium)
(Nieuwenhuys et al. 1998). In contrast to all
other vertebrates, the telencephalon of rayfin
fishes does not undergo a morphogenetic pro-
cess called evagination but instead forms by
eversion (Nieuwenhuys 2009). This leads to a
unique telencephalic morphology with an un-
paired ventricle covering most of the surface of
the telencephalon (Nieuwenhuys and Meek
1990; Northcutt 1995; Nieuwenhuys 2009). In
zebrafish, careful in vivo imaging showed that
the morphogenetic movement does not com-
prise a simple lateral outward bending, but a
two-step process. First, the ventricle between
telencephalon and diencephalon folds out-
ward, and subsequently, the pallial area ex-
pands rostrally (Folgueira et al. 2012). This dif-
ference in development results in a different
arrangement of pallial parts compared with
all other vertebrates (Northcutt 1995; Nieuwen-
huys 2009). Several models of the homology
of areas in the pallium of rayfin fishes with nu-
clei in the pallium of tetrapods have been pro-
posed based on connectional, neurochemical
gene expression and functional data. Ablation
experiments and conserved marker gene expres-
sion suggests that the lateral nucleus of the dor-
sal telencephalon is homologous to the hippo-
campus—one of the two brain regions in
mammals that generate neurons in the adult
(Rodriguez et al. 2002a,b; Broglio et al. 2010;
Duran et al. 2010; Ganz et al. 2014). Based on
conserved marker gene expression, it has been
proposed that the ventral telencephalon is sub-
divided rostrally into striatum and septum and
at midtelencephalic levels into striatum, pal-
lidum, and septum (Ganz et al. 2012). In the
zebrafish telencephalon, the neurogenic niches
have been described in detail, and it has been
shown that the neurogenic niches in the dorsal
and ventral telencephalon have distinct charac-
teristics in the distribution and cellular nature
of progenitors and mode of neurogenesis
(Fig. 2). Interestingly, differences emerge in
the distribution of glial markers that corre-
late with proliferative characteristics, as well as
modes of neurogenesis in the respective progen-
itor zones, which we discuss separately in the
following sections.

Ventral Telencephalon

In teleosts, the ventral telencephalon is subdi-
vided into ventral (ventral nucleus of the ventral
telencephalon, Vv) and dorsal parts (dorsal nu-
cleus of the ventral telencephalon, Vd). The
proliferation zones at the ventricular zone of
Vv and Vd have distinct characteristics, with Vd
being more similar to proliferation zones in the
dorsal telencephalon (Fig. 2D) (Adolf et al.
2006; Grandel et al. 2006; Lindsey and Tropepe
2006; Ganz et al. 2010; Marz et al. 2010a; Lind-
sey et al. 2012). In the ventricular zone of Vv,
proliferating cells are present in a large domain
at the ventricle composed of tightly packed pro-
liferating cells. More caudally, the proliferation
zone then shifts dorsally and reduces in size to a
small stripe of proliferating cells (Fig. 2F)
(Grandel et al. 2006; Ganz et al. 2010; Lindsey
et al. 2012). The progenitors of Vv have neuro-
epithelial-like features, such as apicobasal po-
larity and interkinetic nuclear migration (Fig.
2D) (Ganz et al. 2010; Lindsey et al. 2012). They
lack the expression of typical radial glial mark-
ers, but express nestin (Ganz et al. 2010; Marz
et al. 2010a; Lindsey et al. 2012). PSA-NCAM
expression in the lateral part of the proliferation
zone suggests that neuronal precursors are lo-
cated there (Fig. 2D) (Adolf et al. 2006; Marz
et al. 2010a; Kishimoto et al. 2011). At mid-
telencephalic levels, proliferating cells in the
ventral part of Vv are positive for olig2:EGFP,
an oligodendrocyte/oligodendrocyte precursor
marker (Fig. 2F) (Marz et al. 2010b). Cells pos-
itive for 0lig2:EGFP and PSA-NCAM are found
in close proximity to the ventricular prolife-
ration zone suggesting that these might be
oligodendrocyte precursors migrating into the
parenchyme (Marz et al. 2010b). In Vd, prolif-
erating cells are scattered along the ventricle
and express markers of typical radial glia cells
(Ganzetal. 2010; Marzetal. 2010a; Lindsey et al.
2012). Bromodeoxyuridine (BrdU) pulse-chase
experiments show that label-retaining actively
cycling cells (LRCs), which have been suggested
to be candidate stem cells, are present in the
ventricular zone of Vv and Vd (Adolf et al.
2006; Grandel et al. 2006; Ganz et al. 2010;
Marz et al. 2010a). In the rostral Vv, LRCs oc-
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Figure 2. The neurogenic niches in the ventral and dorsal telencephalon have distinct characteristics. (A) Sagittal
view of the telencephalon. The levels of cross sections in panels B—F are indicated. (B,C) Cross-sections of the
telencephalon at rostral (B) and midtelencephalic levels (C). (D,F) Characteristics of the neurogenic niche in the
ventral telencephalon at rostral (D) and midtelencephalic levels (F). (E) Characteristics of the neurogenic niche
in the dorsal telencephalon. The dashed line indicates the border between the ventral and dorsal telencephalon.
Ve, Ventricle; pz, proliferation zone; nl, neuronal layer. (Panels D—F from Ganz et al. 2010; modified, with

permission, from the authors.)

cupy a preferential position in the dorsal half of
the progenitor zone, whereas in the caudal part
of Vv, LRCs distribute evenly along the dorso-
ventral axis (Ganz et al. 2010). These slowly-
cycling LRCs in Vv are mainly negative for nes-
tin:GFP, suggesting that the majority of nes-

tin:GFP positive cells belong to the fast-cycling
population of progenitors in Vv (Ganz et al.
2010).

Neurogenesis in the ventral telencephalon
contributes both to the different nuclei of the
ventral telencephalon and to the olfactory bulb
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(Adolf et al. 2006; Grandel et al. 2006; Kishi-
moto et al. 2011). Consistent with in vivo Cre-
loxP mediated lineage-tracing data of adult
radial glia (Kroehne et al. 2011), viral infection
assays have yielded green fluorescent protein
(GFP)-labeled new neurons. These new neu-
rons can be detected after 1 wk in the neuronal
layer next to the ventricular zone (VZ) and 2 wk
after infection; the majority of GFP-positive
cells are found in the neuronal layer (Rothe-
naigner et al. 2011). In zebrafish, in vivo imag-
ing of hemisphere cultures show that precursors
migrate tangentially from the rostroventral tel-
encephalic proliferation zone into the olfactory
bulb similar to the mammalian rostral migrato-
ry stream (RMS) even though there is no exten-
sive stream of neuronal precursors but rather
dispersal of single progenitors into the olfactory
bulb (Kishimoto et al. 2011). It remains to be
clarified whether progenitors contribute to the
olfactory bulb from more caudally located
points in the ventral telencephalic proliferation
zones. In contrast to the RMS, neuronal precur-
sors do not migrate within glial tubes, but close
to blood vessels, which might serve as scaffolds
(Kishimoto et al. 2011). It remains unclear
whether the proliferation zones of Vv and Vd
contain homogenous progenitor populations
or different levels along the proliferation zone
give rise to different neuronal subtypes or con-
tribute to different neuronal nuclei. In mouse
embryonic and adult subpallium, distinct tran-
scription factor expression profiles are present,
and these progenitor zones give rise to different
neuronal subtypes (Puelles et al. 2000; Guille-
mot 2005; Flames et al. 2007; Alvarez-Buylla
et al. 2008). In zebrafish, differential expression
of conserved molecular marker genes like dix2a,
dix5a, gad67, and nkx2.1b subdivide the ventral
telencephalon into striatum, pallidum, and sep-
tum (Mueller and Guo 2009; Ganz et al. 2012).
These genes play a role in generating differ-
ent neuronal subtypes and are expressed from
the embryo to the adult suggesting that the
progenitors zones of the ventral telencephalon
might give rise to different neuronal subtypes as
well (Zerucha and Ekker 2000; Hauptmann
et al. 2002; Mueller et al. 2008; Ganz et al.
2012). Detailed lineage-tracing experiments

with telencephalic subdomain-specific lines
of progenitors and their offspring are necessary
to identify which neuronal progenitors in Vv
and Vd generate which neuronal subtypes
and what their migration routes are within the
ventral telencephalic nuclei and the olfactory
bulb.

Dorsal Telencephalon

The progenitor zone of the dorsal telencephalon
consists of small clusters of proliferating cells
scattered along the whole ventricular surface
(Adolf et al. 2006; Grandel et al. 2006; Ganz
et al. 2010). In the dorsal telencephalon, two
populations of progenitor cells have been iden-
tified. One population expresses typical markers
of radial glia cells (GFAP, S100b, vimentin, glu-
tamine synthetase [GS], aromatase B [Aro-B]),
the other population lacks expression of typical
glial markers (Pellegrini et al. 2007; Lam et al.
2009; Ganz et al. 2010; Marz et al. 2010a). There
are clusters of PSA-NCAM-positive cells pre-
sent in the dorsal progenitor domain, and it
has been suggested that the glial-marker-nega-
tive population comprises intermediate pro-
genitors (Marz et al. 2010a). Lineage-tracing
studies using the Cre/loxP system has shown
that a subpopulation of her4.1 radial glia gives
rise to neurons in the dorsal telencephalon
(Kroehne et al. 2011). Clonal analysis with viral
vectors suggests that a population of radial glia
cells undergoes slow symmetric gliogenic divi-
sions, which can be self-renewing (Rothe-
naigner et al. 2011). The analysis also showed
the presence of bipotent—neurogenic and glio-
genic—progenitors and suggested that there is
only a small transient-amplifying population
of progenitors in the dorsal telencephalon
(Rothenaigner et al. 2011). BrdU pulse-chase
experiments showed that, after a 6-wk chase,
the number of glial-marker-negative, active
cycling, and label-retaining cells is a lot higher
compared with the glial-marker-positive LRC
population (Ganz et al. 2010). The glial-mark-
er-negative LRC population does not express
olig2:GFP, a marker for oligodendrocyte progen-
itors and oligodendrocytes, even though a small
population of olig2:GFP-positive proliferating
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cells and LRCs can be found in the parenchyme
(Ganz et al. 2010; Marz et al. 2010a,b). It has
been suggested that all glial-marker-negative
proliferating cells belong to the transit-amplify-
ing neuronal progenitor population (Chapou-
ton et al. 2010; Marz et al. 2010a). However, the
proliferation dynamics of LRCs do not match
the dynamics of a transit-amplifying popula-
tion, which suggests that the glial-marker-nega-
tive LRC population is a second progenitor pop-
ulation. The cellular nature of glial-marker-
negative LRCs and the cell type(s) they generate
remain to be determined.

In the dorsal telencephalon, newly generat-
ed neurons typically do not migrate far away
from the VZ, but stay at a small distance of
~1-2 cell diameters from the ventricle (Adolf
et al. 2006; Grandel et al. 2006; Kroehne et al.
2011; Rothenaigner et al. 2011). They express
mature neuronal markers, have synaptic con-
tacts, and get integrated into the brain circuitry
(Adolf et al. 2006; Grandel et al. 2006; Kroehne
etal. 2011; Rothenaigner et al. 2011). The extent
of neuronal differentiation and which neuronal
subtypes continue to be generated in the adult
dorsal telencephalon remains unclear. Different
transcription factors (asclla, eomesa, emx1, and
emx3) are expressed in scattered cells in the VZ
of the dorsal telencephalon and might be in-
volved in differentiation of neuronal pallial
subpopulations (Ganz et al. 2014). It will be
interesting to perform subtype-specific Cre/
loxP-based lineage tracing to follow progenitor
fate in the dorsal telencephalon.

HYPOTHALAMUS AND THE OPTICTECTUM:
TWO UNIQUE NEUROGENIC NICHES
IN THE FISH BRAIN

Hypothalamus

In teleosts, the hypothalamus is by far the larg-
est part of the diencephalon and can be sub-
divided into dorsal, ventral, and caudal parts
(Wullimann et al. 1996; Ekstrom et al. 2001;
Grandel et al. 2006; Maruska et al. 2012). Pro-
liferating cells are located along the ventricle of
the three parts of the hypothalamus and form a
contiguous proliferation zone (Fig. 3) (Zupanc

Adult Neurogenesis in Fish

and Horschke 1995; Ekstrom et al. 2001; Zu-
panc et al. 2005; Grandel et al. 2006; Kuroyanagi
et al. 2010; Maruska et al. 2012). Around the
posterior recess, scattered proliferating cells are
found several cell diameters away from the ven-
tricle (Ekstrom et al. 2001; Grandel et al. 2006;
Maruska et al. 2012). In zebrafish, cells positive
for the glial markers, S100b, GFAP, and Aro-B,
line the ventricle except in the ventral hypothal-
amus, in which S100b is not expressed (Menuet
et al. 2005; Grandel et al. 2006; de Oliveira-Car-
los et al. 2013). The cellular components of the
neurogenic niches in the hypothalamus are not
well understood. In the dorsal hypothalamus,
two populations of proliferating cells are pre-
sent, one glial-marker positive and one glial-
marker negative (Fig. 3) (Pellegrini et al. 2007;
de Oliveira-Carlos et al. 2013), but the distribu-
tion of progenitors among those populations is
unknown. In BrdU pulse-chase experiments,
slowly cycling LRCs have been found in the hy-
pothalamic proliferation zones (Grandel et al.
2006; J Ganz, ] Kaslin, and M Brand, unpubl.).
Interestingly, LRCs in the dorsal, ventral, and
caudal hypothalamus are not positive for the
typical glial markers S100, GFAP, or vimentin
(Fig. 3) (J Ganz, J Kaslin, and M Brand, un-
publ.). In BrdU pulse-chase experiments, most
proliferating cells migrate only few cell diame-
ters away from the ventricle into the neuronal
nuclei of the ventral hypothalamus and in the
dorsal hypothalamus around the lateral recess
(Grandel et al. 2006; Maruska et al. 2012). Here,
newly generated TH™ and 5HT " neurons can be
detected (Grandel et al. 2006). In the wall of the
posterior recess, however, proliferating cells are
intermingled with their progeny (Grandel et al.
2006). It remains to be determined what the
specific cellular characteristics of the hypotha-
lamic neurogenic niches are and which cell types
are generated in the adult teleost hypothalamus.

Optic Tectum

The optic tectum is the most prominent struc-
ture of the midbrain and is a paired structure
located in the dorsal mesencephalon. It receives
mainly input from the optic tract and integrates
spatial aspects of visual and other sensory input
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g’&’;‘ﬁg Cold Spring Harbor Perspectives in Biology

PERSPECTIVES

Voocd”

www.cshperspectives.org

J. Ganz and M. Brand

@ Proliferating cell
O Label-retaining cell

O Nonproliferating cell
@ Neuronal layer

[] Glial marker*

] Glial marker-

] Aro-B+, GFAP+, S100b-

Figure 3. Cellular composition of the neurogenic niche in the hypothalamus. (A) Cross-section of the
diencephalon/mesencephalon, boxed area is shown close up in B. (B) The neurogenic niche in the hypo-

thalamus.

(Nieuwenhuys et al. 1998). It is well established
that, in teleosts, the optic tectum continues to
grow throughout the lifetime (Nieuwenhuys
et al. 1998). One feature of the tectum is its
retinotopic organization (Nieuwenhuys et al.
1998). A second noticeable feature of the optic
tectum is its laminar organization: in teleosts, it
consists of seven layers. The majority of tectal
neurons are tightly packed in layer 1, the peri-
ventricular gray zone (PGZ), the other layers 2

@ Proliferating cell
O Label-retaining cell

O Nonproliferating cell

© Generated cell (short chase)

@ Generated cell (longer chase)

@ Neuronal layer
— Apical marker*

to 7 are often collectively referred to as optic
tectum (Meek 1983; Wullimann et al. 1996;
Nieuwenhuys et al. 1998). The PGZ also has a
layer of GFAP, S100b, and fabp7a-positive radial
glia cells, which are located in the deep layer of
PGZ along the tectal ventricle (Fig. 4) (Alunni
et al. 2010; Ito et al. 2010). In teleosts, prolifer-
ating cells are present at the dorsal, ventral, and
caudal margins of the optic tectum (Raymond
and Easter 1983; Zupanc and Horschke 1995;

0I0I0000 A/
00 2P
ﬁ\z\'@b «

018

[] Glial marker*
] Glial marker~
M ociig2:GFP+

& PSA-NCAM*

Figure 4. Progenitor characteristics and neurogenesis in the optic tectum. (A) Cross section of the diencepha-
lon/mesencephalon, boxed area is shown close up in B. (B) The neurogenic niche of the periventricular gray
zone (PGZ) in the optic tectum. (Panel B generated from data in Ito et al. 2010.)
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Marcus et al. 1999; Nguyen et al. 1999; Ekstrom
et al. 2001; Candal et al. 2005; Grandel et al.
2006; Alunni et al. 2010; Ito et al. 2010; Kuroya-
nagi et al. 2010; Maruska et al. 2012; Teles et al.
2012; Olivera-Pasilio et al. 2014). In zebrafish
and medaka, the majority of proliferating cells
are located in the caudal part of the PGZ, in
which LRCs are concentrated in the dorsome-
dial part of the optic tectum. They are present in
a crescent-shaped zone restricted to the margin
of the PGZ (Fig. 4) (Raymond and Easter 1983;
Grandel et al. 2006; Ito et al. 2010). There are
also few proliferating cells in the PGZ with ra-
dial glia characteristics, whose proliferation is
enhanced after optic nerve crush (Stevenson
and Yoon 1981; Ito et al. 2010).

In zebrafish, the progenitor zone of PGZ
contains both slowly cycling label-retaining cells
and more rapidly cycling progenitors (Fig. 4)
(Raymond and Easter 1983; Grandel et al.
2006; Alunni et al. 2010; Ito et al. 2010). Inter-
estingly, proliferating cells do not show typi-
cal radial glia characteristics like expression
of GFAP, S100b, fabp7a, or brain lipid-binding
protein (BLBP) (Fig. 4) (Grandel et al. 2006;
Alunni et al. 2010; Ito et al. 2010). Instead, the
progenitor zone displays neuroepithelial-like
characteristics on an ultrastructural level (Fig.
4) (Raymond and Easter 1983) and by expres-
sion of the apicobasal polarity markers zona oc-
cludens-1 (ZO1), y-tubulin, and atypical pro-
tein kinase C (aPKC) (Fig. 4) (Ito et al. 2010).

In zebrafish, the progenitor zone of the PGZ
gives rise to GABAergic and glutamatergic neu-
rons, radial glia cells, and oligodendrocyes (Ito
et al. 2010). New neurons are added in a char-
acteristic fashion, in which newly generated
cells are displaced laterally (Fig. 4) (Raymond
and Easter 1983; Raymond et al. 1983; Nguyen
et al. 1999; Grandel et al. 2006). There is no
tangential dispersion of generated cells, but
they move as a cohort away from the progenitor
zone (Fig. 4) (Nguyen et al. 1999; Alunni et al.
2010; Ito et al. 2010). In medaka and zebrafish,
it has been observed that newly generated cells
can be found in all layers of the optic tectum,
even though the majority of newly generated
cells stay within the PGZ (Nguyen et al. 1999;
Grandel et al. 2006).

Adult Neurogenesis in Fish

CEREBELLUM FROM EMBRYO TO ADULT —
CHARACTERISTICS OF A NEUROGENIC
NICHE

Cerebellar development and neurogenesis have
enjoyed considerable attention in vertebrates
(Altman and Bayer 1997; Wingate 2001), and
have recently been characterized in some detail
in zebrafish. Because adult neurogenic niches
in the zebrafish cerebellum emanate in an or-
derly fashion from the embryonic sites, the fol-
lowing gives a brief account also of develop-
mental aspects (for details, see Kaslin et al.
2009, 2013; Kaslin and Brand 2012, and refer-
ences therein).

Cerebellar Progenitors and Germinal Zones

Cerebellar neurons and glia originate from two
principal germinal zones in the embryonic
hindbrain, the rhombic lip (RL), and the VZ.
The VZ consists of the inner germinal zone that
is located directly at the fourth ventricle, where-
as the RL comprises the dorsal outer germinal
zone that is located at the interface of the dorsal
neural tube and the roof plate at the rim of
the fourth ventricle (Fig. 5) (Wingate 2001).
The RL is further divided into a rostral upper
(cerebellar) and a caudal lower (hindbrain) part
(Altman and Bayer 1997). In amniotes, granule
cell precursors migrate from the upper rhombic
lip (URL) to the cerebellar surface, in which
they transiently form a highly proliferative sec-
ond germinal zone, the external granule layer
(EGL).

During vertebrate development, different
cerebellar cell types are produced in a strict spa-
tial and temporal order from increasingly com-
mitted progenitors (Wang and Zoghbi 2001;
Carletti and Rossi 2008). Excitatory neurons
are generated by the RL, and inhibitory neurons
are generated from the VZ (Hoshino et al
2005). The transcription factor Ptfla marks
progenitors of inhibitory neurons in the VZ,
whereas the transcription factor Ato1 labels pro-
genitors for excitatory cells in the RL and sub-
sequent EGL (Ben-Arie et al. 1997; Hoshino
et al. 2005; Pascual et al. 2007). In chick and
rodents, the extracerebellar and cerebellar-long
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Figure 5. Development and neurogenesis in the cerebellar niche. Cerebellar development in vertebrates depends
on (A) the isthmic organizer positioned at the midbrain—hindbrain boundary (MHB) in the neural plate of
zebrafish at the interface between otx (blue) and gbx (yellow) expression domains occuring during gastrulation,
under control of Wnt8 secreted by the blastoderm margin (red arrows). Gray area 1/4 developing axial meso-
derm. Light gray 1/4 yolk. (Panel A modified from data in Rhinn et al. 2005.) (B,C) Morphogenetic events of the
cerebellar primordium. At 24 hpf, the MBH, midbrain structures, and the cerebellar primordium are clearly
distinguishable in the zebrafish embryo. (C) At the end of gastrulation, a complex genetic network with several
region-specific transcription factors and the secreted molecules Wntl and Fgf8 are expressed at the otx/gbx
interface. The secreted signals from the isthmic organizer in turn determine the development of the surrounding
mid- and hindbrain tissue. (D) Summary of the early morphogenetic events and the establishment of the
progenitor domains. There is a morphogenetic rotation of the cerebellar primordium (blue arrow). From
36 hpf onward, the dorsomedial part of the fourth ventricle is shifted anteriorly creating a dorsomedial exten-
sion of the fourth ventricle (red arrow). Ventricularly located progenitors (orange line) are found in the lower
rhombic lip (LRL) of the hindbrain and in the ventricular zone (VZ) of the cerebellum. Cerebellar progenitors
adjacent to the roof plate are induced to turn into granule cell progenitors (upper rhombic lip [URL] green line).
(E) Schematic summary of tissue growth and displacement of the progenitor niche. Displacement of the URL
progenitor niche through tissue growth begins ~7 dpf. (Legend continues on following page.)
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projecting neurons are produced first, followed
by diverse cerebellar interneurons (reviewed in
Wang and Zoghbi 2001; Carletti and Rossi
2008). The deep cerebellar nuclei and other ex-
tra cerebellar nuclei (precerebellar nuclei) are
generated before the genesis of the cerebellar
cells in both the VZ and the RL (Hoshino
et al. 2005). The generation of cerebellar inhib-
itory neurons follows an inside-out sequence
from deep to superficial layers, in which the
VZ generates the long projecting Purkinje neu-
rons, Golgi/Lugaro cells, basket cells, and stel-
late cells in a temporal succession (Carletti and
Rossi 2008). In contrast to VZ, the generation of
excitatory neurons from RL follows an outside-
in sequence in which unipolar brush cells are
generated first, followed by the generation of
granule cells (Machold and Fishell 2005; Wang
etal. 2005; Englund et al. 2006; Fink et al. 2006).

Adult Neurogenesis in Fish

In zebrafish, the cerebellar primordium be-
comes morphologically distinguishable during
midsegmentation stages (Fig. 5) (Langenberg
et al. 2006). Shortly after the formation of the
cerebellar primordium, the expression of the
neural progenitor markers atohl and ptfla is
detected in RL, marking the onset of neurogen-
esis. The upper and lower RL parts are well rec-
ognizable 1 day after fertilization (Fig. 5) and
atohla-b expression is detected in the whole RL
(Kim et al. 1997; Koster and Fraser 2001; Adolf
et al. 2004; Kani et al. 2010), whereas ptfla ex-
pression is confined to the LRL (Zecchin et al.
2004; Aldinger and Elsen 2008; Volkmann et al.
2008; Kani et al. 2010). Also at this time, the first
cells start migrating out from the RL (see below)
(Koster and Fraser 2001). The ptfla expression
is first detected shortly after 36 hpf in the cere-
bellar plate, in which it is expressed ventricu-

Figure 5. (Continued) During juvenile stages, there is vast generation of granule cells and massive expansion of
the granule cell layer. The expanding granule cell layer separates the dorsomedial part of the [Vth ventricle and
the progenitors in the URL (green) from the rest of the IVth ventricle and the VZ. The addition of axonal fiber
mass to the molecular layer further separates the URL progenitors dorsally from the roof plate/meninge. URL
progenitors (green) are maintained dorsal to the cerebellar recessus in adult zebrafish, whereas ventricular-zone-
derived progenitors and glia (orange) are found ventral to the recessus around the IVth ventricle. (F) Schematic
summary of the zebrafish cerebellar progenitor niche. Neural progenitors derived from the URL are maintained
in the dorsomedial part of the cerebellum around a remnant of the IVth ventricle (the cerebellar recessus). These
progenitors give rise to granule neurons in a distinct outside-in fashion. Steps are numbered: (1) Polarized
neuroepithelial-like progenitors (green) are restricted to the midline of the dorsal cerebellum. The progenitors
give rise to rapidly migrating granule precursors (dark green) that initially migrate dorsolaterally. During this
initial phase, the granule precursors still may proliferate. After reaching the meninge, the granule precursors
change to a unipolar morphology and migrate in a ventrolateral direction toward the granule layer (GL). The
granule precursors migrate into the GL and differentiate into granule neurons. (2) A few glia with a radial
morphology (light blue), found close to the midline, are used as scaffolds during the initial dorsal migration of
granule precursors. (3) Bergmann glia-like cells are interspersed in the Purkinje cells layer (PL) (dark blue). A
low amount of Bergmann glia-like cells and inhibitory neurons (yellow) are generated from VZ progenitors that
are found lateral and ventral to the progenitor niche. VZ progenitors are also found ventrally around the IVth
ventricle (see E). (G) Comparison of the life-long maintained neurogenic program in the zebrafish cerebellum
and the cerebellar developmental program in mammals. Numbered steps: (1) Ventricularly located VZ progen-
itors (orange) generate precursors (red) for inhibitory neurons and glia (yellow and blue). (2) In mammals,
progenitors (green) in the URL feed the EGL with granule cell precursors. In zebrafish, no distinct EGL is
discernable, although precursors do divide en route. (3) In mammals, greatly amplifying granule cell precursors
are found in the EGL. The granule cell precursors are initially tangentially migrating. In contrast, a low level of
amplification takes place in the zebrafish brain. (4,5) Granule cell precursors become postmitotic, differentiate,
and migrate ventrally into the GL. (6) In the mammalian cerebellum, the URL and EGL are exhausted of their
progenitors, whereas in zebrafish, primary URL progenitors and some VZ progenitors are maintained in a
dividing state by a specialized niche. CB, cerebellar primordium; HB, hindbrain GL, granule cell layer; IVth V,
fourth ventricle; LRL, lower rhombic lip; MHB, midbrain—hindbrain boundary; ML, molecular layer; PL,
Purkinje cell layer; URL, upper rhombic lip; VZ, ventricular zone; CP, choroid plexus; CR, cerebellar recessus;,
EGL, external granule layer. (From data in Kaslin and Brand 2012 and Kaslin et al. 2009, 2013; adapted, with
permission, from the authors.)
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larly in close proximity to the fourth ventricle.
The ptfla expression is abutting a dorsal do-
main of atohl expression (Volkmann et al.
2008; Kani et al. 2010). Thus, at 2 days after
fertilization, two distinct adjacent progenitor
domains that anatomically and molecularly
correspond to the URL and VZ domains of oth-
er vertebrates can be detected in the zebrafish
cerebellar primordium (Fig. 5).

Spatial patterning of progenitor domains in
the embryonic rodent RL corresponds to the
functional domains in the mature cerebellum;
granule cells that are generated rostrally gener-
ally end up medially, whereas granule cells gen-
erated caudally end up in a lateral position (Fig.
5) (Sgaier et al. 2005, 2007). Similarly, progen-
itors from different zones of the URL in zebra-
fish migrate along distinct paths to the corpus
cerebelli, eminentia granularis, and the caudal
lobe (CCe, EG, and LCa) (Volkmann et al. 2008;
Rieger et al. 2009). Granule cell progenitors in
the medial part of the RL produce granule neu-
rons in the corpus cerebelli, whereas progeni-
tors in the lateral part generate granule cells in
the eminentia granularis. A stationary popula-
tion of granule progenitors in the caudal part of
the RL produces the granule cells in the caudal
lobe (Volkmann et al. 2008). Interestingly, the
spatial patterning of progenitors in the RL can
be related to distinct gene-expression patterns.
During granule cell development, atohla ex-
pression is confined to the very anterior part
of the RL, whereas atohlc is restricted to the
medial and caudal parts of the RL, suggesting
that the atohl genes are involved in the spatial
patterning of the progenitor domains in the RL
(Chaplin et al. 2010; Kani et al. 2010). Further-
more, the expression of markers, such as eomesa
(tbr2), calbindin2, barhll.1, and barhll1.2, is dif-
ferent in granule cells in the caudal lobe com-
pared with granule cells in the corpus cerebelli
or eminentia granularis (Bae et al. 2009). Taken
together, this suggests that distinct gene expres-
sion programs control the generation of differ-
ent granule-cell-progenitor domains and spe-
cific migratory patterns in the RL. Consistent
with this notion, specific cell types are generated
from different domains along the VZ in rodents
(Altman and Bayer 1997).

Cerebellar Neurogenesis

The initial wave of delamination and migration
of cells from the cerebellar primordium (URL)
starts 1 day after fertilization (Koster and Fraser
2001), and early migrating cells from the URL
end up in tegmental nuclei located below the
cerebellum (Kani et al. 2010; Volkmann et al.
2010). Cell migration to the valvula cerebelli
and the tegmental nuclei outside the cerebellum
was detected during the first 2 days by follow-
ing atohla:gfp protein perdurance or photo-
converted Kaede in cells originating from the
rostromedial tip of the URL (Kani et al. 2010).
In a complementary fate-mapping approach us-
ing the wntl:gal4-VP16-14 x UAS:GFP trans-
genic fish line that specifically labels atohla ex-
pressing cells in the rostromedial part of the
URL showed that early migratory cells from
the URL contribute to cholinergic and gluta-
mergic neurons of the secondary gustatory/
viscerosensory nucleus, nucleus isthmi, and su-
perior reticular nucleus (Volkmann et al. 2010).
Interestingly, the cells in the precerebellar nu-
cleus lateralis valvulae are not derived from
wntl:gal4-VP16-14 x UAS:GFP-positive cells
in the URL (Volkmann et al. 2010). A similar
rostroventral migratory pathway from the early
URL to several different nuclei in tegmentum
has been observed in chick and rodents (Win-
gate and Hatten 1999; Machold and Fishell
2005; Wang et al. 2005). Furthermore, in mouse,
the first group of cells derived from atol-ex-
pressing cells in the URL migrates rostroven-
trally and exits the cerebellum to form several
different nuclei in the tegmentum (Wingate and
Hatten 1999; Machold and Fishell 2005; Wang
etal. 2005). In summary, the early generation of
cells from the URL and their migratory pattern
seems to be highly conserved in vertebrates.
Generation of cerebellar neurons starts ~2
days after fertilization in zebrafish. Initiation of
layer formation starts at 3 days after fertilization
when the first differentiated Purkinje cells are
detected by the expression of markers such as
Parvalbumin?, aldocl, rora2, coe2, and gadl-2
(Jaszai et al. 2003; Katsuyama et al. 2007; Volk-
mann et al. 2008; Bae et al. 2009; Elsen et al.
2009). It was recently shown that hepatocyte
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growth factor signaling through its tyrosine ki-
nase receptor Met is necessary for cerebellar
proliferation, VZ progenitors, and subsequent
Purkinje cell development (Elsen et al. 2009).
Little is known about the development and
specification of other inhibitory neuron types.
Granule cell production starts 2 days after fer-
tilization when granule cell precursors leave the
URL. They rapidly migrate over a long distance
and start to differentiate (Koster and Fraser
2001; Volkmann et al. 2008). The differentiating
granule cells express atohla-c, zicl, zic2, zic3,
reelin, pax6a, tagl, and neuroD1 (Koster and
Fraser 2001; Costagli et al. 2002; Jaszai et al.
2003; Adolf et al. 2004; Toyama et al. 2004;
Foucher et al. 2006; Aldinger and Elsen 2008;
Volkmann et al. 2008; Bae et al. 2009; Chaplin
et al. 2010). The granule cells migrate in chain-
like structures from the URL. Cadherin-2 is nec-
essary to mediate chain formation and coordi-
nate migratory behaviors of granule cells (Rieger
et al. 2009). Granule cells expressing mature
markers, such as gabra6b and vglutl-2, are de-
tected beneath the Purkinje cells 5 days after
fertilization (Volkmann et al. 2008; Bae et al.
2009). Furthermore, all three cortical layers
can be distinguished 5 days after fertilization.
The transcription factor olig2 labels progenitors,
mature oligodendrocytes, and eurydendroid
cells in zebrafish (McFarland et al. 2008; Bae
et al. 2009). During development, the euryden-
droid cells are derived from olig2:gfp-expressing
progenitors located in the caudal VZ and lateral
regions of the URL. Interestingly, the olig2:gfp-
expressing eurydendroid cells appear to be de-
rived from both ptfla- and atohl-expressing
progenitors, although they are later excitatory
in nature (Kani et al. 2010). Furthermore, an-
tagonistic interplay between Hedgehog (Hh)
and Wnt signaling regulates the number and
distribution of olig2:gfp-expressing cells in the
developing cerebellum. The absence of Hh sig-
naling during early development increases the
size of the olig2:gfp-expressing cell population,
whereas Wnt signaling is necessary for the de-
velopment of the olig2:gfp cells (McFarland
et al. 2008). It has been proposed that Hh sig-
naling may limit the range of Wnt signaling in
the RL, which is necessary for the development

Adult Neurogenesis in Fish

of Olig2-expressing neurons (McFarland et al.
2008).

Adult Cerebellar Neurogenesis

Cerebellar progenitor activity and neurogenesis
continue into adulthood in zebrafish (Grandel
et al. 2006; Kaslin et al. 2009, 2013). Notable
progenitor activity is detected along the fourth
ventricle and its dorsomedial and lateral out-
pockets, the cerebellar recessus. Interestingly,
the neural progenitors persist in a specialized
niche in the adult zebrafish cerebellum (Fig.
5). Label-retaining, distinctly polarized neuro-
epithelial-like cells that express the neural stem
cell and progenitor markers nestin, Sox2, Meis,
and Musashil are found along the fourth ven-
tricle and its dorsomedial and lateral out-pock-
ets, the cerebellar recessus (Kaslin et al. 2009,
2013). Interestingly, the nestin-positive progen-
itors do not express radial or astroglial markers
such as S100b, GFAP, vimentin, BLBP, GS, or
Aro-B (Kaslin et al. 2009). The cerebellar
stem-cell niche consists of polarized neuroepi-
thelial-like progenitors that inhabit the dorsal
part of the cerebellar recessus, whereas S100b
and GFAP-expressing epithelial-like glia line
the ventral part of the recessus (Fig. 5). Addi-
tionally, the neuroepithelial-like progenitors are
flanked medially by radial glia and laterally by
Bergmann glia. The neuroepithelial-like pro-
genitors give rise to a population of dividing
intermediate progenitors. The neuroepithelial-
like cells and the intermediate progenitors ex-
press characteristic upper RL and granule cell
markers such as atohlc, zicl, zic3, reelin, neurod,
Pax6, Meisl, and GAP-43 (Costagli et al. 2002;
Kaslin et al. 2009; Chaplin et al. 2010; Kani et al.
2010). The intermediate progenitors rapidly
migrate in a distinct outside-in fashion into
the granule cell layer, in which they differentiate
into granule cells. In the adult cerebellum, the
granule precursors migrate into the granule cell
layer within 3 days (Kaslin et al. 2009). Al-
though several subtypes of inhibitory and excit-
atory cells are found in the zebrafish cerebellum,
mainly granule cells are produced in the adult.
In vivo imaging of the cerebellar stem cell niche
from embryonic to adult stages showed that the
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niche is generated in a two-step process, that
initially involves morphogenetic movements,
and later, tissue growth. Because of these pro-
cesses, RL progenitors and a small portion of
the ventricle, the cerebellar recessus, are dis-
placed deep into the cerebellar tissue (Kaslin
et al. 2009, 2013). In contrast, the cerebellar
midline and the ventricle are lost as the two
cerebellar hemispheres fuse in chick and ro-
dents (Altman and Bayer 1997; Louvi et al.
2003; Sgaier et al. 2005). Upper RL progenitors
are maintained dorsal to the cerebellar recessus
in the adult zebrafish, whereas VZ-derived pro-
genitors and glia are found ventral to the reces-
sus. The VZ-derived progenitors are almost qui-
escent in the adult zebrafish, which is consistent
with the notion that few inhibitory neurons and
glia are produced in the adult.

During development of amniotes, granule
cell precursors migrate from the URL to the
cerebellar surface, where they transiently form
a highly proliferative second germinal zone, the
EGL. Sonic hedgehog secreted from Purkinje
neurons acts as the major mitogenic signal for
granule precursors in the EGL (Dahmane and
Ruiz i Altaba 1999; Wechsler-Reya and Scott
1999). In contrast to amniotes, Sonic hedgehog
signaling and a prominent external granule cell
layer is lacking in the developing and adult ze-
brafish cerebellum (Kaslin et al. 2009, 2013;
Chaplin et al. 2010). Interestingly, the advent
of a secondary zone of transient amplification
(e.g., the external granule cell layer) seems to be
an amniote-specific developmental adaptation,
because shark, teleost fish and frogs lack an ob-
vious external granule cell layer (Gona 1976;
Chaplin et al. 2010). However, dividing inter-
mediate granule precursors can be continuously
detected in the zebrafish cerebellum, although
the amplification rate is very low (Kaslin et al.
2009). This suggests that the production of
granule cells in zebrafish is more likely to be
controlled on the level of the primary progeni-
tors (Kaslin et al. 2009). Not much is known
about signals that control the proliferation and
differentiation of the cerebellar progenitors in
the adult zebrafish. However, fibroblast growth
factor (Fgf) signaling is required for the main-
tenance and proliferation of the adult cerebellar

progenitors (see below) (Kaslin et al. 2009). In
addition, sex differences in proliferation have
been detected in the adult cerebellum (Ampat-
zis and Dermon 2007).

REGULATION OF ADULT
NEUROGENESIS IN FISH

Cell proliferation, progenitor self-renewal, and
quiescence, as well as the generation of new neu-
rons and glial cells, generally have to be carefully
balanced and regulated in the adult brain. Dif-
ferent signaling pathways as well as environ-
mental components have been shown to regu-
late proliferation and neurogenesis in fish. In
the following, we will discuss different signaling
pathways and environmental influences that
have been shown to regulate progenitor prolif-
eration and neurogenesis in the adult brain.

Fibroblast Growth Factor Signaling

The role of Fgf signaling in controlling adult
progenitor proliferation has been analyzed in
detail both in the telencephalon and cerebellum
(Kaslin et al. 2009; Ganz et al. 2010). In the
telencephalon, blockade of Fgf signaling signif-
icantly reduced the number of proliferating cells
in Vv, but not in Vd or in the dorsal telenceph-
alon (Ganz et al. 2010). Interestingly, ectopic
activation of Fgf signaling increased prolifer-
ation both in the ventral and the dorsal
telencephalon (Ganz et al. 2010). Analysis of
Fgf signaling components showed differential
expression of Fgfreceptors and downstream tar-
gets in the telencephalic progenitor zones (Topp
etal. 2008; Ganz et al. 2010). One possibility for
the different responses of the progenitor zone of
Vd and the dorsal telencephalon to blockade of
Fgf signaling compared with Vv is that only a
subset of dorsal progenitors responds to Fgf sig-
naling. Additional markers for subsets of pro-
genitors will be necessary to resolve this issue.
Alternatively, different proximity to an Fgf
source could explain the differential response,
because expression of fgf8a and fgf3 is restricted
to the ventral part of Vv, and fgf8b is present
only along the midline of the telencephalon
(Topp et al. 2008; Ganz et al. 2010). This is re-
miniscent of embryonic development, in which
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the ventral telencephalon depends on Fgf3 and
Fgf8a signaling (Shanmugalingam et al. 2000;
Furthauer et al. 2001). Thus, progenitors in
the ventral telencephalon might require higher
levels of Fgf pathway activation from embryonic
development into adulthood. In summary, Fgf
signaling is required to directly regulate prolif-
eration of telencephalic progenitors.

In the cerebellum, blockade of Fgf signaling
leads to a significant reduction in the number of
proliferating cells both in the stem cell niche and
in the population of proliferating granule pre-
cursors (Kaslin et al. 2009). Different Fgfs ( fgf3,
f¢f8a, and fgf8b) are expressed in the cerebellum
in close proximity to the ventricle, but not di-
rectly in the stem cell niche (Topp et al. 2008).
Two Fgf receptors ( fgfr2 and fgfr3) are present
in the stem cell niche, which could mediate Fgf
signals (Kaslin et al. 2009). However, high levels
of Fgf activity are not present in the stem cell
niche, but primarily in glia and granule cells
(Kaslin et al. 2009). Fgf signaling is important
in the cerebellum in regulating proliferation and
Fgfs might propagate through the cerebellar
ventricle to the stem cell niche.

Notch Signaling

In the telencephalon, Notch signaling has shown
to play a role in controlling proliferation and
adult neurogenesis in the zebrafish. Blocking
Notch signaling in the dorsal telencephalon re-
sulted in an increase in proliferation by switch-
ing quiescent radial glia to actively cycling glial
cells (Chapouton et al. 2010). Conversely, by
ectopically activating Notch signaling, progen-
itors exit the cell cycle, suggesting that Notch
signaling might control the switch between qui-
escent and actively cycling glial marker positive
progenitors in the dorsal telencephalon (Cha-
pouton et al. 2010). This switch is at least par-
tially mediated by notch3, as blocking notch3
expression in the dorsal telencephalon by elec-
troporation of a notch3-morpholino leads to
an increase in cycling radial glia cells (Alunni
et al. 2013). The increase in proliferation after
blocking Notch signaling also resulted in a net
increase in number of neurons generated (Cha-
pouton et al. 2010). Interestingly, not all quies-

Adult Neurogenesis in Fish

cent radial glia cells entered the cell cycle after
Notch signaling blockade, which suggests that
there are additional signaling pathways that
maintain the balance between quiescence and
proliferation in the dorsal telencephalon (Cha-
pouton et al. 2010). Notch signaling pathway
components are also differentially expressed
in the ventral telencephalon as well as in the
hypothalamus, optic tectum, and cerebellum
(Chapouton et al. 2011; de Oliveira-Carlos
et al. 2013). It will be interesting to determine
whether Notch signaling plays a similar role in
the ventral as in the dorsal telencephalon. Fur-
thermore, elucidating the role Notch signaling
plays in the different neurogenic niches in the
adult zebrafish brain will be important to fur-
ther understand the regulation of adult neuro-
genesis in fish.

ENVIRONMENTAL INFLUENCE
ON ADULT NEUROGENESIS

In several teleost species, different environmen-
tal parameters, such as social interactions, stress,
rearing conditions, and environmental com-
plexity have been suggested to influence cell pro-
liferation and neurogenesis in different brain
regions in the adult (Lema et al. 2005; Dunlap
et al. 2006, 2008, 2010, 2011a,b, 2013; Sorensen
et al. 2007, 2011, 2012; Ampatzis et al. 2012;
Maruska et al. 2012; Dunlap and Chung 2013)
In the weakly electric fish A. leptorhynchus, social
interactions of pairing two fish in an aquarium
or hearing the electrocommunicating chirps
from another individual increased the addition
of cells specifically in the diencephalic prepace-
maker nucleus (PPn) responsible for the electro-
communication behavior, and not in adjacent
nuclei compared with isolated fish (Dunlap
et al. 2008). Interestingly, exposing fish to a se-
ries of seven novel partners increased the addi-
tion of cells to the PPn compared with fish that
were only exposed to two novel partners, sug-
gesting that not only presence of social novelty
increases cell addition, but sequential novel so-
cial stimuli might increase cell addition even
more (Dunlap and Chung 2013). This increase
in cells might be regulated by cortisol, because
treatment with exogenous cortisol increased cell
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addition in PPn, whereas blocking glucocorti-
coid receptors inhibited cell addition in PPn
(Dunlap et al. 2013). However, other factors
must play a role in regulating the addition of
cells, as blocking glucocorticoid receptors re-
duced cell addition only to about half of the
isolated controls (Dunlap et al. 2013). Similarly,
in the cichlid Astatotilapia burtoni, the social
status influences the amount of proliferation in
different brain regions (Maruska et al. 2012).
Subordinate males show a significantly lower
number of proliferating cells in analyzed brain
regions (ventral telencephalon, POA, NRL, CP,
TPp, and Ce) compared with dominant and as-
cending males. The latter also have significantly
less proliferating cells than dominant males
(Maruska et al. 2012). This increase in prolifer-
ation happens very rapidly as changes in pro-
liferation could already be detected 24 h after
the first display of dominance behavior in
the ascending male (Maruska et al. 2012). Sim-
ilarly, social stress reduced proliferation in the
telencephalon of the rainbow trout Onchory-
hnchus mykiss (Sorensen et al. 2011). Interest-
ingly, in contrast to the results in the PPn of
A. leptorhynchus, cortisol reduces cell prolifera-
tion in this system (Sorensen et al. 2011), sug-
gesting that cortisol can have a differential influ-
ence on regulating adult neurogenesis in fish.

FROM THE ZERBAFISH MODEL
TO HUMAN DISEASE

Adult neurogenesis is generally a conserved trait
of all vertebrates studied. Comprehending the
different modes of adult neurogenesis among
different species should allow the identification
of evolutionary conserved and derived charac-
teristics of adult vertebrate neurogenesis. With
more than 26,000 species, teleosts are the most
species-rich group of vertebrates, with a great
diversity of adult brain morphologies, habitats,
and social behavior (Fig. 1) (Nieuwenhuys et al.
1998). Thus, analyzing adult neurogenesis in
teleosts provides many different examples to de-
termine which aspects and characteristics of
adult neurogenesis are conserved among verte-
brates. On the other hand, species-specific dif-
ferences in proliferation or neurogenesis will al-

low us also to learn more about different modes
of adult neurogenesis and how they are regulat-
ed. This will help us comprehend which molec-
ular mechanisms regulate vertebrate neurogen-
esis in general. A key challenge of biomedical
interest will be to understand which differences
in proliferation and regenerative capacities exist
between the adult brains of teleosts and mam-
mals. Key questions are, for example, which cell
types in fish are homologous to which cell types
in mammals? How comparable are their respec-
tive development and functions in teleost vs.
mammalian brains? Which genetic mechanisms
drive these cell populations in fish, and are they
comparable to mammalian mechanisms? How
is the seemingly unique teleost ability to regen-
erateits brain neurons and glia encoded, and can
one reactivate such mechanisms in the mamma-
lian brain? Answers to some of these questions
are beginning to emerge, but will they reveal new
strategies for treating neurodegenerative disease,
stroke, and traumatic brain injuries in man? In
concert with modern genetic, genomic and neu-
robiological technologies, answers to some of
these fascinating questions can be expected.
Conceivably, understanding how adult neuro-
genesis and especially the generation of specific
neuronal subtypes is regulated in teleosts, with
zebrafish as a “workhorse representative,” might
eventually inform therapeutic approaches to re-
place lost neurons under conditions of human
brain injury and neurodegenerative disease.
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