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Abstract
The olfactory system is renowned for its functional and structural plasticity, with both peripheral and central structures displaying
persistent neurogenesis throughout life and exhibiting remarkable capacity for regenerative neurogenesis after damage. In
general, fish are known for their extensive neurogenic ability, and the zebrafish in particular presents an attractive model to
study plasticity and adult neurogenesis in the olfactory system because of its conserved structure, relative simplicity, rapid cell
turnover, and preponderance of neurogenic niches. In this review, we present an overview of the anatomy of zebrafish olfactory
structures, with a focus on the neurogenic niches in the olfactory epithelium, olfactory bulb, and ventral telencephalon.
Constitutive and regenerative neurogenesis in both the peripheral olfactory organ and central olfactory bulb of zebrafish is
reviewed in detail, and a summary of current knowledge about the cellular origin and molecular signals involved in regulating
these processes is presented. While some features of physiologic and injury-induced neurogenic responses are similar, there are
differences that indicate that regeneration is not simply a reiteration of the constitutive proliferation process. We provide
comparisons to mammalian neurogenesis that reveal similarities and differences between species. Finally, we present a number
of open questions that remain to be answered.
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Introduction

The olfactory system is highly dynamic at the functional and
structural level. Both the peripheral olfactory epithelium (OE;
Graziadei and Monti Graziadei 1978; Hinds et al. 1984) and
the central olfactory bulb (OB; Altman 1969; Lim and
Alvarez-Buylla 2016) are sites of extensive and life-long neu-
ronal turnover and persistent neurogenesis. New nerve cells

are constantly added to both sides of the primary synaptic
circuits between olfactory sensory neurons (OSNs) and
higher-order OB neurons that underlie odorant recognition
and olfactory perception. More remarkably, the peripheral
OE shows a capacity for self-repair and structural regeneration
that is unprecedented among neuronal structures, especially in
the nervous system of higher vertebrates (Schwob 2002;
Ferretti 2011). As a consequence, the OB, in comparison to
most other central brain structures, also maintains sig-
nificant cellular and synaptic plasticity throughout life
as it perpetually adjusts to the peripheral neuronal turn-
over (Takahashi et al. 2018).

OSNs, similar to taste receptor cells of the tongue, are
directly exposed to the chemical environment to detect odor
stimuli and, therefore, are unprotected from potentially harm-
ful substances and pathogens that enter the nasal cavity during
smell sensation (Moulton 1974). As a consequence, vertebrate
OSNs have a limited lifespan and persist only for several
weeks to a few months (Mackay-Sim and Kittel 1991; Holl
2018). Thus, constitutive OE neurogenesis reflects the persis-
tent need of the tissue to replace dying OSNs in a rate-matched
manner to maintain olfactory function over the lifespan of the
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organism. Because of its exposed structure, the OE is also
vulnerable to direct physical injury, which causes damage to
the overall integrity of the tissue and affects neuronal and non-
neuronal cell types. Increasing insight into the cellular and
molecular processes that underlie adult OSN neurogenesis
supports the concept that regeneration of the OE following
structural damage is not simply an accelerated mode of con-
stitutive OSN turnover in the intact tissue (reviewed in
Schwob et al. 2017). Rather, maintenance and repair
neurogenesis appear to be distinct processes that depend on
different stem/progenitor cells and unique inter- and intracel-
lular molecular signals.

The steady turnover of OSNs in the intact OE and transient-
ly increased OSN neurogenesis in the damaged tissue are
matched by continuous and life-long generation of new OB
interneurons, which modulate olfactory inputs from OSNs by
lateral inhibition within and between OB glomeruli (Shepherd
et al. 2007; Takahashi et al. 2018). In fact, one of the two most
prominent and evolutionarily conserved sites of constitutive
adult neurogenesis in the vertebrate CNS, the ventricular–
subventricular zone (V-SVZ) of the forebrain, is almost ex-
clusively devoted to the generation of a steady stream of new-
born granule and periglomerular cells that integrate into
established OB circuits (Lois and Alvarez-Buylla 1994;
Figueres-Onate et al. 2019).

Due to the unusually high and incessant turnover of nerve
cells, the olfactory system has often been regarded as an in-
sightful model to identify principles, mechanisms, and molec-
ular regulators of adult neurogenesis with candidate therapeu-
tic relevance (Lledo and Valley 2016; Shohayeb et al. 2018).
Here, we review what is known about the cellular origin, the
dynamics, and the regulation of adult olfactory neurogenesis
at the level of the peripheral OE and central OB in zebrafish
(Danio rerio), a small freshwater teleost and established lab-
oratory model. Because of its conserved structure but relative
simplicity, the zebrafish olfactory system has itself been
regarded as a tractable model to study olfactory function, de-
velopment, and regeneration, especially in comparison to the
more complex mammalian system (Yoshihara 2009; Kermen
et al. 2013; Friedrich et al. 2013; Calvo-Ochoa and Byrd-
Jacobs 2019). The focus of this synopsis is on regenerative
phenomena in the adult system, and we have chosen to omit
aspects of early olfactory system development for which ex-
cellent reviews exist on zebrafish (Whitlock and Westerfield
2000; Whitlock 2008; Miyasaka et al. 2013) and other verte-
brates (Moody and LaMantia 2015; Suzuki and Osumi 2015;
Sokpor et al. 2018).

While the use of zebrafish grants experimental advantages
in its own right, such as reduced cost, rapid development, and
easy manipulation of relevant tissue structures (Yoshihara
2009; Meyers 2018), added value in studying olfactory
neurogenesis and regeneration in zebrafish may arise from a
comparative view onto seemingly related anatomical

structures and cellular mechanisms in zebrafish and higher
vertebrates. Despite the overall apparent similarity
(Korsching et al. 1997; Kermen et al. 2013; Saraiva et al.
2015), important, and potentially insightful, structural, cellu-
lar, and molecular differences exist. We highlight these differ-
ences and peculiarities wherever relevant to provide a more
holistic view on the structure and function of the olfactory
system within the context of this review.

The peripheral OE of the zebrafish

Anatomical organization of the zebrafish OE

The input to the zebrafish olfactory system is formed by a pair
of rosette-shaped olfactory organs located dorsally on each
side of the head that project independently to one of two
OBs of the rostral telencephalon (Hansen and Zeiske 1998;
Fig. 1(a, b)). Analogous to the turbinate organization in mam-
mals, which increases the sensory surface area available for
odorant detection (Green et al. 2012), the zebrafish OE is
formed by a convoluted sheet of neuroepithelial tissue that
consists of OSNs and various non-neuronal cell types that
provide structural and functional support. Each olfactory or-
gan is organized into a bilateral array of radially projecting
lamellae that originate from a central midline structure, the
median raphe (Fig. 1(c, d)). Lamella formation is a continuous
process and not restricted to early development with the con-
sequence that the OE of older fish typically contains a higher
number of lamellae (19–21) than the OE of young adults (12–
15; Hansen and Zeiske 1998). New lamellae are added pre-
dominantly from a dedicated growth zone at the anterior end
of the OE but occasionally can be observed as invaginations of
the epithelial sheet between existing structures. It has been
shown in rats that OE growth also persists long after birth
and that cell number and surface area of the OE continue to
increase for up to 12 months postnatally (Weiler and Farbman
1997). Different from the zebrafish OE, however, new cells
are added fromwithin the epithelial sheet and not from region-
alized growth zones. The neotenic process of life-long olfac-
tory organ growth in zebrafish is independent of neuronal
turnover and tissue repair and adds an additional dimension
to the generation and specification of OSNs that is not ob-
served in the mammalian OE.

Each radially projecting lamella is composed of two mul-
tilayered epithelial sheets (Fig. 1(d)), which are anchored to a
central lamina propria that includes blood vessels, fat cells,
pigment cells, and OSN axon fascicles that converge in the
ventral OE and give rise to a short olfactory nerve (Hansen
and Zeiske 1998). Thus, every lamella is a bilaterally symmet-
ric structure in which the apical epithelial surfaces are exposed
to water-filled spaces between lamellae and the basal sides of
the two epithelia face each other across the midline.
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Neighboring lamellae are connected to each other through a
single epithelial sheet at the interlamellar curves (ILCs) close
to the median raphe to form U-shaped epithelial folds.

Labeling of neuronal markers, such as the pan-neuronal
marker HuC/D (Iqbal and Byrd-Jacobs 2010; Bayramli et al.
2017) or the OSN-specific markers olfactory marker protein
(OMP) and transient receptor potential cation channel type C2
(TrpC2), on cross sections through the OE (Celik et al. 2002;
Sato et al. 2005; Bayramli et al. 2017) typically show a sharp
transition between regions that contain nerve cells and regions
that are composed entirely of non-neuronal cells, reminiscent
of the sharp boundary between sensory and respiratory epithe-
lia in the rodent nose (Fig. 1(c, d)). OSNs occupy the central
half to two thirds (depending on the dorsal to ventral position

within the OE) and define the sensory region (Bayramli et al.
2017), while the peripheral non-sensory region is formed
largely by mucus-producing cells and cells that bear motile
cilia (Hansen and Zeiske 1998). The apical layers of the
sensory epithelium are tightly and almost exclusively
packed with nerve cell bodies, while basal regions con-
tain the cell bodies of various non-neuronal cell types
(Demirler et al. 2020; Fig. 1(e)).

Neuronal cell types in the zebrafish OE

Surprisingly, OSNs appear to be morphologically and molec-
ularly more diverse in zebrafish than in mammals (Fig. 1(e)).
The zebrafish OE comprises multiple chemosensory

Fig. 1 Overview of the peripheral zebrafish olfactory system. (a) General
habitus of the adult zebrafish, Danio rerio, an attractive model to study
olfactory system development, function, and regeneration. (b) Overview
of the peripheral olfactory organ and connectivity to the brain. The pe-
ripheral olfactory system comprises two separate olfactory epithelia (OE)
located on each side of the head, halfway between the mouth and the eye.
Each OE extends a short nerve, composed of olfactory sensory neuron
(OSN) axons, to the olfactory bulb (OB) of the forebrain (telencephalon;
Tel). (c) Structural organization of the olfactory organ. Each rosette-
shaped individual olfactory organ is composed of staggered and bilater-
ally symmetric arrays of lamellae that extend radially from the median
raphe. OSNs occupy the inner sensory regions of a lamella between the
interlamellar curves (ILCs) and the sharp sensory/non-sensory border
(SNS), while the non-sensory periphery is occupied by ciliated and
mucus-producing non-sensory cells. (d) A single lamella is composed
of two neuroepithelial sheets that are fused at their basal sides to a com-
mon lamina propria in the middle of each lamella. The epithelial sheet is

continuous between neighboring lamellae at the ILCs to form U-shaped
epithelial folds. OSNs occupy the inner sensory region of each lamella
(light brown) and are absent from the non-sensory (dark brown) OE. (e)
Cellular composition of the zebrafish OE. The OE is composed of five
types of OSNs, the ciliated (green), microvillous, (orange), crypt (magen-
ta), kappe (brown), and pear (pale red) cells. The somata of ciliated cells
occupy more basal regions of the OE, while the other cell types line the
apical surface. Glial-like sustentacular cells form the apical border around
OSN dendrites and extend towards the basal lamina. Globose basal cells
(GBCs) are located exclusively at the ILC and SNS, whereas HBCs line
the entire OE evenly. GBCs undergo active cell divisions in the intact OE
to replace constantly dying OSNs, while HBCs are dormant unless the
OE is damaged. Goblet cells in the non-sensory OE produce mucus,
analogous to the function of duct/gland cells and large columnar cells
with beating cilia generate water currents across the epithelial surface to
deliver odorants to OSNs
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subsystems, which typically occupy distinct anatomical struc-
tures in other species and includes ciliated and microvillous
OSNs that are characteristic for the mammalian main OE and
vomeronasal organ (VNO), respectively (Hansen and Zeiske
1998; Sato et al. 2005). Both cell types can be found in all
regions across the sensory OE but segregate within the apical
to basal dimension with microvillous OSNs occupying more
apical strata than ciliated neurons (Sato et al. 2005).

The occurrence of ciliated and microvillous OSNs in the
same olfactory organ, rather than in separate structures, seems
to reflect an evolutionary ancient condition and not an adap-
tation to aquatic lifestyle (Eisthen 1992; Grus and Zhang
2006). Larval amphibians possess morphologically distinct
main OE and VNO structures despite living under water. A
true VNO occurs first in tetrapods but may have been lost
subsequently in different tetrapod lineages, such as birds,
aquatic reptiles, and mammals, including higher primates
(Bertmar 1981). Therefore, as the zebrafish illustrates, the
presence or absence of a separate VNO is independent of the
cell types that form it and amore consistent relationship can be
made between morphological OSN types, the molecular che-
moreceptor subtypes they express, and their preference for a
particular chemical ligand (Silva and Antunes 2017). The be-
havioral context in which ciliated and microvillous cells are
active may also have changed during evolution as the same
chemical class of odorants may convey different meaning in
terrestrial and aquatic species. Amino acids and peptides,
which are detected by V2R-type vomeronasal receptors, are
food cues in zebrafish (Alioto and Ngai 2006; Nikaido et al.
2013) but may have pheromone function in rodents (Perez-
Gomez et al. 2014). Amino acid-sensing microvillous cells
project their axons to the lateral chain glomeruli in the
zebrafish OB (Friedrich and Korsching 1997; Koide et al.
2009), which shares structural similarities with the rodent ac-
cessory OB, thus blurring the distinction between a
pheromone-detecting vomeronasal system and an OE that
senses common odorants.

Ciliated OSNs in zebrafish, like their mammalian counter-
parts, bear slender long dendrites, which fan out into a small
number (3 to 7) of apical primary (= sensory) cilia that pro-
trude into the lumen of the nasal cavity for odorant detection.
Ciliated OSNs express OMP (Sato et al. 2005) along with the
signal transduction components Gαolf (Hansen et al. 2004;
Oka and Korsching 2011) and the cyclic nucleotide-gated
channel CNGA2 (Sato et al. 2005). Each ciliated OSN also
expresses a single member of a family of up to 176 classical
ORs (156 of which may be functional genes; Alioto and Ngai
2005; Niimura and Nei 2005; Niimura 2009) or 112 trace
amine-associated receptors (TAARs; Hussain et al. 2009).
Single-cell sequencing of ciliated zebrafish OSNs suggests
that each individual cell expresses only one predominant OR
or TAAR gene (Dang et al. 2018; but see Sato et al. 2007 for
an exception), similar to the “one neuron-one receptor” rule

that is observed in the mammalian olfactory system
(Mombaerts 2004). The exact ligand for most zebrafish ORs
is not known; so far, ligands for only two ORs have been
characterized and these respond to the courtship-inducing
pheromone prostaglandin F2α (Yabuki et al. 2016).
However, given the size and sequence diversity of the
zebrafish OR family (Niimura and Nei 2005; Alioto and
Ngai 2005), OR-expressing ciliatedOSNsmost likely respond
to a wide range of chemically diverse odorants. TAAR-
expressing ciliated cells preferentially respond to amine-
containing compounds (Li et al. 2015). Of those, cells ex-
pressing the TAAR13c receptor exhibit high specificity for
the diamine cadaverine, which is released during putrefaction
and has been shown to elicit strong avoidance behaviors
(Hussain et al. 2013; Dieris et al. 2017).

Microvillous cells, on the other hand, have shorter and
thicker dendrites, extend apical microvilli, and express
TrpC2 but not OMP (Sato et al. 2005), which is different from
OMP expression in microvillous cells of the mouse
vomeronasal organ (Mombaerts et al. 1996). Microvillous
OSNs also express one of the 60 V2R-like OlfC (Ahuja
et al. 2018) receptors and the signal transduction components
Gαo (Oka and Korsching 2011). While neurons of the rodent
VNO can be distinguished by their selective expression of
V1R and V2R receptors and the associated signal transduction
components Gαi or Gαo, respectively (Perez-Gomez et al.
2014), expression of any of the six zebrafish V1R-like ORA
receptors (Saraiva and Korsching 2007) by microvillous cells
has not been demonstrated with certainty. Rather, ORA4 is
expressed by TrpC2-negative crypt cells (see below), while
the other five ORA genes are expressed in another, as of yet
uncharacterized cell type with more slender morphological
profiles (Oka et al. 2012). Similarly, expression of Gi1b, the
only Gαi family member that is detectable by in situ hybrid-
ization, is restricted to a few OMP-/TrpC2-negative OSNs in
the apical OE that, like ORA-expressing cells, comprise crypt
neurons in addition to cells with slender profiles (Oka et al.
2012; Oka and Korsching 2011; Suzuki et al. 2015). Thus,
ORA/Gαi coupling could be conserved in the zebrafish OE, at
least in crypt neurons, but coexpression of Gαi with ORA
receptors has not been examined in the other cell type. OlfC-
expressing cells respond to amino acids (Lipschitz andMichel
2002; Luu et al. 2004; Koide et al. 2009) and project to a
specific subset of morphologically distinct glomeruli in the
lateral OB, while ORA-expressing cells have been shown to
be sensitive to bile acids (Cong et al. 2019). Of those, cells
expressing ORA1 are also sensitive to 4-hydroxyphenylacetic
acid, which acts as a pheromone and induces egg laying
(Behrens et al. 2014), while ORA4 has been implicated in
kin recognition (Biechl et al. 2016).

In addition to these two predominant OSN types, the
zebrafish OE also contains three minor groups of presumably
fish-specific OSNs, which have been termed crypt (Hansen
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and Finger 2000), kappe (Ahuja et al. 2014), and pear cells
(Wakisaka et al. 2017) to reflect their peculiar morphologies.
These cells have in common that they are all located in the
apical-most layers of the OE with a preference to be in close
proximity to the ILCs, that they have very short or no den-
drites, and that each cell type projects axons to a single
subtype-specific glomerulus (Ahuja et al. 2013, 2014;
Wakisaka et al. 2017), as opposed to groups of multiple
class-specific glomeruli for ciliated and microvillous OSNs
(Sato et al. 2005). In accordance with the general monospec-
ificity of OB glomeruli (Mombaerts 2006), crypt and pear
cells have been shown to express a single chemoreceptor each.
Crypt cells express ORA4 (Oka et al. 2012) and pear cells
have been shown to signal through an atypical A2c adenosine
receptor (Wakisaka et al. 2017). While a behaviorally relevant
ligand for crypt cells remains unknown, pear cells respond
selectively to adenosine and secondarily to adenosine nucleo-
tides (ATP, ADP, AMP) through enzymatic conversion to
adenosine in the OE. At the morphological level, crypt cells
bear some resemblance to sensory neurons of the Grüneberg
ganglion, another chemosensory subsystem located at the tip
of the nasal cavity of mammals (Grüneberg 1973) that re-
sponds to a host of stimuli ranging from temperature to alarm
pheromones (Bumbalo et al. 2017; Chao et al. 2018; Moine
et al. 2018). These cells, similar to crypt cells, have spherical
morphology and possess bundles of primary cilia that are lo-
cated within a pocket-shaped invagination of the soma
(Brechbühl et al. 2008) and extend axons to isolated glomeruli
in the posterior OB (Fuss et al. 2005; Koos and Fraser 2005).
However, the evolutionary and functional relationship be-
tween any of the non-classical OSN types in fish and the
sensory neurons of the Grüneberg ganglion is speculative at
best.

Non-neuronal cell types in the zebrafish OE

In addition to the various chemosensory cells, the zebrafish
OE also harbors different non-neuronal cells that either sup-
port OE structure and OSN function or play a direct role in
OSN neurogenesis (Fig. 1(e)). The outer non-sensory region
of each lamella is largely characterized by the presence of
columnar epithelial cells that are endowed with motile cilia
(Hansen and Zeiske 1998), similar to cells in the respiratory
OE of mammals (Morrison and Costanzo 1992). These cells
generate a laminar flow of water across the surface of the
epithelium to enhance odorant delivery to the sensory region
and their detection by OSNs (Reiten et al. 2017). Mucus-
producing goblet cells perform the function of Bowman’s
glands, which do not exist in the zebrafish OE (Hansen and
Zeiske 1998).

The zebrafish OE also contains various supporting cells,
including cells that resemble glial-like sustentacular cells
(SCs; Hansen and Zeiske 1998). We have recently

characterized zebrafish SCs, which express the molecular
marker SRY-Box Transcription Factor 2 (Sox2) and stain
positive for intracellular filaments of the cytokeratin II class
(Demirler et al. 2020). SCs are abundant and evenly spaced
cells that extend from the basal lamina to the apical surface of
the OE but are restricted to the sensory region. Different from
other vertebrates, in which SC cell bodies form a monolayer at
the apical OE surface (Hassenklöver et al. 2009; Guo et al.
2010), the cell bodies of zebrafish SCs are located in the basal
OE, typically one cell layer removed from the basal lamina
(Demirler et al. 2020), a feature that seems to be common for
SCs in the OE of fishes (Hansen and Zielinski 2005). The cells
extend foot-like basal processes to the basal lamina and fan
out at their apical ends to associate with bundles of OSN
dendrites (Hansen and Zeiske 1998). Junctional complexes
between SCs and between SCs and OSNs contribute to the
apical border of the OE that allows the tissue to maintain a
distinct internal ionic milieu and protects it from osmotic chal-
lenge by the surrounding freshwater.

Of particular interest for the regenerating capacity of the
OE are resident stem and progenitor cells that are located in
the basal OE, underneath the layers formed by OSNs and SCs
(Fig. 1(e)). In rodents, two major types of basal cells, the
globose (GBCs) and horizontal basal cells (HBCs), have been
characterized in detail (for an exhaustive review, see Schwob
et al. 2017). GBCs are a heterogeneous group of stem cells,
committed progenitor cells, transit-amplifying cells, and im-
mediate neuronal precursors, some of which undergo frequent
cell divisions in the intact tissue (Guo et al. 2010; Chen et al.
2014). GBCs have also been shown to respond with an in-
crease in mitotic cycling when OSNs are selectively lost from
the OE (Leung et al. 2007). In contrast, HBCs remain dormant
in the intact OE and are activated when the structural integrity
of the OE is more severely compromised and includes loss of
or damage to non-neuronal cells (Leung et al. 2007; Packard
et al. 2011). The different behavior of GBCs and HBCs has
led to the concept that GBCs, in particular Lgr5-positive, mi-
totically active cells (Chen et al. 2014), contribute to constitu-
tive OSN turnover in the intact OE, while HBCs represent a
pool of “reserve stem cells” (Schnittke et al. 2015; Herrick
et al. 2017) that selectively contribute to OE regeneration after
damage. However, the contribution of HBCs to constitutive
OSN neurogenesis in the intact OE remains controversial
(Leung et al. 2007; Iwai et al. 2008).

Far less is known about the identity, origin, and regulation
of GBCs and HBCs in zebrafish. However, analysis of con-
stitutive OSN neurogenesis (Bayramli et al. 2017) and re-
sponses to tissue injury (Iqbal and Byrd-Jacobs 2010;
Demirler et al. 2020) suggest that a dual GBC/HBC system
exists as well. Cells with HBC characteristics form a continu-
ous band of cells with flat horizontal profiles that are in direct
contact with the basal lamina (Fig. 1(e)) and stain positive for
the HBC markers Sox2, keratin 5, and tumor protein 63 (p63;
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Demirler et al. 2020). Like their mammalian counterparts,
these cells become activated when the OE is damaged, which
establishes a pattern of proliferating cells across the sensory
OE (Demirler et al. 2020). In contrast, GBC-like cells occur
only at the ILC and the sensory/non-sensory border (SNS) but
appear to be absent from the sensory OE (Fig. 1(e)). These
cells express Delta A, Ascl1, and neuronal differentiation
(NeuroD) markers that are characteristic for the progenitor,
transit-amplifying and immediate neuronal precursor stages
of the GBC lineage, respectively (Bayramli et al. 2017). In
line with their contribution to neuronal turnover, clusters of
dividing cells in the intact OE are observed exclusively at the
ILC and SNS but not within the sensory region. Thus, the
tissue distribution of GBCs and HBCs in zebrafish is funda-
mentally different from the rodent system, in which HBCs and
GBCs occupy different basal strata but have otherwise identi-
cal distribution (Schwob et al. 2017). The unique occupancy
of distinct OE regions by GBC- and HBC-like cells in
zebrafish may facilitate studies of their selective contribution
to OSN neurogenesis under different experimental conditions.

The difference in tissue distribution suggests that zebrafish
GBCs and HBCs constitute distinct and independent cell lin-
eages (Demirler et al. 2020). HBCs within the mid-sensory
OE, because of their physical distance to the ILC and SNS, are
unlikely to be GBC-derived. GBCs at the ILC and SNS, at
least in theory, could be derived from HBCs that are under the
influence of position-specific signals that trigger HBC cycling
and GBC production in these regions. The zebrafish OE, sim-
ilar to the mammalian OE, originates from the olfactory
placode at the edge of the antero-lateral neural plate (Torres-
Paz andWhitlock 2014; Aguillon et al. 2016). Recently, it has
been suggested in the mouse that distinct HBC subpopulations
descend from two different developmental origins, the olfac-
tory placode and the migratory neural crest (Suzuki and
Osumi 2015), eventually to give rise to functionally distinct
HBC pools. While a selective neural crest contribution to mi-
crovillous OSNs has been suggested to occur in the develop-
ing zebrafish OE (Saxena et al. 2013), the neural crest origin
of zebrafish OE cells has been questioned in more recent
lineage-tracing studies (Torres-Paz and Whitlock 2014;
Aguillon et al. 2018).

Constitutive neurogenesis in the peripheral OE

OSNs are unique among central and other sensory neurons
because of their high and life-long intrinsic turnover rate
(Schwob 2002; Ferretti 2011). Part of the reason why the
olfactory system displays such a high degree of built-in struc-
tural and functional recovery may arise from the unprotected
nature of OSNs and the need to counter the constant loss of
individual OSNs due to their environmental exposure
(Moulton 1974). OSNs have been reported to have a limited
lifespan that ranges from weeks to several months (Moulton

1975; Hinds et al. 1984; Mackay-Sim and Kittel 1991) and
which depends not only on the chemical composition of the
environment and toxicant load but also on OSN activity (Watt
et al. 2004; Santoro and Dulac 2012; Zhao et al. 2013), trophic
support from the OE (Francois et al. 2013), the OB (Schwob
et al. 1992; Sultan-Styne et al. 2009), or age (Kondo et al.
2010). However, the lifespan of individual OSNs is difficult
to assess in the heterogeneous OE tissue, which contains mul-
tiple morphological OSN types and distinct OSN subpopula-
tions expressing different chemosensory receptors (Zhang and
Firestein 2009). To complicate matters, in the literature half-
life is often confused with lifespan or lifetime and the terms
are used interchangeably despite their difference in meaning.

A recent study, using tamoxifen-inducible labeling from
the OMP promoter in the mouse, measured OSN half-life
under pathogen-free conditions to be around 26 days, which
corresponds to a mean lifetime of (τ = t1/2 / ln(2); τ: mean
lifetime, t1/2: half-life) of 37.5 days, although a subpopulation
of 7.8% of labeled cells persisted for more than a year (Holl
2018). Longer half-lives of 85–90 days have been reported
following injection of labeled thymidine analogs (Mackay-
Sim and Kittel 1991; Tsai and Barnea 2014). The difference
may be explained by the fact that thymidine labeling marks
additional, proliferating, and long-lived cell types (Jang et al.
2014) or that genetic cell-tracing labels all OMP-expressing
OSNs, irrespective of their age, at the time of the tamoxifen
pulse. We havemeasured a half-life of mature zebrafish OSNs
in adult zebrafish (≥ 1 year of age) in clean tank water by
selectively following HuC/D-positive mature OSNs after a
24-h BrdU pulse to be around 19.8 days, which is equivalent
to a mean lifetime of 28.5 days (Bayramli et al. 2017). This is
not only shorter than the lifetime of rodent OSNs but also
much shorter than the average expected lifespan of the
zebrafish in captivity of about 3.5 to 5.5 years (Gerhard
et al. 2002). This suggests that the zebrafish OE, much as
the OE of other species, undergoes multiple rounds of com-
plete turnover between birth and death of the animal.

It is less clear, however, how much OSN lifespan is deter-
mined by intrinsic molecular programs and inherently limited.
Even though OSN lifespan may be extended, cell death also
occurs in the absence of high concentrations of environmental
toxicants and under clean and controlled environmental con-
ditions (Hinds et al. 1984). While apoptotic OSNs can be
easily detected in the intact rodent OE (Cowan and Roskams
2002), we were not able to identify OSNs that stain positive
for activated caspase-3 in the intact zebrafish OE despite their
presence in embryonic or damaged tissue (Bayramli et al.
2017). However, a large number of terminal deoxynucleotidyl
transferase dUTP nick end labeling- (TUNEL-) positive cells
can be detected, suggesting that alternative, non-apoptotic cell
death mechanisms (Tonnus et al. 2019) may be more promi-
nent in aged zebrafish OSNs.
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Labeling of mitotic activity using cell cycle markers (Iqbal
and Byrd-Jacobs 2010; Bayramli et al. 2017) or labeled thy-
midine analogs (Byrd and Brunjes 2001; Oehlmann et al.
2004; Bayramli et al. 2017) reveals a distinctive pattern of cell
division in the intact zebrafish OE. In contrast to the even
distribution of proliferating cells across all regions of the ro-
dent OE (Schwob et al. 1992), mitotic activity is restricted to
the ILC and the SNS, while the sensory OE is essentially
devoid of dividing cells in zebrafish. OSNs generated at the
ILC and SNS successively invade the sensory OE and move
towards each other in the center of the lamella as they age and
adopt their functional maturity (Bayramli et al. 2017). The
lateral (= radial along the lamella) migration of young matu-
rating and old functional OSNs in zebrafish is different from
the mammalian OE in which newborn OSNs originate from
basal OE strata and ascend vertically within the OE as they
mature (Iwema and Schwob 2003). Consistent with the un-
usual lateral direction of cell migration in zebrafish, older
cells, identified by NeuroD, GAP-43, and OMP expression,
or successive labeling of adult-born cells with different thy-
midine analogs, are found increasingly further away from the
ILC and SNS (Bayramli et al. 2017). The lateral movement of
zebrafish OSNs is, therefore, conceptually more similar to
neurogenesis in the rodent VNO, where new cells arise pre-
dominantly, yet not exclusively, from marginal proliferation
zones and shift laterally to more central positions over time
(Giacobini et al. 2000; Martinez-Marcos et al. 2005; Chang
and Parrilla 2016).

As newborn OSNs age, they run into each other in the
center of the tissue, where they are subsequently eliminated,
as indicated by the high density of TUNEL-positive cells in
the mid-sensory OE (Bayramli et al. 2017). TUNEL-positive
cells also seem to be enriched around the ILC and SNS sug-
gesting that some newborn OSNs fail to mature or to make
successful connections to their OB target, an observation that
has also been made in rodents (Carr and Farbman 1992).
Interestingly, the speed of lateral progression of about 3–
5 μm/day correlates well with the mean average lifespan of
zebrafish OSNs of about 30 days, which would allow new-
born cells to reach the midpoint of the sensory OE, which is
about 100–130μmaway from the ILC or SNS (Bayramli et al.
2017). The elimination of old OSNs in mid-sensory regions
could serve as a sink for incoming OSNs, but it remains to be
examinedwhether OSNsmove laterally by active and directed
migration or if they are passively displaced and pushed to-
wards the center by subsequently generated cells.

The number of mitotically active cells in the zebrafish OE
is quite high and we have counted about 12,000 BrdU-labeled
cells in a single OE over a 24-h incorporation period
(Bayramli et al. 2017). However, not all of these cell divisions
directly or indirectly contribute to the neuronal population.
Especially cell divisions that occur within the extreme non-
sensory periphery of the OE may also generate non-neuronal

cell types. In addition, BrdU labeling highlights not only ter-
minal cell divisions but also mitotic events that occur within
any stage of the GBC lineage to amplify or to maintain the
progenitor pool. Simultaneous staining against the mature
neuronal marker HuC/D and BrdU showed that over a 24-h
period around 5500 new HuC/D-positive OSNs are generated
(Bayramli et al. 2017). This is still an incredibly high number,
given the small size of the zebrafish OE, which, by conserva-
tive estimates, has been suggested to contain 25,000 (Baier
et al. 1994) to 40,000 (Barth et al. 1996) mature OSNs.
However, our OSN lifetime estimates of ~ 30 days, together
with the number of newborn cells, suggest a much higher
number of ~ 150,000 OSNs per zebrafish OE. While we did
not evaluate OSN survival beyond 3 months, 8.1% of long-
lived OSNswere still present at that time point (Bayramli et al.
2017), which correlates well with the number of 7.8% of long-
lived OSNs that were observed in the mouse OE (Holl 2018).

One of the seminal findings shortly after the discovery of
the OR genes (Buck and Axel 1991) was the observation that
OSNs expressing individual ORs segregate within spatial do-
mains of the OE (Ressler et al. 1993; Vassar et al. 1993).
While the actual number of “expression zones” in the rodent
OE is still under debate (Miyamichi et al. 2005; Zapiec and
Mombaerts 2020), these studies agree that each OR is
expressed only within a relatively narrow region along the
dorso-ventral axis of the OE. The functional significance of
zonal OR expression is still unclear but a contribution to odor-
ant detection (Coppola et al. 2013) or establishment of axonal
projections from the OE to the OB have been suggested (Mori
et al. 2000; Vassalli et al. 2002). In zebrafish, OSNs express-
ing individual ORs (Weth et al. 1996), OlfC/V2Rs (Ahuja
et al. 2018), and TAARs (Hussain et al. 2009) have been
shown to occupy overlapping concentric domains with vary-
ing peak distributions on cross sections through the OE,
which, on a first glance, resembles zonal organization in the
mammalian OE.

The concept of fixed and spatially organized expression
domains, however, does not fit well with the generation of
OSNs from two opposing proliferation zones at the ILC and
SNS and the progressive lateral movement of adult-born
OSNs in zebrafish. Newborn OSNs express ORs, V2Rs, and
the mature OSN markers OMP and TrpC2 as early as 4 days,
thus shortly after they are generated and while they are still
close to the ILC or SNS, making it unlikely that positional
cues along the lamella pattern OR expression (Bayramli et al.
2017). Instead, we could show that spatial segregation of
OSNs expressing different ORs can be explained entirely by
simple non-molecular parameters, such as the relative number
of cells created at each proliferation zone, their migration
speed towards the center of the sensory OE, and their survival
time. Thus, peak distributions of OSNs expressing a given
chemoreceptor appear to be a consequence of their movement
rather than being determined by positional morphogens,
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questioning whether segregated OR patterns in zebrafish bear
any functional relevance. In contrast, lateral movement of
OSNs is negligible in the rodent OE, as seen from clonal
analysis in the HBC and GBC lineages (e.g., Leung et al.
2007; Chen et al. 2014). A comprehensive understanding of
how zonal OR expression is established in rodents is still
missing, but it is likely specified at some level by localized
molecular factors either to generate position-specific sets of
restricted progenitors or to bias the output of multipotent pro-
genitors towards specific OSN fates within a zone (Coleman
et al. 2019).

While differences in the generation of microvillous OlfC-
expressing OSNs have not been investigated formally, similar
principles seem to apply. OlfC-expressing OSNs also occupy
concentric domains with “centers of gravity” for each receptor
(Ahuja et al. 2018). Most of the studied OlfC genes showed
peak distributions with bias towards the ILC and only OlfCc1-
(previously also known as v2rl1) expressing cells occupies a
more symmetrical distribution around the mid-sensory OE
(Ahuja et al. 2018). OSNs expressing this receptor, the mam-
malian homolog of which functions as a coreceptor in V2R-
expressing vomeronasal neurons (Silvotti et al. 2007), are
generated at high and equal numbers and from the ILC and
SNS, which may explain the more symmetric distribution in
line with our model (Bayramli et al. 2017). The model also
predicts that cells expressing any of the other six OlfC genes
studied may be preferentially, but not necessarily exclusively,
generated from the ILC.

The presence of two distinct proliferation zones also raises
the question whether the stem/progenitor cell niches at the
ILC and SNS are equivalent or if the same progenitor cell
can generate different OSN subtypes and chemoreceptor pop-
ulations. Generally, the SNS appears to be more active than
the ILC, and about 1.5 to 2 times more cells are generated at
the SNS (Bayramli et al. 2017). While proliferative activity at
the SNSmay also contribute to the generation of non-neuronal
cell types that are destined for the peripheral non-sensory OE,
Delta A- and Ascl1-positive transit-amplifying cells of the
GBC lineage are also more frequent at the SNS, suggesting
that neurogenic activity is indeed about two-times higher at
the SNS. However, a somewhat different picture emerges for
different OSN subtypes. TrpC2-positive microvillous OSNs
are generated more frequently at the SNS, while generation of
OMP-positive ciliated cells shows an opposite bias towards
the ILC. Surprisingly, the generation of OSNs that express
specific chemoreceptor genes does not follow the same rule
as the morphological cell type in which they are expressed,
and cells expressing individual receptors can be generated
more frequently at the ILC, at the SNS, or equally from both
proliferation zones (Bayramli et al. 2017). The origin of crypt,
kappe, and pear OSNs has not been investigated but a posi-
tional bias of these cells towards the ILC has been reported
(Oka et al. 2012; Ahuja et al. 2014; Wakisaka et al. 2017).

Thus, similar to zonal OR expression in the rodent main OE,
the ILC and SNS either contain distinct GBC progenitors that
are committed to generate specific OSN subsets or the two
niches are under the influence of distinct positional morpho-
gens that bias chemosensory receptor expression. On a larger
scale, it remains to be investigatedwhether the sameGBC-like
cell can generate morphologically distinct OSN subtypes or if
separate GBC lineages exist for ciliated, microvillous, crypt,
pear, and kappe cells.

Recovery of the OE from traumatic injury

In addition to the constitutive high proliferation rate observed
in the intact OE, even severe traumatic damage to the tissue is
repaired with remarkable speed and accuracy. The OE is ca-
pable of regenerating from conditions in which essentially the
entire OSN population has been lost (Schwob et al. 1992;
Konzelmann et al. 1998; Iqbal and Byrd-Jacobs 2010).
Different experimental paradigms can be used to induce OE
damage to different degrees or with different cellular specific-
ity, such as blunt physical trauma (Var and Byrd-Jacobs
2019), olfactory nerve transection (Graziadei et al. 1978),
bulbectomy (Carr and Farbman 1992), obstruction of the naris
(Farbman et al. 1988; Scheib et al. 2019), genetic manipula-
tion (e.g., Ma et al. 2014; Herrick et al. 2017), treatment with
cytotoxic drugs (Bergström et al. 2003), and exposure to cy-
totoxic solutions (Cancalon 1982, 1983; Iqbal and Byrd-
Jacobs 2010) or gas (Hurtt et al. 1988). Full recovery of the
OE occurs within several days to months and depends largely
on the type and extent of damage that has been created, al-
though species-specific differences and age-dependent influ-
ences (reviewed in Brann and Firestein 2014) have been
described.

Chemical lesion of the OE with ZnSO4, which disrupts the
structural integrity of the OE and kills OSNs and other OE cell
types, can be restoredwithin 30 days in rabbits (Mulvaney and
Heist 1971) or around 70 days in mouse (Matulionis 1975)
and frogs (Smith 1951). Adult rats recover from methyl
bromide-induced OE ablation within 4 to 6 weeks (Schwob
et al. 1995). Nerve transection and olfactory bulbectomy, i.e.,
removal of the OB, predominantly affects the OSN population
in the OE, which dies retrogradely from the severed axons
(Carr and Farbman 1992). Morphologically normal OEs can
be seen 60 days after nerve transection in squirrel monkeys
(Graziadei et al. 1980) or 30 days in neonatal mice (Graziadei
et al. 1978), while only incomplete restoration of epithelial
thickness was reported in the hamster after 6 months
(Costanzo and Graziadei 1983). An unrivaled champion in
terms of OSN regeneration is the zebrafish OE, which can
recover from loss of the near entire OSN population (Iqbal
and Byrd-Jacobs 2010; Hentig and Byrd-Jacobs 2016) or even
the entire olfactory organ structure (Scheib et al. 2019) within
only 5 to 7 days.
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The cellular mechanisms that contribute to regeneration
largely depend on which cell types have been affected and
need to be regenerated. Selective loss of OSNs preferentially,
if not exclusively, stimulates GBC activity (Suzuki et al. 1998;
Leung et al. 2007), while damage to non-OSN cell types is
required for HBC activation (Leung et al. 2007; Herrick et al.
2017). Since structural damage affects all OE cell types, the
regeneration response most likely involves simultaneous acti-
vation of HBCs and resident GBCs. Since activated HBCs
generate additional progenitor cells that are indistinguishable
from resident GBCs (Leung et al. 2007), HBC activity ex-
pands the proliferative GBC pool and the OE is ultimately
restored by GBC activity.

In zebrafish, a robust experimental method to damage the
OE is simple irrigation with the detergent Triton X-100 (Iqbal
and Byrd-Jacobs 2010). The severity of the damage can be
adjusted by changing the detergent concentration or through
repeated application (Paskin et al. 2011). A single exposure to
0.7% Triton X-100 leads to loss of more than half of the HuC/
D-positive neuronal population within 24 h, along with signs
of inflammation and structural changes, such as the fusion of
neighboring lamellae (Iqbal and Byrd-Jacobs 2010). Over the
next 2 to 5 days the number of HuC/D cells and the thickness
of lamella returns to pre-injury conditions, indicating that the
OSN population has been largely restored. Repeated applica-
tion of Triton X-100 more severely affects the OE extending
the recovery period to 21 days (Paskin et al. 2011). Recently,
we have shown that removable wax plug insertions into the
naris results in severe atrophy of the OE (Scheib et al. 2019).
Despite the observation that the entire structure is virtually
absent, the OE reconstitutes within 1 week after removal of
the plugs, including the reformation of a multilayered epithe-
lium and a clear rosette structure, although the number of
lamellae may be reduced. The OE appears to be largely nor-
mal and fully restored by 3 weeks after the insult.

Irrigation with chemicals that are applied to the external
surface of the OE, such as ZnSO4 and Triton X-100, seem
to have a selective impact on ciliated OSN, while microvillous
cells are largely spared (Paskin and Byrd-Jacobs 2012; Hentig
and Byrd-Jacobs 2016). This observation is somewhat coun-
terintuitive given the more apical distribution of microvillous
somata compared to ciliated cells (Sato et al. 2005). It may be
that the larger cilia (2–3 μm in length; Hansen and Zeiske
1998) are more vulnerable to chemical exposure than the short
(0.5–0.8 μm) microvilli and that ciliated OSNs die preferen-
tially because their cilia have been damaged, while microvilli
more robustly sustain chemical exposure (Cancalon 1983).

One of the more remarkable features of the regeneration
response to damage is a change in the pattern and tissue dis-
tribution of proliferating cells. As described above, prolifera-
tive activity in the intact OE is high at the ILC and SNS but not
within the sensory OE (Iqbal and Byrd-Jacobs 2010; Bayramli
et al. 2017). Following Triton X-100-induced damage,

increased proliferative activity can also be observed within
the sensory OE, thus, between the marginal proliferation
zones at the ILC and SNS (Iqbal and Byrd-Jacobs 2010;
Demirler et al. 2020). Mitotic activity in the sensory OE stays
high for the first 3 days after the lesion but declines to lower
levels after 5 days indicating that the damage-induced prolif-
eration pattern is a transient response (Iqbal and Byrd-Jacobs
2010). Colabeling with the HBC marker keratin 5 indicates
that 1 day after damage, the otherwise dormant HBC popula-
tion in the sensory OE is induced (Demirler et al. 2020), sim-
ilar to the activation of HBCs in the injured rodent OE (Leung
et al. 2007). While only occasional BrdU/keratin 5-double
positive cells can be observed in the intact OE, Triton treat-
ment increased the number of mitotically active HBCs about
15-fold (Demirler et al. 2020). Preliminary findings from our
group support the concept that the HBC response includes the
transient generation of Ascl1-positive GBCs in the sensory
OE and that the activity is neurogenic. Thus, stem cell re-
sponses in the zebrafish OE follow the same rules as in higher
vertebrates, despite the different distribution of GBCs and
HBCs within the tissue.

Signaling molecules and molecular pathways
regulating OSN neurogenesis

The high rate of OSN neurogenesis in the intact and damaged
OE not only is remarkable but also requires a tight level of
regulation to avoid fluctuations in sensitivity to odorants or
imbalances in tissue size and cellular composition of the OE.
Excessive cell proliferation would result in a larger than nor-
mal number of OSNs that provide sensory input to higher
olfactory circuits and, therefore, may change odor perception.
If uncontrolled, the process could result in neuroblastoma-like
forms of cancer, which, however, appear to be rare in the nose
of mammals (Bailey and Barton 1975; Yamate et al. 2006;
Parker et al. 2010) and fish (Torikata et al. 1989; Vigliano
et al. 2011; Gould et al. 2020). Even during recovery from
severe damage, the OE does not overgrow and cell prolifera-
tion ceases as soon as or slightly before pre-injury conditions
have been reestablished. In contrast, if OSN neurogenesis
would be too low to catch up with the rate of OSN loss in
the intact OE, the consequence would be progressive decline,
eventually complete loss, of smell sensation. Thus, it is plau-
sible to assume that the rate of OSN neurogenesis must be
somehow linked to the density of intact OSNs, the rate of
dying cells, or other aspects of structural OE integrity to match
GBC and HBC proliferation rates with the number of OSNs
that need to be replaced.

At the molecular level, a large number of diverse signaling
molecules, ranging from growth (Plendl et al. 1999; Beites
et al. 2005; Fukuda et al. 2018) and neurotrophic factors
(Buckland and Cunningham 1998; Simpson et al. 2003) to
peptides (Jia and Hegg 2012) and small molecules, such as
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dopamine (Feron et al. 1999), nitric oxide (Sülz et al. 2009),
and purines (Jia et al. 2009), have been demonstrated to stim-
ulate or to repress OSN neurogenesis in vivo or in vitro.
However, with the exception of purines (Demirler et al.
2020; see below), none of these molecules or signaling path-
ways have been functionally investigated in the zebrafish OE.

Selective loss of OSNs stimulates GBC activity but has no
effect on HBCs in rodents (Leung et al. 2007). It has been
shown that leukemia inhibitory factor (LIF) is expressed by
OSNs and strongly upregulated after bulbectomy (Bauer et al.
2003). GBCs but not HBCs express the LIFRβ receptor and
LIF knockout reduces progenitor proliferation in the intact
OE, suggesting a stimulatory effect of OSNs on GBCs (Kim
et al. 2005). There is also strong evidence for negative regu-
lation by factors derived from intact OSNs to restrain GBC
activity when OSN density reaches optimal levels to prevent
overproduction of cells. Growth and differentiation factor 11
(GDF11; also known as BMP11) is expressed by OSNs and
inhibits cell cycle progression and self-renewal in immediate
neuronal precursors of the late GBC lineage (Wu et al. 2003).
Consistent with its function as a negative feedback regulator,
GDF11 knockout results in supernumerary OSNs, whereas
transgenes carrying a deletion of the natural GDF11 antago-
nist follistatin show reduced OSN numbers.

HBC activation, on the other hand, requires structural
changes in the OE that are more extensive and affects non-
OSN cell types. Indeed, selective ablation of SCs by overex-
pression of diphtheria toxin in transgenic mice triggers HBC
activity (Herrick et al. 2017). The contact between HBCs and
SCs in the intact tissue activates Notch signaling in HBCs
through its ligand Jagged1, which is expressed by SCs.
Notch activity, in turn, positively regulates expression of
p63, a master regulator of HBC dormancy (Fletcher et al.
2011; Schnittke et al. 2015). Thus, loss of SCs in the damaged
OE tunes downNotch signaling and subsequently p63 expres-
sion and, thereby, activates HBC proliferation.

Damage-associated molecular patterns (DAMPs), on the
other hand, comprise a heterogeneous class of molecules that
are liberated from damaged or dying cells and stimulate non-
infectious inflammatory responses and other molecular pro-
cesses, such as cell death and proliferation (Venereau et al.
2015). Thus, DAMPs could be involved in regulating OE
neurogenesis when they are released from OSNs that reach
the end of their lifespan or from damaged cells after OE injury.
This is an attractive model because the momentary concentra-
tion of the DAMPwould correlate directly with the number of
cells that need to be replaced and could provide a match be-
tween the rate of OSN loss and neurogenesis.

In particular, adenosine triphosphate (ATP) has emerged as
a DAMP that positively modulates regeneration in various
tissues (Burnstock 2016a, 2016b), including the adult neuro-
genic niches at the ventricular-subventricular zone of the fore-
brain (Suyama et al. 2012) and the hippocampus (Cao et al.

2013). In the olfactory system, ATP stimulation has been
shown to trigger Ca2+ transients in SC and basal cells in
mouse and Xenopus (Hegg et al. 2009; Hassenklöver et al.
2008). Thus, SCs that span the thickness of the OE and make
cell–cell connections with basal cells could function as “an-
tennae” to detect ATP or other DAMPs that are released from
dying cells in more apical strata and convey the signal to basal
progenitors. Both constitutive and ATP-stimulated ATP re-
lease from SCs and its pro-proliferative effect on basal pro-
genitors has been demonstrated (Hayoz et al. 2012). In addi-
tion, ATP stimulation of the OE upregulates expression of
TGF-α in OSNs, FGF2 in OSNs and SCs (Jia et al. 2011),
and NPY in SCs (Jia and Hegg 2010), for all of which
proliferation-promoting activity has been shown.

We have recently demonstrated that ATP stimulation of the
zebrafish OE induces selective cell proliferation and
neurogenesis from GBCs at ILC and SNS but not from
HBCs (Demirler et al. 2020). In the fish OE, ATP stimulation
evokes Ca2+ transients in HBCs, SCs, and GBCs; however,
the different cell populations have unique ATP sensitivity and
purine receptor complements that may be linked to different
outcomes. Despite their high sensitivity to ATP, HBCs did not
respond with increased mitotic activity. Because zebrafish
SCs also span the vertical dimension of the OE and are in
contact with HBCs, this suggests that ATP-sensing and signal
transmission to HBCs does not occur in the fish. Yet, the
zebrafish OE is relatively small (~ 500 μm diameter) and the
radial length of the sensory region (180–230μm) is only twice
the vertical height of the mouse OE, which is on average about
98 μm (McIntyre et al. 2008). Thus, the GBC-containing pro-
liferation zones at the ILC or SNS are similarly distant from
the center of the OE as the basal cell layer from the apical
surface of the OE in mice.

The selective impact of ATP on GBC-like cells (Demirler
et al. 2020) is consistent with increased GBC activation that is
seen after selective loss of OSNs (Leung et al. 2007), further
supporting the hypothesis that purine DAMPs can function to
communicate the need to replace dying OSNs in a rate-
matched fashion. Blocking P2 receptor-mediated signaling
by suramin treatment not only prevents ATP-stimulated
OSN neurogenesis but also slows down progenitor cycling
at the ILC and SNS in the intact OE, suggesting that ATP-
mediated signaling may occur naturally in zebrafish to mod-
ulate the rate of GBC cycling (Demirler et al. 2020).

Even though far less is known about detailed molecular
events that participate in and regulate cellular turnover, OSN
neurogenesis, and organ regeneration in zebrafish, interesting
similarities and differences are beginning to emerge. The
speed with which the zebrafish OE regenerates, even from
extreme structural degeneration stands out among vertebrate
model organisms. The OE, however, defines only the first
level of odorant sensing and olfactory processing and de-
and regeneration events in the OE likely affect higher-order
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neuronal circuits in the OB, which is itself a site of continuous
cellular turnover and neurogenesis.

The central olfactory bulb of the zebrafish

Anatomical organization of the zebrafish olfactory
bulb and telencephalon

The zebrafish brain continues to grow way into adulthood and
possesses a total of 16 active neurogenic niches with high
proliferative activity that are scattered throughout the brain
(Grandel et al. 2006). This is in stark contrast to the limited
neurogenic capacity of adult mammals, in which active cell
proliferation can consistently be identified only in a few brain
regions. Among those, the most prominent and most widely
studied neurogenic areas are the granular cell layer of the
hippocampus and the V-SVZ of the forebrain ventricle across
different organisms (Gage 2000). Two relevant regions that
contribute new neurons to the olfactory system in zebrafish
can be localized to the OB and the adjacent telencephalon,
which is functionally similar to the V-SVZ (Byrd and
Brunjes 2001; Zupanc et al. 2005; Grandel et al. 2006).
These neurogenic niches are maintained by a population of
highly proliferative neural progenitors that give rise to differ-
ent subtypes of neurons destined for the telencephalic paren-
chyma and the OB (Adolf et al. 2006; Grandel et al. 2006;
Kaslin et al. 2008). Newborn cells that arrive in the OB devel-
op into GABAergic granule and dopaminergic periglomerular
cells (Byrd and Brunjes 2001), as has been reported in rodents
(Petraneau and Alvarez-Buylla 2002).

Our group and others have characterized the anatomical
and morphological organization of the zebrafish OB (Baier
and Korsching 1994; Byrd and Brunjes 1995; Fuller et al.
2005, 2006; Braubach et al. 2012), which is a paired structure
located at the rostralmost region of the forebrain. Each OB is
connected to the ipsilateral OE by a short olfactory nerve,
while OB output neurons project axons to higher olfactory
processing centers via olfactory tracts (Figs. 1(b) and 2(a,
b)). Different from the clear and distinct layering of the rodent
OB (Shepherd 1972), the OB of zebrafish is diffusely orga-
nized into three concentric layers: (1) a superficial olfactory
nerve layer, formed by olfactory axons; (2) a glomerular layer
containing olfactory axon termini as well as apical dendrites
and somata of mitral and ruffed cell output neurons along with
periglomerular cell interneurons; and (3) an internal cell layer
consisting predominantly of granule cell interneurons
(Fig. 2(c); Baier and Korsching 1994; Byrd and Brunjes
1995; Edwards and Michel 2003; Fuller et al. 2005, 2006).
The OB receives olfactory input from OSN axon terminals
that form synaptic complexes with OB output and interneu-
rons in spherical neuropil structures, the olfactory glomeruli
(Baier and Korsching 1994). Granule cells form reciprocal

dendro-dendritic synapses with mitral cells, while
periglomerular cells are more heterogeneous: a subset receives
direct OSN input while another forms axo-dendritic synapses
onto more distant mitral cells (Crespo et al. 2013). Both cell
types provide lateral inhibition within and between glomeruli
to modulate OSN input and odorant discrimination (Shepherd
et al. 2007; Takahashi et al. 2016).

Glomeruli in zebrafish are distributed throughout the glo-
merular layer but, different from their homogeneous distribu-
tion in the mammalian OB (Royet et al. 1988; Zapiec et al.
2017), are organized into isolated regional clusters that are
defined by OSN cell type and expression of their cognate
chemosensory receptors (Sato et al. 2005; Koide et al. 2009;
Braubach et al. 2012). A total of ~ 140 glomeruli have been
described and classified in zebrafish based on their location
and molecular marker expression (Braubach et al. 2012).
Ciliated and microvillous OSNs innervate the OB in a mutu-
ally exclusive fashion, where the former project axons to dor-
sal, ventral, and medial glomerular domains and the latter
project to morphologically distinct glomeruli in the lateral
OB (Sato et al. 2005; Koide et al. 2009; Braubach et al. 2012).

Output neurons that receive sensory input from medial and
lateral glomerular clusters tend to project axons through the
medial and lateral olfactory tracts, respectively, as opposed to
the presence of a single lateral tract in mammals (Fig. 2(c);
Fuller et al. 2006; Gayoso et al. 2012; Miyasaka et al. 2014).
While functional segregation of olfactory tracts remains un-
clear in zebrafish, in other teleosts, the medial olfactory tract
relays sensory information from ciliated OSNs that are re-
sponsive primarily to bile salts and pheromones, while the
lateral olfactory tract processes microvillous OSN responses
to amino acids (Von Rekowski and Zippel 1993; Sorenson
et al. 1991). The olfactory tracts connect the OB to the telen-
cephalon, located posterior to the OBs and formed by two
lobes with an extensive ventricular surface along the
rostrocaudal axis (Fig. 2(b, d); Gayoso et al. 2012).

The telencephalon is the most widely studied proliferative
zone and neurogenic niche in the zebrafish brain and contains
multiple regions that show abundant cell proliferation
(Labusch et al. 2020). During development, the teleost telen-
cephalon forms by eversion (outward folding) instead of evag-
ination (inward folding) as observed in mammals (Folgueira
et al. 2012). A consequence of this characteristic process is
that the ventricle and associated proliferative zones are found
along the outer surfaces of the ventral and dorsal telencepha-
lon, rather than being embedded inside the brain (Fig. 2(d);
Hodos and Butler 1997; Folgueira et al. 2012). In a transverse
section of the anterior region of the telencephalon, two ven-
tricular surfaces can be observed: a prominent ventral v-
shaped zone and a smaller dorsal t-shaped zone, separated
by a medial anterior commissure through which the two lobes
are connected. In the posterior telencephalon, the ventricular
surface angles dorsally, giving rise to a larger dorsal
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ventricular zone. There is a gradient of proliferation along the
rostrocaudal axis of the telencephalic ventricular region, with
the rostral domain presenting proliferation throughout the ven-
tricular surface, while proliferation in caudal regions is re-
stricted to isolated domains (Grandel et al. 2006; Wullimann
and Mueller 2004).

The anterior telencephalon can be roughly divided into two
subdomains, the dorsal pallium and ventral subpallium (Fig.

2(d)). The pallium encompasses the dorsal, dorsomedial, and
lateral regions, which have been described to be homologous
to the neocortex, amygdala, and hippocampus, respectively
(Wullimann and Mueller 2004), while the subpallium is locat-
ed in the medial and ventromedial areas of the telencephalon.
Based on its cellular and molecular components, this region is
further subdivided into the ventroventral (Vv) and
ventrodorsal (Vd) subdomains, which have been described

Fig. 2 Overview of the zebrafish olfactory bulb and telencephalon. (a)
Lateral view of the full zebrafish brain (adapted by permission from
Springer Nature Customer Service Centre GmbH: Springer Nature,
Anatomy and Embryology, The zebrafish brain: a neuroanatomical com-
parison with the goldfish, Rupp et al. 1996. The olfactory bulb (OB) and
adjacent telencephalon (Tel) are located rostrally (left); TeO: optic tec-
tum, Ceb: cerebellum, LL: nerve trunks of lateral line, MO: medulla
oblongata, MS: medulla spinalis, roman numbers depict various cranial
nerves. (b) Detailed view of olfactory-related forebrain structures.
Neuroblasts generated along the ventricular zone (VZ) within the telen-
cephalon (orange) enter the OB through the rostral migratory stream
(RMS) and give rise to adult-born neurons (blue dots). The dotted lines
show the positions of coronal sections through the OB and telencephalon
shown in (c) and (d), respectively. (c) Overview of laminar organization
(left) and cellular composition (right) of a coronal section through the OB.
Three concentric layers can be observed. The outermost olfactory nerve
layer (ONL; green) contains axons of olfactory sensory neurons (OSNs)
from the OE, while the glomerular layer (GL, light blue) is composed of
synapses betweenOSN axons andmitral cell (MC, dark blue) dendrites in
olfactory glomeruli (gray blobs). MC bodies are also located predomi-
nantly within the GL. Most MCs extend dendritic branches to a single
glomerulus (left) but multiglomerular MCs (right) have also been de-
scribed in the lateral OB. Periglomerular cells (PGCs, green) also receive
sensory input from OSN terminals and extend axons that form inhibitory
synapses on MCs of neighboring glomeruli. Granule cells (GGs, red) are
axonless cells that occupy the inner cell layer (light red) and form dendro-
dendritic inhibitory synapses between different MCs or dendritic trunks
of the same cell that target different glomeruli. MC axons from the medial

and lateral OB exit from the medial (MOT) and lateral (LOT) olfactory
tract, respectively, and transduce olfactory signals to higher olfactory
centers in caudal brain structures. (d) Overview of a coronal section of
the anterior telencephalon (adapted by permission from Springer Nature
Customer Service Centre GmbH: Springer Nature, Neural Development,
Neurogenesis in zebrafish—from embryo to adult, Schmidt et al. 2013).
The gross telencephalic anatomical divisions are shown in the left half of
the panel: pallium (yellow), subpallium (orange). The blue line depicts
the neurogenic periventricular zone, which is in direct contact with the
ventricle (V). Detailed anatomical subdivisions are shown in the right half
of the panel. The pallium is further subdivided into dorsal domains:
dorsomedial (Dm), dorsodorsal (Dd), dorsocentral (Dc), dorsolateral
(Dl), and dorsoposterior (Dp). The subpallium is divided into
ventrodorsal (Vd), ventroventral (Vv), and ventrocentral (Vc) domains.
The olfactory tracts (MOT, LOT) stemming from the MC axons in the
OB are also shown. (e) Neurogenic niches in the ventral half of the
anterior telencephalon. The Vd domain contains two types of radial glial
progenitors lining the ventricular surface. Type I (quiescent, gray) and
type II (proliferating, orange), which both extend radial processes to the
pial lateral surface. Type IIIa proliferating neuroblasts (brown) and mi-
grating neuroblasts (blue) are found laterally in the parenchyma, as well
as mature neurons (green). The Vv domain is formed by neuroepithelial-
like progenitors (red), characterized by their elongated shape and their
high proliferation rate. In addition, a great number of migrating
neuroblasts (blue) and mature neurons (green) are found flanking this
niche. Note that some of the neuroblasts originating from the Vv also
migrate to the OB to give rise to GGc and PGCs
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to be functionally similar to the V-SVZ of mammals (Fig.
2(d); Kaslin et al. 2008; Ganz et al. 2010). These highly pro-
liferative ventricular regions comprise a variety of neuronal
progenitor cells and precursors that give rise to adult-born
neuroblasts, which invade the adjacent telencephalic paren-
chyma or migrate to the OB (Adolf et al. 2006; Grandel
et al. 2006; Kishimoto et al. 2011). Out of the scope of this
review is the pallial neurogenesis, which has been reviewed in
detail elsewhere (Labusch et al. 2020).

Characteristics of neuronal precursors and neurogenic
niches of the adult OB and anterior telencephalic
subpallium

Adult-born neurons in the V-SVZ of the hippocampus of
mammals are generated from a subset of specialized astro-
cytes that function as neural stem cells (NSCs). These astro-
cytes are derived from radial glia cells, which act as progeni-
tors throughout early CNS development (Fuentealba et al.
2015). Radial glial cells are not found in the adult brain, al-
though astrocytic NSCs are often referred to as “radial glial-
like,” given their location and progenitor function (Rakic
1998). In the V-SVZ, NSCs (B1 cells) give rise to transit-
amplifying cells (C cells) through asymmetrical divisions
(Doetsch et al. 1999; Kriegstein and Alvarez-Buylla 2009).
Type C cells further divide to generate migrating neuroblasts
(A cells), which in turn reach the OB through the rostral mi-
gratory stream (RMS; Doetsch and Alvarez-Buylla 1996; Lois
et al. 1996; Lim and Alvarez-Buylla 2016). Neuroblasts that
arrive at the OB disperse radially and differentiate into mature
interneurons (Luskin 1993; Alfonso et al. 2015).

Unlike in mammals, radial glia cells persist throughout
adulthood in zebrafish and are bona fide NSCs since they
are able to both self-renew and generate different types of
progenitors (Zupanc and Clint 2003; Marz et al. 2010;
Rothenaigner et al. 2011). These cells are found along the
outer ventricular surfaces where the cell bodies are in direct
contact with the cerebrospinal fluid and extend radial process-
es through the parenchyma to contact the pial surface (Fig.
2(d, e); Ganz et al. 2010; Marz et al. 2010; Kishimoto et al.
2011; Rothenaigner et al. 2011). In the telencephalic
subpallium, four types of progenitor cells have been de-
scribed, based on molecular marker expression, activation
state, and pattern of cell division: quiescent radial glial cells
(type I cells), dividing radial glia (type II cells), radial glia-
derived cycling neuroblasts (type IIIa cells), and dividing
neuroblasts that lack the expression of glial markers (type
IIIb cells; Ganz et al. 2010; Marz et al. 2010; Chapouton
et al. 2010). In contrast, type I, II, and IIIa cells all express
canonical markers of radial glia, such as brain lipid-binding
protein (BLBP; Adolf et al. 2006; Marz et al. 2010; Diotel
et al. 2016), glial fibrillary acidic protein (GFAP; Lam et al.
2009; Ganz et al. 2010; Marz et al. 2010; Kishimoto et al.

2011), S100 calcium-binding protein beta (S100β; Ganz
et al. 2010; Marz et al. 2010; Rothenaigner et al. 2011),
vimentin (Ganz et al. 2010), glutamine synthase (GS; Ganz
et al. 2010), and aromatase B (Ganz et al. 2010; Pellegrini
et al. 2007; Diotel et al. 2016). Type II progenitors, which
are actively proliferating, can divide symmetrically to expand
the pool of type II cells or asymmetrically to give rise to fast-
cycling type IIIa neuroblasts (Chapouton et al. 2010; Marz
et al. 2010). The latter can be identified by expression of
GFAP (Marz et al. 2010), BLBP (Marz et al. 2010), and the
polysialylated-neural cell adhesion molecule (PSA-NCAM;
Grandel et al. 2006; Adolf et al. 2006; Marz et al. 2010;
Chapouton et al. 2010), which is an established marker for
migrating neuroblasts (Kishimoto et al. 2011). In contrast,
the ventral fast-proliferating type IIIb neuroblasts are consid-
ered to be neuroepithelial-like cells, given their polarized mor-
phology (Ganz et al. 2010; Kishimoto et al. 2011) and pres-
ence of interkinetic nuclear migration during mitosis (Ganz
et al. 2010), in addition to their lack of glial marker expression
(Ganz et al. 2010; Marz et al. 2010; Kishimoto et al. 2011).
Both IIIa and IIIb type cells in the zebrafish subpallial telen-
cephalon undergo one or two rounds of cell division followed
by a terminal symmetric division that give rise to migrating
neuroblasts (Rothenaigner et al. 2011). The majority of pro-
liferating precursors express the NSC markers Nestin and
Sox2 (Adolf et al. 2006; Lam et al. 2009; Ganz et al. 2010;
Chapouton et al. 2010; Marz et al. 2010), although a small
percentage of progenitors present a mosaic expression pattern
that differs from the majority of precursors, suggesting that
NSC subtypes in the zebrafish telencephalon may be more
diverse (Kizil et al. 2012; Diotel et al. 2015; Cosacak et al.
2019; Labusch et al. 2020).

Surprisingly, we and others have found that the zebrafish
OB itself, unlike the mammalian OB, presents constitutive
proliferation throughout adulthood and that most of these pro-
liferating cells can be found scattered within the olfactory
nerve and glomerular layers of the OB (Byrd and Brunjes
1998, 2001; Grandel et al. 2006; Adolf et al. 2006;
Villanueva and Byrd-Jacobs 2009; Trimpe and Byrd-Jacobs
2016). Nevertheless, despite local OB neurogenesis, the func-
tion of the VZ as the primary source for new OB neurons
appears to be conserved. It has been suggested that the poste-
rior ventrolateral region of the OB, near the interphase with
the ventral telencephalon, could be considered a neurogenic
niche given the presence of BrdU-positive profiles in this re-
gion and their ultrastructural similarity in cell morphology to
type II and IIIa progenitors of glial origin (Lindsey et al.
2014). It is noteworthy, however, that bona fide radial glia
or astrocytes have not been described in the zebrafish OB;
instead, GFAP-, S100β-, and GS-positive fibers can be
found extensively in the olfactory nerve and glomerular
layers, thus, the regions of the adult OB where proliferation
takes place (Byrd and Brunjes 1995, 1998; Alonso et al. 1998;
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Grupp et al. 2010; Lazzari et al. 2014; Scheib and
Byrd-Jacobs 2020).

BrdU pulse-chase assays label cells in the periphery of the
OB a few hours after the pulse and newly generated neurons
are present in the internal cell layer within 1 week (Byrd and
Brunjes 1998, 2001; Adolf et al. 2006; Lindsey et al. 2014).
These neurons express dopaminergic and GABAergic
markers, suggesting that they develop into granule and
periglomerular interneurons similar to VZ-derived cells.
Even though it is likely that most of the adult-born neurons
in the internal cell layer are derived from progenitors that are
located outside of the OB, a subset of neurons may be pro-
duced in situ, given that the rate of proliferation in the OB can
be regulated by changes in sensory input or damage (see be-
low). In addition, PSA-NCAM, a molecule required for
neuroblast migration, is found in the peripheral olfactory
nerve layer (Lazzari et al. 2014). A similar pattern of intra-
bulbar proliferation and neurogenesis has been described in
other teleost fishes, in which NSCs are found in the peripheral
layers and the newly divided cells subsequently migrate to
more internal positions (Alonso et al. 1989; Zupanc and
Horschke 1996; Zupanc et al. 2005; Fernandez et al. 2011;
Teles et al. 2012). In line with this, the two related
sialytransferases enzymes STX and PST, which are required
for the formation of PSA-NCAM, are expressed abundantly
throughout the zebrafish OB, suggesting that both local and
distant neuroblast migration can occur in the zebrafish OB
(Rieger et al. 2007).

The cytoarchitecture of the ventral telencephalic Vv and
Vd domains is complex, and the two domains can be distin-
guished by the presence of different progenitor types (Fig.
2(e)). The Vv domain is formed by a large number of tightly
packed fast-cycling, neuroepithelial-like type IIIb precursors
lining the medial ventricular surface, most of which are con-
stitutively proliferating (Kishimoto et al. 2011; Rothenaiger
et al., 2011). These precursors give rise to dividing interme-
diate neuroblasts that migrate laterally to constitute a massive
cell layer that extends deep into the adjacent parenchyma but
also contains non-proliferative precursors and other
supporting cells. The neurogenic ventricular layers are flanked
by a dense population of mature neurons, none of which pres-
ent active proliferation markers. Noteworthy, however, some
of these neurons retain BrdU labeling for weeks following a
BrdU pulse, suggesting that neurogenesis in the Vv region
contributes at least two types of newborn cells: those that
migrate rostrally into the OB and others that migrate radially
and remain within the Vv (Ganz et al. 2010; Marz et al. 2010;
Kishimoto et al. 2011; Lindsey et al. 2014). In contrast, the Vd
domain is narrower than the Vv and contains fewer prolifer-
ating cells. It is comprised of scattered quiescent type I radial
glia, type II slow-cycling proliferating precursors lining the
ventricular surface, and type IIIa progenitors adjacent and
intermixed within this layer. All of these glial cells extend

individual radial projections to the dorsolateral pallium. The
neurogenic region of the Vd is flanked by a population of
parenchymal mature neurons and migrating neuroblasts
(Adolf et al. 2006; Grandel et al. 2006; Marz et al. 2010;
Lindsey et al. 2014). While much is known about the molec-
ular differences of the various proliferating precursors, addi-
tional work will be needed to shed light onto the molecular
regulation of constitutive and regenerative neurogenesis under
different tissue conditions.

Constitutive neurogenesis in the OB
and telencephalon

Adult neurogenesis in the zebrafish brain is remarkable for
various reasons: it persists throughout the organism’s lifespan,
it takes place in multiple distinct niches along the CNS, and it
contributes a striking number of newborn cells to the existing
neuronal population. It has been estimated that up to 100 times
more neurons are produced in the teleost CNS than in the
mammalian brain (Zupanc and Horschke 1996; Hinsch and
Zupanc 2007; Zupanc and Sirbulescu 2011). The constitutive
and life-long neurogenesis in the adult OB and telencephalon
supports several processes and brain functions, which include
postlarval growth and basal replacement of lost neurons, in
addition to sensory and behavioral plasticity (Takahashi
et al. 2018). The presence of active neurogenic niches
in the adult organism also provides a cellular basis for
the vast capacity for regeneration and repair that has
been reported. Contrary to the documented decline of
neurogenic activity in mammals throughout life (Luo
et al. 2006; Shook et al. 2012; Paredes et al. 2018),
aging does not significantly affect the innate prolifera-
tive and neurogenic ability of the teleost brain (Olivera-
Pasilio et al. 2014; Traniello et al. 2014; Rosillo et al.
2010; Trimpe and Byrd-Jacobs 2016).

Newborn cells that arise from the Vv reach the OBs via a
migratory route that resembles the RMS between the V-SVZ
and the OB in rodents (Altman 1969; Lois and Alvarez-Buylla
1994; Kishimoto et al. 2011). Different from mammals, how-
ever, the RMS in zebrafish is not lined by a corridor of glial
cells (Kishimoto et al. 2011). Nevertheless, the occurrence of
a RMS is conserved among taxa, such as teleosts, birds, and
mammals, despite differences in cellular makeup, distance to
be traveled, and organization (Nottebohm et al. 1994; Olivera-
Pasilio et al. 2014, 2017; Malik et al. 2012; Orechio et al.
2018). In zebrafish, migration of newly born progenitors from
the Vv takes place in three stages: (1) type IIIa and IIIb pro-
genitors move radially from the lumen of the ventricle towards
the telencephalic parenchyma; (2) then they turn rostrally and
migrate through the ventromedial interphase between the OBs
and the telencephalon; and finally (3) they migrate again ra-
dially across the inner cell layer of the OB, similar to their
trajectory in rodents and other teleosts (Terzibasi et al. 2007;
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Rosillo et al. 2010; Kishimoto et al. 2011; Olivera-Pasilio
et al. 2014; Lim and Alvarez-Buylla 2016).

The incorporation of newborn cells in the OB of zebrafish
and other teleost fishes shows remarkable plasticity in re-
sponse to environmental factors (Zupanc and Zupanc 2006;
Lindsey et al. 2014) and interesting inherent differences across
similar organisms with different lifestyles or life spans. For
instance, killifishes, which have a short annual lifecycle, show
a very rapid OB neuronal turnover and can integrate newly
born neurons in the OBs just 24 h after a BrdU pulse
(Fernandez et al. 2011; Rosillo et al. 2010). On the other hand,
in teleosts with longer lifespans, the proliferation, migration,
and integration of newborn neurons in the OB occurs over a
longer time period. In zebrafish and turquoise killifish
(Nothobranchius furzeri), mature neuron profiles can be
found in the VZ and the OB at 3 and 7 days after a BrdU
pulse, respectively (Byrd and Brunjes 1995, 1998; Terzibasi
et al. 2007). Although BrdU-labeled cells occur relatively
soon in the OB of both groups, cellular maturation and func-
tional integration into bulbar circuits may take up to several
weeks (Villanueva and Byrd-Jacobs 2009; Trimpe and Byrd-
Jacobs 2016). BrdU-labeled cells are found to be integrated
into bulbar circuits for months after the pulse, suggesting that
they are long-lived (Zupanc et al. 2005; Hinsch and Zupanc
2007; Teles et al. 2012). Adaptation to changing environments
and the need for behavioral plasticity can also affect the rate of
OB and Vv proliferation and neurogenesis. In an interesting
example, the annual killifish (Austrolebias charrua) relies
heavily on olfaction when their freshwater habitat becomes
murky and mating and reproduction suddenly needs to take
place in complete darkness (Rosillo et al. 2010; Passos et al.
2014). This need for increased olfactory acuity, but also olfac-
tory sensory enrichment, can accelerate neurogenesis and in-
tegration of newborn neurons in the OB (Lindsey et al. 2014;
Rosillo et al. 2010). Interestingly, in this fish, the posterior
region of the OBs is lined by an enlarged ventricular surface
comprising a neurogenic niche equivalent to the Vv zone of
other teleosts. The presence of the neurogenic niche within the
OB itself allows for more rapid neurogenesis, shorter migra-
tion distance, shorter time of integration into OB circuitries,
and ultimately improved plasticity and adaptation to environ-
mental changes. These examples showcase the many advan-
tages that zebrafish and other teleosts present to study aspects
of constitutive and sensory-modulated neurogenesis, which
are only marginally understood in higher vertebrates
(Zupanc and Zupanc 2006; Pinto and Götz 2007; Strobl-
Mazzulla et al. 2010; Lindsey et al. 2012).

Recovery of the OB from traumatic injury and disease

Physical and chemical lesions in the mammalian CNS cause
cell death and sustained functional loss of the damaged site
since neurogenesis in the V-SVZ and hippocampus does not

contribute significantly to the replacement of lost neurons in
other brain regions. Brain lesions are typically followed by an
inflammatory response that involves activation of astrocytes
(astrogliosis) and recruitment of microglia to the injured site.
This often results in excessive inflammation, the formation of
astroglial scars, and the exposure of myelin-derived factors
that hinder repair of the lesioned site directly or prevent the
regrowth of axons that connect across the site of injury
(Hernandez-Ontiveros et al. 2013; Johnson et al. 2013;
Karve et al. 2016). Interestingly, while inflammatory signals
in the mammalian brain largely preclude regeneration, pro-
inflammatory cytokines have been shown to activate radial
progenitors and promote neuron replacement (Kyritsis et al.
2012). Thus, zebrafish features an astrocytic and microglial
inflammatory response that is different from related events in
mammals and which has been suggested to be a key contrib-
utor to successful regeneration and repair of lost neurons fol-
lowing CNS damage.

To study the mechanisms that underlie regeneration and
repair of the zebrafish brain, a widely used model of traumatic
brain injury involves unilateral stab wounds in the dorsal tel-
encephalon (Kroehne et al. 2011; Marz et al. 2010). The le-
sion, unlike what has been documented in mammals, shows
complete recovery, including the presence of mature newborn
neurons within the injured region. Following the insult, a large
number of damaged neurons undergo apoptosis, in contrast to
necrosis, which is predominantly observed in mammals
(Karve et al. 2016). The injured site is then repaired in three
distinct phases that include (1) an acute but transient inflam-
matory response by microglia and astroglia; (2) an increase in
radial progenitor proliferation and subsequent neurogenesis;
and finally (3) migration of an increased number of neuronal
precursors to the lesioned areas and repopulation of the dam-
aged site with functional neurons (Kroehne et al. 2011; Marz
et al. 2010; Kishimoto et al. 2011; Kyritsis et al. 2012; Skaggs
et al. 2014). Physical lesions initially promote a systemic re-
sponse of precursor proliferation within pallial and subpallial
regions of both telencephalic hemispheres but with increased
and sustained presence of neurogenesis on the side ipsilateral
to the lesion. A large number of newly born neurons can be
found within the parenchyma for up to several months after
the lesion, suggesting that they have functionally integrated
and replaced lost neurons (Kroehne et al. 2011; Marz et al.
2010; Baumgart et al. 2012; Kyritsis et al. 2012; Skaggs et al.
2014).

Inflammation acts as key modulator of neuronal replace-
ment and tissue repair following damage in zebrafish
(Keightley et al. 2014; Kizil et al. 2015). An astrocytic re-
sponse following damage appears to be necessary and suffi-
cient for enhancing neurogenesis in the ventricular zone via
the activation of radial glial progenitors by CysLT1/LTC4
signaling and activation of non-glial progenitors by interleu-
kin 4 (IL-4; Marz et al. 2010; Baumgart et al. 2012; Kyritsis
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et al. 2012; Bhattarai et al. 2016). The astroglial inflammatory
response of zebrafish, which promotes regeneration and
neurogenesis, differs from that in mammals since teleosts lack
the canonical GFAP-positive, stellate-shaped astrocytes and,
instead, a range of morphologically distinct astroglial cells
have been described throughout the CNS (Kizil et al. 2015;
Zambusi and Ninkovic 2020). These cells express a combina-
tion of various glial markers (e.g., GFAP, vimentin, BLBP,
GS, S100β) and exhibit different regional morphologies
(Cuoghi and Mola 2009; Clint and Zupanc 2001; Grupp
et al. 2010; Lyons and Talbot 2014; Jurisch-Yaksi et al.
2020; Scheib and Byrd-Jacobs 2020). Even though an
astroglial response occurs early in the lesioned hemisphere,
it resolves quickly without leaving a permanent astroglial scar
that obstructs regeneration and repair (Scheib and Byrd-
Jacobs 2020).

In addition, microglial activation also modulates brain re-
generation (Keightley et al. 2014). We have shown that mi-
croglia in adult zebrafish exhibit similar morphology, activa-
tion states, and phagocytic properties as their mammalian ho-
mologs (Var and Byrd-Jacobs 2019, 2020). Following dam-
age, both resident microglia and infiltrating peripheral macro-
phages increase in the ipsi- and contralateral hemisphere, with
a concentration of activated microglia around the lesioned
region (Zupanc and Clint 2003; Marz et al. 2010; Baumgart
et al. 2012; Var and Byrd-Jacobs 2019). Microglia remove
neuronal debris and promote tissue repair by secreting various
neurotrophic factors (Mazaheri et al. 2014; Herzog et al. 2019;
Villani et al. 2019; Var and Byrd-Jacobs 2020). It has been
shown that tumor necrosis factor (TNF), TGFβ-1, C-C motif
chemokine receptor 2 (CCR 2), chemokine (C-X-C motif)
receptor 4b (cxcr4b), IL-4, and activated Wnt signaling are
associated with regeneration (Nguyen-Chi et al. 2015;
Bhattarai et al. 2016). A noticeable characteristic of zebrafish
microglial cells is that they become transiently activated dur-
ing a critical time frame but that the inflammatory response
resolves quickly. It has been hypothesized that this specific
and succinct activation period also underlies some of the re-
generative properties conferred by microglia (Marz et al.
2010; Carrillo et al. 2016; Var and Byrd-Jacobs 2019, 2020).

We have developed different experimental models of direct
lesion to the zebrafish OB that have shed light on mechanisms
of regeneration, repair, and inflammation (Var and Byrd-
Jacobs 2019; Calvo-Ochoa and Byrd-Jacobs, unpublished).
Following direct bulbar chemical lesion, initial decreases in
OB volume and alterations in olfactory axonal morphology
can be observed. These alterations revert to pre-injury condi-
tions within 21 days; the tissue appears fully recovered, in-
cluding the restoration of most neurons, some of which are
glutamatergic, suggesting that under these conditions, output
neurons can also be generated in addition to GABAergic and
dopaminergic interneurons. The paradigm also increases pro-
liferation in the Vv domain of the VZ (Calvo-Ochoa and

Byrd-Jacobs, unpublished). In addition, the loss of OB output
neurons also causes loss of OSNs in the OE, which is followed
by induction of proliferation and recovery over the same time
frame. Direct injury by stab wounds to the OB also promotes
swift microglial migration through the ventricular zone, with a
robust ipsilateral response 4 to 12 h following damage that
subsides by 24 h (Var and Byrd-Jacobs 2019; Var and Byrd-
Jacobs, unpublished).

Our group has also extensively studied the effects of sen-
sory deafferentation on OB regeneration and neurogenesis by
developing various reversible physical and chemical OE le-
sion paradigms. OE degeneration caused by these lesions also
promotes OB degeneration, observed as a reduction in volume
(Byrd 2000; Paskin et al. 2011), alterations in mitral cell den-
dritic morphology (Pozzuto et al. 2019), apoptotic loss of
granule and periglomerular interneurons in the internal cell
layer (Vankirk and Byrd 2003), and glomerular
defasciculation (Paskin and Byrd-Jacobs 2012; White et al.
2015). In particular, there is a stark reduction in staining for
dopaminergic somata and dendritic processes, which indicates
a reduction in the number of periglomerular cells (Byrd 2000;
Fuller et al. 2005; Paskin et al. 2011). As a result of the de-
generation observed in both the OE and OB, we found that
olfactory acuity is compromised, as assessed in behavioral
assays. A swift recovery of normal OB morphology is ob-
served within 10 days following OSN ablationwhile complete
glomerular innervation and olfactory function are restored by
21 days (Vankirk and Byrd 2003; Paskin et al. 2011; Paskin
and Byrd-Jacobs 2012; White et al. 2015; Hentig and Byrd-
Jacobs 2016).

Interestingly, we have reported that unilateral bulbar deaf-
ferentation also activates a systemic response by inducing
proliferation in the glomerular layer of both the ipsi- and con-
tralateral OB, with an increase in cell survival on the lesioned
side. Newborn cells are found in the internal cell layer of the
OB 3 weeks after the lesion, and it has been suggested that the
integration of these newly born cells contributes to the recov-
ery of OB volume and morphology to pre-lesion conditions
(Villanueva and Byrd-Jacobs 2009; Trimpe and Byrd-Jacobs
2016). In addition, activation of astroglial cells and microglia
is observed immediately after deafferentation, but expression
of inflammatory markers decreases rapidly and a glial scar
does not form in the OB potentially contributing to the overall
permissive environment for regenerative neurogenesis (Var
and Byrd-Jacobs 2019; Scheib and Byrd-Jacobs 2020).

In contrast, irreparable peripheral damage by permanent
OE ablation causes cell proliferation in the glomerular layer
of the OB and telencephalic Vv region immediately after in-
jury (Villanueva and Byrd-Jacobs 2009). While OB volume
continues to decrease, OB and Vv proliferation is still active
after 1 week, and newborn neurons can be found throughout
all OB layers. However, 3 weeks later, when complete degen-
eration of the OB is observed due to the lack of afferent input,
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all newborn neurons are lost, presumably by apoptosis
(Vankirk and Byrd 2003; Villanueva and Byrd-Jacobs
2009). These results differ from those reported after telence-
phalic lesions and suggest that newborn OB neurons require
afferent input or trophic support from the OE in order to sur-
vive, to form synapses, and to integrate into lesioned areas.
Given the severity of this type of lesion, the microglial re-
sponse in the OB is more robust and sustained but ultimately
decreases to control levels (Var and Byrd-Jacobs 2019).

In addition to experimental injury and deafferentation,
models of neurodegenerative disease, which cause sustained
and progressive neuron loss, can also be used to study the
regenerative and neurogenic response of the zebrafish brain.
Intracerebroventricular injection of the amyloid peptide Aβ42
recapitulates synaptic deterioration and neuron loss, inflam-
mation, and learning impairment, as reported in rodent models
of Alzheimer’s disease (Bhattarai et al. 2017a). Interestingly,
contrary to the well-documented reduction of neurogenesis
under similar experimental conditions in rodents (Haughey
et al. 2002; Scopa et al. 2020), the neurodegenerative para-
digm increases a neurogenic response in the Vv domain. The
anti-inflammatory cytokine IL-4 acts as a key regulator for
type IIIb progenitor proliferation and neurogenesis, suggest-
ing that glia-neuron crosstalk regulates regeneration in this
model (Bhattarai et al. 2016; Bhattarai et al. 2020).
Collectively, these results add to the mounting evidence that
microglia play a pivotal role in the regenerative response of
the zebrafish brain following damage or disease (Keightley
et al. 2014; Cosacak et al. 2019; Var and Byrd-Jacobs 2020).

A striking feature learned from these different injury and
neurodegeneration models is that the regenerative capacity of
the zebrafish OB and telencephalon does not decrease over the
organism’s lifespan, as is the case in rodents (Shook et al.
2012; Traniello et al. 2014). While constitutive proliferation
and neurogenesis is reduced in the aging brain of zebrafish
due to increased quiescence of radial glia, injury promotes
inflammation and results in (re-)activation of radial glia pro-
genitors to stimulate proliferation and neurogenesis in the OB
and adjacent ventral telencephalon (Edelmann et al. 2013;
Trimpe and Byrd-Jacobs 2016; Bhattarai et al. 2017b).

Signaling molecules and molecular pathways
regulating OB and telencephalic proliferation
and neurogenesis

Generally, neurotrophic factors and signaling pathways that
govern cell differentiation during development also regulate
proliferation and neurogenesis in the adult telencephalon and
OB of the zebrafish. A major switch between quiescent and
proliferative states in neurogenic niches in both mammals and
zebrafish involves Notch signaling. Quiescent type I radial
glia progenitors typically show high constitutive Notch activ-
ity (Chapouton et al. 2010). When Notch signaling is blocked

experimentally, type I cells transition to dividing progenitors,
and vice versa (Chapouton et al. 2007; Chapouton et al. 2011;
Alunni et al. 2013; de Oliveira-Carlos et al. 2013; You et al.
2019). Quiescent progenitors with high Notch activity nega-
tively affect Notch signaling in neighboring cells through lat-
eral cell–cell interactions, leading to a pattern of intermingled
quiescent and dividing radial glia progenitors along the ven-
tricular surface of the Vd domain (Chapouton et al. 2010;
Kizil et al. 2012; Than-Trong et al. 2018). Unlike what is
known in mammals, Notch signaling in zebrafish progenitors
regulates proliferation state, but does not appear to affect cel-
lular fate decisions (Ables et al. 2011).

Brain-derived neurotrophic factor (BDNF), which supports
the growth, survival, and differentiation of neurons is upreg-
ulated and secreted following brain trauma. In zebrafish and
other teleosts, BDNF is abundantly expressed in neuronal
clusters located in neurogenic niches in the telencephalon
and the OB and plays an important role in regeneration, by
enhancing telencephalic neurogenesis (Dalton et al. 2009;
Bhattarai et al. 2020). BDNFmRNA levels increase in mature
neurons of the telencephalic parenchyma following CNS trau-
ma and neurodegeneration in a rapid and transient fashion
(Cacialli et al. 2018a, 2018b). In particular, BDNF activates
nerve growth factor receptor a (NGFRA) signaling in
zebrafish radial glia, promotes proliferation, and augments
neurogenesis (Bhattarai et al. 2020), unlike in rodents, where
it activates non-regenerative gliosis and tropomyosin receptor
kinase B/neurotrophic tyrosine kinase, receptor 2
(TrkB/Ntrk2) signaling (Klein et al. 1991; Galvao et al.
2008). In addition, BMP2b is a morphogen factor that regu-
lates NSC fate and progenitor cell proliferation in the telence-
phalic ventricular zone by activating quiescence of radial glia
type I progenitors through regulation of inhibitor of DNA
binding 1 (id1) expression during constitutive and regenera-
tive neurogenesis (Diotel et al. 2013; Ghosh and Prakash Hui
2016; Zhang et al. 2020).

Another class of growth factor with known neurogenic
properties in adult mammals and zebrafish brains are fibro-
blast growth factors (Fgfs), which promote proliferation, mi-
gration, and survival of several cell types, including neurons
(Jin et al. 2003). Following damage in zebrafish, Fgfs activate
radial glia to promote repair and proliferation in a region-
dependent manner. Fgfs are required for proliferation of radial
glial progenitors in the telencephalic Vv niche, but not in the
Vd region (Ganz et al. 2010), reflecting the differences in the
progenitor populations that are found in these domains.

Interestingly, aromatase B, the rate-limiting enzyme in es-
trogen biosynthesis, is expressed and presents high activity in
telencephalic radial glial progenitors, which synthesize and
are the target of neurosteroids, including estrogen and proges-
terone (Pellegrini et al. 2005, 2007; Tong et al. 2009; Diotel
et al. 2011). In rodents, estradiol modulates constitutive and
post-injury proliferation and neurogenesis (Soustiel et al.
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2005; Suzuki et al. 2007). Surprisingly, estradiol inhibits cell
proliferation in telencephalic neurogenic niches and migration
of newborn neurons to other telencephalic regions or to the
OB and reduces cell survival (Diotel et al. 2013; Makantasi
and Dermon 2014). Intriguingly, the expression of aromatase
B is greatly reduced in the ventral telencephalon following
injury, while it is expressed in parenchymal neurons near the
lesion site (Diotel et al. 2013). These results highlight the
complexity of the NSC regulation by positive and negative
signals, which are involved in mediating both regeneration
and repair following CNS damage.

Although the inherent neurogenic potential of the teleost
brain is vast, it can also be negatively affected by the presence
of stressors and metabolic disease. In a model that recapitu-
lates chronic hyperglycemic states of diabetes mellitus, both
constitutive and regenerative OB and telencephalic
neurogenesis in zebrafish are impaired (Dorsemans et al.
2017). A paradigm of chronic stress, due to social subordina-
tion, results in sustained elevated cortisol levels in various
teleosts. Increased cortisol leads to reduced proliferation in
the Vd neurogenic niche, while neurogenesis in the Vv zone
remains unaltered. Because of the impairment in Vd
neurogenesis, a reduced number of newborn neurons are ob-
served in the telencephalic parenchyma. Moreover, the degree
of neurogenesis impairment is correlated with the severity of
the social stressor (Dunlap et al. 2006; Sorensen et al. 2011,
2012; Johansen et al. 2012; Tea et al. 2019).

Conclusions and open questions

The processes and cell types that govern constitutive and re-
generative neurogenesis in the adult zebrafish OE share many
similarities with related phenomena in mammals; however,
important and potentially insightful differences exist. Similar
to mammals, OSN turnover in the intact OE and en masse
generation of new cells following structural damage are inter-
woven processes that originate from two molecularly distinct
progenitor/stem cell populations, the GBCs and HBCs. The
differences in tissue distribution of GBC- and HBC-like cells
in zebrafish offer valuable opportunities to tackle the contri-
bution of these cells under different tissue conditions and in
different experimental paradigms. Regeneration of the dam-
aged zebrafish OE occurs with remarkable speed and is com-
plete, even after ablation of the entire OE structure, within
only 7 days, which makes zebrafish a very powerful experi-
mental model to study not only the initial but also the later
stages of tissue regeneration.

The zebrafish OB is also a brain region of extraordinary
plasticity despite the presence of only four major neuronal cell
types that have cell bodies within the OB. Constitutive and
regenerative plasticity in OB is key to maintenance and recov-
ery of persistent olfactory perception and plastic changes,

which underlie vital fish behaviors. The OB exhibits constant
neuronal turnover, morphological remodeling, and the re-
markable ability to regenerate and repair following damage.
These regenerative abilities are feasible given the presence of
proliferative and neurogenic niches within the OB itself and
the adjacent rostroventral telencephalic regions. Different
from the exposed nature of the peripheral OE, the central
OB is largely protected from external damage, suggesting that
persistent OB neurogenesis is predominantly involved in con-
stant remodeling of central olfactory circuits or responds to
changes in synaptic input to the OB from OSNs. It remains an
open question why generation of new interneurons seems to
be favored over remodeling of synaptic connections between
existing cells. The dual origin of OB cells in zebrafish, which
is also found in other teleosts, is particularly interesting and a
similar neurogenic activity has not been reported in mammals.
The functional difference between OB- and VZ-derived cells
and whether both neurogenic sites generate complementary or
identical cell types, however, is currently unknown. Even
though relevant signaling molecules have been identified that
modulate OB neurogenesis, how these signals communicate
between the OB and relevant neurogenic sites and ensure a
match between the number of cells that are generated and the
number of cells that need to be replaced awaits further
experimentation.

While the zebrafish constitutes a tractable and astute model
to understand complex phenomena that underlie adult
neurogenesis and the molecular mechanisms by which it is
regulated, we have only begun to understand some of the more
fundamental principles and many important and exiting ques-
tions remain:

1. What is the relationship between progenitor cell popula-
tions and OSN subtypes?

The observation that the zebrafish OE contains at least five
morphologically distinct OSN subtypes (ciliated, microvil-
lous, crypt, kappe, and pear cells) raises the question if differ-
ent, OSN subtype-specific progenitors exist or if a single
multipotent progenitor can give rise to all cell lineages. The
ILC and SNS are similar but not identical in their output, but
the molecular underpinnings of biased generation of microvil-
lous and ciliated cells from these proliferation zones
remain currently unknown. The problem is somewhat
similar to the situation in the VNO, which comprises
V1R- and V2R-expressing microvillous cells that segre-
gate within the apical and basal VNO, respectively (de
la Rosa-Prieto et al. 2010). Should different lineage-
restricted progenitors exist, they must be intermingled
at the ILC and SNS, probably also within the sensory
OE, because microvillous and ciliated OSNs are gener-
ated from GBCs during constitutive turnover but also
from HBCs during regeneration.

Cell Tissue Res



2. Can all morphological OSN cell types regenerate
equally?

A related question is whether all morphological OSN sub-
types can regenerate equally and, if so, whether they are gen-
erated by identical HBCs or distinct HBC subpopulations.
Ciliated, microvillous, and crypt cells appear to regen-
erate following their ablation (Iqbal and Byrd-Jacobs
2010), while reconstitution of pear and kappe cells after
damage has not been examined in zebrafish. Ciliated
cells appear to be more vulnerable to environmental
chemicals, but the specificity or selectivity of their res-
toration has not been addressed systematically. It would
be interesting to see if the neurogenic niches can re-
spond selectively if, for instance, only microvillous or
ciliated cells were ablated using genetic manipulation
and if subtype-specific signaling events exist to bias
progenitor activity or output.

3. What is the role of the very high number of adult-born OB
interneurons?

Given that the OE undergoes extensive constitutive
neurogenesis and OSN turnover, we hypothesize that one of
the major functions of OB neurogenesis is to sustain the in-
corporation of new olfactory axon termini. The bidirectional
neuronal turnover would allow for the adjustment of function-
al OB circuits through formation of new synaptic connections
to modulate olfactory processing in response to changing en-
vironmental conditions or after injury. Newly generated neu-
rons recruited to the OB develop into granule and
periglomerular cells, interneurons that mediate intra- and
interglomerular synaptic activity (Shepherd et al. 2007). It is
possible that the constant stream of migrating neuroblasts en-
tering the OB allows for a faster and more efficient fine-tuning
of olfactory circuits by de novo generation of synaptic con-
nections rather than by recycling existing cells or rewiring
synaptic connections.

4. Is there an advantage conferred to zebrafish because of
its ability to generate neurons in situ in the OB?

Zebrafish, as many other fish species, rely heavily on ol-
faction to mediate survival behaviors such as foraging, mat-
ing, predator avoidance, and kinship recognition. The olfacto-
ry system responds and adapts dynamically to variations in
environmental factors and conditions that affect these behav-
iors, and, thus, local OB neurogenesis could have an important
ethological impact. This hypothesis is supported by reports
showing that OB neurogenesis can be modulated by olfactory
sensory input in zebrafish (Lindsey et al. 2014) and that local
OB neurogenesis poses an advantage for short-lived species
(Fernandez et al. 2011; Rosillo et al. 2010), or during sensory

modality shifts (Rosillo et al. 2010; Passos et al. 2014) be-
cause new cells become more rapidly available. Yet, since the
zebrafish brain continues to grow throughout life, it is also
likely that a number of newborn OB cells are produced to
support growth of the overall structure (Zupanc and
Horschke 1996) in addition to their effects on olfactory
plasticity.
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