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Abstract Although the generation of new neurons in the
adult nervous system (‘adult neurogenesis’) has been studied intensively in recent years, little is known about this
phenomenon in non-mammalian vertebrates. Here, we
examined the generation, migration, and diVerentiation of
new neurons and glial cells in the Mozambique tilapia
(Oreochromis mossambicus), a representative of one of the
largest vertebrate taxonomic orders, the perciform Wsh. The
vast majority of new cells in the brain are born in speciWc
proliferation zones of the olfactory bulb; the dorsal and
ventral telencephalon; the periventricular nucleus of the
posterior tuberculum, optic tectum, and nucleus recessi
lateralis of the diencephalon; and the valvula cerebelli, corpus cerebelli, and lobus caudalis of the cerebellum. As
shown in the olfactory bulb and the lateral part of the valvula cerebelli, some of the young cells migrate from their
site of origin to speciWc target areas. Labeling of mitotic
cells with the thymidine analog 5-bromo-2⬘-deoxyuridine,
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combined with immunostaining against the neuron-speciWc
marker protein Hu or against the astroglial marker glial
Wbrillary acidic protein demonstrated diVerentiation of the
adult-born cells into both neurons and glia. Taken together,
the present investigation supports the hypothesis that adult
neurogenesis is an evolutionarily conserved vertebrate trait.
Keywords Teleosts · Perciformes · Olfactory bulb ·
Hippocampus · Cerebellum
Abbreviations
A
Anterior thalamic nucleus
AC
Anterior commissure
BO
Olfactory bulb
BOgl
Glomerular layer of the olfactory bulb
BOgra Granular layer of the olfactory bulb
bv
Blood vessel
CC
Crista cerebellaris
CCe
Corpus cerebelli
CCegra Granular layer of corpus cerebelli
CCemol Molecular layer of corpus cerebelli
CE
Central nucleus of the inferior lobe
ch
Horizontal commissure
CM
Corpus mamillare
CP
Central posterior thalamic nucleus
Cven Ventral rhombencephalic commissure
D
Dorsal telencephalon
DA
Anterior part of the dorsal telencephalon
DC
Dorsocentral telencephalon
DCa
Anterior subdivision of the dorsal
central telencephalon
DCad Dorsal part of the anterior subdivision of the
dorsocentral telencephalon
DCm Medial subdivision of the dorsocentral
telencephalon
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DD
DFl
DFld
DFlv
DFm
DL
DLa
DLd
DLp
DLv
DM
DMa
DMdd
DMdv
DMv
DMvd
DMvv
DP
Dp
EG
G
GC
H
Hv
IL
ILdl
ILvm
IPn
LCe
LCegra
LH
LVII
LX
MLF
mol
nIII
nRL
nRLl
nRLm
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Dorsal division of the dorsal telencephalon
Nucleus diVusus lateralis of the inferior lobe
Dorsal subdivision of nucleus diVusus lateralis
of the inferior lobe
Ventral subdivision of nucleus diVusus lateralis
of the inferior lobe
Nucleus diVusus medialis of the inferior lobe
Dorsolateral telencephalon
Anterior subdivision of the dorsolateral
telencephalon
Dorsal subdivision of the dosolateral
telencephalon
Posterior subdivision of the dorsolateral
telencephalon
Ventral subdivision of the dorsolateral
telencephalon
Dorsomedial telencephalon
Anterior subdivision of the dorsomedial
telencephalon
Dorsal part of the dorsal subdivision of the
dorsomedial telencephalon
Ventral part of the dorsal subdivision of the
dorsomedial telencephalon
Ventral subdivision of the dorsomedial
telencephalon
Dorsal part of the ventral subdivision of the
dorsomedial telencephalon
Ventral part of the ventral subdivision of the
dorsomedial telencephalon
Dorsal posterior thalamic nucleus
Posterior part of dorsal telencephalon
Eminentia granularis
Glomerular nucleus
Central gray
Habenula
Ventral zone of the periventricular hypothalamus
Inferior lobe of the hypothalamus
Dorsolateral subdivision of the inferior lobe
of the hypothalamus
Ventromedial subdivision of the inferior lobe
of the hypothalamus
Interpeduncular nucleus
Lobus caudalis
Granular layer of the lobus caudalis
Lateral hypothalamic nucleus
Lobus facialis
Lobus vagi
Medial longitudinal fascicle
Molecular layer
Nucleus oculomotorius
Nucleus recessi lateralis
Lateral part of the nucleus recessi lateralis
Medial part of the nucleus recessi lateralis
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nRP
nVd
nX

Nucleus recessi posterioris
Descending trigeminal nucleus
Nucleus X (unidentiWed nucleus located
between tOv and DFld)
P
Preoptic region
PGm
Medial part of the preglomerular nucleus
PP
Periventricular preoptic nucleus
PPa
Anterior part of the periventricular
preoptic nucleus
PPm
Medial part of the periventricular
preoptic nucleus
PPp
Posterior part of the periventricular
preoptic nucleus
RL
Recessus lateralis
RP
Recessus posterioris
RV
Rhombencephalic ventricle
Sc
Suprachiasmatic nucleus
TA
Nucleus anterior tuberis
TeO
Optic tectum
TGN
Tertiary gustatory nucleus
TGNl Lateral part of the tertiary gustatory nucleus
TGNm Medial part of the tertiary gustatory nucleus
TL
Torus longitudinalis
TLA
Torus lateralis
TLAi Inferior subdivision of the torus lateralis
tO
Optic tract
tOd
Tractus opticus dorsalis
tolfm Medial part of the olfactory tract
tOv
Tractus opticus ventralis
TP
Nucleus of the posterior tuberculum
TPP
Periventricular nucleus of the posterior
tuberculum
TS
Torus semicircularis
tTB
Tractus tecto-bulbaris
V
Ventral telencephalon
v
Ventricle
Val
Lateral part of valvula cerebelli
Valgra Granular layer of the lateral part of valvula
cerebelli
Valmol Molecular layer of the lateral part of the
valvula cerebelli
Vam
Medial part of valvula cerebelli
Vamgra Granular layer of the medial part of the
valvula cerebelli
Vammol Molecular layer of the medial part of the
valvula cerebelli
Vd
Dorsal part of the ventral telencephalon
VLR
Ventrolateral rhombencephalon
VM
Ventromedial thalamic nucleus
Vs
Supracommissural part of the ventral
telencephalon
VVm Medial part of the ventral subdivision of the
ventral telencephalon
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Introduction
Persistent neurogenesis beyond embryonic and early postnatal stages of development has been found in the brain of
all vertebrate species examined thus far (for reviews: Gage
et al. 2008; Kempermann 2011). This phenomenon is commonly referred to as ‘adult neurogenesis’. Despite its presumptive universality, enormous diVerences exist between
mammals and non-mammalian vertebrates. In mammals,
adult neurogenesis appears to be restricted to two areas of
the brain: First, the anterior part of the subventricular zone
of the lateral ventricle, from where the immature neurons
migrate via the so-called rostral migratory stream into the
olfactory bulb (Altman 1969; Luskin 1993; Lois and
Alvarez-Buylla 1994; Lois et al. 1996; Pencea et al. 2001;
Sanai et al. 2004; Bédard and Parent 2004; Curtis et al.
2007). These new cells diVerentiate predominantly into
granule cells and—to a lesser extent—into periglomerular
interneurons. Second, the subgranular zone of the dentate
gyrus, from where the new cells migrate a short distance
into the granule cell layer of the hippocampus (Altman and
Das 1965; Kaplan and Bell 1984; Eriksson et al. 1998;
Gould et al. 1999; Kornack and Rakic 1999; Seri et al.
2001). These cells develop into mature granule neurons.
By contrast, in non-mammalian vertebrates adult neurogenesis is a much more widespread phenomenon in the
brain. In the best-examined taxon, teleost Wsh, dozens of
brain areas retain the ability to produce new neurons. Moreover, the number of adult-born cells, relative to the total
number of cells in the adult brain, is at least one, if not two
orders of magnitude larger than in the adult mammalian
brain (for reviews: Zupanc 2006, 2008a, b, 2009, 2011).
Despite the importance of the study of adult neurogenesis in teleost Wsh for a better understanding of the evolution
and the biological function of this phenomenon in vertebrates, very few of the estimated 30,000 teleostean species
have been examined in detail, including brown ghost knifeWsh, Apteronotus leptorhynchus (Zupanc and Horschke
1995, Zupanc et al. 1996), three-spined sticklebacks, Gasterosteus aculeatus (Ekström et al. 2001), zebraWsh, Danio
rerio (Zupanc et al. 2005; Grandel et al. 2006; Hinsch and
Zupanc 2007), and killiWsh, Austrolebias sp. (Fernández
et al. 2011). Very little is known about other key taxonomic
groups, such as the perch-like Wshes (Perciformes), which,
with over 7,000 species, are one of the largest vertebrate
orders.
In the present investigation, we have, therefore, examined adult neurogenesis in the Mozambique tilapia, Oreochromis mossambicus. This perciform species has been
used widely for aquaculture (for review: Watanabe et al.
2002), as well as behavioral and endocrinological studies
(for reviews: Oliveira and Canário 2001; Oliveira 2009).
Under laboratory conditions, the Mozambique tilapia, like
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other cichlid Wshes (Baerends and Baerends van Roon
1950), is easy to keep, and its complex behavior can be
readily evoked and manipulated. These features provide a
unique opportunity to study the eVect of social modulation
on adult neurogenesis. As a Wrst and important step toward
this goal, we have in the present study mapped the proliferation zones in the adult brain, and examined the fate of the
adult-born cells. The results of this investigation demonstrate that the patterns of cell proliferation, migration, persistence, and cellular diVerentiation in Mozambique tilapia
resemble strikingly those described previously in other teleost species—despite their taxonomic diversity. Therefore,
the picture emerging from the comparative analysis of the
species examined indicates that widespread adult neurogenesis represents a common feature of many, if not all, teleost
Wsh.

Materials and methods
Animals
A total of 18 Mozambique tilapia, O. mossambicus (Teleostei, Cichlidae) from a stock bred in our laboratories were
used in this study. The Wsh were kept in 300-L tanks under a
12-h light/12-h dark photoperiod at a temperature of approximately 26–28 °C, pH values around 7.3, and a water conductivity of 500 S/cm. The size of the Wsh ranged from 10.5 to
19.5 cm (mean § SEM 13.7 § 0.61 cm) total length, and
from 17.0 to 96.2 g (mean § SEM 38.6 § 5.9 g) body mass.
Sixteen of these Wsh were males and two were females. In
males, relative gonadal mass (=fresh mass of gonads
divided by body mass) ranged between 0.0019 and 0.0115
(mean § SEM 0.0065 § 0.0008). In females, relative gonadal
mass was 0.0123 and 0.0513. All of the individuals were
mature Wsh, as determined by post-mortem gonadal inspection and as indicated by the relative gonadal mass.
Intraperitoneal injection of 5-bromo-2⬘-deoxyuridine
For labeling of cells that were in the S-phase of mitosis, the
Wsh were anesthetized in 2 % urethane (Sigma) in aquarium
water and injected intraperitoneally with 50 L/g body
mass of labeling reagent [aqueous solution of 5-bromo-2⬘deoxyuridine (BrdU; 3 mg/mL) and 5-Xuoro-2⬘-deoxyuridine (0.3 mg/mL)], as supplied with the Cell Proliferation
Kit (Amersham).
Intracardial perfusion and tissue preparation
After survival times ranging from 2 h to 100 days postadministration of BrdU, the Wsh were deeply anesthetized by
immersion into a 1.5 % solution of ethyl 3-aminobenzoate
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methanesulfonate (‘MS-222’; Sigma) and intracardially
perfused with a Xush solution containing 0.1 M phosphate
buVer (PB; pH 7.4), 0.9 % NaCl, 5 mg/100 mL heparin
sodium salt (research grade, 150,000 IU/g; AppliChem),
and 1 mL/100 mL 2 % lidocaine. After all blood had been
washed out, the perfusion was continued for 30 min with
2 % paraformaldehyde (AppliChem) in 0.1 M PB. The
brains were removed from the skull, postWxed in the same
Wxative solution for 1 h at 4 °C, and cryoprotected in 1 M
sucrose in 0.1 M PB overnight at the same temperature.
After embedding the brains in a 1:1 mixture of AquaMount
(Lerner Laboratories) and Tissue Tek O.C.T. Compound
(Sakura), four series of 16 m-thick coronal sections were
cut on a cryostat and mounted onto gelatin/chrome-alumcoated slides.
BrdU immunohistochemistry
For detection of BrdU-labeled cells, the sections were dried,
washed with 0.1 M Tris-buVered saline (TBS; pH 7.5) and
incubated in 50 % formamide at 65 °C for 2 h. After one
rinse with 2£ sodium-saline citrate buVer for 30 min, the
sections were incubated in 2 M HCl at 37 °C for 40 min.
The acid was neutralized by two rinses for 10 min each in
0.1 M borate buVer, pH 8.5, followed by six rinses in TBS
for 20 min each. After blocking the slides for 1 h in TBS
containing 1 % bovine serum albumin (fraction 5, pH 5.2;
AppliChem), 1 % teleostean gelatin (Sigma), 3 % normal
sheep serum (Sigma), and 0.3 % Triton X-100 (AppliChem)
(here referred to as ‘Blocking Solution 1’) at room temperature, the sections were incubated overnight at 4 °C with rat
anti-BrdU primary antibody (Oxford Biotechnology Cat.
No. OBT0030) diluted 1:200 in Blocking Solution 1. The
sections were washed three times for 10 min with TBS,
blocked for 30 min with Blocking Solution 2 (which was
identical to Blocking Solution 1, except that instead of normal sheep serum, normal donkey serum was used) and incubated for 90 min at room temperature with secondary
antibody, Cy3-conjugated donkey anti-rat IgG (H + L)
(Dianova; Cat. No. 712-165-150) diluted 1:1,000 in Blocking
Solution 2. Following three washes for 10 min each in TBS
and three washes for 3 min each in 0.1 M phosphate buVered
saline (PBS), pH 7.4, the sections were counterstained
with 4⬘,6-diamidino-2-phenylindole dihydrochloride (DAPI;
Sigma; 2 g/ml) for 3 min at room temperature and then
rinsed in PBS three times for 3 min each. Slides were
embedded in polyvinyl alcohol containing n-propyl gallate.
BrdU/Hu double immunostaining
After drying for 90 min, the sections were washed in TBS
and incubated for 40 min with 2 M HCl at 37 °C. The sections were rinsed two times with 0.1 M borate buVer, pH 8.5,
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for 10 min each, and six times with 0.1 M TBS for 20 min
each. After blocking the slides for 1 h in Blocking Solution 1
at room temperature, the sections were incubated overnight
at 4 °C with the rat anti-BrdU primary antibody, diluted
1:200 in Blocking Solution 1. After three rinses in TBS, the
sections were blocked for 30 min with Blocking Solution 2
and incubated for 90 min at room temperature with the secondary antibody, Cy3-conjugated donkey anti-rat IgG
(H + L), diluted 1:1,000 in Blocking Solution 2. Following
three washes for 10 min each in TBS, the sections were incubated for 30 min with 50 mM Tris, pH 8.0, rinsed two times
in PBS for 5 min each, and blocked with PBS containing 1 %
bovine serum albumin, 1 % teleost gelatin, 3 % normal sheep
serum, and 0.3 % Triton X-100 (here referred to as ‘PBS+’)
for 30 min at room temperature. The sections were incubated
overnight at 4 °C with monoclonal mouse anti-Hu C/D antibody (Molecular Probes; Cat. No. A-21271), diluted 1:20 in
PBS+, for detection of the neuronal marker Hu (Marusich
and Weston 1992). The sections were washed with PBS three
times for 10 min each, blocked with PBS++ (which was
identical to PBS+, except that, instead of normal sheep
serum, normal goat serum was used) for 30 min at room temperature, and incubated with goat anti-mouse IgG conjugated
to Alexa Fluor 488 (Molecular Probes; Cat. No. A-11029),
diluted 1:200 in PBS++, for 90 min at room temperature.
After three rinses for 10 min each in PBS, the slides were
embedded in polyvinyl alcohol containing n-propyl gallate.
BrdU-GFAP double immunostaining
For combination of BrdU and immunolabeling against the
astroglial marker glial Wbrillary acidic protein (GFAP; Eng
et al. 2000), a protocol similar to the one described above
for the BrdU/Hu was employed with the following modiWcations. All the washing steps were performed with TBS,
the antigenic sites were identiWed with a mouse monoclonal
anti-GFAP antibody (Sigma; Cat. No. G3893), diluted
1:50, and the reactive sites were visualized with a goat antimouse IgG conjugated to Alexa 488 (Molecular Probes;
Cat. No. A-11029), diluted 1:200.
Antibody controls
SpeciWcity of the rat anti-BrdU and mouse anti-GFAP primary antibodies was demonstrated previously in the central
nervous system of teleosts both by pre-adsorption of the
respective primary antibody with the speciWc antigen and
by omission of the primary antibody during labeling (Clint
and Zupanc 2001; Sîrbulescu et al. 2009). The monoclonal
mouse anti-Hu C/D antibody used in the present study has
previously been shown to speciWcally recognize members
of the Hu protein family in the central nervous system of
teleost Wsh (Takeda et al. 2008).
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Microscopic examination and data analysis
The sections were examined under a Zeiss Axioskop epiXuorescence microscope (Carl Zeiss).
Brain areas were identiWed using the DAPI counterstain
and a partial tilapia brain atlas (Pepels et al. 2002). The
brain sections were drawn by means of a camera lucida,
and the images were scanned using a HP scanjet 7400C and
further processed in Corel Draw 11.
For quantitative analysis, all sections of one out of the
four series were analyzed, and all the BrdU-positive cells
were counted manually under the microscope. The results
are presented as mean values of three animals per survival
time.
For confocal microscopy, Zeiss LSM 510 META and
Zeiss LSM 700 laser scanning microscopes were used.
Optical sections were taken using 10£, 20£, and 63£
objectives, with a pinhole opening of one Airy at a resolution of 1,024 £ 1,024 pixels, using LSM5 (version 3.2;
Carl Zeiss) and ZEN (Carl Zeiss) software programs.

Results
Proliferation zones
Intraperitoneal injection of the thymidine analog BrdU,
followed by a survival time of 2 h, revealed BrdU-labeled
cells in numerous brain regions throughout the neuraxis
(Figs. 1, 2; Table 1). There were no marked diVerences
between males and females in the number or distribution of
proliferating cells. In the following, we will describe brain
regions that displayed relatively high areal densities of
labeled cells, compared to neighboring regions, and thus
qualify as ‘proliferation zones’.
Olfactory bulb
In the olfactory bulb, BrdU labeling exhibited a diVerential
distribution. The vast majority of the labeled cells were
located in the glomerular layer (BOgl), whereas rather few
cells were observed in the granular layer (BOgra) (Figs. 1a,
3a). Within the glomerular layer, labeled cells tended to
occupy ventral and lateral regions. Typically, the labeled
nuclei were ovoid, with the major axis (10–13 m) displaying roughly twice the length of the minor axis (3–8 m).
Telencephalon
The rostral beginning of the dorsal telencephalon was distinguished by a high areal density of BrdU-labeled cells in
a narrow zone at the ventricular wall of the anterior subdivision of the dorsomedial telencephalon (DMa) (Figs. 1a,
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3b). Such cells were present throughout the rostro-caudal
extent of this structure. Further caudally, the density of the
cells in DMa decreased, while at the dorsal aspects of this
structure BrdU-labeled cells became contiguous with populations of mitotic cells that appeared in the area just
beneath the pial surface of the dorsal part of the dorsal
subdivision of the dorsomedial telencephalon (DMdd), the
anterior part of the dorsal telencephalon (DA), the dorsal
subdivision of the dorsolateral telencephalon (DLd), the
ventral subdivision of dorsolateral telencephalon (DLv),
and the anterior subdivision of the dorsolateral telencephalon (DLa) (Fig. 1b). The density of labeled cells in DLv
and in the dorsal part of DLa was low, relative to the densities observed in DMdd, DA, DLd, and the ventral part of
DLa.
The labeled nuclei in the various regions of the dorsal
telencephalon could be grouped into two distinct populations, according to their morphologies. One cellular population displayed predominantly round nuclei, with diameters
of approximately 6–7 m. The nuclei of the other population exhibited an ovoid proWle, with the lengths of the
major axis and minor axis ranging between 7 and 10 m,
and 5 and 7 m, respectively. The latter, elongated morphology of the nuclei may indicate cells in the process of
migration.
In the ventral telencephalon, the most rostrally located
structure that displayed BrdU-labeled cells was the medial
part of the ventral subdivision of the ventral telencephalon
(Vvm) (Figs. 1b, 3c). At its rostral pole, the areal density of
BrdU-labeled cells was remarkably high, but gradually
decreased at more caudal levels. The labeled nuclei in Vvm
were predominantly round, with diameters of 7–8 m.
Two other structures within the ventral telencephalon
with relatively large numbers of BrdU-labeled cells were
the dorsal part of the ventral telencephalon (Vd) (Figs. 1b,
3d) and the supracommissural part of the ventral telencephalon (Vs) (Fig. 1c). The labeled cells in Vs appeared as a
continuation of the labeling in Vd at the level of the anterior
commissure. The populations of labeled nuclei diVered
somewhat between the two structures. Vd exhibited mostly
ovoid nuclei (major axis approximately 10 m, minor axis
approximately 5 m), whereas Vs also contained, in addition to the ovoid nuclei, round nuclei with diameters typically ranging between 7 and 8 m.
Diencephalon
At the transition of the telencephalon to the diencephalon,
BrdU labeling was most conspicuous in the anterior part of
the periventricular preoptic nucleus (PPa), where labeled
cells could be found along the entire dorsoventral extent
(Figs. 1c, 4a). Typically, their nuclei were round, with
diameters of 7–10 m.
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䉳 Fig. 1 Distribution and semi-quantitative analysis of proliferation
zones in the forebrain and midbrain of Mozambique tilapia. Mitotic
zones were revealed by analysis of BrdU labeling in transverse sections at a post-BrdU administration survival time of 2 h. Proliferative
areas are indicated by black dots. Each dot represents approximately 50
BrdU-labeled cells
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area, labeled cells displayed a remarkably high packing density. Most of the labeled nuclei were round or ovoid and had
diameters of 7–10 m and lengths of the major and minor
axes of 7–10 m and 5–7 m, respectively.
Optic tectum

Periventricular nucleus of the posterior tuberculum
In the periventricular nucleus of the posterior tuberculum
(TPP), labeled cells were restricted in the medio-lateral
direction to a narrow zone, <50 m wide, in the immediate
vicinity of the wall of the third ventricle, but occurred
throughout the dorso-lateral extent, spanning approximately
1,000 m, of this brain nucleus (Figs. 1e, 4b). Within this

The optic tectum (TeO) was characterized by a large number of BrdU-labeled cells (Figs. 1d–f, 2a, b). The majority
of these cells were concentrated in two areas. The Wrst concentration of cells was observed at the dorsomedial end of
the innermost layer (Layer 1) (Figs. 1e, 4c). There, Layer 1
intrudes the dorsolateral aspect of the torus longitudinalis
(TL) in a conspicuous way. The second concentration of

Fig. 2 Distribution and semi-quantitative analysis of proliferation
zones in the hindbrain of Mozambique tilapia. Mitotic zones were
revealed by analysis of BrdU labeling in transverse sections at a post-

BrdU administration survival time of 2 h. Proliferative areas are
indicated by black dots. Each dot represents approximately 50 BrdUlabeled cells
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Table 1 Number of BrdU-labeled cells in the brain of O. mossambicus at a post-BrdU survival time of 2 h
Brain region

Mean

118

BOgra

20

Brain region

Mean

Range

TGNl

13

(5–24)
(9–62)

Range

Telencephalon
BOgl

Table 1 continued

TLA

27

(95–148)

TP

19

(9–34)

TPP

236

(3–51)
(195–264)

DA

184

(96–228)

tTB

32

(28–36)

DD

72

(41–107)

VM

18

(6–32)

DLa

295

(224–385)

Mesencephalon

DLd

148

(95–204)

TeO layer 1

2,176

DLp

223

(160–257)

TeO layer 2

82

(23–30)

TeO layer 3

72

(62–77)

(296–589)

TeO layer 4

106

(82–121)

(1,845–2,665)
(72–101)

DLv

27

DMa

401

DMdd

185

(167–204)

TeO layer 5

117

(87–140)

DMdv

10

(0–29)

TeO layer 6

186

(169–215)

DMv

59

(19–112)

TeO layer 7

54

DMvd

29

(16–39)

TL

300

(163–455)

DMvv

11

(3–16)

tO

102

(80–131)

Dp

87

(64–100)

tOd

41

(19–66)

Tolfm

28

(0–52)

tOv

39

(75–226)

TS

247

(222–295)

CC

120

(116–125)

CCegra

575
5,090

Vd

153

Vs

91

(16–205)

VVm

96

(36–161)

Diencephalon

(37–74)

(28–59)

Cerebellum
(181–1,171)

A

56

(25–94)

CCemol

CE

13

(7–17)

EG

39

Ch

50

(31–60)

GC

324

CM

13

(7–20)

LCegra

775

(550–1,090)

CP

22

(20–25)

Mol

827

(725–1,023)

DFl

30

(13–47)

Valgra

30

DFld

20

(16–26)

Valmol

1,797

(1,236–2,478)

Vammol

1,285

(847–1,769)

DFlv

15

(7–27)

DFm

36

(15–51)

Medulla

DP

20

(6–40)

Cven

12

G

47

(30–63)

LVII

52

H

58

(40–92)

LX

238

(4,474–6,165)
(36–46)
(217–503)

(11–45)

(9–15)
(42–68)
(122–411)

Hv

12

(0–34)

MLF

56

ILdl

38

(21–68)

nVd

32

ILvm

14

(0–30)

Z

141

(77–184)

(1–61)

VLR

569

(440–800)

LH

24

nRLl

336

(306–341)

nRLm

237

(145–354)

nRP

65

(46–82)

nX

25

(16–37)

PGm

10

(5–18)

PPa

96

(67–152)

PPm

36

(0–55)

PPp

54

(48–62)

Sc

49

(0–119)

TA

53

(2–120)

123

(36–70)
(0–86)

The data are based on the analysis of three Wsh, and sorted according
to major brain regions

labeled cells, distinguished by a high areal density, was
found in Layer 1 at the caudal pole of the tectum (Figs. 2b,
4d). In the remaining six layers of TeO (Layers 2–7), the
areal density of cells was rather low, and no marked diVerential distribution of cells between these layers, or within
the individual layers, could be detected. In the proliferation
zone of Layer 1 at the caudal pole of the tectum, a variety
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Fig. 3 Confocal images of BrdU-labeled cells in coronal sections of
the olfactory bulb and telencephalon in adult Mozambique tilapia at
2 h post-BrdU administration survival time. a Olfactory bulb (BO).
Relatively few labeled cells were found in this brain region. Most of
these cells were located in the glomerular layer (BOgl), whereas only
a few were observed in the granular layer (BOgra). The labeled cells in
BOgl tended to occupy ventral and lateral regions (arrowhead).
b Anterior subdivision of the dorsal telencephalon (DMa). This brain
region was distinguished by a high density of BrdU-labeled cells in a

narrow zone at the ventricle (v). c Medial part of the ventral subdivision of the ventral telencephalon (VVm). The majority of labeled cells
were concentrated at the rostral pole of this structure, from which the
section was taken. DLa anterior subdivision of the dorsolateral telencephalon. d Dorsal part of the ventral telencephalon (Vd). The labeled
cells in this brain area are exclusively found in the immediate vicinity
of the ventricle. DMvv ventral subdivision of the ventral part of the
dorsomedial telencephalon

of nuclear morphologies were encountered, including
round, ovoid, and elongated nuclei. Typically, the round
nuclei had diameters of 7–10 m. Many of the elongated
cells were remarkably slim, with the major axis (approxi-

mately 10 m) often showing four times the length of the
minor axis (approximately 2–3 m). By contrast, in Layers
2–7 most of the cells were round (diameter approximately
7–10 m).
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Nucleus recessi lateralis (nRL)
In the lateral part of the nucleus recessi lateralis (nRLl), a
high areal density of BrdU-labeled cells was observed
(Fig. 1e, f). Most of these cells were located at the ventral
and ventrolateral aspects of this structure (Fig. 4e). Labeled
nuclei were predominantly ovoid, with the major axis of
approximately 10 m and the minor axis of 4–7 m.
Labeled cells also occurred at relatively high areal densities in the medial part of the nucleus recessi lateralis
(nRLm), where they were concentrated in the immediate
vicinity of the ventricular wall (Figs. 1e, 4f). In contrast to
nRLl, in nRLm two major morphologies of labeled cells
were encountered—one displaying a round shape of the
nucleus (diameter 7–8 m), whereas the other was characterized by an ovoid nuclear proWle (major axis approximately 10 m; minor axis approximately 5 m).
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Fig. 4 Confocal images of BrdU-labeled cells in transverse sections 䉴
of the diencephalon, optic tectum (TeO), and recessus lateralis (RL) in
adult Mozambique tilapia at 2 h post-BrdU administration survival
time. a Anterior part of the periventricular preoptic nucleus (PPa).
BrdU-labeled cells were found over the entire dorsoventral extent of
the nucleus. b Periventricular nucleus of the posterior tuberculum
(TPP). Throughout this area, labeled cells displayed a remarkably high
packing density. c Rostral level of TeO. Most of the new cells were
concentrated in the innermost layer (Layer 1). This layer intrudes the
dorsolateral aspect of the torus longitudinalis (TL). The site of the
intrusion is distinguished by the presence of a dense cluster of labeled
cells (arrowhead). d Caudal level of TeO. The vast majority of the new
cells were concentrated, at a uniform and high areal density, in Layer
1. e Lateral part of nucleus recessi lateralis (nRLl). A high areal density
of BrdU-labeled cells was found at the ventral and ventrolateral aspects
of this structure. f Medial part of the nucleus recessi lateralis (nRLm).
Labeled cells were equally distributed throughout the medial border of
this structure. CP central posterior thalamic nucleus, ILvm ventromedial subdivision of the inferior lobe of the hypothalamus

Cerebellum

Medial part of the valvula cerebelli

The largest number of BrdU-labeled cells, relative to all
other brain structures, was found in the three subdivisions
of the cerebellum—the valvula cerebelli, the corpus cerebelli (CCe), and the lobus caudalis (LCe).

The valvula cerebelli consists of two parts, the lateral part
(Val) and the medial part (Vam). Each of these two parts
can be subdivided into a molecular layer (Valmol and
Vammol, respectively) and a granular layer (Valgra and
Vamgra, respectively).

Like in the lateral part of the valvula, in the medial part of
the valvula almost all BrdU-labeled cells were located in
the molecular layer, and only very few cells were observed
in the granular layer (Figs. 2a, 5b). Most of the labeled cells
within the molecular layer were concentrated in a region
stretching up to 150 m laterally from the midline
(Fig. 5b⬘). A distinctive feature of the BrdU-labeled nuclei
in this area was their elongated shape. Typically, the major
axis (10–20 m) was 2–3 times longer than the minor axis
(3–8 m). Overall, the elongated nuclei displayed a nonrandom orientation, with the major axis of many nuclei
being perpendicular to the midline.

Lateral part of the valvula cerebelli

Corpus cerebelli

In the lateral part of the valvula, a very high number of
BrdU-labeled cells were present, and approximately 90 %
of them were located in the molecular layer (Figs. 2a, 5a).
These cells were largely restricted to the dorsal and medial
aspects of the molecular layer (Fig. 5a⬘), with one exception. From the dorsal area, a stream of labeled elongated
cells emerged and traveled in ventral direction through the
molecular layer to the associated granular layer (Fig. 5a⬙).
Virtually all labeled nuclei were aligned parallel to the
main direction of this stream. These cells were elongated,
with the major axis (10–20 m) of the nuclei typically
being 2–3 times longer than the minor axis (approximately
5 m). The remaining cells in the molecular layer of the lateral part of the valvula formed a mixed population, consisting of both round cells (diameter of the nucleus
approximately 5–10 m) and ovoid cells (major axis of the
nucleus, approximately 10 m; minor axis of the nucleus,
approximately 5 m).

The corpus cerebelli extends from the caudal pole of TeO
to the caudal end of the rhombencephalon and thus covers
roughly half of the dorsal surface of the brain. Like the valvula, CCe comprises a molecular layer (CCemol) and a granular layer (CCegra).
At the rostralmost levels of CCe, the vast majority of
labeled cells were found in the dorsal molecular layer
(Figs. 2b, c, 5c). These cells were spread over relatively
wide areas within this region, exhibiting somewhat higher
densities at the midline and immediately below the pial surface.
More caudally, the distribution of these cells became
largely restricted to a speciWc proliferation zone in the dorsal molecular layer. This zone extends from the dorsal tip
of the granular layer to the pial surface, and then continues
laterally immediately beneath the pia for approximately
500 m in each hemisphere (Fig. 5c⬘). The nuclear proWles
of many of the labeled cells that deWne this zone were

Valvula cerebelli
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䉳 Fig. 5 Confocal images of BrdU-labeled cells in coronal sections of
the cerebellum in adult Mozambique tilapia at 2 h post-BrdU administration survival time. a Lateral part of the valvula cerebelli (Val). The
majority of the newly generated cells were located in the molecular
layer of Val (Valmol). By contrast, in the granular layer of this structure
(Valgra) very few new cells were observed. The distribution of the cells
in Valmol was restricted to the dorsal and medial aspect of this structure,
with the cells being mostly round and ovoid. Some of these cells, indicated by arrow, are shown at higher magniWcation in a⬘. At the lateral
aspect of Valmol, a stream of elongated cells was found along the dorsoventral extent. Some of these cells, indicated by arrowhead, are
shown at higher magniWcation in a⬙. b Medial part of the valvula cerebelli (Vam). Virtually all of the BrdU-labeled cells were located in the
molecular layer of Vam (Vammol). Their nuclei displayed an elongated
morphology and were orientated parallel to the midline. A number of
these cells are shown at higher magniWcation in b⬘. c Corpus cerebelli
(CCe). The majority of labeled cells were found in the molecular layer
of this structure (CCemol) immediately beneath the pial surface. They
were localized over several hundreds of micrometers laterally in each
hemisphere. In addition, BrdU-labeled cells occurred in the midline region of the dorsal molecular layer and extended from the dorsal pial
surface to the dorsal aspect of the granular layer of the CCe (CCegra).
Part of the latter cellular population, indicated by arrow, is shown in c⬘

distinguished by their marked elongated morphology, displaying major axis lengths of up to 15 m and minor axis
lengths of approximately 5 m. The orientation of these
cells was clearly non-random: beneath the pial surface, they
were oriented predominantly medio-laterally, whereas near
the midline they exhibited a dorso-ventral trajectory.
In the granule layer, relatively few labeled cells were
found. They were distributed throughout this structure,
although they were more concentrated in the region of the
midline. Their nuclear proWles were rather uniform, with
the major axis of approximately 10 m and the minor axis
of approximately 5 m.
Lobus caudalis
The lobus caudalis consists of a granular layer dorsal to the
rhombencephalic ventricle. In the rostral half of LCe,
where the granular layer is limited to a small area at the
dorsolateral corner of the rhombencephalic ventricle,
BrdU-labeled cells were restricted to this area, and their
number was very low. In the caudal half, where the granular layer of LCe enlarges by an expansion in both lateral
and dorsal direction, the labeled cells were distributed over
the entire area deWned by the granular layer, and their numbers increased markedly, compared to the numbers encountered at more rostral levels (Fig. 2c). Most of the labeled
cells were either round, with typical diameters of 7–8 m,
or ovoid, with typical lengths of the major axis of 7–12 m
and of the minor axis of 5–7 m.
Dorsally to LCe, a molecular layer is situated which is
bordered dorsally by CCegra and laterally by the eminentia
granularis (EG). Its association with a speciWc granular
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layer is unclear and we, therefore, refer to it as ‘mol’.
Within this molecular layer, a high areal density of labeled
cells were found at the midline, stretching throughout its
dorsoventral extent (Fig. 2c). Most of the cells were ovoid
(major axis, 10 m; minor axis, 7–8 m).
Migration of the young cells
To examine a possible migration of the young cells, we analyzed the distribution of BrdU-labeled cells after various
post-BrdU administration survival times (2 h and 2, 5, 10, 30,
and 100 days) in two well-characterized brain regions: the
olfactory bulb and the lateral part of the valvula cerebelli.
Olfactory bulb
At 2 h survival time, approximately 90 % of the BrdUlabeled cells were found in the glomerular layer of the
olfactory bulb, whereas only 10 % of marked cells were
observed in the granular layer (Figs. 6a, b, 7, 9a). With
increasing survival times, the relative numbers of labeled
cells in the granular layer increased, while their numbers
decreased in the glomerular layer. At 30 and 100 days
post-BrdU administration, this process of redistribution
appeared to be complete, with 60–70 % of all BrdU-labeled
cells in the olfactory bulb located in the granular layer.
Over the post-BrdU survival time examined, also the
distribution of labeled cells within the glomerular layer
changed. After 2 h of survival, the cells tended to occupy a
dorsolateral position within the glomerular layer (Figs. 6a,
b, 7). At 2, 5, and 10 days, a marked number of labeled cells
were observed in more dorsal portions of the glomerular
layer. At 30 and 100 days, the cells were almost exclusively
restricted to the ventromedial and ventrolateral aspects of
this structure.
Over the Wrst few days after the intraperitoneal injection
of BrdU, the total number of labeled cells in the olfactory
bulb continuously increased, until a plateau was reached at
10 days of survival (Fig. 9a). At longer survival times, no
marked decrease in the total number of labeled cells was
evident.
Lateral part of the valvula cerebelli
At 2 h survival time, approximately 90 % of the BrdUlabeled cells were found in the molecular layer of the lateral
part of the valvula, while only 10 % of the cells were
observed in the granular layer (Figs. 6c–e, 8, 9b). With
increasing survival times, the relative number of labeled cells
in the molecular layer continuously decreased, while the relative number of cells in the granular layer increased. Ten days
after the BrdU injection, 95 % of the BrdU-positive cells
were found in the granular layer, and at 100 days of survival
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virtually all of the labeled cells were located in this layer. At
the latter time point, the distribution of the labeled cells
within the granular layer was relatively uniform.

123

J Comp Physiol A (2012) 198:427–449

In parallel with the redistribution of labeled cells between
the molecular and granular layers, the absolute number of
labeled cells increased from 2 h up to 10 days of survival
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䉳 Fig. 6 Localization of BrdU-labeled cells in the olfactory bulb (BO)
and the lateral part of the valvula cerebelli (Val) at various post-BrdU
administration survival times. a, b Olfactory bulb (BO). a At 2 h postBrdU administration, BrdU-positive cells were predominantly, or, as
shown here, exclusively located in the glomerular layer of the olfactory bulb (BOgl). b At 30 days after BrdU administration, the number
of labeled cells in the granular layer of the olfactory bulb (BOgra)
increased considerably, whereas a signiWcant number of labeled cells
remained in BO gl. The dashed line indicates the border between
the granular layer and the glomerular layer of the olfactory bulb.
c–e Lateral part of the valvula cerebelli (Val). c At 2 h survival time,
the vast majority of cells were located in the molecular layer (Valmol),
whereas only a few cells, or no cells at all, were found in the granular
layer (Valgra). d At 5 days post injection, the number of labeled cells
increased signiWcantly in Valgra, while still many labeled cells could be
observed in Valmol. e At 30 days post-administration survival time,
almost all of the labeled cells were located in Valgra, and only a very
few cells were left in Valmol. Two of such cells are indicated by arrowheads

(Fig. 9b). At the latter time point, the total number of labeled
cells in the lateral part of the valvula was roughly 14 times
higher than at 2 h of survival. However, after 10 days the
total number of labeled cells decreased, and at 100 days of
survival the number of BrdU-labeled cells was only approximately half the number encountered at 10 days.
DiVerentiation of the new cells
To examine the diVerentiation of the adult-born cells, we
combined immunolabeling against BrdU with immunohistochemical detection of the neuronal marker Hu and the
astroglial marker GFAP after 100 days post-BrdU administration in three brain regions: the olfactory bulb, the dorsolateral telencephalon (DLa, DLd, DLv, DLp), and the
lateral part of the valvula cerebelli. To quantify the results,
we compared the number of BrdU+/Hu+ cells and BrdU+/
GFAP+ cells, respectively, with the total number of BrdUlabeled cells. This analysis conWrmed the presence of newly
diVerentiated neurons (BrdU+/Hu+) and glial cells (BrdU+/
GFAP+) in all brain regions analyzed (Fig. 10).
Olfactory bulb
In the olfactory bulb, the majority of BrdU+/Hu+ cells were
found in the granular layer of the olfactory bulb, comprising
approximately 58 § 3 % (mean § SEM) of the total number
of mitotic cells, compared to 19 § 3 % in the glomerular
layer. By contrast, the diVerentiation pattern of BrdU+/
GFAP+ cells was reversed, with only 14 § 4 % of glial cells
in the granular layer of the olfactory bulb, but 41 § 4 % found
in the glomerular layer of the same structure (Fig. 11a).
Dorsolateral telencephalon
Within the various regions of the dorsolateral telencephalon, the number of newly diVerentiated Hu+ and GFAP+

Fig. 7 Localization of BrdU-labeled cells in the lateral part of the
olfactory bulb (BO) after post-BrdU administration times ranging
from 2 h to 100 days. This schematic representation is based on the
analysis of three individual Wsh per survival time. The location of the
cells is indicated by black dots. Each dot represents approximately ten
cells. Whereas at 2 h survival time rather few cells were found in both
the granular layer and the glomerular layer of the olfactory bulb (BOgra
and BOgl, respectively), their numbers increased with increasing survival time, until a plateau was reached approximately 10 days postBrdU administration. tolfm medial part of the olfactory tract

cells was rather uniform. For the four areas analyzed—
DLa, DLd, DLv, and DLp—the percentages of BrdUlabeled cells that expressed the early neuronal marker Hu
were 45 § 3, 43 § 6, 41 § 7, and 56 § 1 %, respectively.
The corresponding percentages of the BrdU+/GFAP+ cells
were: DLa, 19 § 6 %; DLd, 20 § 5 %; DLv, 24 § 6 %;
and DLp, 14 § 3 % (Fig. 11b).
Lateral part of the valvula cerebelli
In the lateral part of the valvula cerebelli, the relative number of BrdU+/Hu+ cells was markedly larger in the granular
layer (80 § 8 %) than in the molecular layer (44 § 21 %).
The corresponding percentages of BrdU+/GFAP+ cells
were 10 § 2 and 19 § 6 %, respectively (Fig. 11c).
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Fig. 8 Localization of BrdU-labeled cells in the lateral part of the valvula cerebelli (Val) after post-BrdU administration times ranging from
2 h to 100 days. This schematic representation is based on the analysis
of three individual Wsh per survival time. The location of the cells is
indicated by black dots. Each dot represents approximately 50 cells.
At a survival time of 2 h, virtually all labeled cells were found in the
molecular layer of the lateral valvula (Valmol). With increasing survival times, the number of labeled cells decreased in Valmol, while they
increased in the granular layer of the lateral valvula (Valgra). At
100 days post-BrdU administration, all labeled cells were located in
Valgra. TS torus semicircularis, Vammol molecular layer of the medial
part of the valvula cerebelli

Discussion
The study of adult neurogenesis is one of the most rapidly
developing areas of research in neurobiology, as reXected
by a more than 40-fold increase in the number of papers
published over the past two decades (Bonfanti et al. 2011).
Despite this exciting development, the number of investigations that have focused on species other than laboratory rats
and mice is surprisingly low. This imbalance has resulted in
a serious deWcit in our understanding of the biological function of adult neurogenesis and of the evolution of this phenomenon.
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Fig. 9 Mean number of BrdU-labeled cells in the granular layer
(BOgra) and glomerular layer (BOgl) of the olfactory bulb (a), and in the
molecular layer (Valmol) and granular layer (Valgra) of the lateral part
of valvula cerebelli (b) after various post-BrdU administration times.
The data shown are the mean values of three Wsh per survival time.
Error bars denote standard deviations (n = 3 Wsh)

As part of an eVort to overcome this deWcit, in the present paper we introduce tilapia as a novel model system for
the study of adult neurogenesis. Like other species of the
family of cichlid Wshes, the Mozambique tilapia has been
used widely for behavioral investigations (for review: Baerends and Baerends van Roon 1950). Moreover, as a member of one of the largest vertebrate taxonomic orders, the
Perciformes, it occupies a key position for comparative
studies. These features make the Mozambique tilapia wellsuited for studying the link between adult-born cells and
behavioral functions, thus advancing our understanding of
the evolution of adult neurogenesis in the vertebrate brain.
Newborn cells in brain areas homologous
to the mammalian olfactory bulb and hippocampus
Two brain regions in which tilapia generates new cells during adulthood are of particular interest from a comparative
point of view: the olfactory bulb and the lateral and posterior zones of the dorsal telencephalon.
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Fig. 10 DiVerentiation of adult-born cells into neurons and glia. Fish
received a single pulse of BrdU. At a post-BrdU administration survival time of 100 days, brain sections were processed for BrdU immunohistochemistry, combined with either Hu C/D immunolabeling or
GFAP immunolabeling. a Two BrdU-labeled cells (red) in the ventral
part of the ventral subdivision of the dorsomedial telencephalon (DMvv). a⬘ Hu C/D immunoreactivity (green) can be observed in the peri-

karyon and the axon hillock of one of these cells (arrow), whereas a
second cell (arrowhead) is Hu C/D negative. a⬙ Overlay. b Cell with
BrdU-labeled nucleus (red, arrow) in the anterior part of the dorsal telencephalon (DA). b⬘ GFAP-immunoreactive Wbers (green) arise from
the perikaryal region of this cell. b⬙ Overlay. Red and green lines in a⬙
and b⬙ indicate the level of z-stack cross-sections shown on the sides
of the panels

In the olfactory bulb, the majority of the cells labeled 2 h
after a BrdU pulse were found in the glomerular layer,
whereas rather few were located in the granular layer. With
increasing post-BrdU administration survival times, the relative number of labeled cells in the granular layer gradually
increased so that after 30 days more labeled cells were
found in the latter than in the periglomerular layer
(Figs. 6a, b, 7, 9a). This gradual shift in the distribution of
labeled cells appears to indicate that the majority of the new
cells are born in the periglomerular layer, from where they
migrate into the granular layer. We could not Wnd any evidence of migration of a signiWcant number of new cells
from other brain regions into the olfactory bulb.
In mammals, cells are born in the anterior part of the
subventricular zone surrounding the lateral ventricles and
migrate, as a chain of closely apposed cells, over several
millimeters along the rostral migratory stream to the olfac-

tory bulb, where they diVerentiate into interneurons
(Altman 1969; Luskin 1993; Lois and Alvarez-Buylla
1994; Lois et al. 1996; Pencea et al. 2001). The lack of lateral ventricles in actinopterygian Wshes (Nieuwenhuys
2011) could explain the fundamental diVerence between the
latter vertebrate taxon and mammalian species regarding
the sources that supply new cells to the olfactory bulb. Like
in the present investigation, previous studies in a number of
teleosts, including goldWsh, Mediterranean barbel, carp,
rainbow trout, brown ghost knifeWsh, and zebraWsh have
pointed to the olfactory bulb itself as the source of the new
cells (Alonso et al. 1989; Zupanc and Horschke 1995;
Zupanc et al. 2005; Grandel et al. 2006). The alternative
hypothesis that the new cells originate from sources outside
the olfactory bulb is solely based on the observation of an
increase in the number of BrdU-labeled cells at 4 weeks
post-BrdU administration, compared to 4 h (Byrd and
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Fig. 11 Relative number of Hu+ and GFAP+ cells 100 days postBrdU administration in the a olfactory bulb, b dorsolateral telencephalon, and c lateral part of the valvula cerebelli. The number of diVerentiated cells is shown relative to the total number of BrdU-labeled
cells. Error bars denote standard deviations (n = 3 Wsh). BOgl, glomerular layer of the olfactory bulb; BOgr, granular layer of the olfactory
bulb; DLa, anterior subdivision of the dorsolateral telencephalon;
DLd, dorsal subdivision of the dorsolateral telencephalon; DLp, posterior subdivision of the dorsolateral telencephalon; DLv, ventral subdivision of the dorsolateral telencephalon; Valgra, granular layer of the
lateral part of the valvula cerebelli; Valmol, molecular layer of the lateral part of the valvula cerebelli

Brunjes 2001). We have found a similar increase in the
total number of labeled cells in the olfactory bulb over this
time period (Fig. 9a). However, our data are consistent with
the notion that the adult-born cells in the olfactory bulb
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undergo further cell division(s) within the Wrst 10 days after
BrdU incorporation. Moreover, analysis of the distribution
of the labeled cells at various survival times between 2 h
and 30 days clearly supports our hypothesis of a migration
of the young cells within the olfactory bulb.
The second brain region that is of great interest from a
comparative point of view is the area that encompasses the
lateral and posterior zones of the dorsal telencephalon.
Continued cell proliferation in this area during adulthood
has been found in all teleostean species examined thus
far—the brown ghost knifeWsh (Zupanc and Horschke
1995), the three-spined stickleback (Ekström et al. 2001),
the zebraWsh (Zupanc et al. 2005; Grandel et al. 2006),
three species of killiWshes (Fernández et al. 2011), and, as
shown in the present study, the Mozambique tilapia
(Fig. 3d). In addition, long-term persistence and neuronal
diVerentiation of the adult-born cells have been demonstrated in this area in both the zebraWsh (Zupanc et al. 2005)
and the Mozambique tilapia (present study).
Based on neuroanatomical evidence (Northcutt and
Braford 1980; Nieuwenhuys and Meek 1990; Braford
1995; Northcutt 1995; Butler 2000; Vargas et al. 2000) and
functional studies (Rodríguez et al. 2002; Portavella et al.
2004), part of the lateral and posterior zones of the dorsal
telencephalon of teleost Wshes is thought to be homologous
to the medial pallium or hippocampus of amniotes. Besides
the olfactory bulb, the hippocampus is the only brain region
in which adult neurogenesis has been found consistently in
mammalian species (Altman and Das 1965; Kaplan and
Bell 1984; Gould et al. 1999; Kornack and Rakic 1999; Seri
et al. 2001), including humans (Eriksson et al. 1998). Similarly, adult neurogenesis has been observed in the regions
homologous to the mammalian hippocampus in reptiles
(Lopez-Garcia et al. 1988) and birds (Barnea and Nottebohm
1994). Taken together, these results are consistent with the
hypothesis that adult neurogenesis within the hippocampus
and its homologous structures is a trait that has been
retained throughout the evolution of the major vertebrate
lineages.
Migration of the young cells in the olfactory bulb
and the valvula cerebelli pars lateralis
Analysis of the distribution of the BrdU-labeled cells in the
brain of the Mozambique tilapia after various post-BrdU
administration times ranging from 2 h to 100 days revealed
several important features of the development of the young
cells. Both in the olfactory bulb and in the valvula cerebelli
pars lateralis, the total number of labeled cells increased not
only in the time period between 2 h and 2 days, but also
between 2 days and 10 days (Fig. 9). This is remarkable
because it has been shown that BrdU is available for incorporation into newly synthesized DNA during the S-phase of
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mitosis only for approximately 4 h (Zupanc and Horschke
1995). The increase in the number of labeled cells beyond
the initial 4 h post-BrdU administration indicates that the
young cells undergo on average at least one further cell
division. At 2 days, the young cells have already started to
migrate away from their proliferation zones (the glomerular
layer in the olfactory bulb or the molecular layer in the valvula cerebelli pars lateralis, respectively) to their target
areas (the granular layer in the olfactory bulb or the granular layer in the valvula cerebelli pars lateralis, respectively).
A similar pattern of further cell division(s) after the new
cells have left the proliferation zones has been suggested by
BrdU-labeling experiments in the brain of adult zebraWsh
(Zupanc et al. 2005).
In some other details, the migrational pattern of the cells
generated in the olfactory bulb diVers from that of the cells
born in the valvula cerebelli pars lateralis. In the latter
structure, cells arise almost exclusively from a speciWc proliferation zone in the molecular layer. From there, they
migrate into the associated granular layer. One hundred
days after the intraperitoneal administration of BrdU,
labeled cells are evenly distributed in the granular layer,
and virtually no labeled cells are found any more in the
molecular layer (Fig. 8). A very similar pattern of migration
has been observed in the corpus cerebelli and the valvula
cerebelli of both brown ghost knifeWsh (Zupanc et al. 1996)
and zebraWsh (Zupanc et al. 2005; Kaslin et al. 2009).
These results suggest that the generation of new cells in the
molecular layer of the corpus cerebelli and the valvula cerebelli, and the subsequent migration of these cells into the
corresponding granular layer, are characteristic features of
many teleost species across a wide range of taxa.
In the olfactory bulb, new cells are born in the glomerular layer, from where they appear to invade the granular
layer. However, in contrast to the corpus cerebelli and the
valvula cerebelli, a signiWcant portion of the new cells
remain in the glomerular layer, where they reside near its
ventrolateral margin (Fig. 7). A similar development of
newborn cells into both granule cells and periglomerular
cells has been observed in the olfactory bulb of adult rats
(Winner et al. 2002). It would be interesting to identify the
factors that determine whether the newborn cells reside in
the glomerular layer, or whether they migrate into the granular layer.
Persistence of the adult-born cells
In the present study, we followed the fate of the adult-born
cells up to 100 days after administration of BrdU. The
results of this analysis have revealed both similarities and
diVerences in the pattern of survival of these cells between
the two structures examined, the valvula cerebelli pars lateralis and the olfactory bulb.
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In the valvula cerebelli pars lateralis, the vast majority of
the newborn cells reach their target area, the granular layer,
by 10 days post-BrdU administration survival time. By
100 days, their number declines to approximately 50 % of
the initial number (Fig. 9b). A strikingly similar pattern of
decline has been observed in brown ghost knifeWsh
(Zupanc et al. 1996) and zebraWsh (Hinsch and Zupanc
2007). Since there is no indication that the young cells that
have reached their target areas leave these structures and
migrate further to diVerent brain regions, it is most likely
that they die. Such a hypothesis is consistent with the Wnding that the vast majority of cells that undergo cell death in
the cerebellum are situated in the target areas of the migrating cells (Soutschek and Zupanc 1996). After this presumed
phase of cell death leading to elimination of approximately
half of the new cells, the other half likely persist for the rest
of the Wsh’s life. Such a long-term persistence of adult-born
cells has been demonstrated in brown ghost knifeWsh, in
which post-BrdU survival times of up to 440 days were
employed (Zupanc et al. 1996; Ott et al. 1997); and in
zebraWsh, in which the fate of the new cells was followed
up to 1,010 days (Zupanc et al. 2005; Hinsch and Zupanc
2007).
In the olfactory bulb, no change in the total number of
BrdU-labeled cells could be detected between 10 and
100 days post-administration of BrdU. However, as the
new cells reside in both the granular layer and the glomerular layer, the situation is more complex than in the valvula
cerebelli, where virtually all new cells are Wnally situated in
the granular layer. In adult rats, it has been shown that the
newborn cells in the olfactory bulb diVerentiate more
slowly into periglomerular interneurons than into granule
cells, with a delay of more than 1 month. After this period,
the newly generated periglomerular neurons exhibit a similar decline in numbers, as it occurs among the granule cells
(Winner et al. 2002). It is, therefore, possible that a decline
in cell numbers becomes evident in the olfactory bulb of
adult Mozambique tilapia only after survival times longer
than 100 days.
In mammals, long-term persistence of adult-born cells
has been shown in both the hippocampus and the olfactory
bulb. In the hippocampus of mice, granule cells survive for
at least 1 month (Kempermann et al. 2003). In the olfactory
bulb of mice and rats, new cells survive for at least 112 and
550 days, respectively (Kaplan et al. 1985; Corotto et al.
1993; Winner et al. 2002).
Cellular diVerentiation
To examine the diVerentiation of the adult-born cells, we
combined BrdU labeling of cells at a post-BrdU administration survival time of 100 days either with anti-Hu immunohistochemistry or with anti-GFAP immunohistochemistry.
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These double-labeling experiments demonstrated that,
throughout the neuraxis, a large portion of the adult-born
cells express Hu, and a lower, though signiWcant portion
develop into GFAP-immunopositive cells (Figs. 10, 11).
Quantitative analysis revealed that in both the olfactory
bulb and the lateral part of the valvula cerebelli, a markedly
larger relative number of BrdU-labeled cells expressed Hu
in the target regions into which the young cells migrate than
in the areas where they were born (Fig. 11). A similar pattern of diVerentiation has been demonstrated in the olfactory bulb of mammals. After the new cells migrate from the
anterior part of the subventricular zone of the lateral ventricle to the olfactory bulb, they diVerentiate into granule neurons and periglomerular interneurons (Altman 1969;
Luskin 1993; Lois and Alvarez-Buylla 1994; Lois et al.
1996; Pencea et al. 2001; Sanai et al. 2004; Bédard and
Parent 2004; Curtis et al. 2007).
In the corpus cerebelli and the valvula cerebelli of both
brown ghost knifeWsh and zebraWsh, new cells are born in
speciWc proliferation zones in the respective molecular layers, from where they migrate into the associated granular
layers (Zupanc et al. 1996, 2005; Grandel et al. 2006). In
these target areas, both anti-Hu immunohistochemistry
(Kaslin et al. 2009) and retrograde tracing (Zupanc et al.
1996, 2005), combined with anti-BrdU immunohistochemistry, have indicated that the vast majority of the new cells
develop into granule cells.
The third brain region in which we performed a quantitative
analysis of the pattern of diVerentiation is the dorsolateral
telencephalon. Approximately 50 % of the BrdU-labeled
cells that are present in this region 100 days after their generation express Hu. A similar pattern of neuronal diVerentiation has been observed in zebraWsh (Zupanc et al. 2005;
Grandel et al. 2006; Hinsch and Zupanc 2007). This development strikingly resembles the pattern found in the hippocampus of mammals, the structure homologous to part of
the dorsolateral telencephalon of teleosts. After migration
from the subgranular zone of the dentate gyrus into the
granule cell layer, the vast majority of the young cells
develop into mature granule neurons of the hippocampus
(Altman and Das 1965; Kaplan and Bell 1984; Eriksson
et al. 1998; Gould et al. 1999; Kornack and Rakic 1999;
Seri et al. 2001).
Adult neurogenesis: a comparative perspective
Among vertebrates, teleost Wshes comprise, with an estimated 30,000 species, by far the largest infraclass, being
about equal to all the other vertebrate species combined.
This Wgure underscores the important role that teleosts play
for a comparative understanding of adult neurogenesis.
Detailed mappings of the proliferation zones in the whole
brain have been performed in several species: the brown
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ghost knifeWsh (Zupanc and Horschke 1995), a member of
the taxonomic order of the Gymnotiformes; the threespined stickleback (Ekström et al. 2001), a member of the
Gasterosteiformes; the zebraWsh (Zupanc et al. 2005;
Grandel et al. 2006), a member of the Cypriniformes; the
killiWsh (Fernández et al. 2011), a member of the Cyprinodontiformes; and the Mozambique tilapia (present paper),
a member of the Perciformes.
Despite their taxonomic diversity, the above species
share a number of features central to their neurogenic
potential in the adult brain. First, in each species the number of new cells generated in the adult brain, relative to the
total number of brain cells, is tremendous and at least one,
if not two orders of magnitude higher than in the adult
mammalian brain (Zupanc and Horschke 1995; Hinsch and
Zupanc 2007). Second, these adult-born cells arise from
stem cells/progenitors located in several dozens of speciWc
proliferation zones, which, although present in all major
subdivisions of the brain, are primarily concentrated in the
telencephalon, diencephalon, mesencephalon, and cerebellum (Zupanc and Horschke 1995; Ekström et al. 2001;
Zupanc et al. 2005; Grandel et al. 2006; Pellegrini et al.
2007; Kaslin et al. 2009; Alunni et al. 2010; Ganz et al.
2010; Rothenaigner et al. 2011; Chapouton et al. 2011;
Fernández et al. 2011). By contrast, only two proliferation
zones have been found consistently in the adult mammalian
brain. Third, a major portion of the new cells diVerentiate
into neurons, whereas a rather small number develop into
glial cells (Zupanc et al. 1996, 2005; Grandel et al. 2006;
Hinsch and Zupanc 2007; Pellegrini et al. 2007; Kaslin
et al. 2009; Fernández et al. 2011). Fourth, roughly half of
the continuously generated new cells persist long term and
are added to the population of the existing brain cells. This
addition of the new cells to the older ones leads to a continuous growth of the teleostean brain during adulthood
(Zupanc and Horschke 1995; Ott et al. 1997; Zupanc et al.
2005; Hinsch and Zupanc 2007). Fifth, the pattern of development in speciWc brain regions of diVerent species is strikingly similar. For example, in the corpus cerebelli and the
valvula cerebelli, new cells are born in the molecular layers, from where they migrate into the associated granular
cell layer (Zupanc et al. 1996; Kaslin et al. 2009).
These similarities across highly diverse species suggest
that the above features are traits common to many, if not all
teleosts. On the other hand, the enormous relative number
of new cells continuously generated in the adult teleostean
brain, and the large number of proliferation zones from
where these cells originate, clearly distinguish teleost Wshes
from mammals. What constraints may have led to such fundamental diVerences between the two lineages during vertebrate evolution?
It has been hypothesized that the diVerence in neurogenic potential between mammals and teleosts is caused by
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a fundamental diVerence in the growth pattern of muscles
and sensory organs in the periphery (Zupanc 1999, 2011).
Whereas in mammals postembryonic growth is the result of
an increase in size but not in the number of individual muscle Wbers (Rowe and Goldspink 1969), in Wsh both the number of muscle Wbers and the volume of individual Wbers
increase (Weatherley and Gill 1985; Fine 1989; Koumans
and Akster 1995; Zimmerman and Lowery 1999; for
review, see Rowlerson and Veggetti 2001). Similarly, in
teleosts the number of sensory receptor cells, receptor
organs, or receptor units in the periphery increases with
age, as has been shown in several species of Wsh. For example, the formation of new sensory elements has been demonstrated for sensory hair cells in the inner ear and the
lateral line system of various species (Janssen et al. 1987;
Corwin 1981; Higgs et al. 2002); for retinal cells in the eyes
of goldWsh (Johns and Easter 1977); and for electrosensory
receptor organs in the gymnotiform Wsh Sternopygus dariensis (Zakon 1984). This continuous increase in the number
of motor and sensory elements in Wsh supposedly drives the
generation of new neurons involved in the control of these
motor elements and in the processing of sensory information, thus ensuring a numerical matching of central neurons
and peripheral elements.
Experimental evidence supporting the matching hypothesis has been obtained in goldWsh (Raymond et al. 1983). Permanent removal of the optic input by enucleation of the eye
results in sustained depression of mitotic activity in the tectal
proliferation zone on the denervated side, compared to the
intact one. Temporary denervation by optic nerve crush initially has a similar eVect, but upon reinnervation of the tectum by the regenerating optic Wbers, proliferation is enhanced
on the experimental side compared to the control side.
Taken together, the results of comparative analysis suggest that the continued generation of new neurons in the
adult brain is a primitive vertebrate trait that was shared by
the ancestors of the modern mammals, birds, reptiles,
amphibians and ray-Wnned Wshes. One (although not necessarily the only) function of this trait has been to ensure the
maintenance of a constant ratio of motor/sensory elements
versus central elements within motor/sensory pathways
when the number of peripheral elements grows. As soon as
the pattern of muscle growth shifted from hyperplasia
toward hypertrophy in the course of the evolution of mammals, the neurogenic potential of brain structures forming
part of the motor pathway was reduced in parallel. A similar reduction in the number of neurogenic brain regions and
in the rate of neurogenesis occurred when the formation of
new sensory cells was gradually abandoned. Obviously,
further study of adult neurogenesis in teleost Wsh will be
key to test this hypothesis, and thus to make progress
toward a better understanding of the evolution of this phenomenon.
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