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Adult neurogenesis, an essential mechanism of brain plasity, enables brain
development along postnatal life, constant addition of neweurons, neuronal turnover,
and/or regeneration. It is amply distributed but negativgimodulated during development
and along evolution. Widespread cell proliferation, higheurogenic, and regenerative
capacities are considered characteristics of teleost bras during adulthood. These
anamniotes are promising models to depict factors that modiate cell proliferation,
migration, and neurogenesis, and might be intervened to prmote brain plasticity in
mammals. Nevertheless, the migration path of derived cell® their nal destination was
not studied in various teleosts, including most weakly elédc sh. In this group adult brain
morphology is attributed to sensory specialization, inveing the concerted evolution of
peripheral electroreceptors and electric organs, encompssed by the evolution of neural
networks involved in electrosensory information processg. In wave type gymnotids
adult brain morphology is proposed to result from lifelongegion speci c cell proliferation
and neurogenesis. Consistently, pulse type weakly electrigymnotids and mormyrids
show widespread distribution of proliferation zones that ersists in adulthood, but
their neurogenic potential is still unknown. Here we studikthe migration process and
differentiation of newborn cells into the neuronal phenope in the pulse type gymnotid
Gymnotus omarorum Pulse labeling of S-phase cells with 5-Chloro-2deoxyuridine
thymidine followed by 1 to 180 day survivals evidenced long idtance migration of
newborn cells from the rostralmost telencephalic ventriel to the olfactory bulb, and
between layers of all cerebellar divisions. Shorter migiian appeared in the tectum
opticum and torus semicircularis. In many brain regions, dé/ed cells expressed early
neuronal markers doublecortin (chase: 1-30 days) and HUCMD (chase: 7—-180 days).
Some newborn cells expressed the mature neuronal marker tgsine hydroxylase in
the subpallium (chase: 90 days) and olfactory bulb (chase:8D days), indicating the
acquisition of a mature neuronal phenotype. Long term Cldlabeled newborn cells of the
granular layer of the corpus cerebelli were also retrogradiglabeled ‘in vivg” suggesting
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their insertion into the neural networks. These ndings edence the neurogenic capacity
of telencephalic, mesencephalic, and rhombencephalic bia proliferation zones inG.
omarorum, supporting the phylogenetic conserved feature of adult netogenesis and its
functional signi cance.

Keywords: cerebellum, olfactory bulb, tectum opticum, CldU, d oublecortin, HUC/HuD, tyrosine hydroxylase,
retrograde tracing

INTRODUCTION considered as a plastic mechanism to maintain the “proper
mass” of neural tissue controlling particular functionke(isson,
NeUrOgeneSiS is the main mechanism of adult brain plaSthItM_973 or for the "matching” between periphera| elements and
that enables the continuation of brain development, theprain processing powe#(ipanc, 2006, 2008, 20 tontributing
constant addition of new neurons and/or the neuronal tureov to the functional Specia|izationqrande| et a|_, 2006 Brain
(Barker et al., 2011; Alunni and Bally-Cuif, 201 has been proliferation zones also persist in adulthood @. omarorum
demonstrated in a wide range of animals, from cnidariangolivera-Pasilio et al., 20)4and Brachyhypopomus gauderio
to mammals, including humansA(tman, 1963, 1969; Altman (Dunlap et al., 201)Lshowing overall similarities with their
and Das, 1965; Sullivan et al., 2007; Galliot and Quiquan@istribution in A. leptorhynchugZupanc and Horschke, 1995;
201). Neurogenesis is progressively restricted during animaiupanc, 2006, 2008
development and negatively modulated along evolution. Its Adult G. omarorumnewborn cells appear to di er in their
Spatial distribution remains Widespread in all brain divissoof pace of migration (D”\/era_Pasi“o et a|_’ 20)_4Newborn cells
adult anamniotes, particularly in teleost siCg@yre et al., 2002; show long distance displacement at the rostral part of the
Lindsey and Tropepe, 2006; Kaslin etal., 2008; Barker edall; 2 telencephalon, suggesting a migration process similar tot wha
Grandel and Brand, 20)3However, itis almost con ned to two  occurs in amniotesAltman, 1969; Lim et al., 20p8ncluding
zones in the telencephalon of adult mammaﬂ&a(et aI., 2008; humans Wang et a|.l 20])]and birds Go|dman and Nottebohm,
Altman, 2011; Vadodaria and Gage, 214 1983; Nottebohm, 2002; Barnea and Pravosudov, )2Cdrid
Soon after the discovery of adult neurogenesis in mammalgnamniotes Danio reria Adolf et al., 2006; Kishimoto et al.,
by Altman (Altman, 1962, 1963; Altman and Das, 1965, J9662017. Other brain region of comparative interest are the
the widespread distribution of cell proliferation in the bmai cerebellum (Cb), the dorsal, ventral, and posterior subdivisi
of adult teleost was evidenced by tritiated thymidine (3H-of the dorsolateral zone of the dorsal telencephalon (cansid
thymidine) labeling Brachydanio rerijRahmann, 1968 ebistes homologous of the amniote hippocampugupanc, 200p
reticulatus Richter and Kranz, 197%01In spite of ultrastructural and the tectum opticum (TeO). Newborn cells originated
evidences of adult neurogenesis in mammal&an and from these proliferation zones also display long range and/or
Hinds, 1977, the eld of cell proliferation and neurogenesis relatively fast migration, as evidenced by the almost cotaple
in both amniotes and anamniotes resumed after a 20 yeadisplacement of derived cells between cerebellar layers after
hindrance Gross, 2000 Even though the spatial distribution of a 30 days chaseO(ivera-Pasilio et al., 20)4The location,
proliferation zones was since then evidenced in severadsele as well as shape and appearance of the nuclei suggest
numerous taxa remain underexplored. One of the earliest anthat newborn cells are in the process of dierentiation as
most thoroughly studied anamniotes is the wave type weaklghown in other teleost Zupanc et al., 1996, 2005; Kaslin
electric gymnotidApteronotus leptorhynchushich is considered et al., 2009; Delgado and Schmachtenberg, 2011; Teles et al.
a classical biological model in the eld. Weakly electritt are  2013).
also good models for the study of brain evolution sub-segvin  In this manuscript, we further analyze in ad omarorum
variations in animal behaviorAlbert et al., 1998 The peculiar the migration process of derived cells by pursuing their lamati
adult brain morphology of weakly electric sh is associatedrom the proliferation zones to their nal destination. We also
to the relevance of the electrosensory modality for thede sstudied the di erentiation of newborn cells into the neuronal
lifestyle Evans, 1940; Bennett, 1971; Hodos and Butler, 199pghenotype by demonstrating the co-localization of long-term
Kotrschal et al., 1998; Meek and Nieuwenhuys, 1998; Ito et athymidine analog labeling and expression of early neuronal
2007; Shumway, 2008t results from the di erential growth markers doublecortin (DCX) and HuC/HuD or the mature
of portions of the neural tube that progressively di erentiate neuronal marker tyrosine hydroxylase (TH). We found evides
into brain vesicles followed by the subsequent formatiom an of neurogenesis in several brain regions of the telencephalo
di erential growth of brain structures derived from the alar mesencephalon, and rhombencephalon. We further evidenced
plate, as shown in waveé.€yhausen et al., 1987; Lannoo et al.the insertion of newborn cells into neural circuits by the
1990 and pulse [fibarne and Castello, 20)4gymnotids, and demonstration of long term thymidine analog labeling arid “
pulse mormyrids Haugedé-Carré et al., 1977, 1979; Radmiloviclivd’ retrogradely labeling of cerebellar granular cells. These
et al.,, 201p The maintenance of adult brain morphology as ndings contribute to support the widespread distribution of
sh body grows inde nitely depends in turn on heterogeneousbrain proliferation zones and their neurogenic capacity in
cell proliferation and neurogenesis. Thus, neurogenesisbea teleost.
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MATERIALS AND METHODS respectively; the medial region and caudal pole of the midbrain

General Pr dur TeO and torus semicircularis (TS; L4, and L5), the rostraé sl

Anemglsa ocedures the rhombencephalic corpus cerebelli (CCb; L5), and the dauda
i

) . ) pole of the rhombencephalic electrosensory lateral line I&hd {
Thirteen adult specimens o&. omarorum(Richer-de-Forges L6; Figure ).

et al.,, 20098 males, 2 females and 3 of non-determined sex;

weight: 6.26 2.94; total sh length: 12.23 2.04 mean SD)  Histological Analysis of the Brain of G. omarorum

were collected from Laguna del Cisne, Uruguay (latitudeS8S T4 reveal the structural organization of the brain regions

S, longitude 5308 W). According to the measured length of the ynger analysis, mainly those where newborn neurons migrate,

specimens, which is about half of the maximal leng#ic(ier-  some sections were counterstained with DAPI (Sigma) or

de-Forges et al., 20)ve estimate that most of the sh used in 1opro3 (Molecular Probes, Grand Island, NY, USA) after

this study have already reached the adult period, correspandi jmmunohistochemistry. Also, serial sections of controlraals

to the rst gonadal maturation, at the age of 1 ye&ia(on, 1975, (N D 2) were counterstained with uorescent Niss| staining

Barbieri and Cruz, 1993 using Neuro Trac (Molecular Probes) as described below
Macroscopic gonadal morphology was con rmed in 10 of the(SuppIementary Figure 1) andlll-tubulin, HUC/HuUD or

specimens studied. Animals were kept in individual tanks Oﬂaltyrosine hydroxylase (TH; Supplementary Figure 2). For

h:12h light: dark cycle and daily fed witfubifex tubifexWater | ,orescent Nissl counterstaining, free oating brain siects

conductivity was adjusted to 20@ and temperature maintained o 5 control animal were stained with Neuro Trateat 1/150

at 20-25C. dilution in PB for 20 min at room temperature and rinsed in PB
_ with 0.1% Triton X-100 (10 min) followed by PB (3 5min).
Anesthesia For ToPro3 counterstaining, brain sections were immersed i

All procedures were performed in accordance to the guidelineSoPro3 for 10 min at a 1/4,000 dilution, followed by rinsingy i
of CHEA (Comision Honoraria de Experimentacion Animal, PB (3 5min). All sections were mounted in a sealing and anti-
ordinance number: 4332-99, Universidad de la Republicajading coverslipping solution containing polyvinyl alcohBMA,
Experiments were approved by the Animal Ethics CommitteeSigma) and 1,4 diazabicyclo [2.2.2]octane (DABCO, Sigme) a
of the Instituto de Investigaciones Biologicas Clementeliist prepared according Peterson lab protocol (http://neurorenew.
(protocol number 010/09/2011). com/wp-content/uploads/2014/12/pva2.pdf).

For the application of Neurobiotin tracer (Vector
Laboratories, Burlingame, CA, USA) in the corpus cerebell'speci ¢ Procedures

(CCb), animals were anesthetized by immersion in 31, order to evidence the migration and/or di erentiation of
aminobenzoic acid ethyl ester (MS-222, Sigma-Aldrich, Stewborn cells into the neuronal phenotype, we labeled derived
Louis, MO, USA, at a dose of 120mg/l) maintained by gillce|is using two protocols of thymidine analog administratio
perfusion of the same anesthetic solution during surgery. Then, we demonstrated their di erentiation into the neurdna

For transcardial xation, sh were deeply anesthetized byphenotype by demonstration of analog retention by CldU
immersion in MS-222 (500 mg/l, Sigma-Aldrich) followed by gill jmmunohistochemistry combined with immunohistochemical
perfusion of the same anesthetic solution. demonstration of neuronal markers' expression or labelirihw

neuronal tracers.

Fixation and Tissue Sectioning
Animals were rst perfused with 20-30 ml of saline (0.7% NaCIThymidine Analog Labeling
solution) in order to wash blood out from the circulatory $g81,  Proliferating cells were labeled with 2.3mg/ml 5-Chlof®-2
followed by 10% paraformaldehyde (Sigma-Aldrich) dissolwed deoxyuridine thymidine (CldU, Sigma-Aldrich) dissolved i
phosphate buer 0.1 M, pH 7.4 (PB; Carlo Erba, Val de Reuil0.7% sodium chloride, and administered i.p. an2@ of body
France). Brains were dissected out and post xed in the samgeight, according to two procedures: (1) pulse administrati
xative solution for 24h at 4C. After embedding the brains single injection followed by post-thymidine analog survivals o
in a gelatin/albumin (Sigma-Aldrich) mixture denaturedtivi 1 (ND 3), 7 N D 2), or 30 daysN D 3); and (2) sequential
glutaraldehyde (Sigma-Aldrich), frontal serial secti¢g6®mm)  administration: four daily injections followed by survigaof 90
were obtained with a vibratome (Leica VT1000S, WetzlaN D 2) or 180 daysN D 1).
Germany) and serially collected in 24 or 48 multiwell plates.

In many cases, sections from most brain regions werén vivo Neuronal Tracer Administration
processed in parallel, though we focused on certain rostralFo reveal the di erentiation of cerebellar newborn cells ithe
caudal levels. At these levels, long distance and/or high pac neuronal phenotype, Neurobiotin tracer (Vector Laboratsrie
migration of newborn cells were previously evidencédiera- Inc., Burlingame, CA, USA) was applieth vivo at the
Pasilio et al., 2034 the medial (L1) and caudal region (L2) molecular layer of the Cb, 86 or 176 days after repetitive CldU
of OB, corresponding to plates 1 d@ymnotus carapatlas administration. Animals were anesthetized and the softutss
(Corréa et al., 1998and plate 38 ofA. lepthorhynchyusitlas over the rostralmost portion of the sagittal suture was cdhgfu
(Maler et al., 1991 the rostral region of the subpallium (L3) removed with the tip of a scalpel (Supplementary Figure 3A).
that corresponds to plates 2 and 32 of the mentioned atlaseEhen, a small perpendicular and super cial incision was made in
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FIGURE 1 | Spatial-temporal distribution of brain labeled cells in adt G. omarorum after short (1 day) and long (30 days) survivals followingdL) administration.
Labeled cells are qualitatively represented by red and bludots (after chases of 1 day and 30 days, respectively) in thechematic diagrams of frontal sections (L1-L6)
corresponding to the planes indicated by the dotted lines oer the lateral view of the brain. Regions of interest of thisavk are indicated by the green squares.

Modi ed from Olivera-Pasilio et al. (2014)CCb-mol, Cerebellum, molecular layer; CCh, Corpus cerel#; CP, Central-posterior nucleus; CMS, Centromedial sagent;
DFI, Nucleus diffusus lateralis of the inferior lobe; EGa@a-gra, Eminentia granularis pars anterior, granular lageELL, Electrosensory lateral line lobe; eTS, Torus
semicircularis efferents; Hv, Hypothalamus ventralis; ICInternal cell layer; IL, Inferior lobe; DM1, Dorsomedial teleephalon; DLd, Dorsolateral telencephalon, dorsal
subdivision; DM1, Dorsomedial telencephalon, subdivisiol; DM2, Dorsomedial telencephalon, subdivision 2; MgN, Mgnocellular mesencephalic nucleus; MS,
Medial segment; mol, Molecular layer (ELL); PPn, Prepacerker nucleus; RF, Reticular formation; TA, Nucleus tuberisnéerior; TEL, Telencephalon; TeO, Tectum
Opticum; TL, Torus longitudinalis; TPP, Periventriculamucleus of the posterior tuberculum; tStF, Tractus stratum osum; V, Ventricle; Vd, Ventral telencephalon,
dorsal subdivision; Vv, Ventral telencephalon, ventral bdivision. Scale bars: 1 mm.

order to disrupt this portion of the sagittal suture and expdse t Immuno Research) at 1:1,000 dilution in PB-T, for 90 min at
dorsal surface of the rostral portion of CCb. After slightbitting  room temperature. After rinsing in PB (3 10 min), sections
the cerebellar surface, crystals of Neurobiotin were appligd  were mounted in PVA/DABCO cover slipping solution. Negative
the tip of a needle (Supplementary Figure 3B). Finally, thendou controls involved the omission of CldU or of primary antibedi
was sealed with Histoacryl(B. Braun Aesculap AG, Tuttligen, incubation; both controls resulted in no detectable stagn{data
Germany), animals were allowed to recover from anesthegla a not shown).

returned to their tanks.
Simultaneous Demonstration of CldU Label Retention

and Neuronal Tracer Labeling
Double Immunohistochemistry (CldU Label Retention In order to evidence the co-localization of CldU and Neurdbio
and Neuronal Markers' Expression) sections were rst pretreated in HCI and incubated in rat anti
To break double-stranded DNA into single strands and exposgrdU-CldU as described above. After rinsing in PB (3.0 min),
the proliferation marker CldU to the antibodies, free oatin sections were incubated during 90 min in donkey anti rat Cy5 a
tissue sections were rst incubated in 2 N HCI (Baker,1:1,000 dilution, together with streptavidin Cy3 (VECTOR)gat
Phillipsburg, N.J. USA) in PB containing 0.3% Triton X-1001:500 dilution in PB-T. Sections were nally rinsed in PB (3

(Baker; PB-T) for 50 min at room temperature, followed by10 min) and mounted in PVA-DABCO coverslipping solution for
rinsingin PB (3 10 min). Then, sections were incubated for 1-2immuno uorescence.

days at 4C in rat anti BrdU-CldU antibody (Accurate Chemical

& Scienti ¢ Corporation, Westbury, NY, USA) at a dilution of Image Acquisition and Processing

1:500 in PB-T, along with other primary antibody [rabbit anti Most sections were imaged on a confocal system consisting of

doublecortin (Abcam, Cambridge, MA, USA) at 1/2,000 dilution an Olympus BX61 microscope equipped with a FV300 confocal

mouse anti HUuC/HuD (Molecular Probes, Eugene, OR, USA) atnodule and four lasers lines (405, 488, 543, and 633 nm) and the

1:200 dilution, or rabbit anti TH (ThermoScienti ¢, Waltlm, following objectives: 4x: UPlanFLN 0,13AN, 10x: UplanSAPO

MA USA) at 1/800 dilution]. Sections were rinsed in PB (30,40AN, 20x: UPlanFI 0,50AN, 40x: UPlanFI 0.75AN, and 60x:
10 min) and incubated in a mixture of donkey anti rat Cy5 Plan ApoN 1,42AN objectives of the Confocal Microscopy

secondary antibody (Jackson Immuno Research, West Groye, FAacility (IIBCE). Others were imaged on a Leica TCS SP5 I

USA) at 1:1,000 dilution and goat anti mouse Alexa 488 (Jacksanmicroscope equipped with four lasers lines (405, argon mustili
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458, 476, 488, and 514 nm, and HeNe 543 and 633 nm), ammpaced confocal planes to avoid over counting. The total amoun
HC PL FLUOTAR 5x/0.15, HC PL APO 20x/0.70 CS, HCX PLlof each class was registered and the percentages ofCCldU
APO 40x/1.25-0.75 Oil, HCX PL APO 63x/1.40-0.60 Oil, HCXcells that expressed neuronal markers or were labeled with
PL APO 63x/1.20 W CORR, and PL APO 100x/1.40-0.70 ONeurobiotin were calculated.
CS objectives of the Confocal Microscopy Unit (Facultad de
Medicina, UdelaR). Statistical Analysis
Acquisition settings were adjusted to ensure the completelyve analyzed variations in the amount of CldU labeled cells
dynamic range detection. Images of confocal planes weiRer section using One-way ANOVA or Mann-Whitney-test,
sequentially scanned with each laser line. Fifteen cohfdaaes, ~after determining the variance of the samples with Kolmogero
every arm, were acquired in sections of levels L1-L3. For levef@mirnov test. Dierences among groups were considered
L4-L6, 15, 20, 25 to 30 confocal planes, every 0.5nen vere  Signi cant whenp < 0.05.
acquired. Post-processing of images was limited to smatigéms
in the distribution histogram or background subtractionifF RESULTS
Rolling ball radius: 50 pixels) in most cases. . . ) ) )
Co-expression of markers was conrmed by orthogonalSpatial Distribution of Brain Proliferation
projections in the X-Z and Y-Z planes of the z-stacks at X-YZones
position of presumptive co-localization and/or visualizatiof ~ We rst analyzed the spatial distribution of brain proliferatio
the images corresponding to each channel of a single plangnes in adultG. omarorumas a reference to depict the
separately along with their overlay. migration and/or di erentiation of newborn cells. The spatial
We used the same nomenclature and abbreviations afistribution of CldU labeled cells after a short survival (lyjfa
previously Ualer et al., 1991; Zupanc et al., 1996; Corréa et affgllowing the administration of a pulse of CldU (red dots in
1998; Meek and Nieuwenhuys, 1998; Olivera-Pasilio et 4420 Figure 1) reproduced previous ndings @livera-Pasilio et al.,
2019. Briey, most proliferating cells populated ventricular
Quanti cation proliferation zones at the lining of the telencephalic (L2, L3,
To quantify the amount of labeled cells per section in levelsigure 1), mesencephalic, diencephalic (L4, Eigure 1), and
L1-L3, we constructed 3-D models of the sections from serighombencephalic (L& igure 1) ventricles. Outstanding: clusters
2D low power confocal microphotographs with BioVis3D (R) of proliferating cells were found in all cerebellar divisiohs(
as detailed inribarne and Castello (2014The boundaries of |5, Figure 1) and in the lateral-caudal pole of the ELL (L6,
the olfactory bulb (OB), and internal cell layer were drawnFigure 1). This spatial pattern allowed us to depict the boundaries
and the location of every labeled nucleus was indicated @l ea of proliferation zones that were used as a reference to determin
plane of the 3D reconstruction with the tool “dot sets.” Thewhether derived cells persist within the proliferation zones o
spatial distribution of labeled nuclei was evidenced by mgki migrate toward other regions or sub-regions at longer suai
transparent the constructed models. times (7—180 days).
We also used BioVis3D to determine the location of labeled
nuclei in the x and y axes. First, we established the crogsing Migra_tion of Newborn Cells
the mid-line and dorsal border of the OB as the origin of theSome labeled cells remained within the proliferation zorfesra
x and y axes (red lines in Supplementary Figure 1). Then, lingsost CldU survival times between 7 and 180 days. Conversely,
extending from each nucleus to the x and y axes (green and blygost of the CldU labeled cells were located at increasingbtgre
lines in Supplementary Figure 1) were drawn and their length wadistances from the proliferation zones boundaries, accaydn
calculated by the software. The resulting values were nlieth  the survival duration. This shift is exempli ed iffigure 1 for
by the width and height of each region of interest at eachigtld survivals of 1 and 30 days (red and blue dotgFigure 1). The
level to calculate the relative distance of every nucleus. abundance of migrating newborn cells and the locations thayt
For every level (L1-L3) of each chase duration (1, 7, and 3@ached as a result of the migration varied among proliferati
days), the mean and standard deviation of the total amount ofones. In this work we focused on the brain regions where the

labeled nuclei per section were calculated. We also quahti emigration process was more salient: the rostral telencepieaid
the amount of labeled nuclei within and outside the interoell OB, the TeO, the TS, and the Cb.

layer of L1 and L2 (Supplementary Figures 4A,B), and within

and outside the ventricular proliferation zone adjacent het Olfactory Bulb and Rostral Telencephalon

ventral and dorsal subdivisions of the ventral telencephadd The sessile OB o6. omarorumshares the histoarchitecture

L3 (Supplementary Figure 4C). of teleost's OB HKyrd and Brunjes, 1995; Kermen et al., 2913
Di erentiation into the neuronal phenotype by demonstration consisting of a round core of small and densely packed cells, the

of the expression of neuronal markers (HuC/HuD or TH) internal cell layer (ICL) surrounded by three concentricudie

or retrograde Neurobiotin labeling of long term CldU label layers: the external cell layer (ECL), the glomerular lag@r)(

retaining newborn cells was quanti ed with the aid of Fijrhged and the outer primary olfactory ber layer (POFL) adjacent to

Point tool. In z stacks of the brain regions of interest, CdlU the OB's surface (L1 and L2 in Supplementary Figure 1).

nuclei, and double labeled CldLJHUC/HuDC, CIdUC/THC, One day after a pulse of CldU, labeled cells were rare in the

or CldU/Neurobiotin cells were marked in selected equallyOB. Few and scattered proliferating cells were located at any of
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the layers of the rostral and medial part of the OB (red dotsin L Purkinje and eurydendroid cells. Eurydendroid cells, which are
and L2,Figure 1 double arrows in AL1 and ALZFigure 2, red the origin of Cb e erents, are not aggregated in nuclei unlike
dots in AL1 and AL2Figure 3A). Conversely, densely packed other vertebratesqinger, 1978

CldU labeled cells were found at the lining of the most rolstra Remarkable migrations processes both for the abundance of
portion of the telencephalic ventricle, nearby the caudal @8 a migrating cells as well as for their nal destination, weetected
the rostral region of the ventral (W) and dorsal (Vd) subidiens in all cerebellar divisions as previously describ@t\era-Pasilio

of the subpallium. There, proliferating cells formed an extest et al., 201)i Proliferation zones were circumscribed to a single
ventricular proliferation zone (zone 1k)livera-Pasilio et al., cerebellar layer or even a region within a single cerebkligar
2014 red dots lining the ventricle at the zones indicated by the(red dots in L4 and L5Figure 1).

green rectangles in L2 and LBigures 1, 3A; arrows in AL2 and The proliferation zone of the CCb, evidenced by the
AL3, Figure 2). This rostral-caudal gradient in the amount of distribution of proliferating cells at 1 day chase, occupied the
proliferating cells was con rmed quantitatively as the numbé medial zone of its molecular layer (CCb-mol; red dots in L4,
proliferating cells in the rostral and caudal part of the OB wad~igure 1). Thirty days after CldU administration, derived cells
signi cantly lower than in the rostral portion of the subpaliul  were mainly found at the granular layer of CCb (CCb-gra; blue

day after CldU administrationKigure 3B). dots in L4,Figure 1). However, scarce and intensely labeled CldU
Seven days after CldU administration, proliferating cellsave cells remained within the proliferation zone's boundaries.
also located predominantly at ventricular proliferation zerie In the VCb a conspicuous proliferation zone occupied all the

the caudal portion of the OB and rostral subpallium (BL1-L3extension of the molecular layer (VCb-mol). Proliferatinglls
Figure 2). Only few CldU labeled nuclei were placed throughoutwere more densely packed near the dorsal-medial region of VCb-
the OB layers or the subpallium. The number of labeled cellsol and migrating cells were sparsely and homogeneouslydoun
increased in all levels at this chase duration, but onlyisigntly  in all the extension of the granular layer (VCb-gra).
at L3. The rostral-caudal gradient was preserved but steeper The proliferation zone of the caudal lobe of the Cb occupied
(Figure 3B). the granular layer of the medial granular eminence (EGm}-gra
Thirty days after CldU administration, some proliferating while derived cells were located at the granular layer of the
cells remained within the boundaries of the proliferation 2on posterior granular eminence (EGp-gra) as shownQiivera-
1b adjacent to the caudal OB (CLEigure2) and rostral Pasilioetal. (2014)
subpallium (CL3Figure 2). Unlike shorter chases, some CldU
labeled nuclei were located at considerable distances fhem Tectum Opticum
rostral region of the proliferation zone 1b, reaching the ICLThe TeO is a multimodal integration center which is
of caudal and, in a less extent, rostral OB (CL2 and CLIlnterconnected with the torus longitudinalis forming a Gike
Figure 2. The amount of CldU labeled cells in L1 and L2 structure @ell, 200}. In G. omarorumitis a hollow hemispheric
increased up to 2.4 and 3.7 times the values found 1 day aftshaped structure. It has a cortical histoarchitecture anastis
CldU administration, respectively. However, only L1 showedf seven cellular and brillary alternating layers (Supplenaant
signi cant di erences in the amount of CldU labeled cells Figure 5B;Meek and Nieuwenhuys, 19p8Proliferating cells
between both chases. Conversely, the amount of CldU labelegere located at the dorsal-medial and ventral-lateral leorof
cells decreased signi cantly in L3 from 7 to 30 daygyure 3B).  the caudal pole of TeO, forming a horseshoe shaped ribbon-
Few CldU labeled nuclei were found lateral to the caudal zonkke proliferation zone. One day after CldU administration,
of 1b (adjacent to the subpallium), reaching Vd, W, MOTF, andproliferating cells were distributed in all TeO layers (redisio
medial zone of FB (CLZigure 2). in L4 and L5,Figure 1), though appeared to be more densely
CldU label retaining cells spilled out the boundaries of t8& 1 packed in deeper layers as the stratum periventriculare (SPV).
of the caudal OB at a 90 day chakéglre 2 EL2) whereas most At longer chases, CldU label cells occupied more super cial
labeled cells remain within the ICL boundaries of the ICLInét layers of TeO, also extending beyond the proliferation zones
rostral OB Figure 2 EL1). At 180 day chase the spilled out ofboundaries in the rostral direction (blue dots in L4 and L5,
labeled cells from the ICL of the rostral OB to the surrourglin Figure 1).
layer was evidenfgure 2 FL1). One hundred eighty days after CldU administration, derived
The amount of CldU label retaining cells in the lateral zonecells were located 100mm away from the dorsal region of the
of the subpallium increased considerably 90 and 180 day afteroliferation zone at rostral levels of the caudal TeO. Thesg |
CldU administration. At 90 days newborn cells predominate inlabeled retaining cells were grouped mainly at the SPV and SAC
the ventral zone, whereas at 180 days were distributed abng layers, and less frequently reached the SGCKidgure 1).
the dorso-ventral extension of the subpallium.
Torus Semicircularis
Cerebellum The TS of G. omarorum is a spherical protrusion of
Allthe divisions of the Cb o6. omarorun{CCb, valvula cerebelli the mesencephalic tegmentum beneath the TeO. It is
-VCb, and caudal lobe, including the eminentia granularisa layered structure which receives octavolateral inputs
anterior -EGa- and posterior -EGp-), are organized in thredrom rhombencephalic primary brain centersMéek and
layers, molecular, ganglionic, and granular, as exemplied Nieuwenhuys, 1998 One day after CldU administration
Supplementary Figure 5A. The ganglionic layer consists gdroliferating cells were located at the medial and lateratibos
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Y

FIGURE 2 | Spatial-temporal distribution of proliferating cells anderived cells in the rostral (L1) and caudal (L2) regions dfe¢ OB, and rostral subpallium (L3) 6.

omarorum. Images correspond to microphotographs of frontal sectionf the brains of animals treated with a singl¢A—C) or four daily doses(D,E) of CldU followed
by 1 (A), 7 (B), 30 (C), 90 (D), and 180 (E) days of survival. The OB is almost devoid of CIdO cells after short survivalsA L1, L2). Conversely, the lining of the rostral
portion of the telencephalic ventricle, adjacent to the supallium was populated by densely packed CldU labeled cells;onforming a clear proliferation zone (arrows in

A L2, L3). From 1 to 30 days CIdLC cells appeared within the nerve tissue at progressively gater distances from the proliferation zones at L2 and L3. Abhger
(Continued)
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FIGURE 2 | Continued

chases (90 and 180 days), CIdWC cells also populate the rostral OB, and appeared to increasen number in L1-L3. ECL, External cell layer; Er, Rostral
entopeduncular nucleus; FB, Forebrain bundle; GL, granutdayer; ICL, Internal cell layer; MOTF, medial olfactory temal eld; POFL, V, Ventricle; Vc, Ventral
telencephalon, central subdivision VI, Ventral telencejgiion, lateral subdivision. Scale bars: 10&m.
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FIGURE 3 | Spatial-temporal distribution and quanti cation of proliérating and
derived cells within the rostral telencephalon(A) The location of proliferating
cells is represented by red dots in the 3D reconstructions ofostral (L1) and
caudal (L2) olfactory bulb and rostral subpallium (L3). Pliteration zones were
located at the ventricular lining indicated by green rectagles in L2 and L3.(B)
Bar plots of the amount of labeled cells per section at the thae levels studied
(L1-L3) following 1 D 3), 7 (N D 2), and 30 (N D 3) days after the
administration of a pulse of CldU. Values are expressed as ¢hmean and
standard deviation of the total amount of labeled cells perection. *<0.05,
One-way ANOVA.

of the caudal pole of TS (red dots in LBigure 1), forming a

ring-shaped proliferation zone. At longer chases derivedsce

Neuronal Differentiation and Insertion into

Neuronal Circuits

With the aim of studying neuronal dierentiation and
neurogenic capacity o&. omarorumadult brain proliferation
zones, we analyzed the expression of neuronal markers,
including the early neuronal markers DCX, and HuC/HuD
or markers of further dierentiation into the neuronal
phenotype as tyrosine hydroxylase (TH), in CldU label
retaining cells after post thymidine analog administration
chases ranging from 7 to 180 days. We also assessed the
insertion of newborn neurons into pre-existing neural circui

of the CCb by in vivo’ retrograde labeling of granule cell
after Neurobiotin administration at the molecular layer of
CCbh.

Neuronal Differentiation in the Olfactory Bulb and
Rostral Telencephalon Evidenced by Co-localization
of CldU and HuC/HuD, DCX, or TH
One day after thymidine analog administration, DCX labeled
a net of processes beneath the ventricular proliferation
zone adjacent to the medial and dorsal-medial zone of
the telencephalic proliferation zone 1b (inset, Supplementary
Figure 6A). We only found CIldU-DCX double labeled cells
adjacent to the ventral region of this proliferation zone
(Supplementary Figure 6B) as evidenced by the overlay of CldU
and DCX signals corresponding to a single confocal plane
(Supplementary Figure 6C) or by orthogonal projections of a z
stack (Supplementary Figure 6D). At this chase duration, wle di
not nd CldU-DCX or CldU-HuC/HuD double labeled cells in
any other brain region.

Seven days after CldU administration, some cells at the vientra
part of the subventricular zone of the rostral subpallium were
|CldU-HUC/HuUD double labeledKigure 4), but not at the rostral

appeared di usely distributed at the caudal pole of TS (blue dot8" caudal zones of the OB. Unexpectedly, we did not nd any

in L5, Figure 1).

Electrosensory Lateral Line Lobe

CldU-DCX double labeled cell at this chase duration.

After a 30 day chase, CldU label retaining cells expressed
HuC/HuD at the ICL of the caudal OB Figure 5A) and
the ventral region of the subventricular zone of the rostral

The ELL is the primary relay nucleus of electrosensory patewaysubpallium Figure 5B). CldU-HuC/HuD double labeled cells'

It is a layered cerebellum-like structure (Supplementannuclei were round and the chromatin either densefygure 5A)
Figure 5C;Meek and Nieuwenhuys, 19P# which principal  or loosely Figure 5B) packed. Some newborn CldU labeled cells
cells project to contralateral rhombencephalic and meseraleph with fusiform shape and elongated nuclei with densely packed
structures (praeminentialis nucleus and TS) which projeaiba chromatin also express DCXigures 5C,D.

to the ELL, either directly or indirectly through Cb. At 1 day  Double labeled CldU-HuC/HuD cells were found at the ICL
chase duration, proliferating cells were mainly located b t (Figure 6A) and the dorso-medial zoné-{gure 6B) of the rostral
lateral-caudal border of cellular layers of ELL, and showe®B 90 days after CldU administration. All CldU-HuC/HuD
a medial-lateral and rostral-caudal gradient (red dots &, L double-labeled cells had ovoid to round nuclei surrounded
Figure ). At longer chases, ELL CldU label retaining cellsdy a thin cytoplasm without evident cellular processes. At 90
were extensively and diusely distributed (blue dots in L6,days CldU-HuC/HuD double-labeled were also found at L3
Figure 1). (Figure 6Q).
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7d

HuC/HuD

FIGURE 4 | Neuronal differentiation in the subpallium at 7 days aftehe administration of a pulse of CldU demonstrated by co-lockzation with HuC/HuD.(A)
Confocal microphotographs of the ventricular lining at theegion of the rostral subpallium indicated by the rectanglen the panoramic view (inset). HuC/HuD and CldU
labeling are shown in green and red channels in the microphographs of a single plane shown ir(A,B), respectively. The overlay of both channels is shown i(C).
Arrowheads indicate CldU labeled retaining cells also expssing the neuronal marker HUC/HuD. Scale bars: (inset) 100m; (A—C) 20 nm.

Huc/HUD, A

Huc/HuD B

FIGURE 5 | Neuronal differentiation in the olfactory bulb and rostraubpallium at 30 days after the administration of a pulse of IdU demonstrated by co-localization
with HuC/HuD and DXC.(A,B) Confocal microphotographs of the caudal OB and rostral subpllium at the regions containing double labeled cells indited by the
dotted squares in the panoramic views (insets), respectiyg HuC/HuD and CldU labeling are shown in green (left) and redhiddle) channels; the right image
corresponds to the overlays of both channels(C,D) x-z and y-z orthogonal projection of stacks of 35 confocal planes scanad every 0.5mm at the lines crossing at
the cell of interest, con rming the co-localization of CldU ad DCX in the rostral subpallium at the positions indicatedythe dotted rectangles in the panoramic views
(insets). Scale bars{A,B) 10 mm; (C,D) 5 mm; insets, 100 mm.

At 90 days, double labeled CldU-DCX cells were only found One hundred eighty days after CldU administration,
at the dorsal-medial zone of the rostral level of OB (data notlouble labeled CldU-TH cells were found in the rostral
shown). subpallium, far from the proliferation zoneF{gure 8), and at

At this chase duration CldU labeled cells also expresbkoth, caudal Figure 9) and rostral Figure 10 levels of the
TH at the ventricular or sub ventricular zone of the OB. Some newborn cells had an ovoid nucleus surrounded
rostral subpallium Figure 7). Some of these cells showedby a thin cytoplasmic halo without cellular processes, as
a thin cytoplasmic halo without cellular processesthose found lateral to the subpallial proliferation zone
(Figures 7A,A) whereas others had more expanded(Figures 8B,G. Many double labeled cells showed a larger
cytoplasm from which thin and short cellular processescytoplasmic halo from which two or three relatively thick
with few branching points emergerigure 7B, arrowheads in cellular processes emerged from opposite regions of the cell
Figure 789. body. These cells resembling bipolar or multipolar neurons
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FIGURE 6 | Neuronal differentiation in the olfactory bulb and rostraubpallium at 90 days after four daily injections of CldU deonstrated by co-localization with
HuC/HuD. Confocal microphotographs of the olfactory buIL(A,B,B% and the rostral subpallium(C,C% at the level indicated by the dotted rectangles in the panonaic
view (insets) to evidence double labeled cells. HuC/HuD andI@U labeling are shown in green and red channels of single soa, respectively. Co-localization is

con rmed by the overlay of both channels, or by thex-z and y-z orthogonal projections of stacks obtained from 19 planes, gery 0.5mm (B%, or 15 planes, every 0.5
mm (C9.

were located at the ICL of caudalFigures 9B,B,C,C° Neuronal Differentiation in the Corpus Cerebelli and
Supplementary Video) and rostral Eigures 10C,6C%  Cerebellum-Like Structures Evidenced by
OB. In other cells at the ICL of the rostral OB, a relativelyCo-localization of CldU and HuC/HuD
large nucleus occupied an asymmetric location respect to After a short thymidine analog survival (7 days), we did not
very thin cytoplasmic halo, resembling migrating neurotdas nd HuC/HuD expression in CldU labeled cells. However, longer
(Figures 10A,B. All double labeled CIdU-TH cells were survivals (30, 90, and 180 days) allowed us to evidence the
intermingled with cells with single labeled Cl@Jnuclei or  di erentiation of derived cells into neurons in the CCb and @th
THC cytoplasm. Cb-like structures.

According to the quantitative analysis, almost 0.5% of
long term CldU retaining new born cells at the lateral Corpus cerebelli
regions of the subpallium (L3) expressed the maturaye did not nd CldU-DCX double labeled cells in CCb-mol 1
neuronal marker THC after a 180 day chase. The fractionor 7 days after CldU administration, even though DCX processes
of CldU labeled cells that also expressed TH reachegere abundantatthe CCb-mol (running parallel to the certel
almost 1% and more than 1.5% of the total amountsurface in the medial-lateral direction) and the Purkinjdlisie
of CldU labeled cells at the caudal (L2) rostral (L1ljayer (running parallel to the cerebellar surface in the raist
Table 1). caudal direction; Supplementary Figure 7).
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FIGURE 7 | Neuronal differentiation in the rostral subpallium at 90 de after after four daily injections of CldU demonstrated bgo-localization with TH.(A,B)
Confocal microphotographs of the subpallium at the regionsndicated by the dotted rectangles in the panoramic views fsets). Co-localization is demonstrated by TH
and CldU labeling of a single confocal plane and the overlayf ®oth images (A,B). Co-localization is also con rmed by thex-z and y-z orthogonal projections of 16
confocal planes, every 0.5mm (A% or 45 confocal planes, every 0.5mm (B%. Arrows indicate neuronal processes of a newborn neuron. Sale bars: (A,B) 20 mm;
(A°BY 5 mm; insets 100 mm.

Thirty days after CldU administration, scarce CldU labeledcells had round to ovoid nucleus surrounded by a thick
cells at the CCb-gra also expressed HuC/HuBlg(re 11A). cytoplasmic halo without cellular processddglres 12A-D.
These double labeled cells were small, with an ovoid drikewise, CldU label retaining cells also expressing HUC/HuD
polygonal nucleus and granular CldU labeling of varied isign ~~ with round morphology were found at the ventral region of
surrounded by a thin polygonal cytoplasmic hakiqure 11B. the TS. Double labeled cells showed a round morphology
Double labeled cells were intermingled with a myriad of(Figures 12E,F.

HuC/HuDC cells of the CCb-gra. One hundred eighty days after CldU administration, derived

Double-labeled CldU-HUC/HuUD cells with similar labeling cells were mainly grouped at the SPV and SAC layers at about
characteristics were found at the CCb-gra $ig(res 11C,&  100mm from the rostral portion of the dorsal-medial region
and 180 days (data not shown) after CldU administration. of the TeO proliferation zone (asterisk iRigure 13A). Some

Purkinje and/or eurydendroid cells show a marked expressioof these cells expressed HuC/HuD (arrowsHigures 13A-Q.
of HuC/HuD but did not showed co-localization with CldU at Conversely, most of CldU labeled were not displaced from

any of the chases studied. the ventro-lateral region of the tectal proliferation zone
(arrow in Figure 13D); few others were located quite far
Tectum opticum and torus semicircularis from it (double arrows in FigUreS 13D,5 Some of these

Similar to the CCb, we did not nd double labeled Cldu- long term CldU label retaining cells also expressed HUC/HUD
DCX newborn cells in the TeO at any of the chases studiedFigure 135.
even though bundles of DCX processes were abundant beneath!n the ventral region of the TS, long term CldU labeled cells
the dorsal-medial tectal proliferation zone (Supplementaryvere distributed in and extended zone with numerous double
Figure 8). CldU-HuC/HuD labeled cellsRigures 13D,F,G.

Ninety days after CldU administration, long term label
retaining cells also expressed HuC/HuD at the deepeElectrosensory lateralline lobe
layers of the caudal pole of the TeQrigure 12. Double Unlike other brain regions, very scarce CldU long-
labeled cells were found in all dorsal-ventral extension oferm label retaining cells were found at the caudal
the stratum periventriculare (SPV), and in lesser densityegion of the ELL 90 Kigures14A,B or 180
at the boundaries between stratum album centrale (SAC)Figure 14Q days after CldU administration. Some of
and stratum griseum centrale (SGC). Most double labelethese cells with a thin fusiform to ovoid cytoplasmic
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FIGURE 8 | Neuronal differentiation in the rostral subpallium at 180ays after four daily injections of CldU demonstrated by coskalization with TH.(A) Maximal
intensity projection of 15 confocal planes taken every 2am at the rostral subpallium.(B) x-z and y-z orthogonal projection of 25 confocal planes, every 2nim,

con rming the co-localization of CldU and TH in a cell at the rgion indicated by the dotted rectangle in(A). (C) Co-localization of TH and CldU is also con rmed by
the overlay of the sequentially acquired channels of a sirgplane. Scale bars(A) 100 mm; (B,C) 5mm.

halo were located at the GCL, near the boundarieshe shape and size of their nuclei. Cortical application of
with  adjacent layers, also expressing HuC/HuDNeurobiotin labeled many cells with small round, ovoid, or
(Figures 14 A A%9800 99, polygonal soma, at the CCb-gra at both chase durations,
Considering the quantitative data from all the analyzedeven far from the site of tracer application. Note that
brain regions (OB, TeO, TS and CCb), 50% of long termthe site of injection is not visible in the topographic
CldU retaining new born cells expressed HuC/HuD 90images of Figures 15A,B and thus is located more than
days after CldU administration (range: TS: 33,33—CCh200mm from the soma of the Neurobiotin labeled cells.
57,14). The fraction of double labeled cells increased uphis indicates that the tracer was incorporated into the
to almost 80% in the TS and TeO after 180 day chasaxons or end terminals of the labeled cells at the CCb-

(Table 1). mol and retrogradely transported up to the cell's soma and
perisomatic dendrites at the CCb-gra. This, as well as the

Neuronal Differentiation in the CCb Evidenced by known histoarchitectural organization of the Cb, further

CldU and Neurobiotin supports the identi cation of these cells as granule cells.

Repetitive CldU administration allowed the long term Many long term CldU retaining cells were labeled with
retention of CldU in numerous cells at the CCb-gra, bothNeurobiotin (Figures 158BSB® Supplementary Video 2,

90 (Figure 15A) and 180 days Kigure 158 after thymidine indicating that the newborn cells acquired the mature
analog administration. These derived cells probably cpwed ~ granular morphology in 90 days. Also indicates that these
to granule cells, both because of their location, as well @ewborn granule cells very probably were incorporated into
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FIGURE 9 | Neuronal differentiation in the caudal olfactory bulb at 1Bdays after four daily injections of CldU demonstrated by docalization with TH.(A) Topographic
confocal image of a frontal section of the caudal olfactory blb. The rectangles indicate the locations at which higher@ver confocal images were acquired
(B,BO,C,C(b. Images corresponding to both channels of a single confocal lane and the overlay at the regions indicated by the dotted kangles in(A) are shown in
(8,C9. (B') x-z and y-z orthogonal projection of 22 confocal planes, evey 1mm, con rming the colocalization of CldU and TH in the same celas in (B). Scale bars:
(A) 50 mm; (B-C") 5mm.

FIGURE 10 | Neuronal differentiation in the rostral olfactory bulb at80 days after four daily injections of CldU demonstrated by @ localization with TH.
Microphotograph at the region of the rostral OB indicated byhe rectangle in the inset in(A). (B) Higher power images of both channels and the overlay of the ggon
containing a cell of interest at the region indicated by the atted square in the inset in(A). (C) Maximal intensity projection of a stack of 17 confocal plang every 0.5
mm. The rectangle indicates the location of a cell which co-kealization was demonstrated byx-z and y-z orthogonal projections of the same stack(CY as well as each
channel and overlay of the sequentially acquired channels a single pIane(Cog. Scale bars: (A) 20 mm; (B, Inset inA) 100 nm; (B,CO§ 5 mm.
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TABLE 1 | Quantitative analysis of neuronal differentiation in ther&in of adultG. omarorum.

Brain region 90 days 180 days
ClducC Double % N Clduc Double % N

TH OB (L1) n.d. n.d. n.d. 434 7 1.61 1

OB (L2) n.d. n.d. n.d. 317 3 0.94 1

Subpallim (L3) 419 2 0.47 1 n.d. n.d. n.d. 1
HuC/HuD OB (L1) 51 26 50.98 1 n.d. n.d. n.d.

TeO (L4) n.d. n.d. n.d. 519 403 77.65 2

TeO (L5) 88 43 48.86 1 n.d. n.d. n.d.

TS (L4) n.d. n.d. n.d. 142 124 87.32

TS(L5) 18 54 33.33 1 354 253 71.46

CCb (L4) 140 80 57.14 1 n.d. n.d. n.d.
Nb CCb (L4) 727 6 0.82 1 373 34 9.11 1

Newborn cells retaining CldU after 90 or 180 days chases and co-expssing CldU and tyrosine hydroxylase (TH) or HuC/HuD, and newborn celtstaining CldU after 90 or 180 days
chases and retrogradely labeled with Neurobiotin (Nb) were quanti eth 1-4 z stacks of sections corresponding to the studied levels (intermediatefattory bulb, OB; L1, caudal OB,
L5 subpallium; L3, intermediate and, caudal tectum opticum (TeO, L4, and3); intermediate and caudal torus semicircularis (TS, L4, and L5), andstral corpus cerebelli (CCb, L5) of
four specimens of G. omarorum. Results are expressed as the total amouf CldU labeled cells (CIdWT), double labeled cells (Double), and as the fraction of long term CldU label
retaining cells that also express one of the neuronal markers or we retrogradely labeled with Neurobiotin (%).

FIGURE 11 | Neuronal differentiation in the corpus cerebelli at 30, 9(and, 180 days after four daily injections of CldU demonstrad by co-localization with
HuC/HuD. (A) Low power microphotograph at the region of the corpus cerebdli. The dotted rectangle indicates location of a double ladled cell, as illustrated by the
microphotographs of each channel and the overlayB) in the inset in(A). (C) Higher power image of a stack of 25 confocal planes, every 0.5m. The rectangle
indicates the location of a cell which co-localization was eémonstrated by thex-z and y-z orthogonal projections of the same stack(C') as well as each channel and
overlay of a single plan({CO(?. Scale bars: (A) 20 mm; (B, Inset inA) 100 nm; (B,C") 5 mm.

the local cerebellar circuit and might be already functiona DISCUSSION

Conversely, Purkinje cells were also labeled with NeutobbBut
not CldU. Adult neurogenesis, whether involved in protracted postnatal

The fraction of CldU CCb-gra labeled cells that weredevelopment of parts of the brain, the persistent addition of
retrogradely labeled represented almost 1% and more thafeW neurons (constitutive neurogenesis), cellular turnpwer

9% after chase durations of 90 and 180 days, respectivdl}e regeneration after injuryGrandel and Brand, 20)3s a
(Table J). widespread process in the animal kingdom, from the most
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FIGURE 12 | Neuronal differentiation in the tectum opticum and torus smicircularis at 90 and 180 days after four daily injectionsfdCldU demonstrated by
co-localization with HUC/HuD.(A) Maximal intensity projections of confocal microphotograps of a z stack (20mm, every 0.5nmm) at the caudal pole of the tectum
opticum (TeO) and torus semicircularis (TS). The dotted reangles indicate location of two regions of interest obserd at higher magni cation in(B,E). Double
labeling of tectal cells(B,C,Co,D) was con rmed by the microphotograph of each channel and of theoverlay (C) as well as thex-z and y-z projection of two stacks
(CO,D). Double labeling of toral cells is demonstrated iifF) by microphotographs of each channel and of the overlay of theegion indicated by the dotted rectangle in
(E). Scale bars: (A,B,E) 50 nm; (C,C°D,F) 5mm.

primitive species in which the nervous system rst evolved taerio (Adolf et al., 200§ 7 days in the TEL, TeO, and
diverse vertebrate radiations. Cb of N. furzeri (Terzibasi et al., 20)2 15 days in the
Though adult cell proliferation was studied in teleostOB and TEL ofD. rerio (Adolf et al., 2005 Almost 50%
(Rahmann, 196Bsoon after the discovery of adult neurogenesif the total amount of proliferating cells di erentiates into
in mammals byAltman (1962) only few species of the numerous neurons at 270-744 days chasesDn rerio (Zupanc et al.,
teleostean radiation have been studied. Even fewer are tR€05; Hinsch and Zupanc, 200though a great variation
teleost species in which adult neurogenesis was demorstrat@mong brain regions exists. A high and variable proportion of
Remarkably, proliferating cells give place to newborn neuronadult brain cells expressing HUC/HuD i®. mossambicusas
in a period as short as 24 h after BrdU administration indemonstrated 100 days after BrdU administratioreles et al.,
several brain regions (OB, TEL, TO, TL, and Cb)afstrolebias 2012.
(Fernandez et al., 2011; Rosillo et al., J0psobably related G. omarorum brain develops rostro-caudally; as
to the short duration of their life cycle. In all other studie morphogenesis develops, the widespread distribution of
teleost species, longer chases are necessary for the deationst larval brain proliferating cells is progressively reduced but
of neurogenesis: 3 days in the dorsal telencephalorDof persist in several ventricular and extraventricular proétén
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FIGURE 13 | Neuronal differentiation in the intermediate region of theptic tectum and torus semicircularis at 90 and 180 days aftefour daily injections of CldU
demonstrated by co-localization with HUuC/HuD (A,B) Low power microphotographs at the dorsal-medial and ventrilateral border of the tectum opticum (TeO) and
dorsal region of the torus semicircularigTS), rostral to the caudal pole The dotted rectangles indicate the location of three regiomof interest observed at higher
magni cation in (B,E,F), respectively. Double labeling of tectal cell§B,C,E) and toral newborn cells(F,G) was con rmed by the overlay of each channelC) and xy and
zy orthogonal projections a stacks. Scale bars(A,B,D,F) 20 mm; (B, Inset inA and D) 100 nm; (C,E,G) 5 mm.

zones up to adulthoodlfbarne and Castelld, 2014; Olivera- Adult G. omarorum Brain Proliferation

Pasilio et al., 2094 In the present work we deepened the Zones are the Source of Long-Range

study of the migration process (particularly at the rOStralMigratory Streams

telencephalon and OB), and demonstrate the di erentiationaccording to the chase and the brain region, newborn cellewer
into the neuronal phenotype of newborn cells generated ifound close to the proliferation zones from where they origéna
telencephalic, mesencephalic, and rhombencephalic proliderat or at increasing distances from their boundaries. At 7—18pxd
Zones. survivals after CldU administration we evidenced wide-riagg
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FIGURE 14 | Neuronal differentiation in the caudal pole of the electr@nsory lateral line lobe at 90 and 180 days after four dailyjections of CldU demonstrated by
co-localization with HUC/HuD.(A-C) Low power microphotographs of frontal sections at the lateal-caudal border of the electrosensory lateral line lobe.le dotted
rectangles indicate the location of double labeled CldU-HG/HuUD newborn cells as evidenced by the overlays of sequentiy acquired images(A%-C% and orthogonal
projections of stacks(AO(,’CO(?. DNL, deep neuropile layer of ELL; DFL, deep ber layer of ELIGCL, granular cell layer of ELL; PCL, pyramidal cell layer BLL; mol,
molecular layer of ELL. Scale barstA—C) 50 mm; (A°A%980c0c09 5 pm.

migrating cells with thin and elongated nuclei (usuallyansely Even though the rostral migratory stream was rst
stained with CldU) surrounded by thin elongated cellulardemonstrated in mammalsi(tman, 1969, a similar mechanism
process of diverse lengths, typical characteristics of riigya of cell proliferation at the wall of the telencephalic venticl
neuroblasts. Other cells had round to ovoid nuclei, withrgrar  and collective cellular migration was also demonstrated in
or di use CldU staining, indicative of cells that already eba@d birds (Goldman and Nottebohm, 1983; Nottebohm, 2002;
their nal location. Barnea and Pravosudov, 2Q;l7and only recently identi ed
No proliferation zone was found at the rostral region®f in D. rerio (Adolf et al., 2006; Grandel et al., 2006; Pellegrini
omarorumOB. Despite that, the OB was progressively populatedt al., 200y, and supported byex vivoimaging byKishimoto
by CldU labeled cells at chase durations from 7 to 180 days. et al. (2011) The generality of this process among teleost
Considering that the nearest proliferation zone was foundvas suggested b@livera-Pasilio et al. (2014and supported
at the ventricular lining of the rostralmost region of the by Lasserre (2014)n the phylogenetically close teleoS.
telencephalic ventricle (adjacent to the caudal portion of OBmarorumand byRosillo et al. (2016in Austrolebias charrya
and the rostral portion of the subpallium), we inferred thaigh a Cyprinodontiforme phylogenetically very distant from the
is the main source of OB newborn cells. Taking into accounformer teleosts. Consistently, here we showed that the ICL
the location of CldU labeled nuclei at the three telencemhaliand dorsal-medial zone of the OB @&. omarorumcontains
levels studied as a function of chase duration, we propose rastral-caudally oriented cellular processes that are reacti
three-step migration process. First, a medial-lateral migra to DCX. This microtubule associated protein is expressed by
from the proliferation 1b to adjacent regions of the subpalliummigrating neuroblasts during developmeriiréncis et al., 1999
and caudal OB; second, a caudal-rostral migration along thep to adulthood in the telencephalon of mammal§i¢eson
ICL and the dorsal-medial zone of the caudal and rostral OBet al., 1999; Lim et al., 200#cluding the rostral migratory
nally, a radial migration to populate other layers of caudalstream on humansyVang et al., 2001 and birds Boseret et al.,
and rostral levels of OB. This resembles the rostral migyato 1997. In our knowledge DCX was only demonstrated in the
stream from the telencephalic ventricle to the OB described itelencephalon and mesencephalon the teleNsthobranchius
mammals. furzeri(Terzibasi et al., 20)2
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FIGURE 15 | Neuronal differentiation in the corpus cerebelli at 90 and80 days after four daily injections of CldU demonstrated bya-localization retrogradely
transported Neurobiotin.(A,B) Low power microphotograph of frontal sections at the corpuscerebelli (CCb). The dotted rectangles indicate the locatn of double
labeled newborn cells nearby the boundary between molecuta CCb-mol) and granular (CCb-gra) layer of the CCEA), or within CCb-gra (B). The double labeling
was con rmed at higher magni cation by the microphotographs of each channel and the overlayiAo,BO,Bog as well as by the 3-D visualization as shown in the
Supplementary Video 2 . Scale bars:(A) D 20 nm; (B, Inset inA) D 100 nm; (A2B2B%Y D 5 nm.

Nevertheless, other authors demonstrated local proliferati rostral subpallium and caudal OB to the surrounding subpallial
zones at super cial layers of the OB i@. auratus Barbus cell masses, as indicated by the distribution of CldU labeledei
meridionalis Cyprinus carpio,and Salmo gardneri(Alonso  (Supplementary Figure 3), similar to the ndings@fandel et al.
et al., 198y Oreochromis mossambic(§eles et al.,, 20)2 (2006)in D. reria

A. leptorhynchugZupanc and Horschke, 1995and D. rerio Other outstanding proliferation and migration processes
(Zupanc et al., 200%and local migration between layers of the occurred in the Cb of adultG. omarorumas newborn cells
OB. migrated along relatively large distances in all cerebdilasions

Our results also support a simultaneous process of radiglCCb, VCb, and EG) as they relocate from one cerebellar layer
migration of newborn cells from the proliferation zone negrb to another. There, the migration process involved an almost
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complete shift of newborn cells between cerebellar layers ithis chase, other newborn neurons expressing HuUC/HuD were
a period of 30 days after CldU administration, as previouslyocated laterally to the subpallial proliferation zone, ostrally,
shown in the Cb of this Qlivera-Pasilio, 20)4and other at the ICL of caudal OB. Longer chases were required for
teleost speciesA( leptorhynchusZupanc et al., 199@ rerio.  newborn neurons expressing HuC/HuD to reach the ICL
Zupanc et al., 2005; Kaslin et al., 2009 auratus Delgado and of the rostral OB, supporting a long-range migration from
Schmachtenberg, 20]Q. mossambicus$eles et al., 201andM.  the telencephalic ventricle. Strikingly, CldU-HuC/HuD ddab
rume Radmilovich et al., 20)6According to the distribution of labeled cells reached more than 50% of newborn migrated3tlls
DCX cellular process in the CCb &. omarorumthe migration days after CldU administration. To our knowledge, this has no
process of new born cells may involve displacements in thieeen reported before, since most of previous studies comdinin
medial-lateral direction along the CCb-mol (as shownknslin - HUC/HuD and thymidine analog retention to demonstrate the
et al.,, 200y as well as in the rostral-caudal direction in the di erentiation into the neuronal phenotype in the OB failed,
ganglionic layer, not described previously. either to identify cells expressing HUC/HuDZ(jpanc et al.,
Shorter range or less numerous migration processes009 or the co-localization of HUC/HuD and the thymidine
were found in other mesencephalic (TeO and OT) andanalog Adolf et al., 200§ or nd very few double labeled cells
rhombencephalic brain regions (ELL) involved in multimodal (Grandel et al., 20060nly the quantitative results ¢finsch and
and electrosensory information processing. The migratiorzupanc (2007support a 30% fraction of BrdU labeled cells also
process of newborn cells in the TeO®f omarorumappearedto expressing HUC/HuD after chases between 446 and 656 days.
occur mainly from the caudal pole of the tectal proliferatiomeo On the other handAlonso et al. (1989not only found a
toward almost all tectal layers as well as from the dorsoiaded proliferation zone in the wall of the telencephalic ventricle o
edge of more rostral zones of the tectal proliferation zonds Th ventricular recess but also another at the outer limitingalgli
involves both the addition of newborn cells to the dorso-na¢d membrane and the olfactory nerve ber layer Gf. auratus
edge to the tectal proliferation zone, and the displacement d8. meridionalis C. carpio,and Salmo gairdneri Super cial
older cells to adjacent caudal parts of the TeO in the ventroproliferation zones at the primary olfactory ber layer and/dre
lateral direction as demonstrated i@. latipes(Alunni et al., glomerular layer of the OB were also found in other tele@t (
2010, C. auratus(Raymond and Easter, 198&8nd D. rerio(Ito ~ mossambicusieles et al., 201A. leptorhynchusZupanc and
et al., 201)) andN. furzeri(Terzibasi et al., 20)2Consistently, Horschke, 1995D. reria Zupanc et al., 200Q5hat give rise to
a net of DCX process lies benedt omarorumdorsal-medial newborn cells that migrate toward the inner cell layers. Only
tectal proliferation zone. in O. mossambicuswas shown a high proportion of newborn
cells originated from the super cial proliferation zone ofeh
. . OB expressing HUC/HuDTeles et al., 20)2All these ndings
Neurogenic Potential of Adult ~ G. omarorum  gyggest that there are marked interspeci ¢ di erences in tite s
Brain Proliferation Zones of generation, the paths of migration and fate of newborn cells.
After long term chases, the nuclei of most derived cells lost A step forward in the process of neuronal di erentiation was
the typical appearance of migrating cells as they reacheslidenced by the expression of a more cell specic neuronal
their target brain regions. Nuclei acquired a rounded shapenarker: TH, the key step-limiting enzyme of the catecholagnin
with heterogeneous distribution of loosely and densely pdckesynthesis pathway. TH rst co-localize with CldU at a chase
chromatin, frequently showing a carriage wheel arrangemerof 90 days in newborn neurons located within or nearby the
of compacted chromatin, as evidenced by thymidine analogubpallial proliferation zone. At 180 chase duration (similar
labeling. This indicates that these cells are already irptbeess to CldU-HUC/HuD double labeled cells), CldU-TH cells were
of cell di erentiation that was con rmed by the demonstratio found further away from the proliferation zones, both in the
of the expression of early or mature neuronal markers, or thenedial lateral direction (reaching the MOTF and Vc) and in
retrograde transport of Neurobiotin by long term CldU label the rostral caudal direction (reaching the ICL of caudal and
retaining cells. rostral OB). This is coincident with the results @randel
Even though at short chases (1 or 7 days) some derivest al. (2006)and Adolf et al. (2006)in D. rerig though in
cells had the aspect of migrating neuroblasts; most of thesg. omarorumit was not a rare nding. Conversely, according
cells do not express the early neuronal marker DCX, with théo our quantitative data, newborn catecholaminergic newso
exception of few cells nearby the ventral zone of the telereleph reached 0,5% of migrated newborn neurons of the subpallium
proliferation zone 1b, similar taN. furzeri (Terzibasi et al., 90 days after CldU administration, a gure that was duplicated
2012. Conversely, 7 days were su cient for the expression ofand triplicated at caudal and intermediate regions of the @B a
HuC/HuD by CIdU label retaining cells nearby the subpallialthe longest chase studied (180 days). The population of nawbor
proliferation zone, indicating their dierentiation into tB catecholaminergic neurons was not homogeneous, but showed
neuronal phenotype. Some newborn cells nearby the ventriculanorphological characteristics corresponding to di erent e
surface of the subpallial proliferation zone express DCX at & the process of cell maturation (from migrating neurobkast
chase duration of 30 days, a slightly longer time intervanth to multipolar granular cells). According to the morphology
observed in mammal hippocampuEdmpermann et al., 2008 and location, double labeled CldU-TH newborn cells of the
andN. furzeri(Terzibasi et al., 20)ZThis and their morphology OB of G. omarorumcorrespond to granule cells of the ICL
indicate that they correspond to migrating neuroblasts. Atas shown in other teleost®icentrarchus labraxBatten et al.,
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1993 D. reria Byrd and Brunjes, 199%and Solea senegalensis projections to the CCb-mol. Similar, though quantitativehych
Rodriguez-Gomez et al., 200Bowever, this is not coincident less frequent results were obtainedAnleptorhynchs (Zupanc
with the distribution of catecholaminergic neurons in thd8@f et al., 1995 and D. rerio (Zupanc et al., 2005by “ex vivd
A. leptorhynchugSas et al., 1990D. rerio (Adolf et al., 2005  retrograde labeling of granule cells with dextran- uoresce
andD. labrax(Sebert et al., 200@s in these species TH positive We did not identify double labeling of any of the other
cells are almost absent in the ICL and more abundant in oute€b cell types. Finally, unlike the CChb, we did not observe
layers. double labeled CldU-Neurobiotin granule cells in the ELL,
According to our results and, it takes 30 days for newborfscel even though Neurobiotin application to the lateral line nerve
of the CCb-gra to express the early neuronal marker HuC/HuDrendered abundant trans-synaptic labeled granule cells(dat
indicating their di erentiation into granule cells. This wmilar  shown).
to D. rerio but either much longer Grandel et al., 20Q6or In summary, the results of this work conrm the spatial
shorter Kaslin et al., 2009chase durations were reported, or distribution of adultG. omarorunbrain proliferation zones, and
even absence of double labeling of CCb-gra newborn cells evéhe migration paths of newborn cells from the proliferation zsn
at very long chase durationg(panc et al., 2005Conversely, in  to their nal locations, particularly at the rostral telengealon,
Austrolebiasa 1 day chase is enough for co-localization of BrdUTeO, TS, and CChb. Our results are compatible with a rostral
and HUC/HuD (Fernandez et al., 20).1These di erences may migratory stream of newborn cells from a proliferation zone
be due to variations in the sensitivity of immunohistocheadi  at the rostralmost end of the telencephalic ventricle towdrel t
procedures, or in the process of cell dierentiation becauseostral and caudal OB. We also demonstrate widespread and
of dierences in the durations of life span as arguedrelatively frequent neurogenesis inthe telencephalongaliiom
before. and OB), mesencephalon (TeO and TS), and rhombencephalon
More than half of newborn CCh-gra cells express HuC/HuD(CCb and ELL) of adulG. omarorumThese ndings contribute
in G. omarorumat 90 day chase duration, a value that amplyto support the widespread distribution of brain proliferation
surpass the fraction of CCb new born celldnrerioat 446-656 zones and their neurogenic capacity B. omarorum an
day chases (2,4%, according to the numbers of BrdU and Brdlnimal model suitable to assess the functional signi cance
HuC/HuD double labeled cells reported biinsch and Zupanc, as well as comparative analysis of adult neurogenesis. Our
2007. results also contribute to support the phylogenetically conser
HuC/HuD is also expressed by tectal and toral newborrfeature of adult neurogenesis. Considering the rough shityla
neurons but requiring longer chases (90-180 days).Din in distribution of brain proliferation zones among teleost
rerio, double labeled BrdU-HUC/HuD newborn neurons werespecies studied up to date, the dierences in the neurogenic
found nearby the proliferation zone of the TeQZupanc capacity between the same regions among teleosts suggest
et al., 2005; Grandel et al., 200@he cortical organization di erences in the intrinsic/extrinsic factors modulatingth cell
of the TeO and the distribution of newborn neurons in proliferation and neurogenesis, which is the topic of ongoing
almost all its width, suggest the coordinated migration ofresearch.
cohorts of newborn cells of various phenotypes. The fraction

of TeO double labeled cells here found in ad@t omarorum AUTHOR CONTRIBUTIONS

also largely exceeds the values [h rerio according to
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. . . Supplementary Video 2 | Newborn neuron in the corpus cerebelli of adulG.
The Supplementary Material for this article can be foundomarorum. The video corresponds to an animation obtained with Fluogiv from a

online at: http://journal.frontiersin.org/article/10389/fnins.  stack of confocal images obtained from a frontal section oftte corpus cerebelli

2017.00437/full#supplementary-material (CCb) processed for the immunohistochemical detection Cld (red) and
histochemical demonstration of Neurobiotin (green). Nota the right of the
Supplementary Video 1 | Newborn neuron in the olfactory bulb of adulG. animation a double labeled newborn neuron, correspondinga the cell shown in
omarorum. The video corresponds to an animation obtained with Fluogiv from a Figure 15B , as well as other single labeled Neurobioti@ or CldUC cells. Online
stack of confocal images obtained from a frontal section oftte caudal OB available at: https:// gshare.com/s/af3f18ae8aea51d80bZ.
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