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SUMMARY mm. From these data it is possible to conclude that
motoneurone recruitment in the trout spinal cord

We previously found a linear relationship is down-regulated at the F stage. Afterwards, we

between the cross sectional myotomal area and theund that motoneurones increase in size to meet

motoneurone number in the growing trout duringthe growth of their target myotomal muscle.
postlarval stages. These neurones increased in

number until a fish length of 150 mm, which
prompted us to examine how motor neurones are&NTRODUCTION
recruited afterwards to meet the growth of their
target myotomal muscle. Adult brain structures in the trout are well char-
Young adult (260 mm in length), fingerlings (F, acterized (Nieuwenhuyst al, 1998), but large
120-170 mm), fry (Fr, 70 mm) and eleutherem-gaps in this knowledge exist regarding trout brain
bryos (Es, 20-30 mm) of rainbow tro@rcorhyn-  morphogenesis during postembryonic through to
cus mykisswere employed in this study. PCNA adult stages. Proliferation is a central dynamic
immunohistochemistry was used for monitoringfeature of the developing brain and its develop-
the proliferative activity in the epithelium of the mental regulation stands at the foundations of
spinal cord central canal. This activity was quanti-building a particular brain phenotype. Compara-
fied as the number of PCNA labelled cells for eacttive research on adult brain has led to the conclu-
spinal cord section. In Es and Fry, a mean value dfion that there is a basic neural proliferation pat-
3-5 labelled cells for each section was found withtern common to all vertebrates, including teleost
a sharp decrease in young F (120 mm long). Aftefishes (Northcutt 1995; Wullimanat al, 1996;
this fish length, it was not possible to quantitative-Nieuwenhuyset al, 1998; Wullimann 1997) and
ly evaluate the proliferative activity at the centraldeviations from these common patterns of prolif-
canal. However, labelled cells were seldom founcration can be recognized and related to the gen-
in the spinal cord sections until a fish length of 26Ceration of specific brain phenotypes.
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In all mammalian species examined sq farst  MATERIALS AND METHODS
natal neurogenesis is either completely absent
(Rakic, 1985) or is observed in only very few brainAnimals
regions, with the number of newly born cells being Rainbow trout Oncohynchus mykigsvere sup
extremely low (Altman, 1962, 1963, 1969aAlt:  plied by a local fish farm (ARSIAL, Regione
man et al, 1965; Mareset al,1974; Bayer at Lazio, Rome).Young adult (260 mm in length) ,
al.,1982; Kaplaret al, 1983; Corotteet al, 1993; fingerlings (F 120-170 mm in length), fry (F70
Lois et al, 1993, 1994; Goulét al, 1998).As a mm in length) and eleutherembryos (Es, 20-30
consequence, replacement of neurones lost asnam in length) of rainbow trout were employed in
result of neurodegenerative disease or injuries s study Three or more animals were examined
usually impossible in the adult mammalian brainfrom each of these stages. Fish were collected
These limitations contrast with the enormousoVver a two year period (Jan 1997-Jan 1999) at one
potential of teleost fish for neurogenesis and-gliomonth intervalsThe experiments were performed
genesis during adulthood. Earlier studies in thes@S S00n as the animals arrived in the laboratory in
vertebrates indicated that the capability to produc@9reement with the European Union regulation

new neurones and glial cells, as well as the abilitﬁor:cem”_‘g ][he protegtlonl of experrllmentgl -a_n;]
to regenerate neural tissue after injuries, is very'ais- Animals were deeply anaesthetized wit

; ; ; .1% tricaine methane sulfonate (MS222, Sigma
pronounced and, in at least a few brain region ; . : : L
persists over long periods of life (Johns, l977St. Louis, USA) and fixed either by transcardial

- - - - perfusion[teleost Ringes solution followed by
Meyer, 1978).This proliferative capacity parallels 4% paraformaldehyde in 0.1M phosphateféuf

the enormous ability of fish to regenerate axonia;PB), pH 7.3 or by immersion in Bouin fluid (fry

zngte?]/egft\:avrh?:?u?izgr%?elene:rn?e?](tegl}ralinn deur:;/gél nd eleutherembryonic stages). Spinal cords from
y J P y perfused animals were dissected out under the

lesions (Meyeet al, 1985;Waxmanet al, 1986; stereomicroscope and left in cold fixative for three
Stuermetret al, 1992). more hours.

Previous papers have established evidence for thgyqje specimens (Es and Fr) and dissected
continuous production of nerve cells in vVariousgnina| cords were then processed to perform-histo

areas of the teleost brain beyond the embry_om&,gicau and immunohistochemical techniques.
stages of development (Zupanc, 1999 for reviewagier fixation, trout specimens were dehydrated
Wullimannet al, 1999;Van Nguyeret al, 1999)  and embedded in pafaf before they were cut
using BrdU or PCNA(proliferating cell nuclear transversely on a rotary microtome ai@. See
antigen) immunohistochemistry to label proliferat tjons were mounted bi-serially on glass slides-cov
ing cells. Howevemo data have yet been reportedered with poly-L-lysine (Sigma-Aldrich, Milan,
for the fish spinal cordWe started, therefore, to |taly). One series of slides from each trout stage
examine postembryonic neurogenesis in the-rainyere stained with haematoxylin eosin (H.E.)
bow trout Oncohynchus mykigsspinal cord. before they were dehydrated and coverslipped
Trout belong to a continuously growing species ofvith Entellan (Merck, Darmstadt, Germany).

fish, in which the formation of new muscle fibres

continues well into adult life (Koumanst al, = PCNA Immunohistochemistry

1995).We consequently supposed that the increaseDeparafinized and rehydrated mounted sections
in the number of peripheral motor elements aravere washed in PB, pH 7.2 and treated sequentially
supported by a concomitant increase in the numben a solution of 3% bD: in methanol for 15 minutes
of central neuronal elements involved in the physto inactivate endogenous peroxidases;Tiiton
iological control of the associated muscle activity0.3% in PB for 5 min, and in normal horse serum,
with a continuous recruitment of new nerve cellsNHS, 20% in PB, for 1 houfhe sections were then
In a previous paper (Alfet al, 1984) we report incubated with the primary antibody (anti PCNA,
ed an increase in the number of spinal motenelPC10 moAb mouse IgG Sigma, 8825 (1:1000
rones in the trout and related this to the growinglilution in 1% NHS in PB) overnight af@. After
axial muscle size. washing three times in PB with 1% NHS, the-sec
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tions were incubated with biotinylated horse-anti-standard errors (SD). Studentt-test statistics
mouse secondary antibody (1:100 in PB/1% NHSvere used to evaluate the individual variability
Vector Laboratories, Burlingame Calif. USA) for within each growth class.

1lhour at room temperature (), followed by 1.8%

avidin bound peroxidase complex (ABC-Kitec

tor), 30 minutesAfter washing twice inTris-HCI ~ RESULTS

buffer, pH 7.6 (5 minutes each), the sections were

processed for visualization of peroxidase activity by Myotomal area at the two examined levels- cer
using 0.05% 3-3'diaminobenzidine tetrahydroehlo vical and caudal, gradually increased at Es (20-30
ride (DAB) with 1% nickel-sulfate and 0.01% mm) and Fr (70 mm) stages with a sharp incre
hydrogen peroxide in 0.05% Mris-HCI bufer ~ment after the F (120 mm) stage (Fig.1A).
(Sigma-Aldrich). Slides were then dehydrated andMyotomal areas of smaller size were always
coverslipped using Entellan (Merck, Germany) ~ observed at caudal level (Fig. 1A).

The specificity of the immunostaining was tested Using H. E. staining, it was possible to observe
in all cases by replacement of the primary antiserurif’® morphology of the central canal and of the
with immune horse serum alonghese control SPinal motoneurones (Fig. 2). In 20 mm long Es,
experiments completely abolished the immunoreadN@ny mitoses were seen in the epithelium lining

tion in all spinal cord regions. Sections were viewedn® central canal but only few téfentiated
on a Leitz Laborlux microscope (LeiéG, Heer motoneurones were observed. During the next
brugg, Switzerland) and photographed. ' stages, the number of lifentiated motoneurones

increased (Fig. 2, B, C). Numerous principal (P)
and secondary (S) motoneurones were seen in

At adult and F stages, dissected spinal cords we ch spinal cord section at cervical and caudal lev
cut into 10 mm pieces at cervical and caudal leve" Howevey after the fish length of 120 mm, the

els. Cervical level was located behind the pectorig‘Otoneurone number for each section decreased

: . . ut their size was much er (Fig. 2D, E, F) .
fin correspondlng to the sixth vertebra and ventra During larval stages (Es, fry and 120 mm long
motor roots 6-7; caudal level was located in th

. ! ), many PCNAabelled cells were seen in each
middle of the tail peduncle (ventral roots 45-46).Sé(:,[ion gf the cervical (Fig. 3) and caudal spinal

: : : Yord (Fig. 4) in the epithelium lining the central
stained with H.E., were used for measuring e "ang as migrating cells in the dorsal, lateral

myotomal area. Eight contiguous sections Were,q yentral funiculiThe mean values of labelled
analysed in each level as a function of the fishues for each section in the epithelium of the-cen
length by means of an image analyzer (Quantimet g canal were significantly higher at early larval
Leica) (Fig. 1A). _ stages (30 mm - 60 mm) and at cervical level
In whole specimens, the length of cervical andyhere a mean of 3,5 labelled cells for each section
caudal spinal cords was obtained by dividing th§yas found (Fig. 1B)At caudal level, a lower
length of the entire spinal cord by three. In all thegmount of proliferating cells for each section was
specimens, PCNAabelled cells at cervical and always found (Fig. 1B)At these stages, it was
caudal levels were counted in all the spinal corghossible to observe with high reproducibility a
sections contained in the corresponding area. Imaximum of labelling in the middle of each spinal
each spinal cord section, PCNabelled cells in  segment (data not shown). Numerous labelled
the central canal epithelium (EC) were countedhuclei were also seen at the level of the myotomal
(Fig. 1B). The number of PCNAabelled cells for muscle (Fig. 5A, B).
each section was estimated by dividing the total After the fish length of 120 mm, in coincidence
number of labelled cells by the number of sectionsvith a sharp myotomal area increase, and until the
contained in 10 mm of cervical and caudal spinahdult stage of 260 mm, the labelling at the central
cord (adult and F) or in the estimated third of thecanal was still present at the two levels considered
spinal cord length (other stages). Data were statibut always with very low values and not in every
tically evaluated and expressed as means with thesection, which made it di€ult to quantify (Fig. 3,

Quantitative analysis
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Fig. 1- A) Myotomal area size as a function of tro0n¢ohynchus mykigdength;B) PCNAlabelled cells in the epithelium
lining the spinal cord central canal (mean vali&D) as a function of the fish length.
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4) . On the contrapyt these stages, many prolifer (cycling cells) as opposed to quiescent cells- Fur

ation zones were seen in the brain, at ventriculathermore, we must consider a possible overesti

and peri-ventricular locations (in preparation).  mation of cycling cells on the basis of the paper by
Ino et al. (2000). Howeverwith PC10 immune
histochemistry we obtained lower values for-pro

DISCUSSION liferating cells than we expected@hese results,
and the specificity of cell locations, should be
PCNA immunohistochemistry appropriate for showing proliferation zones in the

The cytological presence of PCN#considered developing fish spinal cord.
a reliable marker of proliferative activity in normal
and pathological tissues (Braev al, 1981; Fair  Proliferation in the spinal cord
manet al, 1990;Yu et al, 1992; Casascet al, Few papers exist on the distribution of postnatal
1993); it functions as a co-factor of DN#oly-  proliferation zones in the brain of adult fish (see
merased and is necessary for DNi&plication and  Zupanc, 1999, for review), while no data exist so
repair in proliferating eukaryotic cells (Jaskulski far for the fish spinal cord.
al., 1988; Liuet al, 1989; Baseya, 1991; Chest In the present study we have found that a recruit
al., 1996). ment of new cells from the central canal, former
In recent years, PCNAnmunohistochemistry in ly acting as a germinal zone from which neurob
fish tissues has been widely used for monitoring, folasts and glioblasts are originated during embry
example, proliferating cells in goldfish retina onic stages, occurs in the trout spinal cord at all
(Negishiet al, 1990; 1991), proliferating myosatel the stages considerethe proliferative activity at
lite cells during myotomal muscle growth of carpthe caudal level was found to be lowprobably
(Alfei et al, 1994) and postembryonic neural pro in relation to the smaller size of this body section.
liferation in the zebrafish forebrain imannet  However the proliferative rate at the cervical and
al., 1999). Howeverwith this method, the nucleo caudal levels becames very low after a fish length
plasmic PCNATraction (Braveet al, 1987) remains of 120 mm.
detectable also in the other phases of the cell cycldn an earlier paper we analyzed the relationship of
after formaldehyde-based fixation, as used in outhe spinal motor pool to its et muscle during
study This fraction increases through G1, peaks apost-larval growth in the trout (Alfedt al., 1989)
the G1/S interface and decreases through G2-(Mowhich we demonstrated to be lin€Hnis is possible
ris et al, 1989). In longeterm quiescent cells, because of the segmentajanization of fish spinal
PCNA is below the detection level (Brawd al, cord (Westerfield et al, 1986) by which each
1987;Yu et al, 1992).This is apparent in Inmuno motoneurone possesses a single axon that exits via a
histochemical investigations using the PC10-antisingle ventral root. Furthermore, spinal segments
body in various normal tissues, where labelled cellappear to correspond with muscle segments.
are only present in the germinal centeragéénet  Myotomal muscle growth proceeds by two mecha
al., 1990;Yu et al, 1992; Casascet al, 1993). nisms: hyperplasia, by which humerous new fibres
The expression of PCNRas recently been stud are added; and hypertoplioy which existing fibres
ied in the brain of adult and developing mice byincrease in sizeThese myotomal muscle growth
Ino et al. (2000). They found that in the cortical phases have been recorded for rainbow trout
neuroepithelium of developing mice the immuno (Oncohyncus mykigswhere hyperplasia is the
reactivity of PCNAwas more widely distributed main growth process up to 200 mm, and hypertro
than that of the more specific 19F4 antibody anghy assumes increasing importance until it becomes
PCNA mRNA expression.According to these the only growth process at approx. 60 cnegiier
authors, the PCNArotein recognized in neurons ley et al, 1980; Stickland, 1983\eatherleyet al,
only with PC10 antibody may be a modified form,1989).As a result of this long lasting recruitment of
most probably a phosphorylated PCNA. new fibres due to the hyperplastic modality of
Thus, in this paper we cannot make any statememyotomal muscle growth in the post-larval fish, we
about proliferative cells in the S-phase, but onlyexpected to see the persistence of high proliferative
about growing cells with a proliferative potential activity in the epithelium of the spinal cord central
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Fig. 2 - Photomicrographs of troubficothynchus mykigsspinal cord 1Qum microtome cross sections at caudal level stained

by H. E.A) In mm 20 long Es, two dividing cells (arrow heads) in mitosis are easily recognizable in the ependymal epithelium
surrounding the central canak]. Few motoneurones are fifentiated in the ventral horn regions (arroj).In mm 30 long

Es, numerous direntiated principalR) and secondarnysj motoneurones are seen in the ventral horns. In contrast to the previ
ous stage, many nuclei belonging to glial cell precursors (radial glia, astrocytes and oligodendrocytes) are locateldtin dorsal
eral and ventral positions. Mauthner axons (MA) are observed ifasbiEulus longitudinalis mediali€) In mm 70 fry the
numerous Rnd S motoneurones in the ventral horns and the dorsaldigrndurons are further dérentiatedD) In F of mm

140, Pmotoneurones decrease in number for each section but appegep&laeThis same trend is found i) the spinal cord

of the mm 260 adulitage in which few lg'e Pmotoneurones are observed in each sediipAn enlagement of the previous
microphotograph shows very ¢gr Pmotoneurones around the central canal. Scale bargn250A; 50Qum in B-F.
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Fig. 3- Photomicrographs of troubpcothynchus mykigsspinal cord §m microtome cross sectionsarvical level, stained
by theABC method using moAb PC10 directed against PCNAEs mm 20 long. PCNAabelled nuclei are located in the
ependimal epithelium lining the central carad) (@and in the dorsal hormlf) cells.A few labelled cells are observed in tae
eral andventral funiculi A similar pattern is observed alsoBj) mm 30 long EsC) In mm 70 long frya high proliferative rate
is observed in the epithelium surrounding the central cdfew labelled cells are also observed in the dh and ilatieal and
ventral funiculi.In the next stages mm 140 long®)(mm 170 long FE) and mm 260 long adu(F), only few labelled cells
are observed in the central canal and not in each section. Scale bpre:A®0
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Fig. 4 - Photomicrographs of troubficothynchus mykigsspinal cord 81m microtome cross sectionsaudal level, stained
by theABC method using moAb PC10 directed against PCAAhis level of the spinal cord , in the mm 20 long B%, (nm

30 Es B), mm 60 fry C) and mm 140 F), the same pattern of PCNabelling is observed as in the cervical spinal cord lev
el of the same agec= central canalgh= dorsal hornMA = Mauthner axon. Scale bar: 268 in A; 50Qum B-D

optic tectum in the Medak®(yzias latipexs a morphological  Nieuwenhuys R., Donkelar H. ten, Nicholson C.Bie cen
and molecular study with special emphasis on cell proliferatral nervous system of vertebrates. Springarlin Heidet
tion. J. Comp. Neuro#13 385-404, 1999. berg NewYork, 1998.
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Fig. 5- Photomicrographs of troubficohynchus mykigs8 um microtome cross sections (mm 30 Es) at the level of the dorsal
fin, stained by théBC method using moAb PC10 directed against PCAPAt this stage, not only many labelled cells are
observed In the spinal cord but PClgésitive cells are also found in the myotomdy/) and dorsal finfj) musclesB) At larg-

er magnification, many labelled cells in the myotome can be identified as myosatellite cells (arrows). In this sectidmgno labe
is found in the red muscl®(). Scale bar: 500m.
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