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Abstract migrations such as known from salmon or eel. As
regards gonad weight and the gonado-somatic index
Early puberty affects in particular males in(GsI; gonad weight expressed as percentage obthb t
commercially farmed European fin-fish speciespody weight), increases are observed in severaiepe
resulting in reduced growth and feed conversiom afrom ~0.1% in prepubertal animals or in adults ofit
the potential problem of unwanted genetic impacts ahe reproductive season, to ~10% in males and ~25%
wild stocks. Controlling photoperiod can be anetfee  females, upon reaching full maturity. Next to the
way to prevent early sexual maturation. Combiningdverse effects on growth, sexual maturation in
national and international resources provided teams aquaculture production facilities can result in amted
to embark on a research program to improve OWenetic impacts on natural stocks, via the reléase
knowledge on the mechanisms of pubertal testihe environment of fertilized eggs, or via escapees
development in a number of finfish species, inalgdi (Jonsson and Jonsson, 2006). Finally, in many saithho
the Atlantic salmon. In addition to its appliede‘lﬂnce, Species’ such as in the Atlantic Sa|mﬁfa|(n0 Sa|a)"
a study aiming to elucidate how the initiation ofthe life cycle is characterized by a juvenile pdria
spermatogenesis is regulated in a vertebrategeméral  freshwater, followed by the main somatic growthiger
interest. We report here that exposure of previousin the marine environment, and a subsequent, spawni
immature male salmon to constant light (LL) staytin gssociated migration back into the freshwater
shortly after the winter solstice reduces the ienite of environment. In addition to the energetic requiratse
male puberty from 100% to 60%. In the 40% of an-ﬂ’nalof migration per se the Osmoregu|atory system is
where entrance into puberty was blocked, histolgic adjusted — under the influence of sex steroid hoese-
analysis of testis tissue indicated that an evemeto tg moving between a hyper- (marine) and hypo-osmoti
level of activity results from LL exposure thanfeaind  (freshwater) environments. Since salmon aquaculture
in testes of animals before entering puberty. ;180% sijtes are situated in seawater, the maturationcisd
of males maturing under LL treatment, testifoss of osmoregulatory capacity in seawater brings
development was significantly accelerated compaoed apout animal welfare problems, including high miitsta
the control group exposed to natural light (NL).nde, if kept is in seawater throughout maturation (Tgem
photoperiod manipulation of puberty generate3993). Taken together, sexual maturation entaitnge

experimental groups with diverging states of testigf problems that compromise sustainability aspeéts
development that are excellently suited to study thaquaculture biotechnology.

endocrine regulation of testis development (e.qg.
circulating hormone levels; hormone and hormon
receptor gene expression in hypothalamic, pitujtang
testis samples).

Brecocious puberty is a male-biased phenomenon

Having said this, it becomes patrticularly urgent to
deal with a problem that is observed with many iggec
when introduced into aquaculture with feed levéiat t
allow rapid growth, namely the precocious stafferty.

In cultured cod and salmon, for example, puberty is
Introduction observed 1-4 years earlier than in feral animats (f
example Godg and Moksness, 1987; Svastat], 1996).

In many finfish species introduced inThis phenomenon is particularly relevant and oleskrv
aquaculture, the process of sexual maturation adlyer rather early during ontogenesis in males in theseiss,
affects somatic growth since energy resources apeobably related to the lower energetic requireseit
shifted from growth-related to reproductive proesss male compared to female gonad maturation. In contex
The impact of this shift is reflected by the largewith the above-mentioned problems brought about by
increases in gonad weight during sexual maturation puberty, in salmon this can lead to the loss ohrgd
many seasonally reproducing fish species, or Ikyroportion of males before the animals have reached
considering the energy demand of extended spawningarketable size (Hansetal, 2000).
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Previous work has shown that although The fact that testis weight stays low in light-
restricted feeding can reduce the incidence dfihibited animals suggests that the undiffererdiate
precocious puberty, the negative effect on growtiitd  spermatogonia populating the prepubertal testisnalo
the feasibility of this approach in both salmon aod proliferate and differentiate, in contrast to thoséestis of
(e.g Thorpeet al 1990; Thorpe, 1994; Karlsest al, control animals that do undergo puberty. Investigathis
1995). A more effective means showing fewer sidexperimental model therefore is not only of potdnti
effects seems to be the exposure of animals tdiaddi practical use for aquaculture biotechnology, but is
or continuous light starting around the winter Soésin  interesting from a basic research point of viewgcssiit
the case of Atlantic salmon (Tarangtral 1991; 1998; allows studying a model, in which an environmentall
Hansenet al 1992; Oppedakt al 1997, Porteet al  relevant cue (photoperiod in this case) can moeluwatia
1999). However, the response of the animals tot ligithe endocrine system and its messenger molecules —
treatment shows unpredictable elements: Theesticular activity such that a testis containing
percentage of males inhibited to enter pubertyegari predominantly undifferentiated spermatogonia can be
between years and sites, and different salmonnstraiinduced, or inhibited, to switch to spermatogonial
can show different response tendencies (Taragigal, proliferation/differentiation. Given the evolutioya
1999; Endakt al, 2000). conservation of many signaling cascades, this model

may provide interesting results for vertebrategeéneral,
Endocrine aspects of male puberty and the initatsé6  and allows bridging different levels of biological
spermatogenesis integration, from ecology (photoperiod, availailiof

food), via organismal/cellular physiology

Similar to the situation in other vertebrates{endocrine/paracrine signaling), to the role of seeger
also in fish the brain-pituitary system is the reast molecules in modulating cellular developmental patys.
control unit for reproductive processes, including

puberty (Schulz and Goos, 1999; Okuzawa, 2002). It Materials and methods
appears reasonable to assume that light-induced
modulation of the pubertal activation of this systevia In order to work on this approach, national and

the pineal organ and/or the lateral eyes, eventuall international resources have been bundled to stppor
conveyed to neuroendocrine neurons producingsearch program with the initial aim to generaseteof
gonadotropin-releasing hormone (GnRH). Ensuingnalytical tools for a number of finfish specietevant
changes in pituitary follicle-stimulating hormoriéSH) in aquaculture. This has involved the cloning ofRBh
and luteinizing hormone (LH) release will changeeceptor and pituitary gonadotropin subunits geares
Sertoli and Leydig cell activities, respectivelgsulting development of respective real-time quantitative
in changes in testicular physiology. This was shamn polymerase chain reaction (rtgPCR) assays; the set
recent reports on the GnRH, gonadotropin and amarogup/adaptation of immunoassays for circulating
levels in male sea badli¢entrarchus labrax)..) during gonadotropic and sex steroid hormones; the cloaim
normal and photoperiod-manipulated entry into ptyber pharmacological characterization of gonadotropid an
(Rodriguezet al, 2004; 2005). However, little is known sex steroid receptors, again including the deve&gm

in fish — as in other vertebrates — about exacthatw of respective rtqPCR assays to quantify gene
processes are targeted by, for example, FSH amdpression. Following tool generation, they ard/\vé
androgens in the testis, or how the gene networls aused analyzing samples from animals exposed to
organized that respond to these endocrine sigeifier photoperiod regimes that modulate the timing of emal
in Sertoli cells, or — possibly after triggeringr®di cell  puberty (see below). Development and charactevizatf
paracrine signaling — in germ cells. Next to thbasic these tools will be described in detail elsewhérke
research questions requiring attention, detailemainder of this contribution deals with a trialwhich
information is also missing as regards the effaxfts male Atlantic salmon were exposed to a photoperiod
light treatment on salmon spermatogenesis. Mostatment known to modulate entrance into puberty.
studies so far have recorded testicular weightther

presence of readily releasable sperm as parameldght treatment and sampling

reflecting testis developmene.¢ Endalet al. 2000),

but no information is available on the timing of Previously immature salmon were maintained
spermatogonial proliferation or entry into meiodis;  in sea cages at the Institute of Marine Researditré\
example, or the effects of light treatment thereoNorway) under ambient light conditions (NL; 61°N9 1
Clearly, morphological, physiological, and moleculamonths until the start of the trial (January 200&hen
data on the timing and regulation of the developmlen the animals had been in seawater cages for 18 month
processes constituting (precocious) puberty on thend were 3 years old (January 2004). An initialtcmn
testicular level are required to generate a basisyhichto sample was collected on January 8, 2004. Starting
design protocols that will allow a better predidtgbof  February 1, half of the animals were exposed to
treatments aiming at controlling puberty. additional constant light (LL), while the other hal
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remained under NL conditions. Samples were thefollowing  classes: 0] predominantly  early
collected at 4 time points: February 18, MarchA@ril  spermatogonia, (i) regular presence of late
25, and June 11. In June, maturation was cleasiplei spermatogonia, (iii) presence of spermatocytes) (iv
in all males of the NL group and the experiment wagresence of spermatids; (v) presence of sperm.
terminated. In subsequent trials (not reported )here
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maturing animals were moved in June from sea cages Results
(marine environment) to a freshwater environment to
imitate entrance into rivers during the spawning In the start control sample (Jan 8) an average

migration (required in context with the maturation-GSI value of 0.05 £+ 0.01 was recorded in the maies.
induced change of osmoregulatory capacity). Ithe 2% sampling 6 weeks later (Feb 18), 2.5 weeks after
freshwater, a further, major increase in testisgiwei the start of exposure (Feb 1) of half of the fisi.L, we
occurs towards full maturation in spawning animalsiecorded a split in both, the NL and the LL groups.
reaching GSI levels ca. 5 times above those redorde About half of the males in both groups showed GSI
maturing males in June. values of at maximum 0.05 (see Fig. 1; 4 of 9 atsrma
For tissue and blood sampling, the fish wer¢he NL group designated Nl,; 4 of 10 animals in the
netted from the cages, immediately anaesthetizeéd wiLL group designated Lk,), similar to the level
6ppt metomidate (Syndel, Victoria, B.C., Canada)ecorded in January, whereas the remaining animals
weighed (total body weight), blood (5 ml) was coled  showed significantly higher GSI values of at le@€t7
in heparinized syringes from the caudal veins anand were assigned to groups designate8Nar LL""
gonads excised and weighed. The gonado-somatig indespectively; this separation was confirmed by
was calculated as: GSI (%) = gonad weight (g) *100 histological analysis (see below). A similar sitaat
total body weight (g). Tissue samples were eitheck- was recorded in March, although the difference betw
frozen in liquid nitrogen and then stored at —808€, the subgroups showing low or high GSI values,
fixed for different purposes. For routine histolog)i respectively, was more pronounced than in February
analysis, a testis tissue fragment was fixed insphate (Fig. 1). Analysis of the April and June samples
buffered 4% paraformaldehyde and 2% acetic acid, amevealed that in the NL group, all males except ione
dehydrated and embedded in paraffin wax, accortting April had been recruited into maturation. In LL-esed
conventional techniques; 5 um sections were staindigh, on the other hand, the light treatment blakctestis
with hematoxylin and eosin. growth in ca. 40% of the males, while in the rerdain
The progress through spermatogenesis wasf LL-treated males, testes weight increased t@ltev
recorded by identifying the furthest progressedocbbf  significantly higher than those found in the matgri
germ cells and assigning the animal to one of th@nimals of the NL group.

1.5- # %
) CJrFeb 18
EMar 19
1.0 EEApr 25
9p) ) ElJun 11
© 4/10
0.59 49 2/8
3/12 4/9 479
0/12
NL o NL "igh LL 1o

TREATMENT / testis weight group

Figure 1. Fish were exposed to normal light (NL)constant light (LL) starting February 1, and sasdpét the
indicated dates. The numbers indicate the incidefceaturation: the first digit gives the numbermwin-maturing
males, the second digit the total number of matekia sampling date; *significant difference (p&®, ANOVA
followed by a Fisher least significant differencest) to the respective Nl or LL,, group, # - significant
difference to the respective K" group.
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In general, spermatogenesis in fish (andlone that is accompanied through the differergesanf
amphibians) takes place in cysts within the semipifis spermatogenesis by its associated group of Sertoli
tubules. The spermatogenic cysts form when Sertalells. To accommodate the increasing number of
cells enclose a single primary spermatogonium (Bydn germ cells, the cyst-forming Sertoli cells proldié,
1993). The germ cells derived from a single primarin particular during the spermatogonial phase (&chu
spermatogonium then divide synchronously tet al, 2005). Spermiation, the release of mature germ
constitute an isogenic germ cell clone that is boed cells by Sertoli cells, is achieved by breakingl-cell
by the cytoplasmic extensions of a single layer afontact between Sertoli cells to open the cystshsu
Sertoli cells. Hence, in cystic spermatogenesBeroli that cyst lumen and lumen of the seminiferous
cell is usually in contact with only a single genall  tubules unify.

I-SG
“ I-SG
Lu Lu
N
SCn*
e-SG
\ SO e
A Figure 2. Hematoxylin-stained, 5-pum sections from
Atlantic salmon testis. A — Salmon testis from "L
group sampled February 18, showing signs of maturat
* such as late spermatogonia (I-SG) next to early
spermatogonia (e-SG); Sertoli cell nuclei (SCn) farend
6-SG in the periphery of the tubules but also amonggéem
* $ A cells (SCn*). B — Salmon testis from j). group sampled
<sC o March 19, showing early spermatogonia as
P e predominant/only germ cell type, while Sertoli celiclei
are mainly found in the periphery of the seminifeso
* tubules that do not show lumen formation; asterisk
0-SG indicates a cluster of Sertoli cell nuclei. C —rBah testis
x €SG from LL"" group sampled June 11, showing in addition

to spermatogonia many spermatocytes (SpC)in differe
stages of the first meiotic prophase but also noor

B spermatids (SpT); apoptotic (Ap) cells were obserire
all rapidly growing testes. Bar = 25 um.

SpC
SpT
SpC
e-SG %
Ap —
SpT
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Histologically, the main difference betweenwould be interesting to investigate if relieving 1L
animals that just started to mature and those stilthibited males from the light exposure would allow
immature was the ratio between early and latdhese males entering puberty, and if discontinmatib
spermatogonia, the latter being more prominentr aftéL exposure at different times between winter and
initiation of maturation in animals assigned to Mig"®"  summer solstice would result in different effects.
group (Fig. 2A). Early spermatogonia are large scell Worthy of note was the coincidence of the
occurring singly or in pairs or small groups, shogvi proportion of maturation in the NL group in Feb (4
little heterochromatin, a single nucleolus, and #@mmature and 5 maturing males) and the maturational
relatively large but pale cytoplasmic area. Lateesponse to LL treatment where, overall, in 40% of
spermatogonia are smaller cells, occur in groups, amales testis development was arrested, while 60%
show more heterochromatin and a more darkly stginirdisplayed an accelerated testis growth, entry into
cytoplasm. The maturing testes also showed beginnimeiosis, and presence of postmeiotic cells. It doul
of lumen formation in the seminiferous tubules. Arappear that at the period when day length is at the
interesting difference was recorded between maies annual minimum, males can be in one of two
the NL group that did not yet start to mature (&mio  physiological conditions: a condition that preverasd
Fig. 2A but with less late spermatogonia) and males a condition that allows, responding to LL exposhye
the LL group where maturation was blocked (Fig..2B¥apid pubertal maturation.

The latter animals, constituting the L) group, were Our future work is directed to two main aims.
characterized by the very low number/absence @&f latn the first instance to improve our knowledge be t
spermatogonia and by the localization of many $iertaregulatory background of modulating testis matorati
cells nuclei in the periphery of the seminiferoubules with regard to the identity and function of hormaoore
close to the basement membrane, such that theliSergrowth factor target genes responsible for shuttiogyn
cells’ nucleoplasm formed a dark ring that surrcathd or accelerating testis development. Secondly, in a
pale, undifferentiated, large spermatogonia. Insé¢he broader sense, we wish to characterize the elerttemtts
testes, we also found groups of apparently inactivenstitute the physiological conditions enablinthei a
Sertoli cells with their nuclei clustered ratheos# to maturational, or an inhibitory response of the vidlial.
each other, indicating that the cytoplasmic volumas These aims will be approached initially by examinin
small (Fig. 2B). The main difference between maigri candidate gene expression in brain, pituitary, &sts
animals of the NI'" and LL"" groups, respectively, tissue samples, by quantifying circulating hormone
was the earlier (already in the April 25 sampliray) levels, and by further morphological analysis o€ th
more frequent (in the June 11 sampling) appearahce developmental processes in the testis. In the hoimg

postmeiotic cells (Fig. 2C) in the ["€" group. specific, well-characterized individuals  will be
examined by large-scale gene expression analysis, f
Discussion example applying the GRASP 16k cDNA microarray

(http://web.uvic.ca/cbr/grasp/von Schalburget al,
The present trial confirmed that exposure to L12005) that is used at present in our laboratorsfodies
is a powerful means to modulate pubertal developmean the skeletal system.
in first time maturing male Atlantic salmon (Oppéda
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