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><((((> Abbreviations

Abbreviations

AF Annulus fibrosus

ALP Alkaline phosphatase

BMP Bone morphogenetic protein

CLA Conjugated linoleic acid
Col1a/l2a/10a  Collagen type 1a/2a/10a

DHA Docosahexaenoic acid

Dpf Day degrees post fertilization

EPA Eicosapentaenoic acid

FGF Fibroblast growth factor

GH Growth hormone

HSC Haemopoetic stem cell

Hsp Heat shock protein

lhh Indian hedgehog

ISH In situ hybridization

VD Intervertebral disc

M-CSF Macrophage colony stimulating factor
Mef2c Myocyte enhancer factor 2c

MMP Matrix metalloproteinase

MSC Mesenchymal stem cell

NP Nucleus pulposus

OPG Osteoprotegerin

PCNA proliferating cell nuclear antigen
PGE,, Prostaglandin E2

PTHrP Parathyroid hormone related protein
PUFA Polyunsaturated fatty acid

QPCR Quantitative polymerase chain reaction
RANKL Receptor activator of nuclear factor kB ligand
Runx2 Runt-related transcription factor 2
Shh Sonic hedge hog

Sox9 Sex determining region Y box 9
TGF Transforming growth factor

TNF Tumor necrosis factor

TRAP Tartrate resistant acid phosphatase
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Definitions

Acellular bone - Bone that lacks the presence of osteocytes

Arch centra — Cartilage regions in the vertebral bodies connecting the neural and haemal arches
to the centra

Bone remodeling - Bone is removed (bone resorption) and new bone is added (bone formation).
Bone resorption - The process by which osteoclasts break down mineralized matrix

Cellular bone - Bone containing osteocytes

Centra - The bony structures of the vertebral bodies

Chondrocyte - Cartilage secreting cells

Chondroid bone - Tissue intermediate between bone and cartilage

Chordata - Phylum including all vertebrates

Chordablast - Cells surrounding the chordocytes in the notochord, secrete the notochordal sheath
Chordocyte - Vacuolated cells in the notochord, make up the core of the notochord

Day degrees (d°) - The sum of daily temperature, commonly used to measure the age of fish
Differentiation - The process where a less specialized cell becomes more specialized

Ectopic bone formation - Bone forming outside the area in which it is normally expected to occur.

Embryogenesis - The process by which the embryo forms and develops from fertilization of the
egg to the development of the embryo

Endochondral ossification - Bone is produced on a present cartilaginous template
Intervertebral space - The space between adjacent vertebral centra
Intramembranous ossification - Bone is formed directly without a scaffold of cartilage

Metaplasia - One differentiated cell type differentiates into another cell type, generally caused by
some sort of abnormal stimulus

Mineralization - The process where an organic substance is converted to an inorganic substance

Notochord - A rod of large cells constrained by a thick extracellular sheath, functions as the
central axial skeletal element of developing embryos

Ossification - Bone tissue formation

Osteoblast - Bone secreting cell

Osteoclast - Bone reabsorbing cells

Osteocyte - Osteoblasts surrounded by bone matrix

Osteoid - Newly formed bone matrix, not yet mineralized

Somite - Segmented tissue blocks that differentiate into skeletal muscle, vertebrae, and dermis
Somitogenesis - The process in which the somites are formed

Trans-chondroid ossification - Bone formation where chondrocytes trans-differentiate into bone
producing cells

Trans-differentiation - When a cell transforms into a different cell type or when an already
differentiated stem cell creates cells outside its already established differentiation path
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Aims of the Study

The aim of the presented study was to increase the morphological and molecular understanding of
how temperature induced spinal fusions develops in Atlantic salmon (Salmo salar). In more specific

terms, this was mainly accomplished by:

o |dentification of genes involved in the skeletogenesis of the spinal column (Paper I-1V)

e Comparing non-deformed fish exposed to two different temperature regimes, hence,
exposing differences in risk level between the groups rather than elaborating the
pathogenesis of deformed vertebrae (Paper )

e Analyzing different stages of the fusion process using radiography, basic staining
techniques and molecular methods (immunohistochemistry, quantitative real-time PCR
and in situ hybridization) (Paper Il and Ill)

e Establishing a method for in vitro studies with Atlantic salmon osteoblasts that could

further be used to analyze differentiation during different culture conditions (Paper 1V)
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Summary

Problems with spinal disorders in Atlantic salmon (Salmo salar) have been increasingly in focus
due to the importance of this species in the aquaculture industry. Until recently, the molecular
development of spinal deformities in fish has received relatively little attention and most studies
have been largely descriptive. Due to economical matters of the industry, previous deformity
studies were primarily based on radiographic findings, histological staining and field studies to
reveal factors inducing deformities. Consequently, few deformities have been explored beyond the
level of association with particular causative factors. However, accumulated studies on intensive
production regimes and incidence of deformities have been followed by more advanced studies on
vertebral development and bone biology. A better understanding of cellular and molecular events
during bone development in teleosts should enable us to better characterize the pathology, define

particular requirements and enable us to minimize the occurrence of bone disorders.

To increase the understanding of normal and pathological bone development in Atlantic salmon,
fish was exposed to two different temperature regimes from fertilization until 159 size. Fish
exposed to high temperature regimes showed a markedly higher growth rate and a significant
higher percentage of vertebral fusions than fish reared at low temperatures. The major aim of
paper |, Il and [l was to study the long term effect of hyperthermic conditions upon bone
development in Atlantic salmon with focus on pathological development of spinal fusions. Analyzing
non-deformed vertebrae from the two temperature regimes (paper |) revealed that the increased
risk of developing vertebral fusions was linked to a down-regulated transcription of genes involved
in production and mineralization of extracellular matrix components. Furthermore, morphological
changes in the arch centra identified chondrocytes with a distorted maturation pattern and an
increased zone of hypertrophic chondrocytes. The data presented indicate that production of both
bone and cartilage is disrupted when fast growth is promoted. Paper Il and Ill were devoted to
characterize developing spinal fusions, hence describe typical hallmarks in the fusion process. An
intermediate and a terminal stage of the fusion process were studied at a morphological level using
radiography and histology and at a gene expressional level using quantitative real-time PCR, in situ
hybridization and immunohistochemistry. In paper Il the focus was directed towards bone and
cartilage formation in the centra, whereas in paper Ill the notochord was analyzed. The

development of vertebral fusions is a dynamic process, but as suggested in this thesis, the process
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may be summarized as four major events. First, disorganized and proliferating cells were
prominent at the vertebral growth zones and in the notochord. The marked border between the
osteoblast growth zones and the chondrocytic arches became less distinct, as proliferating cells
and chondrocytes blended through an intermediate zone (paper Il). Second, in situ hybridization
visualized that proliferating cells in the intermediate zone co-expressed mixed signals of
chondrogenic and osteogenic markers, suggesting a metaplastic shift in these cells (paper Il). A
similar shift also occurred in the notochord where proliferating chordoblasts changed transcription
profile to be more osteogenic (paper Il and Ill). Third, as the pathology progressed, the notochordal
sheath stretched and a thinner and more fragmented elastic membrane was detected (paper IlI).
Immunohistochemistry further revealed that the structural organization in the notochordal sheath
was altered upon development of vertebral fusions. Fourth, ectopic bone formation was found in
the arch centra and in the intervertebral regions (paper Il). The formation of ectopic bone indicated
that the metaplastic shift in proliferating cells led to cells capable of producing mineralized matrix.

The major aim of paper IV was to develop an in vitro system for Atlantic salmon
osteoblasts so that problems related to bone development could be more specifically targeted.
Unspecialized primary cells from Atlantic salmon white muscle differentiate in osteogenic medium
to osteoblasts-like cells. The cells changed their morphology from elongated to become more
cobblestone, started expressing osteoblast specific markers and stained for Alkaline phosphatase
during the differentiation period. The differentiated cells were further used to study the effects of
two factors that influence bone formation in Atlantic salmon under commercial farming conditions;
elevated temperature and polyunsaturated fatty acid composition. The in vitro response showed
resemblances with in vivo findings, supporting that we had succeeded in differentiating the
precursor cells to become osteoblast like cells.

Through the work presented in this thesis we have added knowledge to both normal and
pathological development of the Atlantic salmon vertebrae. Most markers for bone and cartilage
development had not previously been described in Atlantic salmon. The defined markers can be
used to investigate how the progression of skeletogenesis is modulated by a variety of factors and
reveals the potential use of gene transcription profiling as a prognostic approach in aquaculture.
Moreover, Atlantic salmon has shown to be comparable to mammalian models used in revealing

the complex pathology involved in the development of spinal malformation.
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Sammendrag

Problemer med deformerte ryggvirvler hos Atlantisk laks (Salmo salar) har veert stadig mer i fokus
pa grunn av dens betydning i oppdrettsneeringen. Inntil nylig har den molekyleere utvikling av
ryggdeformiteter i fisk fatt relativt lite oppmerksomhet og de fleste studier har i stor grad veert
deskriptive. Basert pa gkonomiske hensyn har tidligere studier primeert vaert basert pa a avdekke
spesifikke utlgsende faktorer som induserer deformiteter. Til dette har man benyttet
forskingsverktay som rgntgen, histologi og feltstudier. Studier av intensive produksjonsregimer og
forekomst av misdannelser har etter hvert blitt fulgt av mer avanserte studier av ryggvirvelutvikling
og benbiologi. En bedre forstaelse av cellulzere og molekyleere mekanismer i benutviklingen hos
teleoster vil gi oss et bedre grunnlag til & forsta patologien, bidra til & definere spesielle behov og
dermed minske forekomsten av skjelettdeformiteter.

Malet med artikkel I, Il og Il var & studere den langsiktige effekten av hyperthermi pa benutvikling
hos Atlantisk laks med fokus pa patologisk utvikling av fusjoner. Det ble gjennomfart et
eksperimentelt forsgk hvor fisk ble eksponert for to ulike temperaturregimer fra befruktning frem til
159 starrelse. Fisk utsatt for hay temperatur viste en langt hgyere vekstrate og en betydelig hayere
andel av vertebrale fusjoner enn fisk som hadde blitt utsatt for lave temperaturer. Ved & analysere
ikke-deformerte virvler fra de to temperaturregimene viste det seg at den gkte risikoen for a utvikle
fusjoner var knyttet til en nedregulert transkripsjon av gener involvert i produksjon og mineralisering
av ekstracelluleer matriks (artikkel ). Det ble ogsa funnet at rask vekst forstyrrer produksjon av
bade ben- og bruskdannelse. Morfologiske analyser av bruskomradene viste at chondrocytene
hadde et forandret modningsmgnster og en gkt sone av hypertrofe chondrocyter. Dataene som
presenteres viser at rask vekst forstyrrer produksjon av bade ben- og bruskdannelse. | artikkel Il og
Il ble typiske utviklingstrekk i fusjonsprosessen beskrevet. Et intermediaert og et terminalt stadium
av fusjonsprosessen ble studert morfologisk ved hjelp av rgntgenundersgkelser og histologi og pa
et molekyleert niva ved hjelp av kvantitativ real-time PCR, in situ hybridisering og
immunohistokjemi. | artikkel Il var fokuset rettet mot ben- og bruskdannelse i virvlene, mens i
artikkel Il ble notokorden analysert. Utviklingen av vertebrale fusjoner er en dynamisk prosess,
men som foreslatt i denne avhandlingen kan prosessen oppsummeres i fire store hovedmomenter.

For det farste observerte vi uorganiserte og prolifererende celler i vekstsonene pa toppen av
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virvlene. Grensen mellom osteoblast- og chondrocytomradene ble mindre tydelig ettersom de
prolifererende cellene blandet seg og dannet en overgangssone (artikkel Il). For det andre viste in
situ hybridisering at disse prolifererende cellene uttrykte bade chondrogene og osteogene
genmarkgrer, noe som tyder pa et metaplastisk skifte i disse cellene (artikkel II). Et tilsvarende
skifte oppstod ogsa i notokorden der prolifererende chordoblaster forandret transkripsjonsprofil til
en mer osteogen fenotype (artikkel Il og lll). For det tredje ble notokordskjeden strukket og den
elastiske membranen som omgir notokorden ble tynnere og mer fragmentert ettersom patologien
utviklet seg (artikkel Ill). Immunohistokjemi avdekket videre at den strukturelle oppbyggingen av
notokordskjeden ble forandret under utviklingen av fusjoner. For det fierde ble ektopisk
bendannelse oppdaget i bruskomrader og i intervertebrale omrader (artikkel 1l). Dannelsen av
ektopisk ben indikerte at det metaplastiske skiftet i prolifererende celler farte til celler som var i
stand til & mineralisere matriks.

Det primaere malet i artikkel IV var & utvikle et in vitro system for osteoblaster fra Atlantisk
laks slik at man lettere kan studere spesifikke problemer tilknyttet benutvikling. Uspesialiserte
primeerceller fra laksens hvite anaerobe muskler ble dyrket i osteogent medium til osteoblast-
lignende celler. | Igpet av differensieringsperioden forandret cellene morfologi fra en avlang form til
a bli mer firkantet, de uttrykte osteoblast-spesifikke markarer og farget for alkalisk fosfatase. Videre
ble de differensierte cellene brukt til & studere effekten av to faktorer som pavirker bendannelse
hos oppdrettslaks; hgy temperatur og sammensetningen av flerumettede fettsyrer. In vitro
responsen viste likheter med in vivo funn og statter opp om at vi har lykkes i a differensiere
forlgperceller til osteoblastlignende celler.

Gjennom det arbeidet som presenteres i denne avhandlingen har vi fatt en bedre kunnskap om den
normale og den patologiske utvikling av ryggvirviene hos Atlantisk laks. De fleste markgrer for ben-
og bruskutvikling har ikke veert beskrevet tidligere i laksefisk. De definerte markarene kan brukes til
a undersgke hvordan utviklingen av ryggraden pavirkes av en rekke faktorer og viser potensialet
for bruk av gentranskripsjon som en prognostisk tilngerming i akvakultur. Videre har Atlantisk laks
vist seg a veere sammenlignbar med pattedyrmodeller som brukes til & undersgke den komplekse

patologien involvert i utviklingen av ryggmisdannelser.
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General Introduction

Atlantic salmon (Salmo salar) makes up 85% of the total sale of Norwegian farmed fish, with a
production of more than 850 000 tons (Directorate of Fisheries, 2009). Compared to 425 000 tons
in 1999, the amount of produced fish has been more than doubled the last 10 years. To keep up
with the growing demand, the aquaculture industry is constantly searching for new strategies to
improve the rearing conditions and reduce production time and cost. Elevated temperature during
the fresh water period was commonly used in the 90ies to speed up developmental rate. However,
an increasing number of fish developing skeletal abnormalities was observed (Figure 1).
Recommendations limiting temperatures to safe levels, <8°C during egg rearing and <12°C after
fist feeding, led to substantial reductions in skeletal malformations [1,2]. However, in the last two
years, the start feeding temperature has been increased again, due to the stakeholders demand for
reduced production time. Further, the growing
need of replacing fish meal in commercial fish
feeds have come into focus and deformities
related to feed ingredient replacements,
malnutrition and  mineral  deficiency are
investigated. Cultured salmon is bred for rapid
growth, and the industry will aim at obtaining the
optimal growth rate by optimizing both diets and
environmental factors accordingly. It is therefore

important to  completely understand the

molecular and cellular events in bone  Figure 1. Deformed (top) and non deformed Atlantic
salmon and corresponding radiographic pictures.

development in salmon in order to deal with o 0. crete Baeverford, Nofima.

upcoming questions.

The spinal column

The vertebral column is the defining feature of all vertebrates, composed of an alternating pattern
of vertebral bodies (centra) and intervertebral regions. While centra give support and strength to
the organism, intervertebral regions provide flexibility. The notochord is found in embryos of all
chordates, being well conserved between species as the forerunner of the spinal column. However,

whereas only remnants of the notochord exist in the mammalian intervertebral disc (IVD) between
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adjacent vertebrae [3], the notochord persists throughout all life stages and throughout the entire
length of the fully developed vertebral column in many teleosts including Atlantic salmon. The
segmented pattern of the spine is established during embryogenesis when the precursors of the
vertebrae, the somites, are formed. The somites form in pairs as epitheloid blocks of cells, which
further develops into sclerotomes and myotomes (review [4]). The sclerotome loses its epitheloid
character and becomes mesenchymal, contributing to the formation of vertebral structures. The
Atlantic salmon vertebrae consists of approximately 58 vertebral bodies with neural and heamal

arches protruding from the top and bottom of the centrum, respectively [5].

The notochord

The notochord is a flexible, rod-shaped body of cells derived from the mesoderm, which defines the
primitive axis of chordate embryos [6]. In the early gastrula of teleosts, notochordal cells (the
chordoblasts) arise from the chordamesoderm during the formation of the embryonic shield, which
is comparable to the mammalian dorsal organizer [7]. Within the chordamesoderm, cells move
towards the dorsal midline, align, divide and give rise to the notochord [8-11]. The mature
notochord of Atlantic salmon consists of a core of chordocytes, a layer of chordoblasts, an acellular

fibrous sheath and an outer elastic membrane (Figure 2) [12].

Figure 2. Schematic view of the main structural
components of the notochord in Atlantic salmon.
The chordocytes (light green) a monolayer of
chordoblasts (green), basal lamina (grey),
notochordal sheath (blue) and external elastic
membrane (light blue). Revised from Grotmol et
al. 2005 [17].

The chordoblasts continue to divide throughout life in accordance with sustained notochordal
growth [12]. They further maturate into chordocytes, containing large fluid filled vacuoles which
functional role is to maintain internal hydrostatic pressure [8,10,13]. Moreover, the chordoblasts
produce the basal membrane and extracellular matrix (ECM) components of the notochordal
sheath, which in both mammals and teleosts, like Atlantic salmon, has been shown to consist of
mainly collagen (col) type 2 [14-16]. The acellular sheath and the elastic membrane surrounding
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the teleost notochord restricts expansion of the vacuolated chordocytes [17], thus generating the
hydroskeletal properties [18]. In Atlantic salmon, the notochord is absolute essential for locomotion
and stiffening of the larvae since cartilage and bone develop post hatch (around 350-500 day
degrees post fertilization, dpf) [7]. In addition to its structural role, the notochord secrete factors to
surrounding tissues and contribute to vertebral patterning during embryogenesis [19,20]. The role
of the notochord in patterning of the somites is known from several studies from chicken, mouse
and zebrafish, in which secretion of Sonic hedgehog (Shh) from the notochord appears to be
essential both for somite survival during the early somitogenesis and for induction of the
sclerotome during later somitogenesis (review [21]). In vertebrate species with limited growth, such
as humans, the notochord ceases its regulating role for vertebral development as part of the
normal ontogeny, followed by the transformation of notochordal tissue into cartilage [22,23]. In
Atlantic salmon, however, the notochord should fulfill its regulating role for vertebral body
differentiation throughout life, since salmon and other fish species do not stop growing. In salmon
and zebrafish, the notochord directly initiates vertebral development by forming the initial structural

elements of the vertebral body, the mineralized chordacentrum [17,20].

The vertebrae

Atlantic salmon spinal column is formed directly in bone, in contrasts to the formation of the
vertebrae of avian and mammalian species, which are first formed in cartilage [24,25]. Grotmol et
al. [12,13,17,26] have described four distinct layers of bone and mineralized tissue that form the
vertebral bodies in Atlantic salmon. The different layers are shown in Figure 3.

Figure 3. Schematic illustrations of the layers within the vertebral body of Atlantic salmon. Layer 1
(chordacentrum, red) forms through mineralization of the notochordal sheath; Layer 2 (intervertebral ligament,
green) a continuous, thin layer encases the entire notochord with vertebral part of the layer (green) and a part
participating in forming the intervertebral ligament (light green); Layer 3 (amphicoel, blue) the compact bone;
Layer 4 (arcosentrum, yellow) the cancellous bone of the trabeculae. Revised from Nordvik et al. 2004 [13].
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The two inner layers comprise the chordacentrum (mineralization of the notochord sheath) and the
inner layer of the amphicoel (mineralization of the intervertebral ligament), whereas the two outer
layers are deposited by osteoblasts, forming the main portion of the amphicoel (autocentrum) and
the cancellous bone of the trabeculae (arcocentrum). Throughout the early yolk-sac stage the
notochord is un-segmented with a uniform notochordal sheath of even thickness surrounded by the
sclerotome consisting of undifferentiated mesenchymal stem cells (MSCs) [17,26]. The MSCs are
situated on the external elastic membrane only interrupted by the neural and haemal arch
cartilages, which are formed around 300dpf. In teleosts in general, the development and
ossification of the neural and haemal arches precede those of the vertebral bodies [27-29]. In
Atlantic salmon and other teleosts, the segmentation process leading to formation of vertebral and
intervertebral regions starts with the formation of the chordacentra, where matrix in the outer half of
the notochordal sheath becomes mineralized [20,24,26,30]. This mineralization process starts at
approximately 680dpf in the region beneath the dorsal fin along the ventral midline on the inside of
the elastic membrane [17]. From here it proceeds towards the dorsal side in a bilateral symmetrical
manner finally forming a complete cylinder as ring-shaped acellular mineralized zones.
Differentiation of sclerotomal MSCs into osteoblasts (bone forming cells) occur outside the
chordacentra [31] and it is believed that the chordacentra regulates this differentiation process [17].
The second layer, the intervertebral ligaments, is deposited by fibroblasts on the outside of the
chordacentrum and elastic membrane of the notochord. In the region of the chordacentrum,
osteoblasts condense outside the intervertebral ligament and deposit osteoid (bone matrix) with
concentric collagen fibres orientated circularly. In Atlantic salmon, deposition of osteoid from these
osteoblasts starts around 800dpf [17]. Mineralization of the intervertebral ligament is initiated when
the external intervertebral ligament is covered with this osteoid [13]. Together, the mineralized
ligament and the autocentrum develop into the compact bone of the vertebral amphicoel. Denser
osteoblast populations are located along the cranial and caudal rims of each vertebral body,
leading to the biconid hour-glass shaped vertebra [30]. At approximately 1000dpf, formation of the
arcosentrum starts through deposition of the cancellous bone of the trabeculae. As the
arcosentrum grow through the activity of osteoblasts located along the distal ridges of the
cancellous bone, the trabeculae becomes more branched and filled with adipose tissue [12,13].
After finishing shaping the amphicoel, the Atlantic salmon vertebrae continue to grow throughout

life [13]. An overview of the mature vertebrae of Atlantic salmon is shown in Figure 4.
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Figure 4. Overview of the mature salmon vertebra.

Skeletal deformities

Deformities in the spinal column have been observed in a diverse array of vertebrates and a
number of causatives have been suggested. Spinal disorders are a major concern for human
health and often related to painful conditions [32]. Spinal lesions observed in wild animals, such as
brown bear, sandtiger shark and smallmouth bass are occasionally found and often reflect
environmental problems [33-36]. Deformities in domesticated animals like chicken, broilers, pigs
and farmed fish are recognized as a reoccurring problem in intensive production system and
represent both ethical and economical challenges for the industry [37-41]. Fish with spinal
deformities, such as salmon, trout, cod, halibut, sea bass and sea bream, do not swim efficiently,
are less capable of acquiring food, are at a greater risk of predation, are more susceptible to
physiological imbalance and are down-graded at slaughter [42]. Witten et al. [43] recently published
a survey on commonly observed vertebral malformations in Atlantic salmon which included
different grades and combinations of platyspondyly (compressions), ankylosis (fusions), lordosis
(V-shaped vertebral column), kyphosis (/\-shaped vertebral column) and scoliosis (S-shaped
vertebral column). Histological characterization of compressions and fusions have described shape
alterations of vertebral body endplates, reduced intervertebral space, transformation of
intervertebral notochord tissue into cartilage, mineralization of the intervertebral cartilage and
replacement of intervertebral cartilage by bone [44-46]. Fusion, compression and chondrogenic
transformation of skeletal tissue have also been reported from lordosis and kyphosis [47].
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Histological examinations of teleosts have further indicated cellular plasticity (like metaplastic shifts
and trans-differentiation) and development of intermediate tissues as pathological events
[44,46,48,49]. However, most deformity studies in teleosts have been largely descriptive and
primarily performed to reveal factors contributing to increased occurrence of skeletal deformities,
e.g. genetics, infections, fast growth, light regimes, vaccination, water current and quality, pollution,
malnutrition and elevated temperatures [37,50-58].

Temperature
Temperature studies showing increased risk of developing vertebral malformations have been
carried out for teleost species like sea bass, sea bream, rainbow trout, cod, halibut and salmon
[2,59-61]. However, most temperature studies have focused on teratogenic effects upon heat
shock during embryonic development and few studies have focused on the long term effect. In
several vertebrates, including Atlantic salmon, the teratogenic effect of temperature is dependent
on the developmental stage of the embryo and on the processes taking place [62]. For example,
heat shock during somitogenesis is commonly related to segmentation failure [63-65] and these
may develop into spinal fusions later in ontogeny [64]. At the cellular level, heat shock may affect
the highly ordered sequence of cell proliferation, differentiation, migration, apoptosis and gene
expression that characterizes embryonic development [62]. Osteoblasts and chondrocytes
(cartilage forming cells) are cell types producing large quantities of ECM and may therefore be
particularly sensitive to elevated temperatures, due to reduced normal protein synthesis [66,67].
However, in mammalian osteoblast cultures, heat shock seems to be dosage dependent and may
have both positive and negative effects on osteoblastogenesis [68,69]. Exposure to mild heat
shock may stimulate osteogenic differentiation and enhance mineralization, whereas long-term
treatment may result in inhibited proliferation and reduced mineralization [68-70]. Mammalian
chondrocytes are shown to be more thermoresistant than osteoblasts [71], but elevated
temperatures may interrupt their normal differentiation pattern and delay endochondral bone
formation [66]. Mammalian osteoclasts (calcified matrix resorbing cells) are also temperature
sensitive and hypothermic conditions may stimulate their activity [72].

Studies have shown that Atlantic salmon is sensitive to elevated temperatures throughout the
entire freshwater period, as elevated temperature regimes before and after start-feeding have

independently shown to induce vertebral malformations [73,74]. Moreover, temperature induced
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vertebral pathology initiated in the freshwater period may continue to develop during the seawater
rearing [2]. Whereas deformities induced late in the development by elevated temperatures may
possibly be linked to faster growth and the impact this might have on the natural maturation and

ontogeny of the vertebral bodies.

Fast growth

Conditions that accompany fast growth in farmed animals, e.g. light and feeding regimes, elevated
temperatures and breeding, are linked to increased numbers of spinal deformities [39,40,75]. Fast
growing Atlantic salmon has been shown to develop “soft” (low mineralized) bone compared to fish
with lower growth rates [76] and to have an increased risk of developing vertebral deformities
[77,78]. In fast growing Atlantic salmon, elevated muscle mass exercise pressure on under-
calcified bone that increases the mechanical pressure, which might trigger formation of
intermediate tissues and malformations [44]. Comparative studies have been performed in
commercially farmed chicken, which are the product of long-term selective breeding for high growth
rates [79]. Fast growing chicken have weaker bone structures and increased rates of skeletal
abnormalities than slower growing broilers, which reduces the bone's ability to adapt to the higher
loads induced by the increasing body weight [80]. In Atlantic salmon, however, high genetic growth
rates has not been correlated to increased rates of deformities [53]. At the cellular level, a general
trade-off between proliferation and differentiation has been suggested as a cause for delayed
skeletal development in fast growing species of birds [80,81]. It has further been suggested that
during rapid growth the time required for bone matrix to be produced and mineralized may be
reduced to a critical level [82]; hence development of a “soft” bone phenotype. This causative
relation has been suggested for fast growing under-yearling Atlantic salmon smolt that has a higher
incidence of vertebral deformities than slower growing yearling smolt [76]. Fast growing chickens
are also characterized by disturbed chondrocytic maturation [83], where cartilage do not mature
enough to ossify [84]. Overall, both bone and cartilage formation is disturbed during fast growth
and may equally contribute to weakened skeletal structures. It is however possible that
malformations linked to both elevated temperature and fast growth could be related to secondary
effects, such as alterations of nutritional preferences. Limited vitamin C make for example rainbow
trout more sensitive to elevated temperature [85] and elevated dietary mineral content may reduce

the prevalence of vertebral deformities in fast growing Atlantic salmon [86].
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Nutrition

Due to the growing need of replacing fish meal in commercial fish feeds, the use of vegetable
enriched diets has increased during the latest years. However, an increased risk of developing
skeletal malformations is linked to replacing feed ingredients. Nutritional imbalances, including
minerals such as phosphorous, magnesium and zinc, vitamins like A, C, or D and phospholipids
may contribute to an increased frequency of skeletal abnormalities (review [87]). Helland et al. [48]
suggested that high levels of phytic acid in vegetable feed ingredients may impair the availability of
essential minerals and lead to increased occurrence of hyperdense vertebrae. In teleosts, calcium
and phosphorous are the main constituents of the mineral fraction in bone. Phosphorus is mainly
absorbed through the diet, and deficiency may cause abnormally soft and malformed bones in
salmonids [88,89]. Vitamin D3 is involved in the regulation of mineral homeostasis [90,91], whereas
Vitamin C is important for collagen formation [85,92]. In both mammals and teleosts, high doses of
vitamin A have shown teratogenic effects similar to those induced by elevated temperatures
[73,93,94]. Furthermore, the diets used for farmed salmon have traditionally been based on fish oils
rich in polyunsaturated fatty acids (PUFAs) of the n-3 type, such as Docosahexaenoic (DHA) and
Eicosapentaenoic acid (EPA) and replacing fish oils with vegetable oils will reduce their
concentration in the feed [95,96]. Lipid nutrition has an important function in bone biology, as
demonstrated in several vertebrate species [97,98]. Whereas n-3 PUFAs have beneficial effects on
bone mineral density, increased n-6/n-3 fatty acid ratios may reduce bone formation in both
mammals and Atlantic salmon [97,99-102]. Recent studies on sea bass larvae have shown that the
ratios of dietary PUFAs are directly related to vertebral malformations [103]. Overall, in situations
with altered dietary mineral supply, growth may be maintained at the expense of normal bone
development. A better understanding of cellular and molecular events during bone development in
teleosts should enable us to better characterize the pathology, define particular requirements and

enable us to minimize the occurrence of bone disorders.

Cellular and molecular regulation of bone remodeling

Osteoblasts and chondrocytes are both derived from the MSC lineage [104], whereas osteoclasts
are derived from haemopoietic stem cells (HSC) [105]. MSCs may also give rise to adipocytes and
myocytes [104] and HSCs to blood and lymphoid lineages [106,107]. The key genetic factors
regulating lineage determination and differentiation of MSC and HSC are conserved among
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vertebrates at the molecular level in both sequence and expression pattern [108-111]. A complex
set of molecular pathways, in particular members of the Wnt family, bone morphogenetic proteins
(Bmps) and other members of the transformin growth factor & (TGF-R) superfamily, the hedgehog
proteins (indian and sonic), fibroblast growth factors (FGFs) and cytokines activate key
transcription factors involved in bone and cartilage development [112-115]. Bone formation may
further occur via two basic mechanisms: MSC either differentiate directly into bone producing
osteoblasts (intramembranous ossification) or by first forming a cartilaginous template secreted by
chondrocytes which is later replaced by bone (endochondral ossification) [112]. In teleosts like
Atlantic salmon, compact bone of the amphicoel and trabeculae is formed directly through
intramembranous ossification, whereas the arch centra are modeled through endochondral

ossification [116].

Osteoblasts differentiation, bone formation and mineralization

The differentiation of MSC into mature osteoblasts involves several phases, which may be divided
into three subsequent stages; commitment, extracellular matrix production and mineralization.
Each stage is characterized by expression of distinct osteoblast markers regulated by major

signaling pathways. The key markers involved in osteogenesis are shown in Figure 5.

Matrix deposition
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Figure 5. Osteoblast differentiation, maturation and key factors involved. After commitment to the
osteoblast lineage, matrix deposition starts. Mature osteoblasts are responsible for both osteoid
production and mineralization. See text for details. Redrawn from Krishnan et al. 2006 [122].
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Among the downstream targets of Bmp2 are two key regulators for osteoblasts: Runt-related
transcription factor 2 (Runx2) and the zinc finger containing transcription factor Osterix [119-121].
Estrogen and 1,25-dihydroxy vitamin D3 are among the hormones shown to increase osteogenic
differentiation via up-regulation of osteogenic growth factors, such as BMP2 [117,118].. The Wnt/R-
catenin pathway may also induce Runx2 expression in MSC [122]. Runx2 is further regulated
through phosphorylation or interactions with other transcription factors, such as the basic helix-
loop-helix (bHLH) transcription factor Twist [123]. Twist works as a negative regulator of
osteoblastogenesis by inhibiting expression of genes downstream of Runx2 [123]. Downstream
targets of Runx2 and Osterix include both collagenous (e.g. col1a and col1B) and non-collagenous
(e.g. osteopontin, osteocalcin, osteonectin, bone sialoprotein and alp) proteins, which make
osteoblasts capable of producing and mineralizing bone matrix (osteoid). Col1 is the major
structural component of bone, whereas the non-collagenous proteins binds inorganic minerals and
are involved in the mineralization process [124-127]. Collagen synthesis is dependent on vitamin C,
a cofactor participating in the hydroxylation of proline and glycine, turning pro-collagen into mature
collagen [128].. Bone matrix is first deposited as un-mineralized osteoid. A time lag where collagen
synthesis decreases and mineralization increase appears to be required for allowing modifications
of the osteoid so that it is able to support mineralization and hydroxyapatite (Ca1o[PO4]J6[OH]?)
formation [82]. Mineralization of bone occurs by deposition of inorganic hydroxyapatite crystals in
the ECM. The initiating step of hydroxyapatite formation occurs in ECM vesicles secreted from
mature osteoblasts [129,130]. These vesicles create an environment where deposition of minerals
(mainly Ca2* and Pj) occurs and hydroxyapatite is produced, a process involving proteins like
annexins and alp [131,132]. The attachment of the vesicles to bone is not well understood, but both
alp and annexin are reported to anchor to col1 fibrils [133]. Vesicle formation is followed by the
linking of hydroxyapatite crystals to ECM components [131]. Osteonectin, Osteopontin, Osteocalcin
and Bone sialoprotein all contain Ca2z* and hydroxyapatite binding properties [134-136]. As
mineralization proceeds, some osteoblasts become entrapped in bone matrix and are called
osteocytes. An important role of the osteocytes is to participate in bone mineral homeostasis, assist
in regulation of bone resorption and to function as sensors for stress and strain [137-139]. Most
teleost have acellular bone, however members of the salmonides and cyprinides (e.g. zebrafish)
have osteocytes, characterizing their bone type as cellular [140,141]. Although similar functions

may apply for teleost osteocytes, their functions have not been thoroughly studied.
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Chondrocyte differentiation and endochondral ossification

The chondrocytes undergo a synchronized process of proliferation, differentiation and maturation.
Thus, three zones can be identified in the growing cartilage: resting, proliferating and hypertrophic
zones [142]. Chondrocytes in the resting zone are irregularly scattered in cartilage matrix, whereas
chondrocytes in the proliferating and hypertrophic zones are arranged in columns [142].The key

markers involved in chondrogenesis are shown in Figure 6.
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Figure 6. Chondrocytic differentiation, maturation and key factors involved. Resting, proliferating and
hypertrophic chondrocytes are clearly visible as zones in the growth plate. See text for details.

The chondrocytes in the resting zone serves as stem-like cells in the growth plate, stimulated by
e.g. growth hormone (GH) [143]. Early differentiation of MSC into resting chondrocytes is controlled
by Bmps that induce expression of Sex determining region Y box 9 (Sox9) [144]. This transcription
factor regulates transcription of col2, the major ECM component of cartilage [145]. Noggin and
Muscle segment homeobox-2 (Msx-2) may inhibit expression of Sox9 [146,147]. The proliferating
zone is the region for active cell replication and chondrocytes in this zone are mostly devoted to
cell cycle processes [148]. When chondrocytes divide, two daughter cells line up in the axis along
the bone growth [149]. Parathyroid hormone related protein (PTHrP) and lhh appear to play
important roles in proliferating chondrocytes by maintaining cells in a proliferative condition, hence
preventing chondrocyte hypertrophy [150-152]. Chondrocyte hypertrophy is the final step of
chondrocyte maturation, regulated by the transcription factors Myocyte enhancer factor 2c (Mef2c)
and Runx2 [153,154]. After commitment to the hypertrophic state, chondrocytes start expressing
Col10 [153]. Col10 is a unique component of the matrix produced by hypertrophic cells and
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extensively used as a marker for chondrocyte hypertrophy [155]. Once hypertrophy is reached,
matrix calcification may be initiated [156]. Hypertrophic chondrocytes induce angiogenesis by
secreting angiogenetic factors such as the Matrix metalloproteinases (Mmps) [157]. Upon vessel
formation, osteoblasts and osteoclasts may enter and initiate endochondral bone formation.
Terminally differentiated hypertrophic chondrocytes may die by apoptosis (review [158]). However,
hypertrophic chondrocytes are also capable of initiating calcification processes by releasing similar
matrix vesicles as osteoblasts and it has been suggested that hypertrophic chondrocytes may
participate actively in bone formation [159,160]. Moreover, hypertrophic chondrocytes express
genes like osteocalcin, osteonectin and alp [161,162]. Cancedda et al. [163] showed that
hypertrophic chondrocytes from chicken can be induced to obtain a strictly osteoblastic phenotype
in vitro. These findings are supported by Yasui et al. [164] who suggested that hypertrophic
chondrocytes are able to trans-differentiate into osteoblasts and produce bone through a process
called trans-chondroid ossification. More than 10 different forms of cartilage and several other
tissues with histological characteristics between bone and cartilage have so far been identified in
fish [140,165]

Osteoclast differentiation and bone resorption

Both mineralized bone and cartilage is broken down through the activity of osteoclasts, cells
involved in removing damaged bone, repair mechanisms, mineral homeostasis and replacement of
cartilage with bone (review [113]). Osteoclasts provide an acidic environment where mineralized
matrix may be dissolved through secretion of cathepsins, mmps and tartrate resistante acid
phosphatase (TRAP) [166-169]. As in mammals, osteoclasts in Atlantic salmon are multinucleated
and the mechanisms involved in activation and differentiation of osteoclasts are conserved (review
[170]). However, mononucleated osteoclasts are also found in both mammals and teleosts and are
considered to participate in minor, fine tuning bone resorption [170]. Since teleost lack
haemapoietic tissue in bone marrow, the question of the origin of these cells remains unknown.
Mononuclear cells respond to macrophage colony stimulating factor (M-CSF) produced by nearby
stromal cells and osteoblasts, through activation of c-fms, the receptor for M-CSF [171,172]. The
other signaling system essential for osteoclast differentiation is triggered when receptor activator of

nuclear factor kappa (k) B ligand (RANKL), a member of the tumor necrosis factor (TNF) family,
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activates its receptor RANK (review [173]). The key markers involved in osteoclastogenesis are

shown in Figure 7.

Matrix resorption
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Figure 7. Osteoclast differentiation, maturation and key factors involved. Fully mature osteoclasts are
able to dissolve bone. See text for details. Redrawn from Boyle et al. 2003.

Several transcription factors have been found crucial for osteoclast differentiation downstream of
M-CSF/c-fms and RANKL/RANK signaling. Amongst these genes is the Microphthalmia-associated
transcription factors (MITF) which directly regulates genes important for osteoclast function (e.g.
TRAP and Cathepsin K) [174]. Osteoclast differentiation may be inhibited by Osteoprotegerin
(OPG), a RANKL decoy receptor secreted by stromal cell and osteoblasts [175]. Furthermore,
estrogen and calcitonin are the main osteoclast inhibiting hormones, whereas PTHrP and Vitamin
D are the main osteoclast stimulating hormones [176,177]. Once activated, osteoclasts move to
areas where bone is to be resorbed and attach to the surface [178]. A H*-ATPase proton pump
linked to CI- transporters/channels facilitates the release of H* into the sealed lacuna, dissolving the
underlying minerals and generates high local levels of Ca2* and P; [179-181]. TRAP, MMPs and
Cathepsin K are also secreted through the ruffled border to digest organic matrix [167-169,182]. In
the vertebrae of Atlantic salmon, multinucleated osteoclasts have been identified in the arch centra

and trabeculae but not in the compact bone of the amphicoel [170].
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General Discussion

Spinal deformities in Atlantic salmon have been intensively studied during the past years due to the
importance of this specie to the aquaculture industry. However, previous studies have been largely
descriptive and based on x-ray findings, histological staining and field studies to reveal important
factors inducing deformities. By combining molecular tools with targeted x-ray based sampling and
histology, a more complete description on how spinal deformities in Atlantic salmon develop are
presented. To increase the understanding of normal and pathological bone development in Atlantic
salmon we exposed fish to two different temperature regimes. During egg and yolk stage, low
temperature group was reared at 6+£0.3°C whereas high temperature group was reared at
10+0.3°C. Temperature was gradually increased at first feeding (750d°) to 10+£0.3°C and 16+0.3°C
for low and high temperature group, respectively. These regimes were kept until 20g, thereafter
both groups were held at ambient temperature until termination at 60g. Similar temperature
regimes have previously been shown to increase both growth rate and the number of spinal
deformities in Atlantic salmon [74,76]. As expected, fish reared at high temperature regime grew
significant faster compared to those reared at low temperature, e.g. the former group reached 2g in
6 weeks and 60g in 7 months post first feeding compared to 11 weeks and 10 months for the latter
group. Rearing at high temperatures further resulted in higher frequencies of vertebral deformities
with the main type being vertebral fusions. At 60g size, more than 28% had developed fused
vertebral bodies in the high temperature group compared to 8% in the low temperature group. Most
of these fusions were located underneath the dorsal fin. As previously described, the initial steps in
the mineralization of the vertebrae starts with the formation of chordacentra underneath the dorsal
fin [17]. This process was progressing at the time when temperature was increased in this
experiment, which might explain the increased risk of malformations in these regions. However,
temperatures =8°C prior to hatch is also considered high, increasing the risk of malformations. The
vertebral pathology observed in this study was therefore most likely induced both during the
embryonic development and after start-feeding since the incidence of deformities continued to
increase throughout the experiment.

Non-deformed fish from the low and high temperature group

In order to understand the susceptibility of developing deformities in the high temperature group,

non-deformed fish from the two temperature regimes were compared (paper I). One of the
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challenges for salmon deformity studies has been the lack of information on bone formation during
development and reliable biochemical markers to characterize specific changes. Further analyses
were accomplished through the identification of more than 20 genes involved in the formation of the
Atlantic salmon vertebrae. Importantly, results showed similar spatial expression with other
vertebrates supporting that most of the factors and pathways that control skeletal formations are
conserved in vertebrates [135,183,184]. An overview of major findings in normal vertebrae is
shown in Figure 8.

Col10a

Figure 1. Overview of histological, immunohistochemical and molecular findings in non-deformed vertebrae.
Vertebral endbones (top): Toluidine, PCNA, Caspase 3, colla, runx2, col?a Elastin in elastic membrane (left),
Perlecan in notochordal sheath (left). Osteocalcin in trabeculae (right). Aggrecan in chordocytes (right) Arch
centra (bottom): Alizarin red/Toluidine blue, TRAP, PCNA, col2a, col10a, mef2c. Trabeculae, tb; Notochordal
sheath, ns; Notochord, nc. Redrawn from paper |, Il and Il.
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In osteoblast at the vertebral growth zones and in osteoblasts lining the trabeculae, in situ
hybridization (ISH) confirmed the transcription of the osteogenic marker genes runx2, colla,
osteocalcin and osteonectin (Paper | and I1). Weaker signals were detected in fibroblasts lining the
intervertebral ligament. Restricted proliferation and apoptosis at the osteoblast growth zones of the
vertebral body endplates were shown with proliferating cell nuclear antigen (PCNA) and caspase 3
antibodies, respectively (Paper Il). In the arch centra ISH identified sub-populations of
chondrocytes corresponding to the resting, proliferating and hypertrophic chondrocytes described
in mammals [142]. Chondrogenic markers col2a, col10a, sox9 and mef2c identified chondrocytes in
the specific maturation zones, where col10a and mef2c marked hypertrophy (Paper | and Il). TRAP
activity was present at the ossifying borders and Alizarin red S indicated the ossification front
(Paper I). Verhoeff's hematoxylin stained the elastic membrane surrounding the notochord (Paper
[1). This membrane had a thickened structure in the intervertebral regions. Immunohistochemistry
(IHC) with the PG component Perlecan revealed that this protein is abundantly present in the
notochordal sheath (Paper lll). This marker further showed that the notochordal sheath have a
highly folded structure, which probably contributes to increased flexibility and normal functioning of
the mature spinal column. In the notochordal epithelium containing the chordoblasts, col2 was
identified through ISH, as previously described [14-16,185]. Substance P (SP) and Aggrecan were
expressed in vacuolated chordocytes in the central notochord. Based on findings in non-deformed
spinal columns from the low temperature group we suggest that well organized osteoblasts,
chondrocytes and chordocytes, strictly controlled proliferation and cell death and a structured

notochordal sheath are important for a normal functioning spinal column.

Non-deformed fish from the high temperature group

The non-deformed vertebrae from the high temperature regime appeared shorter in cranio-caudal
direction and appeared to have a lower radiodensity than non-deformed vertebrae from the low
temperature regime, as observed through radiography (Paper I). Even though malformations were
absent, rearing at increased temperatures induced consistent transcriptional changes in several
genes that correlated with the observed phenotype and the higher risk of developing vertebral
fusions later in ontogeny. Quantification of mRNA revealed a reduced transcription of important
genes encoding structural proteins taking part in the bone matrix and mineralization, e.g. collal,

osteocalcin and osteonectin. Furthermore, generally stronger ISH signals in the low temperature
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group were detected for probes targeting these ECM transcripts in areas where intramembranous
ossification takes place. These findings correlate to an impaired mineralization and support the
assumption that disturbances in bone formation constitute an important part of the mechanisms
involved in “soft’” bone formation [76]. Furthermore, observations were consistent with the
osteoblast in vitro experiment carried out in paper IV, where long-term 16°C heat exposed cells
showed a decreased transcription of alp, collal and osteocalcin. Based on in vitro and in vivo
results we suggest that Atlantic salmon osteoblasts may be particularly sensitive to elevated
temperatures during the early stages of differentiation. It has further been shown that the matrix
structure and composition is important for signal transduction, cell recruitment and organization
[186-188]. As for the ECM genes involved in osteoid production and mineralization, high
temperature treatment had a significant effect on the transcription of transcription factors (runx2
and osterix) and signaling molecules (bmp2 and bmp4) involved in these processes. Hence, results
indicated that osteoblast proliferation and differentiation were restrained in the fast growing group.
Furthermore, results indicated that changes in chondrocytic maturation are important for
the susceptibility for developing spinal fusions. Morphological changes in the arch centra identified
chondrocytes with a distorted maturation pattern and an increased zone of hypertrophic
chondrocytes. The increased zone of hypertrophic chondrocytes correlated with up-regulated
transcription of hypertrophic marker genes (coll0al and mef2c). In addition, TRAP activity,
essential for completing endochondral ossification, was absent in the erosive front of the arch
centra and mmp9, mmp13 and runx2 transcription was severely reduced. Absence of Mmps may
cause delays in endochondral ossification and runx2 deficiency may inhibit mmp expression and
lead to mild disturbances of chondrocyte differentiation [160,189,190]. Moreover, ihh, shown to
prevent the final steps in chondrocyte hypertrophy [150,152] had increased transcription. These
results suggested an arrest prior to the final maturation of chondrocytes in the high temperature
group. A number of studies have linked skeletal malformations to disturbances in chondrocytic
maturation [39,84,191]. An interesting comparative pathological condition to our findings has been
shown in rat ulnae, where increased loading was associated with an increased hypertrophic zone
in the growth plate [192] along with a suppressed mineralization rate [193]. In the high temperature
group, delayed endochondral ossification correlated with reduced transcription of genes involved in
mineralization. Hence, osteoid production and mineralization through both endochondral and

intramembranous ossification seemed delayed in fish from the high temperature regime.
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Developing vertebral fusions

Spinal fusions at different developmental stages in Atlantic salmon and other teleosts have
previously been described morphologically as shape alterations of vertebral body endplates,
reduced intervertebral space, transformation of intervertebral notochord tissue into cartilage,
mineralization of the intervertebral cartilage and replacement of intervertebral cartilage by bone
[44-46,194]. Paper Il and Ill of this thesis were devoted to further characterize the molecular
mechanisms involved in the development of spinal fusions using a combination of specific staining
techniques, quantitative and qualitative gene expression analysis and immunohistochemistry. An
intermediate and a terminal stage of the fusion process were analyzed to characterize bone and
cartilage formation in the centra (paper Il) and notochord (paper Ill) of developing fusions. Both
stages were sampled when Atlantic salmon reached 15g. The percentage of vertebral fusions
markedly increased from 15g to 60g and pathological changes other than fusions were low in
numbers. The development of vertebral fusions is a dynamic process but the underlying cellular
and molecular mechanisms may be summarized as four key events. These events included both
notochord and centra. Disorganized and proliferating osteoblasts and chordoblasts characterized
early stages in the fusion process. A metaplastic shift was further detected through ISH in these
proliferating cells. As the pathology progressed, the elastic membrane became fragmented and
notochordal sheath lost integrity. Finally, ectopic mineralization of intervertebral regions and arch
centra was observed. The different events are important in understanding the progression of
vertebral fusions and provide basic knowledge on bone formation in Atlantic salmon. The events

are more thoroughly described in the following chapters.

1. Disorganized and proliferating cells

Several mammalian studies have suggest that changes in the balance between cell death and cell
proliferation is involved in bone and cartilage defects which may lead to malformations [195-200].
Disorganized osteoblasts at the growth zones of the vertebral body endplates were evident in
vertebrae with modest alterations, which made us suggest that this is an early event in the fusion
process (Paper Il). IHC with PCNA further showed that these osteoblasts had a markedly
increased cell proliferation rate and that PCNA positive cells in the growth zones extended along
the rims of fusing vertebral bodies. The increased proliferation of osteoblasts at the growth zones

was partly counteracted by increased cell death as shown by stronger caspase 3 signaling. In
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comparison, cultured osteoblasts kept at the same temperature as the high temperature fish (16°C)
died after 72 hours (paper V). In the notochord of developing vertebral fusions, proliferating
chordoblasts were detected, however, no caspase 3 staining was observed in these regions (Paper
). As intervertebral space narrowed down, proliferating chordoblasts and denser packet
chordocytes were revealed through toluidine blue staining and PCNA antibody binding,
respectively. As the pathology progressed, proliferating chordoblasts seemed to occupy most of the
intervertebral space and vacuolated chordocytes disappeared. Chordoblasts retain their germinal
properties and continue to secrete the notochordal epithelium and notochordal sheath to sustain
normal growth [12]. Interestingly, transcription of laminin, which has been shown to control cellular
differentiation in basement membranes [201-203] was severely reduced throughout the vertebral
fusion process (Paper Ill). In comparison, both zebrafish and mice lamininl3 0-mutants have
disrupted formation of basal lamina, which seems to result in disorganization of chordoblasts,
notochordal sheath and elastic membrane [201-204]. Overall, developing fusions from the high
temperature group had a high number of proliferating cells both at the vertebral growth zone and in

the notochord.

2. Metaplastic shift

Witten et al. [44] has previously suggested that a metaplastic shift is involved in the development of
spinal fusions, leading to the formation of chondroid bone which at later stages in the fusion
process is replaced by bone. We found that a transcriptional shift appeared in proliferating cells at
the border between the osteoblast growth zones and the arch centra. This was shown through ISH,
where co-transcription of osteogenic (colla, runx2, osteocalcin and osteonectin) and chondrogenic
(col2a, mef2c and col10a) marker genes were detected (paper Il). The marked border between the
osteoblast growth zones and the chondrocytic areas connected to the arches became less distinct,
as proliferating cells and chondrocytes blended through an intermediate zone. As previously
described, chondrocytes associated with calcifying cartilage can acquire properties of osteoblasts
[163] and are able to change their phenotype from a primarily cartilage synthesizing cell type to a
bone synthesizing cell type [162]. As the pathology progressed, most cells in the intermediate
zones seemed to co-transcribe these markers. A similar shift was found in the notochord where co-
transcription of genes such as col2a, sox9, colla and runx2 increased with proliferation of

chordoblasts. In the central notochord of developing fusions, hyperdense regions of denser packet
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chordocytes lacking vacuoles were visualized through hematoxylin and toluidine blue staining as
the number of proliferating cell increased (Paper Il and Ill). Loss of vacuoles correlated with
reduced Aggrecan and SP signals in the chordocytes (paper lll). Interestingly, both SP and
Aggrecan expression reappeared in hyperdense chordocytes where transcription of osteogenic
marker genes was prominent. A role for SP in bone mineralization and proliferation has been
suggested [205,206] and increased transcription of osteogenic genes (such as runx2, colla and
osteocalcin) has been reported from SP treated mammalian osteoblast-like cultures [207,208].
Expression of SP and aggrecan in hyperdense notochordal regions and co-transcription of
chondrogenic and osteogenic marker genes in the arch centra and notochord supports the
suggestion of an adaptation through metaplastic shifts during development of vertebral fusions.
Both the metaplastic shift in the notochord and arch centra may be induced to produce more robust

cells that are able to withstand increased mechanical load.

3. Loss of notochordal sheath integrity

Verhoeff's hematoxylin staining visualized a thinner elastic membrane surrounding the notochordal
sheath of developing vertebral fusions (Paper Ill). These findings were supported by a reduced
transcription of elastin at both intermediate and fused stage. In the most severe cases, the elastic
membrane was fragmented, which is an observation also noted in compressed vertebrae [45]. An
interesting comparative pathological condition to our findings in Atlantic salmon is the sparse and
disrupted elastic network in scoliotic IVD [209]. The elastic sheath found in the annulus fibrosus
(AF) of mammalian IVD is involved in restoration of shape after brief deformation, thus rupture of
this sheath may be involved in the progression of spinal deformities. Furthermore, the highly folded
structures in the notochordal sheath observed in non-deformed vertebrae were lost during
development of spinal fusions, as visualized by Perlecan IHC. At early life stages, the notochordal
sheath of Atlantic salmon is compounded by parallel col2 fibrils forming helices around the
longitudinal axis of the notochord [12]. In a similar manner to the AF of mammalian discs, the
collagen fibrils form overlapping transversing bands crossing the joint in opposite directions, thus
stabilizing intervertebral regions [12,18]. As the cross-helical architecture is important for flexural
stiffness of the larval body during development, the folded pattern observed in this study may
contribute to increased flexibility and normal functioning of the mature spinal column. Hence,

stretching of the folded notochordal sheath during the fusion process will most likely reduce
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flexibility and affect functionality of the notochord. Moreover, the heparan sulfate chains of perlecan
have been shown to play important roles in mammalian glomerular filtration [210] and Parsons et
al. [211] have suggested similarities between the structural role of the teleost notochordal sheath
and the kidney membrane filtration machinery [212]. Based on our findings we suggest that
thinning of the elastic membrane and structural changes in the notochordal sheath decreases
flexibility and possibly nutritional transportation across the notochord. Thus, loss of notochordal
sheath integrity is likely a key event in the development of spinal fusions.

4. Ectopic bone formation and remodeling

A last major morphological change during the fusion process was ossification of the arch centra
(paper 1l). The described metaplastic shift and the fact that these areas went through
mineralization, indicate that the proliferating cells had not only differentiated towards osteoblast-like
cells, but also completed the differentiation to cells that were capable of producing mineralized
matrix. Our results suggest that a pathway to bone formation through chondrocytes might be
possible during development of vertebral fusions and fast growth, which could be similar to trans-
chondroid ossification as described by Yasui et al. [164]. A mixed type of inramembranous and
endochondral ossification may also occur [213], however the lack of osteoclast activity observed in
the high temperature group makes this less likely. Absence of osteoclasts as indicated by the
absence of TRAP activity and down-regulated cathepsin K transcription were characteristic during
the development of vertebral fusions, indicating that normal endochondral ossification was
restrained. The completing step in the fusion process is transformation of notochordal tissue into
bone [46]. Trans-differentiation and ectopic calcification has also been suggested as pathological
pathways in lordotic sea bass where deformations stimulate ectopic bone formation in the
intervertebral regions between two affected vertebral bodies and along the rims of the vertebral
body endplates [49]. However, this is the first study linking ectopic bone formation to a metaplastic
shift in the chondrocytes. As bone replaced chondrocytic areas throughout the pathology,
notochordal tissue did not stain for Alizarin red S until the deformity developed into a severe fusion.
We therefore suggest that metaplasia leads to cell types more suited to the new environment but
that changes are related to a threshold of the stimuli, in this case, grade of fusion. Similarly, a shift
in the mammalian IVD nucleus pulposus (NP) cell population coincides with spinal disorders like

intervertebral disc degeneration and changes in the synthesis of matrix molecules differ with the
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degree of degeneration [214]. The mammalian AF is further strengthened through cartilage
formation upon elevated mechanical load [215,216]. Another comparative pathological process to
our findings is mammalian “Bamboo spine”, describing a condition where vertebral bodies have
fused and reshaped through ectopic bone formation [217,218]. However, whereas the
mineralization of the arch centra involves chondrocytes, intervertebral region involves chordoblasts.
In paper Il and Il we suggested that two different pathways for mineralization from metaplastic
cells are involved in developing vertebral fusions; trans-chondroid ossification in the arch centra
and trans-chordoid ossification in the notochord. Overall, the vertebral fusion process seen in

Atlantic salmon might reflect an effort to restore and strengthen a weakened area in the vertebrae.

Developing an in vitro osteoblast culture
In paper IV, Atlantic salmon precursor cells were isolated from muscles and stimulated to
osteogenic differentiation by an incubation medium containing components previously shown to
direct the differentiation of various mammalian precursor cells towards the direction of osteoblasts
[219-221]. Molecular techniques together with observations of cell behavior and cell morphology
were used to identify the differentiation and maturation stages of the cells. During the incubation
period the precursor cells changed morphology from small, spindle-shaped or triangular cells to
become confluent cultures of large cells with a polygonal or cuboidal shape. The morphology of the
cultured cells was similar to that of gilthead seabream osteoblasts, which were derived from
vertebral explants [222]. In addition, they stained for Alp and transcribed several osteogenic marker
genes like alp, collal, osteocalcin and bmps. The cells were characterized as osteoblasts at an
early differentiation stage, since no ECM mineralization was detected with von Kossa staining.
However, von Kossa staining has shown to be unsuitable for detection of small quantities of
mineralized matrix [223], and additional methods, e.g. Alizarin staining, TEM or FTIR, might be
desirable to use in further studies. Despite the lack of mineralized matrix, gene expressional
findings confirmed that these precursor cells were able to differentiate into the osteoblast lineage.
The cultured cells were further used to study the effects of two factors that influence bone
formation in salmon under commercial farming conditions; temperature and PUFAs.

The molecular mechanisms behind increased levels of vertebral deformities in fish that
grow at elevated temperatures are poorly understood. However, it is suggested that changes in
transcriptional processes in osteoblasts and chondrocytes are involved [38,64,197]. To further
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study temperature effect upon bone formation, osteoblasts differentiated in osteogenic medium for
three weeks were exposed to two different temperatures. One group was kept at 12°C (control)
throughout the experiment and the other group exposed to 16°C. Interestingly, transcription of alp,
collal and bmp4 were up-regulated after 1 hour of heat treatment, which may suggest that a short
heat shock stimulates differentiation of osteoblasts in Atlantic salmon. However, in line with in vivo
findings (paper 1), cells exposed to elevated temperatures for more than one hour had decreased
transcription of osteogenic marker genes such as alp, collal and osteocalcin. Similar studies have
been carried out for human MSCs, where exposure to mild heat shock stimulated proliferation and
osteogenic differentiation and resulting in enhanced mineralization whereas long-term treatment
results in inhibited proliferation and apoptosis [68-70]. The cells exposed to elevated temperature
died after 72 hours, even though the temperature to which they were exposed was within the
normal range of Atlantic salmon. Hence, our in vitro results suggest that Atlantic salmon
osteoblasts are highly sensitive to long-term exposure to heat during the early stages of
differentiation.

Because marine fish oils are a limiting factor for the growing fish farming industry, it is
necessary to evaluate alternative lipid sources for feed production. The use of vegetable oils leads
to a reduced n-3 PUFA ratio in the fish diet. In both mammals and salmon, n-3 PUFAs have shown
beneficial effects on bone mineral density, whereas increased n-6/n-3 fatty acid ratios may reduce
bone formation [97,99-102]. Dietary PUFAs is further known to influence vertebral malformations in
sea bass [103,224]. In our experiment, cells differentiated in osteogenic medium for three weeks
were incubated for 72 hours in a medium containing different n-6/n-3 PUFA ratios and Conjugated
linoleic acid (CLA). Adding different fatty acids to the culture affected both Prostaglandin E2 (PGE»)
production and transcription of osteogenic marker genes. PGE> is the predominant bone cell
derived prostaglandin and regarded as a potent regulating agent for bone formation in a
concentration dependant manner [225-227]. Increasing the level of CLA or decreased the n-6/n-3
PUFA ratios led to suppressed PGE> production and increased osteocalcin mRNA transcription,
suggesting a possible beneficial effect of n-3 PUFAs and CLA on bone formation in fish. In human
osteoblast-like cell lines, Watkins et al. [228] described reduced PGE; production in the presence
of n-3 PUFAs and Cusack et al. [229] showed that increasing the CLA concentration led to down-

regulation of PGE> production. Results further correlated with recent in vivo results, where the level
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of PGE; in blood plasma was higher and bone less mineralized in Atlantic salmon fed a soybean
oil-based compared to a fish oil-based diet [97].

Both temperature and PUFA treatments correlated with previous results obtained from
similar in vivo and in vitro studies. Even though the cells had not reached final maturation stage,
the system seems well suited for further work and shows the potential of using an in vitro system in
addition to in vivo studies.

Potential prognostic application

The defined markers for bone and cartilage cell differentiation and matrix formation may be used to
investigate how the progression of skeletogenesis is modulated by a variety of factors. Differences
in non-deformed fish from the two temperature groups were undetectable externally, but
transcriptional changes were detected and correlated with the higher risk of developing deformities.
Hence, this work reveals the potential use of gene transcription profiling as a prognostic approach
in aquaculture. To test the detection level of marker genes and to further analyze vertebrae
formation during growth at elevated temperatures, non-deformed vertebrae from fish at 2g size
were analyzed with gqPCR (paper I). Diagnosing Atlantic salmon using radiography at 2g size may
be useful, however small and low mineralized vertebrae makes targeted sampling difficult.
Pathological stages at this size were therefore not further analyzed. However, the percentage of
deformities significantly increased in the high temperature group from 2g till 15g. This period
therefore seems to involve important steps for the developmental fate of deformities. Between 2g
and 15g we observed a change in transcription pattern from a down-regulated to an up-regulated
transcription of 9 genes, where 8 of them were involved in chondrogenesis. This suggested that
chondrocytes go through changes in this period that could be important for the development of the
observed pathologies. In addition, except alp, all genes involved in osteoid production and
mineralization were down-regulated at both stages. Temperature and light regimes are factors
shown to speed up developmental rate, but also to delay production of osteoid (paper | and [75]). It
therefore seems that the bone remodeling in Atlantic salmon is generally sensitive to elevated
growth rates. However, the usefulness of molecular markers needs to be tested and approved in
different settings and upon different treatments. It has already been suggested that colla could be
used as an indicator of vertebral toughness and that shh and coll combined could be used as

markers of osteoid incorporation and osteoblast proliferation [75]. The work presented in this thesis
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demonstrates the feasibility of developing a molecular toolbox for analyzing development of spinal
fusions. Previous studies on vertebral deformities have suggested metaplastic shifts, trans-
differentiation and development of intermediate tissues as pathological events [44,46,48,49]. A cell
system that allows for cross-studies of adipocytes, myocytes, chondrocytes and osteoblasts may
therefore be of high value to Atlantic salmon bone deformity studies, both for functional and
response mechanism experiments. Our cell cultures show for the first time in a fish species the
great plasticity of the cells in the MSC linage and open up for study of Atlantic salmon osteoblast
biology in vitro. In addition, and due to their plasticity, they provide a unique opportunity to address
important questions in the salmon industry, e.g. how adipose tissue is transformed into cartilage
during development of hyperdense vertebrae [48]. Ultimately, these tools may lead to improved
definition of the boundaries between healthy and unhealthy spinal columns and refined guidelines

for an improved aquaculture.
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Concluding Remarks

The application of radiography and imaging techniques together with cell and molecular biology
used in this study has proved to be useful tools to characterize bone malformations in Atlantic
salmon. Our findings demonstrate an association between temperature, growth rate, bone
architecture and bone cell responsiveness in juvenile Atlantic salmon.

e First, our results describe changes in vertebral tissue not yet manifesting pathological deviations.
Our results strongly indicates that temperature induced fast growth is severely affecting gene
expression in osteoblasts and chondrocytes, hence change in the tissue structure and
composition. It is not unlikely that this disequilibrium is involved in the higher rate of deformities
developed in the high temperature group. Even though differences in the two experimental
groups were undetectable externally, rearing at increased temperatures induced consistent
transcriptional changes in several genes that correlated with the higher risk of developing
deformities later in ontogeny.

e Second, we identified four hallmarks in developing spinal fusions in Atlantic salmon. These
stages included both notochord and centra. First, disorganized and proliferating osteoblasts and
chordoblasts characterized the fusion process. Second, a metaplastic shift was detected through
ISH in proliferating cells. Third, as the pathology progressed, elastic membrane became
fragmented and notochordal sheath lost integrity. Finally, mineralization of intervertebral regions
and arch centra was observed. The different events are important in understanding the
progression of vertebral fusions and provide basic knowledge on bone formation in Atlantic
salmon.

e Third, we report for the first time that unspecialized precursor cells isolated from Atlantic salmon
muscle tissue are able to differentiate to osteoblasts-like cells in vitro. These cells appear to be a
suitable model system for the study of osteoblast biology in vitro. The cells had osteoblast-like
morphology, stained for Alp and expressed several osteoblast-related markers.
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Future Perspectives

Understanding the cellular and molecular mechanisms involved in skeletal tissue formation is

crucial for explaining the development of both healthy and pathological vertebrae and to further

minimize the prevalence of bone disorders in farmed fish. The results presented in this thesis

provide targets for further research on skeletal malformations that might have general applications.

e First and foremost, further unraveling of the molecular events in the developing Atlantic salmon
vertebrae is needed. Through this study, Atlantic salmon has shown to be suitable for studying
general bone development and to be comparable with similar mammalian models for spinal
deformities. More basic knowledge would be beneficial for both the aquaculture industry as well
as for comparative studies.

e Paper | described changes in non deformed vertebrae from the high temperature group and
suggested that these changes could be related to the increased number of deformed fish
observed in this group. However, it is important to further focus on this group, since these fish
displayed normal vertebrae at the time of radiological examination. Hence, this group might
reveal beneficial changes important for maintaining a normal vertebra during fast growth.

e The data presented in this thesis indicate that both production of bone and cartilage is disrupted
when promoting fast growth using elevated temperature. The defined markers of bone and
cartilage cell differentiation and matrix formation can be used to further investigate how the
progression of skeletogenesis is modulated by a variety of factors, e.g. minerals and exercise.
Ultimately, these tools may lead to improved definition of the boundaries between healthy and
unhealthy spinal columns and refined guidelines for an improved aquaculture.

e The optimization of the osteoblast in vitro system to achieve mineralizing osteoblasts and further
create a powerful tool to study factors that have potential impact on bone development in fish is
needed. MSCs are available at relatively high levels in fish tissue at early life stages. These cells
further provide a valuable tool compared to cell culture of differentiated osteoblast since they still
possess the ability to differentiate into osteoblasts, myotubes, chondrocytes and adipocytes. The
plasticity of these cell culture systems will be of great value when analyzing lineage
determination, response-mechanism upon stimuli and nutrients as well as a mean for decreasing

the number of experimental animals.

-40 -



><((((>

Reference list

Reference List

10.

1.

12.

13.

14.

15.

16.

17.

. Baeverfiord G, Asgard T, Rye M, Storset A. High temperatures during egg incubation may

induce malformations in Atlantic salmon (salmo salar L.). Aguaculture and water 1998,
EAS special publication no 26, pp. 24-25.

Baeverfiord G. Deformities induced by temperature stress in farmed Atlantic salmon and
Rainbow trout. Report to the Norwegian Research Council of Norway 1999, pp. 19.
Walmsley R: The development and growth of the intervertebral disc. Edinburgh
Medical.Journal 1953 60, 341-364.

Brand-Saberi B, Christ B: Evolution and development of distinct cell lineages derived from
somites. Current Topics in Developmental Biology, Vol 48 2000, 48: 1-42.

Kacem A, Meunier FJ, Bagliniere JL: A quantitative study of morphological and histological
changes in the skeleton of Salmo salar during its anadromous migration. Journal of Fish
Biology 1998, 53: 1096-1109.

Stemple DL: Structure and function of the notochord: an essential organ for chordate
development. Development 2005, 132: 2503-2512.

Gorodilov YN: Description of the early ontogeny of the Atlantic salmon, Salmo salar, with a
novel system of interval identification. Environmental Biology of Fishes 1996, 47: 109-127.
Adams DS, Keller R, Koehl MAR: The Mechanics of Notochord Elongation, Straightening
and Stiffening in the Embryo of Xenopus-Laevis. Development 1990, 110: 115-130.

Tada M: Notochord morphogenesis: A prickly subject for Ascidians. Current Biology 2005,
15: 14-16.

Glickman NS, Kimmel CB, Jones MA, Adams RJ: Shaping the zebrafish notochord.
Development 2003, 130: 873-887.

Kimmel CB, Ballard WW, Kimmel SR, Ullmann B, Schilling TF: Stages of Embryonic-
Development of the Zebrafish. Developmental Dynamics 1995, 203: 253-310.

Grotmol S, Kryvi H, Keynes R, Krossoy C, Nordvik K, Totland GK: Stepwise enforcement
of the notochord and its intersection with the myoseptum: an evolutionary path leading to
development of the vertebra? Journal of Anatomy 2006, 209: 339-357.

Nordvik K, Kryvi H, Totland GK, Grotmol S: The salmon vertebral body develops through
mineralization of two preformed tissues that are encompassed by two layers of bone.
Journal of Anatomy 2005, 206: 103-114.

Domowicz M, Li H, Hennig A, Henry J, Vertel BM, Schwartz NB: The Biochemically and
Immunologically Distinct Cspg of Notochord Is A Product of the Aggrecan Gene.
Developmental Biology 1995, 171: 655-664.

Linsenma TF, Trelstad RL, Gross J: Collagen of Chick Embryonic Notochord. Biochemical
and Biophysical Research Communications 1973, 53: 39-45.

Sandell LJ: In-Situ Expression of Collagen and Proteoglycan Genes in Notochord and
During Skeletal Development and Growth. Microscopy Research and Technique 1994, 28:
470-482.

Grotmol S, Nordvik K, Kryvi H, Totland GK: A segmental pattern of alkaline phosphatase
activity within the notochord coincides with the initial formation of the vertebral bodies.
Journal of Anatomy 2005, 206: 427-436.

-4 -



><((((>

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Reference list

Koehl MAR, Quillin KJ, Pell CA: Mechanical design of fiber-wound hydraulic skeletons: The
stiffening and straightening of embryonic notochords. American Zoologist 2000, 40: 28-41.

Cleaver O, Krieg PA: Notochord patterning of the endoderm. Developmental Biology 2001,
234: 1-12.

Fleming A, Keynes R, Tannahill D: A central role for the notochord in vertebral patterning.
Development 2004, 131: 873-880.

Monsoro-Burqg AH: Sclerotome development and morphogenesis: when experimental
embryology meets genetics. International Journal of Developmental Biology 2005, 49: 301-
308.

Hunter CJ, Matyas JR, Duncan NA: The three-dimensional architecture of the notochordal
nucleus pulposus: novel observations on cell structures in the canine intervertebral disc.
Journal of Anatomy 2003, 202: 279-291.

Oegema TR: The role of disc cell heterogeneity in determining disc biochemistry: a
speculation. Biochemical Society Transactions 2002, 30: 839-844.

Arratia G, Schultze HP, Casciotta J: Vertebral column and associated elements in
dipnoans and comparison with other fishes: Development and homology. Journal of
Morphology 2001, 250: 101-172.

Smith SM, Whitelock JM, lozzo RV, Little CB, Melrose J: Topographical variation in the
distributions of versican, aggrecan and perlecan in the foetal human spine reflects their
diverse functional roles in spinal development. Histochemistry and Cell Biology 2009, 132:
491-503.

Grotmol S, Kryvi H, Nordvik K, Totland GK: Notochord segmentation may lay down the
pathway for the development of the vertebral bodies in the Atlantic salmon. Anatomical
Embryology, 2003, 207: 263-272.

Koumoundouros G, Divanach P, Kentouri M: Osteological development of the vertebral
column and of the caudal complex in Dentex dentex. Journal of Fish Biology 1999, 54:
424-436.

Potthoff T, Kelley S, Javech JC: Cartilage and Bone-Development in Scombroid Fishes.
Fishery Bulletin 1986, 84: 647-678.

Powell AB, Tucker JW: Egg and Larval Development of Laboratory-Reared Nassau
Grouper, Epinephelus-Striatus. Bulletin of Marine Science 1992, 50: 171-185.

Laerm J: Development, Function, and Design of Amphicoelous Vertebrae in Teleost
Fishes. Zoological Journal of the Linnean Society 1976, 58: 237-254.

Laerm J: The Origin and Homology of the Neopterygian Vertebral Centrum. Journal of
Paleontology 1982, 56: 191-202.

Freemont AJ: The cellular pathobiology of the degenerate intervertebral disc and
discogenic back pain. Rheumatology 2009, 48: 5-10.

Preziosi R, Gridelli S, Borghetti P, Diana A, Parmeggiani A, Fioravanti ML et al.; Spinal
deformity in a sandtiger shark, Carcharias taurus Rafinesque: a clinical-pathological study.
Journal of Fish Diseases 2006, 29: 49-60.

Bengtsson BE: Biological Variables, Especially Skeletal Deformities in Fish, for Monitoring
Marine Pollution. Philosophical Transactions of the Royal Society of London Series B-
Biological Sciences 1979, 286: 457-464.

-42 -



><((((>

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49,

Reference list

Vandenavyle MJ, Garvick SJ, Blazer VS, Hamilton SJ, Brumbaugh WG: Skeletal
Deformities in Smallmouth Bass, Micropterus-Dolomieui, from Southern Appalachian
Reservoirs. Archives of Environmental Contamination and Toxicology 1989, 18: 688-696.
Wagner WM, Hartley MP, Duncan NM, Barrows MG: Spinal spondylosis and acute
intervertebral disc prolapse in a European brown bear (Ursus arctos arctos). Journal of the
South African Veterinary Association-Tydskrif Van Die Suid-Afrikaanse Veterinere
Vereniging 2005, 76: 120-122.

Berg A, Rodseth OM, Tangeras A, Hansen T: Time of vaccination influences development
of adhesions, growth and spinal deformities in Atlantic salmon Salmo salar. Diseases of
Aquatic Organisms 2006, 69: 239-248.

Hammond CL, Simbi BH, Stickland NC: In ovo temperature manipulation influences
embryonic motility and growth of limb tissues in the chick (Gallus gallus). Journal of
Experimental Biology 2007, 210: 2667-2675.

Julian RJ: Rapid growth problems: Ascites and skeletal deformities in broilers. Poultry
Science 1998, 77: 1773-1780.

Reiland S: Effect of Decreased Growth-Rate on Frequency and Severity of
Osteochondrosis in Pigs. Acta Radiologica-Diagnosis 1978, 107-122.

Sullivan M, Hammond G, Roberts RJ, Manchester NJ: Spinal deformation in commercially
cultured Atlantic salmon, Salmo salar L.: a clinical and radiological study. Journal of Fish
Diseases 2007, 30: 745-752.

Silverstone AM, Hammell L: Spinal deformities in farmed Atlantic salmon. Canadian
Veterinary Journal-Revue Veterinaire Canadienne 2002, 43: 782-784.

Witten PE, Gil-Martens L, Huysseune A, Takle H, Hjelde K: Towards a classification and
an understanding of developmental relationships of vertebral body malformations in
Atlantic salmon (Salmo salar L.). Aquaculture 2009, 295: 6-14.

Witten PE, Gil-Martens L, Hall BK, Huysseune A, Obach A: Compressed vertebrae in
Atlantic salmon Salmo salar: evidence for metaplastic chondrogenesis as a skeletogenic
response late in ontogeny. Diseases of Aquatic Organisms 2005, 64: 237-246.

Kvellestad A, Hoie S, Thorud K, Torud B, Lyngoy A: Platyspondyly and shortness of
vertebral column in farmed Atlantic salmon Salmo salar in Norway - description and
interpretation of pathologic changes. Diseases of Aquatic Organisms 2000, 39: 97-108.
Witten PE, Obach A, Huysseune A, Baeverfjord G: Vertebrae fusion in Atlantic salmon
(Salmo salar): Development, aggravation and pathways of containment. Aquaculture 2006,
258: 164-172.

Shih TTF, Chen PQ, Li YW, Hsu CY: Spinal fractures and pseudoarthrosis complicating
ankylosing spondylitis: MRI manifestation and clinical significance. Journal of Computer
Assisted Tomography 2001, 25: 164-170.

Helland S, Denstadli V, Witten PE, Hjelde K, Storebakken T, Skrede A et al.: Hyper dense
vertebrae and mineral content in Atlantic salmon (Salmo salar L.) fed diets with graded
levels of phytic acid. Aquaculture 2006, 261: 603-614.

Kranenbarg S, Schipper H, van Leeuwen J: Local biophysical stimuli and chondroid bone
in lordotic vertebrae of the sea bass. Comparative Biochemistry and Physiology A-
Molecular & Integrative Physiology 2006, 143: S95.

-43 -



><((((>

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Reference list

Berntssen MHG, Waagbo R, Toften H, Lundebye AK: Effects of dietary cadmium on
calcium homeostasis, Ca mobilization and bone deformities in Atlantic salmon (Salmo
salar L.) parr. Aquaculture Nutrition 2003, 9: 175-183.

Cahu C, Infante JZ, Takeuchi T: Nutritional components affecting skeletal development in
fish larvae. Aquaculture 2003, 227; 245-258.

Divanach P, Papandroulakis N, Anastasiadis P, Koumoundouros G, Kentouri M: Effect of
water currents on the development of skeletal deformities in sea bass (Dicentrarchus
labrax L.) with functional swimbladder during postlarval and nursery phase. Aquaculture
1997, 156: 145-155.

Gjerde B, Pante MJR, Baeverfjord G: Genetic variation for a vertebral deformity in Atlantic
salmon (Salmo salar). Aquaculture 2005, 244: 77-87.

Koumoundouros G, Divanach P, Kentouri M: The effect of rearing conditions on
development of saddleback syndrome and caudal fin deformities in Dentex dentex (L.).
Aquaculture 2001, 200: 285-304.

Lall SP, Lewis-McCrea LM: Role of nutrients in skeletal metabolism and pathology in fish -
An overview. Aquaculture 2007, 267: 3-19.

Madsen L, Arnbjerg J, Dalsgaard I: Spinal deformities in triploid all-female rainbow trout.
Bulletin of the European Association of Fish Pathologists 2000, 20: 206-208.

Roy PK, Witten PE, Hall BK, Lall SP: Effects of dietary phosphorus on bone growth and
mineralisation of vertebrae in haddock (Melanogrammus aeglefinus L.). Fish Physiology
and Biochemistry 2002, 27: 35-48.

Vagsholm I, Djupvik HO: Risk factors for spinal deformities in Atlantic salmon, Salmo salar
L. Journal of Fish Diseases 1998, 21: 47-53.

Georgakopoulou E, Angelopoulou A, Kaspiris P, Divanach P, Koumoundouros G:
Temperature effects on cranial deformities in European sea bass, Dicentrarchus labrax
(L.). Journal of Applied Ichthyology 2007, 23: 99-103.

Polo A, Yufera M, Pascual E: Effects of Temperature on Egg and Larval Development of
Sparus-Aurata |. Aquaculture 1991, 92: 367-375.

Sfakianakis DG, Georgakopoulou E, Papadakis IE, Divanach P, Kentouri A,
Koumoundouros G: Environmental determinants of haemal lordosis in European sea bass,
Dicentrarchus labrax (Linnaeus, 1758). Aquaculture 2006, 254: 54-64.

Edwards MJ: Hyperthermia As A Teratogen - A Review of Experimental Studies and Their
Clinical-Significance. Teratogenesis Carcinogenesis and Mutagenesis 1986, 6: 563-582.
Elsdale T, Pearson M, Whitehead M: Abnormalities in Somite Segmentation Following
Heat Shock to Xenopus Embryos. Journal of Embryology and Experimental Morphology
1976, 35: 625-635.

Wargelius A, Fjelldal PG, Hansen T: Heat shock during early somitogenesis induces
caudal vertebral column defects in Atlantic salmon (Salmo salar). Dev Genes Evol 2005,
215: 350-357.

Primmett DRN, Stern CD, Keynes RJ: Heat-Shock Causes Repeated Segmental
Anomalies in the Chick-Embryo. Development 1988, 104: 331-339.

Tsang KY, Chan D, Cheslett D, Chan WCW, So CL, Melhado IG et al.: Surviving
endoplasmic reticulum stress is coupled to altered chondrocyte differentiation and function.
Plos Biology 2007, 5: 568-585.

-44 -



><((((>

67.

68.

69.

70.

1.

72.

73.

74.

75.

76.

7.

78.

79.

80.

81.

82.

83.

Reference list

Haynes CM, Titus EA, Cooper AA: Degradation of misfolded proteins prevents ER-derived
oxidative stress and cell death. Molecular Cell 2004, 15: 767-776.

Ngrgaard R, Kassem M, Rattan S. Heat Shock-Induced Enhancement of Osteoblastic
Differentiation of hTERT-Immortalized Mesenchymal Stem Cells. Annals of the New York
Academy of Science 2006 1067, 443-447

Shui CX, Scutt A: Mild heat shock induces proliferation, alkaline phosphatase activity, and
mineralization in human bone marrow stromal cells and Mg-63 cells in vitro. Journal of
Bone and Mineral Research 2001, 16: 731-741.

Li S, Chien S, Branemark PI: Heat shock-induced necrosis and apoptosis in osteoblasts.
Journal of Orthopaedic Research 1999, 17: 891-899.

Flour MP, Ronot X, Vincent F, Benoit B, Adolphe M: Differential Temperature Sensitivity of
Cultured-Cells from Cartilaginous Or Bone Origin. Biology of the Cell 1992, 75: 83-87.

Patel JJ, Orriss IR, Key ML, Taylor SEB, Karnik K, Amett R: Hypothermia stimulates
osteoclastogenesis but inhibits osteoblast differentiation and bone formation. Bone 2009,
44: S305.

Ornsrud R, Gil L, Waagbo R: Teratogenicity of elevated egg incubation temperature and
egg vitamin A status in Atlantic salmon. Journal of Fish Diseases 2004, 27: 213-223.
Siemien MJ, Carline RF: Effect of Temperature on the Growth of 1St-Feeding Atlantic
Salmon Fry. Progressive Fish-Culturist 1991, 53: 11-14.

Wargelius A, Fjelldal PG, Nordgarden U, Hansen T: Continuous light affects mineralization
and delays osteoid incorporation in vertebral bone of Atlantic salmon (Salmo salar L.).
Journal of Experimental Biology 2009, 212: 656-661.

Fjelldal PG, Lock EJ, Grotmol S, Totland GK, Nordgarden U, Flik G et al.: Impact of smolt
production strategy on vertebral growth and mineralisation during smoltification and the
early seawater phase in Atlantic salmon (Salmo salar). Aquaculture 2006, 261: 715-728.
Fielldal G, Hansen TJ, Berg AE: A radiological study on the development of vertebral
deformities in cultured Atlantic salmon (Salmo salar L.). Aquaculture 2007, 273: 721-728.
Fjelldal PG, Nordgarden U, Berg A, Grotmol S, Totland GK, Wargelius A et al.: Vertebrae
of the trunk and tail display different growth rates in response to photoperiod in Atlantic
salmon, Salmo salar L., post-smolts. Aquaculture 20095, 250: 516-524.

Leterrier C, Nys Y: Clinical and Anatomical Differences in Varus and Valgus Deformities of
Chick Limbs Suggest Different Etiopathogenesis. Avian Pathology 1992, 21: 429-442.
Rawlinson SCF, Murray DH, Mosley JR, Wright CDP, Bred| JC, Saxon LK et al.: Genetic
selection for fast growth generates bone architecture characterised by enhanced periosteal
expansion and limited consolidation of the cortices but a diminution in the early responses
to mechanical loading. Bone 2009, 45: 357-366.

Arendt JD: Allocation of cells to proliferation vs. differentiation and its consequences for
growth and development. Journal of Experimental Zoology 2000, 288: 219-234.

Hernandez CJ, Beaupre GS, Carter DR: A model of mechanobiologic and metabolic
influences on bone adaptation. Journal of Rehabilitation Research and Development 2000,
37: 235-244.

Julian RJ: Production and growth related disorders and other metabolic diseases of poultry
- A review. Veterinary Journal 2005, 169: 350-369.

-45 -



><((((>

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

Reference list

Farquharson C, Jefferies D: Chondrocytes and longitudinal bone growth: The development
of tibial dyschondroplasia. Poultry Science 2000, 79: 994-1004.

Sato M, Kondo T, Yoshinaka R, lkeda S: Effect of Water Temperature on the Skeletal
Deformity in Ascorbic Acid-Deficient Rainbow-Trout. Bulletin of the Japanese Society of
Scientific Fisheries 1983, 49: 443-446

Fjelldal PG, Hansen T, Breck O, Sandvik R, Waagbo R, Berg A et al.: Supplementation of
dietary minerals during the early seawater phase increase vertebral strength and reduce
the prevalence of vertebral deformities in fast-growing under-yearling Atlantic salmon
(Salmo salar L.) smolt. Aquaculture Nutrition 2009, 15: 366-378.

Mckay LR, Gjerde B: Genetic-Variation for A Spinal Deformity in Atlantic Salmon, Salmo-
Salar. Aquaculture 1986, 52: 263-272.

Baeverfiord G, Asgard T, Shearer KD. Development and detection of phosphorus
deficiency in Atlantic salmon, Salmo salar. Aquacquaculture Nutrition 1998, 4:1-11.
Fontagne S, Silva N, Bazin D, Ramos A, Aguirre P, Surget A et al.: Effects of dietary
phosphorus and calcium level on growth and skeletal development in rainbow trout
(Oncorhynchus mykiss) fry. Aquaculture 2009, 297: 141-150.

Norman AW, Okamura WH, Bishop JE, Henry HL: Update on biological actions of 1
alpha,25(0OH)(2)-vitamin D-3 (rapid effects) and 24R,25(OH)(2)-vitamin D-3. Molecular and
Cellular Endocrinology 2002, 197: 1-13.

Lock EJ, Ornsrud R, Aksnes L, Spanings FAT, Waagbo R, Flik G: The vitamin D receptor
and its ligand 1 alpha,25-dihydroxyvitamin D-3 in Atlantic salmon (Salmo salar). Journal of
Endocrinology 2007, 193: 459-471.

Dabrowski K: Ascorbate Concentration in Fish Ontogeny. Journal of Fish Biology 1992, 40:
273-279.

Nau H: Embryotoxicity and Teratogenicity of Topical Retinoic Acid. Skin Pharmacology
1993, 6: 35-44.

Ornsrud R, Wargelius A, Saele O, Pittman K, Waagbo R: Influence of egg vitamin A status
and egg incubation temperature on subsequent development of the early vertebral column
in Atlantic salmon fry. Journal of Fish Biology 2004, 64: 399-417.

Bell JG, McEvoy J, Tocher DR, McGhee F, Campbell PJ, Sargent JR: Replacement of fish
oil with rapeseed oil diets of Atlantic salmon (Salmo salar) affects tissue lipid compositions
and hepatocyte fatty acid metabolism. Journal of Nutrition 2001,131:1535-1543.

Ruyter B, Rosjo C, Masoval K, Einen O, Thomassen MS: Influence of dietary n-3 fatty
acids on the desaturation and elongation of [1-C-14] 18 : 2 n-6 and [1-C-14] 18 : 3 n-3 in
Atlantic salmon hepatocytes. Fish Physiology and Biochemistry 2000, 23: 151-158.

Berge G, Witten P.E, aeverfjord G, egusdal A, Wadsworth S, Ruyter B. Diets with different
n-6/n-3 fatty acid ratio for juvenile Atlantic salmon, effects on growth, body composition,
bone development and eicosanoid production. Aquaculture. 2009, 296: 299-308.

Watkins BA, Li Y, Lippman HE, Seifert MF: Omega-3 polyunsaturated fatty acids and
skeletal health. Experimental Biology and Medicine 2001, 226: 485-497.

Kelly O, Cusack S, Jewell C, Cashman KD: The effect of polyunsaturated fatty acids,
including conjugated linoleic acid, on calcium absorption and bone metabolism and
composition in young growing rats. British Journal of Nutrition 2003, 90: 743-750.

- 46 -



><((((>

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.
112.

113.

114.

115.

116.

117.

Reference list

Watkins BA, Li Y, Allen KGD, Hoffmann WE, Seifert MF: Dietary ratio of (n-6)/(n-3)
polyunsaturated fatty acids alters the fatty acid composition of bone compartments and
biomarkers of bone formation in rats. Journal of Nutrition 2000, 130: 2274-2284.

Li Y, Watkins BA: Conjugated linoleic acids alter bone fatty acid composition and reduce
ex vivo prostaglandin E-2 biosynthesis in rats fed n-6 or n-3 fatty acids. Lipids 1998, 33:
417-425.

Watkins BA, Li Y, Lippman HE, Feng S: Modulatory effect of omega-3 polyunsaturated
fatty acids on osteoblast function and bone metabolism. Prostaglandins Leukotrienes and
Essential Fatty Acids 2003, 68: 387-398.

Villeneuve L, Gisbert E, Zambonino-Infante JL, Quazuguel P, Cahu CL: Effect of nature of
dietary lipids on European sea bass morphogenesis: implication of retinoid receptors.
British Journal of Nutrition 2005, 94: 877-884

Pittenger MF, Mackay AM, Beck SC, Jaiswal RK, Douglas R, Mosca JD et al.: Multilineage
potential of adult human mesenchymal stem cells. Science 1999, 284: 143-147.

Holtrop ME, Cox KA, Glowacki J: Cells of the Mononuclear Phagocytic System Resorb
Implanted Bone-Matrix - A Histologic and Ultrastructural-Study. Calcified Tissue
International 1982, 34: 488-494.

Smithgall TE: Signal transduction pathways regulating hematopoietic differentiation.
Pharmacological Reviews 1998, 50: 1-19.

Socolovsky M, Lodish HF, Daley GQ: Control of hematopoietic differentiation: Lack of
specificity in signaling by cytokine receptors. Proceedings of the National Academy of
Sciences of the United States of America 1998, 95: 6573-6575.

Kikuta H, Laplante M, Navratilova P, Komisarczuk AZ, Engstrom PG, Fredman D et al.:
Genomic regulatory blocks encompass multiple neighboring genes and maintain
conserved synteny in vertebrates. Genome Research 2007, 17: 545-555.

Shafizadeh E, Paw BH: Zebrafish as a model of human hematologic disorders. Current
Opinion in Hematology 2004, 11: 255-261.

Nakashima K, de CB: Transcriptional mechanisms in osteoblast differentiation and bone
formation. Trends Genet 2003, 19: 458-466.

Aubin JE: Bone stem cells. Journal of Cellular Biochemistry 1998, 73-82.

Erlebacher A, Filvaroff EH, Gitelman SE, Derynck R: Toward A Molecular Understanding
of Skeletal Development. Cell 1995, 80: 371-378.

Boyle WJ, Simonet WS, Lacey DL: Osteoclast differentiation and activation. Nature 2003,
423: 337-342.

Kobayashi T, Soegiarto DW, Yang YZ, Lanske B, Schipani E, McMahon AP et al.: Indian
hedgehog stimulates periarticular chondrocyte differentiation to regulate growth plate
length independently of PTHrP. Journal of Clinical Investigation 2005, 115: 1734-1742.
Proff P, Romer P: The molecular mechanism behind bone remodelling: a review. Clinical
Oral Investigations 2009, 13: 355-362.

Bird NC, Mabee PM: Developmental morphology of the axial skeleton of the zebrafish,
Danio rerio (Ostariophysi : Cyprinidae). Developmental Dynamics 2003, 228: 337-357.
Paredes R, Arriagada G, Cruzat F, Villagra A, Olate J, Zaidi K: Bone-specific transcription
factor Runx2 interacts with the 1 alpha,25-dihydroxyvitamin D-3 receptor to up-regulate rat
osteocalcin gene expression in osteoblastic cells. Mol Cell Biol 2004, 24: 8847-8861.

-47 -



><((((>

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

Reference list

Qu Q, Perala-Heape M, Kapanen A, Dahllund J, Salo J, Vaananen HK Estrogen enhances
differentiation of osteoblasts in mouse bone marrow culture. Bone 1998, 22: 201-209.
Karsenty G, Ducy P, Starbuck M, Priemel M, Shen J, Geoffroy V et al.: Cbfal as a
regulator of osteoblast differentiation and function. Bone 1999, 25: 107-108.

Otto F, Thornell AP, Crompton T, Denzel A, Gilmour KC, Rosewell IR et al.: Cbfal, a
candidate gene for cleidocranial dysplasia syndrome, is essential for osteoblast
differentiation and bone development. Cell 1997, 89: 765-771.

Nakashima K, Zhou X, Kunkel G, Zhang ZP, Deng JM, Behringer RR et al.: The novel zinc
finger-containing transcription factor Osterix is required for osteoblast differentiation and
bone formation. Cell 2002, 108: 17-29.

Krishnan V, Bryant HU, MacDougald OA: Regulation of bone mass by Wnt signaling.
Journal of Clinical Investigation 2006, 116: 1202-1209.

Bialek P, Kern B, Yang XL, Schrock M, Sosic D, Hong N et al.: A twist code determines the
onset of osteoblast differentiation. Developmental Cell 2004, 6: 423-435.

Cowles EA, Derome ME, Pastizzo G, Brailey LL, Gronowicz GA: Mineralization and the
expression of matrix proteins during in vivo bone development. Calcified Tissue
International 1998, 62: 74-82.

lkeda T, Nomura S, Yamaguchi A, Suda T, Yoshiki S: Insitu Hybridization of Bone-Matrix
Proteins in Undecalcified Adult-Rat Bone Sections. Journal of Histochemistry &
Cytochemistry 1992, 40: 1079-1088.

Bolander ME, Young MF, Fisher LW, Yamada Y, Termine JD: Osteonectin Cdna
Sequence Reveals Potential Binding Regions for Calcium and Hydroxyapatite and Shows
Homologies with Both A Basement-Membrane Protein (Sparc) and A Serine Proteinase-
Inhibitor (Ovomucoid). Proceedings of the National Academy of Sciences of the United
States of America 1988, 85: 2919-2923.

Termine JD, Kleinman HK, Whitson SW, Conn KM, Mcgarvey ML, Martin GR: Osteonectin,
A Bone-Specific Protein Linking Mineral to Collagen. Cell 1981, 26: 99-105.

Padh H: Vitamin-C - Newer Insights Into Its Biochemical Functions. Nutrition Reviews
1991, 49: 65-70.

Anderson HC: Molecular-Biology of Matrix Vesicles. Clinical Orthopaedics and Related
Research 1995, 266-280.

Anderson HC, Garimella R, Tague SE: The role of matrix vesicles in growth plate
development and biomineralization. Frontiers in Bioscience 2005, 10: 822-837.

Balcerzak M, Hamade E, Zhang L, Pikula S, Azzar G, Radisson J et al.: The roles of
annexins and alkaline phosphatase in mineralization process. Acta Biochimica Polonica
2003, 50: 1019-1038.

Kirsch T: Annexins - Their role in cartilage mineralization. Frontiers in Bioscience 2005, 10:
576-581.

Wu LNY, Genge BR, Wuthier RE: Association Between Proteoglycans and Matrix Vesicles
in the Extracellular-Matrix of Growth Plate Cartilage. Journal of Biological Chemistry 1991,
266: 1187-1194.

Hoffmann HM, Beumer TL, Rahman S, Mccabe LR, Banerjee C, Aslam F et al.: Bone
tissue-specific transcription of the osteocalcin gene: Role of an activator osteoblast-specific

-48 -



><((((>

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

151.

Reference list

complex and suppressor hox proteins that bind the OC box. Journal of Cellular
Biochemistry 1996, 61: 310-324.

Pinto JP, Ohresser MCP, Cancela ML: Cloning of the bone Gla protein gene from the
teleost fish Sparus aurata. Evidence for overall conservation in gene organization and
bone-specific expression from fish to man. Gene 2001, 270: 77-91.

Furie B, Furie BC: Molecular-Basis of Gamma-Carboxylation, Role of the Propeptide in the
Vit K-Dependent Proteins. Annals of the New York Academy of Sciences 1991, 614: 1-10.
Burger EH, Klein-Nulend J, Smit TH: Strain-derived canalicular fluid flow regulates
osteoclast activity in a remodelling osteon - a proposal. Journal of Biomechanics 2003, 36:
1453-1459.

Franz-Odendaal TA, Hall BK, Witten PE: Buried alive: How osteoblasts become
osteocytes. Developmental Dynamics 2006, 235: 176-190.

Tate MLK, Adamson JR, Tami AE, Bauer TW: The osteocyte. International Journal of
Biochemistry & Cell Biology 2004, 36: 1-8.

Huysseune A, Sire JY: Ultrastructural Observations on Chondroid Bone in the Teleost Fish
Hemichromis-Bimaculatus. Tissue & Cell 1990, 22: 371-383.

Witten PE, Hall BK: Differentiation and growth of kype skeletal tissues in anadromous male
Atlantic Salmon (Salmo salar). International Journal of Developmental Biology 2002, 46:
719-730.

Hunziker EB: Mechanism of Longitudinal Bone-Growth and Its Regulation by Growth-Plate
Chondrocytes. Microscopy Research and Technique 1994, 28: 505-519.

Abad V, Meyers JL, Weise M, Gafni RI, Barnes KM, Nilsson O et al.: The role of the resting
zone in growth plate chondrogenesis. Endocrinology 2002, 143: 1851-1857.

Bi WM, Deng JM, Zhang ZP, Behringer RR, de Crombrugghe B: Sox9 is required for
cartilage formation. Nature Genetics 1999, 22: 85-89.

Bell DM, Leung KKH, Wheatley SC, Ng LJ, Zhou S, Ling KW et al.: SOX9 directly
regulates the type-Il collagen gene. Nature Genetics 1997, 16: 174-178.

Healy C, Uwanogho D, Sharpe PT: Regulation and role of Sox9 in cartilage formation.
Developmental Dynamics 1999, 215: 69-78.

Semba |, Nonaka K, Takahashi |, Takahashi K, Dashner R, Shum L et al.: Positionally-
dependent chondrogenesis induced by BMP4 is co-regulated by Sox9 and Msx2.
Developmental Dynamics 2000, 217: 401-414.

Kember NF, Walker KVR: Control of Bone Growth in Rats. Nature 1971, 229: 428-&.

Dodds, G.S.. Roe formation and other types of arrangement of cartilage cells in
endochondral ossification. Anatomical records 1930, 46:385-399.

Lee K, Vortkamp A, Tabin C, Lanske B, Kronenberg H, Segre GV: Indian hedgehog delays
the differentiation of growth-plate chondrocytes by stimulating expression of PTHrP.
Journal of Bone and Mineral Research 1996, 11: 125.

Karp SJ, Schipani E, St-Jacques B, Hunzelman J, Kronenberg H, McMahon AP: Indian
hedgehog coordinates endochondral bone growth and morphogenesis via Parathyroid
Hormone related-Protein-dependent and -independent pathways. Development 2000, 127:
543-548.

=49 -



><((((>

152.

183.

154.

195.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

Reference list

Vortkamp A, Lee K, Lanske B, Segre GV, Kronenberg HM, Tabin CJ: Regulation of rate of
cartilage differentiation by Indian hedgehog and PTH-related protein. Science 1996, 273:
613-622.

Arnold MA, Kim Y, Czubryt MP, Phan D, McAnally J, Qi X et al.. MEF2C transcription
factor controls chondrocyte hypertrophy and bone development. Developmental Cell 2007,
12: 377-389.

Kim IS, Otto F, Zabel B, Mundlos S: Regulation of chondrocyte differentiation by Cbfa1.
Mechanisms of Development 1999, 80: 159-170.

lyama K, Ninomiya Y, Olsen BR, Linsenmayer TF, Trelstad RL, Hayashi M: Spatiotemporal
Pattern of Type-X Collagen Gene-Expression and Collagen Deposition in Embryonic Chick
Vertebrae Undergoing Endochondral Ossification. Anatomical Record 1991, 229: 462-472.
Mackie EJ, Ahmed YA, Tatarczuch L, Chen KS, Mirams M: Endochondral ossification:
How cartilage is converted into bone in the developing skeleton. International Journal of
Biochemistry & Cell Biology 2008, 40: 46-62.

Blavier L, Delaisse JM: Matrix Metalloproteinase Activity Is Obligatory for the Recruitment
of Osteoclasts to Future Bone-Resorption Sites. Journal of Bone and Mineral Research
1995, 10: S224.

Adams CS, Shapiro IM: The fate of the terminally differentiated chondrocyte: Evidence for
microenvironmental regulation of chondrocyte apoptosis. Critical Reviews in Oral Biology &
Medicine 2002, 13: 465-473.

Anderson HC, Cecil R, Sajdera SW: Calcification of Rachitic Rat Cartilage Invitro by
Extracellular Matrix Vesicles. American Journal of Pathology 1975, 79: 237-254.

Kirsch T, Nah HD, Shapiro IM, Pacifici M: Regulated production of mineralization-
competent matrix vesicles in hypertrophic chondrocytes. Journal of Cell Biology 1997, 137:
1149-1160.

Ishizeki K, Takigawa M, Harada Y, Suzuki F, Nawa T: Meckel's cartilage chondrocytes in
organ culture synthesize bone-type proteins accompanying osteocytic phenotype
expression. Anatomy and Embryology 1996, 193: 61-71.

Lian JB, Mckee MD, Todd AM, Gerstenfeld LC: Induction of Bone-Related Proteins,
Osteocalcin  and Osteopontin, and Their Matrix Ultrastructural-Localization with
Development of Chondrocyte Hypertrophy Invitro. Journal of Cellular Biochemistry 1993,
52: 206-219.

Cancedda FD, Gentili C, Manduca P, Cancedda R: Hypertrophic Chondrocytes Undergo
Further Differentiation in Culture. Journal of Cell Biology 1992, 117: 427-435.

Yasui N, Sato M, Ochi T, Kimura T, Kawahata H, Kitamura Y et al.. Three modes of
ossification during distraction osteogenesis in the rat. Journal of Bone and Joint Surgery-
British Volume 1997, 79B: 824-830.

Huysseune A, Verraes W: Chondroid Bone on the Upper Pharyngeal Jaws and
Neurocranial Base in the Adult Fish Astatotilapia-Elegans. American Journal of Anatomy
1986, 177: 527-535.

Delaisse JM, Andersen TL, Engsig MT, Henriksen K, Troen T, Blavier L: Matrix
metalloproteinases (MMP) and cathepsin K contribute differently to osteoclastic activities.
Microscopy Research and Technique 2003, 61: 504-513.

-50 -



><((((>

167.

168.

169.

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

Reference list

Motyckova G, Weilbaecher KN, Horstmann M, Rieman DJ, Fisher DZ, Fisher DE: Linking
osteopetrosis end pycnodysostosis: Regulation of cathepsin K expression by the
microphthalmia transcription factor family. Proceedings of the National Academy of
Sciences of the United States of America 2001, 98: 5798-5803.

Ortega N, Behonick D, Stickens D, Werb Z: How proteases regulate bone morphogenesis.
Tissue Remodeling 2003, 995: 109-116.

Engsig MT, Chen QJ, Vu TH, Pedersen AC, Therkidsen B, Lund LR et al.: Matrix
metalloproteinase 9 and vascular endothelial growth factor are essential for osteoclast
recruitment into developing long bones. Journal of Cell Biology 2000, 151: 879-889.

Witten PE, Huysseune A: A comparative view on mechanisms and functions of skeletal
remodelling in teleost fish, with special emphasis on osteoclasts and their function.
Biological Reviews 2009, 84: 315-346.

Wiktorjedrzejczak W, Bartocci A, Ferrante AW, Ahmedansari A, Sell KW, Pollard JW et al.
Total Absence of Colony-Stimulating Factor 1 in the Macrophage-Deficient Osteopetrotic
(Op Op) Mouse. Proceedings of the National Academy of Sciences of the United States of
America 1990, 87: 4828-4832.

Yoshida H, Hayashi S, Kunisada T, Ogawa M, Nishikawa S, Okamura H et al.: The Murine
Mutation Osteopetrosis Is in the Coding Region of the Macrophage Colony Stimulating
Factor Gene. Nature 1990, 345: 442-444.

Collin-Osdoby P: Regulation of vascular calcification by osteoclast regulatory factors
RANKL and osteoprotegerin. Circulation Research 2004, 95: 1046-1057.

Partington GA, Fuller K, Chambers TJ, Pondel M: Mitf-PU.1 interactions with the tartrate-
resistant acid phosphatase gene promoter during osteoclast differentiation. Bone 2004, 34:
237-245.

Hofbauer LC, Heufelder AE: Role of receptor activator of nuclear factor-kappa B ligand and
osteoprotegerin in bone cell biology. Journal of Molecular Medicine, 2001, 79: 243-253.
Heymann D, Guicheux J, Gouin F, Passuti N, Daculsi G: Cytokines, growth factors and
osteoclasts. Cytokine 1998, 10: 155-168.

Suda T, Udagawa N, Nakamura |, Miyaura C, Takahashi N: Modulation of Osteoclast
Differentiation by Local Factors. Bone 1995, 17: S87-S91.

Li ZP, Kong KM, Qi WL: Osteoclast and its roles in calcium metabolism and bone
development and remodeling. Biochemical and Biophysical Research Communications
2006, 343: 345-350.

Mattsson JP, Schlesinger PH, Keeling DJ, Teitelbaum SL, Stone DK, Xie XS: Isolation and
Reconstitution of A Vacuolar-Type Proton Pump of Osteoclast Membranes. Journal of
Biological Chemistry 1994, 269: 24979-24982.

Schlesinger PH, Mattsson JP, Blair HC: Osteoclastic Acid Transport - Mechanism and
Implications for Physiological and Pharmacological Regulation. Mineral and Electrolyte
Metabolism 1994, 20: 31-39.

Stenbeck G: Formation and function of the ruffled border in osteoclasts. Seminars in Cell &
Developmental Biology 2002, 13: 285-292.

Delaisse JM, Engsig MT, Everts V, Ovejero MD, Ferreras M, Lund L et al.: Proteinases in
bone resorption: obvious and less obvious roles. Clinica Chimica Acta 2000, 291: 223-234.

-51-



><((((>

183.

184.

185.

186.

187.
188.

189.

190.

191.

192.

193.

194.

195.

196.

197.

198.

199.

Reference list

Renn J, Winkler C, Schartl M, Fischer R, Goerlich R: Zebralish and medaka as models for
bone research including implications regarding space-related issues. Protoplasma 2006,
229: 209-214.

Wise SB, Stock DW: Conservation and divergence of Bmp2a, Bmp2b, and Bmp4
expression patterns within and between dentitions of teleost fishes. Evolution &
Development 2006, 8: 511-523.

Hayes AJ, Benjamin M, Ralphs JR: Extracellular matrix in development of the
intervertebral disc. Matrix Biology 2001, 20: 107-121.

Green J, Schotland S, Stauber DJ, Kleeman CR, Clemens TL: Cell-Matrix Interaction in
Bone - Type-I Collagen Modulates Signal-Transduction in Osteoblast-Like Cells. American
Journal of Physiology-Cell Physiology 1995, 37: C1090-C1103.

Solheim E: Growth factors in bone. International Orthopaedics 1998, 22: 410-416.

Young MF: Bone matrix proteins: More than markers. Calcified Tissue International 2003,
72: 2-4.

Inada M, Yasui T, Nomura S, Miyake S, Deguchi K, Himeno M et al.: Maturational
disturbance of chondrocytes in Cbfa1-deficient mice. Developmental Dynamics 1999, 214:
279-290.

Pratap J, Javed A, Languino LR, van Wijnen AJ, Stein JL, Stein GS et al.: The Runx2
osteogenic transcription factor regulates matrix metalloproteinase 9 in bone metastatic
cancer cells and controls cell invasion. Mol Cell Biol 2005, 25: 8581-8591.

Kieswetter K, Schwartz Z, Alderete M, Dean DD, Boyan BD: Platelet derived growth factor
stimulates chondrocyte proliferation but prevents endochondral maturation. Endocrine
1997, 6: 257-264.

Robling AG, Duijvelaar KM, Geevers JV, Ohashi N, Turner CH: Modulation of appositional
and longitudinal bone growth in the rat ulna by applied static and dynamic force. Bone
2001, 29: 105-113.

Ohashi N, Robling AG, Burr DB, Turner CH: The effects of dynamic axial loading on the rat
growth plate. Journal of Bone and Mineral Research 2002, 17: 284-292.

Kranenbarg S, van Cleynenbreugel T, Schipper H, van Leeuwen J: Adaptive bone
formation in acellular vertebrae of sea bass (Dicentrarchus labrax L.). Journal of
Experimental Biology 2005, 208: 3493-3502.

Cockroft DL, New DAT: Abnormalities Induced in Cultured Rat Embryos by Hyperthermia.
Teratology 1978, 17: 277-283.

Miura M, Chen XD, Allen MR, Bi YM, Gronthos S, Seo BM et al.: A crucial role of caspase-
3 in osteogenic differentiation of bone marrow stromal stem cells. Journal of Clinical
Investigation 2004, 114: 1704-1713.

Breen JG, Claggett TW, Kimmel GL, Kimmel CA: Heat shock during rat embryo
development in vitro results in decreased mitosis and abundant cell death. Reproductive
Toxicology 1999, 13: 31-39.

Sanger VL, Dahigren RR, Cover MS, Langham RF: Skeletal Disease and Locomotor
Problems in Turkeys. Avian Diseases 1974, 18: 378-393.

Schmidt EV, Crapo JD, Harrelson JM, Smith RE: A Quantitative Histologic-Study of Avian
Osteopetrotic Bone Demonstrating Normal Osteoclast Numbers and Increased
Osteoblastic Activity. Laboratory Investigation 1981, 44: 164-173.

-52-



><((((>

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

Reference list

Mead TJ, Yutzey KE: Notch pathway regulation of chondrocyte differentiation and
proliferation during appendicular and axial skeleton development. Proceedings of the
National Academy of Sciences of the United States of America 2009, 106: 14420-14425.
Amenta PS, Clark CC, Martinezhernandez A: Deposition of Fibronectin and Laminin in the
Basement-Membrane of the Rat Parietal Yolk-Sac - Immunohistochemical and
Biosynthetic-Studies. Journal of Cell Biology 1983, 96: 104-111.

Miner JH, Li C, Mudd JL, Go G, Sutherland AE: Compositional and structural requirements
for laminin and basement membranes during mouse embryo implantation and gastrulation.
Development 2004, 131: 2247-2256.

Smyth N, Vatansever HS, Murray P, Meyer M, Frie C, Paulsson M et al.: Absence of
basement membranes after targeting the LAMC1 gene results in embryonic lethality due to
failure of endoderm differentiation. Journal of Cell Biology 1999, 144: 151-160.

Hogan BLM, Cooper AR, Kurkinen M: Incorporation Into Reicherts Membrane of Laminin-
Like Extracellular Proteins Synthesized by Parietal Endoderm Cells of the Mouse Embryo.
Developmental Biology 1980, 80: 289-300.

Adamus MA, Dabrowski ZJ: Effect of the neuropeptide substance P on the rat bone
marrow-derived osteogenic cells in vitro. Journal of Cellular Biochemistry 2001, 81: 499-
506.

Bjurholm A: Neuroendocrine Peptides in Bone. International Orthopaedics 1991, 15: 325-
329.

Sun HB, Chen JC, Liu Q, Guo MF, Substance P stimulates differentiation of mice
osteoblast through up-regulating Osterix expression. Journal of Traumatology, 2010, 13,
46-50.

Goto T, Nakao K, Gunjigake KK, Kido MA, Kobayashi S, Tanaka T: Substance P
stimulates late-stage rat osteoblastic bone formation through neurokinin-1 receptors.
Neuropeptides 2007, 41: 25-31.

Yu J, Fairbank JCT, Roberts S, Urban JPG: The elastic fiber network of the anulus fibrosus
of the normal and scoliotic human intervertebral disc. Spine 2005, 30: 1815-1820.

Morita H, Yoshimura A, Inui K, Lodeura T, Watanabe H, Wang L: Heparan sulfate of
perlecan is involved in glomerular filtration. Journal of the American Society of Nephrology
2005, 16: 1703-1710.

Parsons MJ, Pollard SM, Saude L, Feldman B, Coutinho P, Hirst EMA: Zebrafish mutants
identify an essential role for laminins in notochord formation. Development 2002, 129:
3137-3146.

Timpl R: Macromolecular organization of basement membranes. Current Opinion in Cell
Biology 1996, 8: 618-624.

Okafuji N, Liu ZJ, King GJ: Assessment of cell proliferation during mandibular distraction
osteogenesis in the maturing rat. American Journal of Orthodontics and Dentofacial
Orthopedics 2006, 130: 612-621.

Handa T, Ishihara H, Ohshima H, Osada R, Tsuji H, Obata K: Effects of hydrostatic
pressure on matrix synthesis and matrix metalloproteinase production in the human lumbar
intervertebral disc. Spine 1997, 22: 1085-1091.

Lotz JC, Hsieh AH, Walsh AL, Palmer El, Chin JR: Mechanobiology of the intervertebral
disc. Biochemical Society Transactions 2002, 30: 853-858.

-53.-



><((((>

216.

217.

218.

219.

220.

221.

222.

223.

224.

225.

226.

2217.

228.

229.

Reference list

Prescher A: Anatomy and pathology of the aging spine. European Journal of Radiology
1998, 27: 181-195.

Bakay L, Cares HL, Smith RJ: Ossification in Region of Posterior Longitudinal Ligament As
A Cause of Cervical Myelopathy. Journal of Neurology Neurosurgery and Psychiatry 1970,
33: 263-371.

Resnick D: Case Report-240 - Fibrodysplasia Ossificans Progessiva (Fop) - Radiological
and Gross Pathological Abnormalities in A Macerated Cadaver. Skeletal Radiology 1983,
10: 131-136.

Ogawa R, Mizuno H, Watanabe A, Migita M, Shimada T, Hyakusoku H: Osteogenic and
chondrogenic differentiation by adipose-derived stem cells harvested from GFP transgenic
mice. Biochemical and Biophysical Research Communications 2004, 313: 871-877.

Zuk PA, Zhu M, Mizuno H, Huang J, Futrell JW, Katz AJ: Multilineage cells from human
adipose tissue: Implications for cell-based therapies. Tissue Engineering 2001, 7: 211-228.
Zuk PA, Zhu M, Ashjian P, De Ugarte DA, Huang JI, Mizuno H: Human adipose tissue is a
source of multipotent stem cells. Molecular Biology of the Cell 2002, 13: 4279-4295.
Pombinho AR, Laize V, Molha DM, Marques SMP, Cancela ML: Development of two bone-
derived cell lines from the marine teleost Sparus aurata; evidence for extracellular matrix
mineralization and cell-type-specific expression of matrix Gla protein and osteocalcin. Cell
and Tissue Research 2004, 315: 393-406.

Bonewald LF, Harris SE, Rosser J, Dallas MR, Dallas SL, Camacho NP: Von Kossa
staining alone is not sufficient to confirm that mineralization in vitro represents bone
formation. Calcified Tissue International 2003, 72: 537-547.

Villeneuve LAN, Gisbert E, Moriceau J, Cahu CL, Infante JLZ: Intake of high levels of
vitamin A and polyunsaturated fatty acids during different developmental periods modifies
the expression of morphogenesis genes in European sea bass (Dicentrarchus labrax).
British Journal of Nutrition 2006, 95: 677-687.

Jee WSS, Mori S, Li XJ, Chan S: Prostaglandin-E2 Enhances Cortical Bone Mass and
Activates Intracortical Bone Remodeling in Intact and Ovariectomized Female Rats. Bone
1990, 11: 253-266.

Mori S, Jee WSS, Li XJ, Chan S, Kimmel DB: Effects of PGE2 on Production of New
Cancellous Bone in the Axial Skeleton of Ovariectomized Rats. Bone 1990, 11: 103-113.
Raisz LG, Koolemansbeynen AR: Inhibition of Bone Collagen-Synthesis by Prostaglandin-
E2 in Organ-Culture. Prostaglandins 1974, 8: 377-385.

Watkins BA, Reinwald S, Li Y, Seifert MF: Protective actions of soy isoflavones and n-3
PUFAs on bone mass in ovariectomize rats. Journal of Nutritional Biochemistry 2005, 16:
479-488.

Cusack S, Jewell C, Cashman KD: The effect of conjugated linoleic acid on the viability
and metabolism of human osteoblast-like cells. Prostaglandins Leukotrienes and Essential
Fatty Acids 2005, 72: 29-39.

-54 -



Paper |



Molecular pathology of vertebral deformities in hyperthermic Atlantic salmon (Salmo salar)

Elisabeth Ytteborg!2, Grete Baeverfjord?, Kirsti Hjelde!, Jacob Torgersen! and Harald Taklels3*

Nofima Marin, Norwegian Institute of Food, Fisheries and Aquaculture Research, P.O. Box 5010, NO-
1432 As, Norway

2 Norwegian University of Life Sciences, NO-1432 As, Norway

3AVS Chile SA, Imperial 0655, Of. 3A, Puerto Varas, Chile

*Corresponding author

Email addresses:

EY: elisabeth.ytteborg@nofima.no
GB: grete.baverfjord@nofima.no
KH: kirsti.hjelde@nofima.no

JT: jacob.torgersen@nofima.no

HT*: harald.takle@nofima.no

Abbreviations: ALP, alkaline phosphatase; BCIP/NBT, 5-bromo-4-chloro-3 indolyl phosphate p-toluidine
salt/nitro blue tetrazolium chloride; bHLH, basic helix loop helix; BMP, bone morphogenetic proteins; dl,
decilitre; Gla, y-carboxyglutamic acid; |hh, indian hedge hog; MMP, matrix metalloproteinase; PBS,
phosphate-buffered saline; PDGFrb, platelet derived growth factor receptor b; PFA, paraformaldehyde;
Runx2, runt related transcription factor 2; shh, Sonic hedge hog; Sox9, sex determining region Y-box 9,

Tartrate-resistant acid phosphatase, TRAP.


mailto:elisabeth.ytteborg@nofima.no
mailto:grete.baverfjord@nofima.no
mailto:jacob.torgersen@nofima.no

Abstract

Background: Hyperthermia has been shown in a number of organisms to induce developmental
defects as a result of changes in cell proliferation, differentiation and gene expression. In spite of this,
salmon aquaculture commonly uses high water temperature to speed up developmental rate in intensive
production systems, resulting in an increased frequency of skeletal deformities. In order to study the
molecular pathology of vertebral deformities, A. salmon was subjected to hyperthermic conditions from
fertilization until after the juvenile stage.

Results: Fish exposed to the high temperature regime showed a markedly higher growth rate and a
significant higher percentage of deformities in the spinal column than fish reared at low temperatures.
By analyzing phenotypically normal spinal columns from the two temperature regimes, we found that the
increased risk of developing vertebral deformities was linked to an altered gene transcription. In
particular, down-regulation of extracellular matrix (ECM) genes such as collal, osteocalcin, osteonectin
and decorin, indicated that maturation and mineralization of osteoblasts were restrained. Moreover,
histological staining and in situ hybridization visualized areas with distorted chondrocytes and an
increased population of hypertrophic cells. These findings were further confirmed by an up-regulation of
mef2c and col10a, genes involved in chondrocyte hypertrophy.

Conclusion: The presented data strongly indicates that temperature induced fast growth is severely
affecting gene transcription in osteoblasts and chondrocytes; hence change in the vertebral tissue
structure and composition. A disrupted bone and cartilage production was detected, which most likely is
involved in the higher rate of deformities developed in the high intensive group. Our results are of basic
interest for bone metabolism and contribute to the understanding of the mechanisms involved in
development of temperature induced vertebral pathology. The findings may further conduce to future

molecular tools for assessing fish welfare in practical farming.



Background

Industrial fish farming makes use of intensive production regimes in an effort to decrease production
time and costs. Elevated water temperatures are commonly applied, often without explicit control of
factors like nutrition, water quality, densities and vaccination. The intensive rearing systems are
unfortunately correlated with deformities affecting both skeletal and soft tissues [1,2]. In teleosts,
hyperthermia can induce vertebral deformities both during the embryonic development and after the
vertebral column has been established [3-5]

The teleost vertebral body is built using a minimal bone mass to reduce negative buoyancy [6].
In salmon, the vertebral body comprises four mineralized or ossified layers. Formation of the different
layers involves the balanced and highly regulated formation of bone and cartilaginous structures through
patterns of mineralization and matrix deposition [7]. The specialized architecture makes it vulnerable to
alterations in its tissue composition. Intramembranous ossification occurs by coordinated processes of
production, maturation and mineralization of osteoid matrix [8]. Initially osteoblasts produce a thickening
osteoid seam by collagen deposition without mineralization. This is followed by an increase in the
mineralization rate and the final stage where collagen synthesis decreases and mineralization continues
until the osteoid seam is fully mineralized. As part of the process, mineralization time lag appears to be
required for allowing modifications of the osteoid so that it is able to support mineralization [9]. Indeed,
fast growing A. salmon has been shown to exhibit low vertebral mineral content and mechanical
strength, together with an increased risk of developing vertebral deformities [10,11].

Skeletal growth depends upon the dynamic equilibrium between cartilage production and bone
apposition rate [12]. Ontogeny and growth of the vertebral column is under control of regulatory
mechanisms involving transcription factors, signaling molecules and extracellular matrix proteins. The
pathways of chondrocyte and osteoblast differentiation are interconnected during vertebral formation
and must be coordinated. In particular, regulatory proteins, like the transcription factors Sox9, Runx2,
Osterix, Twist and Mef2c have distinct functions both in the establishment of the vertebral bodies and
later in the differentiation and maturation of specific skeletal cell types (review [13]). Similarly, signaling
molecules like bone morphogenetic proteins (Bmp2 and Bmp4), and hedgehog proteins (lhh and Shh)
plays different roles both during cell differentiation and skeletal tissue ontogeny [14-16]. Osteoblasts and
chondrocytes secrete the collagen fibers and ground substances of bone and cartilage. These cells are
also responsible for the mineralization of the matrix through secretion of specialized molecules, such as
Alkaline phosphatase (ALP), Osteocalcin and Osteonectin that binds inorganic minerals [17,18]. A
widely accepted view is that the spatial restriction of ECM mineralization to bone is explained by
osteoblast-specific gene products that initiate the formation of hydroxyapatite crystals (Ca1o[PO4]6[OH]?)

[19]. The requirement for specifically expressed genes in osteoblasts (e.g. coll, osteocalcin and



osteonectin) and chondrocytes (e.g. col2 and col10) to initiate the formation of matrix or control the
growth of hydroxyapatite crystals is supported by numerous studies [18,20,21]. Furthermore, Matrix
metalloproteinases (MMPs) and Tartrate-resistant acid phosphatase (TRAP) are involved in degradation
of ECM and in the bone remodeling process performed by the osteoclasts [22] .

In this work, 20 skeletal genes were used to study the effect of long term hyperthermic exposure
on vertebral development and growth in A. salmon. Fish exposed to high temperature (high intensive
regime) had a significant higher incidence of deformities than fish from the same origin reared under a
conservative temperature regime (low intensive regime). The study was aimed at exposing differences
in risk level between the groups, rather than elaborating the pathologies of deformed vertebrae, hence,
the study concentrated on phenotypically normal fish from both temperatures. Significant changes in
gene transcription were found between phenotypically normal vertebrae of both groups, including down-
regulation of genes encoding proteins important for mineralization. Further, in situ hybridization (ISH)
and histological staining revealed phenotypical and functional changes in the arch centra. Our results
are of basic interest for understanding bone metabolism and deformities, as well as a tool for assessing

fish welfare in practical farming.

Results

In the present study we analyzed and compared A. salmon vertebrae from high and low temperature
intensity regimes. Rate of development and growth was influenced by temperature regime as observed
through SGR and time of sampling. The development from fertilization to first feeding lasted 5 months in
the low intensive regime at 6°C, compared to 3 months in the high intensive regime at 10°C. Juveniles
of the high intensive group also grew more rapidly after start-feeding than the low intensive group,
where the former reached 2g in 6 weeks after first feeding, 15g in 3 months and 60g in 7 months after
first feeding, at a rearing temperature of 16°C. In comparison, the low intensive group at rearing
temperature of 10°C reached similar sizes in 11 weeks, 5 months and 10 months, respectively.
Accordingly, after start-feeding fish from the high intensive temperature regime displayed a higher SGR

than the low temperature fish, 2.82 and 1.96 respectively.

Radiography, morphology and mineral analyses

On radiography analysis, the incidence of fish with skeletal abnormalities at 2g size was 4.0 + 2.8 %
and 10.0 £ 1.7 % in the low and high intensive groups, respectively (n.s.; not significant). At 15g size,
the difference was more pronounced, 3.4 £ 2.0 % and 17.9 £ 1.3 % (p<0.001). At the final sampling at
609 size, 8 + 1.4 % of the fish in the low intensive group displayed some degree of skeletal pathology

compared to 28.1 + 2.3 % in the high intensive group (p<0.0001), results are shown in figure 2.



Morphometric analyses of vertebral shape demonstrated that fish classified as having a normal
phenotype in both groups had more or less regularly shaped vertebrae, but that there was a difference
in length-height proportion of vertebrae between fish from the two temperature regimes. Measurements
on X-ray images showed that vertebral bodies from the high intensive groups were significantly shorter
in craniocaudal direction compared to those from the low intensive groups. The ratios for the high and
low intensive group were at 2g 0.68 + 0.02 and 0.76 + 0.02 , at 159 0.78 £ 0.03 and 0.89 £ 0.06 and at
60g 0.86 + 0.01 and 0.94 £ 0.01, respectively (p<0.001). Examples of vertebral columns with normal
phenotype from the high and low intensive group at 15g are shown in figure 3.

Due to the built-in image contrast enhancement procedures of the semi-digital X-ray system,
evaluation of skeletal mineralization as judged by radio density in images was impaired. Nevertheless, a
lower contrast in skeletal structures was observed in the high intensity fish, in particular at the 15g
sampling, indicative of a lower mineralization rate at this stage.

Whole body mineral content at the end of the experiment (60g size) showed low values for Ca,
P and Zn content for both temperature regimes (Table 3), with no significant differences between
treatments. There was a small, but significant lower level of whole body Fe and Na in the high intensive
group. All Fe and Na values were lower than reference values [23], but in correspondence with Ca, P

and Zn values, they were within a range which is commonly seen in commercially reared salmon.

Quantitative vertebral mMRNA expression
The skeletal genes were divided into three groups according to function; ECM constituents, transcription
factors, and signaling molecules (Fig. 4 A-C).

ECM constituents included genes involved in bone matrix production and mineralization and 7
out of 9 of these genes were found to be down-regulated in high intensive group at 2 and 15g (Fig. 4A).
Transcription of collal, osteocalcin, decorin, osteonectin, mmp9 and mmp13 were reduced in the high
intensive group compared to the low intensive group. Col2al transcription was also down-regulated at
both developmental stages, however the values were insignificant. Osteocalcin was severely down-
regulated in 2g high intensive group. Converse transcription profiles could be observed for col10al and
alp between 2g and 15g fish; col10al was down-regulated at 2g and up-regulated at 15g whereas alp
was up-regulated at 2g and down-regulated at 13g.

Temporal changes in transcription factor mRNA expression were found between high and low
temperature group, and all genes except sox9 showed opposite expression at 2 and 15g (Fig. 4B). In
the high intensive group, sox9 was down-regulated at 2g (n.s.) and 15g, but more pronounced in the
latter. Investigation of the two osteoblast markers runx2 and osterix, revealed opposite mRNA

expression levels at 2 and 15g. Runx2 was up-regulated at 29 (n.s), but down-regulated at 15g. On the



contrary, osterix was down-regulated (n.s.) at 2g, but up-regulated at 15g. Mef2c and twist was also
down-regulated at 2g, while up-regulated at 15g (twist n.s.).

Signaling molecules included bmp2, bmp4, shh and ihh. Expression analysis of mRNA for
signaling molecules showed statistically significant differences in expression levels between the
temperature regimes and all transcripts were found more abundant in the 15g group when compared to
2g vertebrae. Bmp2 was the only up-regulated signaling molecule at 2g, while all signaling genes were
up-regulated at 15g (Fig. 4C).

To further examine changes in chondrocyte recruitment and structure between the temperature
regimes, we included platelet derived growth factor receptor b (pdgfrb) and vimentin, because of their
importance in proliferation and the cytoskeleton, respectively [24,25]. Both transcripts were significantly
down-regulated in 2g, while significantly up-regulated at 15g (Fig. 4A, B).

In summary, we found that out of the 20 genes we analyzed, 8 were down-regulated in both
temperature groups (collal, col2al, osteocalcin, sox9, decorin, osteonectin, mmp9 and mmpl3), 9
genes were up-regulated in the 15g high intensive group, but down-regulated at 2g (bmp4, col10al,
osterix, ihh, shh, mef2c, twist, vimentin and pdgfrb). And finally, alp and runx2 were up-regulated at 2g

but down-regulated at 15g.

Vertebral tissue morphology and spatial mMRNA expression
In areas where osteoblasts secrete the osteoid matrix, a generally stronger ISH signals was apparent in
the low intensive group for all probes. The osteogenic marker gene colla showed distinct staining to
osteoblasts at the growth zone of the endbones of the vertebral bodies from fish of both temperature
regimes (Fig. 5A-C). Moreover, colla signal was identified in the bone lining osteoblast cells situated at
the lateral surfaces of the trabeculae and along the rims of the vertebral bodies. Investigation of
osteocalcin mRNA revealed an expression pattern similar to colla, with staining of cells in the
osteogenous areas and in bone lining osteoblasts and apical surfaces of the trabeculae (Fig. 5D-G).
Specifically high osteocalcin signal was detected in the proliferative osteoblast growth zones on the
endbones of the vertebral bodies. Osteonectin mRNA was detected in the osteogenic growth zone of
the endbones and lining the exterior part of the vertebral body (Fig. 6A-D). The chondrocytic marker
col2a, hybridized heavily to chordoblasts in the notochord (Fig. 6E-G), whereas col10a was detected in
a continuous layer of cells along the rims of the vertebral body (Fig. 6J-L).

Alizarin red S and toluidine blue stained chondrocytes in the arch centra and revealed distinct
morphological differences between vertebrae from the two temperature groups. The low intensive group
was defined by distinct sub-groups of chondrocytes in the different maturational stages i.e. resting,

proliferating and hypertrophic. In contrast, the equivalent chondrocytes were more distorted in the high



intensive group (Fig. 7A, B). ISH analysis of col2a, col10a and osteonectin enabled classification of the
different chondrocytes into distinct sub-populations of maturational development. Col2a hybridized to
resting and pre-hypertrophic chondrocytes in two distinct bands of both low and high intensive group,
but the mRNA expression was more evenly distributed in all cells of the latter group (Fig. 6H, I). There
were also generally less proliferating chondrocytes that tended to be less compact in this group. In
proliferating chondrocytes we detected strong col2a mRNA expression in the high intensive group, but
no expression in the low intensive group. Analysis of coll0a showed restriction to the pre-hypertrophic
and hypertrophic chondrocytes located in the deep cartilage zone (Fig. 6M, N). Osteonectin was also
expressed in chondrocytes and the signal increased towards the hypertrophic chondrocytes (Fig. 6A-C).
The pre-hypertrophic chondrocyte zone was found to be expanded in the high intensive fish and both
coll0al and osteonectin showed an expanded expression domain corresponding to an increased
hypertrophic zone. No signal was detected in any of the samples hybridized with sense probes (data not
shown).

In normal spinal columns from the low intensive group, positive TRAP staining was detected at
the ossifying boarders of the hypertrophic chondrocytes in the arch centra. No positive staining was

detected in samples from the high intensive group (Fig. 8A, B).

Discussion

The presented study aims at describing the molecular pathology underlying the development of
vertebral deformities in A. salmon reared at a high temperature regime that promotes fast growth during
the early life stages. Within the period investigated, vertebral bodies form and develop and the skeletal
tissue mineralizes. Rearing at high temperatures resulted in higher frequencies of vertebral deformities,
as expected. The vertebral pathology observed in this study was most likely induced both during the
embryonic development and after start-feeding, since the incidence of deformities continued to increase
throughout the experiment after the first radiographic examination at 2g. Similar temperature regimes
before and after start-feeding have independently been shown to induce vertebral defects in juvenile
salmon [1,26]. However, whereas high temperatures during embryonic development is commonly
related to somitic segmentation failure, deformities later in development may possibly be linked to fast
growth induced by elevated temperatures and the impact this might have on the natural maturation and
ontogeny of the vertebral bodies [3,10,11]. This causative relation has been shown for fast growing
underyearling smolt that has a higher incidence of vertebral deformities than slower growing yearling
smolt [27]. Further, morphometric analyses showed that elevated water temperature and faster growth
is manifested by a difference in length-height proportion of vertebrae between fish from the two

temperature regimes. Similar decrease in length-height proportion was described for the rapid-growing



underyearling smolt [27]. Radiographic observations indicated a lower level of mineralization of osteoid
tissues in the high temperature fish. However, we could not find any pronounced altered mineral content
between the two temperature regimes. The observed values were low compared to reference values
[23], but in a range commonly observed in commercially reared salmon. Apparently, whole body mineral

analysis seems insufficient to assess problems related to the development of spinal deformities.

To determine whether the difference in likelihood of developing vertebral deformities between the two
groups could be traced back to an altered gene transcription, we examined the expression of selected
skeletal mRNAs in phenotypical normal salmon fry at 2 and 15g. Histological examination of 15g fish
was included to improve interpretation of the transcriptional data. The selected genes showed both
phylogenetic conservation and similar spatial expression with those examined in other vertebrates,
supporting that most of the factors and pathways that control skeletal formation are highly conserved in
vertebrates.

The lower transcription of ECM genes such as collal, osteocalcin, osteonectin and decorin
suggests a defect in the late maturation of osteoblasts [17,21,28]. The correlation to impaired
mineralization is supported by the shorter vertebral bodies in the high intensive groups throughout the
study, as well as the impaired mineralization indicated by low contrast observed on X-ray. Collal is the
primary ECM component secreted by osteoblasts in the trabecular bone and growth plate and defects in
the synthesis of coll or type 1 procollagen have been found in several heritable disorders of connective
tissue. Likewise, defects in the assembly of Col1 fibrils have been reported to cause abnormally thin and
branched structures [29]. Decreased diameter and crosslink density of the collagen fibers have been
suggested to reduce thermal stability of collagen and thereby the tissues ability to support load during
elevated temperatures [30]. In chum salmon, Oncorhynchus keta, the denaturation temperature of
collagen type 1 from skin has been reported to be about 19°C [31]. The collagen fibres are further
organized and stabilized by a range of non-collagenous proteins, which functions by linking other
proteins and minerals to the ECM scaffold. Decorin, which belongs to the small leucine rich repeat
proteoglycan (PG) group (SLRPs) is involved in determining the mature collagen fibril structural
phenotype and tissue function by facilitating protein—protein interaction with a range of other matrix
components (mainly collagen fibres) and with the mineral phase during the formation of calcified tissues
[32]. As a result, decorin has been shown to increase tensile strength of the collagen-decorin fiber [33].
Further, osteonectin is a phosphorylated glycoprotein that binds to collagen fibrils, calcium, and
hydroxyapatite, linking the bone mineral and collagen phases and perhaps initiating active
mineralization in normal skeletal tissue [17,34]. Osteonectin-null mice display decreased trabecular

bone volume and have bone of lesser stiffness than control mice [35]. Osteocalcin mRNA expression



also serves as a useful molecular marker of mineralization because it is associated with the maturation
of bone cells and mineralization [18,36]. Alp is another marker gene for bone cell maturation and
mineralization. Inhibition of alp activation, by for example heat or by gene knockout, inhibits calcification
and causes mineralization defects in cultured bone cells and mice [37]. In addition, mutations in the alp
gene lead to hypophosphatasia, in which bone matrix formation occurs, but mineralization is inhibited
[38]. Our results showed that alp was down-regulated in the high intensive 15g group, but up-regulated
in 2g fish. This may indicate that alp is a limiting factor for mineralization after long term exposure to the
high temperature regime. Altogether, the simultaneous down-regulation of genes encoding structural
proteins taking part in the bone matrix and mineralization strongly supports an assumption that
disturbances of these processes constitute an important part of the mechanisms of development of
vertebral deformities.

As for the ECM genes involved in osteoblast development and mineralization, high intensive
temperature treatment had a significant effect on the transcription of transcription factors and signaling
molecules involved in these processes. Intriguingly, Runx2 and Osterix, known as master regulators of
osteoblast differentiation [39,40], exhibited opposite MRNA expression levels at 2 and 15g. Runx2-null
mice have osteoblast differentiation arrested [41], while osterix-null mice embryos have a significant
reduction of coll expression and do not express the late osteoblast specific marker osteocalcin [39]. In
addition, we analyzed the bHLH transcription factor twist. This gene works as a negative regulator of
osteoblastogenesis by inhibiting expression of genes downstream of runx2 [42]. At 2g when osterix and
twist was down-regulated while runx2 was up-regulated, osteocalcin was heavily down-regulated as was
collal. The mRNA expression pattern was inverted at 15g. Then osterix and twist was up-regulated and
runx2 down-regulated, while osteocalcin and collal were weakly down-regulated. Linking these results
to the pathways involved in osteoblast development, the required simultaneous activation of osterix and
runx2 did not appear at 2g or at 15g. However, Osterix function downstream of Runx2 during osteoblast
differentiation, but may be regulated by Bmp2 in a Runx2-independent pathway [43]. Bmp2 can induce
ectopic bone and cartilage formation in adult vertebrates [44]. Spinella-Jaegle et al [16] found that
cooperation between Bmp2 and Shh was necessary to promote a strong induction of the osteoblast
marker alp in human mesenchymal cell lines. At both 2 and 15g, bmp2 was highly up-regulated in the
high intensive group, possibly as a response to the low ECM mRNA expression and under-mineralized
tissue. In addition, osterix and shh was up-regulated at 15g, as was bmp4. Bmp4 treatment has been
shown to stimulate new bone formation and is also expressed in osteoblasts prior to formation of
mineralized bone nodules [45,46]. However, in comparison to Spinella-Jaegles in vitro findings, we did
not detect an increase in alp mRNA expression. Further, we detected a weaker signal of osteocalcin

and osteonectin in osteoblasts from the ISH of the high intensive group at 15g. Hence, despite the



possible attempt of bmp2 to restore bone formation and mineralization, there was still lower transcription
of ECM components in the high intensive group at 15g. Summarized, our results may indicate that
osteoblast proliferation and mineralization were restrained in the fast growing group.

The percentage of deformities significantly increased in the high intensive group from 2g till 15g, while
the percentage was stable in the low intensive group. Hence, this period seems to involve important
steps for the developmental fate of deformities. Between these two size stages we observed a change
in expression pattern, from a downregulated to an upregulated transcription, of 9 genes, where 8 of
them are involved in chondrogenesis. This suggested that chondrocytes go through changes in this
period that could be important for the development of the observed pathologies.

In vertebrates as mouse and human [47,48], the growth zones of long bones consists of well
defined layers of progenitor, proliferative and hypertrophic chondrocytes [49] . These chondrocytes differ
in their morphology, proliferation abilities and secretion of ECM components. For example, transcription
of col2al is characteristic for the proliferative state whereas coll0al is restricted to the hypertrophic
state [47,50]. ISH of these genes revealed that 15g A. salmon raised at the low intensive regime also
had distinct sub-populations of progenitor, proliferative and hypertrophic chondrocytes at the growth
zone of the neural and haemal arches. On the contrary, more distorted layers were found in A. salmon
raised at the high intensive regime. Moreover, an increased zone of hypertrophic chondrocytes was
found in the proximity of the mineralized bone matrix in the high intensive group. Once these
hypertrophic chondrocytes are fully differentiated, matrix calcification would normally be initiated [12].
However, we could not identify any variance in mineralization at the ossifying borders of the
hypertrophic chondrocytes when examined by histological Alizarin red S staining.

The increased zone of hypertrophic chondrocytes in the high intensive group and the up-
regulated transcription of hypertrophic marker genes suggest an arrest prior to the final maturation of
chondrocytes. Thus, these chondrocytes seems unable to initiate mineralization. The chondrocyte
hypertrophy marker coll0al and its activator mef2c [51] were both up-regulated at 15g in the high
intensive group. Moreover, ihh, a repressor of terminal hypertrophic differentiation [52], was found to be
highly up-regulated, whereas sox9, which is involved in early chondrocyte differentiation, and its
downstream structural protein col2a [53], were down-regulated. The severely down-regulation of runx2
at 15g is of interest, since runx2-null mice embryos have a narrow zone of proliferating chondrocytes
and a wide zone of hypertrophic chondrocytes [54]. In addition, bmp4, which was up-regulated at 15g,
has been shown to accelerate the hypertrophic maturation process [55]. Interestingly, we also found an
up-regulated expression of pdgfrb mRNA at 15g. Kieswetter and collaborators [25] have reported that

chondrocytes respond to PDGF by enhancing proliferation and cartilage matrix production while
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maintaining the cells in a less mature phenotype; corroborating our findings that the chondrocytes are
some how arrested in the late hypertrophic stage at 15g with a reduced possibility of completing the
endochondral ossification process with calcified bone as end product. Similar findings have also been
shown in rat ulnae, where loading was associated with an increased hypertrophic zone in the growth
plate [56], but mineralization rate was suppressed [57]. Another interesting comparative pathological
condition to our findings in salmon is tibial dyschondroplasia (TD), a metabolic disease of young poultry
that affects the growth of bone and cartilage. The lesion is morphologically characterized by an
accumulation of chondrocytes that appear to be unable to differentiate past a pre-hypertrophic stage
[58]. TD often occurs in broilers and other poultry that have been bred for fast growth rates. The tibial
cartilage does not mature enough to ossify, which leaves the growth plate prone to fracture, infection,
and deformed bone development.

The observed shorter phenotype of vertebral bodies from the high intensive group might have
been a consequence of higher mechanical load in fast growing fish coincidental with a lower
transcription of supportive ECM components. Together with the up-regulation of hypertrophic genes in
high intensive fish at 15g, we also found increased transcription of vimentin. Vimentin filaments have
been shown to regulate the swelling pressure of chondrocytes [59] and strengthen resistance to
mechanical stress [60]. Hence, the increased activation of vimentin and the increased proportion of
hypertrophic chondrocytes in the high intensive temperature group at 15g may reflect an adaptation to
the fast growth by prioritizing maturation of chondrocytes that are more resistant to mechanical stress.
At 29, however, the reduced level of vimentin mRNAs might possibly be linked to the mal-adaptive
down-regulation of chondrocytic genes in high intensive group. Indeed, disruption of vimentin filaments
has been shown to result in loss of cell contact with the surrounding matrix which may alter the signaling
dynamics of the cell and in effect shut down transcriptional events [24].

Mineralizing hypertrophic chondrocytes acquire and express most of the phenotypic
characteristics of osteoblasts, including high Alp activity and expression of osteonectin and osteocalcin
[61]. These phenotypic traits shared with osteoblasts may be needed to bring about the final phase of
endochondral ossification and replace mineralized cartilage with bone [62]. They may also permit
mineralized cartilage to act as bone-like structural tissue and allow for a transition from cartilage to
bone. In contrast to the down-regulated transcription of osteonectin and osteocalcin, as determined by
real time qPCR, we observed an increased transcription pattern of these genes in the arch centra in the
high intensive group by ISH. We also observed a tendency of lower transcription of the same genes in
osteoblasts of the high intensive group. However, establishment of a calcifiable matrix requires
degradation of some matrix molecules. Endochondral bone formation includes the participation of

MMPs, which degrade cartilage matrix and allow vascular invasion [63]. At least two proteases are
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involved in this process; MMP13 which regulates remodeling of the hypertrophic cartilage matrix and
MMP9 which has a role in vascularisation of the growth plate [64,65]. When analyzing these MMPs in
salmon vertebral columns, a significant down-regulation of both mmp9 and mmp13 in the high intensive
group at 2g were observed. At 15g, mmp13 mRNA expression decreased even more, while mmp9 was
significantly up-regulated. Indeed, MMP13 is known as the dominant collagenase in cartilage and its
absence cause delay in endochondral ossification [65]. Further supporting the hypothesis that
endochondral ossification was in some way delayed in the spinal columns from the high intensive group,
runx2 deficiency has been shown to inhibit mmp expression [66] and lead to mild disturbances of
chondrocyte differentiation, as discussed above. In addition, TRAP activity, essential for completing
endochondral ossification [22], was absent in the erosive front of cartilage in neural and heamal arches

of spinal columns from the high temperature group.

Conclusion

The presented results contribute to the understanding of the mechanisms involved in development of
temperature-induced vertebral pathology by describing changes in vertebral tissue not yet manifesting
pathological deviations. Our results strongly indicate that temperature induced fast growth is severely
affecting gene transcription in osteoblasts and chondrocytes, leading to a change in the tissue structure
and composition. The data presented here indicate that both production of bone and cartilage were
disrupted when promoting fast growth using elevated temperature. It is not unlikely that this
disequilibrium is involved in the higher rate of deformities observed in the high intensive group.
Importantly, management control of deformities and health in general demands precise tools and
knowledge to depict any problem as early as possible in the production line. The defined markers of
bone and cartilage cell differentiation and matrix formation can be used to investigate how the
progression of skeletogenesis is modulated by a variety of factors. Even though differences in the two
experimental groups were undetectable externally, rearing at increased temperatures induced
consistent transcriptional changes in several genes that correlated with the higher risk of developing
deformities later in ontogeny. Hence, this article reveals the potential use of gene transcription profiling

as a prognostic approach in aquaculture.

Materials and methods

Experimental design

The fish experiment was done at Nofima Marine at Sunndalsgra, Norway, in 2007 with A. salmon from

the Salmobreed strain. Two experimental temperature regimes were set up; a high intensive
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temperature group and a low intensive temperature group (Fig. 1). Pooled batches of unfertilized eggs
and milt were transported on ice to the hatchery and were fertilized, rinsed and disinfected according to
standard procedures. The eggs were incubated in a hatchery designed for incubation of small egg
volumes, with approximately 0.2 liters of eggs per unit in six units per temperature regime. During egg
rearing water supply was continuous from two temperature controlled tanks stabilized at 10+0.3°C and
6+0.3°C, respectively, monitored twice daily. At 850d° (day degrees=sum of daily temperature), a
selection of fry were mixed and transferred to 150 liter tanks for start-feeding, four tanks per
temperature regime. The number of fry per tank was 400. Water flow in the tanks was adjusted
throughout the experimental period to secure oxygen supply in excess. The fish were fed commercial
diets and the light was continuous. The temperature for the high intensive tanks was gradually
increased at first feeding to 16+0.3°C and the temperature for the low intensive tanks was gradually
increased to 10+0.3°C (1°C per day). These temperatures were kept stable until the average size in
each group reached 20g. At this size, the differentiated temperature treatment was ended. 100 fish per
tank were selected randomly, and were tagged individually with pit-tags in the abdominal cavity. Fish
from the four tanks on same temperature regime were mixed in a larger tank, and reared at ambient
temperature until termination at 60g. Specific growth rates (SGR) in the period between start-feeding

and 60g were measured according to equation SGR=((endweight/startweight)*(t/days)-1)x100).

Tissue sampling, radiography, morphology and mineral analyses

Vertebral columns of phenotypically normal specimens from both temperature groups were sampled for
gene expression analysis at 2 and 15g size and histological analysis at 15g size. The term
phenotypically normal was defined as vertebral columns without any obvious aberrations or deformities
when imaged by radiography at sampling. For this purpose, fish were heavily sedated in MS 222
(Tricaine methane sulphate, Pharmag, Overhalla, Norway) (150mg/litre) and imaged with an IMS Giotto
mammography system (model number 6020/3, IMS Giotto, Bologna, Italy) equipped with a FCR Profect
phosphorus film plate (Fuji Medical Inc., Japan). The resulting 20 pixels/mm images were enhanced
with digital software (Fuji Computed Radiography Console) and evaluated manually concurrent with
sampling. Fish without any specific pathology of the vertebral column were identified for sampling, and
killed by an anesthetic overdose. Approximately ~5 vertebral bodies (~1cm) were carefully dissected
from the area under the dorsal fin. For gene expression analyses, samples were flash-frozen in liquid
nitrogen and transported on dry-ice to a -80°C freezer for storage. For histological analysis, vertebrae
were fixated in 4% PFA for 24h at 4°C, dehydrated in ethanol (25, 50 and 70%) and stored at 70%
ethanol at -20°C. At 2g size, 350 fish were screened and a total of 40 were sampled for this study. At

159 size, 900 fish were screened, and 70 were sampled. Fish that were not selected for sampling
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following radiography were transferred to clean water and returned to the rearing tank. At 60g size,
following an on-growing period on ambient temperatures, 800 fish were radiographed, 100 per original
first feeding tank.

Incidence of skeletal deformities was recorded on radiographs from all samplings, and the
presence or absence of vertebral pathology was recorded. It should be noted that fish with deviant
vertebral morphology, mainly those with fusion type changes, were heavily sampled on basis of live X-
ray at 2g and 15g (Ytteborg, manuscript in progress). This gives an underestimation of the differences
between the two groups. In order to quantify differences observed in proportions of vertebral bodies,
length and height of vertebral bodies were measured on X-rays (ImageJ 1.39, NIH, USA), The length
(craniocaudal) and height (dorsoventral) of 5 vertebral bodies under the dorsal fin was measured in 12
individuals from each group at 2, 15g and 60g, and the length: height ratio was calculated.

At termination of the experiment, fish were sampled for analysis of whole body mineral content.
Four samples per treatment were taken, one per each of the original first feeding tanks. Each sample
consisted of 10 fish, which were pooled before analysis. The samples were stored frozen at -20°C, and
were homogenized prior to analysis. The dry matter of samples was determined after drying at 104°C
for 16h. For mineral analysis, samples were prepared as described [67,68] before analyzed by inductive

coupled plasma (ICP) mass-spectroscopy.

Statistical analyses
A one-way analysis of variance model on incidence of deformities were carried out by SAS 9.1 software
(SAS Institute Inc., USA), including the fixed effect of temperature regime. Statistics for gene

transcription analysis are described in the real time gPCR section.

RNA isolation and cDNA synthesis

Tissue homogenization from 15 replicates from each treatment and developmental stage was achieved
in a mortar with liquid nitrogen. Total RNA from the powdered vertebrae was isolated by using TRIzol™
and Micro to Midi Kit® (Invitrogen, MD, USA). Samples were treated with DNase1 (Invitrogen) before
cDNA synthesis using oligo(dT) and Tagman Gold RT-PCR kit (Applied Biosystems, CA, USA). The
cDNA synthesis was performed with 10min primer incubation at 25°C, 60min RT step at 48°C and 5min
RT inactivation at 95°C in accordance to the manufacturer’s protocol. All reactions were performed in

accordance to the manufacturer’s protocol.

Sequence information and primer design
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Primers for expression analysis were based on known A. salmon sequences or on conserved regions of
known teleost sequences paralogues. Primers were designed using the Vector NTI Advance 10 (Life
technologies, MD, USA), and NetPrimer (PREMIER Biosoft, CA, USA) software. All PCR products were
cloned using pGEM T-easy (Promega, WI, USA) and sequenced with Big Dye Terminator chemistry and
the ABI 3730 automated sequencer, both delivered by Applied Biosystems. The obtained A. salmon
sequences were analyzed by BLAST and deposited in the Genbank database (Table 1).

Real time PCR

Triplicate real-time gPCR reactions were performed using the Light cycler 480 and SYBR Green
chemistry (Roche, Switzerland) at the following thermal cycling conditions: 95°C for 10min, followed by
45 cycles at 95°C for 15s, 60+1°C for 15s and 72°C for 15s. Further, specificity was assessed by the
melting curves, determined post PCR (95°C for 15s, 60°C for 1min and 97°C continuous). PCR
efficiencies for each target and the three housekeeping genes; elongation factor 1a (ella), heat shock
protein 90 R (hsp90R) and glyceraldehyde 3-phosphate dehydrogenase (gapdh) were tested as
endogenous controls. Relative target gene mRNA was normalized to relative ella mRNA levels for all
sample, as recommended by Olsvik et al. [69]. The transcription ratios of the 20 genes in all individual
vertebrae from the two developmental stages were tested by using the Relative Expression Software
Tool, REST, according to Pfaffl et al. [70]. Differences between the transcription ratios were tested for

significance by the Pair Wise Fixed Reallocation Randomization Test© [70].

In situ hybridization and histology
Samples of phenotypically normal vertebrae from low and high intensive group at the 15g
developmental stage were analyzed by ISH and histological analysis. Samples were dehydrated
stepwise for 24h and clearing carried out in xylene (Merck, Darmstadt, Germany) for 2x24h before
embedding in Technovit 9100 (Heraeus Kulzer, GmbH, Wehrheim, Germany), according to the
procedure described by Torgersen et al. [71]. Parasagittal serial sections were cut from vertebral
columns by using a Microm HM 355S (Thermo Fisher scientific Inc., PA, USA) and mounted on pre-
coated slides (0.01% Poly-L-lysine (Sigma) and 2% polyvinyl acetate glue (Casco, Arnheim, Germany)).
ISH was carried out with digoxigenine labeled (DIG RNA Labeling Kit, Roche) probes as described [71].
A total of five ECM producing genes were analyzed, including colla, col2a, coll0a, osteocalcin and
osteonectin.

Histological examination of vertebrae with toluidine blue and alizarin red S double staining was
carried out on deplastified and rehydrated sections. Briefly, the sections were stained for 2-3min at RT
in 0.1% toluidine blue (Sigma-Aldrich) (pH 2.3) and rinsed in distilled H.O followed by alizarin red
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(Sigma-Aldrich) (pH 4.2) staining for Smin. Prior to microscopy, the stained sections were dehydrated in
ethanol and mounted with Cytoseal 60 (Electron Microscopy Science, Fort Washington, PA, USA).
Bright field microscopic analyses were performed on a Zeiss Axio Observer equipped with an AxioCam
MRcb camera and AxioVision software (Carl Zeiss Microimaging GmbH, Géttingen, Germany).

Specimens for paraffin embedding were stepwise rehydrated in ethanol (50 and 25%) and
decalcified for 7 days in 10% EDTA solution buffered with 0.1M Tris base (Merck) at pH 7.0. The
decalcified specimens were rinsed in PBS and stepwise dehydrated in ethanol (50, 70 and 100%),
before being embedded in paraffin. We used 3 paraffin infiltration steps carried out at 60°C for 2x2h and
1x3h. The specimens were embedded in paraffin, stiffened at room temperature and hardened over
night at 4°C. 5um serial sections were prepared using a Microm HM 355S. Paraffin sections were
floated on demineralised water (25°C), mounted on uncoated slides and dried ON at 37°C. Prior to
staining the sections were de-waxed with Clear Rite (Richard-Allan, MI, USA), followed by 2x washes in
xylene (Merck) for 5min each. Sections were then rehydrated before rinsed in dH20. To demonstrate
TRAP activity, the Acid phosphatase leukocyte kit No. 387 (Sigma-Aldrich) was used and followed
according to the manufacturer’s protocol; except that incubation lasted for 2h at 37°C. Subsequently,
slides were rinsed in dH20. Specimens were counterstained with Mayers hematoxylin (Sigma-Aldrich)
for 30s and rinsed in running tap water before dehydrated, cleared and mounted with Cytoseal 60
(Electron Microscopy Science). Controls were incubated without substrate.
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Figure legends

Figure 1 Experimental overview of the two temperature regimes. Developmental stage is shown along
the x-axis and temperature along the y-axis. The low temperature intensive rearing conditions are
shown as a black line and the high temperature intensive conditions as a stippled line. Sampling was

conducted at 2g, 15g and 60g. Experiment was terminated when the fish reached 60g.

Figure 2 Frequency (%) of deformities in the vertebral column based on radiographic examination of A.
salmon sampled from the low temperature intensive group (white bars) and the high temperature
intensive group (black bars) from fertilization until 60g. Each bar represents the total number of
deformities, scored as present or absent. Data are given in percentage * st.dev, different letters indicate

significant differences (P<0.01) within the same size group, n=4 tanks per treatment.

Figure 3 Radiographic images of A. salmon at 15g from the low temperature intensive group (A) and
the high temperature intensive group (B). Scale bar=1.5cm. Enlarged picture (to the right) corresponds

to the dissected area from underneath the dorsal fin. Scale bar=1cm.

Figure 4 Relative gene transcription of A. ECM components, B. Signaling molecules and C.
Transcription factors in phenotypical normal spinal columns from 2g (grey bars) and 15g (black bars)
high temperature intensive group compared to the low temperature intensive group (white bars). Data
are given as mean values + SE, n = 15 and significant differences (P=0.05) are indicated by *.

Expression ratios are shown in relative mRNA expression along the y-axis, genes along the x-axis.

Figure 5 Transcription of colla (A-C) and osteocalcin (D-G) in parasagittal sections of phenotypically
normal vertebrae from 15g salmon reared at low intensive (l.i.) and high intensive (h.i.) temperature
intensive regime. A. Colla staining of a large section from Li. covering 2 vertebrae shows that colla
mRNA (arrows) is highly expressed in osteoblasts lining the growth zone on the endbones of the
vertebral bodies and the trabeculae. B. Higher magnification of the endbones; C. The corresponding
area in h.i., notice weaker staining. D. Osteocalcin expressed in L.i. at the symmetrical growth zones of 2
adjacent vertebrae; E. The corresponding area in h.i.; F. L.i. Transcription in trabeculae; G. The
corresponding area in h.i. Arrows indicate positive staining. Ventral side to the left. Scale bar A:200um,
B-G:100um.
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Figure 6 Transcription of osteonectin (A-D), col2a (E-I) and col10a (J-N) in parasagittal sections of
phenotypical normal vertebrae from 15g salmon reared at low intensive (L.i.) and high intensive (h.i.)
temperature intensive regime. Numbered bars indicate zones of chondrocytes divided into the sub-
groups: 1.resting, 2.proliferating and 3.hypertrophic chondrocytes. A. Osteonectin specific staining of
two vertebrae from Li. revealed staining in zone 1 and 2. B. Strong transcription of osteonectin is
present in osteoblasts lining the growth zone at the endbone and in the hypertrophic chondrocytes
(arrow) in Li. C. The arch centra from h.i. Notice increased transcription of osteonectin; D. Transcription
of osteonectin in osteoblasts from h.i. appears decreased compared to li. E. Col2a staining of 3
vertebrae from Li. Col2a mRNA localized to chondrocytes in zone 1 and 2. F. Higher magnification show
distinct staining of col2a in the chordoblasts. G. Higher magnification of the arch centra with col2a
mMRNA in zone 1 and 2. H. In the corresponding area of h.i. a similar, but weaker pattern of col2a
transcription is visible in the chordoblasts. I. Increased temperature lead to a distorted morphology and
a more homogenous but weaker staining of col2a. J. Staining of a large section from Li. covering 2
vertebrae show that col10a mRNA localizes to zone 3 (arrows). K. and L. Higher magnification reveal
col10a specific staining in hypertrophic chondrocytes (arrow) and along the rims of the vertebral body
(arrowhead). Black bar indicates the narrow zone of transcription restricted to hypertrophic
chondrocytes. M and N. Corresponding area from h.i. show a wider zone of col10a positive hypertrophic
chondrocytes (black bar). Ventral side to the left. Scale bar A,E,J:200um, B-D,F-1,K-N,:100um.

Figure 7 Parasagittal sections from 15g salmon vertebrae stained with alizarin red-toluidine blue,
showing the arch centra (dorsal side). A. The chondrocytes localize into bands of 1. resting, 2.
proliferating and 3. hypertrophic chondrocytes in fish reared at low temperature. B. In comparison, a
high temperature regime results in a more uniform cartilage structure without the distinct chondrocytes

sub-populations and the hypertrophic chondrocytes appears less calcified. Scale bar: 100um.

Figure 8 TRAP staining of parasagittal sections from 15g salmon vertebrae, showing the arch centra
(dorsal side). A. Positive staining (arrow) in the erosive front of cartilage indicating born resorption in
neural arches of spinal columns from the low temperature group. B. No TRAP activity was found in the
corresponding areas (indicated with an arrow) in samples from the high temperature group. Scale bar:
100um.

23



Table legends

Table 1: Primers used for Real time gPCR (RT) and probes for in situ hybridization (ISH)

Primers used for Real time PCR (RT) and probes for in situ hybridization (ISH)

Gene Orientation Genbank Use: Sequence (5'-3)

Extracellular Matrix constituents:

Colt1a1 Forward FJ195608 RT AGAGAGGAGTCATGGGACCCGT
Reverse RT GGGTCCTGGAAGTCCCTGGAAT
Forward ISH TAGCCGTGGTTTCCCTGGTT
Reverse ISH CCGGGAGGTCCAAATCTACC

Col2a1 Forward FJ195613 RT TGGTCGTTCTGGAGAGACT
Reverse RT CCTCATGTACCTCAAGGGAT
Forward ISH GCTGGCGAGACAGGAGAGA
Reverse ISH GCCTCATCAGCCCTCATGTA

Col10a1 Forward EG837148 RT TGGTGCTCTTTGACTGCCTGTAA
Reverse RT CATCCTGTGTGTTGCAATATCACA
Forward ISH AACAAGGGCTTCTTGGATCA
Reverse ISH CATAATGCATCCTCAGGCAT

Alp Forward FJ195609 RT CTAGTTTGGGTCGTGGTATGT
Reverse RT TGAGGGCATTCTTCAAAGTA

Osteocalcin Forward FJ195616 RT GTGAACCAACAGCAAAGAGA
Reverse RT CCAGGTCCTTCTTAACAAACA
Forward ISH CTCATACTTGTTGATCGTCCAG
Reverse ISH TCTTTCTCTCTCGCTCTCCC

Osteonectin Forward FJ195614 RT ATTACTGAGGAGGAGCCCATCATT
Reverse RT CCTCATCCACCTCACACACCTT
Forward ISH CTGAACGATGAGGGTGTGGA
Reverse ISH CGAGTGGTGCAGTGCTCCAT

Mmp9 Forward CA342769 RT AGTCTACGGTAGCAGCAATGAAGGC
Reverse RT CGTCAAAGGTCTGGTAGGAGCGTAT

Mmp13 Forward DW539943 RT TGATGTCCAAGTCAGCCGCTTC
Reverse RT TGGTCTGCCACTTGCGATTGTC

Cathepsin K Forward NM_001140399 RT ATGACCAACGCCTTCGAGTAC
Reverse RT AAGGTGGAGAGGGTGGCATC

Transcription factors:

Sox9 Forward EU344852 RT CCTGCAAACAAGACAAGGT
Reverse RT GGGTCGAGTAGATTCATACGA
Forward ISH GGGGATACTATTTGACTGGATC
Reverse ISH TCTGTCTTGATGTGTGTGGG

Runx2 Forward FJ195615 RT/ISH CCACCAGGGACAGACACAGAT
Reverse RT/ISH GAACGGACTGAGATCTGACGAA

Osterix Forward FJ195612 RT TCCCATAGACTTTCCCACA
Reverse RT TGCCTCAGGACATGTACAA

Mef2c Forward GU252207 RT CACCGTAACTCGCCTGGTCT
Reverse RT GCTTGCGGTTGCTGTTCATA
Forward ISH GACAGAGACTGTGTGGTGTTCCCT
Reverse ISH AGGTGGAGGGAGCTACCACTGTTA

Signalling molecules:

Bmp4 Forward FJ195610 RT TCAAGTTGCCCATAGTCAGT
Reverse RT CACCTGAACTCTACCAACCA

Bmp2 Forward RT ATGTGGTATTGCACCCATT
Reverse RT ATGGACAGTTTCCCAATGA

Shh Forward AY370830 RT CCGGCTCATGACTCAGAGATG
Reverse RT TATCCCTGGCCACTGGTTCA

Ihh Forward FJ195617 RT CAGATGACCCACTGGACTGAT
Reverse RT GCTTGGTTGGGAGATATGCA

Housekeeping gene:

Efta Forward DQ834870 RT CACCACCGGCCATCTGATCTACAA
Reverse RT TCAGCAGCCTCCTTCTCGAACTTC

*Wargelius et al. [3] **Olsvik et al. [69] ***Takle et al. [2]
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Table 2: Mineral analyzis

Mineral content (ppm) in whole body of A. salmon at 60g from low and high intensive temperature
group. Total mineral content was measured in whole fish. Levels were low, but within the range of what
are common in commercially reared salmon. Significant numbers (P=0.05) indicated by *, n=40

(means % st.dev).

Low intensive group High intensive group

P 3823 + 162 3886 + 285
Ca 3655 + 341 3700 = 677
Mg 302.3+8 209+ 7

Na 1303 + 70* 1084 + 87*
Fe 9.7+1.2* 8.1+0.2%
Mn 0.86 + 0.05 0.8 +0.09
Zn 31.8+2.6 33.5+1.7
Cu 0.8+0.12 0.7 +£0.09
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Abstract

Background: Spinal disorders are a major cause of disability for humans and an important health
problem for intensively farmed animals. Experiments have shown that vertebral deformities present a
complex but comparable etiology across species. However, the underlying molecular mechanisms
involved in bone deformities are still far from understood. To further explicate the mechanisms involved,
we have examined the fundamental aspects of bone metabolism and pathogenesis of vertebral fusions
in Atlantic salmon (Salmo salar).

Results: Experimentally, juvenile salmon were subjected to hyperthermic conditions where more than
28% developed fused vertebral bodies. To characterize the fusion process we analyzed an intermediate
and a terminal stage of the pathology by using x-ray, histology, immunohistochemistry, real-time
quantitative PCR and in situ hybridization. At early stage in the fusion process, disorganized and
proliferating osteoblasts were prominent at the growth zones of the vertebral body endplates. PCNA
positive cells further extended along the rims of fusing vertebral bodies. During the developing
pathology, the marked border between the osteoblast growth zones and the chondrocytic areas
connected to the arches became less distinct, as proliferating cells and chondrocytes blended through
an intermediate zone. This cell proliferation appeared to be closely linked to fusion of opposing arch
centra. During the fusion process a metaplastic shift appeared in the arch centra where cells in the
intermediate zone between osteoblasts and chondrocytes co-expressed mixed signals of chondrogenic
and osteogenic markers. A similar shift also occurred in the notochord where proliferating chordoblasts
changed transcription profile from chondrogenic to also include osteogenic marker genes. In progressed
fusions, arch centers and intervertebral space mineralized.

Conclusion: Loss of cell integrity through cell proliferation and metaplastic shifts seem to be key events
in the fusion process. The fusion process involves molecular regulation and cellular changes similar to
those found in mammalian deformities, indicating that salmon is suitable for studying general bone

development and to be a comparative model for spinal deformities.



Background

The vertebral column is the defining character of vertebrates providing the organism with a unique ability
of movement, form and function. Obviously, abnormalities to this organ can lead to severe and often
painful pathological conditions. Spinal disorders are a major cause of disability for humans and an
important health problem for intensively farmed animals. A number of animal models have been used to
further explore the pathology and revealed that vertebral deformities present a complex but comparable
cross species etiology [1,2]. Morphological changes like altered bone formation and cell density,
thinning of osteoblasts along with increased cell proliferation and cell death are changes found in spinal
deformities and intervertebral disc degeneration (IDD) in mammals [3,4]. Discs from patients with spinal
deformities further have ectopic calcification of the vertebral endplates and sometimes in the disc itself
[5]. Cells of the mammalian disc are derived directly from the phylogenetically conserved notochord [6].
Whereas only remnants of the notochord exists in the nucleus pulposus (NP) in humans by the age of 4,
the notochord persist throughout all life stages in teleosts. Spinal disorders in teleosts like sea bass, sea
bream, rainbow trout, halibut and salmon [7-12] have mostly been descriptive and few molecular studies
have been carried out. However, in Atlantic salmon (Salmo salar) compression (platyspondyly) and/or
vertebral fusion (ankylosis) accounts for 9 out of 20 recently described vertebral deformities [13]. Spinal
fusions involves transformation of intervertebral notochord tissue into cartilage, shape alterations of
vertebral body endplates, mineralization of the intervertebral cartilage and replacement of intervertebral
cartilage by bone [14], pathological processes resembling those of IDD in mammals.

Skeletogenesis in salmon involves activity from the three main bone and cartilage cell types;
chondrocytes, osteoblasts and osteoclasts. Bone formation further occurs via two basic mechanisms;
compact bone of the amphicoel and trabeculae is formed directly through intramembranous ossification,
whereas the cartilaginous template is replaced by bone in the arch centra through endochondral
ossification. Bone formation is brought about by a complex set of highly regulated molecular pathways,
involving extracellular matrix (ECM) constituents (e.g. collagens and osteocalcin), signaling molecules
(e.g. hedgehogs and bmps) and transcription factors (reviewed [15-17]). Some of the key transcription
factors in bone metabolism include runx2 and osterix [18], involved in the differentiation of mesenchymal
stem cells (MSC) into osteoblasts that express bone matrix (col1a) and matrix mineralizing (osteocalcin
and osteonectin) genes. Early chondrocyte differentiation is controlled by sox9, which regulates
transcription of col2a [19], the major ECM component of cartilage. Further, before endochondral
ossification may occur, mef2c assures that chondrocytes mature into col10a producing hypertrophic
cells [20]. Both mineralized bone and cartilage is remodeled through the activity of osteoclasts. These
multinucleated cells provide and acidic environment, express cathepsins and matrix metalloproteinases

(mmps) and are tartrate acid phosphatase resistant (TRAP). Hence mineralized matrix may be broken



down [21,22]. The skeletal pathways described in mammals are currently being understood in teleosts.
In a recent study, we investigated 20 genes for their role in salmon spinal column skeletogenesis [23].
However, the genetic interactions of bone and cartilage development are currently becoming more
entangled, as chondrocytes and osteoblasts are shown to intersect through the formation of chondroid
bone. This process has been described through normal maturation, differentiation plasticity and trans-
chondroid ossification [24-26]. Though, the molecular pathways involved are still far from understood.

During the last decade problems with spinal disorders in salmon have been increasingly in
focus due to the importance of this species in the aquaculture industry. To further elucidate the
mechanisms involved in the development of vertebral deformities, we analyzed an intermediate and
terminal stage of the fusion process at a morphological level by using radiography and histology and
gene transcriptional changes using quantitative PCR (qPCR) and in situ hybridization (ISH). We found
that loss of cell integrity and ectopic bone formation characterizes the development of spinal fusions.
During the fusion process a metaplastic shift appeared in the arch centra where cells in the intermediate
zone between osteoblasts and chondrocytes co-expressed mixed signals of chondrogenic and
osteogenic markers. A similar shift also occurred in the notochord where proliferating chordoblasts
changed transcription profile from chondrogenic to also include osteogenic marker genes. We suggest
that hyperthermic induced development of spinal fusions involve a metaplastic shift in cells from the
chondrocytic lineage. With this work, we bring forward salmon to be an interesting organism to study
development of spinal fusions.

Materials and methods

Rearing conditions

This trial was performed under the supervision and approval of the veterinarian that has appointed
responsibility to approve all fish experiments at the research station in accordance to regulations from
the Norwegian authorities regarding the use of animals for research purposes. The experiment was
carried out at Nofima Marins research station at Sunndalsgra, Norway, in 2007, as described in
Ytteborg et al [23]. During egg rearing, water supply was continuous from temperature controlled tanks
stabilized at 10£0.3°C. The temperature was gradually increased at first feeding to 16+0.3°C (1°C per
day). Temperatures exceeding 8°C during egg rearing and 12°C after start feeding elevate the risk of

developing spinal fusions.

Radiography and classification
Sampling was directed from radiographs so that the sampled area corresponded to the deformed or

normal area. Fish were sedated (Tricaine methane sulfonate, Pharmaq, Norway) and radiographed



during the experiment at 2g, 15g and 60g. Fish that were not sampled were put back into oxygenated
water to ensure rapid wakening. The x-ray system used was an IMS Giotto mammography system
(model number 6020/3, IMS Giotto, Bologna, Italy) equipped with a FCR Profect image plate reader and
FCR Console (Fuji Medical Inc., Japan). At 159 size, fish were sampled for histological and gene
transcriptional analysis. Samples for ISH and histology were fixed in 4% PFA (n=24) and samples for
RNA isolation were snap frozen in liquid nitrogen and stored at -80C° (n=45).

All fish were divided into three categories where the first group was non-deformed. These spinal
columns had no observable morphological changes in the vertebral bodies or in intervertebral space.
We further sampled vertebral areas at two different stages in the pathological development of fusions,
termed intermediate and fused. Vertebrae diagnosed as intermediate included various degrees of
reduced intervertebral space and compressions. Samples characterized as fused ranged from

incomplete fusions to complete fusions.

Statistical analyses

Incidence of fusions were observed through radiography and calculated using a one-way analysis of
variance model (GLM procedure, SAS 9.1 software, SAS Institute Inc., USA). Results are represented
as means + standard deviation (st.dev).Statistics for mRNA transcription analysis are described in the
real-time PCR chapter.

Sample preparation

Histological staining and ISH was carried out on five ym Technovit 9100®New sections according to the
protocol [27]. Serial sections were prepared in the parasagittal orientation from vertebral columns,
starting at the periphery and ending in the middle plane of the vertebrae using a Microm HM 355S
(Thermo Fisher Scientific Inc., MA, USA). For immunohistochemistry, tissue was decalcified for seven
days in 10% EDTA, dehydrated in ethanol, cleared and embedded in paraffin. Five um serial sections
were prepared as described above, de-waxed with Clear Rite (Richard-Allan, MI, USA), followed by two
times washing in xylene (Merck Chemicals Ltd.) for five min each. Sections were then rehydrated before
rinsed in dH20.

Histology and immunohistochemistry

Bone and cartilage formation in the spinal columns were assayed by Alizarin Red S/Toluidie Blue
(Sigma-Aldrich, MO, USA) staining. Sections were stained for 5min in Alizarin red (pH 4.2) and for 2min
in 0.1% Toluidine blue (pH 2.3), with a brief rinse in dH20 in between. Single staining with the two dyes

was also performed. All sections were dehydrated in ethanol and mounted with Cytoseal 60 (Electron



Microscopy Science, PA, U.S.A) prior to microscopy. To demonstrate osteoclast activity, TRAP was
visualized with the Acid phosphatase leukocyte kit No. 387 (Sigma-Aldrich) was applied according to the
manufacturer’s protocol, with the exception of a 2h incubation at 37°C. Subsequently, slides were rinsed
in dH20 and counterstained with Mayers hematoxylin (Sigma-Aldrich) for 30s. Cell proliferation and
apoptosis were assessed by immunohistochemical detection of proliferating cell nuclear antigen (PCNA)
and cleaved Caspase 3, respectively [28-30]. Slides were placed in 0.1M citric acid, 0.05% Tween 20
(pH 6) and heated in microwave, 5min at 900W and 4min at 650W. Endogenous peroxidase activity was
blocked 10min in 3% H20 in methanol. The sections were washed 3x in PBS and incubated with a
mouse anti PCNA monoclonal antibody (clone PC10, Zymed Laboratories Inc., CA, USA) or Cleaved
Caspase 3 (Asp175 5A1, Cell Signaling Inc. Boston, MA, USA), following the manufacturer’s
instructions. Slides were washed 3x 5min in PBS-Tween 20 before counterstained with Mayer's
hematoxylin for 2min, washed in water, dehydrated in a graded series of ethanol solutions, cleared with
xylene, and mounted with Cytoseal60 (Electron Microscopy Science). Controls were incubated without
substrate. Microscopic analyses were performed by the stereomicroscope Zeiss Axio Observer Z1 using
brightfield illumination and digitized images obtained with an AxioCam MRc5 camera using AxioVision

software (Carl Zeiss Microimaging GmbH, Géttingen, Germany).

Primer design

Primers (Table 1) for transcription analysis were based on known salmon sequences or on conserved
regions of known teleost sequences paralogues. Primers were designed using the Vector NTI Advance
10 (Invitrogen, CA, USA) and NetPrimer (PREMIER Biosoft, CA, USA) software. All PCR products were
cloned using pGEM T-easy (Promega, WI, USA) and sequenced with Big Dye Terminator chemistry and
the ABI 3730 automated sequencer, both delivered by (Applied Biosystems, CA, USA). The obtained

salmon clones were analyzed by BLAST and deposited in the Genbank database.

RNA isolation and cDNA synthesis

Tissue homogenization from 15 replicates from each group was achieved in a mortar with liquid
nitrogen. RNA was extracted using Trizol reagent and Micro to Midi Kit® (Invitrogen). Brief, tissue was
homogenized in a mortar with liquid nitrogen and total RNA was extracted using Trizol reagent and
Micro to Midi Kit® (Invitrogen) before DNase treatment (DNase1, Invitrogen). The quality of the RNA
was assessed spectrophotometrically (NanoDrop Technologies, DE, USA) 1ug RNA was reverse
transcribed to cDNA using oligo(dT) primer and the Tagman Gold RT-PCR kit (Applied Biosystems).
The cDNA synthesis was performed with 10min primer incubation at 25°C, 1h RT step at 48°C and



omin RT inactivation at 95°C. All reactions were performed in accordance to the manufacturer's

protocol.

Real-time quantitative RT-PCR

Real-time qPCR was conducted using the Light cycler 480 and SYBR Green chemistry (Roche,
Switzerland) at the following thermal cycling conditions: 95°C for 10min, followed by 45 cycles at 95°C
for 15s, 60+1°C for 15s and 72°C for 15s. Further, specificity was assessed by the melting curves,
determined post PCR (95°C for 15s, 60°C for 1min and 97°C continuous). To determine the efficiency
of target genes and reference gene (efla), we used the standard curve method. Relative target gene
mRNA was normalized to relative efla mRNA levels for all sample, as recommended by Olsvik et al.
[31]. The transcription ratios were analyzed using the Relative Expression Software Tool (REST) and

tested for significance by the Pair Wise Fixed Reallocation Randomization Test© [32].

In situ hybridization

Digoxigenin labeled antisense and sense riboprobes were synthesized according to the manufacturer’s
protocol (Roche), using 250 ng of SP6 and T7 tailed PCR fragments as template. ISH was carried out
on five ym Tw9100 sections as described [27], and microscopic analyses of the NBT/BCIP stained
sections were conducted on a Zeiss Axio Observer Z1 equipped with an AxioCam MRc5 camera and

AxioVision software (Carl Zeiss Microimaging GmbH).

Results

The elevated temperature regime used in this study induced mainly vertebral deformities of the fusion
type. The incidence of complete fusions was 10.0 (not significant = n.s.), 17.9 (p<0.001) and 28.1%
(p<0.0001) at 2, 15 and 60g, respectively (Fig. 1). The incidence in the two later samplings are
underestimated, since these numbers do not take into consideration that fish sampled at 2 and 15g
could develop into fusions at the following samplings. Some fish displayed more than one type of
pathology, but pathological changes other than fusions were low in numbers and were not investigated.

The fusion process is a dynamic process as visualized by x-ray in figure 2.

Histology and immunohistochemistry
Histological examination revealed more detailed morphological characteristics of intermediate and fused
vertebral bodies (Fig. 3A, B). The osteoblasts at the growth zones of the vertebral endplate appeared

well-organized in non-deformed vertebrae and little aberrancy was found when staining with toluidine



blue (Fig. 3C). The corresponding growth zones in intermediate vertebrae displayed alterations in
vertebral endplates and more disorganized osteoblasts (Fig. 3D). These findings became more
pronounced at fused stage. The osteogenic zone of the vertebral endplate extended abaxial in-between
two vertebral body endplates (Fig. 3E). In addition, arch centra had decreased in fused vertebral bodies
and chordocytes appeared denser compared to non-deformed (Fig. 3B). Alizarin red S visualized more
calcified tissue in areas with reduced arch centra in intermediate and fused vertebrae (Fig. 3F-H). In
fusions, normal vertebral hour-glass shape was replaced by a more compact and squared shape
morphology, as the arch centra were more or less replaced by bone (Fig. 3H). Alizarin red S stained
calcified tissue and showed calcification of the centra and around hypertrophic chondrocytes (Fig. 3l).
No calcification was detected in the intervertebral space of incomplete fusions (Fig. 3l). In fusions,
growth zones of opposing vertebral bodies had fused and intervertebral space mineralized (Fig. 3K).

A balance between bone resorption and bone formation is required for maintaining bone
integrity during remodeling. Thus, we examined osteoclast activity using TRAP staining. Weak positive
TRAP staining was detected at the ossifying border of hypertrophic chondrocytes in the arch centra in
one sample from the intermediate group (Fig. 4A, B). No positive staining was found in samples from
the fused group (Fig. 4C).

To analyze if the morphological changes observed during development of fusions could be
linked to an imbalanced cell cycling, we used immunohistochemistry with antibodies specific to PCNA
for detection of proliferation and caspase 3 for detection of apoptosis. A few PCNA positive cells were
apparent at the osteoblast growth zone at the endplates in non-deformed vertebral bodies (Fig. 4D).
PCNA positive cells were almost entirely restricted to these areas and were rarely found in chordoblasts
or chordocytes (Fig. 4E). However, we detected a markedly increase in PCNA positive cells at the
growth zone of the endplates, and in cells extending axial at intermediate and fused stages (Fig. 4F and
G). Further, high abundance of proliferating chordoblasts were found in the notochord of vertebrae with
reduced intervertebral space (Fig. 4H and I). A few positive caspase 3 signals were detected at the rims
of the osteoblast growth zone of the endplates in non-deformed vertebral bodies (Fig. 4J). Increased
caspase 3 signals were found in these areas of intermediate and fused vertebral bodies. Caspase 3
positive cells were also prominent at the transition between the intervertebral and vertebral regions (Fig.
4K and L). The positive signal was further spreading along the rims of the vertebral bodies in axial
direction (Fig. 4M) and in cells harboring the joints of the trabeculae (Fig. 4N). Caspase 3 was not
detected in the notochord in any of the groups. The cells that stained positive had characteristic

apoptotic morphology with membrane blebbing (Fig. 40).



Spatial and temporal gene transcription in developing fusions

To examine transcriptional regulations involved in development of fusions, we analyzed non-deformed,
intermediate and fused vertebrae with real-time gPCR, while the spatial gene transcription in
intermediate and fused vertebrae were characterized by ISH. ISH of non-deformed vertebral bodies
have previously been described in Ytteborg et al [23]. Quantification of mMRNA revealed that most genes
were transcriptionally down-regulated during the pathogenesis of vertebral fusions and that the
suppression was more profound at the intermediate stage than in fused specimens (Fig. 5). We divided
the 19 analyzed genes into two groups; structural genes and regulatory genes (transcription factors and

signaling molecules).

Structural genes

Nine out of 11 structural genes had a down-regulated transcription in the intermediate group compared
to only five in the fused group (Fig. 5A). Four genes were down-regulated in both groups, including
genes involved in bone (collal) and hypertrophic cartlage ECM production (coll0al) and
mineralization (osteocalcin and alp). Col2al transcription was down-regulated in intermediate while up-
regulated in the fused group (n.s.). Osteonectin was up-regulated in both groups. Of genes involved in
osteoclast activity, mmp9 showed opposite transcription, being down-regulated in intermediate while up-
regulated in fused. Mmp13 and cathepsin K showed similar transcription pattern in the two groups,
mmp13 up-regulated and cathepsin K down-regulated (n.s. in fused).

ISH analyzes of colla, col2a, coll0a, osteonectin and osteocalcin revealed cells exhibiting
characteristics of both osteoblasts and chondrocytes. These findings were more pronounced in fused
than intermediate specimens. Colla was expressed in osteogenic cells along the rims of the vertebral
body endplates and in osteoblasts at the lateral surfaces of trabeculae at the intermediate stage (Fig.
6A). In incomplete fusions, we could locate osteogenic colla positive cells in the growth zone of the
vertebral endplate extending abaxial in-between vertebral bodies (Fig. 6B, C). In addition, colla was
expressed in high abundance in the intervertebral space of incomplete fusions (Fig. 6D). The
chondrocytic marker col2a was observed in chordoblasts in intermediate samples (Fig. 6E).
Furthermore, col2a was expressed at the growth zone of the vertebral body endplates in both
intermediate and fused samples (Fig. 6F, G). Positive staining of col2a in the notochord became
stronger as intervertebral space narrowed down (Fig. 6F, G). Transcription of col1l0a was observed in
hypertrophic chondrocytes and in osteogenic cells lining apical surfaces of trabeculae in intermediate
and fused vertebrae (Fig. 6H, 1). Col10a seemed to be less expressed in both intermediate and fused
vertebrae, as also observed from the down-regulated transcription of this gene from the qPCR results.

Osteonectin showed a similar transcription pattern as col10, but transcription seemed increased in the



trabeculae (Fig. 6J). Transcription of osteonectin was also associated with chondrocytes in regions
where arch centra fused (Fig. 6K, L). Strong osteonectin transcription correlated with an up-regulated
mRNA transcription observed from gPCR. Osteocalcin was transcribed in osteogenic cells lining
surfaces of trabeculae of fused vertebrae (Fig. 6M) and in cells located abaxial in-between two opposing
vertebral body endplates (Fig. 6N). When the vertebral growth zones blended with the arch centra,

chondrocytes expressing osteocalcin was observed (Fig. 60).

Regulatory genes —transcription factors and signaling molecules

All of the regulatory genes (Fig. 5B) were less expressed in the intermediate compared to the fused
group. Except of osterix, regulatory genes showed similar transcription patterns in the two groups. Twist
involved in osteoblast inhibition and mef2c involved in chondrocyte hypertrophy were down-regulated in
both groups. However, the chondrogenic marker sox9 was up-regulated in both groups. The osteogenic
markers runx2 and osterix had up-regulated transcription in the fused group, runx2 in intermediate
group. Osterix was down-regulated in intermediate group, however n.s. Except of bmp2 in fused
vertebral bodies, signaling molecules (shh, ihh, pdgfrb and bmp4) were down-regulated in both
intermediate and fused group.

When analyzing selected genes by ISH, runx2 was never detected in chordocytes, chordoblasts
or chondrocytes in non-deformed vertebral bodies. Positive runx2 staining was however detected at the
osteoblast growth zone of the vertebral endplate (Fig. 7A). In intermediate and fused samples we
detected transcription at the corresponding growth zone and along the lateral surfaces of the trabeculae
(Fig. 7B). We observed an increased transcription of runx2 in the chordocytes of incomplete fusions
(Fig. 7C) and in the chordoblasts and chordocytes in more severe fusions (Fig. 7D). These findings
corresponded to the up-regulated transcription found by gPCR. Sox9 was expressed in chondrocytes in
non-deformed vertebral bodies (Fig. 7E) and in chordoblasts. In intermediate and fused samples, strong
signals of sox9 were detected in intervertebral space (Fig. 7F). Sox9 was also transcribed at the
vertebral growth zones of the endplates (Fig. 7G) and the signal was extending axial in severe fusions
(Fig. 7H). Mef2c was expressed in a wide zone of hypertrophic chondrocytes in non-deformed vertebral
bodies (Fig. 71). Hypertrophic chondrocytes also transcribed mef2c in intermediate and fused vertebral
bodies (Fig. 7J). Further, mef2c was observed at the boundaries between two fused arch centra (Fig.
7J). In fusions were arch centra narrowed down, mef2c transcription did not seem restricted to
hypertrophic zones (Fig. 7K). Some mef2c expressing cells was also detected at the vertebral endplates
(Fig. 7L) and abaxial between vertebral growth zones of opposing vertebral bodies in incomplete fusions
(Fig. 7M).
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Discussion

In this study we present a molecular characterization of mechanisms involved in development of
vertebral fusions in salmon. We have previously shown that the non-deformed fish used in this study
had indications of soft bone phenotype [23]. They were further characterized by disrupted chondrocytic
maturation, increased zones of hypertrophic chondrocytes and delayed endochondral ossification in the
arch centra [23]. The number of deformities increased throughout the experiment and an imbalanced
bone and cartilage production characterized susceptible fish, predisposed for developing deformities
[23]. In this study we wanted to analyze an intermediate and a terminal stage of the fusion process to
further characterize developing deformities. Through this experiment, we found that vertebral
deformities were developing through a series of events, of which five hallmarks were identified as
particularly interesting. First, disorganized and proliferating osteoblasts were prominent in the growth
zones of the vertebral body endplates. Second, a metaplastic shift made the borders less distinct
between the osteoblastic growth zone and the chondrocytic areas in the arch centra. Third, the arch
centra ossified and the endplates became straight, hence giving the vertebral bodies a squared shaped
morphology. Fourth, the intervertebral space narrowed down and the notochord was replaced by bone

forming cells. Fifth, in a complete fusion all intervertebral tissue was remodeled into bone.

One of the major morphological changes during the fusion process was ossification of the arch centra.
Our findings suggest that this ectopic bone formation is a key event in development of vertebral fusions,
which involve lack of normal cell differentiation and growth. Immunohistochemistry with PCNA showed
that osteoblasts at the growth zone of the vertebral body endplates had a markedly increased cell
proliferation during the fusion process. The increased proliferation of osteoblasts was apparently partly
counteracted by increased cell death as shown by stronger caspase 3 signaling. Nevertheless, the
osteoblasts at the vertebral endplates appeared less organized in intermediate and fused vertebral
bodies by toluidine blue staining. In addition, in fused vertebral bodies we observed moderate changes
of abaxial translocation of cells from the osteoblast growth zone. Abaxial direction of growth from the
borders of vertebral body end-plates and formation of chondroid bone in these areas are also described
in previous experiments [14,33]. The findings of increased proliferation and disorganized osteoblast
growth were evident in vertebrae with modest alterations, which may suggest that this is an early event
in the fusion process.

During the developing pathology, the marked border between the osteoblast growth zones and
the chondrocytic areas connected to the arches became less distinct, as proliferating cells and
chondrocytes blended through an intermediate zone. PCNA positive cells further extended along the

rims of fusing vertebral bodies. This cell proliferation appeared to be closely linked to fusion of opposing
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arch centra. During the fusion process a metaplastic shift appeared in the arch centra where cells in the
intermediate zone between osteoblasts and chondrocytes co-transcribed colla, col2a, runx2,
osteocalcin and osteonectin, as visualized by ISH. Based on histology, Witten et al. [25] have previously
suggested the involvement of a metaplastic shift in developing fusions. In more progressed fusions,
most cells in the arch centra seemed to co-transcribe osteogenic and chondrogenic markers. Our

suggestion is therefore that trans-differentiated cells produce the ectopic bone.

Several in vitro studies have demonstrated that chondrocytes associated with calcifying cartilage can
acquire properties of osteoblasts [34] and are able to change their phenotype from a primarily cartilage
synthesizing cell type to a bone synthesizing cell type [35]. However, hypertrophic chondrocytes able to
trans-differentiate into osteoblasts through a process called trans-chondroid ossification has also been
described [24]. Interestingly, this type of growth has been identified during distraction osteogenesis in
rats [24,36], a process where bone is formed rapidly upon stretching. During trans-chondroid
ossification, chondrocytes are found to express both coll and col2 [24]. In a review by Amir et al. [37] it
was speculated if tension stress during distraction inhibited final differentiation of chondrocytes and
rather trans-differentiated these cells into osteoblastic cells. At fused stage, early markers for
osteoblasts and chondrocytes (runx2, osterix, sox9 and bmp2) were upregulated whereas the
osteoblast inhibitor (twist) and genes involved in chondrocyte hypertrophy (bmp4, mef2c, col10a, shh
and ihh) were downregulated, results also supported by ISH. Deletion of Ihh has been shown to disrupt
the normal pattern of various zones of chondrocyte differentiation in the growth plate [38], whereas Sox9
accelerate chondrocyte differentiation in proliferating chondrocytes but inhibit hypertrophy [39].
Sustained runx2 expression, as found in our studies, is further associated with trans-differentiation of
chondrocytes into bone cells [40]. On the contrary, analyzing the ECM components of both osteoblasts
and chondrocytes (colla, col2a, coll0a, osteocalcin and alp) revealed that these transcripts had
reduced activity in both intermediate and fused vertebrae. These findings might reflect the reduced
radiodensity described in fish reared at elevated temperatures [23].

To further characterize the pathological bone formation in the chondrocytic areas in the arch
centra, we analyzed osteoclast activity. Absence of osteoclasts visualized through TRAP staining was
characteristic during the development of vertebral fusions, indicating that normal endochondral
ossification was restrained. In addition, cathepsin k had a down-regulated transcription level. In normal
developing salmon vertebrae, these areas are modeled through endochondral bone formation, a
process requiring invasion of osteoclasts and activity of TRAP, Mmps and Cathepsin K [21,41].
Transcription of mmps are up-regulated during IDD [42] and compression-induced IVD [43,44] in

mammals. Intriguingly, mmp9 and mmp13 were also up-regulated during fusion of vertebral bodies in
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salmon. Excessive co-activity of mmp9 and mmp13 is linked to development and healing of chronic
wounds in rainbow trout [45] and salmon [46]. Lack of osteoclast activity and reduced activity of genes
involved in chondrocyte hypertrophy during development of vertebral fusions may therefore suggest that
mmp's were up-regulated in fused vertebral bodies as a response to chronic injury rather than bone
resorption.

Our results suggest that the ossification type during development of spinal fusions and fast
growth could be trans-chondroid ossification. A mixed type of intramembraneous and endochondral
ossification, as suggested by Yasui et al [24] and demonstrated by Okafuji et al [36] may also occur,
however the lack of osteoclast activity makes this less likely. Our findings indicate that chondrocytes
had not only differentiated towards osteoblast-like cells, but also completed the differentiation to cells
that were capable of producing mineralized bone matrix. Whether the suggested trans-chondroid
ossification is trans-differentiation as a sudden switch from the chondrogenic to the osteogenic
phenotype or a continuous differentiation was not assessed in this experiment. However, based on our
results, a pathway to bone formation through chondrocytes might be possible during development of

vertebral fusions.

The completing step in the fusion process is transformation of notochordal tissue into bone [14]. As
intervertebral space narrowed down, proliferating chordoblasts and denser packet chordocytes were
revealed through toluidine blue staining and PCNA antibody binding, respectively. The structured
chordoblast layer increased and more of these cells stained for col2a. As the pathology progressed,
proliferating chordoblasts seemed to occupy most of the intervertebral space and vacuolated
chordocytes disappeared. Moreover, cells in the notochord had a transcription profile resembling the
trans-differentiating cell at the borders between the osteoblast growth zones and the chondrocytic areas
connected to the arches. Transcription of marker genes changed from chondrogenic to also include
osteogenic, as mRNA of osteocalcin, runx2, osteonectin and colla were detected. QPCR further
showed up-regulated transcription of both runx2 and sox9 throughout the developing deformity.
Comparative to our findings, disc cell proliferation and a switch in the synthesis of ECM components are
associated with disc degeneration [47,48]. However, ISH revealed that whereas sox9 and col2a was
present in chordoblasts from the non-deformed stage, runx2 and colla was only detected in fused
samples, when intervertebral space was severely narrowed. This co-transcription of chondrocytic and
osteogenic markers in the notochord supports the hypothesis of a metaplastic shift during vertebral

fusions in salmon [49].
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The metaplastic shift in the notochord and arch centra may be induced to produce more robust cells,
able to withstand increased mechanical load. However, as bone replaced chondrocytic areas throughout
the pathology, notochordal tissue did not calcify until the deformity developed into severe fusion. We
therefore suggest that metaplasia leads to cell types more suited to the new environment but that
changes are related to a threshold of the stimuli, in this case, grade of fusion. A shift in NP cell
population coincides with spinal disorders like IDD and changes in the synthesis of matrix molecules
differ with the degree of degeneration [50]. A comparative pathological process to our findings is
mammalian “Bamboo spine”, describing a condition where vertebral bodies have fused and reshaped
through ectopic bone formation [51,52]. Similar rescue processes have also been found in the
mammalian AF, where it is strengthened through cartilage formation upon elevated mechanical load
[63,54]. Overall, the vertebral fusion process seen in salmon might reflect an effort to restore and

strengthen a vertebral area of a weakened vertebral column.

Conclusion

Vertebral fusions develop through a series of events. Disorganized and proliferating osteoblasts at the
growth zones and along the rims of affected vertebral bodies characterized the fusion process.
Moreover, loss of cell integrity through cell proliferation was prominent at the border between the
osteoblastic growth zone and the chondrocytic areas in the arch centra and in intervertebral space.
During the fusion process a metaplastic shift appeared in the arch centra where cells in the intermediate
zone between osteoblasts and chondrocytes co-expressed mixed signals of chondrogenic and
osteogenic markers. A similar shift also occurred in the notochord where proliferating chordoblasts
changed transcription profile from chondrogenic to also include osteogenic marker genes. As the
pathology progressed, ectopic bone formation was detected in these areas. Since transcription turned
from chondrogenic to osteogenic, our suggestion is that trans-differentiated cells produce the ectopic
bone. In complete fusions, all intervertebral tissue was remodeled into bone. The molecular regulation
and cellular changes found in salmon vertebral fusions are similar to those found in mammalian
deformities, showing that salmon is suitable for studying general bone development and to be a
comparative model for spinal deformities. With this work, we bring forward salmon to be an interesting

organism to study general pathology of spinal deformities.
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Tables

Table 1 Primers used for cloning, sequencing, transcriptional analysis and probe synthesis of Atlantic

salmon (Salmo salar) genes.

Primers used for Real time PCR (RT) and probes for in situ hybridization (ISH)

Gene Orientation Genbank Use: Sequence (5°-3°)

Extracellular Matrix constituents:

Col1a1 Forward FJ195608 RT AGAGAGGAGTCATGGGACCCGT
Reverse RT GGGTCCTGGAAGTCCCTGGAAT
Forward ISH TAGCCGTGGTTTCCCTGGTT
Reverse ISH CCGGGAGGTCCAAATCTACC

Col2a1 Forward FJ195613 RT TGGTCGTTCTGGAGAGACT
Reverse RT CCTCATGTACCTCAAGGGAT
Forward ISH GCTGGCGAGACAGGAGAGA
Reverse ISH GCCTCATCAGCCCTCATGTA

Col10a1 Forward EG837148 RT TGGTGCTCTTTGACTGCCTGTAA
Reverse RT CATCCTGTGTGTTGCAATATCACA
Forward ISH AACAAGGGCTTCTTGGATCA
Reverse ISH CATAATGCATCCTCAGGCAT

Alp Forward FJ195609 RT CTAGTTTGGGTCGTGGTATGT
Reverse RT TGAGGGCATTCTTCAAAGTA

Osteocalcin Forward FJ195616 RT GTGAACCAACAGCAAAGAGA
Reverse RT CCAGGTCCTTCTTAACAAACA
Forward ISH CTCATACTTGTTGATCGTCCAG
Reverse ISH TCTTTCTCTCTCGCTCTCCC

Osteonectin Forward FJ195614 RT ATTACTGAGGAGGAGCCCATCATT
Reverse RT CCTCATCCACCTCACACACCTT
Forward ISH CTGAACGATGAGGGTGTGGA
Reverse ISH CGAGTGGTGCAGTGCTCCAT

Mmp9 Forward CA342769 RT AGTCTACGGTAGCAGCAATGAAGGC
Reverse RT CGTCAAAGGTCTGGTAGGAGCGTAT

Mmp13 Forward DW539943 RT TGATGTCCAAGTCAGCCGCTTC
Reverse RT TGGTCTGCCACTTGCGATTGTC

Cathepsin K Forward NM_001140399 RT ATGACCAACGCCTTCGAGTAC
Reverse RT AAGGTGGAGAGGGTGGCATC

Transcription factors:

Sox9 Forward EU344852 RT CCTGCAAACAAGACAAGGT
Reverse RT GGGTCGAGTAGATTCATACGA
Forward ISH GGGGATACTATTTGACTGGATC
Reverse ISH TCTGTCTTGATGTGTGTGGG

Runx2 Forward FJ195615 RT/ISH CCACCAGGGACAGACACAGAT
Reverse RT/ISH GAACGGACTGAGATCTGACGAA

Osterix Forward FJ195612 RT TCCCATAGACTTTCCCACA
Reverse RT TGCCTCAGGACATGTACAA

Mef2c Forward GU252207 RT CACCGTAACTCGCCTGGTCT
Reverse RT GCTTGCGGTTGCTGTTCATA
Forward ISH GACAGAGACTGTGTGGTGTTCCCT
Reverse ISH AGGTGGAGGGAGCTACCACTGTTA

Signalling molecules:

Bmp4 Forward FJ195610 RT TCAAGTTGCCCATAGTCAGT
Reverse RT CACCTGAACTCTACCAACCA

Bmp2 Forward RT ATGTGGTATTGCACCCATT
Reverse RT ATGGACAGTTTCCCAATGA

Shh Forward AY370830 RT CCGGCTCATGACTCAGAGATG
Reverse RT TATCCCTGGCCACTGGTTCA

lhh Forward FJ195617 RT CAGATGACCCACTGGACTGAT
Reverse RT GCTTGGTTGGGAGATATGCA

Housekeeping gene:

Efla Forward DQ834870 RT CACCACCGGCCATCTGATCTACAA
Reverse RT TCAGCAGCCTCCTTCTCGAACTTC

*Ytteborg et al. [23] **Wargelius et al. [55] ***Olsvik et al [31]
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Figure legends

Figure 1 Frequency of deformities
Spinal fusions increased at each sampling point; 2g, 15g and 60g. Each bar represents the means of
analysis of variance at each sampling point as registered through radiographic findings in n=4 tanks.

Data are given in percentage * st.dev, asterix indicate significant differences (P=0.01).

Figure 2 X-ray and diagnostics
The development of vertebral fusions is a dynamic process where the final result is a complete fusion of
two or more vertebral bodies. Vertebrae were divided into non-deformed (ND), intermediate (IM) and

fused (FS). White arrow points to malformed vertebral bodies. Scale bar=0.1cm.

Figure 3 Histological findings

Toluidine blue staining of A. Intermediate vertebrae with irregular shaped vertebral bodies and B. Fused
vertebrae with ectopic bone formation and denser notochord. Remnants of the arch center are present
at ventral side of the notochord (arrow). Growth zones of vertebral endplates in C. Non-deformed D.
Intermediate and E. Fused vertebrae. Osteoblasts appeared more disorganized throughout the
pathology (arrow). At fused stage, osteoblasts located abaxial between vertebral bodies were observed.
Double staining with Alizarin red S and toluidine blue of F. Non-deformed, G. Intermediate and H.
Deformed vertebrae. Ectopic bone formation and reduced (arrow) or fused (white double arrow) arch
centra was prominent throughout the developing pathology. Alizarin red S staining of 1. Non-deformed
J. Intermediate and K. Fused vertebrae. Notochordal tissue did not stain with alizarin red S until fusion
was complete (arrow). ND, non-deformed; IM, intermediated; FS, fused, nc, notochord; ns, notochordal

sheath, eb, endbone; ec, ectopic bone. Scale bar = 100um. .

Figure 4 Immunohistochemistry with TRAP, PCNA and Caspase 3

A: One sample from intermediate group showed weak positive TRAP staining (arrow) at the ossifying
border of the hypertrophic chondrocytes. B. Higher magnification of black box in A, positive TRAP
staining (arrow). C. No TRAP activity was detected in any of the samples from the fused group. PCNA
positive cells (brown) in D. Non-deformed. Some proliferating cells can be seen at the growth zones of
the vertebral body endplate (arrow). E. Higher magnification of chordoblasts in non-deformed. Positive
cells were rarely found in chordoblasts. F. Intermediate vertebrae. PCNA was detected in higher amount
at growth zones of the vertebral body endplate and extending abaxial and axial direction (arrow). G.

Fused vertebrae. PCNA labeled cells were detected in the corresponding areas, but in higher
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abundance (arrow). H. PCNA positive cells were observed in the notochord and also in arch centra
(arrow). I. Higher magnification of the black box in H, PCNA positive notochordal cells (arrow). Caspase
3 positive cells (black) in J. Non-deformed. Caspase 3 positive cells can be seen at the fringe of the
growth zones of the vertebral body endplate (arrow). No positive cells could be detected in the
chordoblasts (arrowhead) in any of the groups. K. Intermediate vertebrae; positive cells were detected
in exceedingly higher amount at the corresponding areas (arrows). L. Fused vertebrae; positive cells
were detected in the corresponding areas, but in higher amounts (arrow). M. Positive caspase 3 signal
increased along the rims of the vertebral body and in trabeculae in fused vertebral bodies where we
observed ectopic bone formation (arrow). N. Higher magnification of black box in E showing caspase 3
positive cells in the joints of ectopic bone (arrow). O. Higher magnification of caspase 3 labeled cells
showing typical apoptotic phenotype with membrane blebbing (arrow). ND, non-deformed; IM,
intermediated; FS, fused, nc, notochord; ns, notochordal sheath, eb, endbone; ec, ectopic bone. Scale

bar = 100um.

Figure 5 Quantitative gene transcription profiles in intermediate and fused vertebral bodies

Relative gene transcription of A. Extracellular matrix constituents and B. Regulatory genes in non-
deformed (white bars) intermediate (light grey bars) and fused (dark grey bars) vertebrae, normalized
with efla. Significant values (P=0.05) indicated by a-b-c, n=15, means + SE. Transcription ratios are

shown in relative mRNA expression along the y-axis, genes along the x-axis.

Figure 6 In situ hybridization of genes involved in the extracellular matrix

A. Colla transcription observed in trabeculae and at the growth zones of vertebral body endplates of
intermediate vertebrae. B. Colla in osteoblasts extending from the growth zones of the vertebral body
endplate in intermediate and C. fused vertebrae. D. Colla transcription in the notochord of a fusion. E.
Col2a transcription in chordoblasts of intermediate vertebrae (arrow). F. Col2a transcription increased
as intervertebral space narrowed down. In addition, col2a was observed at the osteoblast growth zone
at the vertebral body endplates (arrow). G. In fused vertebrae, most cells in intervertebral space
expressed col2a and expression in the osteoblasts increased (arrow). H. Col10a transcription along the
rims of intermediate vertebrae and in hypertrophic chondrocytes (arrow). |. Col10a was more expressed
in areas with ectopic bone formation (arrow). J. Osteonectin in fused vertebral bodies. Notice
transcription along the rims of the vertebral bodies as well as in chondrocytes (arrow). Stronger staining
was observed in areas with ectopic bone formation. K. Osteonectin transcription in areas with ectopic
bone formation. L. Osteonectin transcribing chondrocytes. M. Osteocalcin was expressed in
chondrocytes and along the rims of fused vertebrae. N. Osteocalcin transcription at the growth zone of
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two vertebral body endplates in a fusion. Notice cells expressing osteocalcin abaxial in-between the
vertebral bodies (arrow). O. Osteocalcin expressing cells blending with chondrocytes. Both osteoblasts
and chondrocytes expressed osteocalcin in these areas. ND, non-deformed; IM, intermediated; FS,

fused, nc, notochord; ns, notochordal sheath, eb, endbone; ec, ectopic bone. Scale bar = 100um.

Figure 7 In situ hybridization of genes involved in regulatory processes

A. Runx2 at the osteoblast growth zone of the vertebral body endplates in non-deformed vertebral
bodies (arrow). Notice no transcription in chordocytes. B. Runx2 transcription in intermediate vertebrae
showed transcription in chordoblasts. C. Runx2 transcription in fused vertebrae, notice positive staining
in the chordocytes and in areas with ectopic bone formation (arrow). D. Strong staining of runx2 in cells
in the notochord of a fusion. E. Sox9 transcription chondrocytes of non-deformed vertebrae. F. Fused
vertebrae had high sox9 transcription in intervertebral space. G. Higher magnification of cells expressing
sox9 at the vertebral growth zone of a fusion. H. Sox9 was also expressed along the rims of ectopic
bone formation. I. Mef2c transcription in hypertrophic zone in non-deformed vertebral bodies. J. Mef2c
in fusing arch centra. Notice positive cells outside the hypertrophic zone (arrow). K. Mef2c in arch center
narrowing down. L. Mef2c transcription at the growth zones blending with the arch centra. M. Mef2c
positive cells in intervertebral space of an incomplete fusion (arrow). ND, non-deformed; IM,
intermediated; FS, fused, nc, notochord; ns, notochordal sheath, eb, endbone; ec, ectopic bone. Scale
bar = 100um.

Additional files

Sense probes

No staining was detected in ISH with sense probes.

nc, notochord; ns, notochordal sheath, eb, endbone; tb, trabecular bone. Scale bar = 100um.
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Abstract

Histological characterization of spinal fusions in Atlantic salmon (Salmo salar) have described shape
alterations of vertebral body endplates, reduced intervertebral space and replacement of intervertebral
cells by ectopic bone. However, the significance of the notochord during the fusion process has not
been addressed. Thus, in this study we investigated structural and cellular events in the notochord
during development of vertebral fusions. In order to induce vertebral fusions, Atlantic salmon were
exposed to elevated temperatures from fertilization until 15g size. Based on radiography, an
intermediate and a terminal stage of the fusion process were investigated using immunohistochemistry
and real time quantitative PCR. Examination of structural extracellular matrix proteins like Perlecan,
Aggrecan, Elastin and Laminin revealed reduced activity and reorganization at early stages in the
pathology. Staining for elastic fibers visualized a thinner elastic membrane surrounding the notochord of
developing fusions and immunohistochemistry with Perlecan showed that the notochordal sheath is
stretched upon fusion formation. These findings in the outer notochord correlated with loss of Aggrecan
and Substance P positive signals and further loss of vacuoles from the chordocytes in the central
notochord. At more progressed stages of the fusion process, chordocytes condensed and expression of
Aggrecan and Substance P reappeared. The hyperdense regions are of importance for the formation of
notochordal tissue into bone. Based on our results we suggest that remodeling of notochord integrity by
reduced elasticity, structural alterations and cellular changes is involved in the development of vertebral

fusions.



Introduction

The vertebral column is the defining feature of all vertebrates, composed of an alternating pattern of
vertebral bodies (centra) and intervertebral regions. While centra give support and strength to the
organism, intervertebral regions provide flexibility (review (Urban and Roberts 2003)). Spinal deformities
have for long been established as a major concern for human health and an important welfare problem
for farmed animals. A number of animal models have played important roles in understanding the
complex pathology of spinal disorders (review (Lotz 2004)), but molecular mechanisms involved have
not been described in detail.

The notochord is found in embryos of all chordates, being well conserved between species as
the forerunner of the spinal column. However, whereas only remnants of the notochord exist between
adjacent vertebrae in the mammalian intervertebral disc (IVD), the notochord persists throughout all
developmental stages and throughout the entire length of the fully developed vertebrae in many
teleosts, including salmon. The mature notochord of Atlantic salmon (Salmo salar) consists of a core of
chordocytes surrounded by a layer of chordoblasts, an acellular fibrous sheath and an outer elastic
membrane (Grotmol et al. 2006). The chordoblasts continue to divide throughout life in accordance with
sustained notochordal growth (Grotmol et al. 2006). Chordoblasts further differentiate to chordocytes,
containing large fluid filled vacuoles which functional role is to maintain internal hydrostatic pressure
(Nordvik et al. 2005;Glickman et al. 2003;Adams et al. 1990;Kimmel et al. 1995;). Moreover, the
chordoblasts produce the basal membrane and ECM components of the notochordal sheath, which in
both mammals and teleosts like Atlantic salmon has been shown to consist of mainly collagen type 2
(Col2) (Hayes et al. 2001;Domowicz et al. 1995;Sandell 1994;Linsenma et al. 1973). The acellular
notochordal sheath and the elastic membrane surrounding the teleost notochord restricts expansion of
the vacuolated chordocytes (Grotmol et al. 2005), thus generating the hydroskeletal properties essential
for extension of the larvae (Koehl et al. 2000). The notochord secrete factors to surrounding tissues and
contribute to vertebral patterning during embryogenesis (Fleming et al. 2004;Cleaver and Krieg 2001).
In vertebrates with limited growth, such as humans, the notochord ceases its regulating role for vertebral
development as part of the normal ontogeny, followed by the transformation of notochordal tissue into
cartilage (Hunter et al. 2003;0egema 2002). In Atlantic salmon, however, the notochord fulfils its
regulatory role for vertebral development throughout life since salmon and other fish species do not stop
growing (Witten et al. 2002).

We have previously presented Atlantic salmon to be an interesting organism for cross-study
comparisons of spinal deformities (Ytteborg et al. submitted). High frequency of spinal fusions can be
induced by elevated water temperatures during early life-stages (Ytteborg et al. 2010). Furthermore, the

overall structural and molecular features of bone and cartilage development in vertebral fusions have



shown resemblance with similar pathological spinal conditions in mammals (Gorman and Breden
2007;Witten et al. 2006;Ytteborg et al. submitted). Spinal fusions in Atlantic salmon are characterized by
changes in extracellular matrix (ECM) components and mineralization of the intervertebral regions
(Witten et al. 2006;Ytteborg et al. submitted). Similarly, intervertebral disc degeneration (IDD) in
mammals involves breakdown of ECM components in the annulus fibrosus (AF) and calcification of the
nucleolus pulposus (NP) (Takaishi et al. 1997;Kanemoto et al. 1996;Antoniou et al. 1996). Moreover,
breakdown of proteoglycans (PGs), like Aggrecan and Perlecan, may lead to reduced hydrostatic
pressure, invasion of nerves and blood vessels and loss of transportation of nutrients and waste
products in degenerating IVD (Melrose et al. 2002;Kauppila 1995;Yasuma et al. 1993;Urban and
Mcmullin 1985). Loss of Aggrecan resulting in tissue dehydration, reduces the ability of mammalian IVD
to transmit and absorb compressive load (Kanemoto et al. 1996;Urban and Mcmullin 1985). Perlecan
has structural roles in mammalian cartilage and IVD (Sivan et al. 2006) and is important for proper
establishment of basement membranes in different vertebrates including teleosts (Parsons et al.
2002;Aviezer et al. 1994). Furthermore, Substance P (SP), established as a marker for neuronal
invasion in both mammals and teleosts (Holmqvist and Ekstrom 1991;Hokfelt et al. 1975), has also
shown important roles in mineralization processes of both osteoblasts (Sun HB et al. 2010;Goto et al.
2007) and chondrocytes (Millward-Sadler et al. 2003). Hence, immunohistochemical markers for ECM
components, mineralization and neuronal development, such as Collagen, Aggrecan, Perlecan and SP,
have been used to characterize pathological vertebral conditions (Kuraishi et al. 1985;Hokfelt et al.
1975).

In the presented study we investigated the remodeling of the notochord during the vertebral
fusion process in Atlantic salmon. Aggrecan, Perlecan and SP in combination with elastic staining
techniques were used to characterize the intervertebral region of developing spinal fusions. During the
pathology, the elastic membrane surrounding the notochordal sheath appeared fragmented.
Immunohistochemistry with Perlecan antibodies visualized that the highly folded notochordal sheath
were stretched upon development of vertebral fusions. Loss of Aggrecan from chordocytes in the central
notochord correlated with loss of vacuoles in these cells at more progressed stages of the fusion
process, while increased SP signals were found prior to mineralization in hyperdense notochordal cells.
Based on our results we suggest that remodeling of the intervertebral regions are important for the

development of spinal fusions.

Materials and methods
This trial was performed and approved in accordance to regulations from the Norwegian authorities

regarding the use of animals for research purposes. The fish experiment was done at Nofima Marine at



Sunndalsgra, Norway, in 2007 with Atlantic salmon from the Salmobreed strain, as described in
Ytteborg et al. (Ytteborg et al. 2010). Briefly, two experimental temperature regimes were used. During
egg rearing, the low temperature group was stabilized at 6+0.3°C whereas the high temperature group
was stabilized at 10+£0.3°C. Temperature was gradually increased (1°C per day) at first feeding to
10£0.3°C and 16+0.3°C for low and high temperature group, respectively. At 15g size, fish were
sedated (Tricaine methane sulfonate, Pharmag, Overhalla, Norway) and radiographed. As described in
Ytteborg et al. (submitted), rearing at high temperature resulted in more than 28% of the fish developing
vertebral fusions. During sampling, vertebrae were divided into four categories; non-deformed vertebrae
from both low and high temperature regimes and two stages in the fusion process; an intermediate and
an evolved stage (fused). Non-deformed vertebrae had no observable morphological changes in the
vertebral bodies or in intervertebral space. Vertebrae diagnosed as intermediate included various
degrees of reduced intervertebral space and compressions. Samples characterized as fused ranged
from incomplete fusions to complete fusions. Based on findings in Ytteborg et al. (Ytteborg et al. 2010),
where no changes were observed in the intervertebral regions of non-deformed fish reared at high
temperature regime, non-deformed vertebrae from the low temperature group were used as control in
histological and immunohistological analysis. All four groups were used for quantitative real time PCR

(qPCR) analysis.

Sample preparation

Specimens for histology and immunohistochemistry (IHC) were embedded in paraffin as described in
Ytteborg et al. (submitted). Five um serial sections were prepared in the parasagittal orientation from
vertebral columns, starting at the periphery and ending in the middle plane of the vertebra using a
Microm HM 355S (Thermo Fisher Scientific Inc., MA, USA). The effect of distance from the sagittal
plane was taken into account and effort made to ensure that sections were analyzed in corresponding

areas. Sections were mounted on coated slides and dried ON at 37°C.

Histology

Histological examination of vertebrae (n=12) was carried out on de-waxed sections; 3x 3 min in Clear
Rite (Richard-Allan, MI, USA) followed by 2x washing in xylene (Merck, Darmstadt, Germany) for 5 min
each. Sections were then rehydrated in graded series of ethanol before rinsed in dH20. To visualize
elastic fibers, deparaffinised sections were stained for 30 min with Verhoeff's hematoxylin, rinsed in
dH20 and differentiated in 2% ferric chloride for 2 min. Sections were subsequently rinsed in dH-0,

dehydrated, cleared and mounted in Cytoseal 60 (Electron Microscopy Science, PA, USA). Microscopic



bright field images were captured using a Zeiss Axio Observer Z1 and post processed for light and
contrast in AxioVision software (Carl Zeiss Microimaging GmbH).

RNA isolation and cDNA synthesis

RNA for gPCR analysis was extracted from vertebrae of 15 individuals per categorized group. Tissues
were thoroughly homogenized in a mortar with liquid nitrogen, as described (Ytteborg et al. 2010). Total
RNA was extracted using Trizol reagent and Micro to Midi Kit® (Invitrogen, CA, USA) and DNase
treated with DNase1 (Invitrogen). Total RNA (1ug) was reversed transcribed to cDNA using oligo(dT)
primer and reagents from the Tagman Gold RT-PCR kit (Applied Biosystems CA, USA) at the following
thermal cycling conditions: 10 min primer incubation at 25°C, 60 min RT step at 48°C and 5 min RT

inactivation at 95°C. All reactions were performed in accordance to the manufacturer’s protocol.

Immunohistochemistry

The selected antibodies Perlecan (Chemicon, MA, USA), Aggrecan (Santa Cruz Biotechnology Inc., CA,
USA) and SP (Sigma) were used to characterize the notochord during the fusion process. Proteins were
isolated from the residual fractions after RNA isolation by Trizol® (Invitrogen) and concentrations
measured with RC DC Protein Assay (Bio-Rad, USA). Protein (20ug) was solubilised, separated by
SDS-gel electrophoresis and transferred to a nitrocellulose membrane using reagents from NuPAGE
and iBlot™ (Invitrogen). Non-specific binding sites were blocked using 5% teleostan gelatine in 0.1M
Tris-saline pH 7,4 (Sigma, MO, USA). The nitrocellulose membrane was probed with the zebrafish
neuron marker Zn12 diluted 1:5000 and Perlecan and Aggrecan diluted 1x1000 in TBS added 0.5%
teleostan gelatine. Alkaline phosphatase conjugated anti-mouse IgG(H+L) secondary antibodies
(Promega, WI, USA) was applied for Zn12 and Perlecan, Alkaline phosphatase conjugated anti-rabbit
lgG (H+L) (Promega) for Aggrecan, both diluted 1:7500. Immunoreactive bands were revealed with
Novex® AP NBT/BCIP (Invitrogen). All reactions were performed in accordance to the manufacturer's
protocol. Perlecan visualized one band of approximately 200-260 kDa, which is in agreement with
previously published sizes for this protein (Sundarraj et al. 1995). We were not able to detect Aggrecan,
probably due to the size of this protein. Aggrecan is more than 250 kDa and is likely to contain large
number of GAG chains and expected to form a broad band migrating at the top of the gel (Dodge and
Jimenez 2003). No smaller bands were detected. Specificity for SP has previously been shown in
salmonides (Tarakgy and Kdpricl 2010). Zn12 (Developmental Studies Hybridoma Bank, 1A, USA), a
membrane bound protein that binds cell adhesion glycoproteins in a variety of different tissues, such as

in notochordal tissue (Metcalfe et al. 1990;Vincent et al. 1983), was used in this as a marker solely to



visualize structures in the notochord. Western blot visualized two bands with molecular weight between
80-100 kDa, corresponding to previously shown values for Zn12 (Metcalfe et al. 1990).

Fluorescence IHC was initiated on sections by successive rehydration in decreasing ethanol
concentrations followed by microwave facilitated antigen retrieval for 10 min in 10mM citric acid pH 6.0.
Permeabilization was carried out using 1% Triton in 1x PBST for 10 min, before blocking in 5% non fat
dry milk powder dissolved in 1x PBST. The primary antibodies (Aggrecan and Perlecan diluted 50x, SP
100x and Zn12 200x) was incubated over night at 4°C before washing. Alexa conjugated secondary
antibodies (diluted 200x) specific to the primaries were applied and incubated 2 h. Negative controls
were incubated with secondary antibodies only. After washing in 1x PBST, the slides were coverslipped
using Prolong Gold antifade (Life Technologies). Microscopy was carried out on a Zeiss Axio Observer
Z1 equipped with the Apotome system for structured illumination (Carl Zeiss Microimaging). AxioVision
software (Carl Zeiss Microimaging) was applied for extended focus and generation of 3D transparency

of the captured z-stacks.

Real-time quantitative RT-PCR

Primers for transcription analysis were based on known Atlantic salmon sequences or on conserved
regions of known teleost sequence paralogues. Amplicons were cloned using pGEM T-easy vector
(Promega) and sequenced with Big Dye Terminator chemistry and the ABI 3730 automated sequencer
(Applied Biosystems). The obtained Atlantic salmon sequences were analyzed and confirmed with
BLAST and deposited in the Genbank database.

Triplicate real-time qPCR reactions for elastin and laminin81 were performed using the Light
cycler 480 and SYBR Green chemistry (Roche, Switzerland) at the following thermal cycling conditions:
95°C for 10 min, followed by 45 cycles at 95°C for 15 sec, 60°C for 15 sec and 72°C for 15 sec.
Specificity was assessed by melting curves, determined post PCR (95°C for 15sec, 60°C for 1 min and
97°C continuous). Primers for elastin (GenBank accession no.BF228555) and laminin81 (GenBank
accession no.FJ195616) were designed using the Vector NTI Advance 10 (Invitrogen, CA, USA) and
NetPrimer  (PREMIER Biosoft, CA, USA) software; elastin ~ forward 5-
GAGGCTACAGACCAGGAGGAGTT and reverse 5-TCTGGGTCGGTGGGTTTGTA, lamininB1 forward
5-CATGTGACATGGACACAGGAA and reverse 5-CGTCCTCAGCCTCATAGGTGTA. Relative target
gene was normalized relative to elongation factor (efia, GenBank accession no. AF321836) for all
samples as recommended by Olsvik et al. (Olsvik et al. 2005). Forward primer effa: 5-
CACCACCGGCCATCTGATCTACAA and reverse primer: 5-TCAGCAGCCTCCTTCTCGAACTTC.

Triplicate real-time gPCR reactions for aggrecan and perlecan were performed using a ABI

prism 7900HT Sequence detection system with TagMan PCR core master kit (Applied Biosystem) at the



following thermal cycling conditions 50°C for 2 min, 95°C for 10 min, followed by 40 cycles at 95°C for
15 s and 60°C for 1 min. The primers and TagMan probe (5'labeled-6-FAM and 3'Quencher TAMRA)
were designed by using Primer Express Program (Applied Biosystem); aggrecan (GenBank accession
no.FJ 179677); forward 5-TGGCGGCCGAACCA, reverse 5-CCGTTCTCGTGCCAGATCAT, probe 5-
CCGGATAACTACTTTAACTCTGGAGAAGACTGTGTGG and perlecan (GenBank accession no. FJ
825137); forward 5-GCATACCCTCCTCTGACCAACA, reverse 5-GCCATGGGTTTGAACTCCAT and
probe 5-CCACAATGACCTGCACATCGA. Gene expression was normalized to effa (forward 5'-
GCCAGATCTCCCAGGGCTAT, reverse 5-TGAACTTGCAGGCGATGTGA and probe 5-
CCCCTGTGCTGGATTGCCATAC).

PCR efficiency for all target genes and the reference gene were tested and approved. The
expression ratios were tested by using the Relative Expression Software Tool (REST) according to
Pfaffl et al. (Pfaffl et al. 2002). Differences between the mRNA expression ratios were tested for

significance by the Pair Wise Fixed Reallocation Randomization Test© (Pfaffl et al. 2002).

Results

The elastic membrane

Investigation of the elastic layer by Verhoeff's hematoxylin staining showed the elastic membrane
surrounding the notochord of non-deformed vertebrae with a thickened structure in the intervertebral
regions (Fig. 1a and b). However, at the intermediate stage of the fusion process, the elastic membrane
was found to have a decreased thickness (Fig. 1c and d) which seemed to be connected with expansion
of the notochordal sheath in developing fusions. During the fusion process the notochordal sheath
increased in area and width in the intervertebral regions and an increased distance between the
chordoblasts layer and the vertebral endplates was observed. In severe fusions the elastic membrane
appeared fragmented or absent (Fig. 1e and f). Furthermore, quantification of mRNA transcription
revealed that elastin was down-regulated during the pathogenesis of vertebral fusions (Fig. 2), with most

reduction at intermediate stage.

The notochordal sheath

In order to characterize the notochordal sheath structure, IHC with antibodies against Perlecan,
Aggrecan and SP were applied (Fig. 3 and 4). Of these markers, Perlecan was abundantly detected in
the notochordal sheath at non-deformed, intermediate and fused stages (Fig. 3). Perlecan visualized
highly folded structures in dorso-ventral zigzag pattern in the notochordal sheath of non-deformed

vertebrae, as being compressed in cranio-caudal direction (Fig. 3a). Transparency 3D models showed



that the notochordal sheath of non-deformed vertebra has a finely organized morphology with evenly
distributed tubular structures characterizing the sheath (Fig. 3b). At intermediate stage, the number of
folded structures were reduced and more straightened in dorso-ventral as well as stretched in cranio-
caudal direction, giving the structures in the sheath a more linear appearance (Fig. 3c). Transparency
3D models revealed a reduced number of structures and visualized better the dorso-ventral and cranio-
caudal elongation of the notochordal sheath (Fig. 3d). At fused stage, dorso-ventral patterning was
evident and the number of tubular structures reduced (Fig. 3e), as also visualized with transparency 3D
models (Fig. 3f). Quantification of perlecan mRNA revealed up-regulated transcription at the
intermediate and fused stage, with highest transcription at intermediate stage (Fig. 2).

Aggrecan and SP showed only few and scattered signals in the notochordal sheath of non-
deformed vertebrae (Fig. 4). However, signals for both Aggrecan and SP were found in the growth
zones of the vertebral body endplates, but only SP was found directly associated with the osteoblasts
(Fig. 4a and b). In addition, strong signals for SP were detected in the compact bone of the endbones

(Fig. 4b). No changes in signal specificity were observed in pathological vertebrae (results not shown).

Chordoblasts and chordocytes
Using IHC, Aggrecan and SP were found in notochordal cells in non-deformed vertebrae were they
associated with the cell membranes of these cells (Fig. 5 and 6). Perlecan was also detected in
chordocytes and chordoblasts (Fig. 3a and c), but no changes in signal specificity were observed in
pathological vertebrae. A well organized layer of chordoblasts in the notochordal epithelium was
observed in non-deformed vertebrae (Fig. 5a and b). Aggrecan appeared more abundant in chordocytes
than in the chordoblasts layer (Fig. 5a), whereas the opposite was seen for SP (Fig. 5b). An increase in
the number of chordoblasts could be seen at both intermediate and fused stage (Fig. 5c-f). At
intermediate stage, Aggrecan and SP signals were severely decreased in both chordoblasts and
chordocytes (Fig. 5¢ and d). At fused stage, Aggrecan expression reappeared in the notochordal
epithelium and around chordocytes close to this layer (Fig. 5e). Correspondingly, aggrecan mRNA
transcription was reduced at intermediate stage (n.s.) and increased at fused stage (Fig. 2).
Furthermore, aggrecan transcription was down-regulated in non-deformed from the high temperature
group. SP signal disappeared from the chordocytes at fused stage, but some expression was detected
around the chordoblasts (Fig. 5f).

To further analyze the notochordal epithelium, lamininf81, which is an important constituent for
proper establishment of basal membrane around the chordoblasts, was analyzed with gPCR (Fig. 2).
Quantification of laminin81 mRNA revealed reduced transcription at both intermediate and fused stage,

with most reduction at intermediate stage.



In non-deformed vertebrae, chordocytes containing large vacuoles were present in the center of
the notochord. These chordocytes stained for both Aggrecan and SP, with similar pattern as what was
seen in chordocytes close to the notochordal epithelium (Fig. 6a and b). At intermediate stage, no
aggrecan and only weak signals for SP could be detected (Fig. 6¢ and d). Weak Aggrecan signals were
present at fused stage (Fig. 6e), but most chordocytes appeared to completely lack SP (Fig. 6f).
However, in hyperdense areas where chordocytes appeared compact and vacuoles were lost (Fig. 1e),

Aggrecan and SP signals reappeared (Fig. 6g and h).

Discussion

In the presented study we investigated structural and cellular events in the notochord during
development of vertebral fusions in Atlantic salmon. One of our major findings during this work was the
visualization of a thinner elastic membrane surrounding the notochordal sheath of developing vertebral
fusions. These findings were supported by a reduced transcription of elastin at both intermediate and
fused stage. In the most severe cases, the elastic membrane was fragmented, an observation also
noted in compressed vertebrae (Kvellestad et al. 2000). An interesting comparative pathological
condition to our findings in salmon is the sparse and disrupted elastic network in scoliotic discs (Yu et al.
2005). The elastic sheath found in the AF of mammalian IVD is involved in restoration of shape after
brief deformation, thus rupture of this sheath may be involved in the progression of spinal deformities
also in Atlantic salmon. The notochord may be stretched to a certain point before elastic membrane
becomes fragmented. Structural changes of the notochordal sheath most likely co-evolve with a
disrupted elastic membrane. As seen in this study, the highly folded structures in the notochordal sheath
were lost during development of spinal fusions, as visualized by Perlecan IHC. Grotmol et al. (2006)
have previously described the notochordal sheath of Atlantic salmon. At early life stages, this sheath is
compounded by parallel col2 fibrils forming helices around the longitudinal axis of the notochord. The
helical geometry shift between adjacent collagen lamella, forming left- and right-handed coils, is
important for the hydraulic properties of the notochord (Grotmol et al. 2006;Koehl et al. 2000). Thus, in a
similar manner to the AF of mammalian discs, the collagen fibrils form overlapping transversing bands
crossing the joint in opposite directions, hence, stabilizing intervertebral regions. At more mature stages
in normal developing Atlantic salmon, this sheath is smooth and continuous with a thickened structure in
the intervertebral regions (Nordvik et al. 2005). The observed folded pattern in our study appeared in
sections as dorso-ventral zigzag bands. Hence, the folded structures seen in non-deformed spinal
columns may be the consequence of compressions of the notochordal sheath upon formation of centra.
As the cross-helical architecture probably is important for flexural stiffness of the larval body during

development (Grotmol et al. 2006), the folded pattern observed in this study may contribute to increased
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flexibility and normal functioning of the mature spinal column. Thus, stretching of the folded notochordal
sheath during the fusion process will most likely reduce flexibility and affect functionality of the
notochord.

Another interesting aspect of Perlecan expression is its link to nutritional transportation over the
notochordal sheath. Parsons et al. (2002) have previously suggested similarities between the structural
role of the teleost notochordal sheath and the mammalian glomerular kidney membrane (GBM). GBM is
an important part of the filtration machinery in the kidneys and involved in hydrostatic pressure
maintenance (Timpl 1996). The heparan sulfate chains of perlecan have further been shown to play
important roles in glomerular filtration (Morita et al. 2005) and to be involved in diffusion of nutrients
during tooth development in mice (Ida-Yonemochi et al. 2005). Impairment of the notochordal sheath
and structural distribution of Perlecan may disturb nutritional demands or transport of waste products
across the sheath. In comparison, the mammalian IVD is mostly dependent on diffusion for nutrient
supply (Urban et al. 2004). However, in degenerated discs, matrix turnover and calcification of the
endplates have been shown to disturb this transport (Roberts et al. 1989) and identified as one of the
primary causes of IDD (Nachemso et al. 1970;Anderson 1993). If a similar transport system across the
notochordal sheath exists in Atlantic salmon, loss of structure may play a central role in developing
spinal fusions. Based on our findings we suggest that thinning of the elastic membrane and structural
changes in the notochordal sheath decreases flexibility and possibly nutritional transportation across the
notochord, and are thereby involved in the development of spinal fusions.

An increased number of chordoblasts in the notochordal epithelium of pathological spinal columns is in
line with the increased proliferation found in Ytteborg et al. (submited). Chordoblasts retain their
germinal properties and continue to secrete the notochordal sheath to sustain normal growth (Grotmol
et al. 2006). Kvellestad and colleagues (2000) have previously suggested that chordoblasts and the
notochordal sheath are of paramount importance for proper growth of the notochordal tissue. The
increased proliferation of chordoblasts could suggest a response upon stretching of the sheath.
However, integrity and organization of chordoblasts were found to be disrupted with increased
proliferation (Ytteborg et al. submitted). The way in which the chordoblasts are linked both to each other
and to the notochordal epithelium most likely play crucial roles in maintaining the structure of the
notochord. The types of junctions that are present in the notochord of lampreys have been thoroughly
studied by Bartels and Potter (1998). In lampreys, hemidesmosomes are anchoring the chordoblasts to
the notochordal sheath. Junctions have not been studied in Atlantic salmon notochord, but it seems
likely that similar mechanisms must apply (Grotmol et al. 2006). Hemidesmosomes contain a and

integrins, which are receptors for Laminin and Perlecan (Brown et al. 1997;Lee et al. 1992;Hayashi et al.
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1992;Sonnenberg et al. 1991). Normal sheath organization and intact basal lamina is dependent on
Laminin and Perlecan (Grotmol et al. 2006;Hassell et al. 1980), which also control cellular differentiation
(Deng and Ruohola-Baker 2000;Streuli et al. 1995). Interestingly, transcription of laminin was severely
reduced throughout the vertebral fusion process and any possible anchoring may have been weakened.
In zebrafish and mice, laminin1f 0-mutants have disrupted formation of basal lamina, which seems to
result in disorganization of both notochordal sheath and elastic membrane (Miner et al. 2004;Smyth et
al. 1999;Amenta et al. 1983;Hogan et al. 1980). Furthermore, if perlecan is not expressed in zebrafish,
basement membranes around the notochord fail to form and notochordal cells fail to differentiate
(Parsons et al. 2002). Hence, the increased perlecan transcription found in progressing fusions may

reflect an attempt of strengthening weakened notochordal structures.

In non-deformed vertebrae, IHC with SP antibody revealed high abundance of this protein in the
osteoblasts at growth zones and in the compact bone of the endbones. SP neurokinin receptors are
distributed in osteoblasts (Goto et al. 1998) and its role in bone mineralization and osteoblast
proliferation has been suggested (Adamus and Dabrowski 2001;Bjurholm 1991), particularly in regions
with high osteogenic activity (Hukkanen et al. 1992). Importantly, a novel observation of SP expression
in chordoblasts and chordocytes was identified in non-deformed vertebrae. However, signals were lost
in these cells during development of vertebral fusions. Whether SP is receptor associated or transcribed
in Atlantic salmon chordoblasts and chordocytes have not been further characterized in this study due to
the lack of sequence information to perform in situ hybridization. The functional role of SP has been
shown to involve vascular permeability, vasodilatation and plasma protein extravasations in different
tissues (Gjerde et al. 2003;Barnes 2001;Baluk et al. 1997;McDonald 1988;Lundberg et al. 1984). It is
therefore tempting to suggest a role for SP in maintenance of hydrostatic pressure in the chordocytes,
since these cells tend to loose their vacuoles in progressed vertebral fusions. Notochordal cells have
recently been shown to possess chondrogenic phenotypes, expressing Aggrecan, Sox9 and Col2 (Kim
et al. 2009;Ytteborg et al. submitted). Aggrecan was present in chordocytes at non-deformed stage, but
were lost from chordocytes in the central notochord during progression of the pathology. These findings
correlated with loss of vacuoles and formation of hyperdense regions at more progressed stages of the
fusion process. Similarly, loss of aggregating PG components from the mammalian VD is related to loss
of hydrostatic pressure and development of IDD (Melrose et al. 2002;Kauppila 1995;Yasuma et al.
1993;Urban and Mcmullin 1985).

Interestingly, both SP and Aggrecan expression reappeared in hyperdense regions of the
notochord. Supporting these findings, aggrecan showed increased mRNA transcription at fused stage.

Aggrecan has been detected in the cartilaginous matrix surrounding hypertrophic chondrocytes in
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ossification centers in mammalian vertebrae (Smith et al. 2009) and increased transcription of
osteogenic markers have been reported from mammalian SP treated osteoblast-like cultures (Sun et al.
2010;Goto et al. 2007). Expression of osteogenic markers, such as runx2, col1a and osteocalcin, have
been detected in hyperdense notochordal cells together with chondrogenic marker genes like sox9 and
col2 (Ytteborg et al. submitted). Thus, our results correlate with previous studies showing increased
proliferation and co-transcription of both chondrogenic and osteogenic marker genes in the notochord of
Atlantic salmon during the pathogenesis of spinal fusions. Witten et al. (2006) has previously suggested
chondroid bone formation in the notochord of developing fusions, which at later stages is transformed
into bone. Expression of SP and aggrecan in hyperdense notochordal regions of developing fusions
supports the suggestion of an adaptation of these cells through metaplastic shifts (Witten et al.
2006;Ytteborg et al. submitted). Based on findings in this study we suggest that mineralization from

these cells at later stages in the fusion process could be termed trans-chordoid ossification.

Conclusion

Remodeling of the notochord through a fragmented elastic membrane, altered structures of the
notochordal sheath and loss of vacuoles from the central notochord characterized the notochord of
developing spinal fusions. Hyperdense regions in the notochord consist of cells in a metaplastic state. At
later stages in the fusion process, these cells may contribute to mineralization of the notochord through
a process we suggest could be termed trans-chordoid ossification. With this study we suggest that
alterations in the notochord contribute to the progression of vertebral fusions in Atlantic salmon.
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Figure legends

Fig.1 Morphological analysis of elastic membrane

Verhoeff's hematoxylin staining of the elastic membrane. The elastic membrane completely surrounds
the notochord (arrowheads). a. Overview of non-deformed vertebrae. b. Higher magnification of black
box in a, intervertebral region showing a thick elastic membrane (arrow). ¢. Overview of intermediate
vertebrae. Notice aberrantly shaped vertebral endbones and notochordal sheath. d. Higher
magnification of black box in ¢. A decreasing thickness of the elastic membrane (arrow) was observed in
intervertebral regions at intermediate stage. e. Overview of fused vertebrae. Notice hyperdense
notochord in the centre of the fusion. Chordocytes in hyperdense areas have lost their vacuoles. f.
Higher magnification of black box in e. The elastic membrane was highly fragmented or absent in
severe fusions. Throughout the pathology, the notochordal sheath increased in area and width,
indicated by asterix. ND, Non-deformed; IM, intermediated; FS, fused; nc, notochord; ns, notochordal
sheath; eb, endbone; ac, arch centra; hd: hyperdense. Nuclei are stained black by hematoxylin. Scale

bar a, ¢, e = 100um; b, d, f =50 um.

Fig. 2 Quantitative gene transcription

Relative gene transcription of laminin1f3, elastin, aggrecan and perlecan in non-deformed low
temperature group (white bars, control), non-deformed high temperature group (light grey bars),
intermediate (dark grey bars) and fused (black bars) vertebrae normalized with effa. Significant values
(P=0.05) indicated by *, n=15, means + SE. Expression ratios are shown in relative mRNA expression

along y-axis, genes along the x-axis.

Fig. 3 Perlecan expression in the notochordal sheath

IHC with Perlecan (red) in the notochordal sheath (left row) and structural changes of the same area
visualized using transparency 3D models (right row) where different colors indicate different confocal
layers (red-yellow: structures most elevated; blue-green: structures that appear deeper in the section).
a. Perlecan was abundantly expressed in the notochordal sheath of non-deformed vertebrae and
formed a dorso-ventral zigzag pattern. b. 3D image of a visualized an amorphous structure with evenly
distributed peaks. ¢. In intermediate vertebrae, Perlecan signals appeared in more linear structures,
straightened in dorso-ventral as well as stretched in cranio-caudal direction. d. 3D image of b visualized
the stretched structure. e. In fused vertebra the stretched structure appeared more pronounced and the
linear shape was evident. f. 3D image of ¢ visualized dorso-ventral stretches. ND, Non-deformed; IM,

intermediated; FS, fused; nc, notochord; ns, notochordal sheath; eb, endbone. Scale bar = 50um.
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Fig. 4 Aggrecan and SP expression in the growth zones of non-deformed vertebrae

IHC with Aggrecan and SP (red) showed only few scattered signals in the notochordal sheath, but
signals were present at the osteoblast growth zones at the vertebral body endplates. a. Weak signals of
Aggrecan at the growth zones. b. SP in endbones and osteoblasts. ND, non-deformed; nc, notochord;

ns, notochordal sheath; cb, chordoblast; cc, chordocytes; eb, endbone. Scale bar = 50um.

Fig. 5 Aggrecan and SP expression in the notochordal epithelium

IHC with Aggrecan and SP (red) in chordoblasts in the notochordal epithelium. Zn12 (green) is used to
visualize general structures. a. In non-deformed vertebra Aggrecan was present in the chordocytes and
b. SP in both chordoblasts and chordocytes ¢. At intermediate stage Aggrecan and d. SP were severely
reduced in both chordoblasts and chordocytes. e. At fused stage, Aggrecan was not detected in
chordocytes, but expression was detected in the notochordal epithelium. Notice the increased number
of chordoblasts. f. SP expression was detected at the dorsal side of the notochordal epithelium. Yellow
color indicates co-localization with Zn12. ND, Non-deformed; IM, intermediated; FS, fused; ns,

notochordal sheath; cb, chordoblast; cc, chordocytes. Scale bar = 50um.

Fig. 6 Aggrecan and SP expression in the central notochord

IHC with Aggrecan and SP (red) in the central notochord. Zn12 (green) is used to visualize general
structures. a. In chordocytes in the central notochord of non-deformed vertebrae Aggrecan and b. SP
had similar expression pattern as in chordocytes close to the notochordal epithelium. c. In the central
notochord of intermediate vertebrae, Aggrecan was absent (asterix) and d. SP severely reduced
(asterix). e. In the central notochord of fused vertebrae, Aggrecan and f. SP were reduced (asterix). h.
In hyperdense regions of the notochord in fused vertebrae, both Aggrecan and g. SP expression
reappeared (asterix). Yellow color indicates co-localization with Zn12. ND, Non-deformed; IM,

intermediated; FS, fused; FS*, fused with hyperdense notochord; cc, chordocytes. Scale bar = 50um.
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The formation and mineralisation of bone are two critical processes in fast-growing Atlantic salmon (Salmo
salar). The mechanisms of these processes, however, have not been described in detail. Thus, in vitro systems
that allow the study of factors that influence bone formation in farmed Atlantic salmon are highly warranted.
We describe here a method by which unspecialised primary cells from salmon white muscle can differentiate
to osteoblasts in vitro. We have subsequently used the differentiated cells as a model system to study the
effects of two factors that influence bone formation in Atlantic salmon under commercial farming conditions,

ﬁf;ﬁfircdzlalmon namely polyunsaturated fatty acids, PUFAs, and temperature. Muscle precursor cells changed their
Differentiation morphology from triangular or spindle-shaped cells to polygonal or cubical cells after 3 weeks in osteogenic
Hyperthermia medium. In addition, gene expression studies showed that marker genes for osteoblastogenesis; alp, collal,
In vitro osteocalcin, bmp2 and bmp4 increased after 3 weeks of incubation in osteogenic media showing that these
gStFe:blaSt cells have differentiated to osteoblasts at this stage. Adding CLA or DHA to the osteoblast media resulted in a

reduced PGE; production and increased expression of osteocalcin. Further, temperature studies showed that
differentiating osteoblasts are highly sensitive to increased incubation temperature at early stages of
differentiation. Our studies show that unspecialised precursor cells isolated from salmon muscle tissue can
be caused to differentiate to osteoblasts in vitro. Furthermore, this model system appears to be suitable for
the study of osteoblast biology in vitro.

© 2009 Elsevier B.V. All rights reserved.

1. Introduction

Osteoblasts are mononucleated bone-forming cells that originate
locally from mesenchymal progenitor cells. Mesenchymal progenitor
cells not only form cells of the osteoblast lineage (osteoblasts, osteo-
cytes and bone-lining cells), they also give rise to adipocytes, myo-
cytes and chondrocytes [1,2]. Several studies have shown that these

Abbreviations: ALP, alkaline phosphatase; BCIP/NBT, 5-bromo-4-chloro-3-indolyl-
phosphate p-toluidine salt/nitro blue tetrazolium chloride; BMP, bone morphogenetic
protein; CLA, Conjugated linoleic acid; colla, collagen type 1; col2a, collagen type 2;
DHA, Docosahexaenoic acid; EF1a, Elongation factor 1a; ETIF, eukaryotic translation
initiation factor; FA, fatty acid; FBS, fetal bovine serum; FS, fish serum; L-15, Leibowitz
15; mlc, myosin light chain; Mrf4, muscle-specific bHLH factor 4; Myf5, Myogenic factor
5; MyoD1b, myoblast determination protein 1b; PBS, phosphate-buffered saline; PFA,
Paraformaldehyde; PGE,, prostaglandin E2; PPARY, peroxisome proliferator-activated
receptor y; Rpol2, ribosomal protein gene 2
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cells have a certain degree of developmental plasticity (modulation)
and that differentiated cells also have a certain degree of plasticity
(trans-differentiation) [3,4]. In vitro culture systems that allow the
examination of the cells' capacity for modulation and trans-differen-
tiation are well established for several mammalian species [5] and for
the advanced marine teleost species Sea bream (Sparus aurata) [6].
Undifferentiated mammalian muscle satellite cells are able to diffe-
rentiate in vitro into one of several cell types, among them osteoblasts
[7]. It is not known whether mesenchymal skeletal progenitor cells
from Atlantic salmon (Salmo salar) have a capacity for modulation or
trans-differentiation. However, we have shown that primary precur-
sor cells located in the adipose and muscle tissue of Atlantic salmon
can proliferate and differentiate into mature adipocytes and muscle
cells, respectively, in vitro [8,9].

Specific markers that can confirm the identity of a certain cell type
in vitro are required in order to determine whether unspecialised
precursor cells can successfully mature into specialised cells.
Osteoblasts express several phenotypic markers, both collagenous
(e.g. collagenla) and non-collagenous (e.g. alp and osteocalcin) bone
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matrix proteins [10,11]. Osteoblast differentiation is specialized and
strictly regulated by a number of transcription factors and signalling
molecules. Two members of the bone morphogenetic protein (BMP)
family, bmp2 and bmp4, are involved in bone and cartilage
development [12,13]. Among the downstream targets of BMPs are
runx2 and other osteoblast-related transcription factors such as os-
terix [14,15]. These osteoblast-related factors directly activate a
number of osteoblast markers such as colla, osteopontin and osteo-
calcin [3,10]. In comparison, sox9 is an essential transcription factor of
chondrocyte differentiation and cartilage formation in vertebrates
[16]. Sox9 directly regulates the expression of col2a, the gene that
encodes the major cartilage matrix protein expressed in chondro-
progenitor cells and also expressed at high levels in chondrocytes
[17,18]. Further, four muscle-specific bHLH factors (MRFs); mrf4,
myogenin, Myf-5, and MyoD are expressed early in embryogenesis, at
a time when muscle lineage decisions are established. MyoD and myf5
are required for myogenic determination, whereas myogenin is a
downstream transcription factor involved in differentiation [19,20].
Mrf4 has a more complex role and is considered as both a
determination and differentiation factor [21]. In addition, developing
and mature muscle cells express the structural protein mlc, which
may be used as a marker for cells turning into myoblasts [22,23].
PPAR plays an important role in controlling differentiation programs
of multipotent mesenchymal progenitor cells that favor adipogenesis
over osteogenesis [24,25]. Teleosts have a single ppary gene
homologous to the mammalian ppary [26]. Recent results from our
group have shown that two alternatively transcription variants of
ppary, named ppary-long and ppary-short, are present in Atlantic
salmon and that ppary-short is significantly up-regulated during
adipocyte differentiation [27].

Due to the growing need of replacing fish oils in commercial fish
feeds, the use of vegetable oils has increased during the latest years.
These vegetable oils typically have a high content of n-6 PUFAs that
lead to decreased n-3/n-6 PUFA ratios in both the fish diet and the
fish tissue [28-33]. Dietary PUFAs are important regulators of many
cellular functions in mammals, including those related to bone cell
formation. Low n-3/n-6 ratios of PUFAs reduce bone formation and
cause greater bone resorption activity in mammals [34-36].
Bioactive fatty acids such as CLA affect bone biology and may have
similar effects as those of n-3 PUFAs [37,38]. CLA, like n-3 PUFAs,
reduces the production of PGE; in rats, but different mechanisms
may operate from those in fish [37]. PGE, is a potent agent
regulating bone formation [39,40] and has been shown to inhibit
bone formation at high concentrations in vitro [41]. Recent studies
on European sea bass larvae have shown that the concentrations of
dietary PUFAs, particularly dietary EPA and DHA, are related to
vertebral malformations [42,43], but it remains to be determined
whether the n-3/n-6 PUFA ratios in fish diets affect bone mineral
density.

Use of elevated water temperature during early development to
reduce production time is a major factor affecting the prevalence of
skeletal abnormalities in farmed fish, [44-46]. In a recent study, we
found that by increasing the rearing temperature of salmon from
12 °C to 16 °C the expression of most skeletal genes examined
were affected ([47], submitted). Genes that code for extracellular
matrix constituents, such as osteocalcin and osteonectin, were in
general down-regulated and results indicated that osteoblast
activity was reduced. Nevertheless, there is limited knowledge of
how temperature and other factors affect osteoblast differentiation
and further bone development, and how these mechanisms are
linked to the development of spinal deformities in salmonids. Thus,
the development of an Atlantic salmon osteoblast culture is
therefore an important step in order to reveal the specific
mechanisms underlying the pathogenesis of skeletal deformities.
Moreover, such a salmon osteoblast culture will provide improved
opportunities for studying the evolutionary development of bone

differentiation and remodelling among vertebrates, since experi-
ments with mammalian cell cultures have, to a great extent,
already described the major pathways that are involved in skeletal
development and remodelling (review [3,48]).

The aim of the present study was to establish a method that
would cause unspecialised primary cells from salmon muscle to
differentiate to osteoblasts in vitro. We used real-time quantitative
RT-PCR assays for genes that encode typical osteoblast-related
membrane and extracellular matrix molecules (alp, collal, osteocal-
cin, osteonectin); for two of the most potent growth factors involved
in the recruitment and differentiation of mesenchymal precursors
(bmp2 and bmp4); and for the main transcription factor related to
osteogenesis (runx2). We then analyzed how these genes were
expressed in differentiating osteoblasts under different culture
conditions: (i) in a medium that induced osteogenic differentiation,
(ii) in a medium that had been supplemented with fatty acids having
different n-3/n-6 PUFA ratios and different concentrations of CLA,
and (iii) under different temperature regimens.

2. Materials and methods
2.1. Materials

Atlantic salmon (Salmo salar) fry were obtained from Aqua Gen
(Sunndalsgra, Norway) and raised on a commercial diet in an
experimental unit at the Agricultural University of Norway.

L-15, fetal bovine serum (FBS), antibiotics, antimycotics, HEPES,
L-glutamine, collagenase, trypsin, CaCl,, Ca-ionophore (calimycin),
glycerol-2-phosphate disodium salt hydrate, L-ascorbic acid 2-
phosphate sesquimagnesium salt hydrate, (1,25)-dihydroxyvitamin
D3, dexamethasone, laminin and thermanox cover slips were
obtained from Sigma-Aldrich (St. Louis, MO). Tissue culture plastic-
ware was obtained from Nalge Nunc International (Naperville, IL,
USA). Paraformaldehyde and formalin were obtained from Electron
Microscopy Sciences (Fort Washington, PA, USA). Cells in culture
were observed using a Nikon Diaphot inverted light microscope
(Japan). A Leica DM6000 light microscope (Germany) was used to
view all stained cells. A Leica DC100 camera integrated with the
inverted microscope and a Leica DC340 camera integrated with the
DM6000 microscope were used to capture cell images. All image
acquisitions were controlled by Image-Pro Plus 5.1 software from
Media Cybernetics (Silver Spring, MD, USA). Absorbance was
measured using a Titertek Multiscan Plus (Ontario, Canada).

2.2. Cell isolation

Myosatellite cells were isolated from Atlantic salmon (average fork
length of 50 mm) as described by Koumans et al. [49], using the
modifications for Atlantic salmon as described by Vegusdal et al. [9].
Muscle tissue from 80 individual fish was pooled prior to isolation of
myosatellites. It was difficult to count myosatellite cells due to the
presence of tissue debris and of other cell types in the final
suspension; the muscle tissue was therefore weighed after excision.
Myosattelites isolated from approximately 5 g muscle tissue were
plated to each cell flask of 25 cm?.

2.3. Osteoblast differentiation

Myosatellite cells were allowed to adhere overnight in an L-15
medium containing 10% FBS, 2 mM L-glutamine, 0.01 M HEPES and
10 ml/1 antibiotic-antimycotic, and then extensively washed with
pure L-15. The cells were subsequently trypsinated (using 1 ml of
stock solution, concentration 2.5 g/1) and re-seeded (day 0) in order
to get rid of cell debris and to obtain cleaner cell cultures. After re-
seeding, the cultured cells were incubated in an osteogenic
differentiation medium composed of growth medium supplemented
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with 4 mM CaCl,, 10 mM B-glycerophosphate, 150 pM L-ascorbic
acid, 1 uM 1,25-dihydroxyvitamin D; and 10 nM dexametasone.
Cells were incubated at 12 °C without CO, and the medium was
changed every second day. Cells grown in the osteogenic medium
for 1, 2, 3 or 4 weeks, were further prepared for analysis of gene
expression and morphological studies as described below. Cells for
in situ hybridisation were fixed after 3 weeks in osteogenic medium.
The experiment was repeated four times.

2.4. Cell proliferation

Proliferation capacity of the myosatellite cells was evaluated
using proliferating cell nuclear antigen (PCNA) staining kit
(Invitrogen, MD, USA). After 8 days in culture the cells were
washed twice in PBS and stored in 4% PFA at 4 °C (Electron
Microscopy Sciences) prior to immunostaining with PCNA. The cells
were washed three times in PBS before permeabilisation in 0.1%
Triton X-100 (Sigma-Aldrich) in PBS for 10 min. The manufacturer's
protocol for PCNA staining was followed, except for a prolonged
incubation period of 10 min in the DAB chromogen. The amount of
proliferating cells is expressed as PCNA positive cells in percentage
of total cell number.

2.5. Incubation of differentiating osteoblasts with media containing
different n-3/n-6 PUFA ratios and CLA (FA experiment)

Both the FA experiment and the temperature experiment were
conducted on differentiating cells. After 3 weeks in culture the cells
were about to show full osteoblast morphology (see results).
Confluent monolayers of differentiating osteoblasts were washed
in a FA-free L-15 medium, and osteogenic differentiation medium
supplemented with either 10% FBS (n-3/n-6 ratio=0.7) (control),
10% FBS 4-0.05 mM CLA (n-3/n-6 ratio=0.7), 2.5% fish serum (FS)
(n-3/n-6 ratio=7.0) or 2.5% FS+ 0.1 mM DHA (n-3/n-6 ratio=9.5).
The fatty acids (DHA and CLA) were added to the media in the form
of their potassium salts bound to BSA (the molar ratio of FA to BSA
was 2.5 to 1). The same concentration of BSA was added to the
incubations without CLA and DHA (only FBS and FS). Cells were
incubated for 72 h at 12 °C. After incubation of cells with different n-
3/n-6 PUFA ratios and CLA for 72 h, PGE, production was measured
and the cells were harvested for the determination of fatty acid
composition and levels of gene expression. The experiment was
repeated three times.

2.6. Incubation of differentiating osteoblasts at two
different temperatures

Cultivated cells intended for the temperature study were grown
in an osteogenic medium for 3 weeks at 12 °C before they were
divided in two groups. One group was kept at 12 °C (control), the
other group was transferred to 16 °C. Cells at the two temperatures
were thereafter harvested and prepared for gene expression
analysis and for morphological studies at the following time-points:
1 h,3h, 6h,1day, and 2 days. Cells were harvested at each time
point from both temperature treatments. The morphology of cells
was observed by light microscopy and used to follow the
differentiation process, as were the levels of gene expression of
osteogenic factors. The experiment was repeated four times.

2.7. Alkaline phosphatase staining

Cells cultivated on coverslips for 1, 2 or 3 weeks in osteogenic
medium were rinsed with PBS and distilled water, and then
dehydrated through a graded series of EtOH. The cells were stained
with BCIP/NBT, R&D Systems, Inc. (Minneapolis, USA), for 24 h at
4 °C. The BCIP/NBT stains cells that have ALP activity blue.

2.8. Measurement of PGE2 production

Wells were washed with L-15 and incubated with L-15 supple-
mented with 5 uM calimycin for 30 min at room temperature. The
medium from each well was removed for analysis, and indometacin
(10 pg/ml) was added to prevent the breakdown of PGE,. The
medium samples were diluted 1:2 with a calibrator solution and were
then immediately analyzed for PGE; using the protocol developed by
R&D Systems Inc. Protein concentration was determined by the
method of Lowry et al. [50].

2.9. FA composition of incubation media and cells

The cells were washed twice in PBS and harvested in PBS prior to
analysis of total FA composition. The total FA profiles in the media and
in the cells were determined. Lipids were extracted using the Folch
method [51], and then transmethylated overnight with 2,2-dimethox-
ypropane, methanolic HCl and benzene at room temperature, as
described by Mason and Waller [52] and by Hoshi et al. [53]. The
methyl esters of FAs thus formed were separated in a GC (Hewlett
Packard 6890) with a split injector, SGE BPX70 capillary column
(length 60 m, internal diameter 0.25 mm and thickness of the film
0.25 pum), flame ionization detector and HP ChemStation software. The
carrier gas was helium. The injector and detector temperatures were
280 °C. The oven temperature was raised from 50 °C to 180 °C at a rate
of 10 °C/min, and then raised to 240 °C at a rate of 0.7 °C/min. The
relative quantity of each FA present was determined by measuring the
area under the peak in the GC spectrum corresponding to that FA.

2.10. RNA isolation and cDNA synthesis

Total RNA was isolated using an RNeasy® Mini Kit and QIAshred-
der columns with on-column RNase-Free DNase set (Qiagen, Hilden,
Germany), all in accordance with the manufacturer's protocols. The
total RNA concentration and quality were determined by spectro-
photometry (NanoDrop® ND-1000 Spectrophotometer, NanoDrop
Technologies, Wilmington, DE, USA). 1 pg of total RNA was reversed
transcribed to cDNA in a total volume of 50 pl using an oligo(dT)
primer and reagents from the TagMan Gold RT-PCR kit (Applied
Biosystems, CA, USA).

2.11. Sequence information and primer design

Gene-specific primers for real-time PCR were based on Atlantic
salmon cDNA sequence-information available in GenBank® or based
on sequences found by BLAST searches with genes from related
species in the GRASP EST database. All primers (Table 1) used in
mRNA expression studies were designed using the Vector NTI
Advance 10 (Invitrogen) and NetPrimer (PREMIER Biosoft, CA, USA)
software. PCR products to be sequenced were inserted into pGEM T-
easy vectors (Promega, WI, USA), sequenced in both directions and
their identity verified using BLAST. All sequencing reactions were
carried out using BigDye Terminator chemistry (Applied Biosystems)
and analyzed on an ABI 3730 automated sequencer (Applied
Biosystems). The obtained coding sequences of Atlantic salmon have
been deposited in the GenBank database under the accession numbers
shown in Table 1.

2.12. Real-time PCR

Fluorescence-based real-time qPCR was performed using the ABI
Prism 7700 Sequence Detection System 2.3 (Applied Biosystems)
(efla, etif, collal, col2al, bmp2, bmp4, alp, sox9, runx2, osteocalcin,
osteonectin) and Lightcycler LC480 (Roche, Switzerland) (ef1a, rpol2,
mrf4, mlc, ppary-short and ppary-long, myoD1b, myf5, myogenin). The
reactions were run through the following thermal cycles: 95 °C for
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Table 1
Primers used for real time PCR expressional analysis of Atlantic salmon (Salmo salar)
genes.

Gene Accession Orientation ~ Sequence (5'-3")
number

Collal FJ195608 Forward AGAGAGGAGTCATGGGACCCGTT
Collal FJ195608 Reverse GGGTCCTGGAAGTCCCTGGAAT
Col2al FJ195613 Forward TGGTCGTTCTGGAGAGACT
Col2al FJ195613 Reverse CCTCATGTACCTCAAGGGAT
BMP4 FJ195610 Forward TCAAGTTGCCCATAGTCAGT
BMP4 FJ195610 Reverse CACCTGAACTCTACCAACCA
BMP2 BT059611 Forward ATGTGGTATTGCACCCATT
BMP2 BT059611 Reverse ATGGACAGTTTCCCAATGA
ALP FJ195609 Forward CTAGTTTGGGTCGTGGTATGT
ALP FJ195609 Reverse TGAGGGCATTCTTCAAAGTA
Sox9 EU344852  Forward CCTGCAAACAAGACAAGGT
Sox9 EU344852  Reverse GGGTCGAGTAGATTCATACGA
Runx2 FJ195615 Forward CCACCAGGGACAGACACAGAT
Runx2 FJ195615 Reverse GAACGGACTGAGATCTGACGAA
Osteocalcin FJ195616 Forward GTGAACCAACAGCAAAGAGA
Osteocalcin FJ195616 Reverse CCAGGTCCTTCTTAACAAACA
Osteonectin FJ195614 Forward ATTACTGAGGAGGAGCCCATCATT
Osteonectin FJ195614 Reverse CCTCATCCACCTCACACACCTT
PPARvylong AJ292963 Forward CATTGTCAGCCTGTCCAGAC
PPARvy-short ~ EU655708  Forward ATACAGCGTGTATCAAGACG
PPARvy-long/  AJ292963 Reverse TTGCAGCCCTCACAGACATG

short
MLC AJ557151 Forward GGCCCCATCAACTTCAC
MLC AJ557151 Rewerse CTCCTCCTTCTCCTCTCCGTG
Mrf4 DQ479952  rorward CCTTTGTACCACGGGAATGACAGC
Mrf4 DQ479952  rewerse TGTCGGTCGGTGCAGACTTTCTT
Myf5 DQ452070  Forward GGGAACTGGATGGCTCAGA
Myf5 DQ452070  Reverse TGCTGGACTTACGCTTGCA
MyoD1b AJ557150 rorward CCGCAACACGAAGCAACTATTACAGC
MyoD1b AJ557150 Reverse GGAACCCTCCTGGCCTGATAACAC
Myogenin DQ294029  rorward ATTGAGAGGCTGCAGGCACTTG
Myogenin DQ294029  Reverse GTGCGGTAGTGTAAGCCCTGTGTT
Rpol2 CA049789  Forward TAACGCCTGCCTCTTCACGTTGA
Rpol2 CA049789  Reverse ATGAGGGACCTTGTAGCCAGCAA
EF1A AF321836  Forward CACCACCGGCCATCTGATCTACAA
EF1A AF321836  Reverse TCAGCAGCCTCCTTCTCGAACTTC

10 min, followed by 40 cycles at 95 °C for 15 s and 60 °C for 1 min.
Further, specificity was assessed by the melting curves, which were
determined after the PCR (95 °C for 15 s, 60 °C for 1 min, and 97 °C
continuous). All reactions were performed as described in the SYBR
Green PCR Mastermix protocol (Invitrogen) or LightCycler® DNA
Master SYBR Green I protocol (LC480, Roche). PCR efficiencies for
each target and the three housekeeping genes efla, etif and rpol2
were used as endogenous controls. Relative target gene mRNA was
normalized to relative efla mRNA levels for all samples. The
expression ratios between the different genes were tested by using
the Relative Expression Software Tool, REST, according to Pfaffl et al.
[54]. Differences between the expression ratios were tested for
significance by the Pair Wise Fixed Reallocation Randomisation
Test© [54].

2.13. In situ hybridisation (ISH)

Digoxygenin (DIG)-labeled riboprobe was transcribed in vitro
following the manufacturer's protocol (Roche, Switzerland), using
PCR products as templates. The colla sequence was obtained using
the forward primer 5-TAGCCGTGGTTTCCCTGGTT-3’ and the reverse
primer 5’-CCGGGAGGTCCAAATCTACC-3’) [55], and inserted into
PGEM T-easy vectors (Promega). Digoxigenin-labeled in situ hybrid-
ization probes were synthesized from Sp6-tailed and T7-tailed PCR
products. Hybridization on sections was performed overnight with a
probe concentration of 500 ng/pl at 65 °C. Excess probe was washed
away, and heat-inactivated calf serum was used to prevent non-
specific binding of the antibody. Sections were incubated with ALP
linked to an anti-DIG antibody at 4 °C overnight. Excess antibody was

then washed away and staining performed with NBT/BCIP (R&D
Systems Inc.). The sections were post-fixed after staining using 4% PFA
in PBS and the slides were mounted with Aquamount (Gurr, BDH, UK)
for observation in a light microscope. Sections were hybridised with
sense probes as a control in all cases.

3. Results
3.1. Cell morphology during differentiation

Changes in cell morphology were studied during a differenti-
ation period of 3 weeks. Newly isolated cells from salmon muscle
tissue consisted of a heterogeneous population of spindle-shaped
myosatellite cells and small, round or triangular cells (Fig. 1A).
The myosatellite cells at this stage had relatively high proliferative
capacity, with approximately 50% of the cells staining positive for
PCNA.

Few cells had the characteristic elongated appearance of muscle
cells after a few days in the osteogenic medium. The majority of
cells retained a spindle or polygonal shape, and the cells did not
fuse with each other. During the subsequent days, the cells became
more elongated and fibroblast-like. The morphologies of the cells
were heterogeneous after 1 week in culture. Some extremely thin
and elongated cells were present, but the majority of cells had a
fibroblast-like, elongated morphology. Most cells exhibited several
cytoplasmic extensions and a polygonal shape (Fig. 1B). Some of
the fibroblast-like cells after 1 week in osteogenic differentiation
medium, stained positive for endogenous ALP activity (Fig. 2A).

During the second week of incubation, most cells gradually
changed their morphology from an elongated shape to a more
compact shape (Fig. 1C). ALP activity clearly increased between one
and 2 weeks, and clusters of cells that stained strongly for ALP were
present after 2 weeks (Fig. 2B). The majority of cells that stained
positive for ALP were compact, whereas the more elongated cells
stained weakly or not at all for ALP activity. Myotubes were observed,
but they did not dominate the cultures. A cell count showed that less
than 20% of the cells had the elongated morphology typical of myo-
tubes (Fig. 2B).

The cell density increased until the culture reached confluence
after approximately 3 weeks. The cultures at this stage consisted
mainly of cells with a round (“cobblestone”) or ellipsoid appearance,
with less than 5% of the cells showing the typical morphology of
myotubes (Fig. 1D). ALP staining showed the same pattern as after
2 weeks, with groups of cells exhibiting a high ALP activity (Fig. 2C).
The round or ellipsoid shapes of the cells at this stage resembled the
shapes of osteoblasts.

3.2. In situ hybridisation

In situ hybridisation of 3-week cultures using a colla RNA probe
revealed positive staining in the cytoplasm of a large portion of the
cells with a compact shape (Fig. 2D). Some groups of cells were
especially strongly stained. Cells with an elongated shape were not
stained.

3.3. Gene expression during differentiation

Analysis of gene expression showed that the markers alp, collal
and osteocalcin increased significantly (p-value <0.05) from week 2
to week 4, as did the osteogenic signalling molecules bmp2 and
bmp4 (Fig. 3A-E). The highest expression of bmp2 occurred at
week 2. Expressions of bmp4, alp, collal and osteocalcin increased
significantly during the third week of differentiation. Runx2 was
detected at week 3, although the increase was not statistically
significant (results not shown). Expression of col2al was down-
regulated and sox9 low during the fourth week of differentiation
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Fig. 1. Light micrographs of precursor cells isolated from salmon muscle tissue and their in vitro differentiation in an osteoblast-inducing medium during a 3-week cultivation period.
(A) One day after plating. The cultures consist of spindle-shaped myosatellite cells and small, roundish to triangular cells. (B) One week after plating. The cultures consist of cells with
a relatively heterogeneous morphology, with the majority of the cells showing an extended cytoplasm and a fibroblast-like and elongated morphology. Most cells have many
cytoplasmic extensions and a polygonal shape. A few extremely thin and very elongated myosatellite cells are present. (C) Two weeks after plating. Many cells have changed their
morphology from an elongated to a more compact shape. (D) Three weeks after plating. The cultures have reached confluence and consist mainly of cells with a round

(“cobblestone”) or ellipsoid shape. Original magnification: A, B, C: 100x, D: 200x.

(Fig. 3F, G). The expression of mrf4 was heavily down-regulated
during the fourth week whereas mic showed a low but steady
expression (Fig. 3H, I). Other muscle markers like myoD1b,
myogenin and myf5 showed steady down-regulation during the
differentiation process. Ppary-short was not detected.

3.4. Measurements of FA composition in media and in differentiating
osteoblasts after adding different n-3/n-6 PUFA ratios

The fatty acid compositions of the cells mirrored the fatty acid
composition of the medium in which they were cultivated
(Table 2). The percentages of the longer chain n-3 FAs in the
total osteoblast lipids were approximately two times higher in cells
grown in the FS-enriched media (n-3/n-6 ratio of 2.9) and four
times higher in cells grown in media containing FS +DHA (n-3/n-6
ratio of 4.1) than they were in the control media containing FBS
(n-3/n-6 ratio of 0.86). The percentages of n-6 FAs in the total
osteoblast lipids were approximately 1.5 times higher in the FBS
group than they were in the FS and FS+DHA groups. The main
contributors here were 18:2n-6 and 20:4n-6. Cells cultivated in a
medium containing FBS + CLA contained approximately 4% CLA in
their total lipids. Adding CLA to the media reduced the percentage
of saturated FAs and increased the percentage of monounsaturated
FAs compared to the control.

3.5. PGE, production

The FA composition of the cells affected the production of PGE,
(Fig. 4). PGE; production in cells incubated with media rich in n-3 FA
was lower than it was in cells incubated with media rich in n-6 FAs. It
was 80% lower for cells incubated with FS, and it was 94% lower for
cells incubated with a mixture of FS+ DHA. Cells cultivated in CLA
enhanced media resulted in a 35% reduction in PGE, production from
the value of the control cells.

3.6. Effects of fatty acid composition on gene expression

The expression of osteocalcin was significantly up-regulated in
differentiating osteoblasts treated with DHA or CLA (Fig. 5A and B).
In contrast, the expressions of bmp4 and collal were significantly
down-regulated in cells treated with DHA, whereas that of bmp4
was significantly up-regulated in CLA-treated cells. Collal was also
up-regulated in CLA-treated cells, but the result was not statistically
significant. Alp was insignificantly down-regulated in cells subjected
to either treatment. The expression of ppary-long was slightly higher
in osteoblasts treated with CLA, while ppary-short was not detected
in these cells. The two treated groups were compared with a control
cell culture treated with 10% FBS.

3.7. Effects of hyperthermia on gene expression

The temperature exposure study was performed with osteoblasts
that had been differentiated in an osteogenic medium for 3 weeks.
Osteoblasts were divided in two temperature groups. One group was
keptat 12 °C (control), the other group moved to 16 °C. The cells in the
two groups were tested for eventual differences in gene expression at
1 h, 6 h, 24 h and 48 h after initiation of the temperature study.

After 1h, the expression levels of alp, collal and bmp4 were higher
in osteoblasts at 16 °C compared to control cells kept at 12 °C (Fig. 6B).
In addition, the expression levels of most marker genes, including
osteocalcin, were down-regulated in the cells kept at 16 °C. A small
up-regulation of collal and bmp4 was detected 24 h after exposure to
elevated temperature. Cells incubated at high temperature started to
detach after 48 h. These cells were dead after 72 h.

4. Discussion

Osteoblast cultures have been established for several mammals:
human, rat and sheep [5], and for gilthead sea bream [6]. We show
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Fig. 2. Endogenous alkaline phosphate activity during a 3-week in vitro differentiation period of salmon muscle precursor cells in an osteoblast-inducing medium and in situ
hybridization of osteocalcin 3 weeks after plating. (A) After 1 week in culture some of the cells stained positively for endogenous alkaline phosphatase activity. (B. A higher fraction of
the cells was ALP-positive after 2 weeks in culture, the cells often being located in groups. (C) ALP staining after 3 weeks showed the same pattern as after 2 weeks with some groups
of cells having an especially high ALP activity. (D) In situ hybridization of cultures 3 weeks after plating showed that colla is expressed in the cell cytoplasm. Original magnification:

A, B: 100x, C, D: 200 x.

here that precursor cells isolated from Atlantic salmon muscle tissue
can differentiate to osteoblasts in vitro when incubated in an
osteogenic medium.

Isolated salmon muscle precursor cells were stimulated to
osteogenic differentiation by an incubation medium containing
CaCl,, p-glycerophosphate, r-ascorbic acid, dexamethasone and
1,25-dihydroxyvitamin Ds. These components direct the differentia-
tion of various mammalian precursor cells towards the direction of
osteoblasts [56-58]. The phenotype of the cells changed during the 3-
week incubation period from small, spindle-shaped or triangular cells
to become confluent cultures of large cells with a polygonal or
cuboidal shape. The morphology of the cultured cells was similar to
that of gilthead seabream osteoblasts, which were derived from
vertebral explants [6]. The morphology of the osteoblasts we have
grown here is distinctively different from that of salmon muscle cells,
which in a myogenic medium develop to characteristic multinucle-
ated, elongated myotubes [9]. The majority of cells retained the
spindle or polygonal shape and did not fuse with other cells, as is
otherwise common for precursor cells in a muscle cell differentiation
medium [9]. We conclude that precursor cells isolated from salmon
muscle are able to differentiate into the osteoblast lineage. Although
not previously shown for teleost fish, it is well known from mammals
that precursor cells from a specific tissue, like muscle or adipose
tissue, are prone to differentiate to various cell types, among them
osteoblasts [7,56,58-60].

A key question of osteoblast development is how progenitors
progress from a primitive state to a fully functional matrix-
synthesizing osteoblast. We found that the level of ALP increased

during the differentiation process. Most cells expressed alp after
3 weeks of incubation. Increased ALP levels in mammals correlate with
an increased rate of bone formation [61]. Strongly stained cells were
often observed in clusters, where differentiation of cells seemed to
occur in groups, a process known as condensation [62]. Although alp
expression is strongly suggestive to that osteogenesis is taking place,
this enzyme is not considered to be a specific marker for osteogenic
differentiation. The expression levels of a repertoire of genes that are
considered to be more osteoblast-specific were therefore examined.
The sequential expression of a combination of genes together with
cell behaviour and cell morphology was used to identify an early
osteoblast. Several osteoblast-related genes, including alp, collal,
osteocalcin and the bone morphogenetic proteins bmp2 and bmp4,
were up-regulated during the first 2-3 weeks in culture, which agrees
with results from previous studies on osteoblast development (review
[3,48] and references therein). The levels of expression of most factors
were significantly higher after 3 weeks. We suggest that the cultures
stabilized or a positive feedback signalling was activated after 3 weeks
in differentiation medium. The expression of collal expression has
previously been shown to reach a stable level during osteoblast dif-
ferentiation [63], as we observed. Osteocalcin has been shown to
signal terminal differentiation of osteoblasts in rats [64]. Some
experiments, however, describe osteocalcin expression prior to
mineralization [65-67] while others describe its expression at the
onset or after the beginning of mineralization [68,69]. Recent studies
on Atlantic salmon jaw bones showed that osteocalcin mRNA is up-
regulated in mature osteoblasts and odontoblasts, while early
osteoblasts and odontoblasts do not express osteocalcin mRNA

Fig. 3. Expression level of osteoblastic: (A) bmp2, (B) bmp4, (C) collal, (D) osteocalcin and (E) alp, chondrocytic: (F) col2al and (G) sox9 and myogenic: (H) mif4, (I) mic, (])
mrf5, (K) myogenin and (L) myoD1b markers during 4 weeks of differentiation in culture analyzed by real time RT-PCR. Alp activity increased between week 1 and week 2.
Gene expression studies showed that the bone-specific markers collal and osteocalcin and the expression of bone morphogenetic proteins bmp2 and bmp4 increased during the
same period. Chondrocytic and myogenic markers decreased during the differentiation period. The transcription at week 0 is the control and has been set to 1. The following weeks
are calculated relative to this level. Each dot at weeks 1, 2, 3 and 4 represents the mean of the normalized gene expression ratio, normalised with efa. Significant up- and down-

regulations (p-value <0.05) are indicated with *n=4.
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Table 2

FA compositions of the total lipid fractions of incubation media (10% FBS, 10% FBS + 0.05 mM CLA, 2.5% fish serum (FS), or 2.5% FS 4 0.1 mM DHA) and differentiating osteoblasts

incubated in the media for 72 h at 12 °C*.

Incubation media Cells

FA FBS FBS + CLA FS FS -+ DHA FBS FBS + CLA FS FS + DHA
14:0 1.1 42 13 1 2.740.26° 0.9+0.59° 1140227 0.4+0.08°
16:0 19.6 139 15.7 12.4 15.5 4+ 2.09° 9.5+0.96" 12.2 +1.26"¢ 5941272
18:0 115 7.6 44 37 8.8+£2.15° 414084 4.440.80° 3.6+0.60°
16:1n-7 25 1.1 22 1.7 24+1.18° 02+0.11° 03+£0.122 0.540.23%
18:1n-7 5.9 3.8 2.1 1.7 25+0.13° 2.5+0.04° 22+021° 1.5+0.06°
18:1 n-9 15.8 12.1 10.9 8.9 13.94+1.94%° 20.4+5.34° 10.6+1.23 8.7+091a
20:1n-7 nd 2 0.2 0.1 nd 1.64+0.53° 0.2+£0.14 0.4+0.04
20:1n-9 0.7 0.6 2.1 1.7 29+1.26% 754228 3.0+ 1.79%° 1.4+0.58°
20:1n-11 nd 0.9 nd 0.2 0.8+0.39 0.5+0.07° 0.7 £0.42° 1.7+0.41°
22:1n-9 nd nd 0.3 0.2 0.3+0.28° 1.14+035° 0.7+£0.34 nd
22:1n-11 nd nd 14 1.2 3.8+ 1.54 10.0+3.21° 5.2+1.80%° 1.9+1.29°
24:1n-9 nd nd 0.5 0.4 nd 0.3+0.222 1.4+0.35° 1.6+0.13°
16:2n-3 nd nd nd nd 3.4+1.00° 0.6+0.40° 454+1.83? 5.2+0.98°
16:2n-6 nd nd nd nd 0.7+£0.23° 0.5+£0.33° 0.4+0.35° 0.4-+0.13°
18:2n-6 5.7 3.4 2.7 22 41+0.76° 6.2+1.44° 6.4+ 1.48° 5.6+ 1.06
20:2n-6 nd 0.2 0.6 0.5 nd 0.1+0.08° 0.7 £ 0.49° 0.1£0.11°
16:3n-4 nd nd 0.1 nd 0.8+0.28° 0.1+£0.10° 0.2+£0.16 0.1+0.08°
18:3n-3 nd 0.2 0.3 3 3.1+1.56° 0.7+£0.22° 4.1+1.65° 44+40.83°
18:3n-4 nd 0.2 0.1 0.1 nd 1.94+0.59° 02+£0.11° 0.3+0.05
18:3n-6 nd 0.2 0.2 0.1 nd 0.140.05% 0.2+0.13%° 04+0.11°
20:3n-6 2.1 1.3 0.4 0.3 1.74+0.30° 0.7+£0.25° 0.5+£0.18° 0.8+0.10°
18:4n-3 nd nd nd nd 2.0+1.02 0.5+0.19% 29+1.19% 3.9+0.07°
20:4n-3 nd 0.5 0.3 0.4 nd 02+0.16° 03+0.16 05-+0.11°
20:4n-6 8.9 5.8 29 23 83+1.69° 3.8-£1.252 3.4+ 0.66 3.0+0.65
22:4 n-6 nd nd 0.3 nd 2.8+045° 1.8 +0.59"¢ 0.1+0.07° 0.9+0.16%
20:5 n-3 2.1 0.8 14 115 1241167 4541.60% 6.7 +£2.53° 394034
22:5 n-3 46 2.1 6.1 3.8 224043° 1.4+025° 3.0+£0.62° 224030°
22:6 n-3 4 3.4 21.6 35.5 35+0.76 5.0+0.81° 9.8+3.46° 24.9+495°
CLA nd 26.9 nd nd nd 444042 nd nd

Others nd 4 nd 26 7.6+£1.71° 39+1.13° 93+£263° 92+1.18°
3 n-3 10.7 7.1 426 54.2 15443912 13.14+3.04% 31.3+351° 45.0+4.57¢
S n-6 14.6 10.9 6.1 5.7 17.8+1.73° 13.1£1.95® 10.8+1.51° 11.2+£0.68°
n-3/n-6 0.7 0.7 7 9.5 0.9 1.0 29 4.0
Ssaturated 32.2 25.7 214 17.1 27.0 +4.00° 14.5 4+ 1.60%° 17.84+1.13° 9.9+1.79°
Smonosa t 24.9 205 19.7 16.1 26.5+1.00° 442 +0.38° 24.5+3.99° 17.7£3.15°

The quantity of each fatty acid is given as the percentage of total fatty acids. The values given are means + SEM (n = 3). Different letters indicate significant differences (p <0.05)

between the different treatments.

*The quantity of each FA is given as a percentage of the total quantity of FAs. Data are presented as means 4 SEM (n=4).

[55,70]. However, an osteocalcin in situ probe gave a positive signal in
early osteoblasts situated on the endbones of Atlantic vertebral bodies
([47], submitted). Moreover, osteocalcin transcription increased
strongly during the osteoblast differentiation experiments and
peaked after 3 weeks, which is the time point at which the majority
of cells stained positive for ALP. This indicates that osteocalcin is
expressed both during the early steps in the differentiation process
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Fig. 4. Production of PGE; in cells differentiated in an osteblast-inducing medium for
3 weeks. Differentiated cells were incubated for 72 h in an FA-free medium
supplemented with either 10% FBS (control), 10% FBS + 0.05 mM CLA, 2.5% fish
serum (FS), or 2.5% FS + 0.1 mM DHA. The culture medium was sampled and analyzed
for eicosanoids as described. Data are means 4-SEM, n= 3. Different letters indicate
significant differences (p <0.05) between the different FA-treatments.

and in mature osteoblasts of Atlantic salmon. In summary, the
increased level of osteoblastic marker transcripts after 3 weeks in
culture strongly indicates the osteogenic nature of the cultured cell
population. Earlier experiments have shown that all of these
osteoblast-associated markers are up-regulated prior to the cessation
of proliferation in osteoblast precursors (for review see [71]).

Gene expression revealed that sox9 and col2al were down-
regulated simultaneously during the fourth week of differentiation.
Sox9 directly regulates the expression of col2a in chondrocytes [17],
and col2a is a recognised marker gene for chondrocytes [72,73]. These
results indicate that the cultures did not differentiate in the direction
of cartilaginous cells. Furthermore it is unlikely that further muscle
cells formed, since mrf4, a marker for early muscle differentiation [19],
was almost undetectable after 4 weeks in the osteogenic medium. The
stable level of the expression of mlc may be the result of some muscle
cells being present in the culture [22,23], which is in agreement with
our finding that a minor proportion (<5%) of the cells had the
morphology resembling that of myotubes. The down-regulated
transcription of myoD1b, myogenin and mrf5 indicated however, that
the majority of the cells did not differentiate into muscle cells, which
is in agreement with Rudnicki et al. [20]. The adipocyte pathway was
neither activated, since ppary-short was not expressed [27].

4.1. The n-3/n-6 PUFA ratio affects gene expression and PGE2 production
in differentiating osteoblasts

The production of PGE, was significantly influenced by the FA
composition of osteoblasts. Interestingly, the production was reduced
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Fig. 5. Relative expression levels of bmp4, bmp2, osteocalcin, alp, sox9, collal, col2al,
ppary-short (2) and ppary-long (1) in cells cultivated in a media containing (A) DHA
and (B) CLA. Values are calculated relative to cells cultivated in a media containing FBS
(control). The level of expression of osteocalcin was higher in both treatment groups.
The levels of expression of ppary-long and bmp4 were significantly up-regulated in
CLA-treated cells, while the levels of collal and bmp4 were significantly down -
regulated in DHA-treated cells. Each bar is the mean of the normalized gene
expression, normalised with efla. Significant up- and down-regulation (p-value <0.05)
are indicated with *n=3.

by 80% in cells incubated with FS and by 94% in cells incubated with a
combination of FS and DHA compared to the level in cells exposed to
FBS, which produced considerable amounts of PGE,. PGE, has been
shown to be involved in bone formation in rats in vivo [39,40] and to
inhibit bone formation at high concentrations in vitro [41]. Our results
agrees with results from Watkins et al. [74], who describe experi-
ments with osteoblast-like cell lines in which the presence of n-3
PUFAs reduced PGE, production. Our in vitro findings further correlate
with in vivo results obtained in a recent Atlantic salmon feeding study
carried out by our group ([75], in press). The level of PGE, in blood
plasma was lower in fish fed a fish oil-based diet than in fish fed a
soybean oil-based diet; whereas the bone of fish fed the soybean oil
diet was less mineralized. These results indicate that PGE, may be one
of the factors involved in regulation of bone formation in Atlantic
salmon. Dietary PUFAs is known to influence vertebral malformations
in sea bass [42,43], but it remains to be determined whether the n-3/
n-6 PUFA ratios affect bone mineral density in this species. Studies
with mammals however, have shown that n-3 PUFAs have beneficial
effects on bone mineral density [35,37,76]. Further, results from
mammalian studies [37] have shown that bioactive fatty acids such as
CLA have effects that are similar to those of n-3 PUFAs. Cusack et al.
[77] showed that increasing the CLA concentration led to down-
regulation of the biosynthesis of PGE, in human osteoblast-like cells,
which agrees with our findings, where CLA reduced PGE; production
by 35%. Addition of CLA to a diet for juvenile Atlantic salmon causes a
significant increase in whole body levels of calcium and phosphorus
[78], and this increase can be expected to have a positive effect on
bone mineralization. Both DHA and CLA induced the expression of the
osteocalcin gene much more strongly than FBS did. This agrees with
results reported by Cusack et al. [77] and by Watkins et al. [36], who
showed that incubation with CLA increases osteocalcin levels.
Different mechanisms, however, may be operating. It is therefore
possible that the addition of specific bioactive fatty acids counteracts

the negative effects of a low n-3/n-6 ratio in diets for Atlantic salmon.
Whereas CLA increased the level of bmp4 transcription, DHA-treated
cells surprisingly showed a down-regulated expression of bmp4 and
collal. Currently, no explanation for these results exists and the
findings need to be more studied. In addition, we analyzed cells for the
adipocyte marker ppary-short, an isoform of ppary that is induced
during adipocyte differentiation in Atlantic salmon [27]. In osteoblasts
treated with CLA and DHA ppary-short was not present, while the
expression of ppary-long was slightly, but significantly, higher in
osteoblasts treated with CLA. Ppary-long is induced in the early phase
of cultivation and repressed at later stages of differentiation [27]. The
pattern of expression of this subtype in the osteoblasts suggests that
the effects of PUFAs on osteoblasts are mediated by the activation of
ppary-long. Further work is required to confirm or refute this.

4.2. Transcriptional activity of differentiating osteoblasts affected
by hyperthermia

Several studies have shown that fish that grow at elevated tempe-
ratures exhibit increased levels of vertebral deformities [44,46,79,80].
The mechanisms of this are poorly understood, but it is generally
accepted that changes of transcriptional processes due to temperature
in bone-forming and cartilage-forming cells are involved [44,81,82].
We have recently shown that rearing Atlantic salmon fry at an
elevated temperature (16 °C) reduces the transcriptional activity of
extracellular matrix genes such as collal, osteocalcin, osteonectin and
decorin ([47], submitted), which may suggest a defect in the late
maturation of osteoblasts to become bone producing cells [83-85]. In
line with these findings, our long-term 16 °C heat-exposed cells
showed a decreased expression of most genes, including alp, collal
and osteocalcin. Surprisingly, the cells exposed to elevated tempera-
ture died after 72 h, even though the temperature to which they were
exposed was within the normal temperature range of Atlantic salmon.
This might be due to the method applied in this experiment. Instead of
slowly raising the temperature to 16 °C so that the cells are able to
adapt, the cells were exposed to a heat shock when transferred
directly to 16 °C. However, the effects of high temperatures during the
differentiation of osteoblasts in cell culture are controversial: some
experiments in mammals have shown that heat shock has a positive
effect on osteoblastogenesis [86], while other experiments have
shown that heat shock leads to apoptosis and cell death [87].
Norgaard et al. [86] suggested that a 1-h heat shock of 42.5 °C had a
positive effect on mammalian cells when inducing them to differen-
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Fig. 6. Relative gene expression of alp, collal, osteonectin, osteocalcin and bmp4 in cells
incubated at 16 °C after 1 h, 6 h, 24 h and 48 h. Values are calculated relative to control
cells incubated at 12 °C. The expression levels of alp, collal and bmp4 were increased
after 1 h at 16 °C. After 2 days, osteonectin was the only marker showing an up-
regulated level of expression. Each bar is the mean of the normalized gene expression
ratio, normalised with efla. Significant up-regulation and down-regulation (p-value
<0.05) are indicated with *n=4.
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tiate into osteoblasts. Previous studies have demonstrated that expo-
sure to mild heat shock stimulates the proliferation and osteogenic
differentiation also of human mesenchymal stem cells, resulting in
enhanced mineralization, whereas long-term treatment results in
inhibited proliferation [88]. However, the mechanisms involved are
still not known and appropriate functional studies are needed to
elucidate these questions. The expressions of alp, collal and bmp4
were up-regulated after 1 h of heat treatment in salmon muscle
precursor cells and suggest that a short heat shock stimulates
differentiation into osteoblasts in Atlantic salmon. This is the opposite
of the effect of long-term exposure to elevated temperatures. In
conclusion, our in vitro results suggest that Atlantic salmon osteo-
blasts are highly sensitive to long-term exposure to heat during the
early stages of differentiation.

5. Conclusions

This is the first report that shows that unspecialised precursor cells
isolated from salmon muscle tissue are able to differentiate to
osteoblasts-like cells in vitro. These cells appear to be a suitable
model system for the study of osteoblast biology in vitro. Their
morphology has several osteoblast-like characteristics, and alkaline
phosphatase is present in the cells. Furthermore, the cells express
several osteoblast-related markers such as osteocalcin, collal, bmp2
and bmp4. The production of PGE, decreased and the level of
expression of osteocalcin increased when CLA was added to the
growth medium of osteoblast culture and when the n-3/n-6 PUFA
ratios was raised, suggesting that n-3 PUFAs and CLA have a beneficial
effect on bone formation in fish. Further, 1 h heat exposure increased
the expression levels of gene markers for osteoblastogenesis, while
long-term heat exposure induced cell death. MSC are available at
relatively high levels in fish tissue at early life stages. These primary
stem cells provide a valuable tool compared to cell culture of
differentiated osteoblast, since they still possess the ability to diffe-
rentiate into osteoblasts, myotubes, chondrocytes and adipocytes. The
plasticity of these cells in culture will be of great value in future
studies of for instance the influence of nutritional factors influencing
osteogenic lineage determination.

Acknowledgments

The authors are grateful to Inger @. Kristiansen, Malfrid Bjerke and
Hege Munck for technical assistance during the project. We thank
Harald Stgkken for his skilful work in the aquarium division. The
Norwegian Research Council supported the work.

References

[1] T.A. Owen, M.S. Aronow, LM. Barone, B. Bettencourt, G.S. Stein, J.B. Lian,
Pleiotropic effects of vitamin-D on osteoblast gene-expression are related to
the proliferative and differentiated state of the bone cell phenotype—
dependency upon basal levels of gene-expression, duration of exposure, and
bone-matrix competence in normal rat osteoblast cultures, Endocrinology 128
(1991) 1496.

M.F. Pittenger, A.M. Mackay, S.C. Beck, RK. Jaiswal, R. Douglas, ].D. Mosca, M.A.
Moorman, D.W. Simonetti, S. Craig, D.R. Marshak, Multilineage potential of adult
human mesenchymal stem cells, Science 284 (1999) 143.

[3] J.E. Aubin, Bone stem cells, J. Cell. Biochem. (1998) 73.

[4] KH. Wlodarski, P.K. Wlodarski, A. Brodzikowska, Metaplasia of chondrocytes into
osteoblasts, Folia Biol. Krakow 54 (2006) 75.

P. Torricelli, M. Fini, G. Giavaresi, V. Borsari, A. Carpi, A. Nicolini, R. Giardino,
Comparative interspecies investigation on osteoblast cultures: data on cell
viability and synthetic activity, Biomed. Pharmacother. 57 (2003) 57.

AR. Pombinho, V. Laize, D.M. Molha, S.M.P. Marques, M.L. Cancela,
Development of two bone-derived cell lines from the marine teleost Sparus
aurata; evidence for extracellular matrix mineralization and cell-type-specific
expression of matrix Gla protein and osteocalcin, Cell Tissue Res. 315 (2004)
393.

MR. Wada, M. Inagawa-Ogashiwa, S. Shimizu, S. Yasumoto, N. Hashimoto,
Generation of different fates from multipotent muscle stem cells, Development
129 (2002) 2987.

[2

(5

[6

(7

[8] A.Vegusdal, H. Sundvold, T. Gjoen, B. Ruyter, An in vitro method for studying the
proliferation and differentiation of Atlantic salmon preadipocytes, Lipids 38
(2003) 289.

A. Vegusdal, T.K. Ostbye, T.N. Tran, T. Gjoen, B. Ruyter, beta-oxidation,

esterification, and secretion of radiolabeled fatty acids in cultivated Atlantic

salmon skeletal muscle cells, Lipids 39 (2004) 649.

[10] T.A. Franz-Odendaal, B.K. Hall, P.E. Witten, Buried alive: how osteoblasts become
osteocytes, Dev. Dyn. 235 (2006) 176.

[11] T. Ikeda, S. Nomura, A. Yamaguchi, T. Suda, S. Yoshiki, In situ hybridization of
bone-matrix proteins in undecalcified adult-rat bone sections, J. Histochem.
Cytochem. 40 (1992) 1079.

[12] T. Kobayashi, KM. Lyons, AP. McMahon, H.M. Kronenberg, BMP signaling
stimulates cellular differentiation at multiple steps during cartilage development,
Proc. Natl. Acad. Sci. U. S. A. 102 (2005) 18023.

[13] B.L.M. Hogan, Bone morphogenetic proteins: multifunctional regulators of
vertebrate development, Genes Dev. 10 (1996) 1580.

[14] K. Nakashima, X. Zhou, G. Kunkel, Z.P. Zhang, ].M. Deng, R.R. Behringer, B. de
Crombrugghe, The novel zinc finger-containing transcription factor Osterix is
required for osteoblast differentiation and bone formation, Cell 108 (2002) 17.

[15] K. Nakashima, C.B. de, Transcriptional mechanisms in osteoblast differentiation
and bone formation, Trends Genet. 19 (2003) 458.

[16] W.M.Bi,].M. Deng, Z.P. Zhang, R.R. Behringer, B. de Crombrugghe, Sox9 is required
for cartilage formation, Nat. Genet. 22 (1999) 85.

[17] D.M. Bell, KK.H. Leung, S.C. Wheatley, L. Ng, S. Zhou, KW. Ling, M.H. Sham, P.
Koopman, P.P.L. Tam, K.S.E. Cheah, SOX9 directly regulates the type-II collagen
gene, Nat. Genet. 16 (1997) 174.

[18] H. Akiyama, T. Kamitani, X. Yang, R. Kandyil, L.C. Bridgewater, M. Fellous, Y.
Mori-Akiyama, CB. de, The transcription factor Sox9 is degraded by the
ubiquitin-proteasome system and stabilized by a mutation in a ubiquitin-target
site, Matrix Biol. 23 (2005) 499.

[19] L.Kassar-Duchossoy, B. Gayraud-Morel, D. Gomes, D. Rocancourt, M. Buckingham,
V. Shinin, S. Tajbakhsh, Mrf4 determines skeletal muscle identity in Myf5: myod
double-mutant mice, Nature 431 (2004) 466.

[20] M.A. Rudnicki, R. Jaenisch, The myod family of transcription factors and skeletal
myogenesis, BioEssays 17 (1995) 203.

[21] CA. Berkes, S.J. Tapscott, MyoD and the transcriptional control of myogenesis,
Semin. Cell Dev. Biol. 16 (2005) 585.

[22] N. Rosenthal, .M. Kornhauser, M. Donoghue, K.M. Rosen, ].P. Merlie, Myosin light
chain enhancer activates muscle-specific, developmentally regulated gene-
expression in transgenic mice, Proc. Natl. Acad. Sci. U. S. A. 86 (1989) 7780.

[23] M.P. Spiller, R. Kambadur, F. Jeanplong, M. Thomas, J.K. Martyn, ]J. Bass, M.
Sharma, The myostatin gene is a downstream target gene of basic helix-loop-
helix transcription factor MyoD, Mol. Cell. Biol. 22 (2002) 7066.

[24] T. Akune, S. Ohba, S. Kamekura, M. Yamaguchi, U.I. Chung, N. Kubota, Y. Terauchi,
Y. Harada, Y. Azuma, K. Nakamura, T. Kadowaki, H. Kawaguchi, PPAR gamma
insufficiency enhances osteogenesis through osteoblast formation from bone
marrow progenitors, J. Clin. Invest. 113 (2004) 846.

[25] B. Lecka-Czernik, I. Gubrij, E.J. Moerman, O. Kajkenova, D.A. Lipschitz, S.C.
Manolagas, R.L. Jilka, Inhibition of Osf2/Cbfal expression and terminal osteoblast
differentiation by PPAR gamma 2, J. Cell. Biochem. 74 (1999) 357.

[26] O. Andersen, V.G.H. Eijsink, M. Thomassen, Multiple variants of the peroxisome
proliferator-activated receptor (PPAR) gamma are expressed in the liver of
Atlantic salmon (Salmo salar), Gene 255 (2000) 411.

[27] M. Todorcevic, A. Vegusdal, T. Gjoen, H. Sundvold, B.E. Torstensen, M.A. Kjaer, B.
Ruyter, Changes in fatty acids metabolism during differentiation of Atlantic
salmon preadipocytes; Effects of n-3 and n-9 fatty acids, Biochim. Biophys. Acta
Mol. Cell Biol. Lipids 1781 (2008) 326.

[28] J.G. Bell, ]J. McEvoy, D.R. Tocher, F. McGhee, P]J. Campbell, J.R. Sargent,
Replacement of fish oil with rapeseed oil in diets of Atlantic salmon (Salmo
salar) affects tissue lipid compositions and hepatocyte fatty acid metabolism,
J. Nutr. 131 (2001) 1535.

[29] ].G. Bell, F. McGhee, P.J. Campbell, ]J.R. Sargent, Rapeseed oil as an alternative to
marine fish oil in diets of post-smolt Atlantic salmon (Salmo salar): changes in
flesh fatty acid composition and effectiveness of subsequent fish oil “wash out”,
Aquaculture 218 (2003) 515.

[30] B.Grisdale-Helland, B. Ruyter, G. Rosenlund, A. Obach, S.J. Helland, M.G. Sandberg,
H. Standal, C. Rosjo, Influence of high contents of dietary soybean oil on growth,
feed utilization, tissue fatty acid composition, heart histology and standard
oxygen consumption of Atlantic salmon (Salmo salar) raised at two temperatures,
Aquaculture 207 (2002) 311.

[31] B. Ruyter, M.S. Thomassen, Metabolism of n-3 and n-6 fatty acids in Atlantic
salmon liver: Stimulation by essential fatty acid deficiency, Lipids 34 (1999)
1167.

[32] B.Ruyter, C. Rosjo, K. Masoval, O. Einen, M.S. Thomassen, Influence of dietary n-3
fatty acids on the desaturation and elongation of [1-C-14] 18 : 2 n-6 and [1-C-14]
18 : 3 n-3 in Atlantic salmon hepatocytes, Fish Physiol. Biochem. 23 (2000) 151.

[33] B. Ruyter, C. Rosjo, O. Einen, M.S. Thomassen, Essential fatty acids in Atlantic
salmon: effects of increasing dietary doses of n-6 and n-3 fatty acids on growth,
survival and fatty acid composition of liver, blood and carcass, Aquac. Nutr. 6
(2000) 119.

[34] O. Kelly, S. Cusack, C. Jewell, K.D. Cashman, The effect of polyunsaturated fatty
acids, including conjugated linoleic acid, on calcium absorption and bone
metabolism and composition in young growing rats, Br. J. Nutr. 90 (2003) 743.

[35] B.A.Watkins, Y. Li, K.G.D. Allen, W.E. Hoffmann, M.F. Seifert, Dietary ratio of (n-6)/
(n-3) polyunsaturated fatty acids alters the fatty acid composition of bone
compartments and biomarkers of bone formation in rats, J. Nutr. 130 (2000) 2274.

[9



[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

E. Ytteborg et al. / Biochimica et Biophysica Acta 1801 (2010) 127-137

B.A. Watkins, Y. Li, HE. Lippman, S. Feng, Modulatory effect of omega-3
polyunsaturated fatty acids on osteoblast function and bone metabolism,
Prostaglandins Leukot. Essent. Fat. Acids 68 (2003) 387.

Y. Li, B.A. Watkins, Conjugated linoleic acids alter bone fatty acid composition and
reduce ex vivo prostaglandin E-2 biosynthesis in rats fed n-6 or n-3 fatty acids,
Lipids 33 (1998) 417.

B.A. Watkins, ML.F. Seifert, Conjugated linoleic acid and bone biology, ]. Am. Coll.
Nutr. 19 (2000) 478S.

W.S.S. Jee, S. Mori, XJ. Li, S. Chan, Prostaglandin-E2 enhances cortical bone mass
and activates intracortical bone remodeling in intact and ovariectomized female
rats, Bone 11 (1990) 253.

S. Mori, W.S.S. Jee, XJ. Li, S. Chan, D.B. Kimmel, Effects of Prostaglandin-E2 on
production of new cancellous bone in the axial skeleton of ovariectomized rats,
Bone 11 (1990) 103.

L.G. Raisz, A.R. Koolemansbeynen, Inhibition of bone collagen-synthesis by
prostaglandin-E2 in organ-culture, Prostaglandins 8 (1974) 377.

L. Villeneuve, E. Gisbert, ].L. Zambonino-Infante, P. Quazuguel, C.L. Cahu, Effect of
nature of dietary lipids on European sea bass morphogenesis: implication of
retinoid receptors, Br. J. Nutr. 94 (2005) 877.

L.AAN. Villeneuve, E. Gisbert, ]J. Moriceau, C.L. Cahu, ].L.Z. Infante, Intake of high
levels of vitamin A and polyunsaturated fatty acids during different develop-
mental periods modifies the expression of morphogenesis genes in European sea
bass (Dicentrarchus labrax), Br. ]. Nutr. 95 (2006) 677.

A. Wargelius, P.G. Fjelldal, T. Hansen, Heat shock during early somitogenesis
induces caudal vertebral column defects in Atlantic salmon (Salmo salar), Dev.
Genes Evol. 215 (2005) 350.

MJ. Siemien, RF. Carline, Effect of temperature on the growth of 1St-feeding
Atlantic salmon fry, Prog. Fish-Cult. 53 (1991) 11.

H. Takle, G. Baeverfjord, M. Lunde, K. Kolstad, O. Andersen, The effect of heat and
cold exposure on HSP70 expression and development of deformities during
embryogenesis of Atlantic salmon (Salmo salar), Aquaculture 249 (2005) 515.

E. Ytteborg, G. Baeverfjord, H.K,, ]. Torgersen, and H. Takle, Molecular Pathology of
Vertebral Deformities in Hyperthermic Atlantic Salmon (Salmo Salar), submitted
2009.

G. Karsenty, EF. Wagner, Reaching a genetic and molecular understanding of
skeletal development, Dev. Cell 2 (2002) 389.

[49] J.T.M. Koumans, H.A. Akster, JW.M. Osse, In vitro culturing of carp (Cyprinus-

[50]

Carpio L) myosatellite cells as a tool to study growth of fish muscle, ]. Muscle Res.
Cell Motil. 11 (1990) 87.

O.H. Lowry, T.H. Hunter, The determination of serum protein concentration with a
gradient tube, J. Biol. Chem. 159 (1945) 465.

[51] J. Folch, M. Lees, G.H.S. Stanley, A simple method for the isolation and purification

[52]

[53]

[54]

[55]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

of total lipids from animal tissues, J. Biol. Chem. 226 (1957) 497.

M.E. Mason, G.R. Waller, M.E. Eager, Procedure for simultaneous quantitative
determination of glycerol + fatty acid contents of fats + oils, Anal. Chem. 36
(1964) 587-&.

M. Hoshi, T.Y. Kishimoto, C. Hignite, 2,3-Erythro-dihydroxyhexacosanoic acid and
homologs—isolation from yeast cerebrin phosphate and determination of their
structures, J. Lipid Res. 14 (1973) 406.

M.W. Pfaffl, G.W. Horgan, L. Dempfle, Relative expression software tool (REST (c))
for group-wise comparison and statistical analysis of relative expression results in
real-time PCR, Nucleic Acids Res. (2002) 30.

A. Huysseune, H. Takle, M. Soenens, K. Taerwe, P.E. Witten, Unique and shared
gene expression patterns in Atlantic salmon (Salmo salar) tooth development,
Development Genes and Evolution 218 (2008) 427.

R. Ogawa, H. Mizuno, A. Watanabe, M. Migita, T. Shimada, H. Hyakusoku,
Osteogenic and chondrogenic differentiation by adipose-derived stem cells
harvested from GFP transgenic mice, Biochem. Biophys. Res. Commun. 313
(2004) 871.

P.A. Zuk, M. Zhu, H. Mizuno, J. Huang, J.W. Futrell, AJ. Katz, P. Benhaim, H.P.
Lorenz, M.H. Hedrick, Multilineage cells from human adipose tissue: implications
for cell-based therapies, Tissue Eng. 7 (2001) 211.

P.A. Zuk, M. Zhu, P. Ashjian, D.A. De Ugarte, J.I. Huang, H. Mizuno, Z.C. Alfonso, J.K.
Fraser, P. Benhaim, M.H. Hedrick, Human adipose tissue is a source of multipotent
stem cells, Mol. Biol. Cell 13 (2002) 4279.

C.A. Gersbach, B.A. Byers, G.K. Pavlath, AJ. Garcia, Runx2/Cbfal stimulates
transdifferentiation of primary skeletal myoblasts into a mineralizing osteoblastic
phenotype, Exp. Cell Res. 300 (2004) 406.

H. Hattori, K. Masuoka, M. Sato, M. Ishihara, T. Asazuma, B. Takase, M. Kikuchi, K.
Nemoto, M. Ishihara, Bone formation using human adipose tissue-derived stromal
cells and a biodegradable scaffold, ]. Biomed. Mater. Res., Part B Appl. Biomater.
76B (2006) 230.

M. Noda, R. Majeska, G.A. Rodan, Relationship between cell-proliferation, cell-
density and alkaline-phosphatase expression in an osteoblastic osteo-sarcoma
cell-line, Calcif. Tissue Int. 36 (1984) 467.

B.K. Hall, T. Miyake, The membranous skeleton—the role of cell condensations in
vertebrate skeletogenesis, Anat. Embryol. 186 (1992) 107.

[63]

[64]

[65]

[66]

[67]

(68]

[69]

[70]
[71]

[72]

[73]

[74]

[75]

[76]

[77]

[78]

[79]

(80]

(81]

(82]

(83]

(84]

(85]

(86]

(87]

(88]

137

G.S. Stein, J.B. Lian, ].L. Stein, A.J. vanWijnen, M. Montecino, Transcriptional control
of osteoblast growth and differentiation, Physiol. Rev. 76 (1996) 593.

R.P. Tracy, A. Andrianorivo, B.L. Riggs, K.G. Mann, Comparison of monoclonal and
polyclonal antibody-based immunoassays for osteocalcin—a study of sources of
variation in assay results, ]. Bone Miner. Res. 5 (1990) 451.

A.LJJ. Bronckers, S. Gay, R.D. Finkelman, W.T. Butler, Developmental appearance
of gla proteins (osteocalcin) and alkaline-phosphatase in tooth germs and bones
of the rat, Bone Miner. 2 (1987) 361.

L.C. Gerstenfeld, S.D. Chipman, J. Glowacki, ]J.B. Lian, Expression of differenti-
ated function by mineralizing cultures of chicken osteoblasts, Dev. Biol. 122
(1987) 49.

M.P. Mark, W.T. Butler, CW. Prince, R.D. Finkelman, J.V. Ruch, Developmental
expression of 44-kDa bone phosphoprotein (osteopontin) and bone gamma-
carboxyglutamic acid (gla)-containing protein (osteocalcin) in calcifying tissues
of rat, Differentiation 37 (1988) 123.

G. Boivin, G. Morel, ].B. Lian, C. Anthoineterrier, P.M. Dubois, P.J. Meunier,
Localization of endogenous osteocalcin in neonatal rat bone and its absence in
articular-cartilage—effect of warfarin treatment, Virchows Archiv., A Pathol. Anat.
Histopathol. 417 (1990) 505.

S.M. Pockwinse, L.G. Wilming, D.M. Conlon, G.S. Stein, J.B. Lian, Expression of cell-
growth and bone specific genes at single cell resolution during development of
bone tissue-like organization in primary osteoblast cultures, ]. Cell. Biochem. 49
(1992) 310.

A. Huysseune, P.E. Witten, An evolutionary view on tooth development and
replacement in wild Atlantic salmon (Salmo salar L.), Evolut. Develop. 10 (2008) 6.
J.E. Aubin, Advances in the osteoblast lineage, Biochem. Cell Biol.-Biochimie Et
Biologie Cellulaire 76 (1998) 899.

B. de Crombrugghe, V. Lefebvre, R.R. Behringer, W.M. Bi, S. Murakami, W.D.
Huang, Transcriptional mechanisms of chondrocyte differentiation, Matrix
Biology 19 (2000) 389.

M. Kypriotou, M. Fossard-Demoor, C. Chadjichristos, C. Ghayor, C.B. de, J.P. Pujol, P.
Galera, SOX9 exerts a bifunctional effect on type II collagen gene (COL2A1)
expression in chondrocytes depending on the differentiation state, DNA Cell Biol.
22 (2003) 119.

B.A. Watkins, S. Reinwald, Y. Li, M.F. Seifert, Protective actions of soy isoflavones
and n-3 PUFAs on bone mass in ovariectomize rats, J. Nutr. Biochem. 16 (2005)
479.

G.Berge, Witten P.E, aeverfjord G, A.egusdal, S.Wadsworth, and B.Ruyter, Diets
With Different N-6/n-3 Fatty Acid Ratio in Diets for Juvenile AtlanticSalmon,
Effects on Growth, Body Composition, Bone Development and Eicosanoid
Production, 2009.

B.A. Watkins, Y. Li, L.L. Rogers, W.E. Hoffmann, M.F. Seifert, Effects of long-chain n-
3 fatty acids on bone and biomarkers of bone formation in the rat, J. Bone Miner.
Res. 14 (1999) S430.

S. Cusack, C. Jewell, K.D. Cashman, The effect of conjugated linoleic acid on the
viability and metabolism of human osteoblast-like cells, Prostaglandins Leukot.
Essent. Fat. Acids 72 (2005) 29.

G.M. Berge, B. Ruyter, T. Asgard, Conjugated linoleic acid in diets for juvenile
Atlantic salmon (Salmo salar); effects on fish performance, proximate composi-
tion, fatty acid and mineral content, Aquaculture 237 (2004) 365.

G. Koumoundouros, P. Divanach, M. Kentouri, The effect of rearing conditions on
development of saddleback syndrome and caudal fin deformities in Dentex dentex
(L.), Aquaculture 200 (2001) 285.

R. Ornsrud, L. Gil, R. Waagbo, Teratogenicity of elevated egg incubation
temperature and egg vitamin A status in Atlantic salmon, Salmo salar L, ]. Fish
Dis. 27 (2004) 213.

C.L. Hammond, B.H. Simbi, N.C. Stickland, In ovo temperature manipulation
influences embryonic motility and growth of limb tissues in the chick (Gallus
gallus), J. Exp. Biol. 210 (2007) 2667.

J.G. Breen, T.W. Claggett, G.L. Kimmel, C.A. Kimmel, Heat shock during rat embryo
development in vitro results in decreased mitosis and abundant cell death,
Reprod. Toxicol. 13 (1999) 31.

A.L. Boskey, Mineral-matrix interactions in bone and cartilage, Clin. Orthop. Relat.
Res. (1992) 244.

Y. Mochida, W.R. Duarte, H. Tanzawa, E.P. Paschalis, M. Yamauchi, Decorin
modulates matrix mineralization in vitro, Biochem. Biophys. Res. Commun. 305
(2003) 6.

J.D. Termine, H.K. Kleinman, S.W. Whitson, K.M. Conn, M.L. Mcgarvey, G.R. Martin,
Osteonectin, a bone-specific protein linking mineral to collagen, Cell 26 (1981) 99.
R. Ngrgaard, M. Kassem, S. Rattan, in: M.R.S. Kassem (Ed.), Heat shock-induced
enhancement of osteoblastic differentiation of HTERT-immortalized mesenchy-
mal stem cells, 2009, pp. 443-447.

S. Li, S. Chien, P.I. Branemark, Heat shock-induced necrosis and apoptosis in
osteoblasts, Journal of Orthopaedic Research 17 (1999) 891.

CX. Shui, A. Scutt, Mild heat shock induces proliferation, alkaline phosphatase
activity, and mineralization in human bone marrow stromal cells and Mg-63 cells
in vitro, ]. Bone Miner. Res. 16 (2001) 731.



	Thesis
	Abbreviations
	Definitions
	Aims of the Study
	List of Publications
	Summary
	Sammendrag
	General Introduction
	The spinal column 
	The notochord
	The vertebrae

	Skeletal deformities
	Temperature
	Fast growth 
	Nutrition

	Cellular and molecular regulation of bone remodeling 
	Osteoblasts differentiation, bone formation and mineralization
	Chondrocyte differentiation and endochondral ossification
	Osteoclast differentiation and bone resorption


	General Discussion
	Non-deformed fish from the low and high temperature group
	Non-deformed fish from the high temperature group

	Developing vertebral fusions 
	1. Disorganized and proliferating cells
	2. Metaplastic shift
	3. Loss of notochordal sheath integrity
	4. Ectopic bone formation and remodeling

	Developing an in vitro osteoblast culture
	Potential prognostic application

	Concluding Remarks
	Future Perspectives
	Reference List

	Paper inndeling 1
	Paper I
	EY: elisabeth.ytteborg@nofima.no
	GB: grete.baverfjord@nofima.no
	KH: kirsti.hjelde@nofima.no 
	JT: jacob.torgersen@nofima.no
	HT*: harald.takle@nofima.no

	Paper I Fig 1
	Paper I Fig 2
	Paper I Fig 3
	Paper I Fig 4
	Paper I Fig 5
	Paper I Fig 6
	Paper I Fig 7
	Paper I Fig 8
	Paper inndeling 2
	Paper II
	EY: elisabeth.ytteborg@nofima.no
	JT: jacob.torgersen@nofima.no
	GB: grete.baverfjord@nofima.no
	HT*: harald.takle@nofima.no

	Paper II Fig 1
	Paper II Fig 2
	Paper II Fig 3
	Paper II Fig 4
	Paper II Fig 5
	Paper II Fig 6
	Paper II Fig 7
	Paper II Fig Sense
	Paper3
	Paper inndeling 3
	Paper III
	Paper III Fig 1
	Paper III Fig 2
	Paper III Fig 3
	Paper III Fig 4
	Paper 3 Fig 5
	Paper III Fig 6

	Paper inndeling 4
	Paper4
	Paper inndeling 4
	Paper IV
	Atlantic salmon (Salmo salar) muscle precursor cells differentiate into osteoblasts �in vitro: .....
	Introduction
	Materials and methods
	Materials
	Cell isolation
	Osteoblast differentiation
	Cell proliferation
	Incubation of differentiating osteoblasts with media containing �different n-3/n-6 PUFA ratios .....
	Incubation of differentiating osteoblasts at two �different temperatures
	Alkaline phosphatase staining
	Measurement of PGE2 production
	FA composition of incubation media and cells
	RNA isolation and cDNA synthesis
	Sequence information and primer design
	Real-time PCR
	In situ hybridisation (ISH)

	Results
	Cell morphology during differentiation
	In situ hybridisation
	Gene expression during differentiation
	Measurements of FA composition in media and in differentiating �osteoblasts after adding differ.....
	PGE2 production
	Effects of fatty acid composition on gene expression
	Effects of hyperthermia on gene expression

	Discussion
	The n-3/n-6 PUFA ratio affects gene expression and PGE2 production �in differentiating osteobla.....
	Transcriptional activity of differentiating osteoblasts affected �by hyperthermia

	Conclusions
	Acknowledgments
	References





<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /CMYK
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<

    /BGR <>
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /CZE <>
    /DAN <>
    /DEU <>
    /ESP <>
    /ETI <>
    /FRA <>
    /GRE <>

    /HRV (Za stvaranje Adobe PDF dokumenata najpogodnijih za visokokvalitetni ispis prije tiskanja koristite ove postavke.  Stvoreni PDF dokumenti mogu se otvoriti Acrobat i Adobe Reader 5.0 i kasnijim verzijama.)
    /HUN <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /LTH <>
    /LVI <>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /POL <>
    /PTB <>
    /RUM <>
    /RUS <>
    /SKY <>
    /SLV <>
    /SUO <>
    /SVE <>
    /TUR <>
    /UKR <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice




