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a b s t r a c t Abnormal compressions and fusions of vertebral bodies are frequently observed in reared rainbow trout and could result from chronic and unbearable muscle pressures acting on the axial skeleton during intensive growth. Sustained swimming at moderate speeds was shown to induce many positive effects on growth and swimming performances in salmonids, but yet little is known about its effects on vertebral remodeling processes and related hormonal regulation. Rainbow trout were subjected to three different swimming speeds (0, 1.0 and 1.5 body length (BL) s− 1), starting one month after they were ﬁrst fed (65 mm) and ending when they reached 260 mm in size (market-size of 275 g). At the end of the experiment, 20 trout were sampled in each lot (N = 60) and blood samples were taken. Vertebrae abnormalities were assessed by radiological examinations. Vertebrae from the middle axial region (V32–38) were selected to evaluate bone mineralization (BM) and total bone area (Tt-B.Ar.) on radiographed transverse sections (125 ± 10 μm). Assays were performed to evaluate mineral homeostasis (calcemia and phosphatemia), bone cell activities (alkaline phosphatase, ALP, and tartrate-resistant acid phosphatase, TRAP) and bone regulating hormones (calcitonin, CT and thyroid hormones, THs). Sustained exercise reduced the appearance of fused vertebrae, enhanced vertebral BM and decreased vertebral Tt-B.Ar., while it increased circulating CT and TH levels. No variations were observed on mineral homeostasis and bone cell activities. Increasing the swimming speed up to 1.5 BL s− 1 had positive effects on the vertebral skeleton, and therefore, seems to be a suitable approach to prevent aggravation of vertebral abnormalities in juvenile trout. The changes observed in vertebral features are interpreted as a compromise between the necessity to mobilize vertebral mineral ions in response to various physiological demands and to maintain vertebral strength against mechanical constraints. © 2009 Elsevier B.V. All rights reserved.



1. Introduction In ﬁsh farming, skeletal abnormalities are a major concern as they result in a decrease of production yield (by affecting survival and morphology), an increase in sorting costs, and impede ﬁlet production (Divanach et al., 1997; Boglione et al., 2001; Koumoundouros et al., 1997, 2001; Witten et al., 2006). In reared rainbow trout, a recent study revealed that 22% of normally-shaped individuals showed discreet abnormalities in their vertebrae (Deschamps et al., 2008). This percentage is far above the 2–3% observed in wild salmonids (Gill and Fisk, 1966; Poynton, 1987). Vertebral abnormalities are generally related to inappropriate rearing conditions during early development stages (for reviews see Cahu et al. (2003) and Lall and Lewis-McCrea (2007)). However, vertebra defaults can either appear, be aggravated or contained during ⁎ Corresponding author. Tel./fax: +33 1 44 27 35 72. E-mail address: [email protected] (M.-H. Deschamps). 0044-8486/$ – see front matter © 2009 Elsevier B.V. All rights reserved. doi:10.1016/j.aquaculture.2009.07.016



further growth (Witten et al., 2006). Determining the factors that could play a role in vertebral anomalies is not easy, as bone metabolism is still poorly known in teleosts. In particular, data characterizing speciﬁc changes of vertebral bone histology in relation to various rearing conditions are not available (Lall and Lewis-McCrea, 2007). There is thus a need for experimentations aiming to better understand the effects of various farming methods and environmental conditions on bone metabolism, their impact on the vertebra bone properties, and to try to link these events to the occurrence of skeletal abnormalities. Herein, we performed experiments to evaluate the effects of swimming on vertebral bone. Controlling the water ﬂow/velocity in tanks induces changes in the swimming speed of trout. This is commonly used in ﬁsh farm to maintain water quality (O2, CO2, pH, ammonia, etc.). However, inappropriate water quality can also lead to vertebral abnormalities as reported in some species (Divanach et al., 1997; Kihara et al., 2002; Sfakianakis et al., 2004). In salmonids, a signiﬁcant percentage of hyper-mineralized, compressed and/or fused vertebrae is suspected to be related to swimming and, notably, to impaired processes during spinal



Author's personal copy 338



M.-H. Deschamps et al. / Aquaculture 296 (2009) 337–346



development and growth (Kvellestad et al., 2000; Kacem et al., 2004; Wargelius et al., 2005a; Helland et al., 2006; Witten et al., 2006). In fact, swimming can have a positive or negative effect on vertebra growth and tissue composition, and hence on their mechanical properties. An inappropriate swimming speed during intensive growth could substantially increase red muscle development, and therefore results in strong mechanical forces (pressure) leading to vertebral tissue transformation (chondrogenesis), vertebral fractures and/or dysfunctions in the intervertebral junction (Witten et al., 2005, 2006). Moreover, an excessive exercise could weaken the axial skeleton in inducing mineral mobilization from the vertebrae in order to fulﬁll the demands of muscular activity or to buffer acid–base unbalance (Hermann-Erlee and Flik, 1989; Gil Martens et al., 2006; Helland et al., 2005). In contrast to these negative issues, it is generally admitted that sustained exercise has positive effects on salmonids, as for instance in improving growth rate, food conversion efﬁciency, blood oxygen-carrying capacity and muscle buffering ability (resulting in smaller decrease in pH) without affecting the composition of the carcass and/or of the viscera (for review, see Jobling et al. (1993) and Davison (1997)). Sustained swimming also stimulates ﬁsh metabolism (metabolic and anabolic states) by increasing growth hormone and thyroxine levels in blood serum while reducing circulating stress hormone (Davison, 1997). All these hormones are known to affect bone metabolism (Takagi et al., 1994; Wargelius et al., 2005b; Sbaihi et al., 2007). In addition to this, in ﬁsh and other vertebrates, an increase of strain, frequency and duration of pressure on bone through mechanical stimuli is known to improve bone strength (e.g., increase of mineral deposition and bone matrix synthesis) and to impede fracture (Turner, 1998; Kranenbarg et al., 2005; Porter et al., 2006). However, although numerous studies aimed to understand the effects of swimming on ﬁsh physiology and body composition, there are only a few reports on the consequences of sustained swimming on bone metabolism and vertebra properties (Kranenbarg et al., 2004, 2005). In the present paper we report the effects of different swimming speeds on (i) the occurrence of vertebral abnormalities, vertebral mineralization and vertebral total bone area, and (ii) the variation of circulating hormones known to be involved in bone metabolism (thyroid hormones and calcitonin) and of enzymes reﬂecting bone cell activities (alkaline phosphatase and tartrate-resistant acid phosphatase), in the blood of the specimens analyzed.



biomass) for each lot were calculated as the product of daily feeding rates [ln(Wﬁnal) − ln(Winitial) days)⁎ 100] and feed conversion ratios [FCR = amount of food distributed (Winitial ⁎Wgain)], where Wgain = [(Wﬁnal ⁎Eﬁnal) − (Winitial ⁎Einitial) +W of deceased and sampled ﬁshes]. The condition factor (K = 100,000W/L3) was also estimated for each group. 2.2. Experimental protocol One and a half month after ﬁrst feeding (1st Mar. 2005), three groups of 200 trout [1.9 g and 6.5 cm total length (TL) in average] were placed in three sub-squared tanks (0.19 m3: 70 × 70 cm, depth: 40 cm). In such tanks there was no water turbulence and trout did not tend to take refuge in the corners of the tanks. Each tank was equipped with a horizontal inlet located at the surface, in order to induce current, and a central outlet (20 cm in diameter) surrounded by an oblong mesh (23 × 23 cm) at the bottom (Fig. 1). Water velocity was estimated by taking the mean value of the measurements obtained from three different positions in the tanks (at 4.0, 10.5 and 23.0 cm from the edge and at 20 cm from the bottom; Fig. 1B) using a small current meter (‘Ott’ type V C2 ‘10.150’ No. 46447). The tanks were supplied with spring water at a constant temperature of 11.0 ± 0.5 °C. Three months later (4th May 2005), trout were transferred outdoor in circular basins of 2 m3 (200 cm in diameter, depth: 65 cm). Each basin was equipped with a horizontal inlet at the surface, and a central outlet surrounded by a cylinder-shaped mesh (both of 55 cm in diameter) at the bottom. Water velocity measurements were then obtained at 10, 35 and 68 cm from the edge and 27.5 cm from the bottom of the basins. The basins were supplied with water from a river source subjected to seasonal temperature variations, that ranged from 11.3 to 18.5 °C during the experiment. Three water velocities (still-water, low and moderate exercise) were chosen, resulting in swimming speeds of 0.0, 1.0 and 1.5 body length per second (BL s− 1), respectively. In the tank with still-water (0.0 BL s− 1), the input current was established to ensure self-cleaning and water quality, while not inducing behavioral orientation of trout swimming (Fig. 1A). In tanks with slow and medium water velocity,



2. Materials and methods Fertilization, hatchery procedures and swimming experiments were carried out at the experimental ﬁsh farm of INRA (PEIMA, Sizun, France). All experiments were done in conformity to French animal welfare laws, guidelines and policies. 2.1. Fish Rainbow trout genitors (Oncorhynchus mykiss, Walbaum) were 5 females and 5 neo-males from INRA Autumnal strain (i.e., broodstock selected to spawn in autumn). Spawning was obtained in early December 2004 and the eggs incubated until ‘eyed’ stage. To ensure that all lots were replicates, the eggs were evenly dispatched into three groups of 1200 eggs, with the same incubation conditions [spring water in stacked racks with oxygen saturation close to 100%, controlled temperature (11.4 to 11.7 °C); constant pH 6.2-6.3]. No disease outbreak occurred between eyed stage and ﬁrst feeding, Mortality during this period was estimated at 7.7 ± 1.4%. First feeding started on 17 Jan. 2005. Fry and young trout were fed to satiety with commercial diets (Bio Optimal Start, then ECOLIFE 66-67, Biomar). Food distribution was evaluated every week using ECU 2000 software (a modiﬁed version of ECUREUIL software; IFREMER, 1992) based on Muller Feuga growth model that takes into account water temperature, ﬁsh weight (W), ﬁsh effective (E) and speciﬁc rationing tables for the species. At the end of the experiments, feeding rates (FR, %



Fig. 1. Schematic drawings of the experimental tanks, showing the location of the measurement of water velocity. A. Still water (0.0 BL s− 1) induced no behavioral orientation of rainbow trout swimming. B. Slow and medium water velocity (1.0 and 1.5 BL s− 1) induced counter-current swimming.
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trout were homogenously distributed in the water column and always swam in a counter-current mode (Fig. 1B). Every three weeks, water velocity in each tank (i.e., the mean value of the three measurements) was updated, taking into account the mean total length of 50 sampled trout. As a consequence, the swimming speed increased from 6.4 ± 1.0 and 10.0 ± 1.5 cm s− 1 to 23.2 ± 3.5 and 32.2 ± 4.8 cm s− 1 for 1.0 and 1.5 BL s− 1 experiments, respectively. 2.3. Sampling procedure At the end of the experiment, i.e., when trout reached a mean weight of 275 g (26.0 cm in average; on 29 Aug. 2005, approximately 9 months after spawning), trout were ﬁshed from each tank and the externally malformed individuals were removed (i.e., identiﬁed with the naked eye, such as curvature of the body). Twenty trout were then randomly sampled (i.e., a total of 60 trout was studied). The ﬁsh were anaesthetized in 2-phenoxyethanol (0.9 ml l− 1) and promptly euthanized. Body weight and total length were measured. Then, blood was punctured (1 to 3 ml ind. − 1) at the level of the dorsal aorta using heparinized syringes, and plasma was separated by centrifugation (4400 rpm, 15 min at 4 °C) and stored, with their respective carcass, at −18 °C until processing.
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2.4.2.3. Total vertebral bone area. The three middle adjacent vertebrae from the selected region (i.e., generally V34–36) were embedded in resin (98% stratyl, 2% Luperox catalysor) and sectioned into 125 ± 10 μm transverse sections using a Leitz 1600 Saw Microtome. The single section through the mid-region of the vertebrae, in which the notochordal canal is the narrowest and the bone tissue area the largest, was retained for the analysis of total bone area (Tt-B.Ar.). Sections were radiographed using a CGR Sigma 2060 generator, adjusted to 8 kV and 6 mA, on a Kodak Industrex ﬁlm Ready Pack set at 30 cm of the source. The microradiographs (35×) were photographed with an Olympus Camedia digital camera mounted on an Olympus SZX12 binocular microscope. The pictures were enlarged and transformed into binary images with Adobe Photoshop 7.0 software using a threshold adjusted to take into consideration the bone in the entire section thickness. Vertebral mineralized area (Md.Ar) and total vertebral area (Tt.Ar.) were obtained from binary images using Bone Proﬁler 3.23, a software designed for bone tissue analysis (Girondot and Laurin, 2003), and vertebral total bone area (Tt-B.Ar., %) was calculated as the mineralized tissue area contained in the total area of a vertebra section: Md.Ar. Tt.Ar. × 100. On microradiographs, total bone area (Tt-B.Ar.) refers to the relative amount of whole mineralized bone (sensu Parﬁtt et al., 1987), i.e. the proportion of all mineralized tissues within a vertebra section (2D measurements).



2.4. Vertebra analyses 2.5. Blood sample assays 2.4.1. Typology of vertebral abnormalities The sampled trout were radiographed in a Faxitron@Cabinet X-ray system model 43 855C, adjusted to 90 kV and 160 ms. X-rays were scanned and digitized using Digital Linear X-ray Scanner EZ 320 set at 60 cm from the source and iX-Pect for EZ 320 X-ray acquisition software. Each radiograph was enlarged and the axial skeleton examined in detail for identiﬁcation of vertebral abnormalities. Two categories of abnormalities were distinguished: 1 — vertebrae that were either asymmetrical, compressed, hypo- or hyper-mineralized were considered malformed vertebrae (weak abnormalities); 2 — vertebrae that were either juxtaposed, i.e. lacking intervertebral space but still exhibiting a distinguishable body and one pair of neural/hemal arches (incomplete vertebral fusion), or possessed a single vertebral body showing several pairs of neural/hemal arches (complete vertebral fusion), were considered fused vertebrae (strong abnormalities). 2.4.2. Vertebral bone condition parameters 2.4.2.1. Selection and preparation of vertebrae. Soft tissues were removed and seven adjacent vertebrae from the mid region of the axial skeleton (V32 to 38) were selected, as they possess the largest bone volume (Kacem et al., 2004). When vertebral abnormalities were assessed in the selected area on radiographs, the nearest adjacent vertebrae were taken instead (for instance, when V37–38 were shown to be abnormal, V30–V36 were chosen instead of V32–V38). However, only a few individuals were concerned and their numbers were similar in the three groups (i.e., 3, 4 and 3 individuals for 0.0, 1.0 and 1.5 BL s− 1, respectively). In this way, our analyses were performed on normal vertebrae. The vertebrae were dehydrated in a graded series of ethanol (70°, 90°, 100°; 24 h/bath), and lipids were removed in acetone (2 baths of 24 h), then in trichloroethylene (3 baths of 24 h). 2.4.2.2. Vertebral bone mineralization. The ﬁrst 2 vertebrae and last 2 vertebrae from the selected region (i.e., generally V32–33 and V37– 38) were pooled, dried for 72 h at 37 °C, and weighed (Wdry) to the nearest mg. Then, they were incinerated for 8 h at 800 °C, ashes weighed (Wash) to the nearest mg, and vertebral bone mineralization (BM, %) calculated: (Wash / Wdry) × 100.



In order to work with sufﬁcient serum volumes (2 ml) for all assays, plasma samples from the same experimental group were randomly paired leading to a total of 10 samples per experiment. 2.5.1. Calcium and phosphate determination Calcium and phosphate levels were measured in a spectrophometer following the manufacturer protocol (bioMerieux: Ca-kit 61041 and PHOS-UV 61571, respectively). Each sample was measured in duplicate for calcium and phosphate and expressed in mg l− 1. 2.5.2. Determination of alkaline phosphatase (ALP) and tartrate-resistant acid phosphatase (TRAP) activities ALP and TRAP activities were determined using colorimetric assays on microplates (ALP: Souvannavong et al., 1996; TRAP: Mukherjee et al., 2004). ALP: 100 μl of plasma sample were incubated at 37 °C for 1 h with p-nitrophenyl phosphate (pNPP: 1 mg/ml, Sigma N9389) in an alkaline buffer (Sigma A9226). Reaction was stopped by adding 50 μl of 3 N NaOH. Absorbance was measured at 405 nm against a blank and converted into the amount of produced p-nitrophenyl (pNP) using a standard dilution-curve (pNP: 10 mM, Sigma N7660). TRAP: 100 μl of plasma sample were incubated at 37 °C for 1 h in 50 mM of citrate buffer (pH 5.25), in the presence or absence of 10 μl of sodium tartrate (50 mM). Each sample was measured in duplicate and ALP or TRAP expressed in nmoles of pNP produced ml− 1 h− 1. 2.5.3. Radioimmunoassay (RIA) of calcitonin 2.5.3.1. Plasma extraction. Plasma was puriﬁed by absorption on Sep Pak C18 (Waters, Milford, MA) reverse phase sample cartridge (Fouchereau-Peron et al., 1990). Bulk molecules were ﬁrst removed by washing with 0.05 M phosphate buffer supplemented with EDTA (10 mM) and BSA (0.3%) (pH 7.4). Then, peptides were eluted with acetic acid/acetone/distilled water (20:30:50 v/v). After acetone evaporation, the samples were freeze-dried. Peptides were ﬁnally diluted in 2 ml of phosphate buffer. 2.5.3.2. Calcitonin (CT) RIA. Extracts were assessed using RIA speciﬁc for CT (Fouchereau-Peron et al., 1990). This extraction method was previously tested in trout and the recovery determined for CT was
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75%. Anti-salmon CT (sCT) antibodies were kindly donated by Dr. Julienne (U349, INSERM, Paris). Plasma extracts or standard were incubated with sCT antibodies at 30 °C for 18 h. Then, 125I radiolabeled sCT was added, and the mixture was incubated at 4 °C for 12 h. Free and bound hormones were separated by absorption onto dextrancharcoal. Standard curves were prepared using synthetic sCT (Sigma, ST Louis, Mo). Non-speciﬁc absorption was estimated by incubating plasma extracts in the absence of antibody. Radiolabeled hormone was measured using a gamma counter, and plasma extract CT levels were calculated using a logit-log transformed standard dilution-curve. Each extract was measured in duplicate and expressed in ng ml− 1. 2.5.4. Radioimmunoassays of thyroid hormones (T4, T3) Thyroxine (T4) and triiodothyronine (T3) levels in unextracted plasma samples were determined using commercial radioimminoassay kits (RIA-gnost®-T4 and RIA-gnost®-T3, Cisbio international). We are therefore measuring total plasma hormones. These kits are developed for unextracted human plasma samples. The assay can be applied on unextracted samples because reagents of the assay contain 8-anilino-1sulfonic acid, which releases protein-bound hormone. Brieﬂy, unextracted plasma samples, or standard, and 125I radiolabeled T4 or T3 were added in tubes coated with anti- T4 or T3 antibodies. The tubes were incubated at 37 °C for 2 h. The free fraction was removed by decanting. The antibody-bound fraction was then measured using a gamma counter, and T4 and T3 concentrations were calculated from the log-transformed standard dilution-curve. For each plasma sample, T4 and T3 levels were measured in duplicate in both assays, and expressed in ng ml- 1. For each sample, total thyroid hormone (TH) was calculated in summing the value obtained for T4 and T3 contents for each extract. The T3:T4 ratio was also calculated. 2.6. Data analysis Bone mineralization (BM) and total bone area (Tt-B.Ar.) are percentages; therefore, prior to statistical analyses, an arcsine transformation was performed to ensure normality, using the formula: pﬃﬃﬃ p′ = arcsin p × 100 (Zar, 1999). However, to allow comparisons, BM and Tt-B.Ar. were expressed in their initial values (%) rather than in p′ values. Normality and homoscedasticity of the data were tested using Agostino–Pearson K2 and Pearson tests, respectively (Zar, 1999). For each parameter (malformations, fusions, total abnormalities, calcium, phosphate, ALP, TRAP, CT, T4, T3, TH and T3:T4 ratio), the data were statistically evaluated using ‘one-way’ analyses of variance (ANOVAs). In order to demonstrate the absence of noise disturbance of deformed vertebrae, two-way ANOVAs were performed on BM and Tt-B.Ar. measurements, taking normal and malformed trout separately. Tukey's honestly signiﬁcant difference test was used a posteriori to detect differences among the three swimming speeds. All statistics were performed using JMPTM Statistical Software, version 5.1, with a signiﬁcance level of 5%. Results are expressed in mean values with their standard errors of the mean (±s.e.m.). 3. Results 3.1. Fish growth No difference on growth rate was observed between trout reared at different swimming speeds (i.e., 0.0, 1.0 and 1.5 BL s− 1) (Fig. 2). Therefore, the three experimental groups were sampled at the same time, i.e., 9 months after spawning (180 days of experiments), when trout reached the following size: 0.0 BL s− 1: 257.4 ± 18 mm in total length (255.8 ± 48 g in total weight); 1.0 BL s− 1: 251.7 ± 19 mm (255.0 ± 54 g); and 1.5 BL s- 1: 252.1 ± 14 mm (240.5 ± 43 g). Mortality (3.0, 5.0 and 2.5% for 0, 1.0 and 1.5 BL s- 1, respectively) was negligible in the 3 experimental groups. Daily feeding rates (DFR)



Fig. 2. Growth (mean weight in g ± s.d.) of rainbow trout in the three swimming speed experiments. BL s- 1 = body length/second.



were of 2.74, 2.73 and 2.70% and feed conversion ratios (FCR) of 0.72, 0.73 and 0.76 for 0.0, 1.0 and 1.5 BL s- 1, respectively. Thus, at the end of the experiments, feeding rates were estimated at 1.97, 1.99 and 2.05 for 0.0, 1.0 and 1.5 BL s- 1, respectively. The condition factor (K) was of 1.5, 1.6 and 1.6 for 0.0, 1.0 and 1.5 BL s- 1, respectively. 3.2. Vertebra abnormalities Radiographic analysis of all sampled trout showed that most of the abnormal vertebrae were found in the caudal region (V34 to V60), but some were also observed in the anterior region, i.e. the ﬁrst postcranial vertebrae (V1-V15) (Fig. 3). The distribution of the vertebral abnormalities was similar in the three experimental groups, although the number of abnormal vertebrae was highly variable among individuals, ranging from 0 to 32. In average, 60% of the trout had at least one abnormal vertebra. The number of affected trout was similar in the three groups (n = 12, 11 and 13 in the 0.0, 1.0 and 1.5 BL s- 1 group, respectively; Fig. 3). The occurrence of abnormal vertebrae in trout was found to be similar in the 3 groups (p N 0.05), even though it was a bit higher in trout swimming at 1.5 BL s- 1 (individual number of abnormal vertebrae = 6.3 ± 1.5, 6.2 ±1.8 and 7.6 ± 1.0 in the 0.0, 1.0 and 1.5 BL s- 1 group, respectively; Fig. 3). Interestingly, trout subjected to sustained exercise showed more malformed vertebrae (that are considered weak abnormalities) (1.0 BL s- 1 =4.6±1.6 and 1.5 BL s- 1 =5.2± 1.3), but less fused vertebrae (that are considered strong abnormalities) (1.0 BL s- 1 = 1.5 ± 0.5 and 1.5 BL s- 1 = 2.4 ± 1.6) than trout reared in still water (0.0 BL s- 1 = 1.7 ± 0.8 malformations and 4.7 ± 1.3 fusions; Fig. 3). Therefore, although vertebral abnormalities appeared to have been induced in all experimental groups, the strongest abnormalities, i.e. fused vertebrae, were more frequently present in trout not subjected to sustained exercise. 3.3. Vertebral bone mineralization (BM) and vertebral total bone area (Tt-B.Ar.) The results of the two-way ANOVAs for each bone condition parameters showed that swimming speeds have signiﬁcant effects on vertebral bone mineralization (BM: p = 0.0001) and total bone area (Tt-B.Ar.: p=0.0019), and that these trends were not affected when taking normal and affected trout separately (BM and Tt-B.Ar.: pN 0.05; Table 1). The vertebrae of all trout reared in still water had a higher Tt-B.Ar. (33.6± 1.5%) and a lower BM (55.0±0.3%) than trout subjected to sustained exercise (Tt-B.Ar.=30.5±1.3% and 31.2±1.0% and BM=57.2±0.4% and 57.3±0.4%, for 1.0 and 1.5 BL s- 1 experiments, respectively) (BM: Fig. 4). However, no difference in Tt-B.Ar. or in BM was found between trout swimming at 1.0 and 1.5 BL s- 1. Sustained exercise decreased vertebral TtB.Ar and enhanced vertebral BM. Moreover, plotting BM against Tt-B.Ar. for the 60 trout analyzed (simple regression: r2 =0.18) revealed that BM tends to increase when Tt-B.Ar. decreases. This result could indicate that an increase in bone matrix mineralization (BM) compensates for the decrease in bone volume (Tt-B.Ar.). However, swimming either at 1.0 or 1.5 BL s- 1 did not change these parameters. This suggests that vertebral
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Fig. 3. Occurrence of vertebral abnormalities in reared rainbow trout. A. Location and number of abnormal vertebrae along the vertebral column of the 60 trout analyzed. B. Individual number of vertebrae with different types of abnormalities in the three swimming speed experiments; n = number of trout having at least one abnormal vertebrae on the total number of trout randomly sampled in each experiments. Bars with same colors and with different letters/symbols are signiﬁcantly different. BL s- 1 = body length/second.



bone plasticity is limited and indicates that a water ﬂow of 1.0 BL s- 1 seems necessary and sufﬁcient to induce these changes in vertebral bone parameters.



3.4. Calcemia and phosphatemia Trout swimming at 1.5 BL s- 1 had a lower calcemia (91.4 ± 5.3 mg l- 1) compared to trout reared in still water (0.0 BL s- 1 = 100.2 ± 3.9 mg l- 1) or submitted to low water velocity (1.0 BL s- 1 = 105.1 ± 2.9 mg l- 1) (p = 0.0101). No difference in phosphatemia was found in the three experiments (p = 0.5157; overall mean= 152.1 ± 3.8 mg l- 1). Swimming activity did not induce an unbalance in calcium and phosphorus homeostasis in trout, though it reduced slightly calcemia in trout submitted to a water velocity of 1.5 BL s- 1.



3.5. ALP and TRAP activities No differences in ALP (p = 0.4537) and TRAP (p = 0.2148) values were found when comparing trout reared at the various swimming speeds. In average, the p-nitrophenyl values (pNP ml- 1 h- 1) were of 2444 ± 204 and 38.9 ± 7.4 nmol for ALP and TRAP, respectively. This result means that the variations observed in the vertebral bone parameters (BM and Tt-B.Ar.) did not result in signiﬁcant variations of osteoblast and/or osteoclast activities (at least at the time of sampling). 3.6. Calcitonin (CT) Trout reared in still water had a lower amount of CT in the blood plasma (0.0 BL s- 1 = 0.52 ± 0.04 ng ml- 1) than trout submitted to



Table 1 Mean (± s.e.) vertebral bone mineralization (BM, %) and vertebral total bone area (Tt-B.Ar., %) of rainbow trout either affected or not (normal trout) by abnormal vertebrae (as observed by radiography) in the three swimming experiments. BM (%, mean ± s.e.m.)



Tt-B.Ar. (%, mean ± s.e.m.)



Swimming speed



Normal



Affected



All trout



Normal



Affected



All trout



0 BL s- 1



55.2 ± 0.3b (n = 8) 57.2 ± 0.4a (n = 9) 57.2 ± 0.4a (n = 7)



54.9 ± 0.3b (n = 12) 57.7 ± 0.4a (n = 11) 57.4 ± 0.4a (n = 13)



55.0 ± 0.3b (N = 20) 57.2 ± 0.4a (N = 20) 57.3 ± 0.4a (N = 20)



34.0 ± 1.4a (n = 8) 29.3 ± 1.4b (n = 9) 31.5 ± 0.8b (n = 7)



33.4 ± 1.6b (n = 12) 31.6 ± 1.2a (n = 11) 31.1 ± 1.0a (n = 13)



33.6 ± 1.5a (N = 20) 30.5 ± 1.3b (N = 20) 31.2 ± 1.0b (N = 20)



1.0 BL s- 1 1.5 BL s- 1



For each parameter, the mean values with a similar letter are not signiﬁcantly different (MANOVAs p-value followed by Tukey's tests, p b 0.05). BL s- 1 = body length/second.
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4. Discussion 4.1. Growth Rainbow trout reared in still water or subjected to sustained exercise showed no growth rate variation (same length and same weight, 9 months after spawning). Several studies had shown that swimming speeds up to 1.5 BL s− 1 improved growth in salmonids, although such a positive effect was not always revealed according to environmental rearing conditions (for a review, see Jobling et al., 1993; Davison, 1997). Our study indicates that a water ﬂow of up to 1.5 BL s− 1 had no signiﬁcant effect on growth rate in rainbow trout, in our rearing conditions. 4.2. Vertebra abnormalities



Fig. 4. Mean (± s.e., N total = 60) bone mineralization (BM, %) and total bone area (Tt-B. Ar., %) of rainbow trout vertebrae in the three swimming speed experiments. Bars with a similar letter are not signiﬁcantly different (ANOVAs p-value followed by Tukey's tests, p b 0.05). BL s- 1 = body length/second.



sustained exercise (1.26 ± 0.04 ng ml- 1 and 1.31 ± 0.04 ng ml- 1, for 1.0 and 1.5 BL s- 1, respectively) (p = 0.0002; Fig. 5). No difference in CT values was found between trout in the 1.0 and 1.5 BL s- 1 groups. Swimming activity led to a rise of CT level in the plasma, but increasing swimming speed up to 1.5 BL s- 1 did not result in higher CT values.



The vertebral abnormalities reported in this study were estimated from a single replicate. Therefore, although signiﬁcant, the observed differences in the deformity incidence between the different experiments discussed in this section have to be considered with caution and further experiments, conducted with several replicates, should be performed to conﬁrm these results. The percentage (60%) of trout showing vertebral abnormalities on radiographs is high when compared to previous assessments in wild salmonids (Gill and Fisk, 1966; Poynton,1987), albeit not exceptional for reared rainbow trout. In ﬁsh farms, high occurrence of vertebral abnormalities was already reported for rainbow trout (Kacem et al., 2004; Madsen et al., 2001; Deschamps et al., 2008) and Atlantic salmon (Kvellestad et al., 2000; Helland et al., 2005, 2006; Witten et al., 2005, 2006; Sullivan et al., 2007a, 2007b). For instance, up to 55% (22% in average) of normally-shaped rainbow trout (i.e., showing no external malformation) were shown to be affected by vertebral anomalies in French farms (Deschamps et al., 2008). In addition, the number of abnormal vertebrae was found to vary greatly among individuals (from only a single abnormal vertebra to various compressed and/or fused



3.7. Thyroid hormones (T4, T3, TH and T3:T4 ratios) The plasma levels of thyroid hormones varied signiﬁcantly in the three experimental groups (T4: p = 0.0213; T3: p = 0.0148; TH: p = 0.0156) (Fig. 6). In trout reared in still water, the amount of circulating thyroid hormones (T4, T3 and TH) was lower than in trout submitted to a sustained exercise. TH, T4 and T3 levels were not signiﬁcantly different in the plasma of trout swimming at either 1.0 or 1.5 BL s- 1. The T3:T4 ratio was similar in trout submitted to different swimming speeds (p = 0.8176; Fig. 6). It appears that sustained exercise enhanced the production of thyroid hormones without affecting the conversion rate of thyroxine into tri-iodothyronine. Here again, the rise in thyroid hormones observed in trout swimming at 1.0 BL s− 1 was not higher when increasing water ﬂow to 1.5 BL s− 1.



Fig. 5. Mean (±s.e., N total=30) values of calcitonin (CT, ng ml−1) measured in trout plasma (RIA) in the three swimming speed experiments. Bars with a similar letter are not signiﬁcantly different (ANOVAs p-value followed by Tukey's tests, pb 0.05). BL s- 1 =body length/second.



Fig. 6. Mean (± s.e., N total = 30) values of thyroid hormones (T4, T3) levels (ng ml− 1) and T3:T4 ratio in trout plasma in the three swimming speed experiments. Bars with a similar letter are not signiﬁcantly different (ANOVAs p-value followed by Tukey's tests, p b 0.05). BL s- 1 = body length/second.
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vertebrae). This reveals a wide range of plastic response of the axial skeleton to environmental factors as already reported in other salmonids (Kvellestad et al., 2000; Helland et al., 2005, 2006; Witten et al., 2005, 2006; Sullivan et al., 2007a, 2007b). The trout were sampled at only one time (market size) giving us no information that could indicate when vertebral abnormalities arisen. In addition, such anomalies could appear at various stages of development and/or during further growth (reviews in Cahu et al. (2003) and Lall and Lewis-McCrea (2007)). However, as the occurrence of vertebral abnormalities was similar in the three experimental groups, we think that they could have been induced during early development stages, when all trout were subjected to similar environmental factors. Indeed, most abnormalities reported in the literature are related to suboptimal rearing conditions during early developmental stages (Cahu et al., 2003; Lall and Lewis-McCrea, 2007). Therefore, a sustained swimming up to 1.5 BL s− 1 did not induce additional occurrence of vertebral abnormalities in rainbow trout. Most anomalies were encountered in the caudal region of the axial skeleton, a ﬁnding that conﬁrms previous observations in reared rainbow trout (Kacem et al., 2004; Deschamps et al., 2008, 2009). Such location is thought to be in relation with the subcarangiform type of swimming of trout, in which the muscles located in this region ensure propulsion (Coughlin et al., 2004; Meunier and Ramzu, 2006; Ramzu and Meunier, 1999; Westneat and Wainwright, 2001). Vertebra compression and fusion could arise from intervertebral joint failures imputable to strong mechanical forces exerted by muscles on this region (Witten et al., 2005, 2006). During trout development and subsequent growth, continuous overexertion or short-term overload could lead to the failure of notochord cells maintaining a correct vertebral development in enhancing, for instance, chondrogenesis instead of osteogenesis. The chronic pressure could aggravate developmental abnormalities during growth (Witten et al., 2005, 2006). If we follow this reasoning, we would expect that trout subjected to sustained swimming showed more fused vertebrae than resting trout. This was not the case and we can deduce that a water ﬂow up to 1.5 BL s− 1 does not result in an over-exercise for rainbow trout. These conditions seem rather advantageous as pre-existing abnormalities were not aggravated into more severe defaults (i.e., incomplete or complete vertebral fusions). Moreover, sustained swimming reduced the number of fused vertebrae. The explanation may rely on the same mechanism, i.e. the need of an appropriate mechanical load required to maintain the integrity (matrix composition and cellularity) of the intervertebral junction (Walsh and Lotz, 2004). The aggravation of existing abnormalities in resting trout could also arise from frequent short-term overloads due to escape-responses ahead of aggressions, as salmonids reared in still water generally show increased dominance hierarchies (Jobling et al., 1993; Davison, 1997). The lack of histological evidence impedes the identiﬁcation of speciﬁc mechanisms involved in worsening of vertebral abnormalities. Taken together, our results bring evidence that sustained swimming up to 1.5 BL s− 1 favors appropriate vertebra growth (at least until market-sized of 26.0 cm TL) compared to resting specimens. 4.3. Bone remodeling and mineral balance In rainbow trout, sustained swimming signiﬁcantly increased vertebral bone mineralization (BM) and decreased vertebral total bone area (Tt-B.Ar.). The vertebral bone condition at the time point of market size is the result of bone remodeling processes (bone deposition and resorption), which act to provide (i) a well-formed and solid endoskeleton able to resist to mechanical constraints, and (ii) a reservoir of minerals that can be mobilized to maintain the homeostasis balance (Persson et al., 1994; Fleming, 1996; Persson, 1997; Vielma and Lall, 1998; Yamada et al., 2001; Lall and Lewis-McCrea, 2007). It is now well established that increasing load and/or exercise enhances bone development and BM (Turner, 1998). Living in water, ﬁsh are not
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subjected to gravitational forces, but their vertebrae play a major biomechanical role in ensuring muscle anchoring and in resisting lateral compressions while transmitting the forces during propulsion (Westneat and Wainwright 2001; Gemballa and Vogel, 2002; Coughlin et al., 2004; Meunier and Ramzu, 2006). In order to adequately fulﬁll their role, the vertebrae must provide an optimal mechanical competence (i.e., ‘stiffness’) that can be obtained in maximizing bone matrix formation and/or BM (Meunier and Ramzu, 2006; Paxton et al., 2006; Porter et al., 2006; Deschamps et al., 2009). Species subjected to swimming efforts (e.g., pelagic teleosts) show a higher vertebral BM than those adapted to benthic life (Ramzu, 1998; Meunier and Ramzu, 2006). Experimentally exposed vertebrae to high loads are more mineralized (Kranenbarg et al., 2004, 2005). In trout and other subcarangiform swimmers, the highest vertebral features (in length, volume, mineralization, etc.) are observed in the mid region of the vertebral column, where muscle forces and biomechanical constraints are the strongest (Ramzu and Meunier, 1999; Coughlin et al., 2004). Therefore, we interpret the increased BM as an appropriate adaptation of trout vertebrae to the experimental conditions, in which sustained swimming is concomitant to rapid growth. Similarly, the reduced vertebral bone area observed in the same individuals appears as the result of architectural adaptation of growing vertebrae to these conditions. The amount of mineralized collagen matrix, as assessed on microradiographs, depends mainly on calcium and phosphorus availability, as these minerals are involved in the formation of hydroxyapatite crystals (Francillon-Vieillot et al., 1990). However, these minerals are also important in various physiological processes (e.g., osmo-regulation, muscular activity, and reproduction; Fleming, 1996; Kacem et al., 1998, 2000; Kacem and Meunier, 2000, 2003; Witten and Hall, 2003). During rapid growth in active conditions, dietary uptake and absorption of minerals from the surrounding water could not fulﬁll all body requirements (Lall, 2002; Helland et al., 2005; Kaushik, 2005) and may lead to a reduction of vertebral bone area (for a review, see Sugiura et al., 2004). The total amount of mineralized bone area (Tt-B.Ar) resulting from bone modeling rate, i.e., bone matrix deposition (and mineralization), and resorption processes (mainly through osteoclast activity), a decrease of Tt-B.Ar. indicates that bone resorption is more important than bone deposition. We postulate that the vertebral architecture is modeled in such a way to reach the best compromise to resist biomechanical constraints with a limited amount of Tt-B.Ar. In youngest reared rainbow trout (from 190 to 235 mm TL), the vertebrae undergo major structural changes during growth: extended resorption of the mid region of the trabeculae and bone apposition restricted to their basal and peripheral regions (Deschamps et al., 2009). This important modeling could take part as ‘normal’ growth of vertebral features. Altogether, these ﬁndings indicate an optimization of the allocation of Ca and P (i.e., changes in bone repartition, which allow to not increase much Tt-B.Ar.) in order to maintain the mechanical function of the vertebrae while allowing mineral ion mobilization for other physiological demands during growth. Such a modeling supports the inverse relationship observed in our experimental groups between BM and Tt-B.Ar., and could indicate that an increase in BM (resulting from mechanical stimuli) improves the stiffness (rigidity) of the remaining bone, a mechanism compensating the reduction of Tt-B.Ar. in swimming trout. Conversely, in resting trout, sub-optimal mechanical stimuli could alter and/or delay vertebra mineralization during growth, prevent normal remodeling processes and also lead to inappropriate bone condition, to resist strong and sudden mechanical pressure. Moreover, it is worth to note that the increase of swimming effort from 1.0 to 1.5 BL s− 1 did not induce changes in vertebral bone mineralization and in vertebral bone area. This could reveal a limit to vertebral bone plasticity. Therefore, the vertebral bone condition observed in trout swimming actively seems to be a good compromise between the necessity
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to mobilize mineral ions for vertebral growth and for many physiological demands, while maintaining a vertebra architecture permitting to resist mechanical constraints throughout growth. The changes observed in vertebral bone condition parameters were achieved although calcemia and phosphatemia levels were not found signiﬁcantly different in the three experimental groups, at least at the only time point of market size. Similarly, we found that swimming activity did not induce any measurable change in bone cell activities (as revealed by unchanged plasma ALP and TRAP levels. Plasma ALP and TRAP are closely associated with the metabolism of Ca and P, and are often used as markers, where plasma ALP is used for chondrogenic and osteoblastic activities, while plasma TRAP used for osteoclastic activities, respectively. In teleost, TRAP was related to bone (and scale) resorption (Witten and Villwock, 1997; Witten et al., 2007; Rotllant et al., 2005; Nemoto et al., 2007) and inversely related to mineralization (Suzuki et al., 2000; Mukherjee et al., 2004). Nevertheless, little and contradictory information is currently available for what concerns ALP activities in relation to remodeling processes. Indeed, although plasma ALP was found to increase when P availability increased in rainbow trout (Skonberg et al., 1997) and Japanese sea bass (Zhang et al., 2006), this relation was not always conﬁrmed in rainbow trout (Shearer and Hardy, 1987; present study) as well as in black (Shao et al., 2008) and red (Sakamoto and Yone, 1980) sea breams. Moreover, calcitonin was found to suppress plasma ALP (Rotllant et al., 2005). Therefore, to perform comparative analyses, there is a strong need to assess the normal ranges of plasma ALP and to evaluate its variations under various physiological and environmental factors. The levels of calcemia, phosphatemia, ALP and TRAP probably varied earlier in trout ontogeny, in particular at the time point when the modeling processes are activated in trout subjected to active swimming. Mineral homeostasis should be measured at several time points during trout growth with appropriate protocols allowing the dynamics of the process to be monitored. 4.4. Hormonal bone regulation In teleost ﬁsh, as in other vertebrates, bone metabolism is regulated through the activity of several hormones. Calcitonin (CT), an endocrine hormone secreted by the ultimobranchial body, regulates calcium metabolism in promoting bone apposition and mineralization, while suppressing bone and scale resorption (Lopez, 1973; Suzuki et al., 2000; Mukherjee et al., 2004). In our study, there is evidence of a relationship between mineral deposition (BM) and CT production. Indeed, sustained exercise simultaneously enhanced CT production and vertebral BM in trout, while both parameters did not change when swimming speed increased from 1.0 to 1.5 BL s− 1. According to our current knowledge and our observations, this suggests that circulating CT must have been one of the major factors of the regulatingmechanisms improving bone mineralization in trout subjected to sustained exercise. Thyroid hormones (TH), combined to growth hormone (GH), are involved in various biological processes such as development and growth (Eales and Brown, 1993; Power et al., 2001). Circulating L-thyroxine (T4) levels are generally used to evaluate the thyroid status (i.e., synthesis activity; Eales and Brown, 1993). Once released in blood, T4 is deiodinated by outer-ring deodinases (ORD) to produce 3,5,3′triiodo-L-thyronine (T3), a bioactive form having a 10-fold higher afﬁnity to TH receptors. Plasma T3 level is believed to regulate energyrequiring processes (Eales and McLatchy, 1989; Edeline et al., 2004). The T3:T4 ratio reﬂects the rate of T4 ORD activity, a mechanism that allows an increased thyroid hormone activity despite a decreased thyroid gland synthesis-activity as, for instance, during a physical stress (Johnston et al., 1996; Todd and Eales, 2002). In this study, trout subjected to sustained exercise had higher TH levels than trout reared in still water, which demonstrates a better physiological status of the former, associated to an increased energy demand of the tissues.



Moreover, the positive inﬂuence of swimming exercise on trout physiology was not associated to change in T3:T4 ratio. As expected (Jobling et al., 1993; Davison, 1997), sustained swimming had positive effects on trout physiology during our experiments. In teleosts, thyroid hormones may have either positive or negative dose-dependent effects in modulating the balance between bone formation and resorption according to the physiological status (Lopez, 1973; Takagi et al., 1994; Sbaihi et al., 2007). Indeed, in juvenile trout, thyroid hormone treatments (T4 or T3) were shown to stimulate skeletal growth by activating two processes, bone formation by osteoblasts and osteoclast resorption (Lopez, 1973; Takagi et al., 1994). In addition, T4 treatment in juvenile trout did not enhance periosteocytic osteolysis (Lopez, 1973), a process known to reduce bone mineral content. According to our knowledge and the present results, the variations of the vertebral bone parameter (either high BM or low Tt-B.Ar. in swimming trout compared to resting ones) seem to be the result of normal and general growth regulation process. Actually, several other hormones as growth hormone (Wargelius et al., 2005b), sex steroids (Carragher and Sumpter, 1991; Persson, 1997) and corticoid hormones (Flik and Perry, 1989; Sbaihi, 2001; Guerreiro et al., 2006) could have played speciﬁc roles during our experiments. In the near future, further studies could be conducted in order to elucidate the respective role of these molecules during vertebra growth. 5. Conclusion There is a great need to improve the rearing conditions in order to reduce the number and severity of vertebral abnormalities in reared trout, particularly juxtaposed and fused vertebrae, as they impede ﬁlet production and lead to external deformations. Water ﬂow in tanks is an abiotic factor that can be easily controlled by producers. Increasing swimming speed up to 1.5 BL s− 1 enhances calcitonin and thyroid hormone production, which seems to have a positive effect on the vertebral skeleton. This is a suitable method to prevent aggravation of vertebral abnormalities (at least in juvenile trout from 65 to 260 mm). Further histological studies should reveal more precisely tissular and cellular features related to bone remodeling, in relation to mechanical strengths affecting vertebral growth. Acknowledgements We gratefully acknowledge François J. Meunier (MNHN) for his advices, Joël Aubin (INRA) for discussions aiming to deﬁne the experiments, and the expertise of Vincent Gayet (PEIMA) in the setting and control of swimming experiments. We thank Mehboob Chilwan (Erasmus, University of Keele, UK) for English corrections. This research was funded by the Ofﬁce national interprofessionnel des produits de la mer et de l′Aquaculture (OFIMER, Contract No. 050/04/ C), the European Union (IFOP/DPMA, Contract No. 2005/010) and the Comité Interprofessionnel des Produits de l′Aquaculture (CIPA). References Boglione, C., Gagliardi, F., Scardi, M., Cataudella, S., 2001. Skeletal descriptors and quality assessment in larvae and post-larval of wild-caught and hatchery-reared gilthead sea bream (Sparus aurata L. 1758). Aquaculture 192, 1–22. Cahu, C., Zambonino Infante, J., Takeuchi, T., 2003. Nutritional components affecting skeletal development in ﬁsh larvae. Aquaculture 227, 245–258. Carragher, J.F., Sumpter, J.P., 1991. The mobilization of calcium from calciﬁed tissues of rainbow trout (Oncorhynchus mykiss) induced to synthesize vitellogenin. Comp. Biochem. Physiol. 99, 169–172. Coughlin, D.J., Spiecker, A., Schiavi, J.M., 2004. Red muscle recruitment during steady swimming correlates with rostral-caudal patterns of power production in trout. Comp. Biochem. Physiol. Part A 137, 151–160. Davison, W., 1997. The effects of exercise training on teleost ﬁsh, a review of recent literature. Comp. Biochem. Physiol. Part A 117, 67–75. Deschamps, M.-H., Kacem, A., Ventura, R., Courty, G., Haffray, P., Meunier, F.J., Sire, J.-Y., 2008. Assessment of “discreet” vertebral abnormalities, bone mineralization and bone compactness in farmed rainbow trout. Aquaculture 279, 11–17.
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