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Sensing of amino acids in fish brain, especially branched-chain amino acids (BCAA) like leucine, is involved in regulation of feed intake through different mechanisms. However, there is limited information regarding the possible involvement of mechanisms dependent on amino acid carriers of the solute carrier families (SLC) known to be key regulators of intracellular leucine concentration, namely L-type amino acid transporter 1 (LAT1), and sodium-dependent neutral amino acid transporter 2 (SNAT2) and 9,(SNAT9), for which evidence of their participation is available in mammals. Comparative analysis amongst sequences revealed a complex pattern of paralogues in Atlantic salmon, for LAT1 (slc7a5aa, slc7a5ab, slc7a5ba, slc7a5bb, slc7a5ca, and slc7a5cb), SNAT2 (slc38a2a and slc38a2b) and SNAT9 (slc38a9). After establishing phylogenetic relationships of the different paralogues evaluated, samples of the selected brain areas were taken from Atlantic salmon to assess tissue distribution of transcripts. In an additional experiment, fish were fed two diets with different levels of leucine (high leucine: 35 g/kg vs. control leucine: 27.3 g/kg). The high leucine diet resulted in lower feed intake and increased mRNA abundance of specific paralogues of LAT1 (slc7a5aa, slc7a5ab, and slc7a5bb) and SNAT2 (slc38a2a and slc38a2b) though apparently not for SNAT9 in brain areas like hypothalamus and telencephalon involved in food intake regulation. The results obtained suggest a role for members of the SLC family in the anorectic effect of leucine and thus their involvement as additional amino acid sensing mechanism not characterised so far in fish regulation of feed intake.
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INTRODUCTION

In fish, feed intake is commonly regulated by both homeostatic and hedonic systems (Volkoff, 2016; Rønnestad et al., 2017; Soengas et al., 2018). While the homeostatic circuits control feed intake based on energetic information from nutrients and hormones levels and/or satiety signals from the gastrointestinal system to control the whole body energy balance, the non-homeostatic circuits are driven by the motivation to consume food independently of the energy status, but where reward is an important factor (Soengas et al., 2018). The sensing of various nutrients, including amino acids levels, is a fundamental process involved in the homeostatic regulation of feed intake and the hypothalamus has been described as the central core (Conde-Sieira and Soengas, 2017; Delgado et al., 2017). However, the mechanisms involved in regulation of feed intake by the hedonic system are scarcely known (Lutter and Nestler, 2009), but the telencephalon is the putative control centre (Mueller and Wullimann, 2009). The telencephalon also relates to the capacity of sensing levels of different nutrients including amino acids (Comesaña et al., 2018b; Otero-Rodiño et al., 2018).

Branched-chain amino acids (BCAA), especially leucine, are important amino acids in terms of regulation of feed intake and energy homoeostasis in mammals (Fromentin et al., 2012). Increased post-prandial circulating levels of leucine signals availability of protein/amino acids and cause a reduction in feed intake (Heeley and Blouet, 2016). This process occurs in the hypothalamus, and depends on several mechanisms not completely understood (Heeley and Blouet, 2016). These mechanisms include BCAA metabolism, glutamine metabolism, mechanistic target of rapamycin (mTOR), taste receptor signalling, general control non-derepressible 2 (GCN2) kinase signalling, and specific amino acid carriers (Efeyan et al., 2015; Heeley and Blouet, 2016). As for the latter, amino acid carriers play a pivotal role in amino acid sensing through binding of particular amino acid to their respective transporter protein (Hundal and Taylor, 2009). The carriers suggested to be involved in leucine sensing include several members of the solute carrier (SLC) gene superfamilies L-type amino acid transporter 1 (LAT1, encoded by gene Slc7a5), sodium-dependent neutral amino acid transporter 2 (SNAT2, encoded by gene Slc38a2), and sodium-dependent neutral amino acid transporter 9 (SNAT9, encoded by gene Slc38a9) (Taylor, 2014; Wyant et al., 2017). Although other leucine transport systems are present in blood brain barrier, these ones are required for mTOR signalling activation, which has a key role in integrating nutrient and endocrine signals (Dodd and Tee, 2012). In addition, these transporters are key regulators of the intracellular concentration of leucine (Dodd and Tee, 2012; Wyant et al., 2017).

In fish, available evidence regarding amino acid sensing capacity in brain is restricted to several studies in rainbow trout (Oncorhynchus mykiss) hypothalamus and telencephalon for which comparable mechanisms to those known in mammals are described for BCAA metabolism, glutamine metabolism, mTOR, GCN2 kinase, and taste receptor signalling (Conde-Sieira and Soengas, 2017; Soengas et al., 2018). These mechanisms displayed changes after raising leucine levels through intracerebroventricular (ICV, Comesaña et al., 2018a) or intraperitoneal (IP, Comesaña et al., 2018b) treatments. The activation of these mechanisms by leucine also resulted in regulation in the hypothalamus of the expression of neuropeptides down-regulating the orexigenic NPY and AgRP and up-regulating the anorexigenic POMC-A1 finally resulting in decreased feed intake (Comesaña et al., 2018a,b). There is some evidence that suggest that these carriers are involved in leucine transport in fish brain, including slc38a2 in rainbow trout (Comesaña et al., 2018a,b) and slc7a5 in grass carp (Yang et al., 2014). Moreover, increased expression of slc38a2 was observed in rainbow trout after increasing leucine levels through IP or ICV treatments (Comesaña et al., 2018a,b). There is no other evidence regarding the response to leucine of other putative carriers. The presence of specific carriers appears to be essential for leucine sensing capacity especially in those brain areas like the hypothalamus and the telencephalon involved in feed intake control in fish (Delgado et al., 2017; Soengas et al., 2018).

Therefore, using Atlantic salmon (Salmo salar) as experimental model, in the first experiment we identified and analysed the mRNA expression distribution pattern of the main amino acid carriers putatively involved in leucine transport such as slc7a5, slc38a2, and slc38a9, and analysed their mRNA expression distribution pattern in different regions of the brain of post-smolts. Teleosts have experienced an extra round of genome duplication compared with mammals (Meyer and Van de Peer, 2005), and this is further complicated in salmonids, which underwent an additional round of genome duplication (Pasquier et al., 2016) resulting in the possibility of having up to four isoforms of carriers that might have acquired different functions. Accordingly, in this study, we found six paralogues of slc7a5, two paralogues of slc38a2, and only one paralogue for slc38a9. We hypothesised that if these transporters relate to amino acid sensing and feed intake control, their expression must change in response to the dietary level of leucine. Therefore, in a second experiment, we assessed if the rise in dietary leucine levels resulting in decreased feed intake also induced changes in mRNA abundance of all these paralogues.



MATERIALS AND METHODS


Ethical Standards

The animal handling and procedures described in this study complied with the guidelines of the Norwegian Regulation on Animal Experimentation and were approved by the National Animal Research Authority in Norway (reference FOTS ID 20799).



Experimental Design

4 weeks before the experiment, Atlantic salmon post-smolts (approx. 500 g) were randomly distributed in replicate tanks (volume ca. 470 L) of 50 fish each at Cargill Innovation Center (Dirdal, Norway). Fish were continuously fed with a commercial pellet (Adapt Marine 80, Cargill 35.6% crude protein, 11% carbohydrates, 33.5% crude fat, 13% ash, and 23.7 MJ/kg of feed) 4 times a day in periods of 70 min (19:00, 22:00, 01:00, and 06:00) by using an automatic feeder (Hølland Technology, Sandnes, Norway).

The tanks were maintained under controlled conditions with constant temperature (9 ± 0.01°C), salinity (28.39 ± 0.03‰), and oxygen levels (88 ± 0.42%). Constant light conditions (LD 24:0) was used to mimic standard commercial operational procedures and is known to stimulate growth in Atlantic salmon (Hansen et al., 1992). After the acclimation period, fish were pit-tagged and groups of fish were fed with either 27.3 g leucine/kg diet (control leucine; CL) or 35.0 g leucine/kg diet (high leucine; HL) during a period of 12 weeks. During the feeding period feed was offered in slight excess (10%), and about 0.78–1.48% of the biomass was consumed daily. The diets were formulated to be isoenergetic, isoproteic, and isolipidic, very close levels of amino acids and same levels of fish meal (∼15%). The diets ingredients and proximate composition of experimental diets are shown in Tables 1, 2. Plasma levels of amino acids in fish fed both diets are shown in Supplementary Table 1. Uneaten feed was collected to enable feed intake calculation. This marked the start point of the experiment, which lasted for 12 weeks in total. Feed intake were collected during 7 days before the sampling points at week 4 and week 12, and are shown as the mean + standard error of mean (S.E.M.).


TABLE 1. The composition and analysed values (g/kg) of the two diets used with control leucine (CL; 27.3 g/kg) or high leucine (HL; 35 g/kg) levels.
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TABLE 2. Amino acid content (mg/g wet weight) within the experimental diets with control leucine (CL; 27.3 g/kg) or high leucine (HL; 35 g/kg) levels.
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After 4 weeks of feeding fish with the experimental diets, 10 fish (769 ± 28 g) per tank (2 replicate tanks/diet) were euthanised with a lethal dose of Tricaine (PHARMAQ Ltd., Hampshire, United Kingdom) in 12 L of seawater. Fish standard length and weight were measured. The whole brain was collected in RNA later (Invitrogen, Carlsbad, CA, United States), left overnight at 4°C and stored at −80°C until RNA isolation was performed. The same experimental procedure was repeated on 10 fish (1446 ± 50 g) per tank (2 replicates/diet) at the end of the experiment on week 12. In addition, on week 12, blood was collected by a caudal venous puncture using a heparinized vacuum syringe and BD Vacutainer set (Becton Dickinson, Plymouth, United Kingdom). The blood was thereafter centrifuged at 1000 g for 10 min (4°C) (Hettich Zentrifugen Universal 320R, Tuttlingen, Germany) and stored at −80°C until further analysis. Three samples per tank were pooled and analysed for free amino acids on Biochrom 20 plus amino acid bioanalyzer (Amersham Pharmacia Biotech, Sweden) using post-column derivatisation with ninhydrin. Plasma amino acid composition is shown in Table 3.


TABLE 3. Plasma free amino acid (μmol/100 mL) in fish fed diets with control (standard) leucine (CL; 27.3 g/kg) or high leucine (HL; 35 g/kg) levels.
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Brain Dissection

The brain of 12 fish per diet and sampling time (n = 6 fish per tank/replicate) were randomly selected and dissected into five sections: telencephalon, midbrain, cerebellum, brain stem, and diencephalon. Diencephalic area included hypothalamus, part of the preoptic region and the thalamus, however, from this point we will name this section as hypothalamus as our region of interest in the control of feed intake. Six brains from fish fed with CL diet (n = 3 brains per tank/replicate) were used for analysis of the mRNA distribution level of the transporters in the five brain sections. Hypothalamus and telencephalon were used for the differential expression responsiveness to the dietary treatments after 4 and 12 weeks.



Analysis of mRNA Abundance by RT-qPCR

Total RNA of the five brain sections was extracted using TRI Reagent (Sigma-Aldrich, MO, United States) and subsequently treated with TURBO DNA-free kit (Ambion, Applied Biosystems, CA, United States) to remove any remnants of genomic DNA. RNA integrity number (RIN) of 45% of the samples was assessed by Agilent 2100 Bioanalyzer with RNA 6000 Nano Kit (Agilent Technologies, CA, United States), obtaining values higher than 8. Total RNA (3.6 μg in two batches of 1.8 μg) were reversed transcribed using SuperScript III Reverse Transcriptase (Invitrogen, CA, United States) and Oligo(dT)20 (50 μM) primers in a total reaction volume of 20 μL. The protocols were carried out accordingly to the manufacturer’s instructions.

We assessed the mRNA abundance of six paralogues of slc7a5 named as slc7a5aa, slc7a5ab, slc7a5ba, slc7a5bb, slc7a5ca, and slc7a5cb (one pair of primers amplify for paralogues ca and cb); two paralogues of slc38a2 named as slc38a2a and slc38a2b (the primers for this paralogue amplify two splicing variants); and slc38a9. For these transcripts, new primers were designed using NCBI primer designing tool from sequences available in GenBank database (Table 4). All primers were analysed for quantification cycle (Cq) and melting peak. Then, the qPCR products were run in a 2% agarose gel, purified using EZNA Gel Extraction kit (Omega Bio-tek, Norcross, GA, United States), and cloned into pCR4-TOPO vector (Thermo fisher Scientific, Waltham, MA, United States). Sequencing was performed at the University of Bergen Sequencing Facility (Bergen, Norway), and their identity was confirmed using blast analysis against the Atlantic salmon genome database in GenBank. Primers for a seventh paralogue of slc7a5 were designed though expression was only detected at very low level in gonads and not in other tissues like brain.


TABLE 4. Primers sequences used to evaluate mRNA abundance by quantitative RT-PCR (qPCR).
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Gene expression levels were determined by RT-qPCR using the CFX96 Real Time System (Bio-Rad Laboratories, CA, United States) in connection to CFX Manager Software version 3.1 (Bio-Rad, Laboratories, CA, United States). Analyses were performed on 2 μL cDNA (40 ng/reaction) using iTaq Universal SYBR Green Supermix (Bio-Rad, CA, United States), in a total PCR reaction volume of 20 μL, containing 0.6 μL of each primer (10 μM). Thermal cycling was initiated with incubation at 95°C for 30 s followed by 39 cycles, each one consisting of heating at 95°C for 5 s and annealing and extension at 60°C for 25 s. Following the final PCR cycle, melting curves were systematically performed and monitored (temperature gradient at 0.5°C for 2 s from 65 to 95°C) to be able to detect non-specific products and/or primer dimers. Standard curves generated from the target gene were cloned into pCR4-TOPO vector (Thermo Fisher Scientific) using a 10-fold dilution series and used to determine the qPCR efficiency for each assay (Table 2). No template control and no reverse transcriptase were run in each plate as negative controls. Relative expression of the target transcripts was calculated using qbase + software (Biogazelle, Zwijnaarde, Belgium) with actb (β-actin) as reference gene (stably expressed in this experiment).



Comparative Sequence Analysis and Evolutionary Relationships

Comparative sequence analysis was performed as previously outlined (Rønnestad et al., 2010; Verri and Werner, 2019; Gomes et al., 2020). Briefly, the paralogues of LAT1-, SNAT2-, and SNAT9-type proteins in Atlantic salmon, other salmoniforms (Salmo trutta, O. mykiss, Oncorhynchus kisutch, Oncorhynchus tshawytscha, Salvelinus alpinus, Salvelinus fontinalis, Salvelinus namaycush, Coregonus lavaretus, Coregonus sp. “balchen,” Thymallus thymallus, Hucho taimen) and an esociform (Esox lucius) were identified by BLAST against several gen(om)es using the National Center for Biotechnology Information (NCBI) databases (for details see Supplementary Table 1). Closer and more distant paralogues were identified and were included in the list of selected sequences. Only full-length sequences with high BLAST scores were considered (IDs reported in Figures 1–3).
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FIGURE 1. Unrooted phylogenetic trees depicting the evolutionary relationships of Atlantic salmon Slc7a5-type transporters in the context of the evolutionary relationships of Salmoniformes and Esociformes. Multiple protein sequence alignments were obtained by Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) using default parameters. The unrooted trees were constructed using the neighbour-joining method (Saitou and Nei, 1987) based on the alignment of the complete amino acid sequences of transporters. Bootstrap values (1000 replicates) indicating the occurrence of nodes are reported above each branch in the figure. The evolutionary distances were computed using the number of differences method (Nei and Kumar, 2000) and are in the units of the number of amino acid differences per sequence. Classical protein GenBank identification (ID) numbers are indicated for the canonically annotated amino acid sequences, while Transcriptome Shotgun Assembly (TSA) IDs are given for those amino acid sequences derived from (a) TSA project(s) by transcript-to-protein sequence translation (via ORFfinder; https://www.ncbi.nlm.nih.gov/orffinder/).



[image: image]

FIGURE 2. Unrooted phylogenetic tree depicting the evolutionary relationships of Atlantic salmon Slc38a2-type transporters in the context of the evolutionary relationships of Salmoniformes and Esociformes. See legend of Figure 1 for further details.
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FIGURE 3. Unrooted phylogenetic tree depicting the evolutionary relationships of Atlantic salmon Slc38a9-type transporters in the context of the evolutionary relationships of Salmoniformes and Esociformes. See legend of Figure 1 for further details.


Multiple sequence alignments were performed on the selected paralogue proteins using Clustal Omega and neighbour-joining trees built using Molecular Evolutionary Genetics Analysis X (MEGAX) (Kumar et al., 2018).



Statistics

Statistical comparisons were done using SigmaStat (Systat Software, San José, CA, United States) statistical package. A two-tailed t-test was used to compare feed intake measurement and plasma AA levels from CL and HL groups. One-way ANOVA followed by Student-Newman-Keuls post-test was used for the comparison among the brain sections. In the diets experiment, comparisons were carried out using two-way ANOVA with time (4 and 12 weeks) and diets (CL and HL) as main factors. P-values of two-way ANOVA are displayed in Table 5. When a significant effect was noticed, post hoc comparisons were carried out by Bonferroni test. Data were transformed to logarithmic scale to fulfil conditions of normality and homoscedasticity (confirmed by Shapiro-Wilk and Levene’s test, respectively) but are shown in their decimal values for simplicity. Differences were considered statistically significant at P < 0.05.


TABLE 5. P and F-values obtained after two-way analysis of variance of parameters assessed in hypothalamus and telencephalon of rainbow trout. Diet (D) and Time (T) were the main factors, and Diet × Time (D × T) is the first order interaction.
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RESULTS


Comparative Sequence Analysis and Evolutionary Relationships

Atlantic salmon Slc7a5-, Slc38a2-, and Slc38a9-type amino acid sequences were compared by multiple sequence alignment to their closest ortologues/paralogues from other salmoniformes, such as brown trout (S. trutta), rainbow trout (O. mykiss), coho salmon (O. kisutch), Chinook salmon (O. tshawytscha), Arctic char (S. alpinus), brook trout (S. fontinalis), lake trout (S. namaycush), common whitefish (C. lavaretus), Coregonus sp. “balchen,” grayling (T. thymallus), taimen (H. taimen), and one esociform, Northern pike (E. lucius). An optimal tree from the multiple alignment of the predicted amino acid sequences was generated for each Slc7a5- (Figure 1), Slc38a2- (Figure 2), and Slc38a9-type (Figure 3) amino acid sequence group.

For the Slc7a5-type amino acid sequences (Figure 1), three distinct clusters of salmonid sequences emerged in the tree. The first made of the Slc7a5aa and Slc7a5ab branches, the second of the Slc7a5ba and Slc7a5bb branches, and the third of the Slc7a5ca and Slc7a5cb branch of amino acid sequences. The Slc7a5aa and Slc7a5ab amino acid sequences, which shared high similarity, were present in all salmonid species. Analogously, the Slc7a5ba and Slc7a5bb amino acid sequences, which also shared high similarity, were present in all salmonid species. On the contrary, the Slc7a5ca and Slc7a5cb sequences associated to the genus Salmo only, which results in the presence of a duplicated gene in the Atlantic salmon and brown trout genomes, of a single gene in the genus Coregonus and Salvelinus, and in the absence of the gene in the genus Oncorhynchus. For the Slc38a2-type amino acid sequences (Figure 2), a single cluster of salmonid sequences emerged, made of the Slc38a2a and Slc38a2b only, whereas all the Slc38a9-type amino acid sequences (Figure 3) easily referred to a single gene. Notably, divergence of the Slc38a2-type sequences in its two Slc38a2a and Slc38a2b forms seems to have emerged as a block of two genes in the Salvelinus, Oncorhynchus and Salmo branches.



mRNA Abundance in Different Brain Areas

We assessed the expression of the different transporters in the brainstem, midbrain, cerebellum, telencephalon and hypothalamus as displayed in Figure 4.
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FIGURE 4. Brain distribution of mRNA level of slc7a5aa (A), slc7a5ab (B), slc7a5ba (C), slc7a5bb (D), slc7a5ca/slc7a5cb (E), slc38a2a (F), slc38a2b (G), and slc38a9 (H) in brainstem (BM), midbrain (MB), cerebellum (CE), telencephalon (TEL), and hypothalamus (HYP) of Atlantic salmon after 4 weeks of feeding with control leucine diet (CL; 27.3 g/kg of leucine). Each value is the mean ± SEM of n = 6 samples per tissue. Gene expression results are relative to brainstem (BM) and are normalised by actb (β-actin). Different letters indicate significant differences (P < 0.05) among different tissues.


The slc7a5 paralogues (Figures 4A–E) showed a differential expression among the brain sections analysed (p < 0,001, F = 12,472; p = 0.094, F = 2.243; p < 0.001, F = 21.708; p < 0.001, F = 30.682; p < 0.001, F = 15.809, for slc7a5aa, slc7a5ab, slc7a5ba, slc7a5bb, and slc7a5ca/slc7a5ab, respectively). Telencephalon is the area with the highest mRNA level in the case of slc7a5aa, slc7a5ba, and slc7a5bb (Figures 4A,C,D). In the case of hypothalamus, its mRNA level is in general in a medium range. In brainstem, expression was the lowest for slc7a5aa, slc7a5ba, and slc7a5bb. Midbrain and cerebellum mRNA abundance displayed average values. When comparing mRNA abundance within tissues (comparing Cts), values in hypothalamus and telencephalon of the paralogues assessed were higher for slc7a5ab and lower for slc7a5c while the other three paralogues displayed intermediate values (data not shown).

For slc38a2 (Figures 4F,G), both paralogues displayed the same distribution in the different brain areas (p < 0.001, F = 15.481; p < 0.001, F = 14.406, for slc38a2a and slc38a2b, respectively). The highest level of expression occurred in hypothalamus and brainstem, followed by midbrain, while expression was lowest in cerebellum and telencephalon. No significant differences occurred when comparing values of both paralogues in hypothalamus and telencephalon (data not shown).

In the case of slc38a9 (Figure 4H), mRNA level was the highest in midbrain followed by cerebellum, hypothalamus, telencephalon, and brainstem (p < 0.001, F = 12.240).



Effect of Feeding Fish With Diets Containing Different Leucine Levels

Feed intake significantly decreased in fish fed with HL diet (Figure 5). A decrease of 19.8% was observed from weeks 4–12. Compared to the CL diet, fish under HL diet showed a tendency for a decreased feed intake already at week 4, albeit not statistically significant. On week 12, HL fed fish showed a significant reduction (−17.8%) in feed intake compared with fish under CL diet (p = 0.0382, t = 4.969) (Figure 5).
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FIGURE 5. Food intake of Atlantic salmon after four (4w) or twelve (12w) weeks of feeding with control leucine diet (CL; 27.3 g/kg) or high leucine diet (HL; 35 g/kg). Results are shown as the mean + S.E.M. of the data obtained during the 7 days before the sampling points at week 4 and week 12. *Significantly different (p < 0.05) between diets.


In the hypothalamus, the expression of the two paralogues of slc7a5 (slc7a5aa and slc7a5bb; Figures 6A,D) and slc38a2 (slc38a2a and slc38a2b; Figures 6F,G, respectively) significantly increased in fish fed with HL for 12 weeks (and not four) compared with fish fed with the CL diet (p = 0.003, t = 3.343; p = 0.021, t = 2.503; p = 0.044, t = 2.819; p = 0.014, t = 2.694, for slc7a5aa, slc7a5bb slc38a2a, and slc38a2b, respectively). Moreover, independently of the diet, the expression of slc7a5ba, slc7a5ca/b, slc38a2a, and slc38a2b (Figures 6C,E–G, respectively) in the hypothalamus was lower at week 12 than the expression of the same paralogues observed at week 4 (CL diet: p < 0.001, t = 5.097; p = 0.003, t = 3.758; p < 0.001, t = 4.454; p < 0.001, t = 6.713 for slc7a5ba, slc7a5ca/b, slc38a2a, and slc38a2b, respectively; HL diet: p < 0.001, t = 4.507; p = 0.021, t = 3.082; p = 0.008, t = 2.935; p < 0.001, t = 5.002 for slc7a5ba, slc7a5ca/b, slc38a2a, and slc38a2b, respectively). No changes occurred for slc7a5ab (Figure 6B).
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FIGURE 6. Hypothalamus mRNA level of slc7a5aa (A), slc7a5ab (B), slc7a5ba (C), slc7a5bb (D), slc7a5ca/slc7a5cb (E), slc38a2a (F), slc38a2b (G), and slc38a9 (H) of Atlantic salmon after four (4w) or twelve (12w) weeks of feeding with control leucine diet (CL; 27.3 g/kg) or high leucine diet (HL; 35 g/kg). Each value is the mean ± SEM of n = 12 samples per tissue. Gene expression results are relative to fish fed CL for 4w and are normalised by actb (β-actin). *, significantly different (P < 0.05) from fish fed with LL within the same time. #, significantly different (P < 0.05) from fish fed for 4 weeks with the same diet.


In telencephalon, 4 weeks of feeding fish with HL diet increased mRNA abundance of slc7a5aa, slc7a5ab, and slc7a5bb (Figures 7A,B,D) in comparison with fish fed with CL diet (p = 0.014, t = 2.670; p = 0.023, t = 2.438; p = 0.007, t = 2.970, for slc7a5aa, slc7a5ab, and slc7a5bb, respectively). This effect did not occur after 12 weeks of feeding. Moreover, mRNA level observed after 12 weeks was lower than that observed after 4 weeks when comparing fish fed with HL diet in slc7a5aa and slc38a2a (Figures 7A,F) and when comparing CL diet in slc38a2b (Figure 7G) (p = 0.012, t = 2.754; p = 0.037, t = 2.221; p = 0.015, t = 2.640, for slc7a5aa, slc38a2a, and slc38a2b, respectively). No changes occurred for slc7a5ba (Figure 7C) and slc7a5ca (Figure 7E).
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FIGURE 7. Telencephalon mRNA level of slc7a5aa (A), slc7a5ab (B), slc7a5ba (C), slc7a5bb (D), slc7a5ca/slc7a5cb (E), slc38a2a (F), slc38a2b (G), and slc38a9 (H) of Atlantic salmon after four (4w) or 12 weeks (12w) of feeding with control leucine diet (CL; 27.3 g/kg) or high leucine diet (HL; 35 g/kg). Each value is the mean ± SEM of n = 12 samples per tissue. Gene expression results are relative to fish fed CL for 4w and are normalised by actb (β-actin). *, significantly different (P < 0.05) from fish fed with LL within the same time. #, significantly different (P < 0.05) from fish fed for 4 weeks with the same diet.




DISCUSSION


Phylogenetic Analysis of Carriers

Teleost fish are the largest and most diverse group of vertebrates (Betancur et al., 2017). This diversity is in part due to (a) specific gene duplication event(s) that occurred during the evolution of the actinopterygian lineage (Ravi and Venkatesh, 2018). In teleost genomes, the duplicated gene pairs provide a unique framework to study the diversification of gene functions and their impact on physiology and adaptation (Kassahn et al., 2009; Sato et al., 2009). Amongst teleost fish, salmonids are particularly interesting because of an additional gene duplication event that specifically occurred in a common ancestor of this group of teleosts (Pasquier et al., 2016).

The consequences of these gene duplication events are noticeable in the gene families here studied, with both slc7a5- and slc38a2-types widely appearing in duplicated forms. On the contrary, slc38a9 does not seem to be present in a duplicated form in the salmonid genomes.

The time frame involved enables tracking the consequences of the duplication events, and traces of the specific gene duplication of salmonids are clearly seen in the diversity of the Slc7a5-type transporters. In fact, the four teleost genes described above as slc7a5aa and slc7a5ab, on one hand, and slc7a5ba and slc7a5bb, on the other, are the result of two rounds of duplication that may have started to occur early during the phylogenetic evolution of salmonids. In fact, each salmonid species exhibits one Slc7a5aa, Slc7a5ab, Slc7a5ba, and Slc7a5bb member in each Slc7a5ab, Slc7a5ab, Slc7a5ba, and Slc7a5ebb branch. Conversely, the genome of the esociform species here described, i.e., the Northern pike E. lucius, which is from a phylogenetic point of view closely related to salmonids, displays two canonical forms only, one that roots to the salmonid Slc7a5aa and Slc7a5ab branches and the other to the Slc7a5ba and Slc7a5bb. Notably, another duplication event has lead, in an ancestor of salmoniformes to another slc7a5-type gene, here named slc7a5c, which underwent somehow another duplication event in the Atlantic salmon and of the closely related brown trout, which results in a slc7a5ca and a slc7a5cb gene couple. Notably, the genus Oncorhynchus does not seem to present such a gene (couple) in the genome. Moreover, the presence of Slc38a2-type (Slc38a2a and Slc38a2b) amino acid sequence clusters is clear in salmonids. These clusters are salmonid-specific, as it results also from the position of the Northern pike Slc38a2 sequence. Notably, in the case of the Slc38a2a and Slc38a2b it appears that the duplication event associates to the Salveninus, Oncorhynchus and Salmo lineages, which may be suggestive of a strict co-evolution process involving the slc38a2a and slc38a2b genes. The indication of a Slc38a2-type protein in the genus Coregonus and Hucho helped to balance the tree, and at the moment deeper studies are needed to fully assess whether or not Slc38a2 is duplicated also in these more basal groups of salmonids. In this context of complexity, the occurrence in salmonids of one slc38a9 gene only appears almost an exception and is very possibly due to gene loss in a multiply duplicated genome.

Taken together, lineage-specific sets of slc7a5, slc38a2, and slc38a9 genes have evolved in teleost fish through genome duplication events and gene loss. Studies need to address the phylogenetic relationships in the context of cotransporter-specific functions and expression patterns, as the repertoire of Slc7a5-, Slc28a2-, and Slc38a9-type proteins in teleost fish (and in particular in salmonids) is often too diverse to generalise the findings from one (group of) species.



Brain Distribution of Carriers

To our knowledge, expression analyses of amino acid carriers involved in leucine transport studied here have not been described in Atlantic salmon before. Previous studies focused on the presence of the slc7a5 carrier in the whole brain in grass carp Ctenopharingodon idellus (Yang et al., 2014) and the slc38a2 in two brain regions, hypothalamus and telencephalon, in rainbow trout (Comesaña et al., 2018a,b). Prior studies in fish described the presence of mRNA abundance of slc7a5 and slc38a2 in peripheral tissues such as turbot (Scophthalmus maximus) intestine (Xu et al., 2016), slc38a2 in rainbow trout liver (Skiba-Cassy et al., 2016), slc7a5 in rainbow trout intestine (To et al., 2019), slc7a5 in Japanese sea bass (Lateolabrax japonicus) intestine (Zhang et al., 2018), and slc7a5 and slc38a2 in grass carp intestine (Wang et al., 2018; Yuan et al., 2020).

In the current study, we first evaluated the distribution of the different paralogues of slc7a5, slc38a2, and slc38a9 in different brain areas, such as the brainstem, the midbrain, the cerebellum, the telencephalon, and the hypothalamus. The results showed that, in general, these genes are widely expressed in the brain, with differences among areas. We hypothesised that regions involved in amino acid-related control of feed intake such as the hypothalamus and the telencephalon (Soengas et al., 2018) would show the highest expression, providing that the transporters were involved in amino acid sensing. We can distinguish two trends among the transcripts evaluated. In the first trend, the expression of the different paralogues is highest in the telencephalon, followed by a high expression in the hypothalamus and a lower expression in the remaining areas. This trend includes several of the paralogues of slc7a5 (aa, ba, and bb). The other trend characterises by paralogues that have a low expression in the telencephalon but equally distributed in the other brain areas analysed. This response is present in slc38a2, slc38a9, and slc7a5ca/b. This would suggest a differential role of these carriers in feed intake regulation. However, although the expression is remarkable in these areas, regions not involved in this physiological process, such as the cerebellum and the midbrain (Soengas et al., 2018), also showed high levels of expression. These results demonstrate that these transporters have several roles depending on the brain area assessed, simply working like transporters to supply the cell with leucine or involved in nutrient sensing or other cellular pathways. The differences in distribution between slc38a2 and slc7a5 is noteworthy. Given that SNAT2 works in a coupled way with LAT1 (Dodd and Tee, 2012; Menchini and Chaudhry, 2019), we would expect a similar expression level of both in the same tissue.



Effects of Leucine on Carriers

Due to the additional rounds of genome duplication in salmonids (Pasquier et al., 2016), it is possible, as previously mentioned, that different paralogues of a specific transcript serve different physiological roles. Accordingly, in the present study we observed that of the six paralogues found for slc7a5, only forms aa, ab, and bb displayed mRNA expression changes in response to leucine-enriched diets suggesting that these forms would be those involved in leucine sensing. In contrast, no differences occurred between the two paralogues of slc38a2 under the same diet conditions.

12 weeks of diets supplemented with leucine (and not 4 weeks) significantly increased the mRNA abundance of slc7a5 (aa/bb) and slc38a2 (a/b) in the Atlantic salmon hypothalamus. In the case of the telencephalon, after 4 weeks (and not twelve) slc7a5 (aa, ab, and bb) the mRNA abundance also increased in fish fed HL diet in comparison with those fed with CL diet. This led us to hypothesise that LAT1 and SNAT2 transporters might be involved in leucine sensing in the brain of Atlantic salmon. This is the first time in which this kind of amino sensing mechanisms is suggested to exist in the brain of a teleost fish since in available studies in rainbow trout other mechanisms (BCAA metabolism, glutamine metabolism, mTOR, taste receptor signalling, and GCN2 kinase signalling) had been suggested (Soengas et al., 2018). These mechanisms related to carrier function would match with the reduced feed intake observed in fish fed with the HL diet compared with fish fed with the CL diet in the present study as well as with (minor) changes in mRNA of some of the neuropeptides involved in control of food intake assessed in week 12 (not shown). This in agreement with a similar anorectic response observed in another salmonid species (rainbow trout) treated with leucine where the activation of amino acid sensing mechanisms occurred in the hypothalamus and telencephalon (Comesaña et al., 2018a,b). Thus, we are providing evidence for an additional amino acid sensing mechanism involved in the inhibition of feed intake observed in salmonids fed elevated levels of leucine. However, it is interesting to mention that the high levels of leucine in HL diet did not reflect in differences in plasma levels of leucine after 12 weeks. Since clear effects occurred both in feed intake and in carrier mRNA abundance in fish fed HL diet we suggest that a fast uptake and metabolic use of leucine is responsible for the lack of changes in plasma. The increase in slc38a2 values is comparable to that observed in rainbow trout in the hypothalamus and the telencephalon after leucine treatment (Comesaña et al., 2018a,b). This fish response to leucine observed in this and other studies (Comesaña et al., 2018a,b) was different than in mammalian brain where these transporters are up regulated (mRNA abundance) but under conditions of amino acid deprivation (Hyde et al., 2007; Hellsten et al., 2017). However, there is no clear information in mammals regarding the impact of the presence of BCAA on the expression of these carriers in brain, but in other tissues, like skeletal muscle essential amino acid ingestion is known to stimulate SNAT2 and LAT1 mRNA abundance (Drummond et al., 2010; Rundqvist et al., 2017). Another interesting aspect of the amino acid uptake is that LAT1 and SNAT2 are exchanging leucine in a coupled way with glutamine and in previous studies it was observed that glutamine is also involved in amino acid sensing in fish (Comesaña et al., 2018a,b). This reinforces the importance of glutamine as part of amino acid sensing. Interestingly, a decrease (though not significant, p = 0.3267, t = 1.288) occurred in plasma levels of glutamine in fish fed the HL diet. Therefore, the regulation of these transporters is complex and dependent on many factors such as tissue or organism status but seems that different amino acids regulate differentially.

From data of two-way ANOVA we did not observe significant changes in mRNA abundance of scl38a9 in fish fed with HL diet either in hypothalamus or in telencephalon suggesting that SNAT9 is not relevant in terms of leucine sensing in Atlantic salmon brain. However, when the time factor is not considered, a significant increase (one-way ANOVA) occurred in fish fed HL when compared with fish fed CL after 4 weeks in telencephalon and after 12 weeks in hypothalamus. These trends are the same as those observed for LAT1 and SNAT2 in this study reinforcing the relationship among them. In any case, we cannot exclude the possibility of a different interpretation as suggested by two-way ANOVA. In that case, one reason for the lack of changes might relate to its location in the lysosome membrane (Menchini and Chaudhry, 2019) while LAT1 and SNAT2 appear to facilitate transport for extracellular space into the cell. Another explanation may relate to its putative role as an arginine sensor, since deprivation of this amino acid changed mRNA abundance of Slc38a9 in mammals (Wyant et al., 2017). Again, the absence of studies dealing with increased amount of specific amino acid do not allow proper comparisons among fish and mammalian models.

We chose the transporters assessed (LAT1, SNAT2, and SNAT9) since they relate to leucine detection through mTOR signalling (Wyant et al., 2017). However, we cannot discard that other transporters could be also involved in feed intake regulation in brain since in mammals both SLC36 and SLC1 have been implicated in mTOR signalling as well (Dodd and Tee, 2012; Taylor, 2014).

A higher concentration of leucine in the diet upregulated mRNA abundance of slc7a5 and slc38a2 in the hypothalamus and the telencephalon after 12 and 4 weeks, respectively, and probably something similar occurred for slc38a9. This difference in the time needed to exert this effect between both areas highlights the different role of these brain areas in the regulation of feed intake (Soengas et al., 2018). Hedonic regulation of feed intake in fish apparently takes place in the telencephalon (Soengas et al., 2018). In this sense, although no studies have directly addressed taste preference of leucine in Atlantic salmon, it has been suggested to putatively act together with some other free amino acids to stimulate feed intake (Kousoulaki et al., 2018) and it is known to serve as an attractant in other salmonids (Kasumyan, 2016; Comesaña et al., 2018b). Therefore, the effects observed in the telencephalon may link leucine sensing to hedonic regulation of feed intake. On the other hand, homeostatic regulation, that takes place in the hypothalamus, works at short and long-term in order to maintain energy homoeostasis (Soengas et al., 2018). This kind of long-term homeostatic regulation usually relates to an adiposity signal through leptin in mammals. However, it is not completely defined how this hormone works in fish (Rønnestad et al., 2017; Blanco and Soengas, 2021), but clearly it cannot be considered as a lipostat (Michel et al., 2016). Considering the carnivore nature of many fish species, including salmonids, the possibility of leucine acting as a protein availability signal in fish is not unlikely (Soengas et al., 2018). The upregulation of LAT1 and SNAT2 by leucine might act as a signal of amino acid sensing regulating energy homoeostasis and feed intake directly. However, we cannot discard that these transporters might act just as a carrier to rise intracellular levels of leucine. Once leucine levels rise, other mechanisms that detect amino acids would sense them. These will likely include mTOR, known to be activated in fish brain (Comesaña et al., 2018a,b) whose integration would result in modulation of feed intake (Delgado et al., 2017). Since we assessed mRNA abundance and not protein levels caution must be taken when interpreting results regarding regulatory functions of the carriers.



CONCLUSION

The amino acid transporters LAT1, SNAT2, and SNAT9 are present in brain areas of Atlantic salmon. Elevated leucine level in the diet, resulted in decreased feed intake, and this occurred in parallel in the hypothalamus and the telencephalon (brain areas involved in the regulation of feed intake) with the up regulation of mRNA abundance of specific paralogues of LAT1 (slc7a5aa, slc7a5ab, and slc7a5bb) and SNAT2 (slc38a2a and slc38a2b) though apparently not for SNAT9. This upregulation might act as a signal of leucine presence thus providing support for the existence in central brain areas involved in feed intake regulation of an additional amino acid sensing mechanism not characterised yet in fish. However, we cannot exclude that these transporters act as a carrier to rise intracellular levels of leucine to be sense by other mechanisms of amino acid sensing. Accordingly, further studies are needed to establish the relation of these carriers with other mechanisms of amino sensing like mTOR, and thus shed light on the relation with feed intake. The difference in time required to observe effects of leucine between the telencephalon and the hypothalamus might relate to the different feed intake regulation primarily occurring in both brain areas (hedonic in the telencephalon and homeostatic in the hypothalamus). Finally, since we evaluated leucine concentrations in the range of commercial diets, the present results remark the importance of choosing the best and the most suitable diet for fish. Thus, different commercial diets, with an apparently smaller difference in the concentration of a specific key amino acid like leucine, may cause significant differences in regulation of signalling pathways resulting in substantial differences in feed intake.
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Transcript Forward Primer Reverse Primer R2 Efficiency (%) GenBank ID

Actb CCAAAGCCAACAGGGAGAAG AGGGACAACACTGCCTGGAT 0.9899 90 NM_001123525.1
slc7a5aa AGAAATTCGAATTCGTCAGT CTTCGCCGGGTACAGATACC 0.9978 100 XM_014124400.1
slc7a5ab ACCCGAGAATGGAGCGAAGT GGCAAAGAGCTTGGCAGCTG 0.9938 99 XM_014148863.1
slc7a5ab TGGTGGTCCCTGTGGTGTTTG CGTGGGGCTTCTTCCACTTGTA 0.9988 98 XM_014146044.1
slc7a5bb GAGCAGCCAGGAGAGCTTGA TAGGGGTAGGGGTGGATGGG 0.9983 103 XM_014136556.1
slc7ab5¢ca/b ATCATCCTCGGCTTTGTGCAG CACGCGGCAGGTTCTTGTGC 0.9980 92 XM_014187157 1
slc38a2a CGTTATCCAAGCCTTTGTGG GGTAACCAAGGTTTCTGAGA 0.9993 101 NM_001165305.1
slc38a2b CGTTATCCAAGCCTTCATGG GGTAACCGAGGTTCCTGAGA 0.9990 99 XM_014208427 .1

XM_014208428.1
slc38a9 TGATGAGCCAGGTCTTCGGCA GCTCCCCTCTACGCTTCTGGG 0.9980 102 XM_014144643.1

actb,B-actin; slc7ab, solute carrier family 7 member 5 (LAT1); slc38a2, solute carrier family 38 member 2 (SNATZ2); slc38a9, solute carrier family 38 member 9 (SNAT9).
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Transcript P F P F P F P F P F P F

slc7abaa 0.021* 5717 0.327 0.983 0.043* 4.373 0.018" 6.038 0.024~ 5.497 0.188 1.788
slc7abab 0.109 2.677 0.072 3.397 0.137 2.302 0.023" 5.5680 0.340 0.929 0.589 0.297
slc7abba 0.123 2.476 < 0.001* 46.019 0.755 0.0988 0.398 0.729 0.393 0.744 0.104 2.748
slc7abbb 0.031* 5.002 0.813 0.0567 0.077 3.278 0.022* 5.607 0.479 0.510 0.155 2.090
slc7abca/b 0.124 2.468 < 0.001* 23.397 0.635 0.228 0.127 2.414 0.725 0.125 0.271 1.243
slc38a2a 0.057 3.835 < 0.001* 28.458 0.041* 4.468 0.038" 4.579 0.016" 6.310 0.660 0.196
slc38a2b 0.116 2.580 < 0.001* 70.093 0.020* 5.818 0.241 1.412 0.005* 8.910 0.301 1.095
slc38a9 0.309 1.060 0.264 1.283 0.169 1957 0.284 1127 0.581 0.309 0.198 1.709

slc7ab-, solute carrier family 7 member 5 (LAT1); slc38a2-, solute carrier family 38 member 2 (SNAT2); slc38a9, solute carrier family 38 member 9 (SNAT9).
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Amino acid content (mg/g ww)
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Plasma free amino acid
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Ingredients

Rapeseed oil

Fish oil

Fish meal

Corn gluten

Soy protein concentrate
Wheat gluten meal
Guar meal-Mahesh

Pea protein concentrate
Raw wheat

Minerals and vitamins
L-Threonine
DL-Methionine
L-Histidine

L-Lysine (78%)
L-Leucine

Yttrium oxide
Analyzed values:

Dry matter

Protein

Lipid

Ash

Energy (MJ/kg)
Digestive Energy (MJ/kg)

CL

109
219.90
198

53
85
110
101
102
18.5
0.4
3.6
0.9

0.2

937
394
342
52
25.4
225

HL

109
208.10
198
150
14
20
50
127
103
18.4

25
1.0
0.8

0.2

921
400
332
50
24.9
225
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