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The successful transfer of farmed post-smolt Atlantic salmon (Salmo salar) depends on proper stress responses and cognitive functions during the early seawater (SW) phase. However, with increasing summer oceanic temperatures, these processes may become a challenge, implicating allostasis and welfare. Therefore, we examined the effect of post-smolt transfer from 10°C SW to elevated temperatures (13°C, 16°C, and 18°C) on plasma cortisol and telencephalic genes modulating cognition (neurod, bdnf, pcna, and c-fos) and stress-axis regulation (crf, crfbp, mr, gr1, gr2, and hsd11b2). Fish were sampled at i) 1 day following transfer, ii) 45 days of acclimation, and iii) 45 days and 1 h after an acute challenge test (ACT) using confinement stress. Fish transferred to 13°C retained stress responses, elevating levels of cortisol, crf, mr, gr2, c-fos, and bdnf and maintaining levels of neurod and pcna. Contrastingly, although cortisol increased at 16°C, telencephalic genes reverted to an inhibition of stress responses, increasing crfbp and gr1 complemented with dampened bdnf, neurod, and c-fos responses. However, transferring post-smolts to 18°C showed the most adverse effects, having absent stress responses (cortisol and c-fos), elevated crfbp, and a suppression of hsd11b2 and neurod. The hsd11b2 downregulation implies low cortisol inhibition in line with absent modulations in corticosteroid receptors and stress responses. These results suggest that the transfer to 16°C and 18°C inhibits the normal reactive response of post-smolts. Following acclimation (45 days), cortisol levels were basal for all groups; however, post-smolts at 16°C and 18°C maintained a telencephalic inhibition of key regulatory genes (crf, mr, gr2, and hsd11b2), alongside a lower mr/gr1 ratio, an indicator of chronic allostatic load. Moreover, neural plasticity (neurod and pcna) was suppressed at 16°C and 18°C, suggesting impacts of elevated allostatic loads with potentially inferior cognitive capacities. Despite maintaining similar plasma cortisol responses to ACTs, post-smolts at 16°C and 18°C elevated neural activation (c-fos) to stress, implying greater challenges, with the 18°C group also elevating the level of bdnf. In summary, the telencephalon shows that post-smolts transferred to 16°C and 18°C continue to struggle with the thermal allostatic loads even after acclimation, which is not revealed by plasma cortisol levels, grounding the importance of telencephalic measures in identifying environmental thresholds and hidden challenges.
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1 Introduction

Salmon are highly plastic to their environment as illustrated by their diverse life history strategies (Bourret et al., 2016). This is achieved physiological adjustments and brain plasticity to maintain homeostasis and adapt to challenges (Ebbesson and Braithwaite, 2012; Salvanes et al., 2013). The brain’s involvement in coping with stress determines how individuals deal with stressors, at both functional and structural levels. The consequences of these physiological and behavioral stress responses can be adaptive on short and long term (allostasis) but may also become maladaptive if complete adaptation is not met [allostatic (over)load] (Korte et al., 2007). In this case, chronic persistent allostatic load may alter neural plasticity and neurogenesis, predisposing fish vulnerable to stress-related dysfunctions (Korte et al., 2007; Romero et al., 2009). The model of allostasis has been applied to fish, showing that elevated allostatic load decreases cognitive functions (Grassie et al., 2013; Manuel et al., 2014a), alters stress feedback between body and brain (Madaro et al., 2015; Gorissen and Flik, 2016; Madaro et al., 2016; Samaras et al., 2018), and impairs immunity (Yada and Tort, 2016) and reproduction (Schreck, 2010). However, mildly increased allostatic loads, such as chronic mild stressors, may be difficult to detect in protected environments with sufficient energy supplies. Therefore, acute challenge tests (ACTs) have been optimized to subject fish to an added stressor, allowing to detect these underlying physiological differences that would otherwise go unnoticed (Grassie et al., 2013; Madaro et al., 2015; Samaras et al., 2018). Altogether, maintaining proper brain function is key for allostasis, as when the animal’s normal reactive scope is overwhelmed, the ability to respond to additional challenges deteriorates, leading to impaired welfare (Romero et al., 2009; Ebbesson and Braithwaite, 2012; Schreck and Tort, 2016; McCormick and Romero, 2017).

Climate change–driven thermal allostatic loads in aquatic habitats are ever-increasing, altering life history strategies of salmon stocks (Friedland, 1998; Vargas–Chacoff et al., 2018; Nicola et al., 2018 and Nielsen et al., 2013). Furthermore, the increasing use of year–round land–based rearing strategies may expose farmed Atlantic salmon (Salmo salar) post–smolts to elevated ambient temperatures during summer and autumn sea cage transfers, to which fish may lack the necessary acclimation history (Friedland, 1998). As elevated temperatures have pervasive and considerable physiological consequences in Atlantic salmon (Gonçalves et al., 2006; Gallant et al., 2017; Vargas–Chacoff et al., 2018), this may impact stress responses and capacities to handle stressors as upper thermal limits are approached, inherently raising welfare concern (Flik et al., 2006; Olsvik et al., 2013; Madaro et al., 2018; Beemelmanns et al., 2021). Moreover, the first few months after post–smolt sea cage transfer are considered the most vulnerable for the salmon lifecycle, during which fish must resist a variety of other stressors [i.e., confinement, handling, and transport (Handeland et al., 2003; Jarungsriapisit et al., 2016)]. As a result, the successful transfer of post–smolts relies on adaptation, appropriate stress responses, and cognitive functions to promote allostasis and stress resilience during this critical period.

Activation of the stress response releases cortisol to re–establish homeostasis, effects that are sustained through corticosteroid receptors (CRs), including type I mineralocorticoid receptor (mr) and type II glucocorticoid receptors (gr1 and gr2) (Wendelaar Bonga, 1997; Mommsen et al., 1999). In most fish species, mr and gr2 have high affinity to cortisol and regulate baseline functions, whereas gr1 has low cortisol affinity and is activated by high cortisol levels (Stolte et al., 2008; Sørensen et al., 2013). When stress becomes chronic (overload), CR signaling may become suppressed to protect neuronal integrity (Madaro et al., 2015; Madaro et al., 2016). Given the importance of CRs in regulating neural functions, improper regulation can induce receptor bioavailability changes that shift the mr/gr1 ratio, which can impose significant constraints to stress responses, neural plasticity, and neurogenesis, pivotal for allostasis (De Kloet et al., 2005; Sørensen et al., 2011; Sørensen et al., 2013; Madaro et al., 2015; Madaro et al., 2016). Further, 11β–Hydroxysteroid dehydrogenase type 2 (HSD11B2) is an important safety mechanism here by regulating cortisol levels via conversion to inactive cortisone (Alderman and Vijayan, 2012; Mifsud and Reul, 2018). A recent study in European seabass (Dicentrarchus labrax) revealed thermally induced changes to telencephalic mr and gr1 (Goikoetxea et al., 2021). In particular, MR is central for processes of learning and memory in the telencephalon (homolog to hippocampus and amygdala) (Karst et al., 2005), and suppressed levels of these can negatively impact cognitive functions (De Kloet et al., 2005; Samaras et al., 2018). The neural activation of the stress axis is also tightly regulated by the corticotropin–releasing factor (crf) system, which stimulates adrenocorticotropic hormone (acth) and cortisol release from the pituitary gland and head kidney, respectively (Flik et al., 2006; Gorissen and Flik, 2016). As the actions of crf are inhibited by crf–binding protein (crfbp), the interplay between these components is critical for stress response reactivity during and after stress (Fryer et al., 1984; Baker et al., 1996; Rotllant et al., 2000; Huising et al., 2004; Manuel et al., 2014b). Although temporally differentiated, recent evidence suggests a modulation of the crf system to coincide with reductions in neural proliferation in response to thermal challenges, implicating a role of this system in the regulation of neural processes (Yuan et al., 2020). Taken together, as increased stress commonly manifests as altered telencephalic transcript levels of crf, crfbp, hsd11b2, mr, gr1, and gr2, monitoring these provides a promising approach to study allostasis, which can optionally be linked to shifts in telencephalic functions such as neural plasticity (Sørensen et al., 2013). Further, because of the Atlantic Salmon Genome Tetraploidy (Lien et al., 2016), paralog genes may allow differential regulation to stressors for promoting plasticity (Macqueen and Johnston, 2014). Therefore, paralog–specific analysis of these telencephalic regulatory genes was implemented.

Temperature modulations in fish behavior have previously been noted (Bartolini et al., 2015; Toni et al., 2019). However, knowledge is still lacking to how neural mechanisms underpin these changes in Atlantic salmon. Proper cognitive functioning of the fish telencephalon relies on neural plasticity and neurogenesis for learning, memory, and decision–making, whereby stress can either stimulate or inhibit these processes depending on severity and duration (Ebbesson and Braithwaite, 2012; Sørensen et al., 2013). Therefore, the modulation in these key neural components can signal shifts to cognitive capacities and flexibility to environmental challenges, illustrating their importance for stress resilience (Ebbesson and Braithwaite, 2012; Shors et al., 2012; Grassie et al., 2013; Salvanes et al., 2013). Neurogenic differentiation factor (neurod) is involved in the initiation and regulation of neural differentiation, providing a reliable indicator for neuroplasticity (Ebbesson and Braithwaite, 2012), whereas proliferating cell nuclear antigen (pcna) is a marker for neurogenesis (Sørensen et al., 2011; Sadoul et al., 2018). Conversely, brain–derived neurotrophic factor (bdnf) is involved in synapse refinement and promotes neurogenesis and cell survival, which allow rapid modifications in coping strategies and behavioral phenotypes (McMillan et al., 2004; Manuel et al., 2014a; Vindas et al., 2017; Mes et al., 2018). In contrast, the immediate early gene (IEG) c–fos is rapidly expressed in neurons in response to stimuli and indicates neural activity (Kovács, 1998; Pavlidis et al., 2015). The use of c–fos transcript abundance in tandem with plasma cortisol profiles provides a refined approach to address differences in stress response capacities (Mes et al., 2018). Collectively, this demonstrates the potential of these neural markers in evaluating the impact of the environmental challenges on post–smolt resilience and allostasis (Sørensen et al., 2011; Sadoul et al., 2018).

With the ongoing impacts of global warming reporting considerable welfare concerns in Atlantic salmon along with the increasing year-round rearing strategies in aquaculture (Olsvik et al., 2013; Beemelmanns et al., 2021), this study aims to address the influence of elevated temperatures on post–smolt stress responses and telencephalic functions, which are predicted to profoundly impact allostasis, stress resilience, and welfare during the key early seawater (SW) phase. In particular, during summer months, post–smolts can be exposed to rapid elevations in temperatures due to transfer strategies between (semi–) closed containment systems (s–CCSs) and sea cages. Therefore, to mimic common industry practices, we exposed SW–acclimated post–smolts at 10°C directly to 13°C, 16°C, and 18°C, sampled at 1 day post–transfer and after 45 days of acclimation, and then subjected the fish to an ACT using a confinement stressor as an added challenge. To monitor the impacts of stress, circulating plasma cortisol concentrations and transcript levels of telencephalic stress [crf (α and β), crfbp, mr, gr2 (α and β), gr1 (α and β), and hsd11b2 (α and β)] and neural (neurod, bdnf, pcna, and c–fos) markers were analyzed in tandem.



2 Material and Methods


2.1 Fish

All experimental procedures were approved by Norwegian Food Safety Authority (Identification number 8017). On May 11, 2016, Atlantic salmon smolts (99 ± 0.61 g and of 21.4 ± 0.2 cm) were brought from Kjærelva smolt facility (Lerøy Vest Ltd.) to the Industry Laboratory at the High Technology Center in Bergen, Norway. Fish were randomly distributed into eight 500–L and 1–m3 square tanks with flow–through freshwater (FW) at 10°C, and biomass adjustments resulted in 5.4 kg m−3. Fish were left to acclimate to the new conditions for 7 days, followed by salinity adjustment to 15‰ on May 18, to 25‰ on May 23, and full–strength SW (34‰) on May 29, after which fish were left to acclimate to new conditions until initiation of trials.



2.2 Experimental Design

On August 17, four experimental temperature treatments (10°C, 13°C, 16°C, and 18°C), with each treatment containing two randomly selected replicate tanks, were initiated. The four treatments included adjusting water temperature to 13°C, 16°C, and 18°C within 30 min, with a control group maintained at 10°C. Throughout the trials, fish were exposed to constant light and fed continuously with a commercial dry diet (EWOS Microboost 30) using automatic feeders, with temperature and oxygen (>80%) saturation of each tank’s water outlet monitored continuously.



2.3 Tissue Sampling

Samplings (n = 12 per treatment) were conducted at both 1 day post–rapid elevation in temperature to represent the transfer phase referred to as Transfer (1d). The post–smolts were sampled next after 45 days of acclimation [Acclimation (45d)], which was immediately followed by ACTs and sampling 1 h post–stress [ACT (1h)]. Both the Acclimation (45d) and ACT (1h) samplings were conducted in tandem, with 24 fish being quickly netted and 12 fish immediately anesthetized for tissues. The remaining 12 fish were subjected to the ACT by novel confinement stress for 15 min in a 15–L tank within a 150–L holding tank (receiving water from the original treatment). After the 15–min stress, fish were then released into the holding tank for a 45–min recovery period prior to sampling.

For each sampling, fish were starved for a 15–h period and euthanized by receiving a lethal dose (100 mg L−1) of NaCO3–buffered MS222, then immediately bled from the caudal vessel using a heparinized syringe, followed by centrifugation (10 min at 4°C and 4,000 rpm) for plasma collection, and stored at −80°C until cortisol analysis. Plasma samples were attained for all sampling points at Transfer (1d), Acclimation (45d), and ACT (1h). Whole–brain samples were collected at Transfer (1d), Acclimation (45d), and ACT (1h) and preserved in RNAlater (Ambion, Foster City, CA, USA) for 24 h at 8°C prior to storing at −80°C until RNA extraction and analysis of gene expression.



2.4 Plasma Cortisol Analysis

Plasma cortisol concentrations were measured (n = 12 per treatment) for all samplings at Transfer (1d), Acclimation (45d), and ACT (1h) using a custom Enzyme-Linked Immunosorbent Assay (ELISA) analysis previously validated in Atlantic salmon (Madaro et al., 2015; Madaro et al., 2016).



2.5 Extraction of RNA, cDNA Synthesis, and Quantitative Real–Time PCR

Total RNA was extracted from whole telencephalon (n = 12 per treatment) at Transfer (1d), Acclimation (Macqueen and Johnston, 2014), and ACT (1h) by the phenol–chloroform method using TRI Reagent® (Sigma, St. Louis, MO, USA) (Simms et al., 1993). RNA purity was measured using a Nanodrop® ND–1000 UV–Vis Spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA), whereas the concentration was determined using Qubit™3 Instrument (Thermo Fisher Scientific, Eugene, Oregon). Sufficient quality for samples was by assuring RNA integrity values of between 8 and 10 on the Agilent 2100 Bioanalyzer using RNA 6000 Nano LabChip® kit (Agilent technologies, Palo Alto, CA, USA). RNA samples that did not pass quality control measures were removed [see Supplemental Table 1 for final RNA sample (n)]. cDNA synthesis was reverse transcribed using oligo (dT) 20 primers and SuperScript III kit (Invitrogen, Carlsbad, CA, USA) according to the manufacturer’s guidelines. RT–qPCR was conducted using gene–specific primers (Table 1) and SYBR Green Master Mix (Applied Biosystems, Foster City, CA, USA) on the CFX–96 Real–Time PCR detection system platform (Bio–Rad Laboratories, Inc., CA, USA). For each RT–qPCR reaction, 3 µl of cDNA, 0.25 µl of forward primer (10 µmol L−1), 0.25 µl of reverse primer (10 µmol L−1), 3.25 µl of diethylpyrocarbonate (DEPC) – treated dH2O, and 6.25 µl of SYBR Green Master Mix were used to reach a final reaction volume of 13 µl. Melt–curve analysis of primer sets ensured amplification of only a single product with no detectable primer–dimer artifacts. Primer amplification efficiencies (E) were generated by running a two–fold dilution series (1:10, 1:20, 1:40, 1:80, 1:160, 1:320, and 1:640) (cDNA pool) in triplicates to ensure optimal primer efficiency (1.8–2.2) (Table 1). The E were determined by the slope of the regression line a plot of log cDNA dilution versus threshold cycle (Ct) using the formula E = 10−1/slope. A 1:20 dilution was selected for assaying telencephalon cDNA samples. Normalized efficiency corrected relative gene expression was calculated according to (Pfaffl, 2004) using the endogenous reference gene elongation factor 1a (ef1a) (for validation, see Supplemental Table 1). For each qPCR plate, a duplicate No Template Control (NTC) was used to ensure no contamination. Plate inter–calibration was achieved using a duplicate pool run on each plate, from which a correction factor was calculated for each gene–specific plate.


Table 1 | List of gene–specific primers.





2.6 Statistical Analysis

For all data, normality of distributions and homogeneity of variance were tested using the D’Agostino–Pearson test and the Brown–Forsythe test, respectively, followed by one–way ANOVA tests and Tukey’s post hoc multiple comparisons (Supplemental Table 2). If data did not pass the normality or homogeneity tests, even with data transformations, then the non–parametric Kruskal–Wallis test followed by Dunn’s post hoc test was used. Significance level was set at p < 0.05. Random tank effects were tested using χ2 tests (p < 0.05), and no differences between replicates were found. Outliers were identified using Whisker’s boxplots followed by ROUT1% outlier analysis. Statistical comparisons were made between temperature treatments within each sampling point (indicated by lower case letters). Further, to address the influence of an added confinement stressor (ACT), the non–stressed state [Acclimation (45d)] and stressed fish [ACT (1h)] were statistically compared within each temperature treatment to estimate the effect of stress on the expression of target genes (indicated by uppercase letters). Effect sizes (ω2) were calculated to estimate the relative magnitude differences between gene expression (see Supplemental Table 2). Statistical analyses described above were performed using GraphPad Prism 8 (version 8.3.0). All data are shown as means ± SEM.

To assess inter–relationships between gene expression levels and whole–body cortisol content, data were subjected to principal component analysis (PCA) (Oblimin with Kaiser normalization) using IBM SPSS Statistics 21 (IBM, Armonk, NY, USA). The number of components to retain was based on visual inspection of the scree plot and eigenvalue (>1). Kayer–Meyer–Olkin (KMO) measure of sampling adequacy and Bartlett’s test of sphericity were run to ensure that data obey analysis criteria. Missing samples of data were excluded list–wise, with component loading cutoff point set at −0.400 or 0.400.




3 Results


3.1 Plasma Cortisol

One–day following the abrupt transfer to higher temperatures, post–smolts transferred to 1°C and 16°C displayed significantly elevated plasma cortisol concentrations compared to fish at 18°C and the 10°C control group (Figure 1). Moreover, the magnitude of differences (or effect size, ω2) in cortisol responses was relatively strong within the Transfer (1d) sampling compared to the Acclimation (45d) and ACT (1h) samplings (Supplemental Table 2). Consistently, following Acclimation (45d), plasma cortisol concentrations were low in all groups, with no detectable differences between temperature treatments. Conversely, in response to the ACTs, all temperature groups responded with large ω2 (Supplemental Table 2) and significantly elevated the circulating cortisol concentrations compared to the initial pre–ACT conditions, however, no difference in the magnitude of this response was observed between treatments (Figure 1).




Figure 1 | Differences in plasma cortisol levels in post–smolts after Transfer (1d), Acclimation (45d), and the ACT (1h). Values are presented as averages ± SEM of each treatment, with sample (n) indicated above each treatment bar of the figure. Uppercase letters indicate significant difference within a treatment between the Acclimation (45d) (non–stressed) and ACT (1h) (stressed), whereas lowercase letters indicate a significant difference between temperature treatments within a sampling. A significant difference was held at P < 0.05.





3.2 Telencephalon


3.2.1 Transfer (1d)

Stress. At Transfer (1d), both telencephalic crf paralogs (α and β) were significantly elevated in post–smolts transferred to 13°C compared to the 10°C group (Figures 2A, B), whereas only crfα (Figure 2A) showed elevation compared to the 16°C and 18°C groups. Conversely, only post–smolts transferred to 16°C and 18°C displayed significantly higher crfbp compared to the 10°C group (Figure 2C). Both hsd11b2 (α and β) paralogs were significantly lower in post–smolts transferred to 18°C compared to the 10°C and 16°C treatments (Figures 2D, E). Conversely, post–smolts transferred to 13°C had significantly higher mr (Figure 2F) and gr2α (Figure 2I) compared to fish at 10°C and 18°C, whereas gr1α (Figure 2G) was elevated in the 16°C group compared to the 10°C group. This differential regulation in CRs significantly elevated the mr/gr1β ratio (Figure 3B) in post–smolts transferred 13°C compared to the 10°C, 16°C, and 18°C groups but lowered the mr/gr1α (Figure 3A) ratio in fish transferred to 16°C compared to the 10°C group. However, the magnitude of differences revealed to be larger for the mr/gr1β ratio increased at 13°C compared to the low mr/gr1α ratio seen at 16°C (Supplemental Table 2A)




Figure 2 | Changes in whole telencephalic expression of (A) corticotropin releasing factor α (crfα), (B) corticotropin releasing factor β (crfβ), (C) corticotropin releasing factor binding protein (crfbp), (D) hydroxysteroid 11–β dehydrogenase 2α (hsd11b2α), (E) hydroxysteroid 11–β dehydrogenase 2β (hsd11b2β), (F) mineralocorticoid receptor (mr), (G) glucocorticoid receptor 1α (gr1α), (H) glucocorticoid receptor 1β (gr1β), (I) glucocorticoid receptor 2α (gr2α), and (J) glucocorticoid receptor 2β (gr2β) in post–smolts at Transfer (1d), Acclimation (45d), and the ACT (1h). Values are presented as averages ± SEM of each treatment, with sample (n) indicated within each treatment bar of the figure. Uppercase letters indicate significant difference within a treatment between the Acclimation (45d) (non–stressed) and ACT (1h) (stressed), whereas lowercase letters signal a significant difference between temperature treatments within a sampling. A significant difference was held at P < 0.05.






Figure 3 | Change in the CR ratio for (A) mr/gr1α and (B) mr/gr1β of whole telencephalon at Transfer (1d), Acclimation (45d), and ACT (1h). Values are presented as averages ± SEM of each treatment, with sample (n) indicated within each treatment bar of the figure. Uppercase letters indicate significant difference within a treatment between the Acclimation (45d) (non–stressed) and ACT (1h) (stressed), whereas lowercase letters indicate a significant difference between temperature treatments within a sampling. A significant difference was held true at P < 0.05.



Neuroplasticity. Neural markers were also affected, with neurod (Figure 4A), showing significantly lower values in post–smolts transferred to 18°C compared to the 10°C and 13°C groups, whereas transfer to 16°C significantly lowered neurod levels compared to the 13°C group. Conversely, bdnf (Figure 4C) was significantly elevated in post–smolts transferred to 13°C compared to the 10°C group, whereas no differential regulation was observed in post–smolts exposed to the higher temperatures, 16°C and 18°C. The induction of c–fos (Figure 4D) was significantly elevated in post–smolts transferred to 13°C and 16°C, but not for fish at 18°C, compared to the 10°C group. Moreover, post–smolts transferred to 13°C showed a significantly higher c–fos response compared to the 16°C and 18°C groups. The expression of pcna was still unaffected at 1 day following the temperature transfer (Figure 4B). The magnitude of these differences seen in neural markers showed to be largest for neurod and c–fos (Supplemental Table 2A).




Figure 4 | Changes in whole telencephalic expression of (A) neural differentiation factor D (neurod), (B) proliferating nuclear antigen (pcna), (C) brain–derived neurotrophic factor (bdnf), and (D) c–fos in post–smolts at Transfer (1d), Acclimation (45d), and ACT (1h). Values are presented as averages ± SEM of each treatment, with sample (n) indicated within each treatment bar of the figure. Uppercase letters indicate significant difference within a treatment between the Acclimation (45d) (non–stressed) and ACT (1h) (stressed), whereas lowercase letters indicate a significant difference between temperature treatments within a sampling. A significant difference was held at P < 0.05.





3.2.2 Acclimation (45d)

Stress. Following Acclimation (45d), post–smolts at 13°C showed significantly higher crf (α and β) (Figures 2A, B) and crfbp (Figure 2C) compared to fish at 18°C. Further, crfα (Figure 2A) was also higher in post–smolts acclimated to 13°C compared to the 16°C group, whereas the other paralog, crfβ (Figure 2B), showed elevation against the 10°C group. Conversely, hsd11b2 (α and β) was significantly lower in post–smolts acclimated to 16°C and 18°C compared to the 10°C group (Figures 2D, E), with hsd11b2α (Figure 2D) also showing lower levels in the 13°C group.

The CRs were also differentially regulated, with mr (Figure 2F) being significantly lower in post–smolts acclimated to 16°C and 18°C compared to the 10°C group, with both gr2 paralogs (Figures 2I, J) also showing lower levels at 16°C and 18°C compared to the 13°C group. Further, gr2α (Figure 2I) was also lower at 16°C compared to the 10°C group. In contrast, the expression of both gr1 paralogs (Figures 2G, H) was unaffected by the prevailing acclimation temperature at a steady state. This suppression in mr decreased both paralog–specific mr/gr1 ratios (Figures 3A, B) in post–smolts acclimated to 16°C and 18°C compared to the 10°C group, whereas the mr/gr1α ratio (Figure 3A) also displayed lower values in the 18°C group compared to the 13°C group. The magnitude of these differences seen in stress–related genes showed to be strong for gr2α, whereas a moderate difference prevailed for mr and both paralog–specific mr/gr1 ratios (Supplemental Table 2B).

Neuroplasticity. Post–smolts acclimated to 16°C and 18°C had significantly lower neurod (Figure 4A) and pcna (Figure 4B) compared to the 10°C and 13°C groups, whose genes showed a moderate and strong difference in magnitude, respectively (Supplemental Table 2B). Further, bdnf (Figure 4C) was significantly lower in post–smolts acclimated to 16°C compared to the 13°C group, whereas c–fos (Figure 4D) was elevated in post–smolts acclimated 18°C compared to the 16°C group.



3.2.3 ACT (1h)

Stress. The telencephalic expression of crf, hsd11b2, mr, gr2, and gr1 did not respond to the ACT when compared to the initial pre–ACT state [Acclimation (45d)] (Figures 2A, B, D–J). crfbp significantly decreased only in the stressed 13°C group compared to their respective pre–ACT state, resulting in similar levels between all stressed temperature treatments (Figure 2C). The crfα showed significantly lower expression in stressed post–smolts at 18°C compared to 13°C (Figure 2A). Conversely, hsd11b2, mr, and gr2 showed significantly lower expression in stressed post–smolts at 16°C and 18°C compared to the 10°C group (Figures 2D–F, I, J).

Further, although gr1 (Figures 2G, H) did not respond to the ACT, a differential regulation was still observed when comparing between the stressed temperature treatments. Both gr1 paralogs (α and β) showed significantly lower expression in the 16°C group compared to the 10°C group (Figures 2G, H), whereas gr1β was additionally lower compared to the 18°C group (Figure 2H). Moreover, a low mr/gr1 ratio was maintained in the stressed 18°C group compared to the 10°C group (Figures 3A, B), whereas the mr/gr1β was also lower in stressed post–smolts at 18°C compared to the stressed 13°C and 16°C groups (Figure 3B). The magnitude of these differences seen for stress–related genes when challenged by the ACTs was strongest for mr, gr2α, and hsd11b2 (α and β), whereas a moderate difference prevailed for gr2β (Supplemental Table 2C).

Neuroplasticity. In response to ACTs, no differences in neurod and pcna (Figures 4A, B) were observed between the pre–ACT and the stressed state. Therein, neurod (Figure 4A) was maintained low in stressed post–smolt at 16°C and 18°C compared to the 10°C group, with stressed post–smolts at 16°C also showing lower levels compared to 13°C group. The suppression in pcna (Figure 4B) was also maintained in stressed post–smolts at 16°C and 18°C compared to 10°C and 13°C. In contrast, bdnf (Figure 4C) significantly increased in stressed post–smolts at 18°C compared to both the respective pre–ACT state and stressed temperature groups at 10°C, 13°C, and 16°C. The c–fos levels were significantly increased in all stressed acclimation treatments compared to their initial pre–ACT state (Figure 4D). Moreover, c–fos levels were significantly and sequentially higher at each temperature increase from 10°C and 13°C, with 16°C and 18°C groups having the highest levels (Figure 4D). The magnitude of these differences in neural markers seen in stressed post–smolts was strong for neurod, pcna, and c–fos, whereas a moderate response prevailed for bdnf (Supplemental Table 2C).



3.2.4 Principal Component Analysis

We performed PCA separately for samplings Transfer (1d), Acclimation (45d), and the ACT (1h) to investigate the inter–relationship between the different stress– and neural–related genes and whole–body cortisol. The KMO test was moderate for Transfer (1d) (KMO = 0.831), Acclimation (45d) (KMO = 0.683), and ACT (1h) (KMO = 0.757), with the Bartlett’s test of sphericity indicating sufficiently large correlation between items for PCA [Transfer (1d): χ2 = 1,101.169, df = 105, P < 0.001, Acclimation (45d): χ2 = 544.605, df = 105, P < 0.001, ACT (45d): χ2 = 496.217, df = 105, P < 0.001). For the PCA on the Transfer (1d), dataset 3 components were extracted, explaining 82.9% of the variance (Table 2A), with neural plasticity markers neurod and pcna loading with stress–related genes hsd11b2 (α and β), gr1 (α and β), gr2 (α and β), mr, and crfbp into component 1, crf (α and β) and bdnf into component 2, and cortisol and c–fos loading into component 3. When temperature acclimated (45d), five components were extracted, making up 80.4% of the variance that showed greater gene separation among the PCs (Table 2B). Neural markers neurod and pcna loaded with stress–related genes gr2β, mr, and crfβ into component 1, bdnf showed to negatively load with hsd11b2 (α and β) into component 2, c–fos, gr1 (α and β), and gr2α loaded more strongly into component 3 compared to that seen for mr, gr2β, and bdnf, cortisol and crf (α and β) that loaded into component 4, while crfβ loaded together with crfbp into component 5. Following exposure to the added confinement stress, ACT (1h) (Table 2C), four components were extracted, making up 76.9% of the variance, with neurod, bdnf, gr1 (α and β), gr2 (α and β), and mr loading together into component 1, whereas neurod, pcna, and hsd11b2 (α and β) showed negative loading with c–fos and bdnf into component 2, crf and crfbp loading together into component 3, and cortisol loading alone in component 4.


Table 2 | Variables loaded onto components in principal component analysis (PCA) within samplings: (A) Transfer (1d), (B) Acclimation (45d), and (C) ACT (1h).







4 Discussion

The inter–relationship between the stress axis, neural activation, and cognitive plasticity for stress resilience is well documented and provides important underlying information as to the degree of stress being experienced (Sørensen et al., 2011; Sørensen et al., 2012; Sørensen et al., 2013; Manuel et al., 2014b; Madaro et al., 2015). Still, it is well noted that both early life experiences and circadian rhythm can differentially influence stress responses and brain plasticity, therefore, when interpreting changes in these parameters, such implications should be kept in mind (Auperin and Geslin, 2008; Ebbesson and Braithwaite, 2012; Sánchez–Vázquez et al., 2019). Further, it is important to clarify that the work done here in interpreting relative transcript abundance does not always translate to the protein abundances. This is due to differences in protein turnover rates and a multitude of regulatory possibilities at transcriptional, translational, and post–translational levels (Maier et al., 2009), therefore, caution is advised when interpreting these results. Our findings reveal that transfer to elevated temperatures may contain welfare concerns for post–smolt Atlantic salmon, with fish transferred to 16°C and 18°C, experiencing largest challenges and allostatic loads. These groups displayed a suppression in stress responses to the abrupt temperature transfer, whereas after acclimation, although cortisol responses to ACTs were maintained similar, neural activation (c–fos) to ACTs was elevated with increasing acclimation temperature, alongside an upregulation in bdnf at 18°C. Moreover, telencephalic CR profiles were disturbed, showing an elevation in gr1α and suppression in hsd11b2 when initially transferred to 16°C and 18°C, respectively, whereas a suppression in both mr and hsd11b2 persisted following acclimation to these temperatures. This lowered the mr/gr1α ratio when initially transferred to 16°C, whereas, following acclimation, both paralog–specific mr/gr1 ratios were lowered at 16°C and 18°C. Together with the suppression in hsd11b2 seen at elevated temperatures, suggesting lower inhibition of cortisol action, these CR–related disturbances could be the reason of stress–induced disparities in receptor stimulation when exposed to 16°C and 18°C. Consistently, this coincided with a suppression in telencephalic neurod and pcna at 16°C and 18°C after acclimation, suggesting impacts on telencephalic neural processes. Taken together, post–smolt transfer to 16°C and 18°C cues improper stress responses and telencephalic functions, which could propose for inferior underlying cognitive capabilities and elevated stress loads, and has potential implications for post–smolt welfare. However, it should be noted that no mortalities were observed during the trials, reasoning that fish still tolerate these temperatures at least within the time frame studied.


4.1 Temperature Transfer

Rapid thermal changes can have considerable homeostatic impacts in ectotherms, which, depending on severity, can either inhibit or maintain a capacity to mount a proper response to the challenge (Ebbesson and Braithwaite, 2012). If the stressor severity becomes overwhelming (allostatic overload), then this may detrimentally impact physiology by suppressing functions and reducing capacities to manage added challenges (Ebbesson and Braithwaite, 2012; Madaro et al., 2015; Samaras et al., 2018).


4.1.1 Telencephalic Regulation

Temperature modifications to behavior and circulating cortisol profiles have been evidenced in various teleost species (Lankford et al., 2003; Davis, 2004; Madaro et al., 2018), however, few studies have addressed the potential mechanisms behind these divergences and their implication on key neural processes of the telencephalon. Our findings show that post–smolts abruptly transferred from 10°C to warmer temperatures, 13°C and 16°C, maintained elevated plasma cortisol concentrations, whereas fish transferred to 18°C lacked a cortisol response altogether (Figure 1). Similarly, telencephalic c–fos (Figure 4D) was elevated in the 13°C and 16°C groups, with post–smolts transferred to 13°C having the strongest response. This implies that the stress response is still well retained when transferred to 13°C, while a suppression begins to manifest at 16°C and becomes absent at 18°C. Similar cortisol responses are demonstrated in chronically stressed Atlantic salmon (Madaro et al., 2015). Consistent with this notion, post–smolts transferred to 16°C and 18°C upregulated telencephalic crfbp (Figure 2C), suggesting a downregulation in the crf system, a typical indicator of a suppressed stress response (Manuel et al., 2014b; Gorissen and Flik, 2016; Samaras et al., 2018). In contrast, crf (Figures 2A, B) was elevated in post–smolts transferred to 13°C, supporting a still active crf system that aligns to the largest stress responses seen at this transfer temperature (Gorissen and Flik, 2016). Taken together, these findings suggest impacted stress response capacities in post–smolts when transferred to 16°C and 18°C, with the latter group resembling physiological indices coherent to chronically stressed fish (Madaro et al., 2015; Samaras et al., 2018), that could suggest allostatic loads are beginning to surpass the animal’s reactive scope (Romero et al., 2009).

This differential regulation in stress responses also coincided with alterations to CR profiles, with the 13°C group displaying elevated mr and gr2α (Figures 2F, I), the 16°C group showing an upregulation in gr1α (Figure 2G), whereas, surprisingly, CRs were less affected in post–smolts transferred to 18°C. Moreover, this differential regulation in CRs was associated with an elevated mr/gr1β ratio (Figure 3B) in post–smolts transferred to 13°C, whereas fish at 16°C had a lower mr/gr1α ratio (Figure 3A). Collectively, these CR changes could cue an upregulation in mr– and gr1–related functions when transferred to 13°C and 16°C, respectively. Elevated mr at 13°C may also imply that stress conditions are still tolerable, considering the sensitivity of this receptor to cortisol stimulation (Stolte et al., 2008), suggesting that the beneficial physiological effects of mr–related signaling may still be retained to cope with stress loads at this transfer temperature (Karst et al., 2005). Conversely, larger gr1 activation, as suggested by elevated gr1α at 16°C (Figure 2G), is a common indice of elevated cortisol stimulation that could represent a larger demand to suppress tissue functions and prevent overstimulation (Stolte et al., 2008), reasoning elevated challenges. Alternatively, the decrease in mr/gr1 ratio (Figure 3A) seen at 16°C may also propose an attempt to reduce mr bioavailability, perhaps to limit larger disparities in receptor stimulation as stress loads accumulate. In contrast, fish transferred to 18°C, having a suppressed CRF system (increased crfbp) (Figure 2C) and absent stress responses (cortisol and c–fos) (Figures 1, 4D), may explain the limited modulations in CRs as cortisol–related stimulation is readily retained low, thereby lowering the demand to regulate receptor functions. In support, the downregulation in hsd11b2 at 18°C (Figures 2D, E) could propose a lower need to inhibit cortisol action (Alikhani–Koopaei et al., 2004; Alderman and Vijayan, 2012). In summary, these telencephalic indices in stress–related genes at 18°C also potentially suggest a convergence toward a reduced reactive scope, with the 16°C group showing an intermediate response (Romero et al., 2009). Contrastingly, post–smolts going from 10°C to 13°C seemingly still retain proper stress responses and telencephalic capacities, cueing manageable stress loads.



4.1.2 Regulation of Neural Plasticity and Neurogenesis

Cognition plays key roles in fish stress resilience, in which mild or severe challenges can evoke rapid changes in neural plasticity that modulate cognitive functions either detrimentally or beneficially (Ebbesson and Braithwaite, 2012). Post–smolts elevated bdnf when rapidly transferred to 13°C, in line with our recent findings observing a similar response in fish when exposed from 13°C down to 7°C and 4°C (Tang et al., 2022). This supports the importance of BDNF in managing rapid onsets in stress (Vindas et al., 2017). Elevated bdnf may help resist the adverse effects of cortisol overstimulation on neural networks to preserve neuronal integrity, thus presenting a surprisingly robust response (Vindas et al., 2017). Consistently, bdnf has also shown to promote rapid shifts in behavior to benefit stress resilience under large allostatic loads, as reported for inhibitory behavioral phenotypes (Soliman et al., 2010; Manuel et al., 2014a). Nevertheless, although alteration of bdnf is robust, it also implies a larger demand to resist more adverse stress loads, logically suggesting that rapid temperature elevations are stressful for post–smolts. Surprisingly, in line with the stress response and CR patterns (see Section 4.1.1.), bdnf showed a limited differential regulation in post–smolts transferred to 16°C and 18°C (Figure 4C) despite facing a greater thermal challenge. This could suggest greater challenges in line with the downregulation in stress response capacities seen to begin at 16°C and worse at 18°C (see Section 4.1.1.). Alternatively, it cannot be ruled out that suppressed stress functions at 16°C and 18°C may lessen the need to regulate bdnf to protect neuronal circuits, e.g., if cortisol–related stimulation is retained low. However, because allostatic overloads are well recognized to hampering neural functions (Korte et al., 2007; Romero et al., 2009), this still remains a viable alternative for this limited bdnf regulation seen at 16°C and 18°C (Figure 4C). In support, post–smolts transferred to 16°C and, especially, 18°C also displayed a suppression in neurod (Figure 4A), suggesting a declining pool of differentiating neurons and reduced neural plasticity. Because of the importance of neurod in memory and learning (Salvanes et al., 2013; Grassie et al., 2013), this could argue an inferior cognitive capacity in post–smolts to manage the prevailing stress loads when transferred to 16°C and 18°C. This starkly contrasts post–smolts transferred to 13°C, which still maintained or elevated these neural plasticity markers (Figures 4A–C). Taken together, these findings suggest that the transfer of post–smolts to 13°C shows indices of superior cognitive capacities compared to 16°C and 18°C, which, in part, may be due to larger impacts of stress loads on telencephalic neural processes at these higher temperatures.

Stress acts through the actions of CRs to modify neural plasticity, with prior reports demonstrating stimulatory effects of mr, such as for neurod (Van Weert et al., 2017; van Weert et al., 2019) and bdnf (Suri and Vaidya, 2013), whereas, in contrast, gr1 being inhibitory (Suri and Vaidya, 2013; Pavlidis et al., 2015; Chen et al., 2017). In line with this, our findings reveal stress–related elevation in mr and the mr/gr1β ratio (Figures 2F, 3B) when transferring post–smolts to 13°C that coincidently maintained neurod (Figure 4A) and elevated bdnf (Figure 4C). However, it should not be ruled out that crf may also play roles in neural regulation, for instance, bdnf grouped strongly with crf in PC2 of the PCA (Table 2A). Nevertheless, these effects inversely mirrored that seen in neural plasticity for post–smolts transferred to 16°C, having elevated gr1α (Figure 2G), and suppressed hsd11b2 at 18°C (Figures 2D, E). In particular, the downregulation in hsd11b2 (Figures 2D, E) at 18°C coincided with the strongest suppression in neurod (Figure 4A), supporting prior evidence that hsd11b2 plays important functions in maintaining proper neural development (Alderman and Vijayan, 2012). Conforming to the inter–relationship between stress–related genes and neural plasticity, the PCA results of Transfer (1d) revealed a strong loading of neural plasticity markers with these regulatory genes in the same component (PC1) that explained a large portion of the variance (59.97%) (Table 2A). Conversely, cortisol and c–fos grouped together in component 3, revealing a negative loading compared to the other components, perhaps supporting a similar but opposing trend when compared neural plasticity and their regulatory genes (Table 2A). Still, although these findings point to the importance of these stress–related genes in regulating neural plasticity, further mechanistic studies are required, considering the complexity of these neural pathways. In summary, these data suggest that post–smolt transfer from 10°C to 16°C and 18°C may impede vital telencephalic functions, whereas transfer to 13°C revealed to be more favorable in sustaining stress and telencephalic responses needed to promote stress resilience and adaptation to the challenge.




4.2 Acclimation (45d) and Responses to ACTs (1h)

Following long–term exposure to the thermal stressor, if the accumulation of challenges is still tolerable, then neural adjustments become crucial for sustaining homeostasis and progressing challenge adaptation to manage persisting allostatic loads (Ebbesson and Braithwaite, 2012). Therefore, differences in these neural adaptations can indicate varying stress loads and impeded welfare, especially if neural adjustments become suppressed.


4.2.1 Telencephalic Regulation

When acclimated, cortisol concentrations were basal, indicating recovery from the initial temperature transfer period (Figure 1). Further, in response to the ACTs, all treatments responded with elevated cortisol levels, however, no effect of temperature was observed on the circulating levels (Figure 1). This starkly contrasts our previous work (Tang et al., 2022) and others (Madaro et al., 2018), demonstrating a suppression in cortisol responses when acclimating post–smolts to temperatures below 13°C. However, the present findings are consistent with a prior study in Atlantic salmon, similarly reporting limited modulation in stress–related cortisol release above 12°C (Madaro et al., 2018). Contrasting the cortisol responses, the telencephalic induction of c–fos (Figure 4D) to the ACTs increased with increasing acclimation temperature, suggesting larger neural activation to stress at elevated temperatures. As the induction of c–fos is noted for its dependence on stress/stimulus strength (Kovács, 1998) and elevation during both acute and chronic stresses (Pavlidis et al., 2015), this could imply that post–smolts experience greater stress loads when challenged at elevated temperatures, 16°C and 18°C (Figure 4D), despite not translating to greater circulating cortisol levels. Therefore, these findings demonstrate c–fos as a relevant stress marker, which, when used in tandem with cortisol, should be considered in future stress studies.

A dual elevation in both crf and crfbp (Figures 2A–C) was observed in post–smolts acclimated to 13°C. However, in line with the limited differences in cortisol levels at a steady state, no clear differential regulation between the acclimation treatments was detected for crf and crfbp, suggesting that the CRF system at least within the telencephalon was unaffected by prevailing acclimation temperature at a steady state. Conversely, in response to the ACTs, crfbp (Figure 2C) was downregulated in post–smolts acclimated to 13°C, whereas the elevated levels of crfα (Figure 2A) were still maintained. This lower abundance of crfbp when stressed at 13°C could serve to enhance the telencephalic activation of the CRF system to manage neural capacities (Gorissen and Flik, 2016). However, as no variation in the cortisol levels (Figure 1) were observed when stressed, the reason behind upregulating this system in the telencephalon requires further study. In contrast, post–smolts acclimated to 16°C and 18°C showed a direct suppression in gr2 (Figures 2I, J), mr (Figure 2F), and lower mr/gr1 ratio (Figures 3A, B). This may suggest that fish acclimated to 16°C and 18°C retain perturbations and disparities in stimulation of mr– and gr2–related functions, which are suppressed as a protective mechanism (Madaro et al., 2015). Moreover, the lower mr/gr1 ratio at 16°C and 18°C (Figures 3A, B) may be seen as attempt to downplay mr–related functions or alternatively enhance the bioavailability of gr1 for stimulation to suppress and preserve telencephalic neural processes from elevated stress loads (Stolte et al., 2008). Further, the hsd11b2 (Figures 2D, E) became co–suppressed with mr (Figure 2F) at 16°C and 18°C, which supports prior work describing a tight regulatory link of hsd11b2 over mr–related action (Alikhani–Koopaei et al., 2004). Thus, the suppression in hsd11b2 at 16°C and 18°C may reflect a repercussion to the stress–related suppression in mr, inherently reducing the demand to maintain elevated hsd11b2 (Alderman and Vijayan, 2012). Taken together, these perturbations in stress–related genes, mr, gr2, and hsd11b2, when acclimated to 16°C and 18°C, cue greater disparities in telencephalic regulation, suggesting a continuation of challenges even after acclimation. Further, considering the importance of mr and gr2 in stimulating neural capacities (Karst et al., 2005), perturbations in these may inadvertently inflict disruptions to telencephalic processes, such as neural plasticity and neurogenesis, and implicate welfare.



4.2.2 Regulation of Neural Plasticity and Neurogenesis

Consistent with the seen perturbations in CRs (Section 4.2.1.), acclimating post–smolts to 16°C and 18°C suppressed telencephalic neurod (Figure 4A) and pcna (Figure 4B), suggesting stress–related impacts on neural differentiation and neurogenesis (Sørensen et al., 2011; Sørensen et al., 2012). Such inhibition of neural functions can impair cognition, due to the well noted roles of these processes in memory and learning (Grassie et al., 2013; Alfonso et al., 2019). Further, these hampered indices of neural plasticity at 16°C and 18°C aligned with the largest c–fos induction when stressed by the ACTs (Figure 4D) (Section 4.2.1.) (Kovács, 1998), which may suggest thermal–related disruptions in telencephalic functions. In support, post–smolts acclimated to 18°C also elevated bdnf (Figure 4C) when challenged by the ACT, cueing a larger demand to protect neuronal circuits from cortisol or shift behavioral phenotypes to adjust to added stress loads, suggesting elevated stress loads to added challenges (Manuel et al., 2014a; Vindas et al., 2017; Linz et al., 2019).

It is noteworthy that the levels of neurod and pcna ran anti–parallel to the stress–induced telencephalic induction of c–fos to ACTs at 16°C and 18°C (Figures 4A, B, D). Although still warranting further study, prior reports in mammals demonstrate the importance of c–fos for synaptic plasticity of learning and memory processes (Guzowski et al., 2001; Fleischmann et al., 2003). Therefore, it is tempting to speculate whether the larger activation of c–fos could relate to attempts to support neural plasticity if dysfunctions in these processes begin emerging in post–smolts at elevated temperatures. Still, it should not be ruled out that the larger induction of telencephalic c–fos may also represent alternative mechanisms to activate other neural pathways to satisfy telencephalic requirements and abilities when challenged at these more stressful temperatures. For example, the importance of c–fos activation is also noted for hippocampal–dependent spatial and fear memory (Katche and Medina, 2017) and could align to the elevation in bndf when stressed at 18°C, which is specifically noted for roles in fear avoidance in fish (Manuel et al., 2014a). Consistently, when stressed, both neurod and pcna negatively loaded with c–fos and bdnf into PC2, suggesting opposing response effects (Table 2C). Still, because of our rudimentary understanding over IEG pathways in fish, further mechanistic study is required.

Reminiscent to the initial transfer phase (Section 4.1.2.), the suppression in pcna and neurod (Figures 4A, B) when acclimated to 16°C and 18°C coincided with the suppression in gr2 (α and β) and mr and lower mr/gr1 ratio (Figures 2F, I ,J, 3A, B), providing further support to the consensus that stress acts through CRs to modify neural processes (Sørensen et al., 2013; Sadoul et al., 2018). This is also supported by the PCAs showing that mr and gr2β loaded strongly with neural markers neurod and pcna in PC1 (Table 2B). This is consistent with prior evidence in mammals and fish, demonstrating a tight coupling of mr over neurod potentiation, with this study also pointing to the importance of gr2 (van Weert et al., 2019; Alfonso et al., 2019). Moreover, it is not inconceivable that similar regulatory mechanisms may also exist for pcna in the fishes (Le Menuet and Lombès, 2014). The importance of hsd11b2 for neural processes should also not be undermined as these findings reveal post–smolts acclimated to 16°C and 18°C to having suppressed telencephalic hsd11b2 (α and β) (Figures 2D, E), coinciding with both suppressed mr and gr2 (Figures 2F, I, J) and neural plasticity (neurod and pcna) (Figures 4A, B). This supports reports localizing this enzyme in the neurogenic regions of the telencephalon that argues an importance in limiting discrepancies in CR activity to prevent untimely neural differentiation (Alderman and Vijayan, 2012). In support, hsd11b2, pcna, and neurod loaded negatively together in PC2 of stressed post–smolts (Table 2C). Nevertheless, it still should not be ruled out that the lower mr/gr1 ratio (Figures 3A, B) at elevated temperatures may also progress the physiological bioavailability GR1 over neural functions (De Kloet et al., 2005; Sørensen et al., 2013; Odaka et al., 2017). In line, studies support the importance of full GR activation for IEG induction (Gutièrrez–Mecinas et al., 2011; Mifsud and Reul, 2018), which may alternatively account for the larger induction of c–fos (Figure 4D) at elevated temperatures. In line with this, although not seen when stressed, c–fos loaded strongly with gr1 (α and β) and gr2α in PC3 in non–stressed acclimated fish (Table 2B). Still, due to the complexity of these regulatory pathways, further studies are warranted.

In summary, acclimation to 16°C and 18°C lowered the telencephalic expression of genes related to the CRF system (crf αβ and crfbp) while suppressing mr and gr2 (α and β) and lowered the mr/gr1 ratio. These coincided with downregulation in neural plasticity markers neurod and pcna while elevating c–fos induction to added stress at 16°C and 18°C. Together, these indices suggest that challenges are sustained in post–smolts when acclimated to 16°C and 18°C, which may impede proper neural development and have consequences for welfare. Therefore, further investigation is warranted on these temperature–related functional and neuro–anatomical effects and their consequences for cognitive functions.





5 Conclusions

This study shows that temperature elevations to 16°C and 18°C impair post–smolt stress responses and telencephalic functions, which may contain long–lasting challenges and elevated allostatic loads. The rapid transfer from 10°C to 16°C and 18°C revealed dampened telencephalic responses for c–fos, which, at 18°C, also presented as suppressed cortisol concentrations. These could cue stress–related reductions in stress response capabilities to handle challenges when exposed to these thermal transfers. Further, post–smolt transfer at 16°C contained elevated gr1α and a lower mr/gr1α ratio, proposing larger stress loads. However, abrupt transfer to 18°C showed the most adverse indices, indicating suppressed neural plasticity in addition to the absent stress responses (cortisol, c–fos), which commonly mimic physiological indices of chronic stress. On the other hand, the abrupt transfer of post–smolts to 13°C still robustly retained telencephalic capacities, which were even enhanced toward the thermal challenge, indicating that stress loads can be dealt with physiologically. Following acclimation, the regulation of telencephalic CRs converged to a direct suppression in mr and gr2 (α and β) and a lower mr/gr1 ratio in post–smolts at 16°C and 18°C. This implies that stress–related disparities in CR functions hold standfast even after apparent acclimation to these temperatures, supporting long–lasting stress–related effects at 16°C and 18°C. Moreover, these coincided with a suppression in neurod and pcna, suggesting a reduction in neural plasticity and neurogenesis, respectively, that plausibly imply inferior adaptation and cognitive abilities. Consistently, the induction of c–fos to ACTs was elevated at 16°C and 18°C, suggesting larger stress loads, with fish acclimated to 18°C, additionally showing elevating the level of bdnf, implying an added level of challenge. Taken together, our data suggest that post–smolt transfer from 10°C to 16°C and 18°C should be avoided due to indices of larger stress–related dysfunctions in the telencephalon that may cue compromised cognitive functions that are vital for stress resilience and welfare.
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Acclimation, 45 days Component 1 (38.3%) Component 2 (16.64%) Component 3 (10.61%) Component 4 (8.66%) Component 5
(6.24%)

neurod 0.861

pcna 0.691

gr2B 0.598 0.514

mr 0.561 0.422

hsd11b2a 0.975

hsd11b2p 0.967

gria 0.878

c—fos 0.788

gr1p 0.773

grea 0.714

bdnf -0.418 0.572

Cortisol 0.731

crfp 0.458 0.587

crfbp 0.971

crfa 0.568 0.614

()

ACT,1h Component 1 (42.55%) Component 2 (16.78%) Component 3 (9.91%) Component 4 (7.63%)

grip 0.936

gr2a 0.853

gria 0.847

grep 0.843

mr 0.792

neurod 0.536 -0.455

c-fos 0.908

bdnf 0.485 0.688

hsd11b2a -0.662

pcna -0.661

hsd11b2B -0.614

crfa 0.934

crfB 0.774

crfbp 0.585

Cortisol 0.988

Variables included: crfa, crfB, crfbp, hsd11b2a, hsd11b2p, mr, gria, gr1p, grla, gr2p, neurod, pcna, bdnf, c-fos, and circulating plasma cortisol. Scores between 0.400 and —0.400
were excluded from loading on to a component. Percentages indicate the amount of variation explained by each component.
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5'-3' Forward Primer Sequence

CCCCTCCAGGACGTTTACAAA
GCACTTGATCCATTCCACAA
TCCATCACTCGTGGAAAAGGA
AATGGCCCCGCCCAGAT
GTCTAACTACCGTGGCTGTATG
CAAGACAGGTCAGTCTAGTAAC
AGACTCGACCCCCACCAAG
TGCTCAGCACAGTACCAAAG
TCAGCTTCAGCAGTCCAAC
AGTGTTCCTGGTTGTTCCTC
AAGTCTTTGCCAGGGTTCC
CAATGGACAGCTCCCACATCT
ATGTCTGGGCAGACCGTTAC
TGAGCTCGTCGGGTATCTCT
AATGGAACAGCTTTCGCCTGA

5'-3' Reverse Primer Sequence Primer Efficiency Reference

CACACGGCCCACAGGTACA
ACCGATTGCTGTTACCGACT
CAGGGGTTCAACGAGATCTTCA
ATATAGGAGGTGGAGAGATAGAT
GAACGGCTGCTCTCCTG
TCACGGGTGTAGTCCTC
CGTTAGTGGGACTGGTGCTC
GAGTTCTCTTCCCGCTTGAC
ACACACCAGGCAGATCTTATG
TTCATACGGTCCTGGTTGATG
TGTTCCCGTCACACTGTTG
CCAGCGCACTTCCGTATGA
GTTGTCCTGCATTGGGAGTT
CTCGAAGACTAGGGCGAGTG
TGTCGGTGAGTTCCTTTCGC

197
1.95
1.94
1.99
1.98
2.02
1.89
2.03
2.01
1.99
1.96
2.00
1.95
1.95
1.97

(Olsvik et al., 2005)
(Lai et al., 2021)
(Lai et al., 2021)
(Tang et al., 2022)
(Tang et al., 2022)
(Tang et al., 2022)
F primer (Kiilerich et al., 2007), R primer (Nilsen et al., 2008)
(Tang et al., 2022)
(Tang et al., 2022)
(Tang et al., 2022)
(Tang et al., 2022)
(Mes et al., 2020)
(Mes et al., 2020)
(Mes et al., 2020)
(Mes et al., 2018)





