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Editorial on the Research Topic 
Insights in aquatic physiology: 2021


In recent years, scientists have made exceptional achievements that have led to major advancements in the fast-growing field of Aquatic Physiology. This editorial initiative, led by Prof. Andreas Fahlman, the previous Specialty Chief Editor of the Aquatic Physiology Section, is focused on the new insights, novel developments, current challenges, latest discoveries, and future perspectives in the field of Aquatic Physiology. Distinguished and active researchers have been invited to identify the greatest challenges in the sub-disciplines of Aquatic Physiology and offer solutions to address those challenges. This article Research Topic covers the basic mechanisms of osmoregulation, acid-base regulation, respiration, the nervous system, endocrines, behaviors, and digestion at the molecular, cellular, and biochemical levels, and further extends the discussion to aspects of evolutionary physiology. These articles will inspire, inform, and provide new direction to researchers in the field.
Aquatic animals must maintain ionic and acid-base homeostasis in their body fluids to ensure the normal operations of cellular activities and physiological processes. This mechanism is a basic platform for studying environmental adaptation, pollution toxicology, stress biology, and evolutionary physiology of aquatic animals, and further provides important information to improve management of aquaculture practice. Life in fresh water (FW) is osmotically and energetically challenging for living animals because they need to continuously take up Na+ (and other ions) from a salt-dilute environment. Our understanding of Na+ uptake mechanisms in invertebrates is much poorer than that in fishes. To this end, Lee et al. proposed the Na+/H+ antiporter (NHA) as a possible candidate for the Wieczorek Exchanger in many crustaceans and insects, which is hypothetically driven by apical proton pump V-type H+ ATPase (VHA). More studies are awaited to explore the Na+ uptake of NHA and other potential Wieczorek Exchangers. In the case of teleosts, which are the most studied fish group, Shih et al. reviewed the recent progress and clarified the related debates in their Na+ uptake mechanisms. FW teleosts absorb Na+ from the environment mainly via Na+/H+ exchanger 3 (NHE3)-mediated and Na+-Cl- co-transporter (NCC) mediated mechanisms in gill/skin ionocytes, and they rely on NHE for a majority of Na+ uptake, probably due to a favorable NH4+ gradient that efficiently drives NHE. NHEs are considered the major acid-secreting transporters in seawater (SW) fishes as well as in FW ones. NHE3 is the most studied NHE isoform, while NHE2 and its function has never been clarified. According to Liu et al., NHE2 is localized at the basolateral membrane of fish ionocytes and appeared to facilitate acid and salt secretion in sea water (SW) medaka, providing a new insight into the role of NHE2 in SW osmoregulation. Gill (or skin) ionocytes are important sites for fish iono- and osmo-regulation. Different types of ionocytes expressing distinct sets of ion transporters were identified by Inokuchi and her colleagues (Inokuchi et al.) in tilapia (Oreochromis mossambicus) gills, providing a platform to explore the plasticity in ion transport functions and ionocyte morphologies in fish when coping with salinity challenges.
In addition to the gills, the kidney is an essential organ participating in fish osmoregulation. Recent progress in the identification and functional analyses of relevant ion transporters in the kidney of FW and SW teleosts were reviewed by Kato et al. These transporters are involved in the secretion of sulfate and magnesium ions (by the proximal tubules in SW), the reduction of urine volume (by the collecting ducts in SW), and the excretion of water through hypotonic urine (by the distal tubules and collecting ducts in FW). The kidney also plays a major role in osmoregulation of the few euryhaline elasmobranchs. For examples, in the euryhaline stingray that has acclimated to FW, the kidney, rather than gills, is the major organ responsible for NaCl reabsorption and dilute urine production. Aburatani et al. explored the roles of Na+-K+-Cl- cotransporter 2 (NKCC2) and Na+/K+-ATPase (NKA) in NaCl and urea reabsorption (associated with dilute urine production) in the early distal tubule in the bundle zone of the Japanese red stingray (Hemitrygon akajei) kidney. Upregulation of the genes encoding NKCC2 and NAK found in FW-acclimated individuals is proposed as an advantageous feature that facilitate acclimation to a wide range of salinities, which might have allowed the batoids to expand their distribution towards low salinity habitats. The gastro-intestinal tract is the major organ for water drinking and absorption in fishes acclimation to SW. Grosell et al. compared different methods, whole-animal and isolated-tissue oxygen consumptions and the estimates of ATP consumption, to determine the metabolic cost of osmoregulation in the marine fish (Opsanus beta). The theoretical estimates of esophageal and intestinal osmoregulatory costs were in close agreement with direct measurements on isolated tissues, suggesting that these tissues amount to ∼2.5% of standard metabolic rates. The whole animal measurements were variable between fish and is not suited to detect the relatively modest metabolic cost of osmoregulation. The antennal gland is also an important osmoregulatory organ, particularly in terrestrial crabs. In the review by Tseng et al., species with higher NKA activity in the antennal gland showed a lower urine-hemolymph ratio for Na+ concentration under hypo-osmotic stress, suggesting a correlation between the structural and functional differences in gills and lung-like structure among crabs. This finding provides new insights into the evolutionary physiology of crab osmoregulation.
Secreting the excess acid that results from metabolic acidosis or an acidified environment is another essential task for aquatic animals to maintain their body fluid homeostasis. Acid secretion mechanism in aquatic animals is known to interact with the mechanisms involved in ion transport and ammonia excretion as well as to affect energy metabolism. It has been proposed that acid secretion mechanisms in fishes, as well as in mammals, is tightly controlled by hormones. Lin et al. reported a novel action of vitamin D (VD), a well-known calciotropic hormone, on zebrafish (Danio rerio) acid secretion. Signaling of VD and VD receptors upregulated acid secretion through stimulating the related acid-secreting transporters. Meanwhile, cephalopods live a lifestyle with high energy expenditure, which is fueled exclusively by protein diets, thus resulting in high production of ammonia as metabolic waste. According to Lin et al., benthic octopuses with lower aerobic respiration rates utilize both active and Na+-driven secondary transport mechanisms, while pelagic squids, with higher aerobic respiration rates, prefer active NH4+ and H+ transport mechanisms that consume ATP intensively. Therefore, diverse strategies were adopted by cephalopods to fit their different lifestyles.
It is critically important for fish to regulate and control their ventilation and maintain adequate water flow to match branchial gas transfer with their metabolic needs under different environmental or physiological situations. Perry et al. reviewed the control and consequences of ventilatory adjustments, the chemoreceptor cells and the mechanisms used to sense O2 and/or CO2 in zebrafish larvae. This review on zebrafish larvae paves the way to study fish respiratory physiology using advanced molecular physiological approaches that have been recently established in the species. A further study on fish respiratory physiology was done by Reed and Jonz. All the receptors implicated in the neurotransmission or neuromodulation associated with O2 sensing in the gills, including serotonergic, cholinergic, purinergic, and dopaminergic signaling, were summarized, but the receptor characterization at the cellular level remains to be done.
Behaviors are the outcomes of physiological performance that are integrated by the nervous system. Fu et al. summarized recent studies regarding the effects of internal and external stimuli on fish behaviors and proposed that studying behaviors can be an alternative way to conduct environmental and physiological assessments. Investigations into fish stress coping strategies, which are involved in endocrine control, physiological regulation, and behavioral response, are important because the related knowledge can improve fish welfare and promote the sustainable development of aquaculture. In the study by Zeng et al., active coping flounder increased prolactin-mediated ionocyte differentiation to deal with low-salinity, while passive coping flounder employed a passive strategy of reducing gill ionocytes number. Finally, the study by Moffatt et al. was extended to understand the mechanisms underpinning fish digestion and growth performance. The experiments with omeprazole, a gastric proton pump inhibitor, highlighted the importance of stomach acidification in digestion and growth and present a novel way of determining the cost of gastric digestion.
This Research Topic provides some new insights into our understanding of the basic physiology in aquatic animals and further suggests new directions for future studies.
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Ionocytes in the skin and gills of seawater (SW) fishes are responsible for acid-base regulation and salt secretion. Na+/H+ exchangers (NHEs) are considered the major acid (H+)-secreting transporters in ionocytes of SW fishes. However, the subcellular localization and function of a specific NHE isoform (NHE2) have never clearly been revealed. In this study, we cloned and sequenced NHE2 from an SW-acclimated medaka (Oryzias latipes) and examined its functions in medaka embryos. A phylogenetic analysis showed that the evolutionary relationships of mammalian NHE2 and NHE4 are close to those of fish NHE2. A gene structure analysis showed that tetrapod NHE4 might be a tandem duplication of fish NHE2. Immunohistochemistry with a medaka-specific antibody localized NHE2 to the basolateral membrane of ionocytes. Lost-of-function experiments with photo-activated morpholino oligonucleotides showed that both H+ and Cl– secretion by ionocytes were suppressed in NHE2-knockdown embryos, suggesting that the basolateral NHE2 facilitates acid and salt secretion by ionocytes of medaka in seawater.

Keywords: salt secretion, acid-base balance, medaka, ionocyte, Na+/H+ exchange


INTRODUCTION

Acidification of both marine and fresh water is a major environmental problem, and it poses a global threat to aquatic animals including fishes. Understanding the molecular and cellular mechanisms for acid-base regulation in fishes can establish the fundamental knowledge to evaluate the impacts of environmental acidification on fishes. Acid-base regulation in fishes is mainly achieved by gills and skin (Evans et al., 2005; Hwang et al., 2011). In gill and skin epithelium, ionocytes (also called mitochondria-rich cells or chloride cells) play major roles in ion and acid-base regulation (Yan and Hwang, 2019). It is generally accepted that sodium (Na+) and hydrogen (H+) exchangers (NHEs) are the major transporters of acid (H+) secretion by ionocytes (Hwang and Chou, 2013; Liu et al., 2013). Several NHE isoforms (NHE1, NHE2, NHE3, NHE5, NHE6, NHE7, and NHE8) were found in fishes, (Hu et al., 2013; Yan and Hwang, 2019); and NHE1, NHE2, and NHE3 were found in the gills of fishes (Claiborne et al., 1999, 2002; Edwards et al., 2005). In freshwater (FW) fishes, NHE3 at the apical membrane was demonstrated to be the major isoform for acid secretion by ionocytes (Yan et al., 2007; Inokuchi et al., 2008; Wu et al., 2010).

In seawater (SW) fishes, two NHE isoforms, NHE2 and NHE3, were identified in ionocytes of gills. In Japanese eel (Anguilla japonica) and mangrove rivulus (Kryptolebias marmoratus), NHE3 was localized to the apical membrane of ionocytes (Cooper et al., 2013; Seo et al., 2013). In medaka (Oryzias latipes) acclimated to SW, NHE3 was localized to apical membranes of ionocytes and demonstrated to be involved in acid secretion (Liu et al., 2013, 2016). Compared to NHE3, however, the localization and function of NHE2 in ionocytes of SW fish are still uncertain. Several studies showed that messenger (m)RNA and protein expressions of NHE2 were stimulated by acidic water or infusion of HCl, suggesting that NHE2 is involved in acid secretion by gills (Claiborne et al., 1999; Tresguerres et al., 2005; Catches et al., 2006).

Medaka is highly adaptable to different salinities, is amenable to genetic manipulation, and is suitable for studies of organogenesis (Wittbrodt et al., 2002; Takeda and Shimada, 2010). Our previous studies demonstrated that medaka embryos are an ideal model for the functional study of ion transport and acid-base regulation by skin ionocytes (Wu et al., 2010; Shen et al., 2011; Liu et al., 2013, 2016). Previously, we found that both NHE2 transcripts and NHE3 proteins were localized at the same ionocytes in SW-acclimated medaka embryos (Liu et al., 2013), and demonstrated that H+ secretion by ionocytes was linked to Cl– secretion (Liu et al., 2016). However, the protein localization and function of NHE2 in SW-type ionocytes are still unclear. Is NHE2 also located on the apical membrane of ionocytes? If so, what is the functional difference between NHE2 and NHE3 in acid secretion? We attempted to answer these questions in this study. First, we cloned and sequenced NHE2 (slc9a2) from gills of medaka, and analyzed the evolutionary relationships among fish and mammalian NHE paralogs (NHE1∼9) with a phylogenic tree analysis. We analyzed the gene structures of NHE2 and NHE4 orthologs to clarify evolutionary relations between NHE2 and NHE4. In addition, we also collected the deduced amino acid sequences of NHE2 and compared differences between fishes and mammals. Second, a specific antibody was generated to localize NHE2 in ionocytes. Finally, we knock down the gene expression of NHE2 in medaka embryos by using photo-activated morpholino oligonucleotides (photo-MOs), which can suppress the gene expression at a specific stage of embryos (Tallafuss et al., 2012). Functional changes (H+ and Cl– secretion) were analyzed in vivo with an electrophysiological technique following our previous studies (Wu et al., 2010; Shen et al., 2011; Liu et al., 2016).



MATERIALS AND METHODS


Medaka Husbandry and Seawater Acclimation

The animal husbandry and experimental protocols of the present study were reviewed and approved by the Animal Care and Utilization Committee of National Taiwan Normal University. Adult medaka (Oryzias latipes) were reared in 1200 (length) × 450 (width) × 600 (height)-mm FW tanks equipped with water filters. We refreshed a quarter of the tank water every week. The water temperature of the tanks was controlled to 28°C by a thermal controller and the photoperiod of the animal room was controlled 14 h of light and 10 h of the dark. Fish were fed at least twice a day. In the morning of ten to ten-thirty, the fertilized eggs were collected from the belly of the female medaka. For SW acclimation, the collected eggs were directly transferred to Petri dishes containing 30 ppt SW and incubated at 28°C. We added the appropriate amounts of sea salt (Instant Ocean, Aquarium System, Mentor, OH, United States) to FW to prepare SW. SW-acclimated adult medaka were obtained by transferring adult fish to 30 ppt SW tanks for 2 weeks.



Phylogenetic Tree and Genomic Sequences Analysis

Coding sequences of known and predicted medaka NHE homologs were obtained from GenBank and Ensembl databases. For the phylogenetic analysis of NHEs candidates, the multiple sequence alignment program “ClustalW2” (European Molecular Biology Laboratory, Heidelberg, Germany) was used to compare the deduced amino acid sequence of medaka NHE homologs with all known data available in the European Institute of Bioinformatics (EBI) database and were subjected to phylogenetic inferences using the Neighbor-joining (NJ) method. The MEGA 6.0 (Molecular Evolutionary Genetics Analysis Version 6.0) software was used to perform 1,000 bootstrap replicate analyses. Based on the assemblies of the Ensembl Genome Browser, the physical gene map of the verified slc9a2 (NHE2) and slc9a4 (NHE4) loci was scaled. Genes located up-and downstream of slc9a2 (NHE2) and slc9a4 (NHE4) genes in these loci were compared to genomes of fish, amphibians, reptilian and mammalian to determine the highest score.



Preparation of RNA and Reverse-Transcription Polymerase Chain Reaction

mRNA levels of NHE2 in different tissues (brain, gills, eyes, heart, liver, intestines, spleen, kidneys, muscles, and fins) of SW-acclimated adult medaka were determined using an RT-PCR. Tissues isolated from three to seven individuals were pooled as one sample. We used Trizol reagent (Invitrogen, Carlsbad, CA, United States) to homogenize all samples according to a volume ratio of 1:10 (sample: Trizol). After homogenizing, 0.1 ml of 1-bromo-3-chloropropane (BCP) solution (Sigma-Aldrich, St. Louis, MO, United States) was added to each sample. After centrifugation at 4°C and 14,000 rpm for 30 min, the supernatant was extracted and taken into the same volume of 100% isopropanol for RNA precipitation. Subsequently, total RNA was purified and DNA contamination was removed by a MasterPure™ RNA Purification Kit (Epicentre Biotechnologies, Madison, WI, United States). After purifying total RNA, the amount and the quality of total RNA were determined by a NanoDrop 1000 spectrophotometer (Thermo Scientific, Wilmington, DE, United States). The integrity of total RNA was checked by electrophoresis through an RNA-denaturing gel.

For the reverse-transcription reaction, 3 μg of total RNA was added into a final volume of 13 μl containing 1 μl of 10 mM dNTPs, 1 μl of 50 mM oligo(dT)20 at 65°C for 5 min, and then the samples immediately moved onto the ice for at least 1 min. After that, each sample was supplemented to a final volume of 20 μl containing 5 mM dithiothreitol (DTT), 40 units of an RNase inhibitor (RNAaseOUT) and 200 units of SuperScript IV (SSIV) (Invitrogen, Carlsbad, CA, United States), and then incubated at 55°C for 15 min. For PCR amplification, 0.5 μl of complementary (c)DNA (dilute 1:200 by diethylpyrocarbonate water) from various tissues, including the brain, gills, eyes, heart, liver, intestines, spleen, kidneys, muscles and fins, were used as a template in a 25-μl final reaction volume containing 1 μl of 10 mM dNTP, 1 μl of 40 units of Gen-Taq polymerase (Genemark, Taipei, Taiwan), and 1 μl of 10 mM of NHE2 primers (forward: 5′-ATCGTCTGTTGTGCCCTC-3′; reverse: 5′-CAGTTCCACTCGTGCTCT-3′).



Morpholino Oligonucleotides Design and Microinjection

An antisense morpholino-modified oligonucleotides (MOs; Open Biosystems, Huntsville, AL) with the sequence 5′-TTCTCGTGGACCGAGTACATGATGC-3′ was used to target −6 to + 19 of the coding region of medaka NHE2; a sense photo-activated (photo)-MOs (Open Biosystems, Huntsville, AL), 5′-GCATCATGTACT-photo-GGTCCAC-3′, was used to target normal MOs with the middle of the photo-sensitive subunit. Standard control oligonucleotides (5′-ATCCATCTTGTGTGTTAGAAAACTG-3′; Gene Tools, Philomath, OR, United States) were used as the control MO, based on its no target and no significant biological activity.

The MOs were resuspended in 1X Danieau’s solution, stored at −20°C as a stock solution. Before use, we diluted the stock to desired concentrations (0.5, 1.0, 2.0, or 4.0 ng/embryo). In the present study, both MOs (0.5 ng/embryo) and photo-MOs (0.6 ng/embryo) were incubated at 50°C for 10 mins. Subsequently, both MOs and photo-MOs were co-injected into embryos at one to the two-cell stage by a gas-driven microinjection apparatus (ASI, Eugene, OR). After injection with both NHE2 MOs and photo-MOs, 5-day post-fertilization (dpf) embryos were stimulated by UV light (365 nm) for 1 min from UV Lightbox (Gene Tools, Philomath, OR, United States), and then 8-dpf embryos were sampled to measure proteins expression. The 5-dpf embryos not stimulated with UV light (365 nm) served as the control photo-MOs.



Immunohistochemistry

We collected 8-dpf embryos and fixed them in 4% paraformaldehyde (PFA) at 4°C overnight. The protocol for NHE2 IHC followed by that of a previous report (Inoue and Wittbrodt, 2011). For the immunoreaction, a polyclonal antibody against the domain (VAYPGRRSRFGNRSS; Genomics, Taipei, Taiwan) of medaka NHE2 (diluted 1: 300) and goat anti-rabbit immunoglobulin G (IgG) conjugated with Alexa Fluor 488 (Molecular Probes, Carlsbad, CA) (diluted 1: 500) were, respectively, used as the primary and secondary antibody, respectively. For Na+/K+-ATPase (NKA) staining, an α5-monoclonal antibody against the α-subunit of the avian NKA (Developmental Studies Hybridoma Bank, University of Iowa, Ames, IA) was used to detect NKA. The protocol was conducted as described in previous reports (Wu et al., 2010; Liu et al., 2013). Finally, images were captured by using a fluorescence microscope (Axioplan 2 Imaging, Carl Zeiss Oberkochen, Germany).



Western Blotting

Ten 8-dpf embryos were collected as one sample and washed twice with phosphate-buffered saline (PBS). Afterward, homogenization buffer (100 mM imidazole, 5 mM EDTA, 200 mM sucrose, and 0.1% sodium deoxycholate) (with the pH adjusted to 7.6) with 10 units of protease inhibitors (Roche, Indianapolis, IN, United States) was used to homogenize all samples. After centrifuging at 4°C and 10,000 rpm for 10 min, the supernatant was extracted for analysis by using BCA protein assay reagents (Pierce Chemical Company, Rockford, IL, United States). Each sample (equivalent to a volume of 20 μg protein) was incubated at 95°C for 10 min for denaturing and then subjected to 10% sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE). After electrophoresis, the gel was transferred to polyvinylidene difluoride membranes (Millipore, Billerica, CA, United States). For the blocking reaction, the membranes were transferred to 5% non-fat milk at room temperature for 2 h. Afterward, blots were incubated with a rabbit anti-medaka NHE2 polyclonal antibody (diluted 1:1000) and a rabbit anti-human β-actin (Abcam, Tokyo, Japan, diluted 1:1000) at 4°C overnight. Signals of blots were enhanced with a chemiluminescence system (Millipore, Billerica, CA, United States). The membranes were incubated with goat anti-rabbit IgG (H + L) HRP (dilute 1:10000; Invitrogen, Carlsbad, CA, United States). The ImageQuant 4000 system (GE Healthcare, Buckinghamshire, United Kingdom) was used to capture the clear images for analysis. Finally, we quantitated the intensities of immunoreactive bands using ImageJ software1.



Measurement of H+ Flux and Cl– Flux at Ionocytes

The scanning ion-selective electrode technique (SIET; also called the non-invasive micro-test technique, NMT) was used to measure H+ and Cl– secretion by skin ionocytes of medaka larvae. H+-selective and Cl–-selective microelectrodes were prepared as described in previous studies (Shen et al., 2011; Liu et al., 2016). The signal of the microelectrode was connected to the main amplifier through an Ag/AgCl wire electrode holder and preamplifier (Younger United States, Amherst, MA, United States). The movement and positioning of the microelectrodes were performed with a three-dimensional (3D) positioner (Younger United States) driven by a step motor. Imfluxes V2.0 software (youngerusa.com; xuyue.net) was used to control the system and calculate ion fluxes.



Statistical Analysis

Data are presented as the mean ± standard error of the mean (SEM). Student’s unpaired t-test (two-tailed) was used for comparisons of the means of two groups. The significance level was set to p < 0.05.




RESULTS


Phylogenetic Analysis, Sequence Identity, and Sequence Analysis of Medaka NHE2

The sequence of medaka NHE2 (ENSORLG00000012399) was predicted using the Ensembl database and was further cloned and sequenced. The NJ method was used to generate the phylogenetic tree of protein sequences of NHEs from human (Homo sapiens), mouse (Mus musculus), rat (Rattus norvegicus), medaka (Oryzias. latipes), zebrafish (Danio rerio), tilapia (Oreochromis niloticus), stickleback (Gasterosteus aculeatus), and pufferfish (Takifugu rubripes and Tetraodon nigroviridis). The phylogenetic analysis demonstrated that the eight members of medaka NHEs (NHE1, NHE2, NHE3, NHE5, NHE6, NHE7, NHE8, and NHE9) were classified into different groups and clustered with orthologues from mammals (Figure 1). According to the phylogenetic analysis, the fish NHE2 clade was most closely related to the mammalian NHE2 and NHE4 clades. Further, gene arrangements in the genomic regions encompassing NHE2 and NHE4 were compared. Results showed that NHE2, TMEM182, and MFSD9 were evolutionarily located on the same chromosome from fish to mammals except for INPP4AA (Figure 2). The NHE4 gene occurred beside NHE2 on the same chromosome of amphibians, reptiles, birds, and mammals but not in fishes, suggesting that NHE2 duplication had occurred in the chromosome of amphibians and that had formed NHE4.
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FIGURE 1. Phylogenetic tree based on comparisons of Na+/H+ exchanger (NHE) sequences. Putative sequences of amino acids in medaka (Oryzias latipes) and other species were collected from NCBI and Ensembl databases (listed in Supplementary Table 1). The Neighbor-joining method was used to build the phylogenetic trees of NHEs and confirmed by 1000 bootstraps. The unit of the scale bar represents the number of substitutions per site.
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FIGURE 2. Gene structures of Na+/H+ exchanger 2 (NHE2) and NHE4 orthologs. The distance of the genomic region is presented on both sides. The arrow indicates the direction of the gene. Both NHE2 and NHE4 orthologs and their neighboring transcripts were obtained from NCBI and Ensembl databases (as described in Supplementary Table 1). Chr., chromosome; IL18RAP (IL18R1), interleukin-18 receptor accessory protein; INPP4AA, inositol polyphosphate-4-phosphatase type I; MFSD9, major facilitator superfamily domain containing 9; TMEM182, transmembrane protein 182.


The putative transmembrane (TM) protein prediction of medaka NHE2 was predicted using TMHMM (server v. 2.0)2 (Figure 3). Results showed that 12 TMs (black line) were found in medaka NHE2. In addition, compared to amino acid sequences of mammalian NHE2, we found that fish NHE2 lacked the two proline-rich sequences (Pro-1 and Pro-2) (dashed line) (Figure 3). It was demonstrated that Pro-1 and Pro-2 are necessary for appropriate subcellular targeting of rat NHE2 (Chow et al., 1999).


[image: image]

FIGURE 3. Alignment of the deduced amino acid sequences of Na+/H+ exchanger 2 (NHE2) of medaka and other species. The solid line and dotted lines, respectively, mark the postulated transmembrane (TM) domains of NHE2 and proline-rich sequences (Pro-1 and Pro-2).




NHE2 (slc9a2) mRNA Expression in Various Medaka Tissues

To examine the distribution of slc9a2 in medaka tissues, mRNA expression of slc9a2 in various tissues including the brain, gills, eyes, heart, liver, intestines, spleen, kidneys, muscles, and fins, were examined by an RT-PCR. The result showed that slc9a2 was abundantly expressed in the gills, intestines, and muscles (Figure 4). In contrast, slc9a2 expression was quite weak in the liver, spleen, and kidneys (Figure 4). In this study, rpl7 mRNA was used as an internal control.


[image: image]

FIGURE 4. Distribution of slc9a2 in various tissues of medaka. slc9a2 transcripts were detected in adult medaka by an RT-PCR. rpl7 was used as an internal control.




Immunolocalization of NHE2 in Embryonic Ionocytes

IHC was applied with a medaka NHE2-specific antibody to localize NHE2 protein in ionocytes of SW acclimated embryos (Figure 5). NKA immunostaining was used as a marker of ionocytes. Confocal images showed that NHE2 signals (green; Figures 5A,C) were colocalized with NKA signals in the basolateral membrane of ionocytes (red; Figures 5B,C). The basolateral localization of NHE2 was also confirmed by the confocal z-scanning images (Figure 5D).


[image: image]

FIGURE 5. Localization of Na+/H+ exchanger 2 (NHE2) in the skin of seawater (SW)-acclimated medaka embryos. Immunocytochemistry of NHE2 (A) and Na+-K+-ATPase (NKA) (B) in 8-day post-fertilization (dpf) medaka embryos, as shown as merged images in (C,D). Scale bar is 10 μm.




Mortality Rate and Morphology of Embryos Injected With Traditional or Photo-Activated Morpholino Oligonucleotides

To knockdown NHE2 protein expression, traditional MOs were injected into embryos at the 2-cell stage. Injection with a low dose of NHE2-MOs (0.5 ng/embryo) dramatically increased the mortality rate to 83% at 5 dpf which reached 90% at 8 dpf (Figure 6A), while control-MOs showed only 12% mortality at 8 dpf. We also observed severe deformation in embryos, including edema and tail bending (Figure 6B), suggesting that NHE2 might be required for early embryo development. To reduce the impact on early development, a photo-MO technique was applied to knock-down NHE2 expression at a later stage (5 dpf). Results showed that the mortality of NHE2-photo-MOs was about 35% at 5 dpf and gradually increased to 55% at 8 dpf, while control-photo-MOs only caused 35% mortality at 8 dpf. Morphological defects were barely observed in NHE2-photo-MOs, with only slight edema or tail bending exhibited (Figure 6A).


[image: image]

FIGURE 6. Effects of Na+/H+ exchanger 2 (NHE2)-knockdown on mortality and phenotype in seawater (SW)-acclimated embryos. Mortality of control morpholino oligonucleotides (Ctrl-MOs), NHE2-MOs, Ctrl-photoactivated (photo)-MOs, and NHE2-photo-MOs at 0-day post-fertilization (dpf) to 8-dpf SW-acclimated embryos (A). Phenotypes of Ctrl-MOs, NHE2-MOs, Ctrl-photo-MOs, and NHE2-photo-MOs of 8-dpf SW-acclimated embryos (B). Scale bar is 200 μm.


An immunocytochemical analysis was used to compare NHE2 protein expression in 8-dpf embryos with or without NHE2-knockdown (KD). In the control-photo-MO group, green spots (NHE2 immunosignals) were observed on the yolk sac (Figure 7A), while those spots were not evident in the NHE2-photo-MO group. In addition, we also used a Western blot analysis to confirm NHE2-KD. Results showed a predicted band at 91 kDa in the control-photo-MO group, while the band was very faint in the NHE2-photo-MO group (Figure 7B).
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FIGURE 7. Na+/H+ exchanger 2 (NHE2) protein expression in seawater (SW)-acclimated medaka embryos. (A) Immunocytochemistry of NHE2 in 8-day post-fertilization (dpf) medaka embryos in the control (Ctrl) photoactivated morpholino oligonucleotide (photo-MO) and NHE2 photo-MO groups. (B) Western blot analysis of NHE2 in the Ctrl photo-MO and NHE2 photo-MO groups. β-Actin was used as an internal control.




Effects of NHE2 Knockdown on the H+ Flux and Cl– Flux of Ionocytes in Seawater-Acclimated Medaka Embryos

To analyze the effects of NHE2 knockdown on H+ and Cl– secretion by ionocytes, the SIET was used to measure H+ and Cl– effluxes at individual ionocytes on the yolk sac skin of medaka. Results showed that the H+ efflux and Cl– efflux significantly decreased by 60 and 34%, respectively, following NHE2 knockdown (Figures 8A,B).
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FIGURE 8. Effects of Na+/H+ exchanger 2 (NHE2)-knockdown on H+ flux and Cl– flux of ionocytes in seawater (SW)-acclimated medaka embryos. Effects of control photoactivated morpholino oligonucleotides (Ctrl-photo-MOs) and NHE2 photo-MOs on H+ flux (A) and Cl– flux (B) of ionocytes in medaka embryos acclimated to SW. Data are presented as the mean ± SE. The number of cells or larvae is shown in parentheses. * Indicates a significant difference (unpaired two-tailed Student’s t-test, p < 0.05).





DISCUSSION

According to the phylogenetic analysis (Figure 1), the fish NHE2 clade clustered with mammalian NHE2 and NHE4. This finding is consistent with previous findings that NHE2 of mummichog (Fundulus heteroclitus), dogfish (Squalus acanthias), and sculpin (Myoxocephalus octodecemspinosus) were similar to rat NHE2 and NHE4 (Claiborne et al., 2002). Furthermore, genomic loci of the physical distance (according to information collected from the Ensembl database) showed that NHE2 and its adjacent genes, including TMEM182 and MFSD9, were evolutionarily located on the same chromosome from fish to mammals. The NHE4 gene appeared beside NHE2 on the same chromosome of amphibians, reptiles, birds, and mammals but not in that of fishes, suggesting that NHE4 might have been tandem-duplicated in amphibians from the proto NHE2 gene (Figure 2).

Moreover, the full-length amino acid identities between the fish NHE2 clade and mammalian NHE2 clade were about 40.1∼44.7%, while those of the fish NHE2 clade and mammalian NHE4 clade were about 37.4∼41.9% (Supplementary Table 2), suggesting that the properties of fish NHE2 might be similar to those of both mammalian NHE2 and NHE4. In mammalian kidneys, NHE2 is mainly expressed in the apical membrane of the thick ascending limb (TAL), distal convoluted tubules (DCTs) and connecting tubules (CTs), while NHE4 is expressed in the basolateral membrane of the TAL and DCTs (Chambrey et al., 1998, 2001; Houillier and Bourgeois, 2012). The basolateral localization of medaka NHE2 is similar to that of mammalian NHE4. Chow and colleagues (Chow, 1999; Chow et al., 1999) identified an apical targeting signal in a 45-residue region of the cytosolic domain of mammalian NHE2. Deletion of the targeting region of NHE2 caused a miss-targeting of NHE2 to the basolateral membrane of renal cells. In the deduced protein sequences alignment of fishes to mammals, the apical targeting sequence of mammals was not found in fish NHE2 (Figure 3), suggesting that fish NHE2 is probably not an apical protein.

It is generally accepted that SW fishes excrete metabolic acid via NHEs, including NHE2 and NHE3, in the apical membrane of ionocytes (Evans et al., 2005; Hwang et al., 2011). However, previous studies did not provide convincing data to demonstrate the subcellular localization (apical or basolateral side) of NHE2 in SW fishes. Using heterologous antibodies (against mammalian NHE2), Edwards and colleagues localized NHE2 to ionocytes in gills of elasmobranches (Edwards et al., 2002). However, the subcellular localization of NHE2 was uncertain because granular signals were found in the cytoplasm of ionocytes (Edwards et al., 2002). In longhorn sculpin (Myoxocephalus octodecemspinosus), a homologous antibody was applied to localize NHE2 in ionocytes (Catches et al., 2006). They found only partial NHE2 signals in the apical membrane but most signals in the cytoplasm of ionocytes. Our previous study showed that the NHE2 transcript and NHE3 protein were expressed in the same ionocytes in SW-acclimated medaka (Liu et al., 2013). However, the subcellular localization of NHE2 in medaka ionocytes was unclear. In the present study, we generated an isoform-specific antibody to demonstrate the basolateral localization of NHE2 in medaka. To our knowledge, this is the first study to reveal the basolateral localization of NHE2 in fish ionocytes and the first study to examine its function with a gene-knockdown technique.

To investigate the function of NHE2 in medaka, a loss-of-function approach with MOs knockdown was conducted. With a traditional MOs injection, we found that the mortality rate was very high (∼90%), indicating that NHE2 might play a critical role in early embryonic development. To prevent the lethal effects in early development, a photo-MOs technique (Tallafuss et al., 2012) was used to knock down NHE2 expression at a later developmental stage. With the photo-MOs technique, we activated antisense MOs with UV light to knock down NHE2 expression at 5 dpf, and the mortality rate of embryos at 8 dpf was relatively lower (55%). In addition, the NHE2 protein abundance was successfully suppressed demonstrating the feasibility of the photo-MOs technique in medaka embryos. Using the SIET to analyze functional changes of ionocytes in NHE2 knockdown embryos, we found that both H+ and Cl– excretion by ionocytes were suppressed (Figures 8A,B), suggesting that basolateral NHE2 plays a role in the H+ and Cl– secretion.

Our previous study (Liu et al., 2013) compared the mRNA level of NHE3 and NHE2 in medaka acclimated to FW and SW. We found that NHE3 level was 4.5-fold higher in FW than in SW, suggesting that apical NHE3 is probably required for acid secretion in both conditions (the driving force for NHE is higher in SW). In contrast, NHE2 level was much lower in FW than in SW(19-fold lower), suggesting that basolateral NHE2 is specific for SW acclimation. The presence of NHE2 in SW ionocytes might be tightly associated with C1– secretion which is specific for SW acclimation.

Our previous study demonstrated that ionocytes in the skin of SW-acclimated medaka are responsible for Cl– and H+ secretion and proposed a mechanism for the linkage of Cl– and H+ secretion (Liu et al., 2016). The basolateral localized NHE2 was probably involved in the mechanism and thus both Cl– and H+ secretions were suppressed in the NHE2 knockdown embryos. Herein we proposed a modified model (Figure 9) for the possible role of NHE2 in ionocytes of medaka. In this model, anion exchanger 1(AE1), carbonic anhydrase 2 (CA2) and NHE2 might form a metabolon for HCO3– reclaimation and Cl– secretion by ionocytes. Cytosolic CA2 catalyzes CO2 hydration and produces H+ and HCO3– intracellularly, and H+ and HCO3– are, respectively, transported out of ionocytes via apical NHE3, basolateral NHE2 and basolateral AE1. In the basolateral membrane, an Na+ gradient provides the driving force for NHE2 to transport H+ out of the cell, while the H+ gradient facilitates Cl–/HCO3– exchange by AE1. This proposed model is similar to the model (Figure 9) of gastric H+ secretion by mammalian parietal cells of gastric glands (Muallem and Sachs, 1985; Muallem et al., 1988; Gawenis et al., 2004). In parietal cells, basolateral NHE4 was suggested to be functionally associated with AE2 to promote Cl– and HCO3– exchange (Gawenis et al., 2005).
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FIGURE 9. Illustrated models of the acid-secretion by medaka ionocytes and mammalian parietal cells. Medaka ionocytes (A) and mammalian parietal cells (B) are both acid-secreting cells and have similar transport mechanisms. See “Discussion” for a detailed comparison. NKA, Na+-K+-ATPase; NHE, Na+/H+ exchanger; AE, anion exchanger; NKCC, Na+-K+-Cl– cotransporter; CA, carbonic anhydrase; HKA, H+/K+-ATPase; CFTR, cystic fibrosis transmembrane conductance regulator.


In conclusion, the present study demonstrated that NHE2 is expressed in the basolateral membrane of ionocytes in SW-acclimated medaka. Lost-of-function experiments with photo-activated morpholino oligonucleotides suggested that NHE2 is involved in H+ and Cl– secretions by ionocytes. NHE2 and other basolateral transporters (such as AE1) might form a metabolon for HCO3– reclaimation and Cl– secretion by ionocytes of SW fishes. In the future, it is necessary to examine if the presented model (Figure 9) can be applied to other SW teleosts.
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In teleost fishes, ionocytes in the gills are important osmoregulatory sites in maintaining ionic balance. During the embryonic stages before the formation of the gills, ionocytes are located in the yolk-sac membrane and body skin. In Mozambique tilapia embryos, quintuple-color immunofluorescence staining allowed us to classify ionocytes into four types: type I, showing only basolateral Na+/K+-ATPase (NKA) staining; type II, basolateral NKA and apical Na+, Cl− cotransporter 2; type III, basolateral NKA, basolateral Na+, K+, 2Cl− cotransporter 1a (NKCC1a) and apical Na+/H+ exchanger 3; and type IV, basolateral NKA, basolateral NKCC1a and apical cystic fibrosis transmembrane conductance regulator Cl− channel. The ionocyte population consisted mostly of type I, type II and type III in freshwater, while type I and IV dominated in seawater. In adult tilapia, dual observations of whole-mount immunocytochemistry and scanning electron microscopy showed morphofunctional alterations in ionocytes. After transfer from freshwater to seawater, while type-II ionocytes closed their apical openings to suspend ion absorption, type-III ionocytes with a concave surface were transformed into type IV with a pit via a transitory surface. The proposed model of functional classification of ionocytes can account not only for ion uptake in freshwater and ion secretion in seawater, but also for plasticity in ion-transporting functions of ionocytes in tilapia.
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INTRODUCTION
Osmoregulation is a physiological mechanism to maintain a stable internal environment which is required for optimal cell function. In teleost fishes, although they inhabit various osmotic environments, their plasma osmolality is maintained within narrow physiological ranges, equivalent to about one-third seawater (SW) osmolality. Osmoregulation in adult teleosts largely consists of integrated ion and water transport activities of the gills, kidney and intestine. In particular, ionocytes, previously referred to as chloride cells or mitochondrion-rich cells, in the gills are important osmoregulatory sites in maintaining ionic balance (Hwang and Lin, 2013; Kültz and Gilmour, 2020). Ionocytes are responsible for ion uptake in freshwater (FW) and ion secretion in SW. Ionocytes in the gills are also known as a multifunctional cell, which is the dominant site for acid-base regulation and nitrogenous waste excretion in addition to osmoregulation. As is the case in adult fish, teleost embryos and larvae are also able to maintain the osmotic balance of their body fluid (Guggino 1980; Kaneko et al., 1995; Varsamos et al., 2005; Brauner and Rombough 2012). During the early life stages of fishes, a rich population of ionocytes are present in the yolk sac membrane and body skin as a main osmoregulatory site (Lasker and Threadgold 1968; Guggino 1980; Hwang and Hirano 1985; Hwang et al., 1999). In early studies on ionocytes, electron microscopic observations and molecular identification of ion transporters have demonstrated the difference in morphology and function between FW and SW. However, it had not been elucidated how multiple ion transporters cooperate in ionocytes and how the cells switch their function following environmental salinity change. In this review, we describe the ionocyte classification and their functional plasticity between FW and SW during early life and adult stages of Mozambique tilapia (Oreochromis mossambicus).
Tilapia, the genus Oreochromis, are widely distributed in tropical areas in the wild and cultivated in fish farms owing to their hardy nature, rapid growth rates, and tolerance to varied environmental salinity (Pullin 1991). Among those tilapia species, Mozambique tilapia O. mossambicus is one of the most suitable fish species for studies on osmoregulation, because this euryhaline tilapia is tolerant not only to a wide range of salinity from FW to SW but also to extremely low-ion water and even to double-strength SW (Stickney, 1986; Uchida et al., 2000; Fiess et al., 2007; Inokuchi et al., 2008). Mozambique tilapia is also known as a maternal mouth brooder, in which the female incubates the fertilized eggs in her mouth, and its embryos are available all year around. Furthermore, they can breed either in FW or in SW, and embryos develop normally in respective media. The tilapia embryos are also able to survive direct transfer from FW to SW and vice versa. Their strong euryhalinity during both early life and adult stages intrigued us to explore the mechanisms of osmoregulation and salinity tolerance.
IONOCYTE CLASSIFICATION OF YOLK-SAC MEMBRANE AND BODY SKIN IN TILAPIA EMBRYOS
During the embryonic stages before the formation of the functional gills and kidney, ionocytes have been detected in the epithelia covering the yolk and body in several teleost species (Kaneko et al., 2008). The yolk-sac membrane and body skin of embryos and larvae are structurally simple, and those ionocytes would be observable more easily than branchial ionocytes. Thus, those cutaneous ionocytes could serve as an excellent model to investigate the functions and morphology of ionocytes. Hwang and Hirano (1985) found notable differences in the intercellular organization and tight-junction structure of ionocytes in the yolk-sac membrane between FW- and SW-acclimated teleost embryos. It was also reported that, after direct transfer of tilapia larvae from FW to SW, the ionocytes markedly increased their cell size, being accompanied by accessory cells (Ayson et al., 1994; Shiraishi et al., 1997). On the other hand, ionocyte density in the yolk-sac membrane did not vary appreciably between FW and SW larvae (Ayson et al., 1994).
These morphological observations suggest the occurrence of distinct FW- and SW-type ionocytes in the yolk-sac membrane of tilapia embryos and larvae, as is the case with gill ionocytes in adult fish. However, it was not elucidated whether FW-type ionocytes are replaced by newly-differentiated SW-type ionocytes after transfer from FW to SW, or whether preexisting FW ionocytes are transformed into SW ionocytes.
By observing in vivo sequential changes in individual ionocytes in the yolk-sac membrane of tilapia embryos and larvae, Hiroi et al. (1999) succeeded in following morphological changes in ionocytes during acclimation to different salinities. In this study, ionocytes were vitally stained with DASPEI, a fluorescent dye specific for mitochondria, and each individual ionocyte was sequentially observed for 4 days under a confocal laser scanning microscope. The sequential observation revealed that 75% of skin ionocytes survived for 96 h after transfer from FW to SW. Moreover, the ionocytes showed a remarkable increase in size after transfer, while the size did not change in embryos and larvae kept in FW. These findings suggest that FW-type small ionocytes possess the ability to survive after direct transfer to SW and to be transformed into SW-type large ionocytes (Hiroi et al., 1999).
In addition to the crude classification of ionocytes into FW and SW types, Hiroi et al. (2008) have proposed a more detailed functional classification of ionocytes. Ion-transporting functions of ionocytes are defined by various ion transporters located at either basolateral or apical membranes. Since Na+ and Cl− are the major electrolytes in plasma, occupying more than 90% of inorganic electrolytes, they focused on transporters in charge of Na+ and Cl− transport among various transporters expressed in ionocytes. Among those ion transporters, Na+/K+-ATPase (NKA) located at the basolateral membrane is universally present in ionocytes, providing the driving force for ion transport (Hwang and Lin, 2013; Kültz and Gilmour, 2020). The well accepted model of ion secretion in SW-type ionocytes is mediated by NKA and Na+, K+, 2Cl− cotransporter 1a (NKCC1a) in the basolateral membrane, and by the cystic fibrosis transmembrane conductance regulator (CFTR) Cl− channel in the apical membrane (Marshall, 2011; Kültz and Gilmour, 2020). By contrast, the mechanisms for ion uptake in ionocytes of FW-acclimated teleosts vary according to species (Dymowska et al., 2012). Therefore, the research on detailed molecular mechanisms of FW ionocytes was required across a wide range of teleost species.
To detect NKCC in ionocytes, mouse monoclonal antibody against human colonic NKCC1 (named T4; available from the Developmental Studies Hybridoma Bank; Lytle et al., 1995) has been widely and repeatedly used in various teleost species. However, the immunoreaction with T4 antibody was unexpectedly detected in the apical and basolateral membranes of FW- and SW-type ionocytes, respectively, in Mozambique tilapia (Wu et al., 2003; Hiroi et al., 2005), mummichog (Katoh et al., 2008), Japanese medaka (Hsu et al., 2014), European sea bass (Lorin-Nebel et al., 2006) and Japanese sea bass (Inokuchi et al., 2017). This phenomenon implied that two different cation–chloride cotransporters existed in ionocytes: apically-located, ion-absorptive “FW-type” and basolaterally-located, ion-secretory “SW-type”. By immunoscreening of a cDNA expression library with T4 antibody, Hiroi et al. (2008) obtained cDNA of tilapia Na+, Cl− cotransporter 2 (NCC2) in addition to NKCC1a, NKCC1b and NKCC2. Among the four cation-chloride cotransporter candidates, the mRNA of NKCC1a was highly expressed in the yolk-sac membrane and the gills of SW-acclimated fish, whereas the NCC2 expression was restricted to those of FW fish.
Generating antibodies specific for tilapia NKCC1a and NCC2, Hiroi et al. (2008) conducted whole-mount immunofluorescence staining for NKCC1a and NCC2, together with NKA, CFTR and Na+/H+ exchanger 3 (NHE3), on the yolk-sac membrane of tilapia embryos acclimated to FW or SW. The powerful quintuple-color immunofluorescence staining allowed them to successfully classify ionocytes into four distinct types: type I, showing only basolateral NKA staining; type II, basolateral NKA and apical NCC2; type III, basolateral NKA, basolateral NKCC1a and apical NHE3; and type IV, basolateral NKA, basolateral NKCC1a and apical CFTR (Figure 1). The type-I ionocyte is relatively small in size, showing only basolateral NKA staining. Therefore, it was first suggested as an immature ionocyte (Hiroi et al., 2005). However, this type was later considered to be an independent functional cell type (Hiroi et al., 2008), and one possible function is K+ secretion through renal outer medullary K+ channel (ROMK) found at the apical membrane (Furukawa et al., 2014). The type-II ionocyte possessing basolateral NKA and apical NCC2 is specific to FW, and the apical NCC2 is considered as a pathway to absorb Na+ and Cl− (Hiroi et al., 2008). Type-III ionocyte defined by basolateral NKA and basolateral NKCC1a and apical NHE3 rarely appeared in SW, rapidly increased in number following transfer from SW to FW and disappeared following transfer from FW to SW. Type IV represents a typical distributional pattern of ion transporters for NaCl-secretory ionocytes in SW teleost fish. This type possesses basolateral NKA and basolateral NKCC1a similar to type-III ionocytes, but CFTR is located in the apical membrane instead of NHE3. Furthermore, the type-IV ionocyte was not observed in FW fish, but rapidly increased in number after SW transfer and disappeared after transfer back into FW (Hiroi et al., 2008). This inverse relationship between type III and IV suggests that those ionocytes have the same cell linage but transform reversibly into each other during environmental salinity changes. The proposed model of functional classification of ionocytes can account not only for ion uptake in FW and ion secretion in SW, but also for plasticity in ion-transporting functions of ionocytes in the euryhaline tilapia.
[image: Figure 1]FIGURE 1 | Four types of ionocytes in the yolk-sac membrane of Mozambique tilapia embryos, by means of quintuple-color immunofluorescence staining: type-I (A), type-II (B), type-III (C) and type-IV (D). Five images for NKA (red), NKCC1a (blue), NCC2 (cyan), NHE3 (yellow) and CFTR (green) are merged and shown in X–Y and X–Z planes. Type-I ionocytes show only basolateral NKA. Type-II ionocytes possess basolateral NKA and distinct apical NCC2. Type-III ionocytes are defined by basolateral NKA, basolateral NKCC1a (red for NKA and blue for NKCC1a are merged into magenta), and apical NHE3. Type-IV ionocytes are provided with the three major ion-transporting proteins for salt secretion, basolateral NKA, basolateral NKCC1a and apical CFTR. Scale bar, 10 μm. Schematic diagrams of the 4 cell types are presented in the bottom row, showing the apical or basolateral localization patterns of NKA (red), NKCC1a (blue), NCC2 (cyan), NHE3 (yellow) CFTR (green), NBC1 and ROMK. Modified from Hiroi et al. (2008).
BRANCHIAL IONOCYTES IN ADULT TILAPIA
The classification of ionocytes proposed in embryos turned out to be applicable to that in adult fish. Subsequent studies in adult gills showed that Na+, HCO3- cotransporter 1 (NBC1) and ROMK were also localized in branchial ionocytes of Mozambique tilapia (Furukawa et al., 2011; Furukawa et al., 2014, Figure 1). The basolateral NBC1 of type-II ionocytes is likely to function as exit of Na+ absorbed by apical NCC2 (Furukawa et al., 2011). On the other hand, ROMK was detected at the apical membrane of types I, III and IV (Furukawa et al., 2014). As ROMK was upregulated after transfer to high-K+ FW or SW, ROMK seems to play an important role in K+ excretion in those ionocytes (Furukawa et al., 2014).
In earlier studies, scanning (SEM) and transmission (TEM) electron microscopy has been used to identify and quantify functional ionocytes including FW and SW subtypes in tilapia as in other teleost species (Pisam et al., 1995; Lee et al., 1996; van der Heijden et al., 1999). While the apical membrane of SW ionocytes typically forms a pit structure, the apical surface of FW ionocytes often appears as a flat or slightly projecting disk (Lee et al., 1996). In SEM observations, three subtypes of ionocytes were exhibited in FW tilapia: wavy convex, shallow-basin, and deep-hole (Lee et al., 1996). The apical features of deep-hole ionocytes were narrow, deep, round-to-oval pores in which little or no internal structure was visible by SEM. The wavy-convex ionocytes are characterized by a wide apical opening and a rough surface appearance. The ovoid apertures of shallow-basin ionocytes were occasionally ornamented with short microvilli. Following transfer from artificial high-Cl− to low-Cl− media, the wavy-convex cells were rapidly increased, while in turn the deep-hole ionocytes disappeared (Chang et al., 2003). In contrast, low-Ca2+ fish developed more shallow-basin ionocytes in the gills and a higher Ca2+ influx than those acclimated to other media (Chang et al., 2001). These findings indicated that the shallow-basin and wavy-convex ionocytes are mainly responsible for the uptake of Ca2+ and Cl−, respectively. Following transfer of tilapia from FW to brackish water (20 ppt), the wavy-convex ionocytes disappeared within 3 h, but deep-hole ones increased from 48 h (Wang et al., 2009). The rapid disappearance of wavy convex ionocytes might be due to the internalization of the apical membrane (Lin and Hwang, 2004). The morphological changes in apical surface post transfer indicates that different phenotypes play different roles in ion regulation. However, the evident relationship between the variable morphology of apical surfaces and the localization pattern of ion-transporting proteins was not clarified.
In tilapia acclimated to hypoosmotic environments, a direct comparison between SEM image and the distribution of ion transporters demonstrated the relationship between the apical membrane structures and cellular function of ionocytes (Inokuchi et al., 2009). While both NHE3 (type-III) and NCC2 (type-II) ionocytes possess small apical openings in normalized artificial FW, the NHE3 and NCC2 were confined to concave and convex apical surfaces, respectively, in lower ion conditions. The ionocytes with apical NHE3 enlarged their concave apical surface in low Na+ media to facilitate Na+ absorption. In contrast, under low Cl− condition, apical NCC2 cells developed a large apical convex surface to activate Na+ and Cl− uptake (Inokuchi et al., 2009; Choi et al., 2010).
In order to further clarify the functional and morphological response of ionocytes to acute salinity change, Choi et al. (2011) developed a new technique, dual observations of whole-mount immunocytochemistry and SEM. In this method, the gill filaments were first subjected to triple immunofluorescent staining for NKA, NHE3 and NCC2/NKCC1 (T4 antibody) to identify the types of ionocytes, followed by SEM observation on the apical structures of ionocytes in the same specimens. The comparison of the fluorescent and SEM images enables to link the apical structure to a certain ionocyte type. To examine the short-term responses of ionocytes during acclimation to different salinity environments, tilapia were directly transferred from a hypoosmotic environment (FW) to a hyperosmotic environment (70% SW). In addition to a pit surface (deep-hole type), a convex apical surface (wavy-convex type) and a concave apical surface (shallow-basin type), the SEM observation identified a transitory apical surface between the pit and concave structures (Figures 2A–D). In FW-acclimated tilapia gills, as previously reported, three types of apical openings were observed; that is, pit, convex and concave surfaces. At 6 h after transfer to 70% SW, there appeared the transitory type that was not observed in FW fish. The occurrence of the transitory apical surface that shared morphological characteristics of both a concave apical surface and an apical pit suggests a possible transformation from a concave apical surface to an apical pit. The dual observations of whole-mount immunocytochemistry and SEM then revealed that concave apical surfaces typically seen in type-III ionocytes were transformed into enlarged apical pits in type-IV (SW-type) ionocytes via the transitory apical surfaces. It should be noted that this dual-observation technique also revealed the occurrence of ionocytes with a closed apical surface, which was completely covered with adjacent pavement cells. The type-II ionocytes, the other FW-type cells with apical NCC2, possess a small apical pit or a convex apical opening in FW. After transfer of tilapia to 70% SW, type-II ionocytes suspended ion-absorptive function by closing the apical surfaces as a quick response to the salinity change. Interestingly, whereas type-III and type-IV ionocytes show functional plasticity to switch ion-transporting functions between FW and SW, type-II ionocytes are specific for FW acclimation (Figure 2E).
[image: Figure 2]FIGURE 2 | Classification of apical openings of ionocytes in the gills of Mozambique tilapia. Four types of apical openings, identified by scanning electron microscopy: a convex apical surface (A), a concave apical surface (B), a transitory apical surface (C) and an apical pit (D). Scale bar, 5 μm. (E), Schematic diagrams of relationship between apical opening structure and ionocyte types. The type-II ionocytes with convex apical surfaces or apical pits suspend ion-absorptive function by closing the apical openings as a quick response after transfer from freshwater to 70% seawater, followed by cell disappearance. After transfer, concave apical surfaces or small apical pits typically seen in type-III ionocytes are transformed into enlarged apical pits in type-IV ionocytes via the transitory apical surfaces. Modified from Choi et al. (2011).
The functional plasticity of ionocytes has also been reported in other teleost species. The scanning ion-selective electrode technique (SIET) demonstrated the functional change from ion uptake to ion secretion in individual ionocytes in the skin of medaka larvae during acute salinity change (Shen et al., 2011). In Japanese sea bass, the immunocytochemical observation revealed the occurrence of intermediate-type between type-III and type-IV ionocytes at 1 day after transfer from SW to hypoosmotic environment (10% SW) (Inokuchi et al., 2017). The intermediate-type ionocytes showed apical CFTR and NHE3 immunoreactions, which are characteristic of type-IV cells; however, their apical region showing a convex appearance is more like type-III ionocytes.
CONCLUSION
In this review, in order to address the mechanism of functional switching between hyper- and hypo-osmoregulation in euryhaline teleosts, we describe the ionocyte classification of Mozambique tilapia and their functional plasticity between FW and SW. In tilapia embryos, quintuple-color immunofluorescence staining allowed us to classify ionocytes into four types (Hiroi et al., 2008). In adult tilapia, dual observations of whole-mount immunocytochemistry and SEM showed morphofunctional alterations in ionocytes (Choi et al., 2011). Our findings indicate functional plasticity of type-III/IV ionocytes to switch their ion-transporting functions, whereas type-II ionocytes are considered to be specific for FW acclimation. Our morphological and functional analyses revealed how ionocytes switch their function between FW and SW, but the biological pathway to regulate functions of ionocytes is yet to be elucidated. Further studies are required, focusing not only on the ion-transporting function of ionocytes, but also on the molecular pathway regulating the functional plasticity of ionocytes. For example, the utilization of the state-of-the-art molecular approaches, such as the single-cell RNA sequencing, may provide a better understanding of this issue.
Salinity is regarded as one of the most important physical characteristics of the aquatic environment that govern the distribution of species in nature. Mozambique tilapia is a euryhaline teleost with a worldwide tropical distribution, originating from estuaries and near-shore rivers from the lower Zambezi River to the southeast coast of South Africa (Trewevas, 1983). The capacity of ionocytes to alter their morphology and ion-transporting function, or the morphofunctional plasticity of ionocytes, account at least in part for their strong salinity tolerance.
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Brachyurans inhabit a variety of habitats and have evolved diverse osmoregulatory patterns. Gills, antennal glands and a lung-like structure are important organs of crabs that maintain their homeostasis in different habitats. Species use different processes to regulate ions in the antennal gland, especially those with high terrestriality such as Grapsoidea and Ocypodoidea. Our phylogenetic generalized least square (PGLS) result also suggested that there is a correlation between antennal gland NKA activity and urine-hemolymph ratio for Na+ concentration in hypo-osmotic environments among crabs. Species with higher antennal gland NKA activity showed a lower urine-hemolymph ratio for Na+ concentration under hypo-osmotic stress. These phenomenon may correlate to the structural and functional differences in gills and lung-like structure among crabs. However, a limited number of studies have focused on the structural and functional differences in the antennal gland among brachyurans. Integrative and systemic methods like next generation sequencing and proteomics method can be useful for investigating the differences in multi-gene expression and sequences among species. These perspectives can be combined to further elucidate the phylogenetic history of crab antennal glands.
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INTRODUCTION
Evolutionary physiology uses phylogenetics to describe physiological patterns (Felsenstein, 1985; Garland et al., 1992; Garland and Carter, 1994). When we compare the physiological patterns among species, it is important to acknowledge that species are not independent to one another, and that an underlying phylogenetic relationship connects them all (Felsenstein, 1985). Directly comparing the differences among species is inadequate because being independent and identically distributed (IID) is a prior assumption for parametric statistical analysis (Garland et al., 1993; Gotelli and Ellison, 2004). Previous studies used 1) the topology of phylogenetic trees to adjust the variance between variables and 2) degrees of freedom to remove the non-independent effect and more accurately compare features among species (Felsenstein, 1985; Garland et al., 1992; Garland et al., 1993). For example, Garland et al. (1993) used the Monte Carlo method and gave tree topologies to estimate the 95th percentile of F value distribution for the null hypotheses of ANOVA and ANCOVA, then used this F value as a threshold for hypothesis testing. This is known as the phylogenetic ANOVA and ANCOVA. In addition, studies used methods such as Moran’s I autocorrelation, which originated from spatial analysis, to justify whether the similarity of traits corresponds with the phylogenetic distance among species (Gittleman and Kot, 1990; Faria et al., 2017). Evolutionary physiology was further extended to quantitative genetics and genome studies to recognize the differences in gene sequences and expressions among species based on phylogenetics (Storz et al., 2015). In their pioneer study, McNamara and Faria (2012) used Pearson’s correlation analysis with phylogenetically independent contrasts (PIC) correction to analyze the relationship between habitat and hemolymph osmolality among palaemonid shrimp. Result showed that type I error can be reduced when the phylogenetic structure has been taken into consideration (McNamara and Faria, 2012). Their result indicated that performing a physiological comparison from a phylogenetic perspective can reduce statistical errors when performing multiple species investigations and connecting the physiological features of species to their phylogenetic history.
Brachyura is a very diverse group found across the world. It is made up of at least 7,250 species in a wide range of habitats, including marine, intertidal, terrestrial and freshwater zones (Péqueux, 1995; Ng et al., 2008; Davie et al., 2015). Several ion regulatory patterns have been reported in this clade (Henry et al., 2012; McNamara and Faria, 2012; Allen and Weihrauch, 2021). Two important ion regulatory organs—gills and antennal glands—have different functional patterns in different species. Additionally, some species have well-developed lung-like structure which can facilitate the oxygen exchange in terrestrial areas (Greenaway and Farrelly, 1984; Innes and Taylor, 1986; Tsai and Lin, 2012). Along with organ morphology and function, two previous studies outlined the phylogenetic relationships among brachyuran species (Tsang et al., 2014; Ma et al., 2019). This gives us the opportunity to analyze and describe the ion regulatory patterns among crabs from a phylogenetic perspective. Previous reviews and studies focused efforts on identifying the function and structure of gills in crabs (Kirschner, 2004; Weihrauch et al., 2004; Freire et al., 2008; Charmantier et al., 2009; Henry et al., 2012; McNamara and Faria, 2012; Weihrauch et al., 2017; Weihrauch and Allen, 2018; Allen and Weihrauch, 2021) and several important reviews have laid out more details on the structure and ion regulation mechanism of antennal gland of brachyurans (Weihrauch et al., 2004; Freire et al., 2008; Charmantier et al., 2009). In this review, we follow these studies and focus on comparing the structure and ion regulation in the antennal gland among crab species in different clades and habitats. First, we will briefly introduce the habitats and phylogeny of brachyurans, then discuss the differences in the ion regulatory patterns of species’ antennal glands and give an integrated perspectives and introduce questions about the ion regulatory patterns in the antennal gland among brachyurans.
HABITATS AND PHYLOGENETIC RELATIONSHIPS AMONG BRACHYURAN SPECIES
The phylogenetic relationships and habitat diversity of brachyuran crabs interweave to form a wide spectrum of osmoregulatory and ion regulatory patterns among different species. Here we introduce what is currently understood of the habitat properties and phylogenetic relationships among brachyurans. Tsang et al. (2014) included 142 crab species in 58 families in an investigation on the phylogeny of brachyurans using six chromosomal genes and two mitochondrial genes. Four sections belonged to brachyuran—Dromiacea, Raninoida, Cyclodorippoida and Eubrachyura—and there were two monophyletic subsections in Eubrachyura—Heterotremata and Thoracotremata (Ng et al., 2008; Tsang et al., 2014; Davie et al., 2015). The tree topology of superfamilies in these sections/subsections was complex; some parts of superfamilies were monophyletic—e.g., Majoidea, Portunoidea and Xanthoidea—and some were polyphyletic—e.g., Grapsoidea and Ocypodoidea (Tsang et al., 2014; Ma et al., 2019).
The habitats of different clades are diverse and include marine, intertidal, terrestrial and freshwater zones. Environmental factors in marine and subtidal zones—such as salinity (33–35 ppt), water content and temperature—yield no or slight fluctuations in status (Barnes, 1974; Little, 1990). Hyper-osmotic environment will cause the ion influxes and water loss stresses in organism (McNamara and Faria, 2012). Species in superfamilies such as Calappoidea, Dromioidea, Majoidea, Corystoidea, Goneplacoidea, Carpilioidea, Dorippoidea, Leucosioidea, Portunoidea, Pilumnoidea and Xanthoidea (belonging to Dromiacea and Heterotremata) are distributed in these habitats (Ng et al., 2008; Tsang et al., 2014; Davie et al., 2015; Naderllo, 2017). Crabs in Portunoidea, Pilumnoidea, Xanthoidea, Eriphioidae, Leucosioidea, Trapezioidea, Grapsoidea and Ocypodoidea (in clades Thoracotremata and Heterotremata) inhabit the intertidal zone (Takeda et al., 1996; Ng et al., 2008; Tsang et al., 2014; Shin et al., 2015; Naderllo, 2017), where there is a salinity gradient from marine to estuarine (about 5 ppt) and water content that fluctuates based on the daily tidal cycles (Barnes, 1974). Ion regulatory functions help the individual overcome dramatic salinity and water content changes over a short period (McNamara and Faria, 2012).
Species in terrestrial habitats showed a different way to maintain their water balance, gas exchange and ammonia excretion compared to the aquatic one (Little, 1990; Weihrauch et al., 2004). Terrestriality among crabs is categorized into five grades (grades of terrestriality; T-grades) (Hartnoll, 1988). Species in grade T3 and above are considered terrestrial (Li and Chiu, 2019); this includes Gecarcinidae (Grapsoidea); Ocypodidae (Ocypodoidea); and Potamoidea, Gecarcinucoidea and Eriphioidea (Thoracotremata and Heterotremata) (Ng et al., 2008; Davie et al., 2015; Shin et al., 2015; Naderllo, 2017; Li and Chiu, 2019). With the exception of primary freshwater crabs, terrestrial species migrate to coastal and intertidal areas during the breeding season to release their zoea (Saigusa, 1980). Potamoidea, Gecarcinucoidea, Pseudothelphusoidea and Trichodactyloidea (Heterotremata) invaded fully freshwater habitats, which have a low ionic concentration, on two occasions (Barnes, 1974; Ng et al., 2008; Lee et al., 2011; Tsang et al., 2014; Davie et al., 2015; Ma et al., 2019). Some freshwater species, for example, Austrothelphusa transversa which be called desert crab in Gecarcinucoidea, showed high terrestriality which inhabited in arid burrow during dry period (Taylor and Greenaway, 1979; Greenaway, 1984a). Diadromous species such as Varunidae (Grapsoidea) inhabit freshwater, but they migrate to estuaries through streams or rivers during the breeding season (Kobayashi, 1998; Ng et al., 2008; Tsang et al., 2014). Crabs can also inhabit extreme conditions. For example, species of Xenograpsidae (Grapsoidea) and Bythogaeidae (Bythograeoidea) live around hydrothermal vents, which have a low pH and high sulfide concentrations (Martinez et al., 2001; Hu et al., 2016; Allen et al., 2020).
BRIEF INTRODUCTION TO OSMOREGULATORY PATTERNS IN BRACHYURANS
Species in various environments have different osmoregulatory and ion regulatory patterns. They exhibit variation between being an osmo-conformer and an osmoregulator (Péqueux, 1995; Charmantier et al., 2009). The hemolymph osmolality of osmo-conformers changes following the isosmotic line between hemolymph and environment, but they can still regulate their cell volume and be an ion-regulator which modify their hemolymph ion composition (McNamara and Faria, 2012). Most of the marine (deep sea) crustaceans are considered osmo-conformers (McNamara and Faria, 2012). The osmoregulators regulate their hemolymph osmolality by actively absorbing or secreting ions. This group can be further divided into two types: the hyper-osmoregulators and the hyper-hypo-osmoregulators (Péqueux, 1995; Charmantier et al., 2009). Hyper-osmoregulators can sustain a higher hemolymph osmolality than that of their environment up to the isosmotic point, but they will become an osmo-conformer in hyper-osmotic mediums, such as freshwater species and some intertidal species (Shaw, 1958; Gross, 1964; Chung and Lin, 2006; Charmantier et al., 2009). The hyper-/hypo-osmoregulators can keep their hemolymph osmolality within a limited range, regardless of the environmental osmolality; for example, Minuca and Leptuca species can maintain their hemolymph osmotic concentration lower and higher than the isosmotic line between hemolymph and environment in hyper-osmotic and hypo-osmotic environments, respectively (Thurman, 2005; Faria et al., 2017).
The underlying mechanism of different osmoregulatory patterns among crabs are promoting by two important active transporters—Na+, K+-ATPase (NKA) and V-type H+-ATPase (VHA)—which are the crucial driving forces behind the ion regulatory process (Brown and Breton, 1996; Kirschner, 2004). NKA, a P-type ATPase, is an important enzyme that transports three Na+ ions into the hemolymph and brings two K+ ions into the cytoplasm to generate a Na+ and K+ concentration gradient and trans-membrane potential difference (Lodish et al., 2000; Jorgensen et al., 2003). NKA is composed of α, β, and γ subunits; the α subunit—the largest one—was the site ion transport process occurs (Jorgensen et al., 2003; Sáez et al., 2009). Protein kinase A (PKA), protein kinase C (PKC) and Ca2+/calmodulin-dependent kinase (CaMK) can inhibit the gill NKA activity of Ucides cordatus by phosphorylation (Leone et al., 2020). β and γ subunits interacted with α subunit to stable α subunit structure (Jorgensen et al., 2003; Sáez et al., 2009) or interacted with other proteins, such as FXYD, to regulate the activity of NKA (Jorgensen et al., 2003). For example, the gill NKA activity of U. cordatus increased about 1.8 fold in low salinity condition when exogenous FXYD2 was present (Leone et al., 2020). NKA will prompt the Na+ and Cl− absorption mechanism in gills of crabs during hypo-osmotic stress with other ion transporters. Na+, K+, 2Cl-, symporter (NKCC) transport Na+ and Cl− by electrochemical gradient generate by basolateral NKA, Cl− channel, K+ channel and apical K+ channel; Na+, H+, exchanger (NHE) exchanges Na+ by Na+ gradient produce by NKA and H+ gradient by carbonic anhydrase (CA)—can catalyze the H2O and CO2 to H+ and HCO3− and vice versa—in an osmo-conformer or weak hyper-osmoregulator (Kirschner, 2004; Freire et al., 2008; Henry et al., 2012; McNamara and Faria, 2012; Allen and Weihrauch, 2021). In addition, Cl− absorption will also be executed by Cl−, HCO3−, exchanger (AE), that is, driven by the HCO3− gradient which is produced by CA (Kirschner, 2004; Freire et al., 2008; Henry et al., 2012; McNamara and Faria, 2012; Allen and Weihrauch, 2021). On the other hand, NKA, basolateral NKCC and apical Cl− channel involved in the Na+ and Cl− secretion in gills when crabs were subjected to hyper-osmotic condition (Freire et al., 2008; Henry et al., 2012; McNamara and Faria, 2012).
VHA, considered an acid-base regulatory enzyme, also involved in the ion regulatory process (Klein, 1992; Onken and Putzenlechner, 1995; Beyenbach and Wieczorek, 2006). VHA in the intercalated cells (ICs) of the rat kidney and in the Madin-Darby Canine Kidney cell line (MDCK cell) participates in ion regulation (Feifel et al., 1997; Silver et al., 2000). VHA is also believed to participate in ion regulation in the Malpighian tubules and the gut goblet cells of insects, frog skin, crustacean gill and fish gill (Klein, 1992; Maddrell and O’Donnell, 1992; Ehrenfeld and Klein, 1997; Wieczorek et al., 1999; Jensen et al., 2002). In brachyuran, Carcinus maenas, a weak hyper-osmoregulators, VHA distributed in cytoplasm of gills and the transepithelial potential was not affected by bafilomycin, a VHA inhibitor (Weihrauch et al., 2001). In addition, VHA mRNA expression was higher in the anterior gills than the posterior ones in hypo- and hyper-osmotic conditions (Weihrauch et al., 2001). These evidences indicated that VHA in gills of C. maenas might majorly involves in the organelle acidification but not in Na+ or Cl− absorption (Weihrauch et al., 2001). In contrast, VHA involves in ion regulation of strong hyper-osmoregulators in hypo-osmotic condition. The short-circuit current or transepithelial potential difference in gills of Eriocheir sinensis and Chasmagnathus granulatus were reduced when the bafilomycin was present in the apical sides of epithelium (Onken and Putzenlechner, 1995; GenoveseOrtiz et al., 2005). This indicated that the VHA in gills of these two species was involved in Cl− absorption (Onken and Putzenlechner, 1995; GenoveseOrtiz et al., 2005). In addition, the gill VHA mRNA expression of freshwater species, Dilocarcinus pagei, decreased when species was subjected to the hyper-osmotic stress for reducing the V-ATPase-dependent ions absorption (Mantovani and McNamara, 2021). A hypothesis was proposed that the apically located VHA is for excreting H+ directly in acid-base regulation or generating the electric gradient for ion regulation; while the cytoplasmic one is for organelle acidification that can further secrete the proton or produce “acid-trapping” to transport the ammonia into vesicle and secrete from apical membrane of gills by exocytosis (Wieczorek et al., 1999; Weihrauch et al., 2001; Jensen et al., 2002; Kirschner, 2004; Weihrauch et al., 2004; Hu et al., 2016).
Crab osmoregulatory patterns are supported by the distinct arrangement of proteins in ion regulatory organs, such as gills and antennal glands. But even species with similar osmoregulatory patterns and habitats can also have completely different strategies to sustain their homeostasis. Physiological plasticity is an important mechanism for some species to at least temporarily maintain their homeostasis in multiple habitat types (Henry, 1994). Local adaptation may occur when populations of the same species invade to the different habitat types with different environmental stress (Kawecki and Ebert, 2004). This phenomenon may be one of a possible process for speciation (Savolainen et al., 2013). Studies and reviews showed that the structure and ion regulatory functions of gills differ among crabs in different habitats and lineages (Takeda et al., 1996; Tsai and Lin, 2007; Freire et al., 2008; Charmantier et al., 2009; Henry et al., 2012; McNamara and Faria, 2012; Allen and Weihrauch, 2021). This phenomenon may correlate with ion regulation in the brachyuran antennal gland; we will summarize the evidence for this in later sections.
COMPARISON OF STRUCTURE AND ION REGULATION IN THE ANTENNAL GLAND AMONG CRABS
The antennal gland—which is functionally similar to the kidney of vertebrates and the Malpighian tubule of insects—is believed to be the excretory organ that plays an important role in the volume and ion composition of hemolymph regulation (Feifel et al., 1997; Lin et al., 2000; Freire et al., 2008; Brown et al., 2009). The water turnover of an individual can be regulated by different urine production rates in crabs among various environments. Researchers used the clearance rate of isotope material, such as inulin with 14C or EDTA with 51Cr, to estimate the urine production rate of crabs in different mediums (Riegel and Lockwood, 1961; Binns, 1969; Kormanik and Harris, 1981; Morris and Ahern, 2003). For example, the intertidal species Carcinus maenas and shore crab Pachygrapsus crassipes can increase their urine production rate when salinity decreases (Gross and Marshall, 1960; Binns, 1969). The urine flow and EDTA clearance of the land crab Gecarcoidea natalis during the wet season was higher than that during the dry season (Morris and Ahern, 2003). Gecarcinus lateralis showed a higher urine production rate when it came in contact with the moist sand compared to the dry sand (Harris, 1977). Most brachyuran species can only produce isosmotic urine, but some of them can modify the ion composition of their urine to distinguish it from hemolymph (Gross, 1964; Kormanik and Harris, 1981; Weihrauch et al., 2004; Tseng et al., 2020). The intertidal species Tubuca arcuata produces an isosmotic urine in 5 and 35 PSU seawater, but its urine-hemolymph ratio (U/B) for Na+ and Cl− is lower and higher than 1, respectively. These results indicated that T. arcuata could reabsorb Na+ and excrete Cl− from urine in different environments (Tseng et al., 2020).
Structure and Distribution of Ion Regulatory Proteins in the Antennal Gland
The structure and distribution of ion regulatory proteins in the antennal gland of crayfish are well-documented and reviewed (Peterson and Loizzi, 1974a; Roldan and Shivers, 1987; Wheatly and Henry, 1987; Sarver et al., 1994; Wheatly and Gannon, 1995; Ueno and Inoue, 1996; Khodabandeh et al., 2005; Freire et al., 2008; Charmantier et al., 2009). The antennal gland of crayfish contains three parts: the coelomosac, labyrinth and nephridial canal (Peterson and Loizzi, 1973; Peterson and Loizzi, 1974a; Freire et al., 2008; Charmantier et al., 2009). The coelomosac is composed of the coelomic cells connected to adjacent cells by foot processes similar to those of the podocytes. It is considered the place to produce primary urine (Peterson and Loizzi, 1973; Peterson and Loizzi, 1974a; Ueno and Inoue, 1996). The labyrinth contains cells with apical microvilli, membrane folding, and mitochondria and it is analogous to the proximal tubule in the vertebrate kidney (Peterson and Loizzi, 1973; Peterson and Loizzi, 1974a; Roldan and Shivers, 1987). Finally, the nephridial canal—which has thicker cells and higher levels of Mg2+-dependent ATPase than other parts of the antennal gland—is functionally similar to the distal tubule (Peterson and Loizzi, 1973; Peterson and Loizzi, 1974a). Peterson and Loizzi (1974b) found that the labyrinth and nephridial canal of Procambarus species had a higher level of NKA activity and distribution than the coelomosac. Khodabandeh et al. (2005) also found a similar result in the antennal gland in embryos and juveniles of the crayfish Astacus leptodactylus. In addition, the urine chloride concentration and osmotic pressures were lower in the distal part of nephridial canal of Austropotamobius pallipes than in the coelomosac and labyrinth (Riegel, 1963). These evidences may indicate that expression level and activity of NKA were correlated to the ionic and osmotic regulation ability and the distal part of nephridial canal with higher level of NKA activity and distribution was a presumed major site for ion regulation in antennal gland of crayfish (Charmantier et al., 2009).
In contrast to crayfish, studies on the structure and distribution of ion regulatory proteins in the antennal gland of brachyuran crabs are limited to the genera Uca, Ocypode and Callinectes (Schmidt-Nielsen et al., 1968; Johnson, 1980; Tsai and Lin, 2014). Two major cell types, coelomic and labyrinthine cells, were discovered in the antennal gland of crabs (Schmidt-Nielsen et al., 1968; Johnson, 1980; Tsai and Lin, 2014) (Figure 1A). McGaw (2005) used a perfusion method to construct the cardiovascular system of Cancer species. The study showed that the coelomosac artery (CCA) extends into the antennal gland and becomes branches that form circular structures; the empty space in the circle is considered to be where the coelomosac and labyrinth originally resided (McGaw, 2005). The coelomosac is surrounded by the labyrinth, and hemolymph sinus is between these two structures (Schmidt-Nielsen et al., 1968; Johnson, 1980). Based on the cardiovascular path and ultrastructure of the antennal gland, Tsai and Lin (2014) suggested that primary urine is produced by the foot processes of the coelomosac connected with the capillaries from CCA—urine flows into the lumen, where ions are reabsorbed by the labyrinth back into the capillaries (Figure 1B).
[image: Figure 1]FIGURE 1 | The cell types and presumed urine production and re-absorption process in antennal gland of Ocypode stimpsoni. (A) Three types of cell in antennal gland of O. stimpsoni. Coelomic cells with different size of vesicle (open arrow and triangle) and endosome (V), (a). Labyrinthine cells have a great of mitochondria (m) in basal folding, vesicles (open triangle) in sub-apical region and aposomes (black triangle) around apical microvilli, (b). End-labyrinthine cells, another type of labyrinthine cells, showed a different shape of apical membrane compared to labyrinthine cells. In addition, mitochondria not only distributed in basal folding, but also in other regions of end-labyrinthine cells, (c). (B) Hemolymph will be filtrated through coelomic cells (dash arrow), and the ions and other substances will be re-absorbed into hemolymph by labyrinthine cells (grey arrow). COE, coelomic cell. hs, haemolymph sinus. LBR, labyrinthine cell. The figure comes from Tsai and Lin, (2014).
However, there were several different features in ultrastructure among labyrinthine cells in different part of antennal gland (Schmidt-Nielsen et al., 1968; Tsai and Lin, 2014). Schmidt-Nielsen et al. (1968) found at least two types of cells in the labyrinth, one with more mitochondria and basolateral infolding, but these structures were fewer in other cell type in M. mordax. In O. stimpsoni, the thickness and length of apical microvilli in labyrinthine cells are different between proximal and distal tubular regions in the head part of the antennal gland. In addition, the so-called end-labyrinthine cell (ELBR) in the tail part of the antennal gland is even thicker and the cell’s apical microvilli are even longer than in the head part of the antennal gland (Tsai and Lin, 2014) (Figure 1A).
McNamara et al. (2015) compared the density of apical microvilli and the basal invaginations of the antennal gland among six palaemonid shrimps from intertidal to freshwater zones in Macrobrachium and Palaemon. The species in Macrobrachium in the freshwater habitat mainly had higher apical microvilli and basal invagination densities in the antennal gland; this lineage also showed a higher gill apical evaginations density. None of this was the case for Palaemon in the intertidal zone. (McNamara et al., 2015). In addition, the osmotic gradient between hemolymph and environment was greater in Macrobrachium species. The authors indicated that the extension of surface area in the gills and antennal gland of Macrobrachium species can facilitate the ion and water regulation in freshwater environment. This phenomenon may be caused by natural selection in these species (McNamara et al., 2015). However, more data on the structure of the antennal gland are needed among crabs to do meta-analyses for comparing the structural differences among species in different habitats and phylogenetic clades.
Furthermore, the arrangement and distribution level of ion regulatory proteins in the antennal gland are also different among coelomic, labyrinthine and end-labyrinthine cells (Tsai and Lin, 2014). NKA distributed in the basolateral regions of coelomic and two types of labyrinthine cells—VHA and NKCC—were found in the vesicles and apical region of the coelomic and labyrinthine cells, respectively. The intensity of the immunocytochemical stain in NKA is highest in ELBR, and coelomic cell only showed a slight NKA distribution (Tsai and Lin, 2014). This result is similar to the NKA distribution in the antennal gland of crayfish (Peterson and Loizzi, 1973; Khodabandeh et al., 2005). The labyrinthine cells showed various ultrastructures and ion regulatory protein distribution in different parts of the antennal gland in Minuca mordax and Ocypode stimpsoni, but the linkage between the structure and functions of labyrinthine cells needs further investigation.
Previous research proposed a possible pathway by which various ion regulatory protein arrangements in gills evolved among brachyurans based on phylogenetic relationships and ion regulatory patterns (McNarmara and Faria, 2012). The presumed ancestral status is similar to osmo-conformers in marine species; the apical NHE losses and VHA are independent in strong hyper-osmoregulators in freshwater and diadromous clades; and apical and the basal NKCC, basal K+ channel and basal Cl− channel are found in weak hyper-osmoregulators in brackish water, as well as semi-terrestrial and diadromous species (McNarmara and Faria, 2012). If the evolution of ion regulatory protein arrangements in the antennal gland can be further investigated, the possible process that how the evolution and environment shape the function of antennal gland among brachyuran may also be speculated.
Differences in Ion Regulatory Functions of Antennal Glands Among Crabs
The involvement of ion regulatory functions in the antennal gland varied among crab species (Gross, 1964; Bliss, 1968; Harris and Santos, 1993; DeVries et al., 1994; Morris, 2001; Weihrauch et al., 2004; Freire et al., 2008; Charmantier et al., 2009; Tseng et al., 2020) (Figure 2). Among Ocypodidae species, Ocypode quadrata had high terrestriality and showed an ability to reabsorb Na+ and excrete NH4+ from urine during hypo-osmotic stress (DeVries et al., 1994). This phenomenon also occurred in some Uca and Gelasiminae species. Minuca pugnax can reabsorb Na+ and excrete NH4+ from urine in 100 and 175% seawater (Green et al., 1959). The Na+ concentration in the urine of the semi-terrestrial species Lepuca crenulata was lower than that in the hemolymph in 50, 100 and 150% seawater (Gross, 1964). The semi-terrestrial species Minuca mordax and bimodal/intertidal species Tubuca arcuata can reabsorb Na+ from urine in both hypo-osmotic and hyper-osmotic mediums (Schmidt-Nielsen et al., 1968; Tseng et al., 2020). In addition, the bimodal/intertidal species Ucides cordatus has a relatively low urine to hemolymph ratio (U/H) with Na+ concentration in diluted seawater (Harris and Santos, 1993). On the other hand, the following only showed a limited ability to reabsorb Na+ from urine in hypo-osmotic mediums: the terrestrial species Gecarcoidea natalis and G. lateralis (Gecarcinidae) (Gross, 1964; Taylor and Greenaway, 2002); semi-terrestrial/intertidal crabs Chiromantes dehaani (Sesarmidae), Helice formosensis and Hemigrapsus oregoncnsis (Varunidae) (Gross, 1964; Tseng et al., 2020; Allen and Weihrauch, 2021); intertidal/marine species Cancer antennarius and Cancer magister (Cancridae) (Gross, 1964; Hunter and Rudy, 1975), Carcinus maenas and Callinectes sapidus (Portunidae) (Carmeron and Batterton, 1978; Harris and Santos, 1993) and Macrophthalmus banzai (Macrophthalmidae) (Tseng et al., 2020); and freshwater species Candidiopotamon rathbunae (Wang and Lin, 2011) and Potamonautes warreni (Morris and Van Aardt, 1998) (Figure 2B). Two Varunidae species, Pachygrapsus crassipes (Grapsidae) and two Cancridae species can reabsorb Na+ from urine to some degree in hyper-osmotic environments (Prosser et al., 1955; Gross, 1964; Hunter and Rudy, 1975; Harris and Santos, 1993; Tseng et al., 2020; Allen Weihrauch, 2021). Although crabs showed different degrees of magnesium excretion from urine, species of Cancridae, Gecarcinidae, Grapsidae, Ocypodidae, Varunidae and Grapsidae can excrete/lose Mg2+ from urine in hypo- and/or hyper-osmotic environments (Gross, 1964; Hunter and Rudy, 1975; DeVries et al., 1994; Taylor and Greenaway, 2002; Allen and Weihrauch, 2021).
[image: Figure 2]FIGURE 2 | The NKA activity and urine and hemolymph ratio (U/H) for Na+ in the antennal glands of different crab species. The phylogenetic tree was generated by Bayesian inference with COI and 16S rDNA. The antennal gland NKA activity of crabs in 5 ppt was mapped on the phylogenetic tree and the ancestor status was predicted by the phylogenetic structure. Labels in blue boxes were the superfamilies of brachyuran. Labels in green boxes were the groups separated by the clades in phylogenetic trees. (A) Antennal gland NKA activity in the ocypodid group was higher than that in the grapsid group. (B) Ocypodidae species had a lower U/H for Na+ than did species in other families. The figure comes from Tseng et al. (2020).
The Na+, K+-ATPase (NKA) activity in the antennal gland showed a similar pattern to the U/H for Na+ concentration among crabs in hypo-osmotic environments (DeVries et al., 1994, Weihrauch et al., 2004; Tsai and Lin, 2014; Tseng et al., 2020) (Figures 2, 3). Ocypode stimpsoni, O. quadrata and two Gelasiminae species had a relatively higher antennal gland NKA activity in hypo-osmotic environments (DeVries et al., 1994; Tsai and Lin, 2014; Tseng et al., 2020). In contrast, Austruca lactea, Cardisoma carnifex, Cardisoma guanhumi, Chiromantes dehaani, Gecarcoidea lalandii, Helice formosensis, Macrophthalmus banzai, Metaplax elegans, Mictyris brevidactylus, Scylla paramamosain and Ucides cordatus exhibited a lower antennal gland NKA activity in diluted mediums (Schmidt-Nielsen et al., 1968; Towle, 1981; Harris and Santos, 1993; DeVries et al., 1994; Chung and Lin, 2006; Tseng et al., 2020). Based on this, habitat type, which is considered an important factor controlling the diverse physiological patterns of crabs, seems to not be the only factor driving the evolution of this distinct ion regulation mechanism in the antennal gland.
[image: Figure 3]FIGURE 3 | The relationship between antennal gland NKA activity and U/H for Na+ concentration in the antennal gland of different crab species in hypo- and hyper-osmotic environments. The phylogenetic tree was generated by Bayesian inference with COI, 12S and 16S rDNA. The antennal gland NKA activity and U/H for Na+ concentration of crabs in 5 or 35 ppt were mapped on the phylogenetic tree and the ancestor status was predicted by the phylogenetic structure. The correlation between antennal gland NKA activity and U/H for Na+ concentration was analyzed by PGLS. Left pictures were the results of antennal gland NKA activity, and right sides were U/H for Na+ concentration. (A) The antennal gland NKA activity was correlated with the U/H for Na+ concentration in the antennal gland when species were transferred into hypo-osmotic environments (t value = −5.7963, df = 8, p = 0.0012, R2 = 0.88). (B) There was no correlation between antennal gland NKA activity and the U/H for Na+ concentration in the antennal gland when species were transferred into hyper-osmotic mediums (t value = −0.1627, df = 6, p = 0.8786, R2 < 0.001). Data of Ocypode quadrata are from DeVries et al. (1994). Data of Gecarcinus lateralis are from Gross (1964) and DeVries et al. (1994). Data of Candidiopotamon rathbunae are from Wang and Lin (2011).
Tsang et al. (2014) indicated that, in Ocypodoidea and Grapsoidea, some of the families in one superfamily are more closely related to a family in the other—e.g., Macrophthalmidae and Mictyridae (Ocypodoidea) are more closely related to families in Grapsoidea—such as Varunidae—than the other Ocypodidae in the same superfamily. This finding implies an underlying possibility that phylogeny affects the physiological patterns of the antennal gland among crabs. Tseng et al. (2020) compared the antennal gland NKA activity among Ocypodoidea and Grapsoidea in a hypo-osmotic environment by phylogenetic ANOVA and Moran’s I auto-correlation. The results showed that the antennal gland NKA activity of crabs is phylogenetically correlated and significantly different between ocypodid and grapsid groups (Tseng et al., 2020) (Figure 2A). In the present review, we further used phylogenetic generalized least square (PGLS) to analyze whether there is a correlation between antennal gland NKA activity and U/B for Na+ concentration in hypo-osmotic environments among crabs. The result showed that these two features were correlated (t value = -5.7963, df = 8, p = 0.0012, R2 = 0.88). Species with higher antennal gland NKA activity showed a lower U/B for Na+ concentration under hypo-osmotic stress (Figure 3A). However, Ocypode species showed a greater antennal gland NKA activity and Na+ reabsorption capacity than did Gelasiminae and Uca species. This is an indication that the terrestriality of crabs still plays an important role in the ion regulatory functions of the antennal gland in Ocypodidae species (DeVries et al., 1994; Tsai and Lin, 2014; Tseng et al., 2020).
On the other hand, crabs’ capacities to reabsorb Na+ from urine under hyper-osmotic environments had a similar pattern to the capacities under hypo-osmotic stress, Ocypodidae species showed a higher Na+ reabsorption ability from urine (Figure 2B). However, the antennal gland NKA activity of Tubuca arcuata—which contained a low U/H for Na+ concentration—did not differ from those of Helice formosensis and Macrophthalmus banzai—which rarely or slightly reabsorb Na+ from urine—in a 100% seawater environment (Tseng et al., 2020) (Figure 3B). Based on the PGLS analysis, Na+ reabsorption from urine did not correlate to the antennal gland NKA activity among crabs in hyper-osmotic mediums (t value = -0.1627, df = 6, p = 0.8786, R2 < 0.001). On the other hand, the antennal gland is also involved in Mg2+ regulation in brachyurans. Although the trend in U/H for magnesium (Mg2+) concentration among crabs corresponds to a trend in Na+ reabsorption capacity from urine, the U/H for Mg2+ concentration of Cancridae, Gecarcinidae, Grapsidae, Ocypodidae, Varunidae and Grapsidae species was >1 in hypo- and/or hyper-osmotic environments (Green et al., 1959; Gross, 1964; Taylor and Greenaway, 2002). Green et al. (1959) indicated that Na+ reabsorption and Mg2+ excretion from urine may be correlated; for example, P. crassipes, L. crenulata, L. pugilator, M. pugnax and H. oregonensis had a U/H for Na+ concentration < 1 and a U/H for Mg2+ concentration >1 in seawater (Prosser et al., 1955; Green et al., 1959; Gross, 1964). In addition, the U/H for the NH4+, SO42- and Ca2+ concentrations of L. crenulata and L. pugilator were >1 in 100 and 175% seawater (Green et al., 1959). However, in G. lateralis, G. natalis and C. antennarius, the U/H for Na+ concentration was close to one and the Mg2+ concentration in urine was higher than that in the hemolymph (Gross, 1964; Taylor and Greenaway, 2002). The relationship between Na+, NH4+ and divalent ion regulation in hyper-osmotic environments and which ion regulatory proteins are involved in these mechanisms in antennal glands need further investigation.
One reason why ion regulation in the antennal gland differs among crabs may be correlated with the differences in the morphology and function of gills and lung-like structures in different brachyuran clades. Takeda et al. (1996) indicated that land crabs in Ocypodoidea and Grapsoidea invaded terrestrial habitats through different routes: Ocypodid species directly from intertidal/supratidal zones and Grapsid species through estuaries and rivers/streams. The terrestrial species Gecarcinus lateralis in Gecarcinidae and Chiromantes dehaani in Sesarmidae have eight or nine pairs of gills, similar to marine, intertidal and bimodal species such as Macrophthalmus banzai in Macrophthalmidae, Scylla paramamosain in Portunidae and Helice formosensis and Metaplax elegans in Varunidae, which also had eight pairs of gills (Copeland and Fitzjarrell, 1968; Takeda et al., 1996; Tseng et al., 2020). However, Ocypodidae species—such as the semi-terrestrial species Ocypode stimpsoni; intertidal species Austruca lactea; and intertidal/bimodal species Gelasimus borealis, Tubuca arcuata, and Xeruca formosensis—have an inconsistent reduced number of pairs of gills (Takeda et al., 1996; Lin et al., 2002; Tsai and Lin, 2012; Tseng et al., 2020).
In addition, the lung types and properties were also different among crabs and the degree of complexity was higher in Ocypodidae than in Grapsidae. The lung-like structure was specialized from the branchiostegite and formed a complex folding with branching hemolymph vessels in the inner side of the branchial chamber (Greenaway, 1984b; Farrelly and Greenaway, 1987; 1993; Greenaway and Farrelly, 1990; Greenaway, 1999). Ocypode species had a highly compact and evaginated lung; in contrast, Gecarcinidae, Grapsidae and Varunidae species showed expanded and smooth lungs (Tsai and Lin, 2012) (Table 1). Investigations suggested the lung can increase the efficiency of gas exchange when it is active on land (Taylor and Greenaway, 1979; Innes and Taylor, 1986).
TABLE 1 | Lung types and habitats of crabs among families.
[image: Table 1]The development of the lung from the branchiostegite may cause a functional shift in gas exchange from the gill to lung; in addition, the principal site for gas exchange—the anterior gills—becomes involved in ion regulation (Innes and Taylor, 1986; Santos et al., 1987; Greenaway and Farrelly, 1990; Tsai and Lin, 2012). Tubuca arcuata, Austruca annulipes, Tubuca urvillei, Gelasimus tetragonon and Xeruca formosensis have reduced pairs of gills and an osmoregulatory lamella in their anterior gills (Takeda et al., 1996; Lin et al., 2002). The NKA activity of the anterior gills in Ocypode stimpsoni significantly increased 4 days after being transferred into 5 ppt seawater (Tsai and Lin, 2012). In these species, Ocypode spp. and Tubuca arcuata also showed a relatively high NKA activity in the antennal gland and Na+ absorption ability from urine (DeVries et al., 1994; Tsai and Lin, 2014; Tseng et al., 2020) (Figure 3A). The osmoregulatory functional shifts may not only occur in anterior gills, but also to the antennal gland (Tsai and Lin, 2012; Tsai and Lin, 2014). This phenomenon may lead to differences among species in ion regulation in the gills and antennal gland. However, more studies are needed to fill the missing data in other phylogenetic clades of brachyurans. This will lead to a more comprehensive phylogeny of ion regulatory functions in brachyurans.
MULTI-OMICS METHODS FOR ION REGULATION STUDIES IN CRABS
Integrating other physiological features to describe the ion regulatory functions in organisms can let us compare the ion regulatory difference among species in a comprehensive way. Next generation sequencing (NGS) generates a great deal of sequencing data in a short time; these data can then connect the physiological studies to multi-gene or genome level perspectives. Over the past decade, this technique has emerged as a mature method for facilitating the development of a wide range of disciplines (Schuster, 2008; Shendure and Ji, 2008; Liu et al., 2012; Goodwin et al., 2016). RNA sequencing by NGS (RNAseq) can simultaneously detect the expression level and number of functional genes to analyze the relationships between genes and physiological pathways in different environments (Wang et al., 2009). Proteomics method is another powerful tool to detect the expression of several proteins or discover novel proteins involve in different physiological pathways (Aslam et al., 2017; Suhre et al., 2020).
Researchers have used RNAseq to investigate the transcriptomes of organs in marine and freshwater crabs, most of them focusing on ion-regulatory gills (Lv et al., 2013; Li et al., 2014; Yang et al., 2019; Niu et al., 2020; Malik and Kim, 2021). Their results identified not only the routine responses of ion regulatory proteins, but other important physiological pathways, such as metabolism, signal transduction and anti-oxidation up-/down- regulation during salinity stresses in posterior gills (Lv et al., 2013; Li et al., 2014; Havird et al., 2016; Yang et al., 2019; Niu et al., 2020; Malik and Kim, 2021). For example, NKA and VHA was found to be downregulated and NKCC upregulated in E. sinensis in a seawater treatment; in addition, the expression of Cu2+/Zn2+ superoxide dismutase in the antioxidant activity pathway increased about 6.5 fold in a 25 ppt treatment (Yang et al., 2019). VHA and CA in ion regulation and Acetyl-CoA acetyltransferase in the metabolism pathway and signaling mucin HKR1 in the signal transduction pathway increased when S. paramamosain was transferred into a 5 ppt medium (Niu et al., 2020). These important physiological pathways can help individuals resist stress and maintain an energy homeostasis when salinity changes (Li et al., 2014; Yang et al., 2019; Niu et al., 2020).
Proteomics level changes of gills among salinity was also investigated in marine species (Wang et al., 2018; Niu et al., 2020). Wang et al. (2018) used SDS-PAGE and HPLC-MS to detect the proteome in gills of Scylla paramamosain under hypo-osmotic condition. KEGG pathway analysis results showed that proteins in amino acid metabolism and NKA regulation upregulated in 3 ppt seawater (Wang et al., 2018). These physiological pathways were considered as important mechanisms for osmotic and ionic regulation of brachyurans (Wang et al., 2018). In addition, Niu et al. (2020) showed that VHA subunit B and CA2 in gills of S. paramamosain not only upregulated in gene level, but also increased in protein level under hypo-osmotic stress. The protein expression of Cl− channel, Rh protein for ion regulation and NADH dehydrogenase in energy metabolism of gills also increased in 5 ppt seawater (Niu et al., 2020). As the number of transcriptomic and proteomics studies increase and are applied to other brachyurans in intertidal or terrestrial habitats and different phylogenetic clades, we will become better equipped to compare the physiological responses of ion regulation.
On the other hand, Havird et al. (2016) used RNAseq to show that the gene expression levels between anterior and posterior gills differed in Callinects sapidus under different salinity stresses. The expressions of the NKA, NHE and Na+ channels in posterior gills were higher than in anterior ones at 35 ppt (Havird et al., 2016). And NKA expression in the posterior gills was also higher than in the anterior gills in the 5 ppt treatment (Havird et al., 2016). Furthermore, genes expression in the metabolism pathway also increase in the posterior gills under hypo-osmotic stress (Havird et al., 2016). Moshtaghi et al. (2016) analyzed the gene expressions in gills, antennal gland and hepatopancreas of the freshwater prawn Macrobrachium australiense. Results indicated that the gill expresses arginine kinase, NKA, VHA and CA more highly than the antennal gland and hepatopancreas (Moshtaghi et al., 2016). If we compare the gene and protein expression levels of gills and antennal glands between Ocypodoidea and other superfamilies species, we will realize how the antennal gland supports homeostasis and what the differences are in ion regulatory mechanisms between gills and the antennal gland among different species in various environments.
CONCLUSION
We can broaden our understanding of diverse ion regulatory patterns among brachyuran when we consider the combined effects of phylogenetic relationships and environmental properties. The complex interactions among the antennal gland, gill and lung-like structure and can somehow be inferred using crab phylogenies and habitats. Statistical methods with phylogenetic correction, including PGLS and Moran’s I, can give us a more precise results in multi-species comparison. PGLS analysis in present review showed that the NKA activity in antennal gland is correlated to the urine-hemolymph ratio for Na+ in crabs under hypo-osmotic stress. Only a few studies address the structure and the distribution of ion regulatory proteins in the antennal gland among brachyurans, and there are still gaps in the linkage between structural and functional differences in crab antennal glands. It is possible to conduct the trait evolution analysis of ion regulation in a more integrative way by including a number of ion regulatory proteins in different organs among species—for example, using RNA sequencing or proteomics method to detect the expression difference of ion regulatory proteins and analyzing the patterns in the phylogenetic tree of crabs.
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The kidney is an important organ that maintains body fluid homeostasis in seawater and freshwater teleost fishes. Seawater teleosts excrete sulfate and magnesium in small amounts of isotonic urine, and freshwater teleosts excrete water in large amounts of hypo-osmotic urine. The volume, osmolality, and ionic compositions of the urine are regulated mainly by membrane transport proteins expressed in the renal tubular epithelial cells. Gene expression, immunohistochemical, and functional analyses of the fish kidney identified membrane transport proteins involved in the secretion of sulfate and magnesium ions by the proximal tubules and reduction of urine volume by the collecting ducts in seawater teleosts, and excretion of water as hypotonic urine by the distal tubules and collecting ducts in freshwater teleosts. These studies promote an understanding of how the kidney contributes to the seawater and freshwater acclimation of teleosts at the molecular level.
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1 INTRODUCTION
The ionic compositions and osmolarity of body fluids in seawater and freshwater teleost fishes are similar to those in humans and other mammals. Freshwater teleosts live in environments with considerably lower osmolarity than their body fluids. To balance water entry and loss of salts in freshwater environments, the kidneys actively produce a hypotonic urine with salt concentrations that is 1/10–1/20 of that of the body fluid, and the branchial ionocytes (Hwang et al., 2011), mitochondrion-rich cells scattered along the lamellae, and intestinal epithelia absorb salts from the environmental water and food, respectively (Figure 1A). Conversely, seawater teleosts live in environments that have approximately three-fold higher osmolarity than their body fluids. To balance salt entry and loss of water in seawater environments, seawater is ingested, salt and water are absorbed from the ingested seawater via the intestinal epithelial cells, Cl-, Na+, and K+ are excreted from the branchial ionocytes, and Mg2+ and SO42- are excreted in the isotonic urine (Figure 1B). The mechanism of body fluid homeostasis in freshwater and seawater teleosts can be understood as the balance of the epithelial transport of ions and water by the branchial ionotyes, renal tubules, and intestinal epithelial cells. The molecular mechanisms of these processes can be explained by the membrane transport proteins (channels, transporters, and pumps) expressed in the plasma membrane of these epithelial cells. Here, we focus on the functional differences in the kidney of seawater and freshwater teleosts, and review the membrane transport proteins that are expressed in the renal tubular epithelial cells of teleost fishes.
[image: Figure 1]FIGURE 1 | Freshwater and seawater acclimations of teleost fishes and organ functions. (A,B) Movement of ions and water across the epithelia of the gill, kidney, and intestine of freshwater and seawater teleosts. (C,D) Ion and water movement in the nephrons of freshwater and seawater teleosts.
2 FUNCTIONAL DIFFERENCES IN THE KIDNEYS OF FRESHWATER AND SEAWATER TELEOSTS
The kidney is the only organ in vertebrates that can produce urine (Schmidt-Nielsen, 1997). Urine is produced by blood filtration, followed by ion and water secretion and reabsorption by nephrons. The glomeruli are responsible for filtration, while the tubules are responsible for secretion and reabsorption. Urine volume is controlled balancing the amount of water filtered by the glomerulus and the amount of water secreted and reabsorbed by the tubules. The urine composition is also regulated by the secretion and reabsorption of selective ions by the tubules.
In freshwater fish, the kidney functions as the organ responsible for water excretion (Hickman and Trump, 1969; Marshall and Grosell, 2006). The glomeruli of freshwater teleosts filter more blood and produce more primary urine than those of seawater teleosts (Fleming and Stanley, 1965; Nishimura and Imai, 1982). The proximal tubules, which are the renal tubule segments closest to the glomerulus, reabsorb nutrients such as glucose and amino acids from the primary urine (Dickman and Renfro, 1986). The distal tubules and collecting ducts actively reabsorb Na+ and Cl- from the primary urine and are called diluting segments because they do not permeate much water. As a result, the freshwater fish kidney produces hypotonic urine resulting in net water excretion (Nishimura et al., 1983) (Figure 1C).
In seawater fish, the kidney functions as an organ responsible for the excretion of divalent ions (Mg2+, SO42-, and so on) (Hickman and Trump, 1969; Marshall and Grosell, 2006). The proximal tubules of seawater fish actively secrete fluid containing Mg2+, SO42-, and Cl- into the tubular lumen (forming urine), a function not observed in the kidneys of freshwater fish or terrestrial animals (Beyenbach et al., 1986; Beyenbach, 2004). The collecting ducts may then actively reabsorb water along with Na+ and Cl- to reduce the urine volume, producing a relatively small volume of isotonic urine with high concentrations of Mg2+ and SO42- (Figure 1D).
3 MOLECULAR MECHANISMS UNDERLYING REABSORPTION AND SECRETION BY THE RENAL TUBULAR CELLS
Reabsorption and secretion in the renal tubules are mediated by a single layer of renal tubular epithelial cells. Cells are directly connected to each other by cell-cell adhesions, including tight junctions, which function as barriers separating the primary urine from the tissue fluid. Cell-cell adhesions are also responsible for transporting various substances during renal tubular reabsorption and secretion, and the tight junction protein claudins regulate the paracellular permeability (Tsukita et al., 2019). The tight junction also separates the apical and basolateral membrane domains in epithelial cells (Figure 2). Epithelial transport can occur through the transcellular pathway via the apical membrane, cytoplasm, and basolateral membrane of epithelial cells and through the paracellular pathway via the intercellular spaces between epithelial cells. The basolateral membrane of tubular cells, containing sodium pumps (Nkas, Na+/K+-ATPases), potassium channels, and chloride channels, maintains a low Na+, low Cl-, and high K+ intracellular environment (Figure 2) and generates inside negative membrane potentials. The high Na+ and Cl- contents of the extracellular fluids create an ionic gradient between the inside and the outside of the cell. These chemical gradient and membrane potentials (electrical gradients) are used as driving forces for secondary active transport through various cotransporters and exchangers.
[image: Figure 2]FIGURE 2 | Membrane transport proteins expressed in the renal tubular epithelial cells of seawater and freshwater teleost fishes. (A) Membrane transporters involved in the sulfate and magnesium ion secretion mechanism by proximal tubular cells of seawater teleosts. (B) Membrane transporters involved in the urinary volume reduction mechanism by the collecting duct cells of seawater teleosts. (C) Membrane transporters responsible for the urine dilution by the collecting duct cells of freshwater teleosts.
The use of fish genome data has drastically accelerated the research in identifying membrane transport proteins in the renal tubular epithelial cells responsible for seawater and freshwater acclimation of fishes. The genomes of many fish species have recently been sequenced by the development of next-generation sequencers. However, we have focused on two closely related fish species, the euryhaline species river pufferfish (Takifugu obscurus) and the marine species Japanese pufferfish (Takifugu rubripes) (Kato et al., 2005) because the whole genome data of Japanese pufferfish was published in 2002 (Aparicio et al., 2002). Comparing the expression levels of membrane transport protein families in the kidney of seawater-, brackish water-, and freshwater-acclimated Takifugu species identified some of the molecular mechanisms involved in seawater and freshwater acclimation of teleosts as described below.
4 MEMBRANE TRANSPORT PROTEINS INVOLVED IN THE DIVALENT ION SECRETION BY THE PROXIMAL TUBULAR CELLS OF SEAWATER TELEOSTS
The solute carrier (Slc) 26 is a family of proteins with anion-exchange export activity (Mount and Romero, 2004; Alper and Sharma, 2013). Slc26 is mainly found in the plasma membrane and mediates the influx of Cl- and efflux of various anions, such as HCO3−, SO42-, and oxalate2-. A member of this family, Slc26a6, is expressed in the kidney and intestine of river pufferfish and the Japanese eel (Anguilla japonica), and its expression increases during seawater acclimation (Kato et al., 2009; Watanabe and Takei, 2011). Electrophysiological analysis of pufferfish Slc26a6 expressed in Xenopus laevis oocytes showed that it has a very highly electrogenic Cl-/SO42- exchange activity. In the kidney of seawater-acclimated river pufferfish and Japanese eel, Slc26a6 localizes to the brush border of the apical membrane of the proximal tubule. These results are consistent with studies that showed the Cl-/SO42- exchange activity of brush border membrane vesicles isolated from the kidney of the seawater teleost southern flounder (Paralichthys lethostigma) (Renfro and Pritchard, 1983), and suggest that Slc26a6 is at least one of the major pathways of apical SO42- secretion in the proximal tubule of seawater teleosts (Figure 2A). Slc26a1, another SO42- transporter of the Slc26 family, localizes to the basolateral membrane of the proximal tubule in the eel kidney (Nakada et al., 2005; Watanabe and Takei, 2011). When expressed in Xenopus oocytes, fish Slc26a1 shows robust SO42- transport activity (Nakada et al., 2005), but the mode of this transport activity has not yet been established. Analysis of human Slc26a1 expressed in Xenopus oocytes indicated that Slc26a1 has Cl--dependent pH-sensitive HCO3−/SO42- exchange activity (Wu et al., 2016). These results suggest that Slc26a1 mediates basolateral SO42- uptake for luminal SO42- secretion (Figure 2A).
Renal SO42- excretion has also been observed in seawater elasmobranch species. In elephant fish (Callorhinchus milii), Slc26a6 and Slc26a1 are expressed in the apical and basolateral membranes, respectively, of the renal proximal tubule II segments and exhibit SO42- transport activity when expressed in Xenopus oocytes (Hasegawa et al., 2016). These results suggest that the membrane transport proteins involved in renal tubular SO42- secretion are conserved between seawater elasmobranches and teleosts.
A family of proteins homologous to the bacterial Mg2+ transporter MgtE was found in vertebrates and named the Slc41 (Sahni and Scharenberg, 2013). Slc41a1 is expressed in the pufferfish kidney, and its expression levels increase during seawater acclimation (Islam et al., 2013). Increased salinity also stimulates the renal expression of Slc41a1 in the euryhaline glomerular fish Atlantic salmon (Salmo salar) and the aglomerular marine gulf toadfish (Opsanus beta) (Madsen et al., 2020; Hansen et al., 2021). While the activity of fish Slc41a1 has not been successfully determined, human Slc41a1 has been reported to possess Na+/Mg2+ exchange activity (Kolisek et al., 2012). Immunohistochemical analysis at the light and electron microscopic levels showed that Slc41a1 was localized to vacuoles in the apical cytoplasm of the proximal tubules in seawater-acclimated river pufferfish (Islam et al., 2013). The proximal tubules of seawater fish kidneys have intracellular granules containing high Mg2+ concentrations and are the site of active secretion of Mg2+ into the lumen (Chandra et al., 1997; Beyenbach, 2000). These results suggest that Slc41a1 is involved in a pathway that concentrates Mg2+ in intracellular granules that are then secreted into the luminal fluid by exocytosis (Figure 2A).
Another family of proteins that are homologous to the bacterial magnesium transporter CorC was found in vertebrates and named Cnnm (cyclin M or cyclin and CBS domain divalent metal cation transport mediator) family (Funato and Miki, 2019). Again, the activity of fish Cnnm has not been successfully analyzed, however, mammalian Cnnm is known to mediate plasma membrane Mg2+ efflux (Hirata et al., 2014). In the kidneys of river pufferfish, the expression of Cnnm3 is upregulated in seawater, while that of Cnnm2 is increased in freshwater, and Cnnm3 is expressed in the lateral membrane of proximal tubular cells (Islam et al., 2014). The role of Cnnm3 in Mg2+ secretion remains unclear, however, these results suggest that Cnnm3 is involved in paracellular Mg2+ secretion.
5 MEMBRANE TRANSPORT PROTEINS INVOLVED IN DIVALENT ION CONCENTRATION AND VOLUME REDUCTION OF URINE BY THE COLLECTING DUCT CELLS OF SEAWATER TELEOSTS
In the kidney of seawater teleosts, the renal collecting ducts and urinary bladder reabsorb Na+, Cl-, and water to reduce the volume of urine. As a result, Mg2+ and SO42- are highly concentrated in the iso-osmotic urine, which is finally excreted from the urinary bladder (Hickman and Trump, 1969; Marshall and Grosell, 2006). Slc12a1, also called Na+/K+/2Cl- cotransporter 2 (Nkcc2), is highly expressed in the collecting ducts of marine pufferfish (Kato et al., 2011). In the mammalian kidney, Nkcc2 and K+ recycling channels in the apical membrane mediate Na+ and Cl- reabsorption (Arroyo et al., 2013). In the collecting ducts of marine pufferfish, Nkcc2 may promote the reabsorption of Na+ and Cl-, which could be a driving force for water reabsorption and urinary volume reduction (Figure 2B).
6 MEMBRANE TRANSPORT PROTEINS IN THE DISTAL TUBULE AND COLLECTING DUCT CELLS OF FRESHWATER TELEOSTS INVOLVED IN URINE DILUTION
In general, both freshwater and euryhaline teleosts that can live in freshwater have freshwater fish type nephrons (Hickman and Trump, 1969; Kato et al., 2011). In the kidneys of freshwater teleosts and freshwater-acclimated euryhaline teleosts, the distal tubules and collecting ducts reabsorb Na+ and Cl-, but not water, thereby producing a large amount of hypotonic urine. Therefore, these tubules act as diluting segments in the kidney of teleosts. Both Slc12a1 (Nkcc2) and Slc12a3 (Ncc, Na+/Cl- cotransporter) are highly expressed in the kidneys of freshwater and euryhaline fishes (Katoh et al., 2008; Kato et al., 2011). This is in contrast to the stenohaline seawater fish that expresses Nkcc2 but does not or scarcely expresses Ncc in the kidney (Kato et al., 2011). Nkcc2 and Ncc are localized in the distal tubules and collecting ducts, respectively. In freshwater pufferfish collecting ducts, Ncc is localized to the luminal side of the plasma membrane, whereas in seawater pufferfish collecting ducts, Ncc on the plasma membrane is incorporated into intracellular granules and is downregulated (Figure 2C). These data suggest that Ncc-mediated Na+ and Cl- reabsorption is particularly important for freshwater acclimation of teleosts.
7 CONCLUSION
The proximal tubule is an important secretory pathway for divalent ions in seawater teleosts. The proximal tubules of seawater fish kidneys secrete SO42- directly into the lumen via membrane transporters on the plasma membrane, whereas Mg2+ is stored in intracellular granules and excreted into the lumen. It is interesting to understand why these differences in secretion mechanisms are necessary. The collecting duct is important for freshwater teleosts as the site of water elimination (production of hypotonic urine) and is important for seawater teleosts as a site of urine volume reduction. This difference can be explained by the differential water permeability of the collecting ducts between seawater and freshwater teleosts, and the mechanisms controlling these differences are expected to be elucidated in the future. Na+ and Cl- reabsorptive activity of the distal nephrons is important in both seawater and freshwater teleosts, but freshwater fish utilize both Nkcc2 and Ncc whereas seawater fish utilize only Nkcc2. Further studies will be needed to elucidate why Ncc is necessary for the functioning of the kidneys of freshwater teleosts.
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Stress coping styles are very common in fish, and investigations into this area can greatly improve fish welfare and promote the sustainable development of aquaculture. Although most studies have focused on the behavioral and physiological differences of these fishes, the endocrine response of different coping styles fish when undergoing salinity challenge is still unclear. We examined the physiological response in olive flounder with active coping (AC) style and passive coping (PC) style after transferred from seawater (SW) to freshwater for 0, 2, 5, 8, and 14 days. The results showed that: 1) the plasma prolactin level of FW-acclimated AC flounder was substantially higher than that of FW-acclimated PC flounder at 5, 8, and 14 days, and the branchial gene expression of prolactin receptor (PRLR) in AC flounder was slightly higher than PC flounder after transfer. While there was no remarkable difference observed in cortisol (COR) levels between AC and PC flounder. After transfer, glucocorticoid receptor (GR) expression in AC flounder was significantly higher compared with PC flounder at 8 days. 2) Branchial NKA-IR ionocytes numbers were reduced in PC flounder after transfer, while ionocytes number remain stable in AC flounder. 3) The branchial stem cell transcription factor foxi1 gene expression of AC flounder was significantly higher than PC flounder at 2, 5, and 14 days after transfer, while branchial stem cell transcription factor p63 gene expression of FW-acclimated AC flounder was only substantially higher than that of PC flounder at 5 days. 4) As an apoptosis upstream initiator, the branchial gene expression of caspase-9 in PC flounder was considerably higher than in AC flounder after transfer at 8 days. This study revealed that olive flounder with active and passive coping styles have different endocrine coping strategies after facing the low-salinity challenge. AC flounder adopt an active endocrine strategy by increasing ionocyte differentiation and prolactin secretion significantly. In contrast, PC flounder employ a passive strategy of reducing ionocytes differentiation and retaining prolactin content at a low level to reduce branchial ionocytes number.
Keywords: salinity challenge, olive flounder, coping strategy, prolactin, ionocyte
INTRODUCTION
Coping style can be defined as a coherent set of behavioral and physiological stress responses that are consistent over time and are characteristic of a certain group of individuals (Koolhaas et al., 1999). Active coping (AC) individuals and passive coping (PC) individuals are observed in olive flounder (Paralichthys olivaceus) (Rupia et al., 2016; Zeng et al., 2019). Compared to PC flounder, AC flounder show differences in response to simulated capture, feed propensity and metabolic rate (Rupia et al., 2016). For example, during acute stress, passive coping individuals adopt a passive “freeze-hide” strategy by reducing their oxygen consumption rates and remaining immobile, whereas active coping individuals adopt an active “fight-flight” defence strategy by increasing their rates of respiration and activity levels (Rupia et al., 2016). The majority of studies focused on the behavioral characteristics of different coping style individuals (Overli et al., 2006; Silva et al., 2010; Martins et al., 2011), and there are also some research investigating the physiological characteristics of individuals with different coping styles, such as hypothalamus-pituitary-interrenal (HPI) activity (Castanheira et al., 2013), immunity (Kittilsen et al., 2012) and hormonal modulation (LeBlanc et al., 2012). However, only a few studies elucidate the osmoregulatory coping differences between these two coping styles individuals (Sloman et al., 2003; Sloman et al., 2004), especially under salinity challenge (Zeng et al., 2019).
Salinity challenge is a common situation for fishes: with the increasingly climate change, resultant increase of extreme events, like hurricanes, heavy rainfall, and flooding, considerably fluctuated the water salinity (Bailey and Secor, 2016; Williams et al., 2017). Olive flounder, as a coastal habitat euryhaline fish, bears the brunt of salinity challenge (Yuan et al., 2017). Flounders also have a sophisticated osmoregulatory system in which the gills, the most important organ, take on the 90% function of osmoregulation that is mainly achieved by the ionoregulatory cells i.e., ionocytes (Evans et al., 2005). Ionocyes, formerly called chloride cells or mitochondrion-rich cells, are located at the base of the gill filament and among lamella. Fishes respond to salinity challenges through the function of ionocytes.
Body fluid homeostasis is vital for the survival of organisms and includes cellular activities and many physiological processes. Fish have developed a sophisticated endocrine system, mainly through hormones, to regulate body fluid homeostasis to meet environmental stressors such as salinity challenge. Hormones regulate body fluid homeostasis by controlling epithelial transporters. Several hormones have been demonstrated to positively or negatively regulate ion transport through specific receptors at transcriptional, translational or posttranslational levels, and at different stages of ionocyte development (i.e., proliferation or differentiation) (Hwang and Chou, 2013; Guh et al., 2015; Lin et al., 2016; Guh and Hwang, 2017; Lewis and Kwong, 2018). Cortisol plays many roles in physiological processes and is involved in regulating hydromineral balance in FW and SW teleosts (Guh et al., 2015). Cortisol also maintains ion transporters and ionocytes to promote both hyper- and hypo-osmoregulation mechanisms in the gill of fish (Evans et al., 2005). In teleosts, zebrafish are model organisms for studying regulatory pathways, which is of great significance to the study of osmotic pressure, and cortisol regulates Na+ uptake through glucocorticoid receptors (GR) in zebrafish (Kumai et al., 2012). Indeed, accumulated evidence has demonstrated a predominant role for cortisol-GR signaling in fish iono/osmoregulation (Takahashi and Sakamoto, 2013). Prolactin has long been known as an FW adapting hormone, it inhibits the formation of SW ionocytes and promotes the development of FW ionoocytes (Evans et al., 2005). Furthermore, prolactin has been linked to the regulation of Na+-Cl−cotransporter (NCC) expression and ionocyte differentiation (Guh et al., 2015). Prolactin receptors (PRLR) are also crucial in the osmoregulation of fish (Guh and Hwang, 2017), the expression level of PRLR in teleost gill is very high (Prunet et al., 2000; Tse et al., 2000; Santos et al., 2001).
Foxi1, as a forkhead transcription factor, plays a vital role in the mechanism of α-intercalated cells (IC) differentiation in the mammalian inner ear and kidney (Blomqvist et al., 2004). Previous research in teleost fish, however, revealed that Foxi1 indirectly regulates the differentiation of “HR-type” ionocytes (Esaki et al., 2009). The transcription factor p63 is a marker of stem cells in the mammalian epidermis (Horng et al., 2009). In zebrafish (Danio rerio), an isoform of p63 promotes the proliferation of epidermal cells, and then epithelial stem cells differentiate into skin ionocytes (Horng et al., 2009). Salinity challenge can induce apoptosis of fish branchial epithelial cells (Ching et al., 2013). Caspase-9 is an initiator caspase involved in the induced apoptosis of macrophages and neutrophils, an activity involving the intrinsic pathway (Awoyemi et al., 2019).
With the rapid development of the world’s aquaculture industry, total fish production has almost doubled during the last 20 years in Asia. Since the mid-2000s, Asia has accounted for two-thirds of global inland production (data from “The State of World Fisheries and Aquaculture 2020″). Indeed, annual flounder production has been roughly estimated to be 28,000 metric tons since the 2000s in Japan, Korea, and China, and therefore, flounder culture has become an important economic source of aquaculture in these areas (Seikai, 2002). Studies on the coping styles of farmed fish can provide knowledge for sustainable aquaculture, provide advantages in the culture system, and could be utilized to establish selection-based breeding programs to improve domestication and production (Ibarra-Zatarain et al., 2016; Fatsini et al., 2020).
Previous studies have shown that olive flounder with AC and PC styles have different coping strategies of behavioral and physiological response during FW acclimation (Zeng et al., 2019). However, the response of endocrine system of olive flounder with different coping styles to salinity challenge are still unclear. To fill this gap, therefore, our study measured the following parameters of olive flounder with AC and PC styles after transferred from SW to FW: 1) the plasma cortisol and prolactin concentrations and gene expression of their corresponding receptors (i.e., GR and PRLR) in fish gills, 2) the density of branchial ionocytes, and 3) the gene expression of branchial foxi1, p63 and caspase-9.
MATERIALS AND METHODS
Experimental Fish
The gynogenetic olive flounder were cultured separately in SW recirculating aquaculture systems at the Central Experimental Station of Chinese Academy of Fisheries Sciences in November 2018 (Beidaihe, Hebei, China). According to the previous method, the fish (body weights: 500 ± 50 g) were screened through behavior tests which including air exposure and feeding propensity and then divided into AC groups and PC groups, the specific experimental method has been elaborated in the previous article (Rupia et al., 2016; Zeng et al., 2019). Olive flounder with confirmed active coping style (AC, n = 48) and confirmed passive coping style (PC, n = 48) were distributed evenly into 16 holding tanks (water capacity = 500 L; n = 6 for each coping style in each tank) and maintained for 2 weeks with filtered flow-through SW at a salinity level of 30‰. Water temperature was maintained at 18 ± 1°C, with a constant 12 h light/12 h dark cycle (8:00 a.m.—20:00 p.m.). The mean light intensity, measured centrally at the bottom of each tank, was approximately 40 lux (Zeng et al., 2019). Before the experiment, the fish were fed to satiation twice daily (8:00 a.m. and 18:00 p.m.) with commercial fish pellets (“Wenger” High-Grade Aquatic Feed 6 mm; Wengzhuang, Beijing, China). After that, the fish were fasted throughout the experiment to ensure that differential rates of feeding did not influence the results of the study (Yuan et al., 2017).
The Gill Characteristics of AC and PC Coping Styles to Salinity Challenge
Olive flounder with active coping style (AC, n = 48) and passive coping style (PC, n = 48) were netted and divided into four seawater (SW, 30‰, control group) tanks and four freshwater (FW, 30‰) tanks on the basis of corresponding coping styles (n = 6 for each coping style in each tank). The SW-acclimated (n = 3 in each tank) and FW-transferred (n = 3 in each tank) fish were then sampled during daylight hours 0, 2, 5, 8, and 14 days after initial transfer. At each sampling point, fish were rapidly netted and anesthetized with 2-phenoxyethanol (0.2 ml/L, Sigma, St. Louis, MO), and blood samples (3–5 ml) were collected within 90 s using a heparinized needle and syringe (200 U/ml heparin, Sigma) by caudal venipuncture. Blood was then aliquoted into ammonium-heparinized tubes (200 U/ml, Sigma) and plasma was separated by centrifugation for 5 min at 13,000 rpm and stored at −80°C for the subsequent measurement of plasma hormone concentrations. The fish were then sacrificed humanely by severing the spinal cord and destruction of the brain. A part of the gill was removed from the first gill arch and stored at −80°C for later analysis of branchial gene expression. A part of the gill was also removed and fixed in 4% paraformaldehyde (PFA) for 24 h for immunohistochemistry.
Plasma Measurements
Plasma levels of cortisol (COR) and prolactin (PRL) were quantified by ELISA commercially (Qiyi Biotechnology Co., LTD., Shanghai, China). According to the manufacturer’s instructions, the circulating level range of COR was detected between 4 and 15 ng/ml, PRL was detected between 500 and 3,000 ng/ml. In detail, −80°C stored plasma supernatant fractions were naturally warmed in an icebox. Samples were then diluted to the appropriate concentration. Commercially available ELISA kits (Qiyi biotechnology Co., LTD., Shanghai, China) were subsequently used to measure serum COR and PRL levels in duplicate as per manufacturer instructions (Mechesso, 2019).
Antibody
Rabbit polyclonal anti-alpha 1 subunit of Na+/K+-ATPase (Abcam, Cambridge, United Kingdom) was used to detect the NKA immunoreactive (NKA-IR) ionocytes in the gill. The commercial polyclonal NKA-α1 antibody used in present study was specialized to zebrafish’s NKA-α1 (Hiroi and McCormick, 2012). We blast the protein and nucleotide sequence of the zebrafish’s NKA-α1 with that of olive flounder, and the results showed highly homologous of 92% and 84%, respectively. The secondary antibody for immunohistochemistry was goat anti-mouse IgG (Thermo Fisher Scientific, United States). Na+/K+-ATPase NKA, as the main Na+ transporter, has been localized to the basolateral region of ionocytes. These NKA antibodies serve as a highly-specific marker for ionocytes in fixed gill tissues (Hiroi and McCormick, 2012).
Immunohistochemical Detection and Analysis of NKA Immunoreactive Cells
The Paraformaldehyde-fixed gills were dehydrated in ethanol, cleared in xylene and embedded in paraffin. A cross section of the fish gills was cut at 6 μm thickness on a microtome and mounted on glass slides, which were dealt with positive charge. During the experiment, tissue sections were dewaxed in xylene and rehydrated in gradient alcohol. Endogenous peroxidase activity was blocked with 3% H2O2 in methanol before slides were placed in 0.01 M citrate buffer and heated in a water bath for 20 min at 95°C. Sections were rinsed in PBS after cooling. Sections were treated with fetal bovine serum (FBS) blocking solution (1% blocking, dissolved in MABT, and 5% FBS in PBST, PBS with 0.1% Triton X-100) for 1 h at room temperature (RT) to reduce nonspecific staining and incubated with 1:500 rabbit polyclonal anti-alpha 1 subunit of Na+/K+-ATPase diluted with PBS in a moist chamber at 4°C overnight. Next day, the moist chamber was transferred into air oven at 37°C for 45 min, then washed six times at RT in PBST for 15 min each time and incubated with 1:500 goat anti-rabbit IgG secondary antibody. Then the sections were washed thrice in PBST. Control experiments were carried out by omission of the primary antibody and pre-absorption of the antibody with an excess of antigenic peptide.
Quantification of Branchial Ionocytes
The number of NKA immunoreactive (NKA-IR) ionocytes were counted and obtained within each gill in every five sections (five adjacent lamellas were set as one section) from all sections sampled at ×200 magnification with a microscope (Nikon ECLIPSE 55i, Nikon Corporation, Japan). Size and luminosity of the figures were modified with NIS-Elements Version 4.0 (Nikon, Japan), as well as the drawings.
The Branchial Gene Expression Response of AC and PC Coping Styles to Salinity Challenge
Extracted Total RNA from the samples of gills using RNAiso Plus (Takara, Japan) and then reverse transcribed the total RNA into cDNA using PrimeScript™ RT reagent (Takara, Dalian, China) according to the standard method. Relative quantification of the target gene transcripts was analyzed using β-actin gene expression as the reference gene (Zeng et al., 2019). Branchial foxi1, p63, caspase-9, GR and PRLR gene expressions were determined using ABI 7500 (Applied Biosystems, Carlsbad, CA) with SYBR Premix Ex Taq™ (Takara, Dalian, China) and the following PCR conditions were used: 10 min at 95°C, followed by 36 cycles of 95°C for 10 s, 30 s at 60°C. Gene sequences were obtained from NCBI and all the primers were designed by NCBI primer blast. The forward and reverse primers span an exon-exon junction. All the primers were tested and shown to be viable and specific. The primer sets for the quantitative RT-PCR are shown in Table 1.
TABLE 1 | Primer sequences used for real-time PCR amplifications.
[image: Table 1]Statistical Analysis
The 2−ΔΔ Ct method was used to analyze the quantitative RT-PCR data, and the expression level in all plots of each gene is presented as the relative change in values from SW-acclimated AC at 14 days, which was set at 1 (Zeng et al., 2019). The normality and homogeneity of variance of data were tested using Shapiro-Wilk’s test and Levene’s test, respectively. Significant analyse of plasma hormone was assessed using nonparametric test with salinity (or coping style) and time as independent variables, followed by Mann-Whitney U test. Significant analyses of branchial inocytes numbers and gene expressions were assessed using two-way ANOVA with salinity (or coping style) and time as independent variables, followed by Tukey’s multiple comparison test. Data are expressed as means ± SEM throughout and significance was accepted at p < 0.05 for all analyses. All statistical analysis was carried out using the SPSS Statistics 20 or GraphPad Prism 5.0 (San Diego, CA, United States).
RESULT
Plasma Hormone Level and Its Branchial Receptor Gene Expression
There was no interaction between coping style and time on plasma cortisol level (ANOVA, F(4,20) = 0.1487, p = 0.9614, Figure 1A). While the plasma cortisol levels of PC and AC flounder increased from 0 to 2 days and decreased from 2 to 14 days during FW acclimation (p < 0.05; Figure 1A). Significant interactions between coping style and time were detected for plasma prolactin level (ANOVA, F (4,20) = 58.95, p < 0.0001, Figure 1B), indicating that prolactin response were different among AC and PC at different time points. Significant effects of treatment and time on AC flounder plasma PRL were observed, with a significant increase from 2 to 5 days (p < 0.05, Figure 1B), and significantly decreased thereafter (p < 0.05, Figure 1B). While PC flounder were significantly increased from 0 to 2 days (p < 0.05, Figure 1B), significantly decreased from 2 to 5 days (p < 0.05, Figure 1B), and then remained stable. After FW transfer, the PRL levels of AC flounder were significantly lower than PC flounder at 2 days (p < 0.05, Figure 1B), but significantly higher than PC flounder at 5, 8 and 14 days (p < 0.05, Figure 1B).
[image: Figure 1]FIGURE 1 | The plasma cortisol (A) and prolactin (B) level in olive flounder with passive coping style (PC) and active coping style (AC) after transfer to fresh water. Data are mean ± SEM (n = 3). An asterisk signifies a significant difference between the PC and AC groups at each time point (p < 0.05). Different letters denote a significant difference across time within the same coping style group (p < 0.05).
When acclimated to SW, there was no difference in GR and PRLR gene expression between olive flounder with both active and passive coping style (Figures 2A,C). After transferring to FW, the GR expression of AC flounder significantly increased up to 8 days (2 days vs. 8 days, p = 0.0039), and slightly decreased at 14 days, and was significantly higher than that of PC flounder at 8 days (p = 0.0467, Figure 2B). While FW-acclimated PC flounder showed no remarked changes in GR gene expression (Figure 2B). The PRLR expression in FW-acclimated AC flounder tented to be slightly higher than that of PC flounder from 2 to 14 days, but without significant difference (Figure 2D).
[image: Figure 2]FIGURE 2 | The branchial gene expression of GR (A,B) and PRLR (C,D) in olive flounder with passive coping style (PC) and active coping style (AC) either in seawater (SW, A,C), or after transfer to freshwater (FW, C,D). Data are mean ± SEM (n = 6). An asterisk signifies a significant difference between the PC and AC groups at each time point (p < 0.05). Different letters denote a significant difference across time within the same coping style group (p < 0.05).
Branchial Ionocytes Number of AC and PC Flounder
Significant interactions between salinity and time were observed for the branchial ionocytes number of PC and AC (ANOVA, F(3,32) = 7.934, p = 0.0004, Figure 3A; ANOVA, F (3,32) = 5.952, p = 0.0024, Figure 3B). When acclimated to SW, the branchial ionocytes numbers of PC siginificantly increased from 2 to 5 days (2 days vs. 5 days, p = 0.0003, Figure 3A) and then remained unchanged. No significant differences were found in FW-acclimated AC and PC (Figure 3B). Moreover, we observed that compared with the SW control group, the number of NKA-IR ionocytes in fish gills was counted and showed dramatic decrease in FW-acclimated PC individuals from 2 to 14 days (p < 0.05, Figure 3C). In addition, the cell number of AC individuals remained unchanged regardless of whether it was acclimated to SW or FW (Figure 3D). The immunocytochemistry for ionocytes in gills of AC (Figures 3F,H) and PC (Figures 3E,G) flounder transferred from SW (Figures 3E,F) to FW (Figures 3G,H) also showed this phenomenon.
[image: Figure 3]FIGURE 3 | The number of ionocytes per section of gill from olive flounder with passive coping style [PC, (C)] and active coping style [AC, (D)] after transfer from seawater [SW, (A)] to freshwater [FW, (B)]. Five adjacent lamellas were set as one section. Each gill of a fish chose five sections. Data are mean ± SEM (n = 6). An asterisk signifies a significant difference between the PC and AC groups at each time point (p < 0.05). Different letters denote a significant difference across time within each PC or AC group (p < 0.05). The immunocytochemistry for ionocytes in gills from olive flounder with passive coping style [PC, (E,G)] and active coping style [AC, (F,H)] from seawater [SW, (E,F)] to freshwater [FW, (G,H)] for 5 days. Scope time (×200). F, filament; L, lamella; black arrow, and ionocytes. Bar = 20 μm.
Gene Expression of Branchial foxi1 and p63
Branchial gene expression of foxi1 and p63 of SW-acclimated PC flounder were similar to that of AC flounder, each group did not show significant differences between PC and AC flounder at different time points. Nevertheless, main effect of coping style was observed for foxi1 (ANOVA, F(1,40) = 19.57, p < 0.0001, Figure 4B) and p63 (ANOVA, F (1,40) = 7.108, Figure 4D) gene expression in FW-acclimated groups. When acclimated to freshwater, foxi1 gene expression of AC was significant increased at 2 days (p = 0.038, Figure 4B), 5 days (p = 0.0368, Figure 4B) and 14 days (p = 0.01443, Figure 4B) compared with PC, both PC and AC flounder had peak expression of foxi1 at 8 days (2 days vs. 8 days: PC, p = 0.0015; AC, p = 0.0173; Figure 4B). While p63 gene expression of FW-acclimated PC was only significantly different from that of AC at 5 days (p = 0.035, Figure 4D). FW-acclimated AC also reach the peak expression of p63 at 5 days, and then dropped significantly at 14 days (5 days vs. 14 days, p = 0.0044, Figure 4D).
[image: Figure 4]FIGURE 4 | The branchial gene expression of Foxi1 (A,B) and P63 (C,D) in olive flounder with passive coping style (PC) and active coping style (AC) either in seawater [SW, (A,C)], or after transfer to freshwater [FW, (C,D)]. Data are mean ± SEM (n = 6). An asterisk signifies a significant difference between the PC and AC groups at each time point (p < 0.05). Different letters denote a significant difference across time within the same coping style group (p < 0.05).
Gene Expression of Branchial Apoptosis Factor Caspase-9
Significant interactive effect between coping style and time were observed for caspase-9 expression in SW (ANOVA, F(3,40) = 2.882, p = 0.0476, Figure 5A) and FW (ANOVA, F(3,40) = 13.35, p < 0.0001, Figure 5B), indicating that gene expression of caspase-9 in flounder was different among coping style at different time points. There was a significant difference of caspase-9 expression between SW-acclimated AC and PC at 5 days (p = 0.002, Figure 5A). And this gene expression of SW-acclimated AC flounder increased from 2 to 5 days (p = 0.0063, Figure 5A). After transferred to FW, significant differences of caspase-9 expression were also observed between AC and PC flounder at 2 days (p < 0.0001, Figure 5B) and 8 days (p = 0.005, Figure 5B), respectively. FW-acclimated PC flounder increased gene expression from 2 days, and reached peak expression at 8 days (2 days vs. 8 days, p = 0.009, Figure 5B), declined thereafter (8 days vs. 14 days, p = 0.0453, Figure 5B). While FW-acclimated AC flounder expressed highest gene expression at 2 days (2 days vs. 5 days, p = 0.0025, Figure 5B) and declined thereafter (Figure 5B).
[image: Figure 5]FIGURE 5 | The branchial gene expression of Caspase-9 in olive flounder with passive coping style (PC) and active coping style (AC) after transfer from seawater to seawater [SW, (A)] and freshwater [FW, (B)]. Data are mean ± SEM (n = 6). An asterisk signifies a significant difference between the PC and AC groups at each time point (p < 0.05). Different letters denote a significant difference across time within the same coping style group (p < 0.05).
DISCUSSION
Our study demonstrates marked differences in the hormone and ionocyte regulation strategies of PC and AC olive flounders in response to salinity challenge. PC flounder reduced branchial ionocytes density while AC flounder remain stable during hypoosmotic challenge. Also, FW-acclimated AC flounder have higher ultimate plasma prolactin levels, slightly higher branchial gene expression of hormone receptors (i.e., PRLR and GR), and higher ionocyte differentiation-related genes (i.e., foxi1 and p63) than PC flounder. This is therefore the first study showing that ionocyte coping strategies influence the way fish deal with salinity challenge.
Many works had shown that cortisol not only function at SW-adaption but also important in FW-osmoregulation (Pelis and McCormick, 2001; Evans, 2002). Previous studies have also shown that cortisol treatment increases the densities of progenitor and mature ionocytes in larvae or isolated adult gills (Cruz et al., 2013a; Cruz et al., 2013b; Guh and Hwang, 2017). The pathway through which cortisol acts via the glucocorticoid receptor (GR) has been demonstrated to play a major role in fish osmoregulation (Takahashi and Sakamoto, 2013) and mediates the development of epidermal ionocytes in zebrafish (Cruz et al., 2013b). In the present study, the plasma cortisol level of both PC and AC increased from 0 to 2 days and gradually decreased from 2 to 14 days after transfer to FW, similar to previous studies of this species (Bolasina et al., 2007). Such results may be due to the rapid osmoregulatory action of cortisol in the low salinity challenge (Cruz et al., 2013a). However, after transfer to FW, AC flounder significantly increased GR expression, whereas no changes were found in PC. Study in zebrafish demonstrated cortisol-GR favors differentiation of ionocyte progenitors, thereby facilitating proliferation of mature ionocytes (Cruz et al., 2013a). Considering that the GR expression of AC flounder is higher than that of PC flounder after transfer to FW, there is such a possibility that AC flounder may have a higher rate of ionocytes development than PC during FW acclimation.
Prolactin, as a major “FW-adaption” hormone, promotes the development of “FW-type” ionocytes (Evans et al., 2005). Previous studies have shown that the plasma prolactin levels of FW-acclimated olive flounder were increased and remained stable from 2 to 14 days (Higashimoto et al., 2001; Yuan et al., 2017). Similarly, in our study, AC flounder also increased plasma prolactin concentration after transfer to FW from 2 to 5 days and restored stability at 14 days. However, PC flounder only showed an initial increase at 2 days and then kept to a lower level. Such results indicated a difference in hormone regulation between two coping style populations. Previous studies showed that FW treatment could increase branchial PRLR expression in olive flounder (Higashimoto et al., 2001; Yuan et al., 2017). Similar results were found in the present study, suggesting the role of PRLR in the osmoregulation process. Interestingly, during FW adaptation, both populations showed similar trends of the PRLR expression during acclimation to FW. However, the AC flounder PRLR expression was slightly higher than the PC flounder. Previous studies showed that AC individuals adopt an “active resistance” defense strategy to retain the plasma composition during hypoosmotic challenge, which was underpinned by a gradually increasing level of osmoregulatory gene expression in the gills for hypoosmotic adaptation; PC individuals employed a “passive tolerance” strategy to decrease the plasma osmolality and ionic content, which was underpinned by a sharp increase in the expression of branchial osmoregulatory gene, to conserve energy with the osmoregulatory process (Zeng et al., 2019). Moreover, the hormone synthesis is an energetically demanding bioprocess (Tseng and Hwang, 2008), Since the AC had higher metabolic space than PC flounder (Rupia et al., 2016; Zeng et al., 2019), the AC group possibly produce more hormone, which might explain the difference of prolactin level.
During adaptation to FW, NKA-immunoreactive (NKA-IR) ionocytes are mainly located on the filaments of AC and PC flounder. In this study, PC flounder reduced gill ionocytes density after transfer to FW, while that of the AC flounder remained unchanged, which means different ionocytes coping strategies between the two populations. Previous studies have found that, most euryhaline teleost fish, including chum salmon (Oncorhynchus keta) and Mozambique tilapia (Oreochromis mossambicus), as PC flounder in this study, showed significantly higher numbers of branchial NKA-IR ionocytes in SW than FW (Katoh and Kaneko, 2003; Hiroi and McCormick, 2012; Maugars et al., 2018). And tiger puffer (Takifugu rubripes), a stenohaline marine fish that has no change in the gill ionocytes activity after being transferred from a hypertonic to a hypotonic environment (Motohashi et al., 2009) which can also be seen in AC flounder. Similarly, our previous study found that the pattern of plasma parameters in FW-acclimated PC flounder showed a significant decrease and is similar to that seen in other euryhaline teleosts. In contrast, the pattern of plasma parameters in FW-acclimated AC flounder showed a fluctuation that is similar to the response seen in stenohaline marine fish (Zeng et al., 2019). Consequently, such results further confirm our former conclusion that markedly different hypoosmotic-regulation processes (i.e., ionocytes and osmoregulatory coping strategies) exist between AC and PC flounders. In addition, on one hand, a previous study found that AC flounder have a higher metabolic space than PC flounder (Rupia et al., 2016), meaning that AC flounder are accessible to spending more metabolic costs on osmoregulation, which is a much more energetically demanding process (Zeng et al., 2019). Therefore, AC individuals could cater to the salinity challenge to remain branchial ionocytes while PC flounders have to reduce cell numbers due to lower metabolic space. On the other hand, previous studies have also shown that PRL-deficient zebrafish down-regulate the density of “NCC-type” ionocytes (i.e., a type of NKA-IR ionocytes) and are unable to survive in FW (Shu et al., 2016). Thus, higher prolactin levels in AC flounder are beneficial for maintaining branchial “NCC-type” ionocytes density, and lower prolactin levels will assist in reducing the density in PC flounder. Prolactin plays its role by binding to the extracellular domain of the high-affinity receptors (i.e., PRLR), which are anchored on the membrane of the target cells (Bole-Feysot et al., 1998). Hence, due to the higher prolactin level and PRLR expression in AC, AC flounder may have a higher ionocytes development rate than PC flounder when responding low salinity challenge, maintaining ionocytes density as a consequence. Notably, when flounder maintained in SW, we observed that the branchial ionocytes number in PC was higher than AC. Previous studies indicated that the plasma cortisol level of SW-adaption PC flounder was higher than that of AC flounder (Zou et al., 2019). And cortisol was originally known as a SW-adaption hormone and promoted the differentiation of SW-type ionocyte (Evans et al., 2005). Therefore, such phenomena might be related to the higher plasma cortisol levels in PC than AC in SW.
Foxi1-deficient mouse mutants showed a defect in IC (α-intercalated cells) differentiation, demonstrating an important role for foxi1 in establishing the IC lineage (Chang and Hwang, 2011). In zebrafish, foxi1 could indirectly regulate the differentiation of epidermal stem cells into ionocytes (Esaki et al., 2009; Horng et al., 2009; Guh and Hwang, 2017). In the present study, after transfer to FW, foxi1 gene expression of AC flounder was significantly higher than PC flounder at 2, 5, and 14 days, which may have resulted in a different cell differentiation process between AC and PC flounder. Ionocytes progenitors are also specified from p63 positive epidermal stem cells and blocking ∆Np63 (an isoform of p63) function in zebrafish embryos stopped the proliferation of epidermal cells (Lee and Kimelman, 2002). In this study, the gene expression of p63 in FW-acclimated AC flounder showed a continuous increase and was significantly different compared with FW-acclimated PC flounder, indicated that AC flounder may induce epidermal stem cells at a higher proliferative rate than PC flounder when in response to low salinity challenge. So far, such a model is clearly constructed in zebrafish embryos: epidermal stem cells that express p63 and foxi1 give rise to ionocyte progenitors, which subsequently differentiate into ionocytes (Breves et al., 2014; Guh and Hwang, 2017). Previous studies suggest that prolactin may act on ionocyte progenitors to drive differentiation of ionoctes (Breves et al., 2014). Thus, we propose such a hypothesis that as the higher expression of ionocyte differentiation-related genes (i.e., p63 and foxi1) in AC flounder stimulates the proliferation of epidermal stem cells, they give rise to ionocyte progenitors, accompanied by the higher prolactin level in AC flounder. Therefore promoting the differentiation of ionocyte progenitors into ionocytes, maintaining branchial ionocytes density.
Salinity stress may induce the proapoptotic caspase system (including Casp-9 up-stream and Casp-3 downstream) which executes apoptosis in oliver flounder (Lee et al., 2022). The apoptotic pathways are mediated by caspases, and as such, cells dying without the participation of caspases do not display the typical morphological characteristics of apoptosis. Capsase-9 is an initiator of caspase family of cysteine proteases that have been implicated in apoptosis and cytokine processing (Takle and Andersen, 2007). Previous studies showed caspase-9 is apparently involved in the induced apoptosis of macrophages and neutrophils, an activity involving the intrinsic pathway (Reis et al., 2007; Awoyemi et al., 2019). Salinity challenge could induce branchial cell apoptosis in fish (Li et al., 2019), as did low-temperature stress (Chou et al., 2008). In this study, FW acclimation led to a significant increase in branchial caspase-9 gene expression in PC flounder, suggesting that the intrinsic pathways of apoptosis have been activated (Ching et al., 2013), and that the apoptosis rate of AC flounder may be different from that of PC flounder. The notable difference between AC and PC in 5 days after transfer to SW may be explained by the different coping style strategies between two groups. AC individuals always performed active response than PC in SW, therefore could initiate many complicated cellular mechanisms. The reason for this may be due to more intense energy consumption and physiological metabolism in AC individuals. The lower apoptosis rate in AC flounder may explain the distinct ionocytes density compared with PC flounder, which supports our hypothesis described above.
CONCLUSION
Olive flounder with active coping style or passive coping style have markedly different endocrine coping strategies. When acclimated to FW, PC flounder reduced branchial ionocyte density while AC flounder remained stable. Also, compared with FW-acclimated PC flounder, that of AC flounder have higher branchial gene expression of ionocyte differentiation-related genes (i.e., foxi1 and p63) and hormone receptors (i.e., GR and PRLR), higher plasma prolactin levels, and lower apoptosis upstream initiator caspase-9 gene expression. As such, we suppose that AC flounder may have a higher epidermal stem cell proliferation rate, ionocyte progenitor differentiation rate, and ionocytes development rate than PC flounder when facing the low salinity challenge. These clearly show the different endocrine regulatory strategies between AC and PC.
PERSPECTIVE
The endocrine system is the major signaling pathway for environmental osmotic stress. When the animal is in an osmotically extreme environment, environmental osmotic stress may cause differences in endocrine response and control even among intraspecies (McCormick and Bradshaw, 2006). Our study has shown that olive flounder with different coping styles have different endocrine responses when acclimated to FW. However, a previous study showed that SW-type and FW-type ionocytes in fish gills could rapidly and reversely transform to accommodate salinity change (Hwang and Lee, 2007). Moreover, gills may sustain their functions by producing mature ionocytes from pre-existing undifferentiated progenitors in low-temperature environments (Chou et al., 2008). Therefore, further research is needed on the cell types and dynamic changes of ionocytes in flounder gill in response to a low salinity challenge.
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Behaviors are the integrative outcomes of the nervous system, which senses and responds to the internal physiological status and external stimuli. Teleosts are aquatic organisms which are more easily affected by the surrounding environment compared to terrestrial animals. To date, behavioral tests have been widely used to assess potential environmental risks using fish as model animals. In this review, we summarized recent studies regarding the effects of internal and external stimuli on fish behaviors. We concluded that behaviors reflect environmental and physiological changes, which have possible implications for environmental and physiological assessments.
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INTRODUCTION
Maintaining stable internal conditions in the face of environmental fluctuations is important for animals to sustain life. Consequently, animals have evolved strategies to respond and acclimate to environmental changes. The large time scale of acclimation such as morphology, to be selected over generations to fit the animal into the specific niches. With the increase of acclimated flexibility, acclimation happens also in a relatively short time. Physiological and behavioral acclimation provides the mid-term and short-term acclimation, respectively, to confront the changing environments. Revealing the acclimation axis across physiology and behavior could not only delineate a more comprehensive picture of how a niche is determined for the animal but also raise the opportunity to pose the assumption in envisioning how the brain works to coordinate the body as a whole. However, compared to morphology, acclimated physiology and behavior are mostly hidden without a specific design of examination. In addition to the diversity in morphology, the physiological and behavioral diversities could show us the plasticity of brain circuit and abundance of designs for acclimating to the dynamic aquatic environments (Cooper et al., 2013; Salvanes et al., 2013; Sewall 2015; Tseng et al., 2020). The acclimation in a relatively short time scale could be seen as the balance of maneuver (external behavior) and talent (internal physiological acclimation) (Staddon, 2016).
Fish lives in aquatic habits and are more easily affected by the surrounding environments with diverse ion compositions and anthropogenic pollution compared to terrestrial animals (Hwang and Lee, 2007; Busch et al., 2016). Therefore, fish were chosen as animal models for environmental assessments (Scholz et al., 2008; Green and Planchart, 2018). In this review, we summarized the acclimation strategies of behavior and internal autonomous regulation under the several states of homeostasis in teleost. We discussed how the internal regulation co-opts the behavior in acclimation with a general view and extend it to the current understandings of the applications in environmental toxicology.
EFFECTS OF THE INTERNAL STATUS ON BEHAVIORS
Animals tend to maintain conditions that are best for their survival via physiological regulation, which is called “homeostasis”. Behaviors are integrative outcomes and rapidly respond to physiological changes for homeostasis. Alteration of physiological status constantly leads to behavioral response. Therefore, the process of physiological regulation can cause behavioral changes.
Effects of Physiological Conditions on Fish Behaviors
Body fluid regulation is essential for organism survival. Hyperosmolality of body fluids activates osmotic-sensing neurons in the vascular organ of the lamina terminalis (VOLT) and subfornical organ (SFO), leading to vasopressin release and a drinking response (Bazyan and Rogal, 2015; Abbott et al., 2016). Recent research indicated that the terminus of drinking behavior is not directly regulated by changes in blood osmolality (Kim et al., 2021). Water intake rapidly reduces the activity of glutamatergic neurons in the SFO to baseline activity and vasopressin levels in the plasma before plasma osmolality recovers, thus preventing hypo-osmolality (Mandelblat-Cerf et al., 2017). Unlike terrestrial animals, most fish can drink surrounding water by a swallowing reflex without inducing a feeling of thirst or water-seeking behaviors. Mudskippers, a kind of amphibian teleost, can use buccal water for gas exchange when on land. Buccal drying motivates them move to water and drink, as occurs with tetrapods, through regulating angiotensin II and vasopressin (Katayama et al., 2018). This suggests a highly conserved osmoregulatory mechanism between teleost fishes and mammals. This case shows nervous system integrate physiological conditions and mediate behavioral outcomes to maintain homeostasis, including in early vertebrates.
Nutrients is necessary for life; thus, animal may be more proactive for survival when limited or depleted nutrients. A shortage of food drives animals to exhibit risky foraging behaviors (Katz et al., 2013; Padilla et al., 2016; Balaban-Feld et al., 2019). Hungry goldfish (Carassius auratus) left a group of conspecifics and shelter for foraging opportunities in the presence of a predator (Balaban-Feld et al., 2019). Agouti-related peptide (AgRP) neurons in the ventromedial part of the arcuate nucleus in the hypothalamus respond to energy deficits, activates feeding behavior and regulates metabolism (Belgardt et al., 2009; Berrios et al., 2021). In addition, AgRP expressed neurons send the projection to the brain regions implicated in aggression, fear and stress responses, which might modulate risky food seeking behaviors (Padilla et al., 2016; Shainer et al., 2019). Orexin/hypocretin, a neuropeptide secreted in the hypothalamus, regulates appetite and modulates fighting behavior that increase the winning rate of social conflicts after food deprivation (Kotz et al., 2002; Nakajo et al., 2020). Starvation increases orexin/hypocretin-positive neuron activity in the hypothalamus, which mediates neural plasticity in the dorsal interpeduncular nucleus (dIPN) and potentiates the winner’s pathway from the dorsal habenula to the dIPN (Nakajo et al., 2020). Taken together, animals take aggressive behavioral strategies to cope with starvation through the neuroendocrine system.
Behavior patterns during stress acclimation exhibited a property of energy reallocation to enhance behaviors that are more essential to survival. The Hypothalamic–pituitary–adrenal/interrenal (HPA/HPI) axis is main pathway to regulate physiological state and behaviors for coping with stress (Suarez-Bregua et al., 2018; Ganesh, 2021). Various stressor activated the HPA/HPI axis, which induced anxiety like behavior, reduced foraging and reproductive behaviors (Beitinger, 1990; Harris and Carr, 2016; Abreu et al., 2018; Filipsson et al., 2020). Corticotropin-releasing factor (CRF) and cortisol administration inhibited foraging behaviors, including food searching, prey capture, and food intake, in teleost fish (McCormick et al., 1998; Gregory and Wood, 1999; Bernier and Peter, 2001; Bernier et al., 2004). The HPA/HPI axis inhibited food intake may be due to slow energy support during digestion that was not efficient for emergent demands (Sapolsky et al., 2000). Elevated CRF and glucocorticoids inhibited food intake by stimulating leptin production and insulin releasing (Arase et al., 1988; Dallman et al., 1993; Michel and Cabanac, 1999). When animals are under internal unfavorable conditions, they activate and turn on the HPA/HPI axis and subsequently regulate the behavioral patterns to cope with an urgent stress.
Effects of Abnormal Physiological Conditions on Fish Behaviors
Behaviors are integrative outcomes of physiological regulation in responding to external or internal stimuli, and they can also reflect abnormal or inefficient physiological and neural regulation of the disease. Behavioral tests are established and used in clinical medicine for a full diagnosis (Hort et al., 2010; Gossink et al., 2016; Perez-Lloret et al., 2021). Zebrafish and medaka have been used as models to investigate the etiology and pathophysiology of Parkinson’s disease (PD). Typically, there are two types of PD models: neurotoxin-induced and gene-based models to reduce dopaminergic neurons and dopamine release to mimic corresponding PD symptoms (Lam et al., 2005; McKinley et al., 2005; Matsui et al., 2012; Vaz et al., 2018; Najib et al., 2020; Razali et al., 2021). PD model fish also showed locomotion deficits, including a reduction in the swimming speed, an increase in the no-moving time, and impairment of touch sensations, which are similar to symptoms of PD patients (Lam et al., 2005; Milanese et al., 2012; Hughes et al., 2020; Robea et al., 2020; Wasel and Freeman, 2020). Thus, these behavioral characteristics may reflect motor function deficits of the central nervous system (CNS) and selective dopaminergic neuron losses.
The immune response may mediate behavioral responses (Dantzer, 2006). It was found that concentrations of cytokines of fish with high avoidance differed from those of low-avoidance fish in a novel-object test (Kirsten et al., 2018a). Bacterin-treated fish showed alterations of brain activities and lowered social preferences and exploratory behaviors toward novel objects (Kirsten et al., 2018b). Tilapia lake virus infection caused decreases in zebrafish locomotion and food intake, abnormal swimming patterns, and histopathological changes in the zebrafish brain (Mojzesz et al., 2021). This suggests that the immune system may mediate defensive responses at the behavioral level to minimize potential risks of infection and reallocate energy to healing. These cases mentioned previously reveal strong connections and high linkages between physiological states and behavioral changes, and behavioral response could reflect the current physiological states.
EFFECTS OF ENVIRONMENTAL INFLUENCES ON BEHAVIOR
Compared to terrestrial animals, most of fish are ectotherms and live in water, so they may be more easily affected and more sensitive to environmental changes (Hansen et al., 2016; Olusanya and van Zyll de Jong, 2018). The physiological status of fish is directly and rapidly affected by environmental factors, including temperature, ions, gases, and chemicals (Lushchak and Bagnyukova, 2006; Valavanidis et al., 2006; Keen et al., 2017; Tong et al., 2020; Alfonso et al., 2021; Shih et al., 2021). Behavioral responses caused by changes in the physiological status have been widely published. Such studies suggested that environmental fluctuations may cause behavioral alterations through physiological regulation, and behavioral tests have high potential for assessing physiological states and environmental stimuli.
Effects of Global Climate Changes on Fish Behaviors
Behavioral changes often point to underlying physiological alterations that can be used to evaluate ecological risks. Global climate change has attracted much attention recently, and warming and acidification are two very important issues among the multitude of ecosystem-level stressors (Byrne, 2011; IPCC, 2014).
Warm temperatures cause guppy schools to swim closer together and faster under a predator threat (Weetman et al., 1998; Weetman et al., 1999). This behavior might be due to the need for increased feeding at elevated temperatures and may be associated with an increased risk assessment of predators during feeding. In rainbow trout, higher temperatures increased the time spent feeding in risky, open habitats and increased mortality (Biro et al., 2007). Juvenile European sea bass undertake riskier behaviors such as reducing their shoaling cohesiveness, swimming higher above the bottom, and reducing the distance between the shoal and a predator at higher temperatures (Malavasi et al., 2013). Warm temperatures also decrease oxygen solubility and cause a rapid depletion of oxygen levels of fish (Verberk et al., 2011). Oxygen is crucial for metabolism, and the nervous system is very vulnerable to hypoxia. Acute hypoxia caused over 50% of deaths in adult zebrafish in 10 min, and surviving fish showed significant stress responses in the brain (increased cell proliferation and astrocyte numbers) and lower exploratory behaviors at 6 h after recovery (Braga et al., 2013; Lee et al., 2018). A lower responsiveness and impairment of directionality to a startling mechanical stimulus in the escape performance of grey mullet (Liza aurata) and European sea-bass (Dicentrarchus labrax) were found when exposed to progressive hypoxia (Lefrancois et al., 2005; Lefrançois and Domenici, 2006). To prevent the hypoxia damage, behavioral response may be activated upon hypoxia stress. Chemosensory neuroepithelial cells (NECs) located in primary gill filaments (Dunel-Erb et al., 1982) sensed oxygen level (Jonz et al., 2004) and initiated hyperventilation (Perry et al., 2009). Lower partial pressure of oxygen in water inhibited K+ permeability, elevated membrane potential, eventually activated voltage-gated Ca2+ channel and release neurotransmitter (possibly 5-HT or ACh) from NECs (Jonz et al., 2004; Shakarchi et al., 2013; Porteus et al., 2014; Jonz et al., 2015). Zebrafish larvae rapidly increased their body movements and beating of their pectoral fins to gain more oxygen within few second of a hypoxic stimulus (Erickstad et al., 2015). Low oxygen levels reduced the structure and size of schools to prevent an exacerbation of hypoxic conditions in herring (Domenici et al., 2002) and C. auratus (Israeli and Kimmel, 1996). Weakly electric fish (Marcusenius victoriae and Petrocephalus degeni) decreased the active acquisition of sensory information to save energy in a hypoxic condition (Ackerly et al., 2018; Clarke et al., 2020). Escape responses in fish are facilitated by anaerobically fueled muscles (Domenici and Blake, 1997; Marras et al., 2011; Marras et al., 2013); thus, the behavioral alteration is most probably due to a malfunctioning at the neurosensory level rather than to an impairment of muscle function (Domenici et al., 2007). Avoidance and energy-saving behavioral responses reflects current hypoxia challenges and can possibly be used to predict physiological condition.
Increased anthropogenic CO2 emissions not only elevate the temperature but also acidify aquatic environments. Water acidification may alter different sensory modalities, especially to olfactory system, which directly exposed and analyzed chemical composition of surrounding environment (Ache and Young, 2005; Briffa et al., 2012). For teleost, the sense of smell plays important roles in feeding and reproduction, predator avoidance. Indeed, many studies reported that water acidification affect olfactory mediated behavior in marine fish (Porteus et al., 2018; Velez et al., 2019). Juvenile reef fish were usually repelled by predator odor and chemical alarm cues (chemical compounds released from the damaged epidermal tissue); however, coral reef damselfish reared under elevated CO2 became attracted to predator odor (Dixson et al., 2010; Welch et al., 2014) and had reduced aversion to chemical alarm cues (Ferrari et al., 2011; Welch et al., 2014). Juvenile pink salmon reared in high-CO2 waters exhibited reduced electrophysiological responses to amino acids that are important for identifying natal rivers when they return from the ocean to spawn (Ou et al., 2015). Ocean acidification induced slight changes in Cl− and/or HCO3− gradients across membranes of neurons altered GABAA receptor functions and cognition of fish (Evans et al., 2005; Nilsson et al., 2012). Elevated CO2 decreased the intensity of anti-predator behaviors in juvenile damselfish in response to visual predation risks (Ferrari et al., 2012). Californian rockfish and barramundi showed increased anxiety and sheltering behaviors under high CO2 levels (Hamilton et al., 2014; Rossi et al., 2015). These studies reveal the changes in olfactory and neural system functioning leads to inappropriate behavioral responses to environmental chemical stimuli.
Effects of Anthropogenic Pollution on Fish Behaviors
Freshwater ecosystems such as rivers, lakes, and wetlands are vulnerable to human pollution (Dudgeon, 2019; Reid et al., 2019). Pesticides and herbicides used in agriculture can contaminate water through runoff from treated plants and soil (Aktar et al., 2009). Studies in India revealed that more than 90% of water and fish samples contained one and more often several pesticides (Kole et al., 2001). Studies of deltamethrin, an insecticide, found increased glutamate levels in the brains and led to hyperactive social behaviors in adult zebrafish (Lei et al., 2022). Fipronil causes neuronal hyperexcitation by inhibiting GABAergic neurotransmission and induces notochord degeneration and locomotor defects in zebrafish embryos and larvae (Tingle et al., 2003; Stehr et al., 2006). Moreover, a marked decrease of swimming endurance and anxiolytic effects were also found in fipronil-exposed adult zebrafish (Cuenca et al., 2022). The widely used herbicide, acetochlor, increased the time spent in the dark zone, suggesting promotion of anxiolytic behaviors (Huang et al., 2021). These behavioral changes caused by pesticide and herbicide exposure may lessen chances for survival of aquatic animals and threaten their populations as a whole.
Heavy metals from anthropic activities, such as the steel industry, mining activities, and smelters, are widely found in the environment and cause neurotoxicities (Squadrone et al., 2013; Zhong et al., 2018; Jiang et al., 2019). It was found that aluminum accumulates in the nervous system of fish and causes damage to nerve tissues, behavior, and cognition (Closset et al., 2021). Silver impairs social preferences, social recognition, learning, and memory in adult zebrafish (Fu et al., 2021). Cadmium induces CNS impairment and neuroinflammation and impairs social behaviors, escape behaviors, and predator responses in rainbow trout, sea bass, and zebrafish (Sloman et al., 2003; Blechinger et al., 2007; Faucher et al., 2008; Xu et al., 2022). Lead-exposed zebrafish exhibited decreased learning and altered color preferences (Bault et al., 2015; Xu et al., 2016). Mercury exposure causes Hg accumulation in the brain and an altered anxiety status, decreased foraging efficiency, and increased prey capture speed in seabream and fathead minnows (Grippo and Heath, 2003; Amlund et al., 2015; Pereira et al., 2016). Heavy metals caused imbalance between the reactive oxygen species (ROS) and the antioxidants, which increased oxidative stress and induced apoptosis (Karri et al., 2016). The damage on neurovascular system may lead to heavy metals pass through the blood–brain barrier and directly affected brain cells (Olung et al., 2021). In addition, heavy metals disturbed neurotransmission and caused cognition dysfunction in sublethal concentrations (Hayat et al., 2003; Toscano and Guilarte, 2005; Karri et al., 2016). Those studies demonstrated the neurotoxicity of heavy metals on behavioral level.
ENVIRONMENTAL RISK ASSESSMENTS WITH BEHAVIORAL MONITORING
Behaviors are a type of functional physiological organization that enables animals to react and acclimate to complex environmental (external) and physiological (internal) stimuli (Hellou, 2011; Morton et al., 2016). Behavioral response with sublethal pollutant concentrations were reported to be fast and sensitive biomarkers for water quality, ecotoxicological and chemical risk assessments (Hellou, 2011; Melvin and Wilson, 2013; Pyle and Ford, 2017; Legradi et al., 2018; Xia et al., 2018). Some behavioral outcomes have been measured in contaminant-exposed fish, including swimming speeds, startle responses, prey capture abilities, learning, and memory, which related to the probability of escaping a predator or capturing prey for feeding (Legradi et al., 2018; Bownik and Wlodkowic, 2021; Fitzgerald et al., 2021). Considering the increasing numbers of environmental contaminants and their unknown neurotoxic potentials, identifying and improving neurotoxicity testing strategies and methods are important for eco-neurotoxicity assessments in the future (Pyle and Ford, 2017; Legradi et al., 2018; Xia et al., 2018; Fitzgerald et al., 2021).
CONCLUDING REMARKS
In conclusion, behaviors are integrative outcomes of physiological responses in responding to internal or external stimuli and they also reflect abnormal physiological states (Supplementary Table S1). Thus, it is possible to implicate the alteration of behavioral patterns for environmental and physiological assessments.
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Despite the large body of work describing vertebrate ventilatory responses to hypoxia, remarkably little is known about the receptors and afferent pathways mediating these responses in fishes. In this review, we aim to summarize all receptor types to date implicated in the neurotransmission or neuromodulation associated with O2 sensing in the gills of fish. This includes serotonergic, cholinergic, purinergic, and dopaminergic receptor subtypes. Recent transcriptomic analysis of the gills of zebrafish using single-cell RNA sequencing has begun to elucidate specific receptor targets in the gill; however, the absence of receptor characterization at the cellular level in the gill remains a major limitation in understanding the neurochemical control of hypoxia signalling.
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INTRODUCTION
Adequate oxygen delivery to tissue is important for maintaining cellular processes and homeostasis. Thus, an animal’s ability to detect low oxygen, and respond appropriately, is crucial for survival. Vertebrate respiratory chemoreceptors detect such chemical changes in the environment, or arterial blood supply, and upon stimulation initiate corrective autonomic reflexes, such as the hyperventilatory response (HVR) to hypoxia (Perry et al., 2009; Nurse, 2010; Jonz, 2018). The most well described vertebrate chemoreceptors are the type 1 (or glomus) cells of the mammalian carotid body. Hypoxic activation of these cells involves the modulation of K+ conductance, membrane depolarization, and resulting Ca2+-dependent neurotransmitter release to act on sensory terminals of the carotid sinus nerve (Lopez-Barneo et al., 1988; Gonzalez et al., 1994; Nurse, 2010; Kumar and Prabhakar, 2012).
The neurochemistry involved in transmitting the hypoxic signal in the carotid body is well characterized. Adenosine triphosphate (ATP) is released by type 1 cells to act on afferent terminal purinergic P2X3 receptors, and is one of the main excitatory neurotransmitters involved in hypoxic signalling (Zhang et al., 2000; Nurse, 2005). Adenosine, produced by the breakdown of extracellular ATP, acts on adenosine A2a receptors to further enhance the hypoxic response by type 1 cells (Nurse, 2014). Acetylcholine (ACh), co-released with ATP, is also largely responsible for excitatory signalling in the carotid body via post-synaptic nicotinic receptors (Zhang et al., 2000). Dopamine, acting on D2 receptors, plays a modulatory role in mediating the response to hypoxia in the carotid body (Benot and López-Barneo, 1990; Iturriaga and Alcayaga, 2004). Additionally, embedded within the respiratory epithelium of neonatal mammals lie clusters of chemosensory neuroepithelial bodies (NEBs), of which serotonin (5-hydroxytryptamine, 5-HT) is the major neurotransmitter released during hypoxia (Fu et al., 2002).
In contrast, remarkably little is known about the receptors and afferent pathways mediating HVR in fishes. In this review, we aim to summarize the available evidence that has linked specific receptor types in the gills to neurochemical signalling associated with O2 sensing in fish.
FISH OXYGEN CHEMORECEPTORS
Neuroepithelial cells (NECs) were first identified in the gill by Dunel-Erb et al. (1982), who noted a similar morphology to mammalian pulmonary chemoreceptors. NECs were characterized by the presence of dense-cored vesicles and contained the monoamine, serotonin (5-hydroxytrymptamine, 5-HT; Dunel Erb et al., 1982). Due to the homology between the carotid body and the first gill arch in fish, NECs are believed to be homologues of type 1 cells (Milsom and Burleson, 2007). More recent evidence has suggested they may have a closer evolutionary link to pulmonary NEBs (Hockman et al., 2017).
The first direct evidence for the involvement of gill NECs in O2 chemoreception came from studies using zebrafish (Danio rerio; Jonz et al., 2004). Using whole-cell patch-clamp recordings of NECs isolated from the gills, it was shown that NECs responded to a decreased PO2 by inhibition of background K+ channels and membrane depolarization. Subsequent studies showed similar O2 sensitivity of gill NECs in channel catfish (Ictalurus punctatus; Burleson et al., 2006), and isolated NECs from adult goldfish (Carassius auratus) responded to hypoxia by Ca2+-dependent vesicular recycling (Zachar et al., 2017), which is consistent with neurotransmitter release and activation of sensory nerve fibres to initiate the hypoxic response. Currently there is no direct evidence of the neurotransmitters released during hypoxia and the receptors they act on remain uncharacterized.
RECEPTOR CONTROL OF OXYGEN SENSING AND VENTILATION
Despite the lack of receptor characterization in the gill, there are numerous studies identifying neurotransmitters and neuroendocrine factors that may be associated with O2 sensing in the gills of fish (recently reviewed by Porteus et al., 2012; Pan and Perry, 2020). The following sections will summarize the major candidate receptor subtypes suggested to play a role in facilitating and mediating the ventilatory responses to hypoxia. These studies are summarized in Table 1.
TABLE 1 | Summary of receptor types reported to effect changes in ventilation amplitude and/or frequency and their location within the gill, if available. The first column indicates receptor type, as characterized by pharmacological studies, gene expression analysis or immunohistochemistry.
[image: Table 1]Serotonergic Receptors
Serotonergic receptors are divided into seven distinct classes, 5-HT1-7, largely based on their structural and operational characteristics within the serotonergic system (Peroutka and Howell, 1994; Hoyer et al., 2002). 5-HT receptors belong to the G-protein-coupled receptor (GPCR) superfamily, with the exception of the 5-HT3 receptor, which is a ligand-gated ion channel (Hoyer et al., 2002). Of the seven distinct classes, there are also a number of different 5-HT1-7 receptor subtypes, each having a distinct pattern of distribution and function in the nervous system, giving rise to many different signalling capabilities (reviewed by Barnes and Sharp, 1999). Some post-synaptic 5-HT receptor subtypes are known to cause neuronal depolarization (5-HT2A, 5-HT2C, 5-HT3 and 5-HT4 receptors) leading to excitatory signalling, or neuronal hyperpolarization (5-HT1A receptor) inhibiting signalling (Barnes and Sharp, 1999).
As NECs characteristically contain 5-HT, it has been long hypothesized that 5-HT is involved in the neurotransmission of the hypoxic signal. Early evidence of this came from isolated gills of rainbow trout (Oncorhynchus mykiss), where 5-HT elicited a modest transient burst of chemoreceptor activity (Burleson and Milsom, 1995a). Additionally, rainbow trout intra-arterial injections of 5-HT also caused an elevation in gill ventilation and heart rate (Burleson and Milsom, 1995b).
Pharmacological studies targeting specific 5-HT receptor subtypes have revealed a potential excitatory role of 5-HT2 and 5-HT3 receptors. In the European eel (Anguilla anguilla), intravenous administration of 5-HT elicited a large increase in ventilatory frequency and amplitude (Janvier et al., 1996). Janvier et al. also showed the 5-HT-induced hyperventilatory response could be mimicked by the 5-HT3 receptor agonist, 1-phenylbiguanide, and blocked by the 5-HT3 receptor antagonist, metoclopramide. In the Gulf toadfish (Opsanus beta), injection with the 5-HT2 receptor agonist, α-methyl-5-HT, increased ventilation amplitude and this response was attenuated by the 5-HT2 receptor antagonist, ketanserin (McDonald et al., 2010). Similarly, 5-HT mimicked hypoxia by increasing ventilation frequency of 7 days post-fertilization (d.p.f) zebrafish larvae, and subsequent addition of ketanserin reversibly reduced ventilation frequency (Shakarchi et al., 2013). In zebrafish larvae, 5-HT3 receptor blockade with tropanyl 3,5-dichlorobenzoate (MDL 72222) also reduced the hyperventilatory response to acute hypoxia (Jonz et al., 2015). These results suggest an excitatory role for 5-HT2 and 5-HT3 receptors; however, it is unknown if these effects were limited to the gills, as whole animal experiments do not exclude potential targets in the central nervous system (CNS). Additionally, in the gills of the Antarctic fish (Pagothenia borchgrevinki), branchial vasoconstriction was mediated by 5-HT2 receptors (Sundin et al., 1998); and previous studies demonstrated the innervation of the filament arteries by serotonergic neurons in trout and zebrafish (Bailly et al., 1989; Jonz and Nurse, 2003). Given the effects of hypoxia on blood flow in the gills (Booth, 1979), an additional role of 5-HT2 receptors in controlling vascular responses to hypoxia is conceivable.
Recent single-cell transcriptomic analysis of chemosensory NECs and other cell types of the gills of adult zebrafish has begun to provide compelling evidence for potential actions of these receptor types by localizing them to, and within, the gill. The gene encoding 5-HT3A-like receptors shows highest expression in gill neurons (Pan et al., 2022). As NECs are innervated by at least one population of intrabranchial neurons, as well as extrabranchial nerve fibres (Jonz et al., 2004), there is a plausible mechanism for chemotransduction via 5-HT3A receptors in the gill. This would be similar to the carotid body, where post-synaptic excitation during hypoxia is mediated primarily by ionotropic 5-HT3 receptors and, to a lesser extent, 5-HT2 (Zhong et al., 1999; Nurse, 2005). Further work localizing 5-HT3A receptors to the specific neuronal population innervating NECs would be needed to confirm this.
Interestingly, the gene encoding the inhibitory 5-HT1A receptor, htr1ab, was found to be most abundant in NECs above any other cell type in the gill (Pan et al., 2022). This may suggest a specific O2-sensing role for these receptors, possibly through a negative feedback or autoreceptor mechanism, which has not yet been explored pharmacologically.
Cholinergic Receptors
Cholinergic receptors are subdivided into nicotinic and muscarinic types. Nicotinic receptors (nAChRs) are ligand-gated ion channels formed by the assembly of five transmembrane subunits and mediate fast neurotransmission in the central and peripheral nervous systems (Ho et al., 2020). Many different nAChR subtypes exist, each consisting of a specific combination of subunits (α1-10, β1-4, γ, δ, and ε; Kalamida et al., 2007). Muscarinic receptors (mAChRs) are G-protein coupled receptors, of which five main subtypes exist (M1-5), and have actions in the central and peripheral nervous systems (Caulfield, 1993).
A role for ACh in gill neurotransmission is not as clear as in the mammalian carotid body. Non-serotonergic, NEC-like cells containing the vesicular ACh transporter, VAChT, have been identified in zebrafish (Shakarchi et al., 2013; Zachar et al., 2017) and mangrove rivulus (Kryptolebias marmoratus; Regan et al., 2011), though it is currently unclear if these cells function as O2 chemoreceptors. Ventilatory responses to ACh and nicotine have been reported in several species (Burleson and Milsom, 1995b; Shakarchi et al., 2013). The effects of muscarine, however, appear to be more uncertain. In rainbow trout, muscarine elicited moderate afferent nerve activity in gill arch preparations and increased ventilation frequency in whole animal experiments. The muscarinic antagonist, atropine, prevented stimulation by hypoxia; however, it had no effect on ventilation (Burleson and Milsom, 1995a; 1995b). Similarly, atropine had no effect on ventilatory responses to hypoxia in the Adriatic sturgeon (Acipenser naccarii; McKenzie et al., 1995) or the channel catfish (Burleson and Smatresk, 1990). In zebrafish, atropine abolished the ventilatory response to hypoxia, but only at very high concentrations (Rahbar et al., 2016). Administration of atropine also abolished the hypercarbia-induced ventilatory responses observed in Pacific spiny dogfish (Squalus acanthias; McKendry et al., 2001).
Additionally, there appears to be a time-dependent emergence of cholinergic control of ventilation during development. Exogenous application of ACh did not affect ventilation frequency in early stage zebrafish larvae (7–10 d.p.f); however, in late stage larvae (14–21 d.p.f) ACh had a stimulatory effect on ventilation frequency. The nicotinic ACh receptor antagonist, hexamethonium, did not inhibit hypoxia-induced hyperventilation at 10 d.p.f. but did after 12 d.p.f. (Shakarchi et al., 2013).
In the Asian catfish (Heteropneustes fossilis) the nicotinic receptor α7 subunit is expressed in the NECs and mucous cells in the gill and respiratory air sac (Lauriano et al., 2021). In addition, semi-quantitative PCR detected low expression of the AChR γ-like subunit in the gills of adult transparent Pristella maxillaris (Ma et al., 2021). RNA sequencing of the adult zebrafish gills has further narrowed down potential ACh receptor subunit targets within the gill. The nicotinic receptor α2b subunit gene, chrna2b, was highly expressed in NECs and neurons; whereas the α6 subunit gene (chrna6) and β3a subunit gene (chrnb3a) were expressed primarily in NECs, and the β4 subunit gene (chrnb4) was mainly present in neurons (Pan et al., 2022). The location of these subunits supports a model in which VAChT-positive cells release ACh during hypoxic stimulation, leading to excitatory post-synaptic or paracrine effects on ACh receptors of neurons or NECs (Pan et al., 2022). Like NECs, VAChT-positive cells of the zebrafish gills are closely apposed to nerve fibres (Zachar et al., 2017).
Purinergic Receptors
There are two families of purinergic receptors—P1 (adenosine) receptors, including four subtypes (A1, A2a, A2b and A3), and P2 (ATP) receptors, which are further subdivided into ionotropic P2X (P2X1-7) and metabotropic P2Y (P2Y1-12) receptors (reviewed by Burnstock, 2018). ATP is a major excitatory neurotransmitter in the mammalian carotid body (Zhang et al., 2000; Nurse, 2005), and adenosine, produced by the extracellular breakdown of ATP, enhances the excitatory response (Nurse, 2014). Such a role in the gills of fish has been less explored.
The broad-spectrum purinergic agonist, ATPγS, elicited a hyperventilatory response in zebrafish larvae. Further, the purinergic receptor antagonist, PPADS, which targets purinergic P2X2 and P2X3 receptors, inhibited the hyperventilatory response to hypoxia (Coe et al., 2017). Immunohistochemical staining of P2X3 receptors showed co-localization with NECs and 5-HT-positive neurons (Rahbar et al., 2016). P2X3 receptors were also found in 5-HT-positve cells in the tips of zebrafish lamellae (Jonz and Nurse, 2003).
In the common carp (Cyprinus carpio), purinergic blockade with aminophylline, an A1 and A2 receptor antagonist, reversed the increases in respiration rate that occurred with the onset of hypoxia (Stecyk and Farrell, 2006). Adenosine injection initiated a biphasic response in ventilation frequency (a decrease followed by an increase) in the epaulette shark (Hemiscyllium ocellatum), which was also blocked by aminophylline (Stensløkken et al., 2004). Moreover, in zebrafish, the A2a receptor antagonist, SCH58261, inhibited the ventilatory response to hypoxia (Coe et al., 2017).
The above studies provide evidence for an excitatory role of P2X2/3 and A1/2 receptors in control of the hyperventilatory response to hypoxia in fish. Further, these results suggest a similar mechanism to the carotid body, where pre- and post-synaptic A2a receptors are believed to enhance the response to hypoxia (Nurse, 2014).
Dopaminergic Receptors
Dopamine receptors are G-protein coupled and include the D1-like receptor subtypes (D1 and D5) which activate adenylyl cyclase, and the D2-like subfamily (D2, D3, and D4) which inhibit adenylyl cyclase and activate K+ channels (reviewed by Martel and Gatti McArthur, 2020). Dopamine is an important inhibitory neuromodulator in carotid body hypoxia signalling (Nurse, 2010). Dopamine released by type 1 cells has an autocrine-paracrine action on dopaminergic D2 receptors located on type 1 cells to inhibit Ca2+ channels, leading to negative feedback regulation of further neurotransmitter release during hypoxia (Benot and López-Barneo, 1990).
Early evidence for a role of dopamine in the gills was shown in isolated gills of rainbow trout, where dopamine caused a small and brief burst in chemoreceptor activity followed by a mild inhibition of receptor discharge (Burleson and Milsom, 1995a). In zebrafish larvae, exogenous application of dopamine has been shown to decrease ventilation frequency as early as 7 d.p.f. (Shakarchi et al., 2013). RNA sequencing of the adult zebrafish gill detected dopamine receptors in the D2-like family, including drd4a in NECs and drd3 highly expressed in neurons (Pan et al., 2022). This recent work using zebrafish suggests an inhibitory dopaminergic mechanism in the gill, possibly via D2-like receptors, and is an area for potential future developments. Pharmacologically targeting the specific dopamine receptor subtypes controlling the ventilatory responses to hypoxia may be an interesting extension of this work.
CONCLUSION
Since the initial discovery of gill NECs, much work has been done to identify the neurotransmitters and their respective receptor types involved in mediating the physiological responses to hypoxia. Recent RNA sequencing has begun to further localize some of these receptor subtypes to NECs and neurons within the gill; however, future work is needed to continue to localize specific receptor subtypes within the gill and provide physiological evidence of their involvement in O2 sensing.
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Most cartilaginous fishes live in seawater (SW), but a few exceptional elasmobranchs (sharks and rays) are euryhaline and can acclimate to freshwater (FW) environments. The plasma of elasmobranchs is high in NaCl and urea concentrations, which constrains osmotic water loss. However, these euryhaline elasmobranchs maintain high levels of plasma NaCl and urea even when acclimating to low salinity, resulting in a strong osmotic gradient from external environment to body fluid. The kidney consequently produces a large volume of dilute urine to cope with the water influx. In the present study, we investigated the molecular mechanisms of dilute urine production in the kidney of Japanese red stingray, Hemitrygon akajei, transferred from SW to low-salinity environments. We showed that red stingray maintained high plasma NaCl and urea levels by reabsorbing more osmolytes in the kidney when transferred to low salinity. RNA-seq and qPCR analyses were conducted to identify genes involved in NaCl and urea reabsorption under the low-salinity conditions, and the upregulated gene expressions of Na+-K+-Cl- cotransporter 2 (nkcc2) and Na+/K+-ATPase (nka) were found in the FW-acclimated individuals. These upregulations occurred in the early distal tubule (EDT) in the bundle zone of the kidney, which coils around the proximal and collecting tubules to form the highly convoluted structure of batoid nephron. Considering the previously proposed model for urea reabsorption, the upregulation of nkcc2 and nka not only causes the reabsorption of NaCl in the EDT, but potentially also supports enhanced urea reabsorption and eventually the production of dilute urine in FW-acclimated individuals. We propose advantageous characteristics of the batoid-type nephron that facilitate acclimation to a wide range of salinities, which might have allowed the batoids to expand their habitats.
Keywords: cartilaginous fish, euryhalinity, osmoregulation, urine, nephron, membrane transporter, FW adaptation, Batoidea
INTRODUCTION
The class Chondrichthyes, commonly known as cartilaginous fishes, currently contains over 1,250 living species (Ebert and Dando, 2020), and more than 90% of these are obligate marine species (Ballantyne and Robinson, 2010). Their osmoregulatory strategy is characterized by the presence of high concentrations of NaCl and urea in the body fluid to cope with the high external osmolality in marine environment (ureosmotic strategy) (Payan et al., 1973; Pang et al., 1977). The high levels of urea (300–450 mM) are essential for maintaining their body fluid iso- or slightly hyperosmotic to the surrounding seawater (SW) (Ballantyne and Fraser, 2012), thereby avoiding dehydration (Greenwell et al., 2003; Anderson et al., 2007). Meanwhile, a limited number of elasmobranch (the sharks, rays, and skates) species can tolerate low-salinity water and are known as euryhaline elasmobranchs. Indeed, euryhaline elasmobranchs, such as bull shark Carcharhinus leucas (Thorson, 1971), Atlantic stingray Hypanus sabinus (Piermarini and Evans, 1998), and largetooth sawfish Pristis microdon (Smith, 1931), have been reported to inhabit freshwater (FW) environments during parts of their life cycles. The most distinctive physiological feature of euryhaline elasmobranchs is that they retain relatively high internal NaCl and urea levels (osmolality >600 mOsm) in FW environment (Hazon et al., 2003), which is approximately twice the plasma osmolalities of FW teleosts (Ballantyne and Fraser, 2012). FW-acclimated euryhaline elasmobranchs thus face a steep inwardly directed osmotic gradient between internal and external environments.
Several previous studies suggest that the gill, rectal gland, and kidney contribute to maintaining the high internal NaCl level in the low-salinity environment. In the case of gills, elasmobranchs have two types of branchial ionocytes and the number of these cells increased in FW-acclimated Atlantic stingray (Piermarini and Evans, 2001; Choe et al., 2005) and 30% SW-acclimated Japanese banded houndshark Triakis scyllium (Takabe et al., 2016). Furthermore, branchial mRNA levels of Na+/K+-ATPase (nka) and Na+/H+ exchanger type-3 (nhe3) were significantly increased following the acclimation to low-salinity environment in bull shark (Reilly et al., 2011), Atlantic stingray (Choe et al., 2005), and houndshark (Takabe et al., 2016). These findings suggest the potential contribution of branchial ionocytes in euryhaline elasmobranchs to NaCl uptake in low-salinity environments. Rectal gland is another osmoregulatory organ dedicated to the excretion of excess NaCl in marine environment. The size and NKA activity of rectal gland decreased following the FW-acclimation in bull shark (Oguri, 1964; Pillans et al., 2005) and Atlantic stingray (Piermarini and Evans, 2000), implying that the excretion of NaCl from the rectal gland is suppressed in low-salinity environments to maintain the high internal NaCl level. Meanwhile, kidney is the only organ able to excrete excess water from the body with concomitant retention of ions and urea (Olson, 1999). It is well known that the kidney of teleost fishes produces large amounts of dilute urine to overcome overhydration in the hypo-osmotic environments (Edwards and Marshall, 2012). In euryhaline Atlantic stingrays, both the glomerular filtration rate (GFR) and urine flow rate (UFR) were markedly increased after transfer from ambient SW to 50%-diluted SW, suggesting that the kidney of stingrays vigorously excretes excess water gained from the diluted environment as in the case of FW teleost fishes (Janech et al., 2006). The concomitant increases in reabsorption of NaCl and urea to produce dilute urine in the hypo-osmotic environment were also demonstrated in the Atlantic stingray (Janech et al., 2006) and bull shark (Imaseki et al., 2019). In bull shark, Na+-Cl- cotransporter (NCC) was suggested to be a key renal transporter facilitating the reabsorption of both NaCl and urea in the FW-acclimated bull shark (Imaseki et al., 2019). However, whether the molecular mechanism to produce dilute urine is shared between bull shark and other euryhaline elasmobranch species remains unknown.
Recently, we reported that the kidney of Japanese red stingray Hemitrygon akajei has a higher capacity to reabsorb NaCl and urea than that of cloudy catshark Scyliorhinus torazame in SW. The difference in osmolyte compositions of the plasma and urine between stingray and catshark was supported by previous data obtained in little skate Leucoraja erinacea (Stolte et al., 1977), whitespotted bamboo shark Chiloscyllium plagiosum (Wong and Chan, 1977), spiny dogfish Squalus acanthias (Thurau et al., 1969), and bull shark (Imaseki et al., 2019), suggesting that the kidneys of batoids (rays and skates) have higher capacity to reabsorb NaCl and urea than those of selachians (sharks) (Aburatani et al., 2020). The enhanced renal reabsorption is likely related to the anatomical characteristics of the batoid nephrons, where the early distal tubule (EDT) is highly convoluted and coiled around the proximal and collecting tubules (Aburatani et al., 2020). The higher capacity to reabsorb NaCl and urea is also advantageous for acclimation to low-salinity environments. In fact, several phylogenetically diverse species of batoids including largetooth sawfish, Atlantic stingray, and giant freshwater stingray Urogymnus polylepis are euryhaline (Last et al., 2016; Grant et al., 2019), whereas only few species of the family Carcharhinidae are known to be euryhaline among selachians (Ballantyne and Fraser, 2012). These facts indicate that euryhaline batoids have distinct characteristics from bull shark in renal mechanisms for adaptation to low-salinity environment.
Here, we performed transfer experiments of red stingrays from SW to low-salinity environments and conducted a comprehensive search for differentially expressed genes (DEGs) by RNA sequencing (RNA-seq). The mechanism to produce dilute urine was examined by integrating transcriptomic, physiological, and histochemical approaches. This new knowledge of renal mechanisms in euryhaline batoids will further improve our understanding of how elasmobranchs acquired euryhalinity during their evolutionary history.
MATERIALS AND METHODS
Animals
Male and female red stingrays, Hemitrygon akajei (Muller & Henle, 1841), were caught in a bay at Ushimado and transported to the Atmosphere and Ocean Research Institute (AORI), The University of Tokyo. One or two stingrays were kept in a 500-L experimental tank filled with recirculating natural SW (35–36‰) at 20°C under a constant photoperiod (12 L: 12 D) without feeding. Stingrays of both sexes that were caught in January, May, and November 2018 (average disc width = 33.6 ± 2.6 cm, average body weight = 1.5 ± 0.4 kg; N = 13) were used for a transfer experiment from SW to FW (Experiment 1). For urine collection (Experiment 2), only female stingrays caught in November and December 2021 and February 2022 (average disc width = 49.7 ± 3.3 cm, average body weight = 4.6 ± 0.6 kg; N = 11) were used to avoid possible contamination of seminal fluid into the urine sample in males (Kempton, 1953). All procedures for animal experiments were approved by the Animal Ethics Committee of Atmosphere and Ocean Research Institute of The University of Tokyo (P19-2). The present study was carried out in compliance with the ARRIVE guidelines.
Transfer experiment 1: Tissue sampling for the analysis of gene expressions
Before the transfer experiment, stingrays were accommodated in the experimental tanks for at least 3 days in order to acclimate to the new environments. During the first 3 days of experiment, the salinity of the experimental tank water was reduced by 10–20% per day by replacement with FW to achieve a salinity of approximately 50% SW on day 3. The replaced FW was dechlorinated at the same temperature as the experimental tanks. The salinity was held for 4 days (day 4–7) to allow the stingrays acclimating to a brackish environment. Then, from day 8–11, the salinity of the tank water was further lowered 10–15% per day and reached nearly FW condition (osmolality, less than 25 mOsm/kg; Cl−: less than 13 mM) on day 11. Our preliminary experiment suggested that the two-step dilution protocol is suitable for successful acclimation of stingrays to FW environment without mortality. In this transfer regime, the stingrays were exposed to hypo-osmotic conditions for at least 7 days (after day 3). On day 11, more than 6 h after reaching a FW-acclimated condition, the stingrays were euthanized with 0.02% (w/v) ethyl 3-aminobenzoate methanesulfonate (Sigma-Aldrich, MO, United States) buffered with an equal amount of sodium bicarbonate (Sigma-Aldrich). Blood samples were obtained from tail vasculature using a syringe and 22G needle and were centrifuged at 10,000 × g for 10 min at 4°C to obtain the plasma. Plasma samples were stored at −30°C or −80°C until use. The whole kidney was dissected out and separated into the left and right halves. One half was immediately frozen with liquid nitrogen and stored at -80°C until RNA extraction, while the other half was fixed in modified Bouin’s solution (saturated picric acid: formalin = 3: 1) for 2 days at 4°C and then preserved in 70% ethanol at 4°C until use. The SW control individuals were kept in SW without dilution for 14 days in the experimental tank.
Cations (sodium, calcium, and magnesium) concentrations of holding water and plasma were measured with an atomic absorption spectrophotometer (Z5300, Hitachi, Tokyo, Japan). Chloride ion concentration was measured by a digital chloridometer (C-50AP, Jokoh, Japan). Osmolality was measured by a vapor pressure osmometer (5,600, Wescor, UT, United States). Urea concentration was measured by a colorimetric method according to Rahmatullah and Boyde (1980).
Transfer experiment 2: Urine collection from SW control and 5% SW-acclimated stingrays
To collect urine from conscious individuals, the following surgical procedure was conducted during the transfer experiment. To lower the osmotic stress that may add to the surgical stress, the final dilution of environmental water was stopped at 5% SW instead of FW. After the initial 3 days of the acclimation period, stingrays were transferred to a low-salinity environment as described in experiment 1, except that replacement of FW was stopped at 5% SW (osmolality, 53.4 ± 3.7 mOsm/kg; Cl−, 26.0 ± 2.1 mM). After reaching to 5% SW, stingrays were anesthetized and blood samples were obtained from tail vasculature using a syringe and 22G needle with 0.2% (w/v) potassium EDTA as an anticoagulant. Blood samples were centrifuged at 10,000 × g for 10 min at 4°C to obtain the plasma. A polyethylene cannula (SP-45 or SP-55, Natsume Seisakusyo, Tokyo, Japan) was inserted into the protruded opening of urinary tract and was tied to the surrounding tissue by surgical suture. The other side of cannula was connected and secured to a 2-ml sampling tube where excreted urine was collected into (see also Aburatani et al., 2020). Stingrays were recovered from anesthesia by irrigating the gills with aerated holding water and then returned to a 100L-container tank (700 cm × 500 cm × 410 cm) for urine collection. Excreted urine was collected from conscious animals up to 48 h after the blood sampling. Plasma and urine samples were stored at −30°C until use. Ions, urea, and osmolality of the holding water, plasma, and urine were measured as described above. To estimate the reabsorption rates of osmolytes, we calculated solute reabsorption rates of major osmolytes by borrowing the reported values for glomerular filtration rate (GFR) and urine flow rate (UFR) in Atlantic stingray (Janech et al., 2006). The average values of the Atlantic stingray reared in harbor water were adopted for the calculation in the SW control individuals, while those in 50% diluted harbor water were adopted for the calculation in the 5% SW-acclimated red stingray. The solute reabsorption rates were calculated using (Posm × GFR)–(Uosm × UFR) where Posm and Uosm are concentrations of the osmolytes in plasma and urine, respectively.
RNA-seq analysis
Total RNA was extracted from the frozen kidney with ISOGEN (Nippon Gene, Toyama, Japan) and treated with DNase I to digest genomic DNA. Purification was conducted using the Zymo RNA Clean & Concentrator Column (Zymo Research, CA, United States). The quantity and quality of the RNA were examined with the Qubit RNA HS Assay Kit on a Qubit 2.0 Fluorometer (Thermo Fisher Scientific, MA, United States) and the RNA 6000 Nano Kit on a 2,100 Bioanalyzer (Agilent Technologies, CA, United States). Sequencing libraries were prepared using 1 µg of the RNA with the TruSeq Stranded mRNA Sample Prep Kit (Illumina, CA, United States) and the TruSeq single-index adaptor (Illumina). The libraries were sequenced with HiSeq1500 (Illumina), and single reads of 80 bases were obtained. The adaptor sequences and low-quality reads were trimmed with Trim Galore! v0.4.0 (https://www.bioinformatics.babraham.ac.uk/projects/trim_galore/), and sequence quality was checked by fastq quality filter v0.11.3 (https://www.bioinformatics.babraham.ac.uk/projects/fastqc/). The trimmed reads were then assembled de novo using Trinity v2.3.2 (Grabherr et al., 2011) to obtain transcript contigs. The contigs were annotated using ncbi-blast-2.6.0+ (McGinnis and Madden, 2004). The trimmed reads were mapped to the assembled contigs using bowtie2 v2.3.0 (Langmead and Salzberg, 2012), and the expressions were quantified with eXpress v1.5.1 (Cappé and Moulines, 2009). The differential expression analysis was then conducted by edgeR v3.0.0 (Robinson et al., 2010; McCarthy et al., 2012). The raw sequenced reads were deposited in the DNA Data Bank of Japan (DDBJ) under the accession numbers DRX363233, DRX363234, DRX363235, DRX363236, DRX363237, and DRX363238.
To investigate candidate gene contributing to FW acclimation, contigs annotated as genes known for ions and urea transport were shortlisted. Amino acid sequences of human Homo sapiens and western clawed frog Xenopus tropicalis were used as a query for local TBLASTN search, and the sequences of top-hit contigs were sent to NCBI BLASTX to obtain an annotation. When different contigs were annotated as the same protein or when the contig was annotated as a “hypothetical protein,” their orthologies were checked by inferring gene trees based on deduced amino acid sequences of the contigs using a web tool; ORTHOSCOPE (Inoue and Satoh, 2019; http://yurai.aori.u-tokyo.ac.jp/orthoscope/Vertebrata.html)
cDNA cloning and RNA probe synthesis
Total RNA was extracted from the frozen kidney as described above. Complementary DNA was synthesized using High-Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific) from 2 μg of total RNA pretreated with TURBO DNase-free kit (Thermo Fisher Scientific). Primer sets were designed to amplify cDNAs encoding NCC (858 bp; Genbank accession No. LC706818), elongation factor 1α1 subunit (EF1α1, 847 bp; Genbank accession No. LC706817), and β-actin (ACTB, 850 bp; Genbank accession No. LC715734) based on the contig sequence data from the transcriptome database. PCR was performed using KAPA Taq Extra (Kapa Biosystems, MA, United States) with the kidney cDNA as templates. The amplified products were ligated into pGEM-T Easy Vector (Promega, WI, United States) and transformed into Escherichia coli XL1-Blue cells. Plasmids were prepared from positive bacterial culture using FastGene Plasmid Mini Kit (NIPPON Genetics Co., Ltd., Tokyo, Japan) according to the manufacturer’s protocol. The cloned cDNAs were sequenced using BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific) and an automated DNA sequencer (ABI PRISM 3100, Applied Biosystems, CA, United States). Primer sets used in this study are shown in Supplementary Table S1.
To synthesize a digoxigenin (DIG)-labeled RNA probe, the insert region of the sequenced plasmid was amplified with Primestar GXL (Takara Bio, Shiga, Japan) using the vector-specific M13 Forward and Reverse primers and subsequently purified with Wizard SV Gel and PCR Clean-up System (Promega). The purified DNA contains T7 and SP6 promotor sequences flanking the insert. Antisense and sense RNA probes were then synthesized from the purified DNA fragments using DIG RNA Labeling Kit (Roche Applied Science, Mannheim, Germany) with either T7 or SP6 RNA polymerase according to the manufacturer’s protocols.
Quantitative real-time PCR
The gene expression levels were measured by quantitative real-time PCR (qPCR) using 7900HT Fast Real Time PCR System (Applied Biosystems) with a KAPA SYBR FAST qPCR Kit (Kapa Biosystems). The plasmids containing target sequences were serially diluted as standard templates for quantification in qPCR assay. The copy numbers were calculated using Sequence Detection System software v2.4 (Applied Biosystems). To explore the suitable gene for internal control in qPCR assay, the mRNA expression levels of β-actin (actb) and elongation factor 1α1 (ef1α1) were compared (Supplementary Figure S1). Since ef1α1 mRNA expression was more stable between SW control and FW-acclimated individuals than that of actb, we adopted ef1α1 as the reference gene for normalization. Primer sets for qPCR assay were designed using PrimerQuest (https://www.idtdna.com/Primerquest/Home/Index). Six individuals (three males and three females) were used for both the SW control and FW transfer.
In situ hybridization
The fixed kidney was dehydrated with a series of ethanol, cleared in methyl benzoate, and embedded in Paraplast (McCormick Scientific, IL, United States). Serial sections were made at 7 μm thickness. Eight sections (four from SW control and four from FW-acclimated stingrays) were mounted onto a single MAS-GP-coated slide (Matsunami Glass, Osaka, Japan) for comparison of the signal intensities between SW and FW individuals with the same tissue section processing. Deparaffinized sections were treated with 2.5 μg/ml proteinase K (Sigma-Aldrich) and then hybridized with DIG-labeled RNA probes in hybridization buffer (50% formamide, 5 × SSC, 40 μg/ml bovine calf thymus DNA) at 58°C for 2 days. After hybridization, sections were serially washed in 2 × SSC for 30 min at room temperature, 2 × SSC for 1 h at 65°C, and 0.1 × SSC for 1 h at 65°C. The hybridized RNA probes were detected using Anti-Digoxigenin-AP, Fab fragment (1:5,000, Roche Applied Science). Hybridization signals were visualized with 4-nitro blue tetrazolium chloride and X-phosphate/5-bromo-4-chloro-3-indolyl-phosphate. Sections were counterstained with Kernechtrot Stain Solution (MUTO PURE CHEMICALS, Tokyo, Japan) and mounted using Permount (Fisher Chemical, NJ, United States). For image analysis described below, stained sections were mounted using CC/Mount (Diagnostic BioSystems, CA, United States) without counterstaining. Micrographs were obtained using a digital camera (DXM1200; Nikon, Tokyo, Japan).
Image analysis
Image analysis was performed to examine the signal intensity among nephron segments. The micrographs were captured using identical conditions and analyzed with ImageJ package Fiji (Schindelin et al., 2012). Basal and apical membranes were designated using the polygon selection tool. Areas and total signal intensities were measured between the basal and apical membranes to calculate the mean tubular intensity/area. Three randomly selected images were examined for each individual to consider variations among tubules.
Statistical analysis
Values were expressed as means ± s. e.m. After the assumption of normality with Shapiro–Wilk test, data were compared using two-tailed Student’s or Welch’s t-test according to whether the covariance were found or not. When the values were not normally distributed, the Mann–Whitney U-test was used instead. p < 0.05 was considered as statistically significant. Holm method was applied to the calculated p values for multiple comparisons. Statistical analysis was performed using Kyplot 6.0 software (Kyenslab, Tokyo, Japan).
RESULTS
Changes in plasma and urine compositions following the acclimation to low-salinity environments
Tables 1, 2 show the osmolality and ion concentrations of plasma and urine in experiments 1 and 2, respectively. In SW control individuals, the plasma was composed of high levels of NaCl and urea, which contribute to an osmolality that was nearly identical to the holding SW (1,012.8 ± 5.4 mOsm/kg in experiment 1 and 1,054.5 ± 5.4 mOsm/kg in experiment 2). All plasma parameters, except for Ca2+ and Mg2+ in experiment 2, were significantly decreased after acclimation to the low-salinity environments. However, considerable concentrations of Na+, Cl−, and urea were maintained in the plasma even in low-salinity environments, resulting in a steep osmotic gradient between the plasma and surrounding environment (for plasma, 605.7 ± 8.0 mOsm/kg in experiment 1 and 623.5 ± 20.7 mOsm/kg in experiment 2; for environmental water, 17.0 ± 4.0 mOsm/kg in experiment 1 and 53.4 ± 3.7 in experiment 2, respectively).
TABLE 1 | Plasma compositions of red stingray in Experiment 1
[image: Table 1]TABLE 2 | Compositions of plasma and urine collected from SW- and 5% SW-acclimated red stingray in Experiment 2
[image: Table 2]In SW control red stingray, the urine osmolality and Na+ level were nearly identical to those of plasma, while urine Cl− and urea levels were significantly lower than those in plasma. In contrast, Ca2+ tended to be higher in urine than plasma (p = 0.069 after correction by Holm method) and Mg2+ was significantly higher in urine than in plasma (approximately 5.3 and 294.0 times concentrated in urine for Ca2+ and Mg2+, respectively). Following the acclimation to 5% SW, urine levels of osmolality, Mg2+, and Cl− were significantly decreased (Table 2). Urine levels of Na+ were 10 times lower in individuals acclimated to 5% SW than SW control individuals, but no significant difference was observed due to the high variation in SW control individuals. Overall, the decreases in osmolality and ion concentrations were greater in urine than in plasma. In consequence, the urine/plasma (U/P) ratios of osmolality and ions were significantly lower in 5% SW-acclimated individuals than in SW control individuals (SW versus 5% SW groups; osmolality, 0.99 ± 0.02 vs. 0.28 ± 0.02; Na+, 0.98 ± 0.29 vs. 0.15 ± 0.02; Cl−, 0.27 ± 0.05 vs. 0.12 ± 0.03; Ca2+, 4.75 ± 1.28 vs. 0.46 ± 0.08; Mg2+, 297.6 ± 31.54 vs. 1.67 ± 0.56) (Figure 1). However, urea concentration in urine was similar between SW control and 5% SW-acclimated individuals, and thus, the U/P ratio of urea slightly but insignificantly increased in 5% SW-acclimated individuals (SW versus 5% SW groups; 0.26 ± 0.10 vs. 0.48 ± 0.05) (Figure 1A).
[image: Figure 1]FIGURE 1 | The urine/plasma (U/P) ratios of major osmolytes (A) and divalent ions (B,C) in the stingray. Open and filled bar represent values from SW- and 5% SW-acclimated stingrays, respectively. Asterisks indicate statistically significant differences between SW- and 5% SW-acclimated stingrays (*p < 0.05, ***p < 0.001).
Currently, values of GFR and UFR of conscious red stingrays in SW and FW environments are not available. Therefore, with the GFRs and UFRs reported in euryhaline Atlantic stingray (Janech et al., 2006), we estimated the reabsorption rate of Na+, Cl−, and urea (Table 3). In Janech et al. (2006), GFR and UFR values were determined in SW- and 50% SW-acclimated stingrays. Although the salinity of diluted media was greatly different between the previous study (50% SW) and the current investigation (5% SW), we considered that borrowing the GFR and UFR values from the study of Atlantic stingrays is insightful on estimating the changes in the urine production capacity under different salinities as the GFR and UFR were significantly increased following the transfer of stingrays from SW to 50% SW (Janech et al., 2006). In the SW control group of the red stingrays, urea is reabsorbed to a slightly greater extent than NaCl, whereas the reabsorption rate of Na+ and Cl− was greater than that of urea in the FW-acclimated stingrays. Compared to the SW control, the reabsorption rates of Na+, Cl−, and urea were significantly increased in the 5% SW-acclimated stingrays by 2.2-, 1.9-, and 1.4-fold, respectively (Table 3).
TABLE 3 | Estimated reabsorption rate of major osmolytes in the red stingrays.
[image: Table 3]Expression profiles of transporters involved in NaCl and urea reabsorption
To search for the candidate genes that are responsible for the enhanced reabsorption of NaCl and urea in low-salinity environments, the transcriptomes of the kidney were examined in SW control and FW-acclimated individuals. The analysis of the sample correlation matrix on the overall expression profiles showed a clear clustering between SW control and FW-acclimated stingrays (Supplementary Figure S2). By using the selection criteria of DEGs described in our previous study (Imaseki et al., 2019), we identified 131 annotated genes upregulated in FW after the application of dual cut-off [false discovery rate (FDR) < 0.05 and log2 fold change (logFC) > 1.5 of count per million (CPM) value] (Supplementary Table S2). Among them, we focused on solute carrier (slc) family genes as they play pivotal roles in osmolyte transport in osmoregulatory epithelia (Hediger et al., 2004). The following eight slc genes were found to be upregulated: facilitated glucose transporter member 1 (slc2a1, glut1, 5.3-fold), sodium-coupled monocarboxylate transporter 1 (slc5a8, smct1, 5.7-fold), sodium-sulfate cotransporter (slc13a1, nas1, 12.8-fold), monocarboxylate transporter 4 (slc16a3, mot4, 5.9-fold), sulfate transporter (slc26a2, dtdst, 7.8-fold), ammonium transporter Rh type B (slc42a2, rhbg, 3.3-fold), large neutral amino acids transporter small subunit 4 (slc43a2, lat4, 2.9-fold), and sodium-dependent lysophosphatidylcholine symporter 1-B (slc59a1, nls1b, 7.7-fold) (Supplementary Table S2). However, no candidate genes encoding known transporters or channels for Cl− or urea transport were found among the DEGs. To further explore the transcriptome, we subsequently extracted expression data of the following slc family genes known to be involved in NaCl and urea transport: slc5 (sodium glucose cotransporter), slc9 (sodium/proton exchanger), slc12 (electroneutral cation-coupled chloride cotransporter), and slc14 (urea transporter) (Table 4). In addition, expression data of chloride channel (clc), epithelial sodium channel (enac), nka, and FXYD domain-containing ion transport regulator [fxyd; often regarded as the third NKA subunit (Pirkmajer and Chibalin, 2019)] were also extracted (Table 4). Among the slc genes involved in NaCl transport, nkcc2 (slc12a1) has the highest Transcripts Per Kilobase Million (TPM) values, and the values in FW-acclimated stingray were 1.9-fold higher than those of SW control individuals. The TPM values of NKA alpha subunit 1 (nkaα1) and fxyd3 were comparable to those of nkcc2, and 2.5-fold increase in the TPM values of nkaα1 was observed in FW-acclimated individuals. The TPM values of nkaβ1 subunit, fxyd2, and fxyd3 were increased 3.7-, 8.1-, and 1.3-fold in FW-acclimated stingrays, respectively. The expression of the ncc (slc12a3) was decreased in the FW-acclimated stingrays, and the TPM values are much lower than those of nkcc2.
TABLE 4 | Expression of genes putatively linked to NaCl and urea reabsorption in the transcriptomic analysis.
[image: Table 4]To obtain the molecular information on membrane transporters for divalent ions, we also extracted the expression data of the following gene families: slc8 (sodium/calcium exchanger), slc13 (sodium sulfate cotransporter), slc26 (sulfate/anion exchanger), slc41 (sodium/magnesium exchanger), Cyclin M divalent cation transport mediator (cnnm), Transient receptor potential cation channel subfamily M (trpm), Transient receptor potential cation channel subfamily V (trpv), and ATPase plasma membrane calcium transporting (pmca) (Table 5). Among the genes with the TPM values higher than 20, we observed that the expression levels of slc13a3, slc13a4, slc26a6, and slc41a1 were decreased, whereas those of slc26a1 and trpm6 were increased.
TABLE 5 | Expression of genes putatively linked to divalent ion reabsorption in the transcriptomic analysis.
[image: Table 5]Changes in gene expression of nkcc2, nkaα1, ut, and ncc
Using qPCR, we subsequently investigated the expression levels of nkcc2, nkaα1, urea transporter (ut), and ncc that have been reported to be important for NaCl and urea reabsorption of the kidney in cartilaginous fishes (Hyodo et al., 2014; Imaseki et al., 2019; Aburatani et al., 2020). The expression levels of nkcc2 and nkaα1 mRNAs in the kidney of FW-acclimated stingray were significantly higher than those of SW control individuals (1.7- and 2.6-fold, respectively; Figures 2A, B). However, no significant difference was observed in the expression of ut mRNA between SW control and FW-acclimated stingrays (Figure 2C). The expression of ncc mRNA was significantly lower in the FW-acclimated stingrays than in the SW control individuals (Figure 2D). These expression patterns examined by qPCR were consistent with those of RNA-seq analyses. No difference was observed in gene expression levels between sexes both in SW control (nkcc2, p = 0.16; nkaα1, p = 0.71; ut, p = 0.41; ncc, p = 0.69) and FW-acclimated stingrays (nkcc2, p = 0.92; nkaα1, p = 0.20; ut, p = 0.50; ncc, p = 0.54).
[image: Figure 2]FIGURE 2 | Expression of transporter mRNAs in the kidney measured by real-time qPCR. mRNAs for nkcc2 (A), nkaα1 (B), ut (C), and ncc (D) were quantified and normalized against those of elongation factor 1α1 (ef1α1). N = 6 in each group. Asterisks indicate statistically significant differences between SW control and FW-acclimated stingrays (*p < 0.05, **p < 0.01, ***p < 0.001).
Distribution and expression levels of nkcc2, nkaα1, ut, and ncc mRNAs in the stingray nephron
Intense nkcc2 mRNA signals were observed in the largest columnar cells of early distal tubule (EDT) in the bundle zone (open arrowhead labeled “e” in Figures 3A,B), and weak signals for nkcc2 mRNA were continued to the ascending late distal tubules (LDT) in the sinus zone (open arrows in Figures 3C, D), which are relatively smaller diameter than the proximal tubules II (PII) (filled arrowhead in Figures 3C, D). The signal intensity of nkcc2 mRNA in the EDT of FW-acclimated individuals was considerably stronger than that of SW control individuals, while no obvious difference was found in the LDT between SW control and FW-acclimated individuals. nkaα1 mRNA signals were found in a wide range of renal tubules, and the strongest signals were observed in the EDT in the bundle zone (Figures 3E, F). In the bundle zone, the signal intensities of nkaα1 mRNA were higher in the proximal tubule I (PI) (open arrowheads labeled “p” in Figure 3F), collecting tubule (tubules “c” in Figures 3E, F), and EDT (tubules “e” in Figures 3E, F) of FW-acclimated individuals than those of SW control. The increases in signal intensity of nkaα1 mRNA were the most prominent in the EDT of the bundle zone, and this coincided well with the increased nkcc2 mRNA signals in the FW-acclimated individuals. In the sinus zone, nkaα1 mRNA signals were increased in the ascending and descending LDT (open and filled arrows, respectively) and PII segment (filled arrowhead) in the FW-acclimated individuals (Figures 3G, H). Of note, we controlled the time for chromogenic reaction of nkcc2 and nkaα1 mRNA signals in order to compare signal intensities between SW and FW individuals. If the reaction time was extended, nkcc2 and nkaα1 mRNA signals were noticeable in the EDT even in SW control individuals, but differences in signal intensity were diminished between SW control and FW-acclimated individuals.
[image: Figure 3]FIGURE 3 | In situ hybridization analysis of transporter genes in the nephrons of SW control and FW-acclimated stingrays. nkcc2 (A–D), nkaα1 (E–H), ut (I-L), and ncc (M-P) in SW control (A,C,E,G,I,K,M,O) and FW-acclimated (B,D,F,H,J,L,N,P) stingray. Open arrowheads indicate the PI (labeled with “p”), EDT (labeled with “e”), and CT (labeled with “c”) in the bundle zone (A,B,E,F,I,J,M,N). Filled arrowheads indicate the PII (C,D,G,H). Open and filled arrows indicate the ascending and descending LDT, respectively (C,D,G,H,K,L,O,P). RC, renal corpuscle. Bars, 50 μm. Note that 1) the nkcc2 mRNA was intensely expressed in the EDT of FW-acclimated stingrays, but no difference was observed in LDT between SW control and FW-acclimated stingrays, and 2) concomitantly, prominent nkaα1 mRNA signals were observed in the EDT of FW-acclimated stingrays.
The ut mRNA signals were found in the collecting tubule (CT) and preceding transitional region between LDT and CT in the vicinity of renal corpuscles both in SW control and FW-acclimated individuals. The collecting tubules were characterized by the cuboidal epithelial cells located in the center of the tubular bundle and the signal intensity of ut mRNA was stronger in FW-acclimated individuals (open arrowhead labeled “c” in Figures 3I, J). In contrast, ut mRNA signals in the transitional region between LDT and CT in sinus zone were decreased in FW-acclimated individuals (filled arrow in Figures 3K, L). In SW control stingray, ncc mRNA signal was detected in the ut mRNA-positive tubule of the sinus zone (filled arrow in Figures 3K, O), but not in the collecting tubule of the bundle zone (open arrowhead labeled “c” in Figures 3I, M). However, ncc mRNA signals were almost undetectable in FW-acclimated individuals (Figures 3N, P).
Because the results of in situ hybridization indicate segment-specific upregulation of nkcc2, we analyzed the signal intensity of nkcc2 mRNA expressions in each segment, namely, EDT and LDT (Figure 4). As with the observations of in situ hybridization images, the signal intensity of nkcc2 mRNA was significantly increased in the EDT inside the tubular bundles. This was not observed in the LDT of the sinus zone.
[image: Figure 4]FIGURE 4 | Signal intensity of nkcc2 mRNA expressions in EDT and LDT. The signals of nkcc2 mRNA expression in the EDT (left panel) and LDT (right panel) were quantified with ImageJ. Open and filled columns represent SW control and FW-acclimated individuals, respectively. N = 4 in each group. Statistically significant difference between SW and FW is shown with asterisks (**p < 0.01).
DISCUSSION
In the present study, we found that the red stingray is similar to other euryhaline elasmobranchs as the red stingray maintained high levels of plasma NaCl and urea that make up an osmolality over 600 mOsm in low-salinity environments. Euryhaline elasmobranchs produce dilute urine to cope with a massive water influx caused by the steep osmotic gradient between body fluid and low-salinity environments. Consistent with the previous findings in sawfish (Smith, 1931), Atlantic stingray (Janech and Piermarini, 2002), and bull shark (Imaseki et al., 2019), red stingray excreted dilute urine following the acclimation to diluted environments. Our results further implied that the red stingray seems to possess a higher capacity to produce dilute urine than bull shark, for which physiological and molecular investigation of kidney function was conducted following the acclimation to FW in a similar manner to the present study (Imaseki et al., 2019). When we compared the U/P ratio of each parameter, the U/P ratios of osmolality, Na+, and Cl− were significantly decreased following the acclimation to 5% SW in red stingray. In FW-acclimated bull sharks, the Na+ and Cl− concentrations in the urine were 5- and 7-fold higher than those of 5% SW-acclimated red stingrays (Imaseki et al., 2019), leading to our hypothesis that the mechanisms of diluted urine production are different between bull shark and red stingray.
In the present study, GFR and UFR values were not available in conscious red stingrays acclimated to SW and low-salinity environments. Therefore, we borrowed the GFR and UFR values reported in the Atlantic stingray reared in ambient SW and 50% SW to estimate differences in the solute reabsorption rate between the SW control and 5% SW-acclimated red stingrays. The estimated values in Table 3 indicate that the transfer of red stingray from SW to 5% SW caused significant (1.4- to 2.2-fold) increases in reabsorption of NaCl and urea from the glomerular filtrate, suggesting that the red stingrays enhanced reabsorption of both NaCl and urea in low-salinity environments. However, it should be noted that our reported solute reabsorption rates in 5% SW-acclimated stingray may be underestimated. Since red stingrays in FW or 5% SW have larger osmotic difference between body fluid and holding water than the case of Atlantic stingray, the red stingrays must have experienced a greater influx of water. Therefore, it is reasonable to assume that the red stingray in FW or 5% SW should have a higher GFR and UFR.
Anatomical and molecular characteristics of the red stingray nephron to produce dilute urine
RNA-seq and subsequent qPCR analyses revealed that nkcc2 (slc12a1) is the most abundantly expressed gene among candidate solute carrier (slc) family proteins involved in the NaCl reabsorption. The expression of nkcc2 mRNA was significantly increased following the acclimation to FW environments. NKCC2 is an apically localized membrane protein contributing to active reabsorption of NaCl in the distal segment of FW teleost nephron (Takvam et al., 2021) and the thick ascending limb of the loop of Henle in the mammalian nephron (Bazúa-Valenti et al., 2016). In these diluting segments, NKCC2 reabsorbs NaCl from the glomerular filtrate in coordination with the basolateral NKA. Our data also indicated higher mRNA levels of nkaα1, nkaβ1, fxyd2, and fxyd3 in FW-acclimated individuals, implying that the apical NKCC2 and basolateral NKA system was enhanced for producing dilute urine in the FW.
We previously found that the red stingray possesses a highly convoluted and elongated EDT segment, where NKCC2 and NKA are coexpressed for reabsorbing NaCl from the glomerular filtrate (Aburatani et al., 2020). In the present study, in situ hybridization data demonstrated that nkaα1 and nkcc2 mRNA levels were upregulated in the EDT of the stingray nephron following the acclimation to FW. Although nkcc2 mRNA was also found in LDT, the upregulation was only observed in the EDT. On the other hand, in bull shark, no increase was observed in the expression levels of nkcc2 mRNA in the EDT following the transfer from SW to FW, implying that the difference in the expression levels of nkcc2 mRNA causes the higher urinary concentrations of Na+ and Cl− in the FW-acclimated bull sharks than the 5% SW-acclimated red stingrays. Low levels of Cl− in the urine ware also reported in sawfish Pristis microdon and Atlantic stingray Hypanus sabinus captured in FW environments (Smith, 1931; Janech and Piermarini, 2002). Although molecular and anatomical investigations are needed in sawfish and Atlantic stingray, we hypothesize that the remarkable ability of batoid nephrons to produce dilute urine is attributable to the enhanced expression of nkcc2 and nka mRNAs in the well-developed EDT.
In addition to NaCl, the estimated reabsorption rate for urea was also increased in the stingray acclimated to low-salinity environments. The mechanism for the higher urea reabsorption in low-salinity environments is probably explainable with the urea reabsorption model proposed in cartilaginous fish (Figure 5; Hyodo et al., 2014). This model is composed of three steps: 1) active reabsorption of NaCl, 2) passive reabsorption of water, and 3) facilitative urea reabsorption in the bundle zone. The first step is active transport of NaCl from primary urine into the interstitial space in the microenvironment wrapped by the impermeable peritubular sheath (Lacy and Reale, 1986). NKCC2 and NKA expressed in the EDT are responsible for this step, resulting in elevation of interstitial osmolality inside the peritubular sheath. The elevated interstitial osmolality leads to water reabsorption via the aquaporin-expressing segment such as the EDT (Cutler et al., 2022), which creates a low-urea interstitial fluid inside the peritubular sheath. After these two steps, urea is left in processed filtrate and being concentrated. In the final step, urea is reabsorbed through the facilitative UT expressed in the collecting tubule (Hyodo et al., 2004; Kakumura et al., 2015; Aburatani et al., 2020) using the concentration gradient of urea as a driving force. Therefore, it is highly probable that the enhanced NaCl reabsorption in the EDT (the first step) consequently caused a greater amount of urea reabsorption in the kidney of FW (or 5% SW)-acclimated stingray (Figure 5).
[image: Figure 5]FIGURE 5 | Schematic summary for the enhancement of NaCl and urea reabsorption in the kidneys of red stingray following acclimation to low-salinity environment. [NaCl]in and [Urea]in indicate reabsorptions of NaCl and urea, respectively.
In bull shark, NCC appeared to be a key molecule contributing to the successful FW acclimation (Imaseki et al., 2019). Approximately 10-fold increase was detected in the expression of ncc mRNA, and the ncc mRNA signals were remarkably abundant in the LDT (the fourth loop), which concomitantly expressed high level of nka mRNA. The NCC and NKA system in the FW bull shark is thought to increase the NaCl reabsorption in the sinus zone. In the stingray, on the other hand, ncc expression is limited to the transitional portion between LDT and CT as with houndshark (Imaseki et al., 2019). Furthermore, the expression levels of ncc were decreased following the FW acclimation. These results suggest that the mechanisms to produce dilute urine are different between red stingray and bull shark. Since the LDT is located outside of the peritubular sheath, the enhanced NaCl reabsorption in the LDT cannot affect the interstitial osmolality in the microenvironment wrapped by the peritubular sheath, which could be the reason why the estimated amount of reabsorbed urea from the primary urine is lower in FW-acclimated bull shark (Imaseki et al., 2019) than 5% SW-acclimated red stingray.
In FW-acclimated red stingrays, upregulation of nkaα1 mRNA signals was observed not only in the EDT, but also in most segments in the bundle zone. Relatively high nkaα1 expression was found in the PI and CT in the bundle zone of the kidney from FW-acclimated red stingray, suggesting that enhancement of active solute transports is not limited to the EDT for elevating the interstitial osmolality. Although currently an apically located transporter/channel, which functions in coordination with NKA, remains to be clarified in the PI and CT of FW-acclimated red stingray, reabsorption of any solutes could result in the further elevation of interstitial osmolality.
It has been well-documented that excretion of divalent ions is a crucial renal function of SW fishes, including cartilaginous fishes (Beyenbach, 2000; McDonald, 2007), as SW contains higher divalent ions than the body fluid. Indeed, the U/P ratio of divalent cations (in particular Mg2+) was higher than that of monovalent cations in the SW control red stingray. Following the transfer to 5% SW, the U/P ratios of Ca2+ and Mg2+ decreased by 90.3 and 99.4%, respectively, indicating that excretory functions of divalent ions were strongly suppressed as the divalent ion influxes stopped in low-salinity environments. The genes encoding slc13a3, 13a4, 26a6, and 41a1 were abundantly expressed in the kidney of SW control stingrays, while FW transfer decreased the expression of those genes, suggesting that they may contribute to the excretion of divalent ions into the urine. In holocephalan elephant fish (Callorhinchus milii), the PII within the sinus zone expressed SLC26A1 and SLC26A6 at basolateral and apical membranes, respectively, and they were related to sulfate secretion (Hasegawa et al., 2016), supporting the putative role of SLC26A6 in divalent ion excretion in the red stingray nephron. In red stingray, however, the expression of slc26a1 was upregulated in FW-acclimated individuals. Further studies are needed to investigate the mechanisms regulating divalent ion homeostasis in SW and low-salinity environments in batoids.
Perspectives: Evolution of euryhalinity in elasmobranchs
The subclass Elasmobranchii is composed of Selachii and Batoidea. Several species in Batoidea are known to be euryhaline, while only bull shark and their close relatives such as Glyphis are known euryhaline selachians. In addition, Grant et al. (2019) recently categorized 19 batoids as estuarine generalists, which suggests that they may have certain abilities to survive in wide ranges of salinity. The categorized batoid species are phylogenetically diverse, including Dasyatidae, Pristidae, Rajidae, Rhinidae, and Rhinopteridae, while no selachians satisfied their criteria. These facts suggest that batoids have some intrinsic quality to accommodate low-salinity environments. Our previous investigation showed that in the batoid-type nephron, the EDT is more convoluted than that in selachians (Aburatani et al., 2020). Furthermore, we demonstrated that the red stingray has remarkable capacity to produce dilute urine, which is partly related to the enhanced expression of nkcc2 and nka mRNAs in the highly convoluted EDT. These characteristics of the stingray nephron indicate that the batoid-type nephron could be advantageous for expanding their habitat to a wide range of salinity environments. Our data showed that red stingray and bull shark use different renal mechanisms for the acclimation to low-salinity environments, supporting the notion that batoids and selachians have acquired euryhalinity through the separate evolutionary trajectories (Ballantyne and Fraser, 2012). Further comparative studies on renal morphology and physiological responses to different environmental conditions in other euryhaline elasmobranchs are necessary to deepen our understanding of the osmoregulatory strategies in cartilaginous fishes.
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An acid-secreting stomach provides many selective advantages to fish and other vertebrates; however, phenotypic stomach loss has occurred independently multiple times and is linked to loss of expression of both the gastric proton pump and the protease pepsin. Reasons underpinning stomach loss remain uncertain. Understanding the importance of gastric acid-secretion to the metabolic costs of digestion and growth will provide information about the metabolic expense of acid-production and performance. In this study, omeprazole, a well characterized gastric proton pump inhibitor, was used to simulate the agastric phenotype by significantly inhibiting gastric acidification in Nile tilapia. The effects on post-prandial metabolic rate and growth were assessed using intermittent flow respirometry and growth trials, respectively. Omeprazole reduced the duration (34.4%) and magnitude (34.5%) of the specific dynamic action and specific growth rate (21.3%) suggesting a decrease in digestion and assimilation of the meal. Gastric pH was measured in control and omeprazole treated fish to confirm that gastric acid secretion was inhibited for up to 12 h post-treatment (p < 0.05). Gastric evacuation measurements confirm a more rapid emptying of the stomach in omeprazole treated fish. These findings reinforce the importance of stomach acidification in digestion and growth and present a novel way of determining costs of gastric digestion.
Keywords: Oreochromis niloticus, specific growth rate, metabolic rate, H+/K+-ATPase, stomach
INTRODUCTION
The stomach is a highly conserved vertebrate organ that provides a number of key advantages in the digestion of nutrients (Wilson and Castro 2010). Emerging in an elasmobranch ancestor approximately 350 million years ago (Koelz 1992), the stomach is defined by the production of hydrochloric acid (HCl) and pepsinogen (Smit 1968) by specialized oxynticopeptic cells. Pepsinogen, the inactive zymogen, is cleaved by HCl to produce activated pepsin, a proteolytic digestive enzyme (Sanny et al., 1975; Kageyama 2002). The stomach plays a key role in the breakdown and digestion of many food components including protein (Barrington 1942; Bakke et al., 2010), animal exoskeletons, plant cell walls (Lobel 1981), and solubilization of elements including phosphorus (Sugiura 2006) and calcium (Koelz 1992). Protein denaturation relies heavily on low pH in the stomach and phosphorus solubilization at low pH makes different supplemental forms more bio-available (Cho and Bureau 2001).
Despite the clear advantages of acid-peptic digestion, paradoxically many teleost species are agastric due to secondary loss of the acid-peptic digestive phenotype (Wilson and Castro 2010). Notably, these loss events result in not only phenotypic loss of the stomach, but also the loss of key stomach genes from the genome indicating a permanence of this loss (Castro et al., 2014). The key genes in this loss are the atp4a and atp4b that encode the respective α and β subunits of the gastric proton pump (H+/K+-ATPase), as well as various pepsin encoding genes (Castro et al., 2012, 2014). The gastric proton pump that produces the characteristic HCl in the stomach lumen is energetically expensive, as it relies on ATP-hydrolysis for ion movement, and there are costs associated with the maintenance of protective mucus and the neutralizing of the acid in the small intestine by bicarbonate. In vertebrate species that maintain gastric acid production, the energetic costs of gastric acid secretion are outweighed by the increased efficiency of nutrient utilization, particularly protein via pepsin digestion, and thus enhanced growth rates. It is hypothesized that the costs of gastric acidification might outweigh the benefits under some circumstances, ultimately resulting in the loss of these genes over time.
To better understand the role of the stomach in digestion, metabolic costs of acid-peptic digestion need to be determined. The increase in metabolic rate observed after the ingestion of a meal has been documented in many animals (Secor 2009). Termed the specific dynamic action (SDA) or the thermic effect of feeding, this increase in energy expenditure is thought to be the “cost of digestion” from mastication and secretion to digestion and assimilation (Secor 2009; Chabot et al., 2016). SDA represents the metabolic rate associated with feeding, which exceeds the standard metabolic rate (SMR), a basic maintenance requirement measured as the minimum rate of oxygen consumption of non-feeding, unstressed animals at rest, below which physiological function is impaired (Priede 1985). SDA has been previously used in fin fish aquaculture to identify optimal meal sizes, meal composition, ideal water temperature, and water pH that minimizes the SDA response, allowing for increased energy to be allocated to growth (e.g., Jobling 1981; Chakraborty et al., 1995; Tirsgaard et al., 2015). Despite these studies focussing on optimizing feeding responses, there have been limited efforts to determine the metabolic cost of gastric digestion, with one earlier study in Burmese python (Secor 2003), which estimated the stomach contributed 55% of SDA for a meal equivalent to 25% of body mass (BM) although this high value is disputed (see Wang and Rindom 2021). However, in order to isolate the direct metabolic costs of stomach acidification, the proton pump inhibitor omeprazole, can be used to inhibit this acid production (Andrade et al., 2004; Wood et al., 2009; Schubert 2017). Omeprazole provides a tool for unique comparisons of growth rates and SDA patterns in animals by inhibiting stomach acidification to create a pharmacological knock-down of gastric-acid secretion thereby mimicking the agastric condition.
Omeprazole, a benzimidazole derivative, acts to prevent gastric acid secretion by binding cysteine residues on the luminal side of the gastric proton pump H+/K+-ATPase, irreversibly blocking pump function (Lindberg et al., 1987). Omeprazole is a highly specific drug that works only in the acidic environment of the canaliculus of the acid-secreting oxynticopeptic or parietal cells making it an excellent candidate for analyzing energy usage during acid-digestion (Lindberg et al., 1986; Morii et al., 1989). Omeprazole is widely used in human medicine to reduce stomach acid production (McTavish et al., 1991) and has been used in spiny dogfish (25 mg kg−1 BM; Squalus acanthias, Wood et al., 2009) and common boa (22 mg kg−1 BM; Boa constrictor, Andrade et al., 2004) to study the post-feeding alkaline tide. The former study confirmed the acid-reducing effect of omeprazole in fish and highlighted future applicability of the drug. Omeprazole has also been used to study extragastric (gill and kidney) H+/K+-ATPase in Nile tilapia (Oreochromis niloticus) (Barnawi et al., 2020). In humans, omeprazole has been shown to delay overall assimilation of protein and cause potential protein malabsorption (Evenepoel et al., 1998). However, from a nutritional point of view in humans its impacts are likely negligible (Evenepoel et al., 1998) although not without risks in vulnerable groups (Heidelbaugh 2013).
In the present study, omeprazole was used to reveal the contribution of gastric acidification to patterns of the SDA and growth in the Nile tilapia (O. niloticus), a fish with a highly acidic stomach (pH 2.0; Moriarty 1973) and rapid growth rate with significant commercial importance in aquaculture (Maclean et al., 2002). A multi-experimental approach was used to confirm inhibition of gastric acid secretion and examine the effects of this treatment on growth and digestion. Four experiments are outlined: 1) The effects of omeprazole on gastric pH were measured to confirm inhibition of gastric acid secretion. 2) Next, the SDA was measured to examine the overall metabolic costs of digestion with inhibited gastric acid secretion. To better understand the effects of omeprazole on SDA and long-term effects of the treatment 3) growth rate was assessed over an eight-week feeding trial and 4) gastric evacuation rate determined. With respect to SDA, we predicted a decreased contribution of the H+/K+-ATPase to SDA peak ṀO2 and increase in time to peak of the post-prandial metabolic response because acidification occurs earlier in the digestive process. As inhibition of gastric acidification by omeprazole should reduce activation of pepsin and thus protein digestion, we also predicted reduced protein breakdown which should translate into a prolonged SDA duration and a decrease in growth rate. With the delay in acidification, we predicted a decrease in gastric evacuation rates with omeprazole treatment since acidification would take longer.
MATERIALS AND METHODS
Animals
Juvenile male Nile tilapia (O. niloticus) were obtained from Sandplains Aquaculture (Mossley, ON) and acclimated in 500 L recirculation tanks with mechanical and biological filtration, aeration, and 20% daily water changes in the Wilfrid Laurier University animal care facility. Water was prepared by mixing two parts reverse osmosis (RO) water with one-part city of Waterloo dechlorinated tap water to reduce water conductivity and hardness. The tilapia water had a final conductivity of approximately 300 μS cm−1, pH 7.7, Na+ 2.86 mM Cl− 0.85 mM, Ca2+ hardness 300 mg L−1 CaCO3 and alkalinity of 80 mg L−1 CaCO3. Temperature was maintained at 26°C using a thermostat (InkBird Tech, Shenzhen, PRC) and immersion heater (300W Eheim Gmbh, Deizisau, Germany) in each tank. The light regime was 12 h light: 12 h dark. All experiments were conducted under the Canadian Council for Animal Care guidelines using protocols approved by the Laurier Animal Care Committee (AUP R14002 and R18003).
Preparation of control and omeprazole dosed diets
In all trials, the control and omeprazole treated diets were prepared using the same procedure. Omeprazole and control diets were prepared using a commercial balanced diet (Bluewater Feed Company, Desboro, ON, Canada) formulated with the guaranteed analysis presented in Table 1. Omeprazole was added to the treated diet at a dose of 25 mg kg−1 BM day−1 (Wood et al., 2009) based on either a 1% or 2% BM daily ration by initially dissolving it in 95% ethyl alcohol (EtOH) and spraying it onto the feed. The feed was then air dried to allow for EtOH evaporation and was stored at 4°C in sufficient amounts to feed fish for 1 week. EtOH was added to the control diet and was air-dried to control for any effects of residual EtOH on gastric acidification, energy expenditure and/or growth.
TABLE 1 | Guaranteed analysis of the commercial balanced diet used. Bluewater Feed Company Trout 2M 50-19.
[image: Table 1]Experimental procedures to measure gut pH
Understanding the extent to which omeprazole affects gastric pH was critical for this study. The pH trial was conducted using two groups of 30 Nile tilapia (30.4 ± 5.9 g) randomly assigned to one of the treatment groups. Feed (sham control and omeprazole) was given at a set time each day and daily ration was recorded. After 2 weeks on the treatment rations, fish were removed from the tanks at 3, 6-, 12-, 24- and 48-h post-feeding for determination of gastric and anterior intestinal pH (n = 6). Serial dissection was chosen for this experiment as the ‘T’ shape and relatively small size of the stomach (Morrison and Wright 1999; 1.4% (v:w) BM for a mean fish mass of 143 g, n = 34, unpublished data) makes in vivo pH measurement potentially harmful and stressful to the fish.
At each time point, the tilapia were euthanized with an overdose of MS222 (1:5000 w:v; Syndel, Nanaimo BC Canada) buffered with NaHCO3 followed by spinal transection, and fish mass and standard length were recorded. Glass combination pH electrodes (Biotrode, Hamilton) and Radiometer PHM85 pH meters were used to measure pH. The pH was measured first in the full excised stomach including chyme, the emptied stomach, and finally in the separated stomach contents. The anterior intestine was also removed and ligated 3 cm from the pyloric sphincter to form a gut sac. The pH of the chyme in this sac was recorded. The pH electrodes were rinsed with deionized water after each measurement and calibration was checked twice daily using precision standards (Hanna Instruments, Woonsocket RI). Negligible electrode drift was observed. The pH of the feed was determined in a slurry created by mixing 1 g of feed pulverized with a mortar and pestle in 10 ml of Milli Q water at ambient temperature (24°C).
The buffer capacity of the feed was also determined by manually titrating this 1 g pellet mixture using 1 N HCl and the same pH system described above with a Radiometer TTA80 titration assembly. The resulting titration curve (Supplementary Figure S1) was used to calculate the amount of acid required to acidify 1 g of pellets from its original pH based on the full stomach pH measurement over the 0–3 h and 0–6 h time intervals. Two linear regressions were fitted to the data covering the pH ranges of 6.2–5.0 [y = −0.0120 x + 6.238. r2 0.97] and pH 5.0–2.0 [y = −0.00251x+5.346 r2 0.99]. Gastric acid secretion is expressed as µEq H+ g−1 feed h−1.
Respirometry
Oxygen consumption rates (ṀO2; µmol O2 min−1 kg−1) in Nile tilapia were determined using automated intermittent flow respirometry (Steffensen 1989). Respirometry was performed using a set of four 1-L respirometry chambers, each with a galvanic oxygen electrode connected to a 4-channel oxygen analyzer (AMP-DAQ4) and flush and recirculation pumps controlled through a DAQ-M unit using AutoResp™ software (version 2.2.0; Loligo® Systems Viborg Denmark). The setup corresponded to previous studies measuring ṀO2 in fish (Tirsgaard et al., 2015; Rosewarne et al., 2016). The galvanic oxygen electrodes were calibrated using a 1g L−1 solution of sodium sulfite in water (0%) and in air (100% air saturation). ṀO2 was measured every 10.5 min cycling between 4 min flush, 0.5 min wait, and 6 min measurement periods. Specifically, ṀO2 was calculated using the rate of the declining oxygen content during the measurement period (Svendsen et al., 2015). The associated R2 values above 0.95 were used for ṀO2 measurements. To avoid physiological effects of hypoxia, water oxygen levels were maintained above 80% air saturation (O2sat) during the measurement period, similar to previous respirometry studies (Tirsgaard et al., 2015; Baktoft et al., 2016). The oxygen consumption rates were used as a proxy for aerobic metabolic rate and thus energy use (Nelson 2016; Schwartzbach et al., 2020). The respirometry systems were submerged in a 450 L trough tank of circulating, filtered and aerated water kept at a consistent 26°C using a temperature regulator (TMP-REG, Loligo®Systems). The trough tank was partially covered to minimize visual disturbances of the fish, although dim light corresponding to the diel cycle remained present in the tank.
Experimental procedures to measure specific dynamic action
Respirometry trials utilizing randomized paired control and omeprazole feedings were performed to determine acute effects of omeprazole on the metabolic rate of Nile tilapia. Eight Nile tilapia (19.5 ± 4.29 g) were used for the paired control and omeprazole feedings. The experiment started by weighing and placing the Nile tilapia into the individual respirometry chambers. The following 48 h were used for fasting and to collect ṀO2 data for estimates of SMR. The fish were then voluntarily fed meals of a commercial balanced diet (Bluewater Feed Company) equaling 2% BM via a feeding port. In a randomized fashion, half of the meals were dosed with omeprazole (TCI, Portland OR United States). Fish were fed voluntarily inside the respirometry chambers via a feeding port, eliminating the need for sham feedings for stress control (Chabot et al., 2016). Meals were consumed completely within 30 min. The metabolic rates of the fish were recorded for 96 h post-feeding, allowing the oxygen consumption rate to peak after feeding and then return to the SMR following the post-prandial response. Each fish was given both an omeprazole-dosed and a control sham treated meal over the course of the experiment to allow for pairwise comparison between the treatments in each individual fish.
SMR and SDA variables were calculated using the R package “FishMO2”, which uses non-parametric quantile regression to correct for circadian activity patterns when calculating SDA variables (Chabot et al., 2016). Tau (t) was set at 0.2 to calculate SMR and a lambda (λ) value of 24 h was used as the activity cycle variable as the standard protocol suggests. The R package was used to estimate SMR, peak time post feeding, postprandial peak, net postprandial peak, SDA duration and SDA magnitude of the individual fish. The variables were then compared between acute omeprazole and control feedings.
Growth trial
To further understand the long-term effects on stomach acidification, growth rates of fish on control and omeprazole treatments were determined. To track individual growth rates all fish were anaesthetized with MS222 (1:10,000) and implanted with 8 mm PIT (passive integrated transponder) tags (Biomark, Boise, ID, United States) into the peritoneal cavity through an incision made with a #11 scalpel blade. Fish were allowed 1 week to recover. The growth trial was conducted using two groups of 23 Nile tilapia (n = 23) (33.0 ± 10.4 g) fed either a control feed, the commercial balanced diet (Bluewater Feed Company), or fed the control diet supplemented with omeprazole (TCI). All fish were kept at a constant water temperature of 26°C using a thermostat (InkBird Tech) and immersion heaters (300W Eheim Gmbh). The fish in both groups were fed manually at a rate of 2% BM per day separated over two meals. No differences were seen in feeding behaviors between treatments, and the entire ration was consumed at each feeding. The feeding trial was conducted for 8 weeks, with biometric parameters (standard length and mass) taken every 2 weeks, which allowed for adjustment of the ration size (2%) for the growing fish.
Over the 8 weeks, the BM data was compiled, and specific growth rate (SGR) was calculated as
[image: image]
where Mf is the final mass (g), Mi is the initial mass, and T is the time (days) between measurements. Fulton’s condition factor (K) (Fulton, 1904) was calculated as
[image: image]
where M is the wet mass (g) and L is the corresponding standard length (mm) of the fish.
Growth rates and condition factor were calculated over the entire eight-week period to determine if growth rates were consistent over the feeding study. These measures were used to compare the increments of mass gain between different treatment groups based on growth per day (SGR). At the end of the trial, the tilapia were euthanized with an overdose of buffered MS222 (1:5000 w:v) followed by spinal transection, and fish mass, and standard length was recorded.
Experimental procedures to measure gastric evacuation
A gastric evacuation trial was conducted using two groups of 60 Nile tilapia (46.2 ± 13.7 g) randomly assigned to one of the treatment groups (control or omeprazole). The daily feeding rate throughout the trial was 1% BM day−1. This meal size was the equivalent to the meal size given in the growth trial that was provided twice daily (2% × 1% BM). Serial dissection at five selected timepoints 1, 3-, 6-, 12-, and 24-h post-feeding (n = 10) was used to assess gastric contents gravimetrically. At each time point, tilapia from each group were euthanized with an overdose of buffered MS222 (1:5000 w:v) followed by spinal transection, and fish mass and standard length were recorded. The stomach of the fish was then excised, and all stomach contents were collected into pre-weighed tubes for mass determination. Stomach contents were then weighed, and frozen on dry ice for later dry matter analysis. Dry matter of the stomach contents was determined by drying the sample at 105°C until constant mass was reached (AOAC, 2000).
Statistical analysis
Data is presented as means ± standard deviation (SD). Respirometry data (SMR, peak time post feeding, peak value, net peak, SDA duration and SDA magnitude) were analyzed using paired Student’s t-tests, while growth (SGR), chyme pH, and biometric (K) data were analyzed using a two-way analysis of variance (ANOVA) followed by a Student-Newman-Keuls (SNK) post hoc test. SGR and chyme pH data were transformed to satisfy conditions for a parametric test. Gastric evacuation and stomach (full, empty) and intestine pH data were either not normally distributed or lacked homogeneity of variance even after transformation and were therefore analyzed using two separate Kruskal Wallis one-way ANOVAs on ranks for control and omeprazole groups over time. When appropriate, either a Student’s t-test or Wilcoxon rank sum exact test was used to compare treatment differences at each time point. Results were considered significant at p ≤ 0.05. Sigmaplot 11.0 software was used for statistical analyses (Systat Software Inc., Palo Alto, CA).
RESULTS
The pellets fed to the fish had a starting pH of 6.261 ± 0.016 (n = 3). In control fish, at the first sampling point 3 h post feeding a 1% BM meal, the pH of the stomach was around pH 4 as measured in the stomach full or emptied, and the separated chyme (Figures 1A–C, respectively). From 6 h onward, the full stomach pH significantly declined further to less than pH 2. This was reflected in the stomach chyme readings but not the emptied stomach pH. In the omeprazole treatment group, stomach pH was significantly higher than the control fish from 3 to 12 h post feeding in the pH five to six range. By 24 h stomach pH was significantly lower and not different from the control fish. The patterns of full stomach pH changes in control and omeprazole groups reflected patterns seen in chyme pH rather than the emptied stomach. The calculated gastric acid secretion rates over the 0–3 h and 0–6 h post prandial periods were depressed by over 90% in the omeprazole treated fish compared to the sham controls (Figure 1E).
[image: Figure 1]FIGURE 1 | Nile tilapia (Oreochromis niloticus) gut pH measurements and gastric acid secretion rates. PIT tagged Nile tilapia were fed a 1% BM ration of pellets that were either sham treated (Control; white fill) or dosed with omeprazole at 25 mg kg−1 BM (Omeprazole; black fill) for 30 days. Tilapia were sampled at 3-h, 6-h, 12-h, 24-h and 48-h post-feed. The pH of the full stomach (A), the emptied stomach (mucosa only) (B), the isolated stomach chyme (C), and the anterior intestine with contents (D) were measured. Note, stomach chyme was not present past 12 h post-feed, so no data is present at 24 and 48 h (E) Gastric acid secretion rates (µEq H+ g−1 feed h−1) were estimated over the 0–3 h and 0–6 h post prandial periods from pH change in (A) and the pellet titration curve (Supplementary Figure S1). Data were analyzed by two-way ANOVA with SNK post hoc test; n = 6. Time points with unshared letters are significantly different from each other. Asterisks signify significant differences between the two treatment groups.
The pH in the anterior intestinal was lower 3–6 h post feeding compared to later time points in control fish, which reflects the input of the acidic chyme from the stomach and peaked at a higher pH of 7.073 at 24 h (Figure 1D). Only during the first 12 h post feeding was the intestinal pH in omeprazole treated fish higher than in controls. Note that the 6 h time point was marginally non-significant (p = 0.052). There were also no significant changes in intestinal pH in omeprazole treated fish over time.
During the respirometry trial, tilapia voluntarily consumed the full meal provided in the respirometry chambers within 30 min. The SMR values measured in the 48 h period prior to feeding were not significantly different between the two treatment groups establishing a comparable baseline (Figure 2; Table 2). The SDA peak or net peak and time to peak values were not significantly different between the two treatment groups. Net peak data is not shown. However, the SDA duration in tilapia fed the omeprazole dosed meals was 34.4% shorter and the overall SDA magnitude or scope was 34.5% lower compared to the paired control meal.
[image: Figure 2]FIGURE 2 | Nile tilapia (Oreochromis niloticus) Specific Dynamic Action measurements. A representative set of metabolic rate measurements (ṀO2; µmol O2 min−1 kg−1) over time from a Nile tilapia (19.5 g) following a 2% body mass (BM) voluntarily fed meal of (A) control pellets and (B) 25 mg kg−1 BM omeprazole dosed pellets. Standard metabolic rate (SMR) and specific dynamic action (SDA) parameters (time to peak, peak, net peak, duration, and magnitude) were calculated according to Chabot et al. (2016) using the R package “FishMO2”.
TABLE 2 | Standard metabolic rate (SMR) and Specific Dynamic Action (SDA) parameters measured in Nile tilapia (Oreochromis niloticus) voluntarily fed a meal of 2% BM of either sham-treated pellets (Control) or pellets treated with omeprazole at a final dose of 25 mg kg−1 BM. The variables were compared using paired t-tests n = 8.
[image: Table 2]The specific growth rates were calculated from the eight-week growth trial (Figure 3). Fish fed equally well on both diets, and rations were completely consumed during each feeding. Over the eight-week period the omeprazole group exhibited a significant reduction in SGR by 21.3% (Ctrl 2.12 ± 0.45; Omeprazole 1.67 ± 0.32 p < 0.001). There were also some time dependent changes in SGR over the eight-week period with a significant decrease in SGR over time with no interaction of time and treatment. At the end of the trial, the omeprazole associated decrease in growth rates resulted in a lower total biomass gain of 502.65 g (n = 23) or an average of 20 g less mass added per individual, in comparison to the control group. There was no significant difference in condition factor during the feeding trial (Ctrl 2.39 ± 0.53; Omeprazole 2.35 ± 0.52, p = 0.819).
[image: Figure 3]FIGURE 3 | Nile tilapia (Oreochromis niloticus) growth trial. PIT tagged Nile tilapia were fed daily a 2% BM ration of pellets that were either sham treated (Control; Ctrl, white bars) or dosed with omeprazole at 25 mg kg−1 BM (Omeprazole; solid bars) over an eight-week period and weighed every 2 weeks. Specific growth rates (SGR) were calculated over bi-weekly intervals. Data was analyzed by two-way ANOVA with SNK post hoc test; n = 23. There were significant treatment (Ctrl>Omz) and time effects but without interactions. The time intervals with unshared letters are significantly different from each other.
The gastric evacuation data is presented in Figure 4. In the control fish there was a decrease in stomach content wet mass after 1 h post feeding which was relatively stable until 12 h but by 24 h the stomach was essentially empty. In the case of the omeprazole treated fish, the amount of stomach contents did not change over the first 6 h post feeding but had decreased significantly by 12 h and was essentially absent by 24 h. At the 12 h time point there was significantly less chyme in the stomach of the omeprazole treated fish compared to the control (p = 0.013), indicating a more rapid gastric evacuation.
[image: Figure 4]FIGURE 4 | Nile tilapia (Oreochromis niloticus) stomach evacuation. PIT tagged Nile tilapia were fed a 1% BM ration of pellets that were either sham treated (Control; white circles) or dosed with omeprazole at 25 mg kg−1 BM (Omeprazole; black circles) for 30 days. Serial dissections at five selected timepoints 1, 3-, 6-, 12-, and 24-h post-feeding (n = 10) was used to assess gastric contents gravimetrically. These values represent the wet mass of stomach contents as a percentage of animal body mass. Significant differences between treatments were only found at the 12-h post-feeding timepoint (p < 0.05). Time points with unshared letters are significantly different from each other.
DISCUSSION
The gastric proton pump inhibitor omeprazole predictably inhibited post-prandial gastric acidification in juvenile Nile tilapia. This greater than 90% inhibition of acidification corresponded with a decrease in both SDA duration and magnitude. It followed that there was a more rapid gastric evacuation or emptying following a meal. Although there was a decrease in the magnitude of the SDA, this was not reflected in a digestive energy savings that could then be allocated to increased growth but rather a reduction in the SGR by more than 20% was observed in the omeprazole treated fish. Collectively, these data suggest that simulation of an agastric phenotype in fish by pharmacological “knock down” of the gastric proton pump with omeprazole may be constrained by poor digestion, which highlights the high degree of conservation of the gastric phenotype in vertebrates. This could imply that the emergence of the agastric phenotype in fishes is correlated with the availability of easily digestible diets, but this hypothesis requires future testing.
The inhibition of gastric acidification with omeprazole was consistent with earlier studies (Squalus acanthias Wood et al., 2009; Boa constrictor, Andrade et al., 2004). The patterns of pH changes indicated that the pH of the full stomach was largely reflective of the chyme pH rather than the gastric mucosa (emptied stomach). We also estimated gastric acid secretion from the pH changes of the stomach contents and estimated buffer capacity of 1 g of pellets which we predicted would be relatively stable over the 6 h post prandial period based on our gastric evacuation data set. In control fish, 210–240 µEq H+ were secreted to acidify 1 g of pellets. In contrast omeprazole treated fish only secreted 14 µEq H+, representing a >90% decrease in acid secretion. The degree of inhibition is in keeping with human studies, where omeprazole doses of 20–40 mg resulted in 80%–100% reductions in stimulated acid secretion (Olbe et al., 1989). It followed that the chyme in the anterior intestine was significantly less acidic in omeprazole treated fish. This reduction in the acidity of the intestinal chyme might be an explanation for the increased gastric evacuation rate observed. It is known that gastric evacuation or emptying is under neuro-endocrine control, and that enteroendocrine cells in the anterior intestine can delay gastric emptying by secreting “brake” hormones such as cholecystokinin (CCK) in response to acidic chyme entering the intestine (Olsson et al., 1999; Goyal et al., 2019). However, future work should confirm if CCK release by enteroendocrine cells is decreased in omeprazole treated fish to validate this hypothesis.
The SDA represents the total energy expended on the ingestion, digestion, absorption, and assimilation of the meal (reviewed by McCue 2006; Secor 2009; Wang and Rindom 2021). The present study revealed a decrease in both SDA duration and magnitude with omeprazole treatment, suggesting that the meals were digested and assimilated in a shorter period and were evacuated from the alimentary canal more rapidly. This observed decrease in total duration was unexpected, as we predicted that inhibition of gastric acidification would retard digestion and thus prolong the duration of digestion and assimilation. This contrasts with mammalian studies, in which omeprazole did delay gastric emptying following a solid meal (Benini et al., 1996; Sanaka et al., 2010). However, this clearly did not happen in tilapia and was confirmed by the shorter stomach residency time in the omeprazole-treated fish. The amount of chyme in the stomach was not different between treatments at the earlier time points (1–6-h) but by 12 h post-feeding the omeprazole treated group only had half as much chyme left compared to the control. No detectable difference was seen at 24-h post-feeding as the stomach in both treatment groups was almost completely emptied. In fish exposed to low temperature, hypoxia or hypercapnia, an increase in SDA duration has been observed (Jordan and Steffensen 2007; Tirsgaard et al., 2015a, b). However, these variables were controlled in the present study and cannot account for the observed changes.
There was no significant difference in the time to peak or peak of the SDA suggesting there was no detectable direct impact of H+/K+-ATPase inhibition directly on ṀO2. However, it cannot be rule out that there could be other oxygen consuming processes masking these changes such as intestinal processes acting sooner because of the earlier gastric evacuation. The significant decrease in SDA magnitude indicates that there should be either additional energy available for growth since it is not being partitioned toward digestion, and/or there is simply less digestion occurring overall. Significantly the growth trial data revealed a decrease in the SGR of omeprazole-treated fish. The reduced SDA duration and magnitude can be explained by a decrease in nutrient absorption and/or assimilation resulting in reduced growth when compared to the control group. Previous work in channel catfish (Brown and Cameron 1991a, b) and Burmese pythons (McCue et al., 2005) have shown that the SDA can be mimicked by an infusion of amino acids and that this increase can be significantly blocked by the protein synthesis inhibitor cycloheximide. These results indicate the major contribution of protein assimilation to SDA. Future digestibility trials will address whether protein assimilation has indeed been adversely impacted by omeprazole. The use of cycloheximide in Nile tilapia can also be used to confirm the SDA response.
Dietary acidification is an approach that has been used to help understand the cost of gastric acid secretion in barramundi Lates calcarifer (Goodrich et al., 2022). The SDA response of the animals after being fed an acidified diet (from pH 5.82 to 4.09) showed a significant reduction in the overall magnitude of the SDA response by ∼45% in comparison to the control group fed a 3.5% ration (Goodrich et al., 2022), which is similar to the observed decreases in the current study (34.5%). Along with the alterations to SDA response, a significant reduction in the alkaline tide response was observed, with blood pH and bicarbonate not showing significant increases post feeding seen in control fish. In dogfish fed a 2% ration, Wood et al. (2009) found a reduction in the alkaline tide using omeprazole. Citing a previous study in rainbow trout where dietary acidification resulted in decreased mRNA expression of atp4a (Sugiura 2006), Goodrich et al. (2022) suggested that the reduction in energy expenditure may be in part due to a similar phenomenon occurring in the fish during their trial. Future studies on SDA response with omeprazole treatment in teleost fishes should be done observing the alkaline tide for more clear comparisons of the results with Goodrich et al. (2022).
In the study of Andrade et al. (2004) in the snake B. constrictor, although omeprazole inhibited the alkaline tide caused by gastric HCO3− secretion into the blood, it had no significant effect on the SDA unlike in the present study. In addition to taxonomic (fish versus reptile) and trophic (frequent small meals versus infrequent large meals) differences, the discrepancy with the present study can be at least partially explain by differences in experimental design. In the present study on tilapia, a repeated measures design allowed for individuals to serve as their own controls and thus provided greater statistical power to detect differences against a background of inter-individual variation. Goodrich et al. (2022) took the same repeated measures approach in their barramundi SDA study with similar successful results in detecting treatment differences. Notably, we were unable to detect differences if we used an unpaired t-test (unpublished observations). Also, the B. constrictor study made use of two groups of animals, that unfortunately had differing SMRs that could potentially complicate the interpretation of results as well (Andrade et al., 2004). However, more recent data in B. constrictor indicates that the contribution of the gastric proton pump to SDA is negligible since buffering the meal with either carbonate or bone meal, which increase acid secretion, did not alter SDA (Henriksen et al., 2015; Nørgaard et al., 2016) and that pyloric ligation abolished SDA (Enok et al., 2013). The latter study on pyloric ligation indicates that post-gastric process are the main contributors to SDA consistent with the findings with cycloheximide discussed earlier (Brown and Cameron 1991a, b; McCue et al., 2005).
In the present study, we found the voluntary feeding within the respirometry chamber was important to the success of the SDA measurements. Repeated force feeding by intubation was problematic resulting in regurgitation, and markedly elevated ṀO2 (MR and JMW, unpublished observations; Chabot et al., 2016). In addition, the required dilution of the ground moist pellets for liquid delivery via the feeding cannula necessitated delivery of a smaller meal size (<2% BM) since tilapia have a small stomach (Morrison and Wright 1999). We were also able to feed repeated meals allowing for repeated measures statistical analysis.
The growth rates we report are within the range of values reported in other studies with O. niloticus (e.g., Makori et al., 2017). The reduced growth in the omeprazole-treated fish could be explained by decreased protein digestion and absorption from the feed, as acid denaturation is the first step in protein digestion in gastric fish species (Bakke et al., 2010). While gastric pH plays a small role in denaturing structural bonds in proteins, the importance lies in the activation of pepsin for protein digestion (Sanny et al., 1975; Kageyama 2002). Gastric acid digestion increases the amount of soluble polypeptide that get broken down into di- and oligo-peptides, increasing the speed of intestinal absorption of dietary amino acids (Grabner and Hofer 1989; Hamdan et al., 2009). Pepsin cleaves off di- and oligo-peptides at preferential bonds between hydrophobic and aromatic amino acids including phenylalanine, tyrosine, and tryptophan (Kageyama 2002). As pepsin is one of the three main proteases in the digestive tract, along with intestinal trypsin and chymotrypsin, this decrease in digestive function of the omeprazole treated fish may prevent proper breakdown of protein, leading to reduced absorption (Kageyama 2002; Yúfera and Darías, 2007). With the omeprazole treatment and resultant suppression of stomach acidification, protein digestion occurring in the tilapia gut may have been reduced as less pepsinogen was activated, which may have resulted in reduced time in the intestine for absorption and decreased overall digestive transit times. However, it has yet to be determined if the latter has been affected by omeprazole treatment and future work is required. Omeprazole treatment did not appear to influence feeding behavior or appetite, as Nile tilapia are voracious eaters and readily took up the pellets during feeding. This behavior did not change during the course of the trial with complete meal consumption observed.
A key requirement for growth in fish species is adequate digestible phosphorus from the diet. The reduction in growth observed in the present study could in part be caused by a decrease in phosphorus uptake. Phosphorus is a very important nutrient for fish, as it is directly involved in all energy related processes involving ATP and is an essential component of cell membranes and nucleic acids in addition to its obvious role in bone growth and remodeling (National Research Council, 2011; Hossain and Yoshimatsu, 2014). As phosphorus is scarce in fresh water, the diet is the most important source, and digestible forms are essential to maintain health of the fish. The main form of dietary phosphorus in fish feeds is hydroxyapatite or bone phosphate in fish meal, which requires strong acidity in order to be adequately solubilized for intestinal absorption (Cho and Bureau, 2001; Sugiura, 2006; Hua and Bureau, 2010). This observation coupled with the inhibition of acid production in the omeprazole treated fish in the current study emphasizes the importance of determining the digestibility of this key nutrient moving forward.
In humans, omeprazole is widely used in the chronic treatment of gastric ulcers and gastroesophageal reflux disease (GERD) (Schubert 2017). Although clinical studies have shown that omeprazole can delay overall protein assimilation and potentially cause protein malabsorption (Evenepoel et al., 1998), which would be consistent with the present study in tilapia, there are generally negligible impacts from a nutritional perspective (Evenepoel et al., 1998; Gibbons and Gold 2003). This discrepancy can be explained by the use of restricted ration (2% BM day−1) in the present study, which is generally not a factor in the western diet. Thus, in humans, malabsorption would be masked by a dietary excess in nutrients.
CONCLUSIONS AND FUTURE PERSPECTIVES
The use of omeprazole was effective in altering digestion in the treated group in both acute feeding post-prandial metabolic rate (i.e., SDA variables) and over the course of the long-term growth and gastric evacuation trials. The results indicate that omeprazole impaired the production of gastric acid (achlorhydria) and potentially the activation of pepsin in the stomach of these fish, significantly compromising gastric function to the point where they could be considered “functionally agastric”. The omeprazole treatment offers a novel way to explore the metabolic expense of the acidic environment of the stomach. This study paves the way for future studies to address the nature of the effects of gastric acid inhibition on growth, specifically examining protein digestibility and assimilation and the microbiome. Since the stomach also acts as a barrier for pathogen entry into the intestine, future work can also address this role in enteric disease susceptibility in fishes.
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Cephalopods are ancient mollusks that can be found in many different ecological niches in the ocean ranging from the intertidal zone to the deep-sea abyss. In order to adapt to a lifestyle in various habitats, cephalopods have evolved a variety of locomotory modes to accommodate their respective habitats. Most cephalopods have relatively high metabolic rates due to their less efficient swimming mode by jet propulsion. This lifestyle is characterized by a high level of energy expenditure, fueled exclusively by protein diets that are rapidly digested and may produce metabolic nitrogenous waste NH3/ accumulation and acid-base disturbances. This study observed that the  transport rate in pelagic bigfin reef squid (Sepioteuthis lessoniana) is two times faster than benthic common octopus (Octopus vulgaris). Inhibition of Na+/H+ exchangers (NHEs) showed significant disruption of   and H+ excretory processes in gills of octopus but not in squid. However, inhibition of vacuolar-type H+-ATPase (VHA) significantly disrupts   and H+ transport rates in gills of both animals. Accordingly, for  and H+ homeostasis, benthic octopus with lower aerobic respiration rates utilize both active and Na+-driven secondary transport machinery. In order to avoid   accumulated in the blood, pelagic squids with higher aerobic respiration rates prefer active   and H+ transport mechanisms that consume ATP intensively.
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Introduction

The marine ecosystem was dominated by cephalopods during the Ordovician period, primarily by primitive nautiloidea (Kroeger and Yun-Bai, 2009; Histon, 2012). In place of nautiloidea, modern coleoid cephalopods, such as octopuses and squids, still serve as apex predators at the top of the food chain (Villanueva et al., 2017). They have evolved advanced sensory and locomotor abilities, which are regarded as physiological traits in terms of convergent evolution for competition with fish in the marine environment (Hu et al., 2014; Hu et al., 2015; Chung et al., 2020). Due to their well-developed nervous system and specialized locomotion patterns (crawling and jet propulsion), coleoid cephalopods have the advantage over most marine invertebrates or even teleosts (Xavier et al., 2015). Today, over 800 species of coleoid cephalopods have evolved a variety of lifestyles in order to survive in the different ecological niches of the ocean system (Wood et al., 2000; Jereb and Roper, 2010). Octopod and loliginid cephalopods have been observed in distinct ecological niches across all families. Octopodidae animals are mainly benthic and cave-dwelling cephalopods that crawl and rest in a restful posture, thus avoiding predation risk or waiting for prey (Scheel and Bisson, 2012). Additionally, loliginids are pelagic cephalopods with locomotive flexibility. The jet-propulsion swimming pattern enables them to maintain substantial advantages that confer maneuverability for a variety of athletic activities, such as chasing prey, projecting ink for escape, and irrigation of egg capsules (Wells, 1990). Furthermore, most loliginid cephalopods possess fin-like extensions on their mantle. Therefore, in addition to jet propulsion, fin locomotion allows loliginid cephalopods to move in a manner similar to that of fish. However, fin-derived locomotion creates more drag while shifting distantly. Therefore, pelagic loliginid cephalopods evolved relatively small lobe fins for hovering and mainly used jet-propulsion when making long migrations (O’Dor, 2002; Mather et al., 2010).

There is also the fact that cephalopods have comparative high metabolic rates compared to other marine animals, which is a result of their athletic locomotion (Potts, 1965). As an example, cephalopods swim by jet propulsion, which is an inefficient and energy-consuming mode of locomotion (Seibel and Drazen, 2007). It should also be noted that the energy sources of cephalopods are primarily derived from protein metabolism rather than carbohydrate or lipid metabolism (Boucher-Rodoni and Mangold, 1989; Lee, 1995). Protein metabolism generates nitrogenous compounds such as ammonia (NH3)/ammonium ( ), urea, uric acid, and so on (Wright, 1995). Therefore, the metabolically-derived nitrogenous wastes could accumulate in blood to the lethal level, causing further metabolic dysregulation and extracellular acid-base disturbances (Boucher‐Rodoni and Mangold, 1995; Lee, 1995; Wells and Clarke, 1996). And the conversion of ammonium into free amino acids by specific metabolic pathways is thought to be an important means of maintaining ammonium homeostasis. A close relationship exists between the synthesis of glutamate (Glu) and glutamine (Gln) and the production and utilization of ammonium (Huang et al., 2020). As a consequence, most modern coleoid cephalopods would have a mechanism for excreting or utilizing nitrogenous waste, and they should also have remarkable features for regulating metabolic ammonium and acidosis. According to earlier studies, branchial hearts, renal appendages, and gills would be involved in the excretion of ammonium for the maintenance of homeostasis in cephalopods (Potts, 1965). However, there is still uncertainty about the homeostatic trade-offs between adaptive energy metabolism and movement by fins and jet propulsion, or even crawling locomotion, in coleoid cephalopods, which may reflect species distribution from natural selection.

Acid-base and ammonium regulation are essential features of aquatic animals and contribute to a range of intracellular pH values (Hwang and Perry, 2010; Hwang and Lin, 2013; Hu et al., 2015). It relates to a wide range of physiological processes, including signaling transduction, metabolic adjustments, and animal activities (Tseng and Hwang, 2008; Chang and Hwang, 2011; Tovey and Brauner, 2018). Early studies in teleosts indicated that the gill epithelium is the primary tissue responsible for gas exchange, ion and acid-base regulation, and nitrogenous product excretion (Evans et al., 2005; Hwang and Lin, 2013). In a perturbed aquatic system, those transepithelial ion regulatory proteins play the most important role in maintaining ion and pH homeostasis. For example, the vacuole H+-ATPase (VHA), Na+/H+ exchanger (NHE), rhesus protein (RhP), Na+/K+ pump (NKA) and other ion regulatory proteins have been demonstrated to be involved in blood pH stabilization and ammonium excretion in teleosts (Liu et al., 2013; Tseng et al., 2013; Liu et al., 2016). In eukaryotic organisms, the VHA is an essential component of the acid-base regulation, as it drives proton flux on the epithelial membrane coupled to ATP hydrolysis (Nishi and Forgac, 2002). And the NHE is a membrane protein that maintains the acid-base and   balance in teleosts by facilitating transepithelial Na+ uptake and H+ and/or   secretion (Tseng et al., 2020). Using the advanced homeostasis model in teleosts, (Hwang et al., 2011) further delineated the functions of specialized epithelial ionocytes that maintain acid-base and ammonium balance by active or passive transport. Fish-derived homeostasis mechanisms have also been identified in other aquatic invertebrates, such as cephalopods and crustaceans (Wright, 1995; Wright and Wood, 2009; Hu et al., 2014; Hu et al., 2015). Recently, a study of gills, liver and blood of cuttlefish (Sepia pharaonis) demonstrated that this sepiid cephalopod family could convert ammonia to urea via uricolysis of the ornithine-urea cycle (OUC) and glutamine formation pathway for ammonia detoxification under high ambient ammonia nitrogen stress. (Peng et al., 2017). Moreover, convergent evolution between fish and cephalopods has led to the development of a well-developed branchial acid-base regulatory system coordinated by specific regulatory proteins in the gill tissue of modern coleoid cephalopods, such as VHA, NHE, RhP and other ion regulatory proteins, which is the primary site for ammonium regulation (Hu et al., 2014; Hu et al., 2015; Hu et al., 2017).

Due to the fact that cephalopods require sufficient energy to achieve their respective locomotion types, the gill tissue is thought to be the most sensitive organ for   and H+ regulation (Hu et al., 2014). It is still unclear how they may differ in relation to different behavioral paradigms. The present study examined the metabolic features and responses of gill epithelial   and H+ transport in pelagic and benthic cephalopods. The gills are relatively complex organs compared to other excretory organs since they contain ctenidial arteries and ctenidial veins associated with branchial and systemic hearts, respectively. Based on our previous study on common octopus (Hu et al., 2017), a gill perfusion approach with specific inhibitors against regulatory proteins was applied to determine the functions of responsive proteins in the acid-base regulation of the coleoid squid, S. lessoniana and octopus, O. vulgaris. As a way to better understand the   and acid-base regulation mechanisms in cephalopod gills, the perfusion saline was prepared according to the osmolarity, ion content, and pH value (~pH 7.6) of blood from octopus and squid. This study hypothesizes that the distinct ammonium and acid-base homeostasis abilities of pelagic squid and benthic octopus may be related to their different locomotion patterns and lifestyles, which may explain why these two cephalopod species remain as the apex marine predators in the open marine system.



Materials and methods


Experimental animals

The adult bigfin reef squid (Sepioteuthis lessoniana; mantle lengths ranging from 200 to 250 mm) and common octopus (Octopus vulgaris; mantle lengths ranging from 150 to 180 mm) were collected from Bisha and Heping Island harbors in Keelung, Taiwan. The bigfin reef squid and common octopus were raised at the Marine Research Station, ICOB, Academia Sinica, and were kept respectively in aerated circulatory fiber reinforced plastics (FRP) buckets (total volume approximately 1000 L seawater, pH 8.0 to 8.1, sand filters, constant 12/12h light-dark cycle) and in flow-through systems (total volume approximately 37000 L, pH 8.0. to 8.1). The animals were fed twice daily with a diet consisting of white leg shrimp (Litopenaeus vannamei) and Japanese horse mackerel (Trachurus japonicus). Animals weighing 500 to 800 grams were kept for at least two months before they were sacrificed for experiments. The experimental protocols were approved by the Biosafety Committee and Institutional Animal Care and Use Committee of Academia Sinica (approval no. BSF17-12-1158).



Oxygen consumption estimations

The resting metabolic rates (RMRs) of octopus (Octopodidae) and squid (Loliginidae) cephalopods were determined by observing the oxygen consumption rate when the animals were incubated in a closed swim tunnel (an intermittent-flow respirometry system) with continuous water flow (as shown in Supplementary Figure S1). During the experiment, the oxygen consumption of animals was measured until the air saturation level dropped to 70%, a criteria level applicable to embryonic squid and adult fish (Kuan et al., 2022; Wang et al., 2022). In the beginning, the animals were gently transferred to the swimming tunnel and were temporarily adapted for ten minutes. The estimations would begin after habituation, and the intact system would be maintained at 26°C. The oxygen probes were calibrated according to the manufacturer’s instructions (available on the PreSens website https://www.presens.de/products/detail/oxy-4-mini) and then placed in the swimming tunnel and connected to a mini channel fiber-optic oxygen transmitter (PreSens, Regensburg, Germany). Additionally, the bacteria control would be tested under the same conditions as the background for 30 minutes to ensure that the respiration of the bacteria could be ignored.



Examination of amino acids content in blood collected from the vena cava

After dissecting the funnel and mantle from the ventral side, blood samples were taken at approximately 500 μL from different blood transit stations (anterior vena cava, ctenidial artery or ctenidial vein) of the circulatory system (Figure 1A) by using syringes. In this study, glutamate and glutamine levels in blood were determined from samples collected from the anterior vena cava in order to determine the levels of these substances before entering the systemic heart of cephalopods. In order to extract the amino acids in the blood of anterior vena cava, ethanol was used, along with norvaline as an internal standard, and the sample was centrifuged at 4300 g for 10 minutes. The 2 mL fixed quantity supernatant was transferred to a new tube and dried in a vacuum concentrator. The dried samples were reconstituted in 100 mL of 8 mM HCl, filtered with a 0.2 micron syringe filter, and then analyzed using the AccQ tag Ultra Reagent Kit (Water, Milford, MA, USA). Derivatized samples were injected into a high-performance liquid chromatography (HPLC) system (ACQUITY UPLC H-Class System, Waters) equipped with a TUV detector. The amino acids were identified and measured by comparing with the retention times and peak areas of the standards (WAT088122, Waters).




Figure 1 | Representative images of blood circulation in cephalopod gills and ex-vivo approach. (A) The closed circulation system of cephalopods. The arrows indicate the direction of blood flow in the vessels. Vessels (anterior vena cava, ctenidial artery and ctenidial vein) where blood samples were taken were highlighted in background colors. (B) The schematic model of the ex-vivo perfusion experiment in the gills. During the experiments, the gills were incubated in a filtering seawater bath. The perfusate was collected from the efferent side of the tubing. (C) The sample collected from perfusate represents the fluid transport from the basolateral side of the gill epithelium to the circulating blood via the ctenidial vein.





Evaluation of NH4+ concentrations in blood of gill artery and vein

For the measurement of   concentrations, 25 μL of blood was mixed with 100 μL of reagent containing orthophthaldialdehyde, sodium sulphite, and sodium borate. After incubation in the dark for two hours at room temperature, the fluorescence was measured at excitation and emission wavelengths of 350 and 420 nm using a microplate reader (Moleculer Device, Spectra Max, M5) (Holmes et al., 1999; Hu et al., 2014).



Preparation of perfusion salines

The perfusion salines have similar ingredients and osmolarity to real cephalopod blood (Hu et al., 2017) depending on the native ion concentration and pH value (pH 7.6) in the in vivo blood test for different cephalopods. The blood sample extraction procedure begins with centrifugation of the samples for one minute at 12000 rpm. The supernatant was then diluted with double-deionized water (1:10000). Afterwards, major cation contents (Na+, K+, Ca2+, Mg2+) were determined using an atomic absorption spectrophotometer (Hitachi Z-8000, Tokyo, Japan). For the measurement of anion ion Cl-, a double-beam spectrophotometer was used (NanoDrop 2000/2000c UV-Vis Spectrophotometer, Thermo Scientific). For the generation of the standard curve, the standard solutions of major ions (Na+, K+, Ca2+, Mg2+, Cl-; Merck Darmstadt, Germany) were used. Corning 965 carbon dioxide analyzer (Olympic Analytical Service, England) was used to estimate   concentration from total dissolved carbon measurements. The perfusion salines used in the cephalopod perfusion experiments are different between bigfin reef squid and common octopus, as shown in Supplementary Table S1.



Gill perfusion experiments and pharmacological evaluations

Gills were carefully removed from the mantle cavity and connective tissues for the perfusion experiments (Figure 1A). The gills were carefully cut at the 1st order ctenidial arteries and veins that transport blood between the gills and branchial heart. After the gills had been completely dissected from the mantle cavity, ex-vivo gill perfusion experiments could be performed. The ctenidial arteries and veins were connected with one end of special-treated polyethylene tubes (0.86 mm inner diameter*1.52 mm outer diameter, PE-100) and tied tightly by woven strings. Another end of the polyethylene tubes was attached to PVC tubes connected to thicker silicon tubes (2 mm in diameter). Silicon tubes fitted with a peristaltic pump (Multi-channel peristaltic system, MINIPULS® Evolution) was used to pump the perfusion saline into the gill at a rate of 12 mL per hour by setting the pump to 10 revolutions per minute (rpm). Perfusion experiments were conducted by incubating the gills in an aerated container filled with 50 mL of filtering seawater (Figure 1B).

For the purpose of ensuring that the regulatory proteins are inhibited by the specific inhibitors (ethylisopropyl amiloride (EIPA) for NHE; bafilomycin A1 (BafA1) for VHA), the sample collection should begin after the saline has been in the gill for at least 30 minutes. We prepared perfusion saline by adding different dosages of EIPA that could compete for Na+ binding sites to determine whether NHEs are responsible for regulating cephalopod gill function (Schaffhauser et al., 2016) and could be acted on squid as well (Hu et al., 2011). The role of VHA in the regulation of homeostasis in the gills of squid and octopus was examined by preparing perfusion saline containing different dosages of BafA1, which is noncovalently binding with VHA to prohibit H+ conduction. As part of the perfusion experiments, the pH value of saline would be immediately measured by a pH meter and adjusted with 0.1 M hydrochloric acid and NaOH(aq). After the perfusion experiments had been completed, the perfusate and bath were collected and immediately measured for pH and   concentration. The sample collected from the perfusate represents the fluid that would be transported back to the body via the ctenidial vein. This represents the functions of the basolateral membrane side to the perfusate blood (Figure 1C). Alternatively, the sample collected from the bath represents the fluid that would be expelled or exchanged by the apical side of gills with the surrounding environment (seawater, bath) (Figure 1C).



Statistical analysis

GraphPad Prism 7.00 (GraphPad, San Diego, CA, USA) was used for statistical analyses. Data are presented as mean ± S.D. Student’s t-test was used to test for significance between squid and octopus in terms of oxygen consumption rates, glutamate/glutamine contents, ammonium transport rates, and ammonium concentration between the ctenidial artery and ctenidial vein. The effect of different dosages of EIPA and BafA1 on   and H+ transport rates in gills was determined using one-way ANOVA followed by Tukey’s pairwise comparison. Differences were considered to be significant at p< 0.05.




Results


The resting metabolic appearances of octopus and squid

The resting metabolic rates (RMRs) were determined by observing the oxygen consumption rates of experimental animals. The oxygen consumption rate of octopus (33.69 ± 6.51 µmol O2/h g) is significantly lower (p<0.001) than that of squid (183.23 ± 95.67 µmol O2/h g) (Figure 2A). During the experimental process, both species remain calm and do not exhibit any active behavior with distance movement.




Figure 2 | Metabolic features in squid and octopus. (A) The resting metabolic rates (RMRs) of adult bigfin reef squid (S. lessoniana) and common octopus (O. vulgaris) were evaluated by measuring their oxygen consumption rates under the animals were incubated in a closed swim tunnel with continuous water flow. (B) The glutamate and glutamine contents in blood were collected from the anterior vena cava. The estimated values are presented as mean ± SD (n = 5~9). Asterisks indicate significance levels of p < 0.01 (**) and p < 0.001 (***).





Glutamate and glutamine contents in blood collected from anterior vena cava

The glutamine concentrations in blood collected from the anterior vena cava of octopus (7.42 ± 1.27 μmol/g) and squid (20.19 ± 4.54 μmol/g) were both relatively higher than glutamate concentrations (3.23 ± 0.83 μmol/g in octopus; 1.67 ± 0.77 μmol/g in squid) (Figure 2B). Notably, the glutamate content in blood collected from the anterior vena cava of octopus is 1.9-fold higher than that of squid (Figure 2B). By contrast, the glutamine content in the anterior vena cava blood of octopus is 2.7-fold lower than that of squid (Figure 2B).



NH4+concentrations in blood of octopus and squid gills

Blood was collected from the ctenidial arteries and veins of octopus and squid, respectively, in order to better understand the   concentrations in the gills. The   concentration in ctenidial veins (~250 μM) of octopus was lower than that in ctenidial arteries (~300 μM) (Figure 3A). Moreover, in squid, the   concentration in ctenidial veins (~20 μM) was found to be also lower than that in ctenidial arteries (~25 μM) (Figure 3A). Furthermore, the  concentration in the blood of octopus gills (250~300 μM) is approximately ten times higher than that of squid (20~25 μM).




Figure 3 |  concentration and transport rates in cephalopod gills. (A) The  concentration in blood collected from the ctenidial artery and ctenidial vein of squid and octopus. (B) The  transport rates were determined using the fluid collected from the perfusate in perfused gills. The estimated values are presented as mean ± SD (n = 4~6). Asterisks indicate significance levels of p < 0.001 (***).





NH4+ transport patterns of gills by the perfusion approach

As shown in Figure 3B, the   transport rate in the epithelium from the basolateral site to the perfusate blood of octopus was 0.1105 ± 0.0023 μmol   h-1  , and 0.2795 ± 0.1249 μmol   h-1   in S. lessoniana. Squid gills showed a higher   transport rate into perfusate blood than octopus gills.



Pharmacological studies of sodium-hydrogen exchanger (NHE) in NH4+ and H+ transport on cephalopod gills

In squid gills, the average values of   transport rates from the basolateral side to the perfusate blood were 0.251~0.301 μmol   h-1   under 2.5, 5 and 10 μM EIPA treatments, which were not significantly different from the control group (Figure 4A; Supplementary Table S2). Besides, the average values of   transport rates from the apical side to the bath seawater under 2.5, 5 and 10 μM EIPA treatments were 0.081~0.173 μmol   h-1   (Figure 4A; Supplementary Table S2), which were also not significantly different from the control value (0.141 ± 0.066 μmol   h-1  ). Additionally, the average values of H+ transport rates in squid gills were maintained within the range of 0.001~0.008 μmol H+ h-1   and 0.006~0.015 μmol H+ h-1   from the basolateral side to the perfusate and from the apical side to the bath, respectively, under EIPA treatments (Figure 4B; Supplementary Table S2).




Figure 4 | Effects of NHE inhibitor EIPA on the  and H+ transport rates in gill epithelium of squid and octopus by ex-vivo perfusion approach. Different dosages of the NHE inhibitor EIPA were tested for their effects on the (A) and H+ (B) transport rates in squid and octopus gills by ex-vivo perfusion. Different letters indicate significant differences among perfused inhibitor dosages (p < 0.05; One-way ANOVA, Tukey’s pairwise comparisons).



Moreover, EIPA was also perfused to examine the effects of NHE inhibition on the   and H+ transport in octopus gills. The   transport rates from the basolateral side to the perfusate blood decreased by approximately 30%, 45% and 84% under 2.5, 5 and 10 μM EIPA treatments, respectively, which showed a significantly decreased tendency (p=0.0018) compared with the control group (Figure 4A; Supplementary Table S2). Moreover, the   transport rates from the apical side to the bath were 0.062~0.070 μmol   h-1   under different dosages of EIPA treatments, which were not significantly different from the control ones (0.054 ± 0.006 μmol   h-1  ) (Figure 4A; Supplementary Table S2). For the estimation of H+ transport rates, compared to the control group, a decrease of approximately 39%, 30%, and 91% from the basolateral side to the perfusate blood was observed under 5, 7.5 and 10 μM EIPA perfused octopus gills, respectively. It was also observed that the H+ transport from the apical side to the bath was reduced by approximately 32%~95% under different dosages of EIPA treatment (Figure 4B; Supplementary Table S2).



Pharmacological studies of vacuolar H+ ATPase (VHA) in NH4+ and H+ transport on cephalopod gills

In squid gills, under 2.5 and 5 μM of BafA1 treatment, the   transport rate from the basolateral side to the perfusate was significantly increased by about 93% and 91%, respectively, compared with the control counterpart. However, the dosage of 7.5 μM of BafA1 treatment would not affect the   transport rate (Figure 5A; Supplementary Table S3). While estimating the   transport rate from the apical side to the bath seawater, the 2.5 μM of BafA1 treatment would result in an increased level (0.268 ± 0.072 μmol   h-1  ) of about 2.88-fold higher than the control counterpart (0.093 ± 0.034 μmol   h-1  ). Other dosages (5 and 7.5 μM) of BafA1 treatments would not affect the   transport from the apical side to the bath (Figure 5A). While we further examined the H+ transport rates from the basolateral side to the perfusate blood, the 2.5 and 5 μM of BafA1 treatment would apparently result in about 9.0- and 4.9-fold decrease compared to the control group, respectively (Figure 5A). And the dosage of 7.5 μM of BafA1 treatment would not affect the H+ transport from the basolateral side to the perfusate. Besides, the average values of H+ transport rates from the apical side to the bath seawater were 0.005~0.009 μmol H+ h-1   under 2.5, 5 and 7.5 μM BafA1 treatments, which were not significantly different from the control group (Figure 5A; Supplementary Table S3).




Figure 5 | Effects of VHA inhibitor bafilomycin on the  and H+ transport rates in gill epithelium of squid and octopus by ex-vivo perfusion approach. Different dosages of the VHA inhibitor bafilomycin were tested for their effects on the   (A) and H+ (B) transport rates in squid and octopus gills by ex-vivo perfusion. Different letters indicate significant differences among perfused inhibitor dosages (p < 0.05; One-way ANOVA, Tukey’s pairwise comparisons).



Moreover, in octopus gills, the   transport rate from the basolateral side to the perfusate would decrease to 0.064 ± 0.042 μmol   h-1  (42% decrement) and 0.061 ± 0.010 μmol   h-1  (44% decrement) under 2.5 and 5 μM of BafA1 treatment, respectively. The 7.5 μM of BafA1 treatment would reversely increase (0.343 ± 0.081 μmol   h-1  ) the   transport from the basolateral side to the perfusate blood (Figure 5A). And the BafA1 treatments would not apparently affect the   transport from the apical side to the bath seawater (p=0.2870) (Supplementary Table S3). As for the BafA1 treatment effects on the H+ transport rates in octopus gills, the BafA1 treatment would result in a significantly decreased fashion in H+ transport rates (p=0.0102) from the basolateral side to the perfusate blood (Figure 5B; Supplementary Table S3). Moreover, the H+ transport rates from the apical side to the bath seawater were also significantly affected by the BafA1 treatment (p=0024) (Figure 5B; Supplementary Table S3).




Discussion


The distinct strategies in cephalopods for NH4+ regulation and homeostasis

The modern coleoid cephalopods are widely distributed in the marine ecosystem, from the abyssal regions to the intertidal zones. By virtue of their particular locomotion patterns and intelligence, they behave with greater dominance than most marine animals of similar size (Villanueva et al., 2017). Octopods animals can swim by contracting their arms with their velar skins and thus expelling water or crawling as their primary modes of movement. In addition, the modern loliginid squids use their muscular mantle to pressurize the mantle cavity water ejecting through the siphons; therefore, they are able to move relatively rapidly with a jet propulsion pattern and discharge ink as a decoy or smoke screen (Bone et al., 1981). Several studies have proposed that cephalopods’ jet propulsion or crawling motion patterns create high energy demands as a compensatory measure for their inferior competitive ability with other marine vertebrates (O’Dor et al., 1995; Webber et al., 2000). As a result, these special locomotion types may act as a double-edged sword, causing huge nitrogenous wastes or productions from protein catabolism, which may adversely affect body growth, nervous system abnormalities, or other possible intrinsic activities imbalances. Consequently, they must adopt different behaviors and adapt their homeostasis regulation strategies to discard or exploit nitrogenous wastes in comparison with other marine animals, even between the Octopod and loliginid cephalopods.

As cephalopod species behave differently in their locomotion patterns, their natural habitats vary accordingly (O’Dor et al., 2002). The resting metabolism of Octopod and loliginid cephalopods may reflect differences in their respective life histories (Potts, 1965). In this study, the resting metabolic rate of octopus O. vulgaris was found to be significantly lower than that of squid S. lessoniana (Figure 2A). This feature suggested that their different locomotion strategies, such as crawling or jet-motion, may correlate with their different metabolic strategies. Despite the fact that jet propulsion is not an efficient locomotion pattern that requires too much energy from aerobic respiration, this pattern is capable of rapid acceleration and locomotion (O’Dor and Webber, 1991; Gemmell et al., 2021). Octopuses, on the other hand, are considered to be jet-propulsion abandonment members (Wells, 1990; Huffard, 2006). This species is an ambush predator with excellent camouflage and maneuverability, allowing it to stay in mud bottoms and caves for a long time (Kayes, 1973; Caldwell et al., 2015). In this respect, Octopods may be exposed to hypoxic and high ammonium conditions (Wells and Wells, 1983; Okutani, 1990; Seibel and Childress, 2000) and should therefore demonstrate extraordinary capacities for nitrogenous detoxification. In this study, the gills of Octopoda O. vulgaris was found to accumulate higher levels of   in blood compared to that of the pelagic loliginid bigfin reef squid, S. lessoniana (Figure 4A). As a result of the “ammonium-keeping” ability of octopus blood, a chemical gradient against ambient high ammonium levels may be generated. A higher intact aerobic respiration rate in pelagic squid, and a higher   transport rate to the perfusate, may result in a lower   accumulation in the gills. Apart from that,   is an intermediate metabolite that can be converted into urea or amino acids for maintaining intact homeostasis or buoyancy capacity (Seibel et al., 2004; Peng et al., 2017). Consequently, further studies are needed to explore those nitrogen pathways in terms of ammonium regulation in cephalopods with different lifestyles.

Among these metabolic processes, ammonia-related amino acid synthesis is one of the most important biochemical processes for maintaining organismic   homeostasis (Levitt and Levitt, 2018; Voss et al., 2021). Under the Glu-Gln cycle, glutamate (Glu) is catabolized to glutamine (Gln), which coordinates with  . Compared to benthic octopus, pelagic squid blood contains more glutamine, a potential   carrier, while octopus retains more glutamate for the potential binding plasticity toward  . In terms of the metabolic trade-off concept, benthic octopus with lower aerobic respiration rates would prefer to utilize glutamate as an alternative metabolic substrate for energy supply. In contrast, pelagic squids would eliminate   accumulation by binding   to glutamine and increasing   transport through their gills. The metabolic trade-off adjustment may help prevent nitrogenous wastes from accumulating and may also benefit the Glu/Gln balance. Additionally, those bicarbonate-buffering molecules, such as carbonic acid (H2CO3), bicarbonate ion ( ) and carbon dioxide (CO2), are essential for the acid-base homeostatic mechanism in both aquatic vertebrates and invertebrates (Melzner et al., 2020; Tresguerres et al., 2020). However, ammonia could also serve as the non-bicarbonate buffer molecule binding to H+, which may play a role in the acid-base balance (Hu et al., 2014; Tseng et al., 2020). Cephalopods are capable of producing and accumulating large quantities of nitrogenous   , in comparison with most marine fishes of similar body weight (Packard, 1972; Lee, 1995). Consequently, cephalopods must be equipped with efficient machinery for acid-base regulation and detoxification of nitrogenous products in comparison to their athletic competitor teleosts in similar ocean habitats. In this way, cephalopod mollusks may be able to alleviate abiotic perturbations resulting from high metabolic-derived cellular acidification and nitrogenous waste accumulation. It is unclear whether there is a relationship between   contents/transport significance and different locomotion types in cephalopods. The estimations of Glu and Gln levels in the blood of squids and octopuses may therefore reflect their lifestyles and locomotion patterns. Additional evidence is needed to prove this notion.

Moreover, we should also be aware that vertical migration in the ocean system is a major metabolic expenditure for many pelagic organisms, and a special mechanism for neutral buoyancy in cephalopods has been proposed (Seibel et al., 2004). In pelagic deep-sea crustacean species, the use of   has been reported to be effective in maintaining buoyancy (Sanders and Childress, 1988). Cranchiidae would also store ammoniacal fluid in their unique coelomic cavity, and   is subsequently accumulated in vacuoles in body tissues such as the mantle and arms (Voight et al., 1995; Seibel et al., 2004). This means nitrogenous   is not a metabolic waste product for cephalopods but a useful molecule that participates in amino acid metabolism, acid-base regulation, and even buoyancy locomotion.



NH4+ and H+ transport machinery in the branchial epithelium of squid and octopus

In most aquatic animals, ammonia is a toxic chemical that has detrimental effects on the nervous system, metabolic disorders, and other severe pathological conditions (Wood et al., 1995; Weiner and Verlander, 2016). For marine animals with an active lifestyle, gills serve as an efficient organ to deal with this biological stressor. Based on earlier findings in cephalopods, the renal appendages and gills are the most important organs for regulating   levels. In addition to secreting ammonia, the renal appendages are also believed to produce urine by combining urea and water to regulate osmotic pressure (Potts, 1965). However, renal appendages are able to excrete less than 1% of ammonium. Therefore, it was concluded that the gill was the primary organ for excreting ammonium in cephalopods (Potts, 1965).

The excretion of ammonia can occur either in the form of non-ionized NH3 or ammonium ( ) by direct diffusion through paracellular pathways or through Rhesus (Rh) glycoproteins that work with apical NHEs (Randall and Ip, 2006; Wright and Wood, 2009; Liu et al., 2013; Hu et al., 2017; Clifford et al., 2022), and the acid-trapping mechanism is hypothesized to be important. Under conditions of high environmental ammonia, the consumption of metabolic acid in pacific hagfish (Eptatretus stoutii) was significantly increased, accompanied by the conversion of NH3 to   (Clifford et al., 2015). The mRNA and protein levels of renal Rhcg1 were stimulated in common carp (Cyprinus carpio) under acidic conditions, along with upregulation of several ion transporters, including the NHE, VHA, and NKA (Wright et al., 2014). Besides, the basolateral sodium-potassium ATPase (NKA) actively creates the concentration gradient of Na+ (energy coming from ATP consumption), and the driving force to process the NHEs works by Na+ gradient. Therefore, the secondary active transport manner by NHE homologs is essential for acid-base regulation; moreover, coordination of   excretion by combining H+ with NH3. According to a previous study in the crustacean Carcinus maenas, H+ would trap NH3 within intracellular vesicles to form  , thereby allowing H+ secretion through this potential pathway for ammonia excretion (Weihrauch et al., 2002). As for cephalopods, recent molecular insights into the regulation of   and H+ have also been well demonstrated (Hu et al., 2014; Hu et al., 2015; Hu et al., 2017). Coleoid cephalopods possess sophisticated vertebrate-like  /H+ regulatory mechanisms and rely extensively upon branchial epithelia for homeostasis control. In the semitubular environment of cephalopod gills, an acid-trapping mechanism for   has also been proposed based on morphological, functional, and molecular studies (Hu and Tseng, 2017). Thus, homeostasis in aquatic organisms is not only controlled by direct diffusion or by transepithelial transporters but also by the H+ secretion machinery.

As part of this study, EIPA and BafA1 were applied to pharmacological perfusion experiments on squid and octopus gills. Inhibition of NHEs by EIPA appeared to affect   and H+ transport in octopus gills. However, inhibition of NHE by EIPA appears to have no significant effect on either   or H+ transport in the squid epithelium from basolateral or apical sites. In this regard, compared to the pelagic species, the crawling cephalopod octopus would rely on the secondary active transport route (NHE) via the electrochemical Na+ gradient to maintain   and H+ transport. In case of elevated ambient   and H+ concentrations, octopuses with less aerobic respiration capacity have an energy-saving strategy to maintain homeostasis and hunt prey with less energy consumption. It should be noted that, while this pharmacological trial utilized the NHE inhibitor EIPA in octopus gills, we found that the   transport towards the apical site was not significantly affected as was shown toward the basolateral site and the effective feature in H+ transport towards the apical site. Accordingly, it appears that another apical   transporter, such as the RhP homolog, that can facilitate   transport in the gill epithelium of octopus (Hu et al., 2017). Moreover, it is also inferred that the level of   excreted by the octopus gills is primarily determined by the transport of   from the branchial cells into the blood. It is possible that this basolateral machinery may be operated by other   transport molecules, such as Rhp1b, which has been suggested to be present in the branchiae of marine polychaetes (Eurythoe complanata) (Weihrauch and Allen, 2018). The “ammonium-keeping” significance of chemical gradients against environmental nitrogenous toxicity is the reason for a higher   concentration in the ctenidial vein of octopus than in squid. It would be physiologically meritorious to discover what caused the difference in   transport rates between octopus and squid. A possible explanation for this significance may be the presence of different   transport molecules with different isoforms (Weihrauch and Allen, 2018).   transport molecules have different functional characteristics, enabling organisms to adapt to a variety of habitats with different mobility styles, as well as have significantly greater physiological plasticity due to the well-regulated   content, essential for maintaining intact homeostasis and metabolic balance in various environmental conditions.

Apart from H+ transport by NHE, the primary active transport by VHA with ATP-dependent operation appears to be irreplaceable. Observing the effects of the VHA inhibitor bafilomycin (BafA1) on   and H+ transport in the gills of squid and octopus, the influence patterns were quite apparent. The BafA1 inhibits the H+ transport rate toward the blood in squid gills, but the   transport rates in gill epithelium are reversely stimulated, suggesting that other alternative molecules, such as the RhP homologs, may contribute to the efficient   transport capacity of squid to maintain acid-base equilibrium (Hu et al., 2014). Meanwhile, the fact that BafA1 would inhibit both   and H+ transport in octopus gills indicates that VHA is also essential for homeostasis in crawling cephalopods. Additionally, octopus VHA may be involved in the post-translational control of vesicular   excretion via a membrane trafficking pathway that represents an alternative method of excreting vesicular   (Hu et al., 2017). As for the   transport towards the apical site, it was not significantly affected. This may also be due to the fact that the   excretion in the octopus gills is predominantly transported from the branchial cells into the blood, and/or the apical NHE may also be involved in the excretion of  . More importantly, the VHA in the gills of octopus showed distinct distribution within the endothelial cells of blood vessels (Hu et al., 2017). Accordingly, our preliminary data indicate that high concentrations (10 μM in saline) of perfused BafA1 affect the morphology of the gills of octopuses during the perfusion procedure. Therefore, the maximum inhibitory concentration of 7.5 μM BafA1 was used in both species during the VHA-inhibition studies.

It is true that the epithelial basolateral NKA actively creates the concentration gradient of Na+ (energy derived from ATP consumption); however, the SW habitat provides a natural Na+-rich driving force for the NHEs to work. Natural Na+ gradients in SW drive the secondary active transport mechanism through the NHE homologs, which is crucial for the regulation of   and H+. As a result of the energy constraint concerns, the implementation of NHE traits, as well as the energy-consuming VHA in the gills for body fluid homeostasis, offers a potential benefit for reducing energy consumption. It was evident from this feature that the octopus would take advantage of both secondary and primary active transport mechanisms to maintain   and H+ homeostasis. As energy is a major constraint on physiological processes, trade-offs between energy allocations to different physiological processes under the concern of energy efficiency could be considered to be a cellular adjustment. In order to achieve regular homeostasis, the benthic crawling octopuses may act as “misers,” which means that they deliberate with the amount of energy consumed (Semmens et al., 2004; Onthank and Cowles, 2011). As an alternative, the acid-base and ammonium regulation in pelagic squid could be largely controlled by primary active transport in an energy-intensive manner since they possess higher aerobic respiration rate and more efficient   regulation machinery than benthic crawling octopus. Due to their similar athletic hunting strategies and jet propulsion locomotion pattern, the pelagic squid may behave as a “spendthrift” for energy consumption that is not concerned with the food source (Shulman et al., 2002; Gao et al., 2022). This characteristic implies that pelagic squids are able to generate enough energy for intact physiological adjustments, such as body growth and nitrogenous waste elimination.




Conclusion

Cephalopods are ancient mollusks that can be found in a wide variety of ecological niches in the ocean, ranging from the intertidal zone to the deep ocean. To adapt to their lifestyles in various types of habitats, modern cephalopods have evolved a variety of locomotory modes. In general, cephalopods have relatively high metabolic rates due to their less efficient swimming mode by jet propulsion. This energy-intensive lifestyle is primarily fueled by the rapid digestion of protein diets, which may lead to metabolic ammonia/ammonium accumulation and acid-base disturbances. The inhibition of secondary active transport machinery significantly impaired   and H+ excretory processes in the gills of benthic octopus, but not in pelagic squid. However, the inhibition of primary active transport machinery significantly impairs the excretion of   and H+ in both benthic and pelagic coleoid cephalopods. Pelagic squids prefer active transport for  /H+ excretion in an energy-dependent manner, whereas benthic octopuses use both secondary and primary active transport for homeostasis. Consequently, the pelagic squid, in contrast to the benthic octopus, may have developed  /H+-transport mechanisms in an energy-intensive manner to avoid toxic nitrogenous effects in the blood.
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Maintenance of an acid-base balance is essential for normal physiological processes in vertebrates. Freshwater fishes live in an aquatic environment with variable pH, and their buffering capacity for acid-base balance in body fluids is weak. Thus, after acid exposure, fishes secrete excess acid to prevent internal acidosis. Acid-secreting ionocytes present in the adult gills and embryonic skin are primarily responsible for acid secretion, and H+-ATPase and Na+/H+ exchanger 3 (NHE3) are the two main transporters responsible for apical acid secretion. Vitamin D is a well-known hormone involved in the maintenance of Ca2+ homeostasis and is suggested to be involved in acid-base regulation by modulating the activity and/or mRNA expression of NHE3 in mammalian models. It remains unclear whether vitamin D is involved in acid secretion in fishes. The aim of the present study was to use zebrafish as a model to determine whether vitamin D and its receptors influence acid secretion. Our results indicated that the levels of 1α, 25-dihydroxyvitamin D3 (1α,25(OH)2D3), the bioactive vitamin D, were significantly increased in 3 days post-fertilization zebrafish larvae after exposure to acidic freshwater (AFW, pH 4.0). Exogenous 1α,25(OH)2D3 (20 μg/L) incubation substantially enhanced the mRNA expression of acid-secreting transporters and acid secretion at the skin of the entire body and each H+-ATPase-rich cell (HRC), a type of acid-secreting ionocyte. Furthermore, the expression of vitamin D receptors (VDRs) was identified in HRCs of zebrafish. When both VDRa and VDRb were knocked down, acid secretion and the mRNA expression of acid-secreting transporters were significantly decreased. Moreover, double knockdown of VDRa/b prevented the increase in acid secretion induced by AFW and 1α,25(OH)2D3 treatment. This study is the first to indicate that vitamin D is involved in acid secretion in fish.
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Introduction

Fish living in freshwater environments frequently experience aquatic acidification, which is caused by natural and anthropogenic ambient factors. Maintenance of an internal pH homeostasis is vital for normal physiological processes (Karet, 2002). The acid-base buffering capacity of fish body fluids is low; therefore, fish easily have internal acidosis under ambient acidity and need to excrete excess acid (Evans et al., 2005; Perry and Gilmour, 2006; Hwang et al., 2011). While the gills are responsible for approximately 90% of the acid-base movement in adult fish, this function is mainly performed by the yolk skin during early embryonic stages (Evans et al., 2005; Hwang and Perry, 2010). Acid secretion at the cellular level in fish gills/skin is primarily accomplished by the excretion of protons across the apical membrane of ionocytes (Evans et al., 2005; Hwang et al., 2011). A specific subtype of ionocytes for acid secretion has been identified in the gills and embryonic skin of teleosts (Hwang et al., 2011). In acid-secreting ionocytes, apical H+-ATPase (HA) and Na+/H+ exchanger 3 (NHE3) are the two pathways for transepithelial proton secretion (Hwang et al., 2011; Guh et al., 2015). In addition, basolateral anion exchanger 1 (AE1) transports   from ionocytes to body fluid that is also involved in proton secretion in teleosts (Lee et al., 2011; Hsu et al., 2014).

Previous studies have combined electrophysiological, gene knockdown, and pharmacological experiments to determine HA and NHE3b mediated proton secretion at the apical membrane of H+-ATPase-rich cells (HRCs), the acid-secreting ionocytes, in zebrafish (Shih et al., 2008; Shih et al., 2012). In zebrafish, HA and NHE3b in HRCs are responsible for approximately 70% and 30% of the apical proton secretion, respectively (Shih et al., 2008; Shih et al., 2012). However, NHE3 is the major route for apical proton secretion in acid-secreting ionocytes of medaka (Lin et al., 2012; Lin et al., 2021). The function of other acid secretion-related transporters in ionocytes is homologous in fishes (Hsu et al., 2014; Liu et al., 2016; Yan and Hwang, 2019). Hormonal control plays an essential role in the maintenance of the acid-base balance in fishes (Guh et al., 2015; Yan and Hwang, 2019). Some hormones such as cortisol and endothelin-1 are induced after acid exposure in fishes (Guh et al., 2014; Lin et al., 2015; Lin et al., 2021). Overexpression and pharmacological approaches suggest that increased hormone levels can regulate the capacity for acid secretion by stimulating the mRNA expression and activity of acid-secreting transporters and/or ionocyte differentiation (Cruz et al., 2013; Guh et al., 2014; Lin et al., 2015; Lin et al., 2021).

Acid exposure simultaneously causes a decrease in Ca2+ absorption and increase in Ca2+ loss rate in zebrafish (Kwong and Perry, 2014). Moreover, acid exposure increases the gene expression and secretion of cortisol, a hypercalcemic hormone, but decreases the gene expression of stanniocalcin-1, a hypocalcemic hormone, in zebrafish (Kumai et al., 2012; Lin et al., 2015; Chou et al., 2015). Decreased whole-body Ca2+ levels in zebrafish after acid exposure may be compensated by an increase in the mRNA expression level of epithelial Ca2+ channels and the density of ecac-expressing ionocytes (Kwong and Perry, 2014). Thus, the different changes in cortisol and stanniocalcin-1 levels after acid exposure may reflect a compensatory mechanism for Ca2+ homeostasis. However, incubation and overexpression experiments have indicated that cortisol and stanniocalcin-1 are not only involved in the regulation of ecac transcripts but also ha and nhe3b transcripts in zebrafish (Lin et al., 2015; Chou et al., 2015). Furthermore, cortisol can affect the acid secretion capacity at each HRC in zebrafish (Lin et al., 2015). In contrast, knockdown of hypercalcemic parathyroid hormone 1 (PTH1) decreases HRC differentiation in zebrafish (Kwong and Perry, 2015). Calciotropic hormones may have multiple effects on ion regulation in fishes.

Vitamin D is a well-known hormone for Ca2+ homeostasis in mammals and has also been reported to elevate the body-fluid Ca2+ levels in carp, cod, and zebrafish (Swarup et al., 1991; Sundell et al., 1993; Lin et al., 2012). The vitamin D precursor is initially synthesized in the skin. Through a series of reactions, it is converted to 1α, 25-dihydroxyvitamin D3 (1α,25(OH)2D3), the active form of vitamin D, by renal 1α-OHase (CYP27B1) (Holick, 2007). Previous studies have indicated that renal tissues and the liver are vital for 1α,25(OH)2D3 production (Hayes et al., 1986; du Bois et al., 1988; Takeuchi et al., 1991), and cyp27b1 has also been identified in teleosts (Cheng et al., 2006; Lin et al., 2012). Vitamin D regulates target gene expression by binding to vitamin D receptors (VDRs) (Holick, 2007). There are two forms of VDR in teleosts (Taylor et al., 2001; Howarth et al., 2008). VDRa and VDRb are two paralogous VDRs in zebrafish. For Ca2+ uptake, vitamin D bound to VDRa has been proposed to regulate the gene expression of epithelial Ca2+ channels in zebrafish (Lin et al., 2012). However, in mammalian cell lines, teleost VDRs have been found to induce transcription of the expression construct with 1α,25(OH)2D3 (Reschly et al., 2007; Howarth et al., 2008; Krasowski et al., 2011). Although the two isoforms of medaka VDRs show different responses to 1α,25(OH)2D3, they still induce the transcripts of VDR responsive element-containing expression constructs in cell lines (Howarth et al., 2008). In mammals, metabolic acids are mainly excreted by the proximal tubules of the kidneys. NHE3 plays an essential role in apical proton secretion in the proximal tubules, and its activity provides the necessary driving force for bicarbonate reabsorption (Wagner et al., 2004; Bobulescu and Moe, 2006). Mice with targeted NHE3 disruption exhibit metabolic acidosis and decreased renal absorption of Na+ and Ca2+ (Bobulescu and Moe, 2006; Pan et al., 2012). In addition, increased serum 1α,25 (OH)2D3 levels have been found in NHE3 knockout mice (Pan et al., 2012). Treatment with 1α,25 (OH)2D3 stimulates apically located sodium-hydrogen exchange (NHE) activity in renal epithelial cell lines of mammals (Binswanger et al., 1993). Vitamin D has been suggested to be involved in the regulation of the acid-base homeostasis by enhancing urinary acid excretion in mammals (Stim et al., 1994). In contrast, 1α,25(OH)2D3 treatment inhibits the NHE activity in a Caco-2 colonic carcinoma cell line (Wali et al., 1992) and the rat ileum by downregulating the mRNA levels of NHE3 (Gill et al., 2002). The divergent responses of NHE to 1α,25(OH)2D3 in tissues and cell lines suggest the involvement of different cell-specific mechanism(s) in the regulation of NHE (Gill et al., 2002). To date, the major understanding of vitamin D in the ion regulation of fishes has focused on Ca2+ absorption (Lin and Hwang, 2016). Our understanding of whether acid exposure affects vitamin D synthesis in fishes is limited. Moreover, the effects of vitamin D on acid-secreting transporters and acid secretion in fishes remain unknown.

The zebrafish is an emerging model frequently used to explore the endocrine control on ion regulation in fishes because of its advantages in molecular, cellular, bioinformatic, and in vivo electrophysiological approaches (Guh et al., 2015; Yan and Hwang, 2019). In addition, acid-secreting transporters have been well identified in HRCs, and zebrafish can survive in acidic freshwater (AFW) with a pH as low as 4 (Guh et al., 2015). Thus, the present study used zebrafish as a model to investigate the following questions: (1) Does AFW (pH 4.0) change the mRNA expression of cyp27b1 that encodes an enzyme for 1α,25(OH)2D3 synthesis and 1α,25(OH)2D3 levels in zebrafish larvae? (2) Is vitamin D involved in regulating the mRNA expression of HA, NHE3b, and AE1b, a set of acid secretion-related transporters are expressed in HRC, and acid secretion in zebrafish larvae? (3) Does VDRa and/or VDRb mediate the effects of vitamin D on the regulation of acid secretion? Elucidating these questions would enhance our knowledge regarding the role of vitamin D in the acid-base regulation in fishes.



Materials and methods


Experimental animals

Zebrafish (Danio rerio) were kept in local tap water at 28.5°C under a 14:10 h light:dark photoperiod at the Department of Marine Biotechnology, National Kaohsiung University of Science and Technology, Kaohsiung, Taiwan. The experimental protocols were approved by the Institutional Animal Care and Utilization Committee of the university (approval no. 0109-AAAP-006).



Acclimation experiments

Freshwater (FW, pH 7.0) and acidic freshwater (AFW, pH 4.0) prepared from local tap water were used to determine the effects of an acidic medium. In accordance with previous studies (Lin et al., 2015; Lin et al., 2021), the acidic medium was prepared by adding H2SO4 to the FW; the concentrations of other ions in the AFW were same as those in the FW (see Supplemental Table S1). Fertilized zebrafish eggs were transferred to either FW or AFW and then incubated until sampling at 3 days post-fertilization (dpf). The media were changed twice daily. The pH values of all experimental media were verified using a pH meter (FP20; OHAUS, Parsippany, NJ, USA), and the ion concentrations were determined using an atomic absorption spectrometer (U-2000; Hitachi, Tokyo, Japan).



Vitamin D measurement

Following the method previously described by Lin et al., 2012, the amount of whole-body 1α,25(OH)2D3, the bioactive form of vitamin D, in zebrafish larvae was measured using an ELISA kit (E0467GE; EIAlab, Wuhan, China). Three dpf zebrafish larvae with FW and AFW treatments were anesthetized with 0.03% MS-222 and then washed several times with 1X phosphate-buffered saline (PBS). Twenty larvae were pooled in one vial as a single sample. The zebrafish larvae in vials were homogenized in 500 μL of 1X PBS. Next, diethyl ether (Merck, Darmstadt, Germany) was added to the homogenates and the mixtures were vortexed for 1 min. Then, the mixtures were centrifuged at 2000 × g at 4°C for 10 min. The diethyl ether phase was collected and dried under a nitrogen flux at room temperature. Finally, the dried samples were resuspended in the standard/sample solution of the ELISA kit, and 1α,25(OH)2D3 was quantified according to the manufacturer’s instructions.



Vitamin D incubation experiment

Following the method previously described by Lin et al., 2012, 0 (control) and 20 μg/L of 1α,25(OH)2D3 (CAS No. 32222-06-3, Sigma, USA) were used for an incubation experiment. Zebrafish eggs were incubated in 1α,25(OH)2D3 media immediately after fertilization and were sampled at 3 dpf for subsequent analysis. The incubation media were changed with new 1α,25(OH)2D3 solutions daily to maintain constant levels of 1α,25(OH)2D3. During incubation, no significant mortality or abnormal behavior was observed.



RNA extraction

After anesthetization with 0.03% MS-222, 20 zebrafish larvae were collected and homogenized in 1 mL TRIzol reagent (Invitrogen, Carlsbad, CA, USA) and then mixed with 0.2 mL chloroform and thoroughly shaken. After centrifugation at 4°C and 12,000 × g for 30 min, the supernatants were collected. The samples were then mixed with an equal volume of isopropanol. Pellets were precipitated by centrifugation at 4°C and 12,000 × g for 30 min, washed with 70% alcohol, and stored at -20°C until use.



Reverse-transcription polymerase chain reaction

Complementary DNA (cDNA) was prepared according to the manufacturer’s protocol of SuperScript Reverse Transcriptase (Invitrogen). Briefly, 5 μg of total RNA was reverse-transcribed in a final volume of 20 μL containing 0.5 mM dNTPs, 2.5 μM oligo(dT)20, 250 ng random primers, 5 mM dithiothreitol, 40 units RNase inhibitor, and 200 units reverse transcriptase (SuperScript Reverse Transcriptase, Invitrogen) for 1 h at 50°C, followed by a 70°C incubation for 15 min.



Quantitative real-time PCR

qPCR was performed using a LightCycler real-time PCR system (Roche, Penzberg, Germany) in a 10 μL mixture containing 5 μL 2X SYBR Green I Master (Roche), 300 nM of the primer pairs, and 20–30 ng cDNA. The standard curve for each gene was checked in a linear range with β-actin as an internal control. The present study followed previous studies (Chang et al., 2009; Lin et al., 2012; Lin et al., 2015) for the qPCR primer design (Supplemental Table S2). To show each gene expression at the same scale, the expression value was multiplied by different fold, 1000x for cyp27b1, 100x for ha, 5000x for nhe3b, 2000x for ae1b and 1000x for gcm2, finally.



In situ hybridization

Zebrafish vdra or vdrb fragments were obtained by PCR using a PCR primer design. The PCR fragment was inserted into pGEM-T Easy Vector (Promega, Madison, WI, USA). The inserted fragments were amplified with T7 and SP6 primers by PCR, and the products were used as templates for in vitro transcription with T7 and SP6 RNA polymerase (Roche) in the presence of digoxigenin-11-uridine triphosphate (Roche) to synthesize the probes. Three dpf zebrafish larvae were anesthetized on ice and fixed with 4% paraformaldehyde in a PBS (1.4 mM NaCl, 0.2 mM KCl, 0.1 mM Na2HPO4, and 0.002 mM KH2PO4; pH 7.4) solution at 4 °C overnight. Subsequently, we performed in situ hybridization as previously described (Lin et al., 2012).



Immunocytochemistry

After in situ hybridization, the samples were immediately subjected to immunocytochemistry. The zebrafish larvae were washed with PBS and then incubated with 3% bovine serum albumin for 2 h to block non-specific binding. The samples were then incubated overnight at 4°C with a polyclonal antibody against the α subunit of zebrafish H+-ATPase (dilution at 1:100; synthetic peptide: AEMPADSGYPAYLGARLA). After washing with PBS for 30 min, the samples were further incubated with Alexa Fluor 488 goat anti-rabbit IgG antibodies (Molecular Probes; diluted at 1:200 with PBS) for 2 h at room temperature. Images were acquired using an Axioplan 2 microscope (Zeiss, Oberkochen, Germany).



Morpholino oligonucleotide knockdown

As previously described (Lin et al., 2012), zebrafish vdra morpholino oligonucleotide (MO) (5’- AACGGCACTATTTTCCGTAAGCATC-3’), vdrb MO (5’- AACGTTCCGGTCGAACTCATCTGGC-3’), and a standard control MO (5’-CCTCTTACCTCAGTTACAATTTATA-3’) were used for the MO knockdown experiment. A 4 ng/embryo (MO) dosage was used for the injection. The MOs (4 ng/embryo) were injected into the embryos at the 1–2 cell stage using an IM-300 microinjector system (Narishige Scientific Instrument Laboratory, Tokyo, Japan). At this dose, the MO knockdown did not cause embryos either significant abnormal development or mortality. The MO-injected larvae at 3 dpf were sampled for subsequent analyses.



Scanning ion-selective electrode technique, skin surface H+ gradients, and H+ flux in ionocytes of zebrafish larvae

Scanning ion-selective electrode technique (SIET), recording of the H+ gradients at the skin surface, and H+ flux at the surface of ionocytes in zebrafish larvae were performed as previously described (Lin et al., 2006). Briefly, SIET was performed at room temperature (26–28°C) in a small plastic recording chamber filled with 1 mL of a “recording medium” that contained 300 µM 3-(N-morpholino)propanesulfonic acid buffer (Sigma) and 0.1 mg/L ethyl 3-aminobenzoate (Tricaine, pH 7.0) (Sigma), as described previously (Lin et al., 2006). To record the H+ gradients at the skin surface of a larva, a microelectrode was moved to a target position 10–20 µm from the skin. After recording the target point, the microelectrode was moved to record the background. In the present study, Δ[H+] represents the difference between the measured H+ gradients of the skin surface and background.

To record the H+ flux at the surface of the ionocytes, the microelectrode was moved to a position 2 µm above the cell surface. At every position, the voltage difference in microvolts was measured by orthogonally probing the surface at 10-µm intervals. The recording was performed in 10 replicates, and the median of the repeats was used to calculate the ion flux of the cell. To calculate the ionic flux, the voltage differences were first converted into a concentration gradient ΔC (µmol·L-1·cm-3). ΔC was subsequently converted into ionic flux using Fick’s law of diffusion in the following equation: J = D(ΔC)/ΔX, where J (pmol·cm-2·s-1) is the net flux of the ion, D is the diffusion coefficient of the ion (2.09 × 10-5 cm2/s for H+), and ΔX (cm) is the distance between the two points.



Statistical analysis

The values were expressed as mean ± standard error of the mean (SEM). The results were compared using one-way analysis of variance (ANOVA) with Tukey’s pairwise test and Student’s t-test. The significance level was set at p < 0.05.




Results


Effects of AFW on the cyp27b1 transcripts and whole-body 1α,25(OH)2D3 levels in 3 dpf zebrafish larvae

To determine the effects of AFW (pH 4.0) treatment on the mRNA expression of cyp27b1, the key enzyme in the synthesis of 1α,25(OH)2D3, and whole-body 1α,25(OH)2D3 levels in zebrafish larvae, the zebrafish fertilized eggs were exposed to FW (pH 7.0) or AFW for 3 days. Zebrafish larvae exposed to AFW exhibited significantly elevated expression of cyp27b1 and 1α,25(OH)2D3 level compared with zebrafish larvae exposed to FW (Figures 1A, B).




Figure 1 | Effects of freshwater (FW, pH 7.0) and acidic freshwater (AFW, pH 4.0) on (A) the mRNA expression of cyp27b1 and (B) whole body 1α, 25-dihydroxyvitamin D3 (1α,25(OH)2D3) level in 3 days post-fertilization (dpf) zebrafish larvae. The mRNA expression was analyzed by qPCR, and the values were normalized to β-actin. Values were expressed as the mean ± SEM (n = 6). Student’s t-test, * p < 0.05; ** p < 0.01.





Effects of exogenous 1α,25(OH)2D3 treatment on the mRNA expression of genes related to acid secretion and proton secretion in 3 dpf zebrafish larvae

The mRNA expression of cyp27b1 and whole-body 1α,25(OH)2D3 levels were significantly upregulated in zebrafish larvae in AFW (Figure 1). Therefore, we further investigated whether exogenous 1α,25(OH)2D3 (20 μg/L) treatment causes changes in the mRNA expression of transporters related to acid secretion and the proton secretion. Compared with the control, exogenous 1α,25(OH)2D3 treatment predominantly increased the mRNA expression of the acid-secreting transporters, HA, NHE3b, and anion exchanger 1b (AE1b), and proton secretion on the skin surface of 3 dpf zebrafish larvae (Figures 2A, B).




Figure 2 | Effects of exogenous 1α,25(OH)2D3 treatment on (A) the mRNA expression of transporter genes and (B) proton secretion in the skin surface of 3 dpf zebrafish larvae. The mRNA expressions were analyzed by qPCR, and the values were normalized to β-actin. Scanning ion-selective electrode technique (SIET) was used to measure the H+ activity on the skin. Values were expressed as the mean ± SEM (n = 6–12). Student’s t-test, * p < 0.05; ** p < 0.01.





Colocalization of VDR mRNA with acid-secreting ionocyte in zebrafish larvae

To further confirm the role of vitamin D in acid secretion, we examined whether the mRNA expression of vdra and/or vdrb is expressed in HRCs, the acid-secreting ionocytes, by double in situ hybridization and immunocytochemistry against VDR mRNA and H+-ATPase, respectively, in 3 dpf zebrafish larvae. As shown in Figures 3A, B, partial vdra signals were localized in the HRCs but all vdrb signals were identified in the HRCs (Figures 3C, D).




Figure 3 | In situ hybridization staining of vdra and vdrb (A, C) and immunocytochemical staining of H+-ATPase (B, D) in 3 dpf zebrafish larvae. Co-localization of vdra mRNA and H+-ATPase protein signals in the same cell is indicated by arrows. Scale bar: 20 μm.





Effects of vdra and/or vdrb knockdown on the mRNA expression of genes related to acid secretion and proton secretion in 3 dpf zebrafish larvae

Exogenous 1α,25(OH)2D3 treatment significantly increased the mRNA expression of transporters related to acid secretion and the proton secretion on the skin surface of zebrafish larvae (Figure 2). Moreover, vdra and vdrb expressions were identified in HRCs (Figure 3). Thus, we further explored the effects of VDRa and/or VDRb on acid secretion in zebrafish larvae. Fertilized zebrafish eggs were injected with vdra or/and vdrb MO, and transporter expression and proton secretion were analyzed in 3 dpf larvae. The mRNA expression of ha, nhe3b, and ae1b and proton secretion from the skin surface did not change in vdra or vdrb morphants (Figure 4A). In contrast, double vdra and vdrb (vdra/b) knockdown caused a significant decrease in mRNA expression of acid-secreting transporters as well as the proton secretion from the skin surface (Figures 4A, B).




Figure 4 | Effects of vitamin D receptor (VDR) morpholino oligonucleotides (MOs) on (A) the mRNA expression of transporters and (B) proton secretion in the skin surface of 3 dpf zebrafish larvae. The mRNA expressions were analyzed by qPCR, and the values were normalized to β-actin. SIET was used to measure the H+ activity on the skin. Different letters indicate a significant difference (p < 0.05), as determined using one-way ANOVA followed by Tukey’s multiple-comparison test. Values were expressed as the mean ± SEM (n = 6–12).





Effect of exogenous 1α,25(OH)2D3 treatment on gcm2 expression in 3 dpf zebrafish larvae with vdra/b knockdown

To determine whether vitamin D can potentially promote the differentiation of acid-secreting ionocytes, we examined the effect of exogenous 1α,25(OH)2D3 (20 μg/L) treatment on the expression of gcm2, a key transcription factor controlling the differentiation of HRCs (Chang et al., 2009). Exogenous 1α,25(OH)2D3 treatment significantly stimulated gcm2 transcripts, while the stimulation was prevented in 3 dpf zebrafish larvae with vdra/b knockdown (Figure 5).




Figure 5 | The effect of VDR MOs on gcm2 expression in 3 dpf zebrafish larvae treated with 1α,25(OH)2D3. The mRNA expression was analyzed by qPCR, and the values were normalized to β-actin. Different letters indicate a significant difference (p < 0.05), as determined using one-way ANOVA followed by Tukey’s multiple-comparison test. Values were expressed as the mean ± SEM (n = 6).





Effects of exogenous 1α,25(OH)2D3 or AFW treatment on proton secretion of acid-secreting ionocytes in 3 dpf zebrafish larvae with vdra/b knockdown

Double vdra/b knockdown impaired proton secretion from the skin surface in zebrafish larvae (Figure 4B). To establish whether vdra/b knockdown mediated the effect of vitamin D and AFW on proton secretion of HRCs, vdra/b MO were co-injected into fertilized zebrafish eggs. Knockdown of vdra/b prevented the increase in proton secretion in HRCs induced by exogenous 1α,25(OH)2D3 (20 μg/L) treatment in 3 dpf zebrafish larvae (Figure 6A). In addition, the increased proton secretion in HRCs induced by AFW treatment was also blocked in vdra/b zebrafish morphants (Figure 6B).




Figure 6 | The effect of VDR MOs on proton secretion of acid-secreting ionocytes in 3 dpf zebrafish larvae treated with (A) 1α,25(OH)2D3 and (B) AFW. SIET was used to measure H+ flux on the skin. Different letters indicate a significant difference (p < 0.05), as determined using one-way ANOVA followed by Tukey’s multiple-comparison test. Values were expressed as the mean ± SEM (n = 12).






Discussion

In the present study, the level of 1α,25(OH)2D3, the bioactive vitamin D, was increased in 3 dpf zebrafish larvae after exposure to AFW (pH 4.0). AFW exposure also elevated the mRNA expression of cyp27b1, which encodes the enzyme for 1α,25(OH)2D3 synthesis. These findings suggest that AFW treatment stimulates cyp27b1 transcription, thereby enhancing the synthesis of 1α,25(OH)2D3 in zebrafish. In zebrafish larvae, acid secretion is stimulated after 3 and 4 days of AFW treatment (Horng et al., 2009; Lin et al., 2015). In addition, AFW treatment significantly stimulates HRC differentiation and the mRNA expression of acid-secreting transporters in HRCs of zebrafish larvae (Horng et al., 2009; Chang et al., 2009; Lin et al., 2015). The increased HRC differentiation and mRNA expression of acid-secreting transporters have been suggested to contribute to increased acid secretion in zebrafish (Lin et al., 2015). In the present study, 1α,25(OH)2D3 treatment substantially stimulated the gene expression of HA, NHE3b, and AE1b, the transporters related to acid secretion in HRCs. Furthermore, it significantly enhanced the capacity of acid secretion at the skin surface and each HRC. Therefore, we conclude that increased 1α,25(OH)2D3 level contributes to the enhanced acid secretion ability of zebrafish after exposure to AFW. This is the first study to demonstrate that 1α,25(OH)2D3 treatment increases acid secretion and the mRNA expression of acid-secreting transporters in fish.

1α,25(OH)2D3 treatment elevated the acid secretion capacity at each HRC. HA and NHE3b are the major routes for apical acid secretion and responsible for approximately 70% and 30% apical acid secretion in HRCs of zebrafish, respectively (Shih et al., 2008; Shih et al., 2012). Previous results have revealed that 1α,25(OH)2D3 treatment significantly increased the mRNA expression of both ha and nhe3b, which was approximately 0.25-fold for ha expression and 1-fold for nhe3b expression. 1α,25(OH)2D3 treatment had a greater effect on nhe3b expression. However, Lin et al. (2015) reported that the mRNA expression level of ha was far greater than nhe3b—approximately 50-fold—in 3 dpf zebrafish larvae, and the present study also found a similar result. Thus, the increased ha expression by 1α,25(OH)2D3 treatment predominantly contributed to the increased acid secretion in zebrafish larvae. The mRNA expression of ae1b also increased in zebrafish larvae treated with 1α,25(OH)2D3. ae1b is expressed in the basolateral membrane of acid-secreting ionocytes in zebrafish and medaka (Lee et al., 2011; Hsu et al., 2014). Knockdown of ae1b decrease acid secretion in zebrafish, and ae1b is suggested to extrude cytosolic   out of cells to fulfill the function of epithelial acid secretion (Lee et al., 2011). Therefore, 1α,25(OH)2D3 treatment may increase the capacity for acid secretion at each HRC by enhancing the expression of apical and basolateral acid-secreting transporters in zebrafish larvae.

Acid secretion at skin surface of the entire body and at each HRC of zebrafish was elevated by 1α,25(OH)2D3 treatment. Moreover, 1α,25(OH)2D3 treatment induced the mRNA expression of acid-secreting transporters. Therefore, vitamin D may exert a genomic effect on mRNA expression and subsequently increase the capacity for acid secretion at each HRC. This is done via VDR, a ligand-activated transcription factor  (Omdahl et al., 2002). Unlike mammals, there are two paralogous VDR forms in fishes because of genome duplication (Taylor et al., 2001; Howarth et al., 2008). By immunohistochemistry with a mammalian VDR antibody, VDR signals were detected in most tissues including the gills in zebrafish (Craig et al., 2008). However, this approach could not identify the respective expressions of paralogous VDRs. To reinforce our hypothesis, we performed double in situ hybridization and immunocytochemistry to determine the mRNA expression of VDRa and/or VDRb in HRCs. The mRNA expression signals of both VDRa and VDRb were identified in HRCs. However, when we knocked down either VDRa or VDRb, the mRNA expression of acid-secreting transporters and acid secretion were not affected. In contrast, double knockdown of VDRa and VDRb significantly decreased the mRNA expression and acid secretion. Knockdown of VDRa induced VDRb expression and vice versa (Supplemental Figure S1). The single knockdown of a VDR may be compensated by the expression of the other VDR form and the actual influence of a knocked-down VDR is neutralized. The transcription activity of VDR responsive element-containing expression constructs with medaka VDRα or VDRβ and steroid receptor coactivator co-expression is significantly induced by 1α,25(OH)2D3 treatment (Howarth et al., 2008). The present study demonstrated that the mRNA expression signals of both VDRa and VDRb were localized in HRCs. However, the knockdown of both VDRa and VDRb prevented 1α,25(OH)2D3- and AFW-induced acid secretion at each HRC. Under in vivo conditions, vitamin D may affect the mRNA expression of acid-secreting transporters and acid secretion via both VDRa and VDRb in zebrafish. However, a previous study has indicated that medaka VDRα and VDRβ respond differently to 1α,25(OH)2D3 treatment (Howarth et al., 2008). Lin et al., 2012 reported that zebrafish VDRa and VDRb show an amino acid sequence similarity of ~97% in the DNA binding domain and ~92% in the ligand binding domain. A slight change in the amino acid composition may result in a difference in transactivation (Lin et al., 2012). Thus, VDRa and VDRb may contribute differently to the regulation of acid secretion.

The present study demonstrated that VDRb knockdown increased VDRa mRNA expression. Lin et al., 2012 reported that VDRa but not VDRb knockdown is involved in the regulation of Ca2+ uptake and mRNA expression of Ca2+ transporters in zebrafish larvae. vdra and vdrb are universally expressed in tissues of zebrafish and the vdra expression is more dominant than vdrb expression in most tissues (Lin et al., 2012). The present data revealed that vdrb expression signals were present in HRCs. vdrb may not be expressed in Na+/K+-ATPase-rich cells, the subtype of ionocytes for Ca2+ absorption in zebrafish. Knockdown of vdrb caused increased vdra expression in most tissues but may not influence the vdra expression in Ca2+ absorption-related cells in zebrafish. Therefore, increased vdra mRNA expression following vdrb knockdown did not affect Ca2+ uptake. However, further evidence is required to support this hypothesis. Our results revealed that VDRa and VDRb are involved in acid regulation. Lin et al., 2012 reported that only VDRa is involved in Ca2+ absorption in zebrafish. VDRa and VDRb may have divergent roles in ion regulation in fishes. This is consistent with a previous study that reported that approximately 20%–50% of paralogous genes from gene duplication are conserved as one of the duplicates acquires a new function or subfunction (Lynch and Force, 2000).

Hormones can modulate the capacity for acid secretion through genomic and/or cytogenic pathways in fish (Guh et al., 2015; Yan and Hwang, 2019). For example, cortisol has been suggested to increase acid secretion at HRCs by stimulating the mRNA expression of acid-secreting transporters (Lin et al., 2015). Additionally, cortisol enhances ionocyte differentiation and elevates the systemic capacity for acid secretion (Cruz et al., 2013). Vitamin D and VDR have been shown to regulate the gene expression related to cellular differentiation (Gil et al., 2018). In the present study, treatment with 1α,25(OH)2D3 considerably stimulated the gcm2 expression, but knockdown of VDRs prevented this increase. gcm2 is a transcription factor specifically expressed in HRCs but not in Na+/K+-ATPase-rich cells or other ionocytes of zebrafish and is essential for the differentiation and functional regulation of HRCs (Chang et al., 2009). In addition, our preliminary result showed exogenous 1α,25(OH)2D3 treatment significantly increased HRCs density in 3 dpf zebrafish larvae (Supplemental Figure S2). Thus, vitamin D may increase the gcm2 expression and promote HRC differentiation in zebrafish. A previous study indicated that PTH1 knockdown reduces the gcm2 expression and the number of HRCs; however, when gcm2 is overexpressed in zebrafish after PTH1 knockdown, the decreased number of HRCs is recovered (Kwong and Perry, 2015). In mammals, parathyroid hormone is a major stimulator of vitamin D synthesis (Khundmiri et al., 2016). Therefore, PTH1 may increase vitamin D synthesis in zebrafish, and then, the increased vitamin D levels may enhance ionocyte differentiation. However, further studies are required to determine the role of vitamin D in ionocyte differentiation.

In summary, the present study reported that the synthesis and secretion levels of 1α,25(OH)2D3 were induced in zebrafish after AFW exposure, and the increased 1α,25(OH)2D3 levels may increase the expression of acid-secreting transporters in HRCs via VDRa and VDRb. This results in an increase in the acid secretion capacity of zebrafish larvae to prevent acidosis of body fluids. The present study is the first attempt to demonstrate a relationship between vitamin D and the acid-base balance in fish. This study extends our understanding of the role of vitamin D in ion regulation of fishes.
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Life in fresh water is osmotically and energetically challenging for living organisms, requiring increases in ion uptake from dilute environments. However, mechanisms of ion uptake from freshwater environments are still poorly understood and controversial, especially in arthropods, for which several hypothetical models have been proposed based on incomplete data. One compelling model involves the proton pump V-type H+ ATPase (VHA), which energizes the apical membrane, enabling the uptake of Na+ (and other cations) via an unknown Na+ transporter (referred to as the “Wieczorek Exchanger” in insects). What evidence exists for this model of ion uptake and what is this mystery exchanger or channel that cooperates with VHA? We present results from studies that explore this question in crustaceans, insects, and teleost fish. We argue that the Na+/H+ antiporter (NHA) is a likely candidate for the Wieczorek Exchanger in many crustaceans and insects; although, there is no evidence that this is the case for fish. NHA was discovered relatively recently in animals and its functions have not been well characterized. Teleost fish exhibit redundancy of Na+ uptake pathways at the gill level, performed by different ion transporter paralogs in diverse cell types, apparently enabling tolerance of low environmental salinity and various pH levels. We argue that much more research is needed on overall mechanisms of ion uptake from freshwater habitats, especially on NHA and other potential Wieczorek Exchangers. Such insights gained would contribute greatly to our general understanding of ionic regulation in diverse species across habitats.
Keywords: osmoregulation, ionic regulation, Arthropoda, fish, V-type H+-ATPase, Na+/K+-ATPase, Na+/H+-antiporter
INTRODUCTION: THE PROBLEM OF ION UPTAKE FROM FRESH WATER
Marine to freshwater colonizations represent among the most dramatic evolutionary transitions in the history of life (Hutchinson, 1957; Little, 1983, 1990; Miller and Labandeira, 2002). Most animals evolved in the sea, and of the ∼35 animal phyla, only 16 phyla contain representatives that have colonized freshwater habitats during the course of evolutionary history (Hutchinson, 1957; Little, 1983; Little, 1990; Lee and Bell, 1999; Miller and Labandeira, 2002). Marine and many estuarine animals, aside from most vertebrates, tend to possess body fluids that resemble the surrounding seawater in ionic composition (Willmer et al., 2008). In contrast, freshwater animals tend to constantly lose their ions passively, mainly through their body surface or gills. Thus, active ion transport and the tightening of epithelia are essential to compensate for passive ionic losses across epithelia that are in direct or indirect contact with the freshwater environment.
Thus, living in dilute environments poses great challenges for acquiring essential ions against steep concentration gradients between body fluids and the environment (Beyenbach, 2001; Morris, 2001; Tsai and Lin, 2007; Lee et al., 2012). Freshwater animals cannot survive without maintaining elevated extracellular fluid (hemolymph or blood) osmolalities relative to the very dilute environment. In general, invertebrates tend to maintain a broader range of hemolymph osmolalities and often osmoconform to a relatively wide range of intermediate salinities. In contrast, teleost fish are strong regulators that maintain a much narrower range of blood osmotic concentrations.
For instance, invertebrates generally maintain a broad range of extracellular osmolalities in fresh water ranging from ca. 200 to 400 mOsm.kg−1, with values as high as 600 mOsm.kg−1 in the Chinese mitten crab Eriocheir sinensis and as low as 50 mOsm.kg−1 in some mollusk species (Schmidt-Nieslen, 1997; Willmer et al., 2008; Charmantier et al., 2009; Evans and Claiborne, 2009). In contrast, teleost fish maintain more constant blood osmolalities, from around 260 to 380 mOsm.kg−1 (Evans and Claiborne, 2009), with freshwater fish having lower blood osmolalities (i.e., 260 mOsm/kg−1 in carps Cyprinus carpio; Holmes and Donaldson, 1969) than marine species (i.e., 360–380 mOsm.kg−1 in the European sea bass Dicentrarchus labrax; L’Honoré et al., 2019). For fish under freshwater conditions, blood osmolality is generally maintained far above 250 mOsm.kg−1, except in fish that are stressed or intolerant of fresh water (L’Honoré et al., 2019).
Overcoming the challenges of living in ion-poor environments through the evolution of body fluid regulation was critical for freshwater colonizations, which then provided key adaptations for the colonization of land (Wolcott, 1992; Anger, 2001; Morris, 2001; Glenner et al., 2006). Yet, basic questions regarding evolutionary adaptations during saline to freshwater transitions remain unresolved (Charmantier et al., 2009; Evans and Claiborne, 2009; Hwang et al., 2011; Dymowska et al., 2012). In particular, fundamental mechanisms of ionic regulation remain incompletely understood in most invertebrates, especially regarding ion uptake from very low salinities (Charmantier et al., 2009; McNamara and Faria, 2012). In teleost fish, ion uptake mechanisms are very diverse, possibly due to major evolutionary changes in genome architecture and diversification of ion transporter gene families (Desvignes et al., 2021). Numerous studies have described these diverse ion uptake mechanisms in fish, but only in a few species (Dymowska et al., 2012; Hwang and Chou, 2013; Zimmer and Perry, 2022).
A key toward understanding ion uptake mechanisms likely resides in the functions of ionocytes (Evans et al., 2005; Freire et al., 2008; Charmantier et al., 2009; Hwang and Perry, 2010; Hiroi and McCormick, 2012). Ionocytes, formerly called chloride cells or mitochondrion-rich cells (in fish gills), are cells rich in mitochondria and specialized for ion transport. These specialized cells perform ion uptake or excretion to regulate body fluid concentrations. These cells are ubiquitous across a wide range of osmoregulatory organs, including in crustacean gills, crustacean antennal and maxillary glands, insect Malpighian tubules and alimentary canal, fish gills, kidney, and intestine, as well as skin of fish larvae and embryos (Piermarini and Evans, 2000; Weihrauch et al., 2004; Varsamos et al., 2005; Patrick et al., 2006; Charmantier et al., 2009; Hiroi and McCormick, 2012). These cells possess deep basolateral infoldings and a suite of ion transporters and channels on their apical (outer) and basolateral (inner) membranes (Figure 1). Thus, the functioning of ion transporters and channels, and their cooperation within ionocytes, play critical roles for colonizations and migrations between different habitats. Yet, how ionocytes take up ions from environments is still not fully resolved in invertebrates, particularly from freshwater environments (Charmantier et al., 2009; McNamara and Faria, 2012). In fish, ion uptake mechanisms are well understood in only a few species, notably in their gills or embryonic skin (Dymowska et al., 2012; Kumai and Perry, 2012; Guh et al., 2015), and need to be investigated in other ecologically relevant species.
[image: Figure 1]FIGURE 1 | Generalized hypothetical models of ion uptake by ionocytes in aquatic animals under freshwater conditions. (A) Model 1 (Wieczorek’s Model): VHA (blue) pumps out H+ and creates an electrical gradient, through which Na+ is transported into the cell through an electrogenic Na+ transporter (potentially NHA or Na+ channel, NaCh). (B) Model 2: Ammonia is transported out of the cell by an ammonia transporter (Rh protein), which then drives electroneutral NHE (green) to export H+, and consequently import Na+. (C) Model 3: Na+ and Cl− are co-transported to the cell by the NCC or NCC-like cotransporter. In these three models, transport of Na+ across the basolateral membrane from the cell to the hemolymph or blood is performed by the primary transporter NKA (red) and, potentially, also by NBC (blue, in Model 3). Cytosolic carbonic anhydrase (CA) performs CO2 hydration, supplying H+ and HCO3− to apical or basolateral ion transporters (Henry 1996). Additionally, chloride uptake might occur through an Cl−/HCO3− exchanger (yellow) or some other bicarbonate exchanger. Alternative models have also been proposed, and not all relevant ion transporters are shown.
In addition to the functions of ionocytes, permeability between them (paracellular permeability) is crucial to consider when addressing ion transport. In freshwater osmoregulatory epithelia, intercellular adhesion complexes known as tight junctions control paracellular diffusion of ions and water (Tipsmark et al., 2008; Kolosov et al., 2013). While this mechanism of ionic regulation is important, this topic is beyond the scope of this particular paper.
In terms of driving ion uptake within ionocytes, Na+/K+-ATPase (NKA) was initially thought to provide the major limiting energetic driving force for ion uptake across all types of salinity environments (Towle, 1984). NKA was first shown to be basolaterally localized in fish gill ionocytes in the 1970s (Karnaky et al., 1976). NKA pumps Na+ from the cytosol to the hemolymph in exchange for K+ transported into the cell. The resulting accumulation of K+ in the cytoplasm results in diffusion of K+ back to hemolymph through basolateral K+ channels or apical K+ secretion (reviews in Kirschner, 2004; McNamara and Faria, 2012; Horng et al., 2017; Leone et al., 2017). As three Na+ ions are exchanged for two K+ ions, the cytosol becomes electronegative. NKA activity thus results in establishing and maintaining two gradients, a concentration gradient and an electrical gradient, both driving apical entry of Na+ from the external medium into the cell. However, based on thermodynamic principles, NKA is insufficient to drive ion uptake below NaCl concentrations of ∼1.0 mM (Larsen et al., 1996).
Thus, under very low salinity conditions, an additional energizing ion transporter is required. Since the 1990s, evidence has been mounting that an apically localized proton pump V-type H+-ATPase (VHA) plays a crucial role in energizing ion uptake in low salinity environments (and from urine of terrestrial organisms) (Figure 1A, Model 1) (Lin and Randall, 1991). The role of an electrogenic proton pump in driving sodium uptake was originally discovered in frog skin (Ehrenfeld et al., 1985), and then subsequently hypothesized by Wieczorek et al. in insects (Wieczorek et al., 1991; Wieczorek et al., 1999; Chambrey et al., 2013) and by Avella and Bornancin in teleost fish (rainbow trout Oncorhynchus mykiss) (Avella and Bornancin, 1989). VHA localized on the apical (outer) membrane of the cell could generate an electrochemical potential by pumping H+ out of the cell. This electrical gradient could then be used to take up ions, such as Na+, via secondary transporters or channels. However, the identities of these secondary transporters responsible for Na+ uptake have been unclear and controversial (see next sections; Charmantier et al., 2009; Evans and Claiborne, 2009; Kumai and Perry, 2012; McNamara and Faria, 2012).
Several secondary transporters and channels have been hypothesized to cooperate with VHA to transport Na+ into ionocytes, such as a putative Na+ channel (McNamara and Faria, 2012), the Na+/H+ exchanger (NHE, SCL9A) (Claiborne et al., 1999; Edwards et al., 1999; Towle and Weihrauch, 2001), or the Na+/H+ antiporter (NHA, SLC9B) (Xiang et al., 2012; Posavi et al., 2020; Stern and Lee, 2020). However, evidence for these secondary transporters working with VHA has been relatively limited (but see Xiang et al., 2012; Dymowska et al., 2014; Dymowska et al., 2015). Based on stoichiometry, Wieczorek et al. other hypothesized that an electrogenic antiporter that exchanges cations with H+ must be cooperating with VHA (Wieczorek et al., 1991; Beyenbach and Wieczorek, 2006). This missing transporter had been dubbed the “Wieczorek exchanger” and its identity had remained a subject of debate.
This secondary Na+ transporter that cooperates with VHA would have to be electrogenic, meaning that ion uptake would involve a net charge translocation across the membrane (e.g., by NHA or Na+ channel, Figure 1A). For example, importing just Na+ ion or exchanging two Na+ for one H+ would be electrogenic, whereas exchanging one Na+ for one H+ would be electroneutral (e.g., NHE in Figure 1B). Utilizing the electrical gradient (positive charge outside) generated by apical VHA would drive the secondary transporter to perform cation uptake, such as by NHA (SLC9B) or Na+ channel (NaCh), and thus result in charge translocation. However, export of H+ by VHA would not drive electroneutral Na+ uptake from fresh water by NHE (SLC9A), because NHE exchange (of one H+ out for one Na+ in) would actually run against the H+ gradient (chemical gradient, ΔpH) generated by VHA (Potts, 1994).
Starting in the late 1980s, kinetic Na+ flux analyses suggested the presence of an electrogenic 2Na+/1H+ antiporter in invertebrates that could potentially act as Wieczorek exchangers; although, the genetic identity of these transporters had remained unknown (Ahearn and Clay, 1989; Shetlar and Towle, 1989; Ahearn and Pierette, 1991; Ahearn et al., 1994). More recently, a new ion transporter gene family was discovered for the first time in animals, identified as a putative electrogenic Na+/H+ antiporter (NHA or SLC9B, Figure 1A, green) and genetically distinct from the previously known electroneutral Na+/H+ exchanger (NHE or SLC9A, Figure 1B) (Brett et al., 2005; Rheault et al., 2007; Day et al., 2008; Xiang et al., 2012). These Na+/H+ antiporters (NHA), previously known in bacteria and yeast, were discovered and characterized in the fruit fly Drosophila melanogaster and mosquito Anopheles gambiae (Rheault et al., 2007; Day et al., 2008; Xiang et al., 2012). In particular, one type of NHA, found in apical membranes of larval mosquito Malpighian tubules, was analyzed in a heterologous yeast system and found to perform cation uptake in what appeared to be an electrogenic manner (nCations/1H+) (Xiang et al., 2012). While this result provided support for Model 1, the evidence was not conclusive. While NHA does seem to be critical for ion homeostasis and response to salt stress, functional studies in animals have yielded divergent results, suggesting that its functions might vary among NHA paralogs, cell types, tissues, and taxa (Day et al., 2008; Xiang et al., 2012; Chintapalli et al., 2015).
Additional support for Model 1 was found relatively recently in fish gills (rainbow trout Oncorhynchus mykiss and zebrafish Danio rerio), but with the sodium channel ASIC4 (Dymowska et al., 2014; Dymowska et al., 2015). Acid-sensing ion channels (ASICs) are close relatives of the tetrapod epithelial sodium channels (ENaC) (Kellenberger and Schild, 2002) and were first analyzed in zebrafish neurons (Chen et al., 2010). ASIC4 was then localized in gill ionocytes of trout and zebrafish and investigated as potential Na+ channels that would facilitate apical Na+ uptake in fish acclimated to low salinity and low pH conditions. The apical coexpression of VHA and ASIC4.2 in zebrafish ionocytes indicates the presence of a Na+ transporter coupled to VHA, supporting Model 1 in freshwater fish (Dymowska et al., 2014, 2015). At this point, no other evidence exists for ASIC4 expression in gills of other teleost fish species.
On the other hand, data linking ammonia excretion with Na+ uptake, and the failure to find an electrogenic Na+ transporter in several systems (e.g., particularly in fish), led to the proposal of a second model (Model 2, Figure 1B) (Wright and Wood, 2009; Dymowska et al., 2012; Ito et al., 2013). In this model, an electroneutral Na+/H+ exchanger (NHE) located on the apical membrane of ionocytes exchanges one Na+ for one H+. However, apical NHE cannot function adequately under neutral to low external pH (high H+) and low external Na+ (e.g., freshwater conditions), as this exchanger is driven by environmental and cellular concentration gradients of Na+ and H+ and not by membrane potential (Parks et al., 2008). Consequently, if NHE were functioning exclusively under completely freshwater conditions and pH < 8.0, it would work in the opposite direction, and Na+ loss would dominate. To overcome these thermodynamic constraints that prevent NHE from functioning at lower external pH, an ammonia transporter has been proposed to transport NH3 out of the cell to “trap” H+ outside the cell. This exported NH3 would react with H+ and produce NH4+. Then the lowered external H+ concentration would promote H+ export out of the cell and facilitate Na+ uptake through NHE activity (Wright and Wood, 2009; Wu et al., 2010; Shih et al., 2012). Incipient ideas for this model were first formulated in the 1930’s, when Krogh found that Na+ uptake is coupled to NH4 excretion, without knowledge of the ion transporters/channels involved (Krogh, 1937).
In a third model, NaCl absorption occurs through an apical Na+,Cl− cotransporter (NCC -like, also called NCC2, SLC12A10) (Model 3, Figure 1C). This hypothesized model is based on mammalian kidney distal tubule cells, where the Na+,Cl- cotransporter (NCC, SLC12A3) is the major route promoting Na+ absorption (Plotkin et al., 1996; Yang et al., 1996; Meneton et al., 2000). The fact that apical NCC promotes NaCl uptake in a specific cell type, the NCC cell, is now well-established in several fish species (Hiroi et al., 2008; Wang et al., 2009; Dymowska et al., 2012). Thus far, basolateral NKA is the driving force known to typically facilitate apical NCC2-mediated NaCl transport.
At extremely low salinities, Model 1 is considered more likely to operate than Model 2, as the transmembrane voltage gradient generated by VHA could enable cations to be taken up from extremely low concentrations (Figure 1A). In Model 2, NHE could overcome its aforementioned thermodynamic constraints at extremely low salinities and lower pH (Dymowska et al., 2015) when ion uptake is coupled with the action of Rh protein (Figure 1B). How Model 3 is operating under low ionic concentrations remains an open question. It is possible that each ion uptake mechanism might operate under different salinities and pH levels, with Model 1 more favored under very low salinities and low pH (Dymowska et al., 2014; Dymowska et al., 2015). The three models (Figure 1) do not represent all the mechanisms that have been proposed for Na+ uptake, but they do represent plausible mechanisms, given the data (see next sections).
So, what is the current evidence that these mechanisms of ion uptake might be operating in animals residing in freshwater habitats? The next sections discuss the evidence for the three models described above (Figure 1) for selected taxa, namely, crustaceans, insects, and teleost fish. Members of these groups have served as the main models for exploring mechanisms of ion transport in aquatic habitats. Crustaceans and insects both belong to the arthropod subphylum Pancrustacea, with insects and related groups (hexapods) nested within the crustacean clade (Misof et al., 2014; Lozano-Fernandez et al., 2016). Thus, insects are essentially a lineage of crustaceans that have colonized land (Regier et al., 2005; Glenner et al., 2006). Fish are interesting examples of highly regulated systems with respect to osmotic and ionic regulation, where their blood osmolality can be highly regulated regardless of the surrounding media (achieving greater homeostasis).
A key point to mention here is that ionocytes perform multiple functions, which include acid-based regulation and ion excretion, such as ammonia excretion, as well ion uptake. While this paper focuses on ion uptake from fresh water, it is important to note that ion uptake, acid-base regulation, and excretion of ammonia are inextricably linked (see reviews by Krogh, 1939; Evans, 2009; Evans, 2011, Hwang et al., 2011; Guh et al., 2015). For instance, ion uptake often occurs simultaneously with acid-base regulation and frequently involves the same ion transporters, such as VHA, Na+/H+ antiporter (NHA), Na+/H+ exchanger (NHE), Na+,HCO3− cotransporter (NBC), and Cl−/HCO3− exchanger (AE or some other anion exchanger). However, discussions of mechanisms of acid-base regulation are beyond the scope of this review.
This review is the first to explicitly discuss the evidence for the main proposed models of ion uptake in freshwater habitats (Figure 1) in a wide range of taxa. While these three models have been discussed in many studies, this study attempts to compare and contrast ion uptake mechanisms across three main groups (crustaceans, insects, and teleost fish), and also highlight gaps in our understanding that should be examined in future studies. This paper focuses on these three groups because most aquatic physiological studies have focused on model systems belonging to these groups. Research on many of these systems is still nascent and our knowledge is still incomplete and often without consensus. Nevertheless, we hope that this review serves as a useful reference for what is currently known regarding models of ion uptake (particularly sodium uptake) in freshwater habitats.
ION UPTAKE IN CRUSTACEANS
The origin of the first “crustaceans” dates to the Lower Cambrian, more than 500 million years ago (Schram, 1982; Chen et al., 2001; Glenner et al., 2006; Lozano-Fernandez et al., 2016). Members of the paraphyletic crustacean clade have colonized a wide variety of habitats and exhibit a wide array of osmoregulatory patterns, from osmoconformers to strong osmoregulators. Among the ca. 67000 extant described species (Zhang et al., 2011), most live in aquatic habitats and 90% of them live in marine or brackish waters, such that freshwater crustaceans comprise only a small proportion of the group (Kawai and Cumberlidge, 2016). And, as in other freshwater animals, freshwater crustaceans are hyperosmoregulators (Anger, 2003; Anger, 2016). Therefore, a great challenge for freshwater crustaceans is taking up rare ions from the very dilute media of their environment.
Osmotic and ionic regulation have been extensively studied in crustaceans, resulting in many reviews (Potts and Parry, 1964; Mantel and Farmer, 1983; Péqueux, 1995; Harris and Aladin, 1997; Ahearn et al., 1999; Charmantier et al., 2009; Henry et al., 2012; McNamara and Faria, 2012; Larsen et al., 2014; Leone et al., 2017). Also, in addition to ion uptake from the environment, ion reabsorption from urine takes place in excretory organs, such as maxillary or antennal glands, in order to regulate hemolymph osmolality and conserve ions in freshwater environments. The topic of ion reabsorption from urine is covered extensively elsewhere (Harris and Micaleff, 1971; Kamemoto and Tullis, 1972; Peterson and Loizzi, 1974; Riegel, 1977; Mantel and Farmer, 1983; Henry and Wheatly, 1988; Ahearn and Franco, 1990; Sarver et al., 1994; Péqueux, 1995; Wheatly and Gannon, 1995; Vogt, 2002; Khodabandeh et al., 2005a; Khodabandeh et al., 2005b; Khodabandeh et al., 2005c; Freire et al., 2008; Charmantier et al., 2009). Given prior reviews covering various aspects of crustacean osmotic and ionic regulation, the goal here is not to provide a comprehensive review. Rather, the focus here is to present evidence supporting hypotheses of ion uptake, specifically Na+ uptake, from very dilute environments (Figure 1) and discuss unresolved issues regarding those mechanisms.
Ion uptake in gills and extrabranchial organs of crustaceans
In crustaceans, ion uptake from the environment is performed in a wide range of organs, including in pleopods of isopods (Postel et al., 2000), epipodites (= epipods) of branchiopods (Aladin and Potts, 1995), swimming legs of copepods (Johnson et al., 2014; Gerber et al., 2016), and gills of decapod crustaceans (Onken and McNamara, 2002; Cieluch et al., 2005; Henry et al., 2012). In some smaller species, ionic and osmotic regulation are performed on surfaces of the body, such as integumental windows and dorsal organs, as in some syncarids and cladoceran branchiopods (reviewed in Charmantier et al., 2009; Loose et al., 2020). The structures and functions of crustacean iono- osmo-respiratory organs, especially those of decapods, have been reviewed elsewhere (Mantel and Farmer, 1983; Taylor and Taylor, 1992; Péqueux, 1995; Freire et al., 2008; Charmantier et al., 2009; Loose et al., 2020).
Interestingly, a wide array of crustacean iono- and osmoregulatory (and respiratory) organs, such as branchiopod epipodites and decapod gills, are thought to be homologous and developmentally derived from arthropod appendages (legs) (Franch-Marro et al., 2006; Boxshall and Jaume, 2009). The strong association of crustacean osmoregulatory organs with legs is supported by the discovery of ion transporters clustered in “Crusalis organs” of the swimming legs of the copepod Eurytemora affinis complex (Johnson et al., 2014; Gerber et al., 2016). Interestingly, development of crustacean epipodites and gills is controlled by orthologs of the master regulator transcription factors trachealess (trh) and ventral veinless (vvl) (Mitchell and Crews, 2002; Franch-Marro et al., 2006; Wang et al., 2012), which also control the development of respiratory trachea in insects (Franch-Marro et al., 2006; Chung et al., 2011) and lungs/trachea in vertebrates (Levesque et al., 2007; Zhou et al., 2009).
Support for model 1 in crustaceans
With respect to the hypotheses described above (Figure 1), available physiological, molecular, and histological data on hyperosmoregulating crustaceans in very dilute environments show predominant support for Model 1 (Figure 1A), or a more complex variant of this model (see e.g., Kirschner, 2004; Bianchini and Wood, 2008; Freire et al., 2008; Charmantier et al., 2009; McNamara and Faria, 2012). Here, we propose two models, either with a single cell or with two associated cells. In both models, the main driving force for ion transport is provided by the apical VHA and the basolateral NKA.
For ion uptake from fresh water, the involvement of VHA has been implicated in several groups of crustaceans (reviews in Charmantier et al., 2009; McNamara and Faria, 2012; Weihrauch and O’Donnell, 2015; Leone et al., 2017). These include crayfish (Zare and Greenaway, 1998), decapod crabs (Putzenlechner et al., 1992; Onken and Putzenlechner, 1995; Riestenpatt et al., 1995; Weihrauch et al., 2001; Genovese et al., 2005; Weihrauch et al., 2005; Tsai and Lin, 2007), palaemonid shrimps (Faleiros et al., 2010; Boudour-Boucheker et al., 2014, 2016; Lucena et al., 2015; McNamara et al., 2015; Faleiros et al., 2017), the amphipod Gammarus fossarum (Dayras et al., 2017), calanoid copepods (Lee C. E. et al., 2011; Johnson et al., 2014; Gerber et al., 2016), and neonates of the branchiopod Daphnia magna (Bianchini and Wood, 2008). In the copepod Eurytemora affinis complex, VHA activity shows both an evolutionary increase in recently derived freshwater populations, relative to saline populations, and an acclimatory increase under freshwater conditions for both saline and freshwater populations (Lee C. E. et al., 2011). This evolutionary increase in activity in freshwater populations suggests its important role in freshwater adaptation.
The first model for crustaceans, based mostly on studies of decapod crabs, involves a single ionocyte type (Figure 2A). In this model, the electrochemical gradient that drives ion uptake from the environment is generated by the combined actions of VHA and NKA (see previous section) (Figures 1A, 2A) (Charmantier et al., 2009; McNamara and Faria, 2012; Yang et al., 2019; Lee, 2021). This electrochemical gradient drives Na+ uptake across the apical membrane (Larsen et al., 2014) by some unknown Na+ transporter (i.e., the unknown “Wieczorek Exchanger; ”see below). Na+ is then transferred from cytoplasm to hemolymph through the basolateral NKA. Apical entry of Cl− may be mediated by the Na+,K+,2Cl− cotransporter (Riestenpatt et al., 1996; Towle, 1998; Weihrauch and Towle, 2000; Luquet et al., 2005) or by a Cl−/HCO3− exchanger (Onken et al., 1991; Genovese et al., 2005) with basolateral transfer to the hemolymph performed by Cl− channels (Bianchini et al., 1988; Siebers et al., 1990; Towle and Smith, 2006). Basolateral K+ channels likely enable the recycling of K+ used by NKA. The intracellular carbonic anhydrase supplies H+ to the proton pump VHA, enabling the apical uptake of Na+, and HCO3− ions to the apical Cl−/HCO3− exchanger, in exchange for Cl−.
[image: Figure 2]FIGURE 2 | Hypothetical ionocyte models of ion uptake for crustaceans in freshwater habitats. (A) A single ionocyte, as found in decapods and particularly in brachyuran crabs (from Towle and Weihrauch, 2001; Charmantier et al., 2009). Under low salinity conditions, the apically localized VHA transports H+ out of the cell, driving Na+ entry into the cell through an unknown electrogenic Na+ transporter. (B) Cooperating ionocytes, pillar and septal cells, as found in different species of palaemonid shrimps (adapted from McNamara and Faria, 2012; Boudour-Boucheker et al., 2014). On the apical membrane of pillar cells, VHA drives Na+ uptake into the cell as in (A). Na+ is then passed to septal cells and then transported to the hemolymph by NKA located on the membrane of septal cells. In both models in (A,B), the type of apical ion transporter responsible for transporting Na+ from the environment into the cell is uncertain (see text), as well as the chloride bicarbonate exchangers or channels involved.
A second model proposed in decapod palaemonid shrimps involves two morphologically distinct ionocytes that cooperate to perform ion uptake from the environment (Figure 2B) (reviewed in McNamara and Faria, 2012; Boudour-Boucheker et al., 2014; McNamara et al., 2015). The two distinct types of ionocytes include pillar cells, which have extensive apical flanges facing the environment, and septal cells, which are in contact with the hemolymph (McNamara and Faria, 2012; Boudour-Boucheker et al., 2014). As shown by their immunostaining, the two main enzymes driving ion transport are located in different cells, with VHA localized on the apical side of the pillar cell flange and NKA on the membranes of septal cells in contact with the hemolymph (Boudour-Boucheker et al., 2014; Lucena et al., 2015; Maraschi et al., 2015; Pinto et al., 2016). On the apical membrane of the pillar cell, VHA generates the electrical gradient that favors Na+ uptake from the external medium, through an unknown Na+ channel or some other electrogenic Na+ transporter (McNamara and Faria, 2012; Boudour-Boucheker et al., 2014). Within the pillar cell, a cytoplasmic carbonic anhydrase (CA) delivers H+ to VHA, to enable Na+ uptake, and provides HCO3− to an apical Cl−/HCO3− exchanger, permitting Cl− uptake (McNamara and Faria, 2012). Subsequently, Na+ and Cl− are either transported directly to the hemolymph space or passed through a junctional complex to the adjacent septal cells. Freire and McNamara (1995) showed that septal and pillar cells of the shrimp Macrobrachium olfersii have areas of attachment through desmosomal contact. If passed to the septal cells, Na+ would then be transported to the hemolymph by NKA on the membrane of the septal cell, with recycling of K+ by hypothetical K+ channels. The depletion in Na+ content in the septal cell is what drives Na+ from the adjacent pillar cell to the septal cell. Cl− exits to the hemolymph through Cl− channels, possibly from either pillar or septal cells (McNamara and Faria, 2012).
For freshwater crustaceans, there is considerable uncertainty regarding various features of the models of ion uptake (Figure 2). A key puzzle in these models regards which ion transporter is apically localized and responsible for transporting Na+ into the cell from dilute environments. In crustaceans, three types of transporters have been proposed to mediate Na+ entry under freshwater conditions, namely, a Na+ channel (NaCh), the Na+/H+ exchanger (NHE, SCL9A), or the electrogenic Na+/H+ antiporter (NHA, SLC9B) (Towle and Weihrauch, 2001; Charmantier et al., 2009; McNamara and Faria, 2012; Stern and Lee, 2020). The Na+,K+,2Cl− cotransporter has been proposed to perform Na+ uptake under brackish water conditions (Riestenpatt et al., 1996; Weihrauch and Towle, 2001). As mentioned in the Introduction, the Na+ transporter cooperating with VHA was hypothesized to be electrogenic (Wieczorek et al., 1999; Beyenbach and Wieczorek, 2006). As discussed in the following paragraphs, sufficient data are lacking regarding the identities of the secondary transporters that cooperate with VHA to perform the apical uptake of Na+ in crustaceans and the topic remains controversial.
The two models (Figure 2) are based mostly on data from decapod crustaceans, which might not be representative of crustaceans as a whole. Within the order Decapoda, multiple independent instances of whole genome duplication have taken place (Lécher et al., 1995; Gutekunst et al., 2018), possibly leading to gene family expansions and the evolution of morphological complexity. Decapods are peculiar among crustaceans in possessing highly derived sets of gills, which are developmentally derived from legs (Franch-Marro et al., 2006). As mechanisms of ion transport have not been studied in most orders of crustaceans, the models based on decapods might not be generalizable to the diversity of mechanisms that could be operating across divergent crustacean taxa.
An apically localized Na+ channel (NaCh) was proposed to utilize the voltage gradient generated by VHA to take up Na+ by crustaceans under freshwater conditions (McNamara and Faria, 2012). An apical Na+ channel was inferred to be involved in ion uptake in fresh water in gill ionocytes of the Chinese mitten crab Eriocheir sinensis, based on inhibition of Na+ uptake using the pharmacological inhibitor amiloride (Zeiske et al., 1992). However, the use of amiloride cannot clearly distinguish between the effects of Na+ channel and NHE (Masereel et al., 2003; Quijada-Rodriguez et al., 2017). Likewise, amiloride and ethylisopropyl-amiloride (EIPA) cannot distinguish between the two models of Na+/H+ exchange in the crayfish Procambarus clarkii (Kirschner, 2002). Thus, the identities of the ion transporters in these studies remain uncertain, as their DNA was not sequenced. Also, a subsequent study in split gill lamellae of the European green crab Carcinus maenas showed that most of the amiloride effect might be explained by its inhibition of ion fluxes through the cuticle, rather than via Na+ channels in the apical membrane (Onken and Riestenpatt, 2002). The involvement of an epithelial Na+ channel associated with VHA was inferred in whole-body Na+ uptake by neonates of the branchiopod Daphnia magna, using the inhibitors phenamil and bafilomycin (Bianchini and Wood, 2008). However, thus far, there is no clear evidence that Na+ channels are involved in ion uptake specifically in crustacean osmoregulatory organs, including in crustacean gills or epipodites. Thus, evidence for its role in Na+ uptake in fresh water is still limited and inconclusive, requiring much more research.
Despite the presence of Na+/H+ exchanger (NHE) (SLC9A) in crustaceans, there is no clear evidence for Model 2 (Figure 1B) in freshwater crustaceans. As of yet, no study has conclusively established that NHE functions as an apical ion transporter performing Na+ uptake in an electrogenic manner in crustaceans. In the literature on brackishwater decapods, Na+ uptake across the apical membrane was claimed to be performed by an electrogenic Na+/H+ exchanger, where two Na+ are exchanged for one H+ (Shetlar and Towle, 1989). The stoichiometry of 2Na+/1H+ exchange was detected using a fluorometric assay based on acridine orange. However, in this study, and other similar studies (Ahearn and Clay, 1989; Ahearn and Franco, 1990), the genetic identity of the Na+ transporter studied has been unclear. NHE was inferred to be involved in whole body Na+ uptake in adults of the branchiopod Daphnia magna (Bianchini and Wood, 2008), but this result was determined using the inhibitor amiloride, which cannot discriminate between Na+ channel and NHE (Masereel et al., 2003; Quijada-Rodriguez et al., 2017). Transcripts of the NHE gene have been found to be expressed in the gill tissue of carid shrimp Macrobrachium amazonicum (Boudour-Boucheker et al., 2016), the blue crab Callinectes sapidus, and the green shore crab Carcinus maenas (Towle et al., 1997; Towle and Weihrauch, 2001). However, conclusive links have not been made between expression of NHE in crab gills and its stoichiometry of Na+ transport.
Rh proteins (RhCM) have been sequenced in crustacean species, notably crabs (Weihrauch et al., 2009), but they differ from vertebrate Rh proteins and have uncertain function. Moreover, the subcellular localization of RhCM in osmoregulatory posterior gills of crabs is not known. Importantly, no evidence is available on the presence of a functional link between ammonia excretion and Na+ uptake, as has been described in fish gills (see Support for Model 2 in teleost fish, below).
Some empirical results are consistent with the argument that an electroneutral NHE might enable Na+ uptake at brackish (low) salinities, and freshwater conditions (Parks et al., 2008; Dymowska et al., 2015). The estuarine carid shrimp Macrobrachium amazonicum showed higher gene expression of branchial NHE at lower (5 PSU) than at higher (25 PSU) salinity, suggesting a role in ion uptake at lower salinities (Boudour-Boucheker et al., 2016). Similarly, in the penaeid shrimp Penaeus monodon, expression of NHE was higher in fresh water than in saline media, in conjunction with higher expression of NKA and VHA (Rahi et al., 2021). However, In the copepod Eurytemora affinis complex, some NHE paralogs showed increased expression under saline conditions, whereas other paralogs displayed increased gene expression under freshwater conditions (Posavi et al., 2020), suggesting functional differentiation among NHE paralogs. Signatures of positive selection (based on dN/dS ratio) in the NHE gene were found in the lineage of the freshwater crab Eriocheir sinensis, relative to other decapod crab species, suggesting functional evolution (Wang et al., 2018).
The electrogenic Na+/H+ antiporter (NHA) (SLC9B) was originally thought to be an exclusively bacterial ion transporter until 2005, when the first DNA sequences of NHA were obtained for eukaryotes, including animals (Brett et al., 2005). Phylogenetically, NHA sequences were found to form a sister clade with NHE (SLC9A) (Brett et al., 2005). Animal NHAs were functionally analyzed only starting in 2007 in insects (Rheault et al., 2007; Day et al., 2008; Xiang et al., 2012). At this point, concrete functional information on NHA in arthropods comes almost exclusively from studies of insects (see next section).
Starting in the late 1980s, kinetic Na+ flux analyses suggested the presence of an electrogenic 2Na+/1H+ exchanger/antiporter in crustaceans that could potentially act as the missing “Wieczorek exchanger” (Shetlar and Towle, 1989; Ahearn et al., 1990; reviews in Ahearn, 1996; Ahearn et al., 2001; Towle and Weihrauch, 2001). Such putatively electrogenic Na+/H+ antiporters have been found in various decapod crustaceans, such the green crab Carcinus maenas (Shetlar and Towle, 1989), the American lobster Homarus americanus (Ahearn and Franco, 1990; Ahearn et al., 1994) and the shrimp Macrobrachium rosenbergii (Ahearn and Clay, 1989; Kimura et al., 1994; Ahearn et al., 1999). However, the genetic identities of these transporters are unclear, given that amiloride and other pharmacological inhibitors are poor at distinguishing among different sodium transporters (Masereel et al., 2003). Additional studies are needed to determine which Na+ transporter was analyzed in these functional assays.
Several evolutionary genomic studies implicate NHA paralogs as important contributors to freshwater adaptation (Posavi et al., 2020; Stern and Lee, 2020; Lee, 2021; Stern et al., 2022). Population genomic studies of the copepod Eurytemora affinis species complex have found that gene paralogs of NHA exhibit signatures of natural selection between ancestral saline and recently freshwater invading populations (Stern and Lee, 2020; Lee, 2021; Stern et al., 2022). Often the same SNPs (single nucleotide polymorphisms) were under selection across repeated saline to freshwater invasion events, suggesting that the same functional sites are evolving within the ion transporter protein. Experimental evolution studies also revealed NHA paralogs as genetic targets of selection during rapid salinity decline in the laboratory (Stern et al., 2022). Of the NHA paralogs, the E. affinis paralogs NHA7 and NHA5 showed evolutionary shifts in gene expression between ancestral saline and recently derived freshwater populations, supporting the importance of NHA function during rapid salinity transitions (Posavi et al., 2020; Lee, 2021). These paralogs also showed acclimatory changes in expression with salinity change (Posavi et al., 2020). Additionally, crustacean species that are prone to crossing salinity boundaries exhibit striking NHA family expansions. While most insect genomes appear to possess only two paralogs of NHA (Xiang et al., 2012; Chintapalli et al., 2015), the genome of the copepod E. affinis complex contains 8 paralogs and that of the amphipod Hyalella azteca contains 4 (Poynton et al., 2018; Stern and Lee, 2020; Lee, 2021). The fact that NHA paralogs are genetic targets of selection during salinity shifts across multiple studies (Lee, 2021) suggest that they are critically important for freshwater adaptation.
We currently lack sufficient physiological data on NHA paralogs to adequately assess their roles in the models of ion uptake (Figure 1). First of all, functional characterization of ion transport by NHA is needed, such as whether ion transport is electrogenic and which specific ion(s) are being transported. Additionally, we need to establish whether NHA is functionally linked to VHA. We still need to determine whether NHA is apically localized, with VHA, as hypothesized in the models of Na+ uptake (Figures 1A, 2). Even for insect model systems, the functions of NHA paralogs are not resolved (Xiang et al., 2012; Chintapalli et al., 2015) (see next section). Detailed research is needed to uncover the functional differences among the different NHA paralogs across a variety of animal models.
The Na+,K+,2Cl- cotransporter (NKCC) (SLC12A) is thought to play an important role in Na+ uptake in “weak hyperregulating” crustaceans in brackish water, but not under freshwater conditions (Towle and Weihrauch, 2001; McNamara and Faria, 2012; Moshtaghi et al., 2018). As of yet, there is no evidence that an apical NKCC performs Na+ uptake under freshwater conditions. In brackishwater decapod crustaceans, an apical NKCC has been proposed to perform Na+ uptake, in cooperation with K+ channels, with this uptake energized by NKA at the basolateral membrane (Riestenpatt et al., 1996; Luquet et al., 2005). For instance, in the green shore crab Carcinus maenas, an apical NKCC was proposed to perform Na+ uptake in brackish salinity (248 mmol/L NaCl, ∼14.5 PSU) based on voltage clamp and ion flux studies on split gill lamella in an Ussing chamber (Riestenpatt et al., 1996). Likewise, an apical NKCC was hypothesized to perform Na+ uptake in the epipodite of the lobster Homarus americanus under brackishwater conditions (240 mmol/L NaCl, ∼14 PSU) (Lucu and Towle, 2010). Consistent with apical Na+ uptake in brackish water, NKCC mRNA expression increased 10-22 fold after transfer from 30 PSU to 2 PSU salinity within 24 h in the posterior gills of the estuarine crab Neohelice (Chasmagnathus) granulata (Luquet et al., 2005). In addition, gill NKCC protein synthesis in several Macrobrachium species was associated with hyperosmoregulatory capacity at salinities close to 24 PSU, suggesting a role for NKCC in salt uptake at relatively high salinity (Maraschi et al., 2021). Synchronous patterns of gene expression of NKCC and other ion transporters (e.g. NHE, CA, NKA) in the posterior gills of the mud crab Scylla paramamosain across molt stages suggest that these ion transporters cooperate in function during larval development (Xu et al., 2017). However, more studies are needed to verify whether NKCC is apically localized and which ion transporters are cooperating with NKCC.
Conclusion and perspectives on models of ion uptake in crustaceans
At this point in time, many fundamental questions regarding mechanisms of ion uptake by crustaceans under freshwater conditions remain unresolved. In particular, the identity of the ion transporter(s) responsible for the apical uptake of Na+ from fresh water remains uncertain. It is quite likely that NHA (SLC9B) is of widespread importance across crustaceans, as well as in many other taxa, but many more rigorous functional studies are needed. It is not clear where NHA is localized within ionocytes and which ions different NHA paralogs are transporting, even in model systems, such as Drosophila melanogaster (Rheault et al., 2007; Xiang et al., 2012; Chintapalli et al., 2015) (see next section).
Traditional physiological approaches for studying ion transport mechanisms in crustaceans have yielded inconclusive results. Many traditional physiological studies that explore ion transporter functions (often quite elegantly) have not genetically identified the ion transporters under study. Thus, the results on ion transporter function are often decoupled from identities of the actual ion transporters, contributing to uncertainties regarding the roles of Na+ channel vs. NHE vs. NHA. Also, in many cases, it is unclear which ion transporter paralog (gene duplicates with DNA sequence variation) is being studied. Whole genome and transcriptome data are needed in order to identify the full complement of ion transporters that exist within genomes, including all gene duplicates and paralogs belonging to each ion transporter gene family. In many cases, different paralogs of an ion transporter could be performing different functions. Some of the confusion in the literature on the functions of particular ion transporters might arise from differences in function among gene paralogs (Xiang et al., 2012; Lee, 2021). It would also be important to identify the functions of alternative splice variants (isoforms).
In addition, traditional physiological approaches have often applied methods that lack the specificity to distinguish among ion transporters. Models of cellular ion transport have been based largely on biochemical and electrophysiological experiments on perfused gills or split gill lamellae, along with the use of pharmacological inhibitors to evaluate the impact of ion transporters on ion fluxes and transepithelial potential (Siebers et al., 1990; Onken et al., 1991; Zeiske et al., 1992; Onken and Putzenlechner, 1995; Riestenpatt et al., 1996; Postel et al., 2000; Onken and Riestenpatt, 2002). A key problem of these approaches is that pharmacological inhibitors are often insufficiently specific, inhibiting more than one ion transporter. For instance, amiloride cannot distinguish between Na+ channels and NHE. Also, many inhibitors block the activity of only a subset of paralogs of a given ion transporter gene family, leading to erroneous conclusions regarding the function of an entire gene family (Masereel et al., 2003). Thus, while use of pharmacological inhibitors could provide useful initial results, such studies should be followed by more rigorous gene specific analyses, such as RNAi, or CRISPR/Cas gene editing approaches. In addition, heterologous gene expression assays, such as the expression of ion transporter genes in Xenopus oocytes or yeast, could be used to examine ion transporter function of specific gene paralogs (Piermarini et al., 2009; Piermarini et al., 2010).
Accurately localizing the ion transporters on the apical or basal membranes of ionocytes is a key step toward clarifying their functions, yet this information is lacking for many of the key transporters. The actual localization of critical transporters, largely documented for NKA and to a lesser extent for VHA, is still largely missing for many ion transporters in most crustacean species, such as Na+,K+,2Cl− cotransporter, Cl−/HCO3− exchanger, putative Na+ channels, NHE, and NHA. Immunolocalization with specific antibodies has proven to serve as a powerful tool. Ideally, the antibodies would be specific to each individual paralog, given that different paralogs of an ion transporter might have different patterns of expression and localization, as well as divergent functions.
Additionally, the ion transporters, especially their paralogs, should ideally be studied in a phylogenetic context. Such an approach would uncover how the ion transporters are evolutionarily related to one another, as well as patterns and rates of evolution. For instance, applying a phylogenetic approach revealed the fact that NHA and NHE form sister clades, rather than belonging to the same gene family (Brett et al., 2005). Phylogenetic placement of the ion transporters allows the detection of the direction of evolutionary changes, such as the sequential order of gene duplications and mutations, identifying which paralogs are ancestral and which are derived. Uncovering the evolutionary history of ion transporters could provide insights into the evolutionary succession of their functional changes. For instance, it would be informative to identify mutational differences among paralogs and determine how the mutational changes affect the evolution of function.
Finally, additional studies are needed on the ontogeny of ion transporter localization and functions during development (Charmantier and Charmantier-Daures, 1994; Charmantier, 1998; Charmantier et al., 1998; Charmantier and Charmantier-Daures, 2001; Charmantier et al., 2001; Cieluch et al., 2004; Khodabandeh et al., 2005a; Khodabandeh et al., 2005c; Cieluch et al., 2007; Charmantier and Anger, 2011; Boudour-Boucheker et al., 2016). Most studies have focused on the adult stages, but adaptation to fresh water might take on different forms over the life cycle of aquatic organisms. Given the changes in body size and anatomy across life stages, physical constraints on ion uptake will change during development. Features of ion transporters that change during development might include the structure of ion transporters, their localization in ionocytes and tissues, their activity and expression, and the stoichiometry of ion transport. Constraints and requirements will vary across life stages, and natural selection in response to salinity stress might act differentially across different life history stages.
ION UPTAKE IN INSECTS
The Hexapoda, which include the insects, are essentially crustaceans that have colonized terrestrial habitats (Glenner et al., 2006). Phylogenomic analyses date the origin of insects to the Early Ordovician, approximately 479 million years ago (Misof et al., 2014); although, this date precedes earliest evidence of insects in the fossil record of ∼400 million years ago (Engel and Grimaldi, 2004; Garrouste et al., 2012). Both the Hexapoda (i.e., Insecta, Collembola, Protura, Diplura) and the crustacean clades belong the subphylum Pancrustacea, where the Hexapoda are nested within the crustacean clades (Von Reumont et al., 2012; Misof et al., 2014). Thus, insects likely share some basic mechanisms of ion uptake with crustaceans, but with adaptations that reflect its evolutionary history of terrestrialization.
Life on land presents very different challenges from living in water, particularly due to the general lack of aqueous media on land. Physiological mechanisms to address the challenges of water retention include cuticular waterproofing, a tracheal system to reduce respiratory water loss, and the capacity to produce hyperosmotic excreta (Beyenbach and Piermarini, 2008; Bradley et al., 2009). These mechanisms are reviewed in detail elsewhere (Beyenbach and Piermarini, 2008; Bradley et al., 2009). Terrestrial insects no longer take up ions from the surrounding media, but from ingested fluids and food. In terrestrial insects, regulation of fluids and ions occurs mainly in the gut and Malpighian tubules (Beyenbach et al., 2010; Denholm, 2013). Subsequently, the regulation of urine concentration occurs through ion transport in the rectum.
This section focuses mainly on ion uptake mechanisms in aquatic insects, given that freshwater insects take up ions from their surrounding media, unlike terrestrial insects. Of particular relevance here is that larval stages of several insect taxa have secondarily colonized aquatic habitats multiple times independently (Grimaldi and Engel, 2005). For instance, mosquitoes (Diptera: Culicidae), which originated at least 226 million years ago (Reidenbach et al., 2009), have egg and larval stages that occur predominantly in freshwater habitats (95% of mosquito species) (Bradley, 1987; Bradley, 1994).
Mosquito larvae are able to survive in freshwater habitats by reducing drinking to a minimum, producing very dilute urine, and performing active ion uptake into the hemolymph from the external medium (Bradley, 1987, 1994; Bradley et al., 2009). The organs responsible for water elimination and ion conservation and uptake are the midgut, Malpighian tubules, rectum, and anal papillae. In the midgut, nutrients and ions enter the hemolymph from the midgut lumen by active transport, with water following passively. The Malpighian tubules, considered the “insect kidney,” is where primary urine is produced in insects. Here, organic wastes, water, and ions are excreted as a fluid that is isosmotic with the hemolymph. The rectum is particularly important for ion and water uptake, as urine produced by the Malpighian tubules is modified in the rectum, with active transport of ions from the urine into the hemolymph when needed (Smith et al., 2008; Beyenbach, 2016). In the rectum, solutes such as NaCl and KCl that were secreted in the Malpighian tubules can be reabsorbed (Beyenbach, 2016). Under very low salinity, however, the urine cannot be made as dilute as the surrounding waters. In such cases, active ion uptake takes place from the external environment, such as by specialized ionocytes in the anal papillae of freshwater mosquito larvae (Donini and O'Donnell, 2005; Donini et al., 2007; Del Duca et al., 2011; Beyenbach, 2016) or “gills” of mayfly (Bradley, 1994, 2009).
Several studies provide support for VHA as the apical driver for ion uptake in freshwater insects, working in conjunction with basolateral NKA. RT-PCR assays revealed that genes that encode VHA and NKA are expressed in all of the iono- and osmoregulatory tissues of the mosquito Aedes aegypti larvae (midgut, Malpighian tubules, rectum, and anal papillae) and adults (stomach, Malpighian tubules, anterior hindgut, and rectum) (Patrick et al., 2006; Durant et al., 2021). Various immunolocalization studies also found that VHA and NKA are expressed in key iono- and osmoregulatory tissues (Patrick et al., 2006; Okech et al., 2008; Smith et al., 2008; White et al., 2013). The critical enzyme carbonic anhydrase (Figure 1) was also found expressed in the rectum and anal papillae of larval mosquito (Smith et al., 2008; Durant et al., 2021).
Support for models 1 and 2 in mosquito larvae
In terms of sodium transporters, there is relatively good evidence that the Na+/H+ antiporter (NHA) plays an important role in ion uptake by mosquito larvae from freshwater habitats. Studies on mosquito larvae are notable in being the first to discover NHA in aquatic animals (Rheault et al., 2007). NHA is expressed throughout the ion regulatory organs of mosquito larvae, particularly in the chief sites of ion uptake, the rectum and anal papillae (White et al., 2013; Durant et al., 2021). Gene expression and immunolocalization in mosquito larvae (Anopheles and/or Aedes aegypti) revealed that NHA is localized in key ion regulatory tissues, such as the gastric caeca, anterior midgut, posterior midgut, proximal Malpighian tubules, rectum, and anal papillae (Rheault et al., 2007; Okech et al., 2008; Xiang et al., 2012; White et al., 2013; Durant et al., 2021). NHA is expressed along the luminal border of the rectum in larvae of the mosquitoes Anopheles coluzzi and A. merus (White et al., 2013), consistent with a role in ion uptake from the lumen of the rectum. Two paralogs of NHA are expressed in the anal papillae of the larvae of Aedes aegypti (Durant et al., 2021). In larvae of the mosquito Anopheles gambiae, AgNHA1 was found to be co-localized with VHA on the apical membrane of principal cells in the Malpighian tubules, whereas AgNHA2 was localized apically on the stellate cells in Malpighian tubules (Xiang et al., 2012). Similarly, NHA1 and NHA2 are localized on the apical membrane of epithelial cells in the Malpighian tubules of the fruit fly D. melanogaster (Day et al., 2008).
Xiang et al. (2012) proposed a model for ion transport in the Malpighian tubules, where mosquito paralogs NHA1 and NHA2 are both electrogenic and differentially localized in two different types of cells, namely, principal and stellate cells (Figure 3A). This model was based on immunolocalization of paralogs of NHA (AgNHA1 and AgNHA2) in the distal Malpighian tubule of larvae of the freshwater mosquito Anopheles gambiae and heterologous expression of AgNHA2 in yeast cells. The apical co-localization of AgNHA1 with VHA in the principal cells in the Malpighian tubules suggested that AgNHA1 function is voltage driven (Xiang et al., 2012). In contrast, AgNHA2 was localized on the apical membrane of stellate cells within Malpighian tubules. Yeast cells transformed with AgNHA2 became growth-inhibited when exposed to salts (LiCl, NaCl, and KCl), suggesting greater inward transport of cations (e.g. nNa+ in to 1H+ out) due to the presence of AgNHA2 (Xiang et al., 2012).
[image: Figure 3]FIGURE 3 | Models of ion uptake by mosquito larvae in freshwater habitats. (A) Model of Na+ transport in distal Malpighian tubules of mosquito larvae. V-type H+ ATPase (VHA) in the apical membrane of principal cells co-localizes with NHA1 (1Na+ out to nH+ in) and generates a positive voltage that energizes transport events across the apical membrane. The basolateral membrane of the principal cells contains Na+ dependent anion exchanger 1 (NDAE1), which translocates 1Cl- and 1Na+ into the cells and 2HCO3− out. NHA2 in the apical membrane of stellate cells has a proposed stoichiometry of nNa+ in and 1H+ out. The basolateral membrane of the stellate cell contains Na+/K+-ATPase (3Na+ out and 2K+ in) and anion exchanger AE1 (1Cl- in and 1HCO3− out). Adapted from Xiang et al. (2012). (B) Model of Na+ uptake from the external freshwater environment in anal papillae of mosquito larvae. Both Model 1 (Figure 1A) and Model 2 (Figure 1B) are operating here (see text). CCC3 might function as a Na+,Cl− cotransporter or Na+ transporter. NHE9B2 is homologous to Drosophila NHA1, which might function as a H+,Cl− cotransporter (Chintapalli et al., 2015) or as a Na+/H+ antiporter. Adapted from Durant et al. (2021).
In Xiang et al. (2012)’s model, the principal and stellate cells are interconnected and cooperate to perform ion transport and water secretion (Figure 3A). In the principal cells, VHA pumps H+ out into the Malpighian tubule lumen, generating a voltage gradient across the apical membrane. This voltage gradient then drives apical NHA1 to transport nH+ into the principal cells and Na+ out into the lumen. Then NHA2, apically localized in the stellate cells, drives nNa+ (or nK+) from the lumen into the cell and H+ out to the lumen. Na+ is then transported to the hemolymph via a basolateral NKA (Xiang et al., 2012). A peculiar feature of this model is that Na+ is transported out into the lumen of the Malpighian tubule by the principal cell, and then taken up again by the stellate cell. This mechanism recycles Na+ back into the hemolymph to conserve ions from the urine excreted by the Malpighian tubule. Active ion uptake from the urine then takes place in the rectum (Smith et al., 2008). This model is based on immunolocalization of both NHA1 and NHA2, but on an assumed function of NHA1 and indirect inference of NHA2 function (see previous paragraph), such that the validity of this model is not clear. Another type of Na+ transporter, the Na+ amino acid cotransporters (NATs), might also be performing apical uptake of Na+ in the Malpighian tubules. NATs perform amino acid and sodium uptake and have been apically localized in the salivary gland, cardia, gastric caeca, anterior midgut, posterior midgut, and Malpighian tubes of larval A. gambiae (Harvey et al., 2009).
In terms of active ion uptake from the external freshwater environment, results from functional ion flux and genome-wide gene expression analysis of anal papillae of mosquito larvae provide some support for Model 1, possibly in combination with Model 2 (Figures 1, 3B) (Del Duca et al., 2011; Durant et al., 2021). The anal papillae of mosquito larvae have important roles in both osmoregulation and ammonia excretion (Wigglesworth, 1933; Bradley, 1987, 1994). Ion flux studies using pharmacological inhibitors had shown that much of Na+ uptake in the anal papillae is driven by H+ secretion, likely by VHA (Del Duca et al., 2011). Genome-wide gene expression analysis (using RNA-seq) of anal papillae of the larval mosquito Aedes aegypti revealed high levels of expression of many subunits of VHA in the anal papillae, as well as expression of three paralogs of carbonic anhydrases (CA) and two paralogs of NHA (Durant et al., 2021). Other ion transporters expressed in the anal papillae that could affect sodium transport include several paralogs each of NKA, NHE, Na+-dependent cation-chloride cotransporters (CCC), and ammonia transporters (AMT and Rh protein) (Durant et al., 2021).
Based on these results, a combination of mechanisms could operate in the anal papillae to take up Na+ from the freshwater environment (Figure 3B). Apical VHA would pump out H+ and drive Na+ uptake into the cell (Figure 3B, left) (Del Duca et al., 2011; Durant et al., 2021), consistent with Model 1 (Figure 1A). Na+ would then be delivered to the hemolymph via NKA. CA would supply H+ to VHA. In addition, given the anal papillae’s additional role in ammonia excretion, Na+ would also enter the cell during this process (Figure 3B, right), consistent with Model 2 (Figure 1B). Here, ammonia is transported out of the cell by an ammonia transporter (Rh protein). The exported NH3 reacts with H+ and is converted to NH4+. This consumption of H+ would then drive electroneutral NHE (green) to export H+, and consequently import Na+. Additionally, the apical aeCCC3 might function as a Na+,Cl− cotransporter. However, aeCCC3 might possibly transport only Na+, based on results from heterologous expression of a homolog (Kalsi et al., 2019). In either case, apical aeCCC3 would transport Na+ inward using the gradient established by the basal NKA, which would keep cytosolic Na+ levels very low. At this time, much of this model remains speculative, such that much additional analyses are required to confirm aspects of this model, including localization and co-localization of ion transporter proteins and functional analyses to determine the roles of individual ion transporters.
Functional assays of both NHA1 and NHA2 in the fruit fly D. melanogaster appear to tell a different story, based on heterologous expression in Xenopus oocytes. Two-electrode voltage clamping was used to measure H+, Na+, and Cl− transport performed by NHA1 and NHA2 expressed in the oocytes (by measuring pHi, aNai, and aCli of oocytes). These assays indicate that NHA1 possibly functions as an electroneutral H+,Cl− cotransporter, whereas NHA2 functions as an electroneutral Na+/H+-exchanger (Chintapalli et al., 2015). These results are not compatible with Xiang et al.’s (2012) two-cell model (previous paragraph), unless Drosophila NHA2 is electrogenic. As functional studies of NHA1 and NHA2 are still preliminary, it is still premature to draw any strong conclusions regarding these models of ion uptake. Moreover, given that Drosophila is terrestrial, results from this model might be less relevant for ion uptake from freshwater habitats.
NHA functions are likely to be highly divergent among taxa, given recent gene duplications and gene family expansions and lack of sharing of paralogs among different taxa. Unlike NHE, which possesses ancient paralogs that had diverged prior to species splits, NHA paralogs typically arose after species splits and tend to not be shared (not orthologous) among distinct taxa (Brett et al., 2005; Rheault et al., 2007; Stern and Lee 2020; Stern et al., 2022). In particular, the NHA1 and NHA2 paralogs of the insect order Diptera (e.g., flies, mosquitoes) are not orthologous with “NHA1” and “NHA2” outside of dipterans, such that functional studies of these paralogs in mosquitoes and flies might not have broad relevance outside this particular insect order. Additionally, several arthropod species outside of insects possess more than two paralogs that are unique to a lineage, such as the 8 distinct and unique NHA paralogs in the genome of the copepod E. affinis complex (Stern and Lee 2020) and 4 unique NHA paralogs in the amphipod Hyalella azteca (Poynton et al., 2018). These distinct paralogs could potentially all differ in function from one another, lacking orthologs in other taxa.
Models of NHA function could become even more complex, given that there are cases where this class of ion transporters (i.e., the CPA2 superfamily) could function facultatively as ion channels (Fujisawa et al., 2007). In general, the strict dichotomy between ion channels and ion transporters often does not hold, as ion transporters could act as ion channels under certain conditions (DeFelice and Goswami, 2007; Barneaud-Rocca et al., 2011). For example, ancillary proteins modulate the cation flux activity of the cation/H+ antiporters (CPAs) of bacteria, such that the transporters act as cation channels in the absence of their ancillary proteins (Fujisawa et al., 2007). Such results indicate the need to explore the conditions under which ion transport stoichiometry might become altered.
Conclusion on ion uptake in insects, focusing on NHA
Our understanding of ion transport mechanisms is still nascent, even in insects that serve as model systems. We require more comprehensive models of ion transport for all iono- and osmoregulatory organs and tissues of insects, including the alimentary canal, Malpighian tubules, and anal papillae. In particular, much more functional analyses are needed to elucidate the roles of specialized ionocytes of mosquito larvae and the ion transporters embedded within them. Of particular interest are the ionocytes of the anal papillae and rectum and the principal and stellate cells of Malpighian tubules. Also, the functions of different cell types and tissues could vary at different times and in different contexts.
While NHA has been studied most extensively in insects among animals, the functions of different insect NHA paralogs are still not resolved and require additional functional studies. Far more studies are needed to determine whether mosquito NHA1 and NHA2 are electrogenic or electroneutral, which ions are transported, and how their functions vary in different tissues and among taxa. In addition, it would be important to explore conditions under which functions of this ion transporter might become altered, given that this family of ion transporters (as well as other transporter families) have been found to function alternately as channels in bacteria (Fujisawa et al., 2007).
Additionally, it would be critical to extend the functional study of NHA beyond insects, given that NHA appears to be important for ion uptake at very low salinity. Aquatic insects are evolutionary constrained by being secondarily aquatic (from a terrestrial ancestor), such that they likely have many peculiarities that would not apply generally to other systems. It would be particularly interesting to explore the functions of the diverse NHA paralogs in crustaceans and other arthropod lineages. Exploring the roles of NHA during freshwater adaptation in diverse lineages would likely yield many insights into the evolution and functions of this intriguing ion transporter gene family.
ION UPTAKE IN TELEOST FISH
Teleost fish comprise around 25000 species, constituting the most evolutionary diverse group of vertebrates. At least three rounds of whole genome duplication events (Taylor et al., 2001, 2003; Jaillon et al., 2004), as well as increased complexity of regulatory networks controlling gene expression, have greatly influenced mechanisms of fish physiology, including freshwater adaptation (Meyer and Van de Peer, 2005). The third whole genome duplication event, called the “fish-specific genome duplication” (FSGD or 3R), occurred around 350 million years ago (mya) in teleost fish but not in terrestrial vertebrates (for more details on FSGD, see Meyer and Van de Peer, 2005). The salmonid genome duplication event that occurred afterward, about 50–100 mya, has been hypothesized to provide the genetic material for the evolution of anadromy, enabling salmonids to migrate between freshwater and marine habitats (Allendorf and Thorgaard, 1984). Regarding freshwater adaptation, these genome duplication events are thought to have contributed to the diversification of adaptive strategies among teleost species, or even among populations within a species, in order to cope with different salinity regimes (Dalziel et al., 2014).
Several excellent reviews on osmoregulation are available for teleost fish (Evans et al., 2005; Hwang and Lee, 2007; Hwang et al., 2011; Hiroi and McCormick, 2012; Takei et al., 2014; Zimmer and Perry, 2022), including those with a focus on freshwater environments (Kirschner, 2004; Evans 2011; Hwang, 2011; Dymowska et al., 2012; Zimmer et al., 2017). However, only a few species have been thoroughly investigated, among them zebrafish Danio rerio, Mozambique tilapia Oreochromis mossambicus, killifish Fundulus heteroclitus, medaka Oryzias latipes (Hsu et al., 2014), and rainbow trout Oncorhynchus mykiss (Dymowska et al., 2012). For other ecologically important species, further investigations are required to construct models of ion uptake and determine the role of each ionocyte subtype according to habitat type.
The functions of organs involved in ionic and osmotic regulation in teleost fish are relatively well characterized (see references above). Under freshwater conditions, fish undergo passive osmotic influx of water and diffusive loss of ions (mainly Na+ and Cl−). Maintaining blood osmolality at relatively constant levels of around 260–380 mOsm/Kg, depending on the species, is accomplished in juvenile and adult fish by having (1) low integument and gill permeability to ions, (2) low water permeability of distal renal tubules, to avoid excess entry of water through the renal route, (3) reduced or even absent drinking rate and (4) development of elaborate mechanisms of ion transport through, essentially, the gills and the kidney. At the kidney level, these strategies lead to the production of large amounts of dilute urine (Hickman and Trump, 1969).
The gills of adults and skin of young larvae are the main sites of ion uptake in teleost fish. At the early life history stages (i.e., embryos and larvae) the tegument, including the yolk sac, is essential for transepithelial ion transport through integumental ionocytes (Hiroi et al., 2005; Varsamos et al., 2005; Inokuchi et al., 2022). In contrast, for juvenile and adult fish, the main osmoregulatory organs involved in ion uptake from fresh water are the gills (Varsamos et al., 2005; Evans, 2011). The kidney has been much less studied, but is also an important organ involved in the re-uptake of ions from the renal lumen (Hickman and Trump, 1969; Nebel et al., 2005; Madsen et al., 2020). The gut of freshwater-acclimated or freshwater fish does not play an important role in hyperosmoregulation. As water uptake is not required in freshwater habitats, the drinking rate is generally 10–50 times lower in freshwater than in marine fish (Fuentes and Eddy, 1997; Varsamos et al., 2004; Wilson, 2011). The diet can provide a source of ions, notably in species that have low capacities of branchial (gill) Cl− uptake (i.e., killifish, eel, bluegill) or species living in ion-poor environments (reviewed in Wilson, 2011).
Ion uptake within gills of adult teleost fish and skin of young larvae is achieved mainly through active transport occurring in specialized ion-transporting cells, namely ionocytes. Ionocytes in the gills of fish are localized in filaments (interlamellar surfaces) and in lamellar surfaces (Evans et al., 2005). Their number, size, and specific position on the gill epithelium become altered according to salinity and other environmental factors, such as temperature (Mitrovic and Perry, 2009; Masroor et al., 2018), pH (Goss et al., 1998), oxygen levels (Sollid and Nilsson, 2006), and also according to species (Evans et al., 2005).
Concerted efforts have been made in the past decade to identify different ionocyte subtypes involved in ion uptake. Branchial (gill) NaCl uptake mechanisms have been shown to differ significantly between species (Hwang, 2011). Depending on the fish species, different nomenclatures are used to characterize ionocyte subtypes, such as peanut lectin agglutinin-positive (PNA+, Figure 5C) or negative (PNA−, Figure 4) ionocytes in rainbow trout (Galvez et al., 2002) versus VHA-rich cells (HR-cells, Figure 5B), NKA-rich cells (NaR; not shown), and Na+,Cl−-cotransporter-expressing cells (NCC-type ionocytes; Figure 1C) in zebrafish skin and gills (Hwang and Lee, 2007). This diversity of ionocyte subtypes between species might reflect different ion uptake mechanisms in different environments. Fish evolving in divergent types of freshwater habitats (differing in pH, oxygen, ionic strength, etc.) and having different life history strategies, will have diversified ion uptake mechanisms. Moreover, ion transporters in these ionocytes are also involved in physiological functions other than osmoregulation, such as acid-base regulation and nitrogen excretion. Thus, the regulation and expression of a set of cooperating ion transporters depend not only on salinity, but also on other environmental factors, such that the transporters must accommodate and compromise their functions across their diverse roles (Evans et al., 2005).
[image: Figure 4]FIGURE 4 | Ionocyte model supporting Model 1 (Figure 1A) in rainbow trout gills, involving ASIC as the Na+ transporter. A PNA− ionocyte model (Zimmer et al., 2017) with apical VHA (Lin et al., 1994) electrogenically coupled to a Na+ channel, which has been identified as ASIC-4 by Dymowska et al. (2014). PNA− ionocytes do not express NHE2/NHE3 and do not express Rh transporters. A basolateral electrogenic NBC transporter (3? HCO3−: 1 Na+) has been shown to be present by Parks et al. (2007). The presence of a cytoplasmic carbonic anhydrase (CA) is hypothesized to support acid secretion in trout gills, but evidence of the specific CA paralog expressed in this cell type is lacking (Georgalis et al., 2006). PVC= pavement cells.
[image: Figure 5]FIGURE 5 | Selected ionocyte models consistent with Model 2 (Figure 1B) in different teleost fish species. (A) Tilapia type III ionocyte, and Japanese and European sea bass D. labrax NHE3-type cell. Type III ionocyte in tilapia involves apical NHE3 and basolateral NKA, and NKCC1 in fish that have been recently transferred to freshwater (Hiroi et al., 2005, 2008; Inokuchi et al., 2008). NHE-3 cells show similar characteristics and are present in gill lamellae of Japanese (Inokuchi et al., 2017) and European sea bass (Blondeau-Bidet et al., 2019). (B) zebrafish HR cell. Na+/NH4+ exchange complex in zebrafish HR cells (Hwang et al., 2011) with basolateral NKA (low expression, mainly ATP1a1a.5 and ATP1b1b paralogous genes, Liao et al., 2009), AE1 (SLC4a1b, Lee Y. C. et al., 2011), and Rhbg. HR cells express apical NHE3b, VHA (Yan et al., 2007), Rhcg1, and the acid-sensitive ion channel ASIC (ASIC4.2 in adults, Dymowska et al., 2015; ASIC4b in larvae, Zimmer et al., 2018). Cytoplasmic CA2 contributes to H+ production that is apically excreted via NHE3b or VHA. Extracellular CA15 (or CA4-like) contributes to lower apical H+, resulting in increased pH that favors NHE3b activity. No NBC1 cotransporter has been reported in this cell type (Lee Y. C. et al., 2011). (C) Rainbow trout PNA+ ionocyte. PNA+ ionocyte model with apical NHE3/2 (slc9a2, slc9a3; Ivanis et al., 2008) and Rhcg1 coupled to basolateral NKA.
Diverse ion uptake mechanisms have been reported in freshwater-acclimated euryhaline fish or freshwater species (notably zebrafish) (Galvez et al., 2002; Hwang and Lee, 2007; Hiroi et al., 2008), supporting Models 1, 2 and 3 described above (Figure 1). Ionocyte subtypes all express basolateral NKA, which is a crucial enzyme allowing ion transport to the blood, as previously shown in crustacean and insect models (Figures 2, 3). Some of the ionocytes also express VHA (apically or basally located, depending on the models), which can be functionally linked to Na+ uptake (see Model 1, Figure 1A). Whether the expression of different cooperating ion transporters and channels are localized in basolateral or apical membranes determines their role in Na+ uptake, Cl− uptake, or acid-base regulation (through the transport of acid, H+, and base, HCO3−, equivalents).
The study of freshwater adaptation and plasticity is now being greatly facilitated by the identification of new genes (including gene paralogs) involved in mechanisms of freshwater adaptation and acclimation. The availability of several new fish genomes in the last 20 years (Aparicio et al., 2002; Jaillon et al., 2004; Tine et al., 2014) (available on Ensembl, http://www.ensembl.org) has improved our capacity to identify relevant candidate genes, including different gene paralogs within the same gene family. With these genes, we can explore their functions involved in adaptation or acclimation using various approaches, such as quantifying their expression levels in ecologically important populations or species, performing gene knockdown studies, or examining genetic/genomic signatures of natural selection. Some of the recent studies that use mechanistic approaches are included in the examples below.
The following sections mainly address Na+ uptake mechanisms in fish gills or skin (of embryos and larvae), which have been the focus of most research at the cellular and molecular levels in fish. We include findings related to recently discovered ion transporter paralogs that could contribute to freshwater adaptation and acclimation. Based on available data, we describe models of ion uptake reported in teleost fish, in comparison with crustacean and insect models.
Diverse apical Na+ uptake pathways in teleost fish gills
Studies show that within species, different Na+ and Cl− uptake pathways exist that involve different cell types. For instance, in zebrafish, five different ionocyte subtypes have been identified that express different sets of cooperating ion transporters (Guh and Hwang, 2017). Within one specific cell type (e.g., the HR cell-type in zebrafish), different Na+ uptake pathways can be present, such as an apical Na+ channel coupled to VHA (Model 1) and/or an apical NHE3 exchanger coupled to ammonium transport via apical Rhcg1 (Model 2). Various Na+ uptake pathways coexist within a species, leading to the redundancy of Na+ uptake systems. Each Na+ uptake pathway seems to vary in its optimal environmental performance, leading to different expression patterns of different transporters depending on the environmental conditions (pH, Na+ levels, etc.) (Dymowska et al., 2015).
Early studies have reported that the uptake of Na+ vs. Cl− are independent of each other. Their uptake occurs most likely through ion exchangers involving H+/NH4+ exchanged with Na+ and HCO3−/OH− exchanged with Cl−, such that electroneutrality is maintained across the gill epithelium (Smith, 1930; Krogh, 1937). This mechanism of Na+ and Cl− uptake has been verified in later investigations (García Romeu and Maetz, 1964; Avella and Bornancin, 1989) and also more recently (Weihrauch et al., 2009; Wright and Wood, 2009; Dymowska et al., 2014). Recent studies also consider elevated K+ as a counter ion for Na+ uptake in adult zebrafish under acid exposure (Clifford et al., 2022). The uptake of Na+ in exchange for protons provides some support for Models 1 and 2 (Figures 1A,B, see next section). In some species, such as the eel Anguilla anguilla and bluegill Lepomis macrochirus, the gill epithelium is involved in active absorption of Na+ with the lack of or minimal Cl− uptake (Scott et al., 2005; Tomasso and Grosell, 2005). This pattern of uptake is consistent with the hypothesis of independent Na+ and Cl− uptake mechanisms in fish gills and precludes the need for the ionocyte type in Model 3 for coupled Na+ and Cl− uptake (Figure 1C) for the aforementioned species.
More recent findings include the presence of Na+, Cl− cotransporters (NCC) in gills of numerous fish species (reviewed in Hiroi and McCormick, 2012), such as European sea-bass (Dicentrarchus labrax) (Lorin-Nebel et al., 2006), Japanese sea-bass (Lateolabrax japonicus) (Inokuchi et al., 2017), Mozambique tilapia (Oreochromis mossambicus) (Hiroi et al., 2008; Inokuchi et al., 2008), Indian medaka (Oryzias dancena) (Kang et al., 2010), killifish (Fundulus heteroclitus) (Katoh et al., 2008), sailfin molly (Poecilia latipinna) (Yang et al., 2011), and zebrafish (Wang et al., 2009). In some of the species mentioned above, a non-specific heterologous antibody (called T4) that recognizes NKCC1, NKCC2 and NCC was used in in situ localization studies. The apical staining detected in gill ionocytes of these species was later shown to be NCC2 (reviewed in Hiroi and McCormick, 2012). Subsequent studies have used specific NCC antibodies and confirmed its apical localization (Horng et al., 2009; Hsu et al., 2014). These findings indicate that in some specific ionocyte subtypes of several species, Na+ and Cl− transport might be partially linked. Interestingly, salmonid species, and in general migratory species analyzed thus far, do not appear to express the branchial NCC (reviewed in Hiroi and McCormick., 2012).
Thus, Na+ uptake models have become increasingly complex and diversified with the discovery and molecular characterization of new ion transporters and their paralogs. Accumulating evidence suggests the presence of three different Na+ uptake mechanisms at the apical membrane of branchial ionocytes across different teleost fish taxa, consistent with all three models depicted in Figure 1, namely, (1) Na+ uptake coupled to VHA (Model 1), (2) Na+/H+ exchange (through electroneutral NHE2 or NHE3) linked to apical ammonium excretion through Rhcg (Model 2), (3) Na+,Cl− cotransport (NCC-like) coupled to basolateral NKA (Model 3) (Hwang and Lee, 2007; Evans and Claiborne, 2009; Wright and Wood, 2009; Evans, 2011; Dymowska et al., 2014).
Apical Na+ uptake, a long debate regarding models 1 versus 2
Pathways of apical Na+ uptake, whether they involve Na+ channels (Figure 1A, Model 1) or NHE2/NHE3 (Figure 1B, Model 2), have been debated for numerous years (for details, see Evans, 2011; Dymowska et al., 2012). Na+/H+ exchange through NHE had been suggested as early as the 1970’s (Kerstetter et al., 1970); however, Na+ concentration of freshwater environments is considered too low for NHE to function properly, notably at low pH (Parks et al., 2008). Thermodynamic constraints on the function of NHEs exist at low Na+ concentrations (Na+ < 0.1 mmol L−1) and low pH (pH < 5) levels (Parks et al., 2008), despite the contribution of basolateral NKA to lower intracellular Na+ and drive apical Na+ uptake (Kirschner, 2004; Parks et al., 2008). For this reason, an alternative Na+ uptake mechanism involving an epithelial Na+ channel coupled to apical VHA, rather than NHE, has been considered far more plausible (Parks et al., 2008). Although, NHE could function to import Na+ under low Na+ conditions in the context of a Na+/NH4+ exchange complex (such as with Rh in Model 2, see below).
Support for model 1 in teleost fish
Among diverse functions reported for VHA in aquatic organisms (Tresguerres, 2016), H+ excretion coupled to Na+ uptake is crucial in some freshwater-acclimated species or strictly freshwater fish, like zebrafish (Goss et al., 1998; Perry et al., 2003; Hwang and Lee, 2007). The role of VHA appears crucial, given the steep concentration gradient between the water and the blood (estimated at around 1800 fold for Na+ in Hwang, 2011). Branchial VHA is considered to be mainly apically localized in ionocytes (PNA− ionocytes, see Figure 4) of rainbow trout, mudskipper, and zebrafish HR cells (Figure 5B) (Lin et al., 1994; Wilson et al., 2000b; Lin et al., 2006). In some species, however, VHA has not been localized, because no commercial antibodies are available. VHA is highly expressed in rainbow trout PNA− ionocytes (Figure 4) and zebrafish HR cells (Figure 5B). Both cell types are involved in Na+ uptake and acid excretion (Reid et al., 2003; Lin et al., 2006). Several studies have also identified in these cells the importance of carbonic anhydrase (CA) paralogs, which perform the hydration of CO2 to H+ and HCO3− (as in CA2-like a and CA15a in zebrafish HR-cells, Lin et al., 2008) (Figure 5B). H+ is then exported through VHA or NHE, whereas HCO3− is exchanged with Cl− through the basolateral anion exchanger (AE1) (Figure 5B). Contrary to zebrafish HR cells (Figure 5B), VHA of trout (in PNA− ionocytes) does not colocalize with NHE2/3 (Figure 4), which is present in another cell type (the PNA+ ionocyte) (Figure 5C) (Ivanis et al., 2008).
In teleost fish, as epithelial Na+ channels (ENaCs) have not been discovered, they are unlikely to serve as the Na+ transporter that cooperates with VHA to transport Na+ into ionocytes. However, some inconclusive data suggest its presence in teleost fish, though not well substantiated. For instance, in trout PNA− cells, the pharmacological inhibitors phenamil (considered a specific Na+ channel blocker (Garty and Palmer, 1997)) and bafilomycin (a VHA blocker) reduced acid-stimulated Na+ influx (Reid et al., 2003). Other studies showed phenamil-sensitive Na+ transport in teleost species (Bury and Wood, 1999; Grosell and Wood, 2002; Parks et al., 2007), but without any molecular evidence of the presence of ENaCs. A single study using immunolocalization found the apical presence of ENaC in ionocytes and PVCs of trout, with colocalization with VHA (Wilson et al., 2000a). However, this study used a heterologous antibody that was not specifically raised against trout ENaC. As molecular evidence is lacking that ENaC is the phenamil-sensitive Na+ channel and, more generally, ENaC is absent in published teleost genomes (Hwang and Lee, 2007), ENaCs are no longer considered to be the Na+ transporter that cooperates with VHA in teleost ionocytes.
Rather than ENaC, the acid-sensing ion channel (ASIC) could be the missing apical Na+ channels in freshwater-type ionocytes of teleost gills (Montalbano et al., 2021) (Figure 4). Investigations combining the use of pharmacological inhibitors, immunocytochemistry, and mRNA expression identified ASIC channels in trout and zebrafish gills (Dymowska et al., 2014; Dymowska et al., 2015). ASIC is a member of the H+-gated Na+ channel subfamily, belonging to the amiloride-sensitive ENaC/DEG (Degenerin)/ASIC superfamily of ion channels (Waldmann et al., 1997). Interestingly, ASIC4 is expressed in apical cell membranes of trout NKA-rich ionocytes (called PNA− ionocytes) (Dymowska et al., 2014) (Figure 4) and zebrafish HR cells (Figure 5B) (Dymowska et al., 2015). In those cell types, VHA is believed to export H+, leading to acidification and opening of ASICs for enhanced Na+ uptake. In juvenile rainbow trout, ASIC-specific pharmacological inhibitors (Chen et al., 2010), diminazene and DAPI, decreased Na+ uptake rates in a dose-dependent manner (Dymowska et al., 2014). Some evidence in adult zebrafish supports the role of ASICs in Na+ uptake, dependent on external Na+ concentrations (Dymowska et al., 2015).
More recently, knockdown studies of ASIC4b in zebrafish embryos and the use of DAPI have, however, shown no effect on whole-animal Na+ uptake (Zimmer et al., 2018). ASIC4b knockdown has led to significant increases in NHEb and NCC mRNA expression, suggesting that Na+ uptake was rescued through other pathways. Interestingly, ASIC4b knockdown stimulated Na+ uptake in acidic water, suggesting other unidentified Na+ uptake mechanisms at low pH (Clifford et al., 2022).
ASICs have been analyzed in only a few species (i.e., rainbow trout and zebrafish) (Zimmer et al., 2018; Clifford et al., 2022). Gene expression levels of ASIC4 in European sea-bass exposed to fresh water were undetectable in gills, making ASIC4 an unlikely candidate for branchial Na+ uptake in this marine species (Blondeau-Bidet et al., 2019). Additional studies on ASIC ion channels in freshwater species, but also in marine and euryhaline species (as a comparison), are required to fully support the role of ASIC as the Na+ transporter in Model 1 (Figures 1A, 4).
Support for coexistence of models 1 and 2 in ionocytes of some teleost fish
Two Na+ uptake mechanisms coexist in the zebrafish HR cell (Figure 5B), supporting both Models 1 and 2 (Figures 1A,B). HR cells express apical VHA coupled to ASIC-4 (see previous section) and also express an apical NHE3b exchanger (see next section for more details). NHE is considered electroneutral in mammalian vertebrates, as well as in fish (Demaurex et al., 1995; Ito et al., 2014). Numerous studies showed that both Na+ uptake mechanisms are present in zebrafish HR cells, including those using pharmacological inhibitors (Fenwick et al., 1999; Ito et al., 2014), zebrafish NHE3b expression in Xenopus oocytes (Ito et al., 2014), and VHA knockdown approaches (Horng et al., 2007). The paucity of NKA in HR-cells in zebrafish embryos emphasizes the importance of VHA in providing the energy for Na+ uptake (Lin et al., 2006; Esaki et al., 2007; Horng et al., 2007).
Interestingly, the predominance of individual Na+ uptake pathways (either NHE3 or VHA coupled to a Na+ transporter) seems to depend on environmental conditions. In low-Na+ freshwater, for example, mRNA of NHE3 is upregulated, whereas VHA is downregulated in zebrafish gills. An opposite trend in the expression pattern is observed in acidic fresh water (Yan et al., 2007). It thus seems that the partitioning of each Na+ uptake pathway depends on the environmental condition in which zebrafish reside, with Model 1 (Figure 1A) being favored in acidic environments and Model 2 (Figure 1B) being favored in low-Na+ environments.
Support for model 2 in teleost fish
Several lines of evidence support the presence of a Na+/NH4+exchange complex (shown in Model 2, Figure 1B), partially supporting the model initially proposed by Krogh (1937). This model combines Na+ uptake, acid secretion, and ammonia excretion. The model was developed for gills of zebrafish (Figure 5B), mangrove killifish (Kryptolebias marmoratus) (Wright and Wood, 2009), and medaka larvae (Wu et al., 2010) based on the discovery that Rhesus (Rh) glycoproteins are involved in ammonia transport in aquatic animals (Weihrauch et al., 2004; Hung et al., 2007; Nakada et al., 2007; Nawata et al., 2007). There is also evidence for this model from other freshwater teleost or euryhaline fish transferred to low salinity (Tsui et al., 2009; Weihrauch et al., 2009; Wood and Nawata, 2011; Hsu et al., 2014).
In this model (Figures 5B,C), apical NHE (2 or 3) (and VHA, if present) transports H+ out of the cell, resulting in acidification directly outside the apical membrane. This acid-trapping mechanism facilitates NH3 (base) excretion via an ammonia transporter (Rh protein) (basolateral transport from blood to the cell via Rhbg, followed by apical transport from the cell to the external water via Rhcg1 or 2). Extracellular NH3 then reacts with H+ to form NH4+ in the mucus covering the apical cell membrane. An extracellular carbonic anhydrase (zCA15a in zebrafish HR cells) likely contributes to H+ production via CO2 hydration (Lin et al., 2008; Weihrauch et al., 2009). Production of NH4+, from excreted NH3 (via Rhcg1 or 2) and H+ (via VHA or NHE), locally increases the pH, favoring NHE activity to take up Na+ and excrete H+. Intracellular Na+ then enters the blood stream via basolateral NKA and/or a Na+,HCO3− (NBC1) cotransporter.
Support for this model is substantial, as various Rh genes have been sequenced in gills of numerous fish species (Huang and Peng, 2005; Nakada et al., 2007; Nawata and Wood, 2008) and have been localized to branchial ionocytes and PVC in apical (Rhcg1+2) and basolateral (Rhbg) membranes. For instance, morpholino gene knockdown and immunolocalization in zebrafish showed the importance of apical Rhcg1 in ammonia excretion in HR cells (Figure 5B) (Nakada et al., 2007; Shih et al., 2008). Localization of Rhcg1 and Rgbg in the same cell expressing NHE was also reported in ionocytes of medaka fish, with increased expression levels upon low Na+ acclimation (Wu et al., 2010). Rhcg2 mRNA upregulation has also been reported in cultured branchial cells of rainbow trout in low-Na+ media (Tsui et al., 2009), but seems to be specific to pavement cells (Zimmer et al., 2017). Zimmer et al. (2017) also showed colocalization of Rhcg1 with NHE2 and NHE3b in PNA+ ionocytes of rainbow trout (Figure 5C). In European sea bass, Rhcg2 mRNA expression is high in gills of freshwater compared to seawater acclimated fish (Blondeau-Bidet et al., 2019), but there is no information about Rhcg1 subcellular localization in ionocytes.
There is also considerable support for apical Na+ uptake through NHE2 or NHE3 with data from numerous teleost fish species of freshwater and marine origins, with species-specific differences (Figure 5). In several non-model euryhaline species, such as the Japanese sea bass (Inokuchi et al., 2017), European sea bass (Blondeau-Bidet et al., 2019), and Mozambique tilapia (Hiroi et al., 2005; Inokuchi et al., 2008), NHE3 is apically localized in ionocytes that express basolateral NKA (Figure 5A). Euryhaline species that move naturally between marine and freshwater habitats must be able to switch the function of their branchial epithelium between excretory and absorptive roles. There is increasing evidence that during freshwater acclimation, seawater-type ionocytes expressing apical NHE3 and high levels of basolateral NKCC1 are able to differentiate into freshwater-type ionocytes expressing high levels of NHE3 and decreasing levels of NKCC1 (Hiroi et al., 2005; Inokuchi et al., 2008) (Figure 5A). This plasticity of ionocytes to shift from an ion excreting to an ion absorptive function is remarkable and has been observed in only a few non-model species that are considered to be truly euryhaline (Inokuchi et al., 2017; Blondeau-Bidet et al., 2019). Thus, NHE3 seems essential in both seawater and freshwater environments for H+ excretion. The presence of NHE-type cells could be advantageous for species facing environmental challenges, such as fluctuating environmental CO2 (Montgomery et al., 2022). Determining the expression patterns of cooperating transporters that potentially form a functional Na+/NH4+exchange complex (see section above) in this NHE3-type cell would help us understand the role of NHE2 and NHE3 in effective Na+ uptake. This finding would suggest the presence of ammonia excretion and provides additional evidence for Model 2.
Support for model 3 in teleost fish
In teleost fish, there is evidence for coupled NaCl uptake mediated by an apical Na+, Cl− cotransporter (NCC2 [or NCC-like], SLC12A10 in gills; NCC1, SLC12A3 in kidney), providing support for Model 3 (Figure 1C) (Hiroi et al., 2008; Wang et al., 2009; Blondeau-Bidet et al., 2019; Breves et al., 2021). This mechanism is contrary to earlier assumptions of independent Na+ and Cl− transport across fish gills (Krogh, 1938). Ionocytes with apical (in fresh water) and basolateral (in seawater) NKCC/NCC immunolocalization were first identified in Mozambique tilapia (Wu et al., 2003), using a heterologous antibody that recognizes NKCC1, NKCC2, and NCC cotransporters (Wu et al., 2003). It is likely that this antibody recognized apical NCC2 rather than an apical NKCC2 in fish gills. This localization of NCC/NKCC was then confirmed in several additional species (see review by Hiroi and McCormick, 2012 and sections above). Apical NCC2 is in fact highly expressed in gills of freshwater-acclimated fish, rather than NKCC2, which is expressed in intestine and kidney (review in Hiroi and McCormick, 2012). In apical NCC2 expressing ionocytes in fish gills, basolateral NKA and NBC1 are thought to facilitate Na+ extrusion to the blood (Hiroi et al., 2005; Hwang, 2009) and a basolateral chloride channel (potentially ClC2/3) is involved in chloride export to the blood (Tang and Lee, 2011; Bossus et al., 2013). NKA-positive cells with apical NCC2 (called type II ionocytes in tilapia, corresponding to Model 3, Figure 1C) have only been identified in strictly freshwater fish or euryhaline freshwater-acclimatized fish, and are thus clearly identified as freshwater-type ionocytes (Hiroi et al., 2008; Inokuchi et al., 2008, 2017; Hsu et al., 2014; Blondeau-Bidet et al., 2019).
When euryhaline fish are transferred from seawater to fresh water, NCC-type cells are newly synthesized, within 7–14 days of acclimation (Inokuchi et al., 2017; Blondeau-Bidet et al., 2019). Their localization within the gill epithelium (lamellar or filamentary) can differ from NHE3-type cells, as is the case for Japanese and European sea bass (Inokuchi et al., 2017; Blondeau-Bidet et al., 2019). NHE3-type cells (Model 2, Figure 1B), on the contrary, exist in freshwater and seawater-acclimated fish due to their dual roles of ion uptake and acid secretion (Dymowska et al., 2012).
NCC-type ionocytes are not present in all teleost fish species. For instance, the absence of NCC-type ionocytes in several diadromous species (salmonids, eels) is intriguing and requires further investigation. NCC-type cells are also absent in gills of seawater-acclimated teleost fish.
NCC cells (Model 3, Figure 1C) are essential for NaCl uptake in freshwater environments for certain fish species, particularly under low Cl− and/or potentially low pH conditions. In Mozambique tilapia maintained under low Cl− or a combination of low Cl− and low Na+, the apical surface of NCC cells is much larger than in control fish (Inokuchi et al., 2009). These morphological changes at the cellular level suggest an important role of NCC cells in Cl− poor environments. Gill mRNA expression of zebrafish NCC2 (SLC12a10.2) and Mozambique tilapia NCC (the NCC paralog was not indicated) (Inokuchi et al., 2009) was induced by a low-Cl- environment, but not by a low-Na+ environment (Inokuchi et al., 2009; Wang et al., 2009). Also, NCC protein expression was induced in low Cl− conditions, suggesting an important role in Cl− uptake. Finally, following acute acidosis (low pH), whole body Na+ and Cl− content decreased in larval zebrafish, indicating that low pH induces ion loss and temporary inhibition of Na+ uptake (Kwong and Perry, 2016). In these fish, compensatory Na+ and Cl− uptake resulted exclusively from increased function of NCC-cells (Kwong and Perry, 2016). Studies in additional species are necessary to determine the functional role of NCC in Na+ uptake in acidic environments.
In addition, NCC functions are redundant with NHE3 for Na+ uptake in certain fish. But, as mentioned above, NCC function is favored under low Cl− and/or potentially low pH conditions, whereas NHE3 is not. Na+ uptake via NHE3 is more challenging in an acidic environment, notably in the absence of interaction with Rh proteins (see Model 2). In zebrafish larvae, knockdown of NHE3 caused an increase in NCC-expressing ionocytes, whereas knockdown of NCC increased the number of NHE3-expressing cells (HR cells) (Wang et al., 2009; Chang et al., 2013). In each knockdown experiment, whole-animal Na+ uptake was recovered due to the compensatory regulation of either NCC or NHE3. The presence of both Na+ uptake mechanisms in some fish gill epithelia (Models 2 and 3) enables them to maintain whole-animal Na+ homeostasis under different environmental conditions, depending on water pH (Hirata et al., 2003), ionic strength, and potentially other factors, such as water hardness (Wood et al., 1998; Wilson et al., 1999) and possibly temperature (Kwong et al., 2014).
Interestingly, gills of the killifish Fundulus heteroclitus are known to possess only one ionocyte subtype, with apical NCC and NHE and basolateral VHA coexpressed with NKA (Katoh et al., 2003; Breves et al., 2020). The basal localization of VHA with NKA, based on in situ immunolocalization, suggests an alternative Na+ uptake mechanism in this species (Katoh et al., 2003). This configuration of apical NCC and NHE (Katoh et al., 2003; Breves et al., 2020) differs drastically from other species, where NHE and NCC are expressed in different cell types (see the sections above). Intriguingly, in killifish no discernible Cl− uptake has been measured in gills, suggesting that NCC is involved in Na+ uptake, but not Cl− uptake. Acclimation from brackish to freshwater conditions increases the mRNA expression of carbonic anhydrase 2 (CA2), VHA, Na+/H+ exchanger 2 (NHE2), as well as Na+,HCO3− cotransporter 1 (NBC1) (Scott et al., 2005). These results suggest that both basolateral pumps VHA and NKA would generate an electrical gradient (negatively charged cells) driving apical Na+ through NHE-like proteins (possibly NHE2, Edwards et al., 2005) or NCC (see above; Dymowska et al., 2012). More functional data are required to validate this alternative model, in which basolateral VHA is involved in Na+ uptake.
Conclusions on ion uptake in teleost fish, focusing on Na+ uptake
A striking feature of ion uptake mechanisms in teleost fish is the diversity of ionocyte types and the variety of configurations of ion transporters within ionocytes. There is evidence for the presence of all three hypothesized classes of models (Figure 1) in teleost fish. Several studies have shown that environmental conditions, such as pH, Na+, and Cl− levels, are key factors that determine which Na+ uptake model is more prevalent. However, we have no understanding of whether there is a phylogenetic pattern in the occurrence of these models among taxa. Too few fish models have been studied in detail to determine whether more closely related fish have more similar mechanisms of ion uptake.
The understanding of ion uptake mechanisms in fish gills have been enhanced by the availability of fish genomes and complementary approaches to identify the presence and function of ion transporters (i.e., non-invasive scanning ion-selective electrode technology (SIET) to measure ion transport at the cellular level). Novel molecular approaches such as single-cell RNA sequencing would help identify new ionocyte cell types and elucidate ion transport mechanisms.
Relative to insects and crustaceans, an additional model (Model 3) of ion uptake is available in some fish species, notably involving the NCC-like (or NCC2) cotransporter in gills (Hiroi and McCormick, 2012). This NCC-like cotransporter provides some evidence for coupled NaCl uptake, rather than the canonical independent transport of Na+ and Cl−. This type of cotransport had previously been demonstrated in mammalian renal distal convoluted tubules (Jacquillet et al., 2011).
Substantial evidence supports the presence of Model 2 involving NHE2 or NHE3 along with Rh proteins working together as a metabolon. NHE3 or NHE2-type cells are observed in numerous fish species. However, whether Rh proteins are also present in these cell types remains to be investigated in non-model fish species.
There is still some debate regarding the unknown Na+ uptake mechanisms in fish to support Model 1 (Figure 1A), notably in harsh environments, such as very low pH. Recently, Clifford et al. (2022) has identified another K+-dependent Na+ uptake mechanism at low pH in zebrafish, but more evidence is necessary for this mechanism in other teleost species. Also, ASICs have been investigated only in a few teleost species and need to be further explored in non-model species. No evidence is available for the role of an NHA antiporter involved in Na+ uptake, despite the presence of NHA in vertebrate genomes, including in teleost fish (Brett et al., 2005). The potential involvement of NHA in gills and other osmoregulatory organs should be investigated, notably in renal and intestinal epithelial cells. In addition, there has been much less effort devoted to investigating Na+ re-uptake mechanisms in the fish kidney, which is a main organ contributing to Na+ homeostasis in fish.
VHA is mainly localized apically in fish gill ionocytes. However, in numerous non-model fish species, VHA has not yet been localized. The presence of basolateral VHA in gill ionocytes of killifish is intriguing and requires further investigation. Ionocytes with basolateral VHA potentially provide alternative models for Na+ uptake in species that have been less extensively investigated thus far.
CONCLUDING REMARKS ON NA+ UPTAKE IN AQUATIC ORGANISMS
Studies support sharply different models of ion uptake from fresh water between crustaceans/insects and teleost fish. However, it is still premature to make strong conclusions on the details of these models and their prevalence within and between these groups. We have not sampled enough taxa to know how widespread each model is among taxa and whether there is a phylogenetic pattern in their occurrence. For both arthropods and teleost fish, information on mechanisms of ion transport is completely lacking for many (if not most) lineages.
As of yet, ionocyte models for crustaceans are often hypothetical, where functional studies are often not linked to molecular evidence of specific ion transporters. For crustaceans and insects living in very dilute environments, available physiological, molecular, and histological data show predominant support for Model 1 (Figure 1A), or more complex variants of this model involving one or two cells (Figures 2, 3). In all models, the main driving force for ion transport is provided by the apical VHA and the basolateral NKA.
However, sufficient data are lacking to make any strong conclusions involving the sodium transporters involved. In particular, a major problem is that functional analyses do not exist in crustaceans for the top candidate Na+ transporter, the Na+/H+ antiporter (NHA), while only a few studies exist for insects (e.g., Xiang et al., 2012; Chintapalli et al., 2015). Also, it is not clear in crustacean models whether different Na+ uptake models operate under different environmental conditions (as is the case for teleost fish). Future studies should focus on analyzing the stoichiometry of ion transport for NHA paralogs in crustaceans and aquatic insects. In addition, the presence and roles of NCC proteins or ASICs in arthropod taxa still require investigation.
In teleost fish, there is some support for all three models of ion uptake from fresh water (Figure 1) and some data suggest the presence of novel and unique models of Na+ uptake. In most teleost species, more than one ionocyte subtype has been identified in gills, with up to five ionocytes subtypes occurring in zebrafish. The prevalence of a particular Na+ uptake pathway in gills or skin depends on environmental conditions, such as pH, Na+, or Cl− levels. Future studies should also focus on non-model teleost species to gain a better understanding of the diversity of ion uptake mechanisms in fish. Our understanding of ion uptake mechanisms in gills needs to be completed in conjunction with studies on ion uptake mechanisms in other osmoregulatory organs, notably the kidney (Takvam et al., 2021).
Whole-genome analyses have the potential to reveal novel ion transporter gene families and paralogs across a wide variety of taxa. However, analyses of ion transporter gene families are still in their infancy for most crustacean taxa, even as more crustacean genomes are becoming available. Genomic studies of the copepod E. affinis complex have been valuable in revealing strong selection acting on the NHA gene family, as well as other ion transporter families, and implicating NHA paralogs in freshwater adaptation (Posavi et al., 2020; Stern and Lee, 2020; Stern et al., 2022). Single-cell RNA sequencing could greatly improve our knowledge on the diverse ionocyte subtypes in fish and would potentially help identify new Na+ uptake pathways in specific cell types (Leguen et al., 2015; Xue et al., 2015). As more genomes become available for non-model species, comparative genomic studies could facilitate invaluable discoveries on novel and diverse ion transport systems.
At this point, relatively little cross communication occurs among investigators working on ion transport mechanisms in different taxa (e.g., crustaceans versus fish). A key problem is that the nomenclature for ion transporters varies wildly across taxa, causing much confusion on which ion transporters are being studied and which ion transporters are homologous between different taxa. Performing many more phylogenetic studies of ion transporter gene families that include a broad range of taxa, including arthropods and vertebrates, would be helpful in determining the homology of ion transporters across taxa. Such clarification of nomenclature and homologous relationships of ion transporter gene families will make it far easier to compare results from studies across a broader range of taxonomic groups, broadening our inferences on the prevalence and peculiarities of ion transport mechanisms in nature.
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How teleosts take up Na+ from the surrounding freshwater (FW) as well as the underlying mechanisms associated with this process have received considerable attention over the past 85 years. Owing to an enormous ion gradient between hypotonic FW and fish body fluids, teleosts gills have to actively absorb Na+ (via ionocytes) to compensate for the passive loss of Na+. To date, three models have been proposed for Na+ uptake in teleost ionocytes, including Na+/H+ exchanger (NHE)-mediated, acid-sensing ion channel (ASIC)-mediated, Na+-Cl- co-transporter (NCC)-mediated pathways. However, some debates regarding these models and unclear mechanisms still remain. To better understand how teleosts take up Na+ from FW, this mini-review summarizes the main progress and related regulatory mechanisms of Na+ uptake, and discusses some of the challenges to the current models.
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Introduction

Body fluid Na+ homeostasis is pivotal for maintaining proper cell activities and physiological processes. In teleosts, the principal organs for ion exchange are the gills (and larval skin), which function via the large surface of the epithelium that is directly exposed to water. Regulation of ion transport functions and the epithelial permeability is key for precisely controlling internal osmolality and ion concentrations within a narrow range. In hypotonic freshwater (FW), teleosts actively take up Na+ via ionocytes and reduce passive Na+ loss by regulating epithelial permeability (Evans et al., 2005). To date, Na+ uptake mechanisms have become a highly discussed issue in osmoregulatory and evolutionary physiology (Wichmann and Althaus, 2020; Tseng et al., 2022). Although they have been widely studied in different species, several unclear mechanisms and controversial models still need to be clarified in FW teleosts.

Compared to salt excreting pathways in seawater (SW) teleosts, Na+ uptake mechanisms in FW ones are more diverse and sophisticated in terms of ionocyte subtypes and related transporters (Evans et al., 2005; Yan and Hwang, 2019). Currently, there are three proposed pathways for Na+ uptake in FW teleosts, including Na+/H+ exchanger (NHE)-mediated, acid-sensing ion channel (ASIC)-mediated, and Na+-Cl- co-transporter (NCC)-mediated Na+ absorption models. Among these, the NHE and NCC models were established with solid and convincing molecular/physiological evidence in FW teleosts, and therefore have become widely accepted concepts about Na+ uptake (Evans, 2011; Guh and Hwang, 2017; Lewis and Kwong, 2018). However, these models were recently challenged, and an alternative pathway was proposed (Zimmer and Perry, 2020; Zimmer et al., 2020; Clifford et al., 2022). To better understand how teleosts absorb Na+, this mini-review not only summarizes the major progress in the studies of the three models and the related regulatory mechanisms, but also describes and clarifies the debates on the current models.



Main progress in the studies of Na+ uptake pathways

Krogh’s pioneering   exchange idea was the first concept proposed for fish Na+ uptake and was based on the correlation of decreasing Na+ and increasing   in the water containing fish (Krogh, 1938). Several decades later, it was indicated that Na+ is actually exchanged for H+, not  , via Na+/H+ exchangers (NHEs) (Kerstetter et al., 1970; Kirschner et al., 1973). Thus, until 2009, an idea of metabolon was proposed that apical Rhcg and NHE in ionocytes function together to achieve   (Wright and Wood, 2009). In zebrafish and medaka, knockdown/pharmacological experiments and in situ proximity ligation assays demonstrated a coupling function of apical Na+/H+ exchange (via NHE3) and NH3 excretion (via Rhcg2) in ionocytes (Wu et al., 2010; Shih et al., 2012; Ito et al., 2013). Intracellular H+ and NH3 (   deprotonated by Rhcg2) respectively facilitate apical Na+/H+ exchange and NH3 excretion, and excreted H+ and NH3 further convert into   in the external water. Soon after these experiments, zebrafish NHE3b was surprisingly reported to exhibit   activity (even under ion-poor conditions). NHE3b-expressing Xenopus oocytes exposed to  -containing medium showed decreased intracellular Na+ and increased intracellular   activities (Ito et al., 2014). Together, in the current model of NHE3-expressing ionocytes (Figure 1), basolateral Rhbg transports   (and NKA probably transports  ) from the interstitial fluid to the cytosol (Nakada et al., 2007; Wu et al., 2010). The   could either be deprotonated by apical Rhcg for the Na+/H+ activity, or directly provide a chemical gradient for the   activity of apical NHE3. In addition, carbonic anhydrases (CAs) are involved in extracellular regeneration and intracellular deprotonation of CO2, which also elevates Na+/H+ activity of NHE3 (Ito et al., 2013; Ito et al., 2014; Yan and Hwang, 2019).




Figure 1 | General model of ionocytes for teleost Na+ uptake. Details refer to the text. AE1, anion exchanger 1; ASIC, acid-sensing ion channel; CA15, membrane-bound carbonic anhydrase 15; CA2, cytosolic carbonic anhydrase 2; CLC, Cl- channel; NBC, Na+-HCO3- co-transporter; NCC, Na+-Cl- co-transporter; NCC cell, NCC-expressing ionocyte; NHE3, Na+/H+ exchanger 3; NHE cell, NHE3-expressing ionocyte; NKA, Na+/K+-ATPase; Rhbg, rhesus B glycoprotein; Rhcg, rhesus C glycoprotein; VHA, vacuolar-type H+-ATPase; question mark (?), uptake function with controversial evidence; triangle mark (△), apical localization only in zebrafish and limited species; cross mark (✝), unclear driving force for NCC. Rhombus mark (⋄), transporter expressed in ionocytes or in pavement cells/keratinocytes (Nakada et al., 2007; Wu et al., 2010; Shih et al., 2013). Model size does not represent a relative cell size for NHE and NCC cells.



On the other hand, a model focusing on the epithelial Na+ channel (ENaC) coupled vacuolar-type H+-ATPase (VHA), derived from the model in frog skin (Harvey, 1992), was proposed as an alternative pathway for fish Na+ uptake (Avella and Bornancin, 1989; Bury and Wood, 1999). In fact, teleosts have lost ENaC genes and thus lack the trait of VHA-driven ENaC that is needed to absorb Na+ (Waldmann and Lazdunski, 1998). However, several studies have provided functional evidence that bafilomycin (a VHA inhibitor) decreased Na+ uptake in FW tilapia, carp, zebrafish, and trout (Fenwick et al., 1999; Reid et al., 2003; Esaki et al., 2007), raising the possibility of other VHA-driven Na+ channels. The long-sought after candidate turned out to be the acid-sensing ion channel (ASIC, belonging to ENaC/degenerin superfamily) which was found in teleost genomes (Paukert et al., 2004; Holzer, 2009). ASIC4b was found to be expressed in trout ionocytes and zebrafish H+-ATPase-rich (HR) ionocytes (Dymowska et al., 2014; Dymowska et al., 2015). Unfortunately, the ASIC model may not fit all FW teleosts. Medaka express VHA in the basolateral membrane of ionocytes, and tilapia did not show VHA expressed in ionocytes at all (Hiroi et al., 1998; Hsu et al., 2014). Actually, only zebrafish and very limited stenohaline FW species were reported to show apical VHA in gill ionocytes (Tseng et al., 2020). Functionally, it does not seem possible to take up Na+ from FW via ASIC, owing to its gating kinetics. ASIC is constitutively inactivated and only opens transiently when encountering external acidification, but prolonged acidification desensitizes ASIC and makes it closed (Gründer and Pusch, 2015; Yoder et al., 2018; Wichmann and Althaus, 2020). Altogether, it seems that ASIC may not play a role in Na+ uptake of ionocytes. This is probably the reason why ASIC inhibitor treatments or knockdown of ASIC4b did not decrease Na+ influxes in zebrafish larvae (Zimmer et al., 2018). Overall, whether the ASIC model is applicable to teleost ionocytes remains controversial.

An early concept that stood for almost 70 years suggested that the Na+ uptake pathway was uncoupled with Cl- transport in fish (Krogh, 1937; Maetz and Garcia Romeu, 1964). However, a direct linkage between Na+ and Cl- uptake was functionally observed in tilapia and goldfish (Chang et al., 2003; Preest et al., 2005). Subsequently, the Na+-Cl- co-transporter (NCC) was discovered to apically localize in gill ionocytes of FW tilapia (Hiroi et al., 2005; Hiroi et al., 2008). Na+ and Cl- uptake functions of NCC-expressing ionocytes were also examined using metolazone (a NCC inhibitor) or specific morpholino knockdown in the larvae of tilapia and zebrafish (Horng et al., 2009; Wang et al., 2009). In the current model of NCC-expressing ionocytes (Figure 1), apical uptake of Na+ and Cl- is achieved through NCC, and basolateral absorptions of Na+ and Cl- are considered to be achieved through the   co-transporter (NBC)/NKA and Cl- channel (CLC), respectively (Evans, 2011; Wang et al., 2015; Yan and Hwang, 2019).



Thermodynamic considerations and driving forces underlying Na+ uptake mechanisms

Thermodynamic principles and the driving force behind Na+ uptake are the pressing issues yet to be addressed in membrane ion transport. In the NHE model, NHE3, an electroneutral transporter, extrudes   to bring Na+ into ionocytes across the apical membrane down the chemical gradient between the environment and the cytosol. The Na+ concentration (< 1 mM) in FW is much lower than the intracellular concentration of Na+ in gill ionocytes (6.4-15 mM, data from opercular ionocytes in tilapia), suggesting that NHE must rely on H+ and/or   gradients against unfavorable Na+ gradients. Indeed, the intracellular   concentration in teleost gill cells (626-963 μM) is much higher than that in FW (<0.6 μM) (Li et al., 1997; Tseng et al., 2022). High intracellular   could provide a great chemical gradient of   (or H+, dissociated from  ) to inwardly drive Na+ transport. Although short-term acid (pH< 5) or low-Na+ (Na+< 0.1 mM) exposure may suddenly increase the thermodynamic constraint (Parks et al., 2008), most FW teleosts are able to increase NHE3/Rhcg/Rhbg expression and the number of NHE3-expressing ionocytes after long-term acclimation, as well as elevate   excretion (Hirata et al., 2003; Wu et al., 2010; Furukawa et al., 2011; Lin et al., 2012; Tseng et al., 2020). Taken together, the contribution of intracellular   and apical NHE-mediated   exchange are key factors to be reckoned with. Interestingly, during the evolution of FW adaptation, the NHE model may have developed as the dominant way for teleosts to take up Na+ (see our next section).

On the other hand, in the NCC model, basolateral NBC, CLC, and NKA of ionocytes do not seem capable of inwardly driving Na+ and Cl- uptake via apical NCC, owing to high Na+ and Cl- concentrations in teleost blood (130 mM and 125mM respectively) (Evans et al., 2005). Although the transport function of NCC has been examined in vivo using morpholinos and inhibitors (Horng et al., 2009; Wang et al., 2009), the driving force for apical uptake via NCC is still an open question.



Reliance on NHE-mediated Na+/NH4+ exchange for Na+ uptake

As ammonotelic animals, teleosts mainly produce ammonia as nitrogen wastes and directly excrete ammonia (including ~2% NH3 and ~98%   under normal physiological pH) into the surrounding water, which saves more energy than further converting ammonia into urea or uric acid before excretion. It is physiologically reasonable that NHE-mediated   exchange would be an efficient and energy-saving pathway for excreting acid (H+) and nitrogen wastes (ammonia), as well as taking up Na+ from FW. Because most FW teleosts show a high NHE3 expression in a specific subtype of gill/skin ionocytes (NHE3-expressing ionocytes), an evolutionary hypothesis has been recently proposed. During the evolution of FW adaptation, teleosts likely relied on NHE-mediated   exchange for a large amount of Na+ uptake (Tseng et al., 2020; Tseng et al., 2022). Of note, teleosts generally exhibit a relative high   excretion rate up to almost 2500 µmole/kg/h in FW, compared to that of non-teleost fishes such as stenohaline lamprey (Cyclostomata) (50-100 µmole/kg/h in FW), skate (Chondrichthyes) (~130 µmole/kg/h in SW), and sturgeon (Condrostei) (208-724 µmole/kg/h in FW) (Gershanovich and Pototskij, 1995; Altinok and Grizzle, 2004; Steele et al., 2005; Tseng et al., 2022). Moreover, convincing physiological evidence was also found in two model species of teleosts, euryhaline medaka and stenohaline zebrafish. Acute exposure to high ammonia FW decreased Na+ uptake in skin ionocytes of larval medaka by around 70%; a treatment of NHE inhibitor (5-ethylisopropyl amiloride, EIPA) caused similar declines (65-70%) in Na+ uptake and   excretion (Tseng et al., 2022). Similarly in larval skin of zebrafish acclimated to low-Na+ FW, both high ammonia exposure and knockdown of NHE3b impaired over 50% of Na+ uptake and   excretion (Shih et al., 2012). In the gills of zebrafish and medaka, NHE3 expression was also stimulated by Na+-deficient FW (Shih et al., 2012; Tseng et al., 2022). These findings reinforce the notion of a considerable reliance on NHE-mediated   exchange by FW teleosts.



Functional regulation of Na+ uptake

Differentially expressed in two subtypes of ionocyte, NHE3 and NCC work in collaboration to take up Na+ (Yan and Hwang, 2019; Inokuchi et al., 2022). It is widely accepted that NHE3 is a major transporter and NCC is a minor transporter for Na+ uptake in FW teleosts, based on the evidence that Na+ is mainly accumulated in zebrafish HR ionocytes (NHE3b-expressing cells), and the density of NHE3-expressing ionocytes is higher than that of NCC-expressing ionocytes in larval skin (Esaki et al., 2007; Hiroi et al., 2008; Shih et al., 2021). Besides, compensatory regulation on Na+ uptake by NHE3b and NCC was also revealed in larval zebrafish (Chang et al., 2013).

Several reviews have comprehensively summarized how hormones act on Na+ uptake regulation in teleosts (Guh and Hwang, 2017; Lewis and Kwong, 2018; Yan and Hwang, 2019). Here, we focused on describing the cases in which the regulation of Na+ uptake is also dependent on water chemistry. Acidic or low-Na+ FW results in the alteration of transporter expression and ionocyte number. Long-term exposure to acidic FW triggers the expression of NHE3 (and Rhcg) in most FW teleosts such as dace, tilapia, medaka, carp, and goldfish (Hirata et al., 2003; Tseng et al., 2020). They adopt NHE3 to excrete more   against acidic environments and simultaneously absorb Na+. Meanwhile, very few teleosts (zebrafish, for example) mainly up-regulate apical VHA instead of NHE3 for the enhancement of acid excretion (Yan et al., 2007; Tseng et al., 2020). Zebrafish gills showed a down-regulated NHE3b expression with an increased number of NCC2b-expressing ionocytes after acid acclimation for 7 days (Chang et al., 2013). That is, zebrafish utilize NCC2b as a backup transporter for maintaining Na+ homeostasis under acidic FW, although this fact still cannot exclude the possibility that other NHE isoforms may compensate for the loss of NHE3b. Long-term exposure to Na+-deficient FW stimulates mRNA expression of NHE3 (and Rhcg) and the number of NHE3-expressing ionocytes in FW teleosts (Inokuchi et al., 2009; Wu et al., 2010; Shih et al., 2012; Tseng et al., 2022). However, studies from zebrafish and medaka revealed that branchial mRNA expression of NCC was down-regulated in low-Na+ FW (with low-Cl-) (Wang et al., 2009; Hsu et al., 2014). In tilapia gills, low-Na+ FW (with normal- or low-Cl-) did not affect the mRNA expression of NCC, while low-Cl- FW (with normal Na+) increased the mRNA expression of NCC and the density of NCC-expressing ionocytes (Inokuchi et al., 2009). These findings suggest that up-regulation of NHE3 is the major pathway for functional enhancement of Na+ uptake under Na+-deficient situations, but the regulation of NCC is depending on both Na+/Cl- levels in FW and probably varies in different species.



Debates on the roles of NHE and NCC in Na+ uptake

Debates on the current models of Na+ uptake pathways originated from the thermodynamic considerations for NHE and NCC. Some studies have proposed that the Na+ uptake function of NHEs is only favored when a ratio of intracellular and FW concentration of Na+ is smaller than that of a ratio of H+, which is not feasible under acidic or Na+-poor situations (Dymowska et al., 2014; Dymowska et al., 2015; Clifford et al., 2022). Obviously, their concern probably neglected the   activity of NHEs. As we described above, apical   exchange of NHEs could be driven down the   gradients in ionocytes. But for NCC, how to drive Na+/Cl- into ionocytes against the thermodynamic limitations indeed remains a mystery. Based on these debates, recent studies generated nhe3b- and rhcg2-knockout zebrafish (using CRISPR/Cas9) to reassess the contribution of NHE3b, Rhcg2, and NCC to Na+ uptake in larvae (Zimmer and Perry, 2020; Zimmer et al., 2020). They found that knockout of nhe3b or rhcg2 did not reduce whole-body Na+ uptake and Na+ content, and Na+ or Cl- influxes were not respectively affected by Cl–-free or low-Na+ FW in NHE3b mutants, thereby concluding that larval zebrafish do not require NHE3b and Rhcg2 to sustain whole-body Na+ uptake, nor do they adopt an NCC-mediated pathway to compensate for the loss of NHE3b function. The finding that zebrafish could survive even lacking the major transporter (NHE3b) for Na+ uptake is unexpected and does suggest the possibility of unknown back-up pathways for Na+ compensatory regulation in teleosts. However, the knockout results are not necessary to overrule the previous knockdown/pharmacological evidence that supported the crucial role of NHE3b and NCC in Na+ uptake (Esaki et al., 2007; Wang et al., 2009; Shih et al., 2012; Chang et al., 2013; Ito et al., 2014). In fact, it is quite reasonable to observe different results among gene knockout and knockdown experiments. Knockdown and knockout probably induced distinct compensatory mechanisms and thereby resulted in inconsistent phenotypes (Rossi et al., 2015). That said, further and more comprehensive explorations of the compensatory mechanisms activated in those knockout mutants (Zimmer and Perry, 2020; Zimmer et al., 2020) are awaited. Loss- (or gain-) of-function experiments using pharmacology, knockdown, or knockout approaches are powerful, but could link misleading information to related issues without the appropriate and careful characterizations of the methodology effectiveness and related compensatory mechanisms.

A new pathway for Na+ uptake, derived from the same debates around thermodynamics, was recently proposed in adult zebrafish. Clifford and his colleagues found that Na+ uptake was constitutively lower at 0 h of acid exposure but recovered after 8-10 h of acid exposure. They considered this recovery of Na+ uptake to be linked to the environmental K+ concentration, not the NHE- and NCC-mediated pathways (Clifford et al., 2022), and thus proposed an alternative pathway for zebrafish coping with short-term acidification. However, inconsistent results in a previous study reported that acute acid exposure (0 h) did not reduce Na+ uptake in adult zebrafish (Kumai et al., 2011), which implies further confirmation of the methodology or a detailed description of experimental designs would be necessary in advance. Furthermore, Na+ uptake did not change during the initial 96 h acid exposure, and instead, a great degree of increase in Na+ uptake was observed after 120 h acid exposure (Kumai et al., 2011). These results highlight the variable physiological responses that could be observed during the acclimation period. A reasonable comparison of mechanisms or hypothetical differences between studies should base on a similar or comparable experimental time period. On the other hand, Clifford proposed K+-dependent Na+/Ca2+ exchangers (NCKXs) to be the candidates that mediate the K+-associated Na+ uptake function (Clifford et al., 2022). It has been noted that NCKX3 was found to localize to the basolateral layer of mice DCT and involved in Ca2+ transport (Lee et al., 2009), but how NCKXs work and even cellular localization of NCKXs in teleost gills are unknown. Further characterization of the molecular identity of the newly-proposed transport pathway is needed.



Concluding remarks

FW teleosts absorb Na+ via NHE-mediated and NCC-mediated Na+ uptake pathways in gill/skin ionocytes, and they rely on NHE for a majority of Na+ uptake probably due to a powerful force (   gradient) that efficiently drives NHE (Figure 1). Although some unclear mechanisms still remain, powerful techniques (e.g., single cell transcriptome analysis and a scanning ion-selective electrode technique) have been developed and recently applied to fish gills (Pan et al., 2022; Shih et al., 2022), which may shed some light on fish osmoregulation and the transport mechanisms of Na+ and other ions.



Author contributions

S-WS and P-PH conceived the idea. J-JY and M-YC provided suggestions to this review. S-WS wrote the manuscript draft. P-PH supervised and finalized the manuscript. All authors approved the manuscript for publication.



Funding

This review was financially supported by grants to P-PH from the Ministry of Science and Technology (MOST 109-2326-B-001-007), Taiwan.



Acknowledgments

We thank Ya-Ting Chuang (Institute of Cellular and Organismic Biology, Academia Sinica) for drawing Figure 1.



Conflict of interest

The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



References

 Altinok, I., and Grizzle, J. M. (2004). Excretion of ammonia and urea by phylogenetically diverse fish species in low salinities. Aquaculture 238, 499–507. doi: 10.1016/j.aquaculture.2004.06.020

 Avella, M., and Bornancin, M. (1989). A new analysis of ammonia and sodium transport through the gills of the freshwater rainbow trout (Salmo gairdneri). J. Exp. Biol. 142, 155–175. doi: 10.1242/jeb.142.1.155

 Bury, N. R., and Wood, C. M. (1999). Mechanism of branchial apical silver uptake by rainbow trout is via the proton-coupled na+ channel. Am. J. Physiol. Regul. Integr. Comp. Physiol. 277, R1385–R1391. doi: 10.1152/ajpregu.1999.277.5.R1385

 Chang, W.-J., Wang, Y.-F., Hu, H.-J., Wang, J.-H., Lee, T.-H., and Hwang, P.-P. (2013). Compensatory regulation of na+ absorption by Na+/H+ exchanger and na+-cl- cotransporter in zebrafish (Danio rerio). Front. zoology 10, 1–12. doi: 10.1186/1742-9994-10-46

 Chang, I.-C., Wei, Y.-Y., Chou, F.-I., and Hwang, P.-P. (2003). Stimulation of cl– uptake and morphological changes in gill mitochondria-rich cells in freshwater tilapia (Oreochromis mossambicus). Physiol. Biochem. Zoology 76, 544–552. doi: 10.1086/375438

 Clifford, A. M., Tresguerres, M., Goss, G. G., and Wood, C. M. (2022). A novel k+-dependent na+ uptake mechanism during low pH exposure in adult zebrafish (Danio rerio): New tricks for old dogma. Acta Physiologica 234, e13777. doi: 10.1111/apha.13777

 Dymowska, A. K., Boyle, D., Schultz, A. G., and Goss, G. G. (2015). The role of acid-sensing ion channels in epithelial na+ uptake in adult zebrafish (Danio rerio). J. Exp. Biol. 218, 1244–1251. doi: 10.1242/jeb.113118

 Dymowska, A. K., Schultz, A. G., Blair, S. D., Chamot, D., and Goss, G. G. (2014). Acid-sensing ion channels are involved in epithelial na+ uptake in the rainbow trout Oncorhynchus mykiss. Am. J. Physiology-Cell P hysiology 307, C255–C265. doi: 10.1152/ajpcell.00398.2013

 Esaki, M., Hoshijima, K., Kobayashi, S., Fukuda, H., Kawakami, K., and Hirose, S. (2007). Visualization in zebrafish larvae of na+ uptake in mitochondria-rich cells whose differentiation is dependent on foxi3a. Am. J. Physiology-Regulatory Integr. Comp. Physiol. 292, R470–R480. doi: 10.1152/ajpregu.00200.2006

 Evans, D. (2011). Freshwater fish gill ion transport: August krogh to morpholinos and microprobes. Acta Physiologica 202, 349–359. doi: 10.1111/j.1748-1716.2010.02186.x

 Evans, D. H., Piermarini, P. M., and Choe, K. P. (2005). The multifunctional fish gill: dominant site of gas exchange, osmoregulation, acid-base regulation, and excretion of nitrogenous waste. Physiol. Rev. 85, 97–177. doi: 10.1152/physrev.00050.2003

 Fenwick, J., Wendelaar Bonga, S., and Flik, G. (1999). In vivo bafilomycin-sensitive na+ uptake in young freshwater fish. J. Exp. Biol. 202, 3659–3666. doi: 10.1242/jeb.202.24.3659

 Furukawa, F., Watanabe, S., Inokuchi, M., and Kaneko, T. (2011). Responses of gill mitochondria-rich cells in Mozambique tilapia exposed to acidic environments (pH 4.0) in combination with different salinities. Comp. Biochem. Physiol. Part A: Mol. Integr. Physiol. 158, 468–476. doi: 10.1016/j.cbpa.2010.12.003

 Gershanovich, A., and Pototskij, I. (1995). The peculiarities of non-faecal nitrogen excretion in sturgeons (Pisces; acipenseridae)–2. effects of water temperature, salinity and pH. Comp. Biochem. Physiol. Part A: Physiol. 111, 313–317. doi: 10.1016/0300-9629(94)00201-4

 Gründer, S., and Pusch, M. (2015). Biophysical properties of acid-sensing ion channels (ASICs). Neuropharmacology 94, 9–18. doi: 10.1016/j.neuropharm.2014.12.016

 Guh, Y.-J., and Hwang, P.-P. (2017). Insights into molecular and cellular mechanisms of hormonal actions on fish ion regulation derived from the zebrafish model. Gen. Comp. Endocrinol. 251, 12–20. doi: 10.1016/j.ygcen.2016.08.009

 Harvey, B. J. (1992). Energization of sodium absorption by the h+-ATPase pump in mitochondria-rich cells of frog skin. J. Exp. Biol. 172, 289–309. doi: 10.1242/jeb.172.1.289

 Hirata, T., Kaneko, T., Ono, T., Nakazato, T., Furukawa, N., Hasegawa, S., et al. (2003). Mechanism of acid adaptation of a fish living in a pH 3.5 lake. Am. J. Physiology-Regulatory Integr. Comp. Physiol. 284, R1199–R1212. doi: 10.1152/ajpregu.00267.2002

 Hiroi, J., Kaneko, T., Uchida, K., Hasegawa, S., and Tanaka, M. (1998). Immunolocalization of vacuolar-type h-ATPase in the yolk-sac membrane of tilapia (Oreochromis mossambicus) larvae. Zoological Sci. 15, 447–453. doi: 10.2108/0289-0003(1998)15[447:IOVHIT]2.0.CO;2

 Hiroi, J., McCormick, S. D., Ohtani-Kaneko, R., and Kaneko, T. (2005). Functional classification of mitochondrion-rich cells in euryhaline Mozambique tilapia (Oreochromis mossambicus) embryos, by means of triple immunofluorescence staining for Na+/K+-ATPase, Na+/K+/2Cl- cotransporter and CFTR anion channel. J. Exp. Biol. 208, 2023–2036. doi: 10.1242/jeb.01611

 Hiroi, J., Yasumasu, S., McCormick, S. D., Hwang, P.-P., and Kaneko, T. (2008). Evidence for an apical Na–cl cotransporter involved in ion uptake in a teleost fish. J. Exp. Biol. 211, 2584–2599. doi: 10.1242/jeb.018663

 Holzer, P. (2009). Acid-sensitive ion channels and receptors. Sensory nerves 194, 283–332. doi: 10.1007/978-3-540-79090-7_9

 Horng, J.-L., Hwang, P.-P., Shih, T.-H., Wen, Z.-H., Lin, C.-S., and Lin, L.-Y. (2009). Chloride transport in mitochondrion-rich cells of euryhaline tilapia (Oreochromis mossambicus) larvae. Am. J. Physiology-Cell Physiol. 297, C845–C854. doi: 10.1152/ajpcell.00218.2009

 Hsu, H.-H., Lin, L.-Y., Tseng, Y.-C., Horng, J.-L., and Hwang, P.-P. (2014). A new model for fish ion regulation: identification of ionocytes in freshwater-and seawater-acclimated medaka (Oryzias latipes). Cell Tissue Res. 357, 225–243. doi: 10.1007/s00441-014-1883-z

 Inokuchi, M., Hiroi, J., and Kaneko, T. (2022). Why can Mozambique tilapia acclimate to both freshwater and seawater? insights from the plasticity of ionocyte functions in the euryhaline teleost. Front. Physiol. 13. doi: 10.3389/fphys.2022.914277

 Inokuchi, M., Hiroi, J., Watanabe, S., Hwang, P.-P., and Kaneko, T. (2009). Morphological and functional classification of ion-absorbing mitochondria-rich cells in the gills of Mozambique tilapia. J. Exp. Biol. 212, 1003–1010. doi: 10.1242/jeb.025957

 Ito, Y., Kato, A., Hirata, T., Hirose, S., and Romero, M. F. (2014). Na+/H+ and Na+/NH4 + exchange activities of zebrafish NHE3b expressed in xenopus oocytes. Am. J. Physiology-Regulatory Integr. Comp. Physiol. 306, R315–R327. doi: 10.1152/ajpregu.00363.2013

 Ito, Y., Kobayashi, S., Nakamura, N., Miyagi, H., Esaki, M., Hoshijima, K., et al. (2013). Close association of carbonic anhydrase (CA2a and CA15a), Na+/H+ exchanger (Nhe3b), and ammonia transporter Rhcg1 in zebrafish ionocytes responsible for na+ uptake. Front. Physiol. 4, 59. doi: 10.3389/fphys.2013.00059

 Kerstetter, T. H., Kirschner, L. B., and Rafuse, D. D. (1970). On the mechanisms of sodium ion transport by the irrigated gills of rainbow trout (Salmo gairdneri). J. Gen. Physiol. 56, 342–359. doi: 10.1085/jgp.56.3.342

 Kirschner, L. B., Greenwald, L., and Kerstetter, T. H. (1973). Effect of amiloride on sodium transport across body surfaces of freshwater animals. Am. J. Physiology-Legacy Content 224, 832–837. doi: 10.1152/ajplegacy.1973.224.4.832

 Krogh, A. (1937). Osmotic regulation in fresh water fishes by active absorption of chloride ions. Z. für vergleichende Physiologie 24, 656–666. doi: 10.1007/BF00592303

 Krogh, A. (1938). The active absorption of ions in some freshwater animals. Z. für vergleichende Physiologie 25, 335–350. doi: 10.1007/BF00339641

 Kumai, Y., Bahubeshi, A., Steele, S., and Perry, S. F. (2011). Strategies for maintaining na+ balance in zebrafish (Danio rerio) during prolonged exposure to acidic water. Comp. Biochem. Physiol. Part A: Mol. Integr. Physiol. 160, 52–62. doi: 10.1016/j.cbpa.2011.05.001

 Lee, G.-S., Choi, K.-C., and Jeung, E.-B. (2009). K+-dependent Na+/Ca2+ exchanger 3 is involved in renal active calcium transport and is differentially expressed in the mouse kidney. Am. J. Physiology-Renal Physiol. 297, F371–F379. doi: 10.1152/ajprenal.90615.2008

 Lewis, L., and Kwong, R. W. (2018). Zebrafish as a model system for investigating the compensatory regulation of ionic balance during metabolic acidosis. Int. J. Mol. Sci. 19, 1087. doi: 10.3390/ijms19041087

 Li, J., Eygensteyn, J., Lock, R., Bonga, S., and Flik, G. (1997). Na+ and Ca2+ homeostatic mechanisms in isolated chloride cells of the teleost oreochromis mossambicus analysed by confocal laser scanning microscopy. J. Exp. Biol. 200, 1499–1508. doi: 10.1242/jeb.200.10.1499

 Lin, C.-C., Lin, L.-Y., Hsu, H.-H., Thermes, V., Prunet, P., Horng, J.-L., et al. (2012). Acid secretion by mitochondrion-rich cells of medaka (Oryzias latipes) acclimated to acidic freshwater. Am. J. Physiology-Regulatory Integr. Comp. Physiol. 302, R283–R291. doi: 10.1152/ajpregu.00483.2011

 Maetz, J., and Garcia Romeu, F. (1964). The mechanism of sodium and chloride uptake by the gills of a fresh-water fish, carassius auratus: II. evidence for NH4+/Na+ and HCO 3-/Cl- exchanges. J. Gen. Physiol. 47, 1209–1227. doi: 10.1085/jgp.47.6.1209

 Nakada, T., Westhoff, C. M., Kato, A., and Hirose, S. (2007). Ammonia secretion from fish gill depends on a set of Rh glycoproteins. FASEB J. 21, 1067–1074. doi: 10.1096/fj.06-6834com

 Pan, W., Godoy, R. S., Cook, D. P., Scott, A. L., Nurse, C. A., and Jonz, M. G. (2022). Single-cell transcriptomic analysis of neuroepithelial cells and other cell types of the gills of zebrafish (Danio rerio) exposed to hypoxia. Sci. Rep. 12, 1–17. doi: 10.1038/s41598-022-13693-1

 Parks, S. K., Tresguerres, M., and Goss, G. G. (2008). Theoretical considerations underlying na+ uptake mechanisms in freshwater fishes. Comp. Biochem. Physiol. Part C: Toxicol. Pharmacol. 148, 411–418. doi: 10.1016/j.cbpc.2008.03.002

 Paukert, M., Sidi, S., Russell, C., Siba, M., Wilson, S. W., Nicolson, T., et al. (2004). A family of acid-sensing ion channels from the zebrafish: widespread expression in the central nervous system suggests a conserved role in neuronal communication. J. Biol. Chem. 279, 18783–18791. doi: 10.1074/jbc.M401477200

 Preest, M. R., Gonzalez, R. J., and Wilson, R. W. (2005). A pharmacological examination of na+ and cl– transport in two species of freshwater fish. Physiol. Biochem. Zoology 78, 259–272. doi: 10.1086/427058

 Reid, S. D., Hawkings, G., Galvez, F., and Goss, G. (2003). Localization and characterization of phenamil-sensitive na+ influx in isolated rainbow trout gill epithelial cells. J. Exp. Biol. 206, 551–559. doi: 10.1242/jeb.00109

 Rossi, A., Kontarakis, Z., Gerri, C., Nolte, H., Hölper, S., Krüger, M., et al. (2015). Genetic compensation induced by deleterious mutations but not gene knockdowns. Nature 524, 230–233. doi: 10.1038/nature14580

 Shih, T.-H., Horng, J.-L., Lai, Y.-T., and Lin, L.-Y. (2013). Rhcg1 and rhbg mediate ammonia excretion by ionocytes and keratinocytes in the skin of zebrafish larvae: H+-ATPase-linked active ammonia excretion by ionocytes. Am. J. Physiology-Regulatory Integr. Comp. Physiol. 304, R1130–R1138. doi: 10.1152/ajpregu.00550.2012

 Shih, T.-H., Horng, J.-L., Liu, S.-T., Hwang, P.-P., and Lin, L.-Y. (2012). Rhcg1 and NHE3b are involved in ammonium-dependent sodium uptake by zebrafish larvae acclimated to low-sodium water. Am. J. Physiology-Regulatory Integr. Comp. Physiol. 302, R84–R93. doi: 10.1152/ajpregu.00318.2011

 Shih, S.-W., Yan, J.-J., Tsou, Y.-L., Lu, S.-W., Wang, M.-C., Chou, M.-Y., et al. (2022). In vivo functional assay in fish gills: Exploring branchial acid-excreting mechanisms in zebrafish. Int. J. Mol. Sci. 23, 4419. doi: 10.3390/ijms23084419

 Shih, S.-W., Yan, J.-J., Wang, Y.-H., Tsou, Y.-L., Chiu, L., Tseng, Y.-C., et al. (2021). Estrogen-related receptor γ2 controls NaCl uptake to maintain ionic homeostasis. J. Endocrinol. 251, 149–159. doi: 10.1530/JOE-21-0112

 Steele, S. L., Yancey, P. H., and Wright, P. A. (2005). The little skate raja erinacea exhibits an extrahepatic ornithine urea cycle in the muscle and modulates nitrogen metabolism during low-salinity challenge. Physiol. Biochem. Zoology 78, 216–226. doi: 10.1086/427052

 Tseng, Y. C., Yan, J. J., Furukawa, F., Chen, R. D., Lee, J. R., Tsou, Y. L., et al. (2022). Teleostean fishes may have developed an efficient na+ uptake for adaptation to the freshwater system. Front. Physiol. 13, 947958. doi: 10.3389/fphys.2022.947958

 Tseng, Y. C., Yan, J. J., Furukawa, F., and Hwang, P. P. (2020). Did acidic stress resistance in vertebrates evolve as Na+/H+ exchanger-mediated ammonia excretion in fish? BioEssays 42, 1900161. doi: 10.1002/bies.201900161

 Waldmann, R., and Lazdunski, M. (1998). H+-gated cation channels: neuronal acid sensors in the NaC/DEG family of ion channels. Curr. Opin. Neurobiol. 8, 418–424. doi: 10.1016/S0959-4388(98)80070-6

 Wang, Y.-F., Tseng, Y.-C., Yan, J.-J., Hiroi, J., and Hwang, P.-P. (2009). Role of SLC12A10. 2, a Na-cl cotransporter-like protein, in a cl uptake mechanism in zebrafish (Danio rerio). Am. J. Physiology-Regulatory Integr. Comp. Physiol. 296, R1650–R1660. doi: 10.1152/ajpregu.00119.2009

 Wang, Y.-F., Yan, J.-J., Tseng, Y.-C., Chen, R.-D., and Hwang, P.-P. (2015). Molecular physiology of an extra-renal cl- uptake mechanism for body fluid cl- homeostasis. Int. J. Biol. Sci. 11, 1190. doi: 10.7150/ijbs.11737

 Wichmann, L., and Althaus, M. (2020). Evolution of epithelial sodium channels: current concepts and hypotheses. Am. J. Physiol. Regul. Integr. Comp. Physiol. 319, R387–R400. doi: 10.1152/ajpregu.00144.2020

 Wright, P. A., and Wood, C. M. (2009). A new paradigm for ammonia excretion in aquatic animals: role of rhesus (Rh) glycoproteins. J. Exp. Biol. 212, 2303–2312. doi: 10.1242/jeb.023085

 Wu, S.-C., Horng, J.-L., Liu, S.-T., Hwang, P.-P., Wen, Z.-H., Lin, C.-S., et al. (2010). Ammonium-dependent sodium uptake in mitochondrion-rich cells of medaka (Oryzias latipes) larvae. Am. J. Physiology-Cell Physiol. 298, C237–C250. doi: 10.1152/ajpcell.00373.2009

 Yan, J.-J., Chou, M.-Y., Kaneko, T., and Hwang, P.-P. (2007). Gene expression of Na+/H+ exchanger in zebrafish h+-ATPase-rich cells during acclimation to low-na+ and acidic environments. Am. J. Physiology-Cell Physiol. 293, C1814–C1823. doi: 10.1152/ajpcell.00358.2007

 Yan, J.-J., and Hwang, P.-P. (2019). Novel discoveries in acid-base regulation and osmoregulation: a review of selected hormonal actions in zebrafish and medaka. Gen. Comp. Endocrinol. 277, 20–29. doi: 10.1016/j.ygcen.2019.03.007

 Yoder, N., Yoshioka, C., and Gouaux, E. (2018). Gating mechanisms of acid-sensing ion channels. Nature 555, 397–401. doi: 10.1038/nature25782

 Zimmer, A. M., Dymowska, A. K., Kumai, Y., Goss, G. G., Perry, S. F., and Kwong, R. W. (2018). Assessing the role of the acid-sensing ion channel ASIC4b in sodium uptake by larval zebrafish. Comp. Biochem. Physiol. Part A: Mol. Integr. Physiol. 226, 1–10. doi: 10.1016/j.cbpa.2018.06.012

 Zimmer, A. M., and Perry, S. F. (2020). The rhesus glycoprotein rhcgb is expendable for ammonia excretion and na+ uptake in zebrafish (Danio rerio). Comp. Biochem. Physiol. Part A: Mol. Integr. Physiol. 247, 110722. doi: 10.1016/j.cbpa.2020.110722

 Zimmer, A. M., Shir-Mohammadi, K., Kwong, R. W., and Perry, S. F. (2020). Reassessing the contribution of the Na+/H+ exchanger Nhe3b to na+ uptake in zebrafish (Danio rerio) using CRISPR/Cas9 gene editing. J. Exp. Biol. 223, jeb215111. doi: 10.1242/jeb.234062


Publisher’s note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2023 Shih, Yan, Chou and Hwang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


		REVIEW
published: 30 January 2023
doi: 10.3389/fphys.2023.1065573


[image: image2]
Insights into the control and consequences of breathing adjustments in fishes-from larvae to adults 
Steve F. Perry*, Yihang K. Pan and Kathleen M. Gilmour
Department of Biology, University of Ottawa, Ottawa, ON, Canada
Edited by:
Pung Pung Hwang, Academia Sinica, Taiwan
Reviewed by:
Hui-Chen Lin, Tunghai University, Taiwan
Bill Milsom, University of British Columbia, Canada
* Correspondence: Steve F. Perry, sfperry@uottawa.ca
Specialty section: This article was submitted to Aquatic Physiology, a section of the journal Frontiers in Physiology
Received: 09 October 2022
Accepted: 11 January 2023
Published: 30 January 2023
Citation: Perry SF, Pan YK and Gilmour KM (2023) Insights into the control and consequences of breathing adjustments in fishes-from larvae to adults . Front. Physiol. 14:1065573. doi: 10.3389/fphys.2023.1065573

Adjustments of ventilation in fishes to regulate the volume of water flowing over the gills are critically important responses to match branchial gas transfer with metabolic needs and to defend homeostasis during environmental fluctuations in O2 and/or CO2 levels. In this focused review, we discuss the control and consequences of ventilatory adjustments in fish, briefly summarizing ventilatory responses to hypoxia and hypercapnia before describing the current state of knowledge of the chemoreceptor cells and molecular mechanisms involved in sensing O2 and CO2. We emphasize, where possible, insights gained from studies on early developmental stages. In particular, zebrafish (Danio rerio) larvae have emerged as an important model for investigating the molecular mechanisms of O2 and CO2 chemosensing as well as the central integration of chemosensory information. Their value stems, in part, from their amenability to genetic manipulation, which enables the creation of loss-of-function mutants, optogenetic manipulation, and the production of transgenic fish with specific genes linked to fluorescent reporters or biosensors.
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1 INTRODUCTION
Arguably, the most thorough review of the control of breathing in fishes was published in 1986 in the Handbook of Physiology (Shelton et al., 1986) as part of an exhaustive tome that covered the regulation of ventilation in all ectothermic vertebrates. In the ensuing years, numerous reviews synthesizing aspects of the control of breathing in fishes have appeared (Burleson et al., 1992; Glass, 1992; Gilmour, 2001; Burleson and Milsom, 2003; Gilmour and Perry, 2007; Sundin et al., 2007; Perry et al., 2009a; Perry et al., 2009b; Perry and Gilmour, 2010; Perry, 2011; Perry and Abdallah, 2012; Jonz et al., 2015a; Perry et al., 2016; Perry and Tzaneva, 2016; Tresguerres et al., 2019; Pan and Perry, 2020), including a recent sequel to the 1986 Handbook classic (Milsom et al., 2022). The topics covered in these reviews span all levels of respiratory control from chemoreception of the respiratory gases (O2, CO2 and ammonia) and central integration of afferent sensory input to efferent motor output to the muscles controlling water- or air-breathing. Additionally, several of these reviews include sections on the physiological significance of ventilatory adjustments associated with environmental change or increased physical activity (Perry et al., 2009b; Perry, 2011; Milsom et al., 2022). Thus, one might reasonably question the need for yet another review of piscine respiratory control. Frankly, there is probably no need for another comprehensive synthesis. However, in light of recent findings, particularly pertaining to early developmental stages, several emerging themes merit discussion in a brief and focused review. These themes include the ontogeny of chemoreception and the associated respiratory reflexes as well as the molecular and cellular mechanisms underlying the sensing of the two well-studied respiratory gases, O2 and CO2.
The current review will focus exclusively on ventilation in water-breathing fishes and highlight research on zebrafish (Danio rerio) with a specific focus on the early stages of development. The emphasis on zebrafish reflects recent advances in transgenic and loss-of-function (e.g., knockdown, knockout) approaches (Zimmer et al., 2019) that were developed to study the control of breathing in this model species. The review begins with a brief discussion of the ventilatory responses associated with environmental changes in O2 and CO2, which is followed by more detailed descriptions of the mechanisms underlying the sensing of these respiratory gases. In a final section, we propose areas for future studies that would use genetic techniques amenable to larval zebrafish.
2 VENTILATORY ADJUSTMENTS TO ENVIRONMENTAL CHANGES IN RESPIRATORY GASES
The volume of water ventilating the gills is a key determinant of O2 consumption, hence aerobic metabolic rate. Thus, adjustments to ventilation (in concert with cardiac changes) are used to match O2 consumption with metabolic needs. To modify O2 uptake rates independently of metabolic rate, ventilation volumes also are controlled by environmental cues linked to modulation of chemoreceptors. Although less well-studied, the excretion rates of CO2 and NH3 (water-breathers) also are governed, in part, by ventilation volumes. Over a relatively narrow range of ventilation volumes (∼60–150 mL min−1), Iwama et al. (1987) reported a significant correlation between O2 uptake and CO2 excretion yielding a slope of 1.0. The effects of hyperventilation on branchial ammonia excretion are complex and vary according to the prevailing diffusion limitations (Randall and Ip, 2006). Indeed, under so-called resting conditions, the rate of ammonia excretion was unaffected by water flow (Eom et al., 2020). However, under conditions of reduced diffusion limitations (e.g. in fish experiencing elevated plasma ammonia levels and increased expression of Rh ammonia channels), there was a clear correlation between ventilation and ammonia excretion. Owing to the limited data available on mechanisms of ammonia sensing, the following discussion focuses on the ventilatory effects of changes in environmental O2 and CO2 levels. However, readers interested in the ventilatory effects of the third respiratory gas, NH3, are directed to the following publications (Zhang and Wood, 2009; Zhang et al., 2011; Zhang et al., 2013; De Boeck and Wood, 2015; Zhang et al., 2015; Eom et al., 2019; Eom et al., 2020; Eom and Wood, 2021; Porteus et al., 2021).
2.1 Environmental O2 levels
Numerous aquatic habitats vary spatially and temporally in levels of dissolved O2, ranging from hypoxia [a reduction in O2 partial pressure (PO2) below that of air-equilibrated water] to hyperoxia (an increase in PO2). Although such gradients in ambient PO2 have existed through “geological time” (Diaz, 2001), their severity and zones of occurrence are increasing steadily owing to human activities. In response to hyperoxia, fish lower ventilation (hypoventilate) (Wood and Jackson, 1980; Heisler et al., 1988; Kinkead and Perry, 1991; Reid et al., 2005; Vulesevic et al., 2006; Tzaneva and Perry, 2014; Porteus et al., 2015; Porteus et al., 2021). Assuming that the cost of gill ventilation is a significant component of the overall energy budget (Jones and Schwarzfeld, 1974; Steffensen and Lomholt, 1983), hyperoxic hypoventilation may confer some energetic savings. The associated reduction in gas transfer efficiency is of no consequence to blood O2 transport because the arterial PO2 will remain well in excess of that needed for full saturation of haemoglobin. However, the retention of CO2 associated with hypoventilation elicits respiratory acidosis (a lowering of pH caused by an increase in PCO2) (Wood and Jackson, 1980), an obvious detrimental consequence of hyperoxia exposure that could impact fish health in commercial aquaculture settings that add supplemental O2 to the water (Zimmer and Perry, 2022).
The effects of hypoxia on ventilation (Randall and Shelton, 1963) have received far more attention than those of hyperoxia (Wood and Jackson, 1980). The reader is referred to several extensive reviews that summarise the ventilatory effects linked to hypoxia (Randall, 1982; Shelton et al., 1986; Burleson et al., 1992; Gilmour, 2001; Perry and Gilmour, 2002; Gilmour and Perry, 2007; Perry et al., 2009b; Milsom, 2012). In brief, fish hyperventilate during hypoxia by increasing respiratory frequency (fV) and/or amplitude (VAMP), depending on species. Collectively, these changes in breathing are termed the hypoxic ventilatory response (HVR). Hyperventilation enhances oxygenation of the blood flowing through the gills and therefore serves to minimize the extent of the reduction in arterial PO2 (PaO2), and hence haemoglobin O2 saturation, that is an inevitable consequence of ambient hypoxia (e.g., Holeton and Randall, 1967). The vast majority of studies that have examined the piscine HVR were performed on adults. In recent years, however, the HVR during early development has received renewed and increasing attention. Studies on zebrafish, in particular, have provided insight into the maturation of the HVR and its developmental plasticity while shedding light on the physiological significance of the HVR in larvae lacking fully developed gills. Given its underdeveloped gills, a high surface-to-volume ratio, thin integument and immature autonomic nervous system, the larva should not be considered a miniature version of the adult although some elements of the HVR are conserved.
2.2 Ontogeny of the hypoxic ventilatory response
The scarcity of studies on early life stages may reflect the generally held view that the developing gills of larvae do not contribute significantly to whole body O2 uptake until they have developed an adult-like morphology (Rombough, 1988; Rombough, 2007). In zebrafish (Rombough, 2002) and rainbow trout (Oncorhynchus mykiss) (Fu et al., 2010), the gills do not assume a predominant role in O2 uptake until 14 and 27 days post-hatch, respectively. However, despite the apparently minor role of the gills in O2 uptake during early stages of development, zebrafish (Jonz and Nurse, 2005) and rainbow trout (Holeton, 1971) exhibit an obvious HVR as early as 3 and 1 day post fertilization (dpf), respectively. Similar hyperventilatory responses before gill maturation were reported for Arctic char (Salvelinus alpinus; McDonald and McMahon, 1977) and gar (Atractosteus tropicus; Burggren et al., 2016) larvae, although Atlantic salmon (Salmo salar) larvae at 50 dpf do not exhibit a HVR (Polymeropoulos et al., 2014).
Developing fishes ventilate their buccal and opercular cavities with increasing regularity as they mature. Additionally, they possess a finely tuned HVR before the gills are fully formed, a time when the skin is thought to be the dominant site of O2 uptake. Thus, the physiological significance of the HVR in larvae prior to gill development is not immediately obvious. One possibility is that this seemingly precocious HVR may be present to ensure that O2-sensing pathways are operational by the time the larvae become dependent on branchial gas transfer (Jonz and Nurse, 2005). It is also plausible that O2 extraction from the buccal cavity, while not significant during normoxia, assumes an increasingly important role in maintaining routine O2 consumption during hypoxia. That is while the gills may not yet exhibit the extensive lamellae that confer large surfaces for gas transfer, the vascularized primordial filaments, lamellar buds and the lining of the buccal cavity, itself, are potential gas transfer surfaces. In support of this idea, the critical PO2 (Pcrit; the PO2 of the water during progressive hypoxia at which MO2 can no longer be maintained) was increased in 7 dpf zebrafish larvae prevented from ventilating their buccal cavity (Pan et al., 2019). Clearly despite the absence of a fully developed gill, the HVR in zebrafish larvae older than 7 dpf benefits O2 uptake during hypoxia. It is important to note that the elevated ventilation during hypoxia not only raises water flow through the buccal and opercular cavities, but also increases water flow across cutaneous surfaces. This increase in convection over the skin associated with hyperventilation and increased fin movements (see below) likely increases the trans-cutaneous O2 diffusion gradient while reducing physical boundary layers; both effects are expected to increase O2 uptake across the skin during hypoxia.
The ventilatory responses of larval fish to hypoxia are temporally complex and influenced by age and the severity of the hypoxia (Turesson et al., 2006; Mandic et al., 2019; Pan et al., 2019). For example, the HVR of larval zebrafish exposed to a PO2 of 55 mmHg was transient, lasting only 5 min, at 4 dpf, but persisting for the duration of a 30 min exposure at 10 dpf (Pan et al., 2019). Thus, the HVR might easily go undetected if ventilation was measured only at a limited number of time points after beginning hypoxia. The overall HVR consists of several phases even when the hyperventilation persists. The initial response is a rapid increase in fV that typically peaks within 5 min of the onset of hypoxia (Mandic et al., 2019; Pan et al., 2019). The next phase of the HVR consists of a decline in fV to normoxic values or to a level that is intermediate between resting and peak fV. The likelihood of fV remaining elevated increases with age and the severity of hypoxia (Mandic et al., 2019; Pan et al., 2019). Similar to adults, the period of increased ventilation in larvae <15 dpf is accompanied by stable O2 consumption (Mandic et al., 2020). The limited data on larvae indicate that the increased fV begins to decline prior to Pcrit whereas in adults, the peak HVR is sustained slightly beyond Pcrit (Mandic et al., 2020). Future studies may benefit from longer exposures (e.g., days to weeks), which would enable comparisons of hypoxic acclimation in larvae with data from adults (Vulesevic et al., 2006).
2.2.1 Synchrony of buccal ventilation and fin movements
In early larval stages, breathing is infrequent and irregular (Holeton, 1971; McDonald and McMahon, 1977; Jonz and Nurse, 2005). For example, breathing movements in zebrafish larvae post hatch are rare under normoxic conditions; the HVR is first observed at 3 dpf but even during hypoxia, the buccal movements are irregular until about 8 dpf (Jonz and Nurse, 2005). Qualitatively similar results were observed for rainbow trout and Arctic char, although the transition from irregular to regular breathing movements occurred over a longer time course, corresponding with their slower rate of development (Holeton, 1971; McDonald and McMahon, 1977). During these early developmental stages, the buccal/opercular movements are synchronized with rapid pectoral fin movements, a behaviour presumed to aid gas transfer across the skin by increasing water flow over the body (Rombough, 1988). The synchrony between gill ventilation and pectoral fin movements during hypoxia in zebrafish larvae was studied by Zimmer et al. (Zimmer et al., 2020). Their data demonstrated that the synchronous movements, which are obvious at 4 dpf, are absent by 21 dpf. It was suggested that the loss of synchrony reflects the transition from reliance on cutaneous gas transfer to reliance on branchial gas transfer. To our knowledge, the sensory mechanisms underlying the fin movements during hypoxia have not been investigated (see Zimmer et al., 2020).
2.2.2 Developmental plasticity
The ventilatory responses of adult fish to hypoxia can be modified by the status of the environment during early development. For example, zebrafish embryos treated with hyperoxic water for 7 days (0–7 dpf) exhibited a blunted HVR when exposed as adults to acute hypoxia (Vulesevic and Perry, 2006). However, there was no effect of subjecting larvae to hypoxia or hypercapnia on the responses of adult fish to hypoxia. The plasticity exhibited by zebrafish exposed to hyperoxia during early development (Vulesevic and Perry, 2006) agrees with the results of studies on mammals showing that exposure to hyperoxia during a critical prenatal period may permanently impair the phrenic response to hypoxia (Ling et al., 1997; Donnelly, 2000; Carroll, 2003). The mechanisms responsible for blunting of the HVR in adult zebrafish subjected to hyperoxia as larvae are unknown but as in mammals, may reflect changes to the O2 chemoreceptors or afferent neurons (Donnelly, 2000).
Not only can the HVR be shaped by developmental plasticity (Vulesevic and Perry, 2006), but it is possible that the HVR is modified epigenetically in offspring of parents that were exposed to hypoxia. Notably, zebrafish larvae of one (male) or both parents exposed to hypoxia exhibited significant differences in their hypoxia tolerance compared to offspring of parents that had never experienced hypoxia (Ho and Burggren, 2012; Ragsdale et al., 2022). Although no breathing data were obtained (Ho and Burggren, 2012; Ragsdale et al., 2022), it is tempting to speculate that the transgenerational changes in hypoxia tolerance are related to changes in the HVR. Assessing possible epigenetic effects on the HVR is an area that warrants further attention.
2.2.3 Aquatic surface respiration
In naturally hypoxic aquatic habitats, a thin layer of water at the surface tends to be enriched with O2 relative to the bulk water (Burggren, 1982). Fish exploit this microenvironment with a behavioural adaptation termed aquatic surface respiration (ASR) (Kramer and Mehegan, 1981). During ASR, fish rise to the surface and skim the uppermost layer to ventilate their gills with O2-enriched water (Gee et al., 1978; Kramer and McClure, 1982). Aquatic surface respiration has been studied almost exclusively in adult fishes (Chapman and McKenzie, 2009) where it has been shown to increase blood oxygenation during severe hypoxia (Burggren, 1982) as well as survival (Kramer and McClure, 1982). To our knowledge, ASR has been examined rarely in juveniles (Weber and Kramer, 1983; Sloman et al., 2008) and in larvae of a single species, zebrafish (Abdallah et al., 2015b; Mandic et al., 2022), in which ASR increased as the severity of hypoxia was increased. In zebrafish, the age of onset of ASR during acute hypoxia is 5 dpf (Abdallah et al., 2015b). At earlier developmental stages, ASR may be constrained by the lack of swimbladder inflation that is needed to control buoyancy (Abdallah et al., 2015b). Similar to adult zebrafish, ASR improves survival during severe hypoxia in larvae older than 5 dpf (Mandic et al., 2022). Indeed, when exposed to a level of hypoxia of 16 mmHg, the survival of larvae (>5 dpf) performing ASR was similar to that of normoxic larvae at close to 100%. Larvae (>5 dpf) spent approximately 30% of their time engaged in ASR, which was similar to the situation in adults experiencing the same level of hypoxia (16 mmHg) (Mandic et al., 2022). The energetic costs associated with extended periods of ASR in zebrafish larvae are unknown but are likely to be low given their state of neutral buoyancy (Lindsey et al., 2010). Conversely, longer time spent at the surface is likely to increase the risk of predation.
2.3 Environmental CO2 levels
Elevated levels of dissolved CO2 in aquatic habitats (interchangeably termed hypercapnia or hypercarbia) arise naturally from biological respiration and microbial decomposition of organic matter, especially in tropical waters with high biomass including the so-called “blackwaters” of the Amazon basin (Furch and Junk, 1997; Rasera et al., 2013). Additionally, eutrophication is a major cause of hypercapnia that is worsening globally owing to pollution, the warming of aquatic environments and increasing levels of atmospheric CO2.
As with hypoxia, most studies that assessed the ventilatory effects of hypercapnia were conducted on adult fish. Although PCO2 thresholds of onset vary widely, a ubiquitous response to hypercapnia is hyperventilation (Gilmour, 2001; Gilmour and Perry, 2007; Perry et al., 2009a; Milsom, 2012; Perry and Abdallah, 2012; Tresguerres et al., 2019) that, in contrast to hypoxia, typically results from increases in VAMP rather than fV (Milsom et al., 2022). The regulation of ventilation by ambient CO2 or associated changes in the internal acid-base status, while important, is secondary to the dominant role of O2 status in the control of breathing in fishes. In adult zebrafish, episodic breathing is a relatively common occurrence under resting conditions (e.g., 20% of individuals examined) (Vulesevic et al., 2006). Unlike hypoxia, which alters breathing patterns from episodic to continuous, episodic breathing is unchanged by hypercapnia (Vulesevic et al., 2006; Milsom et al., 2022). Currently, there is no explanation for the different patterns of ventilatory responses to hypoxia and hypercapnia, which are presumably to be triggered by the same chemoreceptors (see below).
2.4 Ontogeny of the hypercapnic ventilatory response
Little is known about the respiratory reflexes associated with hypercapnia in developing fish. Indeed, the only species that has been studied during larval stages is zebrafish. Unlike adults, which increase ventilation during hypercapnia exclusively by adjusting VAMP (see above), larval zebrafish hyperventilate by markedly increasing fV when exposed to elevated ambient CO2 (Kunert et al., 2022). To date, there are no reliable methods to measure VAMP in zebrafish larvae; thus, it is conceivable that VAMP increases in concert with changes in fV. Regardless, it would be useful to determine the time of development when the ventilatory response to hypercapnia shifts from altering fV to altering VAMP. As in adult fishes, the breathing response of zebrafish larvae to hypercapnia is caused specifically by an increase in ambient PCO2 rather than the associated acidification of the water (Kunert et al., 2022). The benefit, if any, of the hypercapnic hyperventilation in larvae, which occurs concurrently with tachycardia (Miller et al., 2014), is unknown.
3 SENSORY AND MOLECULAR MECHANISMS OF CHEMORECEPTION
The reflex ventilatory responses to hypoxia and hypercapnia described above are thought to be triggered by the activation of peripheral chemoreceptors. However, much remains to be learned about the molecular mechanisms of gas sensing as well as the afferent sensory pathways and neural circuitry that process chemosensory signals. As with reflex ventilatory responses, most studies of sensory mechanisms have focused on adult fish or chemosensory cells isolated from adult fish. It is only recently that the power of larval zebrafish as a model for investigating chemoreceptor function in vivo has begun to be realized. Below, the evidence that neuroepithelial cells (NECs) serve as O2 and CO2 chemoreceptors is briefly surveyed and our current understanding of the molecular mechanisms of chemoreception is discussed.
3.1 Hypoxia
3.1.1 Peripheral chemoreceptors
The O2 chemoreceptors in fishes are believed to be NECs that were first described by Dunel-Erb et al. (1982). In adult fish, they are found on the tips of gill filaments and in larvae, they are located on the skin prior to gill maturation (Jonz and Nurse, 2006; Coccimiglio and Jonz, 2012). NECs also may be present on cutaneous surfaces in adults of some species including the mangrove rivulus (Kryptolebias marmoratus) (Regan et al., 2011; Rossi et al., 2020) and giant mudskipper (Periophthalmodon schlosseri) (Zaccone et al., 2017).
Gill NECs are characterized by the presence of dense-cored vesicles containing serotonin (5-HT) and their innervation is derived from a plexus of nerve fibres (Dunel-Erb et al., 1982; Bailly et al., 1989; Bailly et al., 1992; Jonz and Nurse, 2003). Initial suggestions of gill NECs being O2 chemoreceptors were based on their morphology, location and innervation patterns (Dunel-Erb et al., 1982; Bailly et al., 1992; Jonz and Nurse, 2003; Bailly, 2009). Substantial indirect evidence supports a role for the NECs as peripheral O2 chemoreceptors, largely based on their morphological changes (hypertrophy, hyperplasia and increased numbers of neuron-like processes) during exposure to prolonged hypoxia (Jonz et al., 2004; Burleson et al., 2006; Regan et al., 2011; Shakarchi et al., 2013; Rossi et al., 2020; Pan et al., 2021a). Direct evidence that gill NECs are O2 sensitive was provided by whole-cell patch-clamp recordings in vitro from NECs isolated from adult gill filaments. Specifically, patch clamp experiments demonstrated hypoxia-induced membrane depolarization in isolated gill NECs under current-clamp conditions in zebrafish (Jonz et al., 2004) and channel catfish (Ictalurus punctatus) (Burleson et al., 2006). Additional direct evidence was provided by measuring intracellular [Ca2+] ([Ca2+]i) and synaptic vesicle activity in isolated goldfish (Carassius auratus) NECs (Zachar et al., 2017).
There is less evidence supporting the notion that skin NECs are O2 chemoreceptors. In zebrafish, skin NECs exhibiting innervation are evident in embryos at 1 dpf, before the onset of behavioral responses to hypoxia (Coccimiglio and Jonz, 2012). A population of skin NECs also expresses synaptic vesicle protein, suggesting a capacity for the secretion of neurotransmitters (Coccimiglio and Jonz, 2012). However, all evidence of hypoxia sensitivity in skin NECs is indirect, based on their increasing density and/or size under hypoxic conditions (Regan et al., 2011; Coccimiglio and Jonz, 2012; Rossi et al., 2020), or elimination of the HVR following their partial chemical denervation (Coccimiglio and Jonz, 2012). In contrast, however, NEC development in larval mangrove rivulus is largely unaffected by environmental O2 levels (Cochrane et al., 2021). Thus, the current evidence supports hypoxia sensitivity of isolated gill NECs in vitro, whereas direct evidence for hypoxia sensitivity in skin NECs is lacking. Additional research, especially in vivo, is required to establish both gill and skin NECs as piscine O2 chemoreceptors.
3.1.2 Molecular mechanisms and pathways of O2 sensing
The sensing of O2 begins with the detection of PO2 changes by an O2 sensor within the chemoreceptor, which leads to the inhibition of K+ channels and subsequent membrane depolarization. Cytosolic Ca2+ levels increase, through either extracellular Ca2+ entry via voltage-dependant Ca2+ channels or the release of Ca2+ from intracellular stores, thereby facilitating vesicle fusion and the release of neurotransmitters. This neurosecretion activates the afferent nerve fibers innervating the chemoreceptors, resulting in the signal being transmitted to the central nervous system (CNS) where it is processed to elicit downstream responses (Gonzalez et al., 2010; Zachar and Jonz, 2012; Prabhakar, 2013; Lopez-Barneo et al., 2016; Ortega-Sáenz et al., 2020).
Regardless of vertebrate class, the molecular mechanisms underlying acute O2 sensing remain elusive (Rakoczy and Wyatt, 2018). The earliest ideas for molecular O2 sensing were based on mitochondrial inhibition. In this scheme, inhibition of the mitochondrial electron transport chain under hypoxic conditions leads to decreased ATP production that is sensed by ATP-sensitive K+ channels, resulting in depolarization and neurotransmitter release (Duchen and Biscoe, 1992a; Duchen and Biscoe, 1992b; Wyatt and Buckler, 2004; Varas et al., 2007). In addition, the decrease in ATP may cause AMP to rise, which could activate AMP-activated protein kinase (AMPK), further phosphorylating membrane ion channels and leading to depolarization; thus, AMPK is a candidate O2 sensor (Evans, 2004). Furthermore, disruption of mitochondrial complex I on the electron transport chain could increase production of reactive oxygen species (ROS), changing the redox status of membrane ion channels and thus initiating excitation (Fernandez-Aguera et al., 2015; Gao et al., 2017). The gasotransmitters CO and H2S also have been proposed as components of the molecular mechanism for O2 sensing (Li et al., 2010; Buckler, 2012; Yuan et al., 2015). Lactate is one of the newest candidates to be proposed as a member of the O2 sensing pathway. Chang et al. (2015) demonstrated that the olfactory receptor encoded by Olfr78 is sensitive to lactate, which may accumulate during hypoxia. Olfr78 knockout mice did not exhibit a HVR but responded normally to hypercapnia. However, the idea of lactate being involved in O2 sensing is not universally accepted because the original results obtained using Olfr78 knockout mice were not fully reproducible (Chang et al., 2018; Torres-Torrelo et al., 2018). It is likely that additional molecular mechanisms for O2 chemoreception will be proposed. Indeed, it is likely that ultimately multiple mechanisms will be identified for O2 sensing within the chemoreceptors (Kumar and Bin-Jaliah, 2007).
In fishes, the molecular mechanisms of O2 chemoreception have received less attention, and only H2S and lactate have been examined in the context of cellular (NEC) O2 sensing. In trout branchial tissues where gill NECs are located, genes for the H2S-synthesizing enzymes, cystathionine ß-synthase and cystathionine γ-lyase, are expressed (Olson et al., 2008). Further, gill homogenates produce H2S enzymatically, a process which is inhibited by high levels of O2 (Olson et al., 2008). Behaviourally, intrabuccal injection of H2S in anaesthetized trout produced increases in fV and VAMP similar to those of the HVR (Olson et al., 2008). Similar results were obtained in zebrafish larvae in which H2S elicited hyperventilation that was blocked by preventing endogenous H2S synthesis throughout the body, including in the cystathionine γ-lyase-containing skin NECs (Porteus et al., 2014). Additionally, H2S exposure increased [Ca 2+]i in NECs isolated from zebrafish gill and resulted in membrane depolarization similar to that observed under hypoxia (Olson et al., 2008; Perry et al., 2016). Lactate can also elevate [Ca 2+]i in isolated killifish (Fundulus heteroclitus) NECs (Leonard et al., 2022). In addition, lactate also elevates gill ventilation in a dose-dependent manner independent of pH changes in both the striped catfish (Pangasianodon hypophthalmus) and trout, with this response being attenuated following denervation of the first gill arch (Thomsen et al., 2017; Thomsen et al., 2019). Thus the existing evidence suggests that both H2S and lactate have the potential to participate in O2 sensing within NECs in fish. Two other gasotransmitters, CO and NO, also can modify ventilatory responses in fishes, with CO inhibiting ventilation in goldfish (Tzaneva and Perry, 2014) and zebrafish (Tzaneva and Perry, 2016). Interestingly, the effects of NO on ventilation are not only dependent on developmental age–NO stimulates breathing in zebrafish larvae while inhibiting breathing in adults (Porteus et al., 2015)–but also on HIF-1α, as NO is unable to contribute to the HVR in mutant larvae lacking HIF-1 α. However, there is no direct evidence that CO or NO participates in O2 sensing specifically at the level of NECs (Olson et al., 2012; Mandic et al., 2019). A recent single-cell transcriptomic analysis of the zebrafish gill (Pan et al., 2022) revealed high expression of genes encoding for NADH dehydrogenase and cytochrome c oxidase in NECs, genes related to mitochondrial function that have been implicated in O2 sensing in mammals.
Under voltage-clamp conditions, isolated gill NECs from adult zebrafish (Jonz et al., 2004) and channel catfish (Burleson et al., 2006) respond with a decrease in K+ current that is insensitive to voltage-dependent K+ channel blockers but sensitive to the background K+ channel blocker, quinidine (Jonz et al., 2004). In addition, hypoxia caused a reversible depolarization that was associated with a conductance decrease in isolated zebrafish gill NECs under current-clamp conditions; this response was reduced in the presence of quinidine (Jonz et al., 2004). In isolated gill NECs from goldfish, hypoxia exposure resulted in increases in [Ca2+]i and vesicular activity that were blocked by the Ca2+ channel blocker, cadmium, and the L-type Ca2+ channel blocker, nifedipine (Zachar et al., 2017). These data suggest that hypoxia sensing in gill NECs is mediated by inhibition of a background K+ channel leading to depolarization, an increase in [Ca2+]i, and possibly neurosecretion, similar to that observed in glomus cells of the mammalian carotid body (Lopez-Barneo et al., 2016).
Although there is evidence that trout NECs appear “degranulated” after hypoxia exposure (Dunel-Erb et al., 1982), and that NECs possess the synaptic vesicle protein SV2 indicative of neurosecretion potential (Jonz et al., 2004), there is no direct evidence of any neurotransmitter being released by NECs under hypoxic conditions. Serotonin (5-HT) is the only neurotransmitter directly and routinely identified in fish NECs, but there is an array of neurotransmitters that may enable signal transduction between NECs and the afferent neurons, and which have been shown to modulate breathing. The neuroendocrine control of breathing in fish was recently reviewed (Reed and Jonz, 2022) and thus, only a brief summary will be provided here. Using isolated gill arches from rainbow trout, application of acetylcholine resulted in potent stimulation of afferent neural activity, while 5-HT and dopamine caused brief, small bursts in neural activity followed by mild inhibition (Burleson and Milsom, 1995). Adrenaline and noradrenaline did not elicit any neural responses (Burleson and Milsom, 1995). However, when neurotransmitters were administered through intra-vascular injection or applied externally, 5-HT, adrenaline, noradrenaline, acetylcholine and purines generally stimulated ventilation, whereas dopamine inhibited ventilation (Burleson and Milsom, 1995). A similar inhibitory effect of dopamine on ventilation was reported in larval zebrafish (Shakarchi et al., 2013). In addition, single-cell transcriptomic analysis of the zebrafish gill showed that NECs and neurons express genes encoding transmembrane receptors for serotonergic, cholinergic and dopaminergic neurotransmission (Pan et al., 2022). These results are broadly consistent with the mammalian situation in which acetylcholine and purines are excitatory carotid body neurotransmitters whereas dopamine is inhibitory (Leonard et al., 2018). However, unlike in mammals in which neurotransmitter secretion from the carotid body was demonstrated, studies in fish, while establishing a direct link between neurotransmitters and ventilation, have not yet revealed the specific site of action. Future studies are needed to directly examine neurosecretion from NECs under hypoxic conditions.
Upon activation of the chemoreceptors and the presumed release of neurotransmitters, the signal is transmitted to the CNS leading to downstream ventilatory responses. Existing data suggest that cranial nerves IX (glossopharyngeal) and X (vagus) are the afferent neurons innervating the gill chemoreceptors. Thus, total gill denervation of cranial nerves IX and X decreased the magnitude of the HVR in nine species over a wide range of taxonomic diversity (Milsom, 2012) whereas rhythmic stimulation of cranial nerve X entrains the respiratory rhythm in carp (Cyprinus carpio) (De Graaf and Roberts, 1991). Using genetically encoded calcium sensors GCaAMP6s under control of the pan-neuronal promoter elavl3, Rosales et al. (2019) showed that in zebrafish, the average magnitude of Ca2+ transients increased within the sensory ganglia of cranial nerve X upon exposure to hypoxia, providing arguably the first direct in vivo evidence for any of the O2 sensing components in a fish. Central projections from the ganglia of cranial nerves IX and X enter the hindbrain at presumptive rhombomere 6 and via a series of nerve roots to form a ‘plexus’ (Kucenas et al., 2006). Given that the preBötzinger complex, which is the origin of respiratory motor output in mammals, arises from rhombomeres 6 and 7 (Mellen and Thoby-Brisson, 2012), and also that rhombomere 7 is essential for gill and buccal bursts in bullfrog tadpoles (Duchcherer et al., 2013), it is reasonable to hypothesize that O2 signals originating in the chemoreceptors are conveyed to the respiratory motor output centres in the hindbrain via cranial nerves IX and X.
3.2 Hypercapnia
3.2.1 Peripheral chemoreceptors
In water-breathing adult fishes, evidence for a primarily branchial location of CO2 chemosensors has come from studies in which CO2-stimulated ventilatory responses were eliminated by denervation or extirpation of one or more gill arches (Burleson and Smatresk, 2000; Reid et al., 2000; Sundin et al., 2000; McKendry et al., 2001; Perry and Reid, 2002; Florindo et al., 2004; Bojink et al., 2010). These studies also revealed a predominant role for the first gill arch in eliciting CO2-stimulated ventilatory responses in some species [rainbow trout (Perry and Reid, 2002) and jeju Hoplerythrinus unitaeniatus (Bojink et al., 2010), but see also (Sundin et al., 2000)], and they identified cranial nerves IX and X as those responsible for transmitting branchial CO2 chemoreceptor activity to the brain. In the tambaqui Colossoma macropomum, total gill denervation did not completely eliminate ventilatory responses to CO2, suggesting that extra-branchial CO2 chemoreceptors may be present in some species (Milsom et al., 2002; Florindo et al., 2004). These extra-branchial receptors are likely to be associated with the orobranchial cavity or other peripheral sites because the balance of evidence does not support the presence of central CO2/pH chemoreceptors in strictly water-breathing fishes (for discussion, see Tresguerres et al., 2019; Milsom et al., 2022).
The branchial chemoreceptors appear to respond primarily to water CO2 rather than to water pH or to changes in blood CO2/pH (reviewed by Gilmour and Perry, 2007; Milsom, 2012). Evidence to support this consensus has come from studies that have attempted to independently manipulate water versus blood CO2 versus pH. For example, injection of CO2-equilibrated water into the buccal cavity elicits hyperventilation, whereas injection of isocapnic water adjusted to the pH corresponding to that of the CO2-equilibrated water has little or no effect (Reid et al., 2000; Sundin et al., 2000; Perry and McKendry, 2001; Gilmour et al., 2005; Bojink et al., 2010). These data argue for the importance of water CO2 rather than water pH as the proximate factor controlling ventilation during ambient hypercapnia. A comparison between injection of CO2-enriched water into the buccal cavity and injection of CO2-enriched saline into the vasculature similarly argues for the importance of water CO2, with injection of CO2-enriched saline being without effect on ventilation (Perry and McKendry, 2001; Perry and Reid, 2002; Gilmour et al., 2005; Bojink et al., 2010). In addition, treatments that raise internal (but not water) CO2 levels do not elicit hyperventilatory responses. For example, arterial CO2 tension more than doubled in tambaqui treated with the carbonic anhydrase inhibitor acetazolamide (to inhibit CO2 excretion), yet ventilation did not change until the fish were exposed to aquatic hypercapnia (Gilmour et al., 2005). Where questions remain is with the possibility of internally-oriented receptors that detect acid-base status. Although injections of acidified saline into the vasculature (Reid et al., 2000; Sundin et al., 2000; Bojink et al., 2010) or acetazolamide treatment (Gilmour et al., 2005) generally have not evoked ventilatory responses, several studies have reported results that are consistent with ventilation being adjusted by blood acid-base status (for detailed discussion, see Gilmour and Perry, 2007; Tresguerres et al., 2019). In particular, a close correspondence between ventilation and blood acid-base status during recovery from exhaustive exercise was observed in rainbow trout. Treatment of trout with carbonic anhydrase to enhance CO2 excretion alleviated not only the acid-base disturbance, but also the accompanying hyperventilation (Wood and Munger, 1994). Thus, the door remains open to the possibility that ventilation may be adjusted according to internal acid-base status, with further research needed to refute or confirm this possibility.
Taken as a whole, the studies of ventilatory responses to hypercapnia suggest that CO2 chemoreceptors are located in the gill of (adult) fishes and respond primarily to changes in water CO2 levels. As with hypoxia, NECs located in the gill of adult fishes are thought to serve as the CO2 chemoreceptors. In comparison with hypoxia, however, very few studies have investigated ventilatory responses to CO2 in larvae, and there are no data that directly link cutaneous NECs to CO2-stimulated ventilatory responses. Changes in NEC abundance, size and transcriptome in response to changes in environmental O2 levels have provided indirect evidence of NEC involvement in O2 chemoreception (see above). For CO2 chemoreception, however, the data are both sparse and mixed. Acclimation to hypercapnic conditions for 28 d had no impact on the density of branchial (serotonin-positive) NECs in adult zebrafish (Vulesevic et al., 2006). On the other hand, increases in branchial NEC density were reported in mangrove rivulus acclimated to hypercapnia or to acidic water, although whether there were functional consequences of the changes in NEC density was not explored (Robertson et al., 2015). Overall, the paucity of data makes it difficult to draw any firm conclusions. However, there is evidence that branchial NECs detect and respond to hypercapnia in a manner that is consistent with their involvement in CO2-evoked reflexes.
Direct evidence that branchial NECs can serve as CO2 chemoreceptors was obtained from two studies of cellular responses to CO2/pH in NECs isolated from the gills of adult zebrafish. Qin et al. (2010) reported that exposure to hypercapnia caused depolarization in a subset of the NECs that were tested, with the magnitude of the response increasing with increasing partial pressure of CO2. The NECs that responded to increases in CO2 also depolarized in response to lowering of O2 levels, indicating that at least some NECs are dual sensors of O2 and CO2. Subsequently, an increase in [Ca2+]i in response to hypercapnia was reported by Abdallah et al. (2015a). Although both responses were elicited by hypercapnia, the sensory mechanisms involved appear to differ, with a CO2-stimulated change in intracellular pH being required for depolarization of the NEC (Qin et al., 2010), but a fall in extracellular pH that is independent of CO2 being required for the increase in [Ca2+]i (Abdallah et al., 2015a). Further research is needed to resolve this difference, and to reconcile the apparent discrepancy between sensory mechanisms at the cellular level (i.e. where extracellular pH is an adequate stimulus for a change in [Ca2+]i) and the stimuli that elicit ventilatory responses at the whole-animal level (i.e. changes in water CO2 but not pH; see above). In addition, there is a need to link activation of CO2-sensing NECs directly to the occurrence of CO2-stimulated ventilatory reflexes.
3.2.2 Molecular mechanisms and pathways of CO2 sensing
Current understanding of the signalling associated with NEC CO2 sensing is based on the two studies mentioned above on NECs isolated from adult zebrafish gills (Qin et al., 2010; Abdallah et al., 2015a), and from studies in which cardiorespiratory responses to CO2 in larval zebrafish were investigated (Miller et al., 2014; Koudrina et al., 2020; Kunert et al., 2022). As with O2 sensing (Jonz et al., 2004), the initial cellular response to CO2 is depolarization, which is caused by the inhibition of K+ flux through background K+ channels (Qin et al., 2010). It is likely that multiple K+ channels are present in NECs, with evidence supporting the involvement of TASK-2 (Koudrina et al., 2020), a member of the tandem-pore domains in a weak inward rectifying K+ channel (TWIK)-related acid-sensitive K+ (TASK) channel family. Functional studies carried out on zebrafish TASK-2 expressed in HEK-293 cells revealed that it is inhibited by intracellular or extracellular acidification as well as by increases in CO2 (Peña-Münzenmayer et al., 2013). Notably, the inhibition of TASK-2 by CO2 included both a contribution of intracellular acidification and a direct effect of CO2 that was not dependent on changes in intracellular pH. Therefore, the properties of TASK-2 channels are consistent with the requirements for CO2 sensing in NECs. Immunohistochemistry was used to demonstrate that TASK-2 is expressed by serotonin-positive NECs in the skin of larvae and the gills of adult zebrafish (Koudrina et al., 2020). A functional role for TASK-2 was identified using antisense oligonucleotide morpholinos to knock down TASK-2 and/or its paralog TASK-2b, which attenuated the hyperventilatory responses to hypercapnia in 4 dpf zebrafish larvae (Koudrina et al., 2020). Interestingly, the genes that encode for TASK-2 (kcnk5a) and TASK-2b (kcnk5b) were not detected in a single-cell transcriptomic analysis of zebrafish NECs (Pan et al., 2022) (nor was ca17a, see below). However, the focus of Pan et al. (2022) was on NECs that respond to hypoxia. If only a subset of NECs serve as bimodal sensors of O2 and CO2 (Qin et al., 2010), then it could be difficult to detect differential expression of transcripts specific to CO2 sensing.
CO2-induced depolarization of NECs is expected to cause an increase in [Ca2+]i. Consistent with this pathway, Abdallah et al. (2015a) documented increases in [Ca2+]i in isolated zebrafish NECs exposed to hypercapnia, with Ca2+ being derived primarily from intracellular stores. The increase in [Ca2+]i, in turn, is expected to lead to neurosecretion, transmission of the sensory signal to the brain and activation of the appropriate ventilatory response. However, currently there are no data to support this pathway, nor has any specific neurotransmitter been identified as being secreted. Serotonin is viewed as likely to be involved owing to its status as the predominant neurochemical in NECs (Porteus et al., 2012) and the ability of serotonin receptor agonists to elicit hyperventilatory responses in zebrafish larvae (Jonz et al., 2015b; for reviews see Pan and Perry, 2020; Reed and Jonz, 2022). Although, as alluded to above (section 3.1.2), the fact that certain neurochemicals evoke hyperventilation does not necessarily indicate that they are secreted by NECs.
The CO2 sensing mechanism likely involves carbonic anhydrase (CA), specifically the cytosolic isoform Ca17a (Ferreira-Martins et al., 2016). Immunohistochemistry supports the presence of CA or Ca17a specifically in larval cutaneous and adult branchial NECs of zebrafish (Qin et al., 2010; Miller et al., 2014; Kunert et al., 2022). Pharmacological inhibition of CA, as well as specific knockdown or knockout of Ca17a, blunts the cardiorespiratory responses to hypercapnia in zebrafish larvae (Miller et al., 2014; Kunert et al., 2022). These data argue that Ca17a contributes to CO2 sensing, yet its specific role at the cellular level remains unclear. Inhibition of CA both slowed the rate and reduced the magnitude of CO2-stimulated depolarization in isolated branchial NECs (Qin et al., 2010). In conjunction with the observation that extracellular acidification was not needed to elicit depolarization, these data suggest that depolarization occurs in response to CO2 entry into the cell and its CA-catalyzed hydration to H+, resulting in intracellular acidification. However, intracellular acidification was not sufficient to elicit a [Ca2+]i response, nor did inhibition of CA alter the [Ca2+]i response to hypercapnia even though intracellular acidification was slowed (Abdallah et al., 2015a). Indeed, extracellular acidification alone was sufficient to elicit a [Ca2+]i response (Abdallah et al., 2015a). Resolving these discrepancies likely will provide insight into the role of Ca17a in CO2 sensing.
4 KNOWLEDGE GAPS AND PERSPECTIVES
Despite decades of research focused on unravelling the mechanisms of O2 sensing in fish, there remain several significant unanswered questions. What are the molecular O2 sensors in O2 chemosensing cells? What is/are the neurotransmitter(s) secreted by O2 chemoreceptors? How are peripheral signals from the O2 chemoreceptors integrated within the CNS to evoke the HVR? Similar questions apply to the mechanisms of CO2 sensing, which have received much less attention. With respect to CO2 sensing, additional questions surround the nature of the critical stimulus that activates the CO2 sensor–is molecular CO2 itself sensed, or is the necessary stimulus a change in pH, and if so, is it extracellular or intracellular pH? A combination of CO2 and a resultant pH change is also possible. Further, for both O2 and CO2 sensing, there is a need to gather additional empirical evidence to demonstrate convincingly that NECs function as respiratory chemoreceptors in vivo. In our opinion, the absence of direct in vivo data to support the idea that NECs function as O2/CO2 chemoreceptors to regulate ventilation is THE limiting factor constraining progress in the field of piscine breathing control.
Providing the empirical evidence to answer these questions likely will be constrained by the technical challenges associated with identifying chemoreceptors in vivo or culturing chemoreceptor-nerve complexes in vitro. With recent advances in genetic manipulation, especially Tol2 based transgenesis and CRISPR/Cas9 based knockout (Zimmer et al., 2019), the zebrafish is emerging as an important model species to examine O2 and CO2 chemoreception in vivo. First and foremost, the promoters of tph1a and vmat2 have been identified to be able to drive transgene expression in zebrafish skin and gill NECs (Pan et al., 2021a; Pan et al., 2021b; Pan et al., 2022). Given the transparency of zebrafish larvae and the ability to render adult zebrafish transparent by using the Casper line (White et al., 2008), a wide array of in vivo imaging techniques can now be applied. For example, calcium activity within NECs in response to changing levels of PO2 can be examined through in vivo calcium imaging using genetically encoded calcium indicators (Chen et al., 2013; Dana et al., 2016). Or, neurotransmitters being released by NECs under hypoxia can be examined by expressing specific neurotransmitter sensors (Wang et al., 2018) in NECs or the cranial sensory nerves that projects into the gill region (Kucenas et al., 2006).
An alternate approach that allows for experimental manipulation of sensory pathways is to express transgenes for cell activation, inhibition or ablation uniquely in NECs. Although genes such as tph1a and vmat2 are expressed in NECs, they are also found in cells within the CNS that are critical for the regulation of breathing. Thus, driving transgenes with tph1a or vmat2 promoters also would introduce transgene activity within the CNS, complicating data interpretation. It will be important, therefore, to identify genes that are expressed exclusively in NECs. Once achieved, NECs could be activated specifically with light or capsaicin by expressing channel rhodopsin (Antinucci et al., 2020) or rat TRPV1 channels (Matty et al., 2016). Similarly, NECs could be inhibited with light by expressing transient receptor potential cation channels (Antinucci et al., 2020) or ablated with metronidazole treatment in fish with NECs expressing nitroreductase (Sharrock et al., 2022). With such experiments, it would be possible to establish a direct link between NEC activity and ventilation. In summary, combining gene manipulation with physiological measurements offers a powerful approach to advance the field of chemoreception and control of breathing in fishes.
AUTHOR CONTRIBUTIONS
SFP wrote Section 1 (introduction) and Section 2 (ventilatory adjustments to environmental changes in respiratory gases). YKP wrote Section 3.1 (hypoxia) and KMG wrote Section 3.2 (hypercapnia). All authors contributed to Section 4 (knowledge gaps and perspectives) and final editing.
FUNDING
The support was provided by Natural Sciences and Engineering Council of Canada (NSERC) Discovery grants to SFP and KMG.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Abdallah S., Jonz M. G., Perry S. F. (2015a). Extracellular H+ induces Ca2+ signals in respiratory chemoreceptors of zebrafish. Pflügers Arch. 467, 399–413. doi:10.1007/s00424-014-1514-2
 Abdallah S. J., Thomas B. S., Jonz M. G. (2015b). Aquatic surface respiration and swimming behaviour in adult and developing zebrafish exposed to hypoxia. J. Exp. Biol. 218, 1777–1786. doi:10.1242/jeb.116343
 Antinucci P., Dumitrescu A., Deleuze C., Morley H. J., Leung K. Hagley T., et al. (2020). A calibrated optogenetic toolbox of stable zebrafish opsin lines. Elife 9, e54937. doi:10.7554/eLife.54937
 Bailly Y., Dunel-Erb S., Geffard M., Laurent P. (1989). The vascular and epithelial serotonergic innervation of the actinopterygian gill filament with special reference to the trout, Salmo gairdneri. Cell Tissue Res. 258, 349–363. doi:10.1007/bf00239455
 Bailly Y., Dunel-Erb S., Laurent P. (1992). The neuroepithelial cells of the fish gill filament: Indolamine-immunocytochemistry and innervation. Anat. Rec. 233, 143–161. doi:10.1002/ar.1092330118
 Bailly Y. (2009). “Serotonergic neuroepithelial cells in fish gills: Cytology and innervation,” in Airway chemoreceptors in the vertebrates ed . Editor G. Zaccone (Boca Raton: CRC Press), 61–98.
 Bojink C. L., Florindo L. H., Leite C. a. C., Kalinin A. L., Milsom W. K., Rantin F. T. (2010). Hypercarbic cardiorespiratory reflexes in the facultative air-breathing fish jeju (Hoplerythrinus unitaeniatus): The role of branchial CO2 chemoreceptors. J. Exp. Biol. 213, 2797–2807. doi:10.1242/jeb.040733
 Buckler K. J. (2012). Effects of exogenous hydrogen sulphide on calcium signalling, background (TASK) K channel activity and mitochondrial function in chemoreceptor cells. Pflügers Arch. 463, 743–754. doi:10.1007/s00424-012-1089-8
 Burggren W. W. (1982). Air gulping" improves blood oxygen transport during aquatic hypoxia in the goldfish Carassius auratus. Physiol. Zool. 55, 327–334. doi:10.1086/physzool.55.4.30155860
 Burggren W. W., Bautista G. M., Coop S. C., Couturier G. M., Delgadillo S. P. García R. M., et al. (2016). Developmental cardiorespiratory physiology of the air-breathing tropical gar, Atractosteus tropicus. Am. J. Physiol. 311, R689–R701. doi:10.1152/ajpregu.00022.2016
 Burleson M. L., Mercer S. E., Wilk-Blaszczak M. A. (2006). Isolation and characterization of putative O2 chemoreceptor cells from the gills of channel catfish (Ictalurus punctatus). Brain Res. 1092, 100–107. doi:10.1016/j.brainres.2006.03.085
 Burleson M. L., Milsom W. K. (1995). Cardio-ventilatory control in rainbow trout: I. Pharmacology of branchial, oxygen-sensitive chemoreceptors. Respir. Physiol. 100, 231–238. doi:10.1016/0034-5687(95)91595-x
 Burleson M. L., Milsom W. K. (2003). “Comparative aspects of O2 chemoreception. Anatomy, physiology, and environmental applications,” in Oxygen sensing. Responses and adaptation to hypoxia ed . Editors S. Lahiri, G. L. Semenza, N. R. Prabhakar (New York: Marcel Dekker), 685–707. 
 Burleson M. L., Smatresk N. J. (2000). Branchial chemoreceptors mediate ventilatory responses to hypercapnic acidosis in channel catfish. Comp. Biochem. Physiol. 125A, 403–414. doi:10.1016/s1095-6433(00)00167-7
 Burleson M. L., Smatresk N. J., Milsom W. K. (1992). “Afferent inputs associated with cardioventilatory control in fish,” in Fish Physiology v12B the cardiovascular system ed . Editors W. S. Hoar, D. J. Randall, A. P. Farrell (San Diego: Academic Press), 389–423.
 Carroll J. L. (2003). Developmental plasticity in respiratory control. J. Appl. Physiol. 94, 375–389. doi:10.1152/japplphysiol.00809.2002
 Chang A. J., Kim N. S., Hireed H., De Arce A. D., Ortega F. E. Riegler J., et al. (2018). Chang et al. reply. Nature 561, E41. doi:10.1038/s41586-018-0547-7
 Chang A. J., Ortega F. E., Riegler J., Madison D. V., Krasnow M. A. (2015). Oxygen regulation of breathing through an olfactory receptor activated by lactate. Nature 527, 240–244. doi:10.1038/nature15721
 Chapman L. J., McKenzie D. J. (2009). “Behavioral responses and ecological consequences,” in Fish Physiology v27 hypoxia ed . Editors J. G. Richards, A. P. Farrell, C. J. Brauner (USA: Elsevier), 25–77.
 Chen T.-W., Wardill T. J., Sun Y., Pulver S. R., Renninger S. L. Baohan A., et al. (2013). Ultrasensitive fluorescent proteins for imaging neuronal activity. Nature 499, 295–300. doi:10.1038/nature12354
 Coccimiglio M. L., Jonz M. G. (2012). Serotonergic neuroepithelial cells of the skin in developing zebrafish: Morphology, innervation and oxygen-sensitive properties. J. Exp. Biol. 215, 3881–3894. doi:10.1242/jeb.074575
 Cochrane P. V., Jonz M. G., Wright P. A. (2021). The development of the O2-sensing system in an amphibious fish: Consequences of variation in environmental O2 levels. J. Comp. Physiol. B 191, 681–699. doi:10.1007/s00360-021-01379-5
 Dana H., Mohar B., Sun Y., Narayan S., Gordus A. Hasseman J. P., et al. (2016). Sensitive red protein calcium indicators for imaging neural activity. Elife 5, e12727. doi:10.7554/eLife.12727
 De Boeck G., Wood C. M. (2015). Does ammonia trigger hyperventilation in the elasmobranch, Squalus acanthias suckleyi?J. Exp. Biol. 206, 25–35. doi:10.1016/j.resp.2014.11.009
 De Graaf P., Roberts B. (1991). Effects of vagal sensory input on the breathing rhythm of the carp. J. Exp. Biol. 155, 77–91. doi:10.1242/jeb.155.1.77
 Diaz R. J. (2001). Overview of hypoxia around the world. J. Environ. Qual. 30, 275–281. doi:10.2134/jeq2001.302275x
 Donnelly D. F. (2000). Developmental aspects of oxygen sensing by the carotid body. J. Appl. Physiol. 88, 2296–2301. doi:10.1152/jappl.2000.88.6.2296
 Duchcherer M., Baghdadwala M. I., Paramonov J., Wilson R. J. (2013). Localization of essential rhombomeres for respiratory rhythm generation in bullfrog tadpoles using a binary search algorithm: Rhombomere 7 is essential for the gill rhythm and suppresses lung bursts before metamorphosis. Dev. Neurobiol. 73, 888–898. doi:10.1002/dneu.22108
 Duchen M., Biscoe T. (1992a). Mitochondrial function in type I cells isolated from rabbit arterial chemoreceptors. J. Physiol. 450, 13–31. doi:10.1113/jphysiol.1992.sp019114
 Duchen M., Biscoe T. (1992b). Relative mitochondrial membrane potential and [Ca2+]i in type I cells isolated from the rabbit carotid body. J. Physiol. 450, 33–61. doi:10.1113/jphysiol.1992.sp019115
 Dunel-Erb S., Bailly Y., Laurent P. (1982). Neuroepithelial cells in fish gill primary lamellae. J. Appl. Physiol. 53, 1342–1353. doi:10.1152/jappl.1982.53.6.1342
 Eom J., Fehsenfeld S., Wood C. M. (2020). Is ammonia excretion affected by gill ventilation in the rainbow trout Oncorhynchus mykiss?Respir. Physiol. Neurobiol. 275, 103385. doi:10.1016/j.resp.2020.103385
 Eom J., Giacomin M., Clifford A. M., Goss G. G., Wood C. M. (2019). Ventilatory sensitivity to ammonia in the Pacific hagfish (Eptatretus stoutii), a representative of the oldest extant connection to the ancestral vertebrates. J. Exp. Biol. 222, jeb199794. doi:10.1242/jeb.199794
 Eom J., Wood C. M. (2021). Brain and gills as internal and external ammonia sensing organs for ventilatory control in rainbow trout, Oncorhynchus mykiss. Comp. Biochem. Physiol. A 254, 110896. doi:10.1016/j.cbpa.2021.110896
 Evans A. M. (2004). “Hypoxia, cell metabolism, and cADPR accumulation,” in Hypoxic pulmonary vasoconstriction ed . Editor X. J. J. Yuan, (New York: Springer), 313–338. 
 Fernandez-Aguera M. C., Gao L., Gonzalez-Rodriguez P., Pintado C. O., Arias-Mayenco I. Garcia-Flores P., et al. (2015). Oxygen sensing by arterial chemoreceptors depends on mitochondrial complex I signaling. Cell. Metab. 22, 825–837. doi:10.1016/j.cmet.2015.09.004
 Ferreira-Martins D., McCormick S. D., Campos A., Lopes-Marques M., Osório H. Coimbra J., et al. (2016). A cytosolic carbonic anhydrase molecular switch occurs in the gills of metamorphic sea lamprey. Sci. Rep. 6, 33954. doi:10.1038/srep33954
 Florindo L. H., Reid S. G., Kalinin A. L., Milsom W. K., Rantin F. T. (2004). Cardiorespiratory reflexes and aquatic surface respiration in the neotropical fish tambaqui (Colossoma macropomum): Acute responses to hypercarbia. J. Comp. Physiol. B 174, 319–328. doi:10.1007/s00360-004-0417-5
 Fu C., Wilson J. M., Rombough P. J., Brauner C. J. (2010). Ions first: Na+uptake shifts from the skin to the gills before O2 uptake in developing rainbow trout, Oncorhynchus mykiss. Proc. R. Soc. Lond. B 277, 1553–1560. doi:10.1098/rspb.2009.1545
 Furch K., Junk W. J. (1997). “Physicochemical conditions in the floodplains,” in The central Amazon floodplain ed . Editor W. J. Junk (Berlin, Heidelberg: Springer), 69–108.
 Gao L., González-Rodríguez P., Ortega-Sáenz P., López-Barneo J. (2017). Redox signaling in acute oxygen sensing. Redox Biol. 12, 908–915. doi:10.1016/j.redox.2017.04.033
 Gee J. H., Tallman R. F., Smart H. J. (1978). Reactions of some great plains fishes to progressive hypoxia. Can. J. Zool. 56, 1962–1966. doi:10.1139/z78-263
 Gilmour K. M., Milsom W. K., Rantin F. T., Reid S. G., Perry S. F. (2005). Cardiorespiratory responses to hypercarbia in tambaqui (Colossoma macropomum): Chemoreceptor orientation and specificity. J. Exp. Biol. 208, 1095–1107. doi:10.1242/jeb.01480
 Gilmour K. M., Perry S. F. (2007). “Branchial chemoreceptor regulation of cardiorespiratory function,” in Fish Physiology v25 sensory systems neuroscience ed . Editors T. J. Hara, B. Zielinski (USA: Elsevier), 97–151. 
 Gilmour K. M. (2001). The CO2/pH ventilatory drive in fish. Comp. Biochem. Physiol. 130A, 219–240. doi:10.1016/s1095-6433(01)00391-9
 Glass M. L. (1992). “Ventilatory responses to hypoxia in ectothermic vertebrates,” in Physiological adaptations in vertebrates, respiration, circulation, and metabolism ed . Editors S. C. Wood, R. E. Weber, A. R. Hargens, R. W. Millard (New York: Marcel Dekker), 97–118. 
 Gonzalez C., Agapito M. T., Rocher A., Gomez-Nino A., Rigual R. Castaneda J., et al. (2010). A revisit to O2 sensing and transduction in the carotid body chemoreceptors in the context of reactive oxygen species biology. Respir. Physiol. Neurobiol. 174, 317–330. doi:10.1016/j.resp.2010.09.002
 Heisler N., Toews D. P., Holeton G. F. (1988). Regulation of ventilation and acid-base status in the elasmobranch Scyliorhinus stellaris during hyperoxia induced hypercapnia. Respir. Physiol. 71, 227–246. doi:10.1016/0034-5687(88)90018-7
 Ho D. H., Burggren W. W. (2012). Parental hypoxic exposure confers offspring hypoxia resistance in zebrafish (Danio rerio). J. Exp. Biol. 215, 4208–4216. doi:10.1242/jeb.074781
 Holeton G. F., Randall D. J. (1967). The effect of hypoxia upon the partial pressure of gases in the blood and water afferent and efferent to the gills of rainbow trout. J. Exp. Biol. 46, 317–327. doi:10.1242/jeb.46.2.317
 Holeton G. F. (1971). Respiratory and circulatory responses of rainbow trout larvae to carbon monoxide and to hypoxia. J. Exp. Biol. 55, 683–694. doi:10.1242/jeb.55.3.683
 Iwama G. K., Boutilier R. G., Heming T. A., Randall D. J., Mazeaud M. (1987). The effects of altering gill water flow on gas transfer in rainbow trout. Can. J. Zool. 65, 2466–2470. doi:10.1139/z87-372
 Jones D. R., Schwarzfeld T. (1974). The oxygen cost to the metabolism and efficiency of breathing in trout (Salmo gairdneri). Respir. Physiol. 21, 241–254. doi:10.1016/0034-5687(74)90097-8
 Jonz M. G., Buck L. T., Perry S. F., Schwerte T., Zaccone G. (2015a). Sensing and surviving hypoxia in vertebrates. Ann. N.Y. Acad. Sci. 1365, 43–58. doi:10.1111/nyas.12780
 Jonz M. G., Fearon I. M., Nurse C. A. (2004). Neuroepithelial oxygen chemoreceptors of the zebrafish gill. J. Physiol. 560, 737–752. doi:10.1113/jphysiol.2004.069294
 Jonz M. G., Nurse C. A. (2005). Development of oxygen sensing in the gills of zebrafish. J. Exp. Biol. 208, 1537–1549. doi:10.1242/jeb.01564
 Jonz M. G., Nurse C. A. (2003). Neuroepithelial cells and associated innervation of the zebrafish gill: A confocal immunofluorescence study. J. Comp. Neurol. 461, 1–17. doi:10.1002/cne.10680
 Jonz M. G., Nurse C. A. (2006). Ontogenesis of oxygen chemoreception in aquatic vertebrates. Respir. Physiol. Neurobiol. 154, 139–152. doi:10.1016/j.resp.2006.01.004
 Jonz M. G., Zachar P. C., Da Fonte D. F., Mierzwa A. S. (2015b). Peripheral chemoreceptors in fish: A brief history and a look ahead. Comp. Biochem. Physiol. A 186, 27–38. doi:10.1016/j.cbpa.2014.09.002
 Kinkead R., Perry S. F. (1991). The effects of catecholamines on ventilation in rainbow trout during hypoxia or hypercapnia. Respir. Physiol. 84, 77–92. doi:10.1016/0034-5687(91)90020-j
 Koudrina N., Perry S. F., Gilmour K. M. (2020). The role of TASK-2 channels in CO2 sensing in zebrafish (Danio rerio). Am. J. Physiol. 319, R329–R342. doi:10.1152/ajpregu.00132.2020
 Kramer D. L., McClure M. (1982). Aquatic surface respiration, a widespread adaptation to hypoxia in tropical freshwater fishes. Env. Biol. Fish. 7, 47–55. doi:10.1007/bf00011822
 Kramer D. L., Mehegan J. P. (1981). Aquatic surface respiration, an adaptive response to hypoxia in the guppy, Poecilia reticulata (Pisces, Poeciliidae). Env. Biol. Fish. 6, 299–313. doi:10.1007/bf00005759
 Kucenas S., Soto F., Cox J., Voigt M. (2006). Selective labeling of central and peripheral sensory neurons in the developing zebrafish using P2X3 receptor subunit transgenes. Neurosci 138, 641–652. doi:10.1016/j.neuroscience.2005.11.058
 Kumar P., Bin-Jaliah I. (2007). Adequate stimuli of the carotid body: More than an oxygen sensor?Respir. Physiol. Neurobiol. 157, 12–21. doi:10.1016/j.resp.2007.01.007
 Kunert E., Joyce W., Pan Y. K., Chen A., Perry S. F., Gilmour K. M. (2022). The role of cytosolic carbonic anhydrase Ca17a in cardiorespiratory responses to CO2 in developing zebrafish (Danio rerio). Am. J. Physiol. 323, R532–R546. doi:10.1152/ajpregu.00050.2022
 Leonard E. M., Salman S., Nurse C. A. (2018). Sensory processing and integration at the carotid body tripartite synapse: Neurotransmitter functions and effects of chronic hypoxia. Front. Physiol. 9, 225. doi:10.3389/fphys.2018.00225
 Leonard E. M., Weaver F. E., Nurse C. A. (2022). Lactate sensing by neuroepithelial cells isolated from the gills of killifish (Fundulus heteroclitus). J. Exp. Biol. 225, jeb245088. doi:10.1242/jeb.245088
 Li Q., Sun B., Wang X., Jin Z., Zhou Y. Dong L., et al. (2010). A crucial role for hydrogen sulfide in oxygen sensing via modulating large conductance calcium-activated potassium channels. Antioxid. Redox Signal. 12, 1179–1189. doi:10.1089/ars.2009.2926
 Lindsey B. W., Smith F. M., Croll R. P. (2010). From inflation to flotation: Contribution of the swimbladder to whole-body density and swimming depth during development of the zebrafish (Danio rerio). Zebrafish 7, 85–96. doi:10.1089/zeb.2009.0616
 Ling L., Olson E. B., Vidruk E. H., Mitchell G. S. (1997). Developmental plasticity of the hypoxic ventilatory response. Respir. Physiol. 110, 261–268. doi:10.1016/s0034-5687(97)00091-1
 Lopez-Barneo J., Gonzalez-Rodriguez P., Gao L., Fernandez-Aguera M. C., Pardal R., Ortega-Saenz P. (2016). Oxygen sensing by the carotid body: Mechanisms and role in adaptation to hypoxia. Am. J. Physiol. 310, C629–C642. doi:10.1152/ajpcell.00265.2015
 Mandic M., Flear K., Qiu P., Pan Y. K., Perry S. F., Gilmour K. M. (2022). Aquatic surface respiration significantly improves survival of zebrafish (Danio rerio) lacking hypoxia inducible factor 1-α. Proc. R. Soc. Lond. B 289, 20211863. doi:10.1098/rspb.2021.1863
 Mandic M., Pan Y. K., Gilmour K. M., Perry S. F. (2020). Relationships between the peak hypoxic ventilatory response and critical O2 tension in larval and adult zebrafish (Danio rerio). J. Exp. Biol. 223, jeb213942. jeb.213942. doi:10.1242/jeb.213942
 Mandic M., Tzaneva V., Careau V., Perry S. F. (2019). Hif-1α paralogs play a role in the hypoxic ventilatory response of larval and adult zebrafish (Danio rerio). J. Exp. Biol. 222, jeb195198. doi:10.1242/jeb.195198
 Matty M. A., Beerman R. W., Tobin D. M. (2016). Drug-inducible, cell-specific manipulation of intracellular calcium in Zebrafish through mammalian TRPV1 expression. Zebrafish 13, 374–375. doi:10.1089/zeb.2016.29004.mat
 McDonald D. G., McMahon B. R. (1977). Respiratory development in Arctic char Salvelinus alpinus under conditions of normoxia and chronic hypoxia. Can. J. Zool. 55, 1461–1467. doi:10.1139/z77-189
 McKendry J. E., Milsom W. K., Perry S. F. (2001). Branchial CO2 receptors and cardiorespiratory adjustments during hypercarbia in Pacific spiny dogfish (Squalus acanthias). J. Exp. Biol. 204, 1519–1527. doi:10.1242/jeb.204.8.1519
 Mellen N. M., Thoby-Brisson M. (2012). Respiratory circuits: Development, function and models. Curr. Opin. Neurobiol. 22, 676–685. doi:10.1016/j.conb.2012.01.001
 Miller S., Pollack J., Bradshaw J., Kumai Y., Perry S. F. (2014). Cardiac responses to hypercapnia in larval zebrafish (Danio rerio): The links between CO2 chemoreception, catecholamines and carbonic anhydrase. J. Exp. Biol. 217, 3569–3578. doi:10.1242/jeb.107987
 Milsom W. K., Gilmour K. M., Perry S. F., Gargaglioni L., Hedrick M. Kinkead R., et al. (2022). Control of breathing in ectothermic vertebrates. Compr. Physiol. 12, 3869–3988. doi:10.1002/cphy.c210041
 Milsom W. K. (2012). New insights into gill chemoreception: Receptor distribution and roles in water and air breathing fish. Respir. Physiol. Neurobiol. 184, 326–339. doi:10.1016/j.resp.2012.07.013
 Milsom W. K., Reid S. G., Rantin F. T., Sundin L. (2002). Extrabranchial chemoreceptors involved in respiratory reflexes in the neotropical fish Colossoma macropomum (the tambaqui). J. Exp. Biol. 205, 1765–1774. doi:10.1242/jeb.205.12.1765
 Olson K. R., Donald J. A., Dombkowski R. A., Perry S. F. (2012). Evolutionary and comparative aspects of nitric oxide, carbon monoxide and hydrogen sulfide. Respir. Physiol. Neurobiol. 184, 117–129. doi:10.1016/j.resp.2012.04.004
 Olson K. R., Healy M., Zhaohong Q., Vulesevic B., Duff D. W. Whitfield N., et al. (2008). Hydrogen sulfide as an oxygen sensor in trout gill chemoreceptors. Am. J. Physiol. 295, R669–R680. doi:10.1152/ajpregu.00807.2007
 Ortega-Sáenz P., Moreno-Domínguez A., Gao L., López-Barneo J. (2020). Molecular mechanisms of acute oxygen sensing by arterial chemoreceptor cells. Role of Hif2α. Front. Physiol. 11, 614893. doi:10.3389/fphys.2020.614893
 Pan W., Godoy R. S., Cook D. P., Scott A. L., Nurse C. A., Jonz M. G. (2022). Single-cell transcriptomic analysis of neuroepithelial cells and other cell types of the gills of zebrafish (Danio rerio) exposed to hypoxia. Sci. Rep. 12, 10144. doi:10.1038/s41598-022-13693-1
 Pan W., Scott A. L., Nurse C. A., Jonz M. G. (2021a). Identification of oxygen-sensitive neuroepithelial cells through an endogenous reporter gene in larval and adult transgenic zebrafish. Cell Tissue Res. 384, 35–47. doi:10.1007/s00441-020-03307-5
 Pan Y. K., Jensen G., Perry S. F. (2021b). Disruption of tph1 genes demonstrates the importance of serotonin in regulating ventilation in larval zebrafish (Danio rerio). Respir. Physiol. Neurobiol. 285, 103594. doi:10.1016/j.resp.2020.103594
 Pan Y. K., Mandic M., Zimmer A. M., Perry S. F. (2019). Evaluating the physiological significance of hypoxic hyperventilation in larval zebrafish (Danio rerio). J. Exp. Biol. 222, jeb204800. doi:10.1242/jeb.204800
 Pan Y. K., Perry S. F. (2020). Neuroendocrine control of breathing in fish. Mol. Cell. Endocrinol. 509, 110800. doi:10.1016/j.mce.2020.110800
 Peña-Münzenmayer G., Niemeyer M. I., Sepúlveda F. V., Cid L. P. (2013). Zebrafish and mouse TASK-2 K+ channels are inhibited by increased CO2 and intracellular acidification. Pflügers Arch. 466, 1317–1327. doi:10.1007/s00424-013-1365-2
 Perry S. F., Abdallah S. J. (2012). Mechanisms and consequences of carbon dioxide sensing in fish. Respir. Physiol. Neurobiol. 184, 309–315. doi:10.1016/j.resp.2012.06.013
 Perry S. F., Esbaugh A., Braun M., Gilmour K. M. (2009a). “Gas transport and gill function in water-breathing fish,” in Cardio-respiratory control in vertebrates: Comparative and evolutionary aspects ed . Editors M. L. Glass, S. C. Wood (Heidelberg: Springer), 5–42.
 Perry S. F., Gilmour K. M. (2010). “Oxygen uptake and transport in water breathers,” in Respiratory Physiology of vertebrates: Life with and without oxygen ed . Editor G. E. Nilsson (Cambridge: Cambridge University Press), 49–94.
 Perry S. F., Gilmour K. M. (2002). Sensing and transfer of respiratory gases at the fish gill. J. Exp. Zool. 293, 249–263. doi:10.1002/jez.10129
 Perry S. F., Jonz M. G., Gilmour K. M. (2009b). “Oxygen sensing and the hypoxic ventilatory response,” in Fish Physiology v27 hypoxia ed . Editors J. G. Richards, C. J. Brauner, A. P. Farrell (Amsterdam: Academic Press), 193–251.
 Perry S. F., Mckendry J. E. (2001). The relative roles of external and internal CO2versus H+ in eliciting the cardiorespiratory responses of Salmo salar and Squalus acanthias to hpercarbia. J. Exp. Biol. 204, 3963–3971. doi:10.1242/jeb.204.22.3963
 Perry S. F., Reid S. G. (2002). Cardiorespiratory adjustments during hypercarbia in rainbow trout Oncorhynchus mykiss are initiated by external CO2 receptors on the first gill arch. J. Exp. Biol. 205, 3357–3365. doi:10.1242/jeb.205.21.3357
 Perry S. F. (2011). “Respiratory responses to hypoxia in fishes,” in Encyclopaedia of fish Physiology: From genome to environment ed . Editor A. P. Farrell (San Diego: Elsevier), 1751–1756.
 Perry S. F., Tzaneva V. (2016). The sensing of respiratory gases in fish: Mechanisms and signalling pathways. Respir. Physiol. Neurobiol. 224, 71–79. doi:10.1016/j.resp.2015.06.007
 Perry S., Kumai Y., Porteus C., Tzaneva V., Kwong R. (2016). An emerging role for gasotransmitters in the control of breathing and ionic regulation in fish. J. Comp. Physiol. B 186, 145–159. doi:10.1007/s00360-015-0949-x
 Polymeropoulos E. T., Plouffe D., Leblanc S., Elliott N. G., Currie S., Frappell P. B. (2014). Growth hormone transgenesis and polyploidy increase metabolic rate, alter the cardiorespiratory response and influence HSP expression in response to acute hypoxia in Atlantic salmon (Salmo salar) yolk-sac alevins. J. Exp. Biol. 217, 2268–2276. doi:10.1242/jeb.098913
 Porteus C., Abdallah S. J., Pollack J., Kumai Y., Kwong R. W. M. Yew H. M., et al. (2014). The role of hydrogen sulphide in the control of breathing in hypoxic zebrafish (Danio rerio). J. Physiol. 592, 3075–3088. doi:10.1113/jphysiol.2014.271098
 Porteus C., Kumai Y., Abdallah S. J., Yew H. M., Kwong R. W. M. Pan Y. K., et al. (2021). Respiratory responses to external ammonia in zebrafish (Danio rerio). Comp. Biochem. Physiol. A 251, 110822. doi:10.1016/j.cbpa.2020.110822
 Porteus C. S., Brink D. L., Milsom W. K. (2012). Neurotransmitter profiles in fish gills: Putative gill oxygen chemoreceptors. Respir. Physiol. Neurobiol. 184, 316–325. doi:10.1016/j.resp.2012.06.019
 Porteus C. S., Pollack J., Tzaneva V., Kwong R. W. M., Kumai Y. Abdallah S. J., et al. (2015). A role for nitric oxide in the control of breathing in zebrafish (Danio rerio). J. Exp. Biol. 218, 3746–3753. doi:10.1242/jeb.127795
 Prabhakar N. R. (2013). Sensing hypoxia: Physiology, genetics and epigenetics. J. Physiol. 591, 2245–2257. doi:10.1113/jphysiol.2012.247759
 Qin Z., Lewis J. E., Perry S. F. (2010). Zebrafish (Danio rerio) gill neuroepithelial cells are sensitive chemoreceptors for environmental CO2. J. Physiol. 588, 861–872. doi:10.1113/jphysiol.2009.184739
 Ragsdale A., Ortega-Recalde O., Dutoit L., Besson A. A., Chia J. H. Z. King T., et al. (2022). Paternal hypoxia exposure primes offspring for increased hypoxia resistance. BMC Biol. 20, 185. doi:10.1186/s12915-022-01389-x
 Rakoczy R. J., Wyatt C. N. (2018). Acute oxygen sensing by the carotid body: A rattlebag of molecular mechanisms. J. Physiol. 596, 2969–2976. doi:10.1113/JP274351
 Randall D. J., Ip Y. K. (2006). Ammonia as a respiratory gas in water and air-breathing fishes. Respir. Physiol. Neurobiol. 154, 216–225. doi:10.1016/j.resp.2006.04.003
 Randall D. J., Shelton G. (1963). The effects of changes in environmental gas concentrations on the breathing and heart rate of a teleost fish. Comp. Biochem. Physiol. 9, 229–239. doi:10.1016/0010-406x(63)90046-x
 Randall D. J. (1982). The control of respiration and circulation in fish during exercise and hypoxia. J. Exp. Biol. 100, 275–288. doi:10.1242/jeb.100.1.275
 Rasera M. D. F. L., Krusche A. V., Richey J. E., Ballester M. V. R., Victória R. L. (2013). Spatial and temporal variability of pCO2 and CO2 efflux in seven Amazonian Rivers. Biogeochem 116, 241–259. doi:10.1007/s10533-013-9854-0
 Reed M., Jonz M. G. (2022). Neurochemical signalling associated with gill oxygen sensing and ventilation: A receptor focused mini-review. Front. Physiol. 13, 940020. doi:10.3389/fphys.2022.940020
 Regan K. S., Jonz M. G., Wright P. A. (2011). Neuroepithelial cells and the hypoxia emersion response in the amphibious fish Kryptolebias marmoratus. J. Exp. Biol. 214, 2560–2568. doi:10.1242/jeb.056333
 Reid S. G., Perry S. F., Gilmour K. M., Milsom W. K., Rantin F. T. (2005). Reciprocal modulation of O2 and CO2 cardiorespiratory chemoreflexes in the tambaqui. Respir. Physiol. Neurobiol. 146, 175–194. doi:10.1016/j.resp.2004.12.008
 Reid S. G., Sundin L., Kalinin A. L., Rantin F. T., Milsom W. K. (2000). Cardiovascular and respiratory reflexes in the tropical fish, traira (Hoplias malabaricus): CO2/pH chemoresponses. Respir. Physiol. 120, 47–59. doi:10.1016/s0034-5687(99)00100-0
 Robertson C. E., Turko A. J., Jonz M. G., Wright P. A. (2015). Hypercapnia and low pH induce neuroepithelial cell proliferation and emersion behaviour in the amphibious fish Kryptolebias marmoratus. J. Exp. Biol. 218, 2987–2990. doi:10.1242/jeb.123133
 Rombough P. (2002). Gills are needed for ionoregulation before they are needed for O2 uptake in developing zebrafish, Danio rerio. J. Exp. Biol. 205, 1787–1794. doi:10.1242/jeb.205.12.1787
 Rombough P. J. (1988). “Respiratory gas exchange, aerobic metabolism, and effects of hypoxia during early life,” in Fish Physiology vXIA ed . Editors W. S. Hoar, D. J. Randall (San Diego: Academic Press), 59–161.
 Rombough P. (2007). The functional ontogeny of the teleost gill: Which comes first, gas or ion exchange?Comp. Biochem. Physiol. A 148, 732–742. doi:10.1016/j.cbpa.2007.03.007
 Rosales K., Yeh C.-M., How J. J., Villa-Real R., Depasquale E. Groisman A., et al. (2019). Neural pathways linking hypoxia with pectoral fin movements in Danio rerio. bioRxiv, doi:10.1101/655084
 Rossi G. S., Cochrane P. V., Wright P. A. (2020). Fluctuating environments during early development can limit adult phenotypic flexibility: Insights from an amphibious fish. J. Exp. Biol. 223, jeb228304. doi:10.1242/jeb.228304
 Shakarchi K., Zachar P. C., Jonz M. G. (2013). Serotonergic and cholinergic elements of the hypoxic ventilatory response in developing zebrafish. J. Exp. Biol. 216, 869–880. doi:10.1242/jeb.079657
 Sharrock A. V., Mulligan T. S., Hall K. R., Williams E. M., White D. T. Zhang L., et al. (2022). Ntr 2.0: A rationally engineered prodrug-converting enzyme with substantially enhanced efficacy for targeted cell ablation. Nat. Methods 19, 205–215. doi:10.1038/s41592-021-01364-4
 Shelton G., Jones D. R., Milsom W. K. (1986). “Control of breathing in ectothermic vertebrates,” in Handbook of Physiology, section 3. The respiratory system ed . Editors N. S. Cherniak, J. G. Widdicombe (Bethesda: American Physiological Society), 2, 857–909. Control of Breathing.
 Sloman K. A., Mandic M., Todgham A. E., Fangue N. A., Subrt P., Richards J. G. (2008). The response of the tidepool sculpin, Oligocottus maculosus, to hypoxia in laboratory, mesocosm and field environments. Comp. Biochem. Physiol. A 149, 284–292. doi:10.1016/j.cbpa.2008.01.004
 Steffensen J. F., Lomholt J. P. (1983). Energetic cost of active branchial ventilation in the sharksucker, Echeneis naucrates. J. Exp. Biol. 103, 185–192. doi:10.1242/jeb.103.1.185
 Sundin L., Burleson M. L., Sanchez A. P., Amin-Naves J., Kinkead R. Gargaglioni L. H., et al. (2007). Respiratory chemoreceptor function in vertebrates comparative and evolutionary aspects. Integr. Comp. Biol. 47, 592–600. doi:10.1093/icb/icm076
 Sundin L., Reid S. G., Rantin F. T., Milsom W. K. (2000). Branchial receptors and cardiorespiratory reflexes in the neotropical fish, Tambaqui (Colossoma macropomum). J. Exp. Biol. 203, 1225–1239. doi:10.1242/jeb.203.7.1225
 Thomsen M. T., Lefevre S., Nilsson G. E., Wang T., Bayley M. (2019). Effects of lactate ions on the cardiorespiratory system in rainbow trout (Oncorhynchus mykiss). Am. J. Physiol. 316, R607–R620. doi:10.1152/ajpregu.00395.2018
 Thomsen M. T., Wang T., Milsom W. K., Bayley M. (2017). Lactate provides a strong pH-independent ventilatory signal in the facultative air-breathing teleost Pangasianodon hypophthalmus. Sci. Rep. 7, 6378–6379. doi:10.1038/s41598-017-06745-4
 Torres-Torrelo H., Ortega-Sáenz P., Macías D., Omura M., Zhou T. Matsunami H., et al. (2018). The role of Olfr78 in the breathing circuit of mice. Nature 561, E33–E40. doi:10.1038/s41586-018-0545-9
 Tresguerres M., Milsom W. K., Perry S. F. (2019). “CO2 and acid-base sensing,” in Fish Physiology v37 carbon dioxide ed . Editors M. Grosell, P. L. Munday, A. P. Farrell, C. J. Brauner (USA: Elsevier), 33–68.
 Turesson J., Schwerte T., Sundin L. (2006). Late onset of NMDA receptor-mediated ventilatory control during early development in zebrafish (Danio rerio). Comp. Biochem. Physiol. A 143, 332–339. doi:10.1016/j.cbpa.2005.12.008
 Tzaneva V., Perry S. F. (2014). Heme oxygenase-1 (HO-1) mediated respiratory responses in the goldfish, Carassius auratus. Resp. Physiol. Neurobiol. 199, 1–8. doi:10.1016/j.resp.2014.04.006
 Tzaneva V., Perry S. F. (2016). Role of endogenous carbon monoxide in the control of breathing in zebrafish (Danio rerio). Am. J. Physiol. 311, R1262–R1270. doi:10.1152/ajpregu.00094.2016
 Varas R., Wyatt C. N., Buckler K. J. (2007). Modulation of TASK-like background potassium channels in rat arterial chemoreceptor cells by intracellular ATP and other nucleotides. J. Physiol. 583, 521–536. doi:10.1113/jphysiol.2007.135657
 Vulesevic B., McNeill B., Perry S. F. (2006). Chemoreceptor plasticity and respiratory acclimation in the zebrafish, Danio rerio. J. Exp. Biol. 209, 1261–1273. doi:10.1242/jeb.02058
 Vulesevic B., Perry S. F. (2006). Developmental plasticity of ventilatory control in zebrafish, Danio rerio. Respir. Physiol. Neurobiol. 154, 396–405. doi:10.1016/j.resp.2006.01.001
 Wang H., Jing M., Li Y. (2018). Lighting up the brain: Genetically encoded fluorescent sensors for imaging neurotransmitters and neuromodulators. Curr. Opin. Neurobiol. 50, 171–178. doi:10.1016/j.conb.2018.03.010
 Weber J.-M., Kramer D. L. (1983). Effects of hypoxia and surface access on growth, mortality, and behavior of juvenile guppies, Poecilia reticulata. Can. J. Fish. Aquat. Sci. 40, 1583–1588. doi:10.1139/f83-183
 White R. M., Sessa A., Burke C., Bowman T., Leblanc J. Ceol C., et al. (2008). Transparent adult zebrafish as a tool for in vivo transplantation analysis. Cell Stem Cell 2, 183–189. doi:10.1016/j.stem.2007.11.002
 Wood C. M., Jackson E. B. (1980). Blood acid-base regulation during environmental hyperoxia in the rainbow trout (Salmo gairdneri). Respir. Physiol. 42, 351–372. doi:10.1016/0034-5687(80)90125-5
 Wood C. M., Munger R. S. (1994). Carbonic anhydrase injection provides evidence for the role of blood acid-base status in stimulating ventilation after exhaustive exercise in rainbow trout. J. Exp. Biol. 194, 225–253. doi:10.1242/jeb.194.1.225
 Wyatt C. N., Buckler K. J. (2004). The effect of mitochondrial inhibitors on membrane currents in isolated neonatal rat carotid body type I cells. J. Physiol. 556, 175–191. doi:10.1113/jphysiol.2003.058131
 Yuan G., Vasavda C., Peng Y.-J., Makarenko V. V., Raghuraman G. Nanduri J., et al. (2015). Protein kinase G–regulated production of H2S governs oxygen sensing. Sci. Signal. 8, ra37. doi:10.1126/scisignal.2005846
 Zaccone G., Lauriano E. R., Kuciel M., Capillo G., Pergolizzi S. Alesci A., et al. (2017). Identification and distribution of neuronal nitric oxide synthase and neurochemical markers in the neuroepithelial cells of the gill and the skin in the giant mudskipper, Periophthalmodon schlosseri. Periophthalmodon Schlosseri. Zool. 125, 41–52. doi:10.1016/j.zool.2017.08.002
 Zachar P. C., Jonz M. G. (2012). Neuroepithelial cells of the gill and their role in oxygen sensing. Respir. Physiol. Neurobiol. 184, 301–308. doi:10.1016/j.resp.2012.06.024
 Zachar P. C., Pan W., Jonz M. G. (2017). Characterization of ion channels and O2 sensitivity in gill neuroepithelial cells of the anoxia-tolerant goldfish (Carassius auratus). J. Neurophysiol. 118, 3014–3023. doi:10.1152/jn.00237.2017
 Zhang L., Nawata C. M., Wood C. M. (2013). Sensitivity of ventilation and brain metabolism to ammonia exposure in rainbow trout, Oncorhynchus mykiss. J. Exp. Biol. 216, 4025–4037. doi:10.1242/jeb.087692
 Zhang L., Nawata M., De Boeck G., Wood C. M. (2015). Rh protein expression in branchial neuroepithelial cells, and the role of ammonia in ventilatory control in fish. Comp. Biochem. Physiol. 186A, 39–51. doi:10.1016/j.cbpa.2014.10.004
 Zhang L., Nurse C. A., Jonz M. G., Wood C. M. (2011). Ammonia sensing by neuroepithelial cells and ventilatory responses to ammonia in rainbow trout. J. Exp. Biol. 214, 2678–2689. doi:10.1242/jeb.055541
 Zhang L., Wood C. M. (2009). Ammonia as a stimulant to ventilation in rainbow trout Oncorhynchus mykiss. Respir. Physiol. Neurobiol. 168, 261–271. doi:10.1016/j.resp.2009.07.011
 Zimmer A. M., Mandic M., Rourke K. M., Perry S. F. (2020). Breathing with fins: Do the pectoral fins of larval fishes play a respiratory role?Am. J. Physiol. 318, R89–R97. doi:10.1152/ajpregu.00265.2019
 Zimmer A. M., Pan Y. K., Chandrapalan T., Kwong R. W. M., Perry S. F. (2019). Loss-of-function approaches in comparative physiology: Is there a future for knockdown experiments in the era of genome editing?J. Exp. Biol. 222, jeb175737. doi:10.1242/jeb.175737
 Zimmer A. M., Perry S. F. (2022). Physiology and aquaculture: A review of ion and acid-base regulation by the gills of fishes. Fish. Fish. 23, 874–898. doi:10.1111/faf.12659
Conflict of interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2023 Perry, Pan and Gilmour. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
		ORIGINAL RESEARCH
published: 26 April 2023
doi: 10.3389/fphys.2023.1163153


[image: image2]
Metabolic cost of osmoregulation by the gastro-intestinal tract in marine teleost fish
A. Little1,2, C. Pasparakis3, J. Stieglitz1 and M. Grosell1*
1University of Miami’s Rosenstiel School of Marine, Atmospheric and Earth Science, Miami, FL, United States
2Department of Biology, McMaster University, Hamilton, ON, Canada
3Bodega Marine Laboratory, University of California Davis, Bodega Bay, CA, United States
Edited by:
Pung Pung Hwang, Academia Sinica, Taiwan
Reviewed by:
Tyson James MacCormack, Mount Allison University, Canada
Juan Fuentes, Centre of Marine Sciences, Portugal
Mayu Inokuchi, The University of Tokyo, Japan
* Correspondence: M. Grosell, mgrosell@miami.edu
Received: 10 February 2023
Accepted: 06 April 2023
Published: 26 April 2023
Citation: Little A, Pasparakis C, Stieglitz J and Grosell M (2023) Metabolic cost of osmoregulation by the gastro-intestinal tract in marine teleost fish. Front. Physiol. 14:1163153. doi: 10.3389/fphys.2023.1163153

Introduction: Although dozens of studies have attempted to determine the metabolic cost of osmoregulation, mainly by comparing standard metabolic rates (SMR) in fish acclimated to different salinities, consensus is still lacking. 
Methods: In the present study, using the Gulf toadfish, Opsanus beta, we aimed to determine the metabolic cost of esophageal and intestinal osmoregulatory processes by estimating ATP consumption from known ion transport rates and pathways and comparing these estimates with measurements on isolated tissues. Further, we performed whole animal respirometry on fish acclimated to 9, 34 and 60 ppt.
Results and Discussion: Our theoretical estimates of esophageal and intestinal osmoregulatory costs were in close agreement with direct measurements on isolated tissues and suggest that osmoregulation by these tissues amounts to ∼2.5% of SMR. This value agrees well with an earlier attempt to estimate osmoregulation cost from ion transport rates and combined with published measurements of gill osmoregulatory costs suggests that whole animal costs of osmoregulation in marine teleosts is ∼7.5% of SMR. As in many previous studies, our whole animal measurements were variable between fish and did not seem suited to determine osmoregulatory costs. While the esophagus showed constant metabolic rate regardless of acclimation salinity, the intestine of fish acclimated to higher salinities showed elevated metabolic rates. The esophagus and the intestine had 2.1 and 3.2-fold higher metabolic rates than corresponding whole animal mass specific rates, respectively. The intestinal tissue displays at least four different Cl− uptake pathways of which the Na+:Cl−:2 K+ (NKCC) pathway accounts for 95% of the Cl− uptake and is the most energy efficient. The remaining pathways are via apical anion exchange and seem to primarily serve luminal alkalinization and the formation of intestinal CaCO3 which is essential for water absorption.
Keywords: intestinal ion absorption, esophagus, water absorption, tissue respirometry, standard metabolic rate
1 INTRODUCTION
Marine teleost fish live in a strongly desiccating environment as they maintain their internal osmotic pressure (310–350 mOsm) much below that of their surroundings. The osmoregulatory process facilitating marine teleost survival has been the subject of study for nearly a century (Smith, 1930) and more recent efforts have aimed to determine the metabolic cost of this vital process. While we have a good understanding of many physiological processes involved in salt and water balance, the question of metabolic cost remains to be answered with any degree of certainty.
Marine teleost fish drink seawater to compensate for diffusive water loss (Smith, 1930). Early studies found that ingested seawater is desalinized by the water-impermeable esophagus and that solute-coupled water absorption occurs in the intestine with excretion of the excess Na+ and Cl− gain across the gill (Shehadeh and Gordon, 1969; Parmelee and Renfro, 1983). The stomach of unfed fish likely plays little, if any, role in osmoregulation (Larsen et al., 2014). More recent studies have revealed that alkalinization of the intestinal lumen is essential for precipitation of CaCO3 (ichthyocarbonates) and thereby reduction in luminal osmotic pressure to promote water absorption (Wilson et al., 2002; Grosell et al., 2009b; Genz et al., 2011). Although the intestine is largely impermeable to divalent ions, some are assimilated and ultimately cleared by the kidney in low volumes of isosmotic urine (reviewed in (Larsen et al., 2014)).
The esophageal and intestinal osmoregulatory processes are both ATP–demanding, with basolateral Na+/K+ pumps and apical proton pumps (in the intestine) facilitating Na+ and Cl− uptake (Guffey et al., 2011). Several studies have demonstrated upregulation of intestinal Na+/K+ pumps as well as apical proton pumps as fish acclimate to higher salinities (Jampol and Epstein, 1970; Colin et al., 1985; Madsen et al., 1994; Fuentes et al., 1997; Kelly et al., 1999; Seidelin et al., 2000; Guffey et al., 2011), suggesting increased metabolic demands in these tissues. Recent and elegant studies have demonstrated increased blood flow to the gastro-intestinal tract of seawater compared to freshwater-acclimated rainbow trout, supporting the suggestion that osmoregulation in hyperosmotic environments imposes a metabolic demand on the intestinal tissue (Brijs et al., 2015; Brijs et al., 2016). However, no study to date has directly determined the metabolic costs of esophageal and intestinal osmoregulatory processes.
Metabolic demands of osmoregulation have been the subject of much interest for decades, with dozens of papers published on the subject (reviewed in (Ern et al., 2014)). Most of these studies have attempted to determine the cost of osmoregulation from differences in whole animal metabolic rates (oxygen consumption) between fish acclimated to freshwater, intermediate salinities, and seawater. Generally, the expectation was that fish held in salinities near that of their body fluids would display limited osmoregulatory costs and lower standard metabolic rates (SMRs; metabolic rate in fully resting, unfed fish acclimated to their environment). The differences between oxygen consumption invoked by freshwater or seawater acclimation, compared to those at isosmotic salinities, are thought to reflect the metabolic costs of osmoregulation at those salinities. In short, there is no consensus in findings among these studies and estimates of osmoregulatory costs vary from few % to >30% of standard metabolic rate (Ern et al., 2014; Christensen et al., 2018; Christensen et al., 2019). While interspecies differences may account for some of this variation, interindividual differences in non-osmoregulatory organismal responses, such as spontaneous activity and/or stress, likely also contribute to the lack of consensus in the field (Chabot et al., 2016).
Surprisingly, a second approach of using isolated osmoregulatory tissues to estimate the metabolic costs of osmoregulation has not been frequently employed, even though it avoids the problems of confounding organismal responses. One study using isolated branchial arches from cutthroat trout (Oncorhynchus clarki) and blockers of relevant ATPases determined the branchial cost of osmoregulation to be 3.9% and 2.4% of BMR following acclimation to freshwater and seawater, respectively (Morgan and Iwama, 1999). A third approach to estimate osmoregulatory metabolic costs is utilizing known ion transport rates and ATP demands per mole of ions transported, which offers the same advantages as measurements of metabolic rates on isolated tissues. This approach has also only been applied once and the estimated metabolic cost of osmoregulation was in the order of 7%–17% of SMR in marine teleosts (Kirschner, 1993).
To date, no attempts have been made to measure metabolic rates in the esophagus of teleost fish, to estimate metabolic costs based on ion transport rates for this tissue, or to measure the metabolic cost of intestinal transport processes related to osmoregulation. In the present study, we aimed to investigate the metabolic costs of osmoregulation by comparing the three approaches discussed above; whole animal respirometry, isolated tissue respirometry, and metabolic estimates calculated from known ion transport rates. We performed whole animal and isolated-tissue (esophagus and intestine) respirometry in gulf toadfish (Opsanus beta) acclimated to 9, 34 and 60 ppt. In addition, we took advantage of the available literature on ion transport across the esophageal and intestinal tissue of this teleost to compare predicted osmoregulatory costs across the three methods. The two latter methods showed strong agreement and are supported by earlier estimates of osmoregulatory costs in the intestinal tracts of other marine teleosts (Kirschner, 1993).
2 METHODS
2.1 Animal husbandry
Gulf toadfish (Obsanus beta) were obtained from commercial shrimp fishermen trawling Biscayne Bay, Miami, from October 2016 to January 2017. On arrival, toadfish were treated for ecto-parasites (McDonald and Crosell. 2006) and sorted by size into 40-L tanks (8–10 per tank) with aerated, sand-filtered, flow-through seawater from Bear Cut (21°C–26°C, 30–35 ppt salinity). Pieces of polyvinylchloride tubing were used as shelters to reduce stress and decrease aggressive behavior. Toadfish were fed squid to satiation weekly but fasted for at least 144 h before experimentation. Toadfish were held in ambient seawater for at least 2 weeks prior to experimental treatments. All general animal care and animal sacrifice protocols were carried out in accordance with relevant guidelines for experiments on teleost provided by University of Miami IACUC (Institutional Animal Care and Use Committee) and experimental protocols were approved by University of Miami IACUC (15–019). University of Miami’s IACUC is accredited by the Association for Assessment and Accreditation of Laboratory Animal Care (AALAC). Toadfish were collected with the approval and in accordance with guidelines outlined by the Florida Fish and Wildlife Conservation Commission (SAL-16-0729-SR).
2.1.1 Salinity acclimation
Toadfish (range: 24.0–43.7 g for whole-animal respirometry; 25–45 g for intestinal preps; and 54–130 g for esophageal preps) were housed in 20-L tanks with aerated, sand-filtered seawater adjusted to 9 ppt (seawater diluted with reverse osmosis purified water), 34 ppt (seawater), or 60 ppt (seawater supplemented with Instant Ocean marine salt, Spectrum Brands, Blacksburg, VA, United States of America) for a minimum of 10 days. Common to all experiments, toadfish assigned to the 9 ppt acclimation groups were introduced to 20 ppt seawater day 1, followed by 17.5 ppt day 3, 15 ppt day 5, 12.5 ppt day 7, and 9 ppt day 9. Toadfish assigned to 34 ppt and 60 ppt acclimation treatments were transferred immediately to their respective salinities. Tank water was maintained at 23˚C ± 1°C with 75% tank water changed every second day. Toadfish were maintained at their target salinity for a minimum of 10 days and were fasted for 6–13 days prior to experimental procedures to avoid influence of feeding status on metabolic rates.
2.1.2 Whole-animal respirometry
Toadfish (n = 10–14) were housed individually in 20 L tanks with aerated, sand-filtered seawater at 22°C. Following acclimation to constant salinity, intermittent flow respirometry was performed using Brett-style swim respirometers (Loligo Systems, Denmark) as previously described (Mager et al., 2014; Stieglitz et al., 2016) but with constant and low water velocity to ensure adequate mixing (< 0.5 body lengths per second). Fish were sedentary on the bottom under these conditions. SMR was determined by fitting a double Gaussian curve to ṀO2 measurements with an r2 > 0.80. Elevated values of ṀO2 were excluded using the first (higher) normal distribution, whereas the second normal distribution was used as the best estimate of SMR (Steffensen et al., 1994; Herskin, 1999; Jordan and Steffensen, 2007; Svendsen et al., 2012).
2.1.3 Theoretical calculations for MO2 in esophageal and intestinal epithelia
Gulf toadfish held in seawater display drinking rates of 2.6 mL kg-1 h-1 (Genz et al., 2008) which corresponds to an intake of 1,271 µmol Cl− kg-1 h-1 (Grosell, 2014). Assuming no water absorption by the esophagus (Hirano and Mayer-Gostan, 1976; Parmelee and Renfro, 1983) and an average gastric Cl− concentration in unfed marine teleosts fish of 268 mM (n = 11) (Grosell, 2014), esophageal Cl− absorption can be estimated to be (1,271 µmol Cl− kg-1 h-1—(2.6 mL-1 kg-1 h-1 X 268 mM Cl−)) 575 µmol Cl− kg-1 h-1 leaving 697 µmol Cl− kg-1 h-1 to be transferred through the pyloric sphincter into the anterior intestine (Table 1). Rectal fluids voided at low rates contain little Cl−, resulting in a limited rectal excretion of 63 µmol Cl− kg-1 h-1 (Genz et al., 2008), which is a product of an intestinal absorption of (697–63 µmol Cl− kg-1 h-1) 634 µmol Cl− kg-1 h-1 (Table 1).
TABLE 1 | Esophageal and intestinal ion transport pathways and their contribution to Cl− uptake, ATP and O2 consumption as well as their relative contribution to standard metabolic rate (SMR). See text for further detail.
[image: Table 1]Cl− (and Na+) is absorbed across the esophageal epithelium by both passive (paracellular) and active (transcellular) paths of approximate equal quantities in the flounder (Pseudopleuronectes americanus) (Parmelee and Renfro, 1983). Assuming the same is true for toadfish, active absorption of (575/2) 287 µmol Cl− kg-1 h-1 takes place across the esophageal epithelium. For toadfish, the active esophageal salt absorption is mediated by apical anion and Na+/H+ (NHE2) exchangers deriving energy for H+ extrusion and Na+ uptake from the basolateral Na+/K+-ATPase (Esbaugh and Grosell, 2014). Assuming an active 1:1 C l-:Na+ absorption rate by the esophageal epithelium and a 3Na+/ATP stoichiometry of the Na+/K+-ATPase (NKA), Cl− absorption can be estimated to occur at the cost of 0.33 mol ATP/mol Cl−. A further assumption of 5 mol ATP produced per mol of O2 consumed (Hinkle, 2005) allow for estimation of O2 consumption arising from esophageal active absorption of NaCl (Table 1).
Multiple Cl− uptake pathways operate in parallel in the intestine of marine teleosts (Grosell, 2006) (Figure 2). In the toadfish, rectal HCO3− excretion in the order of 68 μmol kg-1 h-1 (Genz et al., 2008) allows for quantification of intestinal Cl− uptake by Cl−/HCO3− exchange. This anion exchange fraction of intestinal Cl− absorption occurs via SLC26a6 which is an electrogenic anion exchanger operating by secreting 2 (or more) HCO3− ions in exchange for absorption of 1 C l- ion across the apical membrane (Kurita et al., 2008; Grosell et al., 2009b). Assuming a 2:1 HCO3−/Cl− exchange ratio toadfish intestinal Cl− absorption via anion exchange (Kurita et al., 2008; Grosell et al., 2009b) amounts to 5.4% of total intestinal Cl− uptake with the rest (94.6%) attributed to Na+/K+/2 C l- co-transport via apical NKCC2 driven by the basolateral NKA. We have no evidence for the presence of Na+:Cl− cotransport in the gulf toadfish intestine but cannot rule out a role for this transporter in other species. Considering the stoichiometry of NKCC2 (2 mol of Cl− absorbed per mole of Na+) and NKA (3 mol of Na+ transported per mole of ATP consumed), absorption of Cl− via NKCC2 consumes 0.17 mol ATP/mol Cl− absorbed. With this ratio, the intestinal Cl− absorption rate via NKCC2 and the above assumption of ATP production per mol of O2 consumed, O2 consumption via the NKCC2 Cl− absorption pathway can be estimated (Table 1). We are aware of three distinct pathways associated with Cl− absorption via anion exchange in the toadfish. Approximately 50% of anion exchange is fueled by transepithelial HCO3− movement mediated by basolateral Na+/HCO3− co-transport (NBC) and apical SLC26a6 anion exchange (Grosell and Genz, 2006). The remaining 50% of Cl− absorption mediated by SLC26a6 is fueled by hydration of endogenous CO2, a reaction mediated by carbonic anhydrase (CAc) (Grosell and Genz, 2006; Sattin et al., 2010). The CAc mediated Cl− absorption relies on secretion of H+ which occurs largely via basolateral Na+/H+ exchange (90% of the CAc mediated Cl− uptake) (Grosell and Genz, 2006) but also via apical V-type H+ ATPase (VHA) (10% of the CAc mediated Cl− uptake) (Grosell et al., 2009b; Guffey et al., 2011).
Considering first the metabolic cost of the NBC-SLC26a6 pathway, we assumed a stoichiometry of 3 HCO3−:1Na+ (Chang et al., 2012) and the usual 3Na+:ATP for NKA and 2HCO3−:Cl− for SCL26a6. Under these assumptions, the Cl− absorption taking place via this pathway occurs at a cost of 0.22 mol of ATP/mol Cl−. With the above assumption of 5 mol ATP produced per mol of O2 consumed we estimated the oxygen consumption for Cl− absorption attributable to the NBC-SLC26a6 pathway (Table 1). The stoichiometry of the only marine fish NBC transporter examined, the euryhaline pufferfish, Takifugu obscurus, is dependent on extracellular Na+ and HCO3− and appears to be higher than for human NBC (Chang et al., 2012). Since the pufferfish NBC stoichiometry was determined in xenopus oocytes, it was not measured under fully physiological conditions but likely falls somewhere between 1.93 and 4.06 at extracellular Na+ and HCO3− concentrations relevant for marine teleosts (Chang et al., 2012).
Considering next the two carbonic anhydrase (CAc) dependent Cl− absorption pathways, NHE-SCL26a6 and VHA-SLC26a6, we assumed a 1Na+:1H+ ratio for NHE and a 0.5 mol ATP/mol H+ ratio for VHA. Under these assumptions Cl− absorption by NHE-SLC26a6 and VHA-SLCa6 pathways occur at a cost of 0.66 and 1 mol of ATP/mol of Cl−, respectively, and again under the assumption of 5 mol ATP produced per mol of O2, oxygen consumption attributable to both CAc-dependent pathways were calculated (Table 1). The stoichiometry of VHA is variable (Tomashek and Brusilow, 2000; Maxson and Grinstein, 2014) but generally assumed to be 2H+/ATP, or higher (Tomashek and Brusilow, 2000; Maxson and Grinstein, 2014; Anandakrishnan and Zuckerman, 2017).
2.2 Empirical measures of MO2 in isolated esophageal and intestinal tissue preparations
Toadfish acclimated to 9 ppt (N = 7 for esophageal; N = 6 for intestinal), 34 ppt (N = 7 for esophageal; N = 6 for intestinal) and 60 ppt (N = 6 for esophageal; N = 6 for intestinal) as described above were sacrificed using a lethal dose of 0.2 g/L MS-222 buffered with 0.4 g/L NaHCO3. MO2 for isolated anterior intestine and esophagus were measured using a custom-designed epithelial respirometer (Loligo Systems, Tjele, Denmark) described elsewhere (Taylor and Grosell, 2009; Secor et al., 2012). Intestinal and esophageal tissues were dissected, weighed, and mounted so that 0.87 cm2 of tissue was exposed to two half-chambers (2.80 mL each), with mucosal saline on the gut side, and serosal saline on the blood-side. Serosal saline compositions (Table 2) were the same between esophageal and intestinal MO2 preparations, and were adjusted to pH 7.8 and 330 mmol/kg osmolality with mannitol, and sterile filtered. Mucosal salines for intestinal MO2 measurements (Table 2) were made to approximate the composition of anterior intestinal fluids of toadfish acclimated to 9, 34, and 60 ppt (McDonald and Grosell, 2006) and were adjusted to 330 mmol/kg osmolality with mannitol, and sterile filtered. Mucosal solution for esophageal measurements was sterile-filtered seawater of the acclimation salinity. All salines were pre-gassed with air, rather than custom O2 mixes, so that MO2 could be compared to whole-animal measurements. Note that intestinal O2 consumption is not limited by O2 levels in air (Taylor and Grosell, 2009).
TABLE 2 | Saline composition (mM).
[image: Table 2]Salines in half chambers were continuously mixed by micromagnetic glass-coated Teflon stir bars (Loligo Systems), and a Teflon tissue mount ensured that the system was gas-tight (Taylor and Grosell, 2009). Oxygen measurements were conducted using fiber-optic cables secured to the outside walls of glass half-chambers to illuminate a fiber-optic sensor spot glued to the inside wall of each respective half-chamber. Each cable was connected to a separate single-channel oxygen meter (Fibox 3) used in conjunction with Oxy-View software (PST3-V6.02; PreSens, Regensburg, Germany). A standard curve and/or two-point calibrations were used to convert the signal (i.e., phase angle Φ) to oxygen content using salines pre-gassed with air for 100% air saturation and supersaturated with sodium sulfite for 0% oxygen calibration. O2 measurements were recorded every second at 22°C ± 1 °C with automatic temperature compensation. Intermittent-flow respirometry was performed to determine oxygen consumption rates of isolated tissue by flushing and replacing salines using a peristaltic pump (WPI Peri-Star). Flush cycles (∼3 min) were optimized for complete saline replacement between closed cycles, and time intervals (∼15 min) during closed measurements were monitored to ensure that O2 concentrations did not drop below 80% air saturation. Tissue MO2 was calculated from the sum of mucosal and serosal O2 consumption rates and normalized to the mass of the exposed tissue. Background respiration rates (blanks) were measured using parafilm to separate the two half-chamber respirometers and were found to be negligible.
2.4 Statistical analyses
Data are presented as means ± standard error of the mean (SEM). ANOVAs, followed by Tukey post hoc tests, were used to analyze isolated esophageal and intestinal respirometry data, whereas repeated measures ANOVAs, followed by Tukey post hoc tests, were used to analyze SMR and resting metabolic rate (RMR; unfed and fully acclimated fish displaying only routine activity) data. All statistical tests were performed in R using the jamovi platform (version 0.7.5.4; jamovi project 2017).
3 RESULTS
3.1 Whole-animal respirometry
SMR was 1,682 ± 180 µmol O2 kg-1 h-1 in 34 ppt seawater (n = 13). A higher SMR was observed in fish acclimated to 9 ppt (p < 0.05) while the SMR of fish acclimated to 60 ppt was not significantly different from that of 34 ppt acclimated fish (Figure 1). A similar pattern was observed for RMR with 1825 ± 208 µmol O2 kg-1 h-1 in 34 ppt seawater (n = 13) (p < 0.05).
[image: Figure 1]FIGURE 1 | Top panel: Standard metabolic rate (SMR) and bottom panel: Resting metabolic rate (RMR) in Gulf toadfish (Opsanus beta) acclimated to 9, 34 or 60 ppt. Median, range, upper and lower quartile as well as individual observations (n = 10, 13, 14, respectively). Groups labelled with different letters are statistically significant different (p < 0.05).
3.2 Theoretical calculations for MO2 in esophageal and intestinal epithelia
We estimated ATP consumption related to Cl− absorption, from Cl− absorption rates and various assumptions of transporter stoichiometries, to be 94.8 and 117.5 µmol ATP kg-1 h-1 for the esophagus and the intestine, respectively (Table 1). For the intestine, where at least four parallel Cl− absorption pathways operate, ∼95% of Cl− absorption occurs via the least metabolically costly NKCC2 pathway with SLC26a6 pathways accounting for the remaining ∼5% (Figure 2). The SLC26a6 mediated pathways are generally more metabolically demanding (0.22–1 mol ATP/mol Cl−) than the NKCC2 pathway (0.17 mol ATP/mol Cl−) with the CAc mediated pathways being most costly (Table 1; Figure 2). The calculated ATP consumption rates allowed us to estimate O2 consumption rates associated with Cl− absorption to be 19 and 23.5 µmol O2 kg-1 h-1, for the esophagus and the intestine, respectively (Table 1; Figure 2). Whole animal SMR was 1.68 ± 180 µmol O2 g-1 h-1 and the esophageal and intestinal contribution to SMR is thus estimated to be 1.22% and 1.4%, respectively, for an overall contribution of osmoregulatory costs in the gastro-intestinal tract of 2.62% of SMR.
[image: Figure 2]FIGURE 2 | Schematic representation of Cl− absorption pathways in the Gulf toadfish (and likely most marine teleosts) intestine along the theoretical ATP consumption required for Cl− absorption by each pathway, the fraction of overall Cl− absorption conducted by each pathway and finally the resulting fraction of overall ATP consumption related to Cl− absorption by individual pathways. The NKCC2 pathway is responsible for the majority of Cl− absorption but there is no evidence for involvement of the Na+, Cl−—cotransporter. The anion transport pathways are generally more metabolically costly than the NKCC2 pathway and specifically, the pathways involving hydration of endogenous CO2 via carbonic anhydrase are the most metabolically costly. Note that the modest contribution by anion exchange pathways to Cl− absorption of 5% corresponds to 13.2% of the ATP consumption required for Cl− uptake. See text and Table 1 for further information.
Empirical measures of MO2 in isolated esophageal and intestinal tissue preparations
There was a significant effect of salinity acclimation on mean intestinal MO2 (df = 15; F = 6.99; p = 0.007), where individuals acclimated to 34 ppt and 60 ppt had significantly higher mean intestinal MO2 (5.44 μmol g-1h-1 and 5.83 μmol g-1h-1, respectively) than those acclimated to 9 ppt (4.28 μmol g-1h-1; df = 15; t = 2.685; p = 0.042 and df = 15; t = −3.595; p = 0.007, respectively) (Figure 3). For fish acclimated to 9 ppt, luminal saline representing intestinal fluids of fish acclimated to 9 and 35 ppt caused no differences in MO2 of isolated intestinal tissue (Figure 3). Similarly, for fish acclimated to 60 ppt, luminal saline representing intestinal fluids of fish acclimated to 35 and 60 ppt resulted in no difference in MO2 of isolated intestinal tissue (Figure 3). Despite the small increase in mean MO2, there was no significant difference between fish acclimated to 34 ppt and 60 ppt (df = 15; t = −0.911; p = 0.642). There was no significant effect of salinity acclimation on mean esophageal MO2 between 9 ppt (4.31 μmol g-1h-1), 34 ppt (3.24 μmol g-1h-1) and 60 ppt (3.80 μmol g-1h-1; df = 17; F = 0.523; p = 0.602) (Figure 4).
[image: Figure 3]FIGURE 3 | Oxygen consumption rate by isolated anterior intestinal epithelia from toadfish acclimated to 9 (open boxes), 35 (light grey) and 60 (dark grey) with different luminal salines representative of in vivo intestinal fluid composition at 9, 35 and 60 ppt (X-axis). Median, range, upper and lower quartile as well as individual observations. N = 6 for 9, 35 and 60 ppt. Groups labelled with different letters are statistically significant different (p < 0.05).
[image: Figure 4]FIGURE 4 | Oxygen consumption rate by isolated esophageal epithelia from toadfish acclimated to 9 (open bars), 35 (light grey) and 60 (dark grey) with different luminal salines representative of in vivo conditions. Median, range, upper and lower quartile as well as individual observations. N = 7, 7 and 6 for 9, 35 and 60 ppt, respectively. No statistical differences were observed.
3.3 Metabolic costs of osmoregulation in esophageal and intestinal tissues
The metabolic costs of osmoregulation in the intestine and esophagus were calculated from empirical data relative to mean SMR in seawater (1,682 ± 180 µmol O2 kg-1 h-1). For the intestine, mean intestinal MO2 for fish acclimated to 9 ppt was subtracted from the mean intestinal MO2 for fish acclimated to 34 ppt (5.44 μmol g-1 h-1—4.28 μmol g-1 h-1 = 1.17 μmol g-1 h-1), multiplied by mean relative (%) intestinal mass relative to whole body mass (1.17 μmol g-1 h-1 x 1.90% = 22.17 μmol kg-1 h-1), and divided by mean SMR (22.17 μmol kg-1 h-1/1,682 μmol kg-1 h-1 = 1.32% SMR). There was no difference in esophageal MO2 with salinity acclimation (see above). However, the primary function of the esophagus in marine teleost fish is ion transport. Thus, mean esophageal MO2 was multiplied by mean relative (%) esophageal mass (3.56 μmol g-1 h-1 x 0.56% = 19.89 μmol kg-1 h-1), and divided by mean SMR (19.89 μmol kg-1 h-1/1,682 μmol kg-1 h-1 = 1.18% SMR) to calculate absolute esophageal osmoregulatory costs. Thus, esophageal and intestinal osmoregulatory processes, based on isolated tissue respirometry, account for approximately 2.5% SMR.
4 DISCUSSION
4.1 Cost of esophageal and intestinal transport
The first empirical data on metabolic cost of osmoregulation by the esophagus and intestinal epithelium of a marine teleost fish presented here suggests that 2.5% of SMR is devoted to this essential physiological function. Corresponding theoretical estimates of metabolic cost of osmoregulatory processes were possible for the gulf toadfish for which detailed information is available for the relevant ion transport pathways. These estimates predicted a cost of intestinal osmoregulatory processes of 2.6% of SMR and are thus in close agreement with our empirical data. Although isolated epithelia under Ussing chamber style conditions are generally accepted to be healthy and viable, any deviation from in vivo-like conditions would likely result in underestimates of true metabolic rates because the isolated tissue lacks primary and secondary circulation, neuroendocrine stimulation, and may not have optimal mixtures of metabolic fuel. Similarly, theoretical estimates of metabolic cost of ion transport could underestimate true metabolic cost as these calculations assume 100% efficiency of transport processes and no significant back flux of ions. However, the most parsimonious explanation for the close agreement between the two approaches seems to be that neither process is associated with significant error. Errors of the same magnitude, caused by different potential limitations, constraints on isolated tissues versus erroneous assumptions of transport efficiencies, on two widely distinct approaches seem less likely. We did not include the rectal epithelium in our measurements or estimates. The rectal epithelium does contribute to osmoregulation in toadfish (Ruhr et al., 2016) but represents a small fraction of length and mass compared to the intestine and its contribution to overall metabolic cost of osmoregulation is therefore modest.
The metabolic cost of intestinal osmoregulatory processes of 2.5%–2.6% of SMR is modest. However, the metabolic rate of the intestinal tissue (5.44 μmol g-1 h-1 at 22°C) is similar to previously reported values from this species (8.9 μmol g-1 h-1 at 25°C) (Taylor and Grosell, 2009) and 3.2 times higher than the corresponding mass specific whole animal metabolic rate illustrating the overall high metabolic demand of this tissue. Similar results were found for the esophageal tissue, with its mass specific metabolic rate 2.1-fold higher than the corresponding whole animal metabolic rate. Further, 21% (1.17/5.44 μmol g-1 h-1) of this high tissue specific metabolic demand is allocated to ion transport processes in the intestine, while most of the metabolic demand of the esophageal tissue appears to be associated with ion absorption. Our observations add perspective to previous work showing elevated cardiac output devoted mainly to increased gut blood flow in the euryhaline rainbow trout (Oncorhynchus mykiss) following acclimation to seawater (Brijs et al., 2015; Brijs et al., 2016). This increase in gut blood flow is necessary to sustain the higher metabolic demand of intestinal tissue associated with osmoregulation in seawater and allowed for normal specific dynamic action and postprandial increases in gut blood flow in seawater acclimated rainbow trout despite the increased metabolic cost associated with osmoregulation (Brijs et al., 2016).
Kirschner (Kirschner, 1993) used a similar theoretical approach to the one we employed to determine cost of osmoregulation by the intestine and the gill in seawater acclimated rainbow trout (Oncorhyncus mykiss) and European flounder (Platichthys flesus) and found that 1.4% and 3.2% of SMR could be ascribed to osmoregulatory costs by the intestine for rainbow trout and European flounder, respectively. Note that Kirschner’s original data suggests that intestinal costs are 7.4% of BMR for flounder. However, as Kirschner points out, the values for European flounder are overestimates since ion flux rates were measured at 17°C–22°C, while the BMR measurements were obtained at 10°C. Assuming a Q10 of 2.3 to adjust the BMR to 20°C provides an estimate of the 3.2% of BMR associated with intestinal osmoregulatory functions, as mentioned above. Kirschner assumed that all Na+ and Cl− absorption was performed by the intestine and did not account for the component of Na+ and Cl− absorption that occurs across the esophagus via passive transport, a factor that would tend to overestimate metabolic cost. Further, Kirschner assumed that all intestinal Na+ and Cl− absorption occurred via NKCC. However, both European flounder (Grosell and Jensen, 1999; Grosell et al., 2005) and rainbow trout (Wilson et al., 1996; Grosell et al., 2009a) rely on anion exchange pathways in addition to the NKCC and although these pathways contribute little to overall Cl− uptake, they are less energy efficient from a Cl− uptake perspective. The assumption of exclusive NKCC-driven ion absorption likely represents a modest underestimation of cost of intestinal ion transport, as anion exchange pathways combined represent only ∼13% of total metabolic costs, at least in toadfish (Figure 2).
Despite these relatively minor differences between Kirschner’s original approach and ours, there is reasonable agreement among estimates of 1.4% and 3.2% of SMR for rainbow trout and European flounder, respectively (Kirschner, 1993), and our estimate of 2.6% of SMR for toadfish esophageal and intestinal osmoregulatory process. Importantly, the average of these estimates (∼2.4% of SMR) are validated by the empirical data (2.5%) in the present study.
The three intestinal ion transport pathways involving anion exchange are all energetically more costly than the NKCC pathway and although they only contribute around 5% of overall Cl− uptake, they are responsible for >13% of the overall metabolic cost (Figure 2). Since the NKCC pathway is more efficient, the adaptive significance of these transport pathways does not appear to be Cl− absorption. Rather, the significance of these transport pathways is likely to raise luminal HCO3− and CO32- concentrations to facilitate formation of CaCO3 (“ichthyocarbonates”), which act to reduce luminal osmotic pressure by up to 100 mOsm (Wilson et al., 2002; Grosell et al., 2009b) thereby facilitating water absorption. Our previous work has demonstrated that intestinal water absorption, which is coupled to Na+ and Cl− absorption, can proceed against osmotic gradients of up to 35 mOsm (Genz et al., 2011) and intestinal fluids are near isosmotic to the blood plasma. Thus, without this precipitation reaction and assuming constant plasma osmotic pressure, the osmotic pressure of the intestinal lumen would exceed that of the blood by 100 mOsm and not only prevent intestinal water absorption but also result in fluid loss into the intestine.
4.2 Cost of branchial and renal transport
Few studies have directly addressed the metabolic cost of osmoregulatory process in the gill despite the important role this organ plays in teleost fish osmoregulation in both freshwater and seawater. In Kirschner’s pioneering work from 1993 (Kirschner, 1993), metabolic cost of branchial ion regulatory processes was estimated using the theoretical approach to be 5.7% and 4.1% for seawater acclimated rainbow trout and European flounder, respectively, with the value for flounder derived using a temperature adjusted SMR as described in the preceding paragraph. These values are comparable but slightly higher than the only tissue specific metabolic rate measurement performed on gill tissue from seawater acclimated fish (Morgan and Iwama, 1999) indicating that 2.4% of BMR was required for branchial osmoregulatory processes but overall suggests that average branchial cost of osmoregulation in seawater teleost is, on average ∼4% of BMR.
Metabolic costs of renal osmoregulatory processes have yet to be estimated or measured as it is challenging, if not impossible, to work on the kidney in isolation. However, the agreement between empirical and theoretical estimates of osmoregulatory costs observed for the intestinal tissue in the present study is encouraging for future work aiming to determine the cost of osmoregulatory processes of the renal system. With known renal urine flow rates and composition, urinary bladder transport functions and assumptions about the secretory and absorptive processes in renal tubules, theoretical estimates of renal osmoregulatory costs should be possible although beyond the scope of this study.
4.3 Whole animal cost of osmoregulation
To estimate whole animal metabolic cost of osmoregulation in marine or seawater acclimated euryhaline teleost fish, it seems safe to assume that renal contributions are minor, possibly in the order of ∼1%, which when combined with an average esophageal/intestinal cost of 2.4% and an average branchial cost of 4% adds up to 7%–8% of BMR. This estimate is in close agreement with Kirschner’s cost of osmoregulation estimates, not including renal contributions, of 7.5% and 7.3% of SMR for rainbow trout and European flounder, respectively (applying the temperature correction of SMR for the European flounder as discussed above). Dozens of studies (reviewed by (Ern et al., 2014)) have attempted to determine the cost of osmoregulation by comparing metabolic rates in fish acclimated to different salinities with the expectation that the differences between metabolic rates at low or high salinities would exceed the corresponding metabolic rates at isosmotic salinities where cost of osmoregulation would approach zero and that these differences would reflect metabolic cost of osmoregulation. However, there is no consensus among the whole animal metabolic rate studies and estimates range from undetectable to >30% of BMR (Ern et al., 2014; Christensen et al., 2017; Christensen et al., 2018; Christensen et al., 2019). Similar difficulty was observed in the present study where the highest SMR and RMR was observed in fish acclimated to isosmotic 9 ppt, suggesting a negative cost of osmoregulation in seawater acclimated fish which is obviously meaningless. In our view, at least two factors contribute to difficulties in assessing metabolic costs of osmoregulation, and other vital processes, by comparing whole animal metabolic rates. First, whole animal metabolic rates vary considerably among individuals, even when care is taken to select animals of similar size and history, to standardize digestive status, and to allow for animals to settle in respirometers before measurements are initiated (Clark et al., 2013). Using the present dataset as an example, toadfish SMR in seawater of 1,682 µmol O2 kg-1 h-1 was associated with an SEM of ±180 (=STDEV of ± 649) µmol O2 kg-1 h-1, n = 13, which is equivalent to 39% variation. Assuming a whole animal metabolic cost of osmoregulation of 7.5%, α = 0.05, ß = 0.2 and a power of 0.8, a power analysis revealed that an n-number of 416 individuals per experimental group would be required to detect a statistically significant differences of ∼7.5% of BMR associated with osmoregulation in the present study and that of Kirschner (Kirschner, 1993). None of the studies aiming to detect cost of osmoregulation from whole animal metabolic rates, including ours, have applied replication anywhere near this requirement. Second, by nature, experiments comparing metabolic rates across salinities use euryhaline and estuarine species. For many of these species, salinity fluctuations, tidal or seasonal, may represent differences in prey abundance, predatory pressures, and reproductive status and, by association, elicit salinity induced changes in metabolic rates that are evident in estimates of SMR, but are not strictly related to the cost of osmoregulation. This second factor may explain how investigators, including us in the present study, have documented significant effects of salinity on metabolic rates even if the power of experimental design was insufficient to detect the true cost of osmoregulation.
Considering the high degree of replication required and the possible salinity-associated confounding factors that may influence whole animal metabolic rates, it seems that whole animal respirometry is impractical for studying cost of osmoregulation. Rather, isolated tissue respirometry or estimates based on ion transport rates, which were found in close agreement in the present study, are better suited to answer future questions about metabolic cost of osmoregulation. Important questions to be addressed in future studies include how osmoregulatory costs may change with climate change, size/age of the organism, and active versus sedentary lifestyles.
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Transcript Annotation Gene SW1 SW2 SW3 FW1 FW2 FW3
contig ID symbol
DN56997_c6_g2  Solute carrier family 5 (sodium/glucose cotransporter), member 1 [Leucoraja slcsal, sgltl 3.1 41 13 56 47 248
erinacea]
DN48755_c5_ gl Sodium/glucose cotransporter 2 isoform X2 (Chiloscyllium plagiosum] slesa2, sgltz 238 497 500 737 973 932
DN57379_cl g2 Sodium/myo-inositol cotransporter-like isoform X1 [Amblyraja radiata] slesa3, 714 532 560  6l4 698 317
smit]
DN56128_c7_gl  High-affinity choline transporter 1-like [Amblyraja radiata) slesaz, cht 09 10 46 15 19 44
DN47922 8 g2 Sodium-coupled monocarboxylate transporter 1 isoform X1 [Amblyraja slesas, 7.0 52 42 189 254 488
radiata) smetl
DN51220_c0_gl  Sodium/glucose cotransporter 4 [Amblyraja radiata) slesa9, sgltd 250 310 398 194 155 122
DN55339_c6_gl  Sodium/glucose cotransporter 5 isoform X1 (Carcharodon carcharias] slesalo, 22 14 13 17 26 20
sglts
DN57283_c3_g2  Sodium/myo-inositol cotransporter 2-like isoform X1 [Amblyraja radiata]  slcsall, 1392 1941 774 20L1 1804 1026
smit2
DN57206_c4 g2 Sodium-coupled monocarboxylate transporter 2 isoform X2 [Chiloscyllium  slcsal2, 181 82 366 63 243 204
plagiosum) smet2
DN51815_c0_gl  Sodium/hydrogen exchanger 1 [Amblyraja radiata] slcdal, nhel 2.0 20 21 35 31 29
DN46781 c0_gl  Sodium/hydrogen exchanger 2-like [Amblyraja radiata) slea2, nhe2 2.9 38 53 21 27 39
DN52182_c12 g3 Na'/H" exchanger type 3 [Hypanus sabinus) slc9a3, nhe3 9.4 89 194 43 49 59
DN54402_c2 gl Sodium/hydrogen exchanger 7 isoform X1 [Carcharodon carcharias] slca7, nhe7 18 09 08 08 06 03
DN47838_c4_ gl Sodium/hydrogen exchanger 8 isoform X1 [Amblyraja radiata) slc9as, nhes 9.7 100 93 53 63 66
DN46008_c0_gl  Sodium/hydrogen exchanger 9-like isoform X1 [Carcharodon carcharias) slc9a9, nhe9 2.6 31 46 21 16 40
DN56595_c4 gl Solute carrier family 12 member 1* slel12al, 3671 2975 4969 7772 7207 6679
nkec2
DN48109_c9_ gl Na“:K*2Cl- cotransporter 1 [Himantura signifer] sle12a2, 61 76 55 45 53 66
nkecl
DN50058_c2 gl Solute carrier family 12 member 3 (Amblyraja radiata] slel2a3, nec 202 138 315 43 107 14
DN53154_c3 g2 PREDICTED: solute carrier family 12 member 6 isoform X1 [Latimeria sle12a6, 83 7.1 7.1 73 64 67
chalumnae] kee3
DN53606_c0_gl  Solute carrier family 12 member 7 isoform X2 [Amblyraja radiata) slel2a7, 47 86 82 85 84 60
keed
DN51351_c0_gl  Solute carrier family 12 member 8 isoform X1 [Carcharodon carcharias) slel2a8, cccd 2.5 63 53 32 38 34
DN53601_c4_ g5 Solute carrier family 12 member 9-like isoform X1 [Amblyraja radiata) sle12a9, ccc6 14 09 08 08 07 09
DN52195 5 gl Urea transporter sleldal,ut 161 198 240 211 237 316
DN54090_c2 gl H (*)/Cl () exchange transporter 3 isoform X4 [Chiloscyllium plagiosum] — cle-3 119 108 106 86 105 84
DN48716_c0_gl  H (*)/Cl () exchange transporter 5 isoform X1 [Scyliorhinus canicula) de-5 63 57 63 60 54 75
DN52817_c0_g2  Chloride transport protein 6 [Amblyraja radiata] de-6 65 80 58 46 45 48
DN46657_c0_gl  H (*)/Cl () exchange transporter 7 isoform X1 [Amblyraja radiata] de-7 97 96 82 128 86 62
DN57075_c9_g2  Chloride channel protein CIC-Kb-like Carcharodon carcharias] cle-kb** 7.6 - | 114 89 6.1 7.1
DN56714_c7 g2 Chloride channel K isoform X1 [Carcharodon carcharias) dle-kb* 391 533 540 624 804 971
DN51921_cl g2 Amiloride-sensitive sodium channel subunit alpha-like [Scyliorhinus canicula)  enaca 121165 196 172 227 303
DN54588 5 g2 Amiloride-sensitive sodium channel subunit beta [Amblyraja radiata] enacp 64 73 24 95 80 65
DN54241_c13 gl Na'/K' transporting subunit alpha 1* nkaal 3069 3451 3832 8158 8470 1,009
DN45503_c0_gl ~ Na'/K'-ATPase alpha-subunit 2 [Himantura signifer] nkaa2 08 12 13 04 06 09
DN53748 3 g2 RecName: Full = Sodium/potassium-transporting ATPase subunit beta-1; nkap1 1333 1349 1449 4177 4862 6048
AltName: Full = Sodium/potassium-dependent ATPase subunit beta-1
[Tetronarce californica)
DN52334_c7_gl  Hypothetical protein [Chiloscyllium punctatum) nkap3+* 44 64 72 39 22 75
DN51046_cd4 gl Protein ATP1B4 [Scyliorhinus canicula] nkapd 98 92 55 56 62 59
DN46337_c6_g3  EXYD domain-containing ion transport regulator 6-like [Rhincodon typus| ~ fuyd2** 86 192 405 1083 633 3870
DN58223_c7 gl EXYD domain-containing ion transport regulator 3-like [Chiloscyllium fuyd3 3651 3211 4393 4964 4664 5483
plagiosum)
DN55291_¢9_gl  FXYD domain-containing ion transport regulator 6 [Carcharodon carcharias] ~ fxyd6** 01 02 0.1 12 13 28

Expression levels were shown in Transcripts Per Kilobase Million (TPM). *Previously cloned sequence (Aburatani et al, 2020). **Orthology was checked by ORTHOSCOPE (Inoue and

Satoh, 2019).





OPS/images/fphys-13-953665/fphys-13-953665-t005.jpg
Transcript
contig ID

DN41214_c0_gl

DN131733_c0_gl
DN57715_c13_g2
DN55252_cl1_gl

DN57644_c12_gl

DN47621_c0_gl
DN55553_c8_gl

DN39385_c0_gl

DN55312_c0_g2
DN51950_c3_g1
DN53138_c4_gl
DN46515_c10_g1
DN56056_c5_g2
DN53519_c12_gl
DN49105_c7_g2
DN46730_c7_gl
DN46730_c8_g2
DN46612_c11_g1
DN53777_c5_gl

DN52096_c10_g1
DN47960_c6_gl1
DN133231_c0_gl
DN47186_c0_gl
DN46788_c0_g3

DN52137_c2_g2

Annotation

Sodium/calcium exchanger 1-like isoform X4 [Carcharodon carcharias)
Sodium/calcium exchanger 3-like isoform X1 [Carcharodon carcharias)
Solute carrier family 13 member 1 [Gopherus evgoodei]

Solute carrier family 13 member 2 [Amblyraja radiata]
Solute carrier family 13 member 3 [Amblyraja radiata]

Solute carrier family 13 member 4 [Chiloscyllium plagiosum]

Sulfate transporter-like [Amblyraja radiata)
Sulfate transporter [Amblyraja radiata)

Prestin isoform X1 [Amblyraja radiata]

Solute carrier family 26 member 6 [Chiloscyllium plagiosum]

Solute carrier family 26 member 9 [Amblyraja radiata]

Solute carrier family 26 member 10 [Carcharodon carcharias]
Sodium-independent sulfate anion transporter [Rhincodon typus]

Solute carrier family 41 member 1 [Amblyraja radiata]

Solute carrier family 41 member 1 isoform X1 [Carcharodon carcharias)
Metal transporter CNNMI1 [Amblyraja radiata)

Metal transporter CNNM2 isoform X1 [Amblyraja radiata)

Metal transporter CNNM3-like isoform X1 [Amblyraja radiata]

Transient receptor potential cation channel subfamily M member

6 [Amblyraja radiata)

Transient receptor potential cation channel subfamily M member 7 isoform
X3 [Amblyraja radiata)

Transient receptor potential cation channel subfamily V member
4 [Carcharodon carcharias]

Transient receptor potential cation channel subfamily V member 5-like
isoform X2 [Amblyraja radiata]

Transient receptor potential cation channel subfamily V member
6 [Scyliorhinus canicula]

Plasma membrane calcium-transporting ATPase 1 isoform X2 [Amblyraja
radiata]

Plasma membrane calcium-transporting ATPase 2 isoform X3 [Chiloscyllium
plagiosum)

Gene
symbol

sle8al, nexl
sle8a3, nex3
slel3al, nasl

sle13a2,
nadcl

sle13a3,
nadc3

sle13ad, sutl

sle26al,
sat-1%

sle26a2,
dtdst*

sle26a5, pres
sle26a6
sle26a9
sle26a10
sle26all
sledlal*
sle41a3**
cnnm1
cnnm2
cnnm3

trpm6
trpm7
trpv4
trpvs
trpv6.
pmeal

pmca2

TPM value

SW1 SW2
12 02
03 04
04 05
58 9.9
4121 3044
987 837
324 66
02 02
62 56
766 1178
52 50
08 05
59 93
1310 888
1.0 14
43 51
73 58
10 13
8.1 110
135 180
0.6 05

0 0

04 02
46 45
104 39

SW3

03
31

3092

2086
123

04

36
1115
44
06
53
70.4
06
60
85
11
77

121

03

10

63

138

FW1

0.1
6.1
10.7

136.2

14.1
1833

01

84
7.6
27
02
7.6
315
03
21
7.0
14
214

96

04

33

38

23

FwW2

0.8
06
45
103

98.1

12.0
124.7

02

103
75
19
0.1
8.6
279
05
52
63
11
207

123

03

4.9

14

21

FW3

05
0.2
33
17.2

517

8.0
89.5

0.1

58
24
07
0.1
6.3
144
1.6
39
57
18

0.6

0.2

5.4

5.0

0.8

Bamsasionyvelkowie diawn

in TPM. **Orthology was checked by ORTHOSCOPE (Inoue and Satoh, 2019).
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N Osmolality (mOsm/kg) Na* (mM) Ca™ (mM) Mg™ (mM) CI" (mM) Urea (mM)

Plasma

sw 5 1,045.9 £ 50 3633 £ 10.7 4107 09£02 300.8 £ 10.8 3241 £ 128

5% SW 6 6235 + 20.7** 2103 £ 69** 2402 05£0.1 1731 + 6.4 1940 + 7.8
Urine

sw 5 1,040.0 + 186 3447 + 964 217471 2646 + 558 81.9 + 189" 840 +325'

5% SW 6 172.8 £ 13411 323 43" 1102 07 £02* 202 + 481" 919 + 9.0
Environmental water

sw 5 1,0545 + 54 552.1 + 40 8720 529 +04 5513 %24 <10

5% SW 6 534 + 37 226 +20 14£02 26%02 260 + 21 <10

Values are presented as means + s.e.m. Comparisons within the same parameters were corrected by Holm method. Statistically significant differences between SW; and 5% SW, individuals,
sl Betwern il and. urie are dowi. with ssiereks s daepers, Peipectively %, 152 005, $1 < 0L ™, s« 0001}
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Reabsorption rate (umol/hour/kg)

N Na* a Urea

sw 5 1,070.1 £ 122.1 1,069.3 + 30.0 1,156.0 £ 52.0
5% SW 6 2347.0 £70.3%* 19828 + 79.0***  1,662.1 x 133.2**

Values are presented as means + 5. e.m. Asterisks indicate statistically significant
differences between SW-and 5% SW-acclimated stingrays (**p < 0.01, ***p < 0.001). For
the calculation, reported values of GFR [SW; 3.8 (ml/hour/kg), 5% SW; 124 (ml//
hour/kg)] and UFR [SW; 0.9 (ml/hour/kg), 5% SW; 8.1 (ml//hour/kg)] were adopted
from Atlantic stingray acclimated to natural and 50% diluted harbor water, respectively
(Janech et al., 2006).
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Specific dynamic action variables

Treatment SMR (MO,)
Control 1292 £5.2
Omeprazole 1359 + 9.6

p 0556

Peak time
(h)

121£21
152+ 13
0.192

Peak (MO,)

248.2 £ 9.0
2483 £ 114
0.992

Duration (h)

638 %38
418+ 2.6
0.002

SDA (x10%) (mg O,
kg™)

246 + 28
161 %25
0.015





OPS/images/fphys-13-966447/math_qu1.gif
(In M, ~In M,)






OPS/images/fphys-13-966447/math_qu2.gif
100,000 M
—_—





OPS/images/fmars.2022.990502/fmars-09-990502-g002.jpg
mRNA expression

A[H*] pm

2.00

1.50

1.00

0.05

0.00

0.06

0.05

0.04

0.03

0.02

0.01

0.00

[ control (0 pgiL)

O 10,25(0H),D, (20 pglL)

*%

ha nhe3b ael1b
(100x) (5000x) (2000x)
*%
Control 1a,25(0H),D,
(0 pgiL) (20 pg/L)





OPS/images/fmars.2022.990502/fmars-09-990502-g001.jpg
cyp27b1 mRNA expression

(1000x)

1a,25(0OH),D; level (pg/larva)

[ Freshwater (FW; pH 7.0))

030 3 Acid freshwater (AFW; pH 4.0)

0.25 *
0.20
0.15
0.10

0.05

0.00

FW AFW

O Freshwater (FW; pH 7.0))

[ Acid freshwater (AFW; pH 4.0)

*k
3.50

2.50
2.00
1.50
1.00
0.50

0.00
FW AFW





OPS/images/fmars.2022.990502/crossmark.jpg
©

2

i

|





OPS/images/fmars.2022.971764/im99.jpg
NH,"





OPS/images/fmars.2022.971764/im98.jpg
NH,"





OPS/images/fphys-13-913233/fphys-13-913233-g005.gif





OPS/images/fmars.2022.971764/im97.jpg
NH,"





OPS/images/fphys-13-913233/fphys-13-913233-t001.jpg
Genes
-actin
GR
PRLR

Foxi1

caspase-9

Primer (5'-3)

GGAAATCGTGCGTGACATTAAG
CCTCTGGACAACGGAACCTCT
ACCAGTTTAACGCGGTTTGC
ACGCCACATTTATCCATCCTTG
CCCGACTATTTCCATCGGGAG
AGTTGGACGATGTGATCGGG
TGACCCAGGAAAGGGCAACTA
CAAGAAGCTGCTCAGACACG
CTCCCCAGGTTGGAACAGAA
CGTTTCGTACCCTCACTGCT
AAGACACTGACTGACTCCGC
GTCTGGTCCCAGAGCTCTTAAT

Gene bank

HQ386788.1

XM_020103452.1

XM_020081654.1

XM_020086875.1

XM_020080690.1

XM_020089046.1

Product length (bp)

161
261
247
262
253

257
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N Osmolality (mOsm/kg) Na*" (mM) Ca™ (mM) Mg™ (mM) CI" (mM) Urea (mM)
Plasma
sw 6 10422 + 67 3298 +57 35403 L1%01 2783 £ 45 2817 £77
FW 6 605.7 + 8.0 2164 + 4.1 2403 0701 1754 % 3.0 1423 227
Environmental water
W 3 10128 + 54 5450 + 56 6824 565+ 03 5727+ 15 <00
W 3 170 + 40 72£25 0.6+ 0.0 0802 11209 <00

Walliod i e iR &

Statistically significant differences between SW and FW individuals are shown with asterisks (*p < 0.05, **p < 0.01, ***p < 0.001).
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Receptor type

Serotonergic receptors (5-HT)
a-methyl-6-HT (5-HT receptor agonist)

Ketanserin (5-HT,-R antagonist)
1-phenylbiguanide (5-HT; receptor agonist)
Metoclopramide (6-HTs receptor antagonist)
MDL72222 (5-HT; receptor antagonist)
CR759836.1 (gene encoding SHTsa-like receptors)
htr1ab (gene encoding 5-HT )

Cholinergic receptors (ACh)

Nicotine (nicotinic ACh receptor agonist)
Hexamethonium (nicotinic ACh receptor antagonist)
Muscarine (muscarinic ACh receptor agonist)
Atropine (muscarinic ACh receptor antagonist)

chma? (gene encoding nicotinic ACh receptor subunit a7)
chmaz2b (gene encoding nicotinic ACh receptor subunit a2b)
chmat (gene encoding nicotinic ACh receptor subunit a6)
chmb3a (gene encoding nicotinic ACh receptor subunit B3a)
chmbd (gene encoding nicotinic ACh receptor subunit p4)

Purinergic receptors
ATPyS (broad spectrum purinergic receptor agonist)
PPADS (purinergic P2X2/3 receptor antagonist)
P2X3 immunolabeling

Aminophyline (adenosine A1/2 receptor antagonist)
SCH58261 (adenosine A2a receptor antagonist)

Dopamine receptors
DA

drd4a (gene encoding dopamine D-like family Dy receptor)
a3 (gene encoding dopamine D-like family Ds receptor)

aEffect on ventilation measured as amplitude or frequency.

Effect on ventilation®

No effect

Location within

Neurons
NECs

NECs
NECs/neurons
NECs

NECs
Neurons

NECs/neurons

NECs
Neurons

References

McDonald et al. (2010)

McDonald et al. (2010), Shakarchi et dl. (2013)
Janvier et al. (1996)

Janvier et al. (1996)

Jonz et al. (2015)

Pan et al. (2022)

Pan et al. (2022)

Burleson and Milsom (1995a)
Shakarchi et al. (2013)
Burleson and Milsom (1995a)
Burleson and Milsom (1995a), McKenzie et al. (1995),
Burleson and Smatresk (1990)
Rahbar et al. (2016)

Lauriano et al. (2021)

Pan et al. (2022)

Pan et al. (2022)

Pan et al. (2022)

Pan et al. (2022)

Coe et al. (2017)
Coe et al. (2017)

Jonz and Nurse (2003), Rahbar et . (2016)
Stecyk and Farrel (2006), Stenslokken et al. (2004)
Coe et al. (2017)

Shackarchi et al. (2013)
Pan et al. (2022)
Pan et al. (2022)
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