
 

 

 

UHI Research Database pdf download summary

Short-term homeostatic regulation of blood/interstitial fluid Ca2+ concentration by the
scales of anadromous sea trout Salmo trutta L. during smoltification and migration
Jamieson, Leanna; Waters, Angel; Ho, Kaitlyn E.; Chan, Harvey Y.S.; Hung, Jacky T.; Webb,
Sarah E.; Chan, Ching Man; Shipley, Alan M.; Williamson, John G.; Beer, Jon; Angus,
Chevonne; Miller, Andrew L.
Published in:
Journal of Fish Biology
Publication date:
2020
Publisher rights:
© 2020 Fisheries Society of the British Isles.

The Document Version you have downloaded here is:
Peer reviewed version

The final published version is available direct from the publisher website at:
10.1111/jfb.14553

Link to author version on UHI Research Database

Citation for published version (APA):
Jamieson, L., Waters, A., Ho, K. E., Chan, H. Y. S., Hung, J. T., Webb, S. E., Chan, C. M., Shipley, A. M.,
Williamson, J. G., Beer, J., Angus, C., & Miller, A. L. (2020). Short-term homeostatic regulation of
blood/interstitial fluid Ca

2+
 concentration by the scales of anadromous sea trout Salmo trutta L. during

smoltification and migration. Journal of Fish Biology, 98(1), 17-32. https://doi.org/10.1111/jfb.14553

General rights
Copyright and moral rights for the publications made accessible in the UHI Research Database are retained by the authors and/or other
copyright owners and it is a condition of accessing publications that users recognise and abide by the legal requirements associated with
these rights:

1) Users may download and print one copy of any publication from the UHI Research Database for the purpose of private study or research.
2) You may not further distribute the material or use it for any profit-making activity or commercial gain
3) You may freely distribute the URL identifying the publication in the UHI Research Database

Take down policy
If you believe that this document breaches copyright please contact us at RO@uhi.ac.uk providing details; we will remove access to the work
immediately and investigate your claim.

Download date: 23. May. 2023

https://doi.org/10.1111/jfb.14553
https://pure.uhi.ac.uk/en/publications/98fd9c9e-a476-4673-96c1-d01fba1594d2
https://doi.org/10.1111/jfb.14553


1 
 

Short-term homeostatic regulation of blood/interstitial fluid Ca2+ concentration by the scales of 1 

anadromous sea trout Salmo trutta L. during smoltification and migration. 2 

Leanna Jamieson,1,^ Angel Waters,2 Kaitlyn E. Ho,3 Harvey Y.S. Chan,3,§ Jacky T. Hung,3,# Sarah E. Webb,3 3 

Ching Man Chan,3 Alan M. Shipley,4 John G. Williamson,5 Jon Beer,6 Chevonne Angus1 and Andrew L. 4 

Miller3* 5 

1NAFC Marine Centre UHI, Port Arthur, Scalloway, Shetland, UK. 6 

2College of Arts and Sciences, University of New England, Biddeford, ME, USA. 7 

3Division of Life Science and State Key Laboratory for Molecular Neuroscience, The Hong Kong 8 

University of Science and Technology, Hong Kong, China. 9 

4Applicable Electronics, LLC, New Haven, CT, USA. 10 

5BK Marine Ltd., Herrislea House, Tingwall, Shetland, UK.  11 

6The Wild Trout Trust, Waterlooville, Hampshire, UK. 12 

 13 

*Author for correspondence: Prof Andrew L. Miller, Division of Life Science, HKUST, Clearwater Bay, 14 

Kowloon, Hong Kong. E-mail: almiller@ust.hk. 15 

 16 

Current address: 17 

^Scottish Sea Farms, Blackness Pier, New Street, Scalloway, Shetland. 18 

§School of Biological Sciences and the Nanyang Institute of Structural Biology, Nanyang Technological 19 

University, Singapore. 20 

#Imaging and Flow Cytometry Core, Li Ka Shing Faculty of Medicine, The University of Hong Kong, 21 

China. 22 

  23 



2 
 

Funding information:  24 

This work was supported by a Marine Alliance Science Technology Scotland (MASTS) Visiting 25 

Fellowship Scheme award: MASTS15SC01, a Scottish Funding Council/ Research Grants Council Joint 26 

Research Scheme award: X-HKUST602/14; and the Hong Kong Research Grants Council General 27 

Research Fund awards: 16100115 and 16100719.  We also acknowledge funding from the Hong Kong 28 

Innovation and Technology Commission (ITCPD/17-9).  29 

  30 



3 
 

Abstract: 31 

The elasmoid scales of anadromous sea trout Salmo trutta L. represent a significant internal reservoir 32 

of Ca2+. While more is known about long-term remodeling of scales in response to calciotropic 33 

challenges encountered during smoltification and migration, very little is known about the 34 

contribution made by scales to the short-term, minute-to-minute regulation of Ca2+ homeostasis in 35 

the extracellular fluid (ECF) during these phases of the life cycle. This gap in our knowledge is partly 36 

due to the technical challenges involved in measuring small Ca2+ fluxes around the scales of live fish in 37 

real-time. Here, we describe exfoliating, mounting, and culturing scales and their resident cells from 38 

parr, smolt and adult sea trout from a fresh water environment, as well as from adult sea trout caught 39 

in sea or brackish water. All the scales were then examined using an extracellular, non-invasive, 40 

surface-scanning Ca2+-sensitive microelectrode.  We quantified the Ca2+ fluxes, in the absence of any 41 

systemic or local regulators, into and out of scales on both the episquamal and hyposquamal sides 42 

under different extracellular calcemic challenges set to mimic a variety of ECF-Ca2+ concentrations. 43 

Scales from the life cycle stages as well as from adult fish taken from sea, brackish or fresh water, all 44 

showed a consistent efflux or influx of Ca2+ under hypo- or hypercalcemic conditions, respectively. 45 

What we considered to be isocalcemic conditions resulted in minimal flux of Ca2+ in either direction, 46 

or in the case of adult scales, a consistent but small influx. Indeed, adult scales appeared to display 47 

the largest flux densities in either direction.  Our new data extend our current understanding of the 48 

role played by fish scales in the short-term, minute-to-minute homeostatic regulation of ECF-Ca2+ 49 

concentration, and are similar to those recently reported from zebrafish Danio rerio scales. This 50 

suggests that this short-term regulatory response might be a common feature of teleost scales. 51 

 52 

Keywords: Salmo trutta scales, parr, smolt, scanning ion-selective electrode technique (SIET), 53 

blood/interstitial fluid [Ca2+] 54 
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Introduction 56 

In teleosts, including anadromous sea trout Salmo trutta L., significant internal reservoirs of Ca2+ are 57 

found in the bones of the endoskeleton (Landis and Géraudie, 1990; Bird and Mabee, 2003; 58 

Baeverfjord et al., 2019), and in the elasmoid scales (Schönborner et al., 1979; Waterman, 1970; 59 

Mugiya and Watabe, 1977; Flik et al., 1986; Elliot and Chambers, 1996; Rotllant et al., 2005; 60 

Sionkowska and Kozlowska, 2013; Pon-On et al., 2016).  Scales have been reported to contain 61 

approximately 20% of the total body Ca2+ of teleost fish (Berg, 1968; Fleming, 1974; Simkiss, 1974). 62 

The contribution made by the scales to the long-term regulation of Ca2+ homeostasis is well-63 

documented (Takagi et al., 1989; Elliot and Chambers, 1996; Persson et al., 2000; Rotllant et al., 2005; 64 

Kacem et al., 2013; Metz et al., 2014), and it is known that in times of decreased Ca2+ availability (e.g., 65 

due to restrictions via the water, especially during migratory behavior and/or diet) or increased 66 

demand (e.g., during oogenesis and vitellogenesis), Ca2+ is preferentially mobilized from scales rather 67 

than from the bones (Mugiya and Watabe, 1977; Takagi et al., 1989; Persson et al., 1998; Kacem et 68 

al., 2013; Metz et al., 2014).  However, little is known about the possible role played by the scales in 69 

the short-term, minute-to-minute homeostatic regulation of Ca2+, such as that attributed to 70 

mammalian bones (Marenzana et al., 2005; Dedic et al., 2018).  This gap in our knowledge is partly 71 

due to the technical challenges involved in detecting and measuring the diminutive Ca2+ fluxes around 72 

the scales of live fish in real-time.  To address this question, here we exfoliated scales from wild sea 73 

trout following a protocol developed in zebrafish Danio rerio (Sire et al., 2000; Pasqualetti et al., 74 

2012a; Metz et al., 2014). We then used a non-invasive, extracellular, scanning Ca2+-sensitive 75 

microelectrode (Kühtreiber and Jaffe, 1990; Smith et al., 1999) to measure biotic Ca2+ fluxes into and 76 

out of both sides of the scale under different calcemic challenges set to mimic the homeostatic ECF-77 

[Ca2+] stress that might be induced by a variety of environmental Ca2+ concentrations ([Ca2+]) 78 

encountered during smoltification (Hoar, 1988; Rutkovska et al., 2019) and anadromous migration 79 

(Eldøy et al., 2015; Ruokonen et al., 2018; Splendiani et al., 2020).  80 
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Like bone, teleost scales contain mineralized hydroxyapatite (a mineral form of calcium apatite 81 

Ca10(PO4)6OH2) and collagen-based matrix components (Waterman, 1970; Meunier, 1984; Sire et al., 82 

1997; Ogawa et al., 2010; De Vrieze et al., 2011), as well as populations of different cell types that play 83 

a key role in their development, maintenance, regeneration, and physiology (Sire, 1989; Pasqualetti 84 

et al., 2012a; Metz et al., 2014). The mainly anterior episquamal surface of sea trout scales exhibit 85 

concentric hydroxyapatite ridges called circuli that radiate out from the focus, which is in a slightly 86 

more posterior location (Elliot and Chambers, 1996; Ryan et al., 2019). So-called “reading” the spacing 87 

of the circuli ridges has traditionally been used to estimate the age and growth profile of sea trout, 88 

including their history of fresh-to-sea water transitions (Järvi and Menzies, 1936; Richard and 89 

Bagliniere, 1990; Elliot and Chambers, 1996; Rifflart et al., 2006). The surface topography of teleost 90 

scales is reported to influence the morphology, distribution and type of cells residing on the surface 91 

(Pasqualetti et al., 2012a; 2012b; Mongera and Nüsslein-Volhard, 2013). For example, on the outer 92 

episquamal surface of the scale, cells are elongated and reside in the valleys between the circuli ridges, 93 

where they are protected from damage.  In contrast, the hyposquamal surface is usually quite smooth 94 

and relatively featureless (Pasqualetti et al., 2012b), and thus the cells located here have a different 95 

morphology and distribution to those on the episquamal surface. A variety of cell types are found on 96 

the surface of scales, including osteoblasts and osteoclasts, so-called ‘bone-forming’ and ‘bone 97 

resorbing’ cells, respectively, which play key roles in the long-term exchange of Ca2+ between the scale 98 

and the blood plasma/interstitial fluid and vice-versa (Pasqualetti et al., 2012a; 2012b), as they do in 99 

mammalian bone (Raggatt and Partridge, 2010; Crockett et al., 2011). 100 

As a species, Salmo trutta L. display a variety of lifestyles, including anadromy, potamodromy and 101 

residency (Klemesten et al., 2003; Boel et al., 2014; del Villar-Guerra et al., 2014; Ferguson et al., 102 

2019). The physiological, environmental and behavioral reasons for their selection of a particular 103 

lifestyle are complex and beyond the scope of this report. However, a number of excellent publications 104 

on this subject are available (Cucherousset et al., 2006; Acolas et al., 2012; Boel et al., 2014; Ferguson 105 

et al., 2019; Kristensen et al., 2019). Our focus, however, was to investigate if sea trout scales react in 106 
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the short-term to calcemic challenges presented by two linked aspects of their anadromous behavior: 107 

smoltification and migration. Smoltification is a process involving physiological, behavioural and 108 

morphological changes that allow a juvenile trout, called a parr, to transition to a smolt, in preparation 109 

for its migration from a fresh water to a marine environment (Hoar, 1988; Rutkovska et al., 2019). This 110 

process is associated with an alteration in the production, release and sensitivity of target organs to a 111 

suite of hormones, principally, thyroid hormone, cortisol, growth hormone and prolactin (Quigley et 112 

al., 2006). These hormones are thought to act individually or synergistically to control and synchronize 113 

the process of smoltification, ultimately giving rise to the increased hypo-osmoregulatory ability 114 

characteristic of migrating smolts. Thus, the ability of smolts to regulate their plasma [Ca2+] - as well 115 

as other ion levels - within strict homeostatic boundaries before exposure to full-strength sea water, 116 

is a significant physiological challenge. The mean [Ca2+] in different bodies of fresh water (streams, 117 

rivers and lochs) that support populations of sea trout have been reported to vary between ~1 to 100 118 

mg/L, whereas that of sea water is around 400 mg/L (Krumgalz, 1982; Permyakov and Kretsinger, 119 

2011). Thus, without the homeostatic regulation of blood and ECF-[Ca2+] this can lead to significant 120 

calcemic stress (leading to cell damage and ultimately death) when transiting between these two 121 

environments (Cerella et al., 2010). Thus, the preparation and timing of the transition to sea water is 122 

critical, as the failure of smolts to migrate within this window of physiological adaptation can have 123 

serious implications for their survival during their descent down a river or stream, as well as their 124 

subsequent ability to thrive in the marine environment (Haraldstad et al., 2016). In addition to 125 

adapting to the calcemic challenges presented during smoltification, the reverse transitional 126 

challenges occur during migration when mature sea trout return from sea water to spawn in fresh 127 

water (Kacem et al., 2013).  128 

In order to cope with these ionic challenges, anadromous salmonoids possess an array of complex 129 

interacting iono-/osmoregulating mechanisms in various tissues/organs, such as the epithelium, gills, 130 

intestines, and kidneys (Filk et al., 1989; Filk and Verbost, 1993; Flik et al., 1995; Greenwood et al., 131 

2009; Hwang and Chou, 2013).  These help to control the uptake of Ca2+ from the external environment 132 
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or the release of Ca2+ from internal stores in order to regulate its concentration inside cells and tissues 133 

within strict homeostatic boundaries.  This regulation is achieved in part via a combination of Ca2+ 134 

sensing elements and systemic hormonal regulation.  Regarding the latter, several hormones, 135 

including parathyroid hormone- (PTH-) related protein and calcitonin have been demonstrated to play 136 

key roles in the long-term regulation of Ca2+ homeostasis in S. trutta and other teleosts (Mylonas et 137 

al., 1994; Oughterson et al., 1995; Guerreiro et al., 2001; Rotllant et al., 2005; Lu et al., 2017). 138 

Here, we report for the first time that in the absence of systemic calciotropic hormones, scales 139 

exfoliated from sea trout at all three life cycle stages; parr, smolt, and adult, can detect and respond 140 

to changes in [Ca2+] in their bathing medium on a short-term (i.e., minute-to-minute) basis. 141 

Furthermore, scales removed from migrating adult sea trout caught in sea, brackish, or fresh water 142 

also display a similar short-term homeostatic ability. We propose that this additional regulatory ability 143 

contributes to the survivability of sea trout during both smoltification and during anadromous 144 

migration. A similar short-term homeostatic ability has been reported from the scales of zebrafish 145 

(Hung et al., 2019), suggesting that this might be a common feature of the elasmoid scales of teleosts. 146 

Together, these new data also suggest that scales display a similar physiological activity to that 147 

previously reported for mammalian bone with respect short-term calcemic homeostasis (Marenzana 148 

et al., 2005; Dedic et al., 2018). 149 

  150 
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Materials and Methods 151 

Parr, smolt and adult sea trout supply: Adult sea trout were caught via fly fishing (by A.L Miller, J.G. 152 

Williamson and J. Beer) in sea water (SW), brackish water (BW), or fresh water (FW) at the designated 153 

sampling locations (Fig. 1). A catch policy was adopted to land hooked fish as soon as possible to 154 

minimize stress-induced changes in their scale physiology. Parr were also rod-caught, using small (size 155 

16) flies in the FW burns (small Shetland streams) at the designated sampling locations. Parr were 156 

then transported back live to a large fresh water holding tank at the NAFC Marine Centre hatchery in 157 

Scalloway. On days when no adult sea trout were caught, scales were removed from parr for SIET (see 158 

below) examination. After scale removal, parr were returned to the holding tank for additional 159 

experimentation. Smolts from FW holding tanks were kindly provided by Mr. Jim Smith from the 160 

Arisdale Smolts Fish Farm and Hatcheries (Burravoe, Yell, Shetland, UK). These were also transported 161 

to, and held in separate FW tanks at the NAFC hatchery facility for subsequent scale removal and 162 

examination.  163 

The Shetland coastline is invaginated by long narrow sea water inlets called “voes”. These are typically 164 

shallow when compared with the fjords of Norway, and are usually fed at the head of the voe by a 165 

small burn. The sampling voes selected all had pools at the mouth of their burns that are well-166 

recognized by local anglers as being prime locations to catch sea trout. Migrating sea trout can thus 167 

enter such pools on any flood tide and move back into the voe on the ebb tide.  The water in these 168 

pools can therefore change from salt through brackish to near-fresh, and back again depending on the 169 

height of the tide and the rain-fall feeding the burn. These pools were where we caught the adult wild 170 

sea trout used in this study that were designated as being taken from BW. Conductivity readings were 171 

immediately taken at every pool location where a sea trout was caught in order to verify the brackish 172 

nature of the pool water at the time of capture. Sea trout were also caught at locations on the seaward 173 

stretches of the selected sampling voes, away from the burn mouth and pool. Conductivity 174 

measurements were also made at these sites, but were not deemed to be accurate due to the limited 175 

range of the field conductivity meter used (see below). However, from the location caught, these fish 176 
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were designated as being from SW.  Adult sea trout were also caught well-upstream from where the 177 

burn entered the sea, and once again the water conductivity was tested to ensure that it was FW; 178 

these adult fish were therefore designated as being FW.  179 

Wild sea trout and parr (Salmo trutta L.) were caught at the designated sampling locations under 180 

licences issued by Marine Scotland Science under the Salmon and Freshwater Fisheries (Consolidation) 181 

(Scotland) Act 2003 and regulated procedures were undertaken under UK Home Office Project License 182 

PPL: 70/8462. 183 

 184 

Exfoliation of sea trout scales: Scales were obtained from live, wild adult sea trout as soon as they 185 

were brought to shore or bank, and they were removed from above the mid-line below the dorsal fin 186 

(Fig. 2A) using a pair of No. 5 watchmaker’s forceps (Regine Switzerland SA, Morbio Inferiore, 187 

Switzerland). The scales removed from this region are flatter than those removed from other areas 188 

and are thus better suited to SIET-based examination. Furthermore, it has been reported that this is 189 

an area where undamaged scales are usually found (Elliot and Chambers, 1996). When a scale with its 190 

connected epidermal layer (in the posterior region; Fig. 2B,C) was removed from the body of the fish, 191 

it was immediately stored in SIET-compatible scale culture medium (described in Hung et al., 2019) 192 

and then transported to the NAFC Marine Science laboratory for SIET-based examination as soon as 193 

possible. The total time from exfoliation to the completion of the SIET-examination was ~3 h for all 194 

the sampling sites apart from Collafirth (the most distant from the NAFC laboratory; Fig. 1). In this case 195 

it was judged to be within ~4 h.  The water conductivity, pH and temperature were measured in the 196 

field at every site a fish was taken using a water-resistant multi-functional tester (H198129, Hannah 197 

Instruments, Woonsocket, RI, USA). When used in a conductivity measuring mode, this instrument 198 

maxed-out at 3,999 µS/cm, which resulted in an underestimation of the SW readings.  Water samples 199 

were also collected at each catch site and the [Ca2+] was measured back at the NAFC laboratory using 200 

a calibrated Ca2+-selective electrode and interface (LABQ2, LabQuest2, Vernier, Beaverton, OR, USA). 201 

 202 



10 
 

Scanning Ion-Selective Electrode Technique (SIET): Non-invasive measurements of real-time Ca2+ 203 

fluxes (pmol/cm2/s) in the extracellular medium adjacent to the surface of sea trout scales were 204 

accomplished using the scanning ion-selective electrode technique (SIET) via a Ca2+ ion-sensitive 205 

microelectrode (ISM; Fig. 3; Applicable Electronics LLC, New Haven, CT, USA). This technique is 206 

described in detail in Hung et al., (2019).  207 

 208 

Scale mounting and SIET-based data acquisition: In order to measure Ca2+ fluxes on either side of the 209 

sea trout scale, the fragile ISM tip was positioned within a distance of ~0.5 µm from the scale surface. 210 

This was achieved via the use of a bottom- and side-viewing scale measuring chamber (described in 211 

Hung et al., 2019). Scales mounted in the measuring chamber were then visualized simultaneously 212 

from the bottom and the side using a Thales Optem ZOOM X-70 microscope (Fairport, NY, USA), and 213 

a USB CMOS camera (Ui-1640LE, IDS Imaging Development Systems GmbH, Obersulum, Germany) for 214 

the former, and a Fluor USB Dino-Lite side-mounted microscope (AnMo Electronics Corporation, 215 

Hsinchu, Taiwan) for the latter (Fig. 3A,B). Both microscopes were mounted on a vibration isolation 216 

table (Technical Manufacturing Corporation, Peabody, MA, USA). Details of the Dino-Lite microscope 217 

and other aspects of the SIET equipment are described in Hung et al. (2019). For all the SIET-based 218 

experiments, the scale measuring chamber was placed on a chilling plate through which cold water 219 

was circulated using a refrigerated circulator chiller (5005, PolyScience, Niles, IL, USA) to keep the 220 

temperature of the water in the measuring chamber at ~14oC, thus mimicking the temperature of the 221 

water from which the fish was taken.  222 

In one series of SIET-based experiments, scales from parr, smolts, and FW-caught adult fish were 223 

exposed sequentially to scale bathing medium supplemented with 0.01 mM (hypocalcemic), 1.5 mM 224 

(isocalcemic), or 3.0 mM (hypercalcemic) CaCl2 in order to present them with a series of immediate 225 

calcemic challenges. At each [Ca2+] used (beginning with 0.01 mM CaCl2), measurements were initially 226 

made at a background measuring position (~5 mm away from the scale surface) for 3 min to ensure a 227 

stable base-line signal from the calibrated ISM. Following this, measurements were consistently made 228 
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at a single region of the scale at the mid-line between the focus and the anterior edge (the so-called 229 

“long radius”; Fig. 3C; Elliot and Chambers, 1996) at ~0.5 µm from the scale surface on the episquamal 230 

side (spending ~8 min at the measuring site). This was then repeated by a similar procedure on the 231 

hyposquamal side. To assess the performance and stability of the ISM, it was returned to the 232 

background measuring position for 1 min before the 1.5 mM CaCl2 scale bathing medium was applied. 233 

This concentration of CaCl2 was considered to be approximately isocalcemic with the reported [Ca2+] 234 

of rainbow trout blood serum (Andreasen, 1985).  The scale bathing medium was changed by 235 

removing the old medium and adding the new medium (using a P-200 pipette tip attached to a 10 ml 236 

Luer lock-tip syringe; SS0114H29, Muzamal Industries, Cheras, Malaysia), at least three times in order 237 

to ensure complete medium replacement. After the scan protocol was conducted using medium 238 

containing 1.5 mM CaCl2, it was repeated with medium containing 3.0 mM CaCl2. Following data 239 

collection at all three concentrations of CaCl2, the Ca2+ flux was derived from Fick’s Law of diffusion 240 

(Fig. 3D). No SIET measurements were made in the posterior region of scales (the so-called “short 241 

radius”; Elliot and Chambers, 1996) as the epithelial layer that covered this region in the intact fish 242 

was still present in the exfoliated scale (Fig. 2C).  243 

 244 

Fluorescent labeling: In addition to SIET-based examination, scales were fixed with phosphate 245 

buffered saline (PBS; 137 mM NaCl, 2.68 mM KCl, 16 mM Na2HPO4, 4 mM NaH2PO4·2H2O, pH 7.3), 246 

containing 4% paraformaldehyde (15710; Electron Microscopy Sciences, Fisher Scientific, Hatfield, PA, 247 

USA) and 4% sucrose (Sigma-Aldrich, St Louis, MO, USA) overnight at 4°C and then washed extensively 248 

with PBS. They were then stored at 4°C before being transferred to HKUST (Hong Kong) for subsequent 249 

fluorescent labeling and microscopical analysis. At HKUST, the scales were washed briefly with PBS 250 

and then incubated with PBS containing 0.2% Triton X-100 (PBST) for 10 min, after which they were 251 

incubated with Alexa Fluor 488 phalloidin (A12379; ThermoFisher Scientific, Inc., Waltham, MA, USA; 252 

at a dilution of 1:50) for 1.5 h at room temperature. They were then washed extensively with PBST 253 
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and then briefly with Milli-Q water, after which they were mounted under ProLong Gold Antifade 254 

mountant containing DAPI (P36931; Thermo Fisher Scientific, Inc.) 255 

 256 

Confocal laser scanning microscopy and multi-photon imaging: Scales were examined using a Leica 257 

Microsystems TCS SP5 II Confocal Laser Scanning Microscope with a DMI 6000 motorized stage and 258 

an HCX PL APO 40x /1.25-0.75 NA oil-immersion objective lens. Alexa Fluor 488- fluorescence was 259 

visualized with 488 nm Argon laser excitation and 495-568 nm photomultiplier tube detection. DAPI 260 

fluorescence was visualized using 780 nm laser excitation (Chameleon Ultra II titanium:sapphire multi-261 

photon laser) in conjunction with a 432 nm to 482 nm band-pass emission filter detected by a non-de-262 

scanned detector. All images were acquired using the Leica LAS AF software, and analyzed with NIH 263 

Image J software (https://imagej.nih.gov/ij/download.html; National Institutes of Health and the 264 

Laboratory for Optical and Computational Instrumentation, University of Wisconsin-Madison, WI, 265 

USA).  266 

 267 

Data Analysis: Statistical analysis was conducted using Minitab 19.2020.1 (Minitab, LLC., State College, 268 

PA, USA).  As the data did not follow a Normal distribution, they were compared using the Mann-269 

Whitney test. Data were considered to be statistically different when P<0.05. 270 

 271 

  272 
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Results 273 

Comparison of the Ca2+ fluxes generated by the cells on parr, smolt and adult scales when challenged 274 

by different extracellular Ca2+ concentrations 275 

The scanning ion selective electrode technique (SIET) was used to measure real-time Ca2+ fluxes into 276 

and out of scale tissue as a read-out of absorption (influx of Ca2+ into the scale) or mobilization (efflux 277 

of Ca2+ from the scale), respectively.  Intact scales were scanned at a single anterior location on the 278 

episquamal, and hypersquamal surfaces (Figs 4,5).  For each extracellular Ca2+ concentration tested, 279 

the Ca2+ flux values measured at the scale surface were averaged over a period of 8 min.  The mean ± 280 

S.E.M. Ca2+ flux values generated by the intact scales from parr, smolt and adult sea trout from fresh 281 

water sites when incubated in measuring media at 0.01 mM, 1.5 mM and 3.0 mM Ca2+ are shown in 282 

Fig. 4.  In general, from all three life cycle stages inhabiting a FW environment, an efflux of Ca2+ 283 

occurred from both sides of the scale when they were bathed in what we designated as being 284 

hypocalcemic conditions (i.e., in 0.01 mM Ca2+). There was, however, no statistically significant 285 

difference between the Ca2+ efflux from the episquamal and hyposquamal sides under hypocalcemic 286 

conditions. In isocalcemic (i.e., 1.5 mM Ca2+), or hypercalcemic (i.e., 3.0 mM Ca2+) conditions, parr 287 

scales displayed very small Ca2+ fluxes that indicate a near-equilibrium state (Fig. 4A). There were, 288 

however, statistically significant differences between the fluxes measured from parr scales under the 289 

three calcemic conditions (P<0.05; Fig. 4A). Once again there were statistically significant differences 290 

between the fluxes measured from smolt scales under the three calcemic conditions (p<0.05), but no 291 

statistically significant differences between fluxes measured on the episquamal and hyposquamal 292 

sides (Fig. 4B). Adult scales again showed no statistically significant differences between the fluxes 293 

measured on the episquamal and hyposquamal sides under the three calcemic conditions. There were, 294 

however, statistically significant differences between the fluxes measured from adult scales under the 295 

three calcemic conditions (P<0.05; Fig. 4C).  296 

 297 
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Comparison of the Ca2+ fluxes generated by cells on the scales of adult sea trout from sea water, 298 

brackish water and fresh water sites when challenged by different extracellular Ca2+ concentrations 299 

The mean ± S.E.M. Ca2+ flux values generated by the intact scales of adult sea trout obtained from SW, 300 

BW and FW sites and incubated in measuring media at 0.01 mM, 1.5 mM and 3.0 mM Ca2+ are shown 301 

in Fig. 5.  Figure 5C shows the same graph as Fig. 4C but has been included here again, so that the data 302 

can be more easily compared. In scales removed from fish caught in all three water environments, an 303 

efflux of Ca2+ occurred when they were bathed in hypocalcemic conditions, and an influx of Ca2+ 304 

occurred when they were in isocalcemic or hypercalcemic conditions (Fig. 5). There were no 305 

statistically significant differences between the flux data from the episquamal and hyposquamal 306 

surfaces of scales taken from fish caught from all three water types. Furthermore, there were no 307 

statistically significant differences in the Ca2+ flux measurements recorded from the scales taken from 308 

adult sea trout caught in SW or BW and then subjected to the three calcemic challenges (Figs. 5A,5B). 309 

However, in the case of scales exfoliated from FW-caught adult sea trout, there were statistically 310 

significant differences (P<0.05) in the Ca2+ flux values when comparing the hypocalcemic challenge 311 

and either the isocalcemic or hypercalcemic challenge, on both the episquamal and hyposquamal side 312 

of the scales (Fig. 5C). 313 

 314 

Water parameters measured at the FW, BW and SW catch sites: 315 

The conductivity, pH and temperature of the water were recorded at each sampling site immediately 316 

after every fish was caught. A water sample was also collected and the [Ca2+] was measured back in 317 

the NAFC laboratory upon return from the sampling site.  With regards to the conductivity, (Fig. 6A), 318 

a significant difference (P<0.01) was observed when comparing the FW and BW. However, the SW 319 

samples all gave conductivity readings of 3,900 µS/cm as this was the upper limit of the measuring 320 

device; for this reason, we did not conduct statistical tests on these data.  When comparing the 321 

temperature of the FW, BW and SW, the BW and SW were significantly warmer (at P<0.05 and P<0.01, 322 

respectively) than the FW (Fig. 6B). No significant differences in pH were observed in the three types 323 
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of water (Fig. 6C). However, SW had a significantly higher [Ca2+] than BW and FW at P<0.05 and P<0.01, 324 

respectively (Fig. 6D). 325 

 326 

Cell morphology and localization on parr, smolt and adult sea trout scales 327 

Scales that had been exfoliated from parr, smolt and adult sea trout were fixed and incubated with 328 

phalloidin and DAPI to label the F-actin and cell nuclei, respectively, in order to provide information 329 

about the morphology and localization of the scale cells.  Figure 7 shows DIC and fluorescence confocal 330 

images of the episquamal surface and anterior-most region of parr (Fig. 7Aa-d), smolt (Fig. 7Ba-d) and 331 

adult (Fig. 7Ca-d) scales. In all of the DIC and F-actin images, the scale circuli are very obvious (see red 332 

arrowheads in Fig. 7Aa-Ca, Ab-Cb, Ad-Cd). In addition, F-actin labeling of cell membranes indicates 333 

that distinct cells on the scale surface are most apparent in the adult scales (see yellow arrowheads in 334 

Fig. 7Cb,Cd). The existence of different populations of scale cells is shown by the DAPI labeling of the 335 

nuclei such that in one population, the nuclei are highly elongated and localized with the circuli ridges 336 

(see green arrowheads in Fig. 7Ac-Cc), whereas in another, the nuclei are far more rounded and these 337 

are distributed in all regions of the scale (see white arrowheads in Fig. 7Ac-Cc). There appear to be a 338 

lower proportion of more rounded nuclei in the parr scales than in the smolt or adult scales. In 339 

addition, of particular interest is the distribution of nuclei at the anterior-most edge of the scales. In 340 

the parr scales, relatively few nuclei (indicating relatively few cells) were localized at the anterior edge 341 

of the scales, whereas in the smolt and adult scales progressively more nuclei (and thus cells) can be 342 

observed in this location (see pink arrows in Fig. 7Bc,Cc). 343 

  344 
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Discussion 345 

It is known that the bones of the axial skeleton in mammals play an important role in both the long-346 

term remodeling of calcified structures in response to calciotropic challenges, and in the short-term 347 

(i.e., minute-to-minute) error correction of extracellular fluid Ca2+ concentration (ECF-[Ca2+]) (Bronner, 348 

1992; Mundy and Guise, 1999; Marenzana et al., 2005; Dedic et al., 2018; Hohman et al., 2018).  In 349 

contrast, for the long-term remodeling of calcified structures in fish, Ca2+ is reported to be 350 

preferentially withdrawn from the scales (rather than the bones) in periods of high Ca2+ demand 351 

(Mugiya and Watabe, 1977; Takagi et al., 1989; Persson et al., 1998; Kacem et al., 2013; Metz et al., 352 

2014). Therefore, in fish the scales appear to substitute for bone with respect to the long-term 353 

regulation of Ca2+ homeostasis.  However, it was recently reported that in zebrafish, the scales also 354 

contribute to short-term Ca2+ exchange (Hung et al., 2019), and that they do so in a manner similar to 355 

that reported for mammalian bone (Marenzana et al., 2005; Dedic et al., 2018; Hohman et al., 2018). 356 

Although zebrafish are nominally considered to be a fresh water species (Engeszer et al., 2007), they 357 

are also able to survive in brackish water (Lawrence, 2007), and have been reported to show 358 

differential gene expression of parathyroid hormone (PTH), parathyroid hormone-related peptide 359 

(PTHrP), and their receptors in response to salinity stress (Jin et al., 2017). It would appear, therefore, 360 

that they have some genetic and physiological ability to adapt to their calciotropic environment. In 361 

this study, our aim was to investigate what independent contribution the episquamal and 362 

hyposquamal sides of the scales of sea trout (a truly anadromous species) might make to the short-363 

term, minute-to-minute homeostatic regulation of ECF-[Ca2+] under various calcemic challenges, and 364 

compare/contrast this with that published from zebrafish scales. Furthermore, we explored this 365 

aspect of short-term homeostatic Ca2+ regulation during the three main stages of the sea trout life 366 

cycle, parr, smolt, and adult (Quigley et al., 2006; Rutkovska et al., 2019) and migration (Aarestrup and 367 

Jepsen, 1998; Ruokonen et al., 2018).  368 

Sea trout were once abundant in the voes and burns in Shetland. Indeed, recreational angling for this 369 

hard-fighting fish was the major attraction for visiting anglers from the late 19th till the mid-20th 370 
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centuries, with large baskets being annually recorded by visitors and locals alike (Russell, 1887; Grey, 371 

1899). However, for a variety of reasons that are not the focus of this report, a near catastrophic 372 

decline in sea trout numbers has occurred in the Shetland waters, and since the mid-1980s, the 373 

numbers have fallen to such an extent that by 2017, barely a dozen fish were recorded in a single 374 

season (Harwood, 2017). However, thanks to the stalwart efforts by Mr. Alec Miller and the Shetland 375 

Anglers Association to restock the spawning burns with hatchery-raised Salmo trutta L. fry, the species 376 

is now making a slow but welcome recovery (https://www.shetlandtrout.co.uk/sea-trout-377 

fishing.html). The rarity of wild sea trout currently caught in Shetland waters of all types is reflected 378 

in the low numbers that form the basis of this study.  379 

As is the case with mammals, fish do not rely exclusively on a single mechanism to achieve short-term 380 

regulation of their ECF-[Ca2+]. For example, in addition to the scale-generated Ca2+ fluxes, there is a 381 

rapid Ca2+ exchange across the gills (Wendelaar Bonga and Flik, 1993; Hwang et al., 2011). However, 382 

in order to meet a number of possible calceotropic challenges experienced during their life-cycle 383 

episodes, it might be beneficial for sea trout to be able to also rapidly exchange Ca2+ ions between 384 

their ECF and scales in a way that does not involve long-term scale remodeling. For example, sea trout 385 

might experience rapid short-term localized calcemic challenges such as those resulting from 386 

integument wounding (Viera et al., 2011), and/or from sudden localized variations in water salinity 387 

(Herbert et al., 2015) due to environmental and/or anthropogenic factors during migration. These may 388 

differ from longer-term physiological, environmental, behavioral, or reproductive-derived calcemic 389 

challenges (or a combination of any of these) that result from an anadromous life-style, and occur 390 

over extended periods of time (i.e., from weeks to months). In such cases, longer-term homeostatic 391 

mechanisms, such as cell-based scale remodeling, help to resolve the ECF calcemic imbalance. 392 

Examples of the latter scenarios might arise in sea trout returning from sea water to spawn in fresh 393 

water and vice versa (Kacem et al., 2013), or where there is a high seasonal Ca2+ demand in female 394 

fish resulting from vitellogenesis (Persson et al., 1998; Guerreiro et al., 2002) and/or oogenesis 395 

(Golpour et al., 2016), as well as during smoltification (Björnsson et al., 2011; Baeverfjord et al., 2019). 396 

https://www.shetlandtrout.co.uk/sea-trout-fishing.html
https://www.shetlandtrout.co.uk/sea-trout-fishing.html
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Thus, possessing both long- and short-term restorative mechanisms, where the latter relies on a 397 

readily-exchangeable Ca2+ store, leaving the basic structural integrity of the scale intact, might offer 398 

distinct selective advantages (Lin and Hwang, 2016).  399 

As in the study of Ca2+ exchange in mammalian bones, the design of a balanced scale-bathing solution 400 

with all the ions required for the physiological functioning of biomineralization events is highly 401 

challenging (Tas, 2014). We therefore maintained and examined the exfoliated scales in a bathing 402 

medium that approximated the composition, pH, overall ionic strength and osmolarity of what has 403 

been reported for fish ECF (Table 1; Takei, 2000; Burns and MacRae, 2006), where only the [Ca2+] was 404 

varied during our SIET-based experimental procedures. We made the assumption that in sea trout, 405 

the ECF-[Ca2+] was ~1.5 mM. This is similar to that reported for the rainbow trout Salmo gairdneri 406 

(Andreasen, 1985), and the euryhaline flounder Platichthys flesus (Lu et al., 2017). Both of these fish 407 

species can tolerate varied salinity levels, and the latter spends part of its life cycle in fresh water 408 

(Morais et al., 2011; Teskeredžić et al., 1989). For comparison, this was also considered to be the ECF-409 

[Ca2+] in zebrafish (Hung et al., 2019).  410 

When parr scales were maintained in bathing medium that was considered to be isocalcemic with the 411 

ESF, or when they were bathed in hypercalcemic media, (i.e., 3.0 mM), then a minimal flux of Ca2+ ions 412 

was elicited in both cases (Fig.4A). This indicated an approximate equilibrium condition with respect 413 

to scale-mediated Ca2+ exchange. The reason why the hypercalcemic challenge was 3.0 mM, (i.e., only 414 

double what we considered to be isocalcemic), whereas the hypocalcemic challenge was almost two 415 

orders of magnitude less that the isocalcemic one, is because the ability of the Ca2+ ion-sensitive 416 

microelectrode (ISM) to measure a gradient is dependent on the background [Ca2+] in the aqueous 417 

solution. If there is too much background Ca2+, then the ionophore in the ISM gets rapidly saturated 418 

and is unable to detect small changes in [Ca2+] (Smith et al., 1994). Taking this into account, and the 419 

fact that during the SIET-based examination of scales the ISM had to perform efficiently and reliably 420 

for several hours for each experiment, we set the hypercalcemic challenge at only 3.0 mM Ca2+. This 421 

helps to explain the smaller differences in Ca2+ flux values measured between the isocalcemic and 422 
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hypercalcemic challenges. When parr scales were exposed to a hypocalcemic medium, a small Ca2+ 423 

efflux was detected. This suggests a predicted homeostatic response in response to a lower ECF-[Ca2+], 424 

and it is similar to what has been reported from zebrafish (Hung et al., 2019), and mammalian bone 425 

(Marenzana et al., 2005; Dedic et al., 2018). Scales removed from smolts showed similar responses to 426 

the three calcemic challenges as did the scales from parr (Fig. 4B). However, the Ca2+ efflux under 427 

hypocalcemic conditions appeared to be a little larger than that generated by parr scales. When scales 428 

from adult sea trout (caught in fresh water) were maintained in ~1.5 mM [Ca2+], then a small influx of 429 

Ca2+ ions was observed (Fig. 4C). This suggests that our choice of 1.5 mM Ca2+ as being isotonic with 430 

sea trout ECF-[Ca2+] might have been slightly on the high side, resulting in a small Ca2+ influx, rather 431 

than indicating an equilibrium state. Another explanation is that adult sea trout that have returned 432 

from SW to FW might have a slightly lower ECF-[Ca2+] than parr and smolts that have remained in FW 433 

since they were spawned. Such a situation has been reported from P. flesus where the total plasma 434 

[Ca2+] was significantly lower in SW- than in FW-adapted fish (Lu et al., 2017). If sea trout show a similar 435 

difference, then this would result in an influx of Ca2+ when subjected to 1.5 mM [Ca2+], just as we 436 

recorded. 437 

The seemingly higher Ca2+ flux values recorded from the adult sea trout scales perhaps reflects the 438 

greater calciotropic stress placed on them when returning to a FW environment from SW (Hoar, 1988; 439 

Rutkovska, et al., 2019; Björnsson et al., 2011). However, due to the low numbers of SIET-based scale 440 

recordings in our study, no statistically significant differences are apparent between the Ca2+ fluxes 441 

from parr, smolts and adults via Mann-Whitney testing. In spite of this, certain trends do exist that 442 

might turn out to be biologically significant. For example, the minimal Ca2+ fluxes recorded from parr 443 

and smolt scales might reflect the stability, from a calciotropic view-point, of the fresh water 444 

environment that they have adapted to since fertilization. As a result of this stability, we suggest that 445 

the molecular mechanisms required to generate a large Ca2+ efflux from the scales (or to be more 446 

precise, from the scale cells) might not be active or even required. Furthermore, parr and smolts at 447 

these early stages of their life cycle may not express the Ca2+-sensing receptors that might be found 448 



20 
 

in the cells of more mature adult scales on fish returning from SW to FW, thus allowing them to 449 

independently detect and react to calceotropic challenges. Such Ca2+-sensing receptors are reported 450 

to be expressed on the scales of several fish species (Loretz, 2008).  451 

In another series of experiments, we investigated the Ca2+ exchange ability of scales taken from adult 452 

sea trout from the three main ionotropic and calciotropic environments that they would encounter 453 

during their spawning migration, i.e., SW, BW, and FW. In general, scales removed from fish taken in 454 

all three calciotropic environments showed the expected Ca2+ flux pattern. Thus, when they were 455 

exposed to isocalcemic conditions there was relatively little Ca2+ flux, but in hypocalcemic or 456 

hypercalcemic conditions a predictable efflux or influx, respectively, was recorded (Fig. 5). This 457 

followed a similar pattern to that recorded from parr and smolts (Fig. 4A,B) and from zebrafish scales 458 

(Hung et al., 2019). The smallest inward or outward Ca2+ fluxes measured at all three calcemic 459 

conditions were from scales taken from sea trout caught in SW and BW (Fig. 5A,B). We propose that 460 

this might be due to a combination of physiological and behavioral factors. In SW, sea trout are 461 

exposed to a relatively steady Ca2+ environment of ~400 mg/L, to which after many months, if not 462 

years of feeding at sea, they have become physiologically adapted (del Villar-Guerra et al., 2014; Eldøy 463 

et al., 2015). When a migrating sea trout enters a BW environment it can easily retreat back into SW, 464 

either horizontally, or vertically through layers in the halocline when stressed (Cloern et al., 2017), and 465 

repeatedly do so as it adapts to the lower salinity levels in preparation for its run upstream. However, 466 

when a sea trout reaches stretches of a stream, river or lake that is truly FW, then retreating back to 467 

SW is not a readily available option due to the distance and topographical difficulties involved. As a 468 

result, physiological, rather than behavioral mechanisms come into play to maintain ionic (including 469 

calciotropic), homeostasis. We suggest, therefore, that the large outward and inward Ca2+ fluxes seen 470 

in FW-caught adult sea trout under hypocalcemic and hypercalcemic conditions respectively, might 471 

reflect a short-term physiological mechanism that they use to maintain an ESF-[Ca2+] within 472 

homeostatic boundaries. 473 
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Our analysis of the SIET-derived data from both sets of experiments did not reveal any statistically 474 

significant differences (via Mann-Whitney testing) between the Ca2+ flux densities generated by the 475 

episquamal and hyposquamal sides of scales. Once again, this might be due to the limited sample 476 

numbers. However, both the dermis and epidermis of fish are highly vascularized (Ishimatsu et al., 477 

1995), and it has been reported that the scales of trout have an extremely dense capillary network 478 

derived from the secondary vascular system (Vogel, 1985). Furthermore, recent studies from zebrafish 479 

indicate that the morphology of scales, and the cells that reside on the scale surface, play a key role 480 

in dictating the pattern of both vascularization and neural innervation of the scale itself, as well as the 481 

overlying skin (Rasmussen et al., 2018). There is, therefore an intimate relationship between the cells 482 

on the scale surface and their associated capillary networks. We suggest, therefore, that short-term 483 

Ca2+ exchange can take place from both the episquamal and hyposquamal sides of the scale into the 484 

blood via the ECF.  This might be why we did not record any significant difference in the flux densities 485 

on either side of the scale, although the direction of flux was always the same depending on the 486 

calcemic challenge.  487 

Although the scale-generated Ca2+ fluxes we measured from sea trout are similar to those reported 488 

for zebrafish with respect to the flux direction in and out of the scale under hypo-, iso-, and 489 

hypercalcemic conditions (Hung et al., 2019), the magnitude of the fluxes generated by sea trout were 490 

much larger (often by an order of magnitude). Although sea trout scales are much larger than those 491 

of the zebrafish, and thus most likely contain a larger store of readily exchangeable Ca2+, this is just 492 

one of several possible reasons to explain this difference. The anadromous life style of sea trout 493 

compared to zebrafish requires more capable mechanisms to regulate ionic and calciotropic 494 

homeostasis during smoltification and migration. This might be the dominant reason for the Ca2+ flux 495 

density differences between the two species. 496 

In zebrafish, it was reported that dehydration and potassium cyanide treatment of scales 497 

demonstrated that the Ca2+ fluxes measured under different calcemic challenges were biotic in nature 498 

(Hung et al., 2019). This suggests that the fluxes were generated by active trans-membrane Ca2+ 499 
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transport processes such as plasma membrane Ca2+-ATPases (PMCAs) and/or via Na+/Ca2+ exchangers 500 

in the case of Ca2+ efflux, and as a result of the activation/opening of some form of membrane Ca2+ 501 

channel or the generation of some form of transcellular Ca2+ transport in the case of Ca2+ influx.  We 502 

suggest that similar mechanisms are responsible for generating the Ca2+ fluxes recorded from sea trout 503 

scales. However, the specific Ca2+ transport elements and storage sites in scales have not yet been 504 

identified.  Furthermore, identifying the specific cell types involved in the short-term Ca2+ exchange 505 

will be essential to gaining a better understanding of short-term dynamic Ca2+ exchange between 506 

scales and the ESF in anadromous sea trout. 507 

We are confident of the accuracy of the pH, temperature, conductivity, and [Ca2+] readings from FW 508 

and BW shown in Figure 6, as they fall within the ranges reported for these water types (Krumgalz, 509 

1982; Golterman, 2004; Permyakov and Kretsinger, 2011; Besson et al., 2013). The same goes for the 510 

pH and temperature readings from SW. However, our conductivity readings from SW were 511 

compromised by the limited range of our measuring device. The [Ca2+] measurements, on the other 512 

hand, were done back in the NAFC laboratory using a calibrated Ca2+-sensitive electrode, and when 513 

our [Ca2+] measurements from these sites are compared with what is expected from SW, there is a 514 

significant mismatch.  This suggests that what we considered to be SW at the sampling sites in the 515 

voes, might have had variable salinity, and thus [Ca2+], depending on a combination of environmental 516 

factors such as the state of the tide, the FW outflow from the burn, and the mixing action of waves in 517 

the voe depending on the wind strength and direction. Two of the main West coast SW sampling sites, 518 

(Weisdale and Strom), were at the head of long narrow voes that were several miles from what could 519 

be considered to be the true littoral zone of the open North Atlantic. There are also most likely 520 

complex and variable horizontal and vertical salinity gradients in estuarine ecosystems (Cloern et al., 521 

2017) that influence the behavior of migrating sea trout (Boel et al., 2014; del Villar-Guerra et al., 522 

2014; Eldøy et al., 2015; Ruokonen et al., 2018; Kristensen et al., 2019). 523 

We labeled scales with phalloidin and DAPI to visualize the cell numbers on the outer episquamal 524 

surface during the parr, smolt, and adult stages (Fig. 7). It was clear that during all three stages there 525 
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were two distinct nuclear morphologies on the episquamal cell surface (elongated and more rounded), 526 

which most likely reflect two separate cell morphologies. A similar distinction in nuclear morphology 527 

has previously been reported from the cells on the episquamal surface of zebrafish scales (Mongera 528 

and Nüsslein-Volhard, 2013).  The overall number of nuclei on the episquamal side greatly increased 529 

from the parr to smolt to adult stages, as did the number of rounded compared to elongated nuclei. 530 

Cells with an elongated nucleus appeared to be associated with the circuli ridges, whereas those with 531 

more rounded nuclei appear to inhabit the “valleys” between the ridges and the anterior edge of smolt 532 

and adult scales (Fig. 7). In zebrafish, counterstaining techniques have suggested that these cells are 533 

osteoblasts (or presumptive osteoblasts) with a particular function related to the formation and 534 

maintenance of the circuli ridges and the mineralized episquamal scale surface (Pasqualetti et al., 535 

2012a; Mongera and Nüsslein-Volhard, 2013; Iwasaki et al., 2018). We suggest that our labeling of 536 

nuclei on the episquamal side of sea trout scales also reflects the distribution of osteoblasts and their 537 

precursors. The anterior portion of teleost scales are located within the scale pocket deep in the 538 

dermis (Fig. 2B), and it is from the anterior edge of the scale that new Ca2+ is initially deposited and as 539 

a result the scale grows from this edge (Sire and Akimenko, 2004). This growth is reflected in the 540 

formation and spacing of the circuli on the anterior episquamal scale surface (Elliot and Chambers, 541 

1996; Rifflart et al., 2006). The relative sparsity of nuclei observed at the anterior episquamal edge of 542 

parr scales (Fig. 7A) might reflect the slow rate of growth at this life cycle stage. The density of DAPI 543 

stained nuclei at the episquamal anterior edge increased during the smolt stage (Fig. 7B) and then 544 

dramatically increased at the anterior edge of adult scales (Fig. 7C), supporting the well-established 545 

observation that teleost scales increase in surface area at the periphery (Schönbörner et al., 1979; 546 

Elliot and Chambers, 1996). This might reflect food availability and thus the growth characteristics of 547 

sea trout (and their scales) at these different stages of their life cycle (Elliot, 1985; Cucherousset et al., 548 

2006; Acolas et al., 2012; Ryan et al., 2019). 549 

 550 

 551 
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Conclusions 552 

Our new study represents a second report of short-term, minute-to-minute scale-mediated 553 

homeostatic regulation of [Ca2+] in the ECF in the absence of any local or systemic Ca2+ regulators. We 554 

report that this regulatory mechanism was present in scales removed at all three major life cycle 555 

stages of sea trout, i.e., parr, smolts and adults. Due to the uncertainty of our conductivity 556 

measurements, coupled with the low [Ca2+] recorded from what we initially considered to be “true” 557 

SW, it is most likely that the fish caught at our designated SW sites were still in a more saline form of 558 

BW. We can, therefore, only conclude that in addition to the life cycle stages, we also recorded short-559 

term Ca2+ exchange between two, rather than three, calcemic environments encountered during adult 560 

sea trout migration: BW and FW. We can, however, report that Ca2+ exchange occurs in two types of 561 

BW (strong and weak) as well as FW. This might also explain the similarities between what we assumed 562 

was SW, and BW. Our new data suggest that for certain aspects of homeostatic regulation, a number 563 

of the major molecular components of Ca2+ sensing and transport might be conserved in the 564 

membranes of cells located on the scales of both Cyprinids and anadromous Salmonoids. This scale-565 

based mechanism might be another common ionic/calciotropic regulatory feature of teleosts, such as 566 

gill-located Ca2+-ATPases (Perry and Wood, 1985; Liao et al., 2009). Furthermore, our results are 567 

similar to those reported previously for the isolated metatarsal bones of mouse (Marenzana et al., 568 

2005; Dedic et al., 2018) indicating that fish scales and mammalian bone both possess short-term Ca2+-569 

exchange mechanisms that can react independently to calciotropic stress. This suggests that the some 570 

of the homeostatic mechanisms found in tetrapods (including mammals) might be similar to those 571 

found in ancestral teleosts (Clark, 1983; Herberger and Loretz, 2013; Bouillon and Suda, 2014; Braasch 572 

et al., 2016; Shin and Fishman, 2002). As a result, fish scales, especially those abundantly available 573 

from farmed salmon, might transpire to be an low-cost, complementary model for investigating the 574 

development, disease, injury, repair, and regeneration of mammalian bone (Yoshikubo et al., 2005; 575 

Metz et al., 2012; Pasqualetti et al., 2012b; Laizé et al., 2014; Mariotti et al., 2015; Suzuki et al., 2016), 576 

as well as a source of hydroxyapatite for use as a substitute bone scaffold or regenerative material 577 
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(Pon-On et al., 2016), and/or collagen for other biomedical applications such as enhanced wound-578 

healing (Shalaby et al., 2020). Finally, a recent worrying report, concerning data collected from 57 579 

countries, suggests a global fall in FW [Ca2+] (Weyhenmeyer et al., 2019). If this trend continues, then 580 

it might pose a considerable threat to both potamodromous and diadromous fish species with respect 581 

to stressing their physiological ability to cope with calciotropic challenges, as well as that of their key 582 

prey species. We suggest, therefore, that gaining a better understanding of the contribution that 583 

scales make to the homeostatic regulation of ESF-[Ca2+] is an important gap in our knowledge that 584 

needs to be addressed. 585 

  586 
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 904 

Figure 1. Map of the sea trout collection sites. (A) Map of the UK with Shetland, the northern-most 905 

point, bounded by the blue rectangle. (B) Map of Shetland. The largest town, Lerwick, is marked with 906 

a red circle. The region bounded by the red rectangle is shown in more detail in (C). (C) Sea trout were 907 

collected from the locations marked with the black circles and taken back to the NAFC Marine Centre 908 

in Scalloway for SIET analysis. 909 
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 911 

Figure 2. Scale sampling location and scale morphology. (A,B) Schematic illustrations to show (A) a 912 

side view of a sea trout showing the location on the body for exfoliating scales, and (B) section through 913 

the skin with the scales located in pockets of the dermis. (C) Representative examples of scales from 914 

(Ca) parr, (Cb) smolt and (Cc) adult sea trout. Ant = anterior and Pos = posterior. (B) Modified from 915 

Elliott and Chambers, (1996). 916 
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 918 

Figure 3. The SIET (scanning ion-electrode technique). (A) Image of the SIET equipment used to collect 919 

Ca2+ flux data for the sea trout scales. (B) Schematic of the SIET system. Modified from Shipley (2009). 920 

(C) During experiments, the ISM was oscillated a distance ∆x from the scale. This example shows a 921 

parr scale and the approximate location on the anterior region of the scale where the ISM was 922 

positioned.  (D) The ion rate flux rate was determined via Fick’s law of diffusion. D = dorsal, V = ventral, 923 

Ant = anterior, Pos = posterior. Scale bar, 200 µm.  924 
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 926 

Figure 4. Ca2+ flux measurements from the intact scales of parr, smolt and fresh water adult sea trout.  927 

(A-C) Bar graphs to show the mean ± standard error of the mean (S.E.M.) values of Ca2+ flux measured 928 

~5 µm from the episquamal and hyposquamal surfaces of the scales in measuring medium containing 929 

0.01 mM, 1.5 mM or 3 mM Ca2+, (i.e., hypocalcemic, isocalcemic and hypercalcemic conditions, 930 

respectively), in the anterior region of scales exfoliated from (A) parr, (B) smolt and (C) adult fish. 931 

These non-parametric data sets were compared using the Mann Whitney U test and they were 932 

considered to be significantly different when P<0.05 (*). 933 



43 
 

 934 

Figure 5. Ca2+ flux measurements from the intact scales of adult sea trout from sea water, brackish 935 

water and fresh water.  Bar graphs to show the mean ± S.E.M. Ca2+ flux values measured ~5 µm from 936 

the episquamal and hyposquamal surfaces of the scales in scale bathing medium containing 0.01 mM, 937 

1.5 mM or 3 mM Ca2+, (i.e., hypocalcemic, isocalcemic and hypercalcemic conditions, respectively), in 938 

the anterior region of scales exfoliated from adult sea trout found in (A) sea water, (B) brackish water 939 

and (C) fresh water. These non-parametric data sets were compared using the Mann Whitney U test 940 

and they were considered to be significantly different when P<0.05 (*). 941 
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 942 

Figure 6. Individual data plots to show various parameters of the fresh, brackish and assumed sea 943 

water at the locations where sea trout were acquired. These four graphs also show the mean ± S.E.M. 944 

of the (A) conductivity, (B) water temperature, (C) pH and (D) water [Ca2+].  These non-parametric data 945 

sets were compared using the Mann Whitney U test and they were considered to be significantly 946 

different when P<0.05 (*) or P<0.01 (**). 947 
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 949 

Figure 7. Fluorescent labelling of scales. Scales were exfoliated from (A) parr, (B) smolt or (C) adult sea 950 

trout and then they were fixed and labelled with Alexa Fluor 488-tagged phalloidin and DAPI to show 951 

the F-actin and nuclei, respectively. These images show DIC, F-actin, nuclei and F-actin/nuclei merged 952 

images acquired on the episquamal side of scales. Red, yellow, green, and white arrowheads indicate 953 

the circuli, cell membranes, elongated nuclei, and rounded nuclei, respectively. Ant = anterior, Pos = 954 

posterior. Scale bars, 100 µm.  955 
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