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Abstract
The elasmoid scales of fish represent a significant internal reservoir of calcium ions (Ca2+), but little is known about the 
contribution of these scales to the short-term regulation of Ca2+ homeostasis in the extracellular fluid (ECF). This gap in 
our knowledge is partly due to the technical challenges involved in measuring small Ca2+ fluxes around the scales of live 
fish in real time. Here, we describe a technique for exfoliating, mounting, and culturing intact living zebrafish Danio rerio 
scales, then subjecting them to examination using an extracellular, non-invasive, surface-scanning ion-selective electrode 
technique (SIET). In a Ca2+-sensitive configuration, the SIET can resolve Ca2+ flux values in the low-to-sub picomole/square 
centimeter/second range, with a spatial resolution of approximately 5 μm. We quantified the Ca2+ fluxes into and out of scales 
under different extracellular calcemic challenges set to mimic a variety of Ca2+ concentrations in the ECF and showed that 
the results were similar to those previously reported from isolated mouse metatarsal bone. Our new data extend our current 
understanding of the role played by fish scales in the short-term homeostatic regulation of Ca2+ concentration in the ECF. 
They also support the suggestion that scales might provide an inexpensive and complementary model for studying the fun-
damentals of bone-mediated homeostatic Ca2+ regulation and the diseases that result from its dysregulation.
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Introduction

There is growing interest in utilizing the zebrafish Danio 
rerio as a complementary model for studying many aspects 
of mammalian (including human) development, physiol-
ogy, disease, injury, and regeneration (Dooley and Zon 
2000; Ingham 2009; Bakkers 2011; Goldsmith and Jobin 
2012; Ablain and Zon 2013; Kalueff et al. 2014; Laizé 
et al. 2014; Shi et al. 2015; Lin et al. 2016). One topic of 
ongoing research interest is the ionic homeostasis of body 
fluids, as well as the conditions and diseases that ensue 
when this essential regulation is compromised or lost 
(Hwang and Chou 2013; Guh et al. 2015; Lin and Hwang 
2016). One of the ions that plays a key role in this pro-
cess is the calcium ion (Ca2+) (Blaine et al. 2014; Kwong 
et al. 2016). Zebrafish (and other fresh-water teleosts) 
possess an array of complex interacting iono-/osmoregu-
lating mechanisms in various tissues/organs, such as the 
epithelium, gills, intestines, and kidneys. These control the 
uptake of Ca2+ from the external environment and regulate 
its concentration inside cells and tissues, as well as in the 
extracellular fluid (ECF), within strict homeostatic bound-
aries (Flik and Verbost 1993; Flik et al. 1995; Greenwood 
et al. 2009; Hwang and Chou 2013). This long-term regu-
lation is achieved in part via a combination of Ca2+ sens-
ing elements and systemic hormonal regulation.

In teleosts, including zebrafish, significant internal res-
ervoirs of Ca2+ are found in the bones of the endoskeleton 
and in the elasmoid scales (Waterman 1970; Mugiya and 
Watabe 1977; Schönbörner et al. 1979; Flik et al. 1986; 
Rotllant et al. 2005; Sionkowska and Kozlowska 2013). 
The contribution made by the scales to the long-term regu-
lation of Ca2+ homeostasis is well-documented (Takagi 
et al. 1989; Persson et al. 2000; Rotllant et al. 2005; Metz 
et al. 2014), and it is known that in times of decreased 
Ca2+ availability (e.g., due to restrictions via the water 
and/or diet) or increased demand (e.g., during oogenesis 
and vitellogenesis), Ca2+ is preferentially mobilized from 
scales rather than from the bones (Mugiya and Watabe 
1977; Takagi et al. 1989; Persson et al. 1998; Metz et al. 
2014). However, little is known about the possible role 
played by the scales in the short-term, minute-to-minute 
homeostatic regulation of Ca2+, such as that attributed to 
the bones in mammals (Marenzana et al. 2005; Dedic et al. 
2018; Hohman et al. 2018). This gap in our knowledge is 
partly due to the technical challenges involved in detect-
ing and measuring the diminutive Ca2+ fluxes around the 
scales of live fish in real time while subjecting them to var-
ious calcemic challenges and/or when under the influence 
of various systemic Ca2+ regulators. However, in the study 
reported here we exfoliated and cultured living scales from 
zebrafish (Sire et al. 2000; Pasqualetti et al. 2012a; Metz 

et al. 2014; Fig. 1) and then used a non-invasive, extra-
cellular, scanning Ca2+-sensitive microelectrode (Fig. 2) 
to measure Ca2+ fluxes into and out of both sides of the 
scales under different extracellular calcemic challenges 
set to mimic a variety of Ca2+ concentrations ([Ca2+]) in 
the ECF (Kühtreiber and Jaffe 1990; Smith et al. 1999; 
Marenzana et al. 2005; Dedic et al. 2018). 

Like bone, zebrafish scales contain mineralized 
hydroxyapatite and collagen-based matrix components 
(Waterman 1970; Sire et al. 1997; Sire and Akimenko 2004; 
Ogawa et al. 2010; De Vrieze et al. 2011), as well as popula-
tions of different cell types that play a key role in their devel-
opment, maintenance, regeneration, and physiology (Sire 
et al. 2000; Pasqualetti et al. 2012a; Metz et al. 2014; Iwasaki 
et al. 2018; Fig. 1a, b). The hyposquamal (innermost) side of 
the scale consists of a layer of incompletely mineralized tis-
sue, which is mainly composed of several layers of collagen 
fibrils organized into a plywood-like structure (Sire et al. 
1997; Sire and Akimenko 2004; Pasqualetti et al. 2012b; 
Fig. 1b). In contrast, the episquamal (outermost) side of the 
scale has a thin layer of highly mineralized (hydroxyapatite-
rich) tissue that comprises a network of interwoven collagen 
fibrils (Meunier 1984; Sire and Akimenko 2004; Fig. 1b). In 
addition, the episquamal surface displays distinct features in 
the form of concentric hydroxyapatite ridges called circuli, 
as well as grooves (called radii) that fan-out from the ante-
riorly-located scale focus (Pasqualetti et al. 2012a; Fig. 1b, 
ci). This surface topography has a significant influence on 
the morphology, distribution, and type of cells residing on 
this surface (Pasqualetti et al. 2012a, b). In contrast, the sur-
face of the hyposquamal side is quite smooth and relatively 
featureless (Pasqualetti et al. 2012b), and it displays cells 
with a different morphology and distribution to those on the 
episquamal surface (Fig. 1b, cii).

Here, we report for the first time that exfoliated zebrafish 
scales can independently detect and respond to changes in 
[Ca2+] in their bathing medium and that they do so on a 
short-term (i.e., minute-to-minute) basis. Thus, our data 
indicate that scales show a similar short-term Ca2+-related 
homeostatic activity to that previously reported for mam-
malian bone (Marenzana et al. 2005; Dedic et al. 2018).

Materials and methods

Zebrafish husbandry

The AB wild-type zebrafish line was maintained at approx-
imately 28.5 °C on a 14-h light/10-h dark cycle (Wester-
field 2000) in the HKUST Zebrafish Facility. AB fish were 
obtained from the Zebrafish International Resource Center 
(ZIRC; University of Oregon, Eugene, OR, USA). All pro-
cedures used in this study with live fish were performed in 
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accordance with the guidelines and regulations set out by 
the Animal Ethics Committee of the HKUST and by the 
Department of Health, Hong Kong.

Preparation of the scanning ion‑selective electrode 
technique‑compatible scale bathing medium

Scale bathing medium was a modified version of a medium 
originally developed for culturing fish hearts (Burns and 
MacRae 2006). It consisted of solutions A and B. The com-
ponents, concentrations, and osmotic coefficients of solution 
A (1× dilution) are listed in Table 1. It was initially prepared 
as a 12.5× stock solution in Milli-Q water, after which it 
was filtered through a 0.22-µm filter (SCGPU10RE; EMD 
Millipore Corp., Billerica, MA, USA) and stored at 4 °C 
until required (or for a maximum of 30 days). Solution B 
was simply CaCl2 (osmotic coefficient 0.9621; Pan 1977), 
which was prepared as a 100×   stock at three concentrations 
(1, 150, and 300 mM) and then stored at room tempera-
ture. To prepare the 1× scale bathing medium, we mixed 
40 ml stock solution A, 5 ml stock solution B, and 1.134 g 
(27 mM) NaHCO3 in Milli-Q water to give a final volume 

of 500 ml; this medium was stored at 4 °C until required 
(or for up to 1 week). For each batch of 1×  scale bath-
ing medium prepared, a sample was tested with an osmom-
eter (model 3320; Advanced Instruments, Inc., Norwood, 
MA, USA) and a pH meter to ensure that an osmolarity of 
approximately 290 ± 10 mOsm/kg and a pH of 7.35 were 
maintained.

Exfoliation of zebrafish scales

Scales were obtained from an approximately 1-year-old 
adult AB fish. Prior to scale exfoliation, fish were anes-
thetized using a chilling protocol, as described previously 
(Kinkel et  al. 2010). The anesthetized fish were then 
transferred to a cold 60-mm glass Petri dish lid for scale 
removal. Scale removal was performed using a pair of no. 
5 watchmaker’s forceps (Regine Switzerland SA, Morbio 
Inferiore, Switzerland) while viewing the fish under a 
stereomicroscope. A scale with its connected epidermal 
layer (in the posterior region; Fig. 1) was gently removed 
from the body of the fish and bathed in scanning ion-
selective electrode technique (SIET)-compatible scale 

Fig. 1   Schematic illustra-
tions showing the morphology 
of the zebrafish Danio rerio 
scale. a The typical arrange-
ment of scales in the zebrafish 
trunk. This is a sagittal section 
showing the scales and the sur-
rounding cells and tissues. The 
asterisk indicates the posterior 
end of a scale, as shown in b. 
b Side-view of a scale that has 
been exfoliated from the trunk 
of a zebrafish. c The main mor-
phological features on the epis-
quamal (ci) and hyposquamal 
(ci) sides of a scale. F indicates 
the location of the scale focus. 
Images are not drawn to scale. 
Panel a is modified from Elliott 
(2000)
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culture medium. After scale exfoliation, the donor fish 
was placed in a recovery tank before being returned to the 
fish facility. Only scales removed from row C, positions 
I, II, III, IV, and V (Sire et al. 2000) were used in these 
experiments, as these are flatter than those removed from 
the other rows and are thus better suited to SIET-based 
examination.

Scanning ion‑selective electrode technique

Non-invasive measurement of real-time Ca2+ fluxes (pmol/
cm2/s) in the extracellular medium adjacent to the surface of 
zebrafish scales was accomplished using the SIET (Fig. 2; 
Applicable Electronics LLC, New Haven, CT, USA). This 
technique has been utilized extensively over the past 25 years 

Fig. 2   The scanning ion-selective electrode technique (SIET). a 
Schematic of the SIET system. b The ion-selective microelectrode 
(ISM). c The ISM was oscillated over a distance of Δx from the scale, 
and the difference in voltage measured between the two points was 
then used to calculate the ion flux rate via Fick’s law of diffusion, as 
shown by the equation, such that J is the calcium ion (Ca2+) flux in 
the x direction, ∆[Ca2+]/∆x is the Ca2+ concentration gradient, and 
D is the diffusion constant of Ca2+. d The custom-made measur-

ing chamber prepared from a Petri dish with a glass side-window. e 
A zebrafish scale that is being scanned by the ISM. f Schematic (fi) 
and photomicrograph (fii) to shown the side view of a scale and the 
20-µm excursion step used to scan the episquamal and hyposquamal 
surfaces. Scale bars (e, fii): 200 µm. ASET Automated scanning elec-
trode technique. a Modified from Fig.  2 in the scanning microelec-
trode techniques (SIET/SPET) system manual (Shipley 2009)
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(Kühtreiber and Jaffe 1990; Smith et al. 1999; Kunkel et al. 
2006; Reid and Zhao 2011) to measure the free-ion concen-
tration gradients of specific ions (in our case, Ca2+) by means 
of a single ion-sensitive microelectrode (ISM in Fig. 2a, b) 
that is repeatedly moved between two measuring positions 
using a system of stepper motors at a selected distance (i.e., 
20 µm; Fig. 2c, e, fi, fii) and at programmed repetition rates 
of < 1 Hz (typically in the range of approx. 0.3–0.5 Hz) to 
minimize mixing of the scale bathing medium. The ISM 
was controlled using a computer via an automated scanning 
electrode technique (ASET) program (Applicable Electron-
ics LLC; Fig. 2a). Thus, positioning of the ISM around the 
scale at the measuring and reference positions and control 
of the stepping excursion and sampling times were all soft-
ware programmable. The ISM records a voltage (represent-
ing the local [Ca2+]) at each measuring point. Baseline or 
reference measurements were taken a few millimeters away 
from the scale, where no Ca2+ gradient was detected. All 
measurements at the scale surface were compared to ref-
erence readings taken periodically during the experiment. 
Each gradient data point was calculated by subtracting the 
[Ca2+] values measured at each position. The Ca2+ flux was 
derived from Fick’s law of diffusion: J = − D(∆[Ca2+]/∆x), 
where J is the Ca2+ flux in the x direction, ∆[Ca2+]/∆x is the 
Ca2+ concentration gradient, and D is the diffusion constant 
of Ca2+ (Fig. 2c).

ISMs were fabricated from borosilicate glass capillar-
ies with an outer diameter of 1.5 mm (TW150-4; World 

Precision Instruments Inc., Sarasota, FL, USA). The capil-
laries were pulled in two stages (to achieve an approx. 3- to 
5-μm-diameter tip; Fig. 2e, fii) on a Flaming Brown Model 
P-97 electrode puller (Sutter Instruments, Novato, CA, 
USA), after which their inner surface was coated with vapor-
ized hydrophobic silane (N,N-dimethyltrimethylsilylamine) 
in a dedicated oven (Heratherm OGS60; Thermo Fisher 
Scientific, Waltham, MA, USA) at 200 °C (Smith et al. 
1999). The ISMs were then backfilled with 100 mM CaCl2 
electrolyte to a column length of approximately 1 cm, and 
then front-loaded with an approximately 30- to 40-μm-long 
column of a liquid Ca2+ ion exchanger (Ca2+ Ionophore 1, 
cocktail A; Fluka Chemie AG, Buchs, Switzerland). An ISM 
was then connected to an ion head-stage amplifier (Appli-
cable Electronics LLC) via a short piece of silver chloride-
plated silver (Ag/AgCl) wire. This assembly acted as the 
measuring ISM (Fig. 2b). A new ISM was made for each 
experiment. The reference electrode was an Ag/AgCl half-
cell (MEH3S; World Precision Instruments, LLC, Sarasota, 
FL, USA), connected to the scale bathing medium (or cali-
bration solution) by a PVC capillary tube filled with 3 M 
KCl and 0.5% agar. Before each experiment the ISM was 
calibrated against a series of Ca2+-containing test solutions 
(i.e., containing 0.1, 1.0, or 10.0 mM CaCl2). ISMs with a 
deviation in their Nernst Slope of > 3 mV from the theo-
retical value (i.e., between 27 to 33 mV) were discarded 
and a new ISM fabricated. With appropriate shielding and 
grounding, the SIET has been reported to resolve Ca2+ flux 
values in the low-to-sub picomole/square centimeter/sec-
ond (pmol/cm2/s) range (Kühtreiber and Jaffe 1990). The 
tip diameter of the ISM determines the spatial resolution of 
the technique. We were able to pull tips that were approxi-
mately 3–5 µm in diameter, and this represents the resolution 
we achieved during this study. This resolution allowed us 
to identify the specific scale surface regions generating the 
inward and outward Ca2+ fluxes.

Scale mounting and SIET‑based data acquisition

For Ca2+ fluxes to be measured at various positions on both 
sides of the zebrafish scale, the fragile tip of the ISM had to 
be positioned very carefully and accurately close (i.e., within 
a distance of approx. 5 µm) to the scale surface. To achieve 
this, a bottom- and side-viewing scale measuring chamber 
was designed (Fig. 2d). Scales located in the measuring 
chamber were then visualized simultaneously from the bot-
tom and the side using a Zeiss Axiovert-100 inverted micro-
scope (Carl Zeiss GmbH, Oberkochen, Germany) equipped 
with FLUAR 2.5X/0.12 NA and Plan-APOCHROME 10 
×/0.32 NA PH1 objective lenses (Carl Zeiss GmbH), and a 
USB CMOS camera (Ui-1640LE; IDS Imaging Develop-
ment Systems GmbH, Obersulum, Germany) for the for-
mer, and a Fluor USB Dino-Lite side-mounted microscope 

Table 1   Composition of stock solution A of the scale bathing 
medium (at 1× dilution) and the osmolarity coefficient of each com-
ponent

a Hamer and Wu (1972)
b Goldberg and Nuttall (1978)
c Rard and Miller (1981)
d Goldberg (1981)
e Catté et al. (1995)
f Pitzer and Peiper (1979)

Chemical Concentration (mM) Osmotic 
coefficient 
φ

NaCl 136.90 0.933a

KCl 5.37 0.940a

MgCl2 0.98 0.963b

MgSO4 0.81 0.901c

KH2PO4 0.44 0.988a

Na2HPO4 1.71 0.542d

d-Galactose 5 1.061e

HEPES 5 –
NaHCO3 27 0.883f

Theoretical osmolarity 
(mOsm/kg)

338.04
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(AnMo Electronics Corporation, Hsinchu, Taiwan) for the 
latter (Fig. 2a). Both microscopes were mounted on a vibra-
tion isolation table (Technical Manufacturing Corp., Pea-
body, MA, USA). The Dino-Lite microscope was mounted 
via a manual manipulator (MM-33N; Narishige, Tokyo, 
Japan) using an HD-M1 Dino-Lite mount (AnMo Elecronic 
Corp.). The Dino-Lite microscope was adjusted to a mag-
nification of ×250 and calibrated using a grating provided 
by the manufacturer. The entire isolation table, microscope, 
and head-stage electronics were mounted within an insulated 
Faraday cage (Fig. 2a). For all the SIET-based experiments, 
the environment within the Faraday cage was maintained at  
approximately 28.5 °C with a heating system and controller 
unit custom-built by the Electrical and Mechanical Fabrica-
tion Unit of the Design and Manufacturing Services Facility 
at the HKUST.

The bottom- and side-viewing scale measuring chambers 
were made from a 35-mm Petri dish (Falcon, Becton, Dick-
inson and Company, Franklin Lakes, NJ, USA), which had 
a section cut out of it using a hot razor blade, after which 
the cut edges were smoothed down to achieve a flat surface 
(Fig. 2d). A 1.2 × 3.6-cm piece of cover glass (no. 1.5) was 
affixed to the cut surface using high vacuum grease (Dow 
Corning Corp., Midland, MI, USA) to produce an optically 
clear side-viewing window for the Dino-Lite microscope. 
An acrylic block of  approximately  15 ×  15 ×  3 mm featur-
ing a 0.7-mm slit halfway along the length of one side was 
affixed to the inner surface of the measuring chamber using 
high vacuum grease. Exfoliated scales were sandwiched at 
their posterior edges between two pieces of plastic film, and 
this film was then inserted into the slit in the acrylic block 
to immobilize the scale. Depending on the orientation of 
the acrylic block, the scale could be presented in either a 
vertical or horizontal orientation for subsequent SIET-based 
examination (Fig. 2d). The ISM was vibrated orthogonal to 
the surface of the scale, with a 20-µm excursion (vibration 
amplitude) for all experiments. The closest point to the scale 
surface was set at 5 µm.

In one series of SIET-based experiments, scales were 
sequentially exposed to three different solutions of scale 
bathing medium supplemented with 0.01 (hypocalcemic), 
1.5 (isocalcemic), or 3.0 mM (hypercalcemic) CaCl2 in 
order to present the scale with a series of immediate cal-
cemic challenges in the absence of any systemic regulatory 
hormones. At each [Ca2+]ext used (beginning with 0.01 mM 
CaCl2), measurements were initially made at a background 
measuring position (approx. 5 mm away from the scale sur-
face) for 3 min to ensure a stable baseline signal from the 
calibrated ISM. Following this, measurements were made 
at three positions of the scale (i.e., dorsal, ventral, and ante-
rior), at approximately 5 µm from the scale surface on the 
episquamal side (spending approx. 3 min at each measur-
ing site). This was then followed by a similar procedure on 

the hyposquamal side (Fig. 2e, fi, fii). The ISM was then 
returned to the background measuring position for 1 min 
to assess its performance and stability. The scale bathing 
medium was then changed to one containing 1.5 mM CaCl2 
(considered to be isocalcemic with the reported [Ca2+] of 
zebrafish blood serum; Nakari and Erkomaa 2003). This 
was done by the repetitive (i.e., ≥ 3 times) removal and 
addition of new medium (using a P-200 pipette tip attached 
to a 10-ml Luer lock-tip syringe; SS0114H29; Muzamal 
Industries, Cheras, Malaysia) in order to ensure complete 
medium replacement. The scan protocol described above 
was repeated with medium containing 1.5 mM CaCl2, and 
then with medium containing 3.0 mM CaCl2. No SIET 
measurements were made in the posterior region of scales 
due to the presence of remnants of the epithelial layer cover-
ing this region of the scale following exfoliation.

In vitro labeling of scales with SYTO 11 and SYTOX 
orange nucleic acid stains

To test the viability of the scale cells during the time win-
dow that the SIET experiments were carried out, we con-
ducted a second series of experiments in which scales were 
bathed in SYTO 11 live-cell nucleic acid stain and SYTOX 
orange nucleic acid stain (S-7573 and S-11368, respec-
tively; Molecular Probes™, Thermo Fisher Scientific, Inc.). 
SYTOX orange nucleic acid stain is membrane impermeable 
and so only labels dead cells. The scales were removed from 
AB strain male zebrafish as described previously and then 
incubated in measuring medium containing Ca2+ at 0.01, 
1.5, or 3 mM (n = 4 for each treatment). The scales were 
collected and bathed in SIET measuring medium for dif-
ferent periods of time (i.e., 0.5, 1, 2, 4 h), after which they 
were transferred to measuring medium containing 0.5 µM 
SYTO 11 and 5 µM SYTOX orange in the dark for 20 min. 
The scales were then washed with phosphate buffered saline 
(PBS) prior to fixation with PBS containing 4% paraform-
aldehyde (Electron Microscopy Sciences, Hatfield, PA, 
USA) for 30 min in the dark. The samples were subsequently 
washed in PBS for 3 × 5 min and mounted under Prolong® 
Gold antifade mountant (P-36930; Molecular Probes™, 
Thermo Fisher Scientific, Inc.). The mountant was allowed 
to cure in the dark at room temperature for 24 h before 
the labeled scales were imaged using a Leica TCS SP5 II 
laser scanning confocal microscope (Leica Microsystems 
GmbH) with a DMI 6000 motorized stage (Leica Microsys-
tems GmbH) using an HC PL APO 20 ×/0.7 NA lens. All 
images were collected at a resolution of 1024 × 1024 pixels 
and a confocal scan speed of 100 Hz with  3× frame signal 
averaging. SYTO 11 and SYTOX orange fluorescence was 
visualized using simultaneous excitation with an Argon laser 
at 476 nm and a DPSS laser at 561 nm, respectively, and at 
detection ranges of 482–543 and 566–605 nm, respectively. 
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Images were captured with the Leica LAS AF software and 
analyzed with NIH ImageJ (Schneider et al. 2012) or Dot-
Count (ver. 1.2.1; Reuter 2012) for cell counting purposes. 
The images were then arranged with CorelDraw X6 (Corel 
Corp., Ottawa, ON, Canada).

Biotic determination of the Ca2+ fluxes detected 
by the SIET

Experiments were conducted to determine if the Ca2+ fluxes 
generated around intact zebrafish scales under various cal-
cemic challenges were biotic in nature. In the first series of 
experiments, exfoliated scales were first killed by air drying 
for 2 days and then rehydrated for 3 days at 4 °C in bathing 
medium supplemented with 0.01, 1.5, or 3.0 mM CaCl2. The 
scales were then slowly warmed to  approximately 28.5 °C 
prior to SIET-based examination, which was conducted as 
described previously. In these experiments, measurements 
were made on both the episquamal and hyposquamal sides of 
scales but just in the dorsal quadrant. In the second series of 
experiments, exfoliated scales were killed by treatment with 
potassium cyanide (KCN). In these experiments, measure-
ments were made before and after the addition of KCN (to a 
final dish concentration of 10 mM) on the episquamal side 
of exfoliated scales in medium supplemented with 0.01 mM 
CaCl2.

Statistical analysis

Numerical data were exported to Minitab 17.3.1 (Minitab, 
LLC, State College, PA, USA) for statistical analysis. For 
multiple comparisons, sets of data were initially screened 
with one- or two-way analysis of variance, followed by 
Tukey–Kramer test to determine which pairs of means were 
significantly different from each other. When comparing just 
two sets of data, the Student’s t test was used.

In vivo and in vitro labeling of scales with alizarin 
red S

The localization of Ca2+ in zebrafish scales was detected 
using both live staining and post-fixation staining protocols. 
In the former, adult zebrafish were maintained in fish water 
(1 fish per 500 ml) containing 10 mM HEPES and 50 µg/
ml alizarin red S dye (both from Sigma-Aldrich Co. LLC, 
St. Louis, MO, USA) at pH 7.2 and  approximately 28.5 °C 
in the dark overnight. The fish water consisted of deionized 
water containing 88 mg/l Instant Ocean sea salt (Aquarium 
Systems, Sarrebourg, France) and 0.6 mg/l NaHCO3 (Sigma-
Aldrich Co. LLC); the latter was used to adjust the pH of 
the water. After staining, the fish were transferred to clean 
fish water at approximately 28.5 °C in the dark for approxi-
mately 5 min to remove excess alizarin red S from the body. 

The fish were anaesthetized in 0.02% buffered MS-222 solu-
tion (comprising 0.65 mM MS-222 and 0.8 mM Tris-base, 
pH 7.2; both Sigma-Aldrich Co. LLC) at room temperature, 
and several scales were removed. The fish were then allowed 
to recover in clean fish water.

For in vitro labeling, zebrafish were anaesthetized in 
MS-222 at room temperature and scales were removed. The 
samples were then fixed with PBS containing 4% paraform-
aldehyde solution for 30 min at room temperature, after 
which they were washed with PBS. The fixed scales were 
then incubated with PBS containing 0.5 mg/ml alizarin red 
S in the dark for 1 h. After staining, the scales were mounted 
with deionized water containing 70% glycerol or were pro-
cessed for cryosectioning.

For cryosectioning, scales were embedded in PBS con-
taining 5% sucrose and 1% agarose. The agarose blocks were 
trimmed to align the samples orthogonally to the cut face for 
subsequent cryosectioning. The trimmed blocks were then 
immersed in PBS containing 30% sucrose overnight, after 
which they were transferred to a plastic mould (Electron 
Microscopy Sciences) and embedded in Tissue-Tek OCT 
compound (Sakura Finetek Japan Co. Ltd., Tokyo, Japan). 
The orientation of individual specimens was adjusted, after 
which they were frozen at − 23 °C for at least 30 min prior 
to cryosectioning. After the sample and embedding medium 
were frozen solid, they were removed from the mould and 
mounted into a specimen holder in a CryoStar NX70 cry-
ostat (Thermo Fisher Scientific Inc.). Sections 30 µm thick 
were prepared and mounted on Superfrost plus adhesion 
slides (Thermo Fisher Scientific Inc.) and mounted under 
Prolong Gold antifade mountant (Molecular Probes™).

Epifluorescence images were acquired using a Nikon 
Digital Sight cooled colour matrix CCD camera (DS-5Mc; 
Nikon Corp., Tokyo, Japan) mounted via a 0.6× adaptor to 
a Nikon AZ-100 M stereomicroscope using an AZ Plan Apo 
4 ×/0.4 NA objective lens and a G-2A filter block. The visu-
alization of alizarin red S fluorescence was achieved using 
a 510- to 560-nm band-pass excitation source and a 575-nm 
long-pass emission filter. Bright-field images of the scale 
samples were collected using the same microscope system 
with a Fiber Illuminator (C-FI115/230; Nikon Corp.), and 
the Nikon NIS Elements Advanced Research imaging soft-
ware (version 3.22.00; Nikon Corp.) was used to capture 
and export images.

Electron microscopy examination

At the end of some of the SIET-based experiments, scales 
were fixed for 1 h with 4% paraformaldehyde in 0.13 M 
phosphate buffer (pH 7.4); post-fixed for 1  h with 1% 
osmium tetroxide in 0.13 M phosphate buffer (pH 7.4); 
dehydrated in graded ethanol; embedded in epoxy resin 
(Durcupan ACM; Electron Microscopy Sciences); then 
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sectioned with a diamond knife mounted in an Ultracut 
microtome (Reichert-Jung, Wetzlar, Germany). Ultrathin 
Sections (70–80 nm) were mounted on formvar- and carbon-
coated copper grids, stained with 1% uranyl acetate and lead 
citrate, and then examined under a Zeiss EM109 transmis-
sion electron microscope (Zeiss AG, Jena, Germany).

Results

Ca2+ fluxes generated by the cells of intact scales 
in culture when challenged by different [Ca2+] 
in the measuring media ([Ca2+]ext)

The SIET was used to measure real-time Ca2+ fluxes into 
and out of scale tissue as a read-out of absorption (influx 
of Ca2+ into the scale) or mobilization (efflux of Ca2+ from 
the scale), respectively. Scales were bathed in measuring 
media containing three different [Ca2+]: 1.5 mM (isocalce-
mic [Ca2+]ext.), to mimic the normal (physiological) Ca2+ 
concentration in the plasma of male adult zebrafish (Nakari 
and Erkomaa 2003); 0.01 mM (hypocalcemic [Ca2+]ext.); 
or 3 mM (hypercalcemic [Ca2+]ext.). They were scanned at 
three different locations (dorsal, ventral, and anterior) on the 
episquamal, and hyposquamal surfaces of scales (Fig. 3ai, 
aii) in order to determine which surface and which locations 
were responsible for generating Ca2+ fluxes under different 
calcemic challenges. Intact scales (n = 5 for each experi-
ment) were mounted in measuring chambers and subjected 
to sequential scanning at the three different concentrations 
of Ca2+ in the bathing medium (starting with the lowest) 
over a period of  approximately 50 min for each experiment. 
This time-frame included moving the probe between the 
reference and measuring positions and changing the bath-
ing medium. For each of the regions and [Ca2+]ext being 
tested, the Ca2+ flux values measured at the scale surface 
were averaged over a period of 5 min. Figure 3bi–biii dis-
play three bar graphs showing the mean ± standard error of 
the mean (SEM) of Ca2+ flux values generated by intact 
zebrafish scales in measuring media containing 0.01, 1.5, 
and 3.0 mM Ca2+, respectively. As predicted, under iso-
calcemic conditions (i.e., 1.5 mM Ca2+), relatively little 
movement of Ca2+ was recorded in either direction (influx 
or efflux). However, under hypocalcemic conditions (i.e., 
in 0.01 mM Ca2+), a significant (at P < 0.05) efflux of Ca2+ 
was recorded at every measuring position (dorsal, anterior, 
and ventral) on the episquamal side of the scale, when com-
pared with the fluxes observed under isocalcemic conditions. 
Small effluxes were also observed on the hyposquamal side 
of the scale under hypocalcemic conditions but these data 
were not significantly different from the fluxes observed in 
isocalcemic conditions. When scales were subjected to a 
hypercalcemic environment (i.e., 3 mM Ca2+), small influxes 

of Ca2+ were observed in the dorsal, ventral, and anterior 
regions on the episquamal side, but these were not signifi-
cantly different from the fluxes measured under isocalcemic 
conditions. However, these Ca2+ influxes were significantly 
different in the dorsal (P < 0.001), ventral (P < 0.01), and 
anterior (P < 0.05) regions on the episquamal side, when 
compared with the effluxes observed under the hypocalcemic 
conditions. In addition, although small influxes were also (in 
general) observed on the hyposquamal side, the values were 
again not significantly different from those measured under 
isocalcemic conditions. Due to the overall similarities in the 
response of all three locations of the scale, Ca2+ fluxes were 
only measured on the episquamal and hyposquamal sides of 
the dorsal region in subsequent SIET-based experiments.

Determining the time‑frame for the ex vivo culture 
of fish scales

The SIET Ca2+-specific experiments typically lasted 
between approximately 50 min and 1 h, during which time, 
the scales were maintained in a solution that attempted 
to mimic the pH, osmolarity, and ionic composition of 
zebrafish plasma. It was therefore important to characterize 
the effect of the culturing conditions on the health of the 
scales; thus the effect of incubation duration on cell viability 
was determined.

There were two variables in this experiment: (1) the 
[Ca2+] of the measuring medium, which was set to 0.01, 1.5, 
or 3 mM, and (2) the duration of incubation in the measur-
ing medium (i.e., 0.5, 1, 2, or 4 h). Following these different 
treatments for varying lengths of time, scales were incubated 
with SYTO 11 and SYTOX orange (prepared in measur-
ing medium at different [Ca2+]) to label the nuclei of all 
cells and the nuclei of dead cells, respectively, and then the 
scales were fixed. Some scales were labeled with SYTO® 
11 and SYTOX® orange immediately without any incuba-
tion time (i.e., time = 0 h), and these were used as positive 
controls for cell viability such that all (or the majority of) 
the cells were viable. In addition, some scales were fixed 
prior to labeling, as a negative control for the cell viability 
test, such that all the cells were dead. The percentage of live 
cells, calculated from the total number of cells (i.e., those 
with green or yellow nuclei) minus the number of dead cells 
(i.e., those with yellow nuclei) on fish scales (n = 4), after 
each treatment was quantified (Fig. 4). In the negative con-
trols, in which the scales were fixed prior to labeling, the 
percentage of ‘viable’ cells was approximately 13.8% (see 
black dashed lines in Fig. 4a–d). To the contrary, scales that 
were labeled as soon as they were removed from the fish 
exhibited between 89.7 and 97.2% viable cells (such that the 
lowest viability of 89.7% was observed in 0.01 mM Ca2+, 
and the highest viability of 97.2% viability was observed in 
3 mM Ca2+). There was also a high level of cell viability (i.e. 
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Fig. 3   Ca2+ flux measure-
ments from the intact scales of 
approximately 1-year old male 
zebrafish. a Schematic illustra-
tions of the episquamal (ai) 
and hyposquamal (aii) surfaces 
of a scale to show the regions 
scanned with the SIET system 
(see red circles). Ant. Anterior, 
Pos. posterior. b Bar graphs to 
show the mean ± standard error 
of the mean (SEM) values of 
Ca2+ flux measured 5 µm from 
the episquamal and hyposqua-
mal surfaces of the scales in 
measuring medium containing 
0.01, 1.5, or 3 mM Ca2+ (i.e., 
hypocalcemic, isocalcemic 
and hypercalcemic conditions 
respectively), in the dorsal 
(bi), anterior (bii), and ventral 
(biii) regions of the scale. The 
black asterisks indicate data 
that are significantly different 
when comparing Ca2+ flux 
values measured in the same 
region of the scales incubated 
in different extracellular Ca2+ 
concentrations ([Ca2+]ext.). The 
blue asterisk indicates data that 
are significantly different when 
comparing the Ca2+ flux values 
on the episquamal and hypos-
quamal sides when incubated 
in the same [Ca2+]ext.. For all 
significance data: *P < 0.05, 
**P < 0.01, and ***P < 0.001. 
The P values were determined 
by the Tukey–Kramer test after 
initial two-way analysis of vari-
ance (ANOVA) screening. No 
measurements were made in the 
posterior region of scales due 
to the presence of an obscuring 
layer of epithelial cells (color 
figure online)
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approx. 88.3–94.2%) when scales were bathed for just 0.5 h 
in measuring media at all three [Ca2+]. In addition, after a 
1-h incubation, the percentage cell viability was approxi-
mately 74.86,  73.56, and 77.99% for scales bathed in 0.01, 
1.5, or 3.0 mM Ca2+, respectively. There was no significant 
difference in the viability between the positive control (at 0 h 
of incubation) and the 0.5- and 1-h incubation time-points 
in all three treatments of measuring media [Ca2+] using the 
Tukey–Kramer test. When scales were incubated for 2 h in 
0.01, 1.5, or 3.0 mM Ca2+, then the cell viability decreased 
to  approximately 60.58,  60.40, and 63.95%, respectively, and 
the cell viability decreased further after 4 h of incubation 
at all [Ca2+]ext., when compared with the positive controls 
(i.e., with an incubation time of 0 h; P < 0.05). However, as 
shown in Fig. 4d, there was no significant difference in the 

overall cell viability between different [Ca2+]ext.. These data 
therefore indicate that the SIET measurements made with 
fish scales bathed in 0.01, 1.5, and 3.0 mM Ca2+, which were 
conducted for < 1 h, involved cells that were largely viable.

Determining if the scale Ca2+ fluxes are biotic 
or abiotic in nature

In order to confirm that the SIET-based results obtained 
were due to biotic phenomena rather than abiotic processes, 
cells on the surface of exfoliated scales were killed by two 
different methods: (1) via dehydration followed by rehydra-
tion and (2) by treatment with 10 mM KCN.

Figure 5a shows the mean ± SEM Ca2+ flux values meas-
ured from dried/rehydrated scales placed in measuring 

Fig. 4   Scale cell viability assay quantification. The number of nuclei 
were quantified in scales labeled with the SYTO® 11 and SYTOX® 
orange nucleic acid stains, using the DotCount image analysis soft-
ware. a–c Box plots showing the percentage of viable cells in fish 
scales that were incubated in measuring medium containing 0.01 mM 
(a), 1.5 mM (b), or 3 mM (c) Ca2+. The number of viable cells was 
determined by subtracting the number of dead cells (in which the 
nuclei were labeled with SYTOX® orange) from the total number 
of cells (in which the nuclei were labeled with SYTO® 11). In each 
graph, the Negative control is the percentage of viable cells quantified 

in the negative control group, in which the scales were fixed (cells 
were killed) prior to labeling of nuclei. The asterisks mark the time 
points in each treatment group that are significantly different from 
the positive control (0 h incubation) values (Tukey–Kramer test after 
two-way ANOVA screening, P < 0.05). d Graph comparing the per-
centage of viable cells in scales when incubated in measuring media 
with [Ca2+]ext. at 0.01, 1.5, or 3 mM. No significant differences in the 
cell viability between the three [Ca2+]ext. treatments at any time point 
were observed determined by two-way ANOVA
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medium containing 0.01, 1.5, or 3 mM Ca2+. The episqua-
mal side of the scales exhibited a very small Ca2+ efflux (of 
− 0.06 ± 0.04 pmol/cm2/s) when incubated in 0.01 mM Ca2+ 
and a small Ca2+ influx (of 0.07 ± 0.15 pmol/cm2/s) when 
incubated in 3.0 mM Ca2+. In addition, the hyposquamal 
side of rehydrated scales exhibited a small efflux of Ca2+ 
regardless of the [Ca2+]ext. However, none of the measure-
ments made on the dried then rehydrated scales were sig-
nificantly different from each other when compared using 
two-way ANOVA.

Figure 5b shows the effect of KCN treatment on the 
Ca2+ fluxes when compared with the untreated controls 
(n = 5 for each) when incubated in 0.01 mM Ca2+. The data 

indicate that the Ca2+ flux generated in scales treated with 
KCN (− 0.52 ± 0.23 pmol/cm2/s) was significantly differ-
ent (at P < 0.05) from that in the untreated control group 
(− 10 ± 0.16 pmol/cm2/s), when determined by the Student’s 
t test.

Localization of Ca2+ deposits in scales

In an attempt to explain the pattern of real-time Ca2+ fluxes 
observed into and out of scales bathed in isocalcemic, hyper-
calcemic, or hypocalcemic solutions in the different regions 
of the scale (i.e., dorsal, ventral, and anterior) on the epis-
quamal and hyposquamal surfaces, live or fixed scales were 
stained with the Ca2+-binding dye, alizarin red S (Fig. 6). 
Figure 6a–c shows bright-field and alizarin red S fluores-
cence images of a representative scale. In these low-magni-
fication views, more alizarin red S fluorescence is observed 
in the anterior and posterior regions of the scale. However, 
a superficial epithelium (Epi in Fig. 6) is present in the pos-
terior region, which makes SIET measurements difficult in 
this region of the scale. For this reason, the posterior part of 
the scale was not included in our SIET experiments. In the 
higher magnification views (Fig. 6bi, bii) alizarin red S fluo-
rescence can be observed in the dorsal and anterior regions 
of the scale, respectively. The yellow circles in Fig. 6b, bi 
and bii indicate the approximate regions where the SIET 
measurements were made. Thus, from the level of fluores-
cence, there appears to be more Ca2+ deposits in the anterior 
region of the scale than in the dorsal and ventral regions. 
When viewing sagittal sections of scales either stained with 
alizarin red S or when using transmission electron micros-
copy (Fig. 6di, dii, e), more Ca2+ deposits are localized at 
the episquamal side of the scale than at the hyposquamal 
side.

Discussion

In mammals, it is known that the bones of the axial skeleton 
play a crucial role both in the long-term remodeling of cal-
cified structures in response to calciotropic challenges, as 
well as in the short-term minute-to-minute error correction 
of Ca2+ concentration in the ECF (ECF-[Ca2+]) (Bronner 
1992; Mundy and Guise 1999). In contrast, in fish it has 
been reported that for the long-term remodeling of calcified 
structures, Ca2+ is preferentially withdrawn from the scales 
(rather than the bones) in periods of high Ca2+ demand 
(Mugiya and Watabe 1977; Takagi et al. 1989; Persson et al. 
1998, 1999; Kacem et al. 2013; Metz et al. 2014). Therefore, 
in fish, the scales appear to substitute for bone with regards 
to long-term homeostatic Ca2+ regulation. However, the 
objective of our new study was to explore whether scales 
might also contribute to short-term, minute-to-minute Ca2+ 

Fig. 5   The effect of dehydration or cyanide treatment on the Ca2+ 
fluxes generated by scales. a Bar graph showing the mean ± SEM 
Ca2+ fluxes generated after scales were killed by drying (n = 3). The 
Ca2+ fluxes measured at the episquamal surface were not significantly 
different from those generated at the hyposquamal surface, and those 
generated in the various [Ca2+]ext. solutions were not significantly dif-
ferent from each other, as determined by two-way ANOVA. b Bar 
graph showing the effect of KCN on the Ca2+ fluxes generated by 
scales in [Ca2+]ext. at 0.01 mM. The data show the mean ± SEM Ca2+ 
flux generated after scales were killed by treatment with 10 mM KCN 
(n = 5) compared with the untreated control. The asterisk indicates 
that the Ca2+ flux measured in dead scales (treated with KCN) was 
significantly different from that in the live (untreated control) scales, 
determined with the Student’s t test (P < 0.05)
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exchange, and if they do so, is it via a similar mechanism to 
that reported from mammalian bone (Marenzana et al. 2005; 
Dedic et al. 2018; Hohman et al. 2018)? In particular, we 
focused on: (1) the possible role played by a putative read-
ily-exchangeable Ca2+ storage pool (or pools) between the 
biotic/abiotic regions of the scales and the ECF and (2) the 
particular side of the scale involved in this short-term Ca2+ 
exchange. As is the case with mammals, fish do not rely 
exclusively on a single mechanism to achieve short-term reg-
ulation of the ECF-[Ca2+]; for example, rapid Ca2+ exchange 
across the gills contributes to this process (Wendelaar Bonga 

and Flik 1993; Hwang et al. 2011). However, in order to 
meet a number of different challenges it might be advan-
tageous for fish to be able to also rapidly exchange Ca2+ 
ions between their ECF and scales in a manner that does 
not involve long-term scale remodeling. For example, fish 
might experience rapid short-term calcemic challenges, 
such as those resulting from integument wounding (Viera 
et al. 2011), and/or sudden inflows of saline water into nor-
mally fresh water environments (Herbert et al. 2015). These 
may differ from longer-term physiological, environmental, 
behavioral, or reproductive-derived calcemic challenges 

Fig. 6   Localization of Ca2+ 
in scales. a–d Representative 
images showing representative 
scales labeled with alizarin red 
S (AR). a Bright-field (BR), b 
AR fluorescence, c merged BR 
and AR fluorescence images. 
bi, bii Higher magnification 
images of the regions bounded 
by the white squares in b, which 
show elevated levels of Ca2+ 
localized in the dorsal lateral 
region (bi) and the anterior 
region (bii) of the scale. A 
Anterior, P posterior, D dorsal, 
V ventral, F focus, Epi epithelial 
layer; yellow circles indicate the 
regions scanned by the SIET 
system. di, dii Sagittal sections 
of scales labeled with AR, with 
di showing the localization of 
AR fluorescence alone and dii 
showing a merged BR and AR 
fluorescence image. e Sagittal 
transmission electron micros-
copy (TEM) section of a scale 
showing two osteocytes (OC) 
located near to a circulus, and 
one osteoblast located on the 
hyposquamal side of the scale 
(HOB). f Schematic illustration 
of a scale showing the approxi-
mate locations of the images 
shown in di, dii, e. Scale bars: 
200 µm (a–c), 50 µm (bi, bii), 
20 µm (di, dii), 5 µm (e) (color 
figure online)
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(or a combination of any of these) that accumulate over 
extended periods of time whereby longer-term homeostatic 
mechanisms, such as scale remodeling, resolve the calcemic 
imbalance. Examples of the latter scenarios might arise in 
diadromous fish returning from salt water to spawn in fresh 
water or vice versa (Kacem et al. 2013), or where there is 
a high seasonal Ca2+ demand in female fish resulting from 
vitellogenesis (Persson et al. 1998; Guerrerio et al. 2002) 
and/or oogenesis (Golpour et al. 2016). Thus, the possession 
of both long- and short-term restorative mechanisms, with 
the latter relying on a readily-exchangeable Ca2+ store, might 
offer distinct selective advantages (Lin and Hwang 2016).

We report that in the absence of any local or systemic reg-
ulators, exfoliated scales reacted in a predictable and rapid 
manner to external calcemic challenges that were designed 
to mimic changes in the ECF-[Ca2+]. As in mammals, the 
design of a balanced scale bathing solution containing all 
of the ions required for the physiological functioning of 
biomineralization events is highly challenging (Tas 2014). 
We therefore maintained the exfoliated scales in a bath-
ing medium that essentially approximated the composition 
and the overall ionic strength of the ECF. We made the 
assumption that in zebrafish, the ECF-[Ca2+] is  approxi-
mately 1.5 mM (Nakari and Erkomaa 2003), which is similar 
to that reported for other fresh water teleosts, such as the 
Rainbow Trout (Salmo gairdneri; Andreasan 1985). It is 
also similar to the ionized plasma [Ca2+] of the euryhaline 
flounder, Platichthys flesus, which also sustains low salin-
ity levels and spends part of its life cycle in freshwater (Lu 
et al. 2017). Thus, when the exfoliated scales of zebrafish 
were maintained in bathing medium, which we defined as 
being isocalcemic (where [Ca2+] = 1.5 mM), a minimal flux 
of Ca2+ ions was elicited at all three measuring positions 
chosen, i.e., dorsal, ventral, and anterior, on either side of 
the scale (Fig. 3b), thus indicating an approximate equilib-
rium condition. However, when the scale was challenged by 
either a hypocalcemic (0.01 mM Ca2+) or a hypercalcemic 
(3.0 mM Ca2+) bathing medium, a predictable outward and 
inward flux of Ca2+ ions, respectively, was detected within 
approximately 3 min after the start of measurement on either 
side of the scale. The Ca2+ efflux was consistently greater 
on the episquamal side than on the hyposquamal side under 
hypocalcemic conditions. Moreover, the Ca2+ influx was 
also consistently higher on the episquamal side than the 
hyposquamal side under hypercalcemic conditions. The only 
exception was that a small Ca2+ efflux was detected at the 
ventral measuring position on the hyposquamal side under 
a hypercalcemic challenge (Fig. 3biii). Thus, overall, the 
cells on the episquamal side of the scale appeared to be more 
active in generating Ca2+ fluxes than those on the hyposqua-
mal side, when challenged by different calcemic conditions. 
This might reflect the fact that this side of the scale presents 
a larger surface area due to the surface topology (Meunier 

1984; Sire and Akimenko 2004), and its cell populations are 
to some extent protected in the troughs between the circuli 
ridges (De Vrieze et al. 2010; Pasqualetti et al. 2012b).

Dehydration and KCN treatment of the scales dem-
onstrated that the Ca2+ fluxes measured under different 
calcemic challenges were biotic in nature (Fig.  5a, b). 
These results suggest that the fluxes were generated by active 
trans-membrane Ca2+ transport processes, such as plasma 
membrane Ca2+-ATPases and/or via Na+/Ca2+ exchangers, 
in the case of Ca2+ efflux, and as a result of the activation/
opening of some form of membrane Ca2+ channel or the gen-
eration of some form of transcellular Ca2+ transport in the 
case of Ca2+ influx. However, the molecular identification 
of these specific Ca2+ transport elements in scales requires 
further investigation. It has been reported that there are 
stores of non-crystalline Ca2+ phosphate within the internal 
layer of tilapia (Oreochromis niloticus) scales (Okuda et al. 
2011). We suggest that this might contribute to a readily-
exchangeable short-term Ca2+ store that does not involve the 
long-term remodeling of crystalline hydroxyapatite deposits 
within scales. Furthermore, an alternative readily-exchange-
able Ca2+ store might also be found in the intracellular orga-
nelles of the cells covering the surface of the scale, such 
as the ER, mitochondria, and acid vesicles (Berridge et al. 
2003), as well as being bound to various cytoplasmic Ca2+ 
buffers, such as parvalbumins, calbindins, and calretinins 
(Gilabert 2012). Identifying the molecular components of 
the Ca2+ deposition and resorption pathways, as well as the 
specific Ca2+ stores involved, will be the next step in our 
continuing study.

Support for the use of zebrafish and their scales as viable 
complementary models for both basic and clinical mam-
malian bone research continues to accumulate despite two 
challenges: (1) the long evolutionary distance that separates 
zebrafish and mammals (Donoghue and Sansom 2002; Sire 
and Huysseune 2003; Hirasawa and Karatani 2015); (2) the 
difficulty in connecting teleost genes and gene function to 
human biology due to (amongst other things) two rounds 
of early vertebrate genome duplication (Dehal and Boore 
2005). In addition to our new findings, a number of other 
key features support the benefits of using these models for 
studying many aspects of mammalian biology: (1) a shared 
mesodermal origin (Mongera and Nüsslein-Volhard 2013; 
Lee et al. 2013; Shimada et al. 2013); (2) developmental 
and genetic similarities (Nakamura et al. 2016); (3) shared 
basic components, including osteoclasts (de Vrieze et al. 
2011; Sharif et al. 2014), osteoblasts (Kitamura et al. 2013), 
hydroxyapatite crystals (Mariotti et al. 2015), matrix pro-
teins, collagen fibers, and Ca2+ storage proteins (de Vrieze 
et al. 2011; Metz et al. 2012; Pasqualetti et al. 2012a); (4) 
intimate three-dimensional spatial relationships of their 
components, e.g., between cells and the mineralized matrix 
(Weiner and Wagner 1998; Sire and Akimenko 2004); and 
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(5) response to common systemic Ca2+ regulators (Rubin 
and Jüppner 1999; Craig et al. 2008; Suzuki et al. 2011).

We suggest, therefore, that our new evidence supports the 
proposition that elasmoid scales of zebrafish might provide a 
valuable, cost-effective, genetically-tractable non-mamma-
lian model to investigate the health-related consequences of 
errors in ECF-[Ca2+] homeostasis that are not adequately 
adjusted by short-term correction mechanisms, similar to 
those that have been reported to be present in mammalian 
bones (Marenzana et al. 2005; Dedic et al. 2018). Further-
more, the effect of hormones, drugs, and novel active com-
pounds on short-term correction mechanisms can initially be 
tested in real time in the relatively simple and inexpensive 
zebrafish scale model, before they are verified in mammalian 
bone models. Together, our data add to the accumulating 
body of evidence suggesting that fish scales might prove to 
be a suitable, complementary model to study mammalian 
bone development, disease, injury, repair, and regeneration 
(Yoshikubo et al. 2005; Metz et al. 2012, 2014; Pasqualetti 
et al. 2012b; Laizé et al. 2014; Mariotti et al. 2015; Suzuki 
et al. 2016a, b). We also suggest that our new study has 
the potential to produce therapeutic insights and thus help 
improve life quality and expectancy in individuals for whom 
short-term dysfunction of Ca2+ homeostasis might lead to 
an increase in renal impairment (Moysés-Neto et al. 2006), 
cardiovascular damage (Wang et al. 2014), and bone fragility 
fracture risk. Regarding the latter, it has been shown that the 
extracellular Ca2+ concentration modulates the cell-depend-
ent mineralization process of the bone matrix (Majore et al. 
2007; Welldon et al. 2013), which is an established deter-
minant of the mechanical behavior of bone (reviewed by 
Unal et al. 2018).

We suggest that in the SIET experiments, the differences 
in the fluxes observed both into and out of scales might 
be explained by the relative position of the surface cells 
with respect to the Ca2+ deposits within the scale, which 
are located mainly in the episquamal side, and more in 
the anterior regions of this side of the scale (Fig. 6). This 
might explain why the cells on the episquamal side of the 
scale always generated larger Ca2+ fluxes than those on the 
hyposquamal side. Even though we demonstrated that the 
Ca2+ fluxes recorded were biotic in nature (Fig. 5) and thus 
not generated by abiotic Ca2+ deposits within the scale, it 
has been reported that extracellular Ca2+ can regulate the 
function of bone-associated cells (reviewed by Hofer 2005; 
Breitwieser 2008). For example, it has been reported that 
high concentrations of extracellular Ca2+ can promote the 
migration, proliferation, and maturation of osteoblasts in 
bone (Sugimoto et al. 1993), and fluctuations in extracellular 
Ca2+ might integrate cell signaling responses in multicellular 
networks via the activation of a Ca2+-sensing receptor (De 
Luisa and Hofer 2003). Thus, we suggest that there might 
be a gradient of extracellular Ca2+ in the intercellular space 

within zebrafish scales, with the highest level being located 
just under the episquamal surface, and that this gradient 
might in some way influence the activity of the surface cells 
on the episquamal and hyposquamal surfaces. Our investi-
gations to determine if this is indeed the case are ongoing.
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