
Vol.:(0123456789)1 3

Journal of Comparative Physiology B (2019) 189:47–60 
https://doi.org/10.1007/s00360-018-1192-z

ORIGINAL PAPER

Mechanisms of  Ca2+ uptake in freshwater and seawater-acclimated 
killifish, Fundulus heteroclitus, and their response to acute salinity 
transfer

Alex M. Zimmer1 · Kevin V. Brix2,3 · Chris M. Wood3,4,5 

Received: 30 May 2018 / Revised: 5 November 2018 / Accepted: 22 November 2018 / Published online: 4 December 2018 
© Springer-Verlag GmbH Germany, part of Springer Nature 2018

Abstract
Killifish (Fundulus heteroclitus) has been extensively used as a model for ion regulation by euryhaline fishes.  Na+ and  Cl− 
dynamics have been well studied in killifish, but few studies have addressed that of  Ca2+. Therefore, this study aimed to 
characterize  Ca2+ fluxes in freshwater (FW) and seawater (SW)-acclimated killifish, their response to salinity transfer, and to 
elucidate the mechanisms of  Ca2+ influx in FW and SW. SW killifish displayed a significantly higher  Ca2+ influx rate than that 
of FW fish, while  Ca2+ efflux rates were comparable in both salinities.  Ca2+ influx was saturable in FW (Km = 78 ± 19 µmol/L; 
Jmax = 53 ± 3 nmol/g/h) and influx by SW killifish was linear up to 7 mmol/L  Ca2+. In SW-acclimated fish, 36% of  Ca2+ influx 
was attributed to “intestinal  Ca2+ intake”, likely caused by drinking, whereas intestinal  Ca2+ intake in FW contributed to 
< 2% of total. Throughout the study, results suggested that “cation competition” in SW modulates  Ca2+ influx. Therefore, 
we hypothesized that SW-acclimated fish actually have a higher affinity  Ca2+ influx system than FW-acclimated fish but that 
it is competitively inhibited by competing SW cations. In agreement with this cation competition hypothesis, we demon-
strated for the first time that “extra-intestinal”  Ca2+ influx was inhibited by  Mg2+ in both FW and SW-acclimated killifish. 
Following acute salinity transfer, extra-intestinal  Ca2+ influx was rapidly regulated within 12–24 h, similar to  Na+ and  Cl−. 
 Ca2+ influx in FW was inhibited by  La3+, an epithelial  Ca2+ channel blocker, whereas  La3+ had no significant effect in SW.
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Introduction

In fishes,  Ca2+ is obtained from the surrounding aquatic 
environment and diet via the gills, integument, and gas-
trointestinal tract. In typical freshwater (FW) and seawater 

(SW) fishes, the gills represent the dominant site of  Ca2+ 
uptake (Marshall 2002; Evans et al. 2005). Drinking in 
SW, an osmoregulatory strategy used to counteract osmotic 
water loss, may also provide a route for  Ca2+ influx via the 
intestine; however, the magnitude of intestinal  Ca2+ influx 
from imbibed water appears to vary depending on spe-
cies (Sundell and Bjornsson 1988; Schoenmakers et al. 
1993). At the gills,  Ca2+ influx is an active process in both 
FW and SW fishes (Flik et al. 1996) and is regulated by 
mitochondrion-rich, ion-transporting cells termed iono-
cytes (see Perry 1997; Dymowska et al. 2012 for review). 
A general model for  Ca2+ uptake has been established 
whereby  Ca2+ entry across the apical membrane of iono-
cytes occurs via facilitated diffusion mediated by epithelial 
 Ca2+ channels (ECaC) (Qiu and Hogstrand 2004; Pan et al. 
2005; Shahsavarani and Perry 2006; Shahsavarani et al. 
2006; Lin et al. 2016), while basolateral movement of  Ca2+ 
from the cytosol to the blood is facilitated by high-affinity 
plasma membrane  Ca2+-ATPases (PMCA; Flik et al. 1983, 
1985a, b; Perry and Flik 1988; Liao et al. 2007) and/or 
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 Na+/Ca2+-exchangers (NCX; Flik et al. 1993, 1997; Ver-
bost et al. 1994, 1997; Liao et al. 2007). In general, it is 
believed that  Ca2+ entry across the apical membrane is the 
rate-limiting step to transepithelial  Ca2+ uptake in fishes 
(see Flik et al. 1993, 1996; Perry 1997; Marshall 2002; 
Perry et al. 2003; Evans et al. 2005; Hwang and Lee 2007; 
Dymowska et al. 2012; Lin and Hwang 2016 for reviews).

The euryhaline killifish (Fundulus heteroclitus) has 
been used as a model for understanding ion regulation 
in euryhaline fishes (Wood and Marshall 1994; Burnett 
et al. 2007). However, only a few studies have examined 
the mechanisms of  Ca2+ influx in F. heteroclitus, despite 
the fact that this species has been used extensively to 
study the endocrine regulation of  Ca2+ balance in fishes 
(Pang and Pang 1986). One of the first studies to examine 
 Ca2+ uptake in vivo in killifish found that extra-intestinal 
 Ca2+ uptake was greater in SW-acclimated fish than in 
FW-acclimated fish when assayed in their native ambient 
 [Ca2+] (Mayer-Gostan et al. 1983). Similarly, when kil-
lifish were treated acutely with progressive increases in 
salinity, whole-body  Ca2+ influx generally increased as 
a function of increasing salinity (Prodocimo et al. 2007), 
demonstrating a positive correlation between salinity and 
 Ca2+ influx rate. However, at low ambient  [Ca2+], FW fish 
had a greater extra-intestinal  Ca2+ influx than SW fish, 
potentially indicating a greater affinity for  Ca2+ in FW 
(Mayer-Gostan et al. 1983).  Ca2+ influx in FW was satu-
rated at 2–4 mmol/L  [Ca2+], while  Ca2+ influx was linear 
up to 12 mmol/L  [Ca2+] in SW acclimated fish (Mayer-
Gostan et al. 1983). In a later study, Marshall et al. (1995) 
examined the characteristics of  Ca2+ flux across isolated 
opercular epithelia, a tissue known to express ionocytes 
and to be involved in ion transport (Wood and Marshall 
1994), from FW-acclimated killifish using an Ussing 
chamber approach. The Km of  Ca2+ influx across the oper-
cular epithelium was 0.348 mmol/L (Marshall et al. 1995), 
markedly higher than the Km (0.0625 mmol/L) observed 
in whole-body experiments with FW-acclimated fish in 
another study (Patrick et al. 1997), indicating a lower 
affinity  Ca2+ uptake system by the opercular epithelium 
in vitro than the whole fish in vivo. In this latter study, 
Jmax for  Ca2+ influx was 15.5 nmol/g/h in fish acclimated 
to 0.1 mmol/L  Ca2+ (Patrick et al. 1997), much lower than 
the maximal value of approximately 50 nmol/g/h observed 
in FW killifish acclimated to a similar ambient  [Ca2+] in 
an earlier study (Mayer-Gostan et al. 1983). The overall 
mechanism of  Ca2+ uptake in killifish appears to be simi-
lar to that of other fish species. It was demonstrated to be 
 La3+-sensitive in FW-acclimated killifish (Marshall et al. 
1995; Patrick et al. 1997), similar to rainbow trout (Perry 
and Flik 1988), and basolateral movement of  Ca2+ was 
found to be driven in part by  Na+/Ca2+ exchange in iso-
lated opercular epithelia (Verbost et al. 1997).

Killifish are an excellent model for ionoregulation in 
euryhaline fish species because they are very tolerant of 
salinity extremes and can rapidly adjust ionoregulatory 
mechanisms in response to acute salinity challenges (Wood 
and Marshall 1994). For example, when acutely transferred 
from a 10% SW acclimation to FW or SW,  Na+ and  Cl− flux 
rates typical of FW- or SW-acclimated fish, respectively, 
were established within 12 h post-transfer (Wood and Lau-
rent 2003; Wood 2011). Similarly, transepithelial potential 
(TEP), intimately tied to branchial ionoregulatory mecha-
nisms, is rapidly regulated within 24 h following transfer 
from SW to FW in killifish (Wood and Grosell 2008). To 
date, no study has addressed temporal changes in  Ca2+ regu-
lation following acute salinity transfer and only the handful 
of studies listed above have attempted to elucidate the mech-
anisms of  Ca2+ influx utilized by FW- and SW-acclimated 
killifish.

The aim of the present study was to better characterize 
the mechanisms of  Ca2+ influx in FW- and SW-acclimated 
killifish and to understand the factors that influence these 
mechanisms following salinity transfer. Moreover, several of 
the results obtained from our initial experiments indirectly 
suggested the possibility that cation competition by  Mg2+ 
and/or  Na+, the two most abundant cations in SW, reduced 
 Ca2+ influx rates in SW-acclimated killifish, potentially com-
petitively inhibiting a high affinity/capacity  Ca2+ uptake sys-
tem. Cation competition refers to the competitive binding 
of two or more cations in the ambient environment to the 
same uptake site on ionoregulatory epithelia, resulting in a 
competitive reduction in the uptake of one or more of the 
cations. For example, cation competition is the mechanism 
by which some toxic metal ions (e.g.  Pb2+ and  Cd2+) disrupt 
calcium balance in fishes. Both  Pb2+ and  Cd2+ are known to 
competitively inhibit the entry of  Ca2+ across the gill epithe-
lium by binding to the same sites of uptake, thereby reducing 
whole-body  Ca2+ uptake (Niyogi and Wood 2004; Rogers 
and Wood 2004).  Mg2+ has been shown to have variable 
effects on  Ca2+ influx in FW-acclimated killifish, slightly 
reducing in vitro  Ca2+ influx across the opercular epithelium 
at a concentration of 1 mmol/L (Marshall et al. 1995), but 
having no effect on whole-body  Ca2+ influx at a concentra-
tion of 0.1 mmol/L in intact killifish (Patrick et al. 1997). 
To our knowledge, no study to date has addressed the effect 
of  Mg2+ or  Na+ on  Ca2+ influx by FW and SW-acclimated 
killifish at concentrations relevant to the SW environment. 
Therefore, based on our initial results, we hypothesized that 
in the absence of competing SW cations, SW-acclimated 
killifish would have a greater  Ca2+ influx than FW-accli-
mated fish and that the presence of  Mg2+ and/or  Na+ would 
reduce  Ca2+ influx. We also hypothesized that changes in 
 Ca2+ influx rates would occur rapidly following acute salin-
ity transfer, as has been observed with  Na+ and  Cl− fluxes 
in previous work. Using a suite of inhibitors, we also aimed 
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to determine the specific mechanisms of  Ca2+ influx in FW 
and SW-acclimated killifish. We hypothesized that mecha-
nisms would be similar in both groups, being sensitive to the 
ECaC blocker  La3+ and the NCX blocker KB-R7934, based 
on previous work discussed above. We further tested the 
contribution of the gut to whole-body  Ca2+ influx in FW and 
SW fish. Overall, our study provides further insight into the 
mechanisms of  Ca2+ influx in fasted FW and SW-acclimated 
killifish, demonstrates that  Ca2+ uptake mechanisms change 
rapidly following salinity transfer, and, for the first time, 
shows that cation competition by  Mg2+ plays a large role in 
modulating  Ca2+ uptake in SW.

Materials and methods

Animals

Adult killifish (Fundulus heteroclitus) were obtained from 
Aquatic Research Organisms (ARO) Ltd. (Hampton, New 
Hampshire, USA) and were maintained in 10% SW (3.2 
ppt) at 18–20 °C in animal holding facilities at McMas-
ter University, Hamilton, ON, Canada and at the Univer-
sity of British Columbia (UBC), Vancouver, BC, Canada. 
As described below, some experiments were performed at 
McMaster University and others at UBC. In both instances, 
fish were maintained in aquaria receiving recirculat-
ing water passing through charcoal filters. Depending on 
experimental series (see below), fish were acclimated for 
2 weeks to fresh water (McMaster University:  Na+ = 0.5, 
 Cl− = 0.7,  Ca2+ = 0.8,  Mg2+ = 0.15,  K+ = 0.05  mmol/L, 
hardness = 140 mg/L  CaCO3, pH = 8.0; UBC:  Na+ = 0.09, 
 Cl− = 0.10,  Ca2+ = 0.10,  Mg2+ = 0.011,  K+ = 0.004 mmol/L, 
hardness = 3.3 mg/L  CaCO3, pH = 7.0) or to various con-
centrations of sea water (SW; 32 ppt;  Na+ = 450,  Cl− = 600, 
 Ca2+ = 10,  Mg2+ = 50 mmol/L) ranging from 10 to 100% SW 
that were achieved by mixing distilled water with commer-
cial sea salt (Instant Ocean™, Spectrum Brands, Blacksburg, 
VA, USA). Note that for clarity, the FW from Hamilton, ON 
will henceforth be referred to as hFW and that from Van-
couver, BC will be referred to as vFW. In both facilities, fish 
were maintained at room temperature (22–25 °C) on a 12 h 
light:12 h dark photoperiod and were fed to satiation once 
daily with a mix of commercial flakes (Wardley Total Tropi-
cal Gourmet Flake Blend, Hartz Mountain Corp., Secau-
cus, NJ, USA) and frozen brine shrimp (San Francisco Bay 
Brand, Newark, CA, USA). Fish were fasted for 48 h prior 
to and during all experimentation as previous research has 
demonstrated that dietary  Ca2+ can have a profound impact 
on extra-intestinal routes of  Ca2+ uptake (Baldisserotto 
et al. 2005; Franklin et al. 2005). Experimental procedures 
and protocols were approved by the McMaster University 
Animal Research Ethics Board (AUP 12-12-45) and by the 

University of British Columbia Animal Care Committee 
(certificate A14-0251) and adhered to the guidelines of the 
Canadian Council on Animal Care.

Experimental series

Series 1: effects of salinity acclimation on  Ca2+ influx 
and efflux rates

This series of experiments was performed at McMaster Uni-
versity. Adult killifish were acclimated to hFW (dechlorin-
ated Hamilton, ON tap water) or to 10, 20, 30, or 100% 
SW (commercial sea salt dissolved in distilled water) for 
2 weeks. To assess  Ca2+ influx at these acclimation salinities, 
fasted fish from each acclimation condition were placed indi-
vidually into plastic containers fitted with aeration devices 
and containing 400 mL of their respective acclimation water 
for overnight settling (n = 6 per treatment). The following 
day, water was completely replaced and fish were allowed to 
settle for an additional 1 h. After this period, 45Ca2+ (Perkin 
Elmer, Waltham, MA, USA) was added to each container 
which marked the beginning of the flux period. In order 
to maintain specific activity (the proportion of total  Ca2+ 
that is radiolabeled; see Analytical Techniques) relatively 
constant across all treatments, different amounts of radio-
isotope were added to each container depending on salinity 
(hFW = 3 µCi; 10% SW = 3.6 µCi; 20% SW = 4.2 µCi; 30% 
SW = 4.8 µCi; 100% SW = 10 µCi). After radioisotope addi-
tion, water samples (5.5 mL) were taken at 0, 3, and 6 h. 
Following collection of final water samples at 6 h, fish were 
rinsed 3 times in water of the respective salinity to which 
100 mmol/L Ca(NO3)2 was added to displace any loosely 
bound 45Ca2+, and were then euthanized with an overdose of 
neutralized MS-222. Fish were weighed and then digested in 
approximately 3 volumes of 1 N  HNO3 (exact volume noted) 
in sealed vials for 48 h at 65 °C. Radioactivity (β emissions) 
of  Ca2+ in water and digest samples, and  [Ca2+] of water 
samples were measured as described below in Analytical 
Techniques and Calculations.

In a separate experiment,  Ca2+ efflux was assessed in 
hFW and 100% SW-acclimated killifish. Fasted fish (n = 6) 
were placed in 1 L of aerated hFW or 100% SW containing 
200 or 600 µCi 45Ca2+, respectively, and were allowed to 
accumulate the radiotracer for 24 h. Following this initial 
accumulation period, fish were removed, rinsed 3 times in 
100 mmol/L Ca(NO3)2 (in respective hFW or 100% SW), 
and then placed individually into containers with 250 mL of 
hFW or 100% SW. Following a 1-h settling period, 5.5-mL 
water samples were collected at 1-h intervals for 6 h. Water 
samples were processed as described below in Analytical 
Techniques and Calculations. At the end of the 6-h flux 
period, fish were euthanized, rinsed 3 times in 100 mmol/L 
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Ca(NO3)2 and 3 times with distilled water, and a blood sam-
ple was collected by caudal puncture. Blood samples were 
centrifuged and plasma was collected and later sampled for 
 [Ca2+] and radioactivity (see Analytical Techniques and 
Calculations).

Ca2+ influx kinetics were determined for hFW and SW-
acclimated killifish. Following a 2-week acclimation to hFW 
or 100% SW, fasted fish (n = 6) were placed individually into 
plastic containers containing 400 mL of aerated, respective 
acclimation water. The following day, water was replaced 
with 250 mL of reconstituted,  Ca2+-free FW (Table 1) or 
 Ca2+-free SW (Kester et al. 1967; Table 1) containing nomi-
nal 50, 100, 200, 400, 800, or 1600 µmol/L  Ca2+.  Ca2+ levels 
were achieved by the addition of Ca(NO3)2; pH was main-
tained constant (pH = 8) across all treatments via manual 
titration with 0.1 mol/L KOH or HCl. Fish were allowed 
to settle for 1 h, after which 45Ca2+ was added to each con-
tainer, marking the beginning of the flux period. Specific 
activity was maintained relatively constant across all ambi-
ent  Ca2+ concentrations (2, 2, 2.5, 3, 3.5, or 4.5 µCi, respec-
tively). Water samples (5.5 mL) were collected at 0, 3, and 
6 h following radioisotope addition. Following collection of 
final water samples at 6 h, fish were processed as described 
above in the first experiment of this series.

The final experiment of this series was aimed at deter-
mining the effect of ambient salinity on  Ca2+ uptake at an 
ambient  [Ca2+] more closely resembling that of SW. Killifish 
were acclimated to hFW, 50% SW, or 100% SW for 2 weeks. 
Fasted fish (n = 6) were then placed individually into plastic 
containers containing aerated water (400 mL) of the respec-
tive salinity and left overnight. The following day, water was 
replaced with 250 mL of reconstituted  Ca2+-free FW, 50% 

SW, or 100% SW (Table 1) containing nominally 1, 2.5, 5, 
or 7 mmol/L  Ca2+ (as Ca(NO3)2) and fish were allowed to 
adjust for 1 h. 45Ca2+ was then added to each container (3, 3, 
4, or 4 µCi, respectively), marking the beginning of the flux 
period. Water samples (5.5 mL) were collected at 0, 3, and 
6 h following radioisotope addition. Following collection of 
final water samples at 6 h, fish were processed as described 
above in the first experiment of this series.

Series 2: contribution of intestine to  Ca2+ intake

This series of experiments was performed at McMaster 
University. In order to determine whether drinking by SW-
acclimated killifish played a significant role in overall  Ca2+ 
intake, fasted hFW and SW-acclimated fish (n = 8) were 
placed into plastic containers containing 1 L of aerated, 
respective acclimation water. After overnight settling and 
water change, fish were allowed to settle for 1 h, after which 
45Ca2+ (7.5 µCi in hFW, 25 µCi in SW) was added to each 
container, marking the beginning of the flux period. 5.5-mL 
water samples were collected at 0 and 3 h. Following the col-
lection of final water samples at 3 h, fish were rinsed in water 
of the respective salinity to which 100 mmol/L Ca(NO3)2 
was added and were then euthanized with an overdose of 
neutralized MS-222. The entire gut of each fish was then 
carefully ligated at esophagus and rectum, excised, taking 
care to avoid the loss of any accumulated fluid, and the gut 
and the rest of the fish were weighed and digested separately 
in approximately 3 volumes (exact volume noted) of 1 N 
 HNO3 for 48 h at 65 °C. The β radioactivity of  Ca2+ in water 
and digest samples and  [Ca2+] of water samples were meas-
ured as described below in Analytical Techniques and Cal-
culations. “Extra-intestinal  Ca2+ influx” and “Intestinal  Ca2+ 
intake” were determined using the calculations described 
below in Analytical Techniques and Calculations.

Series 3: effects of cation competition and salinity 
transfer on  Ca2+ influx

This series of experiments was performed at the University 
of British Columbia. The first experiment of this series was 
designed to test the effects of cation competition by  Mg2+ 
and  Na+ on extra-intestinal  Ca2+ influx and intestinal  Ca2+ 
intake in vFW-acclimated killifish (dechlorinated Vancou-
ver, BC tap water) and SW-acclimated killifish exposed 
acutely to the same ambient  [Ca2+] (1 mmol/L as Ca(NO3)2) 
in the same medium, vFW. Killifish were acclimated to vFW 
or 100% SW for 2 weeks, after which fasted fish from each 
salinity were transferred individually to plastic containers 
containing 250 mL of exposure media. All exposure media 
contained 1 mmol/L  Ca2+ added to vFW in order to directly 
test whether SW-acclimated killifish would exhibit higher 
 Ca2+ influx rates than vFW-acclimated fish assayed in the 

Table 1  Composition of  Ca2+-free, reconstituted fresh water (FW) 
and sea water (SW) used in Series 1

Values are in mmol/L. Solutions were prepared by adding salts to 
doubly distilled  H2O, bubbling with  CO2 overnight to achieve disso-
lution, and gassing with air for 24 h to drive off  CO2
a Kester et  al. (1967);  Ca2+-free 50% SW was achieved by reducing 
the concentration of each salt by half

Ca2+-free FW Ca2+-free  SWa

[NaCl] 0.7 410.00
[NaOH] 1.7 –
[Mg(OH)2.5H2O] 0.15 –
[MgCl2.6H2O] – 53.27
[Na2SO4] – 28.22
[KCl] – 9.08
[NaHCO3] – 2.30
[KBr] – 0.82
[H3BO3] – 0.42
[SrCl2.6H2O] – 0.09
[NaF] – 0.07
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same condition, and fish from each salinity were exposed 
individually to one of five different treatments: control 
(background vFW ion concentrations), 25 mmol/L  MgCl2, 
50 mmol/L  MgCl2, 225 mmol/L NaCl, and 450 mmol/L 
NaCl. Once fish were transferred to the container, 4 µCi 
of 45Ca2+ was added, marking the beginning of the flux 
period. Water samples (5.5 mL) were collected at 0 and 3 h 
after which the fish were rinsed three times in 100 mmol/L 
Ca(NO3)2 and the gut was removed following the procedure 
described above in Series 2. The gut and fish samples were 
then processed in the same manner described above.

In the second experiment of this series, we aimed to 
determine how  Ca2+ influx rates responded to acute salin-
ity transfer from vFW to SW (vFW → SW) and from SW 
to vFW (SW → vFW). Moreover, based on our results 
that indicated an inhibitory effect of competing cations 
on  Ca2+ influx in SW (see “Results”),  Ca2+ influx in both 
salinity transfer groups was measured in a common back-
ground of vFW  ([Ca2+] = 0.1 mmol/L) in order to remove 
the confounding effect of cation competition. Killifish were 
acclimated to vFW or 100% SW for 2 weeks, after which 
fasted fish from each salinity (n = 6–7) were removed for 
the measurement of “pre-transfer”  Ca2+ influx rates of vFW 
and SW-acclimated fish (measured in a vFW background 
in both groups); the remaining fish were then transferred to 
the opposite salinity.  Ca2+ influx rates were assessed in vFW 
and SW-acclimated fish (pre-transfer) and in fish from the 
vFW → SW and SW → vFW treatments (n = 6) at 3, 9, 24, 
and 48 h post-transfer following the same protocol described 
above for the first experiment in this series. In all cases, fish 
were transferred to vFW for 15 min before the flux measure-
ment was started.

Series 4: effects of  La3+ and pharmacological agents 
on  Ca2+ influx in FW and SW

This series of experiments was performed at McMaster 
University. Adult killifish acclimated to hFW or 100% SW 
for 2 weeks were placed individually (n = 7–8) into plastic 
containers containing 400 mL of aerated, respective accli-
mation water and left overnight. The following day, water 
was completely replaced and various blockers targeting spe-
cific pathways of the  Ca2+ uptake system were added to the 
water to the following final concentrations:  La3+ (targeting 
ECaC) = 10−4 mol/L; nifedipine (targeting voltage-gated 
 Ca2+ channels) = 10−5 mol/L; verapamil (targeting voltage-
gated  Ca2+ channels) = 10−5 mol/L; KB-R7943 (target-
ing NCX) = 3.3 × 10−6 mol/L. Nifedipine, verapamil, and 
KB-R7943 were suspended in 0.1% DMSO in order to achieve 
complete dissolution and, therefore, in addition to a regular 
control group (no blocker added), a group exposed to only 
0.1% DMSO was included as a carrier control. Following 
the addition of the blockers, fish were allowed to settle for 

1 h, after which 45Ca2+ was added to each container (3 µCi 
for hFW; 10 µCi for SW), marking the beginning of the flux 
period. After radioisotope addition, water samples (5.5 mL) 
were taken at 0 and 6 h. Following collection of final water 
samples at 6 h, fish were rinsed 3 times in water of the respec-
tive salinity to which 100 mmol/L Ca(NO3)2 was added, and 
were then euthanized with an overdose of neutralized MS-222. 
Fish were weighed and then digested in approximately 3 vol-
umes of 1 N  HNO3 (exact volume noted) in sealed vials for 
48 h at 65 °C. Radioactivity of  Ca2+ in water and digest sam-
ples and  [Ca2+] of water samples were measured as described 
below in Analytical Techniques and Calculations.

Analytical techniques and calculations

The β-radioactivity from 45Ca2+ in water, plasma, and digest 
samples was measured using a scintillation counter (Tri-Carb 
2900TR Liquid Scintillation Analyzer, Perkin Elmer) after 
mixing 5 mL of water sample, 10 µL of plasma, or 0.1–2 mL 
digest with 10 mL of scintillation cocktail (Ultima Gold AB, 
Perkin Elmer) and incubating in the dark for 3 h to minimize 
chemiluminescence. The counting efficiency of digest samples 
was corrected to be the same as that of water samples using 
a quench curve constructed from various amounts of digest. 
 [Ca2+] in water and plasma samples was measured via atomic 
absorption spectrophotometry (SpectrAA 220FS, Varian, Agi-
lent, Santa Clara, CA, USA).

In Series 1 and 4,  Ca2+ influx rate (nmol/g/h) was calculated 
using the following equation:

where Rfish is the radioactivity (counts per minute; cpm) in 
the entire fish digest,  SAwater is the average specific activity 
(cpm/nmol) of the water over the period of the experiment, 
wt is the weight of the fish (g), and t is time (h).

In Series 2 and 3, extra-intestinal  Ca2+ influx rate (nmol/
g/h) was calculated using the following equation:

where Rfish-intestine is the radioactivity (cpm) in the entire 
digest of the fish from which the intestine had been removed 
and wt is the weight (g) of the whole fish. As described 
below in the Results and Discussion, the radioactivity in the 
gut digest most likely represented 45Ca2+ that was simply 
imbibed by the fish during the flux period and was trapped 
in the gut. Therefore, in Series 2 and 3, rather than refer-
ring to this rate as an “influx” since this 45Ca2+ was likely 
not absorbed into the fish tissue, we have adopted the term 
“intestinal  Ca2+ intake” (i.e., not “influx”) (nmol/g/h) which 
was calculated using the following equation:

(1)Ca2+ influx = Rfish∕SAwater∕wt∕t,

(2)
Extra-intestinal Ca2+ influx = Rfish-intestine∕SAwater∕wt/t,

(3)Intestinal Ca2+ intake = Rintestine∕SAwater∕wt ∕t,
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where Rintestine is the radioactivity (cpm) in the entire intes-
tine digest and wt is the weight (g) of the whole fish. Total 
 Ca2+ influx (nmol/g/h) was calculated as the sum of Eqs. 2 
and 3.

Ca2+ efflux rate (nmol/g/h) in Series 1 was calculated 
using the following equation:

where Rf and Ri are the radioactivity (cpm) of the water at 
the end and beginning of the flux period, respectively, and 
 SAplasma is the specific activity (cpm/nmol) of the plasma at 
the end of the flux period.

Statistical analyses

Data are presented as means ± SEM and statistical signifi-
cance was accepted at the P < 0.05 level. In general, compar-
isons between two means were performed using a Student’s 
two-tailed unpaired t test. Comparisons among multiple 
means were performed using a one-way ANOVA (for sin-
gle factor comparisons) or a two-way ANOVA (for two fac-
tor comparisons). In the case of failed normality or equal 
variance that could not be normalized by log, natural log, 
square-root, square, or arcsine square-root transformations, 
ANOVA analyses were performed on rank-transformed 
data. Details on data transformations and post-hoc tests are 
included in corresponding figure captions. Statistical analy-
ses and linear regressions were performed using SigmaStat 
software (Systat Software Inc., San Jose, CA, USA).

Results

Series 1: effects of acclimation salinity 
on whole‑body  Ca2+ influx and efflux

Killifish were acclimated to hFW or to 10, 20, 30, or 100% 
SW for 2 weeks. The lowest rates of whole-body  Ca2+ influx 
were observed in hFW-acclimated fish whereas SW-accli-
mated fish had the highest influx rates, approximately three-
fold greater than those observed in hFW (Fig. 1). Influx rates 
in 10, 20, and 30% SW-acclimated fish were similar to one 
another and not significantly different than those observed 
in hFW or SW (Fig. 1). Whole-body  Ca2+ efflux rates, which 
were measured in a separate group of fish, were not sig-
nificantly different between hFW and SW-acclimated fish 
(Fig. 2).

Ca2+ influx kinetics were assessed in hFW and SW-
acclimated fish. Importantly, all other ions in the recon-
stituted FW and SW media were kept constant within 
acclimation treatments and ambient  Ca2+ was adjusted 
via the addition of Ca(NO3)2. hFW-acclimated killifish 

(4)Ca2+ efflux =
(

Rf − Ri

)

∕SAplasma∕wt∕t,

demonstrated a saturable  Ca2+ influx as a function of ambi-
ent  [Ca2+], modeled by a Michaelis–Menten relationship 
(Km = 78 ± 19 µmol/L; Jmax = 53 ± 3 nmol/g/h) (Fig. 3). In 
SW-acclimated fish,  Ca2+ influx was linear up to 1.5 mmol/L 
ambient  [Ca2+] and rates were lower at all ambient  Ca2+ 
concentrations than those observed in FW over this range 
of ambient  Ca2+ (Fig. 3). When assayed at higher ambient 
 [Ca2+] (up to 7 mmol/L), the  Ca2+ influx rate of hFW-accli-
mated fish showed no further significant change as it had 
essentially already saturated (Fig. 4). However, in this same 
range, the  Ca2+ influx rate of SW-acclimated fish continued 
to increase linearly, such that by 4 and 7 mmol/L  [Ca2+], 

Fig. 1  Whole-body  Ca2+ influx rates in killifish acclimated to Hamil-
ton, ON freshwater (hFW), or to 10, 20, 30, or 100% seawater (SW) 
for 2 weeks. Means not sharing the same letter are significantly differ-
ent from one another as determined by a one-way ANOVA followed 
by a Holm–Sidak post-hoc test (n = 6; P = 0.015)

Fig. 2  Whole-body  Ca2+ efflux rates in killifish acclimated to Ham-
ilton, ON freshwater (hFW) or 100% seawater (SW) for 2 weeks. No 
significant difference was observed between FW and SW means as 
determined by a two-tailed unpaired Student’s t test (n = 6; P = 0.663)
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it significantly exceeded the influx rate of hFW-acclimated 
fish (Fig. 4). Interestingly, when 50% SW-acclimated kil-
lifish were assayed at the same concentrations of ambient 
 Ca2+

, but in a medium representative of 50% SW, the  Ca2+ 
influx rate was significantly greater than those of either 
hFW-acclimated or SW-acclimated killifish at 1 mmol/L 
ambient  [Ca2+] (Fig. 4). However, there were no significant 
differences between 50% and 100% SW-acclimated animals 
at higher  Ca2+ concentrations (2.5–7 mmol/L), and both 50 
and 100% SW treatment groups exhibited  Ca2+ influx rates 
significantly higher than those of hFW-acclimated animals 
(Fig. 4).

Series 2: contribution of intestine to  Ca2+ intake

In hFW-acclimated killifish assayed in hFW, intestinal  Ca2+ 
intake accounted for only 2% of total  Ca2+ influx (Fig. 5). 
However, in SW-acclimated killifish assayed in SW, 36% 
of total  Ca2+ influx could be attributed to intestinal  Ca2+ 
intake (Fig. 5).

Series 3: effects of cation competition and salinity 
transfer on  Ca2+ influx

Killifish were acclimated to vFW or SW for 2 weeks and 
 Ca2+ influx was measured in a common medium consisting 

Fig. 3  Whole-body  Ca2+ influx rates as a function of ambient  Ca2+ 
in killifish acclimated to Hamilton, ON freshwater (hFW; closed 
circles) or seawater (SW; open circles) for 2 weeks. In both salinity 
treatments, flux measurements were performed in reconstituted FW 
or SW in which the level of  [Ca2+] was adjusted by the addition of 
Ca(NO3)2. The relationships between  Ca2+ influx and ambient  [Ca2+] 
were described by the Michaelis–Menten equation y = 52.55 × x/
(78.19 + x) [R2 = 0.9174] for hFW-acclimated fish and the linear equa-
tion y = 0.021x + 0.198 [R2 = 0.9687] for SW-acclimated fish (n = 6)

Fig. 4  Whole-body  Ca2+ influx rates as a function of ambient  [Ca2+] 
in killifish acclimated to Hamilton, ON freshwater (hFW; closed cir-
cles) 50% seawater (50% SW; open circles) or 100% seawater (100% 
SW; closed triangles) for 2 weeks. In both salinity treatments, fluxes 
were performed in reconstituted 50% or 100% SW in which the level 
of  Ca2+ was adjusted by the addition of Ca(NO3)2 Means within the 
hFW (abc), 50% SW (xyz) or 100% SW (αβγ) treatments not sharing 
the same letter represent a statistically significant effect of ambient 
 [Ca2+] (P < 0.001); asterisks denote a statistically significant effect of 
salinity within an ambient  Ca2+ concentration (P < 0.001) as deter-
mined by a two-way ANOVA on rank-transformed data followed by 
a Tukey post-hoc test. There was a significant interaction between 
salinity acclimation and ambient  [Ca2+] (P = 0.02) (n = 6)

Fig. 5  Contribution of extra-intestinal influx and intestinal  Ca2+ 
intake to total  Ca2+ influx in killifish acclimated to Hamilton, ON 
freshwater (hFW) or seawater (SW) for 2  weeks. Means within 
extra-intestinal (ab) or intestinal (xy) groups not sharing the same 
letter represent a statistically significant effect of acclimation salin-
ity (P = 0.016), asterisks denote a statistically significant difference 
between extra-intestinal and intestinal means within a salinity accli-
mation (P < 0.001) as determined by a two-way ANOVA on ranked 
arcsine square-root transformed data followed by a Tukey post-hoc 
test. There was a statistically significant interaction between salin-
ity acclimation and pathway (extra-intestinal, intestinal) (P < 0.001) 
(n = 8)
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of 1 mmol/L  Ca2+ in vFW. Under these conditions, SW-
acclimated fish exhibited total  Ca2+ influx rates (sum of 
extra-intestinal influx and intestinal intake rates) which were 
more than double those of vFW-acclimated fish assayed 
under the same conditions (Fig. 6a). This difference in total 
 Ca2+ influx was driven entirely by a greater extra-intestinal 
influx rate in SW killifish (Fig. 6b), given that intestinal  Ca2+ 
intake was not significantly different between both groups 
under the control condition (Fig. 6c). Extra-intestinal  Ca2+ 
influx in vFW-acclimated killifish was significantly inhibited 
in response to 50 mmol/L  Mg2+, which reduced influx by 
70% (Fig. 6b), but the small reduction in 25 mmol/L  Mg2+ 
was not significant. In SW-acclimated fish, exposure to both 
25 and 50 mmol/L  Mg2+ resulted in significant 75% reduc-
tions in extra-intestinal  Ca2+ influx (Fig. 6b). Exposure to 
225 or 450 mmol/L  Na+ had no effect on total or extra-
intestinal  Ca2+ influx in either salinity acclimation. Note that 
intestinal  Ca2+ intake was not significantly inhibited by any 
of the competition treatments, but was increased by high 
 [Na+] (225 or 450 mmol/L  Na+) in both vFW-acclimated 
and SW-acclimated fish (Fig. 6c).

In the second part of this series, fish were assayed both 
initially and throughout the experiment in common vFW 
background (0.1 mmol/L  Ca2+) which had only 10% of the 
 [Ca2+] (1.0 mmol/L) used in the first part of this series. 
Prior to salinity transfer (“pre-transfer”), SW-acclimated 
fish (open symbols) displayed a total  Ca2+ influx that was 
eightfold greater than that of “pre-transfer” vFW-acclimated 
fish (closed symbols) when  Ca2+ influx was measured in 
both groups in this common vFW background (0.1 mmol/L 
 Ca2+) (Fig. 7a). Under these conditions, both extra-intestinal 
 Ca2+ influx (by eightfold) and intestinal  Ca2+ intake rates 
(by sevenfold) were significantly greater in SW fish than in 
vFW fish (Fig. 7b, c). By 24 h post-transfer, these patterns 
had reversed; vFW → SW fish had a significantly greater 
total  Ca2+ influx rate than did the SW → vFW group, a dif-
ference that persisted throughout the rest of the experimental 
period (Fig. 6a). By 48 h post-transfer, FW → SW killifish 
displayed an extra-intestinal  Ca2+ influx rate that was not 
statistically different (P = 0.236, unpaired Student’s t test) 
from that of SW-acclimated fish prior to transfer (22.5 ± 3.5 
versus 16.8 ± 2.6 nmol/g/h, respectively; Fig. 7b). Simi-
larly, SW → vFW fish displayed extra-intestinal  Ca2+ influx 
rates at 48 h post-transfer that were similar to, though still 
statistically higher (P = 0.013, unpaired Student’s t test) 
than, those displayed by vFW-acclimated killifish prior to 
transfer (3.6 ± 0.4 versus 2.1 ± 0.4 nmol/g/h, respectively; 
Fig. 7b). Interestingly, however, intestinal  Ca2+ intake in the 
vFW → SW group increased significantly following transfer 
and remained elevated such that by 48 h post-transfer, intes-
tinal  Ca2+ intake in vFW → SW fish was fivefold greater 
than that of SW fish prior to salinity transfer (Fig. 7c). On 
the other hand, intestinal  Ca2+ intake by SW → vFW fish 

Fig. 6  Total whole-body  Ca2+ influx (a), extra-intestinal  Ca2+ influx 
(b), and intestinal  Ca2+ intake (c) rates in response to differing con-
centrations of ambient  Mg2+ or  Na+ in killifish acclimated to Vancou-
ver, BC freshwater (vFW) or seawater (SW) measured in 1 mmol/L 
 Ca2+ in Vancouver, BC FW (vFW). In each panel, means within the 
vFW group (abc) or SW group (xyz) not sharing the same letter rep-
resent a statistically significant effect of ambient ion treatment; aster-
isks denote a statistically significant effect of salinity acclimation 
within a given ion treatment as determined by a two-way ANOVA on 
log-transformed data followed by a Holm–Sidak post-hoc test. Total: 
salinity, P = 0.004; ion treatment, P < 0.001; interaction, P = 0.021. 
Extra-intestinal: salinity, P < 0.001; ion treatment, P < 0.001; inter-
action, P = 0.029. Intestinal: salinity, P = 0.595; ion treatment, 
P < 0.001; interaction, P = 0.974
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decreased by 48 h post-transfer to match the rates observed 
in vFW-acclimated fish prior to transfer (Fig. 7c).

Series 4: effects of inhibitors of  Ca2+ uptake 
pathways on  Ca2+ influx in FW and SW

Exposure to  La3+  (10− 4 mol/L), a general blocker of  Ca2+ 
channels, caused a significant reduction in whole-body  Ca2+ 
uptake in hFW-acclimated fish but the slight decrease in 
SW-acclimated fish in response to  La3+ treatment was not 
significant (Fig. 8). Exposure to verapamil  (10− 5 mol/L), a 
voltage-gated  Ca2+ channel blocker, stimulated  Ca2+ influx 
in hFW and SW relative to the carrier (DMSO) control 
(Fig. 8). Exposure to nifedipine  (10− 5 mol/L), a more gen-
eral  Ca2+ channel blocker, and the NCX blocker KB-R7934 
(3.3 × 10− 6 mol/L) had no effect on  Ca2+ influx in either 
salinity acclimation (Fig. 8).

Fig. 7  Total whole-body  Ca2+ influx (a), extra-intestinal  Ca2+ influx 
(b), and intestinal  Ca2+ intake (c) rates measured in Vancouver, BC 
freshwater (vFW) in killifish that were acclimated to seawater (SW) 
for 2  weeks and transferred acutely to vFW (SW → vFW; closed 
circles) or in killifish that were acclimated to vFW for 2 weeks and 
transferred acutely to SW (vFW → SW; open circles). In each panel, 
means within SW → vFW (abc) or vFW → SW (xyz) treatments 
not sharing the same letter represent a statistically significant effect 
of time; asterisks denote a statistically significant effect of salinity 
treatment within time as determined by a two-way ANOVA on rank-
transformed data followed by a Tukey post-hoc test. Total: salinity, 
P < 0.001; time, P = 0.013; interaction, P < 0.001. Extra-intestinal: 
salinity, P = 0.767; time, P = 0.040; interaction, P < 0.001. Intestinal: 
salinity, P < 0.001; time, P < 0.001; interaction, P < 0.001 (n = 6–7)

Fig. 8  Whole-body  Ca2+ influx rates in response to various pharma-
cological blockers in killifish acclimated to Hamilton, ON freshwater 
(hFW; a) or seawater (SW; b) for 2  weeks. Asterisks denote a sta-
tistically significant difference between lanthanum and control treat-
ments as determined by a two-tailed unpaired Student’s t test (FW: 
P = 0.042; SW: P = 0.269). Daggers denote a significant difference 
between carrier control and nifedipine, verapamil, or KB-R7934 
treatments as determined by a one-way ANOVA followed by a Holm–
Sidak post-hoc test (FW: P < 0.001; SW: P < 0.001) (n = 7–8)
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Discussion

Overview

In the present study, we identified several features of 
 Ca2+ influx by killifish acclimated to FW or SW and 
their response to acute salinity transfer. (1)  Ca2+ influx 
increased with increasing salinity acclimation; however, 
 Ca2+ efflux rates were the same between FW and SW-
acclimated killifish. (2)  Ca2+ influx rates were significantly 
greater in FW-acclimated killifish than in SW fish at  Ca2+ 
concentrations < 2.5 mmol/L when fish were assayed in 
an ionic background equal to their native salinity acclima-
tion. (3)  Ca2+ influx rates in FW killifish were saturable 
while influx in SW fish was linear up to the highest ambi-
ent  [Ca2+] tested (7 mmol/L) when fish were assayed in 
an ionic background equal to their native salinity accli-
mation. (4) Through several experiments, we found that 
cation competition in SW (specifically by  Mg2+ rather than 
 Na+) reduced  Ca2+ influx and, moreover, likely inhibited 
a high affinity  Ca2+ uptake system in SW-acclimated kil-
lifish. (5) Intestinal  Ca2+ intake contributed 36% of total 
influx in SW killifish but only 2% of total  Ca2+ influx in 
FW fish that are known to drink much less. Importantly, 
intestinal  Ca2+ intake likely represents  Ca2+ that was 
trapped within the intestinal fluid but not absorbed by the 
fish and is therefore probably an overestimation of the 
contribution of the intestine to whole-body  Ca2+ influx. 
(6) Extra-intestinal  Ca2+ influx rates were rapidly regu-
lated following acute transfer from FW → SW and from 
SW → FW, contributing to a greater understanding of the 
regulation of  Ca2+ transport in response to salinity chal-
lenges in this species (Wood and Marshall 1994; Wood and 
Laurent 2003; Wood and Grosell 2008; Wood 2011). (7) 
 Ca2+ influx in FW killifish was inhibited by  La3+, indicat-
ing a role for ECaC.  La3+ had no effect on  Ca2+ influx by 
SW killifish, although this lack of inhibitory effect could 
have been masked by competition from  Mg2+ in SW. Over-
all, the present study adds to our current understanding of 
 Ca2+ regulation by FW and SW killifish, demonstrating 
for the first time that cation competition modulates  Ca2+ 
influx in SW, and provides the first evidence of the rapid 
regulation of  Ca2+ influx following acute salinity transfer 
challenges in killifish.

Effects of salinity acclimation and the kinetics 
of  Ca2+ influx

Ca2+ influx in killifish increased as a function of accli-
mation salinity; however, the only significant differences 
observed in the present study were between hFW and 

100% SW acclimation groups (Fig. 1). Our findings are 
similar to those of Prodocimo et al. (2007) where  Ca2+ 
fluxes were measured in killifish experiencing acute, pro-
gressive increases in salinity. In their work, a threshold 
for an increase in  Ca2+ influx was observed at 80% SW, 
whereas  Ca2+ influx below 80% SW was not significantly 
different from rates measured in 10% SW, the lowest 
salinity tested (Prodocimo et al. 2007). These researchers 
also found that  Ca2+ efflux was not significantly different 
across all salinities (Prodocimo et al. 2007), similar to 
what we observed in hFW and 100% SW acclimated kil-
lifish (Fig. 2). Mayer-Gostan et al. (1983) similarly demon-
strated that extra-intestinal  Ca2+ uptake rate was higher in 
SW-acclimated fish than FW-acclimated fish when assayed 
in their native salinity acclimation, supporting our results 
and those of Prodocimo et al. (2007).

The concentration-dependent kinetics of  Ca2+ influx in 
FW-acclimated killifish has been determined previously 
using in vivo (Patrick et al. 1997; Km = 0.0625 mmol/L) 
and in vitro (Marshall et al. 1995; Km = 0.35 mmol/L) 
approaches, which both demonstrated a relatively high 
affinity  Ca2+ uptake system. Our in vivo findings are 
similar to those of Patrick et al. (1997), with hFW kil-
lifish possessing a high-affinity  Ca2+ uptake system 
(Km = 0.078  mmol/L; Fig.  3). This low Km for  Ca2+ 
uptake in FW killifish is comparable to or even lower than 
those of other freshwater fishes acclimated to ~ 1 mmol/L 
 [Ca2+] [adult rainbow trout (Oncorhynchus mykiss), 
Km = 0.140  mmol/L (Perry and Wood 1985); juvenile 
rainbow trout, Km = 0.038–0.244 (Hogstrand et al. 1994; 
Niyogi and Wood 2004), juvenile yellow perch (Perca fla-
vescens), Km = 0.092 mmol/L (Niyogi and Wood 2004)]. 
In addition, our findings support those of Mayer Gostan 
et al. (1983) in that  Ca2+ influx in low ambient  [Ca2+] 
(< 2.5 mmol/L) was greater in FW-acclimated fish than in 
SW-acclimated fish (Figs. 3, 4).

Ca2+ influx in SW-acclimated killifish was essentially 
linear up to 7 mmol/L ambient  [Ca2+] (Figs. 3, 4). Nota-
bly, we did not exclude intestinal  Ca2+ intake in these 
experiments which may have influenced the apparent 
rates of  Ca2+ influx. In previous work, a component of 
extra-intestinal  Ca2+ uptake was found to saturate in SW at 
approximately 2–4 mmol/L ambient  [Ca2+] (Mayer-Gostan 
et al. 1983), indicating that intestinal  Ca2+ intake in our 
experiment may have masked a saturable component of 
 Ca2+ influx; we discuss the contribution of intestinal  Ca2+ 
intake in SW-acclimated fish in more detail below. Satu-
rable  Ca2+ influx in SW would fit more logically within 
our current understanding of  Ca2+ uptake in SW fishes 
given that passive paracellular entry of  Ca2+ across the 
gill is probably limited by a large, inside-positive TEP in 
SW-acclimated killifish (Wood and Grosell 2008; see; Flik 
et al. 1996 for review).
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Intestinal contribution to apparent  Ca2+ influx

Drinking by SW-acclimated killifish likely contributed to 
apparent whole-body  Ca2+ influx. In FW, where drinking is 
low (Potts and Evans 1967; Malvin et al. 1980; Scott et al. 
2006; Blewett et al. 2013), intestinal  Ca2+ intake contrib-
uted to only 2% of total influx (Fig. 5). However, intestinal 
 Ca2+ intake in SW comprised 36% of total apparent influx 
(Fig. 5). This intestinal component most likely represents 
imbibed 45Ca2+ that was trapped in the intestine rather than 
absorbed into the bloodstream. In killifish, Pang et al. (1980) 
demonstrated that in a 3-h flux, calcium did not cross the 
gut barrier and that intestinal  Ca2+ accumulation gave the 
same drinking rate as that determined by 125I-polyvinylpyr-
rolidone (PVP) which is not absorbed across the intestine 
epithelium. Therefore, it unlikely that our “extra-intestinal” 
 Ca2+ influx estimates were substantially influenced by intes-
tinal routes of  Ca2+ intake.

Intestinal  Ca2+ intake by SW-acclimated fish could 
potentially affect the interpretation of our whole-body  Ca2+ 
influx results (Figs. 1, 3, 4, and 8). For example, as described 
above, it is possible that the linearity of  Ca2+ influx up to 
7 mmol/L  [Ca2+] observed in SW (Fig. 3) was due to drink-
ing of water with a high 45Ca2+ specific activity, masking 
a potential saturation in extra-intestinal  Ca2+ influx. Based 
on this observation, we opted to account for intestinal  Ca2+ 
intake in our cation competition experiment (Fig. 6) and 
our salinity transfer experiment (Fig. 7), which we predicted 
would influence drinking rates (Scott et al. 2006, 2008).

While intestinal  Ca2+ intake was much greater in SW-
acclimated fish than hFW-acclimated fish when measured 
in their native salinities (Fig. 5), intestinal  Ca2+ intake was 
the same in SW and vFW-acclimated fish when assayed 
in 1 mmol/L  Ca2+ in vFW (Fig. 6c). In both acclimation 
groups, addition of NaCl up to 450 mmol/L significantly 
stimulated intestinal  Ca2+ intake (Fig. 6c), demonstrating the 
known role of these ions in stimulating drinking in killifish 
(Grosell 2010).

Intestinal  Ca2+ intake was also altered significantly by 
acute salinity transfer. Following transfer from vFW to SW 
(vFW → SW treatment), intestinal  Ca2+ intake rates (meas-
ured in vFW) increased by over 20-fold within 3 h post-
transfer (Fig. 6c). This increase in intestinal  Ca2+ intake was 
most certainly a result of drinking upon exposure to SW. 
Following transfer from brackish water (10% SW) to 100% 
SW, drinking rates approximately doubled in killifish within 
12 h (Scott et al. 2008), though to our knowledge, no study 
has examined drinking rates in killifish following a full FW 
to 100% SW transfer. If intestinal  Ca2+ intake rates are any 
indication, the onset of drinking following transfer to SW 
is extremely rapid, and this should be examined in future 
studies. Following transfer to vFW, SW-acclimated killifish 
(SW → vFW treatment) demonstrated decreases in intestinal 

 Ca2+ intake rates over time (Fig. 6c). Again, this was most 
likely related to decreases in drinking rate over time, which 
have been observed in killifish transferred from 10% SW to 
FW (Scott et al. 2006).

Effects of cation competition on  Ca2+ influx in SW

Several experiments in the present study demonstrated that 
cation competition in SW inhibits  Ca2+ influx. In the kinetic 
analyses, hFW-acclimated fish had a much greater  Ca2+ 
uptake rate than SW-acclimated fish at  Ca2+ concentrations 
below approximately 2.5 mmol/L when fish were assayed 
in reconstituted FW and SW media, respectively (Figs. 3, 
4). Notably, a similar response was observed previously 
for extra-intestinal  Ca2+ uptake in FW and SW-acclimated 
killifish (Mayer-Gostan et al. 1983), suggesting that FW-
acclimated fish have a higher affinity for  Ca2+ influx than 
SW-acclimated killifish. However, this conclusion does not 
take into account the background ionic composition of the 
acclimation medium. In fact, when fish were acclimated to 
hFW, 50% SW or 100% SW and  Ca2+ influx was measured 
in a range of ambient  [Ca2+],  Ca2+ influx at 1 mmol/L ambi-
ent  [Ca2+] was significantly greater in 50% SW compared 
to 100% SW or FW, with a similar pattern in 2.5 mmol/L 
 [Ca2+] (Fig. 4), indicating that reducing ambient cations by 
50% increased  Ca2+ influx in the 50% SW group. At higher 
concentrations of ambient  Ca2+, cation competition was 
apparently overcome, and  Ca2+ influx rates were not signifi-
cantly different between 50 and 100% SW killifish (Fig. 4).

This cation competition hypothesis was directly tested 
by measuring  Ca2+ influx in vFW and SW-acclimated kil-
lifish in a common  [Ca2+] (1 mmol/L  Ca2+) in the absence 
of competing cations (background vFW ions) or in the 
presence of 25 or 50 mmol/L  Mg2+, or 225 or 450 mmol/L 
 Na+. In agreement with the cation competition hypoth-
esis, the presence of  Mg2+ at 50 mmol/L in vFW killifish 
or at 25 and 50 mmol/L  Mg2+ in SW killifish significantly 
reduced total and extra-intestinal  Ca2+ influx by 70–75% 
(Fig. 6a, b). Previous work has demonstrated that  Mg2+ can 
inhibit in vitro  Ca2+ influx across the opercular epithelium 
when  [Mg2+] (1 mmol/L) was tenfold greater than  [Ca2+] 
(0.1 mmol/L) (Marshall et al. 1995), but that  Mg2+ had no 
effect on in vivo whole-body  Ca2+ influx when both ions 
were present at 0.1 mmol/L (Patrick et al. 1997). Future 
studies should, therefore, aim to determine the inhibition 
constant for  Mg2+ on  Ca2+ influx at different levels of ambi-
ent  [Ca2+] to better understand its role in modulating  Ca2+ 
influx in different environments. Moreover, when killifish 
were assayed at 1 mmol/L  Ca2+ in the absence of competing 
cations,  Ca2+ influx by SW-acclimated fish was more than 
double that of vFW-acclimated fish (Fig. 6a, b), suggest-
ing a higher affinity and/or capacity  Ca2+ uptake system in 
SW-acclimated killifish. Most importantly, this experiment 
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directly demonstrated that  Ca2+ influx rates of SW-accli-
mated killifish can appear to be lower than those of their 
FW-acclimated counterparts when fish are assayed in native 
background ion concentrations.

The effect of cation competition was also apparent in our 
salinity transfer experiment which was designed to assess 
the regulation of  Ca2+ influx in the absence of the confound-
ing effect of cation competition by measuring  Ca2+ influx 
in vFW in both salinity acclimation groups. Prior to salin-
ity transfer (pre-transfer), SW-acclimated killifish had an 
eightfold greater extra-intestinal  Ca2+ influx rate than that 
of vFW-acclimated fish when both groups were assayed in 
vFW (0.1 mmol/L  Ca2+) (Fig. 7b). Therefore, in the absence 
of competing SW ions, SW-acclimated fish had greater 
total/extra-intestinal  Ca2+ influx rates at 0.1 mmol/L  Ca2+ 
(Fig. 7a, b) and 1 mmol/L  Ca2+ (Fig. 6a, b), likely indicating 
that the affinity for  Ca2+ is in fact higher in SW-acclimated 
killifish than in FW-acclimated killifish, contrary to the ini-
tial indication of our kinetic analyses (Fig. 3) and the conclu-
sion of Mayer-Gostan et al. (1983). A higher affinity system 
in SW-acclimated killifish was also supported by the fact 
that  Ca2+ influx in SW was more sensitive to ambient  Mg2+ 
than it was in FW (Fig. 6), an effect that would not likely 
result from a simple difference in  Ca2+ influx capacity (i.e., 
an increase in sites available for uptake).

Ca2+ influx following acute salinity transfer

Killifish rapidly alter osmoregulatory mechanisms in 
response to changes in ambient salinity (Marshall et al. 
1999; Scott et  al. 2004, 2005, 2006, 2008; Wood and 
Grosell 2008; Wood 2011). However, no study to date 
has examined how  Ca2+ influx is regulated following 
acute salinity transfer. Therefore, we acutely transferred 
vFW-acclimated killifish to SW (vFW → SW) and SW-
acclimated fish to vFW (SW → vFW) and measured  Ca2+ 
uptake in vFW (to avoid the confounding effect of cation 
competition) at different times post-transfer. vFW fish ini-
tially had very low extra-intestinal  Ca2+ influx rates but 
these rates increased dramatically following transfer to 
SW (Fig. 7a). This rapid increase (3.5-fold increase within 
3–6 h post-transfer) in extra-intestinal  Ca2+ rates observed 
in vFW → SW fish was likely a function of neuroendo-
crine modulation of  Ca2+ uptake mechanisms. In fishes, 
 Ca2+ influx is known to be stimulated by various factors 
including prolactin and cortisol (see Pang and Pang 1986; 
Flik et al. 1996; Kwong et al. 2016; Lin and Hwang 2016 
for reviews). SW → vFW fish also demonstrated rapid 
regulation of  Ca2+ influx whereby extra-intestinal influx 
rates (assayed in vFW) decreased by 60% within the first 
3–6 h post-transfer (Fig. 7a). The progressive decrease in 
extra-intestinal  Ca2+ uptake over time could have been 
regulated by neuroendocrine factors such as stanniocalcin 

(STC) which is released from the corpuscles of Stannius 
(CS) in response to increases in environmental or plasma 
 Ca2+ in fishes (Hanssen et al. 1991; Wendelaar Bonga and 
Pang 1991).

Mechanisms of  Ca2+ influx in FW and SW‑acclimated 
killifish

In hFW, the ECaC inhibitor  La3+ reduced  Ca2+ influx by 
35% but there was no significant effect of  La3+ treatment 
in SW-acclimated killifish (Fig. 7). The inhibitory effect of 
 La3+ on  Ca2+ influx in FW-acclimated killifish is consistent 
with previous reports (Marshall et al. 1995; Patrick et al. 
1997). The lack of effect in SW may be explained by the 
fact that  La3+ acts by competitively inhibiting  Ca2+ influx 
via ECaC, and therefore a higher dose is needed in SW both 
because of the much higher  [Ca2+] and to overcome com-
petition from high  [Mg2+] in SW (Fig. 6). It is also pos-
sible that the role of ECaC in  Ca2+ uptake is diminished in 
SW as was demonstrated in medaka (Oryzias latipes) lar-
vae where ECaC mRNA expression was downregulated in 
response to SW acclimation (Hsu et al. 2014). Aside from 
 La3+, none of the inhibitors used in the present study had an 
inhibitory effect on  Ca2+ uptake. Interestingly, the voltage-
gated  Ca2+ channel blockers nifedipine and verapamil had 
divergent effects on  Ca2+ influx. While nifedipine had no 
effect, verapamil stimulated  Ca2+ influx in both hFW and 
SW-acclimated killifish (Fig. 7). These results are in contrast 
with results from isolated opercular membrane preparations 
where verapamil had no effect on  Ca2+ transport (Marshall 
et al. 1995). It is possible that verapamil treatment could 
have altered intracellular  Ca2+ levels in ionocytes, leading to 
alterations in transmembrane  Ca2+ transport given that intra-
cellular  Ca2+ is believed to regulate its own transport (Mar-
shall et al. 1995) or that whole-body  Ca2+ influx responds 
to verapamil in a way that is fundamentally different from 
that observed in vitro. It was also surprising that the  Na+/
Ca2+ exchanger (NCX) blocker KB-R7934 had no effect on 
 Ca2+ influx since Verbost et al. (1997) suggested that the 
majority of basolateral  Ca2+ transport in killifish, at least 
in the opercular epithelium, occurs via  Na+/Ca2+ exchange. 
Overall, we can conclude only that ECaC plays a role in 
 Ca2+ influx in hFW-acclimated killifish.
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