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Abstract We have explored the possible mechanisms by
which mineralocorticoid (MR) and glucocorticoid (GR)
receptors regulate the response to freshwater transfer in
the gills of the euryhaline killifish Fundulus heteroclitus.
Killifish were implanted with RU486 (GR antagonist) or
spironolactone (MR antagonist) at doses of 0.1–1.0 mg
g�1, and subsequently transferred from 10& brackish
water to freshwater. Compared to brackish water sham
fish, mRNA expression of CFTR and NKCC1 de-
creased in the gills of sham fish transferred to freshwater,
whereas Na+,K+–ATPase a1a mRNA expression and a
protein abundance, as well as cell proliferation (detected
using BrdU) increased. Spironolactone inhibited the
normal increase in cell proliferation and Na+, K+-
ATPase expression after freshwater transfer. RU486
increased plasma cortisol levels and may have slightly
inhibited Na+, K+–ATPase activity, but did not change
a 1a expression. RU486 had no effect on cell prolifera-
tion in the non-lamellar region of the gills, but increased
proliferation in the lamellar region. Neither antagonist
inhibited the suppression of CFTR or NKCC1 expres-
sion after freshwater transfer. Glucocorticoid receptor
expression was reduced in all sham and antagonist
treatments compared to untreated controls, but no other
consistent differences were observed. The effects of
spironolactone suggest that MR is important for regu-
lating ion transport in killifish gills after freshwater
transfer.
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Introduction

Among teleost fish, some euryhaline species are excep-
tionally tolerant of environmental salinity change. These
animals modulate ion transport rates in response to
salinity change to offset the passive movement of ions
and maintain ion balance, doing so through several
coordinated molecular and cellular adjustments (re-
viewed by Sakamoto et al. 2001). Of these adjustments,
changes in ion transporter gene expression seem partic-
ularly important when salinity change persists. For
example, we have recently demonstrated in killifish
(Fundulus heteroclitus) that Na+,K+–ATPase expres-
sion increases after transfer from brackish water to
freshwater (Scott et al. 2004a). Expression tends to in-
crease transiently, and is followed by changes in Na+

absorption (Scott et al. 2004b). The probable role of
Na+,K+–ATPase in Na+ uptake across the gills of this
species in freshwater (Patrick and Wood 1999; Katoh
et al. 2003) suggests that changes in the expression of
this gene are important for activating ion absorption
after freshwater transfer.

Changes in gene expression after salinity transfer
could be mediated by several hormones, including cor-
tisol and prolactin, which are traditionally thought to be
important for freshwater acclimation in fish. Cortisol
has been shown to play an important role in the regu-
lation of ionic homeostasis in fish, particularly after
environmental salinity change (see reviews by Foskett
et al. 1983; McCormick 2001). For example, cortisol
benefits ion retention in freshwater by increasing trans-
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epithelial resistance of the gills and reducing passive ion
loss, and can also stimulate ion uptake (Kelly and Wood
2002; Zhou et al. 2003). The effects of cortisol are pri-
marily mediated through binding to intracellular recep-
tors. Upon binding, the hormone–receptor complex
enters the nucleus and influences transcription of corti-
sol responsive genes (Wendelaar Bonga 1997; Nishi
et al. 2001).

Historically, cortisol has been thought to primarily
act through glucocorticoid receptors (GR) in fish.
However, the identification of mineralocorticoid recep-
tors (MR) in several fish species, coupled with the
apparent absence of the mineralocorticoid hormone
aldosterone (Baker 2003), and the observation that MR
binds cortisol with high affinity (Colombe et al. 2000;
Greenwood et al. 2003), suggests that cortisol may act
through this additional receptor type. Indeed, cortisol
can induce transcription of MR responsive genes in fish
in vitro (Greenwood et al. 2003). Conversely, some re-
cent evidence demonstrated that 11-deoxycorticosterone
(DOC) is a more potent agonist for fish MR than cor-
tisol (Sturm et al. 2005), suggesting that cortisol may not
be the primary agonist for MR in vivo. These findings
imply that the regulation of hydromineral balance in fish
could be more complicated than previously thought, and
warrant a further examination of the roles of MR and
GR in regulating ion transport after salinity transfer.

Spironolactone and RU486 are used routinely in fish
to antagonize MR and GR, respectively (e.g., Veillette
et al. 1995; Sloman et al. 2001; Bury et al. 2003;
McDonald et al. 2004). Although their specificity has
not yet been definitively assessed in fish, both antago-
nists have been shown to influence ionoregulatory
physiology. For example, RU486 inhibits intestinal fluid
absorption in Atlantic salmon (Salmo salar) during the
parr-smolt transformation (Veillette et al. 1995), and
impairs Cl� secretion by the opercular epithelium of
killifish after seawater transfer (Marshall et al. 2005).
Spironolactone inhibits some of the normal responses of
rainbow trout gills (Oncorhynchus mykiss) to ion-poor
water (Sloman et al. 2001), which suggests that MR may
be important for freshwater acclimation. Both GR and
MR may therefore be involved in fish osmoregulation,
but their exact roles remain unclear.

In this study we examine how spironolactone and
RU486 influence the molecular and cellular responses to
freshwater transfer in the gills of the common killifish
Fundulus heteroclitus, to provide insight into the roles of
mineralocorticoid and glucocorticoid receptors in
mediating these responses. Gene expression and cell
proliferation were assessed in the gills of fish transferred
from near-isosmotic (10&) brackish water to freshwater.
Near-isosmotic brackish water is the preferred salinity
for F. heteroclitus (Fritz and Garside 1974), and transfer
from brackish water to freshwater may be more envi-
ronmentally representative of the conditions killifish
naturally encounter in estuaries. Because the effects of
antagonists may be dose-dependent (Sturm et al. 2005),
multiple doses of spironolactone and RU486 were used.

By antagonizing MR or GR signalling after freshwater
transfer, the effects of spironolactone and RU486 will
help elucidate the roles of these receptors in freshwater
acclimation.

Materials and methods

Experimental animals

Adult killifish (Fundulus heteroclitusL.) were captured
from estuaries in Hampton, New Hampshire, and were
held in static filtered indoor holding facilities containing
10& synthetic brackish water (Deep Ocean, Energy
Savers, Carson, CA, USA) made up in dechlorinated
Vancouver city tap water ([Na+], 0.17 mmol l�1; [Cl�],
0.21 mmol l�1; hardness, 30 mg l�1 as CaCO3; pH 5.8–
6.4). Fish were kept at room temperature (18–21�C) and
a 14L:10D photoperiod, and were fed commercial trout
chow (PMI Nutrition International, Brentwood, MO,
USA: 2.2% calcium, 0.8% chloride, 0.5% sodium, 0.5%
potassium, 0.2% magnesium) at an approximate daily
ration of 1–2% (food mass/body mass).

In all experiments, fish were acclimated to 10&
brackish water for at least 1 month before sampling or
treatment. For sampling, fish were rapidly collected and
stunned by cephalic blow. Blood was collected from the
severed caudal peduncle in heparinized capillary tubes,
and fish were then killed by rapid decapitation. Blood
was centrifuged at 13,000 · g for 10 min and plasma
was frozen in liquid nitrogen. Second and third gill ar-
ches were isolated and either immediately frozen in li-
quid nitrogen (experiment 1 below), or fixed for 24 h in
0.1 mol l�1 phosphate–buffered saline (PBS, pH 7.4)
containing 4% paraformaldehyde (experiment 2 below).
Frozen tissue and plasma were stored at �80�C until
analysed. Treatment of animals was conducted accord-
ing to University of British Columbia animal care pro-
tocol #A01-0180.

Experimental protocols

In experiment 1, the effects of RU486 and spironolac-
tone on gene expression and protein abundance/activity
after freshwater transfer were assessed. Killifish held in
brackish water were anaesthetized and given intraperi-
toneal injections of the glucocorticoid receptor antago-
nist RU486 (Sigma–Aldrich), the mineralocorticoid
receptor antagonist spironolactone (Sigma–Aldrich), or
coconut oil alone at a volume of 10 ll g�1. RU486 and
spironolactone were administered at low and high doses
of 0.1 and 1.0 mg g�1 in experiment 1. Fish were then
returned to brackish water and were allowed to recover
from sham or antagonist injections for 5 days. By 5 days
after injection the rate of release from implants generally
stabilizes and endogenous stress-induced cortisol release
is minimal (DeKoning et al. 2004). After recovery, fish
were transferred to either brackish water (sham only) or
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freshwater. As large changes in gene expression and cell
proliferation are known to occur 3–4 days after fresh-
water transfer (Katoh and Kaneko 2003; Scott et al.
2004a, 2005), plasma and gill samples were collected
4 days post-transfer. The plasma and gills of an addi-
tional group of untreated killifish were also sampled.

In experiment 2, the effects of RU486 and spirono-
lactone on cell proliferation after freshwater transfer
were assessed. Because of the results obtained in exper-
iment 1, antagonists were administered at only one
intermediate dose of 0.5 mg g�1, but fish were otherwise
injected and transferred as described in experiment 1.
Four days after transfer, fish were anaesthetized and
given intraperitoneal injections of 5-bromo-2¢-deoxy-
uridine (BrdU; 200 lg g�1 fish weight; Sigma–Aldrich)
dissolved in Cortland’s saline (143 mmol l�1 NaCl,
5.0 mmol l�1 KCl, 1.5 mmol l�1 CaCl2, 1.0 mmol l�1

MgSO4, 5.0 mmol l�1 NaHCO3, 3.0 mmol l�1 NaH2-

PO4, pH 7.4) at a volume of 10 ll saline solution g�1 fish
weight. BrdU is a thymidine analogue that selectively
incorporated into DNA during the synthesis phase of
the cell cycle, and can therefore be used to identify
proliferating cells (e.g., Laurent et al. 1994). The gills
from BrdU-injected animals were sampled 4 h later,
fixed for 24 h in phosphate–buffered saline (PBS) con-
taining 4% paraformaldehyde (wt/vol), and then pro-
cessed as described in Immunohistochemistry below.

Immunohistochemistry

Immediately after gill arches were fixed, they were
cryoprotected in PBS containing 24% sucrose (wt/vol)
and then frozen in embedding medium (Tissue Tek,
VWR International, Mississauga, ON, Canada). Arches
were sectioned 5 lm thick in the sagittal plane (parallel
to the long axis of the filament and perpendicular to the
secondary lamellae) and mounted on Superfrost slides
(VWR International). Slides were stored at �80�C until
proceeding with immunolabelling.

For immunocytochemical detection of cell prolifer-
ation, slides were first incubated in 2 mol l�1 HCl for
0.5 h (to denature the DNA and make the incorporated
BrdU available for antibody detection), and then
incubated for 1 h in 10% normal donkey serum. Slides
were then incubated overnight in anti-BrdU antibody
(1:250 dilution), a mouse monoclonal antibody (Sigma–
Aldrich) that recognizes BrdU and thus labels prolif-
erating gill cells. Slides then incubated in Alexa Fluor
568 goat anti-mouse secondary antibody (1:200;
Molecular Probes) for 2 h. Slides were rinsed thor-
oughly after each incubation, and both antibodies were
diluted in PBS containing 0.2% Triton X-100 and 0.1%
sodium azide. Finally, immunomount (Fisher Scientific,
Nepean, ON, Canada) was added to each slide, which
were then covered with a coverslip. Fish not injected
with BrdU, as well as slides incubated without primary
antibody, showed only background staining (no posi-
tively labelled nuclei, data not shown).

Digital images were captured with an Axioplan 2
microscope (Zeiss, Jena, Germany), a digital camera (Q
Imaging, Burnaby, BC, Canada), and Northern Eclipse
software (Empix Imaging, Mississauga, ON, Canada).
Images were collected from randomly selected sections
throughout the gills, at random locations on both the
non-lamellar trailing edge and the lamellar region in the
middle of the primary gill filaments. At least 30 images
were collected per fish. The number of cells immunore-
active to the anti-BrdU antibody was quantified per mm
of primary filament (measured along the long axis). The
average number of immunoreactive cells was then
determined for each fish.

Real-time PCR analysis of gene expression

For analysis of gene expression, total RNA was first
extracted from gill samples (approximately 20 mg of
tissue) using Tripure isolation reagent (Roche Diag-
nostics, Montreal, QC, Canada) following the manu-
facturer’s instructions. RNA concentrations were
determined spectrophotometrically and RNA integrity
was verified by agarose gel electrophoresis (�1% [wt/
vol] agarose:Tris–acetate EDTA). Extracted RNA
samples were stored at �80�C following isolation. First
strand cDNA was synthesized by reverse transcribing
3 lg total RNA using 10 pmol oligo(dT18) primer and
20 U RevertAid H Minus M-MuLV reverse transcrip-
tase (MBI Fermentas Inc., Burlington, ON, Canada)
following the manufacturer’s instructions.

Primers for killifish Na+,K+–ATPase a1a (Acc. No.
AY057072), cystic fibrosis transmembrane conductance
regulator (CFTR) Cl� channel (Acc. No. AF000271),
Na+,K+,2Cl� cotransporter 1 (NKCC1; Acc. No.
AY533706), glucocorticoid receptor (GR; Acc. No.
AY430088), and elongation factor 1a (EF1a, expres-
sion control; Acc. No. AY430091) were designed using
Primer Express software (version 2.0.0, Applied Bio-
systems Inc., Foster City, CA, USA). The sequences
for all primers are reported in Scott et al. (2004a).
Gene expression was quantified using quantitative real-
time PCR (qRT-PCR) on an ABI Prism 7000 sequence
analysis system (Applied Biosystems). PCR reactions
contained 1 ll of cDNA, 4 pmol of each primer and
Universal SYBR green master mix (Applied Biosys-
tems) in a total volume of 21 ll. All qRT-PCRs were
performed as follows: 1 cycle of 50�C for 2 min and
95�C for 10 min, followed by 40 cycles of 95�C for
15 s and 60�C for 1 min. PCR products were subjected
to melt curve analysis to confirm the presence of a
single amplicon and representative samples were elec-
trophoresed to verify that only a single band was
present. Control reactions were conducted with no
cDNA template or with non-reverse transcribed RNA
to determine the level of background or genomic DNA
contamination, respectively. Genomic contamination
was below 1:147 starting cDNA copies for all tem-
plates. A randomly selected control sample was used
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to develop a standard curve for each primer set, and
all results were expressed relative to these standard
curves. Results were then standardized to EF1a.
Expression of this gene does not change in killifish gills
at any time following salinity transfer when expression
is normalized to total RNA concentration (data not
shown), demonstrating that EF1a is an appropriate
control gene. All samples were run in duplicate (coef-
ficients of variation were £10%).

Na+,K+–ATPase activity and Western blotting

Na+,K+–ATPase activity was determined by coupling
ouabain-sensitive ATP hydrolysis to pyruvate kinase-
and lactate dehydrogenase-mediated NADH oxidation
as outlined by McCormick (1993). For this assay,
second and third gill arches were homogenized in
500 ll of SEI buffer (150 mmol l�1 sucrose, 10 mmol
l�1 EDTA, 50 mmol l�1 imidazole, pH 7.3) containing
0.1% Na-deoxycholate and centrifuged at 5,000 · g for
30 s at 4�C. Supernatants were immediately frozen in
liquid nitrogen and stored at �80�C until analysed.
ATPase activity was determined in the presence or
absence of 0.5 mmol l�1 ouabain using 10 ll super-
natant thawed on ice and was normalized to total
protein content (measured using the bicinchoninic acid
method, Sigma-Aldrich). All samples were run in trip
licate (coefficients of variation were always £10%).
Na+,K+–ATPase activity, measured as ouabain-sen-
sitive ATPase activity is expressed as lmol ADP mg
protein�1 h�1.

Na+,K+–ATPase protein abundance was measured
by Western immunoblotting as in Scott et al. (2004a).
Gill homogenates were prepared as outlined above and
denatured for 3 min in boiling SDS-sample buffer
(Laemmli 1970). Eight percent SDS-polyacrylamide gels
were loaded with total gill homogenates (20 lg protein/
lane) and protein was transferred to nitrocellulose
membranes (Bio-Rad) using a Trans-Blot semi-dry
transfer cell (Bio-Rad). Blots were first incubated for 1 h
with NAK121 primary antibody diluted 1:400 in TTBS
buffer (17.4 mmol l�1 Tris–HCL, 2.6 mmol l�1 Tris
base, 500 mmol l�1 NaCl, 2.0 mmol l�1 sodium azide,
0.05% Tween-20, pH 7.5) containing 2% skim milk
powder (wt/vol). Blots were then incubated for 1 h with
goat anti-rabbit IgG secondary antibody (alkaline
phosphatase conjugated; Sigma-Aldrich) diluted 1:5,000
in TTBS. Membranes were developed in alkaline phos-
phatase buffer containing 5-bromo-4-chloro-3-indolyl
phosphate (BCIP) and nitro-blue tetrazolium (NBT)
(Sigma–Aldrich). Band intensity was quantified using a
FluorChem 8800 imager (Alpha Innotech) assisted by
AlphaEaseFC software (v.3.1.2; Alpha Innotech). Sam-
ples are expressed relative to a randomly chosen protein
standard (included on each gel to control for transfer
efficiency) and normalized to pre-transfer brackish water
control samples. The sensitivity of Western immuno-
blotting was verified using dose-response analysis.

Plasma variables

Plasma sodium was determined using flame atomic
absorption spectrophotometry (SpectrAA-220FS, Var-
ian, Mulgrave, VC, Australia) with Fisher Scientific
certified standards. Plasma chloride concentrations were
measured colorimetrically (Zall et al. 1956) with Radi-
ometer (Copenhagen, Denmark) certified standards.
Plasma cortisol was determined by enzyme-linked im-
munosorbant assay following the manufacturer’s
instructions (Neogen, Lansing, MI, USA).

Statistical analyses

Data are expressed as means ± SEM. All data passed
tests of normality and homogeneity of variance. ANO-
VA was therefore used to determine overall treatment
effects. The effects of each treatment were assessed by
comparison with untreated, sham-injected brackish wa-
ter transferred fish, and sham-injected freshwater
transferred fish, using Tukey post-hoc comparisons.
Additional Tukey comparisons were made between
freshwater sham fish and each antagonist treatment
where data from both doses were pooled. We interpreted
significant differences between brackish water and
freshwater shams as a specific effect of freshwater
transfer. When these differences did exist between sham
groups, an effect of antagonist treatment was assumed
when a significant difference existed between freshwater
sham and antagonist groups, or when there was a lack of
significance between brackish water sham and antago-
nist groups. Statistical analyses were conducted using
Sigmastat version 3.0 and a significance level of P<0.05
was used throughout.

Results

Effects of spironolactone and RU486 on gene expression

Spironolactone and RU486 significantly affected some
of the normal molecular responses of killifish gills to
freshwater transfer. Four days after transfer of sham-
injected fish to freshwater, Na+,K+–ATPase a1a

expression increased nearly 3-fold above sham-injected
brackish water controls (Fig. 1a). RU486 had no sig-
nificant effect on this increase in expression after fresh-
water transfer, as levels were similar in RU486- and
sham-injected fish gills. The mineralocorticoid receptor
antagonist spironolactone did, however, reduce
Na+,K+–ATPase a1a expression in the gills after
freshwater transfer to levels intermediate between
brackish water and freshwater shams. Expression of this
gene was 30% lower in spironolactone-injected fish
compared to sham-injected freshwater fish, and levels
were not significantly different from sham-injected
brackish water controls. Furthermore, Na+,K+–AT-
Pase a1a expression was significantly reduced compared
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to freshwater sham fish when data from both spirono-
lactone doses were pooled.

Na+,K+–ATPase activity increased after freshwater
transfer in sham- and spironolactone-injected fish when
compared to untreated controls (1.5- to 1.8-fold)
(Fig. 1b). However, only fish injected with 1.0 mg g�1

spironolactone were higher than brackish water con-
trols. In contrast, Na+,K+–ATPase activity in RU486-
injected fish was not significantly different from un-
treated fish. The lack of a significant difference in
activity between untreated and RU486-treated fish was
likely not due to differences in protein abundance, at
least for the 1.0 mg g�1 dose. Freshwater transfer in-
creased a-subunit protein levels from 1.9- to 2.7-fold
above brackish water controls in all treatment groups.

Furthermore, levels in all freshwater-transferred fish
were significantly higher than untreated controls, except
for those treated with the 0.1 mg g�1 RU486 dose
(Fig. 1c, d).

Expression of the seawater gill ion transporters,
CFTR and NKCC1, decreased after freshwater transfer
for all treatments compared to untreated and brackish
water controls (Fig. 2a, b). GR expression was reduced
in brackish water sham-, freshwater sham-, RU486-, and
spironolactone-injected fish compared to untreated
controls, but only 0.1 mg g�1 spironolactone reduced
expression compared to sham-injected brackish water
controls (Fig. 2c).

Plasma ions were disrupted after freshwater transfer
in several treatment groups, as levels were reduced up to
approximately 20% (Table 1). Plasma Cl� levels were
maintained after freshwater transfer in sham-, RU486-,
and spironolactone-injected fish when compared to
sham-injected brackish water controls, but were reduced
compared to untreated controls in freshwater sham,
0.1 mg g�1 RU486, and 0.1 and 1.0 mg g�1 spirono-
lactone treated fish. In contrast, no significant differ-
ences in plasma Na+ were observed due to any
treatment. However, the variance of both plasma Cl�

and plasma Na+ data tended to be higher in some of the
freshwater transferred groups, suggesting that there may
be inter-individual differences (as well as inter-popula-
tion differences, Scott et al. 2004b) in freshwater toler-
ance. Interestingly, a high dose of RU486 increased
plasma cortisol levels, compared to untreated fish,
brackish water sham fish, and freshwater sham fish.

Fig. 1 Na+,K+–ATPase a1a mRNA expression (a), activity (b),
and a-subunit protein abundance (c) in the gills of killifish (n ‡ 7).
Treatments were untreated (white hatched bar), sham-injected
(coconut oil) brackish water (BW) transfer (white bar), sham-
injected freshwater (FW) transfer (black), RU486-injected fresh-
water transfer, and spironolactone-injected freshwater transfer.
Antagonists were injected at low (0.1 mg g�1 fish weight; dark
grey) or high (1.0 mg g�1 fish weight; light grey) doses. (d)
Representative western blots of the Na+,K+–ATPase a-subunit
in brackish water (left) and freshwater (right) controls, illustrating
an immunoreactive band at approximately 100 kDa. Expression
data are standardized to elongation factor 1a, and all data are
expressed as means ± SE. *: Significant difference from sham-
injected brackish water control. #: Significant difference from
untreated control. +: Significant difference from sham-injected
freshwater control (P<0.05). In (a) Na+,K+–ATPase a 1a mRNA
expression was significantly reduced compared to freshwater shams
when data from both spironolactone doses were pooled
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For all measurements in experiment 1, namely gene
expression, Na+,K+–ATPase activity and abundance,
plasma ions and cortisol, untreated fish were statistically
indistinguishable from sham-injected brackish water
controls. For all treatments, plasma cortisol was signif-
icantly influenced by the serial sampling protocol: there
was a significant correlation between sample order and
cortisol, such that cortisol levels were higher in fish
sampled later.

Effects spironolactone and RU486 on cell proliferation

Spironolactone and RU486 significantly influenced cell
proliferation in the gills of killifish after freshwater
transfer (Figs. 3, 4). Proliferation (indicated by the
number of BrdU-labelled nuclei) was observed primarily
in cells at the base of secondary lamellae, as well as in

cells near the central venous sinus. In the non-lamellar
region of the gills in sham-injected killifish, transfer to
freshwater increased the number of BrdU-labelled nuclei
by 5-fold above brackish water controls, and this was
unaffected by RU486 treatment (Fig. 4a). Cell prolifer-
ation was reduced by spironolactone treatment, how-
ever, which reduced the number of BrdU-labelled nuclei
by nearly 50%, such that levels were significantly re-
duced compared to sham-injected fish transferred to
freshwater. In the lamellar region of the gills, freshwater
transfer also increased cell proliferation by 5-fold
(Fig. 4b). Spironolactone treatment had similar effects
in this region, as it reduced cell proliferation compared
to freshwater sham fish to levels that were not signifi-
cantly different from brackish water sham fish. In con-
trast, RU486 increased cell proliferation in the lamellar
region 1.5-fold above that observed in freshwater sham
fish gills.

Fig. 2 CFTR (a), NKCC1 (b),
and GR mRNA expression in
the gills of killifish (n‡ 7).
Treatments were untreated
(white hatched bar), sham-
injected (coconut oil) brackish
water (BW) transfer (white bar),
sham-injected freshwater (FW)
transfer (black), RU486-
injected freshwater transfer,
and spironolactone-injected
freshwater transfer.
Antagonists were injected at
low (0.1 mg g�1 fish weight;
dark grey) or high (1.0 mg g�1

fish weight; light grey) doses.
Expression data are
standardized to elongation
factor 1a, and all data are
expressed as means ±SE. *:
Significant difference from
sham-injected brackish water
control. #: Significant difference
from untreated control. +:
Significant difference from
sham-injected freshwater
control (P<0.05)

Table 1 Plasma Na, Cl, and cortisol after freshwater transfer in Sham, RU486, and Spironolactone-injected killifish

Treatment Plasma Na (mmol l�1) Plasma Cl (mmol l�1) Plasma cortisol (ng ml�1)

Untreated 164±4 168 ±5+ 71 ±23
Brackish water sham 158 ±9 152 ±8 96 ±29
Freshwater sham 145 ±14 119 ±14# 137 ±29
Freshwater RU486 (0.1 mg g�1) 147 ±17 123 ±17# 144 ±47
Freshwater RU486 (1.0 mg g�1) 152 ±11 139 ±3 292 ±51*,#,+

Freshwater spironolactone (0.1 mg g�1) 159 ±2 127 ±5# 60 ±22
Freshwater spironolactone (1.0 mg g�1) 131 ±7 118 ±9# 133 ±32

Values are means ± SEM; n ‡ 7. Fish were transferred to fresh-
water 5 days after injection and sampled 4 days later. Because of
the serial sampling protocol, there was a significant correlation
accounting for higher cortisol levels in fish sampled later.

*Significantly different from brackish water sham; #Significantly
different from untreated fish; +Significantly different from fresh-
water sham (P<0.05).
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Discussion

The common killifish can experience both daily and sea-
sonal fluctuations in environmental salinity in their nat-
ural habitats. In order tomaintain ion balance under these
conditions, killifish modulate ion flux rates across the
gills. For example, when killifish move into hyposmotic
environments, ion secretion is suppressed (Marshall 2003)
and ion absorption increases (Wood and Laurent 2003;
Scott et al. 2004b). In the current study, we have observed
both spironolactone and RU486 to have effects on the
molecular and cellular responses of killifish gills to
freshwater transfer. In particular, mineralocorticoid
receptor antagonism with spironolactone reduced the
normal increases inNa+,K+–ATPase expression and cell
proliferation. Whereas the glucocorticoid receptor ap-
pears to be important for seawater transfer in this species
(Scott et al. 2004a;Marshall et al. 2005), the results of this
study support a role for the mineralocorticoid receptor in
freshwater acclimation in killifish.

Responses of killifish to freshwater transfer

Previous studies have identified several molecular and
cellular responses to freshwater transfer in killifish gills

that contribute to the euryhalinity of this species. These
responses are involved in both reducing ion loss and
activating ion uptake. Passive routes of ion secretion are
minimized primarily through decreases in paracellular
permeability (Karnaky 1992; Scott et al. 2004b). Active
routes of ion secretion are suppressed through inacti-
vation of secretory ion transporters, which has been
shown to occur by protein internalization (Marshall
et al. 2002), activation of signal cascades responsible for
protein phosphorylation (Kültz et al. 2001), and sup-
pression of ion transporter expression (Scott et al.
2004a, 2005). Ion uptake is activated in part by
increasing Na+,K+–ATPase mRNA expression and
activity (Scott et al. 2004a, 2005); indeed, changes in
Na+,K+–ATPase expression in freshwater are followed
by progressive increases in Na+ influx (Scott et al.
2004b). Cell proliferation (Katoh and Kaneko 2003) and
differentiation (hypertrophy and apical surface mor-
phology, Marshall et al. 1999; Daborn et al. 2001; Ka-
toh et al. 2001) are likely also involved in ion uptake.
Together, the responses of killifish to freshwater transfer
allow these animals to rapidly re-establish ion balance
after freshwater transfer (Jacob and Taylor 1983; Katoh
and Kaneko 2003; Scott et al. 2004a).

Maintenance of ionic homeostasis after freshwater
transfer probably involves a transformation from ion

Fig. 3 Immunohistochemical
labelling of BrdU in the
lamellar portion of the gill
epithelium of killifish.
Treatments were sham-injected
(coconut oil) brackish water
transfer (a), sham-injected
freshwater transfer (b),
spironolactone-injected
(0.5 mg g�1 fish weight)
freshwater transfer (c), and
RU486-injected (0.5 mg g�1

fish weight) freshwater transfer
(d). BrdU was injected
intraperitoneally 4 h before
sampling, and the subsequent
incorporation into nuclei of
proliferating gill cells was
detected (arrow). Scale bar is
100 lm
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secretion to ion absorption, as expression of the sea-
water transporters CFTR and NKCC1 decreases in
the gills after transfer, while expression and activity of
Na+,K+–ATPase increases (as in some other eury-
haline species, Deane and Woo 2004). Furthermore,
we observed the rate of cell proliferation in killifish
gills to increase after freshwater transfer. This has also
been observed in rainbow trout gills during acclima-
tion to ion-poor water (Laurent et al. 1994) and is
likely responsible for increasing the abundance of new
mitochondria-rich cells, as previously demonstrated in
killifish after transfer from seawater to freshwater
(Katoh and Kaneko 2003).

In addition to the molecular and cellular changes
that occur in the gills of killifish and other fish species
in freshwater, transient increases in plasma cortisol
occur within a few hours of transfer (McCormick
2001). Elevating plasma cortisol early after freshwater
transfer may increase the expression and activity of

Na+,K+–ATPase in the gills, as may also be the case
after seawater transfer (e.g., Madsen et al. 1995; Sei-
delin et al. 1999). These changes likely occurred in the
present study, except much earlier and distinct from
the changes observed in this study due to serial
sampling (see Results). Changes in plasma cortisol
early after freshwater transfer could regulate ion
transporters through both glucocorticoid and miner-
alocorticoid receptors, as could changes in the plasma
levels of other GR or MR agonists (Sturm et al.
2005). Both GR and MR are expressed in the gills of
fish at the same absolute levels (Greenwood et al.
2003), and GR is known to be expressed in cells
expressing high levels of Na+,K+–ATPase (Uchida
et al. 1998). Therefore, it is perhaps not surprising
that the GR and MR antagonists RU486 and spir-
onolactone altered some of the normal molecular and
cellular responses to freshwater transfer, as discussed
below.

Fig. 4 The number of BrdU-
labelled nuclei (as an index of
cell proliferation) per mm
filament length in the non-
lamellar (a) and lamellar (b)
regions of the killifish gill
epithelium (n ‡ 4). Treatments
were sham-injected (coconut
oil) brackish water (BW)
transfer (white bar), sham-
injected freshwater (FW)
transfer (black), RU486-
injected (0.5 mg g�1 fish
weight) freshwater transfer
(grey), and spironolactone-
injected (0.5 mg g�1 fish
weight) freshwater transfer
(grey). All data are expressed as
means ± SE. *: Significant
difference from sham-injected
brackish water control. +:
Significant difference from
sham-injected freshwater
control (P<0.05)

506



Evaluation of antagonist treatment

Many previous studies have used RU486 as an antago-
nist of glucocorticoid receptors, and antagonism of
several cortisol-mediated functions has been demon-
strated at doses comparable to those used in this study.
Examples include reduction of pulsatile urea excretion in
gulf toadfish (Opsanus beta, 0.05 mg g�1) (McDonald
et al. 2004), prevention of cortisol-induced changes in
hepatocyte metabolism (0.1 mg g�1) (Vijayan et al.
1994), and inhibition of the normal increase in fluid
absorption during the parr-smolt transformation in
Atlantic salmon (1.0 mg g�1) (Veillette et al. 1995).
Therefore, in the range of doses used in this study (0.1 to
1.0 mg g�1), RU486 is likely antagonizing GR. Inter-
estingly, 1.0 mg g�1RU486 treatment increased plasma
cortisol levels in this study. By blocking glucocorticoid
receptors in the hypothalamus or pituitary, RU486
could increase cortisol secretion by inhibiting negative
feedback that is normally present. Elevated plasma
cortisol levels after RU486 treatment has been demon-
strated in several fish species (Veillette et al. 1995),
including killifish (Marshall et al. 2005), which further
suggests that RU486 treatment successfully antagonized
GR in this study.

Unlike RU486, few previous studies have employed
spironolactone as an antagonist of mineralocorticoid
receptors in fish. Spironolactone is a commonly used
antagonist of the mineralocorticoid receptor in mam-
mals, and is known to inhibit nuclear translocation of
agonist-bound MR (Fejes-Tóth et al. 1998). Recently,
spironolactone was reported to antagonize transcription
of rainbow trout MR in the presence of aldosterone at
some doses in vitro (in a mammalian COS cell culture
model), but in the absence of aldosterone was observed
to have an agonistic effect at other doses (Sturm et al.
2005). It is unclear how concentrations of spironolac-
tone in culture relate to those injected in vivo, but
0.1 mg spironolactone g�1 inhibited the normal increase
in cell proliferation in the gills of trout after transfer to
ion-poor water (Sloman et al. 2001), and approximately
0.05 mg spironolactone g�1 has been shown to have no
effects on cortisol-mediated regulation of urea excretion
in toadfish (McDonald et al. 2004). Therefore, in the
range of doses used in this study (0.1 to 1.0 mg g�1),
spironolactone is likely antagonizing MR.

In addition to specifically antagonizing GR and MR,
respectively, RU486 and spironolactone may also
antagonize other corticosteroid receptors when admin-
istered at high doses. For example, at very high doses,
RU486 inhibits transactivation of trout MR by aldo-
sterone (Sturm et al. 2005). It is similarly possible that
high doses of spironolactone inhibits GR signalling. To
address these possibilities, we administered multiple
doses (0.1–1.0 mg g�1) of each antagonist in this study.
Spironolactone generally had consistent effects at all
doses, and inhibited some of the normal changes asso-
ciated with freshwater transfer, as discussed below.
There was a trend for high doses of RU486 (1.0 mg g�1)

to have a similar, albeit statistically insignificant, effect
on Na+,K+–ATPase expression as spironolactone. A
plausible explanation for these observations is that
spironolactone (and possibly RU486 at high dose)
antagonized signalling via MR, and thus inhibited the
normal changes associated with freshwater transfer.
However, GR antagonism (at least in the hypothalamus
or pituitary), as suggested by elevated plasma cortisol
levels, appeared to occur only after RU486 treatment.
Furthermore, GR antagonism by an intermediate dose
of RU486 had an opposite effect to spironolactone on
cell proliferation, providing added support that spiron-
olactone is specifically antagonizing MR.

Effects of RU486 on the responses to freshwater transfer

Intracellular signalling through the glucocorticoid
receptor could help maintain ion balance after fresh-
water transfer by either suppressing pathways involved
in ion loss or activating those involved in ion absorption.
Our results and those of others (Wilson et al. 2004) are
not consistent with an effect on ion loss, as the normal
suppression of the seawater transporters CFTR and
NKCC1 in freshwater was unaffected by RU486. In
contrast, GR antagonism with RU486 may have affected
the pathways responsible for activating ion absorption
after freshwater transfer. Compared to untreated ani-
mals in brackish water, Na+,K+–ATPase activity in-
creased after freshwater transfer in the gills of control
killifish, but in killifish subjected to RU486 activity of
this enzyme did not increase significantly. It is likely that
this effect on Na+,K+–ATPase was post-translational,
as RU486 had very little effect on a1a mRNA expression
and a protein abundance. Spironolactone did not appear
to alter activity, suggesting that this effect of RU486 was
specific to GR. GR antagonism may have therefore
inhibited the normal post-translational increase in
Na+,K+–ATPase activity in the gills of killifish after
freshwater transfer. Cortisol is thought to increase
Na+,K+–ATPase activity via GR (Shrimpton and
McCormick 1999), consistent with the observed inhibi-
tion of the activity of this enzyme by RU486; however,
the effects of RU486 were modest and did not impair
plasma Na+ levels, so the role of GR in freshwater
acclimation is likely minor. Indeed, unlike seawater
transfer, which causes GR expression to increase (Scott
et al. 2004a), neither freshwater transfer nor RU486
treatment altered GR expression in this study.

Curiously, cell proliferation was higher in RU486-
treated fish transferred to freshwater than in freshwater-
transferred controls in the lamellar region of the gills.
This compensation may have enhanced the absorptive
capacity of their gills, and compensated for reduced
Na+,K+–ATPase activity. In this regard, it is notable
that rainbow trout do not increase Na+,K+–ATPase
activity in their gills after transfer to ion-poor water
(Sloman et al. 2001). Because activity does not normally
change in this species, there was no effect for 0.5 mg
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RU486 g�1 to antagonize, so it is perhaps not surprising
that compensatory changes in cell proliferation in re-
sponse to RU486 were unnecessary (Sloman et al.
2001). Additionally, higher plasma cortisol levels in
RU486 treated fish may explain the further increase in
cell proliferation after freshwater transfer (Laurent et al.
1994; van der Salm et al. 2002), possibly through en-
hanced signalling via MR (see the spironolactone dis-
cussion below). Furthermore, the increase in plasma
cortisol induced by RU486 may have led to a compen-
satory increase in prolactin secretion, which is known to
be important for freshwater acclimation in killifish
(Grau et al. 1984), and could have stimulated cell pro-
liferation in the gills (Manzon 2002). Alternatively, some
studies have suggested that RU486 acts as an agonist to
GR under some experimental conditions (see review by
Mommsen et al. 1999), but this possibility seems less
convincing, as RU486 has been shown repeatedly at the
doses used in this study to be either antagonistic or have
no effect (Veillette et al. 1995; Kelly and Wood 2002;
van der Salm et al. 2002). Cell proliferation was unaf-
fected by RU486 in the non-lamellar region of the gills,
where mitochondria-rich cell abundance is greatest
(Katoh and Kaneko 2003), so the contribution of this
increased proliferation in the lamellar region to total gill
function is unclear. Overall, the results in RU486 treated
fish suggest that GR plays only a minor role in fresh-
water acclimation in killifish.

Effects of spironolactone on the responses
to freshwater transfer

Spironolactone did not inhibit the normal decrease of
CFTR and NKCC1 expression after transfer, sug-
gesting that the normal suppression of ion loss in
freshwater was unaffected. Instead, the normal increase
in ion uptake after freshwater transfer may have been
affected by MR antagonism in two interacting ways.
Firstly, killifish treated with spironolactone did not
significantly increase Na+,K+–ATPase a1a mRNA
expression, in contrast to the significant increase ob-
served in freshwater-transferred sham fish. Secondly,
MR antagonism with spironolactone inhibited the
normal increase in cell proliferation in the gills after
freshwater transfer (see also Sloman et al. 2001).
However, because spironolactone treated fish suffered
no additional ion imbalance compared to freshwater
transferred controls, these animals may have compen-
sated in other ways.

It is possible that reduced cell proliferation was
responsible for the reduced Na+,K+–ATPase mRNA
abundance, as lower cell proliferation could reduce the
number of cells in killifish whole gills expressing high
levels of Na+,K+–ATPase (potential mitochondria-rich
cells). However, no such effect was observed for protein
abundance. Alternatively, or perhaps additionally, MR
antagonism could inhibit transcription of the Na+,K+–
ATPase a1a gene after freshwater transfer within indi-
vidual mitochondria-rich cells. Whatever the cause for

altered Na+,K+–ATPase a 1a expression, it is likely that
this inhibition had physiological effects: previous studies
have suggested a strong relationship between Na+,K+–
ATPase expression and unidirectional Na+ influx rate
(Scott et al. 2004b). If indeed the case, reduced
Na+,K+–ATPase expression and cell proliferation by
spironolactone treatment could have affected the normal
increase in Na+ uptake after freshwater transfer, pos-
sibly resulting in compensatory changes to maintain ion
balance.

Recent evidence suggests that MR-mediated signal-
ling may involve multiple ligands in fish. Cortisol has
previously been suggested to act as both glucocorticoid
and mineralocorticoid in fish (Mommsen et al. 1999),
possibly interacting with both GR and MR in vivo
(Colombe et al. 2000; Sloman et al. 2001), because
cortisol has a higher affinity for MR than GR
(Colombe et al. 2000; Greenwood et al. 2003) and can
induce transcription via MR in vitro (Greenwood et al.
2003). In addition, it has recently been shown that
11-deoxycorticosterone (DOC) has potent agonistic ef-
fects on MR, and enhances transcription via MR at
lower concentrations than does cortisol (Sturm et al.
2005). Fish are able to synthesize DOC (Li et al. 2003),
but whether this hormone responds to osmotic stress is
unknown (Gilmour 2005). Furthermore, 11b-hydrox-
ysteroid dehydrogenase (11HSD), which converts cor-
tisol to inactive metabolites, has recently been identified
in fish (Kusakabe et al. 2003). This suggests that access
of cortisol to MR can be regulated by 11HSD, which
might allow DOC and other hormones to bind MR in
tissues involved in regulating hydromineral balance. It
is therefore likely that MR antagonism with spirono-
lactone is inhibiting the effects of both cortisol and
other hormones that are mediated by MR.

In summary, we have demonstrated that both spir-
onolactone and RU486 influence the molecular and
cellular responses of killifish to freshwater transfer. In
particular, mineralocorticoid receptor antagonism with
spironolactone inhibited the normal increases in
Na+,K+–ATPase a1a mRNA expression and cell pro-
liferation in the gills, which supports a role for MR in
freshwater acclimation. The effects of RU486 were less
clear, as treatment had small effects on the normal in-
crease in Na+,K+–ATPase activity but increased cell
proliferation in the lamellar region of the gills. By
mediating many aspects of the molecular and cellular
responses to freshwater transfer, mineralocorticoid
receptors may be exceedingly important for regulating
ion transport in euryhaline fish.
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