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Summary

Isogenic carp Cyprinus carpioL. were acclimated to
water temperatures of 15, 22 and 29°C for at least
8 weeks. The acclimations consistently resulted in slightly,
but significantly, different plasma osmolality, sodium,
potassium and chloride concentrations between the groups
studied. Plasma total and ionic calcium levels were
unaffected, indicating successful adaptation. The apparent
changes in set point for plasma ion levels are explained by
altered sodium pump activity and hormonal control of
branchial permeability to water and ions. It appears that
in 15°C-acclimated fish, a lower apparent NEK*-ATPase
activity is compensated by strongly enhanced N&K*-
ATPase expression (determined biochemically and
immunohistochemically). In 29°C-acclimated fish, the
higher ambient temperature activates the enzyme.

anticipated production and release) is lower in fish kept at
29°C, suggesting that control over branchial permeability
to water and ions needs to be downregulated at higher
temperatures. In so doing, enhanced sodium pump activity
is balanced by a controlled passive ion loss to fine-tune
plasma sodium levels. Basal plasma cortisol levels did not
correlate positively with Na'/K*-ATPase expression, but
doubling plasma cortisol levels in control fish by
administering exogenous cortisol (for 7 days, using
implanted minipumps and thus stress-free) enhanced
Na*/K*-ATPase expression. This effect must be the result
of a glucocorticoid action of the steroid: in fish,
mineralocorticoid receptors have higher affinity for
cortisol than glucocorticoid receptors. At a lower ambient
temperature, branchial Na'/K*-ATPase expression is

Arrhenius  plots  for  branchial Na*/K*-ATPase
preparations of the three groups of fish suggest the
occurrence of different enzyme isoforms or protein
(in)stability as explanations for differences in apparent
enzyme activities, rather than temperature-dependent
changes in membrane fluidity. As for hormonal control
over permeability, prolactin mRNA expression (and

upregulated to counteract the temperature-inhibited
activity of the sodium pump, perhaps via a
mineralocorticoid receptor.

Key words: temperature acclimation, osmoregulation,*/ia
ATPase, cortisol, prolactin, chloride cell, immunohistochemistry,
real-time RT-PCR, common carp, Cyprinus carpio

Introduction

The common carp Cyprinus carpib. is a stenohaline immune competence (Le Morvan-Rocher et al., 1995), growth
freshwater species. Carp originated in the Danube basin aadd metabolism (Burel et al., 1996; Fine et al., 1996). Also it
their huge ability to adapt allowed them to extend their habitathay be anticipated that osmoregulation, involving energised
throughout the temperate zone of the northern hemisphere,ion pumps in the gills (and in other osmoregulatory organs
water temperatures ranging from 0 to 30°C (Billard, 2001). Theuch as intestine and kidney), is a critically temperature-
optimal temperature for carp growth is around 25°Csensitive process. Ambient temperature determines the
Temperature strongly influences all biochemical processdsydromineral status of the body fluids of freshwater fish by
and, obviously, when a set of crucial physiological processeasfluencing both passive and active ion-transport mechanisms.
is subjected to changes in water temperature, intern&lor example, a rise in temperature will increase passive
homeostasis may become at risk. Being a eurythermal fisprocesses such as loss of ions and gain of water, thus requiring
carp must have adaptive mechanisms to control intern&nhanced osmoregulatory activity. Higher temperatures will
homeostasis over a broad range of ambient temperatures. Yattivate enzyme-driven ion transport (defined for example by
little is known about the physiology of temperature adaptatiom Qio value or activation energy). Not all components of a
in carp. physiological process are equally sensitive to temperature, yet

Some physiological phenomena in fish that depend criticallynay still require secondary adjustment to altered key enzyme
on temperature are oxygen consumption (Becker et al., 1992ctivities, and thus eurythermal fish must have developed
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adequate adaptation strategies to cope successfully wifftom a common 400 | stock tank to acclimation tanks in which
varying environmental temperatures. the ambient temperature was gradually changed (by 1°C per
Gills play a crucial role in hydromineral homeostasis of aday) to final water temperatures of 15, 22 or 29°C. Experiments
fish. In freshwater fish, the function of chloride cells in thewere carried out in the spring of 2001 and 2002.
branchial epithelium is uptake of ions (N&t, C&*) from
the surrounding water (Flik et al., 1994; Perry, 1997). The most Plasma parameters
important and extensively studied enzyme in the chloride cell Fish were anaesthetised in 0.1% (v/v) 2-phenoxyethanol
is sodium/potassium-activated adenosine triphosphatag€igma, St Louis, USA). Immediately thereafter (always within
(Nat/K*-ATPase), the enzymatic expression of the sodiun2 min), 1 ml blood was taken from the caudal vessels, using a
pump, which is under multiple hormonal control (McCormick,1 ml syringe that contained 20 of 2% (w/v) NaEDTA
1995; Young et al., 1995; Evans, 2002). Cortisol and prolacti{Sigma) as anti-coagulant. Blood was transferred to ice-cold
are considered the most important endocrine factors. Eppendorf tubes containing 1 trypsin-inhibiting unit (t.i.u.) of
Cortisol is the end product of the hypothalamic—pituitary-aprotinin (Sigma). After 5 min centrifugation (1000 g, 4°C),
interrenal axis (HPIl-axis; Wendelaar Bonga, 1997) anglasma was separated from blood cells and stored at —20°C
stimulates N&K*-ATPase activity in many freshwater teleost until analysis.
fish species, including cichlids (Dange, 1986; Dang et al., Plasma cortisol was measured by radioimmunoassay (RIA)
2000a), salmonids (Richman and Zaugg, 1987) and cyprinidss described by Arends et al. (1998). Plasma osmolality was
(Abo Hegab and Hanke, 1984). Cortisol enhances chloride cetheasured on a freezing-point depression osmometer (Gonotec,
numbers (Richman and Zaugg, 1987; McCormick, 1990) anBerlin, Germany). Plasma Neand K' concentrations were
size (Madsen, 1990; McCormick, 1990; Dang et al., 2000afdetermined by flame photometry (Radiometer Copenhagen
Prolactin, on the other hand, exerts a mainly inhibitory controFLM3  flame  photometer); €I was  measured
over branchial N&aK*-ATPase activity (Pickford et al., 1970; spectrophotometrically by the formation of ferrothiocyanate
Madsen and Bern, 1992), and reduces chloride cell numbe{®'Brien, 1962). C&" was measured spectrophotometrically
and activity (Foskett et al., 1982). Moreover, prolactinwith a commercial kit (Sigma). The free Ldraction was
stimulates C#& uptake (Flik et al., 1994) and limits branchial determined after filtering heparinised blood plasma over a
permeability to water and ions (Hirano, 1986; WendelaalO kDa membrane.
Bonga et al., 1990; Evans, 2002).
Our previous experiments show that carp acclimated to Na'/K*-ATPase
increasing water temperature show increased basal plasmaTlhe specific, N& and K'-dependent, ouabain-sensitive
cortisol levels (Arends et al., 1998). In the present study, wATPase activity was measured in crude gill homogenates
evaluate the hydromineral and endocrine consequences afntaining saponin, to obtain optimal substrate availability,
acclimation to water at 15, 22 and 29°C. We anticipateas described by Flik et al. (1983). Homogenates (final protein
that during temperature acclimation, cortisol and prolacticontent Imgml-1) were divided into 12 fractions and
activities may change to warrant hydromineral homeostasis triplicate 10ul samples were incubated for either rhfh at
up- or downregulation of N&K*-ATPase activity. Plasma 37°C, 20min at 29°C, 30nin at 22°C or 4%nin at 15°C. The
osmolality and ion composition, gill N&K*-ATPase activity specific activity was calculated by subtracting the- K
and expression were assessed to establish the end points ofdependent, ouabain-sensitive ATPase activity from the total
adaptation strategy. The possible roles of plasma cortisélTPase activity. ATP hydrolysis was assessed by the amount
and pituitary prolactin (the latter quantified by real-timeof inorganic phosphate formed m#mg?! protein under
polymerase chain reaction) in the adaptation process will beach incubation condition. Sample protein content was
discussed. It appears that the common carp is a species withsayed using a commercial protein kit (BioRad, Hercules,
subtle mechanisms and unexpected strategies for temperat@a, USA).
adaptation. Histological preparation of the gills was carried out
according to standard protocols (e.g. Dang et al., 2000b).
Briefly, sections were collected from a comparable area in the
trailing edge of the filament where the chloride cells reside.
Animals Care was taken to orient the filaments in a standardised way
Adult male isogenic carp Cyprinus carpib., strain to obtain cross-sections through the secondary lamellae
E4xR3R8 (Bongers et al.,, 1997), were obtained from theerpendicular to the axis of the filament. After dewaxing,
Wageningen University fish culture facility (De Haar Vissen;blocking of endogenous peroxidase with 2% (v/¢Pkland
The Netherlands). Fish weighed approximately @%hd were blocking of non-specific sites with 10% (v/v) normal goat
kept in 150l tanks, with recirculating filtered tapwater, underserum, the slides were incubated overnight with a monoclonal
a 16 h:8 h light:dark regime at 22°C. Fish were fed commercialntibody against chicken N&*-ATPase (IgG&,
fish food (Trouvit, Trouw, Putten, The Netherlands) at a ratioevelopmental Studies Hybridoma Bank, Department of
of 1.5% of the estimated body mass per day. At least 8 weeBsological Sciences, University of lowa, USA) at a final
before sampling, three groups of 20 fish each were transferrédution of 1:500 (v/v). Goat anti-mouse (Nordic

Materials and methods
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Immunology, Tilburg, The Netherlands) was used as Statistical analyses

secondary antibody at 1:150 (v/v) dilution. The slides were |n all experiments, differences among groups were assessed
subsequently incubated with 1:150 (v/v) diluted mouseyy the non-parametric Mann-Whitney U-test. Linear
peroxidase anti-peroxidase (M-PAP; Nordic). Staining wasegression for correlation data was based on the least squares
performed in 0.025% (w/v) 3&liaminobenzidine (DAB) method. Significance was acceptedP&D.05. All values are

and 0.0005% (v/v) kDo expressed as means + standard error of the nseam.).

Cortisol administration

To determine the effect of exogenous cortisol orl/Ki& Results
ATPase activity, a miniosmotic pump (Model 1007D, Alzet, As shown in Tabld, plasma osmolality differed
California, USA) was implanted into the peritoneal cavity ofsignificantly among groups and was highest in the 15°C-
the anaesthetised fish. This allowed for a stable elevation atclimated group. The differences in plasma osmolality were
plasma cortisol levels for 1 week without repetitive handlingparallelled by comparable differences in*Nad Cf levels in
This approach was used instead of cortisol injection, whickhe plasma. Plasma*Kwas highest in the 29°C-acclimated
evokes stress responses due to repetitive handling, or feedimgoup. Total and free Galevels did not differ among groups.
which vyields high individual variation. The minipumps Na'/K*-ATPase activity assayed under conditions gy
were filled with cortisol (hydrocortisone; Sigma) at (i.e. at 37°C) was twofold higher in gill homogenates from
6 mg kg! body mass using 30% (w/v) 2-hydroxypropyl- the cold-acclimated group compared to those of the 22°C-
cyclodextrin (Sigma) as vehicle. Control animals receivec&and 29°C-adapted group (Fiy. N=8, P<0.01). Howeuver,
vehicle only. After 1 week, the fish were killed, blood sampledNa*/K*-ATPase activity measured at the acclimation

and gills were taken and analysed as described above. temperature of the fish {Mparent, revealed that the
_ _ homogenates from the 29°C-acclimated group had the highest
Prolactin expression apparent N&K*-ATPase activity (N8; P<0.05). Na/K*-

Relative expression of prolactin was assessed using readTPase activity did not differ significantly between the
time quantitative polymerase chain reaction (PCR). Pituitargham-treated group and the untreated group at 22°C, but
glands, rapidly removed after anaesthesia, were brought intmplantation for 7 days of with a miniosmotic pump filled
250 | Trizol reagent (Gibco BRL, Gaithersburg, USA), with cortisol resulted in a significant increase in*i¥&-
immediately followed by total RNA extraction according to theATPase activity (N8, P<0.05).
manufacturer’s instructions. To ensure complete removal of The N&/K*-ATPase activity of gill homogenates from carp
traces of genomic DNA, a sample equivalent taglof total
RNA was incubated with 1 unit DNase | (amplification grade;

Gibco BRL) for 15 min at room temperature. To inactivate 16 -
DNase, 1 of 25 mmol t1 EDTA was added and the sample
was incubated for 10 min at 65°C to simultanuously linearis
RNA. Thereafter, the RNA was reverse transcribed (RT) witt
300 ng random primers (Gibco BRL), 0vimol t1 dNTPs,

10 units RNase Inhibitor (Gibco BRL), I8mol t1
dithiothreitol and 200 units SuperscfiftRT (Gibco BRL) for

50 min at 37°C. For quantitative PCR analysigl 5f 50x
diluted RT-mix was used as template in 25amplification
mixture, containing 12.51 SYBR Green Master Mix (Applied
Biosystems Benelux, Nieuwerkerk aan den IJssel, Th
Netherlands) and 3.7 of each primer (final concentration
600 nmol1Y). The primer sets used in the PCR were, for
prolactin (165 bp; 303 bp in the case of genomic DNA) . i N ' ' "
forward 5:CAT CAA TGG TGT CGG TCT GA-3 reverse 15C 2zCc 29 Sham Cortisol

T T Viax
% == Vapparent T

12 -

Vspec(umol R it mg-t protein)
[e0)
_'

5-TGA AGA GAG GAA GTG TGG CA-3 and for Bactin 22°C 22°C
(154 bp; 255 bp in case of genomic DNA): forward€G&C Acclimation temperature

CCC AGC ACA ATG AAA A-3, reverse 5GGT GGA CGA Fig. 1. Specific b hial “ATP fivi .
TGG ATG GTC-3! After an initial step at 95°C for 1@in, a ig. 1. Specific branchial N&*-ATPase activity (Vped in carp

. Y acclimated for 8 weeks to water temperatures of 15, 22 or 29°C, and
real-time quantitative PCR of 40 cycles was performec

. . ... in 22°C-acclimated carp that had a minipump filled with vehicle or
(GeneAmp 5700, Applied Biosystems), each cycle CoNSIStNg il implanted for 7 days. Activity was assayed at optimal

of 15 s denaturation at 95°C andhin annealing and extension temperature\(nax; white bars) and at the acclimation temperature of

at 60°C. Cycle thresholdCf) values were determined and the fish (\ipparerit grey bars). Values are meanss#m. Asterisks

expression of prolactin was calculated as a percentage of indicate statistically significant differences among groups<(:05;
actin expression. **P<0.01).
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Table 1Plasma osmolality and ion composition of fish acclimated for 8 weeks to water temperatures of 15, 22 and 29°C

Water temperature Significance test

15°C 22°C 29°C (water temperatures) P
Plasma osmolality (mosmol k4 289+2.3 264+1.3 278%2.6 2229 <0.01
22 vs15 <0.001
15 vs29 <0.05
Plasma ions (mmot¥)
Na* 149.2+1.9 132.4+3.2 143.7+2.8 2228 <0.01
22 vs15 <0.001
15 vs29 <0.05
Cl- 147.7£1.7 111.543.3 131.2+3.7 2228 <0.01
22 vs15 <0.001
15 vs29 <0.01
K* 3.87+0.14 3.45+0.15 4.54+0.19 2228 <0.001
22 vs15 <0.01
15 vs29 <0.01
Total C&* 1.99+0.07 1.99+0.06 1.85+0.09 n.s.
Free C&* 0.87+0.04 0.87+0.05 0.87+0.06 n.s.

Values are meansste.M., N=8.
n.s., not significant.

acclimated to 15, 22 or 29°C at differeimt vitro assay 22°C. No break in the plot of the 29°C fish was observed over
temperatures is shown in Fig. Discontinuity in the Arrhenius the range of the temperatures tested. Calculated®ues for
plots of enzyme activity were evident in homogenates from thBla*/K*-ATPase activity were approximately 1.7 for the 15 and
15°C-acclimated fish at 29°C and the 22°C-acclimated fish &2°C-acclimated fish at the higher temperatures and for the
29°C fish at all temperatures tested. At temperatures
below the breakpoint, {g-values were significantly
higher and increased up to 2.3.

37 29 22 15 Light microscopical analysis showed that the gill

' ' ' ' filaments of 15°C-acclimated fish were thicker and
the lamellae slightly shorter and thicker than those
of 29°C-acclimated fish (Fig. 3). NK*-ATPase
immunopositive cells (chloride cells, CCs) were
located only in the interlamellar spaces in all fish
analysed. CCs in 15°C-acclimated fish were more
abundant (10512 CQmntl versus 62+8
CCs mml; N=8, P<0.05), appeared larger and
contained visibly more immunoreactive Ma*-
ATPase than those of 29°C-acclimated fish. The gill
structure of 22°C-acclimated fish was very similar
to that of the 29°C-acclimated fish, with respect to
number and structure of immunoreactive cells (not
shown).

Fig. 4A shows plasma cortisol values of fish
acclimated for 8 weeks to 15, 22 and 29°C, and
22°C-acclimated carp containing an implanted
miniosmotic pump filled with cortisol or vehicle

Fig. 2. Arrhenius plot of the specific branchiat'&-ATPase activity (Vped of (Sha_lr_n-treat(_ed). Basal_ cor_tlsol levels Corre_la'Fed
carp acclimated to water temperatures of 15, 22 or 29°Gwva&ues are POSitively with the acclimation temperature within
indicated in the graph. Breaks in the plot occur at 29°C in the 15°C-acclimat&d€ range of temperatures teSteq and were, W'th'r? the
fish and at 22°C in the plot of the 22°C-acclimated fish. No apparent break in #i&hge, best-fitted to the equation: plasma cortisol
plot of the 29°C fish is observed over the range of the temperatures testégmol F)=3.86T-51 (#=0.99, P<0.01), where
Values are meansse.Mm. T=temperature. Cortisol-treated fish had 2.4-fold

Temperature C)

10+

Q10=1.59

© 22°C-acclimated
v 15°C-acclimated
4 29°C-acclimated

Vepec(Hmol B b~ mg2 protein)

Qu=2.37

1 - r T T T ¥ T i
320 325 330 335 340 345 350
UTypsx10°
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higher circulating cortisol levels than vehicle-treated fish (N=8pbservation that plasma €devels are perfectly regulated to
P<0.01). indicate successful adaptation of the fish. Changes in plasma
Pituitary prolactin expression relative to the housekeepinfja*, Ci- and K" as a result of temperature acclimation have
genep-actin, quantified by real-time RT-PCR, was one thirdbeen established already in many fish species (Burton, 1986),
as high in the 29°C-acclimated group as in the other two groufimit at variance with our data, a constant plasma ion
(Fig. 4B;N=8, P<0.01). composition was reported for carp acclimated to temperatures
between 2 and 30°C (Houston et al., 1970; Houston and
Smeda, 1979). We observed consistently that plasma
Discussion osmolality as well as Naand Ct levels (the major determining
In this study, three major observations were made. (1) Wheaons for osmolality) are elevated at both 15°C and 29°C when
acclimated to water temperatures of 15, 22 or 29°C, carpompared to the values seen in fish at 22°C. We have no
appear to reset their plasma mineral composition at eaatearcut explanation for our observations, but suggest that the
temperature. (2) Carp enhance *N&-ATPase expression altered endocrine status of the fish (see below) could at least
at low temperatures to counteract temperature-dependefurm the basis for such differences. The adaptive response and
inactivation of N&/K*-ATPase. At higher temperatures, the resetting could represent an energetically more profitable
fish may rely on ambient temperature-driven activation of theondition for the fish as a result of multiple altered processes
Na/K*-ATPase pool. (3) Basal plasma cortisol levels correlatén the gills, as well as in other osmoregulatory organs (e.g.
positively with apparent N&K*-ATPase activity but not with intestine and kidney).
total enzyme expression. Also the prolactin status of the fish
fits with classical inhibitory control over the sodium pump Na'/K*-ATPase activity
activity, but not over pump abundance. Increased/KNa When maximum velocity (i.e. under optimal conditions for
ATPase activity at higher temperatures is consistent with thgubstrate concentrations and accessibility as well as
decreased prolactin expression and consequent enhandethperatureyiz. 37°C, yielding an estimate of the total amount
branchial permeability to NaThese three key findings will be of enzyme) was assessed, a very large rise fKNaATPase

discussed separately. activity was observed in the gills from the 15°C-acclimated
_ fish. When we performed immunohistochemistry on the gills,
Hydromineral status more and larger chloride cells, containing more*/Ké&

Acclimation temperature affects the hydromineral status oATPase immunoreactivity, were observed in the 15°C-
common carp, reflected by different plasma’N&" and Ct  acclimated fish. The immunohistochemical picture is thus in
profiles and total plasma osmolality. We interpret theagreement with the maximum velocity determination of
Nat/K*-ATPase activity. However,
note that when the enzyme activity
was assayed at the acclimation
temperature of the fish, the reverse
effect was seen: the lowest activity
was at 15 and 22°C, and the apparent
highest activity at 29°C. Thus it is
important to assay the enzyme at the
acclimation temperature of the fish in
order to provide a physiological
interpretation. Furthermore, an intact
cell may contain a latent pool of
membrane vesicles carrying the
enzyme that would be released and
assayed when a homogenate is made,
so biochemical analysis would tend to
overestimate enzyme activity.

It has been demonstrated for many
membrane-bound enzymes that a
break in an Arrhenius plot is often
caused by a change of membrane
fluidity. Membrane fluidity is largely

Fig. 3. Immunohistochemical demonstration ofM&-ATPase immunoreactive cells (chloride determined by the lipid composition.
cells) in gills of (A) 15°C-acclimated and (B) 29°C-acclimated carp. Chloride cells are mdrish acclimated to lower ambient
abundant and larger in the gills of 15°C-acclimated carp. Representative examples are shot@frgeratures respond by lowering the
the same magnification. Scale bars, 160 membrane melting point (Wodtke,
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* changes in their endocrine status, since the ion pumps in the
gills are under strict hormonal control. Cortisol and prolactin
are the two classical N&K*-ATPase regulators in fish, having
opposite effects. Cortisol is a stimulator of ‘N&"-ATPase
activity, and is often therefore referred to as a ‘seawater-
adapting hormone’, as branchial Naecretion in seawater
requires enhanced N&*-ATPase activity (Epstein et al.,
1980; McCormick, 1995). Prolactin, on the other hand, is
referred to as the ‘freshwater-adapting hormone’, inhibiting
Na'/K*-ATPase activity and ensuring low water- and ion-
permeability of the gills (Hirano, 1986; Wendelaar Bonga et
al., 1990; Bern and Madsen, 1992). A critical role for cortisol,
not just in seawater fish but also in freshwater fish, cannot be
denied as both cortisol and prolactin appear to be necessary to
maintain ionic homeostasis in hypophysectomised freshwater
catfish (Parwez and Goswami, 1985).
15:B Our data confirm the results of Arends et al. (1998) and Van
den Burg et al. (2003), who showed that rising temperatures
T T induce increased basal plasma cortisol levels. Unexpectedly,
we found no relationship between basal plasma cortisol levels
and branchial NdK*-ATPase abundance. Yet, after 1 week of
exogenously administered cortisol, N&*-ATPase activity
was clearly enhanced, which is in agreement with earlier
0.6- . studies (Abo Hegab and Hanke, 1984; De Boeck et al., 2001).
It would seem that circulating cortisol levels must exceed a

2004 A

=
[o)]
L.

804 **

Plasma cortisol (nmot?)

40

0 I_T_| 4 i : fsaive= | ol
15°C 22°C 29°C Sham Cortisol
22°C 22°C

1.2

0.9

Prolactin expression relative teggtin

+ certain threshold level to act as a stimulator of branchial
0.31 Na'/K*-ATPase activity. Indeed, it has been shown in
freshwater rainbow trout that chloride cells contain at least two
0 : : i cortisol receptors, a mineralocorticoid receptor (MR) having a
15°C 22°C 29°C high affinity and a glucocorticoid receptor (GR) with a lower
Acclimation temperature affinity (Ducouret et al., 1995; Colombe et al., 2000; Sloman

et al., 2001). Assuming a similar situation in carp, it follows

Fig. 4. (A) Plasma cortisol levels in carp acclimated for 8 weeks t?hat the enhanced Ni*-ATPase activity after exogenously
water temperatures of 15, 22 or 29°C and in 22°C-acclimated Cargdministered cortisol 1

that had a minipump filled with vehicle or cortisol implanted for X i esults f“?m a GR-mediated effect of
7 days. (B) Pituitary prolactin expression, relative to theCortisol. An attractive hypothesis proposed by Sloman et al.
housekeeping gen@-actin, in 15, 22 or 29°C-acclimated carp (2001), based on GR and MR-pharmacological studies, is that
quantified by real-time PCR. Values are meansev. Asterisks the more sensitive MR is upregulated in situations when
indicate statistically significant differences among groups<(:05;  chloride cell proliferation is required, for example in ion-
**P<0.01). deficient water. A similar activation of a silent MR would

explain our observations in the 15°C-acclimated carp, while
1981; Hazel, 1984). As the breaks in the Arrhenius plot in thi¢he circulating basal cortisol levels are too low for a GR-
study appear to move rightwards with increasing acclimatiomediated effect. The differences in basal cortisol levels
temperature, we speculate that the breaks are related to protefserved here may thus reflect more so the metabolic status of
thermo(in)stability or differences in isozyme activities ratherthe fish at different temperatures.

than membrane fluidity. Indeed, different N&"-ATPase Pituitary prolactin expression was downregulated in the
isozymes have been identified in fish gills (Cutler et al., 19959°C-acclimated group. Assuming that 8 weeks of acclimation
2000). results in a steady resetting of the protein expression machinery

It would seem that carp acclimated to 15°C increase chloridé @ cell, we speculate that differences in mRNA levels reflect
cell numbers and N&*-ATPase expression to compensate€quivalent differences in protein production and secretion,
for the lower reaction rate that occurs at this temperaturdmplying that 29°C-acclimated carp have lower plasma
Slight overcompensation might explain the enhanced plasni¥olactin levels (which we cannot determine directly by

Na* and Cf levels seen in these fish. radioimmunoassay) than the 15 and 22°C-acclimated fish. This
is in agreement with plasma measurements in rainbow trout
Cortisol and prolactin Oncorhynchus mykisgRand-Weaver et al., 1995) and newt

It was predicted that the altered hydromineral status of carf@ynops pyrrhogasteiTakahashi et al., 2001) kept at different
upon acclimation to different temperatures results fromambient temperatures. Since prolactin limits membrane
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permeability to water and ions (Hirano, 1986; Wendelaar subunit in the European edir{guilla anguilly. Comp. Biochem. Physiol.
Bonga et al., 1990; Evans, 2002), our observation that 29°C-111B, 567-573. ,

i ted fish hav higher rert/NaATP tivit Cutler, C. P., Brezillon, S., Bekir, S., Sanders, I. L., Hazon, N. and Cramb,
_aC_C Imated tish ha _ea gher appare ] ase ac : _y G. (2000). Expression of a duplicate Na,K-ATPase beta(1)-isoform in the
is in accordance with an enhanced branchial permeability as auropean eel (Anguilla anguilaAm. J. Physiol279, R222-R229.

result of downregulated prolactin expression, leaving plasma2ng. Z. C., Baim, P. H. M., Flik, G., Wendelaar Bonga, S. E. and Lock,
R. A. C. (2000a). Cortisol increases W&*-ATPase density in plasma

mineral composition within a physiological range. membranes of gill chloride cells in the freshwater tilaPiseochromis
mossambicusl. Exp. Biol. 203, 2349-2355.
Concluding remarks Dang, Z. C., Lock, R. A. C., Flik, G. and Wendelaar Bonga, S. E.

Tak h he hvd . | f (2000b). Na/K*-ATPase immunoreactivity in branchial chloride cells
aken together, the hydromineral status of carp appears 0y oreochromis mossambicus exposed to copper. J. Exp.28i8).379-

be reset when the fish is acclimated to different temperatures3s7.

To cope with different temperatures, the eurythermal carfande. A. D.(1986). Branchial Nak™-ATPase activity in freshwater or
saltwater acclimated tilapia, Oreochromis (Sarothergdmossambicus:

exploits various strategies resulting in subtle yet significant eects of cortisol and thyroxine. Gen. Comp. Endocrifal. 341-343.
readjustments of hydromineral balance. Clearly, branchiabe Boeck, G., Vlaeminck, A., Balm, P. H. M., Lock, R. A. C., De Wachter,

Na*/K*-ATPase activity is differentially regulated. We B.and BIu_st, R.(200_1). Mo_rphological and metabolic changes_in common
carp, Cyprinus carpio during short-term copper exposure: interactions

interpret our data to indicate that carp, at higher ambier?t between C&" and plasma cortisol elevatioBnviron. Toxicol. Chenm0,
temperatures, rely on a temperature-enhanced branchiaB74-381.

enzvmatic pump activity. A higher apparent¥a-ATPase Ducouret, B., Tujague, M., Ashraf, J., Mouchel, N., Servel, N., Valotaire,
.y. P .p . Y 9 PP . e Y. and Thompson, E. B.(1995). Cloning of a teleost fish glucocorticoid
activity, combined with enhanced branchial permeablllty, receptor shows that it contains a deoxyribonucleic acid-binding domain

ensures ionic homeostasis. At a lower ambient temperature, bydifferent from that of mammals. Endocrinolog$6, 3774-3783.

i +_ i i Epstein, F. H., Silva, P. and Kormanik, G(1980). Role of N9K*-ATPase
contrast, branchial N&K ATPase .e).(preSSIo.n. IS Upregl“at(.ad in chloride cell function. Am. J. Physi@38, R246-R250.
to counteract the temperature-inhibited activity of the sodiungyans, p. H. (2002). Cell signaling and ion transport across the fish il

pump, perhaps via mineralocorticoid receptor. Understanding epithelium.J. Exp. Zoal 293, 336-347.

the role of cortisol in temperature adaptation requires furthern®, M., Zilberg, D., Cohen, Z., Degani, G., Moav, B. and Gertler, A.
(1996). The effect of dietary protein level, water temperature and growth

study of the regulation of cortisol receptors in the gills. hormone administration of growth and metabolism in the common carp
(Cyprinus carpi9. Comp. Biochem. Physiol. 114, 35-42.

; ; ; Flik, G., Rentier-Delrue, F. and Wendelaar Bonga, S. £1994). Calcitropic
This study was financially supported by the Dutch effects of recombinant prolactins in Oreochromis mossambigos J.

Organisation for Scientific Research (NWO-ALW), under physjol.266, R1302-R1308.
project number 805-46-033. The authors would like to thanklik, G., Wendelaar Bonga, S. E. and Fenwick, J. C(1983). C&*

; ; dependent phosphatase and ATPase activities in eel gill plasma membranes
Mr F. A. T. Spanings for animal care and Mr M. W. Coolen _ I. Identification of C#-activated ATPase activities with non-specific

for technical assistance. phosphatase activities. Comp. Biochem. Phyg&B, 745-754.

Foskett, J. K., Machen, T. E. and Bern, H. A(1982). Chloride secretion
and conductance of teleost opercular membrane: effects of prolactin. Am. J.
Physiol.242, R380-R389.

References Hazel, J. R.(1984). Effects of temperature and the structure and metabolism

Abo Hegab, S. and Hanke, W.(1984). The significance of cortisol for of cell membranes in fish. Am. J. Physi46, R460-R470.
osmoregulation in carp (Cyprinus carpi@nd tilapia (Sarotherodon Hirano, T. (1986). The spectrum of prolactin action in teleosts. In
mossambicusjGen. Comp. Endocrinob4, 409-417. Comparative Endocrinology: Developments and Directiged. C. L.

Arends, R. J., Van der Gaag, R., Martens, G. J. M., Wendelaar Bonga, S. Ralph), pp. 53-74. New York: A. R. Liss.

E. and Flik, G. (1998). Differential expression of two pro-opiomelanocortin Houston, A. H., Madden, J. A. and DeWilde, M. A(1970). Environmental
mMRNAs during temperature stress in the common carp (Cyprinus ¢ajpio  temperature and the body fluid system of the fresh-water teleost — IV. Water-
J. Endocrinol.159, 85-91. electrolyte regulation in thermally acclimated ca@gprinus carpio. Comp.

Becker, K., Meyer-Burgdorff, K. and Focken, U.(1992). Temperature Biochem. Physiol. 34, 805-818.
induced metabolic costs in cayprinus carpioL., during warm and cold  Houston, A. H. and Smeda, J. §1979). Thermoacclimatory changes in the
acclimatizationJ. Appl. Ichthyol8, 10-20. ionic microenvironment of haemoglobin in the stenothermal rainbow trout

Bern, H. A. and Madsen, S. S(1992). A selective survey of the endocrine  (Salmo gairdnejiand eurythermal carp (Cyprinus carpid. Exp. Biol 80,
system of the rainbow trout (Oncorhynchus mykigish emphasis on the 317-340.
hormonal regulation of ion balanc&quaculture100, 237-262. Le Morvan-Rocher, C., Troutaud, D. and Deschaux, P(1995). Effects of

Billard, R. (2001). Carp: Biology and CulturéNew York: Springer-Verlag. temperature of carp leukocyte mitogen-induced proliferation and

Bongers, A. B. J., Ben-Ayed, M. Z., Zandieh Doulabi, B., Komen, J. and nonspecific cytotoxic activityDev. Comp. Immunol9, 87-95.

Richter, C. J. J.(1997). Origin of variation in isogenic, gynogenetic, and Madsen, S. S(1990). The role of cortisol and growth hormone in seawater
androgenetic strains of common ca@yprinus carpio J. Exp. Zool277, adaptation and development of hypoosmoregulatory mechanisms in sea
72-79. trout parr (Salmo trutta trutjaGen. Comp. Endocrinof9, 1-11.

Burel, C., Person-Le Ruyet, J., Gaumet, F., Le Roux, A., Sévére, A. and Madsen, S. S. and Bern, H. A(1992). Antagonism of prolactin and growth

Boeuf, G. (1996). Effects of temperature on growth and metabolism in hormone: impact on seawater adaptation in two salmo®also truttaand

juvenile turbot. J. Fish Biok9, 678-692. Oncorhynchus mykisZool. Sci9, 775-784.

Burton, R. F. (1986). lonic regulation in fish: the influence of acclimation McCormick, S. D. (1990). Cortisol directly stimulates differentiation of
temperature on plasma composition and apparent set p@orsp. chloride cells in tilapia opercular membrane. Am. J. Phy2kf, R857-
Biochem. Physiol. A 85, 23-28. R864.

Colombe, L., Fostier, A., Bury, N., Pakdel, F. and Guiguen, Y(2000). A McCormick, S. D. (1995). Hormonal control of gill NeK*-ATPase and
mineralocorticoid-like receptor in the rainbow trout, Oncorhynchus mykiss chloride cell function. In Fish Physiology, vol. 14 (ed. C. M. Wood and T.

cloning and characterization of its steroid binding donfaieroids65, 319- J. Shuttleworth), pp. 285-315. New York: Academic Press.
328. O'Brien, J. E. (1962). Automatic analyses of chloride in sewalyastes Eng.
Cutler, C. P., Sanders, |. L., Hazon, N. and Cramb, G(1995). Primary 33, 670-672.

sequence, tissue specificity and expression of thekKN&TPase alpha 1 Parwez, |. and Goswami, S. V. (1985). Effects of prolactin,



2280 J. R. Metz and others

adrenocorticotrophin, neurohypophysial peptides, cortisol and androgens onMolecular cloning of newt prolactin (PRL) cDNA: Effect of temperature on
some osmoregulatory parameters of the hypophysectomized -catfish, PRL mMRNA expressiorGen. Comp. Endocrinol21, 188-195.

Heteropneustes fossil{Bloch). Gen. Comp. Endocrind8, 51-68. Van den Burg, E. H., Metz, J. R., Ross, H. A., Darras, V. M., Wendelaar
Perry, S. F.(1997). The chloride cell: structure and function in the gills of Bonga, S. E. and Flik, G.(2003). Temperature-induced changes in

freshwater fishes. Ann. Rev. Physi8l, 325-347. thyrotropin-releasing hormone sensitivity in carp melanotropes.
Pickford, G. E., Griffith, R. W., Torretti, J., Hendlez, E. and Epstein, F. Neuroendocrinol77, 15-23.

H. (1970). Branchial reduction and renal stimulation of (N&")-ATPase Wendelaar Bonga, S. E., Flik, G., Van der Velden, J. A. and Kolar, Z.

by prolactin in hypophysectomized Kkillifish in fresh watéature228, 378- (1990). Prolactin cell activity and sodium balance in the acid-tolerant

379. mudminnow Umbra pygmaean acid and neutral water. Gen. Comp.

Rand-Weaver, M., Pottinger, T. G. and Sumpter, J. P(1995). Pronounced Endocrinol.78, 421-432.
seasonal rhythms in plasma somatolactin levels in rainbow tdbut. Wendelaar Bonga, S. E(1997). The stress response in fi8hysiol. Rev77,
Endocrinol.146, 113-119. 591-625.

Richman, N. H. and Zaugg, W. S(1987). Effects of cortisol and growth Wodtke, E. (1981). Temperature adaptation of biological membranes. The
hormone on osmoregulation in pre- and desmoltified coho salmon effects of acclimation temperature on the unsaturation of the main neutral
(Oncorhynchus kisut¢hGen. Comp. Endocrinog5, 189-198. and charged phospholipids in mitochondrial membranes of the carp

Sloman, K. A., Desforges, P. R. and Gilmour, K. M(2001). Evidence for (Cyprinus carpioL.). Biochim. Biophys. Acté40, 698-709.

a mineralocorticoid-like receptor linked to branchial chloride cell Young, G., McCormick, S. D., Bjornsson, B. T. and Bern, H. A(1995).
proliferation in freshwater rainbow trout. J. Exp. Biol. 204, 3953-3961. Circulating growth hormone, cortisol and thyroxine levels afterh24
Takahashi, N., Hasunuma, I., lwata, T., Umezawa, K., Yamamoto, K., seawater challenge of yearling coho salmon at different developmental

Marin, A., Perroteau, Il., Vellano, C. and Kikuyama, S. (2001). stagesAquaculturel36, 371-384.



