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ABSTRACT —Silver sea bream (Sparus sarba) were adapted to a hyposmotic environment of 6‰ for 5 or
21 day periods. Hyposmotic adaptation did not significantly alter serum Na+, Cl– or muscle moisture content.
After 5 days in 6‰, chloride cell (CC) apical and fractional areas increased with no alteration in CC numbers.
Elevated CC apical and fractional area was coupled with an increase in CC numbers after 21 days in 6‰. In
fish adapted to 6‰, an increase was found in the area of CC cytoplasm occupied by mitochondria. Branchial
Na+-K+-ATPase decreased after 21 days in 6‰, resulting in an uncoupled “typical” correlative relationship
between this enzyme and CC numbers. Kidney Na+-K+-ATPase activity elevated after 5 days in 6‰ but was
not significantly elevated after 21 days. In gill and kidney tissue, alterations were found in the activity of key
metabolic enzymes after 5 days acclimation to 6‰, with few differences occurring after 21 days. Serum
cortisol levels were unaltered by low salinity acclimation suggesting that an increase in the number of CCs
found in 6‰-adapted S. sarba did not occur as a result of hypercortisolemia. Based on the present evidence,
it seems possible that alterations in the form and function of the branchial epithelium may play an important
role in the ability of S. sarba to acclimate to low salinity conditions, with renal assistance occurring during
short term exposure. The response of S. sarba to low salinity adaptation appears to differ from the generally
accepted teleostean model of response and offers insight into the as yet undefined hyperosmoregulatory
strategies of estuarine marine migrant fish.

INTRODUCTION

Numerous studies have demonstrated the ability of “true”
marine fish to adapt to low salinity environments (Woo and
Wu, 1982; Wu and Woo, 1983; Mancera et al., 1993;
Provencher et al., 1993; Munro et al., 1994; Gaumet et al.,
1995; Woo and Chung, 1995; Woo and Kelly, 1995; Kelly et
al., 1999), however, few studies have addressed the cellular
and biochemical adjustments associated with low salinity ac-
climation of marine fish. This is particularly evident in studies
concerned with the teleostean branchial chloride cell (CC),
where an increase in CC numbers is generally associated with
the exposure of euryhaline or diadromid fish to elevated sa-
linities (Utida et al., 1971; Thomson and Sargent, 1977;
Langdon and Thorpe, 1984; King and Hossler, 1991; Kültz
and Jürss, 1993). The functional importance of elevated CC
numbers is evident in the salmonid model of osmoregulatory
response where increased CC numbers appear to be neces-
sary for successful seawater adaptation (Ouchi, 1985; Madsen,

1990; Franklin, 1990). Recent reports, however, indicate that
euryhaline fish adapted to high salinity environments may not
always exhibit increased CC numbers when compared to fish
held in freshwater conditions (Ciccotti et al., 1994; Van Der
Heijden et al., 1997). Moreover, elevated CC numbers are
implicated in increased branchial ion uptake in freshwater fish
adapted to ion poor conditions (for review see Perry, 1997).
Overall, current evidence suggests that the branchial CC is
equally important for ionoregulation in both freshwater and
seawater conditions.

Numerous fish species can be found in the nekton fauna
of estuarine ecosystems (Day et al., 1989) and included in
this fauna are the non-estuarine dependent marine migrants,
such as certain members of the Sparidae (commonly referred
to as sea bream) (Blaber, 1997). A number of sparid species
have been demonstrated capable of adapting to low salinity
environments (Woo and Wu, 1982; Wu and Woo, 1983;
Mancera et al., 1993; Woo and Kelly, 1995; Kelly et al., 1999)
and as marine migrants in estuarine ecosystems, silver sea
bream (Sparus sarba) can experience low salinity conditions
as both juveniles and adults. The present study addressed
key elements involved in the adaptation of S. sarba to a low
salinity environment of 6‰. More specifically, the morphol-
ogy and presence of the branchial CC were investigated along
with the response of gill and kidney tissue in order to gain
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further insight into the adaptive response of a marine teleost
to low salinity exposure.

MATERIALS AND METHODS

Culture conditions
Silver sea bream (S. sarba) (52.3g ± 2.3g) were obtained from a

local fish farm and held in recirculating seawater systems in The Marine
Science Laboratory, The Chinese University of Hong Kong. Three
days prior to starting the experiment, fish were taken from stock tanks
and placed in 1000 l experimental tanks. The experimental tanks con-
tained recirculating filtration systems and water temperature ranged
between 22–24°C. All the tanks were located outdoors and received
a natural photoperiod (11 hr L:13 hr D). Fish were fed ad libitum once
daily with diets formulated according to Woo and Kelly (1995). Under
these conditions fish were cultured for either (1) 21 days in seawater
(33‰), (2) 21 days, the final 5 days of which were in a salinity of 6‰
or (3) 21 days in 6‰. The salinity of seawater in 6‰-treated groups
(2) and (3) was gradually reduced (≈8‰/day) using aged tap water
until a final experimental salinity of 6‰ was reached.

Sampling
Fish were netted from the water and blood was taken via a sy-

ringe inserted into the caudal vessels. Fish were then killed by spinal
transection. All blood sampling was completed within a period of 2
min. Blood was allowed to clot at room temperature and centrifuged
(5, 000g for 5 min) to obtain serum. The body cavity was opened and
the kidney removed. A standardized region of the musculature (full
flank dorsal to the lateral line) was removed from the fish and all tis-
sues and serum were quick frozen in liquid nitrogen. Tissues and
serum were stored at –70°C until further analysis.

Preparation of specimens for electron microscopy
The first branchial arch, on the right hand side of the branchial

basket, was removed for scanning electron microscope (SEM) stud-
ies, fixed in 5% glutaraldehyde-0.1M phosphate buffer (pH 7.4) at 0–
4°C for 2–4 hr. For transmission electron microscope (TEM) studies,
the tissue was fixed in 2.5% glutaraldehyde-0.1M phosphate buffer
(pH 7.4) at 0–4°C for 2 hr and then post-fixed in 1% osmium tetrox-
ide-0.1 M phosphate buffer (pH 7.4) for 1 hr at room temperature.

Fixed gill filaments were washed twice in 0.1 M phosphate buffer
(pH 7.4), cut into pieces ≈ 1 mm3, and dehydrated in a graded ethanol
series (50–100%). After dehydration tissues were embedded in spurr
resin. Blocks were sectioned using glass knives and an ultramicro-
tome (Reichert-Jung). Ultrathin sections were stained with uranyl ac-
etate and lead citrate and examined with a transmission electron mi-
croscope (Jeol JEM-1200EXII). Analysis of CC mitochondrial area
was conducted using photomicrographs of CC cytoplasm taken at
15, 000×mag and computer assisted image analysis (Quantimet 500,
Leica). All CCs selected for mitochondrial area analysis were exposed
to the external environment at the apical surface.

SEM studies and morphometric analysis
Fixed gill filaments were washed twice in 0.1 M phosphate buffer

(pH 7.4) and dehydrated in a graded acetone series (50–100%). Criti-
cal point drying was achieved using two consecutive 10 min baths of
tetramethylsilane (Sigma). After air drying, filaments were mounted
on copper stubs using double sided non-conductive tape. Samples
were given a fine coating of gold using a sputter coater (Edwards,
model S150B). All observations were conducted using a scanning
electron microscope (Jeol, JSM-5300). Videographs of afferent fila-
ment surfaces were taken parallel to the stub at the point of separa-
tion from the septum, near the base of the lamellae. Quantification of
CC morphometrics was conducted using videograph images taken at
5000×mag and subsequent computer assisted image analysis
(Quantimet 500, Leica). Calculation of CC apical and fractional expo-

sure area was based on calculations outlined in Kelly et al. (1999).

Isolation of gill epithelial cells
Fish were decapitated and the heads were immersed in a dish

containing ice-cold Ca2+ and Mg2+-free Hanks balanced salt solution
(HBSS) of the following composition (mM): NaCl: 137, KCl: 5.4,
Na2HPO4: 3.4, NaHCO3: 4.2, KH2PO4: 0.4, glucose: 5.6; pH 7.4. The
pericardium was opened and the gills were perfused with 0.8% saline
containing 1 mg/ml heparin (Sigma). After all the blood was perfused
from the gills, the branchial basket was removed and individual gill
arches were dissected and rinsed in Ca2+ and Mg2+-free HBSS. Epi-
thelial tissue was scraped off from the underlying cartilage using a
glass slide. The tissue was incubated in Ca2+ and Mg2+-free HBSS
containing 5 mM EDTA and 0.02 mg/ml elastase (Sigma, Type I) for
15 min at room temperature, with frequent agitation. After incubation,
the crude cell suspension was filtered through a graded series of gauze
(120 µm, 80 µm and 45 µm) and gently passed through a syringe
needle 10 times. Aliquots of this suspension were removed for viabil-
ity studies and fluorescent staining while the rest of the cell suspen-
sion was washed twice with Ca2+ and Mg2+ free HBSS and quick fro-
zen in liquid nitrogen. These samples were stored at –70°C until fur-
ther analysis.

For cell viability determination, cells that were unstained after 10
min incubation in Ca2+ and Mg2+-free HBSS containing 0.2 mg/ml
trypan blue were considered viable (Sharpe, 1988). CCs were selec-
tively stained with the vital mitochondrial-specific fluorescent dye
DASPMI [2-(p-dimethylaminostyryl)-1-ethylpyridiniumiodine] (Aldrich,
Milwaukee). The cell isolates were incubated in Ca2+ and Mg2+-free
HBSS containing 25 µM DASPMI for 15 min at 0–4°C in the dark.
Cells were washed twice with Ca2+ and Mg2+-free HBSS and viewed
under a microfluorophotometric microscope (Nikon, microphot-fx). The
proportion of CCs in cell isolates was determined using a hemocy-
tometer and by viewing the cell isolates with and without fluorescent
illumination. A number (3–4) of viewing fields were counted for each
fish and each site was chosen randomly before fluorescent excita-
tion. The total number of cells counted in each field ranged from 200-
300.

Serum chemistry
Serum Na+ was measured using atomic absorption spectropho-

tometry (Hitachi). Serum Cl– levels were determined using a chloride
meter (Corning-eel 920). Cortisol was measured using a commercial
enzyme immunoassay (ELISA) kit (IBL, Hamburg).

Tissue composition and enzyme activities
Muscle moisture was determined after drying tissue overnight at

105°C. Kidney tissue was homogenized in ice-cold sucrose-EDTA-
imidazole (SEI)/sucrose-EDTA-imidazole-deoxycholic acid (SEID)
buffer according to McCormick (1993). Homogenates were centrifuged
at 5,000g for 1 min and an aliquot taken for the analysis of Na+-K+-
ATPase activity. Suspensions were re-centrifuged for a further 10
min at 12,000g and the supernatants were used for all other enzymes
assays. Branchial cell pellets were resuspended in ice-cold SEI/SEID
buffer as indicated above and sonicated using a sonicator (MSE
Soniprep 150). The resulting suspensions were centrifuged either at
5,000g for 1 min for the determination of Na+-K+- ATPase activity or
for 10 min at 12,000g for all other branchial enzymes.

All centrifugation steps were carried out at 0–4°C in a refriger-
ated centrifuge (Beckman model GS-15R) and, in the case of kidney
tissue, homogenization was conducted using an Ultra-turrax homog-
enizer. The protein content of supernatants were determined accord-
ing to Hartree (1972), using bovine serum albumin (Sigma) as a stan-
dard, and all enzyme activity is expressed as protein specific activity
measured at 25°C.

Na+-K+-ATPase (E.C. 3.6.1.3) was measured according to
McCormick (1993). Glucose-6-phosphate dehydrogenase (E.C.
1.1.1.49; G6P-DH) activity was measured according to Löhr and Waller
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Fig. 1. Transmission electron micrographs of (a) a chloride cell (★) and an accessory cell (☆) from the gill of Sparus sarba held in seawater
(33‰) and (b) the apical region of a chloride cell from Sparus sarba acclimated to 6‰ for 21 days. Note that the typical apical invagination of
seawater (33‰) acclimated fish is absent in 6‰ acclimated fish and chloride cell openings appear almost planar with the respiratory surface in
6‰ acclimated fish. Scale bar = (a) 1 µm and (b) 2 µm.
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(1974), lactate dehydrogenase (E.C. 1.6.4.3; LDH) according to
Bergmeyer and Bernt (1974) and isocitrate dehydrogenase (E.C.
1.1.1.42; ICDH) according to Bernt and Bergmeyer (1974).

Statistical analysis
All data are expressed as mean values±standard error of the

mean (SEM). To determine significance between groups, data were
subjected to a one-way analysis of variance followed by a Student-
Neuman-Keuls multiple comparison test (Sigmastat software, Jandel
Scientific) to delineate significance.

Fig. 2. Scanning electron micrographs of afferent gill filament surfaces from Sparus sarba adapted to (a) seawater (33‰), (b) 6‰ for 5 days,
and (c) 6‰ for 21 days. Representative chloride cell apical areas are indicated by ★’s and the asterisk indicates a mucous cell. Fish adapted for
5 days are generally found to have two cell types. Fish adapted for 21 days most frequently display apical areas planar with the respiratory
surface and numerous microvillous extensions. All scale bars = 5 µm
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RESULTS

Chloride cell ultrastructure
The gill consisted of several branchial arches bearing fila-

ments (or primary lamellae) from which radiated the second-
ary (or respiratory) lamellae. The CCs could only be observed
on the primary epithelium and no CCs could be observed on
the respiratory lamellae. Normally CCs could be easily seen
at the base of the respiratory lamellae and were large and

cuboidal in shape (Fig. 1a). The tubular system formed an
extensive network throughout the cytoplasm of the CC and
numerous mitochondria were distributed uniformly through-
out the cytoplasm, except in the apical region. The apical re-
gion facing the external medium was depressed to form an
apical cavity (Fig. 1a). Accessory cells were often found adja-
cent to the apical portion of the chloride cell (Fig. 1a).

Accessory cells were small and relatively rich in mito-
chondria. They were located in the superficial regions of the

Fig. 3. Micrographs showing DASPMI-stained Sparus sarba gill cell isolates (a) without and (b) with fluorescent excitation. In micrograph (a)
chloride cells are indicated by arrows and in micrograph (b) the same cells can be seen fluorescing. Scale bar = 50 µm.
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Fig. 4. The effect of hyposmotic (6‰) adaptation on chloride cell (a) numbers in gill cell isolates, (b) apical area, (c) fractional area and (d)
mitochondrial area. Data area expressed as mean values±S.E.M. Significance (P<0.05) between groups a-c is denoted in the top right corner of
each graph. n = 5.
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primary epithelium and, thus, never reached the basal lamina.
Accessory cells often sent apical interdigitations into the ex-
posed regions of the chloride cell.

The large cuboidal shape of CCs was also seen in fish
adapted to a hyposmotic environment. In contrast to seawa-
ter-adapted fish, the apical surface of 6‰-adapted fish ex-
tended numerous protrusions into the external medium (Fig.
1b). Furthermore, accessory cells were occasionally still
present and bound to the apical portions of the chloride cells
by shallow junctions.

Chloride cell surface ultrastructure
CC apical openings were most frequently observed on

the afferent surface of the gill filament and in the interlamellar
surfaces around the bases of the respiratory lamellae. Gen-
erally, no CCs were found on the efferent filament surface. In
seawater fish, most CCs exhibited round or oval apical open-
ings of varying depth (Fig. 2a). The branchial epithelium of
fish adapted to 6‰ generally exhibited cells that were almost
planar with the respiratory surface and possessed a dense

covering of microvillous extensions (Fig. 2b, c). Although this
apical form was most abundant, cells possessing a “seawa-
ter-type” apical form were occasionally present. In general,
no difference could be seen between CC apical form of fish
adapted to 6‰ for 5 or 21 days, however, in fish adapted to
6‰ for 5 days the presence of the “seawater-type” apical form
was more common (Fig. 2b). In fish adapted to 6‰, neighbor-
ing CCs often appeared to converge apical surfaces. The
appearance of an apical convergence manifested as large
areas with distinct regions of microvillous concentration and
cell peripheries that could be used to define individual cells
(Fig. 2c).

Chloride cell numbers and exposure areas
Trypan blue exclusion revealed that all gill cell isolates

exhibited +90% viability. In gill cell isolates stained with
DASPMI, fluorescing CCs were easily distinguished from other
epithelial cells (Fig. 3). CC numbers in the branchial epithe-
lium of silver sea bream did not significantly change after 5
days acclimation to 6‰ (Fig. 4a). After 21 days in 6‰ the

Table 2. Effect of hyposmotic acclimation on gill and kidney enzyme activities in silver sea
bream (Sparus sarba)

33‰ 6‰/5 days 6‰/21 days

Gills
Na+-K+-ATPase

(µmoles NADH/min/g)
32.4±3.9 25.9±5.8 15.6±1.9*

LDH
(µmoles NADH/h/mg)

105.1±11.5 79.3±4.3 89.4±4.9

G6P-DH
(µmoles NADPH/h/mg)

3.30±0.23 6.03±0.27* 2.67±0.22

ICDH
(µmoles NADPH/h/mg)

3.27±0.38 4.92±0.26* 2.97±0.29

Kidney
Na+-K+-ATPase

(µmoles NADH/min/g)
115.1±10.5 173.5±10.4* 157.9±21.4

G6Pase
(µmoles Pi/h/mg)

 6.8±1.1 11.3±1.5* 4.8±1.5†

LDH
(µmoles NADH/h/mg)

30.0±1.2 29.2±2.7 43.8±5.3*†

G6P-DH
(µmoles NADPH/h/mg)

 6.4±0.3  6.3±0.5 6.3±1.0

ICDH
(µmoles NADPH/h/mg)

 7.9±0.4  9.5±0.3*  7.5±0.9†

All data are expressed as mean values±S.E.M. (n = 7)
*: Significantly different from 33‰ value
†: Significantly different from 6‰/5 days

Table 1. Effect of hyposmotic adaptation on serum Na+, Cl– and cortisol and muscle mois-
ture content in silver sea bream (Sparus sarba)

33‰ 6‰/5 days 6‰/21 days

Na+ (mM) 187.0±3.8 179.1±2.4 177.0±2.8
Cl– (mM) 149.0±2.1 150.6±1.3 152.3±1.7

Cortisol (ng/ml) 17.0±3.7 14.5±2.9 21.5±4.0
Muscle moisture (%) 75.8±0.5 77.0±0.3 77.1± 0.3

All data are expressed as mean values±S.E.M. (n = 7)
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number of CCs significantly increased (P<0.05). CC apical
area, fractional area and mitochondrial area all significantly
(P<0.05) increased after a 5 day acclimation period in 6‰
(Fig. 4b, c, d). These elevations were sustained after 21 days
in 6‰.

Serum chemistry
Serum Na+, Cl– and cortisol levels were unaffected after

both 5 and 21 days adaptation to 6‰ (Table 1). Hyposmotic
acclimation resulted in a slight, but insignificant increase in
muscle moisture content after 5 and 21 days adaptation (Table
1).

Branchial enzyme activities
Branchial Na+-K+-ATPase activity did not significantly al-

ter after 5 days in 6‰ (Table 2), however, after 21 days in 6‰
the activity of this enzyme was significantly (P<0.05) lower
than that found in the seawater-adapted control group. Bran-
chial G6P-DH and ICDH activities were significantly elevated
after 5 days adaptation to 6‰ (P<0.05) (Table 2). After 21
days in 6‰, no significant difference in G6P-DH or ICDH ac-
tivities was found. Branchial LDH activity was unaffected by
salinity after both 5 and 21 days adaptation (Table 2).

Kidney enzyme activities
Five days post-6‰ adaptation, the activity of kidney Na+-

K+-ATPase was significantly elevated above seawater control
values (Table 2). After 21 days in 6‰, kidney Na+-K+-ATPase
activity still appeared to be slightly elevated, however this el-
evation was no longer statistically significant. After 5 days in
6‰, kidney G6Pase and ICDH activities were significantly
(P<0.05) elevated (Table 2). No significant difference in the
activities of G6Pase and ICDH was found between 33‰ con-
trol fish and fish adapted to 6‰ for 21 days (Table 2). After 21
days in 6‰, kidney LDH activity was significantly greater than
that found in fish adapted to 6‰ for 5 days and 33‰ control
fish (Table 2). The activity of kidney G6P-DH was unaltered
by salinity.

DISCUSSION

In S. sarba acclimated from seawater to a hyposmotic
environment of 6‰, serum Na+ and Cl– levels remained within
tight limits. This observation, taken together with an absence
of significant muscle hydration, demonstrated that S. sarba is
capable of osmoregulating in low salinity environments. The
branchial CC plays a key role in the ability of euryhaline fish
to tolerate salinity change (for review see Jürss and Bastrop,
1995) and in S. sarba adapted to 6‰ for 21 days, an increase
in branchial CC numbers indicated that this cell type may also
play a role in the osmoregulatory homeostasis of low salinity
acclimated sea bream. However, numerous studies conducted
on diadromous and euryhaline fish species have demonstrated
that an increase in branchial CC numbers is implicated in suc-
cessful hyposmoregulatory strategies (Utida et al., 1971;
Thomson and Sargent, 1977; Langdon and Thorpe, 1984; King

and Hossler, 1991; Kültz and Jürss, 1991; Kim et al., 1993).
In light of this, the response of S. sarba seemed to be analo-
gous to that of diadromids adapted to ion poor conditions,
where increased branchial CC numbers result in elevated ion
uptake at the gill surface (for review see Perry, 1997). Addi-
tional support for this contention may come from the observed
low salinity-induced elevation in CC apical and fractional ex-
posure area, a phenomenon that in freshwater fish has also
been demonstrated to correlate with increased ion uptake
(Perry, 1997). Furthermore, the appearance of numerous api-
cal structures in the CCs of 6‰-adapted fish would facilitate
an increased surface area for ion transporting mechanisms,
such as Cl–/HCO–

3 exchange, which may allow 6‰-adapted
fish to compensate passive ion loss with active ion uptake.
However, further investigation is needed to clarify whether
passive ion losses across the branchial epithelium of 6‰-
adapted sea bream are compensated by branchial ion up-
take.

Several studies have focused on the possible existence
of CC sub-types in the gills of fish (for review see Jürss and
Bastrop, 1995). In the present experiment, changes in the
ultrastucture of S. sarba CCs (particularly apical morphology)
were similar to those found in the α-cell sub-type of seawater-
or freshwater-acclimated tilapia (Oreochromis niloticus) (Pisam
et al., 1995) and guppy (Lebistes reticulatus) (Pisam et al.,
1987). However, clear distinction between α- and β-CC types
is not possible in the present study due to the lack of definitive
staining techniques required for CC sub-type identification. In
previous studies, no evidence was found to indicate the pres-
ence of a β-CC type in the branchial epithelium of low salinity
(5‰) acclimated marine fish, despite apical ultrastrutctural
alterations that, again, suggest an alteration in the physiologi-
cal role of the existing putative α-type CC (Pisam et al., 1990).

A low salinity induced reduction in the activity of bran-
chial Na+-K+-ATPase seemed paradoxical in S. sarba as el-
evated CC numbers in teleost fish are normally associated
with an increase in Na+-K+-ATPase activity (Utida et al., 1971;
Thomson and Sargent, 1977; Perry and Walsh, 1989; Kültz
and Jürss, 1993). However, several reports indicate that a
parallel relationship between CC numbers and Na+-K+-ATPase
activity may not always exist. This is certainly the case in tila-
pia (O. mossambicus) where both Van Der Heijden et al. (1997)
and Kültz and Jürss (1991) reported no difference in the ac-
tivity of branchial Na+-K+-ATPase between freshwater and sea-
water adapted fish, despite the former study reporting a greater
number of CCs in the branchial epithelium of freshwater-
adapted fish and the latter study reporting a greater number
of CCs in seawater-adapted fish.

Although the relationship between CC numbers and Na+-
K+-ATPase activity in S. sarba appeared to differ from that of
the generally reported response, the activities of key meta-
bolic enzymes in the branchial epithelium did not significantly
differ from that found in 33‰-adapted fish, suggesting that a
downregulation in the active metabolism of the gill tissue did
not occur. Indeed, transient elevations in the activity of bran-
chial G6P-DH and ICDH in 5-day acclimated fish suggested a
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process of tissue reorganization consistent with an intermedi-
ate phase of acclimation prior to the appearance of increased
CC numbers. This phenomenon was in line with an increase
in CC mitochondrial area, found in the CCs of 5 day-adapted
fish. However, a sustained increase in mitochondrial area was
confusing considering that Na+-K+-ATPase activity was lower
and other metabolic enzymes were unchanged. This may re-
late to possible artifacts in the selection of CCs for measure-
ment as all the CCs used were exposed to the external envi-
ronment at the apical surface. The cell isolation, and fluores-
cent staining, procedures did not distinguish between exposed
and unexposed CCs and as such, the exposed cells may have
been metabolically more active than those not exposed. Fur-
thermore, a lower mitochondrial area in seawater-adapted fish
may facilitate a greater cytosolic area for the proliferation of
the tubular system, the location of Na+-K+-ATPase (De Renzis
and Bornancin, 1984). Regardless of explanation, the mea-
surement of CC mitochondrial area, despite its successful use
in other studies (King et al., 1989), was not a good morpho-
logical correlate for gill metabolism in 6‰-adapted S. sarba.

After a 5 day adaptation period to 6‰, the kidney of S.
sarba also appeared to be in a state of functional and meta-
bolic reorganization as elevated Na+-K+-ATPase activity was
coupled with increased G6Pase and ICDH activities. The el-
evation in kidney Na+-K+-ATPase activity appeared to be sus-
tained for the duration of the experiment, however, no signifi-
cant difference could be found between the activity found in
seawater fish and fish acclimated to 6‰ for 21 days. Despite
this, elevated kidney LDH activity in fish adapted to 6‰ for 21
days seemed to indicate greater metabolic activity in the tis-
sue.

In the present study, salinity had no effect on circulating
cortisol levels, an observation that is in agreement with earlier
studies on red sea bream (Woo and Fung, 1981). This would
suggest that cortisol, which has been reported to cause an
elevation in branchial CC numbers of some species of fish
(Madsen, 1990), is probably not responsible for the elevated
CC numbers in S. sarba. Indeed, previous studies have shown
that daily injections of cortisol over a period of 7 days did not
result in altered CC numbers in S. sarba (Kelly, 1997). This
observation, taken together with the numerous studies that
demonstrate the significance of cortisol in the control of teleo-
stean CC differentiation (for review see McCormick, 1995)
suggests that the importance of cortisol in sea bream osmo-
regulation requires further attention, an aspect that is being
actively pursued in our laboratory at the present time.

In conclusion, the marine teleost S. sarba was able to
adapt to a hyposmotic environment of 6‰ and maintain se-
rum Na+ and Cl– levels and muscle moisture content within
tight limits. Morphological evidence suggested that the bran-
chial CC may play a key role in the events associated with
hyposmotic acclimation of S. sarba. In low salinity conditions,
an increase in the number of branchial CCs and decrease in
branchial Na+-K+-ATPase activity indicated a difference in the
response of this fish species when compared to the general
response of euryhaline fish. Elevated activities of key meta-

bolic enzymes in gill and kidney tissue are transitionally evi-
dent during low salinity acclimation. After a 21-day acclima-
tion period, most metabolic enzyme activity had returned to
pre-acclimation levels. Unaltered cortisol levels indicated that
an increase in branchial CC numbers under low salinity con-
ditions did not originate from a hypercortisolemic response.
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