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Abstract. Laboratory-reared tilapia  (Orcochromis
mossambicus) were long-term acclimated to freshwater
(FW), brackish water (BW, 10%o. salinity), scawater (SW,
35%o salinity) and two hypersaline media (45 and 60%o
salinity). We examined the influence of these ambient
salinities on the density (D) and diameter (d,,.) of DASP-
Ml-stained chloride cells and on the capacity for electro-
genic C1~ secretion of the in vitro opercular epithelium.
To provide a characterisation of Cl~ secretion, transep-
ithelial potential difference (PD,.), conductance (G,.) and
short-circuit current (/) were measured after mounting
the respective epithelium in an Ussing-chamber. The cel-
lular electromotive forces (£,) and conductances (G.) as
well as the leak conductances (G,) were obtained from
G,.:1. plots. In the salinity range between FW and SW
both D, and d_. increased. All electrophysiological
purumelers recorded increased in parallel, indicating a
strong enhancement of the capacity for Cl™ secretion on
the cellular and epithelial level. In the salinity range

above SW a further increase of D, was observed. Howev-

er, despite a higher concentration gradient across the
body surface of the tilapia during acclimation to hypersa-
line media, the short-circuit current ({,;) was not signifi-
cantly different compared to SW preparations. This re-
flects proportional decreases of G, and increases of E,

respectively. Of particular interest, we found a strong

decrease of the leak conductance (G,) in preparations
from tilapia acclimated to hypersaline media compared
1o those from SW fish, indicating that the tight junctions
become less permeable.

Introduction

Euryhaline or stenohaline marine teleosts living in seawa-
ter maintain the osmolality of their extracellular fluid
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hypoosmotic to the environment. They actively secrete
NaCl across the gills in order to offset the salt load in-
curred by both passive inward diffusion and seawater
ingestion (Smith 1930, Keys 1931, Motais et al. 1966).
Active secretion of Cl™ is associated with the so-called
chloride cells of the branchial epithelium (Keys and
Willmer 1932, Foskett and Scheffey 1982). Sodium ions
follow passively via the paracellular pathway (Degnan
and Zadunaisky 1980b, Zadunaisky 1984). Transcellular
Cl™ secretion depends on a functioning Na* /K *-ATPase
located in the basolateral membranes and is thought to
proceed via a basolateral Na*(and K *)-dependent entry
into the cells and apical exit via ion channels (Silva et al.
1977, Epstein et al. 1980, Marshall 1981).

Due to the complex morphology of fish gills, electro-
physiological investigations using an Ussing chamber
seem impossible. However, the flat opercular epithelium,
which functions similarly to the gills and is also rich in
chioride cells, has been successfully used in Ussing cham-
bers (Karnaky 1972, Degnan et al. 1977, Karnaky and
Kinter 1977, Karnaky 1986). When mounted in an Uss-
ing chamber, the short-circuit current, which is equal to
the net flux of C1~ from serosa to mucosa, can be mea-
sured (Karnaky et al. 1977, Foskett et al. 1981).

Oreochromis mossambicus is an extremely euryhaline
teleost, which is able to tolerate salinities up to 120%
(Stickney 1986). This species evolved in freshwater and
estuarine habitats in Southeast Africa and today is widely
distributed in both freshwater and seawater environ-
ments in Africa, America and Asia (Trewavas 1983).
Therefore this species is a good model organism for inves-
tigations on ionic and osmotic adaptation of teleosts. The
acclimatory response of tilapia to salinity changes from
freshwater to seawater (35%o S) is known to involve
simultaneous increases in the density (/) and diameter
(d..) of chloride cells, as well as in the short-circuit cur-
rent (/), the transepithelial potential difference (PD,.)
and the conductance (G,.) of the opercular eplthelnum
(Foskett et al. 1981, 1982a, b).

To date, few data have been published ing with
electrophysiological or cellular parameters of branchial
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or opercular epithelia from hypersaline-accli
teleosts, and it is of interest whether these organisms em-
ploy similar or identical means to adapt to hypersaline
conditions as they do to adapt to seawater. Therefore we
have studied the cellular and electrophysiological
parameters of the opercular epithelium of euryhaline
tilapia, which were long-term acclimated to salinities be-
tween freshwater and 60%. S. Our results for changes in
the salinity range up to seawater agree well with those
cited above. However, for the salinity range above seawa-
ter our results indicate that tilapia adopt a different strat-
egy to overcome hypertonic stress.

Materials and methods

Basic solutions and chemicals

Tilapia Ringer solution (TRS) was composed of (in mmol |~'):
NaCl 146, KCI 3, CaCl, 1, MgSO, 1, NaH,PO, 1, NaHCO|, 15,
Tris 5, glucose 10. Chioride free saline (CFS) was prepared using

gluconates. The pH of all solutions was adjusted to 7.5 with| Tris
directly before use. Quabain was obtained from Merck (Darmstadt,
FRG) and the fluorescence dye DASPMI was purchased [rom
Aldrich (Milwaukee, USA).

Fish and preparation

Tilapia, Oreochromis mossambicus (10 to 30 g), were obtained
laboratory stock and acclimated to Rostock tapwater (FW, co
sition: see Vokler et al. 1987). brackish water (BW, 10%o S). sea
(SW, 35%o S) and hypersaline waters (45 and 60%. S) at a tem
ture of 254 1°C, as described earlier in more detail (Kiiltz

into TRS. The opercular epithelium was carefully dissected fro
underlying bone and connective tissue was removed.

Determination of D, and d_, of chloride cells

The opercular epithelia were incubated for 30 min at 4°C in TRS
containing 25 pmol I ~! DASPMI, which specifically stains the chlo-
ride cells (Bereiter-Hahn 1976, Karnaky et al. 1984). After rinsing
with DASPMI-free TRS the preparations were put on slides under
cover slips. A combined fluorescence and phase contrast micro-
scope (Jenalumar, Carl Zeiss Jena) was used for examination of the
tissue. As described by Foskett et al. (1981) micrographs (ORWO-
NP 20, 80 ASA) were taken after visually scanning the entire epithe-
lium. The total number of chloride cells was counted in an arca of
2.14 mm? and then expressed as the density per cm? (D, ). The size
of chloride cells was measured on the micrographs using an objec-
tive micrometer. The maximal distance between two poles of |an
oval cell was defined as the cell diameter (d_.). 20 cells from six fish
each were measured per experimental group.

Electrophysiology of the opercular epithelia

For measurement of the electrophysiological parameters the prepa-
ration was mounted in a small, modified Ussing chamber in which
0.018 cm? of the epithelium was exposed to the bathing solutions.
To avoid or minimise edge damage minimal amounts of “Glisscal™
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grease (Borer Chemie, Solothurn, Switzerland) were used. An auto-
matic voltage-clamp device (Van Driessche and Gullentops, Leu-
ven, Belgium) was connected to calomel electrodes (via 3 mol 17!
KC1/3% agar bridges to each chamber compartment), which served
to measure the transepithelial potential difference (PD,., reference
clectrodc in the internal bath) and to silver wires coated with AgCl,
which served to apply current to short-circuit the epithelium (mea-
surement of 7..). G, was calculated from small imposed voltage
pulses (5 mV) and the resulting current deflections. The conduc-
tance (G.) and the electromotive force (E_) associated with active
C1~ transport via chloride cells and the leak conductance (G,) were
calculated from G,,:/,. plots according to a conventional circuit
analysis. having onc passive (G,) and one active (G, = I, /E_) compo-
nent in parallel. During the experiments both chamber compart-
ments were continuously perfused with saline (3 mi min~!). The
internal TRS was constantly bubbled with air. The C1~ current per
chloride cell (/) was calculated from the mean values of I, and D,
of preparations from fish acclimated to identical salinities.

Statistics

Statistical evaluations were performed using the F-test followed by
the Welch-test. or Student’s t-test (Weber 1986). First order regres-
sion analysis was used for the conventional circuit analyses. Proba-
bility values of p <0.05 were considered significant. All values in the
“Results™ section are given as means + the standard error of mean
(x+SE).

Results

Number and size of chloride cells

Opercular epithelia from tilapia acclimated to FW con-
tained 2421+ 331 chloride cells cm ™2 (n=6). Acclima-
tion to increasing salinities resulted in increased cell den-
sities (Fig. 1). In the range between FW and SW there was
a linear increase of D, with salinity. Above SW concen-
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Fig. 1. Oreochromis mossambicus. Chloride cell densities (D) and
diameters (d_,) in opercular cpithelia of tilapia acglimated to various
salinities. For each parameter, all differences arg sfgnificant except
those of cell density between freshwater and 10“'&@1 cell diameter
above 35%. S (n=6) ©
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Fig. 2. Oreochromis mossambicus.
Typical time courses of the responses
of short-circuit current (/,.) and
transepithelial conductance (G,,) to
Cl~ depletion and internal ouabain
addition. Arrows indicate start {re-
placement of Tilapia Ringer solution
(TRS) by special saline] and end
(restoration of TRS) of manipula-
tions. Data taken from an opercular
epithelium of a tilapia acclimated to
60%o S
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trations, tilapia opercular epithelial D values increased -

dramatically over those found at lower salinities. In con-
trast, the mean diameter of chloride cells (d,,) increased
only slightly in media above SW (Fig. 1).

Electrophysiological parameters

The transepithelial potential difference with TRS on ei-

ther side of the opercular epithelium was negative with -

respect to the external side for all preparations and the
polarity was independent of the acclimation medium.
Thus, the /,, was always positive. For salinities other than
FW (no I, measurable) /. depended in each case on Cl~
(n= 6 for each salinity) and was inhibitable with basolat-
erally applied ouabain (10 ™% mol 17*, Fig. 2). The magni-
tudes of PD,,, I, the current per individual chloride cell
(I,.=I.D,) and the G,, of the opercular epithelia de-
pended strongly on the acclimation salinity of the fishes
(Fig. 3). The PD,, increased over the whole salinity range.
G,., on the other hand, showed a maximum for prepara-
tions obtained from fishes acclimated to SW; opercular
epithelia of tilapia acclimated to lower (FW, BW) or
higher (hypersaline) salinities showed lower transepithe-
lial conductances. /. increased only up to an acclimation
salinity of 35%e. The mean I also increased up to SW
medium, but declined considerably at higher salinities. To

obtain detailed information on the circuit parameters for |

opercular epithelia of fish acclimated to hyperosmotic
salinities, we plotted the individual G, values of each
group against the respective I.. In Fig. 4a G,.: [ plot is
shown for preparations obtained from tilapia acclimated
to 45%e S. As outlined by Foskett et al. (1982b), the lin-
earity of such a plot reflects the variability in active Cl~

secretion among individuals at constant electromotive
force and leak conductance, due to the individual con-

ductance associated with the occurrence of chloride cells

(G,). According to this conventional circuit analysis the :
inverse of the slope of the line respresents an estimate of
the mean electromotive force for active Cl™ secretion
(£)). The zero-current intercept on the G, -axis gives an
estimate of the mean leak conductance (G,), which is as-
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Fig. 3. Oreochromis mossambicus. Salinity acclimation dependence
of electrophysiological parameters of tilapia opercular epithelia.
Top panel: Transepithelial potential difference (PD,,) and cellular
clectromotive forces (E,). Middle panel: Short-circuit current (I, )
and current per chloride cell (/). Bottom panel: Transepithelial
conductance (G,,), leak conductance (G,) and cellular conductance
(G,). Data that do not differ significantly are: /,_ between freshwater
(FW)and 10%e S and above 35%. S; PD,, between FW and 10%. S;
G,, between 10 and 45% S, 10 and 60%. S and 45 and 60%. S; n=6
for 10 and 60%o S, 7 for 45%. S or 8 for FW and SW (seawater). E_,
G, and G, values calculated from conventional circuit analysis and
therefore shown without SE e -

L

sociated with the “shunt” pathway (paracellular, non-
transporting cells and perhaps some edge dgmage). The
difference between G,, and G, represents G, ich is an
estimate of the conductance associated witl active Cl~
secretion via chloride cells. Except for tilapia that had
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Fig. 4. Oreochromis mossambicus. Representative plot of shott-cir-
cuit current (/) vs transepithelial conductance (G,.). Regression
line calculated from seven tilapia acclimated to 45%. S. Slope of the
regression line is inversely proportional to presumed common cellu-
lar electromotive forces, and its intersection with the ordinate repre-
sents the mean leak conductance

relative values of data referred to SW as 1

0 10 20 30 40 50 60 |
salinity [ o/" ] 1
Fig. 5. Oreochromis mossambicus. Relative values of all data in ref-
erence to the respective data under SW (seawater) conditions, which
were defined as 1. In contrast to the monotonc increasc off all
parameters up to 35%. S a decrease is evident in the conductances
[transepithelial conductance (G,,), cellular conductance (G ). leak
conductance (G,)] and the chloride cell current (/) in hypersalinc
water. D, chloride cell densities; PD,,: transepithelial potential
difference; E_: cellular electromotive forces; 1, : short-circuit cur-
rent; d__: chloride cell diameter |
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been acclimated to FW (7 not measurable), in all salini-
ties linear relationships (regression coefficients above 0,.8)
G,:1.. were obtained though only shown for cpithelia
from 45%o S (Fig. 4). Regarding E_, we obtained a conti-
nous increase with the salinity of the acclimation medium
(see Fig. 3, top panel). Both G, and G increased from FW
to BW preparations, reaching a maximum in opercular
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epithelia of tilapia acclimated to SW (35%0 S). and de-
creasing again in preparations from fishes acclimated to
hypersaline salinities (see Fig. 3, bottom panel).

In Fig. 5 all results are summarised and normalised to
the values obtained for fishes acclimated to SW. It is
obvious that the acclimatory response of tilapia changes
dramatically when in hypersaline waters compared to the

monotonic increase of all parameters in the range be-
tween FW and SW. .

Discussion

Tilapia acclimated to FW have no need for Cl~ secretion.
In fact. these fish must absorb salts from the dilute medi-
um. The mechanism of ion uptake and the role of the gill
and opercular epithelium under these conditions have
been discussed previously (Karnaky 1986, Kirschner
1991), and our results indicating lowest D, d... I... PD,,
and G, in FW-acclimated tilapia are consistent with these
findings.

In 10%. salinity tilapia are approximately isosmotic to
the external medium. Yet despite the absence of a signif-
icant osmotic gradient across their body surface. tilapia
still secrete Cl1™. This is reflected by proportional increas-
esincellular (D_..d_, I... E., G ) and epithelial (/.. PD,..
G,., G,) parameters when compared to individuals accli-
mated to freshwater (see Figs. 1, 3 and 5). These results
are again consistent with those of Foskett et al. (1981). A
possible explanation for this Cl~ secretion under isos-
motic conditions may be the counteraction of active ab-
sorption of NaCl, which is needed for acid-base regula-
tion (Evans 1984 a).

Our results in the salinity range between FW and SW
(Fig. 5) are consistent with previous studies by Marshall
(1977), Foskett et al. (1981) and Krasny (1981). Chloride
cells have been shown to be the sites of active Cl~ secre-
tion (Foskett and Scheffey 1982). They markedly prolif-
erate (D_.) and hypertrophy (d..) with enhanced salini-
ties, leading to an increase in cellular (/.) and epithelial
(1)) ion transport capacity. As suggested by our circuit
analysis, the enhanced /., which has been shown to be
equal to the net secretory flux of Cl~ ions (Degnan et al.
1977, Foskett et al. 1981), is presumably due to the paral-
lel increases of G, and E_. Likewise the G, : I, plots indi-
cate an increase of G, with enhanced salinity in the range
between FW to SW. This agrees well with the findings of
increased passive ion permeabilities of teleost branchial
and opercular epithelia following acclimation from FW
to SW (cf. Evans 1984 b, Karnaky 1986). The tight junc-
tions between adjacent chloride cells are more leaky than
between chloride cells and pavement cells or between ad-
jacent pavement cells (Hwang 1987, 1988). Since the oc-
currence of chloride cells in multicellular complexes is a
characteristic feature of teleosts agclimated to SW (cf.
Karnaky 1986). the enhanced G%dWd be attributed to
this morphological response.

Our results, showing an /__ inhibition after Ci~ deple-
tion (>80%) or the internal applicatiop of ouabain
(>90%). are nearly identical to previoﬂeports on the
opercular epithelium of Fundulus heterdélitus (Degnan
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et al. 1977, Degnan and Zadunaisky 1980a) and on the:
abdominal skin of Blennius pholis (Williams et al. 1988)..
These results support the “*Silva-model” (see ‘‘Introduc-

tion™) for secondary active Cl™ secretion driven by the
Na*/K *-ATPase.

Thus, the strategy of adaptation from FW to SW.

seems to be the development of an increasing epithelial

capacity for Cl~ secretion (/). This is due Lo an increase

in both the number and diameter of chloride cells, each
with an increased transport potential and capacity of ac-
tive Cl~ transport. The increase of the leak conductance
may facilitate, if paracellularly located, the passive move-
ment of Na* ions following active, transcellular Cl~ ex-

trusion. This is obligatory for active NaCl secretion un-

der open-circuit conditions, i.e., in vivo. In this respect it

should be pointed out that E, calculated from the slope of

the G, I, relationship underestimates the cellular elec-

tromotive force by a factor of two due to the passive leak
conductance for sodium in chloride cells. This was shown
to represent 50% of the total chloride cell conductance -

for SW-acclimated fish (Degnan and Zadunaisky 1980a,

b, Foskett et al. 1982b), and a **heterogeneous cell mod- "

el” was developed in which the existence of different

types of cells was considered (Foskett et al. 1982b) and
the chloride cells were assumed to contribute a fixed ratio !

of leak to active conductances. According to this model

the zero-current intercept of our G,,: I, plots is equal 10
the leak conductance not associated with chloride cells
(G,) and E_ is defined by the equation E,=m (1-G,**/G *°)

where m is the slope of the regression line, G,°° represents |

the leak conductance associated with the chloride cell

tight junctional pathway and G, is the total chloride cell

conductance. Since G,°° of SW-adapted teleosts was
shown to be attributed to passive sodium fluxes equal to

approximately 50% of G°, E_ is about twice as high as

predicted from the conventional circuit analysis. This E,
is thus about three times higher than the PD,, measured

in SW preparations and should be sufficient to overcome
the electrochemical gradient in vivo with SW on the ex-:
ternal side of the epithelium. However, it is not clear
whether the ratio of active versus leak conductance is

indeed fixed in the chloride cells or changes during hyper-
saline conditions.
Our results show that I is CI™ dependent and gener-

ated by the Na* /K *-ATPase irrespective of the acclima-

tion salinity (Fig. 2). Thus, the principal mechanisms of

active Cl~ secretion are not influenced by salinity. De- .

spite the presence of active transport at all salinities, the
importance of differences in the adaptational responses

of tilapia to hypersaline waters compared to salinities up '

to SW must be emphasised.

In Fig. S, striking differences in the acclimatory re-

sponse to salinities above SW are clearly visible. While d,
is nearly constant, D, is greatly increased (Fig. 1). How-
ever, the electrophysiological parameters of these cells

are very different. While Degnan et al. (1977) found a 2- .

to 3-fold reduction of I, on opercular epithelia of Fun- |

dulus heteroclitus acclimated to 200% SW compared to '

those acclimated to 100% SW, we observed a constancy
of I, and a decrease of I despite an increased E_. This is
most likely a consequence of the remarkable drop in the
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conductance of chloride cells (G, Fig. 5). Reductions of
membrane conductances caused by suddenly enhanced
extracellular osmolalities are well known (Zeiske and Van
Driessche 1984, Benos and Sorscher 1992). However,
whether such shock-effects are responsible for the G,
drop observed as a result of acclimation of tilapia to
hypersaline media is uncertain, as the present investiga-
tion is concerncd with long-term acclimation. The ob-
served constancy of I, despite decreasing G, is due to
the concomitant increase in E_. While £, may be directly
related to the increased density of chloride cells D,., the
individual conductance of chloride cells (G_: D,.) must
have fallen enormously. The need for an enhancement of
E_ with increasing external salinities can simply be under-
stood as an adaptation to the enhanced osmotic gradient
across the body surface of the fishes under in vivo condi-
tions. As in other epithelia (Yonath and Civan 1971,
Isaacson 1977) the active transport processes in the
tilapia opercular epithelium depend on a functioning
Na* /K *-ATPase (see Fig. 2). E, may therefore reflect, at
least in part, the activity of this ion pump. In fact, the
Na* /K *-ATPase activity increases in the gills of tilapia
with increasing salinities over a wide range (FW to 60%o
S, Dange 1985, Kiiltz et al. 1992). However, the opercu-
lar membrane shows very low activity of this enzyme,
which is independent of the acclimation salinity (Kiltz
et al. 1992).

In addition, to the cellular parameters discussed
above, the very strong decrease of G, is remarkable. This
reduction of G, may reflect a decreased permeability of
the whole body surface, keeping the passive influxes of
salt constant, even when the external salinity becomes
more hypersaline. This allows active ClI™ secretion (as
measured by /) to remain constant. A possible increase
in paracellular Na* secretion, at decreased G,, may be
compensated by the markedly increased PD,,, which rep-
resents the driving force for this process.

In summary, in the salinity range from FW up to SW,
the strategy of adaptation seems to be characterised by a
curative mode, i.e., an increased transport rate. In hyper-
saline media a more preventive mechanism is apparent,
reducing the overall permeability. The results presented
here raise the question of whether these alterations in the
adaptational strategy are specific for tilapia or represent
a common phenomenon for extremely euryhaline teleosts
in general. The reduction of passive ion fluxes in hypersa-
line environments would keep the energetic costs of os-
moregulation at a tenable level. Therefore the ability to
use this strategy may represent a selective advantage dur-
ing the evolution of teleosts that favours survival in wa-
ters with variable salinity such as would be encountered
in pools in salty deserts, salt marshes or coastal tide
pools. In particular some species of the genera Fundulus,
Cyprinodon and Rivulus, which are known.to inhabit such
environments, are also known for theif ehility to survive
in highly hypersalinec waters (Parry 1966, Weisberg 1986,
Abel et al. 1987). In these fishes the plasma osmolality
varies only over a small range even in hypergaline waters
(Maetz 1970, Feldmeth and Waggoner 19@2}; The size
and the density of chloride cells in operculagiembranes
of R. marmoratus is not affected much by salinity in the
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of the Na* /K *-ATPase activity has been measured i
homogenates of C. variegatus acclimated to 200%
compared to 100% SW fish (Karnaky et al. 1976).
now too few data have been available to draw generaliza-
tions, but it is hoped that the present work will encourage
future studies on this topic.

Acknowledgements. This work was funded in part by a fellowship to
DK of the German Academic Exchange Service (DAAD-
5174025293). Many thanks are expressed to Professors K. Graszyn-
ski and K. Jiirss and to Drs. W. Zeiske and E. E. Williams for their
comments on earlier versions of the manuscript.

References

Abel, D. C., Koenig, C. C., David, W. P. (1987). Emersion i
mangrove forest fish Rivulus marmoratus: a unique respon
hydrogen sulfide. Envir. Biol. Fish. 18: 67-72

ogy and pathophysiology. Raven Press, Ltd., New
p. 587-623

iodine (DASPMI) as a fluorescent probe for mitochondri
situ. Biochim. biophys. Acta 423: 1-14
Dange, A. D. (1985). Branchial Na*-K *-ATPase activity during
osmotic adjustments in two freshwater euryhalinc teleosts,
tilapia (Sarotherodon mossambicus) and the orange chromid
(Etroplus maculatus). Mar. Biol. 87: 101107
Degnan, K. J., Karnaky, K. 1., Ir., Zadunaisky, J. A. (1977). Active
chloride transport in the in vitro opercular skin of a telgost
(Fundulus heteroclitus), a gill-like epithelium rich in chloride
cells. J. Physiol., Lond. 271: 155-191
Degnan, K. I., Zadunaisky, J. A. (1980a). lonic contributions to the
potential and current across the opercular epithelium. An*\. J.
Physiol. 238: R231-R239
Degnan, K. J, Zadunaisky. J. A. (1980b). Passive sodium move-
ments across the opercular epithelium: the paracellular shunt
pathway and ionic conductance. J. Membrane Biol. §5: 175185
Epstein, F. H., Silva, P., Kormanik, G. (1980). Role of Na-K-AT-
Pase in chloride cell function. Am. J. Physiol. 238: R246 -R250
Evans, D. H. (1984a). Gill Na*/H* and C17/HCO,"~ exchange
mechanisms evolved before the vertebrates entered fresh water.
J. exp. Biol. 13: 465-470
Evans, D. H. (1984b). The roles of gill permeability and transport
mechanisms in euryhalinity. In: Hoar, W. S., Randall, D. J. (eds.)
Fish physiology, Vol. Xb. Academic Press, Inc., Orlando, Flor-
ida, p. 239-283
Feldmeth, C. R., Waggoner, J. P. (1972). Ficld measurements of
tolerance to extreme hypersalinity in the California killifish,
Fundulus parvipinnis. Copeia 3: 593 -594
Foskett, J. K., Hubbard, G. M., Machen, T. E., Bern, H. A. (1982a).
Effects of epinephrine, glucagon and vasoactive intestinal
polypeptide on chloride secretion by teleost opercular mem-
brane. J. Comp. Physiol. (Sect. B) 146: 27-34
Foskett, J. K., Logsdon, C. D., Turner, T., Machen. T. E.. Bern.|H.
A. (1981). Differentiation of the chloride extrusion mechanism
during seawater adaptation of a teleost fish, the cichlid
Sarotherodon mossambicus. J. exp. Biol. 93: 209-224

D. Kiiltz and H. Onken: CI~ secretion in ti'apia

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

Foskett. J. K., Scheffey. C. (1982). The chloride cell: definitive
identification as the salt-secretory cell in teleosts. Science. Wash-
ington 215: 164166

Hwang. P. P. (1987). Tolerance and ultrastructural responses of
branchial chloride cells to salinity changes in the euryhaline
teleost Oreochromis mossambicus. Mar. Biol. 94: 643 -649

Hwang, P. P. (1988). Multicellular complexes of chioride cells in the
gills of freshwater teleosts. J. Morph. 196: 15-22

Isaacson. L. C. (1977). Resolution of parameters in the equivalent
clectrical circuit of the sodium transport mechanism across toad
skin. J. Membrane Biol. 30: 301-317

Karnaky. K. J., Jr. (1972). A system to study the teleost chloride cell
with the Ussing chamber. Bull. Mt. Desert Isl. biol. Lab. 12:
60-61

Karnaky. K. J..Jr. (1986). Structure and function of the chloride cell
of Fundulus heteroclitus and other teleosts. Am. Zool. 26: 209 -
224

Karnaky, K. J.. Jr., Degnan. K. J, Garretson, L. T., Zadunaisky, J.
A. (1984). Identification and quantification of mitochondria-
rich cells in transporting epithelia. Am. J. Physiol. 246: R770-
R775

Karnaky. K. L. Jr.. Degnan. K. J., Zadunaisky. J. A. (1977). Chloride
transport across isolated opercular epithelium of kitlifish: a mem-
brane rich in chloride cells. Science, Washington 195: 203 -205

Karnaky, K. J., Jr., Ernst, S. A., Philpott, C. W. (1976). Teleost
chloride ccll: 1. response of pupfish Cyprinodon variegatus gill
Na K-ATPase and chloride cell fine structure to various high
salinity environments. J. Cell. Biol. 70: 144-156

Karnaky, K. L, Jr.. Kinter, W. B. (1977). Killifish opercular skin: a
flat epithelium with a high density of chloride cells. J. exp. Zool.
199: 355- 364 '

Keys, A.(1931). Chloride and water secretion and absorption by the
gills of the eel. Z. vergl. Physiol. 15: 364-388

Keys, A.. Willmer, E. N. (1932). “Chloride secreting cells” in the
gills of fishes, with special reference to the common eel. J. Phys-
iol., Lond. 76: 368378

King.J. A. C.. Abel, D. C., Di Bona, D. R. (1989). Effects of salinity
on chloride cells in the curyhaline cyprinodontid fish Rivulus
marmoratus. Cell Tissue Res. 257: 367-377

Kirschner. L. B. (1991). Water and ions. In: Prosser, C. L. (ed.)
Comparative animal physiology: environmental and metabolic
animal physiology. Wiley-Liss, New York, p. 13-107

Krasny. J. E.. Jr. (1981). lon transport properties of the opercular
epithelium of Fundulus grandis. Ph.D. Dissertation, Univ. Mi-
ami, Miami, Florida

Kiltz, D., Bastrop. R., Jiirss, K., Sicbers, D. (1992). Mitochondria-
rich (MR) cells and the activities of the Na*/K *-ATPase and
carbonic anhydrase in the gill and opercular epithelium of Ore-
ochromis mossambicus adapted to various salinities. Comp.
Biochem. Physiol. 102/2 B: 293 - 301

Mactz, J. (1970). Mcchanisms of salt and water transfer across
membranes in telcosts in relation to the agquatic environment.
Mem. Soc. Endocr. 18: 3-29

Marshall, W. S. (1977). Transepithelial potential and short-circuit
current across the isolated skin of Gillichthys mirabilis (Teleostei:
Gobiidae). acclimated to 5% and 100% seawater. J. Comp.
Physiol. (Sect. B) 114: 157-165

Marshall, W.S. (1981). Sodium dependency of active chloride trans-
port across isolated fish skin (Gillichthys mirabilis). J. Physiol.,
Lond. 319: 165- 178 )

Motais. R., Garcia-Romeu, F., Mactz, J. ﬁ?gp). Exchangce diffusion
effect and curyhalinity in telcosts. rgeni Physiol. 50: 391-422

Parry. G. (1966). Osmotic adaptation in fishes. Biol. Rev. 41: 392
444

Silva. P.. Solomon. R.. Spokes, K.. Epstein, F.#1,(1977). Ouabain

inhibition of gill Na-K-ATPasc: rclationshw active chloride
transport. J. exp. Zool. 199: 419-426



D. Kiiltz and H. Onken: Cl~ sccretion in tilapia

Smith, H. W. (1930). The absorption and excretion of water dnd
salts by marine teleosts. Am. J. Physiol. 93: 480 =505

Stickney, R. R. (1986). Tilapia tolerance of saline waters: a review.
Prog. Fish Cult. 48: 161 -167

Trewavas, E. (1983). Tilapiinc fishes of the genera Sarothervdon
Oreochromis and Danakilia. British Museum of Natural Hlslb
ry, London

Vokler, T., Jiirss, K., Holtz, M. (1987). Na/K-ATPase activity jn
different tissucs of the rainbow trout, Salmo galrdnqn
RICHARDSON. Zool. Jb. (Abt. allg. Zool. Physiol. Ticre) 9\]
457-466

Weber, E. (1986). Grundriss der biologischen Statistik. Gust4v
Fischer Verlag, Jena

Weisberg, S. B. (1986). Competition and coexistence among four
estuarine species of Fundulus. Am. Zool. 26: 249-257

533

Williams, E. M., Eddy, F. B., Ward, M. R. (1988). Chloride trans-
port and the electrophysiological properties of the isolated skin
of the shanny (Blennius pholis L.). J. exp. Zool. 245: 102-105

Yonath, I, Civan, M. M. (1971). Determination of the driving force
of the Na* pump in toad bladder by means of vasopressin. J.
Membrane Biol. 5: 366385

Zadunaisky, J. A. (1984). The chloride cell: the active transport of
chloride and the paracellular pathways. In: Hoar, W. S., Ran-
dall, D. J. (eds.) Fish physiology, Vol. Xb. Academic Press Inc.,
Orlando, Florida, p. 129-176

Zeiske, W., Van Driessche, W. (1984). The sensitivity of apical Na™*
permeability in frog skin to hypertonicstress. Pfliigers Arch. ges.
Physiol. 400: 130-139

Communicated by O. Kinne, Oldendorf/Luhe



	page 1
	page 2
	page 3
	page 4
	page 5
	page 6
	page 7
	page 8



