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ABSTRACT

The gill of fishes is modified for gas exchange, thereby providing a site for net

movement of salts and water down their respective gradients. Specialized cells in the gill epithe-
lium are joined by tight junctions of variable depth and express a variety of transporters and
channels. These cells mediate NaCl extrusion in marine fishes and NaCl uptake in freshwater
fishes. These transport steps also provide pathways for the extrusion of ammonia and acid vs.
base equivalents. J. Exp. Zool. 283:641-652, 1999. © 1999 Wiley-Liss, Inc.

The fish gill, like any gas exchanger, is modi-
fied to: (1) maximize the surface area available for
diffusion of O, and CO,; (2) minimize the diffusion
distance between the external medium and the
blood; and (3) maximize the perfusion of the tissue.
The gill evolved from the surface epithelium of the
branchial basket of protovertebrates, which was
used in filter feeding, and probably appeared about
550 million years ago in the Pteraspid agnathans
(Gilbert, '93). Evolutionary modification of a sur-
face epithelium to facilitate gas exchange is not
without physiological cost: in an aquatic environ-
ment it exacerbates any diffusional movements of
solutes or water into or out of an organism that is
not iso-osmotic to the medium. Ancestors to the ver-
tebrates were iso-osmotic/ionic to their marine
habitats, but, for reasons that are still debated
(e.g., Griffith, ’87; Evans, ’93), the vertebrates (ex-
cept the hagfishes) are not. So aquatic gas ex-
change presents osmoregulatory problems to
fishes. Although osmoregulation in fishes is medi-
ated by a suite of structures including the gas-
trointestinal epithelium and kidney, the gill is the
major site of ion movements to balance diffusional
gains or losses. The marine elasmobranchs have
evolved a rectal gland that provides for ion extru-
sion (see Shuttleworth, this volume), but there also
is evidence that gill ionic extrusion mechanisms ex-
ist (see below). This review examines current mod-
els for these transport steps in the gill epithelium
in fishes and shows how they are pivotal in acid-
base regulation and nitrogen excretion. For recent
reviews of these subjects, see Perry ('97); Claiborne
(98); Karnaky (’98); Marshall and Bryson ('98);
Walsh (°98). For the purpose of this review, we
will focus on teleost fishes, with some references
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to the elasmobranchs, and do not include gill
transport steps for Ca** regulation, which have
been reviewed recently by Flik and his coworkers
(95, ’96). For a discussion of what little is known
about gill function in the agnatha (hagfishes and
lampreys), see reviews by Evans (°93) and Kar-
naky ("98).

FISH GILL STRUCTURE

Each branchial arch in the teleost is elaborated
into multiple filaments, which are further subdi-
vided into thousands of lamellae, the sites of gas
exchange (Fig. 1a). The flow of water that irri-
gates the gills is counter-current to the flow of
blood that perfuses the lamellae, maximizing gas,
ionic, and osmotic gradients that exist. This fa-
cilitates gas exchange, but also enhances net ionic
and osmotic movements that the fish must counter
to maintain osmotic homeostasis. The filaments
and lamellae are perfused via a complex series of
vessels (Fig. 1b), which receive the entire cardiac
output through the ventral aorta. In the past few
years, it has become clear that the perfusion of
the gill epithelium (both in the filaments and
lamellae) is under the control of a variety of en-
docrine and paracrine factors (e.g., Olson, '97),
which may play a role in controlling the perme-
ability of and ionic transport steps in the fish gill.
For instance, the opposing surfaces of the indi-
vidual lamellae are held apart by pillar cells,
which are thought to contain actomyosin (Laurent,
’84). It is generally accepted that alteration of pil-
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lar cell thickness could play a major role in the
pattern of blood flow through the lamellae,
thereby controlling gas exchange, and possibly
ion regulation. There appear to be endothelial
cells lining the marginal channel of the lamel-
lae (Hughes, ’84; Perry and Laurent, ’90), and
recent studies have shown that a variety of en-
dothelium-derived substances are vasoactive in
fishes (e.g., Evans et al., ’96; Evans and Gunde-
rson, ’98). In fact, Sundin and Nilsson ("98) have
found that the endothelium-generated peptide
endothelin redistributes blood flow through the
lamellae of trout (Oncorhynchus mykiss) gills
by contracting pillar cells.

The fish gill epithelium is characterized by the
presence of three cell types of interest to this re-
view: (1) pavement cells (PVCs); (2) mitochon-

Fig. 1. a: Scanning electron micrograph of a single gill
arch from the gulf toadfish (Opsanus beta) showing 15 fila-
ments that contain scores of lamellae. Reference bar is 100
pm. b: Diagram of a single filament and six lamellae show-
ing the direction of water flow (irrigation) between the lamel-
lae and blood flow within the filament and a single lamella.
The afferent filamental artery perfuses single lamellae via a
small pre-lamellar arteriole. Blood flow in the lamella is
around individual pillar cells, or around the peripheral chan-
nel, through the post-lamellar arteriole and into the efferent
filamental artery. Significant post-lamellar blood can be
shunted into the central venous sinus (CVS) of the filament
under certain conditions. The external surface of the filament
and lamellae is characterized by the microridges of the PVCs,
with interspersed, infrequent pores into the apical surface of
MRCs (shown as small, gray circles in the figure). See text
for details (redrawn from Pisam et al., ’87). ¢: Scanning elec-
tron micrograph of the surface of a gill filament from O. beta,
showing the characteristic pattern of the apical surface of
PVCs and pores leading to MRCs. Reference bar is 20 pm.

drion-rich cells (MRCs); and (3) accessory cells
(ACs), in addition to mucous cells that are usu-
ally on the leading or trailing edge of the filament
(e.g., Laurent, ’84). More than 90% of the gill sur-
face epithelium, and usually all of the lamellar
surface, is characterized by PVCs. These cells may
be columnar, but are generally squamous, and con-
tain moderate numbers of mitochondria and a
well-developed Golgi and rough endoplasmic
reticulum, indicative of “intense metabolic activ-
ity” (Laurent and Dunel, ’80). The tight junctions
between adjacent PVCs are generally termed
“deep” because of numerous interconnecting
strands between the cells (Sardet et al., ’79;
Karnaky, '92). When viewed on the surface of the
gill, PVCs appear to have “fingerprints” composed
of circular microridges on the mucosal surface
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(Fig. 1b, c). Although these cells, especially on the
lamellae, are assumed to be the site of trans-
epithelial gas transfer, recent evidence suggest
they may also play a role in ion and acid-base
regulation (see below).

Mitochondrion-rich cells (often termed “chloride
cells”) are found interspersed with the PVCs, es-
pecially in the interlamellar epithelium and of-
ten on the trailing edge of the filament (e.g.,
Laurent, ’84; Van Der Heijden et al., ’97). MRCs
are not necessarily confined to gill epithelia; they
are also found, with PVCs and ACs, in the inner
surface of the operculum of the killifish Fundu-
lus heteroclitus (e.g., Degnan et al., ’77) and tila-
pia, Oreochromis mossambicus (Foskett et al., ’81),
as well as the jaw skin of the goby Gillichthys
mirabilis (Marshall and Nishioka, ’80). The MRCs
are characterized by a relatively high metabolic
activity compared to PVCs (Perry and Walsh, ’89).
MRCs (Fig. 2) contain sub-apical vesicles and
elaborate basolateral infoldings that produce an
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extensive intracellular tubular system, associated
with numerous mitochondria (e.g., Laurent, ’84)
and the transport enzyme Na/K-ATPase (Karnaky
et al., ’76). Tight junctions between MRCs and
adjacent PVCs are also considered “deep” because
of multi-strand connections (Sardet et al., ’79;
Sardet, ’80; Karnaky, ’92) (Fig. 2). In marine spe-
cies, the mucosal surface of the MRCs are usu-
ally sunk below the PVCs, which produces “pores”
between PVCs (Figs. 1b, ¢ and 2). In marine teleo-
sts, or euryhaline teleosts acclimated to seawater,
the MRCs usually display multi-cell complexes, a
more elaborate intracellular tubular system, and
an apical crypt (Fig. 2; also Hossler et al., 79 and
Laurent, ’84). Importantly, an AC develops next to
the MRC in seawater teleosts, and the two cells
share a single-strand, shallow junction (Fig. 2), sug-
gesting that a “leaky” paracellular pathway is
present between the cells (e.g., Laurent, ’84). The
same is true for adjacent MRCs. This is thought to
be the morphological basis for the relatively high

Fig. 2. Electron micrograph of gill tissue from the killi-
fish (Fundulus heteroclitus) acclimated to 100% seawater
(SW). A single mitochondrion-rich cell (Iabeled CC) shares an
apical crypt with an accessory cell (AC). The CC/AC tight-

junctions (*) are shallow, whereas AC/PVC tight-junctions (¥%)
are deep. Note the much higher density of mitochondria in
CC than PVC or AC. (Micrograph kindly supplied by Dr. Karl
Karnaky.)
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ionic permeability of the marine teleost gill (e.g.,
Karnaky, '92). Although ACs are usually found only
in marine species, they also were found in the gill
epithelium of euryhaline salmonids in fresh wa-
ter (Pisam et al., ’89), as well as two species of
tilapia (Cioni et al., ’91). It has been proposed that
ACs are merely young stages in MRC development
because of similar cytoplasmic structures (e.g.,
Wendelaar Bonga and van der Meij, ’89), but their
function is still unknown. Pisam and coworkers
(’87) also have described two types of MRCs,
termed a and B, present in freshwater species and
euryhaline species in fresh water. The a form is
thought to be the homologue of the MRC in ma-
rine teleosts and actually transforms into the
MRC in the filamental epithelium of euryhaline
fishes acclimated to seawater (Pisam et al., ’87,
’95). The B form exists only in fresh water teleo-
sts. It is not known whether any functional dif-
ferences exist between the two freshwater types
of MRCs.

In freshwater teleosts, MRCs are generally sin-
gular on the gill epithelium, lack an apical crypt,
have extensive tight junctions with adjacent cells,
and usually have their mucosal surface above the
adjacent pavement cells. Tilapia seems to be an
exception, with an apical crypt below the surface
of the pavement cells (Van Der Heijden et al., ’97).
In addition, the basolateral tubular system often
is less well developed. Freshwater MRCs react
with antibodies to Na/K-ATPase, demonstrating
that the transport enzyme is present (e.g., Uchida
et al., ’96; Witters et al., ’96). There are multicellu-
lar complexes in some freshwater species (Hwang,
’88), and the opercular skin of the killifish accli-
mated to fresh water has clustered MRCs that share
deep, apical tight junctions (Marshall et al., ’97).
As in seawater, the MRCs are relatively abundant
on the filamental epithelium, but they may also ap-
pear on the lamellar epithelium in some freshwa-
ter species (e.g., Uchida et al., ’96; Perry, '97).
Freshwater MRCs display apical microvilli, which
presumably increases mucosal surface area (Huang,
’88; Perry et al., ’92; Marshall et al., ’97). Fishes in
very dilute or soft freshwater display more exten-
sive proliferation of MRCs on the lamellar epithe-
lium (e.g., Perry and Laurent, ’93; Perry, '97).

MRCs are also found in the gill epithelium of
elasmobranchs (e.g., Laurent, ’84; Wilson et al.,
’96). Although the cells are located in a similar
filamental location as marine teleost MRCs, their
ultrastructure is quite different. Instead of an in-
tracellular tubular system, elasmobranch MRCs
have numerous basolateral infoldings that are less
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extensive, long apical microvilli, and usually lack
an apical crypt (Laurent, ’84). As in teleosts, elas-
mobranch MRCs express relatively large amounts
of Na/K-ATPase compared with adjacent PVCs
(Conley and Mallatt, ’88). There is no evidence
published for the presence of ACs in the branchial
epithelium of elasmobranchs.

ELECTROCHEMICAL GRADIENTS
ACROSS FISH GILLS

The fact that the Na® and Cl” concentration of
fish plasma differs from that of either seawater
or freshwater has been known for more than 100
years (see Holmes and Donaldson (°69) for the
most complete tabulation). The large Na® or CI~
gradients across the freshwater fish gill could not
be maintained by the electrical potentials that
have been measured across the gills of freshwa-
ter fishes (e.g., Evans, ’80a; Potts, '84; Potts and
Hedges, '91), so it is clear that electrochemical gra-
dients exist that must produce a net diffusional
loss of NaCl from these fishes. This adds to the
renal loss and must be countered by some sort of
NaCl uptake system. The case is not so clear for
marine teleosts, where the measured transepi-
thelial electrical potential (TEP; ca. + 20 to 30
mV, plasma relative to seawater) may equal or
slightly exceed the Nernst potential for at least
Na* (Ex, = 28 mV ) in some, but certainly not all,
species (e.g., Evans, '80a; Potts, ’84). A TEP higher
than the Ey, would not only counter any diffu-
sional uptake of Na*, it would provide an electro-
chemical gradient to extrude Na* taken up across
the intestinal epithelium secondary to the oral in-
gestion of seawater. This ingestion is necessary
for marine teleosts to maintain osmotic balance
(e.g., Karnaky, '98). However, 21 species of ma-
rine teleosts display TEPs less than +20 mV, with
at least six species generating a TEP that is nega-
tive (plasma relative to seawater; Evans, ’80a;
Potts, ’84). This is approximately 50% of the rela-
tively large number of species that have been
studied! There is no systematic difference in tech-
niques published that can explain these TEPs
that are decidedly different from Ey, In no case
is the TEP close to the Eq (= =35 mV), and in
marine teleosts where it approaches Ey,, CI” will
be drawn inward by both the diffusional gradi-
ent and electrical potential. In these species, both
Na*® and CI™ are out of electrochemical equilib-
rium and, therefore, must be actively extruded
by the gill epithelium. This idea is important be-
cause the current model for ionic transport across



FISH GILL ION TRANSPORT

the MRC in the marine teleost gill assumes that
Na® is in electrochemical equilibrium (see below).

The very few measurements of elasmobranch
species have found that their TEP is slightly nega-
tive (Evans, '80a), suggesting that both Na* and
CI” are out of electrochemical equilibrium across
their gill epithelium. The elasmobranch rectal
gland extrudes both Na" and Cl” (see Shuttle-
worth, this volume), but elasmobranchs can ion
regulate even when the rectal gland has been re-
moved (Burger, ’65; Evans et al., ’82). Therefore,
the elasmobranch gill epithelium may extrude
both ions, although details of the process are lack-
ing. No TEP measurements have been published
for freshwater elasmobranchs, but it is doubtful
that either Na* or Cl™ are in electrochemical equi-
librium across the gill in these species.

To summarize, many teleosts maintain a TEP
close to that necessary to keep Na* in passive equi-
librium across the gill; but many other teleosts,
and the few elasmobranchs so far examined, have
a lower positive or indeed negative TEP such that
both Na* and Cl” must be actively transported
across the gill.

GILL IONIC TRANSPORT MECHANISMS

The complexity of the fish gill dictates that some
direct experimental approaches are not possible,
so much of what we know about the transport
steps in the epithelium is derived from indirect
studies, model systems, and, most recently, mo-
lecular techniques. For instance, the complexity
of the anatomy of the gill has precluded the use
of isolated sheets of epithelial tissue to allow a
rigorous electrophysiological approach to the
mechanisms of membrane transport. In addition,
the pattern of water flow across the elaborate ex-
ternal surface, as well as the complexity of the
blood flow through the branchial vasculature, has
reduced the efficacy of irrigation and perfusion of
isolated heads, branchial arches, or gill fragments
to study transport steps (e.g., Evans et al., ’82).
Nevertheless, whole animal studies (see Evans,
79, for a review of the early literature), use of
skin epithelial sheets that contain MRC cells (e.g.,
Zadunaisky, '84), and, most recently, patch-clamp
and molecular techniques (reviewed in Marshall,
’95; Karnaky, '98; Marshall and Bryson, ’98) to-
gether have contributed greatly to understanding
the ionic transport pathways in the fish gill.

NaCl extrusion by fishes in seawater

It became clear in the 1970s that the fish gill
epithelium expressed large quantities of the well-
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known transport protein, Na/K-ATPase, whose
activity was usually, but not always, proportional
to the external salinity (reviewed in de Renzis and
Bornancin, ’84; McCormick, ’95) Despite early
physiological data that suggested the enzyme was
located on the apical membrane (e.g., Maetz, ’69;
Evans and Cooper, ’76), histochemical techniques
demonstrated uneqivocally that it is on the
basolateral infoldings of the MRC (Karnaky et al.,
"76; Hootman and Philpott, ’79). At the same time,
Silva and his colleagues showed that injection of
ouabain (the standard inhibitor of Na/K-ATPase)
into intact eels (Anguilla rostrata) inhibited the
efflux of radio-labeled Na* and Cl~, with a much
smaller effect on the efflux of tritiated water (Silva
et al., ’77). In that seminal paper, the authors sug-
gested that the basolateral Na/K-ATPase gener-
ated an electrochemical gradient for Na* from the
plasma to the cytoplasm of the MRC, which drove
both Na*® and CI” inward across the basolateral
membrane. This proposition was supported by a
contemporary study of the opercular membrane
from the killifish, which demonstrated, under short-
circuited conditions, that the net C1” extrusion rate
(serosal to mucosal) was equal to the short-circuit
current (SCC), but there was no net extrusion of
Na" (Degnan et al., *77). Both ouabain and furo-
semide (an inhibitor of coupled Na-Cl cotransport)
inhibited the SCC and net extrusion of CI". Elegant
electrophysiological studies, using the vibrating
probe technique, demonstrated that the MRC was
the site of the ionic extrusion mechanism (Foskett
and Scheffey, 82; Foskett and Machen, ’85). More
recent research has fine-tuned the model result-
ing from these studies (e.g., Zadunaisky, ‘84); the
current model for NaCl extrusion by the teleost
gill epithelium (Fig. 3) is best described in a re-
cent review by Marshall ('95). The Na* gradient
produced across the basolateral membrane by Na/
K-ATPase-driven extrusion of Na* from the cell,
drives Na* into the cell coupled to Cl"and K, via
a common transport protein. K*, which enters
via the basolateral Na/K-ATPase and baso-
lateral Na-K-2Cl cotransport, is thought to exit
the cell via K channels in both the apical and
basolateral membranes. Cl™ exits the cell via
an apical ClI” channel, which generates a sero-
sal-side positive TEP that moves Na* through
the leaky paracellular pathway between adja-
cent MRCs and ACs. It should be noted that
the experiments that support this model are
confined to teleosts where the TEP > Ey,. This
model alone does not account for Na* extrusion
from fishes in which the TEP < Ey,.
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Fig. 3. Current model for NaCl extrusion by the marine
teleost MRC. Note the deep-tight junction between the MRC
and PVC, and shallow-tight junction between the MRC and
AC. See text for details. (Redrawn from Marshall ’95.)

The furosemide sensitivity of basolateral NaCl
uptake suggested that the basolateral carrier was
in the Na-K-2Cl cotransporter family (e.g., Payne
and Forbush, ’95; Kaplan et al., ’96) rather than
the thiazide-sensitive Na-Cl cotransporter, and elec-
trophysiological studies of isolated opercular epithe-
lia support this conclusion (Eriksson and Wistrand,
’86; Marshall, ’95). In addition, a recent study has
shown upregulation of the cotransporter in seawa-
ter-acclimated rainbow trout, with a Western Blot
using monoclonal antibodies to the shark rectal
gland Na-K-2Cl cotransporter (Behnke et al., ’96).
Both the a and B subunits of the gill Na/K-ATPase
have been cloned for the white sucker (Catostomus
commersoni) and European eel (Anguilla anguilla)
(see Karnaky, *98). Addition of Ba* to the serosal
surface of the opercular membrane inhibited Cl™ se-
cretion, consistent with a basolateral K" channel
(Degnan, ’85). The short-circuited skin of G. mira-
bilis secreted K" into the mucosal bath, which sug-
gests an apical K channel (Marshall and Bryson,
’98). The presence of an apical Cl” channel appears
to be well established. Its electrical characteristics
and stimulation by cyclic AMP (Marshall et al., ’95)
indicate that it is a member of the mammalian cys-
tic fibrosis transmembrane conductance regulator
(CFTR) family. Recent cloning of a killifish CFTR-
like gene (which shares only 59% homology with
human and shark rectal gland CFTR) supports this
proposition (Singer et al., ’98).

Surprisingly, a recent study (Avella and Ehren-
feld, ’97) demonstrated that PVCs may be a site
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of Cl extrusion, in addition to the MRCs. Pave-
ment cells from the sea bass (Dicentrarchus
labrax), cultured in sea bass serum, displayed a
SCC, TEP, and resistance characteristic of the sea-
water gill epithelium, and extruded CI™ in the se-
rosal to mucosal direction via a bumetanide-
(inhibitor of Na-K-2Cl cotransport) and ouabain-
sensitive (applied serosally) pathway. In addition,
the net C1” secretion was inhibited by application
of CI” channel inhibitors, applied to the mucosal
surface. The authors conclude that “the chloride
secretion through these cultures of respiratory-
like cells makes it necessary to reconsider the pre-
viously accepted seawater model in which the
chloride cells are given the unique role of ion
transport through fish gills” (Avella and Ehren-
feld, ’97). The current measured in this study was
less than 10% of that generated by the opercular
preparation (e.g., Degnan et al., 77), but PVCs
comprise more than 90% of the epithelial surface,
so the total NaCl extrusion by PVCs and MRCs
may be equivalent. On the other hand, it is pos-
sible that these cultured PVCs are expressing
transport steps not expressed in vivo.

Despite the fact that the gill epithelium of elas-
mobranchs contains MRCs, which express Na/K-
ATPase (see above), the evidence for NaCl extrusion
by the elasmobranch gill is circumstantial at best.
The evidence is largely based upon the finding in a
variety of studies that removal of the rectal gland
does not impair regulation of plasma NaCl in sharks
(e.g., Evans et al., ’82; Wilson et al., ’96). In addi-
tion, ammonia excretion by the perfused head of
the dogfish shark pup was inhibited by addition of
bumetanide to the perfusate (Evans and More, ’88).
This suggests that a basolateral Na-K-2Cl cotrans-
porter exists because this carrier protein has been
shown to be sensitive to NH," at the K site (e.g.,
O’Grady et al., ’87). Further study of the mecha-
nisms of NaCl transport across the gill epithelium
of the elasmobranch would be quite interesting.
Molecular techniques may now give us this op-
portunity.

NaCl uptake by fishes in freshwater

The large electrochemical gradients for both Na*
and CI” between fish plasma and the medium in
freshwater dictate that mechanisms must exist
for extraction of both of these ions from the very
dilute environment. Because Na® or Cl” can be
taken up independently of each other by fishes,
Krogh (°38) suggested that the extrusion of inter-
nal counter ions, such as NH,", H*, or HCO;~, was
probably chemically-coupled to Na® and Cl™ up-
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take in order to maintain reasonable electrical
gradients across the gill. This hypothesis was sup-
ported by a variety of studies over the next 50
years (see Evans, ’75; Evans et al., ’82; McDonald
et al., ’89 for reviews), but more careful analysis
of the electrochemical gradients involved sug-
gested that uptake of Na* is most probably via an
apical Na' channel (Fig. 4), down an electrical gra-
dient generated by an apical H* pump (Avella and
Bornancin, ’89; Lin and Randall, ’91; Potts, '94).
Lin and Randall ('93) originally proposed that the
H*-ATPase was the P-type (plasma membrane)
because of the inhibitor profile, but more recent
immunological studies (see below and Lin and
Randall, ’95) support the proposition that the
transporter is probably vacuolar or V-type, H*-AT-
Pase. In addition, Lin and Randall ("93) showed
that relatively specific inhibitors of H*-ATPase in-
hibited the ATPase activity in gill homogenates
of rainbow trout, and hypercapnia increased the
activity of this H*-ATPase by 70%. Proton extru-
sion by an H*-ATPase accounts for Na" uptake in
a variety of “tight” epithelia, including the frog
skin (e.g., Ehrenfeld et al., ’85; Harvey, ’92), and
the freshwater fish gill is generally considered to
be “tight” because of deep junctions between ad-
jacent pavement cells and MRCs and pavement
cells (see above and Sardet, ’80). This hypothesis

Fig. 4. Current model for the uptake of NaCl by the fresh-
water fish gill epithelium. Two cells are depicted for clarity
and because some evidence suggests that Na* and Cl~ uptake
may be through separate cells. See text for details. (Redrawn
from Claiborne, ’98.)

647

is supported by the fact that the unidirectional
flux of isotopically labeled Na* or Cl” across fresh-
water fishes is generally less than 5% of that
across marine species (e.g., Karnaky, '98). The
electrical resistance of a cultured freshwater gill
cell preparation, which is largely pavement cells,
is 3.5 kQ - cm?, even greater than other cultured
“tight” epithelia (Wood and Part, ’97). Basolateral
transit of Na® into the extracellular fluids is as-
sumed to be via the Na/K-ATPase present in
MRCs in the freshwater gill (e.g., Witters et al.,
’96), presumably on the basolateral membrane.
The putative basolateral K™ channel in these cells
has not been identified.

It is generally assumed that apical CI/HCO; ex-
change mediates Cl” uptake across the gill in
freshwater; for example, inhibitors of this ex-
change lower Cl” uptake and produce a metabolic
alkalosis in fishes, as does removal of external
CI” (reviewed in Perry, '97; Goss et al., '98). It is
unclear how this exchange is driven, since it is
unlikely that there is a chemical gradient favor-
ing uptake of CI” from freshwater, and the true
apical HCO; gradient is unknown. Presumably,
net ClI” movement across the gill is mediated via
a basolateral Cl” channel, driven by the inside-
negative membrane potential, but this has not
been identified as yet.

Intracellular generation of the H* and HCO5~
necessary for these apical extrusion mechanisms
is probably from hydration of CO,, since carbonic
anhydrase has been localized in MRCs of the kil-
lifish opercular epithelium (Lacy, ’83), and inhibi-
tion of carbonic anhydrase by acetazolamide
reduced proton excretion by the trout gill (Lin and
Randall, ’91). Another study found carbonic an-
hydrase on both the MRCs and PVCs in the gill
epithelium, but it appeared to be on the outer sur-
face of the cells (Rahim et al., ’88), probably func-
tioning in the acidification of the apical unstirred
layer, which may play a role in nitrogen excretion
(e.g., Gilmour, ’98).

There is some debate about the cellular site of
the uptake mechanisms for Na* and CI” (e.g., Lin
and Randall, ’95; Sullivan et al., '96; Perry, '97;
Goss et al., ’98). It is generally accepted that Cl™
uptake is via the MRCs because morphological
changes in the number and structure of MRCs
correlate well with rates of ClI” uptake (e.g., Perry
and Laurent, ’89; Goss et al., ’94), and the oper-
cular skin of freshwater-adapted F. heteroclitus,
which has a high density of MRCs, has a net up-
take of CI” when exposed to Ringer’s on both sur-
faces (Wood and Marshall, ’94; Marshall et al.,
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’97). In addition, X-ray microanalysis has deter-
mined that injection of acetazolamide or exposure
to thiocyanate (which is presumed to inhibit api-
cal CI/HCO; exchange) lowered the Cl™ content of
MRCs, but not pavement cells, in the brown trout
(Morgan et al., ’94; Morgan and Potts, '95). Fi-
nally, Sullivan et al. ("96) recently used in situ
hybridization to localize the message for the Cl/
HCO; exchanger on both the filament and lamel-
lar epithelium of the rainbow trout; but the larg-
est signal was in the interlamellar region of the
filament where the MRCs are most abundant.
Somewhat surprisingly, cultured branchial epithe-
lium from the trout (composed almost exclusively
of pavement cells) appears to actively take up CI,
and not Na*, from the mucosal surface (Wood et
al., ’98), suggesting that either these cultured
pavement cells are expressing transporters that
don’t exist in vivo, or else we should revisit the
conclusion that CI/HCO; exchange is the exclu-
sive domain of the MRC.

The cellular site of the H*-ATPase and Na*
channel is even less clear (Lin and Randall, ’95;
Goss et al., ’98). Unexpectedly, PVCs were impli-
cated as a site when it was shown that hypercap-
nic acidosis in the bullhead (Ictalurus nebulosus)
produced a significant increase in the apical sur-
face area, and the density of mitochondria and
apical vesicles of the PVCs, with a concomitant
and quite significant reduction in the apical sur-
face area of the MRCs (Perry and Laurent, '93;
Goss et al., ’94). At the same time, this group
(Laurent et al., ’94) showed (using ultrathin sec-
tions and high-magnification transmission elec-
tron microscopy) that the PVCs, and not the
MRCs, displayed cytoplasmic, vesicular “studs,”
similar to those described in the intercalated cells
of the mammalian kidney and turtle urinary blad-
der, which have been shown to contain H*-ATPase
(e.g., Brown et al., ’87). X-ray microanalysis stud-
ies (Morgan et al., '94; Morgan and Potts, '95)
found that the intracellular Na® content of the
PVCs, but not MRCs, was proportional to the ex-
ternal Na* concentration. More recent immuno-
histochemical and in situ hybridization studies of
the rainbow trout gill (Sullivan et al., ’95, ’96) have
demonstrated that the H*-ATPase signal is in PVCs
on the lamellae, although some signal appeared in
the interlamellar region of the filaments (where
MRCs are mixed with PVCs). Hypercapnia stimu-
lated the expression of the pump in both studies,
confirmed by a Western Blot of gill tissue (Sullivan
et al., ’95; Goss et al., ’98). These studies used an
antibody raised against a 31 kDa subunit of bo-
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vine renal V-type ATPase. Interestingly, the im-
munoreactivity for the H'-ATPase was localized
to a specific subpopulation of PVCs on the lamel-
lae, suggesting that not all PVCs function in ionic
uptake (or acid-base regulation; see below).

These data are to be contrasted with the study
of Lin et al. ("94) which used antibodies raised
against a 70 kDa subunit of bovine V-type ATPase
and demonstrated (via in situ hybridization) that
expression of the H'-ATPase was uniformly dis-
tributed on both lamellae and filaments of the
trout gill, suggesting that both PVCs and MRCs
were sites of proton extrusion and Na* uptake.
Perry’s recent review of chloride cell structure and
function (Perry, ’97) displays electronmicrographs
of immunolocalization studies from both groups:
one demonstrates MRC localization of the H-AT-
Pase (J. Wilson, in Perry, ’97); and the other spe-
cific PVC, but not MRC, localization (Sullivan et
al. in Perry, ’97). Since the same species was used
in these and earlier studies, one can only conclude
that either differences in the composition of the
tapwater (Ottawa vs. Vancouver, Canada), trout
population, or antibody must have provided the
conflicting results.

Clearly, more species should be examined us-
ing the variety of techniques now available to sort
out the cellular site of NaCl uptake (and H" and
HCO; extrusion) across the fish gill. However, the
hypothesis that separate cells may mediate these
transport steps is intriguing. Such a cellular sepa-
ration of acid vs. base extrusion has been de-
scribed to exist in the collecting duct of the
mammalian kidney (e.g., Al-Awqati, '96).

Acid-base regulation

The foregoing should suggest that the branchial
mechanisms that extract Na* and Cl™ from fresh-
water must play an important role in acid-base
regulation by fishes. This appears to be the case,
since hypercapnia or other alterations of the pH
of fish blood are associated with changes in the
relative effluxes of H" vs. HCO5, influxes of Na*
vs. CI', and morphology of PVCs vs. MRCs (most
recently reviewed by Claiborne, '98; Goss et al.,
’98). Indeed, in many studies it has been acid-base
perturbations that allowed the examination of the
mechanisms for NaCl uptake (e.g., Goss et al., 95,
’98). It is important to note that it is these gill
transport mechanisms (rather than changes in
respiratory or renal acid-base excretion) that play
a major role in the response of fishes to acid-base
disturbances (reviewed by Evans, ’86; Heisler, ’93).
Since these transporters, antiports, and channels
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play multifunctional roles, one might ask whether
they evolved for ion regulation or acid-base regu-
lation (Evans, ’75). The fact that physiological
(e.g., Claiborne et al., ’97) and molecular (Wilson
et al., ’97) data indicate that even marine species
(including the hagfish, which is iso-osmotic to sea-
water; Evans, 84) express these systems, suggests
that control of plasma/cell pH rather than ion con-
centration may have been the selective force
(Evans, ’84). In fact, current evidence suggests
that marine teleosts may extrude H* via apical
Na'/H" exchange (see Claiborne, ’98) for a review
of the recent data). If marine species use Na* and
CI” uptake systems to regulate their pH, what sort
of ionic load does this present in relation to the
diffusive and intestinal uptake of these ions? One
study (Evans, ‘80b) suggested that the salt load
produced by acid-base regulation in a marine spe-
cies may be relatively small; however, more spe-
cies, especially elasmobranchs (where diffusional
uptake of NaCl is small), need to be studied.

Excretion of nitrogen

The fish gill is also the site of excretion of ex-
cess nitrogen in the form of ammonia, and cur-
rent models suggest that the pathways outlined in
Fig. 4 play vital roles (e.g., Evans and Cameron,
’86; Wilkie, ’97; Walsh, ’98). The relative importance
of paracellular vs. cellular pathways and mode of
excretion (NH; vs. NH,") appear to depend on
whether the fish is in seawater or fresh water.

The marine teleost gill has leaky-tight junctions
between MRCs and ACs (see above) that theoreti-
cally permit the diffusional loss of either NH; or
NH,". NH; also can diffuse across the cells them-
selves, although the lipid solubility of ammonia
gas is significantly below that for CO, (Knepper
et al., ’89). However, intracellular pH is far below
the pK of NHy/NH," (ca. 9.3), so any ammonia in
the cell is mainly ionic NH,*. Basolateral trans-
porters such as Na/K-ATPase and Na-K-2ClI can
substitute NH,* for K" (e.g., Wilkie, ’97) and the
concentration of NH," (and hence of NH;) should
be higher in the cell than the plasma. In any
event, intracellular NH," must then be extruded
across the apical membrane, presumably via a Na/
H antiporter, with NH," substituting for the H*
(Wilkie, ’97). NH; may diffuse across the apical
membrane. As Wilkie ("97) has pointed out, many
of the published inhibitor and ionic substitution
experiments do not allow a critical distinction be-
tween the putative pathways; hence, more defini-
tive studies are required.

The multistrand nature of the junctions between

649

adjacent cells in the freshwater fish gill presum-
ably hinder paracellular diffusion of NH,", and
apical H*-ATPase will not extrude NH;. Because
of these limitations, it is generally assumed that
the dominant, and possibly sole, mode of ammo-
nia extrusion across the freshwater fish gill is via
paracellular diffusion of NH; (e.g., Wilkie, ’97). In-
terestingly, acidification of the apical unstirred
layer by either proton extrusion or carbonic an-
hydrase-mediated hydration of expelled CO, (see
above) would facilitate NH; diffusion by reducing
the NH; to NH,". This would maintain the par-
tial pressure gradient for NH; diffusion across the
gill (e.g., Wilkie, ’97). However, it is important to
note that, once again, critical experiments to sup-
port the hypothesis are lacking.

SUMMARY

The gill epithelium of fishes possesses a suite of
transport steps for Na* and CI” that also function
in the excretion of acid vs. base and ammonium
ions. Unfortunately, the structural complexity of the
gill precludes some of the electrophysiological tech-
niques that have been so important in the study of
ionic transport across other epithelia. Recent ap-
plication of molecular and immunological techniques
has allowed the confirmation of earlier models, and,
in some cases, added to our confusion. It is hoped
this review stimulates some readers to bring new
techniques and ideas to the study of this very in-
teresting tissue.

ACKNOWLEDGMENTS

Appreciation is expressed to Ms. Laurie Walz
for the illustrations and Dr. Karl Karnaky for the
electron micrograph in Fig. 2.

LITERATURE CITED

Al-Awqati Q. 1996. Plasticity in epithelial polarity of renal
intercalated cells: targeting of the H*-ATPase and band 3.
Am J Physiol 270:C1571-1580.

Avella M, Bornancin M. 1989. A new analysis of ammonia
and sodium transport through the gills of the freshwater
rainbow trout (Salmo gairdneri). J Exp Biol 142:155-176.

Avella M, Ehrenfeld J. 1997. Fish gill respiratory cells in cul-
ture: a new model for Cl™-secreting epithelia. J Membr Biol
156:87-97.

Behnke R, Brill S, Rao M, Forbush B III. 1996. Upregulation
of the Na-K-Cl cotransporter protein in saltwater adapta-
tion of the rainbow trout, Salmo gairdneri. Bull Mt Desert
Isl Biol Lab 35:24-25.

Brown D, Gluck S, Hartwig J. 1987. Structure of a novel
membrane-coating material in proton secreting epithelial
cell and identification of an H* ATPase. J Cell Biol 105:1637—
1648.

Burger JW. 1965 Roles of the rectal gland and kidneys in
salt and water excretion in the spiny dogfish. Physiol Zool
38:191-196.



650

Cioni C, De Merich D, Cataldi E, Sataudella S. 1991. Fine
structure of chloride cells in freshwater—and seawater—
adapted Oreochromis niloticus (Linnaeus) and Oreochromis
mossambicus (Peters). J Fish Biol 39:197-209.

Claiborne JB. 1998. Acid-base regulation. In: Evans DH, edi-
tor. The physiology of fishes. Boca Raton: CRC Press. p
177-198.

Claiborne JB, Perry E, Bellows S, Campbell J. 1997. Mecha-
nisms of acid-base excretion across the gills of a marine
fish. J Exp Zool 279:509-520.

Conley DM, Mallatt J.1988. Histochemical localization of
Na+K-ATPase and carbonic anhydrase activity in the gills
of 17 fish species. Can J Zool 66:2398-2405.

de Renzis G, Bornancin M. 1984. Ion transport and gill AT-
Pases. In: Hoar WS, Randall DJ, editors. Fish physiology.
Orlando: Academic Press, Vol. XB. p 65-104.

Degnan KJ. 1985. The role of K* and Cl~ conductances in
chloride secretion by the opercular membrane. J Exp Zool
231:11-17.

Degnan KdJ, Karnaky KdJ Jr, Zadunaisky J. 1977. Active chlo-
ride transport in the in vitro opercular skin of a teleost
(Fundulus heteroclitus), a gill-like epithelium rich in chlo-
ride cells. J Physiol 271:155-191.

Ehrenfeld J, Garcia-Romeu F, Harvey B. 1985. Electrogenic
active proton pump in the Rana esculenta skin and its role
in sodium ion transport. J. Physiol Lond 359:331-355.

Eriksson O, Wistrand PJ. 1986. Chloride transport inhibi-
tion by various types of ‘loop’ diuretics in fish opercular
epithelium. Acta Physiol Scand 126:93-101.

Evans DH. 1975. Ionic exchange mechanisms in fish gills.
Comp Biochem Physiol 51A:491-495.

Evans DH. 1979. Fish. In: Maloiy GMO, editor. Comparative
physiology of osmoregulation in animals. Orlando: Academic
Press, Vol. 1. p 305-390.

Evans DH. 1980a. Kinetic studies of ion transport by fish gill
epithelium. Am J Physiol 238:R224-230.

Evans DH. 1980b. Na*/NH," exchange in the marine teleost,
Opsanus beta: stoichiometry and role in Na* balance. In:
Lahlou B, editor. Epithelial transport in the lower verte-
brates. London: Cambridge University Press. p 197-205.

Evans DH. 1984 The roles of gill permeability and trans-
port mechanisms in euryhalinity. In: Hoar WS, Randall
DJ. Fish physiology. Orlando: Academic Press vol XB. p
239-283.

Evans DH. 1986. The role of branchial and dermal epithelia
in acid-base regulation in aquatic vertebrates. In: Heisler
D, editor. Acid-base regulation in animals. Amsterdam:
Elsevier-North Holland vol. p 139-172.

Evans DH. 1993. Osmotic and ionic regulation. In: Evans DH,
editor. The physiology of fishes. Boca Raton: CRC Press. p
315-341.

Evans DH, Cameron JN. 1986. Gill ammonia transport. J
Exp Zool 239:17-23.

Evans DH, Claiborne JB, Farmer L, Mallery CH, Krasny EJ
Jr. 1982. Fish gill ionic transport: methods and models. Biol
Bull 163:108-130.

Evans DH, Cooper K. 1976. The presence of Na-Na and Na-
K exchange in sodium extrusion by three species of fish.
Nature 259:241-242.

Evans DH, Gunderson M, Cegelis C. 1996. ETg-type recep-
tors mediate endothelin-stimulated contraction in the aor-
tic vascular smooth muscle of the spiny dogfish shark,
Squalus acanthias. J Comp Physiol [B] 165:659—664.

Evans DH, Gunderson MP. 1998. A prostaglandin, not ni-
tric oxide, mediates endothelium-dependent dilation in

D.H. EVANS ET AL.

the ventral aorta of the shark Squalus acanthias. Am J
Physol (in press).

Evans DH, More K. 1988. Modes of ammonia transport across
the gill epithelium of the dogfish pup (Squalus acanthias).
J Exp Biol 138:375-397.

Evans DH, Oikari A, Kormanik GA, Mansberger L. 1982. Os-
moregulation by the prenatal spiny dogfish, Squalus
acanthias. J Exp Biol 101:295-305.

Flik G, Klaren PHM, Schoenmakers TJM, Bijvelds MJC,
Verbost PM, Bonga SEW. 1996. Cellular calcium transport
in fish: unique and universal mechanisms. Physiol Zool
69:403—417.

Flik G, Verbost PM, Wendelaar Bonga SE.1995. Calcium
transport processes in fishes. In: Wood CM, Shuttleworth
Td, editors. Cellular and molecular approaches to fish ionic
regulation. San Diego: Academic Press. p 317-342.

Foskett JK, Logsdon CD, Turner T, Machen TE, Bern HA.
1981. Differentiation of the chloride extrusion mechanisms
during seawater adaptation of a teleost fish, the cichlid
Sarotherodon mossambicus. J Exp Biol 93:209-224.

Foskett JK, Machen TE. 1985. Vibrating probe analysis of
teleost opercular epithelium: correlation between active
transport and leak pathways of individual chloride cells. J
Membr Biol 85:25-35.

Foskett JK, Scheffey C. 1982. The chloride cell: definitive iden-
tification as the salt-secretory cell in teleosts. Science
215:164-166.

Gilbert CR. 1993. Evolution and phylogeny. In: Evans DH,
editor. The physiology of fishes. Boca Raton: CRC Press. p
1-45.

Gilmour KM. 1998. Gas exchange. In: Evans DH, editor.
The physiology of fishes. Boca Raton: CRC Press vol. 2.
p 101-127.

Goss G, Perry S, Fryer J, Laurent P. 1998. Gill morphology
and acid-base regulation in freshwater fishes. Comp
Biochem Physiol 119A:107-115.

Goss G, Perry S, Laurent P. 1995. Ultrastructural and mor-
phometric studies on ion and acid-base transport processes
in freshwater fish. In: Wood CM, Shuttleworth T4J, editors.
Cellular and molecular approaches to fish ionic regulation.
San Diego: Academic Press. p 257-284.

Goss GG, Laurent P, Perry SF. 1994. Gill morphology during
hypercapnia in brown bullhead (I. nebulosus): role of chlo-
ride cells and pavement cells in acid-base regulation. J Fish
Biol 45:705-718.

Griffith RW. 1987. Freshwater or marine origin of vertebrates?
Comp Biochem Physiol 87A:523-532.

Harvey BdJ. 1992. Energization of sodium absorption by the
H*-ATPase pump in mitochondria-rich cells of frog skin. J
Exp Biol 172:289-309.

Heisler N. 1993. Acid-base regulation. In: Evans DH, edi-
tor. The physiology of fishes. Boca Raton: CRC Press. p
343-378.

Holmes WN, Donaldson EM. 1969. The body compartments
and the distribution of electrolytes. In: Hoar WS, Randall
DdJ, editors. Fish physiology. New York: Academic Press. vol
1. p 1-89.

Hootman SR, Philpott CW. 1979. Ultracytochemical localiza-
tion of Na*,K*-activated ATPase in chloride cells from the
gills of a euryhaline teleost. Anat Rec 193:99-129.

Hossler FE, Ruby JR, Mcllwain TD. 1979. The gills arch of
the mullet, Mugil cephalus: II. Modification in surface ul-
trastructure and Na/K-ATPase content during adaptation
to various salinities. J Exp Zool 208:399-405.

Hughes GM. 1984. General anatomy of the gills. In: Hoar



FISH GILL ION TRANSPORT

WS, Randall DJ, editors. Fish physiology. Orlando: Academic
Press vol XA. p 1-72.

Hwang PP. 1988. Multicellular complex of chloride cells in
the gills of freshwater teleosts. J Morphol 196:15-22.

Kaplan MR, Mount DB, Delpire E, Gamba G, Hebert SC.
1996. Molecular mechanisms of NaCl cotransport. Ann Rev
Physiol 58:649-668.

Karnaky KJ Jr. 1992. Teleost osmoregulation: changes in the
tight junction in response to the salinity of the environ-
ment. In: Cereijido M, editor. Tight junctions. Boca Raton:
CRC Press vol. p 175-185.

Karnaky KJ Jr. 1998. Osmotic and ionic regulation. In: Evans
DH, editor. The physiology of fishes. Boca Raton: CRC Press
vol. p 157-176.

Karnaky KJ Jr, Kinter LB, Kinter WB, Stirling CE. 1976.
Teleost chloride cell. I1. Autoradiographic localization of gill
Na,K- ATPase in killifish Fundulus heteroclitus adapted to
low and high salinity environments. J Cell Biol 70:157-177.

Knepper MA, Packer R, Good DW. 1989. Ammonium trans-
port in the kidney. Physiol Revs 69:179-249.

Krogh A. 1938. The active absorption of ions in some fresh-
water animals. Zeit vergl Physiol 25:335-350.

Lacy ER. 1983. Histochemical and biochemical studies of car-
bonic anhydrase activity in the opercular epithelium of the
euryhaline teleost, Fundulus heteroclitus. Am J Anat
166:19-39.

Laurent P. 1984. Gill internal morphology. In: Hoar WS,
Randall DJ, editors. Fish physiology. Orlando: Academic
Press vol XA. p 73-183.

Laurent P, Dunel S. 1980. Morphology of gill epithelia in fish.
Am J Physiol 238:R147-159.

Laurent P, Goss GG, Perry SF. 1994. Proton pumps in fish
gill pavement cells? Arch Int Physiol Biochim Biophys
102:77-79.

Lin H, Pfeiffer DC, Vogl AW, Pan J, Randall DJ. 1994.
Immunolocalization of H*-ATPase in the gill epithelia of
rainbow trout. J Exp Biol 195:169-183.

Lin H, Randall D. 1991. Evidence for the presence of an elec-
trogenic proton pump on the trout gill epithelium. J Exp
Biol 161:119-134.

Lin H, Randall DJ. 1993. Proton-ATPase activity in crude
homogenates of fish gill tissue: inhibitor sensitivity and
environmental and hormonal regulation. J Exp Biol
180:163-174.

Lin H, Randall DJ. 1995. Proton pumps in fish gills. In: Wood
CM, Shuttleworth TdJ, editors. Cellular and molecular ap-
proaches to fish ionic regulation. San Diego: Academic Press
vol 14. p 229-255.

Maetz J. 1969. Seawater teleosts: evidence for a sodium-po-
tassium exchange in the branchial sodium-excreting pump.
Science 166:613-615.

Marshall WS. 1995. Transport processes in isolated teleost
epithelia: opercular epithelium and urinary bladder. In:
Wood CM, Shuttleworth TdJ, editors. Cellular and molecu-
lar approaches to fish ionic regulation. San Diego: Academic
Press. vol 14. p 1-23.

Marshall WS, Nishioka RS. 1980. Relation of mitochondria-
rich chloride cells to active chloride transport in the skin of
a marine teleost. J Exp Zool 214:147-156.

Marshall WS, Bryson SE. 1998. Transport mechanisms of sea-
water teleost chloride cells: an inclusive model of a multi-
functional cell. Comp Biochem Physiol 119A:97-106.

Marshall WS, Bryson SE, Darling P, Whitten C, Patrick M,
Wilkie M, Wood CM, Buckland-Nicks J. 1997. NaCl trans-
port and ultrastructure of opercular epithelium from a

651

freshwater-adapted euryhaline teleost, Fundulus hetero-
clitus. J Exp Zool 277:23-37.

Marshall WS, Bryson SE, Midelfart A, Hamilton WF. 1995.
Low-conductance anion channel activated by cAMP in te-
leost Cl -secreting cells. Am J Physiol 268:R963-969.

McCormick SD. 1995. Hormonal control of gill Na*, K*-AT-
Pase and chloride cell function. In: Wood CM, Shuttleworth
TdJ, editors. Cellular and molecular approaches to fish ionic
regulation. San Diego: Academic Press. vol. 14. p 285-315.

McDonald DG, Tang Y, Boutilier RG. 1989. Acid and ion trans-
fer across the gills of fish: mechanisms and regulation. Can
J Zool 67:3046-3054.

Morgan I, Potts W. 1995. The effects of thiocyanate on the
intracellular ion concentrations of branchial epithelial cells
of brown trout. J Exp Biol 198:1229-1232.

Morgan 1J, Potts WTW, Oates K. 1994. Intracellular ion con-
centrations in branchial epithelial cells of brown trout
(Salmo trutta L.) determined by X-ray microanalysis. J Exp
Biol 194:139-151.

O’Grady SM, Palfrey HC, Field M. 1987. Characteristics and
functions of Na-K-Cl cotransport in epithelial tissues. Am J
Physiol 253:C177-C192.

Olson KR. 1998. The cardiovascular system. In: Evans DH,
editor. The physiology of fishes. Boca Raton: CRC Press.
vol. p 129-154.

Payne JA, Forbush B III. 1995. Molecular characterization
of the epithelial Na-K-Cl cotransporter isoforms. Curr Opin
Cell Biol 7:493-503.

Perry SF. 1997 The chloride cell: structure and function in the
gills of freshwater fishes. Annu Rev Physiol 59:325-347.

Perry SF, Goss GG, Laurent P. 1992. The interrelationships
between gill chloride cell morphology and ionic uptake in
four freshwater teleosts. Can J Zool 70:1775-1786.

Perry SF, Laurent P. 1989. Adaptational responses of rain-
bow trout to lowered external NaCl concentration: Con-
tribution of the branchial chloride cell. J Exp Biol
147:147-168.

Perry SF, Laurent P. 1990. The role of carbonic anhydrase in
carbon dioxide excretion, acid-base balance and ionic regula-
tion in aquatic gill breathers. In: Lahlou J-PT, Lahlou B, edi-
tors. Animal nutrition and transport processes: 2. Transport,
respiration and excretion. Karger: Basel. vol 6. p 39-57.

Perry SF, Laurent P. 1993. Environmental effects on fish gill
structure and function. In: Rankin JC, Jensen FB, editors.
Fish ecophysiology. London: Chapman & Hall. p 231-264.

Perry SF, Walsh PJ. 1989. Metabolism of isolated fish gill
cells: contribution of epithelial chloride cells. J Exp Biol
144:507-520.

Pisam M, Caroff A., Rambourg A. 1987. Two types of chloride
cells in the gill epithelium of a freshwater-adapted euryha-
line fish: Lebistes reticulatus; their modifications during ad-
aptation to saltwater. Am J Anat 179:40-50.

Pisam M, Le Moal C, Auperin B, Prunet P, Rambourg A. 1995.
Apical structures of “mitochondria-rich” alpha and beta cells
in euryhaline fish gill: their behaviour in various living con-
ditions. Anat Rec 241:13-24.

Pisam M, Prunet P, Rambourg A. 1989. Accessory cells in the
gill epithelium of the freshwater rainbow trout Salmo
gairdneri. Am J Anat 184:311-320.

Potts WTW. 1984. Transepithelial potentials in fish gills. In:
Hoar WS, Randall DJ, editors. Fish physiology. Orlando:
Academic Press, vol XB. p 105-128.

Potts WTW. 1994. Kinetics of sodium uptake in freshwater
animals: a comparison of ion-exchange and proton pump
hypotheses. Am J Physiol 266:R315-R320.



652

Potts WTW, Hedges AdJ. 1991. Gill potentials in marine teleo-
sts. J Comp Physiol 161:401-406.

Rahim SM, Delaunoy JP, Laurent P. 1988. Identification and
immunocytochemical localization of two different carbonic
anhydrase isoenzymes in teleostean fish erythrocytes and
gill epithelia. Histochemistry 89:451-459.

Sardet C. 1980. Freeze fracture of the gill epithelium of eu-
ryhaline teleost fish. Am J Physiol 238:R207-212.

Sardet C, Pisam M, Maetz J. 1979. The surface epithelium
of teleostean fish gills: cellular and junctional adaptations
of the chloride cell in relation to salt adaptation. J Cell
Biol 80:96-117.

Silva P, Solomon R, Spokes K, Epstein F. 1977. Ouabain in-
hibition of gill Na-K-ATPase: relationship to active chloride
transport. J Exp Zool 199:419-26.

Singer TD, Tucker SJ, Marshall WS, Higgins CF. 1998. A
divergent CFTR homologue: highly regulated salt transport
in the euryhaline teleost F. heteroclitus. Am J Physiol
274:C715-723.

Sullivan G, Fryer J, Perry S. 1995. Immunolocalization of
proton pumps (H*-ATPase) in pavement cells of rainbow
trout gill. J Exp Biol 198:2619-29.

Sullivan GV, Fryer JN, Perry SF. 1996. Localization of mRNA
for proton pump (H*-ATPase) and C1/HCO3~ exchanger in
rainbow trout gill. Can J Zool 74:2095-2103.

Sundin L, Nilsson GE. 1998. Endothelin redistributes blood
flow through the lamellae of rainbow trout gills: evidence
for pillar cell contraction. J Comp Physiol B 168:619-623.

Uchida K, Kaneko T, Yamauchi K, Hirano T. 1996. Morpho-
metrical analysis of chloride cell activity in the gill fila-
ments and lamellae and changes in Na*, K*-ATPase activity
during seawater adaptation in chum salmon fry. J Exp Zool
276:193-200.

Van Der Heijden AJH, Verbost PM, Eygensteyn J, Li J, Bonga
SEW, Flik G. 1997. Mitochondria-rich cells in gills of tila-
pia (Oreochromis mossambicus) adapted to fresh water or

D.H. EVANS ET AL.

seawater: quantification by confocal laser scanning micros-
copy. J Exp Biol 200:55-64.

Walsh PdJ. 1998. Nitrogen excretion and metabolism. In: Evans
DH, editor. The physiology of fishes. Boca Raton: CRC Press.
p 199-214.

Wendelaar Bonga S, van der Meij CJM. 1989. Degeneration
and death, by apoptosis and necrosis, of the pavement and
chloride cells in the gills of the teleost Oreochromis
mossambicus. Cell Tiss Res 255:235-243.

Wilkie MP. 1997. Mechanisms of ammonia excretion across
fish gills. Comp Biochem Physiol [A] 118A:39-50.

Wilson JM, Randall DJ, Vogl AW. 1996. Branchial mitro-
chondrial-rich cells in the elasmobranch Squalus acanthias:
a life without a rectal gland. Abstr Soc Exp Biol Annu Mtg,
Lancaster, England. Abstract no. A9.47.

Wilson JM, Randall DJ, Vogl AW, Iwama GK. 1997. Immuno-
localization of proton-ATPase in the gills of the elasmo-
branch, Squalus acanthias. J Exp Zool 278:78-86.

Witters H, Berckmans P, Vangenechten C. 1996. Immunolo-
calization of Na*, K*-ATPase in the gill epithelium of rainbow
trout, Oncorhynchus mykiss. Cell Tissue Res 283:461-468.

Wood CM, Gilmour KM, Part P. 1998. Passive and active
transport properties of a gill model, the cultured branchial
epithelium of the freshwater rainbow trout (Oncorhynchus
mykiss). Comp Biochem Physiol 119A:87-96.

Wood CM, Marshall WS. 1994. Ion balance, acid-base regula-
tion and chloride cell function in the common killifish, Fun-
dulus heteroclitus—a freely euryhaline estuarine teleost.
Estuaries 17:34-52.

Wood CM, Péart P. 1997. Cultured branchial epithelia from
freshwater fish gills. J Exp Biol 200:1047-1059.

Zadunaisky J. 1984. The chloride cell: the active transport of
chloride and the paracellular pathways. In: Hoar WS,
Randall DJ, editors. Fish physiology. Orlando: Academic
Press. vol XB. p 129-176.



	FISH GILL STRUCTURE
	ELECTROCHEMICAL GRADIENTS ACROSS FISH GILLS
	GILL IONIC TRANSPORT MECHANISMS
	SUMMARY
	ACKNOWLEDGMENTS
	LITERATURE CITED
	Fig. 1
	Fig. 2
	Fig. 3
	Fig. 4

