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Ultrastructural Features of Chioride Cells in the Gill Epithelium
of the Atlantic Salmon, Salmo salar, and Their Modifications

During Smoltification

M. PISAM, P. PRUNET, G. BOEUF, anp A. RAMBOURG

Département de Biologie, Centre d’Etudes Nucléaires de Saclay, 91191 Gif-sur-Yuvette, France

ABSTRACT To elucidate the ultrastructural mod-
ifications of the gill epithelium during smoltification,
gills of the Atlantic salmon (Salmo salar) were exam-
ined by electron microscopy at three stages of this pro-
cess, which were defined as follows: ‘‘parrs’” were
freshwater fish that had not yet started their transfor-
mation; ‘‘freshwater smolts’’ were freshwater fish that
were ready to enter seawater; and ‘‘seawater smolts”’
were smolts that had been transferred from fresh water
and maintained for 4 days in seawater (35%).

In the gill epithelium of parrs, there were two types
of chloride cells. The large chloride cells contained
deeply stained mitochondria and numerous apical, ir-
regular, dense, membrane-bound bodies that formed
77% of the chloride cell population and were distin-
guished easily from small chloride cells that have dis-
tinctly paler mitochondria and no dense bodies in their
apical cytoplasm. In freshwater smolts, the large chlo-
ride cells formed 95% of the chloride-cell population. In
contrast to the small chloride cells that were not modi-
fied, they almost doubled in size. Their tubular system
developed extensively to form a tight network with reg-
ular meshes significantly smaller than those observed
in parr chloride cells. Forty percent of the large chlo-
ride cells were associated with a new type of cell, the
accessory cell, to which they were bound by shallow
apical junctions. Half of these accessory cells were not
seen to be in contact with the external medium. In
seawater smolts, 80% of the large chloride cells were
associated with accessory cells. Most accessory cells
reached the external medium and sent numerous cyto-
plasmic interdigitations within the apical portion of the
adjacent chloride cells. As a result, a section through
the apical portion of the chloride cells and their associ-
ated accessory cells revealed a mosaic of interlocked
cell processes bound together by an extended, shallow
apical junction.

It was concluded that the Atlantic salmon develops in
fresh water most of the ultrastructural modifications
of the gill epithelium which in most euryhaline fish are
triggered by exposure to seawater. The effective trans-
fer into seawater would act only as a final stimulus to
achieve some adequacy between the freshwater smolt
and its new environment.

INTRODUCTION

In the gill epithelium of teleostean fish, the “chloride
cells” have a major role in hydromineral regulation
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(Keys and Willmer, 1932; Philpott and Copeland, 1963;
Maetz, 1971). Their morphological features vary with
the salinity of the external medium. Thus, during adap-
tation of euryhaline fish to seawater, the chloride cells
undergo hypertrophy (Karnaky et al., 1976a; Philpott,
1980; Pisam et al., 1987), and there is marked develop-
ment of the intracytoplasmic membranous tubular sys-
tem opening at the basolateral cell surface (Doyle and
Epstein, 1972; Karnaky et al., 1976a; Philpott, 1980;
Pisam, 1981). In addition, a new cell type, the “accessory
cell,” appears in the gill epithelium and sends inter-
digitations into the apex of the chloride cell (Hootman
and Philpott, 1980; Laurent and Dunel, 1980); as a re-
sult, a multicellular complex is formed in which cells
are interconnected by numerous, presumably permea-
ble, short junctions (Sardet et al., 1979; Dunel-Erb and
Laurent, 1980).

The Atlantic salmon, Salmo salar, during a given pe-
riod of its life, also must adapt to seawater and therefore
must rely on its gill epithelium to keep hydromineral
equilibrium. In France, during its early life as a “parr,”
the salmon lives in fresh water; then, during the spring
of its second year, the fish undergoes characteristic mor-
phological, physiological, and biochemical transforma-
tions as it prepares to enter seawater (Hoar, 1976;
Folmar and Dickhoff, 1980). These modifications are
referred to as smoltification, and the fish prepared to
pass into seawater is referred to as a “freshwater smolt.”

The purpose of the present investigation is to describe
the ultrastructural modifications of chloride cells and
associated accessory cells during the smoltification pro-
cess. The observations reveal that, before the smolt en-
ters seawater to become a “‘seawater smolt,” the gill
epithelium undergoes marked transformations that

heretofore have been observed only in seawater-adapted
fish.

MATERIALS AND METHODS

Atlantic salmon (Salmo salar) of a Norwegian strain
were obtained from the fish hatchery at “Le Conquet”
in Brittany (France). The fish were reared in an Ewos
tank (4 m3) supplied with fresh water: Na* = 1,48 mEq/
liter, Ca++ = 0.65 mEq/liter (flow rate: 1 m3/hr) and fed
on manufactured dry pellets by automatic feeder (ration:
2% body weight/day). The photoperiod was natural, and
water temperature during the experimental period in-
creased from 5 to 13°C in 1986.
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Fig. 1. Evolution of gill Na*-K*-ATPase activity in Salmo salar

from February to July 1986.

Because only some of these Atlantic salmon under-
went smoltification every spring, the ultrastructure of
the gill epithelium in “parrs” and “smolts” could be
studied in the same population.

Parrs have been identified according to their length at
different sampling dates (March, June, and December
1986) following the technique described by Boeuf et al.
(1985). Briefly, a histogram of the length of the fish
population was obtained at each sampling date. Such
histograms showed a classical bimodal distribution, and
it was demonstrated that only fish belonging to the
lower mode corresponded to parr (Thorpe et al., 1982;

Abbreviations
A accessory cell
C chloride cell
ER endoplasmic reticulum
G Golgi apparatus
j junction
LC large chloride cell
m mitochondria
MB membrane-bound bodies
n nucleus
P pavement cell
SC small chloride cell
SL secondary lamella
T tubular system
VT vesicular tubular elements
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Boeuf et al., 1985) and thus were taken for ultrastruc-
tural examination.

As the gill Na*-K*-ATPase activity usually is recog-
nized as a good criterion for the identification of various
stages of smoltification (Saunders and Henderson, 1978;
Boeuf et al., 1978; Folmar and Dickhoff, 1981), the evo-
lution of this activity was followed in yearling Atlantic
salmon taken from the upper mode of the population
and maintained in fresh water during the year 1986.
For each sampling date, 15 fish were starved for 24 hr
and then stunned by cranial concussion. Gill filaments
taken from these fish were rinsed in 0.25M sucrose in
0.01M Tris-HCI, pH 7.4, and frozen in liquid nitrogen.
Na*-K*. ATPase activity for each fish was measured
according to the method described by Lasserre et al.
(1978): whole gill tissues were homogenized with a Po-
lytron homogenizer for 10 sec at full speed in 10 ml
sucrose solution (0.25M sucrose in 0.01 Tris-HCl, pH
7.4). The suspension was centrifuged at 3,000 gm for 20
min, and the supernatant was recentrifuged at 74,000
gm for 60 min. The pellet obtained was rehomogenized
and diluted in sucrose solution to reach a protein concen-
tration of 1-4 mg/ml. Enzyme activity was measured in
the presence or absence of ouabaine (10~*M), in a me-
dium containing 4mM ATP, 5mM MgCly, 100mM NaCl,
and 20mM KCI1; EGTA (10mM) was added as a chelator
for Ca*t ™. Incubation was performed at 37°C for 5 min,
and the reaction was stopped by addition of 0.2 ml tri-
chloracetic acid 50%. After centrifugation at 2,000 gm
for 15 min, the supernatant was used to determine the
inorganic phosphate concentration according to the
method described by Fiske and Subbarow (1925). AT-
Pase activity was expressed in micromoles of inorganic
phosphate liberated per milligram of protein/hr.

In 1986, gill Na*-K*-ATPase activity increased from
March to the end of May and then decreased to reach in
July a value corresponding to half of the peak of the
activity (Fig. 1). For ultrastructural studies, samples of
fish were taken in May at the peak of the Nat.K*-
ATPase activity; at that time, fish were ready to pass
into seawater and thus were referred to as “freshwater
smolts.” Some of these freshwater smolts were trans-
ferred into full-strength seawater (salinity: 35%.) for 4
days and then were sacrificed to examine the structure
of the gill epithelium in “seawater smolts.”

The gills of freshwater- or seawater-adapted animals
were quickly dissected and treated as follows. For light
microscopy, they were immersed for 16 hr in a zinc
iodide-osmium mixture (Maillet, 1959), dehydrated, and
embedded in paraffin. This technique allowed the selec-
tive staining of chloride cells in black and thus facili-
tated their identification. For electron microscopy, gills
were fixed for 1 hr at room temperature in 1.5% glutar-
aldehyde buffered with sodium cacodylate, 0.05M, pH
7.6 (for parr and freshwater smolt), or in 2% glutaralde-
hyde buffered with sodium cacodylate, 0.08M, pH 7.6
(for seawater smolt). In these conditions, osmolalities of
the fixatives were thought to approximate the respective
osmolalities of the fish plasmas in the various media
(Parry, 1966).

Some glutaraldehyde-fixed filaments were immersed
for 2 hr in 0.1M Tris-maleate buffer containing 0.006M
MnCl; and 0.14% lead citrate. This technique will be
referred to as “Mn-Pb staining” (Pisam et al., 1987). All
fragments were postfixed for 1 hr at room temperature



Fig.2. Chloride cells in parr gill epithelium (reduced osmium stain-
ing). Large and small chloride cells recognizable by their numerous
mitochondria are seen among pavement cells in the primary epithe-
lium (PE). The bases of both types of chloride cells are in contact with
the basal lamina (bl) of this epithelium. The apical surface of the large
chloride cells is broadly exposed to the external medium and is en-
dowed with an outspread filamentous coat (fc) which is absent from the
apical surface of the other epithelial cells. The secondary epithelium
(SE) covers the free part of a secondary lamella. x 4500.

Fig. 3. Apical portions of small and large chloride cells in parr gill
epithelium (MnPb staining). The apical parts of both types of chloride
cells are attached by deep narrow junctions. At left, the small cell
displays in its apical cytoplasm small vesicular and tubular elements;
the tubular system is well developed. The mitochondria show few
cristae and a pale matrix. In the large cell at right, the apical cyto-
plasm is filled with large, densely stained, membrane-bound bodies. A
filamentous coat (fc) extends at some distance from the apical mem-
brane (am) into the external medium. The mitochondria are denser
than in the small cell. x26,000.
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CHLORIDE CELLS DURING SMOLTIFICATION

in potassium ferrocyanide-reduced osmium (Karnovsky,
1971). They were dehydrated and embedded in Epon.

Sections running parallel to the long axis of the pri-
mary lamellae and perpendicular to the secondary la-
mellae of the gills were poststained for 2 min with lead
citrate and examined with a Philips EM 400 electron
microscope.

The relative number of chloride cells in the gill epithe-
lium at the three adaptive stages (parrs, freshwater, and
seawater smolts) was determined in 3 fish for each stage.
A counting of chloride cells in light microscopy was
made on 10 portions selected at the base of the primary
lamellae, each comprising 20 interlamellar spaces.
Counting of the various categories of chloride cells in
electron microscopy was carried out on 5 portions of
primary lamellae, each including 10 interlamellar
spaces.

Cell surface areas were determined on thin sections of
20 cells for each adaptive stage and calculated using a
Kontron MOP-AMO03 image-analysis computer (Reich-
ert-Jung Paris) on pictures at a final magnification of
% 5,600.

RESULTS

The gills of salmon consist of eight branchial arches,
each one of which bears primary lamellae (filaments)
from which secondary lamellae radiate. By definition,
the primary lamellae are covered by the primary epithe-
lium which thus may be observed between the bases of
the secondary lamellae; the secondary epithelium covers
the free part of the secondary lamellae (Fig. 2). The gill
epithelium contains two main cell types: the pavement
cells and the chloride cells. The chloride cells are rela-
tively voluminous cells characterized by an abundance
of mitochondria and the presence, throughout their cy-
toplasm, of an extensive network of membranous tu-
bules connected with the laterobasal plasma membrane
(Philpott, 1966; Kikuchi, 1977; Karnaky, 1980). This
network is referred to as the tubular system (Karnaky
et al., 1976a; Philpott, 1980; Pisam, 1981).

Chloride Cells in Parrs

Most of the chloride cells were located in the primary
epithelium (Fig. 2), although a few also were seen in the
secondary epithelium. They displayed a tubular system
made up of long anastomosed tubules, which formed a
loose network with wide irregular meshes (Fig. 5). Their
basal membrane was usually in contact with the basal
lamina of the epithelium (Fig. 2), and they were at-
tached to adjacent epithelial cells by a deep and narrow
Junction that extended along a length of 400-500 nm in
EI}*"le apical portion of their lateral plasma membranes

ig. 3).

Two categories of chloride cells—large and small—were
identified in parrs (Figs. 2, 3). The large chloride cells
formed approximately 77% of the total number of chlo-
ride cells. They had a mean surface area of 139 + 4 pm?
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and were cuboidal. Their wide apex was endowed with
a filamentous feltwork that extended for some distance
into the external medium from the plasma membrane of
short and wide apical microvilli (Figs. 2, 3). The elon-
gated mitochondria were deeply stained and displayed
numerous closely packed cristae within a dense matrix
(Fig. 3). Numerous characteristic membrane-bound bod-
ies showing an electron-dense content were present at
the apical pole; such bodies were variable in size and
shape: ovoid, elongated, or cup-shaped (Fig. 3).

The small chloride cells (23% of the chloride-cell pop-
ulation) had a mean surface area of 70 + 18 pym? and
were columnar. They showed a narrow apex and an
apical membrane seemingly lacking filamentous mate-
rial (Fig. 3). Their elongated mitochondria contained few
cristae and a pale matrix and thus were distinctly paler
than the mitochondria of the large chloride cells. These
small chloride cells showed several small vesicles and
tubules in their apical cytoplasm, but they did not con-
tain the dense membrane-bound bodies seen in the large
chloride cells (Fig. 3).

Chiloride Cells in Smolits and Their Relationship With
Accessory Cells

A few chloride cells were observed in the secondary
epithelium of smolts maintained in fresh water; in con-
trast, they were totally absent from the secondary epi-
thelium of smolts adapted to seawater. In the primary
epithelium of both types of smolts, the total number of
chloride cells by portion of primary lamella (including
20 interlamellar spaces) was identical to that of the parr;
i.e., surveys of 10 portions of primary lamellae in three
fish from each adaptive stage indicated that, on the
average, there were 49.6 + 1.6 chloride cells in parr,
54.2 + 5.2 in freshwater smolts, and 50.6 + 4.2 in
seawater smolts. In contrast, the percentage of large
chloride cells increased to 95% of the chloride-cell popu-
lation, with a correlative decrease of the number of
small chloride cells.

The large chloride cells almost doubled in size (their
mean surface area increased from 139 + 4 um? in parr
to 238 + 50 um? in freshwater smolts and 223 + 45 pm?
in seawater smolts), and they assumed an ovoid shape
(compare Figs. 6 and 8 with Fig. 4); the size and shape
of the small chloride cells were not modified. In large
chloride cells, the tubular system developed extensively
to form a tight network with regular meshes distinctly
smaller than those observed in parr chloride cells
(Figs. 7, 9).

In addition to these chloride cells, the primary epithe-
lium of smolts in fresh water as well as in seawater
exhibited a new type of cell; the so-called “accessory
cell” (Figs. 6, 8, 10-12). These cells were small, with a
mean surface area of 51 + 10 pm?, and their shapes
varied. Their apical region contained small vesicular
and tubular elements, but it was generally devoid of the
large membrane-bound bodies (Figs. 10-12) observed in

Figs. 4, 6, 8. Large chloride cells in the primary epithelium (re-
duced osmium staining). The chloride cells located at the base of
secondary lamellae are more voluminous in freshwater (Fig. 6) or
seawater (Fig. 8) smolts than in parr (Fig. 4). Note the presence of
accessory cells in freshwater (Fig. 6) and seawater (Fig. 8) smolts.
x4,000.

Figs. 5, 7, 9. Portions of large chloride cells in which the tubular
system is selectively impregnated by reduced osmium. In the parr (Fig.
5), the tubular system (arrows) forms a loose network with wide,
polygonal, irregular meshes. In smolts kept in fresh water (Fig. 7) or
adapted to seawater (Fig. 9), the tubular system is more tightly anas-
tomosed than in parr; it displays numerous polygonal meshes (arrows)
that are slightly smaller in seawater than in fresh water. x26,000.



Fig. 10. Apical portions of chloride and accessory cells in freshwater
smolt (Mn-Pb staining). The accessory cell is attached to the chloride
cell by one shallow junction (arrow). X40,000.

Figs. 11, 12. Interdigitated apical portions of chloride and accessory
cells in seawater smolts.

Fig. 11. The reduced osmium staining of the tortuous intercellular
space (curved arrow) separating the chloride cell from accessory cell
A, may be followed almost up to the apical surface of the gill epithe-
lium (arrows); it is absent at the level of a deep narrow junction located

between accessory cell A; and an adjacent pavement cell. Note that
the apical cytoplasm of the accessory cell is devoid of the large mem-
brane-bound bodies present in the apical cytoplasm of the chloride cell.
The tubular system of the accessory cell is poorly developed in compar-
ison with that of the adjacent chloride cell. x 14,000.

Fig. 12. The upper accessory cell is attached to the adjacent pave-
ment cell by a deep narrow junction. Three shallow junctions (straight
arrows) attach accessory cells to chloride cells. Intensively stained
large, membrane-bound bodies are observed exclusively in the apices
of chloride cells (Mn-Pb) staining. x40,000.
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large chloride cells. Their tubular system was less devel-
oped (Fig. 11). These accessory cells were invariably
adjacent to chloride cells, to which they were attached
by shallow apical junctions (30-40 nm in length). In
contrast, the chloride cells or the accessory cells always
were linked to adjacent pavement cells by deep, seem-
ingly tight junctions (Figs. 11, 12).

In freshwater smolts, only 40% of the large chloride
cells were endowed with accessory cells, half of which
were not seen in contact with the external medium (Fig.
6). In contrast, in seawater-adapted smolts, the percent-
age of large chloride cells associated with accessory cells
increased to 80%. Most of these accessory cells reached
the external medium; furthermore, they sent numerous
cytoplasmic interdigitations into the apex of the adja-
cent chloride cells, thus making with the latter a mosaic
of interlocked apical cell processes bound together by
shallow apical junctions (Figs. 11, 12).

DISCUSSION

The heterogeneity of the chloride-cell population in
the gill epithelium of euryhaline freshwater teleosts has
been noted by several investigators (Doyle and Gorecki,
1961; Straus, 1963; Bierther, 1970; Shirai and Utida,
1970; Richman et al., 1987). Thus, in the guppy kept in
fresh water, two types of chloride cells—the o and 8
cells—have been clearly distinguished on the basis of
their location, shape, and cytoplasmic features (Pisam
et al., 1987). In the present study, two types of chloride
cells have also been identified in parrs: the large and
small chloride cells. The large chloride cells obviously
resemble the 3-chloride cells described in the gill epithe-
lium of freshwater guppies. Like the latter cells, they
are ovoid and display in their apical cytoplasm a system
of large, irregular, membrane-limited bodies. The small
chloride cells, in contrast, might be mistaken for acces-
sory cells, which sometimes have been reported in fresh-
water euryhaline fish (Karnaky, 1986; Chretien and
Pisam, 1986). In the Atlantic salmon, however, acces-
sory cells appear only in smolts. In these fish, they
always are found in close apposition to the apical portion
of the lateral surface of a chloride cell to which they are
bound by shallow junctions; they never reach the basal
lamina of the gill epithelium. The situation of the small
cells in parrs is clearly different. They are usually lo-
cated at some distance from the large chloride cells and
are in contact with the basal lamina by small portions
of their basolateral surfaces. Furthermore, their tubular
system is almost as elaborate as that in the large cells
and thus differs markedly from the somewhat rudimen-
tary network depicted in accessory cells. The small cell,
therefore, should be considered as a second type of chlo-
ride cell, clearly distinct from the accessory cell. The
functional significance of this small chloride cell, found
mainly in parrs, is unknown at present. Threadgold and
Houston (1964) also described in the freshwater parr of
the Atlantic salmon a small cell located next to a large
chloride cell that closely resembles the small chloride
cell depicted in the present study, which they called a
“replacement cell.” Whether this is the case or whether
the small cell is another functional type of chloride cell
remains to be established.

Freshwater smolts display gill epithelium structures
which, in euryhaline fish, are found only in seawater-
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adapted animals. Thus, chloride cells increase in volume
and develop an extensive, tightly meshed network of
membranous tubules continuous with the basolateral
plasma membrane (Fig. 13). As the Na*-K*-ATPase
usually is considered to be located on the membranes of
the tubular system (Karnaky et al., 1976b; Hootman
and Philpott, 1979), this increase in surface area of the
membranous system may be regarded as the ultrastruc-
tural counterpart of the increase in Nat-K*-ATPase
activity reported during smoltification (Zaugg and Mec-
Lain, 1970; McCartney, 1976; Saunders and Henderson,
1978; Folmar and Dickhoff, 1979, 1981; Boeuf and Pru-
net, 1985; Boeuf et al., 1985; Fig. 1). Another modifica-
tion also observed in freshwater smolts and usually
thought to be specific to seawater adaptation is the
concomitant appearance of accessory cells and their
linkage to the apical portions of chloride cells by shallow
junctions (Hootman and Philpott, 1980; Lacy, 1983;
Chretien and Pisam, 1986). Thus, it is clear that during
smoltification, while still in fresh water, the Atlantic
salmon undergoes structural transformations that are
preparatory to its entry into a hyperosmotic environ-
ment. Consequently, in contrast to most euryhaline fish,
which cannot be adapted to seawater without a tran-
sient disruption of their hydromineral balance, fresh-
water smolts can immediately regulate this balance,
even in such drastic conditions as a direct transfer to
seawater (35%0) (Prunet and Boeuf, 1985).

Transfer of freshwater smolts into seawater increases
the number of accessory cells and induces the develop-
ment of extensive plasma membrane interdigitations
between these cells and enlarged chloride cells (Fig. 13).
As a result, there is a concomitant amplification of the
length of the shallow junction sealing off the apical part
of this expanded intercellular space. Such a phenome-
non may occur at a surprisingly quick rate, as has been
shown by Hwang and Hirano (1985) that the develop-
ment of interdigitations and leaky junctions between
chloride and accessory cells could be observed as soon as
3 hr after transfer of juveniles of ayu, carp, and flounder
into seawater. Such an ultrastructural modification may
have a crucial role in the seawater adaptation of fresh-
water fish. Indeed, Sardet et al. (1979) noted that in the
gills of various species of teleostean fish, a fundamental
reorganization of chloride cells was associated with sea-
water adaptation. The apices of chloride cells formed,
with their associated accessory cells, a mosaic of cells
linked to surrounding pavement cells by deep apical
junctions, which appeared multistranded when exam-
ined by freeze-fracture microscopy. In contrast, the chlo-
ride cells were linked to the accessory cells by shallow,
single-stranded junctions permeable to lanthanum. Such
junctions also were observed in the low-resistance, chlo-
ride-secreting opercular epithelium of the seawater-
adapted killifish (Ernst et al., 1980), in the electrolyte-
secreting epithelium of the avian salt gland (Ellis et al.,
1977; Riddle and Ernst, 1979), and in the salt-secreting
epithelium of elasmobranch rectal glands (Ernst et al.,
1979). In all these cases, as in the gill epithelium, the
apical surfaces of adjacent electrolyte-secreting cells
were narrow and highly interdigitated. Hence, the shal-
low and presumably leaky junctions exhibited a marked
tortuosity. It was proposed that they could provide a
paracellular pathway for ions secreted in seawater (Sar-
det et al., 1979; Ernst et al., 1980; Forrest et al., 1982).
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It is concluded that, in contrast to most euryhaline
fish, the Atlantic salmon in freshwater may promote in
its gill epithelium most of the structural transforma-
tions required for its survival in a hyperosmotic environ-
ment. Indeed, the enlargement of the chloride cells with
their extensive tubular system and the appearance of
accessory cells are not triggered by seawater, but rather
may result from a complex synergy between external
(temperature, photoperiod, trophic capacity of the exter-
nal medium) and internal (endocrine, nervous) factors
(Saunders and Henderson, 1970; Fontaine, 1975; Hoar,
1976; Komourdjan et al., 1976; Wedeweyer et al., 1980;
Folmar and Dickhoff, 1980). Among different hormones,
cortisol has been reported to have an important role in
controlling ultrastructural transformations in the eel,
Anguilla rostrata (Doyle and Epstein, 1972). However,
recent studies on Atlantic salmon smolts (Langdon et
al., 1984; Langhorne and Simpson, 1986) do not support
the role of cortisol in the development of hypoosmo-
regulatory ability. Further studies are required to clar-
ify the nature of the agents responsible for the ultra-
structural transformations observed in freshwater
smolts. The effective transfer into seawater, which in-
duces amplification of the length of the shallow junction
sealing the intercellular space between chloride and ac-
cessory cells, would then act as a final stimulus to
achieve some adequacy between the freshwater smolt
and its new hyperosmotic environment.
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