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ABSTRACT The electrical, structural, and permeability properties of primary cultures of rain-
bow trout gill cells on permeable supports were examined after 6 days of growth in culture me-
dium, followed by prolonged (48 hr) apical exposure to fresh water. Permeability to the paracellular
marker polyethylene glycol-4000 (PEG) increased significantly over 48 hr, indicating that
paracellular permeability increased continuously throughout the freshwater exposure. The signifi-
cant increases measured in the net Na+ and Cl– fluxes were attributed primarily to the opening up
of the paracellular pathway. The elevated transepithelial resistance characteristic of the cultured
branchial epithelium with fresh water present on the apical surface gradually declined during
prolonged exposure, and the decrease (increase in conductance) was greater than that expected on
the basis of the increasing paracellular permeability. At any given time, PEG permeability was
linearly related to conductance, but PEG permeability per unit conductance decreased signifi-
cantly over 48 hr. These results are suggestive of an increase in transcellular permeability in
addition to that in paracellular permeability. Since transcellular permeability appears to decrease
on first exposure to fresh water, the elevated permeability during prolonged exposure was inter-
preted as a reopening of the transcellular pathway. A morphological examination revealed evi-
dence of damage to the superficial cell layer of the multilayered culture following 48 hr of apical
freshwater exposure, accounting at least in part for the physiological changes observed. Hormonal
supplementation of the basal culture medium was examined as a means of enhancing adaptation
to apical fresh water. The inclusion of teleost prolactin (200 ng/L) or teleost growth hormone (200
ng/L) in the basal culture medium had no effect on either the initial values or the pattern of
changes during prolonged exposure for TER, PEG permeability, and net ion fluxes. J. Exp. Zool.
281:531–545, 1998. © 1998 Wiley-Liss, Inc.
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The fragility and structural complexity of the
fish gill together with its involvement in a vari-
ety of physiological functions provide numerous
difficulties with respect to the investigation of
branchial ion transport mechanisms. These prob-
lems have been overcome to a large extent in the
study of branchial ion transport across the sea-
water fish gill through the use of surrogate mod-
els consisting of flat epithelial preparations that
contain many ion-transporting cells (Karnaky et
al., ’77; Marshall, ’77; Foskett et al., ’81). Compa-
rable substitutes for freshwater fish gills have
proven to be elusive (Wood and Marshall, ’94;

Marshall, ’95), but a recently developed cultured
branchial epithelium (Wood and Pärt, ’97) shows
indications of being a valuable new approach for
the study of branchial ion transport mechanisms
across the freshwater fish gill. A cultured bran-
chial epithelium also has been used recently as a
model for the seawater fish gill (Avella and
Ehrenfeld, ’97).
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In the cultured branchial epithelial model, gill
epithelial cells are grown on a permeable support,
which enables the in vivo situation of asymmetri-
cal apical and basolateral conditions to be repro-
duced. The cultured epithelium from either sea
bass, Dicentrarchus labrax, or freshwater rain-
bow trout, Oncorhynchus mykiss, consists of sev-
eral overlapping layers of pavement cells but
appears to lack chloride cells and in this latter
respect differs from the epithelium of the marine
or freshwater fish gill (Avella and Ehrenfeld, ’97;
Wood and Pärt, ’97). Nonetheless, like the intact
gill, the cultured epithelium in both cases con-
tains numerous tight junctions and exhibits a
high transepithelial resistance (TER) (Avella and
Ehrenfeld, ’97; Wood and Pärt, ’97). Furthermore,
the permeability of the freshwater trout cultured
epithelium under symmetrical conditions (culture
medium on both sides) to the paracellular marker
polyethylene glycol-4000 (PEG) is similar to that
of the intact gill in freshwater fish, and the Na+

and Cl- flux rates (corrected for gill area) across
the cultured epithelium under symmetrical con-
ditions are comparable with those measured for
intact rainbow trout acclimated to an isotonic sa-
linity (Wood et al., ’97; Wood and Pärt, ’97).

Cultured branchial epithelia from sea bass have
to date been studied only under symmetrical con-
ditions of culture medium on both sides (Avella
and Ehrenfeld, ’97). Cultured branchial epithelia
from freshwater rainbow trout, O. mykiss, have
been examined during both symmetrical and asym-
metrical conditions, the latter involving exposure
of the apical surface of the epithelium to fresh wa-
ter while the basolateral surface is bathed in a
culture medium that mimics the extracellular fluid
(Wood et al., ’97; Wood and Pärt, ’97). It has not
(yet) proven to be possible to culture branchial epi-
thelial cells on permeable supports with fresh wa-
ter on the apical surface. Instead, the cultured
epithelium is grown under symmetrical conditions
and is then exposed to a step change from isos-
motic to freshwater conditions.

When the apical culture medium is replaced
with fresh water, the cultured branchial epithe-
lium, like the intact gill, develops a basolateral
negative transepithelial potential, and both the
TER and the PEG permeability increase (Wood
et al., ’97; Wood and Pärt, ’97). The latter effects
have been interpreted as reflecting an increase
in paracellular permeability (as evidenced by the
increase in PEG permeability) concomitant with
a decrease in transcellular permeability, which
must be postulated to account for the overall in-

crease in resistance (Wood et al., ’97). The cul-
tured epithelium also displays low Na+ and Cl–

leakage rates during these early stages (first 12
hr) of apical freshwater exposure. However, over
48 hr of apical freshwater exposure, the net Na+

and Cl– loss rates increase substantially, while
the elevated resistance and negative TEP gradu-
ally attenuate (Wood and Pärt, ’97); PEG perme-
ability has not been measured over 48 hr of
freshwater exposure. The significance of these
physiological changes, i.e., whether they are nor-
mal or pathological, is as yet unclear.

The first objective of the present study was to
carry out a detailed investigation of the resistance
and permeability characteristics of the cultured
branchial epithelium during prolonged apical ex-
posure to fresh water. Specifically, PEG perme-
ability together with TER and ion flux rates were
assessed over 48 hr of apical freshwater exposure
to determine whether the progressive fall in re-
sistance during prolonged freshwater exposure re-
sults from further increases in paracellular
permeability or whether it is associated with a
reopening of the transcellular pathway. Through
comparisons of Na+ and Cl– flux rates with resis-
tance and PEG permeability, the cause of the in-
creases in net ion loss rates during prolonged
apical freshwater exposure also was examined.

A second objective was to evaluate the possible
importance of two key osmoregulatory hormones
in enhancing adaptation of the preparation to api-
cal fresh water. The resistance and permeability
characteristics of cultured branchial epithelia dur-
ing prolonged apical freshwater exposure were ex-
amined both with and without teleost prolactin or
teleost growth hormone in the basolateral culture
medium. The transition from sea water to fresh
water in euryhaline fish is accompanied by an in-
tegrated series of hormonal adjustments that in-
cludes changes in the levels of prolactin, growth
hormone, cortisol, and thyroid hormones. Prolac-
tin, in particular, appears to play an important role
in freshwater acclimation, with plasma prolactin
levels increasing rapidly following the transfer of
euryhaline fish from sea water to fresh water and
decreasing when fish are transferred in the oppo-
site direction (Prunet et al., ’85; Young et al., ’89;
Yada et al., ’91). The replacement of the culture
medium on the apical surface of a cultured bran-
chial epithelium with fresh water resembles a
transition in vivo from brackish to freshwater con-
ditions, a situation in which circulating prolactin
levels would be expected to increase.

Finally, the third objective of the present study
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involved assessing the morphology of the cultured
branchial epithelium under symmetrical conditions
and following exposure of the apical surface to fresh
water for varying periods of time. The intention of
this morphological characterization was to determine
whether the changes in the physiological properties
(net ion fluxes, PEG permeability, TER) of the cul-
tured branchial epithelium that occurred during pro-
longed apical freshwater exposure were the result of
alterations in the morphology of the culture.

MATERIALS AND METHODS
Preparation of cultured branchial epithelia

Cultured branchial epithelia were prepared from
the gills of 1- to 2-year-old rainbow trout, O. mykiss
(15–60 g), obtained locally and held in dechlori-
nated Hamilton tap water at seasonal summer
temperatures (17–20°C). The composition of the
tap water was (mmol/L) [Na+] = 0.55, [Cl–] = 0.70,
[Ca2+] = 1.0, pH = 7.8–8.0; identical fresh water
was used in the experiments with cultured epi-
thelia. The methods used in the preparation of cul-
tured branchial epithelia were very similar to those
described elsewhere (Pärt et al., ’93; Pärt and
Bergström, ’95; Pärt and Wood, ’96; Wood et al.,
’97; Wood and Pärt, ’97). Briefly, branchial epithe-
lial cells obtained from tryptic digests of trout gills
were grown initially at 18°C in an air atmosphere
under sterile conditions in plastic culture flasks.
The culture medium consisted of Leibowitz L-15
medium supplemented with 2 mmol/L glutamine,
5% foetal bovine serum (FBS), and antibiotics (100
IU/ml penicillin, 100 µg/ml streptomycin, 200 µg/
ml gentamicin, and 0.5 µg/ml fungizone); all con-
stituents were obtained from Canadian Life Tech-
nologies (Burlington, ON). The use of antibiotics
throughout the culturing procedure was a depar-
ture from previous work in which antibiotics were
excluded from the culture medium after day 4.
Continuous use of antibiotics in the culture me-
dium was employed to avoid contamination of the
cultures by microorganisms, a more frequent prob-
lem during the hot summer months. The use of
antibiotics did not appear to affect the growth or
subsequent performance of the cultures; transepi-
thelial resistances (TERs) measured under either
symmetrical or asymmetrical conditions were
within the range of values observed in previous
studies (Table 1 versus Wood et al., ’97; Wood and
Pärt, ’97), and the net ionic fluxes (Jnet

Na+ and Jnet
Cl–)

of cultures in the present study did not differ sig-
nificantly from those of cultures in which antibi-
otics were excluded from the culture medium after

day 4 (two-sample t tests on combined data for
all treatments at a given time for Jnet

Na+ or Jnet
Cl–

from Table 3 versus data from Fig. 7 of Wood and
Pärt, ’97).

Cells were harvested by retrypsination between
days 6 and 8, the time of greatest mitotic activ-
ity (Pärt et al., ’93), and were reseeded onto Fal-
con cell culture inserts (Cyclopore polyethylene
terephthalate, Becton Dickinson, Franklin Lakes,
NJ) at a seeding density of 600,000 cells per cen-
timeter squared. The filters, which were housed
in Falcon cell culture companion plates, had a
pore size of 0.45 µm, a pore density of 1.6 × 106

pores per centimeter squared, and an effective
growth surface area of 0.83 cm2. Cells were grown
on the inserts with L-15 culture medium supple-
mented with FBS and antibiotics (as above)
present in both the insert (apical surface) and well
of the culture plate (basolateral surface) for 6 to
8 days before use. The hormone prolactin (200
ng/L; rainbow trout prolactin purified according
to the protocol of Prunet et al., ’84) also was in-
cluded in the culture medium from day 2 after
reseeding in some experiments to evaluate the
impact on the culture during apical water expo-
sure of long-term exposure to this hormone. Dur-
ing the 6- to 8-day culture period, the TER of the
epithelium was monitored every 48 hr in situ in
the culture dish using STX-2 “chopstick” elec-
trodes connected to an EVOM epithelial voltohm-
meter (World Precision Instruments, Sarasota,
FL). Measurement of the TER enabled the growth
of the culture to be assessed; cultures were
deemed ready for experiments when a resistance
plateau was observed.

Experimental protocol
Experiments involved the comparison, during

exposure of the apical side of a cultured epithe-
lium to fresh water for 48 hr, of control epithelia
and epithelia “supported” with hormones known
to be important in freshwater adaptation in fish.
The hormone support treatment consisted of the
inclusion of either rainbow trout prolactin (200 ng/
L) or growth hormone (200 ng/L; recombinant rain-
bow trout growth hormone prepared according to
Boeuf et al. [’94] and kindly provided by J. Smal,
Eurogentec, Liège, Belgium) in the culture medium
bathing the basolateral side of the epithelia dur-
ing the apical freshwater exposure. Cultured epi-
thelia were characterized during the freshwater
exposure by measurement of the TER, net ionic
fluxes (Jnet

Na+ and Jnet
Cl–), and movement of the

paracellular permeability marker polyethylene gly-
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col-4000 (PEG) across the cultured epithelium. Net
ionic fluxes were assessed by determination of
changes in the total concentration of Na+ or Cl– in
the dilute apical medium, whereas PEG perme-
ability was evaluated by adding [3H]PEG to the
basolateral medium and monitoring the appear-
ance of radioactivity on the apical side.

The 48-hr freshwater exposure was divided into
eight consecutive 6-hr flux periods. The apical and
basolateral media were renewed at the beginning
of each flux period; 1.8 ml of sterilized fresh water
(composition as above) was added to the apical (in-
sert) side, whereas 2.0 ml of the appropriate (i.e.,
hormone-supplemented or control) culture medium
containing 0.5 µCi [3H]PEG (NEN-Dupont, Bos-
ton, MA) was added to the basolateral (well) side.
To ensure complete changeover, the apical compart-
ment was rinsed four times with sterilized fresh
water before the final freshwater medium was
added. Resistance was measured immediately fol-
lowing solution renewal. Apical and basolateral so-
lutions were sampled at the end of each flux period,
following mixing of the solutions to ensure that a
representative sample was obtained.

Microscopy
To describe changes in the morphology of cul-

tured epithelia following short- and long-term api-
cal freshwater exposure, a separate group of
filters was exposed to fresh water for 30 min, 24
hr, or 48 hr and then fixed for electron micros-
copy together with a control group in which the
cultured epithelia were not water-exposed but
rather maintained with L-15 medium on the api-
cal surface. For fixation, apical and basolateral
media were replaced with 2% glutaraldehyde in
0.1 mol/L sodium cacodylate buffer (pH 7.4) and
left overnight at 4°C. The following day, the fil-
ters were rinsed thoroughly (three times) with 0.1
mol/L sodium cacodylate buffer (pH 7.4) contain-
ing 0.01% sodium azide and then stored in the
same buffer for shipment to France, where the
morphological study was carried out.

To better visualize intracytoplasmic membranous
systems, the glutaraldehyde-fixed cultures were
postfixed for 1 hr at room temperature in a 1:1 mix-
ture of 2% aqueous osmium tetroxide and 3% aque-
ous potassium ferrocyanide according to the method
of Karnovsky (’71). After dehydration in increasing
concentrations of ethanol, cultures were embedded
in Epon 812. Thin sections obtained with an auto-
matic Reichert ultramicrotome were contrasted for
2 min with lead citrate and examined at 80 kV us-
ing a Philips CM12 electron microscope.

Analytical procedures
Solution 3H activity was assessed by liquid scin-

tillation counting (LKB 1217 Rackbeta) with a
commercial fluor. Flame-emission spectrophotom-
etry (Varian AA1275 atomic absorption unit) was
used to determine Na+ concentrations, whereas
Cl– concentrations were assayed by means of a
mercuric thiocyanate spectrophotometric method
(Zall et al., ’56). An EVOM epithelial voltohm-
meter, custom-modified by the manufacturer
(World Precision Instruments) to measure resis-
tances of up to 200,000 ohms and STX-2 “chop-
stick” electrodes were used to determine TER; the
“chopstick” electrodes can be transferred rapidly
between filter inserts such that resistance mea-
surements can be made in situ without distur-
bance to the cultured epithelium. Resistances
were determined immediately following solution
renewal, a procedure that is necessary with asym-
metrical solutions to ensure that TER is mea-
sured before the ionic gradients change. To correct
for junction potentials and for the resistance of
the solutions and filter insert itself, the resistance
of an identical blank filter insert set up with the
same apical and basolateral solutions was deter-
mined at the time of cultured epithelium TER
measurements. The value for this blank filter was
subtracted from the measured TER of the cul-
tured epithelium, and the corrected value for the
cultured epithelium was then multiplied by the
filter effective growth surface area to yield the
final value for the transepithelial resistance (in
ohms · cm–2). Transepithelial conductance was cal-
culated as the inverse of TER and expressed in
milliSiemens per centimeter squared.

Calculations and statistical analysis

Efflux was defined as movement from the
basolateral (culture medium) to the apical (fresh-
water) solution, and influx, vice versa. Permeabil-
ity to PEG (in centimeters per second), which was
determined in the efflux direction by the addi-
tion of radioisotope to the basolateral solution,
was calculated as

P Ap Ap=
⋅

⋅ ⋅ ⋅
∆[PEG*] volume

[PEG*] time areaBl 3600

where ∆[PEG*]Ap is the change in radioactivity on
the apical side, [PEG*]Bl is the mean radioactiv-
ity in the basolateral solution, and 3600 converts
time from hours to seconds.
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Net ionic fluxes were calculated using standard
methods; the net sodium flux (in micromoles per
square centimeter per hour), for example, was cal-
culated as

J Ap
Ap

net
Na Na

volume

time area

+

= ⋅
⋅

+∆[ ]

where ∆[Na+]Ap is the change in total sodium con-
centration in the apical solution. It should be
noted that under asymmetrical conditions with
fresh water on the apical surface, the influx com-
ponent of the net flux is very small (Wood et al.,
’97), and therefore, the net flux is comparable with
the unidirectional efflux.

Data are presented as means ± 1 SEM (N),
where SEM refers to the standard error of the
mean and N represents the number of filter in-
serts. The least-squares method was used to fit
regression lines, with determination of the signifi-
cance of the correlation coefficient. The slopes of
regression lines were compared using a Student’s
t test. Statistical differences among control and
hormone support treatments were determined by
one-way analysis of variance or the Student’s two-
tailed unpaired t test, as appropriate. Statistical
differences within the pooled data sets over time
were assessed using one-way repeated-measures
analysis of variance followed by Bonferroni t tests
for multiple comparisons. The fiducial limit of sig-
nificance in all analyses was 5%.

RESULTS
Effect of hormonal support

A total of 61 cultured branchial epithelia were
used in the present study, with TER values under

symmetrical conditions, immediately prior to the
commencement of apical freshwater exposure,
ranging from approximately 500 to greater than
13,000 ohms · cm–2 with an overall mean of 3,137
± 434 ohms · cm–2. As in previous studies (Wood et
al., ’97; Wood and Pärt, ’97), the transepithelial re-
sistance increased significantly on replacement of
the apical culture medium with fresh water, but
the initial increase was not maintained during pro-
longed apical freshwater exposure (Table 1). In par-
allel with the attenuation of the elevated TER, PEG
permeability (Table 2) and net Na+ and Cl– fluxes
(Jnet

Na+ and Jnet
Cl–; Table 3) increased over the course

of the apical freshwater exposure period.
The potential impact on these trends of sup-

porting the cultured epithelium with hormones
known to be important in freshwater acclimation
in vivo in euryhaline fish was investigated by a
comparison of cultured epithelia in which 200 ng/
L prolactin or growth hormone was included in
the basolateral culture medium during the api-
cal freshwater exposure with cultured epithelia
lacking this hormonal supplementation (control);
a concentration of 20 ng/L prolactin also was used
in a few cases (N = 4), but the data were similar
to those for 200 ng/L and therefore have not been
reported. In one series of experiments, 200 ng/L
prolactin also was included in the culture medium
during growth of the culture on the filter insert
(long-term prolactin). Hormonal supplementation
of the basolateral culture medium had no signifi-
cant effect at any time on TER, PEG permeabil-
ity, Jnet

Na+, or Jnet
Cl– (see Tables 1 to 3). Therefore,

the results from all treatments (control, prolac-
tin, long-term prolactin, and growth hormone)
have been combined for subsequent analyses of

TABLE 1. Effect of hormone support treatments on TER (ohms · cm�2) during apical freshwater exposure1

Long–term Growth
Time Control Prolactin prolactin hormone Pooled data
(hr) (N = 27) (N = 17) (N = 7) (N = 6) (N = 61)

0 9043 ± 1117 9330 ± 1755 7473 ± 1464 13404 ± 2403 9368 ± 773*
6 6840 ± 1017 7870 ± 1566 5422 ± 1037 3872 ± 881 6939 ± 706*

12 5045 ± 616 6431 ± 1309 4719 ± 802 3692 ± 933 5412 ± 518*
18 5020 ± 767 5292 ± 1081 1779 ± 295 5853 ± 1482 5134 ± 583
24 4245 ± 809 4449 ± 1201 2273 ± 321 5411 ± 1658 4490 ± 561
30 3960 ± 702 3429 ± 768 2711 ± 431 2549 ± 728 3681 ± 424
36 2825 ± 624 1768 ± 472 1815 ± 416 2413 ± 1027 2495 ± 362
42 1761 ± 373 1451 ± 369 1296 ± 366 534 ± 147 1667 ± 260*
48 856 ± 197 645 ± 222 692 ± 158 180 ± 76 882 ± 191*
1No significant differences existed among treatments (control, prolactin, long-term prolactin, and growth hormone) at any time (one-way ANOVA,
P > 0.05). Note that the mean TER in L-15/L-15, before replacement of the apical culture medium with fresh water, was 3137 ± 434 (61).
*Indicates a significant difference within the pooled data set only from the initial TER in L-15/L-15 (one-way repeated-measures ANOVA
followed by Bonferroni t tests, P < 0.05).
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the effects of apical water exposure on resistance
and permeability relationships.

Permeability versus conductance
relationships

The elevated transepithelial resistance charac-
teristic of the cultured branchial epithelium dur-
ing apical freshwater exposure gradually declined
(pooled data; see Table 1) over 48 hr. At the same
time, PEG permeability (pooled data; see Table
2) and net Na+ and Cl– fluxes (pooled data; see
Table 3) increased significantly. However, TER
decreased (or conductance increased) by a factor
of approximately 10 over the 48-hr freshwater ex-
posure, whereas the ion fluxes or PEG permeabil-
ity increased only four- to sixfold, suggesting that
the flux or permeability versus conductance rela-
tionships changed over time.

To further analyze these changes, the relation-
ships between net ion fluxes or PEG permeabil-

ity and conductance were compared for the first
(0–6 hr) and last (42–48 hr) flux periods. For the
net Na+ and Cl– fluxes, linear relationships with
conductance were obtained for both time periods
(Fig. 1), but the slope of the regression decreased
significantly from 0 to 6 hr to 42 to 48 hr, reflect-
ing the difference in the factors by which mean
values for Jnet

Na+ or Jnet
Cl– and TER changed over

time during the apical freshwater exposure. In
addition, the y-intercept of the regression in-
creased over the exposure period from very close
to zero at 0 to 6 hr to significantly different from
zero at 42 to 48 hr. Increases in the net ion fluxes
over time during apical freshwater exposure could
reflect increases in the paracellular and/or trans-
cellular permeabilities, and therefore, the relation-
ship between conductance and the permeability of
the cultured epithelium to the paracellular marker
PEG during apical freshwater exposure was ex-
amined to distinguish between these possibilities.
PEG permeability was linearly related to conduc-

TABLE 2. Effect of hormone support treatments on PEG permeability (cm/sec × 10�6) during apical freshwater exposure1

Long-term Growth
Time Control Prolactin prolactin hormone Pooled data
(hr) (N = 27) (N = 17) (N = 7) (N = 6) (N = 61)

0–6 0.20 ± 0.03 0.21 ± 0.04 0.17 ± 0.03 0.11 ± 0.01 0.19 ± 0.02
6–12 0.28 ± 0.04 0.34 ± 0.07 0.23 ± 0.04 0.19 ± 0.03 0.27 ± 0.03

12–18 0.27 ± 0.04 0.34 ± 0.08 0.19 ± 0.02 0.32 ± 0.11 0.27 ± 0.03
18–24 0.30 ± 0.04 0.38 ± 0.09 0.20 ± 0.02 0.31 ± 0.13 0.31 ± 0.03
24–30 0.56 ± 0.13 0.74 ± 0.23 0.29 ± 0.05 0.35 ± 0.15 0.55 ± 0.09*
30–36 0.57 ± 0.13 0.80 ± 0.23 0.31 ± 0.06 0.52 ± 0.23 0.58 ± 0.09*
36–42 0.95 ± 0.18 1.14 ± 0.24 0.52 ± 0.11 1.03 ± 0.28 0.95 ± 0.11*
42–48 1.09 ± 0.17 1.20 ± 0.24 0.77 ± 0.14 1.10 ± 0.23 1.09 ± 0.11*
1No significant differences existed among treatments (control, prolactin, long-term prolactin, and growth hormone) at any time (one-way
ANOVA, P > 0.05).
*Indicates a significant difference within the pooled data set only from the PEG permeability for the 0–6 hr time period (one-way repeated-
measures ANOVA followed by Bonferroni t tests, P < 0.05).

TABLE 3. Effect of hormone support treatments on Jnet
Na+ and Jnet

Cl- (mmol /cm2/hr) during apical freshwater exposure1

Long-term Growth
Control Prolactin prolactin hormone Pooled data

Time Jnet
Na+ Jnet

Cl– Jnet
Na+ Jnet

Cl– Jnet
Na+ Jnet

Na+ Jnet
Na+ Jnet

Cl–

(hr) (N = 27) (N = 11) (N = 17) (N = 11) (N = 7) (N = 6) (N = 61) (N = 26)

0 – 6 0.30 ± 0.06 0.63 ± 0.22 0.33 ± 0.08 0.48 ± 0.11 0.24 ± 0.03 0.14 ± 0.02 0.28 ± 0.03 0.51 ± 0.11
6 – 12 0.40 ± 0.07 0.56 ± 0.15 0.42 ± 0.11 0.56 ± 0.17 0.27 ± 0.03 0.30 ± 0.06 0.36 ± 0.05 0.52 ± 0.10

12 – 18 0.48 ± 0.11 0.76 ± 0.23 0.50 ± 0.16 0.74 ± 0.24 0.29 ± 0.04 0.56 ± 0.27 0.45 ± 0.07 0.68 ± 0.14
18 – 24 0.58 ± 0.12 0.71 ± 0.20 0.57 ± 0.15 0.73 ± 0.24 0.40 ± 0.06 0.73 ± 0.40 0.56 ± 0.08 0.66 ± 0.13
24 – 30 0.96 ± 0.22 1.50 ± 0.38 1.18 ± 0.31 1.26 ± 0.41 0.58 ± 0.15 0.80 ± 0.45 0.96 ± 0.14* 1.34 ± 0.25*
30 – 36 1.13 ± 0.23 1.79 ± 0.66 1.42 ± 0.29 1.21 ± 0.25 0.70 ± 0.16 1.24 ± 0.61 1.17 ± 0.15* 1.62 ± 0.38*
36 – 42 1.70 ± 0.28 2.65 ± 0.51 1.97 ± 0.32 2.26 ± 0.43 1.21 ± 0.27 2.28 ± 0.63 1.75 ± 0.18* 2.35 ± 0.32*
42 – 48 1.93 ± 0.27 2.04 ± 0.43 2.04 ± 0.32 2.01 ± 0.35 2.02 ± 0.39 2.61 ± 0.52 1.99 ± 0.17* 1.91 ± 0.25*
1No significant differences existed among treatments (control, prolactin, long-term prolactin, and growth hormone) for Jnet

Na+ or between
control and prolactin-treated epithelia for Jnet

Cl– at any time (one-way ANOVA and unpaired Student’s t test, respectively, P > 0.05).
*Indicates a significant difference within the pooled data set only from the ion flux for the 0–6 hr time period (one-way repeated-measures
ANOVA followed by Bonferroni t tests, P < 0.05).
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tance, and the slope of the regression equation de-
creased significantly from 0 to 6 hr to 42 to 48 hr
(Fig. 2), results similar to those obtained for Jnet

Na+

and Jnet
Cl–. As was also the case for the net ion

flux data, the y-intercept of the regression was
significantly different from zero for 42 to 48 hr
but not for the 0- to 6-hr regression. Thus plots
of the net ion fluxes against PEG permeability
over all flux periods revealed a significant linear
relationship with a y-intercept that was signifi-
cantly different from zero (Fig. 3).

Morphological effects of apical
freshwater exposure

Examination of the cultures by transmission
electron microscopy revealed that the cultures ex-
hibited a variable number (four to seven) of cell
layers (Fig. 4A–C). The cells making up the most
superficial layer appeared to be flattened and were

separated from one another by apical tight junc-
tions (see Fig. 4D–F). In all cell layers, the cells
contained an ovoid nucleus, mitochondria, and
bundles of filaments, whereas cisternae of endo-
plasmic reticulum were particularly numerous in
the cells of the deepest layer. The intercellular
spaces were slightly dilated. These ultrastructural
features were similar in both control (see Fig. 4A)
and freshwater-exposed (see Fig. 4B, C) cultures
and did not appear to be modified by freshwater
exposure. In cell cultures exposed to apical fresh
water for 48 hr, however, some cells of the superfi-
cial layer were altered, in that holes could be
observed in the cytoplasm and the cytoplasm ap-
peared to contain a reduced number of cell or-
ganelles (see Fig. 4C). The cells present in the
deepest layers, in contrast, were never damaged
by prolonged apical freshwater exposure.

Fig. 1. The relationship between net ion fluxes (Jnet
Cl–

and Jnet
Na+) and transepithelial conductance for cultured

trout branchial epithelia during 0 to 6 hr (filled-in symbols)
and 42 to 48 hr (open symbols) of apical freshwater expo-
sure. In the inset plot, the ranges for the x- and y-axes have
been modified to more clearly present the data for 0 to 6 hr.

The regression equations, which have significantly differ-
ent slopes (Student’s t test, P < 0.05) are 0–6 hr (solid line):
Jnet

ions = –0.069 + 1.84 (conductance), r = 0.78, N = 87, P <
0.0001; and 42–48 hr (dashed line): Jnet

ions = 1.00 + 0.23
(conductance), r = 0.75, N = 67, P < 0.0001.
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DISCUSSION
Despite the key role that regulation of passive

permeability of the gill must play during adapta-
tion to salinity changes, studies of such adapta-
tion effects both in vivo (see review by Wood and
Marshall, ’94) and in vitro (see review by Marshall,
’95) generally have focused on the role of active
ion uptake. The freshwater cultured branchial epi-
thelium, in contrast, appears to be an excellent
preparation for the study of passive permeability
under either symmetrical or asymmetrical condi-
tions. Under symmetrical conditions, i.e., with L-
15 medium on both surfaces of the epithelium and
zero TEP, the measured fluxes of Na+ and Cl–,
when converted to conductance, have been found
to fully account for the total transepithelial con-
ductance of the freshwater cultured branchial epi-
thelium, indicating that all the ion flux measured
is conductive and that the contribution of ions
other than Na+ and Cl– is negligible (Wood et al.,
’97). Similar results have been reported for the
opercular epithelium of brook trout (Marshall, ’85),
and in both cases it was concluded that the epi-

thelium served as a useful model of the passive
transport properties of the intact gill.

Replacement of the apical medium with fresh wa-
ter resulted, in both the cultured epithelium and
the brook trout opercular epithelium, in significant
increases in the TER and the development of a
negative (relative to the apical side) TEP (Marshall,
’85; Wood et al., ’97; Wood and Pärt, ’97). The ori-
gin of these responses was investigated in the rain-
bow trout cultured branchial epithelium through
measurements of ion fluxes and permeability to the
paracellular tracer PEG under both symmetrical
and asymmetrical conditions (Wood et al., ’97). The
observation of simultaneous increases in PEG per-
meability and TER following exposure of the apical
surface of the cultured epithelium to fresh water
led to the conclusion that paracellular permeabil-
ity increases on freshwater exposure but that the
effect of this increase on resistance is counteracted
by a decrease in the transcellular permeability. The
gradual increases measured in Na+ and Cl– effluxes
over the course of the 12-hr exposure period were
attributed to the opening up of the paracellular
pathway, with the elevated ion flows remaining

Fig. 2. Data illustrating the relationship between the per-
meability to the paracellular marker PEG and transepithelial
conductance for cultured trout branchial epithelia over 0 to
6 hr (—) and 42 to 48 hr (‰) of apical freshwater exposure.
The data for 0 to 6 hr only are presented in the inset plot,
in which the ranges for both the x- and y-axes have been

modified for clarity. The regression equations, which have
significantly different slopes (Student’s t test, P < 0.05) are
0–6 hr (solid line): PEG permeability = 0.036 + 0.70 (con-
ductance), r = 0.76, N = 61, P < 0.0001; and 42–48 hr (dashed
line): PEG permeability = 0.38 + 0.17 (conductance), r = 0.84,
N = 49, P < 0.0001.
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largely conductive, accounting for more than 80%
of the measured conductance (Wood et al., ’97). The
very different passive permeability relationships for
the cultured branchial epithelium under symmetri-
cal versus asymmetrical conditions (first 12 hr of
freshwater exposure only) are illustrated in Fig. 5,
in which net ion fluxes and PEG permeability are
plotted as a function of TER.

Over prolonged apical freshwater exposure (48
hr rather than 12 hr), however, the elevated TER
and TEP were found to gradually decrease, and
at the same time, the net ion fluxes increased
(Wood and Pärt, ’97). Similar responses were ob-
served in the present study; net Na+ and Cl–

fluxes increased by a factor of 4 to 7, while TER
declined approximately 10-fold over the 48-hr ex-
posure period (see Tables 1 and 3). Measurement
of PEG permeability over the 48-hr freshwater

exposure in the present study provided further
insight into the causes of the changes observed.
PEG permeability increased approximately 6-fold
over 48 hr (see Table 2), an increase that paral-
leled that observed for the net ion fluxes (see Fig.
3). Thus the opening up of the paracellular path-
way, which appears to commence very soon after
the apical culture medium is replaced with fresh
water (Wood et al., ’97), continues throughout the
exposure period. The difference in size, and there-
fore mobility, between PEG and Na+ or Cl– pre-
cludes a direct comparison of flux rates for PEG
and ions such as that carried out by Marshall
(’85) on the extracellular tracer mannitol and Na+

or Cl– flux rates for the brook trout opercular epi-
thelium under asymmetrical conditions. Never-
theless, the similarity of the increases in PEG
permeability and net ion flux rates suggests that

Fig. 3. The relationship between the net ion fluxes (Jnet
Cl–

and Jnet
Na+) and the permeability to the paracellular marker

PEG during apical freshwater exposure for 61 cultured trout
branchial epithelia followed over 48 hr (net Cl– flux mea-

surements were carried out on only 26 of the 61 filters). Ion
fluxes and PEG permeability were measured every 6 hr. The
regression equation is Jnet

ions = 0.19 + 1.39 (PEG permeabil-
ity), r = 0.85, N = 685, P < 0.0001.



540 K.M. GILMOUR ET AL.

Figure 4.
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the gradual elevation in the net ionic flux is
largely a paracellular phenomenon, presumably
the result of a loosening of the tight junctions be-
tween the cells (see also below).

During the first 12 hr of freshwater exposure,
the measured rates of Jnet

Na+ and Jnet
Cl– (approxi-

mately 0.4 µmol/cm2/hr) across the cultured epi-
thelium would translate to about 800 µmol/kg/hr
for a whole trout using the nonspecific total gill
area tabulated by Hughes and Morgan (’73). The
effect of the increase in paracellular permeabil-
ity during prolonged apical freshwater exposure
is that by the end of the exposure period, the ion
fluxes (approximately 2 µmol/cm2/hr) become
equivalent to approximately 4000 µmol/kg/hr for
the whole trout, substantially higher than those
typical of intact freshwater trout (300 µmol/kg/
hr; Goss et al., ’95).

The contribution of the Na+ and Cl– fluxes to the
measured conductance can be determined for the
0- to 6-hr and 42- to 48-hr flux periods, taking into
consideration the negative TEP and neglecting the
very low ion influx under asymmetrical conditions,
as outlined by Wood et al. (’97). During the early
stages of apical freshwater exposure, the ionic
fluxes are largely conductive, providing more than
half the measured conductance, but by the 42- to
48-hr flux period, the sum of the Na+ and Cl–

effluxes contributes less than 30% of the measured
conductance. This change over time is reflected in
the significant reduction in the net ion flux per unit
conductance over the exposure period (see Fig. 1).
Leakage via the paracellular pathway of ions other
than Na+ and Cl– may be one source of the differ-
ence between the measured conductance and the
magnitude of the measured conductive ion flow. Al-
ternatively, the permeability-conductance relation-
ships for the cultured branchial epithelium under

asymmetrical conditions are more complex than our
current understanding.

Although the gradual increases in net ion fluxes
observed during apical freshwater exposure prob-
ably can be explained largely by the rising para-
cellular permeability, additional factors must be
invoked to account for the significantly greater in-
crease in conductance over the exposure period. The
approximately 10-fold increase in conductance (see
Table 1) was greater than that which could be at-
tributed solely to the elevated paracellular perme-
ability, which exhibited only a 6-fold increase (see
Table 2) over 48 hr; PEG permeability per unit con-
ductance decreased by a factor of approximately 4
(see Fig. 2). On replacement of the apical culture
medium with fresh water, transcellular conduc-
tance was hypothesized to decrease considerably
to rationalize the marked increase in TER in the
face of a simultaneous increase in paracellular per-
meability (Wood et al., ’97). It seems likely that a
reopening of the transcellular pathway during pro-
longed apical freshwater exposure contributes to
the substantial increases in conductance measured
under these conditions.

The morphological component of the present
study provided additional insight into the effects
of prolonged apical freshwater exposure on the
cultured branchial epithelium. The ultrastruc-
tural features of the cultured cells are typical of
pavement cells (Laurent and Dunel, ’80; Laurent,
’84), and the multiple layers and prominent in-
tercellular spaces of the cultured branchial epi-
thelium (see Fig. 4) correspond well with the
organization of the lamellar epithelium in vivo;
the lamellar epithelium characteristically consists
of two or more layers of pavement cells that are
separated by an intercellular space (Laurent and
Dunel, ’80; Laurent, ’84). Apical exposure to fresh
water for 30 min had no apparent effect on the
morphology of the cultured branchial epithelium,
illustrating the capacity of the cultured cells to
regulate their volume when subjected to a con-
tinuous hyposmotic shock. Even after 48 hr of api-
cal exposure to fresh water, the integrity of the
cultured branchial epithelium was in large part
maintained. However, cells of the most superfi-
cial layer exhibited some evidence of deteriora-
tion after 48 hr of exposure to fresh water,
including a reduction in the number of cell or-
ganelles and the appearance of holes in the cyto-
plasm. In intact epithelia, the outer cell layer is
thought to be the major resistive barrier (Klyce,
’72; Nagel, ’78), and thus progressive degradation
of the superficial cell layer of the cultured bran-

Fig. 4. Electron micrographs of cultured branchial epi-
thelia under control conditions (A, D) and following apical
exposure to fresh water for 30 min (B, E) or 48 hr (C, F). In
A–C, the multilayered nature of the cultured epithelium is
apparent. Elongated, flattened cisternae of endoplasmic
reticulum (er) may be observed, and the intercellular spaces
(arrow) are slightly dilated in both control and freshwater-
exposed cultures. 48 hr of apical freshwater exposure re-
sulted in some alteration of the superficial layer of cells (F),
including a reduction in the number of cell organelles and
the appearance of holes in the cytoplasm. Apical junctions
(aj) between cells of the superficial layer are shown in D–F
(as, apical surface; m, mitochondria; b, bundles of filaments;
d, desmosomes; g, glycogen particles; f, filter) (A–C: ×11,000;
D–F: ×40,000).
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Figure 5.
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chial epithelium may contribute to the physi-
ological changes (decreases in TER, increased
permeability to PEG and ions) observed during
prolonged apical freshwater exposure.

Taken together, the experimental evidence avail-
able to date on the properties of the cultured bran-
chial epithelium during apical freshwater exposure
suggests that immediately following replacement
of the apical culture medium with fresh water,
paracellular permeability increases and trans-
cellular permeability decreases, resulting in a
marked decrease in the transepithelial conduc-
tance (Wood et al., ’97; Wood and Pärt, ’97). Pro-
longed exposure to fresh water, however, leads
to continuing increases in paracellular perme-
ability coupled with a reopening of the trans-
cellular pathway, probably due at least in part
to deterioration of the superficial cell layer of
the cultured branchial epithelium. It is useful
to compare these responses with those observed
in fish in vivo during freshwater acclimation.
The acclimation of a seawater-adapted euryha-
line fish to fresh water is a two-stage process
(reviewed by Wood and Marshall, ’94) involving,
first, immediate reductions in ion influx and
efflux rates, a response that is probably con-
trolled by direct regulatory effects of external
salinity on the transcellular and paracellular
conductances. In the second phase, which is ini-
tiated 30 min after transfer to fresh water and
requires 24 to 48 hr to reach completion, slower,
progressive reductions in ion efflux rates are
observed. The immediate decrease in trans-
epithelial conductance for the cultured branchial
epithelium when the apical surface is exposed
to fresh water parallels that observed in the
intact fish, whereas the failure of the cultured
epithelium to reduce ion efflux rates during pro-
longed apical freshwater exposure is reminiscent
of the situation in stenohaline fish species, which
lack the delayed component of the acclimation
response.

The second phase in the acclimation to fresh
water in vivo is controlled by endocrine mecha-
nisms, specifically an increase in the secretion of
prolactin. Plasma prolactin levels increase follow-
ing transfer to fresh water (e.g., Prunet et al.,

’85; Potts et al., ’89; Ogasawara et al., ’96). While
the mechanism through which prolactin effects a
decrease in ion efflux rates remains uncertain,
direct reductions of epithelial permeability and
structural changes in the tight junctions are likely
possibilities (Burden, ’56; Pickford et al., ’66;
Ernst et al., ’80; see also reviews by Foskett et
al., ’83; Hirano, ’86). Prolactin also may exert di-
rect effects on the transcellular and paracellular
conductances of the gills, since injections of pro-
lactin in vivo resulted in reduced NaCl secretion
in vitro by the opercular epithelium of seawater-
adapted tilapia (Foskett et al., ’82, ’83). Supple-
mentation of the basal medium of the cultured
branchial epithelium with prolactin was therefore
assessed as a means of improving the stability of
the cultured epithelium during prolonged apical
freshwater exposure.

Despite the considerable evidence supporting an
essential role for prolactin in the adaptation of
euryhaline fish to fresh water, inclusion of pro-
lactin in the basal culture medium during apical
freshwater exposure and/or prior to the exposure
period had no effect on the responses of the cul-
tured epithelium to the apical freshwater expo-
sure. Net Na+ and Cl– fluxes, permeability to the
paracellular marker PEG, and transepithelial
conductance (see Tables 1 to 3) for the hormone-
supplemented cultures at the beginning of the ex-
posure period (0–6 hr) were not significantly
different from the control values, nor was the pat-
tern of changes measured in the variables over
48 hr influenced by prolactin treatment. Poten-
tial explanations for this lack of effect fall into
three categories. One possibility lies in the ho-
mogeneous cell composition of the cultured epi-
thelium in comparison with that of the fish gill;
the epithelium may require other cell types, such
as mucous cells and/or chloride cells, in addition
to pavement cells, to maintain stability during
apical freshwater exposure. The absence of chlo-
ride cells, in particular, may be critical given the
role of chloride cells in ion uptake in vivo (see
review by Goss et al., ’95) and the demonstrated
effects of prolactin on chloride cell morphology
and number in vivo (Herndon et al., ’91; Pisam
et al., ’93).

Alternatively, other hormones may be involved
in establishing a stable condition during apical
freshwater exposure. Cortisol, growth hormone,
insulin-like growth factor I, and thyroid hormones
have been implicated in the control of the osmo-
regulatory changes that occur on transfer of fresh-
water-acclimated fish to sea water (Foskett et al.,

Fig. 5. Data illustrating the changes in the relationships
between (A) net ion fluxes or (B) PEG permeability and TER
under symmetrical and asymmetrical conditions. Data for
asymmetrical conditions are from the present study (0–12
hr) whereas data for symmetrical conditions were taken from
Wood et al. (’97).
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’83; Sakamoto et al., ’93; McCormick, ’95), and
the presence of one or more of these hormones,
alone or in combination, may be required for
stability of the cultured branchial epithelium dur-
ing apical freshwater exposure. Although inclu-
sion of growth hormone in the culture medium
during apical freshwater exposure did not have
any influence on net ion fluxes, PEG permeabil-
ity, or TER in the present study (see Tables 1 to
3), the effectiveness of hormone combinations re-
mains to be tested. The lack of effect of either
prolactin or growth hormone on the properties of
the cultured epithelium during freshwater expo-
sure also could be due to the absence of appro-
priate receptors in the cultured gill cells. The
detection of a high-affinity prolactin receptor in
gill membranes isolated from tilapia (Auperin et
al., ’94, ’95) and the observation that preincuba-
tion of isolated gills in saline containing prolac-
tin decreased osmotic water permeability on
transfer to deionized water (Ogawa et al., ’73)
might suggest that prolactin could have an effect
on gill cells in culture. However, the direct addi-
tion of prolactin to a number of transporting epi-
thelia from fish in vitro has not been found to
elicit changes in water or ion movement across
the epithelium (Bern et al., ’81), whereas epithe-
lia removed from fish treated with prolactin in
vivo have displayed differences from untreated
controls (Hirano et al., ’73; Marshall and Bern,
’80; Foskett et al., ’82). This apparent difference
between in vitro and in vivo prolactin adminis-
tration might arise from prolactin-induced effects
on water or ion movements requiring a longer
term to become measurable, a problem that can
be overcome in a culture situation. In any case,
examination of the cultured branchial epithelium
of rainbow trout for the presence of prolactin re-
ceptors would appear to be warranted.

In summary, the cultured branchial epithelium
of the rainbow trout under asymmetrical condi-
tions is a useful model of the freshwater fish gill
provided that the length of the apical freshwater
exposure is limited; in this respect, the cultured
epithelium is comparable with a number of dis-
sected epithelial preparations used as possible gill
surrogates (e.g. Foskett et al., ’81; Marshall, ’85;
Marshall et al., ’92, ’95). During prolonged fresh-
water exposure, however, both paracellular and
transcellular permeabilities appear to increase
significantly, resulting in ion flux rates that are
substantially greater than corresponding values
for intact fish. Supplementation of the culture me-
dium with prolactin or growth hormone during

the apical freshwater exposure did not affect the
changes observed during prolonged exposure. Ab-
sence of one or more cell types from the cultured
epithelium, a requirement for different hormones
or a combination of hormones and the absence of
appropriate receptors may all have contributed
to the lack of responsiveness of the cultured bran-
chial epithelium to hormonal supplementation of
the basal medium.
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