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The effects of 3,5’,3'-triiodo-L-thyronine (T3; 10 or 100
ng ml™), alone or combined with cortisol (500 ng ml™*),
on the physiological properties of cultured pavement cell
epithelia from freshwater rainbow trout gills were as-
sessed. T, had dose-dependent effects on electrophysio-
logical, biochemical, and ion transporting properties of
cultured epithelia in both the absence and the presence of
cortisol. These included reduced transepithelial resis-
tance (TER), increased net Na* and CI~ movement (ba-
solateral to apical) under asymmetrical culture condi-
tions (freshwater apical/L15 media basolateral), and
elevated Na*-K*-ATPase activity. However, paracellular
permeability was elevated only in high-dose T-treated
preparations. In T; + cortisol-treated epithelia, similar
T,s-induced alterations in TER, net Na* and ClI~ move-
ment, and paracellular permeability were observed,
whereas the activity of Na*—K*-ATPase was further ele-
vated. Under symmetrical culture conditions (L15 me-
dium apical/L15 medium basolateral), T; had no effect on
transepithelial Na* and CI~ transport, which was pas-
sive. However, T, + cortisol treatment resulted in active
Na* extrusion (basolateral to apical). Under asymmetri-
cal conditions, hormone treatment did not change the
pattern of ion movement (active Na* extrusion, active
CIl™ uptake). These experiments demonstrate that cul-
tured pavement cell epithelia from freshwater rainbow
trout are T;-responsive and provide evidence for the di-
rect action of T, and the interaction of T, and cortisol on
the physiology of this preparation.
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INTRODUCTION

Recently, techniques for the primary culture of gill
cells on permeable supports have provided a promis-
ing new direction in the development of an in vitro
model for the freshwater (FW) fish gill (Wood and
Part, 1997; Wood et al., 1998; Gilmour et al., 1998;
Fletcher et al., 2000; Kelly and Wood, 2001). Certain
procedures have allowed for the in vitro “reconstruc-
tion” of a flat epithelium composed exclusively of gill
pavement cells that mimics many of the passive trans-
port and electrophysiological characteristics of the in-
tact gill (Wood and Part, 1997; Wood et al., 1998).
However, cultured gill epithelia do not yet fully sim-
ulate the active ion transport processes observed in the
intact freshwater fish gill (Wood and Part, 1997; Wood
et al., 1998). In this regard, an important avenue for
further development of cultured gill epithelia is the
potential use of ionoregulatory hormones. Recently
we have demonstrated that cortisol can promote ac-
tive Na” and CI~ transport in the correct vectorial
direction across cultured pavement cell epithelia
when preparations are bathed on both sides with me-
dia (Kelly and Wood, 2001). However, when fresh-
water was introduced to the apical side of cortisol-
supplemented epithelia, the pattern of ion transport
was not significantly different from that of untreated
preparations. Clearly, further investigation into the
potential uses of other ionoregulatory hormones is
warranted.
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The reported effects of thyroid hormones, thyroxine
(T,) and 3,5',3'-triiodo-1-thyronine (T;), on gill func-
tion in vivo are contradictory. For example, in various
species, T, or T, have been reported to have stimula-
tory (Subash Peter et al., 2000; Madsen and Korsgaard,
1989), inhibitory (Omelanjiuk and Eales, 1986), or no
(Dangé, 1986, Bjornsson et al., 1987, Madsen, 1990)
effects on gill Na'-K"-ATPase activity. However,
through interaction with other endocrine axes, a more
consistent response has been observed. Na'-K*-
ATPase increased after combined T, and cortisol treat-
ment in tilapia (Dangé, 1986) and combined T, and
growth hormone treatment in amago salmon (Miwa
and Inui, 1985). These observations, together with
findings of increased interrenal sensitivity to ACTH
(Young and Lin, 1988) and increased pituitary growth
hormone production (Moav and McKeown, 1992) in
the presence of thyroid hormones, have led to general
agreement that thyroid hormones play an important
role in teleost osmoregulation (for review see McCor-
mick, 1995). However, we are unaware of any studies
that have investigated the actions of thyroid hor-
mones, alone or in combination with other hormones,
on the physiology of gill pavement cells or on the
physiology of cultured gill epithelia in vitro. Recent
evidence suggests that the inward movement of Na”
occurs, at least in part, across the pavement cell (for
review see Perry, 1997). Therefore, the combined ac-
tions of T, the biologically active derivative of T,
(Eales and Brown, 1993), and cortisol on pavement cell
function are of interest as simultaneous thyroid hor-
mone/cortisol treatment appears to be more effective
at increasing Na"-K "-ATPase activity in the gills of a
freshwater fish in vivo than is either hormone alone
(Dangé, 1986).

The goal of the present study was to investigate the
potential effects of T, on the physiology of gill epithe-
lia composed exclusively of pavement cells in primary
culture. Principally we sought to investigate whether
the actions of T, would promote transepithelial ion
transport. Some of our early observations suggested
that T, stimulated pavement cell Na“*-K*-ATPase ac-
tivity but reduced transepithelial resistance (TER)
across pavement cell epithelia. As we have previously
demonstrated that cortisol alone did not stimulate
Na‘-K"-ATPase in this preparation but did reduce
TER and paracellular permeability (Kelly and Wood,
2001), the second goal of the current study was to
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investigate the combined actions of T; and cortisol on
pavement cell epithelia. We hypothesized that a T,-
induced increased Na*-K"-ATPase combined with a
cortisol-induced increase in TER (reduction in paracel-
lular permeability) may promote the active transport
of Na* and Cl~ under conditions of asymmetrical
exposure (apical freshwater/basolateral media).

MATERIALS AND METHODS

Preparation of Cultured Branchial Epithelia

All gill cell cultures were derived from locally ob-
tained stocks of rainbow trout (Oncorhynchus mykiss)
(80 — 175 g) held in dechlorinated running tapwater
(composition: [Na*] = 0.55, [CI "] = 0.70, [Ca*'] = 1.00,
[Mg*] = 0.15, [K"] = 0.05 mM, pH 7.8-8.0) at sea-
sonal temperatures (13-17°). All procedures for gill
cell isolation and culture were conducted in a laminar
flow hood with sterile techniques according to meth-
ods originally developed by Part et al. (1993), with
modifications described by Wood and Part (1997). Full
details of these methods have been described by Kelly
et al. (2000). Briefly, fish were stunned by a blow to the
head and decapitated, and gill filaments were excised.
Gill cells were isolated by two consecutive cycles of
tryptic digestion (Gibco BRL Life Technologies; 0.05%
trypsin in phosphate-buffered saline (PBS), with 5.5
mmol L™ EDTA) and resuspended in culture medium
(Leibovitz’s L-15 supplemented with 2 mmol L™ glu-
tamine, 5-6% foetal bovine serum (FBS), 100 i.u. ml™*
penicillin, 100 ug ml~* streptomycin, 200 ug ml~* gen-
tamycin). Appropriate volumes of cell suspension
were added to 25-cm? culture flasks (Falcon) to give a
seeding density of 520,000 cells cm 2. Flasks were held
in an air atmosphere at 18°. After 24 and 96 h, nonad-
herent cells were removed by changing the media
(L-15 plus 2 mmol L " glutamine, 6% FBS, and antibi-
otics; see above) and from 96 h onward, all media used
in flasks and inserts were antibiotic-free. After a fur-
ther 48-72 h (total time in flask culture = 144-168 h),
the harvesting and reseeding of cells onto permeable
Falcon culture inserts (Cyclopore polyethylene tereph-
thalate “filters,” Becton-Dickinson, Franklin Lakes,
NJ; pore density: 1.6 X 10° pores - cm % pore size: 0.45
wm: growth surface: 0.9 cm?) were conducted by the
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removal and replacement of medium with trypsin
solution (see above). Cell detachment was confirmed
via visual inspection under a phase-contrast micro-
scope (Zeiss) and trypsination was terminated by the
addition of suspended cells to a “stop” solution (10%
FBS in PBS, pH 7.7). The “stop” solution was centri-
fuged at low speed to obtain a cell pellet and cells
were resuspended in media and seeded onto culture
inserts at a density of 700,000-800,000 cells cm 2. In-
serts were held in 12-well companion plates (Falcon)
under incubation conditions identical to those stated
above. Initially, inserts (apical side) and companion
wells (basolateral side) contained 0.8 and 1.0 ml me-
dium, respectively, and bathing solutions were
topped-up to 1.5 and 2.0 ml at 24 h. A complete change
of media was conducted every 48 h thereafter. When
asymmetrical conditions were tested, temperature-
equilibrated (18°) freshwater (Acrodisc sterilized,
0.2-um pore size, chemical composition same as orig-
inal holding water) was added to the apical side of the
insert after several rinses to ensure removal of any
residual media.

Hormone Treatment

Single-use aliquots of stock hormone solutions were
prepared by dissolving either T; (Sigma) or cortisol
(hydrocortisone hemisuccinate; Sigma) in PBS (pH 7.7)
to achieve a final concentration of 0.5 mg ml *. A few
drops of 5 M NaOH was used to dissolve T,. This had
no effect on the pH of medium to which T; was added
due to large dilution factors. Aliquots of stock hor-
mone solutions were stored at —20° until use. When
ready for use, stock hormone solutions were thawed
and diluted in L-15 medium (L-15 plus 2 mmol L'
glutamine, 6% FBS with or without antibiotics as ap-
propriate; see above) so as to be added fresh on each
medium change. Two concentrations of T; (10 and 100
ng ml™") and one concentration of cortisol (500 ng
ml ") were used. Care was taken to retain physiolog-
ical significance by including physiologically relevant
doses of hormone (i.e., 10 ng ml~* of T, compared to in
vivo levels of ~1-8 ng ml™*; Redding et al., 1984;
Leatherland, 1985; and 500 ng ml™* of cortisol com-
pared to in vivo levels that can reach ~500 ng ml™*;
Barton and Iwama, 1991); however, 100 ng ml™* T,
could be considered pharmacological. Treatment of
the cells with each appropriate dose of hormone com-
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menced immediately after first seeding of the cells into
culture flasks. After the cells were reseeded onto cell
culture inserts, hormones were supplemented on the
basolateral side of the insert only. Cells and epithelia
bathed in media without the addition of supplemental
hormonal treatment were assigned as controls, or in
the case of one experiment, the assigned controls were
supplemented with cortisol (500 ng ml™) only.

Electrophysiological Measurements

Chopstick electrodes (STX-2) connected to a custom-
modified voltohmmeter (World Precision Instru-
ments, Sarasota, FL) were used to monitor transepi-
thelial resistance. All values for TER were expressed
relative to blank corrections with vacant inserts con-
taining appropriate solutions. Daily measurements of
TER across filter inserts under symmetrical conditions
(i.e., with culture media on both sides) were made 48 h
after the initial seeding of inserts. Under asymmetrical
conditions (i.e., freshwater added to the apical side)
TER and/or transepithelial potential (TEP) measure-
ments were conducted at appropriate time intervals
(see Results). TEP measurements were recorded using
agar—salt bridges (3 M KCI in 4% agar) connected
through Ag/AgCl electrodes (World Precision Instru-
ments) to a high-impedence electrometer (Radiometer
pHM 84, Copenhagen, Denmark). After correction for
junction potential, TEP measurements were expressed
relative to the apical side as 0 mV.

Na *-K * -ATPase Activity and Epithelium Protein
Content

Na‘-K*-ATPase activity in individual inserts was
measured as described by McCormick (1993), with
slight modifications. After mild trypsination (=2 min)
to obtain a cell suspension, trypsination was termi-
nated as previously described and the cell suspension
was centrifuged (Beckman J-21C; 0-4°) for 10 min at
5009 to obtain a cell pellet. The cell pellet was resus-
pended and washed in PBS (pH 7.7) and centrifuged
again for a further 10 min at 500g. After removal of the
PBS, SEI buffer (150 mM sucrose, 10 mM EDTA, 50
mM imidazole; pH 7.3, 0-4°) was added to the cell
pellet and the preparation was quick frozen in liquid
nitrogen. Cells were stored at —70° until further anal-
ysis.
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Prior to analysis, samples were thawed, and a vol-
ume of SEID buffer (0.5 g sodium deoxycholate in 100
ml of SEI) was added, resulting in a final SEI to SEID
ratio of 4:1. Cells were sonicated (Branson; Sonifier
450) on ice for 30 s and centrifuged (Eppendorf 5415C;
0-4°) at 5000 g for 1 min, and the resulting superna-
tant was immediately analyzed for Na*-K"-ATPase
activity. Due to the low amount of protein available,
the assay was run for 40 min at 24°; however, the
enzyme activity was linear throughout this period.
The protein content of supernatants was measured by
the Bradford method (Sigma) with bovine serum al-
bumin (Sigma) as a standard. All enzyme activities are
expressed as protein specific activities. Protein content
for individual epithelia (ug epithelia™) was deter-
mined after correction for the volume of buffer used
for epithelia/cell sonication.

[*H]PEG-4000 Permeability

Under both symmetrical and asymmetrical condi-
tions, permeability of the cultured epithelium prepa-
ration was measured with a paracellular permeability
marker, [*H]polyethylene glycol (molecular mass 4000
Da; “PEG-4000;” NEN-Dupont) according to the
methods and equations previously outlined by Wood
et al. (1998), Gilmour et al. (1998), and Kelly and Wood
(2000). After the addition of 1 uCi PEG-4000 to baso-
lateral culture medium, permeability was determined
in the efflux direction (basolateral to apical) only. The
appearance of PEG-4000 in the apical compartment
was determined at 12-h (symmetrical) and at 12- to
24-h (asymmetrical) consecutive intervals. During flux
periods, TER was closely monitored at time intervals
ranging from 1 to 6 h.

Net and Unidirectional lon Flux Measurements

The effect of hormonal treatment on net ion (Na*
and CI7) flux rates under asymmetrical conditions
(directly measured J3%"° and J$, without the use of
isotopes) was assessed with two series of epithelia
over a 12- to 24-h period, with methods and calcula-
tions identical to those outlined by Wood et al. (1998)
and Kelly and Wood (2001).

In several series of control (no hormone treatment)
and hormone-treated epithelia, unidirectional ion flux
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rates (employing radiotracers) were determined ac-
cording to the methods and calculations of Wood et al.
(1998). For both influx (apical to basolateral) and efflux
(basolateral to apical) studies, 1 uCi of isotope (*Na*
or *Cl™) was added to the apical or basolateral side of
the culture and the appearance monitored on the
“cold” side. Under symmetrical conditions, ion flux
rates were first recorded in the basolateral to apical
direction across the inserts, after an incubation period
of 6 h, and then in the basolateral to apical direction
after a second 6-h incubation period. Between influx
and efflux measurements, inserts were washed out for
a period of 2-3 h with “cold” medium. Measurements
of TER and TEP were recorded at time 0 and at the end
of each flux period (6 h). With this approach, each
insert could be used as a single individual for calcu-
lations of the Ussing flux ratio criterion (see below),
provided that electrophysiological measurements did
not change. Under asymmetrical conditions, inserts
were used for either influx or efflux measurements
only and matched for calculations of the Ussing flux
ratio criterion based on criteria of electrophysiological
similarity (see Fletcher et al., 2000). Each insert was
used only once in the pairing procedure. Measure-
ments of TER and TEP were taken at the beginning,
middle (3 h), and end of each flux period (6 h).

Ussing Flux Ratio Criterion

Disagreement of the measured flux ratio (Jin/Jou)
with the prediction of the Ussing flux ratio was em-
ployed as an indication of active transport (Kirschner,
1970). The predicted Ussing flux ratio was calculated
as

‘]in AAp . e—(ZFV/RT)
‘]out ABI (1)
where A,, and Ag, are the activities of the ions (Na*
and CI7) on the apical and basolateral sides, z is the
ionic valence, V is the measured TEP in volts (average
for matched inserts), and F, R, and T have their usual
thermodynamic values. In media, Ay, and A were
75% of measured concentrations (cf. Wood et al.,
1998). Under asymmetrical conditions, Ay, and A in
apical freshwater were taken as equal to the measured
concentrations.
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Statistical Analysis

All data are expressed as mean values *= SE (n),
where n represents the number of filter inserts. For
comparisons between varying groups, data were sub-
jected to either a repeated one-way analysis of vari-
ance or a two-way analysis of variance as appropriate.
Significant differences between groups were detected
with either a Student-Newman-Keuls test or a Stu-
dent unpaired or paired t tests as appropriate. Sigma-
stat software (Jandel Scientific) was employed
throughout. The level of statistical significance for all
analyses was P < 0.05.

RESULTS

Microscopy

Examination of cells, in flasks and inserts, by phase-
contrast microscopy did not reveal any evidence of
mitochondria-rich cells in culture (cf., Fletcher et al.,
2000; Kelly et al., 2000).

Treatment with 3,5',3'-Triiodo-L-thyronine Alone

TER measurements and [°H]PEG permeability un-
der symmetrical culture conditions. Transepithelial
resistance of the epithelium increased over the 7-day
period according to the typical sigmoidal pattern re-
ported in earlier studies (Wood and Part, 1997,
Fletcher et al., 2000). The addition of T, to culture
media, at concentrations of 10 and 100 ng ml™*, re-
sulted in a dose-dependent decrease in TER evident
on all days after day 2. After 7 days in culture, control
(0 ng ml™* T,) epithelia exhibited a typical plateau in
TER at 18.2 = 2.7 kQ cm? (cf. Fletcher et al., 2000; Kelly
et al., 2000), whereas the TERs of epithelia treated with
10 and 100 ng mI ™ T, were 11.0 = 2.1 and 2.6 + 0.1 k()
cm?, respectively (Fig. 1a). Experimental manipula-
tions were performed following day 7. Under sym-
metrical culture conditions, the paracellular perme-
ability of epithelia treated with 100 ng ml™* T, was
significantly greater than that measured across control
epithelia (0 ng ml™* T,), whereas 10 ng ml™* T, had no
significant effect (Fig. 1b).
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FIG. 1. Effect of 3,5',3" -trilodo-1-thyronine (T5) on (a) transepithe-
lial resistance (TER) of cultured pavement cell epithelia after 7 days
under symmetrical (L15 apical/L15 basolateral) culture conditions
and (b) [*H]PEG permeability under symmetrical culture condi-
tions. Data are expressed as mean values = SE (n = 3-5). An
asterisk denotes significant difference (P < 0.05) between control (0
ng ml* T;) and T,-treated epithelia (10 or 100 ng ml™*); a dagger
denotes significant difference (P < 0.05) between 10 and 100 ng
ml~* T,-treated epithelia.

TER measurements and [°H]PEG permeability un-
der asymmetrical culture conditions. The replace-
ment of medium with freshwater in the apical com-
partment of the insert resulted in an immediate
increase in the TER of all preparations. In control
epithelia, resistance increased approximately 1.7-fold,
from ~18 kQ cm? under symmetrical conditions to a
peak of ~31 kQ) cm? immediately after the introduc-
tion of freshwater (Fig. 2a). In epithelia treated with 10
or 100 ng ml~* T,, peak resistance values occurred at 1
and 3 h after freshwater exposure, respectively (Fig.
2a). Peak TER values under asymmetrical conditions
for preparations treated with 10 or 100 ng ml ' T, were
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FIG. 2. Effect of 3,5',3'-triiodo-1I-thyronine (Ts) on (a) changes in transepithelial resistance (TER) over time under asymmetrical (FW
apical/L15 basolateral) culture conditions and (b) [*H]PEG permeability under asymmetrical culture conditions. Data are expressed as mean
values = SE (n = 3-5). In (a) an asterisk denotes significant difference (P < 0.05) between control and T.-treated epithelia, whereas T denotes
significant difference (P < 0.05) between 10 and 100 ng ml* T.-treated epithelia. In (b) an asterisk denotes significant difference (P < 0.05)
between control (0 ng ml™* T;) and T.-treated epithelia (10 or 100 ng ml™*), a dagger denotes significant difference (P < 0.05) between 10 and

100 ng ml~* T,-treated epithelia.

approximately 2.6- and 10-fold higher than those un-
der symmetrical conditions. After reaching peak resis-
tance, all preparations exhibited a general decline in
TER over the first 12 h of asymmetrical exposure and
thereafter were relatively stable for the second 12 h
(Fig. 2a). After 24 h of asymmetrical conditions, con-
trol epithelia continued to exhibit a TER significantly
greater than T,-treated preparations, whereas epithe-
lia treated with a lower dose of 10 ng ml~* T, exhibited
a significantly greater TER than those treated with 100
ng ml~* T,. Paracellular permeability was significantly
greater across epithelia exposed to asymmetrical con-
ditions than those exposed to symmetrical conditions
(Figs. 1b and 2b). Under asymmetrical conditions, the
paracellular permeability of epithelia treated with 100
ng ml~* T, was again significantly greater than that
measured across control epithelia (0 ng mi™ T,),
whereas 10 ng ml™* T had no significant effect (Fig. 2b).

Direct measurement of net Na* and Cl~ flux rates
under asymmetrical conditions. Net Na“® and CI~
flux rates, from the basolateral media to the apical

freshwater, were directly measured from samples of
apical freshwater taken after 24 h of exposure. Epithe-
lia treated with 10 and 100 ng ml™* T, exhibited net
Na" flux rates of ~164 to ~262 nmol cm > h™*, respec-
tively. These were significantly greater than control
rates of ~127 nmol cm™* h™* (Fig. 3a). Net CI~ flux
rates were found to exhibit a similar pattern in re-
sponse to varying T, levels (Fig. 3b).

Treatment with 3,5’,3'-Triiodo-L-thyronine +
Cortisol

Transepithelial resistance measurements under
symmetrical and asymmetrical culture conditions.
In this series of preparations, TER of epithelia treated
with both cortisol and T; was significantly lower than
the TER measured across preparations treated with
cortisol only. After 7 days in culture, the TERs of
epithelia treated with cortisol only, 10 ng ml™* T, +
cortisol, or 100 ng ml™* T, + cortisol were 31.3 + 0.6,
24.0 = 1.8, and 27.3 = 1.2 kQ) cm?, respectively.
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FIG. 3. J. values of (a) Na™ and (b) ClI~ (i.e. basolateral to apical
fluxes) in control (0 ng ml™* T;) and T,-treated (10-100 ng ml ™)
cultured epithelia exposed to apical FW for 24 h. Data are expressed
as mean values = SE (n = 3-5). An asterisk denotes significant
difference (P < 0.05) from control values; a dagger denotes signif-
icant difference (P < 0.05) between 10 and 100 ng ml™* T,-treated
epithelia.

In epithelia treated with either cortisol or T, + cor-
tisol, the response to apical FW was similar to that of
other preparations (Fig. 4). Initial exposure led to a
rapid increase in TER that, in all groups, peaked after
1-3 h. However, during the first 6-12 h of asymmet-
rical exposure, epithelia treated with 10 ng mI™ T, +
500 ng ml " cortisol exhibited a degree of TER stability
that was not observed in other preparations from the
same series.

[*H]PEG-4000 permeability. Under both symmet-
rical and asymmetrical conditions, no significant dif-
ference in paracellular permeability was observed be-
tween groups treated with either cortisol alone or T, +
cortisol (Fig. 5). Exposure to asymmetrical conditions
did, however, result in significantly elevated paracel-
lular permeability in all groups over a 0- to 12-h flux
period and further elevations in PEG permeability
were observed during a 12- to 24-h flux (Fig. 5).
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Direct measurement of net Na*® and CI - flux rates
under asymmetrical conditions. Net Na“ and CI~
flux rates, from the basolateral media to the apical
freshwater, were directly measured from samples of
apical freshwater taken after either 12 or 24 h of ex-
posure. Net Na™ and CI~ flux rates were low in epi-
thelia treated either with cortisol alone or with a com-
bined T, and cortisol regime (Table 1). In these
epithelia, net Na* and Cl~ flux rates during the first
12 h of asymmetrical exposure were always signifi-
cantly lower than flux rates observed during 12-24 h
of asymmetrical exposure (Table 1). During this 12- to
24-h period, epithelia treated with lower doses of T,
(10 ng mI™) + cortisol generally exhibited lower Na*
and Cl™ flux rates than those treated with either cor-
tisol alone or higher doses of T, (100 ng ml™) +
cortisol (Table 1).

Na " -K *-ATPase Activity

The activity of Na'™-K"-ATPase in epithelia was
significantly elevated in preparations treated with T,
and further elevated by T, + cortisol treatment (Fig.
6). Na"—K"-ATPase activity in cultured epithelia was
not significantly affected by cortisol treatment alone.
Furthermore, the elevated enzyme activity was always
greater in preparations treated with lower doses of T,
(10 ng mI™). This phenomenon could also be observed
when inserts were treated with both low doses of T,
and cortisol combined.

Epithelial Protein Content

The soluble protein content of epithelia was found
to vary significantly between groups treated with dif-
ferent hormonal regimes. The highest epithelial pro-
tein content was found in inserts treated with T, alone
and these were significantly greater than either con-
trol, cortisol-treated, or T, + cortisol-treated prepara-
tions. The epithelial protein contents (ug epithelia™)
of the various groups were as follows; control =
84.0 + 1.6; T, (10 ng mlI™") = 110.1 = 3.8; T, (100 ng
ml™) = 99.9 + 2.4; cortisol (500 ng ml™*) = 76.1 + 1.8;
T, + cortisol (10 ng mlI™* + 500 ng mI™") = 75.8 + 1.3;
T, + cortisol (100 ng ml™* + 500 ng ml™*) = 76.7 = 1.9.
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FIG. 4. Effect of either cortisol (500 ng ml™*) or 3,5',3'-triiodo-1-thyronine (T;) + cortisol (10 ng ml™* T; or 100 ng ml™* T; + 500 ng mlI™*
cortisol) on changes in transepithelial resistance (TER) of cultured branchial epithelia over time under asymmetrical (FW apical/L15
basolateral) culture conditions. Data are expressed as mean values = SE (n = 6-7). An asterisk denotes significant difference (P < 0.05)
between control (500 ng ml* cortisol) and T, + cortisol-treated epithelia, a dagger denotes significant difference (P < 0.05) between 10 and

100 ng ml™* T, + cortisol-treated epithelia.

Symmetrical Unidirectional Na™ and CI =~ Flux
Rates and the Ussing Flux Ratio Criterion

Based on our observations in the above experi-
ments, epithelia used for radiotracer studies were ei-
ther untreated controls (no hormone treatment),
treated with low doses of T, (10 ng ml™), or treated
with low doses of T, (10 ng ml™) + cortisol (500 ng
ml ™). Under symmetrical conditions all preparations
responded to the hormonal treatment in a manner
similar to that previously observed. The plateau TERs
of control, T;, and T, + cortisol-treated inserts were
142 +1.2kQcm? (n = 13),9.2 + 1.7kQ cm’ (n = 6),
and 235 + 0.8 kQ cm?® (n = 8), respectively. Under
control conditions, radioisotopically measured unidi-
rectional Na* and CI~ fluxes revealed approximately
equal movement of ions in both directions (Fig. 7). A
TEP of +2.77 = 0.18 mV was observed during the flux
period (Table 2). Application of the flux ratio criterion
indicated no significant active transport of either Na*
or Cl™ (Table 2). In T;-treated preparations, both the
influx and the efflux components of Na* and CI~ were
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FIG. 5. Changes in [°’H]PEG-4000 permeability across cortisol-
treated (500 ng ml~* cortisol) and T, (10-100 ng ml~*) + cortisol (500
ng ml*)-treated cultured epithelia under both symmetrical (L15
apical/L15 basolateral) and asymmetrical (FW apical/L15 basolat-
eral) culture conditions. Data are expressed as mean values = SE
(n = 6-7). An asterisk denotes significant difference (P < 0.05)
between culture conditions (symmetrical, asymmetrical); a dagger
denotes significant difference (P < 0.05) between time 0-12 h and
12-24 h under asymmetrical conditions. No significant difference
was detected between any of the hormone treatments (P > 0.05).
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TABLE 1

Kelly and Wood

Jnet for Na* and CI~ (i.e., Basolateral to Apical Net Fluxes) in Cortisol-Treated (500 ng ml*) and T, (10-100 ng ml *) + Cortisol
(500 ng ml*)-Treated Epithelia over 12-24 h Exposure to Asymmetrical (FW Apical/L15 Basolateral) Culture Conditions

Jnet (NMol cm ™2 h™?)

Na™ Cl-
0-12 h 12-24 h 0-12 h 12-24 h
Cortisol (500 ng ml™) 37.0 £33 126.6 = 10.4* 623+ 4.1 159.5 *= 11.9*
T, + cortisol (10 ng mI™* + 500 ng ml™) 424 +37 99.0 + 3.6t 702 + 4.1 129.8 + 3.9t*
T, + cortisol (100 ng ml™* + 500 ng ml ™) 58.4 + 3.9tt 127.4 = 8.9t 94.6 + 6.1t 147.4 = 10.8*

Note. Data are expressed as mean values = SE (n = 6-7).

* Significance between 0-12 h and 12-24 h flux measurements within a hormonal treatment.
t Significantly different from cortisol (500 ng ml™*) within a time period.
t Significantly different from T, + cortisol (10 ng mI™ + 500 ng ml™) within a time period.

significantly elevated compared to those of untreated
controls (Fig. 7). However, similar to control condi-
tions, TEP was +1.94 = 0.26 mV and net Na* and CI~
flux were close to zero. Application of the flux ratio
criterion again revealed no significant active transport
of either Na™ or Cl™ (Table 2). Under symmetrical
conditions, the unidirectional movements of ions

across epithelia treated with T, + cortisol were signif-
icantly lower than those observed in either control or
T,-treated preparations. The movement of ClI~ was
again approximately equal in both directions; how-
ever, net Na* flux was in the outward direction and
was significantly greater than that observed in control
epithelia (Fig. 7). The TEP across epithelia treated with
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FIG. 6. Na"-K™-ATPase activity in cultured pavement cell epithelia after 24 h asymmetrical (FW apical/L15 basolateral) exposure. Data are
expressed as mean values = SE (n = 4-15). An asterisk denotes significant difference (P < 0.05) between control (no hormonal treatment)
and T.-treated epithelia or between cortisol control (500 ng ml~* cortisol) and T, + cortisol-treated epithelia. Significant difference (P < 0.05)
between T,- and T, + cortisol-treated epithelia, at a specific dose of T, (either 10 or 100 ng ml™* T;), is denoted by T; + denotes significant
difference (P < 0.05) between T, (10 ng ml ™) + cortisol-treated and T, (100 ng ml™*) + cortisol-treated preparations.
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FIG. 7. Unidirectional fluxes of (top) Na“ and (bottom) Cl~ in
control (no hormone treatment), T,-treated (10 ng ml™*), and T, (10
ng ml™*) + cortisol (500 ng ml~*)-treated epithelia under symmet-
rical culture conditions (L15 apical/L15 basolateral). Open, solid,
and hatched bars represent ion influx, efflux, and net flux, respec-
tively. Data are expressed as mean values = SE (n = 6-13). An
asterisk denotes significant difference (P < 0.05) between control
and hormone-treated preparations; a dagger denotes significant
difference (P < 0.05) between T;— and T, + cortisol-treated prep-
arations.

both T, and cortisol was +3.17 = 0.19 mV and was
significantly greater than the TEP measured across
T,-treated epithelia (Table 2). According to the Ussing
flux ratio criterion, no active Cl™ transport was appar-
ent; however, active Na* transport occurred in the
outward direction (basolateral to apical).

Asymmetrical Unidirectional Na* and Cl = Flux
Rates and the Ussing Flux Ratio Criterion

Prior to the introduction of apical freshwater (under
symmetrical conditions), matched preparations used
for asymmetrical radiotracer studies exhibited an av-
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erage TER of 16.8 + 1.7 kQ cm? (control, n = 10),
159 = 1.6 kQcm?* (10ng ml* T;, n = 11),and 23.3 +
1.2 kQ cm? (10 ng mlI™ T, + 500 ng ml~* cortisol, n =
6). During the 6-h asymmetrical flux period, TER
across the same epithelia was significantly elevated in
all groups at 23.0 = 2.0 kQ cm? (control, n = 10),
241+ 1.2kQcm*(10ng ml™* T;, n = 11), and 31.0 +
0.6 kQ cm? (10 ng ml™ T, + 500 ng ml~* cortisol, n =
6). Under asymmetrical conditions, control, T;—, and
T, + cortisol-treated epithelia responded similarly.
Na* and Cl~ efflux rates increased by about 50% rel-
ative to efflux rates found under symmetrical condi-
tions, whereas ion influx rates greatly diminished to
just a few percent of efflux rates, in approximate pro-
portion to the reduction in apical Na“ and CI~ con-
centrations (Fig. 8). This resulted in net flux rates that
were only slightly different from efflux rates. How-
ever, the net movement of Na* and CI~ from the
basolateral to apical compartment of the insert was
significantly lower in T; + cortisol-treated epithelia
(Fig. 8).

In control, T;-treated, and T; + cortisol-treated ep-
ithelia, TEP over the 6-h flux period averaged
—11.20 £ 0.79, —11.70 = 0.54, and —15.60 = 0.70 mV,
respectively, and disagreement between predicted
and observed flux ratios indicated active Cl~ uptake
and Na“ extrusion (Table 2). No differences in the
pattern of ion movement across epithelia treated with
either T, or T; + cortisol were observed.

DISCUSSION

Thyroid hormone receptors have been found in the
gills of several teleost species, including rainbow trout
(Bres and Eales, 1988; Lebel and Leloup, 1989); how-
ever, only a few studies have specifically investigated
the effects of thyroid hormones on gill function (Sub-
ash Peter et al., 2000; Dangé, 1986; Omeljaniuk and
Eales, 1986; Madsen, 1990) and no previous studies
have investigated the potential effects of thyroid hor-
mones on gill pavement cell function. Conditions un-
der which T; levels are naturally elevated in fish often
involve ionoregulatory disturbance. These include
smoltification (McCormick et al., 1987), seawater entry
(Redding et al., 1984), and exposure to sublethal stres-
sors (Waring and Brown, 1997). Notably, all of these
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TABLE 2

Kelly and Wood

Comparison between Ussing Flux Ratios (J;»/J.) for Na* and Cl~ and Transepithelial Potential (TEP) in Control (No Hormones),
T.-Treated (10 ng ml™?), and T; (10 ng ml™*) + Cortisol (500 ng ml *)-Treated Epithelia under Symmetrical
(L15 Apical/L15 Basolateral) and Asymmetrical (FW Apical/L15 Basolateral) Culture Conditions

Control Ts T, + cortisol
Symmetrical Predicted ratio Observed ratio Predicted ratio Observed ratio Predicted ratio Observed ratio
Na* 0.893 = 0.009 0.934 = 0.041 0.901 + 0.014 0.953 =+ 0.050 0.867 =+ 0.007 0.642 + 0.021*
Cl- 1.098 + 0.009 1.191 + 0.058 1.072 £0.013 0.947 = 0.062 1.111 £ 0.011 1.303 £ 0.113
(n = 13) (n = 13) (n = 6) (n = 6) (n = 8) (n =8)
TEP (mV) +2.77 £0.18 +1.94 = 0.26% +3.17 = 0.19%
(n = 13) (n = 6) (n = 8)

Predicted ratio Observed ratio

Predicted ratio

Observed ratio Predicted ratio Observed ratio

Asymmetrical (X 107%) (X 107%) (x 1079 (x 1079 (X 107%) (x 107%)
Na* 19.55 = 0.57 8.98 = 0.55* 17.70 = 0.96 9.90 £ 0.47* 21.78 = 0.63 7.68 = 0.66*
Cl- 8.47 £ 0.41 17.47 = 1.33* 8.04 £ 0.24 16.15 + 1.03* 6.64 = 0.17 14.29 *= 1.30*

(n = 10) (n = 10) (n = 11) (n = 11) (n = 6) (n = 6)
TEP (mV) —11.22 = 0.79 —11.75 £ 0.54 —15.61 * 0.691%
(n = 10) (n = 11) (n = 6)

* Significant difference between predicted and observed flux ratio.

t Significant difference between TEPs of hormone-treated and control inserts within a culture regime (L15/L15 or FW/L15).
1 Significant difference between TEPs of T;— and T; + cortisol-treated inserts within a culture regime (L15/L15 or FW/L15).

conditions are also likely to result in an elevation in
circulating cortisol levels in fish (Redding et al., 1984;
Waring and Brown, 1997). Furthermore, evidence sug-
gests that thyroid hormones, either alone or in com-
bination with cortisol, have a positive effect on gill
ionoregulatory function in vivo (Subash Peter et al.,
2000; Dangé, 1986). This is the first study to address
the potential effects of thyroid hormones and com-
bined effects of thyroid hormone and cortisol on gill
pavement cell function.

After 6-7 days in culture, all untreated control prep-
arations in the present set of experiments exhibited
resistance values in the range of 14-18 kQ cm?. Al-
though these values were not atypical (see Fletcher et
al., 2000; Kelly et al., 2000), variation in TER in different
batches of inserts is an inherent trait of this model
system (Wood et al., 1998; Fletcher et al., 2000; Kelly et
al., 2000). We do not know the proximate causes of
these variations, though they appear to be related to
season. Therefore, performing experiments within a
relatively short time frame normally excludes any
problems associated with comparing epithelial re-
sponse. The same suite of experiments have not yet
been employed in epithelia exhibiting lower plateau
TER values (e.g. <5 k€ cm?), which generally occur in
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warmer seasons. Therefore, it remains to be seen
whether T; would have the same physiological effects
on preparations with lower baseline resistances.

In the current study, the first notable T;-induced
alteration in epithelial status was reduced TER under
symmetrical culture conditions. This occurred both in
the presence and in the absence of cortisol, a hormone
which has previously been demonstrated to increase
TER, principally via reduced paracellular permeabil-
ity, across pavement cell epithelia under identical cul-
ture conditions (Kelly and Wood, 2001). In all epithe-
lial preparations, with the exception of high-dose T,-
treated inserts (100 ng ml™* T, only), no significant
alteration was observed in paracellular permeability
in control groups (either no hormone treatment or
cortisol treatment alone) and T, — or T, + cortisol-
treated groups, although preparations exposed to cor-
tisol exhibited characteristically lower paracellular
permeability. This would suggest that T, caused a
reduction in the TER of most preparations, including
those in which cortisol was present, by increasing the
transcellular permeability of epithelia. Evidence dem-
onstrating a T;-induced increase in the passive perme-
ability of plasma membranes of T;-responsive cell
lines derived from mammalian tissues has previously



Cultured Pavement Cell Epithelia with T and T, + Cortisol

Control T, T, + cortisol

+t

0 A BT T TR
~ weess B S
g ottt 2656055 K363
= [RRRX [R5 (R
KXRRXS lototeots Jote%e%es!
R [RR%5 RS
o XX 2555 FRRR
RRXRXS 1% RXRRXS
£ K5 ke (X
-25 4 R KR (]
© Nedetolet <50 [R5
NSe%etes K350 RRXXS
iy (505 0050505 fodstetels!
[ S5y hetetete kXK
£ K& k35 k2]
K ke R
= KOO0 RRERR] XXX
RRSRS RRXRXS XK
= RO (RS RS
50 - XX (RS Retetetet
a3 - 255 ototess’ TR L
S [5XXKA (%]
= [505X NI
; e b5y P
<X B
1] K oo
2 754 o]
] s
£ dssesese
[
<] 60005
= R
b K55
S o
KRR
2 -100 +
k=
c
2
< 0 R R
’ 055 Joiotetetsl
= 255055 0500505
5 (R0 Joletetere
' R K%K
£ [ Todetetele
todateteds Jogelelese
© -25 el Ioletedels
- X2 (RS
RS0 RRXRX
[ K55 KRXx
£ KR K
505 (065
< 505 05050
vl Soiodetels ke
% -50 4 fesscd kXX
S KRS kR
= [R5 JoSstetetel * *
= o] K000
P 5] ks
o ke B T
75 oS50 tatetetete!
T 75 e
c K55
5
= S5
£ edetere
RIRLKS
a WUNNN
@ -100 s
2
=
e

FIG. 8. Unidirectional fluxes of (top) Na® and (bottom) CI~ in
control (no hormone treatment), T-treated (10 ng ml™*), and T, (10
ng ml~*) + cortisol (500 ng ml~")-treated epithelia under asymmet-
rical culture conditions (FW apical/L15 basolateral). Open, solid,
and hatched bars represent ion influx, efflux, and net flux, respec-
tively. Data are expressed as mean values = SE (n = 6-11). An
asterisk denotes significant difference (P < 0.05) between control
and hormone-treated preparations; a dagger denotes significant
difference (P < 0.05) between T;— and T;+ cortisol-treated prep-
arations.

been reported (Kinsella and Sacktor, 1985; Ismail-Beigi
et al.,, 1986; Haber et al., 1988) and is thought to be
related to increased passive Na" influx and K" efflux.
A similar T;-induced response in the current prepara-
tion would be consistent with these observations.
Despite lower symmetrical TER measurements in
T,— and T, + cortisol-treated epithelia, the introduc-
tion of asymmetrical conditions resulted in elevated
TER across all hormone-treated preparations, and in
the case of T, (10 ng ml™") + cortisol-treated epithelia,
greater stability during the first 12 h of exposure.
Recently we have demonstrated that “clamping” the
osmotic gradient (at typical plasma osmotic pressure
levels) across epithelia exposed to asymmetrical con-
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ditions elicits a greater initial increase in TER and
sustained TER stability (S. P. Kelly, M. Grosell, H. J. M.
Hansen and C. M. Wood, unpublished observations),
suggesting that the mechanics of epithelial integrity
are compromised by the rapid introduction of low
osmotic pressure freshwater on the apical side. This
phenomenon may be due to differences in cell volume
regulation between osmotically “clamped” epithelia
and those exposed to freshwater only. Similarities be-
tween the early stage response of T;— and T; + cor-
tisol-treated epithelia under asymmetrical conditions
and osmotically clamped preparations are notable, in-
dicating that T, treatment may enhance cell volume
regulation. In addition, the T;-induced increase in
Na“-K"-ATPase activity observed here would likely
favor this response as the enzyme’s involvement in
“housekeeping” and central control of cellular volume
are crucial for the maintenance of low intracellular
[Na’] and high intracellular [K*]. This response is in
line with reports on T;-induced alterations in thyroid-
responsive mammalian tissues where thyroid hor-
mones are a major determinant in the steady state
activity of Na'-K*-ATPase (for reviews see Ismail-
Beigi, 1993; Ewart and Klip, 1995). During asymmet-
rical exposure, paracellular permeability increased in
all treatments. This has been demonstrated previously
and discussed in detail by Wood et al. (1998) and Gil-
mour et al. (1998).

In control epithelia, Na“-K"-ATPase activity (=~0.40
wmol ADP mg™ h™) was ~50-60% lower than gill
activities reported for freshwater-adapted salmonids
(McCormick and Bern, 1989). These observations are
consistent with the distribution of Na'-K"-ATPase
activity in freshwater fish gill cells (Sargent et al., 1975;
Kultz and Jarss, 1993) and are therefore not unex-
pected for an epithelial preparation lacking chloride
cells. Cortisol alone did not significantly alter the
Na K "-ATPase activity of cultured epithelia, consis-
tent with our previous observations (Kelly and Wood,
2001). However, the current study demonstrated for
the first time that T, elevates Na‘*-K"-ATPase activity
in pavement cells, particularly at lower doses of 10 ng
ml~". Furthermore, treatment of epithelia with T, +
cortisol further elevated enzyme activity in a manner
that, again, seemed dependent on T, dose. Generally,
the exogenous administration of thyroid hormones
alone has not been reported to elevate gill Na*-K"-
ATPase activity in fish (Dangé, 1986; Omeljaniuk and
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Eales, 1986; Madsen, 1990). However, in line with our
observations, Subash Peter et al. (2000) have recently
reported that T;, when used at low doses in vivo,
stimulates branchial Na"-K"-ATPase activity in fresh-
water tilapia. Furthermore, combined thyroxine and
cortisol administration has also been reported to ele-
vate Na'-K"-ATPase activity in freshwater tilapia
(Dangeé, 1986). The significance of the current obser-
vations, however, is that elevated Na"-K"-ATPase ac-
tivity did not appear to alter transepithelial ion trans-
port, further emphasizing a possible role in cell
volume regulation. This area has been largely over-
looked in gill tissues, most likely due to the focus on
Na'-K"-ATPase as the primary driving force behind
ion extrusion or uptake across branchial epithelia.

The movement of Na® and Cl~ across untreated
epithelia under symmetrical conditions was entirely
passive. Wood et al. (1998) and Fletcher et al. (2000)
have previously reported the same situation in cul-
tured fish gill epithelia without hormonal support. In
control epithelia exposed to asymmetrical conditions
(apical freshwater), the Ussing flux ratio analysis in-
dicated active transport of Cl ™ in the inward direction
and Na“® in the outward direction. Again, similar pat-
terns have previously been observed by Wood et al.
(1998), Fletcher et al. (2000), and Kelly and Wood
(2001).

In T;-treated preparations under symmetrical con-
ditions, the movement of Na* and Cl~ across epithelia
was slightly greater than that observed in controls,
which would be expected given the lower TER, hence,
greater permeability of these epithelia. However, no
disagreement was found between the predicted and
the observed flux ratio indicating, again, that Na™ and
Cl” movement across these epithelia was passive. Un-
der asymmetrical conditions, no significant differ-
ences were observed in the pattern of Na® and Cl~
movement, although the efflux of both ions tended to
be slightly lower.

The treatment of epithelia with T; + cortisol under
symmetrical culture conditions greatly reduced the
movement of Na* and Cl~ in both directions across
epithelia. However, whereas the movement of Cl-
was approximately balanced in both directions, net
Na" flux tended toward the outward direction. These
trends were reflected in the flux ratio analysis, in
which CI- movement was found to be passive (no
disagreement between the observed and the predicted
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ratio) and Na® movement was found to be active in
the outward direction (extrusion, basolateral to api-
cal). This is particularly interesting as we have re-
cently demonstrated that the treatment of cultured
pavement cell epithelia with cortisol alone (under
symmetrical culture conditions) resulted in the active
uptake of Na* and Cl~ (Kelly and Wood, 2001). This
suggests that the treatment of epithelia with T; +
cortisol, as opposed to cortisol alone, markedly altered
the transport characteristics of the preparation despite
similarities in basic electrophysiological characteristics
(i.e., both cortisol alone and T, + cortisol cause in-
creased TER and TEP relative to controls). The results
clearly demonstrate that the actions of a single hor-
mone can be markedly altered by the presence of
another. A similar response to T; or combined miner-
alocorticoid-T; treatment has been described in toad
urinary bladders, in which the mineralocorticoid aldo-
sterone increased net reabsorptive Na“™ flux from the
urinary to the extracellular compartment (Rossier et
al., 1979). Whereas T, treatment alone had no effect on
Na“ movement, the addition of T, to aldosterone-
treated bladder preparations inhibited the actions of
the mineralocorticoid. Furthermore, T; has also been
reported to have an inhibitory effect on the antinatri-
uretic actions of aldosterone in adrenalectomized, eu-
thyroid rats (Diezi et al., 1980). Taken together, these
reports and the current data suggest a common mech-
anism by which antagonism between thyroid and
mineralocorticoid hormones occurs in divergent ani-
mal groups.

Under asymmetrical conditions, Na" and CI~ efflux
was reduced in epithelia treated with T, + cortisol
relative to control and T, treatment alone. This is in
line with the higher TER measurements and low per-
meability of these preparations. It is likely that cortisol
is the principal agent causing reduced ion movement.
Cortisol alone has previously been demonstrated to
cause dose-dependent reductions in paracellular per-
meability and Na' and CI~ efflux, and increases in
TER across cultured pavement cell epithelia (Kelly
and Wood, 2001), whereas T, alone, at lower doses,
resulted in reduced TER and unaltered paracellular
permeability. Despite these changes, the active trans-
port component of T, + cortisol-treated preparations
was similar to that of the untreated control, in which
we again saw active Cl- uptake and Na* extrusion.
Thus, we were unable to sustain our original hypoth-
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esis that combined T, and cortisol treatment would
promote active ion uptake under these conditions.

Nevertheless, all epithelia exposed to apical fresh-
water, regardless of hormone treatment or not, exhib-
ited active Cl” uptake at least. Currently popular
models of ion transport across freshwater fish gills
suggest that active Cl~ uptake occurs across chloride
cells in association with CI"/HCO,  exchange (Perry,
1997). Thus, the finding of active chloride uptake
across pavement cell epithelia suggests either that cur-
rent theories on Cl~ transport across fish gills are
incomplete or that pavement cells in primary culture
exhibit altered transport characteristics. In this regard,
the transport characteristics of an analogous cultured
epithelium, composed exclusively of pavement cells
derived from the sea bass (Dicentrarchus labrax) gill
(Avella and Ehrenfeld, 1997), are of interest. Sea bass
pavement cells in primary culture exhibit active CI~
extrusion and, as such, contradict popular models of
Cl” movement across the seawater fish gill, which
attribute ClI- movement exclusively to the chloride
cells (Marshall, 1995). Therefore, both freshwater and
seawater cultured pavement cell epithelia exhibit un-
expected transport properties.

In conclusion, cultured pavement cell epithelia de-
rived from freshwater rainbow trout are T;-responsive
tissues. Alterations in the physiology of these prepa-
rations after treatment with either T, alone or T, +
cortisol appeared to be in line with the response of
cultured cells and/or tissues derived from mamma-
lian or other lower vertebrate sources. The current
results suggest that T; alone may not promote active
transepithelial ion transport across pavement cell ep-
ithelia but that T; may be important in pavement cell
volume regulation via increased cellular permeability
and elevated Na“-K*-ATPase activity. As conditions
during which T; naturally elevates are often associ-
ated with ionoregulatory disturbance, fish would ben-
efit from enhanced gill volume regulatory function
and this is an avenue worthy of further study. The
potentiating effects of cortisol (i.e., reduced paracellu-
lar permeability and further increased Na -K*-AT-
Pase activity) would undoubtedly emphasize these
benefits. The current experiments suggest that the
combined actions of T; and cortisol do not promote
active transepithelial ion transport in cultured pave-
ment cell epithelia under conditions of asymmetrical
exposure. However, we have yet to investigate the
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effects of these hormones on cultured gill cell prepa-
rations that contain both pavement cells and mito-
chondria-rich cells (cf., Fletcher et al., 2000), which will
constitute another avenue worthy of study.
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