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Chloride Transport Across Isolated Opercular Epithelium of
Killifish: A Membrane Rich in Chloride Cells

Abstract. The opercular epithelium of Fundulus heteroclitus contains typical gill
chloride-secreting cells at the high density of 4 X 10° cells per square centimeter.
When isolated, mounted as a membrane, and short-circuited, it actively transports
chloride ions from the blood side to the seawater side of the preparation. This prepa-
ration offers a useful approach to the study of osmoregulation in bony fishes.

Extrarenal salt secretion is the key to
the seawater teleost’s ability to maintain
an internal salt concentration hypoos-
motic to its environment. To date, this
osmoregulatory mechanism has been
studied either in intact animals or in iso-
lated, perfused gills (/). However, nei-
ther of these preparations meets all the
criteria necessary for the application of
the short-circuit current technique classi-
cally used in the study of ion transport
across epithelia. The gill and the oper-
cular epithelium have similar electrical
and cytological characteristics, but the
short-circuited opercular epithelium of
the Kkillifish (Fundulus heteroclitus) of-
fers a better biophysical approach to the
study of osmoregulation in teleosts. This
tissue is a stratified epithelium that in-
cludes a small fraction of pavement,
mucous, and nondifferentiated cells, and
50 to 70 percent chloride-secreting cells
(2—4). The chloride-secreting cells ex-
tend from the basal lamina to the exter-
nal aquatic environment and interrupt
the stratification. Each cell has a promi-
nent apical crypt, a rich population of
mitochondria, and an extensive, branch-
ing tubular system continuous with the
basal and lateral plasma membrane;
these cells are identical in fine structure
to the chloride-secreting cells of the gill
3.

The epithelium lining the pharyngeal
cavity of the seawater-adapted Killifish
(5) was dissected free of the bony oper-
culum and mounted as a flat sheet in a Lu-
cite chamber with an aperture of 0.07
cm? (6). When bathed in the appropriate
salt solution (7), the transepithelial poten-
tial difference initially increased within
an hour to between 10 and 40 mv (mean
*+ standard error = 24.0 = 1.6; N = 32;
seawater side negative) and remained rel-
atively constant for several hours. These
potential difference values are in good
agreement with those measurements
made in vivo between the seawater envi-
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ronment and the plasma in several spe-
cies of teleosts (), and are somewhat
higher than those observed in isolated,
perfused flounder gills bathed on both
sides with Ringer solution (8). The short-
circuit current (I) increased in a manner
similar to the potential difference and
reached steady state levels between 70
and 340 pa/cm? (mean = 190.1 * 13.1;
N = 32) where it remained constant for
several hours. The transepithelial d-c re-

sistance, taken as the ratio PD/I, (where
PD is the potential difference), ranged
from 70 to 330 ohm-cm? (mean =
138.5 = 9.2, N = 32)and had the tenden-
cy to increase slightly over the course of
several hours. Initial current-voltage
relationship studies across this tissue
showed a linear response indicating that
this tissue behaved as an ohmic resistor
and justified the use of this ratio as an in-
dicator of the total transepithelial d-c re-
sistance. The procedure for short-cir-
cuiting and the isotope flux measure-
ments used here are described elsewhere
©).

As shown in Fig. 1a and Table 1, nitro-
gen-induced anoxia caused a significant
(P < .01) reduction in the I and poten-
tial difference, which was quickly re-
versed with the reintroduction of oxygen
into the system. The substitution of chlo-
ride ion with the nonpenetrating methyl-
sulfate anion in the solutions bathing
both sides of the epithelium (Fig. 1b and
Table 1) caused a rapid and significant
(P < .005) decline in both the I, and po-
tential difference to near zero values
which were readily reversed with the
reintroduction of chloride ions into the

Table 1. Chloride ion substitution and the effect of chloride transport inhibitors on the isolated
opercular epithelium of F. heteroclitus. The data are expressed as means = standard error.
Numbers of experiments are in parentheses; R, resistance.

Average time to

. Average I Average PD Average R .
E t sc
Xperimen (na/cm?) (mv) (ohm-cm?) eﬁ.g;?)((;?;ﬁes)
Control (6) 234.4 + 30.5 26.1 = 4.0 122.7 = 20.5
Chloride free 88 + 39 1.9 £ 0.6 58.5 + 40.0 27
Percentage change 96.3 92.7 523
Chloride rich 224.5 = 27.8 23525 121.3 = 28.9 5
Control (4) 236.6 =+ 4.7 26.3 £ 2.5 110.7 = 9.8
Anoxia, N, 39.6 + 10.4 8.6 1.7 269.2 = 74.7 30
Percentage change 83.3 67.3 143.2
Oxygenation 233.0 = 14.7 30.8 2.6 1319 =+ 5.3 11
Control (4) 186.4 + 39.1 309 = 4.0 186.3 + 46.2
Furosemide, 1073M 229 + 13.1 3.6 1.2 173.3 + 69.1 30
Percentage change 84.3 8.3 7.0 .
Control (4) 139.7 = 40.9 18.2 = 4.1 141.6 + 24.2
Ouabain, 10~°M 159+ 99 1.3 0.8 79.4 = 10.6 87
Percentage change 88.6 92.9 43.9
Control (2) 1154 + 8.3 17.7 = 6.5 150.2 + 45.6
Thiocyanate, 10~2M 60.0 + 6.4 10.5 £ 3.9 169.1 + 47.8 24
Percentage change 48.0 40.7 12.6

Table 2. Fluxes of ClI~ across the isolated, short-circuited opercular epithelium of F. hetero-
clitus. The data are expressed as means + standard error. Numbers of experiments are in paren-
theses. The average unidirectional 3Cl- fluxes across the paired preparations were significantly
different from each other (P < .01) while the difference between the average I, for the paired

preparations was not significant (P > .90).

Fluxes [neq (cm?)~! hour—!] Aver-
Net flux agel,, [HCO;7]
Outflux Influx Net flux (na/em?) (ua/cm?) (mM)
8.325 + 1.668(6) 1.162 = 0.132(6)  7.163 + 1.739 191.9 + 46.6 183.8 + 21.8 16
3.452 = 0.131(2)  1.929 = 0.009 2) 1.523 + 0.140 40.8 = 3.7 39.0 + 4.8 4
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bathing solutions. The stepwise titration
of chloride ions into both solutions simul-
taneously resulted in a corresponding in-
crease in both the I, and potential differ-
ence. The I, returned to near control val-
ues when the chloride concentration
approached that of the original bathing
solution and the potential difference in-
creased linearly with increasing chloride
concentrations with a Nernst slope of 28
mv per tenfold concentration change
10).

The 3¢Cl~ fluxes were measured across
paired pieces of opercular epithelium ob-
tained from the same fish and mounted in
matched chambers. The blood to seawa-
ter flux (outflux) was measured in one
epithelium while the seawater to blood
flux (influx) was measured in the compan-
ion epithelium. The preparations were
kept short-circuited except for a few sec-
onds every 30 minutes to record the po-
tential difference and calculate the d-c re-
sistance. The unidirectional chloride
fluxes were determined from half-hour
sampling periods and the net flux was cal-
culated as the difference between the uni-
directional fluxes across the paired prep-
arations. The average results of six
paired flux experiments are presented in
Table 2. The average *¢Cl~ outflux was
approximately seven times the **CIl in-
flux, resulting in a net outflux which was
4.4 percent higher than the average I
for all these flux experiments. That the
difference between the average net chlo-
ride current and the average /. was not
statistically significant (P > .90) in-
dicated that most of the I could be at-
tributed to the active transport of chlo-
ride ions from the blood to the seawater
side of this epithelium. However, be-
cause I, is a measure of the net move-
ment of charge across a tissue, these
data do not exclude the possibility that
other ions may be actively transported
across this preparation. It is interesting
that previous evidence obtained in vivo
or in isolated gill preparations point-
ed toward chloride transport (I, 8), but
only with this isolated, short-circuited
opercular preparation is it possible to
conclude on more solid grounds that a
net active transport of this ion exists.

Chloride-bicarbonate interactions have
been reported in a variety of transporting
epithelia (/7). Table 2 also presents the
average unidirectional and net *¢CIl~
fluxes across the opercular epithelium
bathed on both sides with low concentra-
tions (4 mM) of bicarbonate. The aver-
age *°Cl~ outflux was 41.5 percent of that
in high concentrations (16 mM) of bicar-
bonate, while the average *SCl~ influx
was 66.0 percent higher than that in high
bicarbonate concentrations. The outflux
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was still greater than the influx but the
net flux was reduced to 21.3 percent of
that observed in high bicarbonate con-
centrations. However, in these flux stud-
ies there was no significant difference
(P > .70) between the average I, and
the net *¢Cl~ current for low concentra-
tions of bicarbonate.

The stepwise addition of bicarbonate
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Fig. 1. Inhibition and stimulation of the electri-
cal properties of the isolated opercular epithe-
lium of F. heteroclitus. The figures represent
individual experiments representative of the
observed effect. The solid lines are contin-
uous I, recordings and the circles are the PD
values measured when the preparations were
briefly open-circuited. (a) Effect of anoxia. (b)
Effect of chloride-free Ringer solution. (c)
Stimulatory effect of bicarbonate ion. (d) In-
hibitory effect of furosemide. (e) Inhibitory
effect of ouabain.

to the solutions bathing both sides of the
opercular epithelium produced corre-
sponding increases in the I, and poten-
tial difference. Small increases occurred
in the pH of these solutions, but similar
pH changes produced by the titration of
sodium hydroxide into the bathing solu-
tions produced no stimulatory effects on
the I, or potential difference. Although
the standard bathing solutions contained
16 mM bicarbonate, the electrical prop-
erties across this isolated preparation
could be further stimulated by much
higher concentrations of bicarbonate, as
illustrated in Fig. 1c. The equivalency of
the net **Cl~ transport and the I in the
presence of high and low concentrations
of bicarbonate makes it unlikely that a
neutral CI7/HCO,~ transepithelial ex-
change occurred. The stimulatory action
of bicarbonate on the 7, suggests the pos-
sibility of an exchange mechanism be-
tween Cl~and HCO;™ operating at one of
the membranes of the cell. However,
Diamox (/2), a known inhibitor of car-
bonic anhydrase, had no effect on the /.
across this epithelium at a concentration
of 1072M in both bathing solutions.
Known inhibitors of chloride transport
were tested on these preparations and
the results are listed in Table 1. Furose-
mide (12), which inhibits chloride trans-
port in the kidney (/3) and frog cornea
(I14), produced significant (P < .01) de-
creases in the I, and potential difference
of 84.3 and 88.3 percent, respectively
(Fig. 1d), which were not readily revers-
ible. Ouabain (Fig. 1e), which is a specif-
ic inhibitor of Na' + K*-stimulated
adenosine triphosphatase (E.C. 3.6.1.3)
and which also inhibits chloride trans-
port in most epithelia engaged in this ac-
tivity (15), produced an 88.6 percent
(P < .05) and 92.9 percent (P < .02) de-
crease in the I, and potential difference,
respectively. Thiocyanate, which inhib-
its chloride secretion in intact fish and
other chloride-transporting tissues (/6),
also had an inhibitory effect on the I
and potential difference across the oper-
cular epithelium. At a concentration of
10-3M on both sides of this tissue there
was no effect of thiocyanate, whereas at
10~2M the I, was inhibited by 48.0 per-
cent (P < .025) and the potential differ-
ence by 40.7 percent (P < .25). The lack
of a thiocyanate effect at 1073M and the
magnitude of the potential difference de-
cline at 1072M were strikingly similar to
those effects of thiocyanate on the iso-
lated, perfused flounder gill preparation
(8). The equivalency of the I, and the net
36C]~ transport across this epithelium
suggested that these drugs acted either
directly on the active chloride ion trans-
port pathway or indirectly, such as by
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disrupting the normal Na* and K™ distri-
bution across the membrane, to inhibit
the active chloride transport.

A number of features makes this tissue
suitable for the study of transepithelial
salt transport with the short-circuit cur-
rent technique: the ready availability of
the killifish; the ample surface area of the
killifish opercular epithelium; the durabil-
ity of the tissue in vitro; and the presence
of large numbers of chloride-secreting
cells in the tissue (2). The gill res-
piratory lamellae (/7) present unsur-
mountable difficulties in studies of short-
circuited gill filaments, and gills have
a relatively small proportion of chloride-
secreting cells (¢). This opercular epithe-
lium preparation may also be useful for
studying active chloride transport across
single cell membranes, in the same way
that the giant neuron of Aplysia (I8) is
used in such studies.

Fundulus heteroclitus will adapt to a
wide range of salinities, from fresh water
to 200 percent seawater (¢), and thus the
opercular epithelium preparation may
serve as a model for studies of the com-
parative aspects of ion transport mecha-
nisms associated with euryhalinity. Ex-
trarenal ion-secretory tissues, such as
the salt glands (19), are also complex and
cannot be studied as, flat, short-circuited
sheets. The Kkillifish opercular epithelium
may therefore be used as a general model
for ion transport mechanisms in a broad
range of osmoregulatory epithelia.

KARL J. KARNAKY, JR.
Mt. Desert Island
Biological Laboratory,
Salsbury Cove, Maine 04672
KEVIN J. DEGNAN
JOSE A. ZADUNAISKY
Departments of Physiology
and Ophthalmology,
New York University Medical Center,
New York 10016

References and Notes

1. For a review, see J. Maetz and M. Bornancin,
Fortschr. Zool. 23, 321 (1975).

2. Since their initial description in 1932 [A. Keys
and E. N. Willmer, J. Physiol. London 76, 368
(1932)], chloride-secreting cells of the gill epithe-
lium have been assumed to be the cellular basis
for osmoregulatory sodium and chloride secre-

tion in seawater teleosts. Chloride-secreting ;
cells were originally described in F. heteroclitus -
opercular epithelium by J. Burns and D. E.:
Copeland [Biol. Bull. Woods Hole Mass. 99,

381 (1950)]. For an estimate of the relative per-
centage of the cell types, the chloride-secreting
cell density, and a description of the fine struc-
ture of the opercular epithelium of F. hetero-
clitus see Karnaky and Kinter (3). For gill ul-
trastructure see C. W. Philpott [Protoplasma
60, 7 (1965)], J. D. Newstead [Z. Zellforsch. 116,
1(1971)], and Karnaky et al. (4).

3. K.J. Karnaky, Jr. and W. B. Kinter, in prepara-
tion.

4. ____, L. B.Kinter, C. E. Stirling, J. Cell Biol.
70, 157 (1976).

5. Specimens of F. heteroclitus (6.0 to 14.0 g) were
adapted for 2 to 5 weeks to 100 percent artificial
seawater according to the technique described
by Karnaky et al. ). Each fish yielded two
opercular epithelia, one from each operculum.

6. This small chamber has been described by J. A.

14 JANUARY 1977

Zadunaisky and K. J. Degnan [Exp. Eye Res.
23, 191 (1976)] for small areas of ocular tissues.
It consists of two hemidiscs between which the
membrane is positioned across the aperture; the
discs are then placed between the two halves of
the chamber. The volume of each chamber half
was 2.5 ml.

7. Modified Forster’s medium [R. P. Forster, Sci-
ence 108, 65 (1948)]: NaCl, 135 mM; KC(l,
2.5 mM; CaCl,, 1.5mM; MgCl, 1.0 mM;
NaHCO;, 16 mM; Trizma base, 20 mM. The pH
was 8.25, and the solutions were gassed with 100
percent O, at 24° to 26°C.

8. T.J. Shuttleworth, W. T. W. Potts, J. N. Harris,
J. Comp. Physiol. 94, 321 (1974).

9. H. H. Ussing and K. Zerahn, Acta Physiol.
Scand. 23, 110 (1951); J. A. Zadunaisky, Am. J.
Physiol. 211, 506 (1966).

. Least squares analysis of the pooled data of four
experiments gave a mean slope of 28.3 = 2.1 mv
per tenfold change in chloride concentration.
The correlation coefficient was 0.845.

11. J. Maetz and F. G. Romeu, J. Gen. Physiol.
47, 1209 (1964); F. G. Romeu, A. Salibian, S.
Pezzani-Hernandez, J. Gen. Physiol. 53, 816
(1969); M. Field, D. Fromm, I. McColl, Am. J.
Physiol. 220, 1388 (1971).

. A stock solution of Diamox (Lederle) was pre-
pared by dissolving the powder in Ringer solu-
tion and readjusting the pH to 8.25 with HCI. In
four experiments portions of this stock solution
were added to both sides of the chamber; when
diluted into 2.5 ml the solutions had a final
concentration of 1072 M Diamox. No inhibitory
effects were observed up to 1 hour after the
addition of the Diamox. Flrosemide’ was ob-
tained as Lasix ampules (Hoechst) and was used

as supplied. The introduction of small volumes
of this solution into the bathing solutions did not
change the pH and there was no_detectable
precipitation.

. M. Burg, L. Stoner, J. Cardinal, N. Green, Am.
J. Physiol. 225, 119 (1973).

. O. Candia, Biochim. Biophys. Acta. 298, 1011
(1973).

. I. L. Cooperstein, J. Gen. Physiol. 42, 1233

(1959); J. A. Zadunaisky, O. A. Candia, D.

Chiarandini, ibid. 47, 393 (1963); O. A. Candia,

Am. J. Physiol. 223, 1053 (1972); M. B. Burg and

N Green, ibid. 224, 659 (1973); A. S. Rocha and

J. P. Kokko, J. Clin. Invest. 52, 612 (1973).

R. P. Durbin, J. Gen. Physiol. 47, 735 (1964); J.

A. Zadunaisky, M. A. Lande, J. A. Hafner, Am.

J. Physiol. 221, 1832 (1971); F. H. Epstein, J.

Maetz, G. deRenzis, ibid. 224, 1295 (1973).

. Gill filaments are the sites of osmoregulatory ion
transport as well as of gas exchange, the latter
being affected by the numerous respiratory leaf-
lets protruding from the filaments. The applica-
tion of the short-circuit current technique to this
structurally complex gill has never been report-
ed and should prove difficult with the techniques
presently available.

. J. M. Russell and A. M. Brown, J. Gen. Physiol.
60, 499 (1972).

. These salt glands are found in elasmobranchs,

marine turtles and snakes, desert lizards, and

birds.

This work was supported by NIH research

grants AM 15973 (to W. B. Kinter) and EY

01340 (to J.A.Z.), and research fellowships GM

57244 (to K.J.K.) and EY 05059 (to K.J.D.).

13 July 1976; revised 8 September 1976

16.

20.

Diabetic Cataracts and Flavonoids

Abstract. Oral administration of quercitrin, an inhibitor of aldose reductase, leads
to a significant decrease in the accumulation of sorbitol in the lens of diabetic Octo-
don degus. The onset of cataract is effectively delayed when quercitrin is contin-
uously administered. Thus in these diabetic animals, as in galactosemic rats, the use
of an effective aldose reductase inhibitor impedes the course of cataract devel-
opment. These observations support the hypothesis that in diabetes, as in galactose-
mia, aldose reductase plays a key role in initiating the formation of lens opacity.

Aldose reductase has been implicated
in the etiology of cataracts in diabetic
and galactosemic animals (/, 2). This en-
zyme catalyzes the reduction of glucose
and galactose to their respective polyols,
sorbitol and galactitol, by the reaction:
Aldose + NADPH — Polyol + NADP
[NADPH, reduced form of nicotina-
mide adenine dinucleotide phosphate
(NADP)]. In diabetes and galactosemia
these polyols attain a strikingly high lev-
el in the lens, leading to an osmotic over-
hydration of the tissue. This osmotic
change initiates a series of physico-
chemical events that ultimately lead to
the formation of mature cataracts. Thus,
according to this theory, aldose reduc-
tase plays a key role in the cataractous

process. The most convincing evidence
in support of this hypothesis comes from
in vivo experiments involving the inhib-
itors of aldose reductase. In galactose-
mic rats, systemic administration of an
aldose reductase inhibitor effectively
delays the onset of the cataractous pro-
cess (3). In the diabetic situation, how-
ever, the support of this thesis comes
mainly from the in vitro lens culture stud-
ies (4). Validation of the hypothesis from
experiments with the intact diabetic ani-
mal has not been obtained because the
rat develops a nuclear opacity after a
long period of 3 to 4 months following
the establishment of experimental diabe-
tes. Under these circumstances it is diffi-
cult to establish the effectiveness of an in-

Table 1. Effect of quercitrin on the concentrations of sugars and polyols in the lenses of diabetic
degus. Average blood glucose of animals was 465 = 20 mg/100 ml; period of diabetes was 2
days. Experimental details have been described in the text. Number of analyses in each group
was six. Results are expressed as micromoles per gram wet weight of the tissue * standard
deviation. Lenses were analyzed for the sugars and polyols by gas-liquid chromatographic tech-

nique described previously (7).

Animals Glucose Fructose Sorbitol Inositol
Treated 1.5 0.1 4.1 +04 94 + 1.1 1.5 0.8
Nontreated 1.7 £ 0.1 84 1.5 18.7 = 1.9

1.1 £ 0.4
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