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Abstract We investigated the in vivo salinity-dependent
behavior of transepithelial potential (TEP) in Fundulus
heteroclitus (3-9 g) using indwelling coelomic catheters, a
technique which was validated against blood catheter
measurements in a larger species (Opsanus beta; 35-70 g).
In seawater (SW)-acclimated killifish, TEP was +23 mV
(inside positive), but changed to —39 mV immediately
after transfer to freshwater (FW). Acute transfer to dilute
salinities produced a TEP profile, which rapidly attenuated
as salinity increased (0, 2.5, 5 and 10% SW), with cross-
over to positive values between 20 and 40% SW, and a
linear increase thereafter (60, 80 and 100% SW). TEP
response profiles were also recorded after acute transfer
to comparable dilutions of 500 mmol L' NaCl, NaNO;,
Na gluconate, choline chloride, N-methyl-p-glutamate
(NMDG) chloride, or 1,100 mosmol kg*l mannitol. These
indicated high non-specific cation permeability and low
non-specific anion permeability without influence of
osmolality in SW-acclimated killifish. While there was a
small electrogenic component in high salinity, a Na* dif-
fusion potential predominated at all salinities due to the
low Pc/Pna (0.23) of the gills. The very negative TEP in
FW was attenuated in a linear fashion by log elevations in
[Ca2+] such that Pcy/Py, increased to 0.73 at 10 mmol L
SW levels of [K*] or [Mg**] also increased the TEP, but
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none of these cations alone restored the positive TEP of
SW-acclimated Kkillifish. The very negative TEP in FW
attenuated over the first 12 h of exposure and by 24-30 h
reached +3 mV, representative of long-term FW-accli-
mated animals; this reflected a progressive increase in Pc)/
Pna from 0.23 to 1.30, probably associated with closing of
the paracellular shunt pathway. Thereafter, the TEP in FW-
acclimated killifish was unresponsive to [Ca2+] (also to
[K*], [Mg**], or chloride salts of choline and NMDG), but
became more positive at SW levels of [Na*]. Killifish live
in a variable salinity environment and are incapable of gill
CI™ uptake in FW. We conclude that the adaptive signifi-
cance of the TEP patterns is that changeover to a very
negative TEP in FW will immediately limit Na* loss while
not interfering with active Cl~ uptake because there is
none. Keeping the shunt permeability high for a few hours
means that killifish can return to SW and instantaneously
re-activate their NaCl excretion mechanism.

Keywords Gill permeability - Pc)/Pn, ratio - TEP -
Diffusion potential - Electrogenic potential -
Calcium-dependent potential - Opsanus beta

Introduction

The common Killifish (Fundulus heteroclitus) lives in
estuaries and tidal flats, and tolerates direct transfer
between seawater (SW) and freshwater (FW) (Griffith
1974). Thanks to its opercular epithelium, which can easily
be removed and studied in vitro as a surrogate model for
the gills, this species has played a fundamental role in
elucidating the mechanisms of active salt excretion across
the gills in SW, as well as the mechanisms by which this
salt excretion is turned off during exposure to dilute
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salinities (reviewed by Karnaky 1980; Zadunaisky 1984;
Marshall and Bryson 1998; Marshall 2003; Marshall and
Grosell 2006). There has been less work on the intact
animal in vivo, but in general this has supported findings
from in vitro studies of the opercular epithelium in SW and
intermediate salinities, but not in FW (reviewed by Wood
and Marshall 1994; Wood and Laurent 2003). A critical
difference in FW is that the opercular epithelium in vitro
actively takes up small amounts of CI~ but not Na* from
the external medium (Marshall et al. 1997; Burgess et al.
1998), whereas the intact killifish exhibits a vigorous
uptake of Na*, but negligible uptake of Cl~ across the gills
(Patrick et al. 1997; Patrick and Wood 1999; Wood and
Laurent 2003).

An important parameter in understanding transport
mechanisms at the gills is the transepithelial potential
(TEP), because this is one of the two factors (the other is
the concentration gradient of the relevant ion) determining
the true electrochemical gradients against which active
transport occurs and internal ionic homeostasis is main-
tained. In most FW teleosts, the TEP is negative (expressed
as inside potential relative to outside potential as zero),
whereas in most SW teleosts the TEP is positive, with the
majority of measurements falling in the —15 to +25 mV
range (reviewed by Potts 1984; Potts and Hedges 1991;
Marshall and Grosell 2006). There have been many mea-
surements of TEP across the opercular epithelium in vitro,
and these suggest that the TEP in Fundulus may exhibit a
much wider range, especially in FW. For example, when
opercular epithelia from SW-acclimated killifish were
mounted with 100% SW on the apical surface and physi-
ological saline on the basolateral surface, TEPs of +29 to
+37 mV have been reported (Degnan and Zadunaisky
1979, 1980; Pequeux et al. 1988). Conversely, epithelia
from FW-acclimated Kkillifish exposed to apical FW
exhibited TEPs of —40 to —65 mV (Wood and Marshall
1994; Marshall et al. 1997; Burgess et al. 1998).

Are these extreme TEP values seen in the isolated
opercular epithelium in vitro representative of those in the
intact animal in vivo? To our knowledge, there has been
only one study of TEP across the gills of Fundulus in vivo:
Pic (1978) reported TEPs of about +23 mV in SW-accli-
mated animals in 100% SW, and about —28 mV
immediately after acute transfer of these same animals to
FW. These data suggest that the TEP range between SW
and FW might be greater than in most teleosts, but less than
that seen with isolated opercular epithelia, and are not
conclusive. For example, Pic (1978) did not measure TEPs
in FW-acclimated Kkillifish, and emphasized that TEP
measurements in intact killifish were very sensitive to
attenuation by handling stress, i.e. they became less posi-
tive in SW and less negative in FW if the animals were
stressed.
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In this collaborative study, we addressed this issue of the
true in vivo TEP in Fundulus to answer questions of mutual
concern. One of our laboratories has an ongoing interest in
the mechanisms of ionoregulation in Fundulus, especially
in FW (e.g. Patrick et al. 1997; Patrick and Wood 1999;
Scott et al. 2004b, 2005, 2006; Laurent et al. 20006).
Extreme TEPs might help explain the very different han-
dling of Na* versus Cl~ observed in the gills of the intact
animal (Wood and Laurent 2003). The other laboratory has
an ongoing interest in the mechanisms of toxicity of cop-
per, a Na* antagonist, in Fundulus (e.g. Blanchard and
Grosell 2005, 2006) and has recently related the degree of
sensitivity to copper at different salinities to the electro-
chemical driving force for Na* across the gills at these
salinities (Grosell et al. 2007). However, this analysis used
only the Nernst equilibrium potential for Na*; if large
differences in TEP exist across salinities, the interpretation
of this relationship would be altered.

The goals of the present study were therefore to measure
TEP in intact, unrestrained Fundulus heteroclitus. The
small size of the animals precludes blood vessel cannula-
tion, so we validated the approach employed
(intraperitoneal coelomic catheters) by comparing TEP
measurements made with this method versus measurements
made in the traditional fashion with indwelling blood
vessel catheters in a larger species, the gulf toadfish,
Opsanus beta. Killifish were acclimated and tested in both
100% SW and FW, and after acute transfer from 100% SW
to FW. A very negative TEP was found in the latter cir-
cumstance, and therefore its nature and time course were
investigated.

Methods
Experimental animals

Common killifish of the northern subspecies (Fundulus
heteroclitus macrolepidotus; 3-9 g) were purchased from
Aquatic Research Organisms (ARO) Ltd. (Hampton, New
Hampshire); the animals had been collected by beach-
seining of local tidal flats in early spring, 2007. At the
University of Miami, they were acclimated to either 100%
SW (from Biscayne Bay) or FW (dechlorinated City of
Miami tapwater; see Table 1 for composition) under flow-
through conditions at the experimental temperature (24—
26°C), and were fed a daily 3% body mass ration of
commercial pellets. Gulf toadfish (Opsanus beta; 35-70 g)
were obtained as bycatch from local shrimp fishermen
using roller trawls, and held in flowing 100% SW. The
toadfish were fed to satiation with squid every 2nd day. All
procedures were approved by the University of Miami
Animal Care and Use Committee.
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Table 1 Ionic composition (mmol Lfl) of the Miami freshwater
(FW), synthetic Ca®*-free FW and 100% seawater (SW) used in the
experiments

Miami FW Synthetic 100% SW
Ca’*-free FW

Na* 1.06 1.70 485
K* 0.08 0.08 10.6
Ca* 0.43 - 10.7
Mg** 0.13 0.14 59.5
Cl™ 1.21 1.00 569
N 0.14 0.14 31.6
HCO;™ 4 CO3*~ 0.85 0.78 2.30
pH 7.4 7.4 8.0

Cannulation

Fish were anesthetized in MS-222 (200 mg L") in their
appropriate acclimation water, held briefly in air (5—-10 min)
and wrapped in wet cloth during surgery. In toadfish, a sal-
ine-filled PE5S0 catheter (Clay-Adams) was first inserted into
the caudal artery or vein as described by Wood et al. (1997).
Results from the two vessels were identical. In both species, a
saline-filled PE5S0 catheter was inserted through the perito-
neal wall into the coelom via a puncture site (made with a
19 gauge needle) just lateral and anterior to the rectum. The
catheter was inserted about 1-2 cm in killifish, and about 3—
4 cmin the larger toadfish. A 1 cm PE160 sleeve, heat-flared
at both ends, was glued to the PE50 with cyanoacrylate resin
and anchored to the body wall with several silk sutures; this
prevented the catheter from changing depth in the coelom.
The saline used was Cortland saline (Wolf 1963) with the
[NaCl] raised by 20 mM for marine fish; sodium heparin
(50 i.u. ml™") was added to the saline for the blood vessel
catheters. The catheters were temporarily heat-sealed and cut
to a length so as to minimize any disturbance to the move-
ment of the fish. The animals were then allowed to recover
for 24 h in their experimental chambers, which were con-
tinually flushed with aerated SW or FW, as appropriate. The
chambers were polyethylene food containers of approxi-
mately 3 L volume for toadfish and 150 ml for killifish.

TEP measurements

TEP was measured by means of 3 M KCl-agar bridges
connected via Ag/AgCl electrodes to a high impedance
electrometer (Radiometer pHM 84 meter, Copenhagen,
Denmark). The reference bridge was placed in the water in
the fish chamber, and the measurement bridge was con-
nected to either the blood catheter or the coelomic catheter.
TEP measurements were expressed relative to the apical
(water) side as 0 mV after correction for junction potential,
which was less than 2 mV in all cases.

In order to minimize stress, all measurements were
made in the fish’s holding chamber, and external solutions
were changed without air-exposing the fish. TEP mea-
surements were taken 5—-10 min after a solution change, but
in practice, TEP reached stability in less than 2 min.

Experiments

In different experiments, TEP was determined in 100%
SW-acclimated fish, at various times after acute exposure
of SW-acclimated fish to FW, and for killifish only, in FW-
acclimated fish. In all experiments where the fish was
exposed to a range of different concentrations of a partic-
ular variable, the order of application of the concentrations
was randomized, and the fish was returned to its holding
treatment (FW or 100% SW) for 5 min in between tests.
The only exception was in the calcium tests, where a
sequential addition protocol in a constant background
solution of synthetic FW was used, as outlined below.

When experiments involved exposure to various con-
centrations of SW or a particular compound, the exposure
solutions were made by volumetric additions of the stock
solutions in the appropriate proportion (0, 2.5, 5, 10, 20, 40,
60, 80 and 100%) to City of Miami FW (composition as in
Table 1). These stock solutions included 500 mmol L™
NacCl, 500 mmol L_lNaN03, 500 mmol L~' Na gluconate
(HOCH,(CH(OH)),CO,Na), 500 mmol L~! choline chlo-
ride (CsH;4ONCI), 500 mmol L! N-methyl-p-glutamate
chloride (C7H{7NO5Cl, NMDG-chloride), 10.5 mmol L!
KNO;, 60 mmol L™' MgNO;, and 60 mmol L'
MgS0,-7H,0, all made up in FW, so that only the com-
ponents of interest would change. The NMDG-chloride
stock was made by neutralizing N-methyl- p-glutamic acid
with HCI, then checking the Cl concentration using a
Radiometer CMT 10 chloride titrator (Copenhagen, Den-
mark). A stock solution of approximately 1,150 mmol L™"
mannitol was similarly made up in FW; this concentration
was chosen so as to have the same osmolality as the SW
(1,100 mosmol kg™'), as measured by vapor pressure
osmometry (Wescor 5100C, Logan, UT, USA).

In the calcium tests, the fish were tested in a synthetic
FW, which was nominally Ca®*-free (composition in
Table 1). This synthetic FW was synthesized by combining
80 pmol L™'  KHCO;, 140 pmol L™' MgSO,-7H,0,
700 pmol L' NaHCO5 and 1,000 pmol L™ NaCl in dis-
tilled water. Apart from [Ca®'], the principal difference
versus true FW was [Na'], which was approximately
640 pmol L! higher (c.f. Table 1). This modest elevation
in [Na'] was an unavoidable consequence of omitting a
calcium salt, and was accepted since variation in [Na*] over
this range (1,060—1,700 pmol L_l) had no detectable effect
on TEP. In contrast to the other tests, a semi-logarithmic
series of [Ca®*] exposures was performed, and this was
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achieved by sequential addition to the fish chamber from a
3 M Ca(NO3),-4H,0 stock solution made in synthetic FW.
Spot samples taken from the fish chambers during the actual
tests and analyzed for [Ca**] by flame atomic absorption
spectroscopy (Varian SpectrAA-220FS, Mulgrave, Austra-
lia) indicated that the nominally Ca**-free exposures had
actual [Ca®*] levels varying from 3.8 to 15.7 pmol L™';
these points were therefore plotted as nominally
0.01 mmol L™! [Ca®*]. Measured [Ca**] levels in the other
intended exposures (0.032, 0.10, 0.32, 1.00, 3.20 and
10.00 mmol Lfl) were within +15% of nominal values.
The sequential additions were made at 5-10 min intervals,
so the entire test took about 1 h.

Calculations

Modeling of the data was performed using the Nernst
equation (Eq. 1) and the Goldman-Hodgkin-Katz equation
(Eq. 2) to estimate the equilibrium potentials (E) across the
gills (Goldman 1943; Sten-Knudsen 2002):
—RT .
E:—ln—[c]ln , (1)
ZF [C}oul

E— —RT nPC[C]in + PA[A}oul + -

F o Pc[Cloy + PalAly + -

(2)

where z is the valence, R, T and F are the standard thermo-
dynamic constants, [C];, is the activity of a particular cation
in the blood plasma, [C]., is the activity of the same cation
in the environment, P is the permeability of the gills to that
cation, [A];, is the activity of a particular anion in the blood
plasma, [A]oy is the activity of the same anion in the envi-
ronment, P, is the permeability of the gills to that anion, etc.

Statistics

Data have been expressed as means == 1 SEM (N). The
significance of differences (P < 0.05) between means was
assessed using Student’s paired or unpaired two-tailed
t-test, as appropriate, with the designated Bonferroni cor-
rection when more than one comparison was made.
Regression lines were fitted by the method of least squares,
and the significance of slopes relative to equality assessed
through the #-distribution.

Results
Toadfish: TEP measurements in 100% SW and FW
SW-acclimated toadfish were employed to evaluate whe-

ther measurements from intraperitoneal coelomic catheters
yielded the same TEP values as those from blood vessel
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catheters. After the initial recordings in 100% SW, the
toadfish, which are only partially euryhaline, were trans-
ferred to FW in order to yield a greater range of TEP
values. This exercise demonstrated excellent agreement
between coelomic catheter and blood catheter measure-
ments of TEP, with an overall 1:1 relationship
(slope = 0.946, not significantly different from 1.0,
R? = 0.98; Fig. 1). Based on this validation, we proceeded
to make TEP measurements on Kkillifish via coelomic
catheters.

In 100% SW, toadfish exhibited a TEP, which was not
significantly different from 0 mV overall (Table 2). The
effect of acute FW exposure was to greatly increase vari-
ability, with some toadfish exhibiting more positive
potentials, and others more negative potentials (Fig. 1); the
overall mean remained not significantly different from
0 mV (Table 2).

Killifish: TEP measurements in 100% SW and FW

Recordings were made initially on SW-acclimated killifish,
revealing a very different pattern from that in toadfish.
When the first measurements were made in 100% SW, TEP
was highly positive (mean = +22.5 mV, range = +11.5 to
+49.0 mV) and when the first measurements were imme-
diately made after acute transfer to FW, TEP was highly
negative (mean = —39.4 mV, range = —11.3 to —64.5 mV;
Table 2). These data are very similar to those reported
by Pic (1978) (which are also summarized in Table 2)

+1547 @ 100% SW
A FW

+10 4 y=0.946x-0.173

Coelom TEP (mV)

-20 -15 -10 -5 0 +5 +10 +15
Blood TEP (mV)

Fig. 1 The relationship between transepithelial potential (TEP)
measured via an intraperitoneal coelomic catheter versus TEP
measured via a blood catheter in SW-acclimated toadfish. After the
SW measurements (solid circles), the animals were acutely exposed
to FW (open triangles) to increase the range of absolute values.
Individual data points from 13 toadfish are shown (note some points
are identical, plotting on top of one another), together with the
regression relationship. The slope was not significantly different from
1.0 (P > 0.05)
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Table 2 Transepithelial potentials (mV) of toadfish and killifish
measured in 100% seawater (SW) or freshwater (FW) after various
acclimation and experimental conditions

Acclimation condition Experimental Condition

100% SW FW

SW-acclimated toadfish
(first measurement)
SW-acclimated killifish
(first measurement)
SW-acclimated killifish
(from experimental

series)
FW-acclimated killifish
(first measurement)
FW-acclimated killifish
(from experimental
series)
SW-acclimated killifish
(Pic 1978)

+1.7 £ 12 (13) +0.3 £ 1.7 (13)

+225£3.509) —39.4 £ 5.9% (8)

+14.1 £ 08" 41) =385 £ 1.7+ (41)

+149 £ 1.3 (8) +3.9 £ 2.9*% (8)

+12.7 £ 1.0 21) +0.5 £ 1.5% (21)

4233 £25 —28.3 £ 6.4*

Killifish for which measurements were taken from the experimental
series underwent a greater degree of disturbance than killifish for
which first measurements were taken. Means & 1 SEM (N)

* P < 0.05 of the group in FW experimental condition relative to
comparable group in 100% SW experimental condition

T P < 0.05 relative to values for comparable acclimation condition
(first measurement) under the same experimental condition

under apparently comparable exposure conditions, although
the present FW potentials were somewhat more negative.

However, when the first measurements were made on
FW-acclimated killifish in FW, the highly negative
potential was no longer seen, and the TEP was not sig-
nificantly different from O mV (mean = +3.9 mV,
range = —9 to +16 mV; Table 2). After acute transfer to
100% SW, these FW-acclimated Kkillifish exhibited a
positive TEP (mean = +14.9 mV, range = +9 to +22 mV)
in comparison to a more positive mean TEP = +22.5 mV
in SW-acclimated killifish (not significantly different,
P = 0.07).

In this initial series, we noted that if the killifish strug-
gled during the set-up procedure, the absolute magnitude of
the TEP of SW-acclimated killifish, in either 100% SW or
FW, tended to be lower, in agreement with the original
observations of Pic (1978) on the effects of stress. There-
fore, data from such fish were excluded and subsequent
fish, which struggled were not put through the protocols.
Also, in subsequent experimental series, the order of
measurements, including the SW and FW measurements,
was randomized in order to negate any bias due to
unavoidable cumulative handling of stress, as some series
involved as many as ten separate measurements in different
solutions. The mean data for the measurements in SW and
FW for the two acclimation groups from these experi-
mental series are included for comparison in Table 2.

These reveal that in SW-acclimated Kkillifish, experimental
disturbance (cumulative handling of stress) significantly
attenuated the positive TEP measured in 100% SW by
about one-third (+14.1 versus +22.5 mV), but did not alter
the negative TEP measured immediately after acute
exposure to FW (—38.5 versus —39.4 mV, not significantly
different). There was also no substantive effect of experi-
mental disturbance on the TEP values measured in FW-
acclimated killifish in either FW (+0.5 versus +3.9 mV, not
significantly different), or after acute exposure to 100%
SW (+12.7 versus +14.9 mV, not significantly different).

Killifish: time course of the negative FW TEP
in SW-acclimated animals

The very negative potential seen immediately after transfer
to FW (mean = —38.9 mV in this series) progressively
attenuated with time (Fig. 2); by 24 h, the TEP reached a
value (+1.2 mV) that was not significantly different from
0 mV, and also not significantly different from that in FW-
acclimated killifish (Table 2). There were no further
changes at 4 days (96 h) and 7 days (168 h). All TEP
values after FW transfer remained significantly lower than
the original measurements in 100% SW (Fig. 2), in
accordance with comparable data in Table 2.

Subsequent experiments involved manipulation of the
composition of the external medium in order to charac-
terize the nature of the very negative TEP seen after acute
transfer of SW-acclimated killifish to FW, as well as the
near 0 mV TEP seen in FW-acclimated killifish. At the
same time, these trials also served to characterize the nat-
ure of the TEP in 100% SW.

Killifish: the influence of SW dilutions on TEP
in SW- and FW-acclimated animals

In the first experiment, killifish acclimated to either 100%
SW or FW were acutely transferred to a range of salinities
in random order. The salinities (0% = FW, 2.5, 5, 10, 20,
40, 60, 80 and 100% SW) were achieved by volumetric
mixing of 100% SW and FW, so that all the components
were diluted equally. In SW-acclimated animals, the very
negative TEP in FW (mean = —31.4 mV in this series)
was progressively attenuated as salinity increased, with the
greatest increases occurring in the low salinity range
(Fig. 3). A cross-over to positive values occurred between
20 and 40% SW, and thereafter TEP continued to increase
with salinity in a linear fashion, reaching a typical value in
100% SW for SW-acclimated fish (mean = +19.6 mV).
By traditional theory, this pattern has been explained as
largely due to a varying Na* diffusion potential (negative
in FW and positive in SW; Eq. 1), with a small
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Fig. 2 The time course of changes in transepithelial potential (TEP)
when SW-acclimated killifish were transferred to FW. Means =+ 1
SEM (N = 6-8). From 24 h onwards until 168 h (7 days), there was
no further significant change (P > 0.05) in TEP relative to the 24 h
value. All TEP values after FW transfer remained significantly lower
(P < 0.05) than the original measurements in 100% SW through
168 h

electrogenic component superimposed on the higher
salinities due to active C1~ extrusion (see “Discussion”).

In FW-acclimated animals, acute transfer to various
salinities had much less influence on TEP. The slightly
positive TEP in FW (mean = +3 mV) did not change until
20% SW, but at higher salinities increased linearly with a
slightly lower slope than seen in SW-acclimated killifish.
By 100% SW, the TEP (mean = +15.5 mV) was not sig-
nificantly different from that seen in SW-acclimated
animals (Fig. 3). These results indicate that as a result of
FW-acclimation, TEPs become far less sensitive to acute
variations in salinity, i.e., the putative negative Na* diffu-
sion potential at low salinities is eliminated.

Killifish: the influence of [Ca2+] on TEP
in SW- and FW-acclimated animals

Na* diffusion potentials in teleost gills are typically cal-
cium-sensitive (see “Discussion”), so the next experiment
focused on the role of environmental [Ca®*]. When SW-
acclimated killifish were transferred to synthetic FW,
which was nominally Ca®*-free (point plotted as
10 umol L™" in Fig. 4), the very negative TEP (mean = —
347 mV) was typical of that seen after acute transfer to
natural FW. Progressive elevation of environmental [Ca2+]
(as Ca(NOj3),-4H,0) in half-log unit steps caused an
approximately log-linear attenuation of this very negative
TEP (Fig. 4). However, even when [Ca®*] was raised to
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Fig. 3 The influence of acute exposure to various volumetric
dilutions of 100% SW on TEP in SW-acclimated (solid circles) and
FW-acclimated Kkillifish (open triangles). 0% = FW. Means + 1
SEM (N = 7 for SW-acclimated fish, N = 6 for FW-acclimated fish).
* Significant difference (P < 0.05) from the comparable value in
SW-acclimated animals

10 mmol L™" (representative of the calcium concentration
in 100% SW, Table 1) over a period of about 1 h, the TEP
had increased by only about 25 mV and remained negative
(mean = —9.6 mV). When the same experiment was per-
formed on FW-acclimated killifish, the TEP was
completely independent of [Ca®*] from nominally 0
through 10 mmol L™ (Fig. 4). These data illustrate that
the very negative potential seen after acute transfer to FW
is calcium-sensitive, in accordance with the properties of
Na™* diffusion potential. Furthermore, in the FW-acclimated
killifish, the TEP became calcium-insensitive, suggesting
that the phenomenon was abolished by FW-acclimation.
Thus, the massive reduction in environmental [Ca2+] upon
acute FW transfer may account in part for the negative
TEP. However, it is not a complete explanation because a
[Ca®*] typical of 100% SW cannot completely eliminate
the negative potential. Furthermore, this [Ca®*] in itself
cannot support the positive TEP seen in 100% SW.

A subsequent experiment was performed to check that
the apparent effect of environmental [Ca®*] was not due to
the NO3;~ anion in Ca(NOs),. The NO3;~ anion concen-
tration was acutely elevated in the Ca**-free synthetic FW
by the same amount (20 mmol L', equivalent to the
20 mmol L™" added by 10 mmol L™" calcium nitrate)
using NaNO; rather than Ca(NO;3),. In SW-acclimated
killifish, this resulted in a significant elevation in potential
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Fig. 4 The influence of progressive elevation of environmental
[Ca®*] (as Ca(NO3),-4H,0) in a semi-logarithmic series on transepi-
thelial potential (TEP) in SW-acclimated (solid circles) and FW-
acclimated killifish (open triangles) acutely exposed to FW. The
experiments were performed using a synthetic FW (composition as in
Table 1) that was nominally Ca*-free. Means + 1 SEM (N =9 for
SW-acclimated fish, N = 6 for FW-acclimated fish). * Significant
difference (P < 0.05) from the comparable value in SW-acclimated
animals

Table 3 Responses in transepithelial potential (mV) to acute eleva-
tion in NaNO;, Na gluconate and NaCl concentrations relative to
pre-treatment values in the same fish in Ca**-free synthetic FW
(composition as in Table 1)

Synthetic Treatment
Ca**-free
FW pre-treatment
SW-acclimated killifish (n = 9)
+20 mmol L™ NaNO; —-324+39 —22.1 £ 3.7*%
+20 mmol L™" Na gluconate —30.6 + 3.7 —22.0 &£ 2.3%
+500 mmol L™ NaCl —29.1 £+ 2.0 +0.2 £ 1.3%7
FW-acclimated killifish (n = 8)
+20 mmol L™' NaNO; +2.7 £ 134 +0.5 £+ 1.74
+500 mmol L' NaCl +1.3 + 1.54 +8.0 & 1.9%™

Responses of SW-acclimated killifish and FW-acclimated killifish,
both tested in Ca’*-free synthetic FW, are shown separately.
Means + 1 SEM (N)

* P < 0.05 relative to comparable pre-treatment value in Ca**-free
synthetic FW

f P < 0.05 relative to comparable value for 20 mmol L~" NaNO;
treatment within the same acclimation group

Ap < 0.05 relative to comparable value for SW-acclimated killifish

of about 10 mV (Table 3), but the response was consid-
erably less than the 25 mV elevation caused by
10 mmol L™! Ca(NOj3), (c.f. Fig.3), and the TEP

remained negative (mean = —22.1 mV). To confirm that
this modest response was due to [Na* ], and not to [NO; 7],
a parallel experiment was performed with the addition of
20 mmol L™" Na gluconate, and an identical response was
seen (Table 3). When the same experiment (addition of
20 mmol L™! NaNO; to Ca**-free synthetic FW) was
performed with FW-acclimated Kkillifish, there was no
response, the TEP staying close to 0 mV (Table 3). Finally,
to check that the killifish remained responsive to [Na*]
under these Ca**-free conditions, the response to acute
addition of 500 mmol L' NaCl (similar to 100% SW) was
checked. In SW-acclimated killifish, this raised the nega-
tive TEP dramatically (by 29 mV) to a value not
significantly different from 0 mV (Table 3). In FW-accli-
mated Kkillifish, this raised the TEP significantly to a
positive value (mean = +8.0 mV). Thus, both groups
remained responsive to [Na*], though to differing extents.

Killifish: the influence of [Na*] on TEP
in SW-acclimated animals

To more fully explore the influence of [Na*] alone, full
series were performed on SW-acclimated killifish acutely
exposed to volumetric dilutions (0, 2.5, 5, 10, 20, 40, 60, 80
and100%) of each of 500 mmol L' NaCl, 500 mmol L'
NaNOs, and 500 mmol L™! Na gluconate (Fig. 5). The
responses to the three sodium salts were virtually identical
and broadly similar to those seen earlier with volumetric
dilutions of 100% SW (Fig. 3). However, relative to the
SW responses, the curves were down-shifted so that the
cross-over points to positive values did not occur until
between 40 and 60% mixtures, and the TEPs at 100% were
not as positive as in 100% SW (Fig. 5). In general, these
support the concept that the negative TEP in dilute solu-
tions is largely a varying Na*-diffusion potential, though
modulated by other aspects of water chemistry. Interest-
ingly, in concentrated solutions (80-100%), the positive
TEP in Na gluconate (means = +7.2 to +11.0 mV; Fig. 5)
was significantly higher than in NaCl or NaNO;5 (+4.0 to
+6.0 mV; Fig. 5), though not as high as in 80-100% SW
(+15.7 to +19.6 mV; Fig. 3), suggesting that other factors
come into play here.

Killifish: the influence of choline chloride and NMDG
chloride on TEP in SW- and FW-acclimated animals

Comparable experiments were performed on SW-accli-
mated killifish acutely exposed to the same volumetric
dilution series of 500 mmol L' choline chloride and
500 mmol L™ NMDG chloride. The objective of these
trials was to eliminate any substantive role for [C17], at
least in the negative TEP seen in dilute solutions. However,
contrary to our expectation of invariant or more negative
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Fig. 5 The influence of acute exposure to various volumetric
dilutions of 500 mmol L™" NaCl (solid circles), 500 mmol L™' Na
gluconate (open triangles), and 500 mmol Lt NaNO; (open
squares) on TEP in SW-acclimated killifish. 0% = FW. Means =+ 1
SEM (N = 6 for all treatments). For all three treatments, all values
remained significantly below (P < 0.05) the respective original TEP
values measured in these fish in 100% SW. *Significantly higher TEP
(P < 0.05) in the 500 mmol L' sodium gluconate treatment at these
two points relative to the other two treatments; there were no other
significant differences among the three treatments. The comparable
relationship for various volumetric dilutions of 100% SW is shown as
a dashed line (data from Fig. 3, lower curve)

potentials in these solutions, increasing concentrations of
both chloride salts progressively attenuated the negative
TEPs (Fig. 6). Nevertheless, the potentials remained
negative, even in 500 mmol L} (i.e., 100%) solutions of
each salt. Interestingly, in 80—-100% solutions, TEPs were
significantly more negative in choline chloride (means =
—6.2 to —7.5 mV) than in NMDG-chloride (—1.8 to
—2.7 mV; Fig. 6).

In contrast to SW-acclimated killifish, FW-acclimated
animals exhibited no response to either 500 mmol L'
choline chloride and 500 mmol L™} NMDG-chloride, the
TEP staying close to 0 mV, far below the = +15.5 mV
seen when the same animals were exposed to 100% SW
(Table 4).

Killifish: the influence of osmolality on TEP
in SW-acclimated animals

One possible interpretation of these results with SW-
acclimated Kkillifish is that the similar attenuation of the
negative TEP in dilute solutions seen with mixtures of
either SW (Fig. 3), or NaCl (Fig. 5), or chloride-free
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Fig. 6 The influence of acute exposure to various volumetric
dilutions of 500 mmol L™ choline chloride (solid circles) and
500 mmol L™' N-methyl-p-glutamate chloride (NMDG-CI, open
triangles) on TEP in SW-acclimated killifish. 0% = FW. Means =+ 1
SEM (N = 6 for both treatments). For both treatments, all values
remained significantly below (P < 0.05) the respective original TEP
values measured in these fish in 100% SW. *Significantly lower TEP
(P < 0.05) in the 500 mmol L' choline-Cl treatment at these two
points relative to the NMDG-CI treatment; there were no other
significant differences among the two treatments. The comparable
relationship for various volumetric dilutions of 100% SW is shown as
a dashed line (data from Fig. 3, lower curve)

sodium salts (Fig. 5), or sodium-free chloride salts (Fig. 6)
is a non-specific response to osmolality. To evaluate this
possibility, an experiment was performed on SW-accli-
mated killifish acutely exposed to the same volumetric
dilution series of 1,100 mosm kg~ solution of mannitol.
This concentration was chosen to match the measured
osmolality of 100% SW. However, there was no significant
attenuation of the negative potential on increase of osmo-
lality, the TEP remaining unchanged up to 100%
(1,100 mosm kg_1 of mannitol; Fig. 7). The small non-
significant variations may have reflected stress, because the
fish appeared to be uncomfortable at the higher concen-
trations of mannitol.

Killifish: the influence of [K*] and [Mg?*] on TEP
in SW- and FW-acclimated animals

An alternate interpretation of the effectiveness of such a
wide range of salt solutions in attenuating the negative TEP
(in dilute solutions) of SW-acclimated animals is that there
is simply high non-specific cation permeability in the gills
of these fish. If this is the case, then the reduction of other
cations normally present in 100% SW may also play a role
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Table 4 Responses in transepithelial potential (TEP, mV) of FW-
acclimated killifish to acute exposure to either 500 mmol L' cho-
line-ClI or 500 mmol L~! NMDG-CI, relative to TEPs in the same fish
in FW or 100% SW

FW-acclimated killifish (N = 6) TEP(mV)
FW —-02+04
FW + 500 mmol L™ choline-Cl —-03+£04
FW + 500 mmol L™' NMDG-CI +1.0 £ 0.6
100% SW +15.5 + 1.7*
Means + 1SEM (N)
* P < 0.05 relative to the FW value
|
|
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Fig. 7 The influence of acute exposure to various volumetric
dilutions of 1,100 mosmol kgf1 mannitol (solid circles) on TEP in
SW-acclimated killifish. 0% = FW. Means + 1 SEM (N = 6). There
was no significant effect (P > 0.05) of increasing osmolality, and all
values remained significantly below (P < 0.05) the respective
original TEP value measured in these fish in SW. The comparable
relationship for various volumetric dilutions of 100% SW is shown as
a dashed line (data from Fig. 3, lower curve)

in the negative TEP developed upon acute FW exposure.
Therefore, an experimental series was performed in which
[K'] (as KNO3) in FW was acutely elevated to
10.5 mmol L™" or [Mg**] (as either MgNO5; or MgSOy,) in
FW was elevated to 60 mmol L_l, i.e., to approximate the
levels of these cations in 100% SW (c.f. Table 1). The two
different Mg?* salts were employed to check whether
S0,~, another important constituent of SW (c.f. Table 1),
played any role.

All three salts (10.5 mmol L™' KNO;, 60 mmol L™
MgNOs5, and 60 mmol L' MgSO,) were equally effective
in partially attenuating the negative TEP (—40.8 mV in this
series) developed when SW-acclimated animals were

acutely exposed to FW (Table 5). However the TEPs
remained highly negative (—21.5 to —25-7 mV), and so
these cations cannot support the positive TEP (+22.5 mV
in this series) seen in 100% SW. The similarity in response
between 60 mmol L™ MgSO, and 60 mmol L' MgNO;
suggests that the influence of SO4~ is unimportant.

In contrast to SW-acclimated killifish, FW-acclimated
animals exhibited no response to either 10.5 mmol L™"
KNOj5 or 60 mmol L~! of either magnesium salt, the TEP
staying in the +2 to +6 mV range, far below the +16.0 mV
seen when the same animals were exposed to 100% SW
(Table 5).

Discussion
TEP measurements in toadfish

The experiments with Opsanus beta demonstrated that TEP
values measured with intraperitoneal coelomic catheters
were almost identical to those made in the traditional
fashion with indwelling blood vessel catheters (Fig. 1). In
this regard, they are in agreement with the findings of Potts
and Eddy (1973) who obtained similar TEPs from cannulae
placed either in caudal blood vessels or in the peritoneal
cavity of the European flounder Platichthys stellatus.
Apparently, the conductance of the extracellular fluid is so
high relative to that of the barrier epithelia that a mea-
surement made anywhere in the extracellular compartment
will yield the same result. This therefore facilitates TEP

Table 5 Responses in transepithelial potential (TEP, mV) to acute
elevation in KNO3, Mg(NO3), and MgSO, concentrations, relative to
TEPs in the same fish in FW or 100% SW

SW-acclimated killifish (n = 6) TEP (mV)
FW —40.8 + 4.4
FW + 10.5 mmol L™' KNO; —25.7 + 6.5%
FW + 60 mmol L™! Mg(NO;), —21.5 + 3.3*
FW + 60 mmol L™ MgSO, —23.5 + 4.7*
100% SW +22.5 + 1.1%
FW-acclimated killifish (n = 6)

FW +4.0 £ 0.5%
FW + 10.5 mmol L' KNO; +63 £ 1.14
FW + 60 mmol L™' Mg(NO3), +24 + 162
FW + 60 mmol L™ MgSO, +6.3 + 094
100% SW +16.0 £ 1.2%4

Responses of SW-acclimated fish and FW-acclimated fish, both tested
in FW, are shown separately. Means £ 1 SEM (N)

* P < 0.05 relative to the FW value within the same acclimation
group
A P <0.05 relative to the comparable value in SW-acclimated
group
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studies on small species such as Fundulus heteroclitus
where blood vessel cannulation is impossible.

Notably, while tolerant of a wide salinity range (Wood
et al. 2004; McDonald and Grosell 2006), the toadfish is
not completely euryhaline and does not survive direct
transfer to FW for more than about a day. The variable
changes in TEP (Fig. 1, Table 2) likely reflected this
pathological response. These very small absolute TEP
values and inconsistent changes with salinity in Opsanus
beta are in accordance with data reported for the same
species by Kormanik and Evans (1979).

TEP measurements in intact killifish versus isolated
opercular epithelia

In general, the present measurements of TEP in intact killi-
fish, both in SW-acclimated animals and after acute transfer
of the SW-acclimated animals to FW, were in good agree-
ment with those of Pic (1978), although the present acute FW
TEPs were somewhat more negative (Table 2). Pic (1978)
used a similar measurement approach, intraperitoneal cath-
eters, but implanted under cold-water anesthesia, with a
shorter post-operative recovery period. Together, these two
studies demonstrate that there is a wide range in TEP
between SW-acclimated (positive) and animals acutely
exposed to FW (negative). However, the range is less than
that seen when the isolated opercular epithelium is mounted
in vitro (see “Introduction”). Furthermore, an important new
finding of the present study is that the highly negative
potential seen upon acute FW exposure rapidly attenuates
over the first 12 h of exposure, and by 24—30 h reaches a
slightly positive value (Fig. 2), which is only about 10—
20 mV less that seen in SW-acclimated animals (c.f.
Table 2). In this respect, the intact killifish appears to be very
different from the isolated opercular epithelium, which
exhibits a highly negative TEP in vitro even when the donor
animal has been acclimated to FW for an extended period
(Wood and Marshall 1994; Marshall et al. 1997; Burgess
et al. 1998). One possible explanation may be that the elec-
trical properties of the relatively small opercular epithelia,
which represent only a small percentage of the conductive
surface area relative to the gills (Degnan et al. 1977; Degnan
and Zadunaisky 1979), are different from those of the gills,
and do not change in the same way with FW acclimation.
Another is that the damage associated with dissection of the
opercular epithelia away from the underlying bone becomes
the dominant influence on their electrical properties when
mounted in vitro, and/or that isolation from the nervous and
humoral controls normally present in vivo alters their elec-
trical properties. Regardless, one cannot base conclusions
about TEP in vivo simply on the behavior of TEP in the
isolated opercular epithelium. In the current study, we have
assumed, in common with most authors, that the TEP in the
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whole animal in vivo reflects the properties of the gills,
which constitute the largest conductive surface area con-
tacting the external medium. However, it is important to keep
in mind that other barrier epithelia (e.g., body or fin skin)
may also make a significant contribution.

Implications of TEP measurements for Cu toxicity
in killifish

The present results have implications for the analysis of
Grosell et al. (2007), which related the degree of sensitivity
of Fundulus heteroclitus to copper at different salinities to
the electrochemical driving force for Na™ across the gills at
these salinities (see “Introduction”) because copper
appears to specifically target Na* transport (Blanchard and
Grosell 2006). An important finding of the present exper-
iments is that the normal TEP in vivo, when killifish are
fully acclimated to their respective media, exhibits only
modest variation with salinity, from about +3 mV in FW to
+23 mV in 100% SW (means; Figs. 2, 3, Table 2). While
this difference is not negligible, it is small compared to the
wide range (0-120 mV) of absolute Nernst potentials cal-
culated by Grosell et al. (2007) in their analysis. However,
their analysis took into account only the Nernst equilibrium
potential for Na* (Eq. 1) and not the TEP, whereas the true
driving force is the difference between these two parame-
ters, signs considered (Kirschner 1970); if large differences
in TEP were to exist across salinities, the interpretation of
this relationship would be altered. Since large differences
do not appear to exist for killifish, which are fully accli-
mated to their salinities, the interpretation is supported, i.e.,
the greatest absolute driving force for Na* (Nernst poten-
tial; Eq. 1) and greatest Cu toxicity occur in FW, the next
greatest in 100% SW, with the lowest values for both
around isosmotic salinities (20-40%), in correlation
(r2 = 0.93) with Cu toxicity data (Grosell et al. 2007).
When corrected for the TEP measurements of the present
study, we calculate that these electrochemical driving for-
ces for Na* (as absolute values) would amount to about
121 mV in FW, 6 mV in 100% SW and close to 0 mV at
20-40% SW, in accord with greater than 50-fold variation
in 96 h LC50s for Cu measured by Grosell et al. (2007).
However, it should be noted that killifish in their natural
environment may experience rapid salinity fluctuations,
and that acute Cu toxicity under such conditions may not
adhere to the relationship between salinity and Cu sensi-
tivity seen in animals acclimated to constant salinities.

Theoretical origin of TEP
Classic work several decades ago (e.g., Kerstetter et al.

1970; Potts and Eddy 1973; House and Maetz 1974; Eddy
1975; McWilliams and Potts 1978; Potts 1984; Potts and
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Hedges 1991; Potts et al. 1991) has laid down the frame-
work for most of our current understanding of TEP in fish
in vivo. In brief, the TEP in FW (usually negative) is
essentially a diffusion potential based on the differential
permeability of the gill (see Eq. 2) to Na* (Py. higher)
versus Cl™ (Pc; lower). Almost invariably, this TEP is
sensitive to environmental Ca”>* concentration, such that a
rise in [Ca2+], while reducing both Py, and Pc;, has a
greater effect on the former, such that Pc)/Py, increases,
and TEP becomes less negative and sometimes even
slightly positive. In SW, overall permeability appears to be
much higher, but again Py, is much greater than Pc, to
such an extent that TEP (now positive due to the threefold
higher [Na*] in SW than in the blood plasma) is often close
to the Nernst potential for Na* alone (Eq. 1). However, in
addition to this diffusion potential, there is a potential of
electrogenic origin due to the active outward transport of
Cl™ ions. In isosmotic salinities, the Na* (and C17) gradi-
ents essentially disappear, so the diffusion potential drops
to 0 mV, and any remaining potential is associated with
remnant electrogenic components.

The TEP in SW-acclimated killifish
at different salinities

At least qualitatively, the present data for SW-acclimated
killifish fit this framework reasonably well. Thus, the TEP
was positive in SW, close to 0 mV in isosmotic salinities,
and very negative after acute transfer to dilute salinities
(Figs. 2, 3; Table 2). Under the latter circumstances, the
TEP responded to increasing [Ca®*] by becoming increas-
ingly less negative (Fig. 4). The Na* diffusion potential
alone provides only a qualitative description of these
trends. For example, using present measurements of ion
concentrations in FW and SW (Table 1), data from Scott
et al. (2006) for corresponding plasma ion concentrations
of Fundulus heteroclitus, and activity coefficients from
Robinson and Stokes (1959; c.f. Potts et al. 1991), the Na*
diffusion potential alone (Ey,; Eq. 1) would be +29.1 mV
in 100% SW (versus a measured TEP of +22.5 mV), +
8.5 mV in 40% SW (versus a measured TEP of +4.0 mV),
and —118.4 mV in FW (versus a measured TEP of —
39.4 mV). Clearly, this is an oversimplification, and some
permeability to CI™ must also be present. Assuming that
these are the only two ions involved, the Goldman-Hodg-
kin-Katz equation (Eq. 2) can be used to estimate the
permeability ratios (Pcy/Pna) necessary to describe this data
set (e.g., Potts and Eddy 1973; Eddy 1975).

For SW-acclimated killifish, this analysis yields Pc)/Pya
ratios of 0.09 in 100% SW, and 0.23 immediately after
transfer to 40% SW or FW. If one-third of the positive TEP
in 100% SW were due to the positive contribution of the
electrogenic component (see below), then the true Pc)/Pn,

ratio would be 0.23 in 100% SW as well. Acutely raising
the [Ca2+] in synthetic FW progressively increases Pcy/Pna
ratios from 0.26 at 10 pmol L™' Ca** to 0.73 at
10,000 pmol L™" Ca®* (Fig. 8a). While this analysis based
only on Py, and P¢ ignores any other possible contributors
to the diffusion potentials (such as K* and Mg®"), it pro-
vides a reasonable description of the TEP response to acute
variations in salinity (Fig. 3) and [Ca2+] (Fig. 4) in light of
previously established theory. Indeed the similarity in the
response profiles after transfer to dilutions of SW versus
equivalent dilutions of 500 mmol L' NaCl (Fig. 5) lends
further support to this analysis, suggesting that other con-
stituents normally present in SW play only a small role.
The moderate depression of this profile below the SW
profile, especially at higher salinities, likely reflected the
low level of Ca** (which would lower TEP; Fig. 4) in the
dilutions of 500 mmol L™" NaCl. Additionally, the lack of
K* and Mg?* concentrations normally present in SW would
also tend to lower the TEP profile (Table 5). Based on the
data in Fig. 4 and Table 5, the absence of each factor
(Ca**, Mg?*, K*) by itself could explain about 15-25 mV
of TEP depression in the 100% treatment, though the
effects are unlikely to be independent of one another.

In SW-acclimated Kkillifish, the TEP response profiles to
dilutions of 500 mmol L™' NaNO; or 500 mmol L™ Na
gluconate were somewhat surprising (Fig.5). In the
absence of external Cl™, a substantial upward shift of the
profile to more positive values than with 500 mmol L™'
NaCl was expected. This did not occur at all with NaNO3,
suggesting that the permeability of the SW-acclimated gill
to NO;3~ is comparable to that of C1~, whereas the modest
upward shift with Na gluconate suggests that the perme-
ability to this larger molecule is less than to NO;~ as
expected, but is not negligible. Interestingly, similar results
were reported by Potts and Eddy (1973) on SW-acclimated
flounder when the ClI™ in 100% SW was replaced by
SO42_, succinate or benzenesulphonate, indicating that a
broad range of anions have similar gill permeabilities to
that of C1™ in these SW-acclimated fish. Alternately, it is
possible that these anions adsorb in some way to the gill
surface, leading to an alteration in the charge at the surface,
though we are aware of no evidence that this may occur.
Regardless, it is notable that this did not occur when
increasing concentrations of Na benzenesulphonate were
tested in the FW-acclimated goldfish (Eddy 1975) or when
NaNO; was tested in FW-acclimated killifish of the present
study (Table 3).

Even more surprising were the TEP response profiles of
SW-acclimated killifish to dilutions of 500 mmol L™
choline chloride and 500 mmol L~! NMDG chloride; these
cations are traditionally considered to have very low per-
meability through biological epithelia. For example,
substitution of choline for Na* lowered the TEP from +19

@ Springer



724

J Comp Physiol B (2008) 178:713-727

to —46 mV in SW-acclimated flounder (Potts and Eddy
1973). Contrary to our expectation of invariant or more
negative potentials as the concentrations of these solutions
were increased, a progressive attenuation of the negative
TEP occurred (Fig. 6). Indeed, the profiles were similar to
those with dilutions of 100% SW, 500 mmol L’ NaNOs;,
500 mmol L™! NaCl, or 500 mmol L™! Na gluconate
(Fig. 5), though they were depressed somewhat below all
of these at higher concentrations (Fig. 6). These results
raised the possibility that this was a general response to
increasing osmolality, but the lack of response to dilutions
of 1,100 mOsm kg~' mannitol (Fig. 7) eliminated this
explanation. Potts and Eddy (1973) similarly reported that
osmolality had negligible influence on TEP in SW-accli-
mated flounder. Clearly, these results suggest that there is
simply high non-specific cation permeability in the gills of
these SW-acclimated killifish. While conductance through
this pathway is normally dominated by the high Na*™ con-
centration in SW, a broad range of cations can be
accommodated when substitutions are made.

The effects of stress on TEP in the killifish

In agreement with the original report of Pic (1978), the
TEP values in SW-acclimated killifish were very sensitive
to attenuation by handling stress, both in 100% SW and
after transfer to FW. For this reason, data were not taken
from fish which struggled (see “Results”). As originally
suggested by Potts and Eddy (1973), stress may tend to
abolish the selectively low permeability of the gills to
anions (Cl7), which would tend to reduce the absolute
values of diffusion potentials both in SW and after acute
transfer to FW. The TEPs appeared to be particularly
sensitive to disturbance in 100% SW, because even the
mild disturbance of repeated handling in the experimental
protocol depressed TEP by about 33% in this medium,
whereas there was no significant effect in FW (Table 2). A
probable explanation for this additional effect in 100% SW
is the influence of catecholamines released from sympa-
thetic neurons and/or chromaffin tissue during stress. These
may induce an alpha-adrenergic inhibition of the electro-
genic component (active Cl™ efflux), an effect that has
been well documented in the opercular epithelia of SW-
acclimated killifish (e.g., Mendelsohn et al. 1981; May and
Degnan 1985; Marshall et al. 1998). If this explanation is
correct, then at least one-third of positive TEP in SW-
acclimated animals may be of electrogenic origin.

The TEP in FW-acclimated killifish at different
salinities

In contrast to SW-acclimated killifish, the situation is
clearly very different in FW-acclimated killifish where the
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TEP is close to O mV. It shows negligible responses to
stress, only small responses to acute variations in salinity
(Fig. 3, Table 2), and no response at all to acute variations
in [Ca®*] (Fig. 4). It is also unresponsive to acute variations
in most other ions (Tables 3, 4, 5), a point to be discussed
subsequently. These observations are in accord with the
absence of a significant electrogenic component, and more
importantly, a fundamental alteration in the permeability
properties of the gills induced by FW-acclimation, which
appears to take place within about 24-30 h (Fig. 2). If we
assume, as before, that Na* and C1™ are the principal ions
involved, the Goldman-Hodgkin-Katz equation (Eq. 2) can
be used to describe the effect of time in FW on the Pc)/Pna
permeability ratios. This ratio progressively increases from
0.23 immediately after transfer, but stabilizes at about 1.3
after 24-30 h in FW (Fig. 8b). Thus, at least in a qualita-
tive sense, the effect of FW acclimation is similar to that of
acutely increasing environmental [Ca®*]. Upon acute FW
exposure, [Ca®"] is greatly reduced from SW levels, yet the
effect of time is to raise the Pc/Py, ratio back to and
indeed above that dictated by SW [Ca®*] (~ 10 mmol L™";
Table 1). Once this process is complete, the influence of
[Ca®*] on Py/Pn, ratio, and therefore on TEP, is lost. In
this regard, the FW-acclimated killish is very different
from FW-acclimated flounder (Potts and Eddy 1973),
goldfish (Eddy 1975), rainbow trout (Kerstetter et al. 1970;
Perry and Wood 1985) and brown trout (McWilliams and
Potts 1978) where TEP and Pc)/Pn, ratio remain highly
responsive to [Ca®*] in the same concentration range.

The significance of the cation-selective pathway
in the ionoregulatory strategy of the killifish

Fundulus heteroclitus is similar to most SW teleosts in
having a gill diffusive permeability, which is cation-
selective (i.e., low Pc/Png), a trait that is thought to
facilitate the well-described NaCl excretion mechanism
(the “Silva” model, originally proposed by Silva et al.
1977). Here electrogenic, secondary active Cl~ excretion
through the transcellular pathway energizes passive Na*
efflux through the paracellular “shunt” pathway (Wood
and Marshall 1994; Marshall 2003). It is likely that the
increase in Pcy/Py, ratio (Fig. 8b), as well as an overall
reduction in gill permeability during FW-acclimation
reflects a closing of the shunt pathway through the para-
cellular junctions between the gill cells. However, the
killifish is different from many other teleosts, both in
having a shunt pathway in SW which is highly permeable
to a broad range of cations, as well as in rendering this
pathway unresponsive to [Ca®*] after acclimation to FW
(Fig. 4).

Many aspects of gill physiology and structure in the
killifish are known to change after transfer from SW to FW,
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Fig. 8 Changes in Pc/Pn, permeability ratios in SW-acclimated
killifish (a) after acute transfer to synthetic FW with progressive
elevations of environmental [Ca>*] (as Ca(NO3),-4H,0) in a semi-
logarithmic series and (b) at various times after acute transfer to FW.

and could be responsible for the closing of the shunt
pathway and its insensitivity to environmental [Ca®*] after
FW acclimation. These include hormonal status (Marshall
2003), expression of transport and signaling genes (Singer
et al. 1998; Kultz et al. 2001; Scott et al. 2004a, 2005;
Marshall et al. 2005; Choe et al. 2006), alterations in
transport protein distribution and activities (Towle et al.
1977, Marshall et al. 2002; Katoh and Kaneko 2003),
increases in the depth of tight junctions accompanied by
disappearance of accessory cells (Karnaky et al. 1991;
Marshall et al. 1997; Katoh and Kaneko 2003; Laurent
et al. 2006), a paving over of SW-type mitochondria-rich
cells (“chloride cells”) by pavement cells (Daborn et al.
2001; Laurent et al. 2006), increased mitotic activity in the
gill epithelium (Katoh and Kaneko 2003; Laurent et al.
2006), and the emergence of mitochondria-rich cells with a
very different appearance (Copeland 1950; Philpott and
Copeland 1963; Marshall et al. 1997; Katoh et al. 2001;
Laurent et al. 2006). It remains controversial whether these
new cells are FW-type chloride cells (Katoh and Kaneko
2003), or a different cell type, which is thought to be
specialized for active Na* uptake from dilute solutions
(“cuboidal cells”, Laurent et al. 2006). Regardless, it is
likely that the structural changes (paving over, increasing
depth of tight junctions, cell replacement) allow the pro-
gressive closing of the shunt pathway over the first 24-30 h
during acclimation to FW (Figs. 2, 8b).

However, killifish live in salt marshes and estuaries
where salinity may change very rapidly with the tidal
cycle. They are known to make daily feeding forays into
dilute salinities at the front of the tide (Griffith 1974,
Abraham 1985; Marshall 2003). Structural changes for
each tidal cycle would be costly. The low Pc/Pna. per-
meability of the cation-selective shunt pathway is a
valuable property for an animal making frequent

Time(h) in FW

Pc)/Pn, ratios were calculated using the Goldman-Hodgkin-Katz
equation (Eq. 2) assuming permeability to only these two ions, and
using measured transepithelial potential (TEP) values in (a) from
Fig. 4 and in (b) from Fig. 2. See text for other details

temporary forays into FW, especially one that is incapable
of active gill CI™ uptake in FW (Patrick et al. 1997; Patrick
and Wood 1999; Wood and Laurent 2003). The change-
over to a very negative TEP will immediately limit Na*
loss in FW, while the negative potential will not interfere
with active Cl™ uptake in FW because there is none! A
number of other teleosts are now known to employ the
strategy of no active Cl- uptake in FW (Tomasso and
Grosell 2005) offering a comparative opportunity to
examine relationships between branchial TEP and ion
homeostasis strategies. Regardless of the generality of the
present observations, keeping the shunt permeability high
for the first few hours in FW means that killifish can go
back to SW and instantaneously re-activate their NaCl
excretion mechanism. Only if the salinity change is rela-
tively longlasting may it be worthwhile to invest in the
structural changes, which may close the shunt. The
instantaneous reduction in unidirectional Na* outflux in the
first 30 min after transfer of killifish to FW (Motais et al.
1966; Potts and Evans 1967; Maetz et al 1967; Pic 1978)
likely reflects this TEP effect, whereas the slower further
reduction over 24 —48 h reported in some of these same
studies likely reflects structural changes in the gill epi-
thelium. Prodocimo et al. (2007) have recently reported
changes in unidirectional Na* flux rates in intact killifish,
which maintain internal Na* balance during a changing
salinity regime. In future studies, it will be of interest to
similarly monitor changes in TEP in Fundulus heteroclitus
during fluctuations in salinity representative of a normal
tidal cycle
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