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Summary. The action of poly-L-lysine (PLL) on Na and Cl transport across freshwater
fish gills was studied. Low concentrations (10”5m) were added to the external medium
for brief periods (1-5 min), then removed. During the next 20 min there was a rapid
net loss of Na (117417 uEquiv[100g] *hr™!) and Cl (129417 uEquiv[100g]™*hr™1).
Both values are an order of magnitude larger than unidirectional effluxes in control fish.
The efflux of both ions decreased to control values within 60 min after application and
removal of PLL. In contrast, unidirectional influxes (J and J3*) were inhibited by about
40% and showed no sign of returning to the original rates for 3 hr. Thus, PLL has two
independent actions, causing a large increase in gill permeability which is reversible within
an hour and a partial inhibition of influx which showed no sign of reversing for 2-3 hr.
When PLL was applied for a longer period (60 min, the results were qualitatively similar
but the permeability change was larger and persisted longer. These effects were compared
with those of the small organic amines, amiloride and methyl-L-lysine. The latter inhibited
JY2 but there was no other similarity to PLL. Neither affected sodium efflux, nor did
they have any effect on Cl movements, in or out, across the gill. Inhibition of J*, was
rapidly and completely reversible, amd amiloride was shown to act by competing with
Na for an entry site.

Much recent work on sodium transport across a number of epithelia
has focussed on the external membranes, those in contact with a tubular
lumen or the environmental medium. Although we are far from a complete
understanding of the functional characteristics of these membranes, some
of their properties have been described. Sodium entry into the epithelial
cells is mediated by a saturable system in isolated frog skin (Biber &
Curran, 1970; Cereijido et al., 1973) and the same thing has been observed
for sodium uptake in intact frogs (Greenwald, 1971) and fish (Kerstetter,
Kirschner & Rafuse, 1970). Sodium uptake by in vivo systems involves
exchange for another cation such as H* or NH; (Kerstetter et al.,
1970; Maetz, 1971), although this has not been noted in isolated prepara-
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tions (Frazier, 1974). Significantly, high external concentrations of either
H* or NH," can inhibit sodium transport in intact animals (Shaw,
1960; Maetz, 1971). The diuretic drug amiloride (N-amidino-3, 5-dia-
mino-6-chloropyrazinecarboxamide) which contains three amino groups
per molecule, is also a potent inhibitor of sodium uptake both in vitro
and in vivo (Bentley, 1968; Kirschner, Greenwald & Kerstetter, 1973).
In surface epithelia (gills, skin) from several freshwater vertebrates and
invertebrates, amiloride has been shown to inhibit the Na® for H*
exchange system (Kirschner et al., 1973).

It was recently observed that polyamines such as poly-L-lysine (PLL)
and protamine are capable of inhibiting fluid absorption from isolated
renal tubules (Sato & Ullrich, 1971). Since tubular fluid reabsorption
is coupled to sodium transport, these polycations might be interfering
with Na transport by tubular cells. Other laboratories, however, have
presented evidence that the effect of PLL on epithelia involves disruption
of membrane integrity (Mamelak et al., 1969; Quinton & Philpott, 1973).
Indeed, Sato & Ullrich (1975) now feel that such an effect may have
been responsible for their results. Some preliminary experiments on trout
gill indicated that PLL might cause both permeability changes and inhibi-
tion of active Na uptake (Kirschner, 1973). ’

Thus, it appears that NH}, some low molecular weight amino
compounds, and possibly basic polypeptides all inhibit Na™ influx. How-
ever, the mechanisms are not well-characterized, nor is it known whether
the mode and site of action is the same for low molecular weight com-
pounds and polymers. Therefore, we undertook to compare the effects
of representative compounds on ion fluxes across the gill epithelium of
the rainbow trout.

Materials and Methods

Rainbow trout (Salmo gairdneri), weighing 100400 g, were obtained from a commercial
hatchery near Soap Lake, Washington. The trout were held in dechlorinated tap water
at 8 °C before being used in experiments at 13+ 1 °C. All measurements were made using
the gill irrigation procedure described by Kerstetter et al. (1970). This involves recirculating
cold, aerated sotutions past the gills of anesthetized fish. The animal is suspended upside-
down in a plastic hammock, and the gill irrigation solution is pumped from a reservoir
into the mouth and buccal cavity. After passing the gills it leaves the operculum and
is returned to the reservoir. The solution contains sufficient neutralized tricaine methane
sulfonate (TMS) to keep the fish from struggling.

Nearly all of the experiments followed a similar protocol. The trout was allowed
to equilibrate for one hour on the apparatus. Then the irrigation solution was replaced
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with 100 ml of fresh 0.7 mM NaCl containing about 0.02% TMS. This solution also con-
tained 0.3 pCi of 22Na and 1 uCi of 3¢Cl. Samples (5 ml) were taken at 0, 20, 40 and
60 min. When Na and Cl fluxes were to be determined simultaneously 1 ml of each sample
was counted in a well-type, gamma scintillation counter to determine *?Na in the solution.
Another 1-ml aliquot was counted in a gas flow counter to determine the combined
22Na and 3°Cl counts. The 3¢Cl count rate was obtained by subtracting the 22Na counts
from the total after correcting for the efficiency difference between the beta and gamma
counters. Ton influxes were calculated from the rate at which the isotopes entered the
trout. The samples were also analyzed for Na concentration by atomic absorption spectro-
photometry and Cl concentration by electrometric titration. Concentration changes were
used to calculate net ion fluxes. Unidirectional Na and Cl effluxes were then calculated
from the conservation equation J,,, =J, — J,,,. These methods for determining ion fluxes
in intact animals have been discussed by Kirschner (1970).

The first hour of measurement was considered a control or pre-exposure period. At
the end of this hour, the irrigation solution was replaced with one containing the substance
to be tested. Its pH was adjusted as necessary with tris-hydroxymethyl aminomethane
(TRIS). In many experiments with the polymers the solution was in contact with the
gill for only a short time {1-10 min), and flux measurements were made after it was
removed. In some experiments with polymers and with the low molecular weight amines,
fluxes were measured with the compounds present in the bathing solution. Such differences
in experimental protocol will be described with the eperimental results.

Poly-L-lysine (MW 100,000), protamine sulfate, poly-L-glutamic acid, were purchased
from the Sigma Chemical Company, St. Louis. The amiloride was generously provided
by Dr. John Baer, Merck Institute for Therapeutic Research.

Results
Polypeptides

When poly-L-lysine was added to the irrigation solution for as little
as one minute there occurred a large net loss of Na after its removal.
However, detailed examination of its action revealed a number of interest-
ing points. Fig. I shows the results of a 1-min exposure of the gill to
PLL at a concentration 50 pg/ml (about 5x 10”7 M). The fish was in
a steady state during the control period, but it lost about 100 uEquiv
during the first 20 min after exposure. Net loss continued but was much
slower, amounting to only about 10 pEquiv, during the last 40 min of
this period. The upper panel shows that isotope uptake was also sup-
pressed during this period, but influx values could not be calculated
for reasons given below. When the solution was changed and measure-
ments made for a second hour, inhibition of tracer uptake persisted,
although net loss of Na from the animal was slow.

Brief exposure of the gill to PLL had the same effects on chloride
movement. As shown in Fig. 2, there was rapid net loss during the
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Fig. 1. The effect of brief exposure to PLL on Na fluxes across trout gill. Upper panel:
Total quantity of tracer in the irrigation (external) medium. Influxes are calculated from
tangents to these lines and the medium specific activity (Kirschner, 1970). Lower panel:
Total quantity of sodium in the medium. Net fluxes are calculated from tangents to these
lines. Although the abscissa suggests that the three hours of measurements were unbroken,
about 5 min elapsed between the end of the first period and the beginning of the second.
The PLL was applied (black bar), then removed, and the gill rinsed with PLL-free solution
during this interval. About 2 min elapsed between the end of the second period and beginning
of the third

first 20 min after exposure followed by reversion to a lower rate which
continued during the next hour. In contrast, inhibition of isotope uptake
persisted for at least two hours after PLL was removed.

The results seen in Figs. 1 and 2 were noted at all concentrations
between 3 and 100 pg/ml and with exposure times varying between 1-
10 min. A dose-response relationship was not determined, but the thresh-
old concentration appeared to be 0.1-1.0 pg/ml, and six fish exposed
to concentrations between 0.01 and 0.1 pg/ml showed no effect. Table 1
shows mean values for the net loss of Na and Cl from a group of
animals exposed briefly (first two lines) to concentrations between 10~
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Fig. 2. The effect of brief exposure to PLL on Cl fluxes across trout gill. Chloride measure-
ments made simultaneously with Na on the same fish shown in Fig. |

Table 1. Net ion movement after PLL

Ton n Control First hour Second
hour hour
0-20 min 40-60 min
Short exposures®
Na 8 —1.8+3.0 —117+17 —12.9+4.5 —-7.1+3.0
Cl 10 —1.6+29 —129+17 —13.04+3.5 -
Long exposure®
Na 5 —0.2+1.8 ~236+45 —~71428 —43+4721
Ct 4 +2.5+4.9 —237+57 —99+44 —47+425

Loss rates are in pEquiv (100 g)~*hr ' +sem. Positive sign for net uptake.
* PLL was applied for 1-10 min after the control hour, then removed. Net fluxes are
shown for two successive hours after its removal.
® PLL was added after the control hour and remained in the medium through the next
(‘““first”’) hour. It was then removed and a PLL-free medium used for the “second” hour.
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Table 2. Unidirectional ion fluxes after PLL

Ion n Control hour Second hour

Ji * '];)ut* Jin* ‘Iout*
Na 10 16.1+1.4 16.2+3.2 9.7+0.8 14.54+2.3
Cl 6 16.74+2.5 22.8+6.0 9.1+3.7 21.7+2.6

* uEquiv (100 g)~ thr™*.

100 pg/ml. During the first twenty minutes following exposure the average
loss rate was more than 100pEquiv (100g)~*hr™?!, which is about 7
times the mean unidirectional efflux in the same animals during the
control period. Unidirectional fluxes were not estimated during the first
post-exposure period because the specific activity, Na concentration, and
Jooi all changed too rapidly. Although isotope uptake was lower than
in the control period there is no assurance that total Na influx was
suppressed because the isotope was diluted so rapidly during this period.
But even if Na influx were completely inhibited this could not account
for the rapid net loss, and the latter can be explained only if a massive
increase in efflux occurred. Salt loss was slower through a second hour
after exposure.

Unidirectional influx and efflux were measured during the second
hour after PLL exposure, and the results are shown in Table 2. Influx
of both Na and Cl was inhibited by an average of 40%, and in a
number of experiments remained depressed for at least two more hours.
Reversal of the inhibition was never noted. Efflux during the second
and subsequent hours differed little from the controls. Thus, the slow
net loss shown in the last panels of Figs. 1 and 2 is due primarily to
the suppressed influx.

Poly-D-lysine and protamine both have the same effect, hence the
actions described are neither stereochemically constrained nor specific
to a lysine polymer. On the other hand, poly-L-glutamate was inactive
showing that a net positive charge is required.

In the experiments described above the PLL was applied briefly,
then removed before any measurements were made. However, the results
were changed only quantitatively when it was allowed to remain in the
medium. Fig. 3 shows an experiment in which PLL was present for
an hour during which isotope and chemical quantities of Na were meas-
ured. It was then removed and measurements were continued for a second
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Fig. 3. The effect of prolonged exposure to PLL on Na fluxes across trout gill. PLL
present throughout the second hour (black bar). All notations as in Fig. 1

hour. There was an initial rapid loss of Na, but this was markedly
reduced during the last part of the period and was further reduced during
the next hour. The third line of data in Table 1 shows the results of
several such experiments on net Na loss. All loss rates are higher than
after brief exposures, but it is clear that the permeability change reverses
even in the presence of the PLL.

Fig. 4 shows that PLL causes the same striking increase in mannitol
efflux and, as with the ions, the effect was transient. Expressed as a
plasma clearance mannitol efflux during the control period was 0.053 ml
(100 g)~ *hr~ *. This rose t0 0.33 ml (100 g) ~ *hr™ ! during the first 15 min
of a one-hour exposure, but fell markedly during the last 30 min. Follow-
ing removal of the PLL the clearance rate again was 0.053 ml
(100 g) ~ thr™ !, close to the control value. Sodium and chloride clearances
in similar experiments (from Table 1) averaged about 1.5ml
(100 g)~ 'hr™ ! during and 0.25 ml (100 g) ~ thr™ ! afier exposure to PLL.
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Fig. 4. The effect of prolonged exposure to PLL on mannitol efflux across trout gill.

Ten pCi of **C-mannitol (50 uCi/umole) were injected into the peritoneal cavity. The

vehicle was 1 ml Ringer’s solution. One hour was allowed for equilibration before the

initial medium sample was taken (time zero). A blood sample was taken at the end of
the experiment

Thus, the leak pathway temporarily opens to a relatively large nonpolar
compound as well as to the smaller ions.

Lysine, Methyl-lysine and Amiloride

In most of the PLL experiments the concentration of lysine residues
was 0.1-1.0 mM. In this concentration range lysine had no effect on
ion movement across the gill. At 10 mM lysine stimulated influx by nearly
50% but had little effect on efflux as shown in Table 3. Further experi-
ments were done using lysine methyl ester. By blocking the carboxyl
group, the possibility of ionic interaction between the epsilon amino
group of one lysine molecule and the carboxyl of another is eliminated.
In this regard, lysine methyl ester more closely resembles PLL in which
the carboxyl is “blocked” by the peptide linkage. However, the ester
should have one more amino group per lysine residue available for pos-
sible reaction with anionic sites on the gill. Lysine methyl ester had
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Table 3. Low molecular weight amines and Na fluxes

Compound Conc. n First hour* Second hour* Third hour*
(mm)

Jin 'IOU'. "Iil'l 'IOU[ Jin J

out

L-lysine 10 5 152425 139+1.5 222437 141436 189+29 12.6+1.5
Methyl 10 6 219+22 17.2+3.1 98+22 164+24 252427 17.7+25
lysine

Fluxes in pEquiv (100 g)™ *hr™ %
* The test compound was present only during the second hour.

no effect on sodium efflux across the gill (Table 3), but it did cause
a 55% reduction in sodium influx. This inhibition of influx was complete-
ly reversible. Thus, methyl lysine resembles amiloride in its action on
the gill, and its action differs markedly from that of PLL.

Since it had been shown previously (Kirschner et al., 1973) that ami-
loride inhibits only sodium influx and not chloride transport, we consid-
ered the possibility that amiloride inhibition of sodium influx was compe-
titive. To test this, influx was determined for 10 fish as a function of
external [Na] in the presence or absence of 5x 10~ °M amiloride (5 con-
trols and 5 experimentals). Reciprocal fluxes are shown as a function
of reciprocal concentrations in Fig. 5. The lines were fitted by least
squares. The ordinate intercepts (1/Jm*) are not significantly different
(0.044+0.021 and 0.036+0.005), while the slopes (K, /Jm*) differ by
factor of about six (0.0154+0.001 and 0.094 +0.006). From these data
a K; of 107 °M can be calculated for amiloride. The mechanism of inhibi-
tion by methyl lysine was not explored, but the similarity of its action
to that of amiloride suggests a common mode of action.

Although the actions of PLL and of amiloride differ in several regards
it seemed worth considering that both might combine with anionic sites
on the outer surface of the gill, possibly the same sites. This possibility
was examined by attempting to block or reverse the PLL effect with
amiloride. Table 4 shows the results of one type of competitive experi-
ment. The animals involved were exposed for 15 min to amiloride (10 3m;
10 times the concentration needed for complete inhibition of Na influx),
then for 10 min to amiloride plus PLL. After removing the inhibitors
net and unidirectional Na fluxes were measured as in Fig. 1 and Table 1.
The data in Table 4 show that these behave as if PLL were present
alone. In addition, when influx was inhibited by PLI. the inhibition
could not be reversed by exposing the gill to 10~ *m amiloride.
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Fig. 5. Lineweaver-Burke plot of Na influx in the presence and absence of amiloride
(5% 10™ *M). Because of the length of time necessary for each flux determination no more
than three measurements were made in any one animal. Identical symbols (e.g. three
open circles) show values obtained from one animal. Control and experimental measure-
ments were made on different groups of fish; no control fluxes were measured for fish
exposed to amiloride (e.g. a filled circle and an open circle represent different animals).
Use of two different groups of animals can be justified on the basis of the reproducibility
of data in such experiments. For example J_,, and K,, from this control set are 27.7 nEquiv
(100 g)~ *hr~ ! and 0.42 mM compared with 33.3 pEquiv (100 g)” *hr™* and 0.46 mM from
Kerstetter et al. (1970). Measurements made in the presence of amiloride are represented
by open symbols

Table 4. PLL and amiloride on Na fluxes

n Control After PLL + Amiloride
Ja Jout 0-20 min 60-120 min
et Jin Jout
6 15.6+2.8 153+ 1.0 —77.1%12.6 8.4+14 138+1.3

Fluxes in uEquiv (100 g)~ *hr~ 1.
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Discussion

PLL, added to the medium bathing the gill, clearly has two distinct
effects. Even very brief exposure causes a gross increase in permeability.
Na and Cl loss is initially very rapid, amounting to the clearance of
about 0.5 ml plasma (100 g) ~'hr~!. The leak appeared to be nonselec-
tive; Na, Cl and mannitol were all lost rapidly at high rates. The change
was transient, and if exposure to PLL was brief, efflux of Na and Cl
reverted to control values within an hour. Even when the inhibitor
remained in the medium during flux measurements, ion loss decreased
markedly, although it remained above control values.

The other effect of PLL was inhibition of influx of both Na and
Cl. We did not estimate the extent of inhibition during the first hour
following brief exposure, but during the second and subsequent hours
transport of both ions appeared to be irreversibly inhibited by about
40%.

Several characteristics of these actions are worth noting. They devel-
oped very rapidly, so that a 1-min exposure (10~° M) was nearly as
effective as treatment for an hour. There seems to be little specificity
involved beyond the requirement that the compound be a polycation;
poly-L-glutamate was completely inactive. Nor did the size of the com-
pound appear to be critical. Ply-L-lysine with molecular weights ranging
from 4,000-100,000 were all effective. These observations suggest that
anionic sites with little specificity are involved as was suggested by Mame-
lak et al. (1969). They noted that when PLL was added to the outside
(mucosal side) of the toad bladder, passive efflux (serosa-mucosa) dou-
bled and active influx fell. Qualitatively their results resembled ours,
though with significant differences in detail. Using *C-labeled PLL they
showed that the compound was attached to the mucosal surface of the
epithelium, and that many of the cells appeared lysed at concentrations
used in our work. They attributed the permeability increase to either
membrane damage or to shedding of a mucus coat. Membrane damage
has been shown to cause leakage of low molecular weight compounds
from a number of plant tissues (Drew & McLaren, 1970; Osmond &
Laties, 1970). However, in the toad bladder radioactive PLL was found
on the mucosal membranes, and if confined there in the gill, the basola-
teral membranes should have remained intact. This means that transcellu-
lar solute loss from the blood should occur at rates determined by the
permeability of the intact serosal surfaces. In our experiments rates of
Na, Cl and mannitol loss were of about the same order of magnitude.
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It seems unlikely that serosal permeabilities to the three solutes are
similar, suggesting that the rapid efflux may not have been transcellular.
An alternative explanation is that PLL also caused transient damage
to the tight junctions thereby opening intercellular pathways for solute
loss to the external medium. However, we cannot exclude the possibility
that damage was done to both mucosal and serosal membranes rendering
both abnormally permeable to all three solutes and opening the transcel-
lular route. Whether the PLL effect is on cell membranes or intercellular
junctions (or both), the mechanism by which the damage is repaired,
even in the presence of the polycation, is unknown and worth further
investigation.

The mechanism by which PLL suppresses influx for at least 2-3 hr
is also obscure. Our initial hypothesis was that this was merely another
example of the ability of substituted ammonium compounds to inhibit
Na transport. However, the effects of PLL and compounds such as
amiloride and methyl lysine differ markedly. The low molecular weight
compounds inhibit only Na uptake and have no effect on Cl influx,
while PLL inhibits both. The action of amiloride and methyl lysine
is reversible, and at least for the former, is apparently competitive with
Na for binding sites, while the PLL block lasts for several hours after
the compound is removed. And finally, amiloride was unable to block
the action of PLL even in concentrations ten times higher .than that
needed to saturate the binding sites. The data indicate that anionic sites
accessible from the mucosal medium are involved in inhibition by both
classes of compounds, but that different anionic groups must be involved.
It is also curious that lysine itself did not inhibit Na influx. Lysine
has two free amino groups, one of which may interact with its alpha
carboxyl group. It is not clear from these studies why NHj, lysine
methyl ester, amiloride (3 NH3 per molecule), but not lysine, can appar-
ently compete with sodium for transport sites on epithelia.

One other point is worth noting. In the first paper describing the
inhibitory effect of amiloride on Na influx on isolated toad bladder
it was noted that the inhibition did not appear to be competitive (Bentley,
1968). Yet inhibition in fish gill is clearly competitive. This is another
in a lengthening list of differences between the functions of transport
epithelia in vivo and in vitro.

This research was supported by grants GM 04254 and GM 01276 from the National
Institute of General Medical Sciences.



Polycations and Ton Transport Across Fish Gills 383

References

Bentley, P.J. 1968. Amiloride: A potent inhibitor of sodium transport across the toad
bladder. J. Physiol. 195:317

Biber, T.U.L., Curran, P.F. 1970. Direct measurement of uptake of sodium at outer surface
of the frog skin. J. Gen. Physiol. 56:83

Cereijido, M., Moreno, J.H., Reisin, 1., Rodriguez Boulan, E., Rotunno, C.A., Zylber,
E.A. 1973. On the mechanism of sodium movement across epithelia. Ann. N.Y. Acad.
Sci. 204:310

Drew, M.C., McLaren, A.D. 1970. The effect of histones and other basic macromolecules
on cell permeability and elongation of barley roots. Physiol. Plant. 23:544

Frazier, L.W. 1974. Interrelationship of H* excretion and Na* reabsorption in the toad
urinary bladder. J. Membrane Biol. 19:267

Greenwald, L. 1971. Sodium balance in the leopard frog (Rana pipiens). Physiol. Zool.
44:149

Kerstetter, T., Kirschner, L.B., Rafuse, D.D. 1970. On the mechanism of sodium ion
transport by the irrigated gills of rainbow trout (Salmo gairdneri). J. Gen. Physiol.
56:342 .

Kirschner, L.B. 1970. The study of NaCl transport in aquatic animals. 4m. Zool. 10:365

Kirschner, L.B. 1973. Electrolyte transport across the body surface of fresh water fish
and amphibia. /n: Transport Mechanisms in Epithelia. H.H. Ussing and N.A. Thorn,
editors. p. 447. Munksgaard, Copenhagen

Kirschner, L.B., Greenwald, L., Kerstetter, T.H. 1973. Effect of amiloride on sodium
transport across the body surfaces of freshwater animals. Am. J. Physiol. 224:832

Maetz, J. 1971. Fish gills: Mechanism of salt transfer in freshwater and seawater. Phil.
Trans. Roy. Soc. Lond. B. 262:209

Mamelak, M., Wissig, S.L., Bogoroch, R., Edelman, .S. 1969. Physiological and morpho-
logical effects of poly-L-lysine on the toad bladder. J. Membrane Biol. 1:144

Osmond, C.B., Laties, G.G. 1970. Effect of poly-L-lysine on potassium fluxes in red beet
tissue. J. Membrane Biol. 2:85

Quinton, J., Philpott, L. 1973. A role of anionic sites in epithelial architecture — Effects
of cationic polymers on cell membrane structure. J. Cell Biol. 56:787

Sato, K., Ullrich, K.J. 1971. Effects of acid and basic poly-clectrolytes on the rat proximal
tubular isotonic reabsorption. Pflug. Arch. Suppl. 332:30

Sato, K., Ullrich, K.J., 1975. Mechanism of inhibition of the proximal tubular isotonic
fluid absorption by polylysine and other cationic polyamino acids, J. Membrane Biol.
21:311

Shaw, J. 1960. The absorption of sodium ions by the crayfish Astacus pallipes Lereboullet.
ITI. The effect of other cations in the external solution. J. Exp. Biol. 37:548



