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Abstract approved

Chloride is actively transported across the skin of the intact

leopard frog, Rana pipiens. The influx and efflux in 0.2 mM NaCl

are 0.67 and 0. 72 peq/10 g-hr, respectively. The renal efflux of
chloride is 0.02 peq/10 g-hr. The transepithelial potential differ-
ences (TEP) range from -1 to +32 mV (sign refers to the inside).
The mean measured ratio of influx to efflux is 0.93. The flux ratio
predicted from the flux ratio equation is 0. 005. Clearly, chloride is
actively traﬁsported.

With 0.2 mM KC1 in the external bath, the influx and efflux of
chloride (0.57 and 1.05 peq/10g-hr, respectively) are not signifi-
cantly different from the values obtained in 0.2 mM NaCl. The
measured and predicted flux ratios are 0.54 and 0, 002, respectively.
Chloride is actively transported, and this transport is not dependent
on the movement of sodium.

The TEP is independent of the concentration of anion (chloride



or sulfate) in the external bath. With increasing sodium concentra-

tion (NaCl or Na SO4) in the external medium, the body fluids be-

2
come more electropositive relative to the bath (the slope of the line

is 22 mV /log[mM]). At high sodium concentrations (50 mM), the
magnitude of the TEP is reduced with increasing bath concentration
probably as a result of increased permeability of the skin to chloride.
The TEP is independent of the K+ concentration in the external med-
ium.

The influx of chloride increases with increasing chloride con-
centration in the external bath at lower concentrations. The trans-
porting system shows Michaelis-type kinetics. For NaCl, Vmax =
1.3 peq/10g-hr and Km = 0.18 mM. For KCIl, Vmax =1.2 peq/10g-
hr and Km = 0, 38 mM.

Salt-depleted animals absorb net amounts of chloride (0. 78 peq/
10 g-hr) from 1.0 mM KCl and lose net amounts of sodium and potas-
sium (1.10 and 0.58 req/10 g-hr, respectively). When animals
"pump' chloride from 1.0 mM KC1, the bath becomes more alkaline.
The pH increases at the rate of 0. 056 pH units/hr. The animals ex-
crete net quantities of base (3.23 peq/10g-~hr). The pK, of the base

b

excreted is 6.0. The pK, of KHCO3 in KClis 6.1. The excreted

b

base is probably bicarbonate ion which exchanges for the absorbed

chloride.
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ACTIVE UPTAKE OF CHLORIDE ACROSS THE SKIN
OF THE FROG, RANA PIPIENS (SCHREBER)

INTRODUCTION

The amphibians evolved from crossopterygian ancestors toward
the close of the Devonian period. The earliest amphibian fossil re-
mains are associated withfresh-water deposits whichindicates that
the primitive tetrapods, as well as their piscine ancestors, were
fresh-water inhabitants (Romer, 1962; Noble, 1931).

Like all fresh-water animals, amphibians must continually com-
bat the movement of water from a hypotonic environment (g. g., pond
water) into the body tissues by producing a dilute urine equal in vol-
ume to the amount of water moving across the skin. A considerable
amount of salt (principally sodium chloride) is lost in this process
coupled with a diffusive loss of ions across the body surface. Fresh-
water animals compensate by actively absorbing Na+ and Cl from
the external medium through specialized surface structures (gills in
fishes and larval amphibians, skin in adult amphibians).

The active transport of sodium across amphibian skin (a sub-
ject already blessed with a wealth of literature) will receive limited
treatment here. The primary focus of this paper will be the various
aspects of in vivo active chloride transport across the skin of the

common leopard frog, Rana pipiens.

A mechanism for the transport of chloride ions against an



electrochemical gradient is widely distributed in both the plant and
animal kingdoms and has been documented for algal cells (MacRobbie,
1962), frog gastric epithelium (Hogben, 1955 a, b), turtle bladder
(Finn et al., 1967), crayfish gills (Shaw, 1960), rat ileum (Curran
and Solomon, 1957), rabbit gall bladder (Martin and Diamond, 1966),
squid giant axons (Keynes, 1963) and anal papillae of mosquito larvae
(Stobbart, 1967).

The first evidence for the existence of an active mechanism for
chloride transfer was presented by August Krogh in 1937, His clas-

sical in vivo studies on Rana esculenta showed that salt-depleted

animals absorb net amounts of chloride (0.1 ueq/cmz—hr) from dilute
( < 1.0 mM) NaCl solution. He also demonstrated that chloride does
not of necessity passively follow the active absorption of sodium, be-
cause chloride is selectively absorbed from solutions of potassium,
ammonium and calcium chlorides. Krogh postulated, but did not
prove, that absorbed chloride is replaced by the extrusion of bi-
carbonate into the external medium (1937a, b, 1938, 1939). Krogh
did not consider electrical gradients, and he was limited by the fact
that he did not have radioactive isotopes which would have enabled
him to measure unidirectional fluxes. Thus, his data are inadequate
to unequivocally show the active transport of chloride as the criteria
for active transport are presently understood (see below).

In 1954, Jé¢rgensen, Levi and Zerhan noted an active transport



of chloride across the skin of Bufo bufo, R. temporaria and R.
esculenta. The influx and efflux of chloride and the transepithelial
skin potentials were measured with 3.0 mM NaCl or KCl in the ex-
ternal medium. However, recent statistical evaluation of their data
by Kirschner (1970) did not support their original conclusion.

The existence of an active transfer of chloride has also been

documented for the South American frog, Leptodactylus ocellatus

(Salibiin et al., 1968) and for the Chilean frog, Calyptocephalella

gayi (Garcia Romeu et al., 1969). The transport mechanism in these
two frogs is independent of the active sodium system. When adult

L. ocellatus are depleted of sodium and chloride they take up equal
amounts of both ions from dilute NaCl; however, if pretreated with
NaZSO4, they take up chloride three times more rapidly than sodium.
In the case of C. gayi, the chloride net flux values are gimilar and

a possible exchange 6f chloride for tissue bicarbonate has been pro-
posed.

Amphibian skin has also been studied in vitro and, over the
past 20 years, has provided invaluable information related to the
mechanism of transepithelial ionic movements. Koefoed-Johnson,
Levi and Ussing (1952) determined influx and efflux of chloride across
isolated skins of R. temporaria and R. esculenta with Ringer's solu-

tion on the inside and'1/10 Ringer's on the outside. The flux ratio

(influx/efflux) did not differ from the values predicted by Ussing's
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flux ratio equation (Ussing, 1949b) indicating that chloride movement
was passive. Koefoed-Johnson, Ussing and Zerahn (1952) measﬁred
chloride fluxes in short-circuited skins from R. temporaria which
were exposed on both sides to Ringer's solution. No net flux of
chloride was observed under these conditions, again indicating pas-
sive transfer. They did find, however, an active outward transport
of chloride when adrenaline was added to the inside bathing medium.
It was concluded that adrenaline triggers a secretory response in the
mucous glands of the skin which involves active transport of chloride
to the outside. Using skin bags from R. pipiens, Huf et al. (1955)
also presented evidence to indicate that chloride is not actively
transported in vitro.

In 1963, Zadunaisky et al. showed a net inward movement of
chloride across the isolated skin of the South American frog

Leptodactylus ocellatus. The skins were short-circuited and bathed

on both sides with Ringer's solution. This active transfer of chlor -
ide could also be inhibited by 10_5 M ouabain. In view of this evi-
dence, Zadunaisky et al. suggested that the mechanism for chloride
transport does exist in vivo in all kinds of frog skin, but that it shows
up in vitro only in some species in which it is more potent and lasts
longer after removal of the skin from the animal.

Martin and Curran, in 1966, noted an active transfer of chlor-

ide across isolated skins of R. pipiens and R. esculenta only when



the skins were bathed with 2 mM KC1 on the outside and Ringer's
solution containing only 2 mM chloride on the inside. Values for
chloride net flux with 56 mM NaZSO4 + 2 mM KC1 on both sides of

the skin were 33.2 mpeq/cmz-hr for R. pipiens and 53. 4 mpeq/cmz-
hr for R. esculenta. With 2 mM KC1 on the outside, transepithelial
skin potentials were negative and ranged from -29 to -60 mV. These
results could indicate that at higher concentrations of chloride, the
transport phenomenon appears to be masked by a relatively large
passive transfer of chloride. However, a 2 mM chloride solution
bathing the inside surface of the skin is highly unphysiological.

Most of the studies on ion transport in amphibia have been made
within the framework of the isolated skin. By comparison, the amount
of literature on in vivo studies is noticeably smaller. Salibidn et al.
(1968) suggest that sometimes the advantage of a model (the in vitro
skin) in which the variables are reduced obscures the fact that the

model is a system in itself and that it may behave differently from

the system it represents.

A review of the literature suggests a mechanism for active
chloride transport across the skin of intact adult frogs, but the data

are not conclusive for Rana pipiens, the most commonly used frog

in this country for in vitro skin studies. The evidence to date indi-
cates that there is no active transport of chloride across the isolated

skin of this species. This study presents conclusive evidence that



1) there is an active chloride transport system in the skin of intact
R. pipiens; 2) the transport system displays saturation kinetics
typical of most active transport systems; 3) this transport system
is not dependent on the activity of a cation transporting system; 4)
the chloride transport system does not appreciably affect the trans-
epithelial skin potential; and 5) the chloride transport system may

operate by exchanging for an internal anion, probably bicarbonate.



CRITERIA FOR ACTIVE TRANSPORT

Passive diffusion is a process which can be explained by ordi-
nary physical forces--a concentration gradient, an electrical gradient,
a solvent drag, or any combination of these. Active transport, on
the other hand, cannot be explained by any of these forces. Active
transport is usually defined as the movement of a substance against
an electrochemical gradient.

Ussing (1949b) has shown that if an ion moves independently and
passively in response to its electrochemical gradient, the flux ratio
(influx/efflux) is given by the following equation:

M, C

1 0 ZFE
= — . ———— 1
log 3~ =18 &~ 72 3RT (H)
0 i
where Mi = influx,
M = efflux,
0

C. = concentration of ion in inside in mM/1,
i

Co = concentration of ion in outside in mM/1,

Z = charge on the ion,

F = 96, 500 coulombs/mole,

E = potential difference in volts,
R = 8.3 joules/degree-mole, and
T = temperature in ° K.



This equation indicates that passive diffusion is proportional
to the electrochemical gradient. However, if the observed flux ratio
(Mi/Mo) is not in agreement with the calculated flux ratio (equation
(1)) or if the measured and the calculated transepithelial potential
differences are not equal, then it may be concluded that the ion in

question is actively transported.



MATERIALS AND METHODS

Animals

The experimental animals were adult Rana pipiens obtained

from Steinhilber and Company, Oshkosh, Wisconsin. .They were
maintained in tap water at room temperature. The average size of
the animals used was 30 g. When salt-depleted animals were needed,
they were kept in distilled water which was changed once daily for a

period of 10 to 12 days.

Analyses

All chloride determinations were made with an Aminco-Cotlove
chloridometer {precision %1%). Urine and bath samples were titrated
directly. Serum samples were diluted 100 times and then analyzed.
Sodium and potassium were determined by flame photometry (preci-
sion *1%). Total acidity was estimated by titration with 0.001 N NaOH

and total base with 0.001 N HCI,

Flux Determination

Chloride influx was measured with 36C1. The isotope, obtained
as HCl, was neutralized with NaOH or KOH and then added to the

bathing medium. In some instances, the animals were allowed to
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equilibrate in the bath for a period of 12 hours before the medium
was replaced and isotope added. One ml samples were removed
from the bath at specific time intervals. Each sample was trans-
ferred to a planchet, air dried, and then counted on a gas-flow Geiger
counter. Separate bath samples were analyzed for chloride using
electrometric titration and the net flux (Mnet) was calculated from the

following expressions:

A =C -V (2)

o o o
=C 3
A =CV, (3)

Ao } At
= 4
1\/Inet t (4)

where A = total ion in bath at time zero,

A = total ion in bath at time t,

t
CO = concentration of ion in bath at time zero,
Ct = concentration of ion in bath at time ¢,
VO = volume of bath at time zero,

V. = volume of bath at time t.

The influx (Mi) was calculated from the rate of disappearance of the
isotope from the bath using the equations derived by Jérgensen et al.
(1946). In a steady-state condition, when the concentration of the ion
in the bath does not change in time, the equation is

_2:3A Yo

- o 5
Mi : log Y, (5)
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However, when steady-state conditions do not prevail and the concen-

tration of the ion in the bath changes with time, the equation is

M, = B————— (6)

where Mi = influx,

B = rate of net uptake or excretion,

v, = radioactivity/unit volume at time zero,
¥, = radioactivity/unit volume at time t,
Ao = total ion in bath at time zero, and

At = total ion in bath at time t.

The total efflux (Mo) can then be calculated from the following expres-

sion:
M =M, - M (7)

= * 8
where Mo Mo(renal) ¥ Mo(extrarenal) (3}

The renal efflux (M ) is obtained by measuring the rate of
o(renal)

urine production and the concentration of chloride ion in the urine.

o(renal) wv (9)

where u = the concentration of chloride in urine

(neq/ml)



12
V = the volume of urine produced in m1/10 g-hr

(measured by the osmotic uptake of water).

Transepithelial Potential Difference (TEP)

Animals were anesthetized in 2% urethane, rinsed and then
transferred to the experimental solution. The skin and body wall
were punctured and a fine polyethylene tube filled with 3% agar-
Ringer's solution was inserted into the body cavity. A second salt
bridge containing 1/10 Ringer's solution was placed into the bathing
medium, Both bridges were connected through calomel electrodes
to a recording potentiometer. Corrections for asymmetry were made

after each potential measurement (Dietz et al., 1967).

Serum and Urine Samples

Blood samples were taken by direct heart puncture, centrifuged
for two minutes at 3000 x g and a sample of the serum removed.

Urine was collected at random from laboratory animals by
blotting the animals thoroughly and then pressing gently on the lower

abdominal region to empty the bladder.
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RESULTS
Flux Data

The influx and efflux (both renal and extrarenal) of chloride
were determined for animals maintained in 300 ml of 0.2 mM NaCl.
The experiment lasted 48 hours and samples were taken at eight-hour
intervals. The measured flux ratio (Mi/Mo) was compared with the
predicted flux ratio based upon Ussing's equation. The known values
of Ci’ Co and TEP were used in the calculation. The results are

given in Table 1.

Table 1, Active transport of chloride from 0, 2 mM NaCl,

b
Fluxes (M eqg/10 g--hr)zl Mi/ Mo '-Co/ Ci E(mV)
Mi M, exp. cale. mean range
0.67 +0.07 0,72 +0.03 0.93 0, 005 0,003 +16 ~1 to 432

*Mean values + SEM for eight animals, Samples taken at eight hour intervals over a period
of 48 hours,

b
TFP for eight animals with 0,2 mM NaCl in the external bath. Sign is that of the body
tissues,

The total efflux (0. 72 peq/10 g-hr) is larger than the influx
(0.67nueq/10 g-hr); so that, M, is negative (-0.05 + 0.07 peq/10g-
hr). The rate of urine production as measured by the osmotic uptake
of water was 0.14 £ 0,007(6) ml/10 g-hr and the concentration of

chloride in the urine was 0.13 £ 0.009 (6) mM. The renal efflux
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(urV, see equation (9)) is 0.02 peq/10g-hr which represents less

than 3% of the total efflux. The concentration of chloride in plasma

is 72+ 2.0 (8) mM. The ratio of influx to efflux is 0.93. For chloride
to be passively distributed, the flux ratio equation predicts a value of

0. 005 which differs by a factor of 100 from the observed flux ratio.

Independence of Active Chloride Transport

To show that the mechanism for active chloride transport is
independent from the active absorption of sodium ions, animals were
kept in 300 ml of 0.2 mM KCl and the flux ratio and TEP differences
were measured as before. The data are given in Table 2,

The influx and efflux of chloride from 0.2 mM KCl are not
significantly different from the values obtained for 0.2 mM NaCl.
These animals also show a negative salt baldance. The measured
and predicted flux ratios are 0.54 and 0.002, respectively, which

indicates that chloride is actively transported.

Table 2. Active transport of chloride from 0,2 mM KCl.

a b
- c/cC E(mV
Fluxes (L eq/10 g=hr) Mi/ Mo o/ ; ( )
M, : M exp. calc, mean range
i
0.57 £0,06 1.05 +0,19 0, 54 0, 002 0,003 -14 +1 to =32

*Mean v alues +SEM for eight animals, Samples taken at eight hour intervals over a period
of 48 hours,

bTEP for eight animals with 0,2 mM NaCl in the external bath. Sign is that of the body
tissues.



15

TEP Differences, In Vivo

Figure 1 shows the effect of various concentrations of NaCl,

NaZSO » KCl1, KZSO4 and Ringer's solution on the TEP measured

4
in vivo. Each point on the graph represents a mean value for four
animals. The whole series of measurements was carried out on
each frog by aspirating the external medium and replacing it with
the appropriate solution.

The TEP is not affected by potassium, chloride or sulfate ions.
However, the potential increases (slope = 22 mV/log [mM]) with in-
creasing sodium concentration., There is no difference between the

effect of NaCl and NaZSO on the in vivo TEP. At higher sodium con-

4
centrations (50% Ringer's solution is approximately 55 mM sodium),

the magnitude of the TEP is decreased.
Kinetics

Figures 2 and 3 show the influx of chloride as influenced by
the concentration of chloride ion in the external medium (either NaCl
or KCl). Animals were maintained in a particular solution for 32
hours, and samples were taken at eight hour intervals. Mi values
for each animal in the experiment are indicated on the graphs.

Clearly, saturation kinetics apply. For the NaCl series,

v = 1.3 and K = 0.18., With KCIl in the external
max m
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= 1.2 and K__ = 0. 38.
: m

Chloride for Bicarbonate

ove data show clearly that chloride can be actively trans-

ported inward with the simultaneous uptake of sodium. Under ap-
propriate experimental conditions, it can be shown that chloride can
be transported inward in the absence of a corresponding uptake of a
cation. Thus, when frogs are salt-depleted for 10 days and then
placed in 1.0 mM KCl, they experience a net uptake of chloride and

a net loss of potassium and sodium (Figure 4 and Table 3). In the
interest of maintaining electroneutrality, chloride must exchange

with an endogenous anion.

- + +
Table 3. The net flux of Cl , base, K and Na in salt-depleted animals kept in 1 mM KCl (mean
of net flux +SEM in peq/10g-hr).

- + +
Number of M Base M K M Na
Animals net net net net
6 +0, 78 +0,08 -3,23 +0,94 -0,58 + 0,16 -1,10 +0,08

When animals "pump'' chloride from 1.0 mM KC1, the bath
becomes more alkaline. The pH increases at the rate of 0.056 +
0.002 pH units/hr (mean of 6 experiments +SEM).  Titration showed
that the animals excrete net quantities of base (see Figure 4 and

Table 3). The pK, of the system is 6.0 +0.02 (mean of 6 experiments

b
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Figure 4, Comparison between the excretion of base, K and Na and the uptake of
chloride from 1 mM KCl, Each point represents a mean for six animals.
Standard error of the means ranged from 3,0 to +40.0 p.eq.

20



21

*SEM) which agrees with the pK,_ of KHCO3 (6.13 £0.03) in mixture

b
with KC1 at concentrations equivalent to those of the experimental

solutions.

In all cases, the base excreted exceeds the chloride incorporat-
ed. However, in order to maintain electrostatic neutrality, the net
fluxes of sodium and potassium (-1.10 peq/10g-hr and -0.58 peq/
10g-hr, respectively) may be assumed to represent the loss of these
ions as bicarbonate salts. The resulting net flux of base is -1.55 peq/
10 g-hr which more closely approximates the net uptake of chloride
(+0. 78 peq/10 g-hr, see Table 3) and strongly indicates an in vivo

chloride/bicarbonate exchange mechanism for Rana pipiens.
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DISCUSSION

Evidence for Independent Active Chloride Tranaport

The existence of a mechanism for the active transport of chlor -

ide has been demonstrated for Rana pipiens. The measured flux ratio

in 0.2 mM NaCl is 100 times the value predicted by Ussing's flux
ratio equation. Also, the transepithelial potential differences meas-
ured in vivo do not exceed +32 mV. The potential difference would
have to be +145 mV (inside positive) in order for chloride to be pas-
sively distributed with the concentration gradient that existed in these
experiments.

It is possible that amphibians are only capable of actively
‘transporting sodium ions and that chloride must, of necessity, fol-
low passively, or that the chloride pump is tightly linked to the sod-
ium pump (as in the gall bladder, Martin and Diamond, 1966). This
study shows that chloride can, in fact, be actively absorbed from
solutions which contain virtually no sodium.

The influx and efflux of chloride from 0.2 mM KCl are not
statistically different (P > 0.05) from the values obtained for 0.2
mM NaCl. The absence of sodium, therefore, does not affect the
movement of chloride. The measured flux ratio in 0.2 mM KCl
is 100 times thé value predictéd by the flux ratio equation. Also,

the TEP would have to be +164 mV for chloride to move passively.
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The actual TEP ranged between +1 and -32 mV.

The system for active chloride transport in Rana pipiens ex-

hibits Michaelis-type kinetics. Vma,x with NaCl in the external bath
is not significantly different from the Vmax obtained when sodium is
replaced by potassium. Clearly, the chloride transporting system
is independent of the presence of sodium. The Km value for the KCl
series, on the other hand, is twice as large as the Km for the NaCl
series indicating that, perhaps, the absence of sodium reduces the
affinity of the transport system for chloride. However, this conclu-
sion is subject to question because data for animals maintained in
0.5 mM KCl is lacking. This information would serve to more pre-

cisely delineate the curve drawn in Figure 3.

Chloride Influence on TEP

Dietz et al. (1967) have shown that the TEP in larval salaman-
ders in dilute NaCl is generated by active sodium transport and that
external anions do not affect the potential difference. The data pre-

sented here indicate that this is also the case in Rana pipiens. The

magnitude of the TEP increases with increasing NaCl or Na,ZSO4 con-
centration. The slope of the line is 22 mV /log [mM] which approx-
imates the values calculated by Dietz et al. for larval salamanders
(16-20 mV /log[mM]). At higher sodium concentrations, the magni-

tude of the TEP decreases appreciably. The same phenomenon is
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seen in isolated frog skins (Linderholm, 1952) and larval salamanders
(Dietz et al., 1967). The decrease in TEP reflects an increase in
permeability of the skin to chloride which would effectively reduce
the observed potential difference (isolated frog skin, Linderholm,

1953; intact frogs, Kirschner, 1970).

A Possible Jon Exchange Mechanism

It has been suggested that amphibian skin is capable of actively
exchanging exogenous chloride ions for endogenous bicarbonate
(Krogh, 1937a; Garcid Romeu et al., 1969). The data presented
here also support this hypothesis. A theoretical diagram of the
processes which may be involved in this type of ion exchange sys-
tem is given in Figures 5 and 6 with either NaCl or KCl in the exter-
nal bath.

With NaCl in the external bath, sodium could be exchanged for

+ ‘ i1
H produced from the dissociation of H CO3. An alternate possibil-

2

Z. Due to the prevailing pH

ity is the exchange of sodium for NH
conditions (~pH 6 on the outside of the skin and ~pH 8 on the inside,
Friedman et al.,1967b), ammonium ions are in the ionic form on
both sides of the skin and, as such, could be moved to the outside.

Bicarbonate is present in frog blood (32 mM, Friedman et al.,

1967b) from the dissociation of H CO3 which is formed from H

5 o + CO2

2

via the action of carbonic anhydrase. Frog skin, according to the
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literature (Friedman et al.,1967b; Maren, 1967), does not exhibit
carbonic anhydrase activity; so that, the blood is the source of bi-
carbonate which exchanges for chloride in the external bath.

The potential difference across the skin in the presence of
sodium (inside positive) results from an active exchange of sodium
for potassium at the inner surface together with a high permeability
of the cells on the inside surface of the skin to potassium.

On the other hand with KCl in the external bath (see Figure 6),
there is no active transport of sodium. Ammonium ions, formed
from NH3 + H+, could then be converted to urea and excreted. The
TEP is reversed (inside negative) because sodium is not actively ex-
changed for potassium at the inside surface of the skin. Chloride is
exchanged for blood bicarbonate as before.

In nature the external environment invariably contains some
sodium, as well as, chloride. Conceivably, then, various combina-
tions of cationic or anionic exchange systems or counter ion ''drag"
systems could operate. The significance of the evolution of an ex-
change system is probably more related to the maintenance of inter -
nal acid-base balance than to ionic balance. The question of whether
the animal can control the relative intensity of each type of transport
system remains unanswered.

A mechanism for the active uptake of chloride in vivo has been

shown for Rana pipiens and, also for various related animals, e.g.,
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larval salamanders, a fresh-water goldfish, and bullfrog tadpoles
(Alvarado and Kirschner, 1963; Dietz et al., 1967; Alvarado and Dietz,
1970; Maetz and Garcif Romeu, 1964; Alvarado and Moody, 1970).

The ionic exchange mechanisms postulated here may also be of wide-
spread occurrence in fresh-water animals. Similar mechanisms

have been proposed for the gills of a fresh-water crustacean Astacus
(Shaw, 1960), gills of a goldfish Carassius (Maetz and Garcid Romeu,

1964) and skin of the Chilean frog Calyptocephalella gayi (Garcié

Romeu et al., 1969). Marine teleosts are also known to possess an
ionic mechanism in the gills which extrudes sodium and chloride.

However, ammonium and bicarbonate are also excreted at the same
time. These fish cannot, therefore, possess an ionic exchange sys-

_tem of the type postulated for Rana pipiens.

It appears that in the process of evolution a variety of transport
systems have evolved, perhaps independently, in a wide variety of
organisms. Thus, care should be taken to avoid extrapolating what
is observed in one species to include other species. More impor-
tantly, what is found in an isolated '"model' system should not be
interpreted as absolutely valid for that same system as it exists in

nature.
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