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Four species of anurans which normally live in diverse habitats

were systematically studied with respect to ionic and osmotic regu-

lation under aquatic conditions. Ranging from aquatic to terrestrial,

the species were A.scaphus truei, Rana pipiens, Hy la regilla and Bufo

boreas. In each case water, sodium and chloride exchange were

analyzed. The data are interpreted in terms of mechanisms of water

and ion exchange across membranes as well as in terms of adaptive

interspecific differences which may dictate the habitat preference of

the species.

The osmotic uptake of water was higher in terrestrial than

aquatic species. For Bufo this reflects a highly permeable skin
-7 -7

(PH 0 = 3.92 X 10 cm/atm-sec compared with about 1.80 X 10
2

cm/atm-sec in the other species). Both terrestrial species illustrated

a higher osmotic gradient (5.3-5.7 atmospheres compared with 4.2-

4.7 atmospheres in the more aquatic species),



In all species serum Na concentration is regulated within five

percent and interspecific differences are insignificant. Regulation

of serum Cl is less precise. No pattern was evident between plasma

Na+ or Cl concentration and size or normal habitat of the animals.

Serum K concentration is lower and total solute higher in the more

terrestrial species. Urine is 100 times more dilute in Na+ and Cl

than serum.

The transepithelial potential difference (TEP) is a function of

the ionic composition of the bath. In 2 mM K2SO4 the TEP was -10

to -20 mV (inside) for all species except Bufo; for Bufo it was zero.

Increasing Na+ concentration caused an exponential change in TEP

with the body fluids becoming electropositive. For Ascaphus, Bufo

and Hy la the response was the same, whether the anion was Cl or

SO4' for Rana Na
2

SO4 produced a lower TEP.

Aquatic Ascaphus maintains a steady-state with respect to Na

in 0.1 mM NaC1, semi-terrestrial Rana in 0.5 mM NaC1, and in

terrestrial Hy la and Bufo the minimum value is about 1 mM NaCl.

These differences are related to differences in efflux (JNa) and influx

(J.N.

Interspecific variation in JoNa is dependent upon size as well as

habitat preference. Ascaphus and Hyla are similar in size but JNa
o

is significantly lower in Ascaphus (5.2 nM/cm2/hr compared to 12.0

nM/cm2/hr). Similarly Rana is more aquatic than Bufo and JNa is
0



lower for animals of comparable size (24.3 nM/cm2/hr compared to

41.0 nM/cm2/hr).
The size effect is revealed by comparing Ascaphus

with Rana and Hy la with Bufo.

Efflux of Na+ from all species consisted of renal and diffusive

losses. There was no exchange diffusion. The permeabilities of the

skin of Ascaphus and Hy la to Na+ were 1.33-2.62 X 10-8 cm/sec,

significantly lower than for Rana and Bufo 5.85-6.88 X 10-8 cm/sec.

The skin is the major site of Na influx (98 percent) and over

95 percent of this influx is thermodynamically active. The Na

transport system in aquatic Ascaphus is a high affinity (1 /K
s

= 12.8

mM -1) low capacity (Vmax = 11.7 nM/cm2/hr) system. At the other

extreme, Bufo, has a low affinity (1/K = 4.4 mM-1) high capacity

system (83.3 nM/cm2 /hr).

In the absence of food all species maintained Cr balance in

dilute solutions despite an unfavorable electrochemical gradient.

Chloride efflux (JoC 1) was lowest for Ascaphus (4.0 nM/cm2 /hr) and

highest for Bufo (20 nM/cm2/hr). In all species except Bufo there

was a carrier mediated component in JoCl (i. e., exchange diffusion).

Diffusive loss of Cr across the skin was lower in the smaller species

because of a lower permeability. (PC1- values in cm/sec were:

Ascaphus = 0.42 X 10-8; Hyla = 0.91 X 10-8; Rana = 3.92 X 10-8

and Bufo = 4.98 X 10-8).



Diffusive influx of is very slow; most of the influx is active

when the external medium is physiological (i.e., less than 1 mM

NaC1). The affinity of the transport system decreased with

increasing terrestrialism (1/Ks values were: Ascaphus = 13. 7
-mM 1

, Rana = 6.1 mM -1, Hyla = 2. 4 mM -1 and Bufo = 5.4 mM -1).

Active inward transport of Na+ is not dependent on simultaneous

inward movement of an anion and influx is not dependent on influx

of a cation. Evidence is presented for a Na+/H+ and Cl /HCO
3

exchange system in all species. No evidence was found for a Na /

NH4 exchange system.

Except for Bufo, all species tolerated exposure to flowing

distilled water for at least two weeks. Bufo died in 5-6 days. This

"salt-depletion" evoked adaptive responses in all species with respect
-to both Na+ and Cl although there were species differences.
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IONIC REGULATION IN ANURANS

INTRODUCTION

Historical Perspective

That the integument of living amphibians is permeable to water

was first observed by Townsen in 1795 and was later confirmed by

Matteucci and Cima (1845) on isolated skin. In 1871, Paul Bert

showed that frogs placed in strong salt solutions, such as seawater,

lose weight, a phenomenon he called exosmosis. The concentration

of the external medium was shown to have an effect on the direction

and rate of movement of water through the integument. An extensive

series of experiments on transepithelial water movement were per-

formed by Durig in 1901 and Overton in 1904. Their studies showed

water exchange is an osmotic phenomenon, dependent on the activity

gradient of water across the integument.

In 1927, Adolph showed that water moves across the skin of

Rana pipiens at a rate of about 30 percent of the body weight per day.

Urine production equals water uptake. When frogs are hyperhydrated,

diuresis occurs, and the body water content returns to normal within

a few hours. Krause (1928) found that urinary output and trans-

epithelial water movement in frogs and toads decreases at lower

temperatures and, for a given temperature, is lower in winter.



In 1913, Toda and Taguschi found that urine from Rana esculenta

is about 31 mM in NaCl. The urine would thus be an important route

of solute loss. The regulatory capacity of the kidneys was illustrated

by Wearn et al (1924), who showed that salt- depleted frogs "ceased"

to excrete Cl .

The basic physiology of the vertebrate kidney was elucidated

by Richards and his associates (Westfall, Findley and Richards,

1934; Richards, 1935) working with amphibians. The glomerular

filtrate is about 88 mM NaC1 and thus Na and Cl must be freely

filtered and then reabsorbed to a large extent by the tubules. Since

the lumen of the tubule of amphibians is electronegative to the blood

it was postulated that Na+ is actively transported into the blood from

the tubules while Cr is absorbed passively to maintain electro-

neutrality (Walker et al, 1937). The overall role of the kidney in

ionic and osmotic regulation of amphibians was established by the

late 1930's.

The importance of the bladder as a potential source of water

was established by Steen (1929), Ewer (1952) and Ruibal (1962).

Leaf (1956) described an electrical potential across the wall of the

isolated urinary bladder and the reabsorption of Na+ from bladder

to blood.

Pohle (1920) and Wertheimer (1923) found that frog skin is

permeable to many solutes including Na+ and Cl . Since the
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concentration of several ions in the plasma is much higher than that

of freshwater, frogs living under aquatic conditions suffer a continual

loss of ions. The extent of loss will also be a function of the electrical

potential across the skin.

The frog skin potential was described by Du Bois Reymond in

1848 and in 1904 Galeotti found that the potential difference is

dependent on Na+ and K+ in the external medium. In 1933, the

influence of the transepithelial potential (TEP) on diffusive loss of

ions was realized. Steinbach studied the effect of the internal and

external bath composition on the TEP. He postulated that the frog

skin potential represents the algebraic sum of two potentials which

parallel the inner and outer surfaces of the frog skin.

Huf (1935, 1936) showed that isolated frog skin separating

identical Ringer's solutions is capable of transporting net quantities

of both Na+ and Cl inward, resulting in the establishment of a

concentration gradient, the maintenance of which is dependent on

metabolism.

Shortly after Huf's experiments, Krogh (1937) showed that

intact frogs previously exposed to distilled water for several days

absorb Cl and Na+ from very dilute solutions. In the case of

net uptake occurs when the external concentration is below 0.010 mM/1

(blood is about 75 mM). Krogh pointed out that this 'active uptake"

of salt must be of significance to frogs in winter, which spend seven
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months under water without food. Krogh further showed that not only

did frogs adjust to salt-depletion by enhancement of the active trans-

port of ions, but also by a reduction of skin and urinary salt loss. He

went so far as to suggest mechanisms for active transport, postulating

that Cl was exchanged for HCO3 and Na+ for NH
4

However he did

not produce experimental evidence for these mechanisms.

Since Krogh, most work on ionic regulation in the frog has

focused on the integumentary transport systems, more specifically

on active transport of Na+ across isolated skin under highly unphysio-

logical conditions. For example, Frog Ringer's is usually utilized

as the external medium and the skins are short circuited. The con-

centration of Na+ in Frog Ringer's is about 1, 000 times higher than

the frog would encounter in the natural environment.

In 1949, Ussing postulated that the transepithelial potential

was the direct result of the asymmetrical flux (active transport) of

Na+ through the skin. He showed that in-vitro open-circuited frog

skin, bathed on the outside with Ringer's or 0.1 Ringer's, transports

Na
+ against a concentration gradient and against the electric potential

gradient; Cl moves with the electrical-chemical gradient. He

proposed a Na+/H+ exchange to account for the difference between

Na
+ and Cl uptake. From these experiments, Ussing derived the

flux ratio equation as a criterion for active transport.
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Ussing and Zerahn (1951) and Koefoed-Johnsen and Ussing (1952)

developed the short-circuit technique for the isolated skin as a means

of eliminating the transepithelial electric potential. By bathing both

sides of the skin with identical solutions they were able to show a

net movement of Na+ across the skin in the absence of an electrical

or chemical gradient. Furthermore by monitoring the flow of current

they found that the new flow of positive charge across the membrane

equaled the net flux of Na+. The spontaneous potential across the

isolated frog skin was thought to develop as the result of the active

transport of Na+. The chloride ion appeared to be transported

passively. The utilization of the short-circuit technique gave rise

to a better differentiation of passive and active transport components.

Huf and Wills (1951) showed that both the potential across the skin

and inward transport of Na and Cl could be abolished if there was

no K in the inside bathing solution.

Huf and Wills (1953) found that except for Li , the cation

transport system is specific for Na+. Zerahn (1955) found that

even Li+ was clearly distinguished from Na+, for when Li+ was

placed in the external medium, it accumulated in the skin. Potassium

or other cations did not seem to be transported inward through the

skin.

In 1954, Jorgensen et al applied the flux ratio criterion to Na

and C1 uptake in intact frogs and toads bathed by dilute solutions
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(3 mM), By differential ion depletion, Jorgensen showed that the

transfer of these ions could occur independently across the skin.

Thus, in contrast to earlier work, Jorgensen's work suggested
-

independent Na+ and Cl active transport systems.

In 19584 Koefoed-Johnsen and Ussing found that when electrical

shunting of the skin by movement of Cl was prevented, the potential

across the skin could be predicted as the sum of the diffusion

potentials of Na+, from the outside to inside the cells, and of K+

from fluid bathing the inside of the skin to the inside of the cells, as

predicted by the Nernst equation.

RT ln Nac + RT ln Kc

F Na F Ki

Supporting this hypothesis, Engbaek and Hoshiko (1957) found that the

transepithelial potential difference consisted of two intraepithelial

electrical potentials.

Ouabain, a cardiac glycoside, known to inhibit cellular Na+

pumps and Na+
-K

+ -ATPase, was found to block transepithelial Na+

transport (Koefoed-Johnsen, 1957). This implicated Na+-K+-ATPase

in Nat transport across frog skin. This enzyme was also demon-

strated to be associated with Na transport in the urinary bladder of

toads (Bonting and Caravaggio, 1963), urinary bladder of turtles

(Shamoo and Brodsky, 1970), fish gills (Epstein et al, 1967) and

tadpole gills (Boonkoorn and Alvarado, 1971). The involvement of
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Na
+

-K
+ -ATPase led investigators to search for a mechanism which

would permit use of the cellular ion pump to affect transcellular

movement of ions.

In 1958, Koefoed-Johnsen and Ussing proposed a model for the

ionic transport mechanism in the amphibian skin. They concluded

that Na+ diffuses passively into the cell across the outside, Nat

selective border, and gives rise to a diffusion potential which makes

the cell positive to the external medium. The intercellular Na

concentration is maintained at a constant but low level by the active

Na+ transport across the internal border by a pump with essentially

the same characteristics of a typical cellular Na+
-K

+
pump. The

internal border was permeable to K+ but almost completely

impermeable to Na+. The active transport mechanism was proposed

to be carrier linked and was thought to involve the obligatory exchange

of cellular Na+ with K+ from the inside solution. This exchange

would mean the pump itself was not electrogenic. The inwardly

transported K+ would then diffuse back into the extracellular fluid,

giving rise to the second diffusion potential observed by Engbaek and

Hoshiko (1957), making the inside solution positive in relation to the

cell. Movement of K+ would take place in a circular manner and

thus the Na+ /K exchange system would appear as a Na transport

system.
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Outside Medium Epithelial Cell Inside Medium

40- diffusion

00 active transport

Experiments of Hoshiko and Ussing (1959) on Na+ exchange

across the skin of anurans supported the Ussing model. Skepticism

over the possibility of the inward diffusion of Na+ across the outer

border was diminished when Hoshiko and Ussing (1959) showed that

the Na+ transport pool of the skin represented only a small fraction

of the total Na+ in the epithelium. Mac Robbie and Ussing (1961)

found that modification of the Na+ and K+ concentrations of the

internal and external solutions resulted in changes in osmotic

behavior that could be explained by the permeability characteristics

of the model. Whittembury et al in 1961 suggested that a system

similar to that put forward for an.uran. transepithelial Na+ trans-

port operated in the proximal tubules of the kidney of Necturus.

In 1963, Bricker et al inverted the K+ concentration gradient

between the internal plasma compartment and the intercellular
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compartment. In contrast to the theoretical prediction of the Ussing

model, neither the short-circuit current or the active transport of

Na+ disappeared. In 1965 Cereijido and Curran found that the inner

barrier did not function as a perfect K+ electrode. They found no

correlation between K+ influx from the internal solution into the

epithelium and the transepithelial Na+ net flux across the skin which

discounted the existence of a 1: 1 Na+/K+ exchange and suggested an

electrogenic pump. According to the Ussing model, the cellular

ionic equilibrium was maintained by the transepithelial Na+ transport

system. Cereijido and Curra.n (1965) showed, however, that it was

possible to inhibit transepithelial Na+ transport without affecting

the ionic composition of the epithelium. Accumulating research in

the late 1960's showed further deviations from the Ussing model.

If the active transport systems were not electrogenic, as

suggested by many workers, some type of exchange mechanism or

ion drag must be involved. The independence of the Na and Cl

systems which had been suggested by Krogh (1937) and Jorgensen

et al (1954) was confirmed by Salibian et al (1968) who found that

Na and Cl could be absorbed in different amounts from NaC1

solutions and by Garcia-Romeau et al(1969) who selectively inhibited

the absorption of one of these ions while the net flux of the other

remained unchanged.



10

In 1967, Mc Bean and Goldstein demonstrated that the Na+ uptake

mechanisms may involve an NH4+ exchange system in Xenopus. Dietz

et al (1967) found a similarity between average NH4 excretion rate

and Na+ absorption rate in salamanders. Garcia-Romeau and

Salibian (1968) found a highly significant correlation between NH4+

and Na fluxes in Leptodactylus, a South American anuran, though

the NH4 excretion was much lower than Na absorption.

In 1969, Garcia-Romeau et al found a correlation between H+

excretion and net Na+ absorption and base excretion and Cl absorp-

tion in Calyptocephalella, gayi. The pK of the excreted base indicated

that it was HCO3' Because of the conflicting data over exchange

mechanisms, Erlij (1971) has suggested that the linked entrance of

Na+ and Cl may coexist with the Na+/H+ and Cl /HCO
3

exchange

systems. The relative importance of these different systems may

vary according with environmentral circumstances or species.

Another potential source of interspecific variation in iono-

regulatory capacity in amphibians lies at the integration level.

Two endocrine mechanisms have been implicated in ionoregulation:

the hypothalamic-neurohypophysial axis, and the adrenal cortex.

Brun.n (1921) first demonstrated that injection of mammalian neuro-

hypophysial extracts into amphibians immersed in water is followed

by a marked increase in body weight. The basic response is an

increase in permeability of membranes to water (hydrosmotic
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response). At least three target organs are involved: the kidney,

the urinary bladder and the skin. The extent of participation varies

with species and within a species, with stage of development.

Generally more terrestrial species are more responsive to the

hormone (Bentley, 1971).

It is noteworthy that in early experiments mammalian neuro-

hypophysial extracts were used. The most potent principle of which

is an octapeptide, arginine vasopressin (AVP). The principle in all

amphibians is another octapeptide, arginine vasotocin (AVT)

(Bentley, 1971) which is more potent than AVP.

In amphibians neurohypophysial hormones also stimulate trans-

epithelial Na+ transport across the skin (Fuhrman and Ussing, 1951),

kidney tubules (Jard and Morel, 1963) and the urinary bladder (Ewer,

1952). This is referred to as the natriferic response. The response

is specific for Na+, Cl transport is not affected (Fischbarg et al,

1967; Finn et al, 1967).

In mammals Na transport across epithelia is regulated

primarily by the adrenal cortical rnineralcorticoid, aldosterone. The

adrenal cortex of amphibians synthesizes aldosterone and aldosterone

stimulates active Na transport across the skin, renal tubules and

urinary bladder of amphibians (Crabbe, 1961; Bishop et al, 1961;

Ussing, 1949).
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The permutations made possible by the diversity of integrative

mechanisms and responses provide a basis for species variability.

Some studies over the past years have touched upon ionic

regulation in anurans from a comparative or ecological standpoint.

However, with the exception of a recent paper by Greenwald (1972)

most of these observations have been made on isolated skin under

highly unphysiological conditions. Furthermore, only a few species

have been studied and none from a systematic point of view in terms
-of both Na+ and Cl balance. Greenwald's (1972) work shows that

differences do exist between aquatic and terrestrial anurans with

respect to certain aspects of Na+ metabolism. Aquatic forms

(Xenopus) exchange Na+ slowly but have a high affinity transport

system in their skins. The reverse is true for more terrestrial

forms (Bufo).

The Present Study

To determine whether differences exist in the physiological

mechanisms of ionic regulation between species of anurans and

whether correlations can be made between mode of regulation and

habitat, a systematic study of anurans from a variety of habitats

was undertaken. The animals studied were: 1) Ascaphus truei, an

aquatic anuran found in very dilute, cold, high-altitude streams in

the Pacific Northwest 2) Rana pipiens, a widely distributed
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semi-aquatic anuran found in ponds and lakes 3) Hy la regilla, a

terrestrial species found in low plant growth near water and 4)

Bufo boreas, a terrestrial species found in a wide variety of habitats.

The two terrestrial species differed greatly in surface area to

volume ratio.

The objectives of the present study were:

1. To determine the ability of the four anurans to maintain

an ionic steady state in various NaC1 solutions.

2. To measure the osmotic movement of water across the

skin.

3. To measure the rates of exchange of ions by radiotracer

methods and to quantitatively partition the efflux into

diffusive, renal, secretory and exchange diffusion com-

ponents and the influx into diffusive, osmotic, exchange

diffusion and active components.

4. To measure influx of Na+ and Cl as a function of external

concentration of each ion and therefore derive affinity

(1/Ks) and capacity (Vmax) for each transport system.

5. To determine the physiological responses to periods of

salt-depletion and regulatory capacity of each species.

6. To measure the dependency of Na+ and Cl transport

systems and study the mechanism of Na independent Cl

transport and Cl - independent Na+ transport.
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7. To interpret the results in terms of the general problem

of ion transport across complex epithelia.
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MATERIALS AND METHODS

Collection and Maintenance of Animals

Adult Ascaphus truei were collected by hand from Hackleman

Creek east of Tombstone Summit in Linn County, Oregon. Adult

B:if 0 boreas were collected by hand from Fish Lake east of Tomb-

stone Summit in Linn County, Oregon. Adult Hyla regilla were

coilected y hand near Minkler Lake in Skagit County, Washington.

Adult Rana pipiens were obtained from commercial suppliers.

Collections were made during the spring and summers of 1971-1973.

All animals were maintained at 15 + 1° C in polyethylene tubs

containing dechlorinated tap water containing about 0.2 mM NaCi.

The animals were not fed and the water was changed each week. All

animals were allowed to adjust to laboratory conditions for

at least two weeks before use. All experiments were done at 15 +

10 C.

Animals were salt-depleted by keeping them in flowing distilled

water (0. 75 1/10 g/day) for 14 days. Salt-depleted animals will be

abbreviated as SD and non-depleted animals as NSD.

Anesthetic

When anesthesia was required, the animals were immersed in

0. 1 percent tricaine methane sulfonate (Finquel, Ayerst Laboratories)
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with 1 01 NaHCO3 (pH = 7.0). Anesthesia was usually complete

after 2-5 minutes for Ascaphus truei and Hy la regilla and 10-20

minutes for Rana pipiens and Bufo boreas.

Chemical Analysis

The concentration of Na-F and K+ in urine, serum and bathing

solutions was determined by flame photometry (precision + one

percent). Chloride concentration was estimated with a Cot love

chloride titrator (precision + one percent). One ml samples were

used for most analyses, but for solutions of 0.1 mM C1 or less,

100 ml samples were analyzed using a "nanogram" attachment.

Ammonia was determined by the Nessler's reaction. Nessler's

reagent was added to each sample. After ten minutes the samples

were read on a Bausch and Lomb colorimeter at 425 mp,. Phosphate

ion concentration was determined colorimetrically using the method

of Murphy and Riley (1962).

The total acidity was estimated by titration with NaOH (0. 01

N) and the base with H2SO4 (0.01 N). These measurements were

made on ten or 50 ml aliquots with a Beckman pH meter. The pK

of base and buffering power of the sample were graphically deter-

mined.
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Blood Analysis

Blood samples were taken by severing the bulbus arteriosus

and drawing up blood in a pasteur pipette. The blood was transferred

to a microfuge tube and centrifuged for five minutes. A measured

aliquot of the serum was then diluted 100 times for ion analysis.

Total solute concentration was determined on undiluted serum with

a Mechrolab vapor pressure osmometer (precision + three percent).

Surface Area Determinations

The external surface area was computed utilizing the equation:

Area = 11 X wt2/3 (Krogh, 1904). Ninety percent of the animal was

considered to be submerged in the bath.

Transepithelial Potential Difference

Animals were anesthetized and a small incision was made

through the epithelium in the ventral abdominal region. The animals

were then rinsed with distilled water and suspended in a one percent

solution of urethane with 2.00 mM K2SO4. A polyethylene tube

(PE 90) filled with a 100 mM KC1 -.Agar or Ringer's-Agar solution

was inserted under the epithelium. The other end of the polyethylene

tube (bridge) was connected to a calomel half cell. A ten mM KC1-

Agar bridge connected the bath to a calomel half-cell. Alterations
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in bath media were made by addition to the 2.00 mM K2SO4 solution.

Potential difference was measured with a Bausch and Lomb recording

potentiometer with appropriate corrections for asymmetry.

Ion Fluxes

The flux of ions can be partitioned according to equations (1-3).

-
Jnet

J. = Ji + J
(diffusion) i(exchange diffusion)

+ Ji(active)

+ J.gosmotic)

Jo J
o o(diffusion) + Jo(exchange diffusion

+Jo(secretion)

Influx (3.)
1

+ Jo(rena,l)

(1)

(2)

(3)

The influxes J. of Na+ and Cl, were measured simultaneously

with 24Na
and 36C1 in solutions of NaCl. The influxes of Na+ and

SO
4

were measured simultaneously with 24Na and 35SO
4

in solutions

of Na2SO4. The influxes of K+ and Cl were measured simultaneously

with 42K
and 36 Cl in dilute solutions of KC1. The influxes of

choline+ and Cl were measured separately with 14C-choline or 36 Cl

in solutions of choline chloride. Approximately five p.c of the short
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half-life 2 4Na or 42K and one ix of the long half-life 36
C1,

35504 or

14C-choline were added to the bath (100-250 ml).

Two or three Ascaphus or Hyla were pooled in each experi-

mental container containing 100 ml of the desired solution. Fluxes

in Bufo and Rana were measured on individuals immersed in 250 ml

of bath. The pH of the bathing solutions in each case was adjusted

to neutrality by the addition of KOH, NaOH, H2SO4 or HC1. A five

ml sample of bath was removed after 0, 3, 6, 12, and 24 hours and

assayed for radioactivity.

Counting of Radioactivity

Radioactivity was measured with a Nuclear Chicago ambient

temperature liquid scintillation spectrometer or with a Geiger-

Mueller gas flow detector (Nuclear Chicago). In the liquid scintilla-

tion method, one ml of bath was added to ten ml of a toluene-based

counting solution (Triton X-100 or X-114 as a solubilizer, PPO or

0-p-terphenyl as a primary fluor and POPOP as a secondary fluor)

and was counted for ten minutes (precision + one percent). Quenching

was monitored by the channels ratio method. In the Geiger-Mueller

gas flow method, a one ml sample was transferred to an aluminum

planchet and evaporated to dryness. The time to accumulate 40, 000

counts was then determined (precision + one percent).
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In double label experiments involving (24Na and
36C1), (24Na

and
35SO4) or (42K and 36C1), samples were assayed for radio-

activity in chronological order immediately after removal of the

last sample. Samples were then stored for seven days to allow for

decay of the short half-life 24Na (t112 = 15.0 hr) or 42 K(ti 72=12.4 h

and then were recounted to obtain radioactivity from long half-life
36C1 or 35504. Counts of short half-life isotope was determined

by subtracting recounts from the original counts. Appropriate

corrections were made for decay during the counting of a single

sequence of samples:

Where A

0.693.)
1/2

[Ao = e

= corrected CPM for t = 0

A = apparent CPM at time t

t = time elapsed

t1/2 = half life of isotope

(4)

The influx was computed from the rate of decrease in radioactivity

in the bath (equation 5 if Jnet # 0 and equation 6 if Jnet 0). The

flux calculations were performed by computer with flux values

obtained for each interval. Flux data are reported only for those
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intervals where the "backflux" would result in less than a ten per-

cent decrease in the influx.

log Yo / Yt
J. =
n net log So / St

i

Yt2. 3S ,J = log ---
n At 10 Y

(5)

(6)

Where Yo and Yt = CPM / ml in bath at time zero and t

So and St= Co V
o

and Ct Vt

Net Flux and Efflux

The net flux was determined from changes in bath ion con-

centration (equation 7). The efflux was computed by subtracting the

net flux from the influx (equation 8).

(Co ' V
o

) (Ct V )
Jnet to or tW

Where Co = concentration of ion in bath at time zero

Ct = concentration of ion in bath at time t

Vo =, bath volume at time zero

= bath volume at time t

t w time

(7)
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A = surface area of frog

W = weight of frog

J
o

= J. - Jnet (8)

Diffusion and Permeability Coefficients

In distilled water there can be no integumentary exchange

diffusion or inward active transport. If the renal efflux is eliminated

by blocking the cloaca, the remaining efflux is Jo(diffusion) and

J The frogs were rinsed several times in distilledo(secretion).

water and then placed in 200 mis of distilled water. Aliquots of

105 ml were removed at two-hour intervals over an eight hour period

and analyzed for Na÷, K
+ and Cr. The samples were replaced by an

equal aliquot of distilled water immediately after sampling. The

apparent passive efflux for each interval was calculated and plotted

against time. Other animals were labeled with 22 36Na or Cl by

suspension in a labeled bath for two days, whereupon their cloacas

were ligatured. After rinsing several times each animal was placed

in 100 or 200 mls of distilled water. A one ml aliquot was taken

after 0.5, 1 and 2 hours and analyzed for radioactivity. Specific

activity of the serum was measured and the apparent passive efflux

was determined by equation 9:



(Y
T

Y
o
) t i

-C 10
J -

o V Y' Wt
S 1

Where Jo = efflux in p.eq/10 g/hr

Yt = CPM in bath at time t

Yo = CPM in bath at time 0

Y. C.= CPM in plasma

Vt = total volume of bath

Vs = sample volume

C. = concentration of ion in plasma

W = weight in grams

t = time in hours

23

(9)

An extrapolation to 0 time was carried out in all cases to eliminate

exchange diffusion and active transport components which became

of greater significance as the ion concentration increased with time

in the bath. The slope of the line at 0 time is reported as the

). Handling was minimal in order topassive efflux (Jo(diffusion)

reduce the magnitude of the glandular secretion component.

Permeability coefficients were determined according to an equation

developed by Goldman (1943) for a homogenous membrane with a

constant electrical potential gradient.



ZFE (C. - C
o

)e

Jo(diffusion)
p

R T (ZFE/RT) -1

(ZFE /R T)

Where Jo =

P =

Z =

F =

E =

=

T =

C. =

passive diffusive efflux

permeability constant

valence of ion considered

Faraday

electrical potential

gas constant

temperature

internal concentration
1

Co = external concentration = 0 with respect to the

24

(10)

ion in question

The use of the above equation is only valid when the ion mov-

ment is passive and independent.

Knowing the permeability constant in distilled water and assum-

ing it is independent of external concentration one can calculate the

passive efflux in different solutions:

Jo (diffusion in distilled H2
2

Jo (diffusion in solution)

[ ZFE/RT

e(ZFE/RT)-1

[ ZFE/RT
(ZFE/RT)

-1

C. e(ZFE/RT)
2

( 11)

C
FEe(Z/RT) distilled H2O

solution
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The calculated diffusive loss is only an approximation because

certain assumptions have not been confirmed in this work. These

assumptions are that the potential differences is linear with distance

and as noted that the permeability constants remain constant when

the ionic composition of the external media is altered.

Knowing jo(diffusiori),
the diffusive influx of ions, Ji(diffu

sioa)' can be calculated from the Ussing flux ratio equation:

J. (diffusion)
=

Jo (diffusion) Co
C.

(- ZFE/RT)

Renal Efflux and Water Uptake

(12)

The urinary bladder was emptied by supra-pubic compression

and the external opening of the cloaca of the animals was blocked

with a purse-string ligature. Each animal was placed in distilled

water and weighed at two-hour intervals for eight hours (precision

+ 0.05 g). The rate of increase in weight was taken as the osmotic

uptake of water. A permeability constant P for water was
142°

determined according to the equation of Lucke and McCutcheon

(1931):

dv/dt = PH20 (Trin - Trout) (13)
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At the end of the eight hour period, the animals were anesthetized,

the urinary bladder was exposed and urine sample was withdrawn

with a hypodermic syringe. Urine samples were analyzed for ions

and renal efflux calculated by the equation:

Where C r

=
o(rena,l)

C r Vr

= concentration of ion in urine (p,eq/m1)

Vr = urine production (m1/10 g/hr)

(14)

The renal efflux was also determined by subtracting the total

efflux of ions in ligatured animals from that in control animals.

Exchange Diffusion

Carrier-mediated exchange not resulting in net movements of

ions is called exchange diffusion and requires the presence of the

ion in question on both sides of the membrane. The energy needed

for this process must be derived from metabolism. The exchange

diffusion component of the efflux can be determined from equation

equals T.3. By definition, Jo(exchange diffusion) i(exchange diffusion)*
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RESULTS

Ionic Composition of Plasma and Urine in NSD Animals

The ionic compositions of serum and the tap water to which

the animals were adapted are shown in Table 1. Serum Na is closely

regulated. The widest 95 percent confidence interval, that of

Ascaphus, was 99 to 113 mM. There is also uniformity between

species, interspecific differences are insignificant (Table 1) and do

not differ from published values for anurans (Conway, 1957).

Regulation of serum Cr, on the other hand is less precise.

For examples, the 95 percent confidence interval for Hy la'is 66 to

89 mM. Mean serum Cl concentrations are not different for

Ascaphus, Bufo and Hy la, but the values for Rana is significantly

lower than the others. Gibbons and Kaplan (1959) report a value of

70 + 5 for Rana indicating that my value is not aberrant. No pattern
-

is evident between plasma Na or Cl concentration and size or

habitat of the animals.

Serum [ K +] is lower in the more terrestrial species. The

significance of this is not known although it is noteworthy that it may

reflect differences in fragility of red blood cells. Even slight

hemolysis elevates [ K+] .



Table 1. Ionic composition of plasma and urine in NSD animals and the media of adaptation. N= 8 for
all values.

Measurements
and Units Ascaphus truei Bufo boreas Hyla regilla Rana pipiens

Serum

[ Nal mM/i 105. 6 + 3. 2 108.9 + 2. 7 110.0 +2.5 112. 3 + 2, 6
[ mM/i 80. 6 + 3. 0 77.4 + 3.4 77. 8 T 5. 1 68. 2 + 3. 4
[ K ] mM/i 7. 4 + 0. 6 5.2 + 0.9 4. 4 0. 1 7. 6 + 1. 4
[ total solute] 172, 0 + 5 2 35. 0 + 15 2 18. 0 + 10 193. 0 + 8
(mOsm/f

Urine

[ Na+] mM/i 0. 8 + 0.2 1. 1 + 0. 5 1. 4 + 0.2 1. 1 + 0.2
[ 9:] mM/f 0. 7 T 0.2 0. 7 + 0. 4 0. 8 + 0.2 0. 8 + 0. 2
[ K ] 0.2 T so. 1 0.2 T o. 1 1. 3 + 0. 3 O. 6 + 0. 1_TnM/12

[ NH= ] mM/Q 1. 9 T O. 3 1. 8 + 0. 3 3. 3 A- 0. 5 3.2 + 0. 3
[ PO4] mM/i 0.2 + 0. 1 0. 3 + 0. 1 0. 8 + 0. 1 0. 6 + 0, 1

Tap Water

[ Na+] mMil O. 189 + 0.20
[ mMilt O. 156 + 0. 19
[ K ] mM/i 0. 02 7 + 0.05
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The osmolarity of the serum of the more aquatic species is

lower than for terrestrial forms. The low value for Ascaphus cannot

be explained, particularly since the sum of Na+ K+ and Cl exceeds

osmolarity. It is interesting that [Na+] + [K+] + [C1 ] is remarkably

constant between species (range 188-194). The colloidal osmotic

pressure of the frog (Rana) plasma is about 14 mm Hg (Deyrup, 1964)

corresponding to a solute concentration of about 1 mM. The remain-

ing solute in Bufo, Hyla and Rana is probably HCO3 which may account

for the variability.

Urine is 100 times more dilute than serum in Na+ and Cl

Urine K varied with species with Hyla and Rana higher than the

other two. The basis for this difference is unknown although the

same pattern is seen for NH
4

and PO4 which suggests a-higher degree

of secretion in the renal tubules of Hyla and Rana. I did not measure

glomerular filtration rate (GFR) in all species. However, for Rana

the ratio of urine to plasma concentration of inulin is 2.34 + 0.24 (10)

and the rate of urine production is 0.1 m1/10 g/hr. From this it is
-seen that the reabsorption of Na and Cl in the renal system

(including bladder) is extensive, about 22 t.iMoles of Na and 14

iiMoles of per 10 g per hour.

Published values for urine ion composition are highly variable

for two reasons: first, handling can significantly elevate urine

concentrations, and second, samples taken from the bladder are
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lower than those taken by catheterization because contamination from

feces and blood is minimized and because the urinary bladder is a

site of reabsorption of at least some ions (Bentley, 1966b; Crabbe,

1961). What is normal? Rana kept under aquatic conditions, store

urine in their bladder as anyone who has picked up an undisturbed

frog knows. Urine samples from otherwise undisturbed frogs

almost invariably are low in Na and Cl (about 1 M).

Transepithelial Potential Difference in NSD Animals

The relationship between the external [ Na
+] or [ CI and the

TEP are shown in Figure 1. I have presented the data= auarithmetic

scale to emphasize the marked dependence of the TEP on [ Na
+] over

the physiological range of concentrations. The data can be rectified

by plotting log [ Ns-) against TEP. The resulting straight line can

be characterized by a slope (mV/log [ No
+] 0) and an intercept (mV)

corresponding to TEP at a. set value of [No
+] (except 0). Another

term which can be extracted is the X intercept or the concentration

of Na+ when TEP is zero. The last term is of interest because it

is the Na+ concentration at which the sum of all the membrane

potentials of the epithelium is zero. The slope is 26-39 mV /log

[ Na
+] (Table 2). There are significant differences between the

magnitudes of the TEP among different species when bathed in 2

mM NaCl. The variation in the TEP at a bath [ NaCl] of 2 mM/1
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Figure 1, Transepithelial potential in NSD animals as a function of
[Nal] or [Cl in the external medium. Each point repre-
sents the mean of eight observations. The maximum
standard error was 7. 2 mV.



Table 2. Trans epithelial potential for NSD animals. N = 8 for all points.

Species

Slope
(mV /log f Na ] )

TEP at a bath [ Na+] bath [ Na +] at TEP
of 1 mM/12 (mV) of 0 mV (mM/i)

NaC1 Na2SO4 NaC1 Na2SO4 NaC1 Na2SO4

Bufo boreas 31. 4 + 2.2 29. 6 + 3.6 59. 7 + 6. 3 53. 1 + 5.4 O. 014 +0. 005 0. 019 + O. 004

Rana pipiens 34. 4 + 4. 9 25. 9 + 3. 4 34. 4 + 3. 7 22. 4 + 2. 6 0. 126 +O. 017 0. 146 -1- O. 019

Ascaphus truei 38.8 + 1. 9 39.0 + 2. 8 32.2 + 3. 5 31.7 + 4. 0 0. 179 +0. 026 0. 157 + 0. 017

Hyla regilla 32. 1 + 3. 5 32. 3 + 3. 1 28. 3 + 3. 1 25. 6 + 2. 8 0. 141 +0. 017 0. 177 + O. 21
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ranged from +41.5 mV in Hy la to +66. 0 mV in Bufo. For Ascaphus,

Bufo and Hy la there seemed to be no differences between the TEP

pattern in NaCl and Na SO
4

(Table 2). In Rana, however, the mag-

nitude of the TEP is significantly higher in 1 mM NaC1 than in 0.5 mM

Na2SO4. This suggests a possible decrease in the active transport

of Na+ from solutions of Na2SO4. A small increase in the TEP in

the positive direction with increasing bath [ choline chloride] was

observed. This may reflect an accumulation of bath Na+ which

resulted from the efflux of Na from the animal over the experimental

period.

The potential difference across frog skin was first described

by Du Bois Reymond in 1848. In 1904, Galeotti found that the TEP

was dependent on Na+ and K÷ in the external medium. Ussing and

Zerahn (1951) found that the TEP generated in isolated frog skin

was dependent on the active transport of Na+. The values reported

here are similar to those reported in the literature for anurans.

Jorgensen et al. (1954) showed that when frogs were immerged

in 3-5 mM NaCl the TEP was on the order of 50-100 mV. Dietz et

al (1967) however reported a potential difference of only 10-20 mV

for larval salamanders in a [ NaCl] of 1.2 mM/L.



34

Water Balance

Figure 2 shows that the rate of osmotic uptake into NSD animals

is nearly constant over 6 to 8 hours. The statistics in terms of

original body weight are reported in Table 3. The mean osmotic

influx values for the four species ranged from 0.10 m1/10 g/hr in

Rana to 0.29 m1/10 g/hr in Hy la (order H. R.>B. B.> A. T.> R. P. ).

Control animals weighed at the same intervals suffered a net loss of

weight. The loss of weight in the controls probably reflects diuresis

induced by handling. The uptake values are similar to those reported

in the literature for other anurans. Rubenstein (1935) found that water

uptake in Rana pipiens at 18-23° C was on the order of 0.17 m1/10

g/hr. Adolph 0927) showed that the average rate at which Rana

esculenta excreted water, when immersed in tap water at 20° C,

was 0.13 ml /l0 g/hr. Although Rey (1938) measured a water turn-

over rate of 117 percent per day for Bufo bufo (0.50 m1/10 g/hr) at

room temperature. The expression of water turnover in terms of

body weight is useful in terms of the water balance problem faced

by the individual animal but cannot be used to draw inferences about

the permeability of the integument. Permeability is a function of

surface area and the surface area is not a linear function of mass.

The relationship has been studied in several amphibians (Krogh, 1904;

Rey, 1938) and the "two-thirds" rule seems to apply. When the data
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Figure 2. Water uptake by NSD animals from distilled water. The cloacas were blocked
and body weight was measured as described in materials and methods. The
initial weights of NSDAscaphus, Bufo, Hy la and Rana were 2. 5 ± 0. 2g, 61. 1±
5. 2 g, 2. 6 ± O. 3 g, and 39.7 ± 5. 0 g, respectively. N = 16 for all points,



Table 3. Osmotic uptake and water permeability constants for NSD animals. N = 16 for each value.

Species

Mean
Weight

(g)

Area

(cm2)

A Osmotic
Pressure

(atm)

Water
Turnover

(% BG/hr)

Water
Flu

µ2 /cm3/hr
x 10

PH20
cm/atmtpec

x 10

Ascaphus truei 2. 5 + 0.2 20.3 4. 06 2. 1 + 0. 1 2. 38 1.67

Rana pipiens 39.7 + 5. 0 121 4.56 1. 0 + 0, 2 2. 73 1. 82

Hyla regilla 2. 6 + 0. 3 2 1. 2 5. 15 2. 94 0. 3 3.28 1. 80

Bufo boreas 61.1 + 5.2 177 5.55 2. 3 + 0. 3 15. 62 3. 92
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on water exchange are expressed in terms of a permeability constant

(Table 3) the interspecific pattern changes. The P is remark-H20

ably similar for all species except Bufo which is about twice as high.

This agrees with the observation of Koefoed-Johnsen and Ussing (1953)

who found that the net flux of water inward across the isolated skin

of the toad Bufo bufo was 32 percent greater than the net inward flux

through the skin of the frog Rana temporaria under comparable

conditions.

Analysis of Na+ Balance

NaSteady-State (Jnet')s-

Sodium is the most abundant cation in extracellular fluid and

as noted earlier its concentration in serum is regulated within

rather narrow limits.

The ability of the four species to maintain an ionic steady-state

in various NaCl solutions was investigated. For at least two weeks

before use the animals were kept in tubs containing dechlorinated

tap water (0.2 mM NaC1) but the tubs were tilted so that the animals

could leave the water at will. The animals were then immersed in

various concentrations of NaCl. Table 4 shows net Na+ fluxes for

NSD animals. Ascaphus, the most aquatic species, maintains a Na

steady-state at an external [ NaCl] of 0.1 mM/1. Rana, a



Table 4. Net Na+ flux for NSD animals transferred from tap water to various NaC1 solutions
(iieq/10g/hr + S. E. ). N = 8 for all points.

Bath
[ NaC1]
(mM//)

Ascaphus truei Bufo boreas Hyla regilla Rana
(38.6

pipiens
(2. 6-+ 0. 3g) (62.2 + 5. 1g) (2. 5 + O. 2g) + 4. 9g)

0. 05 -0. 07 + 0. 12 -0. 63 + 0.21 -0.61 + 0.21 -0.31 + 0.24

0. 10 0.01 + O. 13 -0.54 + 0.22 -0. 55 + 0. 19 -0. 16 + 0.21

0.25 0. 14 + 0. 15 -0. 42 + 0.31 -0. 48 1- 0.24 -0.21 1- 0.27

0.50 0. 10 + 0. 19 -0. 36 + 0.25 - 0.23 +0.15 0.02 + 0.21

1. 00 0. 06 + O. 19 0. 02 + 0.25 -0. 02 + 0.26 -0. 05 + 0.26

2.00 0. 00 + 0. 15 0.20 + O. 39 O. 11 + O. 38 - 0.23 +0.34
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semi-terrestrial form is intermediate while in Bufo and Hy la, the

minimal steady-state concentration is about 1.00 mM/1. Aquatic

forms are capable of maintaining a Na+ steady state in more dilute

environments.

Efflux JoNa)

Sodium efflux as a function of bath [ NaCl] is reported in Table

5. Two striking points are revealed. First, Ascaphus is markedly

different from the other species in that Jo is very low. This is

partly an adaptation to environment. Ascaphus lives in very dilute

water in which minimal ion exchange is advantageous. But it is

also an adaptation to small size and therefore high area to volume

ratio. It is noteworthy that the efflux from Hyla (2. 5 g) is also low

although not as low as for Ascaphus. Does this "size" effect occur

in all species? I collected immature (2 g = 18 cm2) Bufo in the spring

of 1973 and measured fluxes. The mean efflux of Na+ was 1.2 p.Mole/

animal/hr or 67 nM /cm2 /hr which is very close to values for adults

(68 g). Thus the low efflux in small animals is not characteristic

of all species and is probably an evolutionary adaptation. The point

is that the integuments of different species of intact anurans may

vary with respect to the ease with which Na+ can escape and this may

serve as a critical determinant of the ionoregulatory capacity of the

species.



Table 5. Sodium efflux for NSD animals transferred from tap water to various NaC1 solutions (peq/10g/hr or nM/cm
2/hr

+ S.E.)
N = 8 for all points.

Bath
[NaCli
(mM/1)

Ascaphus truei Bufo boreas
g)

Hy la regill a Rana pipiens
(2.6 + 0.3 g) (62.2 + 5,1 (2.5 4- 0.2 g) (38.6 + 4.9 g)

peg/10g /hr /*I / cm2 /hr peq/10g/hr nM/cm
2/hr igq/10g/hr nM/cm

2/hr
p,eq/10g/hr nivl / cm

2/hr

0.05 0.44 + 0.11 5.2 + 1.3 1.03 + 0.18 41.0 + 6.7 0.99 + 0.16 12.0 + 1.9 0.80 + 0.18 24.3 + 5.5

0.10 0.51 + 0.09 6.7 + 1,2 1.33 + 0.16 50.9 + 6.1 1.04 + 0.13 12.7 + 1.6 1.02 + 0.20 31.9 + 6.3

0,25 0.65 + 0.13 8.7 + 1.7 1.51 + 0,26 53.6 + 9.2 1.25 + 0.19 15.8 + 2.4 1.34 + 0.22 42.2 +6.9

0.50 0.72 + 0.10 9.1 + 1,3 1.73 + 0.21 60,6 + 7,5 1.37 + 0.07 18.2 + 0.9 1.42 + 0.19 43.2 + 5.8

1.00 0.77 + 0.14 9.9 + 1.8 1.89 + 0,22 68.8 + 8.0 1.70 + 0.24 21.4 + 3.0 1.61 + 0.24 52.0 + 7.8

2.00 0.81 +0.13 9,6 + 1.5 2.28 + 0.33 85,5 + 12.4 1,75 + 0.16 21.7 +2,0 1.98 + 0.32 59.4 + 9.6

* 0.93 + 0.14 11,0+ 1,2 2.04 +0.25 76.7 + 7.8 1.96 + 0.21 24,4 + 2.5 2.26 + 0.27 65.4 + 7.1

* Efflux was determined directly by tracer method.
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The second point is that the Na+ efflux is not independent of the

external ion concentration (Table 5) as would be expected if efflux

were a simple process of diffusion through an "unchanging" membrane.

In all species Jo changed with external [NaC1]. This could result

from the shift in TEP (Figure 1), a change in PNa+, the presence of

exchange diffusion component or a change in J .o(renal)

analyzed below. The efflux can be partitioned into renal, diffusive,

exchange diffusive and secretory components.

This will be

Renal Component (jo(renal

The renal efflux is a function of the urine Na+ concentration

and the rate of urine production (equation 14). Neither of these

varied with external concentration of NaCl (0 to 2 mM) on a short

term basis so that for a given species Jo( renal) is the same at all

concentrations (Table 9). Rates of the renal Na+ efflux from aquatic

species were lower, 0.10 p.eq/10 g/hr in the semiaquatic Rana com-

pared to 0. 35 p.eq/10 g/hr in the terrestrial Hyla. The noteworthy

point is that the more terrestrial species (Hyla and Bufo) are less

efficient in recovering Na+ from the urine but the reasons are

different in the two species. In Hyla urine [ Na+] is high and in Bufo

urine production is high. The renal component of the efflux com-

prises as much as 33 percent of the total efflux at dilute bath con-

centrations and only five percent at higher bath concentrations.
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aThe variability in Jo resides in the diffusive loss across the

integument.

Diffusive Component (JNa )o(diffusion)

Figure 3 shows the diffusive loss of Na+ to distilled water as a

function of time (cloacas blocked). The curves are characterized by

an initial linear segment. The slope then decreases with time

because of a Hbackflux" and the change in PD which develops as

external, bath Na+ concentration increases. The slope of the line at

time zero was taken as the true diffusive loss. On a standard

weight basis, the two aquatic species, Ascaphus and Rana, have

lower rates than the terrestrial forms.

The diffusive loss of ions is a function of surface area, con-

centration gradient, transepithelial potential and the permeability of

the epithelium to ions. The permeability coefficient determined from

equation (10) takes these into account and provides, in a single

number, an index of the ease of permeation of an ion across a

membrane. The two small species, Ascaphus and Hy la are

characterized by lower permeabilities (1 to 3 X 10-8 cm/sec).

may be an adaptation to their large surface area to volume ratio

(Table 6).

This



gi)

Ascaphus truei+
Jo

(diff)
for Na = 0.28 + 0.02 p,eq/10g/hr

Jo OM
for Cl- = 0.19 + 0.07 tigq/10g/hr

Hyla regilla
Jo(dift,) for Na = 0.62 + 0.10,fieq/10g/hr

Jo(diff) for Cl = .27 + 0.1611eq/10g/hr

vd

5

I I I I I I I

Bufo boreal
J

o (diff)
for Na = 0.66 + 0.03 peq/10g/hr

J for Cl = 0.38 + 0,05 fieq/10g/hr
o (cliff)

Rana pipiens
Jo (diff)

for Na = 0.52 + 0.12 peq/10g/hr

Jo
(diff)

for Cl = 0.42 + 0.10 p,eq/10g/hr

0 1 2 3 4 5 6 7 8 9 10 0 1

II
2 3 4 5 6 7 8 9 10

Time (Hrs.)

Figure 3. The diffusive loss of Na+ and Cl to distilled water for NSD
animals. N= 8 for all points.
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Table 6. Permeability constants for Na
expressed as cm/sec.

in NSD animals. P is

Species PNa+

Ascaphus truei 1. 33 x 10-8

Bufo boreal 5. 85 x 10-8

Hy la regilla 2;62 x 10-8

Rana pipiens 6. 88 x 10-8

If PNa+ is known, one can calculate the passive efflux in

different solutions by applying equation (11). This "calculated"

efflux is only an approximation because of the assumptions noted

under methods. JNao(diffusive) as a function of bath [ NaC1] are shown

in Table 7. The agreement between the two values is remarkable

for Bufo, Hyla and Rana indicating that for these species, there is

no need to involve exchange diffusion or secretory components to

explain the efflux. The change in JoNa with [ NaCl] can be attributed

entirely to the change in TEP. For Ascaphus there is a discrepency

which may reflect a change in PNa+ or variability in skin secretion.

It cannot be exchange diffusion because the deviation is in the wrong

direction.



Table 7. Partitioning of the Na+ efflux for NSD animals in solutions of NaCl. Efflux is expressed as peq /10g /hr. TEP is expressed as mV.

Bath
Ascaphus true i Bufo bore as

[NaCli

(mM/1) TEP J TEP j J
oo(R) o(D) Jo(R+D) Jo(ED) o(R) Jo(D) io(R+D) o( ED)

0.00

0.05

0,10

0.25

0.50

1.00

2.00

-22.0

+2.0

-16.0

+2.5

-8.5

+1.5

+7.5

+2,5

+20,0

+3.0

+34.5

+5.5

+43.5

+5.0

0.12

+0.06

0.15

0.15

0.15

0.15

0.15

0.18

+0.07

0.28

+0.02

0.35 0.50

0,43 0.58

0.59 0.74

0,71 0.86

0.93 1.08

1.07 1.25

0.44

+0.11

0.51

+0.09

0.65

+0.13

0.72

+0.10

0.77

+0.14

0.81

+0.13

0.00

0.00

0.00

0.00

0.00

0.00

0.0

+2.5

+16.5

+5.0

+28.5

+3.5

+42.0

+7.0

+52.0

+4.0

+60.5

+6.0

+67.0

+6,0

0.27

+0,12

0.25

0.25

0.25

0.25

0.25

0.23

+0.03

0.66

+0.03

0.90 1.15

1.11 1.36

1.37 1.62

1.52 1.77

1.76 2.01

1.91 2.14

1.03

+0.18

1.33

+0.16

1.51

+0.26

1.73

+0.21

1.89

+0.22

2.28

+0.33

0.00

0.00

0.00

0.00

0.00

0.12

4
un

Hyla regilla Rana pipiens

0..00

0.05

0 10

0.25

0.50

1.00

2.00

-18.0

+3.0

-9.5

+1.5

-4.0

+1.0

+4.0

LI.2.5

+14.5

+3.5

+29.5

+4.0

+41.5

+5.0

0.39

+0.05

0.35

0,35

0.35

0.35

0.35

0.31

+0,05

0.62

+0.10

0.72 1.07

0.78 1.12

0.92 1.27

1.12 1.47

1.44 1.79

1.74 2.05

0.99

+0.16

1.04

+0.13

1.25

+0.19

1.37

+0.07

1.70

+0.24

1.75

+0.16

0.00

0.00

0.00

0.00

0.00

0.00

-17.0

+2.5

-9.5

+3.0

-3.0

+2,5

+6.0

+2.5

+16.5

+3.5

+29.5

+4.0

+49.5

+5.0

0.11

+0.03

0.10

0.10

0.10

0.10

0.10

0.09

+0.02

0.52

+0.12

0.79 0.89

0.86 0.96

1.03 1.13

1.24 1.34

1.55 1.65

2.09 2.18

0.80

+0.18

1.02

A-0.20

1.34

+0.22

1.42

+0.19

1.61

+0.24

1.98

+0,32

0.00

0.06

0.21

0.08

0.00

0.00
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Influx of Nal- (JNa)

NaTable 8 shows the relationship between J. and external [NaC1];

3.
Na. s expressed in terms of mass and area. Within a species J.Na

is probably a function of exposed area. I found, for example, that

for Bufo ranging in mass from two to 70 g the relationship between

J. and mass can be expressed by an exponential equation:

J. = 6. 9(Wt) -O. 335

Interspecific variation in J. (area basis) seems related to size

when [ NaCl] is dilute, smaller species having lower fluxes (Ascaphus

and Hylal. Ascaphus differs from Hyla, however in that J. reaches

a maximum at a lower bath concentration (see section on kinetics).

When compared with Rana and Bufo in 2.00 mM NaCl, the influx of

Ascaphus is lower by almost an order of magnitude. Clearly there

are marked species differences in the capacity to transport Na+.

Partitioning of 311\Tai

As noted in equation 2 (methods) the influx consists of five

components: J. J.i(active) i(exchange diffusion) i(diffusionr

J. and 3. The efflux study revealed that J.i(osmotic) i(gut) i(exchange

diffusion) is negligible. Examination of equation 12 reveals that



Table 8. Sodium influx for NSD animals transferred from tap water to various NaC1 solutions (pgq/10 g/hr or nM/cm
2/hr + S.E.).

N = 8 for all points.

Bath
[NaCl]
(mM/1)

Ascaphus truei Bufo boreal Hyla regilla Rana pipiens
{2.6 + 0,3 g) (62.2 + 5.1 g) (2.5 + 0.2 g) (38.6 + 4.9 g)

izq/10g/hr nM/cm2/hr [Leq/10g/hr nM/cm
2/hr peg/10g /hr nM/cm

2/hr peg/1001r nM/cm
2
/hr

0.05 0.37 +0.03 4.4 +0.4 0.40 +0.09 14.8 +3,3 0.38 + 0,09 4.6 + 1.1 0.49 + 0.06 14.9 + 1.8

0.10 0.52 + 0,05 6.8 + 0.7 0.79 +0.12 30.2 + 4.6 0.49 + 0.06 6.0 + 0.7 0.86 + 0.16 27.1 + 5.0

0.25 0.79 +0.10 10.6 + 1.3 1.09 + 0.13 38.7 + 4.6 0.77 + 0.15 9.7 + 1.9 1.13 + 0.20 35.6 + 6.3

0.50 0.82 + 0.14 10.3 + 1.8 1.37 +0.17 48.6 +6.0 1.14 + 0.10 15,2 + 1.3 1.44 + 0.15 44.1 + 4.3

1.00 0.83 +0,05 10.7 + 0.7 1.91 +0.18 69.6 +6.6 1.68 + 0.20 21.1 + 2.5 1.56 + 0.24 50.6 + 5.3

2.00 0.81 + 0.10 9.6 + 1.2 2.48 + 0,31 93.1 + 11.6 1.86 + 0.32 23.7 + 4.1 1,75 + 0.26 52.5 + 7.8
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in these dilute solutions is very small (one percent ofi(diffusion)

The other components warrant further comment. Adult anurans

drink negligible quantities of the bath (0. 003 m1/10 g/hr) as revealed

by adding markers to the bath (14 C-inulin). It is assumed that the

drinking of the external media in these anurans does not contribute

substantially to the influx of ions. Solvent drag of ions was also

shown to be insignificant. The influx of Na+ from solutions of 2 mM

NaC1 + 200 mM sucrose (1. 78 + 0. 19 peq/10 g/hr) was not significantly

different than from 2 mM NaC1 (1.69 + 0. 19 p.eq/10 g/h ).

Having accounted for other components it is apparent that the

major share of J. must be active and must occur across the

integument. Carrier-mediated active transport can be characterized

by kinetic parameters comparable to those used by enzymologists.

NaKinetics of J.
1

With the external concentration of ions corresponding to the

substrate concentration, the concentration that supports a half

maximal rate of uptake corresponds with the Michaelis constant Ks

and is inversely related to the affinity of the carrier system for the

ion in question. The maximum rate of uptake (V ) is an index ofmax

the capacity of the system. Kinetic analysis of carrier-mediated

transport has been analyzed by Potts and Parry (1963), Kirschner

(1970) and Greenwald (1972).
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Double reciprocal plots of J. against [ NaC1] are illustrated

in Figures 4 and 5, from these Ks and Vmax have been determined.

The most striking result is that Vmax of Ascaphus is distinctly

lower than for the other three species. It compares with values

obtained by Greenwald (1972) for Xenopus, an aquatic anuran. Bufo

is highest which also agrees with Greenwald (1972). Greenwald

concluded that aquatic amphibians have lower Na+ turnover rates

than more terrestrial amphibians. My data show a similar trend

when fluxes are expressed on a weight basis.

There are significant interspecific differences in the affinity

of the carrier systems (Ks) for Na+
. The Ks for the aquatic Ascaphus

and semi-aquatic Rana being lower (affinity higher) than for the two

terrestrial species. This pattern is also apparent in the data of

Greenwald (1972) who found the Ks for Na+ Bufo americanus, Ranain

cancrivora and Xenopus laevis to be >1, 0.4 and < 0. 05 mM/1,

respectively. Amphibians that normally live in a freshwater

environment are adapted to that environment by having "high affinity"

uptake systems.

Analysis of Cl Balance

CI,Steady-State (3net)

Chloride is the most abundant anion in the extracellular fluid

and is regulated within rather narrow limits although not as closely
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Bufo bore as
V = 2.32 peq/10g/hr

max
K = 0.232 mM

m

Rana piasas_
V = 1.83 peg/ 10g/hr

max
K = 0.132 mM

m

0 4 8 12 16 20 24 28 32 0 4 8 12 16 20 24 28 32

1
(S is in mM of Na /1)

Figure 4. Kinetic analysis of Na+ influx for NSD animals
from solutions of NaCl. Influx is expressed as
p,eq / 1 Og / ,(Table 8).
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2

V = 11.7 nM/cm /hr
max
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m
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I
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V = 83.3 nM/cm

2
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2
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(S is in mM of Na+/1)

Figure 5. Kinetic analysis of Na influx for NSD animals
from solutions of NaCl. Influx is expressed as
nM/cm2/hr (Table 8).
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as Na+. The mechanism of control is not known.

There are significant differences in the ability of the four

species to maintain a Cl steady-state in dilute [NaCl] (Table 9).

The aquatic Ascaphus and semi-aquatic Rana show the lowest net

losses at a bath [ NaC1] of 0.05 mM/1.

Efflux (J4:::1)

Table 10 shows JoCl as a function of bath [ NaC1] . As was the

case for the JN
a, JC l in Ascaphus is low. Again, this seems to be

o o

an adaptation to small size. In Bufo, Hyla and Rana JCl is signifi-

cantly lower than the respective Na+ efflux (Compare Tables 5 and 10).

Chloride efflux is not independent of the external [ NaCl] . An increase

with increasing bath [ NaCl] was noted for Ascaphus, Hyla and Rana

while a decrease was observed for Bufo.

Renal Component (J.CI
)of renal)

As was the case for the renal efflux of Na+, no variation was

noted with changing bath [ NaC1] . In the semi-aquatic Rana and

aquatic Ascaphus, Jo(renal) values are lower than for Hyla or Bufo.

Six to 43 percent of the total efflux occurs via the urine (Table 11)

with the higher percentage at the lower bath concentrations.



Table 9. Net Cl flux for NSD animals transferred from tap water to various NaC1 solutions (p.eq/10g/hr + S.E.).
N = 8 for all points,

Bath
[ NaC1]
(m/V1/1)

Ascaphus truei Bufo boreas Hyla regilla Rana pipislis_
(2.6 + 0.3 g) (62.2 + 5.1 g) (2,5 + 0.2 g) (38.6 + 4.9 g)

0.05 - 0.07 +0.25 - 0.37 +0.11 - 0.31 +0,17 -0.25 +0.12

0.10 -0.04 +0.11 - 0.21 +0.23 -0.25 +0.19 -0.18 +0.15

0.25 -0.04+0.12 0.06 + 0.18 - 0.21 +0.08 -0.18 +0.26

0.50 - 0.07 +0.15 0.10 + 0.13 - 0.08 +0.13 -0.22 +0.10

1.00 - 0.12 +0.25 0.28 + 0.12 0.01 + 0.20 -0.09 +0.23

2.00 -0.21 + 0.14 0.38 +0.15 0.45 + 0.20 0.04 + 0.26



2
Table 10. Chloride efflux for NSD animals transferred from tap water to various NaC1 solutions (p,eq/10g/hr or n/VI/cm /hr + S. E.)

N = 8 for all points.

Bath
[NaCl]
(mM/1)

Ascaphus truei Bufo boreal Hyla regilla Rana pipiens
(2,6 + 0,3 g) (62.2 + 5.1 g) (2.5 + 0,2 g) (38.6 + 4.9 g)

peg,/log /hr nM/cm
2/hr

peq/10g/hr nM/cm2/hr
peq/10g/hr nM/cm

2/hr
p,eq/10g/hr nM/cm2/hr

0.05 0.34 + 0,08 4.0 + 0.8 0.54 + 0.11 20.0+ 4.1 0.47 + 0,10 5.9 + 1.2 0.49 + 0.12 14.9 + 3.6

0.10 0.39 + 0.11 5.1 + 1.4 0.51 + 0.12 19.5 + 4,6 0.50 + 0.10 6.2 + 1,2 0.57 + 0.16 18.0 + 5.0

0,25 0.60 + 0.12 8.0 + 1,6 0.43 + 0.10 15.3 + 3.6 0.69 + 0.02 8.6 + 0.2 0.70 + 0.11 22.1 +3.5

0.50 0.73 + 0.16 9.2 + 2.0 0.44 + 0.10 16.2 + 3.6 0.85 + 0.12 11.4+ 1.6 0.95 + 0.08 33.4 + 2.8

1.00 0.79 + 0.17 10.1 + 2,2 0.35 + 0.07 12.8 + 2,6 1.18 + 0.10 14.9 + 1.3 1,09 + 0.18 30.8 + 5.1

2.00 0.79 + 0.19 9.4 + 2.3 0.41 +0.11 15.4 + 4.1 1.36 4.13 17.4 + 1.7 1,08 + 0.14 32.4 + 4.2

* 0.84 +0.11 9.8 + 1.8 0.37 + 0.12 14.9+ 1.9 1.37 + 0.15 17.6 +2,2 1.14 + 0.15 34.0 + 3.5

* Efflux was determined directly by tracer method.

u-I



Table 11. Partitioning of the Cl efflux for NSD animals in solutions of NaCl. Efflux is expressed as peq/10g/hr. TEP is expressed as mV,

Bath
Ascaphus true i Bufo bore as

[NaC1]

(mM/1) TEP J
o(R) o(D) o(R+D) o o(ED)

TEP Jo(R) Jo(D)
jo(R+D) Jo o(ED)

-220 0.11 0.19 0.0 0.19 0.38
0.00

+2.0 +0.02 +0.07 +25 +0.03 +0.05

-16.0 0.34 +16.5 0.54
0.05

+2.5 0.12 0,17 0.29 +0.15 0.05 +5.0 0.16 0.27 0.43 +0.11 0.11

-8.5 0.39 +28.5 0.51
0.10

+1.5 0.12 0.15 0.27 +0.11 0.12 +3,5 0.16 0.20 0.36 +0.12 0.15

+7.5 0.60 +42.0 0.43
0.25

+2.5 0.12 0.11 0.23 +0,12 0.37 +7.0 0.16 0.15 0.31 FO.10 0.13

+20.0 0.73 +52.0 0.44
0.50

+3.0 0.12 0.08 0.20 +0.16 0.53 +4.0 0.16 0.11 0,27 +0.10 0.17

+34.5 0.79 +60.5 0.35
1.00

+5.5 0.12 0.06 0.18 +0.17 0.61 +6.0 0.16 0.09 0.25 +0.07 0.10

+43,5 0.13 0.79 +67.0 0.13 0.41
2.00

+5.0 +0.03 0.05 0.18 +0.17 0.62 +6.0 +0.02 0.07 0.28 +0.11 0.21

Hy la regilla Rana pipiens

-18 0.16 0.27 -17.0 0.06 0.420.00
+3.0 +0.03 +0.16 +2,5 +0.02 +0.10

-9.5 0.47 -9.5 0.49
0.05

+1.5 0.20 0.24 0.44 +0,10 0.03 +3.0 0.07 0.41 0.48 +0.12 0.01

0.10 -4.0 0,50 -3.0 0.57

+1.0 0.20 0.22 0.42 +0.10 0.08 +2,5 0.07 0.38 0.45 +0.16 0.12

+4.0 0.69 +6.0 0.70
0.25

+2,5 0.20 0.19 0.39 +0.02 0.30 +2.5 0.07 0.32 0.39 +0.11 0.31

+14.5 0.85 +16,5 0.95
0.50

+3.5 0.20 0.15 0.35 +0.12 0.50 +3.5 0.07 0.24 0.31 +0.08 0.64

+29.5 1.18 +29.5 1.09
1.00

+4.0 0.20 0.10 0.30 +0.10 0.88 +4.0 0.07 0.18 0.25 +0.18 0.84

2.00 +41.5 0.24 1.36 +48.5 0.08 1.08
cn

+5.0 +0.05 0.08 0.28 +0.13 1.08 +5.0 ±0.07 0.11 0.019 +0.14 0.99 un



56

Diffusive Component
Cl

Jo(diffusion

Figure 3 shows the diffusive loss of Cl to distilled water as a

function of time (cloacas blocked). Rates of C1 loss were signifi-

cantly lower than the respective losses of Na+. On a standard weight

basis, significant interspecific differences exist. Low Jo(diffusion)

values are found in small species with large surface area to volume

ratios. Cl permeability is lower than Na permeability for a given

species (Table 6 and 12) and Pci- showed species variation primarily

related to size, smaller species having lower permeability.

Table 12. Permeability constants for
expressed as cm/sec.

in NSD animals. P is

Species

Ascaphus truei 0.42 x 10-8

Bufo boreas 4.98 x 10-8

Hyla regilla 0.91 x 10-8

Rana pipiens 3.92 x 10-8

Exchange Diffusion and Secretory Components of the Efflux

There is good agreement between J + J and
o(diffusion) o(renal)

Jo at low bath [ NaCl] (Table 11). As the bath [ NaC1] rises, J
co

increases in Ascaphus, Hyla and Rana. A decrease would be
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expected because of the TEP if diffusion were the sole mechanism

for the exit of C1. Thus a large component of the efflux as measured

by radiotracer studies cannot be accounted for by diffusional and renal

losses. This "extra" component could be due to [ NaC1] -dependent

changes in permeability, the retardation of diffusion across the

epithelial membrane by the active transport system in dilute bath

[ NaC1], presence of an exchange diffusion system or increased

glandular secretion of Cl at higher bath [ NaC1] . It is difficult to

separate these possibilities.

If the efflux of Cl at high bath [ NaC1] is primarily diffusive,

it should be sensitive to changes in potential. The transepithelial

potential in 2.0 mM NaCl is on the order of +50 mV in NSD Rama

pipiens and about -7.5 mV in 2 mM choline chloride (Figure 1). The

initial efflux to 2 mM choline chloride was 1. 071J.eq/10 g/h (Figure

6). If the entire Cl- efflux was passive in 2 mM choline chloride,

replacement with a 2 mM NaC1 solution should result in a 72 percent

decrease in the efflux (equation 11); a nine percent reduction was

observed. Most of the Cl efflux to 2 mM NaCl is therefore not

TEP dependent and is probably carrier-mediated either by secretion

or exchange diffusion. Selective blocking of the "carrier" should

decrease J if an exchange diffusion component exists. The

assumption is that the blocking agent added outside does not affect

secretion or permeability.
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Figure 6. The effect of potential on the efflux of C1 to a 2 mM Cr bath in NSD
Rana pipiens. Efflux is expressed as p.eq/lOgihr and was determined by
radiotracer methods. Solutions were exchanged every three hours for
an 18 hour period. N = 20 and the mean weight was 37.1 ± 5.3 g.
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It might be expected that halides other than Cl would compete

for sites on the carrier and thus decrease Jo (exchange diffusion)

and thus Jo, The effect of I- (added outside) on the efflux of Cl- to

a bath of 2 mM NaC1 in NSD Rana pipiens is illustrated in Figure 7.

There is a 24-38 percent decrease (P <0. 05) in Jo after the addition

of I- to the bath. Approximately 83 percent of the total Cl efflux

at a bath [ NaC1] of 2 mM/1 cannot be explained by J Jo(renal) o

suggesting the involvement of a carrier-mediated corn-(diffusion)

ponent of the C1 efflux although permeability changes brought about

by I in the external medium cannot be ruled out.

The effect of I on the efflux of Cl to a bath of 1 mM K SO
2 4

in NSD Rana pipiens is illustrated in Figure 8. The replacement

of 1 mM K
2

SO
4

with 2 mM KI resulted in no significant change in

the efflux of C1- which excludes the possibility of an effect of I-

on Pm-. We are left with the conclusion that a sizeable share of

Jo must be carrier - linked and must be classified as exchange

diffusion. Changes in glandular secretion can't be entirely ruled

out but there is little evidence for this from analysis of the efflux

of Na+ to increasing bath [ NaC1] .

Influx (J.Cl
)

Chloride influx as a function of [ NaCl] is shown in Table 13.

The magnitude of the influx changes as a function of the bath [ NaC1]
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2Table 13. Chloride influx for NSD animals transferred from tap water to various NaC1 solutions (peq/10g/hr or nM/cm /hr + S.E.).
N = 8 for all points.

Bath
{ NaCl]
(mM /i)

Ascaphus truei Bufo boreas
g)

Hyla regilla Rana pipiens
(2.6 + 0.3 g) (62.2 + 5.1 (2.5 + 0.2 g) (38.6 + 4.9 g)

Peq/10g/hr
2

nM/cm /hr p,eq/10g/hr
2

nM /cm /hr
2

lieq/lOg/hr nM /cm /hr p, eq/10g/hr
2

nM/cm /hr

0.05 0.27 + 0.03 3.2 + 0.4 0.17 + 0.02 6.3 + 0.7 0.16 + 0.03 2.0 + 0.4 0.24 + 0.03 7.3 + 0.9

0.10 0.35 + 0.09 4.6 + 1.2 0.30 + 0.09 11.5 + 3.4 0.25 + 0.02 3.1 + 0.2 0.39 + 0.07 12,3 + 2.2

0.25 0.56 + 0.05 7.5 + 0.7 0.49 + 0.10 17.4 + 3.5 0.48 + 0.07 6.0 + 0.9 0.52 + 0.07 16.4 + 2.2

0.50 0.66 + 0.12 8.3 + 1,5 0.54 + 0.05 19.2 + 1.8 0.77 + 0.07 10.3 + 0.9 0.73 + 0.14 25.7 + 4.9

1.00 0.67 + 0.10 8.6 + 1.3 0.63 + 0.10 23.0 + 3.6 1.19 + 0.16 15,0 + 2.0 1.00 + 0.18 28.3 + 5.1

2.00 0.58 + 0.12 7.0 + 1.4 0.79 + 0.13 29.7 + 4.9 1.81 + 0.26 23.1 + 3.3 1.12 + 0.22 33.6 + 6.6
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suggestive of a saturable process. There are no obvious relation-

ships between the magnitude of the influx and habitat or size when

the influx is based on weight. When based on surface area, the two

smaller species, Ascaphus and Hy la, illustrate the lower Cl influxes.

Influxes of Cl- are of lesser magnitude than those described for

Na and are comparable to those reported in the literature for other

amphibians (Alvarado and Dietz, 1970b).

Partitioning of J.Cl

J. and J. are assumed to be negligible (see sectioni(gut) i(osmotic)

on the partitioning of J.Na ). J.Cl was calculated from equation
1 i (diffusion)

(12) and accounts for less than five percent of J.Cl
. The rest must be

carrier-linked. A fraction of this is exchange diffusion in Ascaphus,

Hy la and Rana but not Bufo (Table 11). The total influx of Cl would

thus consist of both active transport and exchange diffusion com-

ponents, the relative proportions of which vary with [ NaCl] as seen

in Figure 9. At a bath [ NaCl] of 2 mM/1, 90 and 100 percent of the

total Cl influx is due to exchange diffusio.n in Ascaphus and Rana,

respectively.

ClKinetics of J.
1

Double reciprocal plots of J. against [ NaC1] are illustrated in
z.

Figures 10 and 11. The velocity of influx has been expressed as
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Figure 9. Partitioning of the total Cl influx from solution of NaC1 for NSD animals.
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p.eq/10 g/gr and nM/cm2/hr, respectively. There are significant

species differences in the maximum velocity of the C1 carrier

system however there is no correlation between habitat and rate of

influx as has been suggested for Na+ when the influx is calculated on

a weight basis. When Vmax is based on surface area, low flux rates

seem to be related to size. The order of the Vmax being R. P. >B. B.

>H. R. >A. T.

There are significant species differences in the affinity of the

carrier systems (Ks) for the aquatic Ascaphus and semi-aquatic

Rana having the lowest values. The correlation is similar to that

found for Na+. Aquatic species seem to be characterized by active

transport systems of high affinity.

Independence of Na+ and Cl Transport

The movement of Na+ and CI
- have been considered as independ-

ent. This does not have to be the case. As early as 1937, Walker

et al had postulated that Na+ was actively transported into the blood

from the distal tubules of the kidney of amphibians while Cl was

absorbed passively in order to maintain electroneutrality. In 1952,

Koefoed-Johnsen and Us sing found that C1 is transported passively

across isolated frog skin. The close correlation between influxes of

Na and Cl from solutions of NaC1 in this study might suggest that

the uptake mechanisms may somehow be interdependent. The
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correlation coefficients were 0.65, 0. 75 and 0. 80 for Ascaphus, Hy la

and Rana, respectively. In order to test for the independence of

these transport systems I studied the kinetics of Na+ exchange from

solutions of Na
2
SO4 and the kinetics of C1 exchange from solutions

of KC1 and choline chloride.

Chloride Independent Na+ Movement

Figure 12 illustrates the influx of SO4 as a function of bath

[ Na2SO4] in NSD animals. There is no significant influx of SO4 at

any bath concentration for any of the species studied. Dietz et al

(1967) showed that the influx of SO4 was slow in amphibians. Koefoed-

Johnsen and Ussing (1952) found that small anions accompany Na

passively across isolated frog skin but not the larger SO:. Na

influx from solutions of Na2SO4 must be independent of trans-

epithelial anion movement.

Sodium efflux for NSD animals as a function of bath[ Na2SO4]

is reported in Table 14. There was little variation between Na

efflux to solutions of NaC1 and Na2SO4 when computed as a function

of bath [ Na +] . The Na+ efflux to solutions of Na 2504 is partitioned

in Table 15. Elevated SO4 in the external media has little affect

on the permeability of the integument to Na+.

Table 16 shows the Na+ influx of NSD animals as a function

of external [Na250 4] . The pattern is essentially as observed for
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Table 14. Sodium efflux for NSD animals transferred from tap water to various Na2SO4 solutions (p,eq/10 g/hr or nM/cm /hr + S,E.)

N = 8 for all points.

Bath
r Nal

(mM/1)

0.05

0.10

0.25

0.50

1.00

2.00

As caphus truei Bufo boreas Hyla regilla Rana pipiens
(1.8 + 0.1 g) (61.4 + 5.3 g) (1.7 + 0.2 g) (34,5 +3.9 g)

pia/10/hr nM/cm
2
/hr pq /10g /hr nM/cm

2
/hr p,eq/10g/hr nM/cm

2
/hr 11,eq/10g/lir nM/cm

2
/hr

0.56 + 0.09 6,3 + 1.0 1.15 + 0.21 42,6 + 8.4 1.04 + 0.06 12.1 +0.7 0.81 + 0.16 24.4 + 4.8

0,57 + 0.13 6.7 + 1.6 1.44 + 0.15 53.6 + 5.8 1.04 + 0,12 12.2 + 1.4 0.93 + 0.15 28,0 + 4.5

0.74 +0.13 8.8 + 1.5 1.51 + 0.24 56.3 + 9.8 1.18 + 0.19 14.4 +2,2 1.04 + 0.15 31.5 + 3,6

0.89 + 0.09 10.0 + 1.0 1.76 + 0,26 61.7 + 7.6 1.25 + 0.09 15.4 + 1.1 1,18 + 0.18 34.3 + 5.2

0.94 + 0,09 10.9 + 0.8 1.79 + 0.24 64.6 + 9.7 1.53 + 0.09 17.0 + 1.0 1.28 + 0.16 40.2 + 4.9

* 1.17 +0.17 12.9 + 2.2 1.93 + 0,22 73.5 + 7,3 2.00 + 0.25 20.9 + 2.2 1.27 + 0.11 39.4 +3.1

* Efflux was determined directly by tracer methods.



Table 15. Partitioning of the Na+ efflux for NSD animals in solutions of Na2SO4. Efflux is expressed as ijeq/10g/hr.

Bath
[Na2SO4]
(mM/1)

Ascaphus truei Bufo boreas

Renal Diffusion
Calculated

Total
Measured

Total
Exchange
Diffusion Renal Diffusion

Calculated
Total

Measured
Total

Exchange
Diffusion

0.025 0.15 0.31 0.46 0.56 + 0.09 0.10 0.25 0.80 1.05 1.15 + 0.21 0.10

0.050 0.15 0.35 0.50 0.57 + 0.13 0.07 0.25 0.95 1.20 1.44 + 0.15 0.24

0.125 0.15 0.51 0.66 0.74 +0.13 0.08 0.25 1.27 1.52 1.51 + 0.24 0.00

0.250 0.15 0.64 0.79 0.89 + 0.09 0.10 0.25 1.42 1.67 1.76 + 0.26 0.09

0.500 0.15 0.76 0.91 0.94 +0.09 0.03 0.25 1.50 1.75 1.79 + 0.24 0.04

1.000 0.15 0.93 1.08 1.02 + 0.12 0.00 0.25 1.63 1.88 2.21 + 0.24 0.33

Hyla regilla Rana pipiens

0.025 0.35 0.71 1.06 1.04 + 0.06 0.00 0.10 0.62 0.72 0.81 + 0.16 0.09

0.050 0.35 0.77 1.12 1.04 + 0.12 0.00 0.10 0.65 0.75 0.93 + 0.15 0.18

0.125 0.35 0.90 1.25 1.18 + 0.12 0.00 0.10 0.77 0.87 1.04 + 0,15 0.17

0.250 0.35 1.01 1.36 1.25 + 0.09 0.00 0.10 0.92 1.02 1.18 + 0.18 0.16

0.500 0.35 1.34 1.69 1.53 + 0.09 0.00 0.10 1.06 1.16 1.28 + 0.16 0.12

1.000 0.35 1.85 2.10 1.81 + 0.22 0.00 0.10 1.30 1.40 1.46 + 0.16 0.06
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Table 16. Sodium influx for NSD animals transferred from tap water to various Na2SO4 solutions (peq/lOghr or nM/cm /hr + S .E.)

N = 8 for all points.

Bath
{ Na SO i

_2_ 4
(mm/1)

Ascaphus truei Bufo boreal Hyla regilla Rana pipiens
(1.8 + 0.1 g) (61.4 + 5.3 g) (1.7 + 0.2 g) (34.5 + 3.9 g)

p,eq/10g/hr
2

nM/cm hr p,eq/10/hr
2

nIVI/cm /hr peq/10g/hr
2

nM/cm /hr p,eq/10g/hr
2

nM/cm /hr

0.025 0.42 + 0.06 4.6 + 0.7 0.36 + 0.07 13.3+ 2.8 0.36 + 0.08 4.2 + 0.9 0.45 + 0.07 13.4 + 2.1

0.050 0.51 +0.09 6.1 + 1.1 0.70 + 0.12 26.9+ 4.7 0.46 + 0.08 5.4 + 0.9 0.80 + 0.08 24.2 + 2.4

0.125 0.70 + 0.06 8.3 + 0.7 0.96 + 0.12 34.1+ 4.9 0.69 + 0.12 8.4 + 1.4 1.02 + 0.14 30.8 + 3.4

0.250 0.88 + 0.17 9.9 + 1.9 1.21 + 0.18 42.3+ 5.3 0.96 + 0.08 11.8 + 1.0 1.33 + 0.22 38.6 + 6.4

0.500 0.90 + 0.18 10.4 + 1.6 1.64 + 0.29 59.2 + 11.7 1.36 + 0.24 15.2 + 2.7 1.43 + 0.20 43.8 + 6.8

1.000 0.84 + 0.12 9.2 + 1.3 2.11 + 0.26 78.2 + 10.3 1.81 + 0.34 18.8 + 3.5 1.63 + 0.24 49.6 + 6.8
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NaC1 (Table 8) despite the fact that there can be no simultaneous

movement of anions. Aceves et al (1968) found however that the

uptake of 22Na by the skin of urodeles in SO4 Ringer's was only about

50 percent of the uptake in Cl Ringer's. J.
Na is a negligible

(diffusion)

fraction of the total influx.

Lineweaver-Burk plots of the total carrier-mediated Na+ influx

of NSD animals in solutions of Na2SO4, where velocity is expressed

as p.eq/10 g /hr and nM/crn2/hr, are illustrated in Figures 13 and 14,

respectively. There are no significant differences in the affinity of

the carrier systems under the two sets of conditions. There is a

slight decrease in V . Approximately 90 percent of JNa ismax
J.

independent of anion movement. It would appear, therefore, that the

basic characteristics of the Na+ transport system are independent of

in the external bath. This is not a universal phenomenon. Aceves

et al (1968) stated that the salt absorption mechanism for Na+ in the

skin of Ambystoma mexicanus was such that C1 was necessary for

the transport of Na+ and the entrance of Na+ into the transport corn-

partment was the C1 requiring step. Other epithelial Na+ transport

systems require Cl For example, Diamond (1962) showed that

Na+ transport across the gall bladder is tightly linked to C1 trans-

port.
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Sodium Independent Cl Movement

Chloride Transport from Dilute KC1

The influx of C1^ and K+ of NSD animals placed in solutions

of KC1 is illustrated in Figure 15. The influx of C1 from solutions

of KC1 was found to be similar to that from NaCl. There is also a

significant influx of K which is equal to or greater than that for Cl .

This finding was unexpected because Koefoed-Johnsen and Ussing

(1958) had found that the outer surface of the amphibian skin was

"Impermeable" to K+. The experiment demonstrates Na+-independ-

ence of the C1 transport system but not "cation" independence. To

test this we resorted to a non-penetrating cation.

Chloride Transport from Dilute Cho line Chloride

Figure 16 illustrates the influx of choline+ in NSD animals as

a. function of bath[ choline chloride]. No significant influx of cholme

was noted under any condition. So that Cl influx from solutions of

choline chloride would have to be independent of cation movement.

Table 17 illustrates the measured net C1 fluxes of NSD animals

as a function of bath [ choline chloride] . There is little variation in

the ability of NSD Ascaphus, Hyla and Rana to maintain a Cl steady

state in solutions of NaC1 and choline chloride. There is a decrease
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KC1 solutions. The mean weights of Ascaphus, Bufo, Hyla and Rana were
2. 4 ± O. 3 g, 58. 7 ± 6. 8 g, 2. 3 ± 0. 2 g and 37. 0 ± 3.'4 g, respectively. -
N= 8 for all points.
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Table 17. Net Cl flux for NSD animals transferred from tap water to various choline chloride solutions (pgq/10g/hr + S .E.).
N = 8 for all points.

Bath
[Cho line chloride

(mM/1)
Ascaphus truei Bufo boreas Hy la regilla Rana pipiens
(2,8 +0.4 g) (57.8 + 4.7 g) (2,8 + 0.2 g) (34.9 + 3.7 g)

0.05 -0.14 +0.10 -0.28 + 0.12 - 0.37 +0.28 -0.28 + 0.08

0.10 -0.10 +0.13 -0.16 + 0.07 -0.33 + 0.49 -0.43 + 0.24

0.25 -0.12 +0,12 -0.28 + 0.21 -0.33 + 0.20 -0.36 + 0.28

0.50 -0.16 +0,26 -0.10 + 0.05 -0.24 + 0.19 -0.21 + 0.28

1.00 -0.16 +0.15 -0.14 + 0.48 -0.13 + 0.21 -0.12 + 0.21

2.00 -0.14 + 0.24 0.00 + 0.15 0.32 + 0.37 -0.03 + 0.32
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in the ability of Bufo, however, to maintain a steady state at most

bath concentrations in choline chloride. Table 18 shows JoCl as a

function of bath [ choline chloride] . There was little difference in
CJo l to solutions of choline chloride or NaC1 in Ascaphus, Hyla and

Rana. A significant increase was noted for Bufo in choline chloride.

The components of the C1 efflux to solutions of choline chloride

are given in Table 19. The data show a reduction of Jo(exchange

diffusion) in solutions of choline chloride for Ascaphus and Rana but

not for Hyla. Bufo displays no exchange diffusion component in

solutions of NaC1 or choline chloride. The addition of choline+ to the

external medium thus seems to have little effect on the permeability

of the anuran integument to Cr.

Table 20 describes the influx of Cl as a function of bath

[ choline chloride] in NSD animals. There are slight variations

between the influx of Cl
- from solutions of NaC1 and solutions of

choline chloride (compare Tables 13 and 20). The diffusive influx

of Cl is negligible in all cases and the majority of the total influx is

car rie r -linked.

Lineweaver-Burk plots of the total carrier-mediated influx

from solutions of choline chloride are illustrated in Figure 17.

There are no significant differences in the affinity of the Cl carrier

under the two sets of bath conditions. There is a slight decrease in

the V . The data suggests that approximately ten percent of themax



Table 18. Chloride efflux for NSD animals transferred from tap water to various choline chloride solutions (p,eq/10g/hr or nM/cm
2
/hr + S . E.)

N = 8 for all points.

Bath
[ choline
chloride]
(mM/ 1)

Ascaphus trues Bufo boreal Hyla regilla Rana pipiens
(2.8 + 0.4 g) (57,8 + 4.7 g) (2.8 + 0.2 g) (34.9 + 3.7 g)

2
teq/ 10g/hr nM /cm /hr ileq/10g/hr

2
nM/cm /hr peg/10g /hr

2
nM/cm /hr J.eq /10g /hr

2
nM/ cm /hr

0.05 0.38 +0.10 4.0 + 1.1 0.40 + 0.14 12.6 + 4.4 0.52 + 0.20 4.2 + 1.6 0.52 +0.;09 17.4 + 3.0

0.10 0.42 + 0.12 4.6 + 1.3 0.46 + 0.10 16.0 + 3.5 0.55 + 0.19 5.0 + 1.7 0.84 +0.19 26.4 + 6.1

0.25 0.58 + 0.16 6.3 + 1.7 0.64 + 0.15 20.4 + 4.8 0.76 + 0.22 8.6 + 2.5 0.94 +0.14 27.0 + 4.6

0.50 0.78 + 0.12 8.1 + 1.2 0.59 + 0.09 18.6 + 2.8 0.93 +0.12 10.5+ 1.4 1.03 +0.19 31.2 + 6.0

1.00 0.80 + 0.18 9.0 + 2.0 0.68 + 0.17 21.7 + 5,4 1.30 + 0.20 12.8 + 2.0 1.08 +0.12 32.5 + 2.9

2.00 0.76 + 0.12 7,4 + 1.2 0.60 + 0.06 19.7 + 2.0 1.50 + 0.24 14.7 + 2.3 1.10 + 0.07 32.8 + 2.1

* 0.89 + 0.12 8.9 + 1.0 0.54 + 0.06 17.6 + 2.2 1.66 +0.21 16.3 + 1.8 1.27 + 0.17 36,5 + 4.1

*
Efflux was determined directly by tracer methods.



Table 19. Partitioning of the Cl efflux for NSD animals in solutions of choline chloride. Efflux is expressed as peg/ 10g/hr

Bath Ascaphus truei Bufo boreas
[choline
chloride] Calculated Measured Exchange Calculated Measured Exchange
(mM/1) Renal Diffusion Total Diffusion Diffusion Renal Diffusion Total Diffusion Diffusion

0.05 0.12 0.19 0.31 0,38 + 0.10 0.07 0.16 0.37 0.53 0.40 + 0.14 0.,00

0.10 0.12 0.19 0,31 0.42 + 0.12 0.11 0.16 0.37 0.53 0.46 + 0.10 0.00

0.25 0.12 0.19 0.31 0.59 + 0.16 0.27 0.16 0.37 0.53 0.64 + 0.15 0.11

0.50 0.12 0.18 0.30 0.78 + 0.12 0.48 0.16 0.37 0.63 0.59 + 0.09 0.06

1.00 0.12 0.18 0.30 0.80 + 0.18 0.50 0.16 0.37 0.53 0.68 + 0.17 0.15

2.00 0.12 0.16 0.28 0.76 + 0.12 0.48 0.16 0.36 0.62 0.60 + 0.06 0.08

Hyla regilla Rana pipiens_

0.05 0,20 0.26 0.46 0.52 + 0.20 0.06 0.07 0.41 0.48 0.52 + 0.09 0.04

0.10 0.20 0.25 0.45 0.55 + 0.19 0.10 0.07 0.40 0.47 0.84 + 0.19 0.37

0.25 0.20 0.25 0.45 0.76 +0.22 0.31 0.07 0.39 0.46 0.99 + 0.14 0.48

0.50 0.20 0.25 0.45 0.93 + 0.12 0.48 0.07 0.38 0.45 1,03 + 0.19 0.58

1.00 0.20 0.24 0.44 1.30 + 0.20 0.86 0.07 0.37 0.44 1,08 + 0.12 0.64

2.00 0.20 0.24 0.44 1.50 + 0.24 1.06 0.07 0.37 0.44 1.10 + 0.07 0.66



2
Table 20. Chloride influx for NSD animals transferred from tap water to various choline chloride solutions f[Leq/10g/hr or nM/cm /hr + S.E.).

N = 8 for all points.

Bath
[choline
chloride
(mM/1)

Ascaphus truei Bufo
(57.8

boreas
g)

Hyla regilla Rana pipiens
(2.8 + 0.4 g) + 4,7 (2.8 + 0,2 g) (34.9 + 3.7 g)

p.eq/10g/hr nM/cm
2
/hr p,eq/10g/lu. nM/cm

2
/hr tieq/lOg/hr nM/cm

2
/hr 1j.,eq/10g/hr nM/cm

2
/hr

0.05 0.24 +0.08 2.6 + 0.8 0.12 + 0,02 3.8 + 0.6 0.15 + 0,04 1.2 + 0.3 0.24 + 0.03 8.0 + 1.0

0.10 0.32 +0.01 3.5 +0.1 0.20 +0.04 7.0 + 1.4 0.22 + 0.06 2.0 + 0.5 0.41 +0.08 13.2 + 2.6

0.25 0.46 +0,07 5,0 + 0.8 0.36 + 0.09 11.5 + 2.9 0.43 + 0.09 4.9 + 1.00 0.58 + 0.17 19.2 + 5.6

0.50 0.62 +0.19 6.4 + 2.0 0.49 +0.06 15.5 + 1.9 0,69 + 0.14 7.8 + 1.6 0.82 +0.20 23.5 + 4.2

1.00 0.64 + 0.06 7,2 + 0.7 0.54 + 0.1S 17.2 + 4.8 1.17 + 0,21 12.1 + 2.3 0.96 +0.17 25.9 + 6.3

2.00 0.62 + 0.16 6.0 + 0.16 0.60 + 0,20 19.7 + 6.6 18.2 + 0.34 20.6 + 2.9 1.07 + 0.20 31.9 + 6.0
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Figure 17. Kinetic analysis of Cl influx for NSD animals
from solutions of choline chloride. Influx is
expressed as meq/10g/hr (Table 20).
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influx may be dependent on cation movement.

From these data it is clear that Na+ influx is not dependent

on concomitant uptake of an anion and Cl influx is not dependent on

concomitant uptake of a cation.

In 1954, Jorgensen et al found that Na+ and Cl- uptake in Rana

temporaria and Bufo after differential depletion of ions could occur

independently across the skin. This has been confirmed in a South

American frog by Salibian et al (1968) and Garcia-Romeau and Salibian

(1969). Alvarado and Dietz (1970b) found, however, that the quantity

of Na+ accumulated from Na2SO4 and of Cl- from KC1 by salt-depleted

Ambystoma gracile, a. urodele, was less than from NaCl. It may

-reflect a delicate internal control system regulated by Na+ /C1/C1 n

plasma. The fact that Na+ and Cl transport can take place

independently does not necessarily mean that this-is the situation

when both Na+ and Cl are present. Erlij (1971) has suggested that

the linked entrance of Na+ and Cl may coexist with exchange systems.

The external environment and metabolic state of the animal deter-

mining the importance of these two systems.

Effect of Salt-Depletion on Ionic Regulation

In the interest of electroneutrality each ion must exchange for

an endogenous ion of like charge or drag a counter ion from the bath.

In the steady state the influx and efflux of each ion are equal and
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electroneutrality could be maintained by exchanging Na+ for Na+ and

for C1 (Note this is with respect to the whole animal and the

bath and should not be confused with exchange diffusion) or by moving

Na and Cl in the same direction. However,it is possible to establish

a situation in which the animals gain net quantities of Na
+ or Cl

without concomitant uptake of a counter-ion. In this case the exchange

must be with a different ion of like charge. Salt-depletion promotes

this net uptake and thus this response was studied in some detail

(Nagel, 1934; Krogh, 1937).

Table 21 shows several factors related to hydromineral

balance in animals subjected to 14 days of salt-depletion. Ascaphus,

Hy la and Rana tolerated long periods of exposure to distilled water;

Bufo succumbed after five or six days. Salt-depletion resulted in a

a significant decrease in serum [ Na+]
, 1C1 ] and [ total solute] in

all surviving species. A significant reduction in serum [ K
+]

was

only observed in Hyla. There was a significant drop in urine [ Na+]

and [ C1] in all species studied. The urine [ Na ] decreased from

1.4 mM/1 in NSD Hyla to 0. 7 mM/1 in SD Hyla. The urine [Cl]

decreased from 0. 7 mM/1 in NSD Ascaphus to 0.2 mM/1 in SD

Ascaphus. This reduction probably represented an increase in renal

or bladder reabsorption. Windhager et al (1959), Sullivan (1968) and

Whittembury (1968) have demonstrated the active transport of Na

across the proximal and distal tubules of urodele kidneys. Bentley (1971)



Table 21. Ionic composition of plasma and urine in SD animals. N = 8 in all cases.

Measurements
and units Ascaphus truei Hy la regilla Rana pipiens

Serum

[Na+] mM/1

[C1] mM/1

[ K±] mM/1

[ Total solute] mOsm/f

Urine

[Nat] mM/1

[C1-] mM/1

[ Ic+] mM/1

[NH
4

+] mM/1

[ PO4 ] mM/1

98. 1 + 5. 0 88. 0 + 1. 2 102. 7 + 4. 1

72. 1 + 2. 0 63. 0 + 5. 0 56. 7 + 5. 2

7.0 + 2.0 3 . 6 + O. 3 6. 6 + 1. 0

155 +5 184 +7 170 +2_ _

0. 2 + 0. 2

0. 2 + 0. 2

0. 2 + 0. 1

2. 0 + 0. 2

0. 2 + 0. 1

0. 7 + 0. 3

0. 4 + 0. 2

1.0 + 0.6

3. 6 + 0. 2

1. 0 + 0. 9

0. 5 + 0. 2

0. 3 + 0. 2

0. 4 + 0. 3

3. 4 + 0. 6

0, 7 + O. 6
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has demonstrated the active transport of Na+ across the urinary

bladder of several amphibians. No change was observed in urine

[K+], [NH4] or [PO:j.

Salt-depletion resulted in a significant decrease in the TEP in

Rana and Ascaphus while an increase was noted in Ella (Figures 1

and 18). Correlations of the alteration in the TEP with increased

influx are decreased permeability after salt-depletion were difficult

to make. Dietz et al (1967) found that upon salt-depletion, the TEP

shifted from -10 mV to mV for salamanders in 5 mM K SO
2 4.

Alvarado and Dietz (1970b) have suggested that alterations in the

mobility of Na and Cl upon salt-depletion could result in the

alteration in TEP. The data here shows a differential reduction in

the permeability of the skin to certain ions. The effect on the TEP,

however, is not obvious.

Figure 19 shows the water uptake of SD animals. There was

little variation in urine production despite an observed drop in the

[ total solute] of the plasma. Salt-depletion seemed to have little

effect on water permeability.

Sodium Regulation

Table 22 illustrates the measured net Na fluxes as a function

of bath[ NaCl] . There were significant increases in the ability of

SD animals to maintain a Na+ steady-state. Ascaphus and Rana, the
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aquatic and semi-aquatic species, show an accumulative net uptake

from the bath in solutions as dilute as 0. 05 mM NaCl. The net

uptake increases with [ NaC1] to a point and then saturates.

Table 22. Net Na+ flux for SD animals transferred from distilled
water to various NaC1 solutions (p.eq/10 g/hr + S. E. ).
N = 8 for all points.

Bath [ NaCl]
(mM/f ) Ascaphus truei Hyla regilla Rana pipiens

O. 05 0. 33 + O. 06 -0. 16 +0. 12 O. 35 + 0. 12

0. 10 0.48 + O. 06 -0.13 +0. 11 0.56 + 0.07

0.25 O. 87 + O. 15 -0. 04 +0.09 O. 85 4. O. 17

0.50 0.91 +0.07 O. 40 +0. 15 0. 89 + 0. 09

1. 00 0.68 + 0.09 0. 79 +0. 14 0, 97 + O. 11

2. 00 O. 62 + 0. 35 0.89 + 0.27 1.28 + 0.23

Krogh (1939) showed that not only did frogs adjust to salt-

depletion by an increased active transport of ions, but also by the

reduction of skin and urinary salt loss.

Efflux (joNa)

Salt-depletion significantly decreased Jo in the three species

studied (Table 23). In 2 mM NaCl, Ascaphus, Hyla and Rana showed

a 66, 39 and 75 percent decrease, respectively. This accounts for 45,



Table 23. Sodium efflux for SD animals transferred from distilled water to various NaCl solutions (p.eq/10g/hr
or nM/cm2/hr +S.E). N = 8 for all points.

Bath
[NaC1]
(mM/1)

Ascaphus truei Hyla regilla Rana pipiens
(2.9 + 0.3 g) (2.7+ 0,2 g) (34.9 + 4.4 g)

peq/10g/hr
2

nM/cm /hr peq/10g/hr
2

nM/cm /hr p,eq/10g/hr
2

nM /cm /hr

0.05 0.15 +0.06 1.6 +0.6 0.60 + 0.06 6.4 + 0.6 0.20 + 0.09 5.0 + 2.3

0.10 0.21 + 0.04 2.2 + 0.4 0.72 + 0.11 7.2 + 1.1 0.29 + 0.13 7.8 + 3.5

0.25 0.25 + 0.10 2.8 +1.1 0.88 +0.11 9.0 + 1.1 0.42 +0.16 10.9 + 3.3

0.50 0.30 +0.10 3.2 + 1.3 1.12 + 0.16 11.1 + 1.7 0.55 +0.12 15.1 + 3.3

1.00 0.41 + 0.12 4.6 + 1.4 1.25 + 0.15 13.0 + 1.5 0.64 + 0.10 17.1 + 2.9

2.00 0.53 +0.12 6.1 + 1,3 1.35 +0.19 14.9 + 2.1 0.65 + 0.19 19.1 + 4.9

* 0.43 + 0.05 5.1 + 1.1 1.50 + 0.21 17.0 + 2.3 0.77 + 0.14 21.4 + 2.7

*
Efflux was determined directly by tracer methods.
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51 and 88 percent of the alteration in Jnet at this concentration. At

a bath [NaCl] of 0.05 mM/1 (Table 24) the decrease in Jo accounts

for 73, 51 and 88 percent, respectively.

The decrease in Na+ efflux was due to alterations in both renal

and skin diffusive components. The decrease in the renal component

was due to a decrease in the ionic concentration of the urine. Figure

20 shows that a significant decrease in the diffusive loss of Na+ has

occured upon salt-depletion (relative to NSD of the same species).

Alvarado and Dietz (1970b) found a decrease in the diffusive loss to

distilled water from 1.0 to 0.3 p,eq/10 g/hr after salt-depletion in

larval Ambystoma gracile.

The reduction in the diffusive loss reflects a decreased internal

plasma concentration (Table 1 and 21) and decreased permeability of

the skin (Table 6 and 25). The P
Na+

for Rana decreased to 19 per-

cent of the NSD value. Alvarado and Dietz (1970 a and b) showed a

significant decrease in serum [ Na+] and [Cl] in larval Ambystoma

gracile after 10-12 days of salt-depletion and a reduction in the

permeability of the integument. They suggested that the latter

response may be related to the activation of transport sites. The

active transport system would thus reduce the efflux at low bath

concentrations because of interaction with outward diffusing ions.
,NThe close agreement between a
Jo

(diffus i on)
+ JNa and JNao(renal)

suggest that this is not taking place (Table 26) in anurans. Alvarado
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Table 24. Flux components responsible for alterations in the net flux of Na+ after salt-depletion.

Bath conc.
(mM/1)

Decrease in
Renal Loss

Decrease in
Diffusive Loss

Increase in
Active Transport

Ascaphus truei

0.05 28% 45% 27%

0.10 23% 40% 37%

0.25 15% 40% 45%

0.50 14% 38% 48%

1.00 18% 40% 42%

2.00 18% 27% 55%

Hyja regilla

0.05 38% 49% 13%

0.10 40% 36% 24%

0.25 40% 48% 12%

0.50 27% 13% 60%

1.00 21% 35% 44%

2.00 22% 29% 49%

Rana pipiens

0.05 8% 83% 9%

0.10 7% 93% 0%

0.25 5% 82% 13%

0.50 6% 94% 0%

1.00 5% 90% 5%

2.00 3% 85% 12%
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and Dietz (1970b) have also suggested that the alteration in diffusive

loss may be related to shifts in blood flow.

Table 25. Permeability constants for Na+ in SD animals. P is
expressed as cm/sec.

Species PNa+

Ascaphus truei 0.41 x 10-8

Hy la regilla 0.95 x 10 -8

Rana pipiens 1.36 x 10-8

Influx (JNa)

Sodium influx for SD animals is higher than that for NSD

animals at comparable bath concentrations (Table 27). The applica-

tion of equation (12) reveals that Ji. (diffusion) represents less than one

percent of J. and the partitioning of the efflux (Table 26) shows the

total absence of an exchange diffusion component. This is in contrast

to Alvarado and Dietz (1970b) who showed that the salt-depletion of

larval Ambystoma gracile resulted in the inducement of a large Na

exchange component. The increase in J. accounts for 27, 13
i(active)

and nine percent of the alteration in net for SD Ascaphus, Hyla and

Rana, respectively, at a bath [ NaCl] of 0.05 mM/1. At a bath [ NaC1]

of 2 mM/1, increased Na+ influx accounts for 55, 49, and 12 percent

of the alteration in net flux for SD Ascaphus, Hyla and Rana,
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Table 26. Partitioning of the Na+ efflux for SD animals in solutions of NaC1 efflux is expressed
as p.eq/10g/hr.

Ascaphus truei
Bath
NaCl]

(mM/I) Renal Diffusion
Calculated

Total
Measured

Efflux
Exchange
Diffusion

0.05 0.04 0.13 0.17 0.15 + 0.06 0.00

0.10 0.04 0.15 0.19 0.21 + 0.04 0.02

0.25 0.04 0.17 0.21 0.25 + 0.10 0.04

0.50 0.04 0.20 0.24 0.30 + 0.10 0.06

1.00 0.04 0.23 0.27 0.41 + 0.12 0.14

2.00 0.04 0.27 0.31 0.53 +0.12 0.21

Hy la regi1la

0.05 0.18 0.44 0.62 0.60 + 0.06 0.00

0.10 0.18 0.50 0.68 0.72 + 0.11 0.04

0.25 0.18 0.60 0.78 0.88 + 0.11 0.10

0.50 0.18 0.78 0.96 1.12 + 0.16 0,16

1.00 0.18 0.98 1.16 1.25 + 0.15 0.09

2.00 0.18 1.27 1.45 1.35 + 0.19 0.00

Rana pipiens

0.05 0.02 0.29 0.34 0.20 + 0.09 0.00

0.10 0.05 0.31 0.36 0.29 + 0.13 0.00

0.25 0.05 0.36 0.41 0.42 + 0.16 0.01

0.50 0,05 0.44 0.49 0.55 +0.12 0.06

1.00 0.05 0.53 0.58 0.64 +0.10 0.06

2.00 0.05 0.73 0.78 0.65 + 0.19 0.00



Table 27. Sodium influx for SD animals transferred from distilled water to various NaCl solutions
(peq/10g/hr or nM/cm2/hr + S.E.). The mean weights of Ascaphus, Hy la and Rana
were 2.9 +0.3 g, 2.7 + 0.2 g and 34.8 + 4.4 g, respectively. N = 8 for all points.

Bath
[ NaCl]
(mM/1)

Ascaphus truei Hy la regilla Rana pip. asps_

peq/10g/hr
2

nM/cm /hr p,eq/10g/hr
2

nM/cm /hr p,eq/10g/hr
2

nM/cm /hr

0.05 0.48 + 0.06 6.2 + 0.6 0.44 + 0.14 5.6 + 1.4 0.55 +0.03 15.1 + 0.8

0.10 0.68 + 0.08 7.6 + 0.8 0.59 + 0.10 6.6 + 1.0 0.85 +0.08 23.2 + 2.1

0.25 1.12 + 0.12 12.5 + 1.3 0.84 + 0.17 8.5 + 1.7 1.27 +0.15 34.0 + 4.0

0.50 1.21 + 0.13 13.1 + 1.4 1.52 + 0.22 15.9 + 2.3 1.44 +0.16 42.5 + 3.7

1.00 1.09 + 0.11 1.25+ 1.3 2.04 +0.27 20.8 +3.0 1.61 + 0.14 49.5 + 4.9

2.00 1.15 +0.20 12.8 + 2.2 2.24 + 0.34 27.3 + 3.3 1.93 +0.23 60.8 + 6.0
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respectively. Jorgensen et al (1954) and Greenwald (1972) showed

that SD toads were unable to enhance uptake rates, however leopard

frogs (Greenwald, 1971) did. Salt-depletion increased Vmax by 44

percent in Ascaphus however little variation was observed in the Ks

between any SD and NSD animals (Figures 21 and 22). Thus salt-

depletion affects the capacity of the transport system and not the

affinity.

Chloride Regulation

There are significant increases in the ability of SD animals to

maintain a steady-state at low bath [ NaCl] (Table 28). The alteration

in Jnet was due to changes in in both C l and JoC 1.
1

Table 28. Net Cr flux for SD animals transferred from distilled
water to various NaC1 solutions (p,eg/10 g/hr +S. E.)
N = 8 for all points.

Bath [ NaCl]
(mM/I)

Ascaphus truei Hyla regilla Rana pipiens

O. 05

0. 10

0.25

0.50

1.00

2.00

O. 16

O. 33

O. 67

O. 55

0. 31

0.51

+ O. 13

+ O. 16

+ 0.22

+ 0. 14

+ O. 18

+ O. 33

-O. 05

-0.05

0. 19

O. 58

0. 85

0.99

+ 0.25

+0.08

+ 0.29_

+ 0.50

+ O. 36

+ 0.23

-0. 11

0.2 6

0.58

0. 63

O. 58

0. 70

+ O. 14

+ 0. 12

+ O. 16

+ O. 14

+ O. 13

+ O. 30



10

9

8

0

WIN

Ascaphus truei Hyla regilla Rana pipiens
V = 1.30 f-leq/ 10g/hr

max
K = 0.084 mM

m

11111111

Vmax = 1.841,Leq/10g/hr

K= 0.171 mM
m

I I I I I 1

Vmax = 1.86 p,eq/10g/hr

K= 0.119 mM
m

I I I I I

0 4 8 12 16 20 24 28 32 0 4 8 12 16 20 24 28
1

(S is in mM of NaC1/1)

32 0 4 8 12 16 20 24 28 32

Figure 21. Kinetic analysis of Na+ influx for SD animals from solutions of NaCl.
Influx is expressed as p.eq/10g/hriTable 27).



Ascaphus truei
2

V = 14.5 nM/cm /hr0.118 max
K = 0.089 mM

m

0.116

0.114

0.112 -

0.110

0.108

0 0.106
ti
..

0.104
,-11>

0.102

0.000. I

Hy la regilla
Vmax = 18.9 nM/cm

2
hr

K = 0.168 mMm

0 4 8 12 16 20 24 0
1

S

4 8 12 16 20 24

(S is in mM of NaCl /1)

Rana pipiens
Vmax = 56.7 riM/cm

2
/hr

K = 0.142 mM
m

0 4
I 1 1 1

8 12 16 20 24

Figure 22. Kinetic analysis of Na influx for SD animals from solutions of NaCl.
Influx is expressed as nM/cm2/hr (Table 27).



102

Efflux (JC1)

Salt-depletion of Ascaphus, Hy la and Rana caused a 41, 49,and 18

percent decrease in JoCl at a bath [NaCl] of 0.05 mM/1 (Table 30).

At a bath [NaCl] of 2 mM/1, decreased JC1 accounts for 44, 62 and

100 percent of the change in net Cl- flux for Ascaphus, all and

Rana, respectively (Table 30). The decrease in J was due to

alterations in renal, diffusive and exchange diffusion components.

The decreaSe in the renal component associated with salt-

depletion reflects increased reabsorption of Cl, not a change in

rate of urine production. The diffusive efflux of Cl showed a 41

percent decrease in SD Hy la (Figure 20). Alvarado and Dietz

(1970b) noted a decrease in Jo for SD larval Ambystoma gracile

from 0.6 to 0.3 p.eq/10 g/hr. The decrease in J was
o(diffusion)

due to decreased internal plasma concentration (Table 21) and

decreased permeability (Table 29). The effect of the TEP was not

obvious. PC1- for Hy la decreased by 34 percent after salt-depletion

(Table 29).

Table 29. Permeability constants for Cl in SD animals. P is
expressed as cm/sec.

Species PC1-

Ascaphus truei 0.47 x 10-8
Hy la regilla 0.60 x 10-8
Rana pipiens 3.49 x 10 -8



Table 30 . Chloride efflux for SD yimals transferred from distilled water to various NaC1 solutions
(1..teq/10g/hr or nM/cm /hr + S.E.). N = 8 for all points.

Bath
[NaC1]
(mM/1)

Ascaphus truei Hyla regilla Rana 32.4i.ens_

(2.9 +0.3 g) (2.7 + a g) (34.8+4.4g)

µeq /10g /hr
2

nM/ cm /hr peg/10g /hr
2

nM/ cm /hr peg/10g /hr
2

nM/cm /hr

0.05 0.20 +0.05 2.1 +0.5 0.24 + 0.02 2.5 + 0.2 0.40 + 0.15 10.0 + 4.0

0.10 0.25 + 0.13 2.6 + 1.4 0.29 + 0.06 2.9 + 0.6 0.13 + 0.10 6.2 + 2.7

0.25 0.41 + 0.16 4.7 + 1.8 0.36 + 0.02 3.7 + 0,C 0.24 + 0.14 6.2 + 3.6

0.50 0.58 +0.17 6.3 + 1.8 0.61 + 0.02 6.0 + 2.0 0.26 + 0.06 7.1 + 1.6

1.00 0.57 + 0.13 6.5 + 1.3 0.79 +0.23 8.3 + 2.4 0.31 + 0.10 8.3 + 2.7

2.00 0.49 + 0.20 5.8 + 2.3 1.44 + 0.44 15.9 + 4.5 0.31 + 0.19 9.1 + 5.6

0.39 + 0.06 4.7 + 0.7 1.29 + 0.18 14.1 + 1.8 0.26 + 0.05 8.4 + 1.0

*
Efflux was determined directly by tracer methods.
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Table 31. Flux components responsible for alterations in the net flux of Cl after salt-depletion.

Bath conc.
(mM/1)

Decrease in
Renal Loss

Decrease in
Diffusive Loss

Decrease in
Exchange Diffusion

Increase in
Active Transport

Ascaphus truei

0.05 35% 9% 17% 39%

0.10 22% 5% 11% 62%

0.25 11% 0% 30% 59%

0.50 13% 2% 13% 72%

1.00 19% 2% 36% 43%

2.00 11% 1% 32% 56%

Hy la regilla

0.05 31% 31% 9% 29%

0.10 62% 38% 0% 0%

0.25 77% 23% 0% 0%

0.50 21% 17% 0% 62%

1.00 17% 9% 42% 32%

2.00 16% 38% 38%

Rana pipieris_

0.05 29% 64% 7% 0%

0.10 9% 18% 27% 46%

0.25 5% 11% 41% 43%

0.50 5% 4% 73% 18%

1.00 6% 3% 91% 0%

2.00 6% 2% 92% 0%
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The data in Table 32 shows that a large portion of the decrease

in the total Cl efflux for SD Ascaphus and Rana is due to the

elimination of the exchange diffusion component. At a bath [NaCl]

of 2 mM/1, a reduction of 37 and 80 percent of the exchange diffusion

component was observed in Ascaphus and Rana, respectively.

Influx J.
1

Salt-depletion significantly increased J. for Ascaphus and

Hyla relative to NSD animals but has no effect on Rana (Table 33).

However the decrease in the exchange diffusion component in

Ascaphus and Rana was accompanied by an increase in the active

transport component (Figure 23). A 37 and 80 percent reduction

in the exchange diffusion component was observed for Ascaphus and

Rana, respectively, at a bath [ NaCl] of 2 mM/1. The simultaneous

alteration in these two carrier-mediated components suggest the

possibility of an interrelationship. There is a possibility that the

difference in the active transport and exchange diffusion component

may depend solely on the exchange ion. At times when the internal

Cl concentration is low and the maintenance of a Cl balance

becomes critical, an alternative exchange ion may be utilized by

the carrier system. Alvarado and Dietz (1970b) showed that when

Ambystoma gracile was in a steady state with respect to Cl there

was a distinct active component and low exchange component. They
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Table 32. Partitioning of the Cl- efflux for SD animals in solutions of NaCl. Efflux is expressed
as ).1.eq/10g/hr.

Ascaphus truei
Bath

[NaC11 Calculated Measured Exchange

(mM/1) Renal Diffusion Total Efflux Diffusion

0.05 0,04 0.15 0.19 0.20 + 0.05 0.01

0.10 0.04 0.13 0.17 0.25 + 0.13 0.08

0,25 0.04 0.11 0.15 0.41 + 0.16 0.16

0.50 0.04 0.09 0.13 0.58 + 0.17 0.45

1.00 0.04 0.07 0.11 0.57 + 0.13 0,46

2,00 0.04 0.06 0.10 0,49 + 0.20 0.39

Hy la regilla

0.05 0.10 0.14 0.24 0.24 + 0.02 0.00

0.10 0.10 0.13 0.23 0.29 + 0.06 0.06

0.25 0.10 0.10 0.20 0.36 + 0.02 0.16

0.50 0,10 0.07 0.17 0.61 + 0.20 0.44

1.00 0.10 0.05 0.15 0.79 + 0.23 0.64

2.00 0.10 0.03 0.13 1.44 + 0.44 1.31

Rana. pipiens

0.05 0.03 0.32 0.35 0.40 + 0.15 0.05

0.10 0.03 0.30 0.33 0.23 + 0.10 0.00

0.25 0.03 0.24 0.27 0.24 + 0.14 0.00

0.50 0.03 0.21 0.24 0.26 + 0.06 0.02

1.00 0.03 0.16 0.19 0.31 + 0.10 0.12

2.00 0.03 0.10 0.13 0.31 + 0.19 0.18



2
Table 33. Chloride influx for SD animals transferred from distilled water to various solutions of NaCI (p.eq/10g/hr or nM/cm /hr + S,E.).

The mean weights of Ascaphus, Hy la and Rana were 2.9 +0.3 g, 2.7 + 0.2 g and 34.8 + 4.4 g, respectively. N = 8 for all points.

Bath
[NaCl]
(mM/1

Ascaphus truei Hyla regilla Rana pipiens

peg/ 10g/hr nM/cm
2
/hr peg/10g/hr

2nM/cm /hr p,eq/10g/hr
2

nM/cm /hr

0.05 0.36 + 0.05 4.8 + 0.5 0.19 + 0.02 2.1 +0.2 0.29 +0.01 7.3 + 0.3

0.10 0.58 + 0.13 8.0 + 1.4 0.24 + 0.06 2.6 + 0.6 0.49 +0.06 13.1 + 1.6

0.25 1.08 + 0.11 12.1 + 1.2 0.55 +0.07 6.1 + 0.7 0.82 +0.16 21.9 + 4.3

0.50 1.13 + 0.20 12.2 + 2.2 1.19 + 0.21 13.4 + 2.2 0,89 +0.16 24.4+ 4.1

1.00 0.88 +0.16 10.1 + 1.8 1.64 + 0.25 17.9 + 2.4 0.89 +0.15 26.2+ 4.7

2.00 1.00 + 0.20 11.1 +2.3 2.43 +0.43 27.4 + 4.9 1.01 +0.16 26.3 + 4.1
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went on to state that the C1 system could idle, exchanging Cl for

Cl or could transport Cl in exchange for another anion.

Little difference is observed in K between SD and NSD

animals (Tables 24 and 25); though a 90 percent increase in the V max

for Ascaphus was recorded.

Exchange Mechanisms

Under certain conditions anurans can be shown to take up net

amounts of Na+ from solutions of Na
2

SO
4

or Cl from solutions of

choline chloride. This type of phenomena demands the existence

of an exchange mechanism in order that electroneutrality be main-

tained in the internal compartment. The idea of an exchange

mechanism is not new. Krogh (1937) postulated the existence of.

+
C1/HCO3 and Na+ /NH4 exchange systems across the frog skin but

concrete evidence is difficult to obtain.

Sodium Exchange Mechanisms

The existence of a Na+ exchange system was investigated by

following flux kinetics for SD animals placed in solutions of Na2SO4.

As noted earlier SO4 does not penetrate the integument (Figure 12).

The correlations between the net accumulation of Na+ and the net loss

of other cations was measured. Possible candidates for the exchange

ion included K+, NH4 or H+.
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There is a significant increase in net K+ loss with increased

Na+ accumulation (Figure 26) as determined by paired comparison

of mean differences in Ascaphus and Rana. The magnitude of the

K loss is however much lower than net Na accumulation in all

instances and thus would not result in the maintenance of electro-

neutrality. Alvarado and Dietz (1970b) showed that net K+ loss

could account for some but not all of the Na+ exchange in SD larval

Ambystoma gracile.

The net diffusive loss of NH4 is very low and probably non-

existent in all species studied (Figure 26). There was little

variation under salt-depletion conditions. Maetz and Garcia-Romeau

(1964), Fanelli. and Goldstein (1964) and Shaw (1960) however, have

shown the existence of the Na+/NH+
4

exchange systems in fish, larval

salamanders and crayfish, respectively. Frogs however. are

ureotelic, and Munro (1953) found only 15 percent of the total nitroge-

nous wastes as NH4. Despite this fact Garcia -R meau and Salibian

(1968) have found a Na+/NH4 exchange system across the integument

of a South Americanfrog. Other endogenous cations must be involved

in exchange in this study.

There is a significant increase in H+ secretion (JH) with

increased Na+ accumulation (coefficient of correlation r 0.88, 0.93

and 0.97 for Ascaphus, Hyla and Rana, respectively). In most

instances the net H+ excretion is higher than that for net Na
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accumulation. The decrease in pH never accounted for the actual

net accumulation of H+ A progressive buffering of the external bath

was observed in all cases though no correlation between buffering

capacity and increased Na+ uptake could be made (r = 0.33, 0.36 and

0.29 for Ascaphus, Hy la and Rana, respectively). In 1969 Garcia-

Romeau et al found a relationship between H+ excretion and net Na+

absorption in the South American frog, Calyptocephalella gayi

(family Leptodactylidae).

Chloride Exchange Mechanisms

The existence of a Cl- exchange system was investigated by

following the flux kinetics for SD animals placed in solutions of

choline chloride. The choline ion does not penetrate the anuran

integument (Figure 16). Correlations between net accumulation of

Cl- and the net loss of other anions were determined. Possible

candidates for the exchange ion included PO4 and base (HCO3 or

OH-).

Diffusive loss of PO4 was on the order of 0.01 p, e q / 1 0 g/hr

Cland did not vary with Jnet (Figure 27).

A net uptake of Cl was associated with a significant increase

in total base secretion (Figure 27). Coefficient of correlation

r = 0.90, 0.87 and 0.93 for Ascaphus, Hyla and Rana, respectively.

The total base secreted was always greater than the net accumulation
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of Cr. The pK of the base was around 6. 0 which compares favorably

with the pK of dilute solutions of choline bicarbonate.

A C1-/HCO3 system has now been found in several species of

adult anurans (Motais and Garcia-Romeau, 1972), larval salamanders

(Alvarado and Dietz, 1970b) and bullfrog tadpoles (Dietz and Alvarado,

1974).

It has been suggested by some workers that exchange mecha-

nisms may not have to be closely linked. There is a possibility that

the exchange ion could be lost through the production of urine and

would not have to be closely linked to the membrane carrier system.

The urine ion data (Table 1 and 21) for NSD and SD animals suggest

that K+,
NH+ and PO4= are not involved in this type of exchange

mechanism. Analysis of urine base and H+ composition was incon-

clusive because of large variations.

If both Na and Cl are accumulated there is the possibility of

either linked entrance or independent exchange systems. In the case

of linked entrance there will be little increase in net H and HCO

loss. If independent exchange mechanisms operate both H and

3

HCO3 will be excreted in greater amounts simultaneously which will

result in little change in bath composition because of the loss of CO2

to the atmosphere.
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DISCUSSION

Adaptive radiation of early vertebrates occurred in freshwater

(Colbert, 1955). One of the adaptations for survival in this environ-

ment was the evolution of exterior armor (scales or bone) plates

which according to Homer Smith (1932) probably evolved primarily

as a defense against the osmotic uptake of water and loss of ions.

Some fishes evolved mechanisms for survival in times of draught by

becoming partially terrestrial. The primary adaptation was utiliza-

tion of the swim bladder for aerial respiration. These forms

apparently retained armor and therefore lacked cutaneous respiration.

The respiratory adaptation of the "lungs" was primarily a short

term survival system and was probably not particularly efficient

because of an inefficient ventillation system. The successful

occupation of the land involved evolution of more efficient locomotion

(i.e., tetrapod) as well as more effective aerial respiratory systems.

In the latter case divergent mechanisms appeared. On the one hand

development of respiratory muscles which improved ventillation and

on the other the loss of armor making possible cutaneous respiration.

That cutaneous respiration is an adaptation to terrestrialism has

been argued by (Carter, 1967). The amphibia fall into the latter

category.
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The amphibia evolved from crossopterygian fishes during the

Devonian (300 million years ago). As noted, they evolved an armor-

less skin which served, along with lungs, in gas exchange. In

addition to being permeable to respiratory gases the skin is also highly

permeable to water and ions. On land there is substantial water loss

by evaporation and maintenance of water balance must be achieved by

habitat selection including returning to water for varying periods of

time. Despite numerous efforts no one has been able to identify

specific physiological mechanisms which make more terrestrial

amphibians better adapted to land than their aquatic counter parts.

Conceivably the variability observed between species of amphibians

with respect to degree of terrestrialism reflect evolution of

mechanisms which permit survival when they return to fresh-water.

In water the highly permeable integument continues to serve

in respiration but is a source of "embarrassment" in terms of water

and ion balance. The animal faces a continual osmotic inflow of

water which, in the interest of osmotic balance, must be balanced

by the production of an equivalent volume of urine. The loss of ions

in the urine and across the skin became a serious problem and had

to be compensated for or reduced. The degree to which these

mechanisms have evolved varies with species and may be the major

factor determining the extent of terrestrialism.,
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Ascaphus truei spends a great deal of time in streams. Metter

(1967) found most of the population to be aquatic during daytime with

emergence at dusk for feeding. Hibernation takes place in the stre

bed. The high-altitude streams occupied by Ascaphus are very

Cl-dilute (Mullen, 1971). Over a year period, Na+
, and K+ con-

centrations in the streams were 0.032-0.058, 0.030-0.050 and

0.010 mM, respectively. The continual flushing of the organism with

this dilute water would create a tremendous ionic regulation problem

and this species might show specialized adaptations for the mainte-

nance of ionic balance.

Rana pipiens is widely distributed. It is semi-terrestrial and

is usually found near ponds or lakes.

Hy la regilla and Bufo boreas are terrestrial. Large bodies of

water are necessary only during times of reproduction (Stebbins,

1966).

Water Regulation

All species studied were able to maintain water balance in

dilute solutions of NaCl. The osmotic uptake of water across epithelia

is a function of five factors: the osmotic gradient, surface area,

permeability, electrical gradient, and solute dependent water flow.

I found no evidence for the last two, although my methods were such

that the two effects may have cancelled each other. Thus in the
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presence of Na+ the body fluids are positive to the bath and electro-

osmosis would be outward (Capraro and Garampi, 1956). At the

same time inward transport of Na+ would move water inward by solute

dependent water flow (Ussing and Anderson, 1955). The relative

importance of the remaining three factors varied with species. Both

size and habitat preference contribute to the variability, however it

is clear that water flux expressed in terms of area increases with

degree of terrestrialism. The low water flux in Ascaphus reflects a

low osmotic gradient but more importantly a relatively low PH

In the most terrestrial form, Bufo, the water flux is high because of

a high osmotic gradient and high PH2O. The physiological basis for

these differences is not known. Water permeability of the skin is

known to be a physiological variable subject to endocrine control

in at least some species. Thus AVT increases P in anurans.H20

Interestingly this "hydro-osmotic response" is more pronounced in

terrestrial species. Conceivably the higher PH20 in Bufo reflects

the action of circulating levels of AVT.

Ionic Regulation

Sodium Regulation

NSD Conditions

Sodium is the most abundant cation in extracullular fluid; its

concentration in serum is regulated within rather narrow limits
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within species and between species. By analogy with what is known

for higher vertebrates this regulation is mediated by hormones which

act upon the transport system and permeability of membranes.

Several known humoral agents have been considered for the role of

"Na - regulating" hormone including aldosterone (Share and Claybaugh,

1972), prostaglandins (Lee, 1969), calcitonin (Rasmussen et al.,

1967), a-MSH (Orias and McCann, 1970) and angiotensin II (Davis and

Knox, 1970). Hormonal integration could be a source of interspecific

variation in iono-regulatory capacity in the amphibians.

A striking difference was observed between species with respect

to the minimum bath concentration in which a steady-state could be

maintained. Ascaphus was lowest (0. 1 mM/1), Rana intermediate

(0.5 mM/1) with Bufo and Hy la about 1 mM/1. This correlates

perfectly with the relative terrestrialism of the species.

There are interspecific differences in the magnitude of JoN a

which are related to habitat preference and size. Thus JoNa (area

basis) in dilute NaC1 from aquatic Ascaphus is about half that from

terrestrial Hy la of comparable size. Similarily JoNa, from aquatic

Rana is about half that of terrestrial Bufo. On the other hand cam-_
paring aquatic forms (Ascaphus against Rana) and terrestrial forms

(Hy la against Bufo) reveals that JoNa is lower in smaller species.
NaThe efflux of Na+ consists of two components, Jo(renal) and

Na
jo(diffusion). I was unable to evaluate the extent of secretion of Na
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Nain mucus and this is incorporated into J Under my
o(diffusion).

physiological conditions there is no exchange diffusion of Na+.

The value of JNao(renal) is a function of [Na ] in urine and the

rate of urine production. In all species [No+] was on the order of

1 mM which is 100 times more dilute than the plasma. Bufo and

Hyla had higher renal effluxes than the aquatic species. In Bufo

this reflects a higher rate of urine production while in Hyla [ Na +]

in urine was slightly elevated. External concentration of NaC1

(0 to 2 mM) did not affect JNao(renal).

Interspecific variation in JNa (area basis) could reflect
o(diffusion)

differences in PNa+, TEP or the concentration gradient. The major

source of variation is PNa+ with aquatic species having lower values

than the terrestrial species. The physiological basis is not known.

Recent studies indicate that passive diffusion of Na+ across epithelia

occurs through intercellular channels (shunt pathways) the dimensions

of which are determined by tightness of tight junctions (Mandel and

Curran, 1972). It would be interesting to study the ultra-structore

of these junctions from' . comparative view.
NaIn a given animal Jo(diffusion) increases with an increase in

[NaCl] and the magnitude of the increase is predicted by the constant

field equation (equation 10). The almost perfect agreement between

Na NaJo + JNao(diffusion)and Jo(renal) at all concentrations and in most

species (Ascaphus was slightly off) lends credence to the validity
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of equation 10 and, in turn, is interesting with respect to the constant

field assumption. The inference is that diffusion of Na+ occurs

across a homogenous "membrane" with a linear potential gradient.

Now it seems unlikely that these criteria could apply to a layer of

cells suggesting that the restrictive barrier is a relatively simple

membrane, This has implications in interpreting models of trans-

port to be described later.

The influx of Na+ into all species was predominately (>95

percent) by carrier mediated active transport. Contributions of

diffusion, exchange diffusion, osmotic drag and drinking were

negligible.

Kinetic analysis of J.Na revealed striking interspecifici(active)
differences. Ascaphus which normally lives in very dilute streams

differed markedly from the other species in having a low capacity

system (Vmax = 12 nM /cm2 /hr) with high affinity for Na+ (Ks = 0.078

mM). These values agree very well with those obtained by Greenwald

(1972) for Xenopus an aquatic anuran of a different suborder (Aglossa).

Rana pipiens had a lower Vmax and lower Ks than the more

terrestrial Bufo. My data therefore support Greenwald's (1972)

hypothesis that aquatic forms have high affinity transport systems

(Figure 28). This is important because his hypothesis was based

on only a few anuran species.
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Figure 28. Relationship between degree of terrestrialism and the
affinity of the Nal" transport system.
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The influx of Na is not dependent on simultaneous inward

movement of or, for that matter, the inward movement of anions.

Thus SO4 does not penetrate the skin appreciable yet TNa dilute

solutions of Na
2
SO4 was only about ten percent lower than from

dilute NaCl. There was no difference in Ks; Vmax was slightly lower

from Na2SO4 solutions. This independence between Na and Cl

transport is not characteristic of all epithelia. Aceves et al. (1968)

found that the uptake of 22Na by the skin of Ambystoma mexicanus

in SO4 Ringer's was only about 50 percent of the uptake in

Ringer' s.
=_-

Aceves postulated that SO4 interferred with the entry of

Na+ into the skin. Aceves also found that the salt absorption

mechanism of the skin was such that Cl was partly necessary for

the transport of Na+ and it seemed that the entrance of Na into the

transport compartment was the Cl requiring step. Other Na+

transport systems required Cl ; Diamond (1962) showed that Na+

transport across the gall bladder is tightly linked to C1 transport.

Salt -Depletion

In 1934 Nagel showed that when fresh-water animals are

exposed to distilled water for several days and then placed in dilute

solutions of ions they experience a net uptake of certain ions,

particularly Na+ and CI . This salt-depletion response has been

extremely useful in the analysis of ionic regulation for three reasons:
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First, it affords a means to observe a net movement of a specific

ion against an electrochemical gradient. This remains the most

unequivocal criterion for active transport. Second it affords a

means to study ion exchange mechanisms. Thus net uptake of ions

can be compared with net loss of ions. Finally salt-depletion pro-

vides a means for analyzing integrative mechanisms. There is

evidence that the response is mediated by aldosterone (Crabbe, 1964).

The technique of salt-depletion was used extensively by Krogh (1939)

who showed that salt-depletion not only increases integumentary

active transport, but also affects J and Jo(diffusion) o(renal).

Salt-depletion experiments were completed only on Ascaphus,

Rana and Hy la. Bufo died after five or six days in distilled water.

In all species studied, prior salt-depletion decreased the minimum

bath concentration in which a steady-state could be maintained. In

fact the aquatic species, Ascaphus and Rana displayed a positive Na

balance even in the most dilute test solutions (0. 05 mM).

In Ascaphus and Hy la J.Na was significantly elevated byi(active)
salt-depletion. This is reflected by a significant increase in Vmax

Curiously I could not detect a change in V for Rana althoughmax

Greenwald (1971) has reported such a response for this species.

Salt-depletion increases Vmax in a number of freshwater animals

as noted in Table 34. The inference is that salt-depletion causes
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Table 34. The effects of salt-depletion on the kinetics of J i (active)

Animal Class

Vmax

ReferenceNSD SD NSD SD

larval Ambystoma gracile Amphibia 2.0 3.4 0.3-0.5 0.3-0.5 Alvarado and Dietz, 1970b

Ascaphus truei Amphibia 0.9 1.3 < 0.1 < 0.1 This study

Hyla regilla Amphibia 1.5 1.8 0.2 0.2 This study

Rana catesbeiana tadpoles Amphibia 0.5 1.5 Alvarado and Moody, 1970

Rana pipiens Amphibia 2.1 3.4 0.2 Greenwald, 1971

1.8 1.9 0.1 0.1 This study

Lampetra planeri Agnatha 10.8 13.5 0.3 0.1 Morris and Bull, 1970

Lumbricus terrestris Oligochaeta 1.3 2.8 1.3 Dietz and Alvarado, 1970

Limnaea stagnalis Gastropoda 0.6 1.1 0.2-0.3 Greenaway, 1970

Astacus pallipes Crustacea 1.3 plsil/hr 6.7 piVI/hr 0.2-0.3 Shaw, 1959

Eriocheir sinensis Crustacea 234 pM/hr 341 µM /hr Shaw, 1961
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elaboration of more transport sites either by activation of prexisting

inactive sites or synthesis of new ones.

Salt-depletion has little effect on Ks, a fact which seems to

characterize most fresh-water forms. Alterations in the Ks for

some enzyme systems does occur and it is thought that this results

from changes in the conformation of the active site. The conforma-

tional changes in turn resulting from environmental changes.

I found no evidence for exchange diffusion in salt-depleted

anurans. This is in contrast to what has been reported for larval

urodeles (Ambystoma gracile) in which salt-depletion elevated
Na markedly.i(exciaange diffusion)

Salt-depletion decreases JNaof renal)' This may be interpreted

as an enhancement of active Na+ reabsorption in renal tubules and

to urinary bladder and thus could be a mechanism common to that

in skin. However, most of the decrease in JoNa is attributable to a

decrease in JNo( a
diffusion) and this is more difficult to interpret.

Alvarado and Dietz (1970b) working with larval Ambystoma gracile

suggested that the decrease in JNa might also be explained by an

activation of more inward oriented transport sites. In dilute bath

solutions some of these sites would be unoccupied and thus could

interact with outwardly diffusing Na which would be pumped back

into the body fluids. This process would be independent of the TEP

and is, in many respects, a form of exchange diffusion. It would
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Na
therefore manifest itself as a descrepancy between Jo(diffusion)

+ JNa and JNa I found no such discrep-
o(renal) o(isotopically measured)

ancies in Hyla, Rana or Ascaphus and must conclude that the decrease

a.n Jo reflects a decrease in PNa +, possibly a change in the shunt

pathway which could be related to tight junctions or swelling of

epithelial cells which would restrict movement through intracellular

channels. There is also the possibility that mucus may effect

diffusional loss across the integument and alterations in JNao(diffusion)

could reflect a differential rate of mucus secretion.

Mechanism of Na+ Transport

The Na+-K+ ATPase system has been implicated in trans-

epithelial Na transport (Koefoed-Johnsen, 1957). In order that this

cellular transport system be involved, a means of moving Na+ from

the external medium into an intracellular transport compartment

must be envisioned. According to the Ussing model, Na+ would

diffuse across the outer, "Na+- selective ", border of the outer layer

of epithelial cells and then would be pumped into the extracellular

compartment by the cellular Na+ -K+ ATPase system. Ussing

arrived at this model from studies on isolated skins and in most

cases the external bath consisted of a Ringer's solution. The

cellular [ Na+] is about 16 mM/1 (Zylber et al., 1973) which is

relatively low in comparison to the [ Na+] in Ringer's (110 mM/1).
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Thus a significant diffusive influx could be expected under these con-

ditions. In the in-vivo situation, net Na+ transport can be demon-

strated from bath solutions with NaC1 concentrations as low as 0.05

mM/1. A significant passive influx under these conditions would

demand the existence of an extremely low cellular [ Na +
] , There is

no indication that the [ Na +] of the epithelial cells is abnormally low

(Zylber et al, , 1973), The involvement of a significant passive

inward diffusion across the t'ght junctions would seem to be even

more unlikely because of the huge antagonistic concentration gradient.

An alternative possibility would be the existence of a carrier-system

across the outer membrane of the epithelial border cells.

In a dilute medium, Na+ would diffuse out of the outer epithelial

cells along a concentration gradient and this would result in a

diffusion potential with the inside (cell) being negative, Sodium

would be transported from the bath into the outer epithelial cells

against a concentration gradient by a carrier system in the outer

membrane, The inward movement of Na+ would require the

simultaneous inward movement of an anion or the exchange of

another cation, With both Na+ and Cl in the external medium,

electroneutrality could be achieved by the simultaneous movement

of both Na and Cl or under steady-state conditions by the

simultaneous inward carrier-mediated transport of Na+ and the
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outward passive diffusion of Na+. Salt-depleted anurans, however

take up net amounts of Na+ from solutions of Na2SO4. Since SO4

does not penetrate the skin this requires cation exchange.

Ammonium ion was dismissed as a candidate for the exchange
NHion because Jo 4 was very low in all species. This is in contrast

to fish (Maetz and Garcia-Romeau, 1964), larval salamanders

(Alvarado and Dietz, 1970b), crayfish (Shaw, 1960) and the anuran

Leptodactyllus ocellatus (Garcia-Romeau and Salibian, 1968) all of

which excrete NH4. The excretion of ammonia is not proof that a

NH 4/Na+ exchange system is present. A stoichiometric relation-

ship must be demonstrated. Partial evidence for this has been

obtained for fish (Maetz, 1971) and Leptodactylus. The lack of the

ammonium exchange system could probably be expected in the

terrestrial anuran species because of their normal low rates of

urine production in the terrestrial environment and the toxicity of

ammonia but it is interesting to note that not even the aquatic

Ascaphus, in this study, illustrates this type of system. A study

of NH4 and urea levels in the plasma and urine would probably be

of help in explaining this phenomena.

There is a significant increase in net K+ loss with increased

Na+ accumulation in Ascaphus and Hy la and the JNa and are
net net

correlated (r = 0. 75 and 0. 79, respectively). The magnitude of the

net K+ loss is however much lower than net Na+ accumulation in all
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instances and thus would not result in the maintenance of electro-

neutrality. Alvarado and Dietz (1970b) showed a similar phenomena

in SD larval Ambystoma gracile, net K+ loss could account for some

but not all of the Na+ exchange. The adaptability of a Na+/K+ exchange

system must be questioned because of the maintenance of a huge K

gradient between the cells of epithelium and the environmental media.

There is a highly significant increase in H+ secretion with

increasing Na+ accumulation and JNanet and JH are highly correlated.
o

In most instances the net H+ excretion was actually higher than the

net Na+ accumulation. The Na+/H+ exchange system seems to be

characteristic of all species studied. The idea of the Na+/H+

exchange system was put forward in 1949 by Us sing in order to

account for the differences between Na+ and Cl uptake. Relation.-

ships between H+ excretion and Na+ reabsorption have been made in

the anuran, Calyptocephallela gayi (Garcia-Rorneau et al., 1969)

and in the trout (Kerstetter and Kirschner, 1972).

Not only would the utilization of H+ for exchange by adaptive

from an ionoregulatory standpoint but its secretion could be functional

as part of the respiratory exchange and acid-base balance systems.

The integument of the amphibian is an important respiratory organ,

with 1/3 to 2/3 of the total oxygen uptake occurring across its

surface. An even higher fraction of CO2
elimination occurs through

this organ. Most of the CO2 formed in cellular respiration is
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converted to carbonic acid according to the following reaction:

CO
2

+ H
2 2

CO3'
+ HCO3

Carbonic anhydrase

Carbonic anhydrase activity has recently been demonstrated in frog

skin by Rosen and Friedly (1973). Carbonic acid and its dissociation

products are found in the epithelial cells. The protons could be

utilized for exchange with the formation of sodium bicarbonate. The

secretion of protons would lead to the further dissociation of cellular

carbonic acid. Cellular carbonic acid could arise from cellular

metabolism or diffusion from the extracellular fluid.

It has been suggested by some workers that exchange

mechanisms may not have to be closely linked. There is a possibility

that the exchange ion could be lost through the production of urine

and would not have to be closely linked to the membrane carrier

system. The urine ion data for NSD and SD animals suggest that

K+ and NH
4

are not involved in this type of exchange mechanism.

Analysis of urine H+ composition was inconclusive because of large

variations. The correlation between Na+ and H+ persists, however,

when the cloaca is blocked.
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Figure 29. Transepithelial Na+ transport scheme.
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Chloride Regulation

NSD Conditions

Chloride is the most abundant anion in the extracellular fluid

and is regulated within rather narrow limits although not as precisely

as for Na +. The mechanism of control is not known. The regulation

of Cl is characterized by trends similar to those reported for Na+.

The net loss to the bath at low [ NaC1] is however lower than that

demonstrated for Na+. The aquatic Ascaphus and semi-aquatic Rana

are better able to regulate Cl under dilute external conditions than

terrestrial Hyla and Bufo. Ascaphus maintains Cl balance as

efficiently as 0.05 mM NaCl as at 2 mM/1.

There are significant interspecific differences in the magnitude

of TC1 to solutions of NaCl; aquatic Ascaphus is significantly lower

than that for the other species. This is probably more an adaptation

to small size than to habitat preference.

The efflux can be divided into several components including

renal, diffusion, exchange diffusion and skin secretions. I was

unable to evaluate the skin secretion component and this is incorpo-
Clrated into Jo(diffusion)

Urine Cl- concentrations were found to be 0.7-0.8 mM/1 in

all species which means that approximately 99 percent of Cl- in the

glomerular filtrate must be reabsorbed in the renal tubules and
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urinary bladder. The semi-aquatic Rana and the aquatic Ascaphus

are characterized by a low renal efflux reflecting high efficiency of

Cl reabsorption from the filtrate and a lower rate of urine production

and in turn a lower osmotic uptake of water. External concentration

of NaCI (0 to 2 mM) did not affect ClJo(renal)`

The smaller species, Ascaphus and Hy la, are characterized

by low rates of diffusive loss of Cr. The diffusive loss of ions is

a function of permeability of the skin to ions, transepithelial

potential, concentration gradient and surface area. The concentration

gradient is huge in all cases. The major source of variation is

PC1 -; small species have lower values than larger species. The

permeability of the anuran epithelium to Cl was lower than to Na .

This is probably the reason that alterations in the external [ C1-]

have such small effects on the TEP.

In Ascaphus, Hyla and Rana, JC1 increases with an
o(diffusion)

increase in bath [ NaCl] while in Bufo there is no change or a slight

decrease. An increase in the TEP in the positive direction with

increasing [ NaCl] should cause a decrease in the diffusive loss of

Cr. At high bath [ NaC1] in Ascaphus, Hyla and Rana there is a

large component of JCl which cannot be explained by the constant

field equation (equation 10). This unknown component is TEP-

independent and competitive inhibition could be demonstrated by the

utilization of I- in the external medium. We conclude that this
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component is exchange diffusion of Cl . Increased glandular

secretion can't be entirely ruled out but there is little evidence for

this from analysis of the efflux of Na+ with increasing bath [ NaC1]

The physiological significance of exchange diffusion is unknown.

Exchange systems however have been described for other amphibians

(Alvarado and Dietz, 1970b) and cellular preparations (Hogben, 1955).

Chloride influx consists of active, diffusion, exchange diffusion,

solvent drag and gut components. The last three are negligible in

anurans. Over 95 percent of JC1 is carrier-linked. At low bath

[NaCl] (0. 05 mM/1) only about 8, 19 and 4 percent of this is exchange

diffusion in Ascaphus, Hyla and Rana, respectively. At a bath

[NaCl] of 2.0 mM/1, the fraction has increased to 60-100 percent.

Kinetic analysis of J. Cl (JCl
+ JCI

i (active) (exchange diffusion))

revealed striking interspecific differences although no correlation

between habitat and Vmax can be made as for Na+. The aquatic

Ascaphus, which comes from an environment of low ionic con-

centration does have the lowest rate of uptake but there is much

species variation. The Vmax seems to be more closely related to

size. There is a relationship between habitat and the affinity of the

carrier system. Aquatic species being characterized by high

affinity systems.

The influx of is not dependent on the simultaneous inward

movement of Na+, or for that matter, the inward movement of any
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cation. No significant influx of choline+ was noted under any con-

dition yet JP- from dilute solutions of choline chloride was only

about ten percent lower than from dilute NaCl. There was no

significant difference in the affinity of the Cl- transport system

under the two sets of conditions (NaC1 or choline chloride) although

there was a slight decrease in the V in choline chloride solutions.max

The independence of Cl- transport is not characteristic of all

epithelial preparations. Walker et al. (1937) found that Cl trans-

port across renal tubules was linked to Na+ transport. In many

isolated frog skin preparations (Ussing and Zerahn, 1951) the

chloride ion appears to be transported passively along an electrical-

chemical gradient. Jorgensen et al. (1954) however suggested the

existence of an independent Cl- active transport system in-vivo.

The independence of the Na+ and Cl transport systems has recently

been confirmed by Salibian et al. (1968) and Garcia-Romeau and

Salibian (1969). Some workers have demonstrated the existence of

both

urodeles (Alvarado and Dietz, 1970b) and anurans ;(Zadunaisky,

1972).

Salt -Depletion

There was a significant decrease in the minimum bath con-

centration in which a Cl- steady-state could be maintained in SD
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animals relative to NSD animals. The alteration in the net flux was

Cldue to changes in both JoCl and J.

There was a significant decrease in JoCl involving alterations

in renal, diffusion and exchange diffusion components. The reduction

in ClJo(renal) was due to an increase in the renal reabsorption of Cr

not a decrease in rate of urine production. There was a decrease in
Cl in all species and this reflected a slightly reducedo(diffusion)

concentration gradient in all species and decreased PC1- for Hy la

and Rana. Ascaphus however retained the lowest value for PC1-

A large portion of the decrease in the total Cl efflux for SD Ascaphus

and Rana was due to the elimination of ClJo(exchange diffusion)

The decrease in J.Cl in SD animals wasi(exchange diffusion)

accompanied by an increase in JCli(active) The simultaneous altera-

tion in these two carrier-mediated components suggest the possibility

of an interrelationship. The difference in the active transport and

exchange diffusion component may depend solely on the exchange

ion. In the steady-state the Cl system would idle, exchanging Cl

for (exchange diffusion), at times when the internal con-

centration is low and the maintenance of a Cr balance becomes

critical, an alternative exchange ion may be utilized by the carrier

system (active transport).

Little variation was observed in the Ks between SD and NSD

animals. SD Ascaphus and Hy la are characterized by an increase
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in the Vmax which probably represents the activation of inoperative

transport sites or the creation of new sites. The relationship

between species and the magnitude of the V
'

however, was notmax

altered by salt-depletion. Salt-depletion resulted in a differential

elevation in the Vmax for the Na+ and Cl transport systems;

increase of 44 and 89 percent for Na+ and Cl , respectively, in

Ascaphus.

At an external [ NaC1] of 0.05 mM/1, the major factor

responsible for the alteration in the net flux of Cl after salt-

depletion were species dependent. The major factors being increased

active transport, decreased renal loss and diffusive loss, and

reduced diffusive loss for Ascaphus, Hyla and Rana, respectively.

At an external [ NaC1] of 2 mM/1, the major alterations in

the net flux occurred because of a reduction in the exchange diffusion

component and simultaneous increase in the active transport com-

ponent.

Mechanism of Cl- Transport

The mechanism of transepithelial Cl- transport is not known.

Initially it was thought that Cl- might be "pulled" in the outer

epithelial cells by the active transport of Na+. Chloride transport,

however, has now been shown to be independent of Na transport.

Ussing and Zerahn (1951) suggested that Cl- entered the epithelial
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cells of frog skin passively along an electrochemical gradient. A

passive inward movement of Cl may occur when Ringer's is

utilized as the external medium. However, under physiological

conditions, inward passive Cl movement is opposed by both a

chemical and an electrical gradient. Chloride can be accumulated

from an external medium of only 0. 05 mM NaC1 while the [ C1-] of

anuran epithelial cells has been shown to be about 57 mM/1 (Zylber

et al., 1973). The potential between the cellular compartment and

the extracellular fluid is dependent on K+ diffusion and can be
[ K+] intracellularapproximated by the equation PD = (61) (log ).
[ K extracellular

The extracellular [K ] is about 4-7 mM/1 and, according to Zylber

et al (1973), the epithelial cellular [K+] is 142 mM/1. This would

mean the extracellular fluid would be at least +60 mV in respect to

the cellular compartment. The TEP is on the order of -8 to +28 mV

(0.05 mM NaCl bath) and is the result of two diffusion potentials.

The potential difference between the external medium and cellular

compartment must then be about 50 mV inside negative.

It would thus seem necessary to postulate a carrier-system

in the outward facing membrane of the epithelium for the inward

transport of Cl The inward movement of Cl would require the

simultaneous inward movement of a cation or the exchange for

another anion if electroneutrality is to be preserved. With both Na+

and Cl in the external medium, electroneutrality could be achieved
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by the simultaneous movement of both Na+ and Cl or under steady-

state conditions by Cl /C1 exchange. Under certain conditions

(salt-depletion) however, anurans take up net amounts of Cl- from

solutions of choline chloride. Under these circumstances an exchange

mechanism must be implicated because choline+ does not penetrate
-the epithelium. When SD animals take up Cl there is a significant

increase in total base secretion. The pK indicated that it is bicar-

bonate ion.

The skin of anurans functions in respiration; a major fraction

of metabolic CO2 is eliminated across its surface. The bicarbonate

ion would then be readily available in the epithelial cell for possible

exchange and it seems possible that this system may be functionally

related to both respiration and acid-base balance.

Once in the epithelial cell Cl could diffuse into the extra-

cellular fluid along an electro-chemical gradient. The

[C1 is about 70-80 mM/1 and the [Cl ]extracellular cellular is

about 57 mM/1 (Zylber et al. , 1973), however the outside is about

50 mV positive to the cytoplasm. The flux ratio equation (equation

12) shows that outward passive movement would be strongly favored.

An alternative possibility would be the existence of an exchange

transport system at the internal membrane. This system could

exchange Cl for HCO3 and would be very similar to the "chloride

shift" system in erythrocytes (Dawson, 1970). This type of system



would explain how the bicarbonate ion enters the epithelial cells

against the electro-chemical gradient.
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Figure 30. Transepithelial Cl transport scheme.

Transepithelial transport systems have been described for a

large number of organisms including both invertebrates and verte

brates. Many of these systems show functional resemblances although

significant interspecific differences have been found among members
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of closely related groups, such as the anurans. In many instances

these differences seem related to habitat but in others they seem

species specific. The basis of these differences; structural on

integrative, inducible on gentically determined, are poorly known.
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