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Calcium concentration and its regulation was examined in

tissues of larval Rana catesbiana.

Considerable variability was

found in tissue calcium that could not be explained by stage of develop-

ment. A seasonal effect was observed, with plasma calcium decreasing and muscle calcium increasing during winter. Total plasma

calcium concentration reflects, within certain limits, environmental
calcium concentrations, Animals kept in calcium-free medium have
a lower plasma calcium concentration than animals kept in a high
calcium medium (I. 03 mM compared to 1. 26 mM), But plasma

calcium does not continue to decrease or increase with time (at

least for up to six weeks) in calcium-free or high-calcium medium,
and controls (0. 8 mM external calcium) maintain a constant plasma
calcium concentration.

The skin, which is an important amphibian

calcium storage site, also shows some tendency to calcium "load"

and "deplete" in response to high calcium and calcium-free medium,
although this tendency does not continue with time, indicating the

presence of some regulation.
Calcium fluxes between the animal and the bathing medium were

variable between batches of animals and with time, decreasing for
about the first four hours with net flux inward to little or no net flux

after four hours. Influx and efflux after about four hours are usually
about 0. 1 p,moles Ca/hour-10 10 g animal.

Analysis of the character-

istics indicate the presence of more than one calcium pool in this
animal.

The presence of carrier-mediated transport was examined by
flux ratio analysis, competitive inhibition, saturation kinetics and
temperature effects. The calculated flux-ratio using estimates of
ionic calcium concentration inside concentration inside and potential

difference between animal and bath are about three times smaller
than the observed flux ratio. The presence of magnesium, strontium,

or barium in the medium inhibits calcium influx, indicating competitive inhibition. Influx increases with increasing bath calcium concen-

tration up to about 0. 5 mM calcium, showing apparent saturation
kinetics. There is no effect of temperature on calcium exchange in

this animal. The flux ratio analysis, competitive inhibition, and

saturation kinetics thus indicate that there is a carrier-mediated
contribution to the observed calcium exchange. Evidence suggests

that this exchange occurs primarily at the gills and gastrointestinal
tract with little movement across the skin.
The possibility of hormonal regulation of calcium in the tadpole

was examined by calcitonin, parathyroid hormone, and thyroxine
treatment, and by hypophysectomy. Calcitonin and parathyroid

hormone both produce a typical vertebrate response, i. e. hypocalcemia and hypercalcimia, respectively.

The bath to animal

calcium exchanges are correspondingly increased and decreased,
for both influx and efflux, Thyroxine produces hypocalcemia and

reduced calcium influx and efflux. The calcium changes in response

to thyroxine could be a secondary result from metamorphic changes

in skin, intestine, and gills. Plasma calcium concentrations are
apparently regulated at least in part by hormonal regulation of
exchange between internal calcium stores and the plasma calcium
pool.

Relatively early phylogenetic and ontogenetic importance of

calcitonin and parathyroid hormone in calcium regulation is indicated

by the response of these larval anurans.
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CALCIUM METABOLISM AND REGULATION
IN LARVAL RANA CATESBEIANA
I.

INTRODUCTION

The maintenance of differences in composition of the media

inside and outside of cells and the membrane barrier that is responsible for this difference is a fundamental characteristic of life. These
selectively permeable membranes can prevent non-essential mole-

cules from entering the cell and prevent essential molecules from
diffusing away.

Characteristics in addition to permeability charac-

teristics are necessary however, both to exclude the disruptive
molecules for which there is a finite, though small permeability,
and to increase the rate of entry of essential molecules.

This role

of governing the movement of molecules into and out of cells is an
important component of homeostasis, maintaining conditions which
support life.

Since concentration differences of molecules inside and outside

of cells are requisite for life, the means for creating and maintaining
these differences must have evolved early. There is some evidence

that simple laboratory prepared micelles prepared under conditions
which mimick primitive conditions can accumulate certain molecules

(Oparin, 1965), indicating that the physical properties of the mem
brane may be responsible for some of the movements of molecules.
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Additional means have evolved, as exhibited in contemporary organ-

isms.

For the short distances involved in moving material across
membranes, diffusion is an effective and important means. If a
material is consumed by a cell a gradient will be maintained allowing
continual diffusion inward.

Likewise a substance produced by the

cell will diffuse out if it can penetrate the membrane. Means of
changing the permeability of a membrane to allow greater diffusion

along the concentration gradient have evolved, as the transient
increase in sodium permeability of a neural membrane following
depolarization. The movement is driven by the electrochemical

gradient, and is a function of area.
Facilitated diffusion will also move material in the direction

of the electrochemical gradient but at a faster rate than would be
expected from simple diffusion.

The flux ceases to increase with

increasing concentration of the material, suggesting a finite number

of sites available for transport.
Active transport requires energy and can move material across
a membrane against an electrochemical gradient. However, in a
cellular membrane the gradient may be difficult to determine. In the

organism hormones can alter active transport or permeability characteristics of membranes to change the rate of diffusion.
Calcium regulation is an interesting facet of ion regulation
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because of the ubiquity of this element and its apparent important

role in many life processes. The importance of calcium was recognized in the late nineteenth century. Ringer (1882, 1883a, b, 1886)
showed that addition of 1.1 mM CaC1 solution would restore spon2

taneous heartbeat to cardiac tissue in a NaCl solution. Locke (1894)

found that calcium is necessary for transmission of impulses from
nerve to muscle, and Overton (1904) found that calcium is necessary

for synaptic transmission.

Calcium movements were found to be

connected to coupling of chemical energy and mechanical work (Locke

and Rosenheim, 1907), and Straub (1912) found extracellular calcium

to be related to contractility of cardiac muscle. A role of calcium
in excitation-contraction coupling was implicated when it was seen
that lack of calcium would uncouple the action potential and contraction in the heart (Mines, 191 3).

The surface precipitation reaction

in Stentor and Arbacia eggs showed that calcium is necessary for
membrane formation (Heilbrunn, 1956).

Chambers and Reznikoff

(1926) showed with amoebae that the intracellular concentration of

calcium must be low and that the cell membrane acts as a barrier to
the diffusion of calcium. Evidence is rapidly accumulating for the

participation of calcium in a great many biological control systems
(Ebashi, 1969) including the secretion of acetylcholine (Douglas and

Rubin, 1961), ACTH (Kraicer et al.

1969), insulin (Curry et al.

,

,

1969), prolactin (Parsons,

1968), and saliva (Douglas and
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Poisner, 1963).
Cytoplasmic concentration of ionic calcium is around 10-5 to
10-7 molar (Wasserman, 1968) compared with a concentration of

10-3 molar for extracellular fluid.

This low level is thought to be

maintained by both extrusion of calcium from the cell and accululation in mitochondria. The significance of a regulated low intracellu-

lar calcium concentration has been debated. A common point men-

tioned is that many intracellular enzymes are inhibited by calcium.
For example the Na+K-activated ATPase involved in the sodium

pump is depressed by calcium (Wasserman, 1971).

As one of the most abundant elements in organisms, calcium
must be accumulated by the organism but largely kept out of the
cytoplasm.

Calcium can enter the organism at absorptive surfaces

exposed to the environment, such as the gut, and in aquatic animals
the integument and gills, It is not surprising that means of regulating

the influx of calcium at these surfaces have evolved.

Likewise means

of regulating the loss of calcium through the excretory system have
developed.

Current thoughts about calcium movement have come from

several lines of inquiry involving RBC's, bone cells, avian chorio-

allantoic membrane, avian shell gland, intestine, and cell organelles
such as sarcoplasmic reticulum.
The possibility of a calcium pump has been investigated using
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cellular preparations. The RBC membrane has been shown to be
finitely permeable to calcium (Passow, 1963). Yet the intracellular

calcium concentration is considerably less than serum ionic calcium
(4 x 10-5 M compared with 1. 25 x 10-3 M) (Schatzmann and Vincenzi,
1969).

The maintenance of such a gradient would require a pump.

Using RBC ghosts and altering the composition of the intracellular
medium, calcium was found to be pumped out under appropriate
conditions (Schatzmann, 1966; Schatzmann and Vincenzi, 1969).

ATP is necessary for efflux and phosphate is released during extrusion from the hydrolysis of ATP. About 1. 3 moles of ATP are

hydrolyzed per mole calcium transported. The ATPase activity is

stimulated only by intracellular calcium. The ATPase is apparently
different from the Na+K-activated ATPase involved in the sodiumpotassium pump because it is not inhibited by ouabain or oligomycin

and is inhibited by sulfhydryl reagents such as salygran and ethacrynic acid (Vincenzi, 1968). There is evidence of two different

calcium stimulated .ATPases (Horton et al. , 1970). One of these

ATPases is maximally activated at about 10-6 M calcium,
the other at about 10-3 M reflecting, perhaps, the functions of

transport and contractile activity (Rosenthal et al. , 1970).
An obvious place to look at calcium transport is in bone cells.

However their inaccessibility presents technical difficulties. Studies
have been made on bone cells released from bone. The intracellular
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calcium concentration is high, about 150 mM (Nichols et al. , 1969).

Most of this calcium is in particles. These workers found influx to
be inhibited by low temperature, while another group (Stern and
Austin, 1970) found efflux inhibited by anoxia. So it is uncertain

whether influx or efflux is active in these cells.
The chorioallantoic membrane (CAM) of birds, which is responsible for moving calcium from the egg shell into the developing egg,

has been used to study calcium transport. Terepka and his associ-

ates (Moriorty and Terepka, 1969; Terepka et al. , 1969) have used
pieces of isolated CAM in flux studies to show that the flux ratio is

greater than its expected value based on diffusive forces, suggesting

that calcium is actively transported. This inward movement of
calcium is inhibited by anerobiosis, dicoumarol, oligomycin, and
ouabain.

One atom of calcium is transported for every molecule of

oxygen consumed above basal level.

The avian shell gland secretes 100-150 mg calcium per hour
over the fifteen hour period that the egg shell is produced (Simkiss,
1967).

Flux studies involving a gland with and without an egg present

showed that in the eggless state influx and efflux of calcium are equal.

In the presence of an egg the flux ratio increased to 2.4, a value too
high to be explained by the small potential difference (Schraer and

Schraer, 1970).

This flux to the uterus lumen was depressed by

2, 4-dinitrophenol, KCN or an N2 atmosphere, further suggesting
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an active transport (Ehrenspeck et al. , 1967).

Transfer of calcium across the intestine of mammals seems
to involve at least two processes, an active transport and a simple
or facilitated diffusion.

The active component has been shown by

the usual means (Schachter and Rosen, 1959).

The presence of a

saturatable rapid component of calcium exchange is suggested
(Wasserman and Kallfelz, 1962).

A calcium binding protein (CaBP) has been found in the intestine

of mammals (Wasserman and Taylor, 1966).

The absorption of

calcium from the intestinal lumen is directly related to the amount
of CaBP found in the intestine (Taylor and Wasserman, 1967;

Wasserman and Taylor, 1968; Corradino and Wasserman, 1970;
Morrissey and Wasserman, 1971).

There is also a calcium activated

ATPase in the intestine which increases after vitamin D administration (Melancon and DeLuca, 1970). The generally accepted scheme

of calcium absorption (Schachter et al.

1966) involves (1) calcium

diffusion into the cell from the lumen, (2) calcium movement across
the cell by diffusion or with a binding molecule, and (3) active trans-

port of calcium out of the cell at the basal and/or lateral borders
of the cell.

On the cellular level Borle (1968) has studied calcium transport
in kidney and HeLa cells grown in tissue culture. Influx and efflux
was determined with 45 Ca. A fast and slow component of influx
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suggested an interaction with surface-oriented structures and an
interaction with intracellular component deeper in the cell. The
amount of calcium at the exterior (glycocalyx-membrane complex)
was 86.8%, of which 2. 4% was exchangeable (Boyle, 1 969a). Of the

other 13. 2% in intracellular locations, about half is exchangeable.
When the fast component of influx is eliminated by treating the cells

with trypsin-EDTA the influx shows saturation with increasing concentrations of calcium in the bathing solution. It is not altered by

anaerobiosis or the inhibitors dinitrophenol and iodoacetate, suggest-

ing a passive nature to this process. Parathyroid hormone increases
calcium uptaka (Boyle, 1968, 1970).

Cellular organelles such as sarcoplasmic reticulum (Inesi,
1972) and mitochondria (Zadunaisky et al.

,

1967) are involved in

physiologically important calcium exchange. A muscle contraction

occurs at a certain calcium ion concentration, and it is the sarcoplasmic membrane that controls the calcium ion concentration by
passively releasing calcium upon depolarization and by actively
taking up calcium in the resting state (Podolsky,

1 965).

The active

uptake of calcium by sarcoplasmic membranes is ATP-dependent
(Weber et al.

1966) involving a calcium activated ATPase

(Hasselbach and Makinose, 1961).

While vigorous lines of research in calcium exchange and

regulation have been established on the tissue, cell and organelle
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levels as reviewed above, little is known about this phenomena in
whole animals. Some studies on calcium exchange have been done

with regard to shell-forming and moulting invertebrates (Van der
Borght, 1963; Bernard and Chaisemartin, 1965; Chaisemartin, 1966;
Vincent, 1969; Greenaway, 1971, 1972, 1974). Literature survey of

vertebrate studies shows some work on the site of exchange (Mashiko
and Jozuka, 1964) and location of exchanged calcium (Simmons et al. ,
1970) in fish.

Investigation of calcium exchange between whole animals and

their environments can give valuable insight into normal exchange

patterns, and serve as a check on the studies made at the level of

tissues, cells and organelles. The greatest problem of whole animal
systems is their complexity, where a variety of exchanges may occur
simultaneously.

The larval Rana catesbeiana were chosen as experimental
animals because they are a relatively simple vertebrate and available
locally. The unfed tadpole is exposed directly to the bathing media,

its only source of exogenous calcium.

There is little or no potential

difference between the body fluids and the external bath, and no

bladder to store and alter the composition of urine. Furthermore,

adult frogs appear to actively transport calcium across their skin
(Watlington et al.

,

1968), and a body of literature is accumulating

on the monovalent ion transport in larval and adult R. catesbeiana
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(Alvarado and Moody, 1970; Boonkoom and Alvarado, 1971; Kawada

et al. , 1972), It was considered that this animal would offer the

opportunity to characterize the exchange of calcium between animal

and media, locate the site(s) of exchange, and investigate regulation
of the exchange.
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MATERIALS AND METHODS

Collection and Treatment of Animals

Larval Rana catesbeiana were collected from ponds in the

vicinity of Corvallis, Oregon, and kept in artificial pond water
(1. 2 mM NaC1, 0. 8 mM CaCl2, 0. 1 mM KCI, and 0. 2 mM NaHCO 3)

at 22-24°C without feeding.

The tadpoles were used between one and

four weeks after collection. They were staged according to the
scheme of Taylor and Kollros (1946).

The prevalence of different

stages varied throughout the year. Summer animals progressed in
developmental stage from Spring to Fall, necessitating the use of

several stages in order to continue the research. For a given experiment animals were similar in size and stage and had been collected

at the same time and place in order to minimize natural variation.

Prior to surgical procedures animals were lightly anethesized
with 0.1% tricane methanesulfonate (ethyl-m-aminobenzoate) neutralized with sodium bicarbonate. When prolonged anesthesia was

required, 1% urethane (ethyl carbamate) was used. Urethane was
found to have no effect on calcium flux measurements in free-

swimming animals, and does not effect adult anuran transepithelial
potentials (Jcdrgensen et al.

1954).
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Analytical Methodology

Chemical Analysis

Plasma calcium concentration is measured with difficulty

because of interfering substances, binding of calcium to other substances, and the small volumes of plasma available. Several methods
of analysis for calcium were explored to find one with acceptable pre-

cision, accuracy and reliability with small volumes.

The methods

included techniques involving arzenazo (Lamkin and Williams, 1965),

calcein (O'Brien et al. , 1968), neutral fast red (Kingsley and Robnett,
1961), flame photometry (Coleman Model 21 Flame Photometer

following the manufacturer's Operational Instructions), and atomic
absorption (Jarrell Ash Dial-Atom Atomic Absorption Spectrometer;
Kirk, 1950). Both the calcein fluorescent titration and atomic ab-

sorption methods appeared promising and were examined in more
detail.

The protein in plasma samples is known to interfere with
calcium analysis by atomic absorption (Willis, 1961). Tadpole

plasma protein, measured by the method of Lowry et al. (1951),
was found to vary from winter to summer animals between 10-20 mg/
ml.

The protein effects were examined using calcium-free bovine

serum albumin (BSA) over a range of 0-20 mg/ml BSA and standard

curves derived. Verification of the reliability of the calcium
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analysis in plasma samples was made by examining a commercial
human plasma sample of known calcium concentration (Dade, Moni-

Trol I), and nine samples of chick sera, and comparing the values
obtained by the calcein and atomic absorption methods.

The human

plasma sample was reported to contain 1, 89 mM calcium by atomic
absorption analysis and 1. 97 mM calcium by an autoanalyzer method,
Calcium analysis by the calcein method was found to be 1. 87 mM,

and by the atomic absorption method 1. 90 mM, For the nine chick

sera samples the calcium concentration by the calcein method was
2.76 ± 0. 21 mM (X ± SEM), and by the atomic,absorption method
2. 67 ± 0. 11 mM (X ± SEM).

Both methods appeared to give accurate

estimates of the calcium concentration, but the atomic absorption
procedure showed less variability and was therefore used throughout
this study.

For routine calcium analysis bath samples were diluted 1: 1

with 1% lanthanum chloride, and plasma samples were similarly
diluted 1:20.

Tissue calcium concentration was determined from

dry-ashed samples (36 hours at 1100°C). The ash was dissolved in
16N HNO and diluted appropriately with 1% lanthanum chloride
3

(Kirk, 1950).

The samples were ashed in porcelain crucibles, which

are known to cause the formation of some insoluble precipitates
with calcium during aching (Kirk, 1950).

Control studies with CaC12

showed the recovery of 90-100% of the calcium. Experimental values
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were not corrected for this loss, and thus are slightly lower than
true values.
Radioactivity Analysis

Calcium-45 and carbon-14 were measured by liquid scintillation

spectrophotometry. A toluene based counting solution was used, with
the formula: 2:1 toluene: Triton X-100 containing 4 grams per liter

p-terphenyl and 100 mg POPOP per liter.

Ten ml of counting solu-

tion was used with one ml of aqueous sample.

Tissue samples were

digested in 5M KOH and a 0, 2 ml aliquot dried on filter paper, was
counted in the solution described above. Each type of experiment was

checked for quenching either by external or internal standards. Where
quenching was variable, corrections were made by the internal spike
method (Wang and Willis, 1965). Iodine -l31 was counted in a sodium

iodide crystal well detector.
Statistical Analysis
The effect of a treatment upon calcium metabolism or regulation
was determined by comparing the average value of a treated group

with the average value of control animals of comparable stage, season, origin, and length of captivity.

The Student t-test was used for

statistical comparison under conditions of non-paired samples of un-

equal size groups. Differences are considered significant at P <0. 05.
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Calcium Exchange

Experimental Conditions for Measurement
of Calcium Exchange

Calcium exchanges were observed under two conditions, freeswimming and gill-perfused,

Free-swimming animals were put into

small plastic boxes with a measured volume of bathing solution, Bath
samples were removed periodically for determination of calcium
concentration and 45 Ca radioactivity.

The gill-perfused animal was

lightly anethesized and placed ventral side up on a platform over a
plastic box. Tubing from a peristaltic pump was placed in the mouth

and secured by thread tied over the lips, Bathing fluid went into the

mouth, over the gills, out the operculum where it fell to the bottom
of the box and was recycled by the pump. Moistened cotton was placed

over the animal to retain skin moisture, which also absorbed any
urine produced.

These two preparations differed in that the gill-

perfused animals (1) were lightly anethesized, (2) did not have skin
exposed to the bathing media, (3) did not contribute urine to the
bathing media, and (4) did not drink bathing media (demonstrated

later).
Fluxes were measured and calculated in the same way for both
gill-perfused and free-swimming animals. The normal bathing medium
or perfusion fluid contained 0. 1 mM CaC12 and 0. 1 mM NaC1 with
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about 2-5 p.0 45 Ca/100 ml.

Calcium exchange experiments were

measured at 60, 90, or 120 minute intervals for up to a maximum
of 12 hours.

Effects of bath calcium on fluxes was examined from

0. 06 to 1. 5 mM CaC12,

MgC12, BaC12, and SrC12 were used to

study divalent cation competition on calcium fluxes. Divalent ion

effects were examined on free-swimming animals in the presence
of 0. 0, 0. 4, 0.8 and 1. 6 mM MgC12 at a constant CaC12 concentra-

tion of 0. 8 mM. All experiments were run at room temperature
(22°C) except for those oaring this parameter, in which case the
experiment was run in constant temperature rooms at 5°, 150 , 250,
and 36°C.

Flux Measurements

Net fluxes were determined chemically from changes in bath
calcium concentrations according to the following equation:
Jnet

(1)

(C V )
o o

- (C

V

t t

0. 1 W t

)

where

Co and Ct = calcium concentration (p.moles/nal) at time 0 and

at time t
V

o

and V = bath volume (ml) at time 0 and at time t
t
t

= time in hours

W = wet weight in grams
Influx of calcium was measured by adding 45 Ca to the bath and
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observing its disappearance with time. The calculations were performed by computer using equation (2) if J net

0 and equation (3) if

J et = 0

log Yo/Yt 10
in = J net log So/St x W'

(2)

(3)

Jin

2.t 3 S

-

log Yo/Yt

Yo and Yt = cpm/ml bath at time 0 and at time t
So and St = calcium concentration X bath volume at time 0 and

at time t (i. e.
The appearance of

disappearance of

45

45

,

C V
o o

and Ct V

t)

Ca in the body was followed to assure that the

Ca from the bath did not represent binding to

mucus on the skin.

Efflux was usually determined indirectly by subtracting the net
flux from the influx (i. e.

,

J out = J.in - J net ). In one experiment

efflux was checked by direct techniques.

were injected with 1µC of
week.

45

In this case the animals

Ca and allowed to equilibrate for one

Each animal was placed in separate non-radioactive bath and

the appearance of 45 Ca in the bath was followed for several hours.

A terminal blood sample was taken for measurement of specific
activity. The calculations for this type of experiment used the relationship:
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(4)

ds/dt

'out 0.1 WSA' where
ds/dt = rate of loss of 45 Ca (cpm/hr)
SA = specific activity of the plasma (cpm/pmole Ca)
W = weight of animal

Since it was not possible to take more than one blood sample from an

animal, four animals were sacrificed at the beginning of the flux
measurement to obtain a mean initial specific activity of plasma (SA.
The specific activity in the above equation was obtained from the

relation: SA = (SAi + SAf)/2, where SAf is the final specific activity
of each animal.

All flux measurements are expressed in units of pmoles Ca /hrlOg animal.

A positive net flux indicates net uptake, while negative

net flux indicates net calcium loss for the animal.
Compartmental Analysis

The above calculations assume that the system being considered
is composed of two compartments. Any calcium that disappears

from one compartment (the bath) must appear in the other compartment (the animal). However, calcium movements are often studied

in systems containing three or more compartments (Gilbert and Fenn,
1957; Winegrad and Shanes, 1962). In order to use the above equa-

tions it is necessary to determine the number and importance of the
calcium compartments in the larval bullfrog system used here. For
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this reason a compartmental analysis was undertaken following the
method of Solomon (1969).

After 2-3 hours the tadpole in the free-

swimming condition was found to behave as a two compartment system.

Gill-perfused animals behaved as a two compartment system in less
than one hour.

All subsequent experiments utilized the time period

where a two compartment system predominated, thus validating the
use of the above flux equations.
Calcium Loading and Depleting Experiments

The effect of environmental calcium was examined in animals
exposed to artificial pond water containing 7. 0 mM CaC12 (calcium-

loaded) and to calcium-free artificial pond water (calcium-depleted).
Control animals were maintained on normal artificial pond water
(0. 8 mM CaC12).

Measurements of plasma and other tissue calcium

concentrations, and on calcium fluxes were made at

1,

2, 4 and 6

weeks of exposure. Fluxes were measured at two hour intervals for
twelve hours in a bath of 0.1 mM NaC1 and 0.1 mM CaC12.

Ionic Plasma Calcium

In an effort to obtain an estimate of the free or ionic calcium
in the plasma, the technique of binding to a resin bed (Chelex 100)
was employed (Wasserman et al. , 1968). Chelex 100 (BioRad, ana-

lytical grade, 200-400 mesh, Na form) was washed successively with
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1N HC1, H2O, 1N NaOH, H2O according to the recommendations of

BioRadis technical data sheet.

The resin was adjusted to pH 8. 0

and 105 mM NaC1 to approximate conditions of tadpole plasma. An-

imals were allowed to exchange with bath 45 Ca (25-50 p.C/100 ml bath)

for 16 hours and the blood carefully removed. Aliquots of 0.4 ml

plasma were shaken with 0. 2 ml of an approximate 1:1 slurry of
Chelex 100 resin for 15 seconds on a Vortex mixer, The mixture
was then centrifuged for 10 seconds and the liquid phase removed

for calcium, radioactivity and protein analysis.
Site of Calcium Exchange

The contribution of the skin to the exchange of calcium was

examined in vivo by measuring the fluxes in gill-perfused animals

immersed in the chambers containing the perfusion media and in

those elevated free of the media (standard gill-perfused preparations),
Test conditions involved a sequence of two hours immersion, two

hours non-immersion, and two hours re-immersion, the fluxes being
measured at each successive two hour interval. In a second group
of animals this sequence was reversed, beginning with a two hour
non-immersion period instead.
The skin contribution was also examined in vitro using isolated

belly skin preparations.

Unidirectional fluxes were measured with 2

ml frog Ringer solution (110 mM NaC1, 1. 9 mM KC1, 1. 4 mM CaC12

21

and 2. 4 mM NaHCO 3) on the inside surface chamber, and 25 ml

Ringer solution on the outside surface chamber, with a 2. 01 cm

2

skin surface area.
Efforts to determine the contribution the intestine made to the
exchange of calcium required that the drinking rate be measured.
Drinking rates were examined in free-swimming and gill-perfused

animals using the radioactive "non-absorbable" markers
and

1 31

I-polyvinylpyriledone

(1

31

I-PVP).

14

C-inulin

Experimental animals were

placed in a 30 ml bath containing 0. 1 mM CaC12, 0.1 mM NaC1 and

about 0. 2µC /ml of 1 4c -inulin or 31I-PVP for 2, 3 or 4 hours.

They

were allowed to swim in a "cold" bath for 5 minutes to reduce external
contaminating radioactivity prior to sampling. After light anethesia

the anterior end of the intestine was ligated, the intestine carefully
dissected free and placed in a vial for counting, either after oxidation
to CO2 (Packard Sample Oxidizer) in the case of

14

C-inulin, or

directly in the case of 1 31I-PVP. Animals in which the gut broke
were excluded from the data. Drinking rate calculations were made
from the following:
G

(5)

10
X -w

ml /hr -10 g animal -

,

where

G = total cpm in the gut

r = average cpm/ml in the bath - cpm/ml at t=0 2+ cpm/ml at t=t
W = wet weight of animal in grams

t = time of experiment in hours
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Endocrine Regulation of Calcium
Calcitonin

Calcitonin was examined for its effects on tadpole plasma
calcium concentration and calcium fluxes. Synthetic salmon calci-

tonin (a gift of Dr. J. W. Bastian of Armour Pharmaceutical Co. )
was dissolved in frog Ringers plus 1% gelatin for an activity of
500m Units/m1 (MRC units).

Dosages of 10, 25, 50 and 100m Units/

animal were used for studying the effects on plasma calcium concen-

tration at 9 hours, and for studying the effects on calcium fluxes at
the 6-9 hour interval after injection.

The time course of calcitonin

response was at a single dose of 50 m Units/animal, and was followed
in animals for 24 hours in studying changes in plasma calcium, and
for 12 hours in investigating changes in calcium fluxes. Calcitonin

was administered by intraperitoneal injection after light anesthesia
with tricane methanesulfonate. Controls received the gelatin-Ringers
solution without the hormone.

Parathyroid Hormone

Bovine parathyroid hormone (PTH) ("Parathyroid Injection,"
Eli Lilly and Co. ) was used to explore the effects of this hormone
on plasma calcium concentration and on calcium fluxes in the tadpole.

Ten U.S. P. units in 0.1 ml of vehicle (1. 6% glycerine and
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0. 2% phenol adjusted to pH 7. 0) were injected intraperitoneally eight

hours before measurement of fluxes and again at the beginning of the
measurement of fluxes. Control animals received identical treatment using 0.1.ml of vehicle without the hormone. The hormone was

given in a per animal basis since the dosage was expected to be at

saturating levels. Weights of the animals averaged 7. 7 g and ranged
from 4. 9 to 11.2 g. The dosage was estimated from the effective

dosage in Rana pipiens of 10-30 Units/frog (weight not reported)
used by Cortelyou (1967).

Multiple doses were given by some inves-

tigators (Waggener, 1930; Chansmer et al.

1972).

Although much

lower dosages are effective in adult bullfrogs (Waggener, 1 930), there

is no evidence of a reversal of effect at high dosages (Meyer and
Talmage, 1971; Biddulph and Gallimore, 1974).

Calcium fluxes

were measured over two hour intervals for eight hours. Groups of
ten experimental and ten control animals were sampled at 2,

4, 6

and 8 hours after the second injection for determination of plasma
calcium and protein.
Thyroxine

L-thyroxine was obtained from Calbiochem, and its effects on
tadpole plasma calcium concentration and calcium fluxes were investigated. Animals were kept in three liters of artificial pond water

containing 1 mg per liter thyroxine, which was changed every other
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day for one week. Control animals were handled similarly, but no

thyroxine was added to the water. Tail lengths were measured before

and after treatment as a marker of hormone effectiveness. Calcium
fluxes were measured at two hour intervals for eight hours, at which
time plasma samples were taken for analysis of total calcium and
protein.
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III.

RESULTS

Measurement of Calcium

Atomic absorption analysis of calcium containing solutions

showed a direct linear relationship between absorbence and calcium
concentration.

The effects of protein on the standard curve for

calcium analysis is shown in Figure 1. The presence of protein,
either BSA or tadpole plasma protein enhanced the absorption for
calcium. The standard curves in the presence of protein were linear,

but of different slope than pure CaC1 2 solutions. The curve for the

tadpole plasma does not go through the origin since its endogenous
calcium was not subtracted out. Plasma samples normally show
absorbence values between 0. 050 and 0.125. Correction for the

amount of protein in plasma samples was made according to Figure 2,
which shows the percent enhancement of absorption as a function of
protein concentration. Several representative tadpole plasma protein

determinations are shown in Table 1. Variation within single batches

of animals was small, but may vary more from batch to batch.
Protein corrections were made from mean plasma protein values
of batches of animals. From the batch variations shown in Table 1

this represents an error of 1-6% in the calcium determinations at
the 95% confidence level.
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CaC1

Figure 1.

2

Concentration (mM)

Effect of protein on calcium analysis.

The samples were

prepared from 50 111 of H20, 16 mg/ml BSA or pooled tadpole

plasma (about 16 mg/ml protein) to which was added 50
of CaCl2 of varing concentration and 1 ml of 1% LaC13.
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Figure 2.

Percent enhancement of calcium absorption by sample protein.
Measured in a standard CaC1

2

solution fortified with BSA.
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Table 1.

Plasma protein concentration in batches of tadpoles of
different stages and seasons

Season

May 1974

May 1975

February 1974

Stages

Plasma Protein Concentration

5-6

14.3 ± 0.62 (17)

10-12

17.5 ± 1.92 (5)

13-14

17.4 ± 1.04 (6)

5-9

18.3 ± 0.49 (29)

6

12.4 ± 0.62 (20)

protein concentration is in mg/ml, X ± SEM (n)
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Tissue Calcium
Different Develo mental Stases and Seasons

Normal plasma calcium concentrations in tadpoles of various
developmental stages is shown in Table 2. The differences in plasma

calcium concentration between different larval stages showed a

tendency to maximize at stage 20, but the changes were not dramatic.
Larval plasma calcium was significantly higher than adult plasma

calcium, and summer tadpole plasma calcium levels were significantly higher than that of winter animals.

The amount of calcium in other tissues (skin, liver and skeletal
muscle) in addition to plasma is shown in Table 3. As previous

shown for another batch of animals, plasma calcium is significantly

higher in summer animals than winter animals, however, the differences in the other tissues examined were not significant.
Calcium Loaded and Deleted Animals
The effect of calcium loading and calcium depletion on calcium

levels in plasma and tissues of tadpoles is shown in Table 4. These

data show that plasma calcium is generally increased with increasing
bath calcium concentration. At each time period plasma calcium is

lower in animals kept in calcium-free media than in animals kept in
0. 8 mM or 7. 0 mM bath calcium, although this difference is not
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Plasma calcium'concentration in tadpoles of various stages
of development and season

Table 2.

Season

Stage

Plasma Calcium Concentration

Summer

6

1.36 ± 0.147 (4)

12

1.26 ± 0.044 (4)

16

1.22 ± 0.045 (6)

19

1.39 ± 0.050 (4)

20

1.49 ± 0.023 (3)

22

1.28 ± 0.028 (8)

Winter

adult

1.00 ± 0.044 (10

6-11

1.11 ± 0.030 (24)

*

calcium concentration is in pmoles/ml, X ± SEM (n)
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Table 3.

Calcium concentration in tissues of Summer and Winter
tadpoles*

Tissue

Summer (n=4)

Winter (n=8)

Plasma

1.27 ± 0.045

1.09 ± 0.031

Skin

150 ± 14.10

155 ± 15.65

Liver

1.58 ± 0.059

1.65 ± 0.250

Muscle

0.84 ± 0.054

2.91 ± 0.700

*concentrations as pmoles Ca/g wet weight except
plasma which is in p.moles Ca/ml g ± SEM)
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Table 4.

Effect of calcium loading and depleting on tissue calcium
levels in tadpoles over a six week period*

Bath Calcium Concentration
Tissue

Plasma

Skin

Liver

Muscle

Gut

Time

0.0mM

0.8mM

7.0mM

(weeks)

Depleted

Control

Loaded

1

1.03 ± 0.047*

1.27 ± 0.045

*1.26 ± 0.022

2

1.27 ± 0.035

1.31 ± 0.084

1.52 ± 0.182

4

1.08 ± 0.079*

1.30 ± 0.016

1.57 ± 0.315

6

1.12 ± 0.0421.

1.30 ± 0.022

*1.34 ± 0.022

1

133 ± 14.34

150 ± 14.10

158 ± 12.71

2

153 ± 34.54

171 ± 17.63

195 ± 19.65

4

108 ± 26,32t

209 ± 17.48

*237 ± 34.02

6

207 ± 11.45

271 ± 45.23

236 ± 16.14

1

0.69 ± 0.099t

1.58 ± 0.059

0.92 ± 0.142t

2

0.80 ± 0.085

0.81 ± 0.088

1.01 ± 0.065

4

0.78 ± 0.113

0.82 ± 0.115

1.15 ± 0.160

6

0.94 ± 0.162

0.91 ± 0.032

0.98 ± 0.097

1

0.75 ± 0.116

0.84 ± 0.059

0.93 ± 0.128

0.70 ± 0.138

0.55 ± 0.039

0.66 ± 0.097

4

0.77 ± 0.052

0.62 ± 0.050

0.92 ± 0.156

6

1.03 ± 0.126

0.75 ± 0.081

0.82 ± 0.139

1

1.21 ± 0.231*

4.75 ± 0.757

*7.83 ± 0.896t

2

0.88 ± 0.117t

5.39 ± 0.771

*10.4 ± 1.006t

4

1.13 ± 0.143*

10.0 ± 0.887

*12.8 ± 0.502t

6

2.12 ± 0.676

5.92 ± 2.481

*6.25 ± 1.47

Values represent calcium concen*all animals are in stage 5, 6 or 7.
tration expressed as Ilmoles/m1 for plasma and pmoles /g wet weight in
all other tissues. Each value is the mean ± SEM for four animals.
tall
statistically significant (P<0.05) differences from control
indicates statistically significant differences between depleted and
loaded animals
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significant in each case. There is a trend in loaded and depleted
animals of increasing plasma calcium concentration between one and
two weeks, which in the depleted animals suggests mobilization of

calcium from internal stores.

Loaded animals do not experience

continually increasing plasma calcium concentrations. Control
animals show no change in plasma calcium during the six week period
even though they are unfed.

The plasma calcium concentration decreased rapidly when the
six-week control and calcium loaded animals were subsequently
submitted to flux studies in which the bathing media consisted of
0.1 mM CaCl2. After twelve hours in the 0. 1 mM CaCi2 medium,

the plasma calcium of control animals decreased from 1. 30 mM to
1. 21 mM calcium, and calcium loaded animals decreased from
1. 34 mM to 1. 24 mM calcium.

This could be either a handling effect

or a result of being placed into a solution of lower calcium concentration. There was no apparent change in the plasma calcium of

the similarly treated calcium depleted animals.
With liver and skeletal muscle tissue there was no consistent
trend in the effects of calcium loading or depleting.

A trend of lower

skin calcium in depleted animals and higher skin calcium in loaded
animals was observed. In all experimental groups there was an

accumulation of calcium in the skin with time, but not in either liver

or skeletal muscle. Calcium in the gut increased with time and with

34

increasing bath calcium concentration, as would be expected in an
animal that drinks its bathing media.
Ionic Plasma Calcium

An estimate of the fraction of total plasma calcium that is
unbound or ionic was made using a calcium-binding resin.

As

shown in Table 5, Chelex-100 resin will bind and remove 80-90%

of the total plasma calcium, 9095% of the radioactive calcium, but
little if any of the plasma protein. In CaC12 solutions containing
105 mM NaCl at pH 8. 0, 95% of the calcium is removed by the Chelex100 resin. Thus, it appears that all the radioactive calcium in plasma

is potentially as free or ionic calcium, while some of the cold calcium
probably remains bound to protein. The amount of free calcium in

plasma from Chelex-100 binding experiments is probably less than
80%.

The Chelex-100 resin no doubt competes with protein binding

sites and removes more than ionic calcium, as EDTA binds only some
of the calcium in competition with Chelex-100 (data not shown).

Flux Measurements
Uptake of Bath Calcium and Compartmental Analysis

Changes in bath calcium concentration during a 60 hour period
is shown in Figure 3 for two individual tadpoles. There is a gradual
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Table 5.

The exchange of calcium in whole animal tissue over a twenty
hour period*

X ± SEM (n)

Percent
Calcium
Exchanged

5 minutes

1.13 ± 0.12 (7)

0.72 x 10-3

1 hour

0.61 ± 0.09 (7)

0.39 x 10-3

4 hours

8.5L ± 1.67 (7)

5.3

x 10-3

8 hours

8.23 ± 1.59 (6)

5.3

x io-3

20 hours

8.72 ± 2.63 (4)

5.6

x lo-3

Time

Specific Activity
(cpm/limole Ca)

*specific activity of the bathing media was 157,000 cpm/
iimole Ca
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Figure 3.

Change in bath calcium concentration with time for two
individual tadpoles.

60
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decrease in total bath calcium. In other individuals no decrease in
bath calcium was observed. However, it could not be ascertained

whether the large amounts of mucus and fecal material accumulating
45
in these cases obscured a true decrease in bath calcium. With Ca

there is a decrease in radioactivity in the bath (Figure 4) that is
paralleled with an increase in

45 Ca

in various tissues of the tadpole

(Table 6), indicating that this loss of bath radioactivity is not due to
adsorption alone.

Compartmental analysis was performed on the data shown in
Figure 4. Non-linearity of this data when plotted as the logarithm

of the bath specific activity vs. time is indicative of multicompartment systems. This information for both the free-swimming and

gill-perfused preparations is shown in Figure 5. Both show non-

linearity in the first 2-3 hours, although this early non-linear portion
is more pronounced in the free-swimming preparation. Analysis of

the characteristics of this fast component assuming the system
represented a three compartment open system (Soloman, 1969) indicated that the fast component had a half time of 33 minutes for the

free-swimming preparation.

A fast component was not mathematic-

ally discernible in the gill-perfused preparation. Linearity after
two hours in both types of preparations indicated that calcium uptake

at this time in the tadpole behaves as a two compartment system.
This time period was utilized in the flux studies to validate the flux
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Figure 4.

Changes in the bath calcium specific activity with time in
free-swimming and gill-perfused animals.
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Table 6.

Changes in tadpole tissue
period

Ca radioactivity over a 30 hour

45 a Radioactivity*

Tissue
2 hours

Plasma

45

12 huurs

30 hours

1,000

_3,660

5,290

Skin

54,700

110,000

179,000

Liver

42,400

93,200

206,000

Gut

28,700

87,600

79,200

Muscle

18,400

26,600

96,600

*radioactivity is expressed as the mean cpm/ml (plasma) or
cpm/g wet weight (other tissues) for four animals
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Figure 5.

Changes in the rate of bath calcium loss with time in
free-swimming and gill-perfused animals.
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equations. Although there is no sure way of identifying the compart-

ments, a conjecture would be that the whole animal has a large skin
compartment (adsorption to mucus) and plasma or extracellular fluid

compartment, while the gill-perfused preparation lacks any appreciable contribution of the skin compartment.

Direct vs. Indirect Efflux Measurements
The appearance of 45 Ca in the bath of animals that had been
previously injected with 45 Ca is shown in Figure 6. This direct
method of measuring efflux was done in both calcium-free medium

(CFM, distilled water) and a solution of 0.1 mM CaCl2 + 0.1 mM
NaCI over twelve hours in order to determine the extent of exchange
diffusion (Greenaway, 1971). Exchange diffusion should be absent

in CFM. From Figure 6 the initial efflux rates are 0.44 p.moles
Ca/hr-10 g animal in CFM and 0. 38 p.moles Ca/hr-10 g animal in
the CaCl2 + NaCl medium. Backflux is evident after four hours.

The standard free-swimming preparation gave indirect efflux rates
that usually ranged from 0.10 to 1.00 }J. moles Ca/hr-10 g animal for

different batches of animals. The indirect method of efflux measurement thus gives values comparable to those obtained directly.
Time Course of Flux Measurement

Changes in influx, net flux and efflux measured over successive
intervals for up to nine hours is shown in Table 7. Each flux type is
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16

12

8

12

Time (hours)

Figure 6.

Appearance of 45Ca in bathing media of free-swimming
animals.

The bath consists of distilled water (open

circles) or 0.1mM CaCl2 + 0.1mM NaC1 (closed circles).
Vertical bars are ± SEM for n=6 open or n=8 closed circles.
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Table 7.

Calcium fluxes of free-swimming tadpoles exposed to a bath
of 0.1mM CaC1, + 0.1mM NaC1, determined at 90 minute intervals
over nine houts

Time Interval
(hour)

Fluxes (pmoles Ca/hr-10g animal)*
Influx

Net Flux

Efflux

0-1.5

2.15 ± 0.33

1.06 ± 0.32

1.10 ± 0.20

1.5-3.0

1.14 ± 0.25

0.88 ± 0.18

0.26 ± 0.15

3.0-4.5

0.30 ± 0.11

0.20 ± 0.14

0.10 ± 0.15

4.5-6.0

0.12 ± 0.05

0.00 ± 0.00

0.12 ± 0.05

6.0-7.5

0.15 ± 0.08

0.00 ± 0.00

0.15 ± 0.08

7.5-9.0

0.14 ± 0.04

0.07 ± 0.07

0.08 ± 0.09

*values as X ± SEM (n=8)
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initially rapid and becomes relatively constant after three hours. Net
flux approached zero after six hours, although this is not observed in
every experiment. The results shown in Table 7 for free-swimming

animals are similar to those observed in the gill-perfused preparations.

Effect of Bath Calcium Concentration

The effect of bath calcium concentration on calcium fluxes is

shown in Figures 7 and 8 for the free-swimming and gill-perfused

preparations, respectively. These data indicate that the unidirectional fluxes increase with increasing bath calcium up to about 0. 5mM,

and resemble saturation kinetics. Variation in this type of experiment

is considerable, especially at high calcium concentrations where it
is difficult to measure small changes in total bath calcium. From
Figures 7 and 9 the bath calcium concentration equivalent to one-half
the maximum flux ("Km") appears to be between 0. 2 and 0. 3 mM for

both influx and efflux in both types of preparations.
Competitive Effects of MgC12, SrC1 2, and BaC1

The effect of divalent cations on calcium fluxes as a potential

competitive inhibitor of calcium transport was examined in freeswimming animals, and shown in Table 8. In each case influx is

lower in the presence of the divalent ion, although only one half are
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Figure 7.

The effect of bath calcium concentration on influx (closed
circles) and efflux (open circles) in free-swimming
animals averaged over two experimental batches.
bars are one SEM above and below the mean.
point was at least seven.

Vertical

N for each
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Figure 8.

The effect of bath calcium concentration on influx (closed
circles) and efflux (open circles) in gill-perfused
animals averaged over several experimental batches.

Vertical bars are one SEM above and below the mean.
N for each point was at least eight.
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Table 8.

Percent inhibition of influx by divalent cations*

Divalent Ion Concentration
Ion

0.4mM

0.8mM

++

Mg
Sr

52t

37

++
28

Ba++

1.6mM

20

13t 48

t

t

20

51t

35

++
++
++
fluxes determined
*n=7 for Mg
n=8 for Sr and Ba
between 0-2 hours, values as percent of controls
,

t

,

statistically lower (P<0.05) than controls using a
one tailed t-test
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statistically significant. When values are averaged over concentra-

tions, a significant decrease is observed in the presence of each of
the tested divalent ions, over the time interval of 0-2 hours,

A sig-

nificant inhibition is not observed at later time intervals except in
the case of barium.

The lack of significant inhibition at each concen-

tration of divalent ion tested, especially higher concentrations, is
probably related to the high variability observed.
Effect of Temperature on Flux Measurement
Table 9 shows the effect of temperature on influx and efflux in

both free-swimming and gill-perfused animals. In most cases the
Q10' s for the flux measurements approximate one.

The differences

in the influx and efflux values for 15 and 25°C in the free-swimming

preparation are the only significant differences observed with temperature changes. The corresponding Q10' s for these differences
are 1. 53 and 1. 25.

Effect of Calcium loading and depleting on Flux Measurements

The effect of prior calcium loading or depleting for one to six
weeks On the influx, efflux and net flux of calcium in free-swimming

animals is shown in Table 10. Influx is not significantly affected in
any of the experimental groups, and does not show any changes with

prior duration of loading or depleting. Efflux increases in the calcium

Table

9.

Effect of temperature on calcium fluxes in free-swimming and gill-perfused animals*

Preparation

Temperature

0

15

25

36

0.78 ± 0.05 (8)

1.19 ± 0.10 (8)

1.11 ± 0.28 (8)

Free-swimmingt
Influx
Q 10

Efflux

1.06 ± 0.20 (7)

1.53

0.71+

1.06 ± 0.20 (7)

1.06 ± 0.11 (8)
1.00

clic)

0.93
1.32 ± 0.11 (8)

1.25

1.06

Gill-perfuseci

Influx

0.26 ± 0.07 (8)
1.00

Q10
Efflux
Q 10

0.26 ± 0.06 (8)

0.28 ± 0.08 (8)

0.23 ± 0.07 (5)
0.88

0.36 ± 0.09 (8)
1.29

0.33 ± 0.22 (5)
0.92

*values represent moles Ca/hr-10g animal, X ± SEM (n)
t
Flux interval was 3 hours
*
Flux interval was 12 hours

1.41 ± 0.37 (8)
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Table 10.

Effect of calcium loading and depleting on calcium fluxes
in tadpoles over a six week period*

Bath Calcium Concentration

Flux

Influx

Net Flux

Efflux

Time

0.0mM

0.8mM

7.0mM

(weeks)

Depleted

Control

Loaded

1

0.56 ± 0.10

0.43 ± 0.09

0.53 ± 0.08

2

0.42 ± 0.09

0.61 ± 0.12

0.59 ± 0.08

4

0.37 ± 0.07

0.29 ± 0.07

0.47 ± 0.11

6

0.57 ± 0.11

0.31 ± 0.11

0.32 ± 0.17

1

0.28 ± 0.06

0.12 ± 0.06

2

0.06 ± 0.04

-0.04 ± 0.13

*-0.38 ± 0.15

4

0.07 ± 0.07

0.11 ± 0.13

-0.13 ± 0.09

6

0.48 ± 0.07 1

-0.07 ± 0.09

0.11 ± 0.04

1

0.28 ± 0.05

0.31 ± 0.11

$0.59

2

0.35 ± 0.07

0.65 ± 0.12

$0.96 ± 0.19

4

0.30 ± 0.08

0.19 ± 0.05

*0.59 ± 0.17

6

0.09 ± 0.07

0.37 ± 0.17

0.21 ± 0.20

*all animals are in stage 5, 6 or 7.
as pmoles Ca /hr -log animal (X ± SEM

t

-0.07 ± 0.11

±

t

0.17

t

Values represent calcium fluxes
,

n=4)

tindicates statistically significant (13.<0.05) differences from control

*indicates statistically significant differences between depleted and
loaded animals
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loaded animals compared to calcium depleted animals, as well as
in controls for all but the final six week time point. As shown in

Table 10 this increase is usually statistically significant for the first
and second week comparisons of loaded to control animals. The net

flux reflects the increase in efflux by showing a change from a net

inward flux in depleted animals to either a small inward or a measureable outward flux in control and loaded animals, which is generally

statistically significant in the later group. There is no consistent
trend in the changes of efflux and net flux with duration of loading or
depletion.

Site of Calcium Exchange
Contribution of the Skin Surface

The role of the skin in calcium movement was examined in vivo

by perfusing the gills of animals with the skin either exposed or not
exposed to the perfusing fluid.

The gill chambers were irrigated at

a constant 2 ml/min, , and the skin was moist in both cases, although

in the later case perfusion fluid was in contact with only a small area
of skin around the operculum. The results of these experiments on

the calcium fluxes (influx and efflux) for three successive two hour

intervals is shown in Table 11. In all cases influx and efflux are
less when the skin was totallly exposed to the perfusion fluid. The
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Table 11.

The effect of immersion of the tadpole on calcium fluxes of
gill-perfused animals

Unidirectional Flux

Flux Interval*
0-2 hours

2-4 hours

4-6 hours

Immersed

0.03 ± 0.01

0.04 ± 0.03

0.03 ± 0.01

Non-immersed

0.29 ± 0.07t

1.07 ± 0.18

Immersed

0.22 ± 0.06

0.20 ± 0.07

Non-immersed

0.41 ± 0.07

0.95 ± 0.15

Influx

t

t

0.39 ± 0.05

Efflux
0.16
t

± 0.08

0.34 ± 0.03

*flux values as timoles Ca/hr-10g animal (X ± SEM, n=4)

indicates statistically significant (P<0.05) differences from
immersed group
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differences were significant except for efflux at the 0-2 and 4-6 hour

intervals, which were nearly significant (P <0.1). If the skin was
contributing to the calcium fluxes a greater flux would be expected
when the skin was exposed to the bathing media.

In vitro studies on the contribution of the skin by the method of
isolated skin preparations gave an influx value of 9. 0 ± 4. 9 x 10 -5
p.moles Ca/hr-cm2 (X ± SEM, n=8) and an efflux value of 13. 1 ± 0,23x
10-51-Lmoles

Ca/hr-cm 2 ( X ± SEM, n=8). The surface area of the

whole animal was estimated according to the relation Area = (wet
weight)2/3 (Dayson, 1970).

For a 10 g animal this calculates as

47 cm 2, giving the corresponding influx and efflux values as 4. 2 x 10
and 6. 1 x 10-3 p.moles Ca/hr-10 g animal.

3

These in vitro fluxes are

approximately one twentieth of the magnitude of the whole animal uni-

directional fluxes.

Contribution of the Intestinal Tract
Validity of 14 C-inulin and

131

I -PVP as non-absorbable dilution

markers in the tadpole was examined in free-swimming animals.
Radioactivity appearing in the plasma would indicate absorption of

the markers and invalidate their use in determining drinking rates.
14

C-inulin experiments all showed measureable radioactivity in the

plasma, even though extreme precaution was taken to avoid contamination from the bath during plasma sampling. Radioactivity in the
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plasma of

131

I-PVP experiments on the other hand was at background

levels. Drinking rates in free-swimming animals from the
inulin and

1311

14C-

-PVP experiments were 0. 18 ± 0. 014 (n=8) and 3.43

0. 37 (n=16) ml/hr-10 g animal, respectively.

The inulin derived

values are comparable to those previously determined for bullfrog
tadpoles by Alvarado and Moody (1970), but only about 5% of the value

obtained using PVP on the marker. Since radioactivity was detected
in the plasma of the 14C-inulin experiments, but not in the

131

I-PVP

experiments, the later is considered the more reliable marker. The
drinking rate in the gill-perfused animal from

131

I-PVP experiments

was 0. 05 ± 0. 00 (n=3) ml/hr-10 g animal. It is likely that an anethe-

sized animal does not drink, but that some of the fluid pumped into

the buccal cavity slips down the throat instead of into the gill chamber.
Endocrine Regulation of Calcium
Calcitonin

The effect of different dosages of calcitonin on plasma calcium

concentrations nine hours after injection and calcium fluxes 6-9 hours
after injection were examined. As shown in Table 12, hypocalcemia
was observed at 50 and 100 m Units /animal, but not at 10 or 25m
Units /animal.

The effect of calcitonin (at 50 m Units/animal) on plasma
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Table 12.

Calcitonin
(mUnits/
animal)

The effect of calcitonin dosage on tadpole plasma calcium
concentration and calcium fluxes*

Fluxes (pmoles Ca/hr-10g animal)

Plasma Ca
(mM)

Influx

Net Flux

Efflux

0

1.43 ± 0.01

0.35 ± 0.14

-0.04 ± 0.04

0.39 ± 0.11

10

1.46 ± 0.02

0.06 ± 0.24

-0.11 ± 0.09

0.16 ± 0.22

25

1.46 ± 0.02

0.47 ± 0.17

-0.28 ± 0,20

0.75 ± 0.31

50

1.31 f 0.051

0.53 ± 0.14

0.00 ± 0.00

0.53 ± 0.14

100

1.35 ± 0.02

0.43 ± 0.17

-0.19 ± 0.09

0.62 ± 0.18

t

*values represent X ± SEM (n=5), for free swimming animals
t

statistically significant from controls (P<0.05)
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calcium concentration was examined at intervals between one half
and twelve hours after injection of calcitonin (Table 13).

There was

no effect for the first three hours. From six to twelve hours plasma
calcium concentrations in the calcitonin treated animals dropped,

although at eight hours this drop is not statistically significant (P <
0, 10).

Table 14 shows the effect of calcitonin on plasma calcium

levels from another experiment run for 24 hours. In this case plasma
calcium remained the same for six hours, dropped between 9-15

hours, then increased again. These two experiments suggest that
the hypocalcemic response to calcitonin occurs in this preparation
between six and 15 hours after injection and is transient,
The effect of calcitonin on calcium fluxes of free-swimming
animals is shown in Table 15, Influx and efflux are greater in calci-

tonin treated animals between six and eight hours, although this

difference is not statistically significant. Mean efflux at 6-8 hours

is also greater than in controls, however this difference is not significant.

The only other difference in fluxes that is significant is at the

0-2 hour interval where net flux outward is smaller in calcitonin
treated animals than in controls. Since there is no difference in
either influx or efflux, this difference in net flux is probably not
meaningful.
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Table 13.

Changes in plasma calcium concentration over a twelve hour
period after injection of calcitonin*

Time
(hour)

Plasma Calcium Concentration (mM)
Calcitonin

Control

0.5

1.25 ± 0.03 (8)

1.28 ± 0.03 (8)

3

1.41 ± 0.03 (7)

1.36 ± 0.03 (7)

6

1.33 ±

1.18 4- 0.04

8

1.34 ± 0.03 (4)

1.12 ± 0.08 (4)t

12

1.44 ± 0.07 (4)

1.18 ± 0.05 (4)t

0.04

(11)

*values represent X ± SEM (n)
t

statistically significant from controls (P<0.05)

(11)t
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Changes in plasma calcium concentration over a 24 hour
period after injection of calcitonin*

Table 14.

Time

Plasma Calcium

(hours)

(,moles Ca /ml)

0

1.43 ± 0.06

3

1.42 ± 0.02

6

1.40 ± 0.04

9

1.32 ± 0.03

12

1.34 ± 0.02

15

1.27 ± 0.03

19

1.37 ± 0.04

21

1.39 ± 0.01

24

1.38 ± 0.01

t
t

*values represent X ± SEM, n=5, dosage was
50mU/animal
t

t

statistically significant from controls
(P.(0.05)
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Table 15.

Effect of calcitonin on calcium fluxes in tadpoles over an
eight hour period

Time Interval
Experiment

Calcium Fluxes (poles Ca/hr-10g animal)
Influx

Net flux

Efflux

Control

3.92 ± 0.59

-1.11 ± 0.22

5.03 ± 0.61

Calcitonin

3.45 ± 0.36

-0.39 ± 0.21

3.83 ± 0.48

Control

2.09 ± 0.42

-0.32 ± 0.18

2.40 ± 0.51

Calcitonin

1.50 ± 0.30

-0.42 ± 0.18

1.91 ± 0.20

Control

1.18 ± 0.27

0.07 ± 0.11

1.11 ± 0.32

Calcitonin

0.82 ± 0.27

-0.08 ± 0.15

0.90 ± 0.32

Control

0.40.11 0.16

0.20 ± 0.12

0.20 ± 0.13

Calcitonin

1.10 ± 0.36

0.24 ± 0.13

0.86 ± 0.34

0-2 hours

2-4 hours

4-6 hours

6-8 hours

* fluxes represented as X ± SEM, n=15
t

statistically significant from cortrols (13.<0.05)
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Parathyroid Hormone

The effect of parathyroid hormone on plasma calcium concentration in the tadpole is shown in Table 16. Plasma calcium concen-

tration is significantly higher in PTH treated animals than in controls
at 2 hours but not at 4, 6, or 8 hours. Within the PTH treated an-

imals plasma calcium concentration is significantly higher at 2 hours
than at 4, 6, or 8 hours, whereas the opposite trend is seen in con-

trols. This difference in controls becomes significant at 8 hours.
The effect of PTH on calcium fluxes in free-swimming tadpoles
is shown in Table 17.

Calcium influx is significantly lower in the

PTH treated animals between the 0-2 and 2-4 hour intervals but not

at the 4-6 and 6-8 hour intervals. Efflux is lower in parathyroid

hormone-treated animals than in controls for the first six hours,
although this difference is significant only at 2-4 hours. The animal

experiences a sizeable net loss of calcium for the first four hours.
Thyroxine

Thyroxine treated animals appeared markedly different from
control animals.

Thyroxine treated animals were darker in color,

their mouths were definitely elongated although limb development was

not much advanced, their body had a somewhat shriveled appearance

with a pronounced decrease in tail length, and swimming was rapid
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Table 16.

The effect of parathyroid hormone on tadpole plasma calcium
concentration over an eight hour period*

Time

Plasma Calcium Concentration (MM)

(hours)

Control

2

1.17 ± 0.02

1.35 ± 0.03

4

1.19 ± 0.03

$1.26 ± 0.03

6

1.22 ± 0.02

$1.22 ± 0.02

8

t

1.24 ± 0.03

PTH

t

1.25 ± 0.02

*values represent X ± SEM, n=10, animals were given
two doses of 10U /animal at 0 and 8 hours prior to
experimental measurements
t

t

statistically significant from controls (P.<0.05)

statistically significant from 2 hours samples
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Table 17.

The effect of parathyroid hormone on tadpole calcium fluxes
at two hour intervals for eight hours*

Flux
Experiment

Flux Intervals
0-2 hour

2-4 hour

4-6 hour

6-8 hour

(n=40)

(n=30)

(n=20)

(n=10)

Control

2.12 ± 0.25

1.18 ± 0.17

0.99 ± 0.31

0.27 ± 0.10

PTH

1.19 ± 0.161'

0.57

0.71 ± 0.15

0.19 ± 0.05

-0.04 ± 0.08

-0.17 ± 0.08

0.05 ± 0.05

-0.22 ± 0.07

0.06 ± 0.09

-0.03 ± 0.11

Influx

± 0.11t

Net Flux
Control
PTH

0.15 ± 0.05
-0.26 ± 0.06

t

Efflux
Control

1.99 ± 0.24

1.22 ± 0.15

1.07 ± 0.28

0.22 ± 0.07

PTH

1.46 ± 0.17

0.81 ± 0.10r

0.69 ± 0.16

0.22 ± 0.09

*fluxes are as poles Cajhr-lOg animal (1 ± SEM)
t

statistically significant from controls (P<0.05)
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and jerky.

The tail length decreased significantly in thyroxine

treated animals as shown in Table 18, while control animals were
unchanged.

Plasma protein concentration was significantly higher

in thyroxine treated animals compared to control animals, and plasma
calcium concentration was significantly lower. If the shrunken appear-

ance of the thyroxine treated animals indicates water loss, the in-

creased plasma protein could be a reflection of this.
The effect of thyroxine on calcium fluxes is shown in Table 19.

At each time interval influx in thyroxine treated animals is significantly lower than control animals. The same is true for efflux except

that the difference at the last time interval is not significant. In no
case is net flux significantly different from control animals.
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Table 18.

The effect of thyroxine treatment on tadpole plasma calcium
and protein concentration, and on tail length*

Parameter

Treatment
Control

Thyroxine

Plasma Calcium (mM)

1.13 ± 0.02 (11)

0.94 ± 0.02 (12)t

Plasma Protein (mg/m1)

14.7 ± 0.88 (12)

21.8 ± 0.67 (11)

Before Treatment

41.9 ± 0.88 (20)

43.6

After Treatment

41.7 ± 0.63 (20)

29.7 ± 0.34 k20)

Tail Length (mm)

*measurements represent X ± SEM (n)
t

statistically significant from controls (P <0.05)
t

statistically significant from "before" treatment

±

0.69 (20)
f

Nt
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Table 19.

The effect of thyroxine on tadpole calcium fluxes at two
hour intervals for eight hours*

Flux
Experiment

Flux Interval
0-2 hour

2-4 hour

4-6 hour

6-8 hour

Control

2.31 ± 0.17

0.75 ± 0.18

0.83 ± 0.15

0.27 ± 0.07

Thyroxine

0.05 ± 0.09 1

0.00 ± 0.00

Influx

t

0.03 ± 0.02

t

0.06 ± 0.03

Net Flux
Control

-0.47 ± 0.14

-0.22 ± 0.12

-0.14 ± 0.10

-0.10 ± 0.13

Thyroxine

-0.04 ± 0.37

-0.20 ± 0.13

-0.12 ± 0.12

-0.27 ± 0.14

Control

2.77 ± 0.25

0.98 ± 0.23

0.98 ± 0.15

0.36 ± 0.19

Thyroxine

0.09 ± 0.37

Efflux

t

0.20 ± 0.13

t

0.14 ± 0.12

t

0.32 ± 0.13

*flux values represent }.moles Ca/hr-10g animal (7 ± SEM, n=12),
animals were exposed to 1mg/liter thyroxine for 1 week prior to
analysis
t

statistically significant from controls (P<0.05)

t
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IV. DISCUSSION

Like all fresh water animals, tadpoles face the dilute salt solutions of their habitat with epithelial surfaces that have some degree
of permeability to ions and water.

This creates a tendency for the

loss of ions from the body in response to the chemical gradient, as
well as water gain by osmosis. The problem would seem to be
compounded by their high drinking rate. Krogh (1939) suggested that

food is an important source of ions. He also noted that chloride up-

take increased after formation of the gills, suggesting that the gills
might actively take up chloride. This has recently been proven true,

and in addition sodium is actively absorbed across the gills (Dietz
and Alvarado, 1974). Calcium balance has not been investigated
until now.

Calcium loss from a tadpole to pond water depends upon the

chemical gradient, the electrical gradient and the permeability of
exposed surfaces to calcium. The chemical gradient is the difference
in calcium ion activity between pond water and tadpole plasma or

extracellular fluid. Pond water calcium is largely derived from
calcium carbonate (Ruttner, 1952) and is nearly all in the form of
free ions. The plasma calcium concentration is more difficult to

determine since it was not possible to determine ionic calcium
directly.
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Total calcium in larval Rana catesbiana plasma in this study
varies around 1. 3 mM, usually between 1. 09 mM and 1. 49 mM.

Published average values for plasma calcium in adult Rana pipiens
range from 1. 65 mM to 2. 30 mM (Cortelyou et al. , 1960; Cortelyou,
1967; Robertson, 1968). Average plasma calcium concentrations for

Bufo boreas range from 1. 66 mM to 2. 54 mM and for Bufo marinus

from 1.79 mM to 1.89 mM (Boschwitz and Bern, 1971). Observa-

tions from the study reported here show that tadpole plasma calcium

concentration is similarly variable. It is not clear what is responsible for the observed variability. However, most of the variability
appears between different batches of animals (see Tables 2 and 3)

as calcium concentrations of individuals from one batch are closely
grouped.

There is no clear correlation of changing plasma calcium

concentration with larval development as seen in Table 2, although

it does appear that larval plasma calcium is higher than that of the
recently transformed adults. Season does affect plasma calcium
concentration, which is lower in winter animals than in summer
animals. A decrease in plasma calcium concentration during winter

is also seen in Salmo salar (Fontaine et al.

1969).

Environmental

calcium concentration affects plasma calcium concentration. As

shown in Table 4, bath calcium concentrations are reflected to some
degree in plasma calcium concentrations, but only within limits.
There is some regulation which prevents continued calcium loading
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or depleting. Calcium concentrations in tissues other than blood

do not seem to vary with season (Table 3) or environmental calcium
concentrations (Table 4). The exception to this is the large variability

seen in the skin calcium (Tables 3 and 4). This observation has also

been made by Taylor et al. (1966) who found inorganic phosphate in
calcium phosphate complexes "highly variable."

Ionic or active calcium is more difficult to measure than total
calcium, but it is the important value when considering concentration
gradients between the animal and the water in which it lives. Calcium
activity of plasma was estimated in this study by calcium chelation.
Calcium chelation with Chelex-100 resin suggested that free calcium
amounts to about 80% of the total plasma calcium. However, since

Chelex-100 probably also removes naturally weakly bound calcium by
competition this value is probably high. However since low plasma

concentration is correlated with a high percentage of ionic calcium
(White et al.

,

1959) the low protein in tadpole plasma might be

expected to be associated with high ionic calcium. Estimates of the

percentage of total calcium that is ionized in the plasma (or hemolymph) of some other animals ranges from 30-82% as summarized in
Table 20.

There is considerable species variation as well as prob-

able variation arising from differences in methods of estimation.
The rate of calcium uptake as shown in Figure 5 indicates that
bath calcium exchanges with two or more pools or compartments of
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Table 20.

Comparison of total calcium and ionized calcium in plasma
(hemolymph) of various animals

Animal

Total
Calcium
(BIN)

Snail (Limnea)

Crayfish

4.40
16.2

Ionized
Calcium
(% total)

30
47

t
t

Reference

Greenway (1971)
Greenway (1974)

Hagfish

0.55

54

Urist (1962)

Bull shark

4.5

8 2*

Urist (1962)

Nicaraguan shark

3.o

60*

Urist (1962)

Tarpon

2.5

44

Urist (1962)

Bullfrog tadpole

1.3

<80

Pigeon

2.65

42 t

McDonald and Riddle (1945)

Human

2.5

52 t

Arnold et al. (1968)

This study

Lionized calcium estimated by calcium electrode
*ionized calcium estimated by ultrafiltration
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calcium in the tadpole. After two hours the fast exchanging compo-

nent contributes negligibly to uptake as evidenced by the linear portion between two and twelve hours (Figure 5). The contribution of

the fast component is much greater in free-swimming animals than
in gill-perfused animals. Since the main differences between freeswimming and gill-perfused preparations is drinking and the extent

of skin exposed to bath, it is suggested that the skin or intestinal
tract plays a role in the fast exchanging component. Possibly calcium

binds to mucus on the skin or is sequestered in the gut. Although a
non-linear relationship in the type of plot shown in Figure 5 means

that there are more than two compartments, a linear relationship
does not necessarily mean that there are only two compartments,

but rather that the compartments can not be separated into more
than two in this manner.

There are some instances in which an organism is said to
behave as a single calcium compartment, as in Greenaway's studies
on the snail Limnea stagnalis (Greenaway, 1971). However, most

models indicate that there is more than one calcium compartment.

There is general agreement that plasma and bone compartments exist
(Bronner and Aubert, 1965). Dolphin and Eve (1963) have prepared

a model with an exchangeable calcium pool and a nonexchangeable
calcium pool (bone).

The exchangeable pool consists of plasma,

extracellular fluid, and bone surfaces and soft tissues, so that there
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are three calcium compartments in series in the exchangeable pool,
the last of which is in series with the inexchangeable bone compartment.

A model that is consistent with the data collected on the tad-

pole is shown below.

Soft

Tissue

Plasma

Bath

Extracellular
fluid

Lime
Sacs

Jf
Skin
Mucus

Presumably in tracer experiments the

45

Ca in the bath first

equilibrates with the mucus on the skin (t1 = 33 min. ), then later
a

with the plasma. The plasma and extracellular fluid compartments

may well act as one compartment but with slower mixing in the extra-

cellular part. The

45

Ca enters cells where it may be sequestered

in organelles such as mitochondria or sarcoplasmic reticulum.

Or

it may enter the calcium stores in skin or lime sacs. Examination
of tissues after exposure of the animal to bath containing

an increase of

45

45

Ca shows

Ca radioactivity with time in each of the tissues

investigated (skin, gut, liver, muscle and plasma; see Table 6).
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The plasma never gets very hot, which may suggest that a large
part of plasma calcium is not exchangeable, or only very slowly
exchangeable.

Like plasma calcium concentrations, the flux of calcium between
bath and animal appears quite variable between different batches of
animals. This has been previously noted in whole animal studies

(Greenaway, 1971) and in studies using isolated tissues (Walser,
1970, 1971). In addition to individual variation there is a marked

effect of time of flux measurement on influx and efflux as seen in
Table 7.

Initial influx and efflux are high (often 1. 0-2. 0 isimoles

Ca/hr-10 g animal) and influx is frequently greater than efflux.
After two to three hours influx and efflux stop decreasing and usually

there is very little net flux. It is of considerable interest to deter-

mine whether these calcium fluxes represent active, carrier-medi-

ated, or passive transport.
The flux ratio equation was examined to distinguish between

active transport and diffusion (Ussing, 1949).

The following equation

will hold if calcium is distributed according to its electrochemical
gradient:

(6)

J.in
Jout

out
C

in

e

RT

where
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J.in = influx (moles Ca/hr-10 g animal)
Joist = efflux (moles Ca/hr-10 g animal)

Cin = calcium activity inside (mM)
Cout = calcium activity outside (mM)
z = valence of calcium (+2.)

F = Faraday constant (96, 500 coulombs/mole)

E = potential across the membrane (volts)
R = Gas constant (8. 3 joules/degree-mole)
T = Absolute temperature (295°K)

In living animals the bath to coelomic flux potential is -5 to -10 mV
in tadpoles, negative inside (Alvarado and Moody, 1970), whereas

in isolated skins transepidermal potentials of zero have been found
(Taylor and Barker, 1965). The membrane potential of isolated belly

skins was measured in this study with Ringer's on the inside and 1%
Ringer's on the outside, and found to be -3. 5 ± 2. 7 (X ± SEM, n=6).

The calcium concentration outside in most of the experiments is
0. 1 mM CaCl2 which will dissociate almost completely leaving nearly
0.1 mM of calcium ions. The calcium concentration of the inside

(plasma) is about 1. 3 mM, however, not all of it is in the ionic form.

The flux ratio was calculated using various estimates of inside calcium
concentration and membrane potentials. The results of these calculations are shown in Table 22.

The best estimate of unbound active calcium in tadpole plasma
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Table 21.

Values of the flux ratio equation for various inside ionic
calcium concentrations and membrane potentials in the
bullfrog tadpole system

Ionic Calcium
Concentration
(% of total)

Membrane Potentials (mV)
0

-5

-10

2

3.85

5.68

8.47

20

0.39

0.57

0.85

50

0.15

0.23

0.34

80

0.10

0.14

0.21
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lies between 50 and 80% of the total calcium, so the flux ratio equation
would be satisfied if ,T,in if out is between 0, 10 and 0. 84.
J.in /.1

out

The observed

value averaged over several experiments in normal condi-

tions is 1, 17 (sem = 0. 15 n=27) and the 95% confidence interval is
0.86-1, 49,

The observed ratio is about three times the expected

ratio, indicating that calcium movement is not determined passively
according to the electrochemical gradient.
The data showing the effect of increasing bath calcium concen-

tration on calcium fluxes are equivocal, because of the extent of
variation observed with these types of experiments.

However there

is little or no increase in flux with increasing bath calcium concentration after about 0. 5 mM CaC1 2 (see Figures 7 and 8), indicating

saturation of a component in the calcium translocation. One would
expect efflux to remain constant while bath calcium is increasing

(Maetz, 1971), but it also increases with increasing bath calcium
concentration.

A possible explanation for this is that increased

calcium concentration on the outside increased the permeability of

the skin or gills to calcium so that passive calcium flux in each

direction increases.
Support for this hypothesis comes from Walser (1970) who
worked on toad bladder. With Ringer's on both sides and the calcium

concentration equal to both sides, high calcium Ringer's gave a
higher calcium flux and membrane potential. In whole animals it
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has been observed that bath calcium affects membrane potential making

the inside more positive (Dietz et al, , 1967), Calcium decreases
membrane permeability to sodium (Morrill and Robbins, 1967;
Fleming, 1971), which would account for its effect on membrane
potential.

The cause of the calcium effect on permeability is not

known but could be due to (1) selective blocking or unblocking of

membrane groups such as amino, hydroxyl, or carboxyl groups,
(2) changes in physical properties of membrane proteins resulting
from combination with Ca++, or (3) a direct effect on energy metabo-

lism or metabolic processes (Rubin, 1963).

A carrier-mediated process should be inhibited by the presence

of another similar molecule if the carrier is not completely specific,
Strontium and barium were found to compete with calcium uptake in

rat myometrial microsomes (Batra and Daniel, 1971). Strontium
and manganese inhibit calcium binding of a factor extracted from rat
liver mitochondria (Lehninger, 1971). Calcium accumulation in rat

intestine slices is inhibited by strontium and barium (Schachter et al.
1960).

The efflux of

45 Ca

from squid axon is reduced if calcium is

replaced by magnesium (Blanstein and Hodgkin, 1969) In all these

cases the suggestion is that calcium is moved by a carrier-mediated
process and that other divalent ions compete with calcium on the

carrier, thereby reducing calcium translocation. In the tadpole
there is also inhibition of calcium influx by magnesium, strontium,

,
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or barium. The inhibition is seen at early time intervals where influx

is greatest.
The lack of an effect of temperature on calcium exchange would

suggest that the exchange is passive. Active transport is usually

characterized by a Q10 of about two or more, as is found in sodium
exchange in larval Amb stoma gracile (Parsons and Alvarado, 1967),
where the Q10 between 5 and 15°C is 2. 3 for influx and efflux.
Calcium efflux in squid axon has a Q10 of 2-3 (Blaustein and Hodgkin,
1969).

The Q10 of calcium influx and efflux in larval Rana catesbiana

between 5° and 15°C is 1 (Table 9). Although a large Q10 indicates

an active process, a low Q10 does not necessarily indicate a passive

process. Calcium uptake in rat myometrium is a carrier-mediated
process as evidenced by saturation kinetics and inhibition by meta-

bolic inhibitors, nevertheless, the Q 10 between 17° and 25° for this
system is 1. 5. The conclusion from this was that the rate limiting

step in uptake is not dependent on enzymatic processes (Krejci and
Daniel, 1970). The largest Q10 found in the free-swimming tadpole
was 1. 5 between 15° and 25°C, however, the same conditions in the
gill-perfused animal showed a Q10 of only 0. 9 (Table 9). Thus, the

temperature effects on calcium fluxes do not support a metabolically

linked process (active transport) for calcium movement in the tadpole.

The calcium loading and depleting experiments (Table 10) show
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that efflux increases in calcium loaded animals and net flux is outwards. No stimulation of influx is seen in calcium depleted animals,

which is also the result found in calcium depleted snails and crayfish
(Greenaway, 1971; 1972).

The absence of stimulated influx after

calcium depletion may reflect an inability to actually calcium deplete
an animal. The main calcium stores in larval Rana catesbeiana are

skin (Taylor et al. , 1966; Zadunaisky and Lande, 1972) and para-

vertebral lime sacs (Robertson, 1971). Table 4 shows that although
skin calcium concentrattions are lowered in depleted animals than in

controls or loaded animals, there is no apparent progressive depletion of calcium stores in skin. Robertson (1971) has shown that
Rana catesbiena tadpoles are capable of normally filling the para-

vertebral lime sacs whether in 1. 5 or 7. 5 mM calcium, but he did

not try calcium free baths. Active ion transport is often augmented
by salt depletion (Alvarado and Dietz, 1970), but since there is no

clear evidence that the tadpole was depleted, further exploration of
the calcium transport mechanism by this approach is precluded.

One further insight into the possibility of carrier-mediation of
calcium movement in this system comes from exchange diffusion

measurements. The existence of exchange diffusion is associated

as a component of carrier-mediated systems (Dyson, 1974). Calcium
efflux as measured by appearance of

45

Ca in the bath of

45

Ca-loaded

animals was about the same whether calcium was present in the bath
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or not, which suggests that calcium exchange diffusion is absent in
the tadpole.

Criteria for active or carrier-mediated transport are commonly
stated (e. g.

,

Kirschner, 1970; Koch, 1970) to be (1) disagreement of

measured movement with expected movement from the electrochem-

ical gradient (flux ratio equation), (2) saturation kinetics, (3) potential for competitive inhibition, and (4) coupling of movement with
metabolism.

The measured ratio of influx to efflux in larval Rana

catesbeiana is larger than the ratio predicted from the electrochemical gradient by means of the flux ratio equation. The data on satura-

tion kinetics is equivocal but suggests the presence of a saturatable
process. Competitive inhibition was observed with strontium, magnesium, and barium. Temperature does not affect calcium movement.

Taken together these data suggest that calcium movement in

the tadpole is carrier-mediated, or is partially carrier-mediated.
There are three possible sites of entry of calcium into the

animal, skin, gills and digestive tract. Exit of calcium could occur
from these same sites and also from the kidney. The skin presents

a large surface that is exposed to the bathing media, but it does not
seem to be the most important site of calcium exchange. Fluxes fail
to decrease when skin is not exposed to bathing media, but it does not
seem to be the most important site of calcium exchange.

Fluxes fail

to decrease when skin is not exposed to bathing media (Table 11).
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The fact that the fluxes actually increase when only gills are exposed
to the media indicate that something is happening in addition to eliminating the skin component.

Perhaps a humoral factor is released in

response to slight drying, and/or physical conditions of non-immersion stresses which may result in increased blood flow to the gills.
A common vertebrate diving reflex involves bradycardia with vaso-

constriction of all parts of the body except heart and brain. "All diving and nondiving animals so far investigated, i. e, , mammals.

birds, reptiles, amphibians and fishes (in air), display a diving
bradycardia

.

.

(Scholander et al.

,

1962).

Upon surfacing the

heart rate increases and blood once again flows through all parts of
the body.

Vasoconstriction in the gills of submerged gill-perfused

animals could account for the lower fluxes observed in this preparation compared to the non-immersed gill-perfused animal. However
the heart rate (measured by EKG) under these two conditions was the
same. Whatever the cause of this difference in fluxes, the experi-

ment of comparing the immersed and non-immersed gill-perfused

animals does not conclusively eliminate skin as an important site of
calcium exchange, but neither does it support such a hypothesis.
Krogh (1939) noted that tadpole skin did not seem to be permeable
to calcium.

The experimental values of 0. 9-1, 3 pmoles Ca /hr -cm

2

for unidirectional flux for isolated skins found in this study supports

Krogh's earlier conclusions, The calculated influx and efflux
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contribution of skin to the whole animal fluxes is less than one
twentieth of the total. It is assumed that the skin is not an impor-

tant site of calcium exchange.

The gastrointestinal tract could be an important site of calcium
exchange. With the high drinking rate of tadpoles (3. 4 ml/hr-10 g

animal) the maximum calcium exchange from a 0.1 mM calcium bath
if all ingested calcium were absorbed would be 0. 34 p.moles Ca/hr-

10 g animal, which could account for all of the observed influx.

How-

ever, there would also be some expected efflux into the intestinal
lumen. It has been observed that

45 Ca

injected into a fish very

quickly appears in the intestinal lumen (Mashiko and Jozuka, 1964).

It is not known what percentage of ingested calcium is absorbed.

Attempts to measure intestinal absorption in the tadpole were unsuccessful due to its fragility and frequent fecal blockage when trying to

clear the intestine. Similar studies on the rainbow trout indicate that
they absorb 5. 5% to 0. 36% of ingested bath calcium when in 33% to

100% sea water, respectively. In diluted sea water the drinking rate

is lower but the percentage of ingested calcium that is absorbed is
higher (Shehadeh and Gordon, 1969). If tadpoles absorb about 5%
of ingested bath calcium this would be about 0. 02 Rmo les Ca/hr-10 g
45
animal, or a small part of the observed influx. However Ca from
the bath would be sequestered in the gastrointestinal tract and appear

as influx even if it does not enter the animal. This would make the
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calculated influx value higher than it is actually is. There is some
suggestion that bath calcium moves rapidly through the gut. The
drinking rate calculated from 131I-PVP was smaller at six hours than

at three hours so it was assumed that 131I-PVP was lost from the
posterior end of the gut by six hours. This could in part account for

the trend of decreasing flux values for the first four to six hours,
with influx about equalling efflux after this time.

A large part of the

fast component observed in free-swimming animals could be due to

loss of

45

Ca into the intestinal lumen where some of it would bind or

absorb. Gill-perfused animals drink at only 2% of the rate of freeswimming animals, yet do not show an equal reduction in influx.

From Figures 7 and 8 and Table 9, it is estimated that gill-perfused
animals show influx values 17-25% of the free-swimming animals.

This suggests that in the unfed free-swimming tadpole the intestine
may contribute as much as 75-83% of the observed influx, as measured by loss of bath calcium. However, because of the different condi-

tions in these two preparations it is not possible to directly compare
the rates with confidence. Changes in blood flow or flow rate could
considerably alter the magnitude of fluxes.

The renal contribution to efflux is difficult to assess. It was
not possible to collect urine from free-swimming animals. A few
small urine samples were obtained from gill-perfused animals.
These samples were pooled and found to have 0. 20 mM calcium and
0. 59 mg protein/ml. Urine production seems to stop a few minutes

after the animal is anesthetized and artificial gill-perfusion begun.
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Urine collected in this manner may be abnormally high in calcium.
Urine calcium values in adult Rana pipiens range from 0. 0047 to
0, 0069 mM (Cortelyou et al.

,

1960; Cortelyou, 1967, 1960). If urine

rate equals drinking rate, efflux from urine of 0, 2 mM calcium concentration would be 0. 68 p.moles Ca/hr-10 g animal, equivalent to the
observed efflux values. However if a considerable amount of the bath-

ing media is not absorbed, but merely passes through the gut, the
urine volume could be considerably smaller than the volume ingested.

Urine flow in Rana clamitans tadpoles is 0.12 ml/hr-10 g animal
(Schmidt-Nielsen, Mackay, 1970). Calcium loss at this urine flow
would be 0. 04 p.moles/hr-10g.

In the gill-perfused animal any urine

formed does not enter the bath, so there is no renal component to
efflux.

In this case efflux must occur through the gill epithelium with

a small loss through the skin. In free-swimming animals there probably is a renal component as well as a gill component of efflux,

For an animal living in water of some calcium concentration it

is reasonable to expect that exposed surfaces might play a role in
regulating internal calcium concentrations, It has been shown that
under normal conditions the skin has a very low permeability and that

the calcium exchange that takes place in the gills (and possibly intes-

tine) seems to be carrier-mediated or partly carrier-mediated. Regulators of calcium concentration, such as the hormones calcitonin and
parathyroid hormone, nevertheless could produce their effect by alter-

ing the permeability characteristics of these surfaces. In isolated
frog skin parathyroid hormone increases calcium influx and decreases
efflux (Watlington et al.

,

1968).
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Hormonal regulation of calcium concentration has been extensively studied in mammals (Copp, 1969). The most important

hormonal regulators of plasma calcium are parathyroid hormone
and calcitonin, which act antagonistically. When plasma calcium is

high, calcitonin is secreted (West et alo

,

1973; Pento et al. , 1974),

which acts to lower plasma calcium. Experimental evidence suggests
that the drop in plasma calcium results from both inhibition of bone

resorption and increased outflow of calcium from the extracellular
compartment (Hirsch et al,

,

1973).

High doses of calcitonin also

cause increased urinary excretion of calcium (Hirsch,

1 971 ).

Calcitonin is present in all vertebrates, coming from the
thyroid gland in mammals and from the ultimobranchial body in other

vertebrates (Copp, 1970). Extracts of ultimobranchial bodies of
individuals of each phylum produce hypocalcemia in rats, which is
used as the standard bioassay (Hirsch and Munson, 1969). Likewise

mammalian calcitonin causes hypocalcemia in lower vertebrates
(Boschwitz and Bern, 1971).

Salmon calcitonin is the most potent

of the isolated calcitonins in a wide variety of vertebrates (Marx
et al.

1972).

The amphibian ultimobranchial body has been studied

by Robertson (1969, 1971). In adult frogs removal of the ultimo-

branchial body results in hypercalcemia which is dependent in extent
on dietary level of calcium. High dietary calcium produces a large
hypercalcemia. Calcitonin apparently prevents the large influx of

calcium from the gut. It also prevents calcium resorption from

the calcium carbonate stores in the paravertebral lime sacs, and
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calcium loss from urine decreases.
Secretory material appears in the ultimobranchial body early
in larval R. catesbeiana development at Stage 6 (Robertson, 1971).

The animals used in this study were close to this developmental stage
(5-7).

Calcitonin caused hypocalcemia (see Table 13 and 14) and an

increased influx of calcium (Table 15), The increased efflux observed

at the same time, though not statistically significant, is probably
real since the net influx inward is not significantly larger than con-

trols. The hypocalcemic response is similar to that found in all
vertebrates that respond to calcitonin and probably results from

decreased calcium reabsorption from calcium stores, as mentioned

earlier. The increased influx and efflux is harder to interpret.

In

adult R. pipiens calcitonin decreases calcium absorption from the

intestinal tract and decreases the amount of excreted calcium
(Robertson, 1971).
efflux.

These responses would decrease influx and

Since the net flux during the response to calcitonin is inward,

the observed whole body fluxes between bath and animal cannot be

responsible for the observed hypocalcemia, rather they might be a
consequence of it.

When plasma calcium levels are low, parathyroid hormone is
secreted which raises the calcium concentration (Vaughan, 1970).
PTH has a number of specific effects which combine to produce an

overall rise in plasma calcium. Calcium uptake into liver, HeLa and
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kidney cells is increased (Bork, 1968; Chansmer et al. , 1972).
This could be the result of either inhibition of active efflux or an
increase in passive uptake. The latter choice is more likely, based
on work with mitochondria (DeLuca et al. , 1962).

Parathyroid hormone acts on bone to increase the number and

activity of osteoclasts, thus increasing bone resorption and raising
plasma calcium (Toft and Talmage, 1960). This seems to be the
main action of the hormone in mammals (Elliott and Talmage, 1958).
Experiments involving removal of the parathyroid glands show that

PTH stimulates calcium reabsorption in the kidney, a factor which
increases in importance with age (Kaln et al. ,

1 974).

When on very

low calcium diets, rats with intact parathyroid glands absorbed more

calcium from the gut, lost less calcium in the urine, and had a
higher plasma calcium concentration than parathyroid-ectomized

rats (Clark and Rivera-Cordero, 1973).
The parathyroid glands which produce PTH are absent in fish,

first arising in amphibia accompanying a semi-terrestrial way of
life (Greep, 1963).

The amphibian parathyroids and parathyroid

hormone in amphibians produces hypercalcemia (Robertson, 1972)

and hypercalciuria (Robertson, 1974).

The response to PTH in

larval R. catesbeiana is hypercalcemia and decreased influx and
efflux (see Tables 16 and 17). Hypercalcemia is the standard verte-

brate response to PTH, probably resulting from increased calcium
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resorption from storage sites. The flux data again appears conflicting.

In isolated adult R. catesbeiana skin, which normally

actively transports calcium inward, PTH increases influx and decreases efflux (Watlington et al. , 1968). Hypercalciuria occurs in

response to PTH in adult R. pipiens (Cortelyou, 1967). If this also

occurs in the free-swimming tadpole, it would increase the observed
calcium efflux. The expected response of the intestine is not known,

but in mammals PTH causes a decreased serosal to mucosal calcium
movement (Rasmussen, 1959) and at very low levels of dietary

calcium an increased calcium absorption from the intestine (Clark
and Rivera-Cordero, 1973), which would increase influx and decrease
efflux.

It appears that the flux responses to PTH cannot be respon-

sible for the observed hypercalcemia, since influx is reduced as
well as efflux.

Thyroxine plays an important role in amphibian metamorphosis
(Etkin, 1955). There are several reasons to expect changes in

calcium regulation during metamorphosis because the gills are

resorbed, the gastrointestinal tract shortened, and the skin changed,
all three of which could be important in altering calcium exchanges
between bath and animal.

Thyroxine causes hypocalcemia (Table 18)

and a significant decrease in calcium influx and efflux (Table 19).

It has been shown that thyroxine increases the skin potential in this
animal (Taylor and Barker, 1965) and that the calcium flux ratio
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decreases as transepithelial potential increases (Walser, 1971). The
flux ratios in thyroxine treated animals is less than 0. 21, whereas
in controls it ranges from 0. 75 to 0. 85 (Table 19), however skin po-

tentials were not measured. Since the net fluxes are not different

between thyroxine treated animals and controls, it is difficult to see
how an increased influx and efflux could lead to hypocalcemia. The

observed shrunken appearance and high plasma protein concentration
(Table 18) suggest a possible dehydration of thyroxine treated animals.
A decreased drinking rate would decrease influx and efflux as observed

in gill-perfused animals. A decrease in gill surface area or blood
flow across the gill surface could also decrease influx and efflux.
In the calcitonin, PTH and thyroxine experiments where
changes in blood calcium were observed, there was no competing
evidence to suggest that the corresponding changes in fluxes between

the bath and the animal were responsible for the plasma calcium
changes. Rigorous regulation of plasma calcium concentration is

apparently achieved by regulating exchange between calcium stores

in the skin and para-vertebral lime sacs. The evidence indicates
that endocrine regulation of these exchanges by calcitonin and PTH

are present in larval anurans, thus occurring relatively early phylo
genetically and ontogenetically.
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