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Summary. The effect of cyclic AMP on subcellular calcium turnover was studied
in isolated kidney, liver and heart mitochondria. The calcium concentration of the
incubating medium was determined by fluorometric methods after its separation by
millipore filtration. Liver and kidney mitochondria take up calcium in exchange for
H* and lower the medium calcium to 1 to 40 x 107% M in less than 2 min. Cyclic AMP
produces an instantaneous release of calcium from mitochondria and a rise in the steady-
state calcium concentration of the medium. A new medium calcium level of 0.7 to
3 x 1074 M is achieved in less than 3 sec and is proportional to cyclic AMP concentra-
tions between 1077 and 3 x1079M. Cyclic AMP is inactive above 5x 107 %M and
below 1077 M. Cyclic IMP, S’AMP, dibutyryl cAMP are inactive at any concentration.
Cyclic GMP is active at 1075 M and competitively inhibits cyclic AMP action. The
same steady-state calcium level is reached from higher or lower calcium concentrations,
i.e. whether cyclic AMP is added before or after the addition of calcium to the mito-
chondrial suspension. At low calcium or phosphate concentrations, the calcium released
by cyclic AMP is immediately reaccumulated by the mitochondria in less than 2 min
with a further release of H*. This “pulse® can be repeated by sequential additions of
cyclic AMP. The transient or sustained response to cyclic AMP depends on the medium
calcium X phosphate product and presumably on the presence or absence of calcium
phosphate precipitate inside the mitochondria. These results support the hypothesis that
cyclic AMP regulates cytoplasmic calcium by controlling the mitochondrial calcium
efflux rate. This mechanism may be involved in the regulation of calcium transport and
in some hormonal effects mediated by cyclic AMP.

Rasmussen has proposed that many cellular effects of cyclic 3,5
adenosine monophosphate (cyclic AMP) may actually be due to a rise in
cytoplasmic calcium concentration (Rasmussen, 1970; Rasmussen, Good-
man & Tenenhouse, 1972). The source of this increased cytoplasmic calcium
may be an increased influx of calcium from the extracellular fluids or a
mobilization of calcium from intracellular stores. In support of this hypo-
thesis, I have shown that parathyroid hormone (PTH) which increases the
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cyclic AMP concentration in isolated kidney cells, stimulates cellular
calcium influx (Borle, 1970, 1972a). Moreover, cyclic AMP between 10~°
and 10™7 M also increases calcium influx (Borle, fo be published). 1 have
further shown that both PTH and cyclic AMP increase calcium efflux
from a subcellular compartment identified as the mitochondrial calcium pool
(Borle, 1972b). If one compares the rates of calcium fluxes across the
mitochondrial membrane with the calcium fluxes across the plasma mem-
brane of the cell, it becomes evident that the cytoplasmic calcium activity
must be influenced by the mitochondrial calcium turnover to a much
greater extent than by calcium transport in and out of the cell (Borle, 1967,
19734). In fact, the mitochondria may play the role of an intracellular
calcium buffer system keeping the cytoplasmic calcium activity at very low
levels (Borle 1967, 1971a, b; Lehninger, 1970). It is clear that the increased
cellular calcium transport induced by PTH or cyclic AMP could be due to
an increased cytoplasmic calcium secondary to a stimulation of the rate of
calcium release from mitochondria (Borle, 19715, 1973a). To test this
hypothesis more directly, I have investigated the effects of cyclic AMP on
calcium transport in isolated mitochondria. I have found that low concentra-
tions of cyclic AMP produce an immediate release of calcium from isolated
mitochondria and increase the extramitochondrial calcium concentration in
direct proportion to the cyclic AMP levels (Borle, 19735, ¢).

Materials and Methods

Mitochondria were prepared at 4 °C from adult Sprague Dawley rat liver, heart
and kidney by standard methods. The animals were killed by decapitation. Tissues were
homogenized in 0.25 M sucrose containing 104 M EDTA to prevent calcium accumula-
tion by mitochondria during homogenization. The homogenate was centrifuged at
600 x g for 15 min and the supernatant centrifuged at 14,000 x ¢ for another 15 min.
The mitochondrial pellet was washed several times, resuspended in fresh sucrose con-
taining no EDTA and centrifuged a second time at 14,000 x g for 15 min. The reaction
mixture consisted of equal parts of 0.25 M sucrose and of a KCl salt solution, Its final
composition was: sucrose, 125mm; Na ATP, 5mm; Na succinate, 10 mm; MgCl,,
4 mm; K,HPO,, 1 to 4 muM; Tris, 10 mMm; KCl, 33 to 37 mM to a final osmolarity of
250 mosm. The initial pH of the suspending medium was 7.2.

The concentration of mitochondria in the reaction mixture was kept between 0.5
and 0.8 mg protein/ml suspension. Ten or 15-ml suspensions were incubated at 22 °C
and constantly stirred with a magnetically driven Teflon stirrer. The pH was continuously
monitored and recorded on a strip chart recorder. CaCl,, cyclic AMP, and other nu-
cleotides were added in volumes small enough (10 to 50 pliters or 0.1% to 0.5% of the
suspension volume) not to significantly alter the initial conditions. One-ml aliquots of
the suspension were taken at appropriate times with an Eppendorf pipette and the
medium was immediately separated from the mitochondria by filtration through 0.45-p
millipore filters. The total medium calcium concentration was determined by fluoro-
metric titration (Borle & Briggs, 1968).
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Results
Liver Mitochondria

Fig. 1 shows that on addition of 500 pm CaCl, in a suspension mixture
containing 4 mM phosphate, liver mitochondria accumulate the bulk of the
added calcium in about 3 min and maintain a medium calcium concentration
of 40 uM for as long as 15 min. In such conditions, the medium calcium will
remain constant for at least 25 to 30 min. Longer incubation periods were
not studied. Upon addition of 3 x 107 ¢ M cyclic AMP, the medium calcium
rises five- to sixfold in less than 3 sec. Three seconds is the shortest interval
tested between the addition of the nucleotide and the collection of the sample,
allowing 2 sec for mixing. This higher level of calcium in the suspending
medium can be maintained up to 25 min. When the same concentration of
cyclic AMP is added at time zero, a few seconds before the addition of
CaCl,, the medium calcium concentration does not drop to control levels;
it reaches the same elevated levels as those achieved by addition of cyclic
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Fig. 1. Effect of 3x107°M cyclic AMP on calcium uptake by liver mitochondria.

Experimental conditions: 0.5 to 0.8 mg protein/ml; total volume =10 ml; ATP =10 mm;

succinate =10 mm; Tris=10 mM; sucrose =125 mm; KCI to 250 mOsm; Mg=4 mm;

P;=4 mm; initial pH=7.2; 5 umoles CaCl, added at time zero; e-—se control (mean

+5E,n=7); A—A 3 x 1076 M cyclic AMP added at time zero (n=13); o—0 3 x 10~ S M
cyclic AMP added at 5 min (n=6)
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Fig. 2. Effect of cyclic AMP added before calcium at time zero on calcium uptake by
liver mitochondria. Experimental conditions: same as in Fig. 1; o0—0O control (mean
+sE, n=7); m—Mn cyclic AMP 1077 M; A—A cyclic AMP 5x 1077 M; o—a cyclic
AMP 1079M; o—o cyclic AMP 2x1079M; e—e cyclic AMP 3x107 %M (n=5)

AMP at 5 min. The medium calcium concentrations achieved by addition
of cyclic AMP at time zero or at 5 min are not statistically different. The
level of calcium maintained in the suspending medium is proportional to
the concentration of cyclic AMP, whether the nucleotide is added at time
zero (Fig. 2) or whether it is added at 5 min (Fig. 3). Cyclic AMP activity
decreases above 3 x 107° M and the nucleotide is inactive at concentrations
greater than 5 x 107 M (Fig. 4).

Kidney Mitochondria

The effects of cyclic AMP on kidney mitochondria are similar to those
obtained in liver mitochondria. Fig. 5 shows that the medium calcium
concentration set by a given concentration of cyclic AMP can be reached
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Fig. 3. Effect of cyclic AMP on the calcium concentration of liver mitochondria sus-

pending medium. Experimental conditions: same as in Fig. 1: Cyclic AMP added at

5min. e—e control; o—o cyclic AMP 1077 M; m—m cyclic AMP 5x 1077 m;
a—A cyclic AMP 1075 m; o—a cyclic AMP 2x 107%™
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Fig. 4. Log-dose response curve of cyclic AMP on the calcium concentration of liver
mitochondria suspending medium. Experimental conditions: same as in Fig. 1. Each
point is the mean =+ sk of 3 to 5 determinations
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Fig. 5. Effect of cyclic AMP on kidney mitochondria. Experimental conditions: same

as in Fig. 1. A—a Control; e—e 3 x 1079 M cyclic AMP added at time zero; o—o

3x107° cyclic AMP added at 5min; a—a 5x107%M cyclic AMP added at time
zero; 0—=01 5 X 1076 M cyclic AMP added at 5 min

from higher or from lower calcium levels; the maximum effect is obtained
with 3 x 107° M cyclic AMP; the nucleotide is inactive at concentrations of
5x 107° M or above.

Heart Mitochondria

Fig. 6 shows that cyclic AMP produces the same response in heart
mitochondria. The pH or the substrate utilized in these experiments may
not be the optimal conditions for calcium uptake by heart mitochondria.
Nevertheless, despite a slower calcium uptake, heart mitochondria readily
respond to the nucleotide by releasing calcium and by maintaining a higher
calcium concentration in the medium. In heart mitochondria, however, the
maximum effect is obtained with 2 x 107 M cyclic AMP.

Effects of Calcium and Phosphate

In liver and in kidney mitochondria, decreasing the phosphate concen-
tration from 4 to 1 mm changes the character of the response to cyclic
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Fig. 6. Effect of cyclic AMP on heart mitochondria. Experimental conditions, same as

in Fig. 1; 2.5 pmoles CaCl, added at time zero; cyclic AMP added at 5min; e—e

control; o—o0 5x 1077 M cyclic AMP; a—a 107%M cyclic AMP; a—a 2% 1070y
cyclic AMP

AMP, especially with small calcium loads. Fig. 7 shows that, after the addi-
tion of 500 pMm CaCl, to liver mitochondria, the response to 2x 1076 M
cyclic AMP is the same as with 4 mM phosphate. Decreasing the calcium
load to 400 pm, however, depresses the steady-state calcium concentration
triggered. by cyclic AMP. Following calcium loads of 300 um or lower,
cyclic AMP only transiently increases the medium calcium which returns to
control values in 1 to 5 min, depending on the load. The same phenomenon
is observed in kidney mitochondria (Fig. 8). Thus, lowering the calcium or
the phosphate concentration alters the pattern of response to cyclic AMP.
At low calcium phosphate products, cyclic AMP triggers a pulselike release
of calcium followed by an immediate reaccumulation by the mitochondria
accompanied by a further release of H* ions (Fig. 9). This pulse of calcium
release can be repeated several times (Fig. 10). Increasing again the phosphate
concentration to 2 and 4 mM progressively shifts the pattern of response
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Fig. 9. Effect of cyclic AMP on kidney mitochondria in the presence of 1 mm phosphate.

Experimental conditions same as in Fig. 7; 2.5 pmoles CaCl, added at time zero; 1075 M

cyclic AMP added at 5min; e—e control medium calcium; o—o experimental
medium calcium; A—a control medjum pH; A—a2 experimental medium pH

from a pulse to a sustained elevation of the medium calcium (Fig. 10). The
same phenomenon can be obtained by maintaining the phosphate at 1 mm
and progressively increasing the calcium load (Figs. 7 and 8).

Once the sustained pattern of response to cyclic AMP is achieved by
higher phosphate concentrations or by increasing the calcium load, a
further rise in phosphate concentration depresses the steady-state concen-
tration of calcium in the medium. Fig. 11 shows that increasing the medium

Fig. 7. Effect of 2 x 107° M cyclic AMP on the calcium concentration of the suspending

medium of liver mitochondria after varying loads of CaCl,. Experimental conditions:

same as in Fig. 1 except: P;=1 mm. One to 5 ymoles CaCl, added at time zero; 2 x 107 6m

cyclic AMP added at 5min; m—m 1 ymole CaCl,; A—a 2 pmoles CaCl,; A—a
3 pmoles CaCly; o—o 4 pmoles CaCl,; e—e 5 pmoles CaCl,

Fig. 8. Effect of 2 X 107% M cyclic AMP on the calcium concentration of the suspending

medium of kidney mitochondria after varying loads of CaCl,. Experimental conditions,

same as in Fig. 7; CaCl, added at time zero; 2 x 107¢ cyclic AMP added at 5 min;

a—A 2 ymoles CaCl,; A—a 3 pmoles CaCl,; o—o 4 pmoles CaCl,; e~—e 5 pmoles
CaCl,
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Fig. 10. Effect of repeated additions of 3 x 107 M cyclic AMP to kidney mitochondrial

suspensions with varying phosphate concentrations. Experimental conditions: same as

in Fig. 1 except: total volume=15ml; P;=1 to 4 mMm; 1.5 pmoles CaCl, added at

time zero; 3 x 1079 M cyclic AMP added at 5, 10 and 15 min (arrows). A—a control,

1 mm P;; e—e cyclic AMP, 1 mM P;; c——o cyclic AMP, 2mm P;; A---a cyclic
AMP, 4 mm P,

phosphate concentration from 1 to 7 mM immediately depresses the medium
calcium down to control levels. A more progressive rise in phosphate from
1 to 2mm and from 2 to 3 mM produces a stepwise reduction of the medium
calcium concentration.

Effects of Other Nucleotides

Other nucleotides such as dibutyryl cyclic AMP, 5 AMP, ATP and
cyclic IMP had no effect at any concentration ranging from 1078 to 1073 m.
However, preliminary experiments revealed that cyclic GMP had a slight
effect at an optimal concentration of 10™° M. The maximum effect obtained
with cyclic GMP is less than with optimal concentrations of cyclic AMP.
After cyclic GMP addition rise in medium calcium concentration is only



Cyclic AMP on Mitochondrial Ca Turnover 231

I I I
CAMP P, P

310" %M

{
1 +6 mM}‘+| mM +1mM

200

100 -

MEDIUM CALCIUM 10" %Mm

MINUTES

Fig. 11. Effect of increasing the medium phosphate concentration on the steady-state

calcium level set by 3 x 1076 M cyclic AMP. Experimental conditions: same as in Fig. 1

except: total volume=15ml; initial P;=1mm; 7.5 pmoles of CaCl, added to the

15-ml suspension at time zero; 3 X 107% M cyclic AMP added at 5 min; o — — o medium

P; concentration increased to 7 mm at 10 min; e—e medium P; concentration increased
to 2 mM at 10 min and to 3 mm at 13 min. A—a control

transient; it reaches a maximum within 2 to 3 min in contrast to cyclic
AMP which acts within seconds; the effect decays in about 5 min. Increasing
concentrations of cyclic GMP progressively depress the effect of cyclic
AMP suggesting competitive inhibition between the two cyclic nucleotides.

Work is ‘presently in progress to elucidate the nature of the interactions be-
tween these and other nucleotides.

Discussion

These results suggest that both cyclic AMP and mitochondria play an
important role in cellular calcium homeostasis. The response of mitochondria
to cyclic AMP may be characterized as follows: (1) The response is immediate;
it takes less than a few seconds for the medium calcium to rise almost
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10-fold. This is due to the rapidity of the calcium exchange taking place
between the mitochondrial matrix and the surrounding fluids: with ex-
tremely high rate of calcium influx and efflux, any change in one of the
rate constants will allow a new steady state to be reached almost instanta-
neously. (2) The response is dose dependent between the cyclic AMP
concentrations of 1077 and 3 x 107°M. Higher concentrations of the
nucleotide are progressively less effective and concentrations greater than
5x 107%™ are totally ineffective. This bell-shaped pattern of response to
cyclic AMP is not unusual, although totally unexplained (Kuo & Green-
gard, 1969; Rixon, Whitfield & MacManus, 1970; MacManus, Perris,
Whitfield & Rixon, 1970; Klein & Raisz, 1971). (3) The response can be
either sustained or transient, depending on the calcium and phosphate
concentration of the suspending medium. The transient response observed
with low concentrations of phosphate can be progressively transformed to
a sustained one if the calcium concentration is increased (Figs. 7 and 8).
Conversely, the transient pattern observed with low concentrations of calcium
shifts to a sustained response if the phosphate concentration is increased
(Fig. 10). The type of response is apparently related to the calcium phosphate
product. It may depend upon the presence or absence of calcium phosphate
precipitate in the mitochondrial matrix. A possible explanation could be
that, in the presence of calcium phosphate precipitate in the mitochondrial
matrix, the calcium activity in the mitochondria would be fixed by the
solubility product of the particular calcium salt. In these conditions, a
change in the rate constant of calcium efflux would be immediately reflected
by a sustained change in the medium calcium concentration.

The rise in medium calcium produced by cyclic AMP could be due to
an increased calcium efflux from the mitochondria or to an inhibition of
calcium uptake. The most likely cause is a sudden increase in calcium efflux
for the following reasons: (1) Even in the presence of cyclic AMP the
mitochondria are able to take up calcium and to restore the medium
calcium concentration to its original low levels, when the calcium or the
phosphate concentrations of the medium are low. (2) The rate of calcium
uptake by mitochondria following cyclic AMP-induced calcium release is
as rapid as the initial accumulation in the absence of the nucleotide. (3) The
reaccumulation of calcium by the mitochondria after cyclic AMP is
accompanied by an additional and expected evolvement of H* ions into the
medium. Consequently, one can conclude that cyclic AMP stimulates the
rate constant of calcium efflux from mitochondria. As I have proposed
earlier (Borle, 1973a) the steady-state exchange of calcium between the
mitochondria and their environment can be described as follows: at steady
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state, calcium influx from medium to mitochondria J,,, must be equal to
the efflux of calcium from mitochondria to the medium J, . Calcium
uptake by mitochondria must follow the general equation:

Tem=kem Ca, (1

where k., is the rate constant of calcium influx into mitochondria and Ca,,
the calcium activity of the medium. Calcium efflux from mitochondria
becomes:

Jne=Kpe* Ca, )

where k,. is the rate constant of calcium efflux from mitochondria and
Ca,, the calcium activity in the mitochondria. At steady state,

']cm = Jm c (3)
therefore
kcm M Cac =kmc ’ Cam (4)
or
Ca, =E'l:_'ﬁm_c_. )

cm

According to Eq. (5), it is obvious that if the mitochondrial calcium activity
Ca,, is constant, fixed by the solubility product of a calcium phosphate
precipitate, an increase in the rate constant of efflux, k,., triggered by
cyclic AMP will immediately produce a sustained rise in the medium, Ca,.
On the other hand, if the calcium phosphate product of the medium is too
low to allow the precipitation of calcium phosphate in the mitochondrial
matrix, Ca,, will not be constant. In these conditions, the rise in k,, ., induced
by cyclic AMP, will transiently increase the medium calcium Ca,. However,
the new steady state will be achieved with a decreased mitochondrial
calcium activity Ca,, totally compensating the rise in &, . so that the medium
calcium Ca, will return to control levels. Such a behavior has been confirmed
by computer simulation of the system (A. B. Borle and J. Anderson, to be
published). v

The identical pattern of response to cyclic AMP by kidney, liver and
heart mitochondria suggests that this mechanism of action may be funda-
mental and an integral part of the cell second messenger signal system.
These results confirm previous findings obtained in isolated cells showing
that cyclic AMP stimulates calcium efflux from the mitochondrial compart-
ment and secondarily increases cytoplasmic calcium (Borle, 1972). They
support earlier proposals that cyclic AMP may act by increasing the cyto-
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plasmic activity (Rasmussen, 1970; Rasmussen et al., 1972; Borle, 19715,
1972a, 1973 a). According to the present studies, the source of the calcium
appears to be the mitochondria rather than the extracellular fluids. The
fact that isolated mitochondria can instantaneously regulate the calcium
concentration of their surrounding fluids in precise proportion to the
cyclic AMP concentration provides an ideal control mechanism for the
physiological regulation of many cellular functions. It suggests that, in the
cell, mitochondria may serve as the controller and the regulator of cyto-
plasmic calcium.

In cells involved in calcium transport, the sustained increase in cyto-
plasmic calcium would result in an increased calcium efflux from the cell
because of the increased substrate presented to the calcium pump mechanism.
Calcium influx, which is presumed to be passive, may also be increased
since a rise in cytoplasmic calcium has been shown to increase the membrane
permeability to ions and other uncharged solutes (Lew, 1970; Godfraind,
Kawamura, Krnjevic & Pumain, 1971; Romero & Whittam, 1971; Baker,
1972; Krnjevic & Lisiewicz, 1972). And indeed, increased calcium influx
and efflux have been observed in isolated kidney cells after cyclic AMP or
parathyroid hormone administration (Borle 1970, 19724). In liver and other
cells, an increased cytoplasmic calcium may produce many metabolic effects
usually attributed to cyclic AMP and may actually play the role of an intra-
cellular messenger as suggested by Rasmussen (1970, 1972).

Finally, the effects of cyclic AMP obtained in isolated heart mitochondria
offer an alternative to the many explanations offered for the inotropic
effects of catecholamines and of cyclic AMP (Sobel & Mayer, 1973). A
sustained elevation of the cytoplasmic calcium activity of heart cells,
produced by the action of cyclic AMP on the mitochondrial calcium
turnover, could explain the increased contractility of cardiac muscle induced
by catecholamines. This “tonic” influence of mitochondria on the sarco-
plasmic calcium activity could complement the *“ phasic” regulation provided
by the sarcoplasmic reticulum.

It is clear that more work needs to be done to define the interactions
between the cyclic nucleotides and mitochondria. It remains to be seen
whether both ATP and succinate are necessary for these effects of cyclic
AMP, and whether other substrates can be substituted. We already know
that Na can be substituted for K without affecting the results. It is also
evident that the calcium concentrations used are much higher than those
prevailing in the intact cell. The experimental conditions were chosen for
an optimal calcium uptake and retention by mitochondria. However,
calcium loads of less than 50 M have been tested allowing the mitochondria
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to lower the medium calcium to 1 uM. In these conditions the calcium
accumulated is completely released by the mitochondria when stimulated
by cyclic AMP. More sophisticated techniques will be necessary to study
calcium uptake and release with smaller calcium concentrations.

The technical assistance of Mrs. Marianne Biddle and Mrs. Jo Anne Bast is gratefully
acknowledged. This work was supported by USPHS Grant No. AM 07867 from the
National Institutes of Health.
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