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Spermine enhances electrogenic Ca 2+ uptake and inhibits Na+-independent Ca 2+ efflttx in rat brain mitochondria. As a 
result, Ca 2+ retention by brain mitochondria increases greatly and the external free Ca 2+ level at steady-state can be 
lowered to physiologically relevant concentrations. The stimulation of Ca 2 + uptake by spermine is more pronounced at 
low concentrations of Ca 2+, effectively lowering the apparent K m for Ca 2+ uptake from 3 / t M  to 1.5/xM. However, the 
apparent Vmx is also increased. At low Ca 2+ concentrations, Ca 2+ uptake is diffusion-limited. Spermine strongly 
inhibits Ca 2 + binding to anionic phospholipids and it is suggested that this increases the rate of surface diffusion which 
reduces the apparent K m for uptake. The same effect could inhibit the Na+-independent efflux if the rate of efflux is 
limited by Ca 2+ dissociation from the efflux carrier. In brain mitochondria (but not in liver) the spermine effect depends 
on the presence of ADP. In a medium that contains physiological concentrations of Pi, Mg +, K +, ADP and spermine, 
brain mitochondria sequester Ca 2+ down to 0.1 /tM and below, depending on the matrix Ca 2+ load. Moreover, brain 
mitochondria under the same conditions buffer the external medium at 0 .4/xM, a concentration at which the set point 
becomes independent of the matrix Ca 2+ content. Thus, mitochondria appear to be capable of modulating calcium 
oscillations in brain cells. 

Introduction 

Ca 2+ transport in mitochondria has been studied 
extensively ever since mitochondria were first isolated 
four decades ago (for recent reviews see Refs. 1-3). 
Most of our knowledge of the Ca 2+ transport system in 
mitochondria comes from studies with liver and heart 
mitochondria, whereas Ca 2+ transport  in mitochondria 
from other tissues has not been studied in as great 
detail. 

Three major Ca 2+ transport systems have been iden- 
tified in liver, heart and brain mitochondria. The most 
active system is the electrogenic Ca 2 + carrier, which, in 
vitro, under normal conditions (i.e., high membrane 
potential), catalyzes the uptake of Ca 2+ against Ca 2+ 
concentration gradients [4]. At electrochemical equi- 
librium calcium concentration gradients could be very 
large; however, under most physiological conditions the 
free calcium concentration in the mitochondrial matrix 
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is well below the electrochemical equilibrium concentra- 
tion [1-3]. This is the result of the activities of several 
systems that promote  Ca 2+ efflux against the calcium 
electrochemical potential gradient. In heart mito- 
chondria, the most active efflux system is the CaZ+-Na + 
exchange system, which is somewhat similar to the 
plasma membrane  CaZ+-Na+ exchange carrier [5]. This 
system is also very active in brain mitochondria, but is 
much less active in liver mitochondria. Another efflux 
system, which is Na+-independent,  exists in mito- 
chondria from all tissues, but is very poorly understood 
[1]. In addition, under some conditions, high concentra- 
tions of Ca 2+ in the mitochondrial matrix induce a state 
of high membrane  permeability which leads to dis- 
charge of matrix content, including Ca 2+ [6]. The bal- 
ance of the activities of the various Ca 2+ transport 
systems determines the external Ca 2+ concentration at 
which net transport  vanishes [2]. When the matrix Ca 2+ 
concentration increases above the saturation level of the 
efflux system, mitochondria will buffer the external 
Ca 2 + level (" set point"). 

For many years it was believed that mitochondria 
must play a central role in cellular Ca 2+ regulation [2]. 

0005-2728/90/$03.50 © 1990 Elsevier Science Publishers B.V. (Biomedical Division) 



78 

However, based on the results of recent investigations it 
is now generally believed that the mitochondria play no 
role in the regulation of cellular Ca 2+ levels [1,3,7]. 
Rather, the function of the mitochondrial Ca 2+ trans- 
port systems in all tissues is now considered to be 
directed only at the regulation of the free calcium 
concentration in the matrix. Matrix Ca 2+ regulates the 
activities of several important dehydrogenases and thus 
controls the rate of electron transport [3]. 

Three lines of evidence have led to the demise of the 
hypothesis that mitochondria play a role in cellular 
Ca 2+ regulation in the brain as well as any other tissue. 
Firstly, measurements of cellular free Ca 2 + on one hand 
and the determination of the ability of mitochondria, in 
vitro, and in permeabilized cells and synaptosomes, to 
sequester Ca 2÷, on the other hand, indicated an ap- 
parently unbridgeable gap between the range of cellular 
free Ca :+ in resting cells in vivo (0.1-0.2 /aM) and the 
mitochondrial set point in vitro and in permeabilized 
cells and synaptosomes (0.5-10 IaM) [1,7]. Secondly, 
measurement of mitochondrial Ca 2+ content, in situ, 
with electron probe X-ray microanalysis [8] and also 
estimates base~t on the activity of Ca 2+ activated dehy- 
drogenases [3] indicated extremely low mitochondrial 
Ca 2+ content, which is considered to be incompatible 
with the hypothesis that rnitochondria play a role in 
cellular Ca 2÷ regulation. Lastly, there is no evidence 
that any of the mitochondrial Ca z+ release systems are 
activated by extracellular signals which lead to elevation 
of cellular Ca 2 +. Since both the Ca 2 + transport  systems 
of the endoplasmic reticulum and the plasma membrane 
respond to these signals, it is believed that these systems 
are solely responsible for cellular calcium regulation 
[1,7,9,10]. 

Little attention, however, has been paid, until very 
recently, to the role of various cellular components in 
regulating Ca 2+ transport  in mitochondria. It  has been 
shown recently that polyamines greatly enhance the 
ability of liver mitochondria to sequester Ca 2+ in the 
physiological range [11]. These findings were recently 
extended to mitochondria from heart and brain [12-14]. 
Also, there are several observations on the ability of 
adenine nucleotides to improve Ca 2+ retention in liver, 
heart, and particularly brain mitochondria [1,15]. How- 
ever, the role of these agents in regulating Ca 2+ trans- 
port  by mitochondria, under physiological conditions, is 
still unclear and the mechanisms of their effects are 
completely unknown. 

In a preliminary short report we showed that ADP 
greatly enhances the rate of electrogenic C a  2+ transport  
in brain mitochondria and suggested that its effect is 
due to locking the adenine-nucleotide carrier in the 
M-state. We also showed that the enhancement of Ca 2 + 
uptake by spermine in brain mitochondria depends on 
the presence of ADP [16]. In this and the following 
paper we examine Ca 2 + transport in brain mitochondria 

in greater detail, with particular emphasis on the mech- 
anism of the effects of polyamines and adenine nucleo- 
tides. This paper  deals with the effects of polyamines on 
Ca 2+ transport in brain mitochondria and its mecha- 
nism. 

Materials and Methods 

Rat brain ( ' free')  mitochondria were prepared from 
the forebrains of male Sprague-Dawley rats, in batches 
of two or three brains, by the Ficol gradient method 
essentially as described by Lai and Clark [17]. Isolated 
mitochondria contained approx. 15 nmol Ca2+/mg pro- 
tein as determined by atomic absorption. Rat liver 
mitochondria were prepared as described previously 
[18]. The rate of Ca 2 ÷ transport was measured routinely 
with the Ca 2÷ indicator Arsenazo III  [19,20]. Ab- 
sorbance difference of the suspension was followed at 
685-675 nm using an Aminco DW-2A spectrometer. 
Rates and extents of Ca 2 + transport were calculated on 
the basis of internal calibration obtained from the ad- 
dition of known amounts of Ca 2+ to the suspension. 
Free Ca 2+ concentrations were estimated from calibra- 
tion curves constructed from the titration of Arsenazo 
I I I  with Ca 2+ [20]. For each amount  of total Ca 2+, the 
concentration of calcium-bound Arsenazo I lI  was 
calculated from the value of the absorbance. From these 
values, free Ca 2÷ is calculated and the free Ca 2* is 
plotted against the absorbance to yield a calibration 
curve. Since the titration curves do not fit a simple, 
single dissociation constant, we used these curves di- 
rectly for estimation of free Ca 2÷. Since the Arsenazo 
I I I -Ca  2÷ complex is very sensitive to various cations 
and pH, we used separate calibration curves for each 
medium employed in this study (excluding Ca 2÷ 
buffers). In each experiment EGTA was added at the 
end of the experiment and the difference in absorbance 
between the experimental point and the EGTA reading 
was used to estimate free Ca 2+ from a calibration curve 
in the appropriate  medium. The calibration was also 
checked against Ca 2+ electrode measurements. Ca 2+ 
electrode (Orion 93-20) was also used in several experi- 
ments, in particular, when the accurate determination of 
low free Ca 2+ levels was required. The electrode was 
calibrated by the iterative procedure described by Bers 
[21[. The electrode signal is linear with the Ca 2 + con- 
centration down to 0.2/~M Ca 2+. In a few experiments, 
Ca 2+ transport  was measured from the fluorescence of 
fura-2, using the excitation ratio method (340/380 nm) 
on a Spex Flurolog Spectrofluorometer (Series 2), as 
previously described [22]. 

Kinetic analysis (e.g., estimates of K m and Vmax) was 
preformed by linear regression analysis of Lineweaver 
and Burk plots. All the indicated values were obtained 
from plots in which the correlation coefficient was 
higher than 0.95. 



Mitochondr i a l  p ro te in  was de t e rmined  by  a mod i f i ed  
Lowry  me thod  using the commerc ia l  reagent  BCA 
(Pierce). Al l  fine chemicals  were f rom Sigma.  Al l  o ther  
reagents  were of the highest  ana ly t ica l  grade.  

Results 

Fig. 1 shows a typical  exper iment  ind ica t ing  the 
effects of spermine  on Ca 2÷ t r anspor t  and  demons t r a t -  
ing the p ro toco ls  we employed  in most  of the exper i -  
ments  descr ibed  in this study.  M i t o c h o n d r i a  (0.5 mg 
p r o t e i n / 3  ml) are  incuba ted  in a m e d i u m  which con-  
ta ins  Pi (5 mM),  M g  2+ (1 m M )  and  A D P  (20 ~ M )  
together  wi th  ro tenone  and  ol igomycin.  Af te r  8 min  
incuba t ion  at  r oom tempera ture ,  dur ing  which some of  
the endogenous  Ca 2+ is released,  succinate  is added .  
The  fo rmat ion  of  m e m b r a n e  po ten t i a l  by  succinate  
ox ida t ion  induces  Ca 2÷ uptake ,  reducing  externa l  free 
Ca  2÷ unti l  a s teady  s tate  is es tabl ished.  A d d i t i o n  of  
CaCI  2 (30 nmol)  increases  the externa l  concen t ra t ion  
which induces  fur ther  up take  of  Ca  2+ unt i l  a new 

s teady state is es tabl ished.  A d d i t i o n  of  R u t h e n i u m  red 
(RR),  which specif ical ly inhibi ts  the e lect rogenic  Ca 2+ 
carrier ,  results  in Ca2+-efflux due  to the act ivi ty  of  the 
N a + - i n d e p e n d e n t  efflux system. A d d i t i o n  of  N a  ÷ in- 
creases the efflux as it  act ivates  N a + - C a  2+ exchange.  

In  Fig. 1A we fol low externa l  Ca  2÷ f rom the absorp -  
t ion difference of  Arsenazo  III .  Trace  a shows the 
exper iment  in the absence  of spermine,  while trace b 
shows the same exper iment  in the presence of  spermine.  
To evaluate  the free Ca 2+ concen t ra t ion  we add  E G T A  
(300 nmol)  at the end of the exper iment .  Because 
spermine  itself in terac ts  with Arsenazo  I I I  (Rot tenberg ,  
unpub l i shed  data) ,  bo th  the magn i tude  of  the spect ra l  
changes and  the Ca 2+ aff ini ty  are af fec ted  and  thus 
somewhat  obscure  the spermine  effect. However ,  a 
ca l ib ra t ion  curve in a m e d i u m  which includes  spermine  
al lows the ca lcula t ion  of  the free ca lc ium concen t ra t ion  
in the presence of  spermine.  

I t  was observed  that  spermine  enhances  the rate  of  
up take  (approx.  2-fold),  lowers the s teady-s ta te  to a 
lower  external  Ca  2÷ and  inhibi ts  the Ca 2÷ efflux rate.  
Fig. 1B shows the same exper imen t  as fo l lowed by  a 
Ca  2÷ electrode.  Since spermine  is wi thout  effect on the 
Ca 2÷ e lec t rode  signal,  the f igure shows the spermine  
effect more  clearly.  Final ly ,  Fig. 1C shows the same 
effects of spermine  as fol lowed with  the f luorescent  
ind ica tor  fura-2 (which is not  affected by  spermine) .  
Both the rates and  the free ca lc ium concen t ra t ions  
ca lcula ted  f rom each of the three measu remen t s  are  
compa rab l e  and  al low the use of  these three me thods  
in terchangeably .  

Fig. 2 shows the effects on  the rates of  ca lc ium 
t ranspor t  which were ob ta ined  b y  increas ing concen t ra -  
t ions of spermine.  F o r  the up take  exper imen t s  we used 
a med ium which s imulates  the ca t ion  compos i t i on  of  
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Fig. 1. The effect of spermine on Ca 2+ transport. The basic medium 
contained 0.2 M sucrose, 0.08 M mannitol, 10 mM Tris-HC1, 5 mM 
Tris-P i, 1 mM MgC12 (pH 7.4). The experiment was initiated by 
addition of 0.5 mg mitochondrial protein to 3 ml medium. Rotenoqe 
(1 /~M) oligomycin (2 #g/mg protein) and ADP (20 ~tM) were then 
added and the suspension was incubated for 8 min at room tempera- 
ture to release endogenous Ca 2+. Ca 2+ uptake was started by the 
addition of 5 mM Tris-succinate. After the establishment of steady 
state, additional Ca 2+ (30 nmol CaC12) was added. When steady state 
was established again, Ruthenium red (RR) was added (30 pmol), and 
later 10 mM NaC1 was added. Finally, 300 nmol EGTA were added 
to bind all external Ca 2+. Curve a shows the experiment in the 
absence of spermine and curve b shows the experiment with 0.5 mM 
spermine in the incubation medium. In (A), 50 p,M Arsenazo 1II was 
included in the incubation medium and Ca -,+ transport was followed 
from the absorption difference (685-675 nm), as described in Materi- 
als and Methods. In (B) the free Ca 2÷ concentration in the medium 
was followed by Ca 2÷ electrode. In (C) 5 #M fura-2 was added and 
Ca 2+ transport was followed by the fluorescence ratio method 

(340/380 nM), as described in Material and Methods. 
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Fig. 2. The effect of spermine concentration on Ca 2+ transport. (A) 
shows the effect of spermine on the rates of Ca 2 + uptake and efflux. 
Medium and method was the same as in Fig. 1A, except for the 
addition of 100 mM KCI and 10 mM NaC1, and MgADP when 
present (100/~M). The rate of Ca 2+ uptake after addition of 30 nmol 
CaC12 (as in Fig. 1A) in the absence of MgADP (,) and the presence 
of ADP (O) is shown. The rate of Ca 2+ efflux after addition of RR (30 
pmol) in the system that contains Mg ADP (0) is also shown. (B) 
shows the final free Ca 2+ concentration in the suspension after the 
uptake of added Ca 2+ as measured by Ca 2÷ electrode in a medium 
identical to that of (A) except for the omission of Arsenazo III. The 
steady-state level in the absence of MgADP (~) and the presence of 
MgADP (a) are shown. In addition, the steady-state level in a medium 

identical to that of Fig. 1B is also shown ([]). 

the cytoplasm (i.e., 1 m M  Mg2+; 100 m M  K + and 10 
m M  Na  +) in the presence and absence of  0.1 m M  
MgADP.  The top panel shows the dependence on 
spermine concentra t ion of  the st imulation of  Ca 2+ up- 
take. The protocol  of  the experiments were as in Fig. 1A 
and the results are those obtained after addit ion of 30 
nmol  Ca 2+. In this high salt medium, maximal  effects 
were obtained at 1.5 m M  spermine, with 0.5 m M  ex- 
hibiting 50% stimulation of  uptake (or inhibition of  
efflux). The figure also shows that in the absence of  
ADP,  the Ca z+ uptake rates were very low and were not  
st imulated by spermine. 

The bo t tom panel of  Fig. 2 shows the effect of  
spermine concentra t ion on the Ca 2+ steady-state levels 
obtained after the addit ion of  30 nmol  of  Ca 2+ as 
measured with Ca 2+ electrode. In the presence of  A D P  
the steady-state level was reduced f rom 0.9/~M without  
spermine to 0.3 # M  at 2 m M  spermine. The total 
dependence of the spermine effect on A D P  was demon-  

strated again by a similar experiment in the same 
medium without  ADP.  Spermine had only a slight effect 
on the steady-state level in the absence of ADP,  reduc- 
ing it from 1.9/~M to 1.7/~M. As observed previously, 
the absence of A D P  raised the steady-state level from 
0.9 to 1.9 (Ref. 16, and see the following paper). The 
figure also shows the spermine effect on the steady-state 
level which was obtained in a low salt medium. Under  
these condit ions the spermine effect was observed at 
much lower concentra t ion (maximal effect is obtained 
at 250 /~M) and because of the absence of Na  +, the 
steady-state level was reduced to below 0.1 /~M. This 
large reduct ion of  the steady-state level in the absence 
of N a  ÷ appears to be due to inhibition of the Na+-inde - 
pendent  efflux. The inhibition of Na+- independent  ef- 
flux as funct ion of  spermine concentrat ion is shown in 
the top panel of Fig. 2. 

Fig. 3 shows the dependence of Ca 2+ uptake and 
retention on external Free Ca 2+ which we observed in 
the presence and absence of  spermine. Panel A shows 
the effect of spermine on the initial rate of  uptake as a 
function of  the free concentrat ion of  added Ca 2+ (ex- 
perimental  protocol  was as in Fig. 1A, except for the 
amount  of added Ca 2+ (10-250 n m o l e s / m g  protein)). 
Spermine decreased the apparent  K m from 3 t~M to 1.5 
/~M. The apparent  maximal  rate was also increased 
from 68 to 108 n m o l / m g  p ro te in /min .  Panel B shows 
the effect of spermine on the amount  of Ca 2+ which 
was taken up by mi tochondr ia  after the addit ion of 
Ca 2 + as funct ion of  the initial external free Ca 2 +. In the 
presence of  ADP,  large amounts  of  Ca 2* were accu- 
mulated with and without  spermine. However,  spermine 
greatly enhanced the ability of  the mi tochondr ia  to 
accumulate  Ca 2+. Fig. 4A shows the relationships be- 
tween the steady-state level and the total accumulated 
Ca 2÷ (i.e., the sum of Ca 2+ which was taken after 
succinate addit ion and after Ca 2÷ addition). In the 
absence of spermine, but in the presence of  ADP,  the 
steady-state level was increased gradually from 0.4/~M 
at low load of  Ca 2+ (75 n m o l / m g  protein) to 2.9/~M at 
high load (250 n m o l / m g  protein). There appear  to be a 
narrow range, a round 0.9 /~M in which the mito- 
chondr ia  has a limited buffering power (set point). 
Spermine reduced the set point  dramatically, allowing 
the mi tochondr ia  to accumulate  very large amounts  of 
Ca 2+ without  raising the steady-state levels above 0.4 
/~M. For  comparison,  the figure also outlines the results 
of  similar experiments, but in the absence of A D P  (see 
the following paper  for the results). In this case, the 
steady-state levels increased asymptotically,  effectively 
preventing the mi tochondr ia  from accumulat ing Ca 2 +, 
regardless of  external Ca ~+ concentrat ion.  

The enhancement  by spermine of Ca 2 + accumulat ion 
paralleled its inhibition of Na+- independent  Ca 2+ ef- 
flux, as shown in Fig. 4B. Without  spermine the Na  +- 
independent  efflux increased quickly with increasing 
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Ca 2+ concentration. Medium was the same as in Fig. 1A, except for 
the addition of 100 mM KC1 and 0.3 mM MgADP. Spermine, when 
added, was 1 mM. The protocol is the same as in Fig. 1A, except for 
the addition of various amounts of CaCI 2 (10-250 nmol/mg protein). 
The external free Ca 2+ concentrations shown are those obtained after 
the addition of CaCI 2, as estimated from the calibration of Arsenazo 
III, and the rates are the initial uptake rates after Ca 2+ addition. (A) 
shows the rate of Ca 2+ uptake with (©) and without (O) spermine, (B) 
shows the amount of Ca 2+ taken up by the mitochondria in the same 
experiments shown in (A). Net uptake with (,a) and without (A) 

spermine is shown. 

Ca 2+ load, while in the presence of spermine Na+- inde  - 
penden t  efflux was very slow ( < 1 n m o l / m g  protein  per 
min)  up to very high load. Fig. 4B also shows that 

Na+-dependen t  efflux was only slightly affected by 
spermine and  was largely independen t  of the Ca z+ load. 
Thus, this exper iment  demonstra tes  that in the presence 
of spermine and ADP,  b ra in  mi tochondr ia  will buffer  
external Ca 2+ at about  0 .4 / tM.  

To evaluate the relat ionship between Ca 2+ load and  
the steady-state level at a lower Ca 2+ load, we con- 

ducted the following experiments.  Us ing  the Ca :+ elec- 
trode reading as a guide, we ti trated the external  Ca 2+ 
to low levels with the Ca 2+ buffer  ni tr i lotr iacetate prior 
to the addi t ion of succinate. Add i t ion  of succinate at 
low external Ca 2+ induced a l imited extent of uptake  
with low Ca z+ loading, and  thus further reduced the 
steady-state level. The results of these experiments  are 
shown in Fig. 5A. It is observed that below 90 n m o l / m g  
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protein,  the steady-state level decreased with decreased 
Ca 2+ load and  reached a value well below 100 nM. 

Anothe r  way to test the dependence  of the Ca 2+ 

steady-state level on  the matrix Ca 2 ÷ load is to increase 

the mi tochondr ia l  concent ra t ion  in the suspension. The 
results of these experiments  are shown in Fig. 5B. For  
the same a m o u n t  of Ca 2+ in the medium,  higher mito- 

chondria l  concent ra t ions  resulted in lower load and 

decreased steady-state level. Thus, both  experiments  
demons t ra te  that in the presence of A D P  and  poly- 

amines,  and  provided that the mi tochondr ia  are not  
overloaded with Ca 2+. b ra in  mi tochondr ia  are capable 

of sequestering Ca 2+ at the physiological range down to 
levels of cellular Ca 2+ at rest. 

The dependence  of the spermine effect on the pres- 

ence of A D P  (Fig. 2) was not  observed in liver mito-  
chondria .  This is shown in Fig. 6. Nei ther  the lowering 

of the steady-state level nor  the s t imulat ion of the rate 
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function of the total Ca 2+ content of the mitochondria. 
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b, 0.5 mg pro te in /ml ;  trace c, 1.0 mg pro te in /ml .  

of uptake is significantly affected by the presence of 
ADP. 

Although spermine and other polyamines affect many 
cellular processes, the molecular mechanisms of these 
effects are completely unknown. We have observed that 
spermine can compete with Ca 2÷ and Mg 2÷ effectively 
and can release Ca 2÷ and Mg 2+ from certain complexes 
(Rottenberg, unpublished data). Since binding of Ca 2+ 
to the mitochondrial membrane surface can impede the 
rate of Ca 2+ uptake, particularly at low external Ca 2+ 
(see Discussion), spermine may act by weakening Ca 2+ 
binding to anionic phospholipids on the membrane 
surface. 

We have observed that under some conditions sper- 
mine can release small amounts of bound Ca 2+ and 
protons from mitochondria (not shown). However, in 
mitochondria, a clear distinction between transport and 
binding, and between lipid surface binding and protein 
binding is difficult. We have, therefore, investigated the 
effect of spermine on Ca z + binding to anionic phospho- 
lipids in liposomes prepared from a mixture of 80% 
neutral lipids (phosphatidylcholine) and 20% anionic 
phospholipids (phosphatidic acid). This mixture 
(PC/PA)  corresponds roughly to the charged/neutra l  
ratio in mitochondrial lipids. When small amounts of 
Ca 2÷ are added to suspension of these liposomes, the 
Ca 2÷ bind to the liposome surface. Addition of sper- 
mine released this bound Ca 2÷, a process that was 
completed at 0.3 mM spermine. Adding spermine to the 
medium without the liposome was without effect, indi- 
cating that the release was from the liposomes surfaces 
and not from Ca2+-complexes in the medium. Similar 
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experiments with neutral liposomes (PC) showed no 
effect on Ca 2÷ binding, while in asolectin liposomes, 
which contain negative lipids, similarly strong effects on 
Ca 2÷ binding, were observed. Fig. 7 shows an experi- 
ment in which the release of Ca 2+ from P C / P A  lipo- 
somes containing 25 nmoles Ca2+/mg lipid was fol- 
lowed with Ca 2÷ electrodes. In the absence of spermine, 
the liposomes bind more Ca 2÷, lowering the medium 
free Ca 2+ concentration. In contrast, when spermine 
was included in the medium, the liposomes released 
Ca 2÷. The amount of released Ca 2÷ depends on the 
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Fig. 6. The absence of significant A D P  effect on the spermine effect 
on liver mitochondria. Medium and protocol was the same as in Fig. 
1B, except for the addition of 100 m M  KCI and the omission of 
Arsenazo IlL Mg A D P  when present was 0.3 mM. Ca 2+ uptake rates 
and set point were measured by calcium electrode. Initial free Ca 2+ 
concentration, after addition of Ca 2+ was 3 ktM. The initial uptake 
rate with (O) and without (©) ADP, and the steady-state level with (t~) 

and without (11) ADP are shown. 
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Fig. 7. The effects of negatively charged liposomes on free Ca 2+ in 
the presence and absence of spermine. Liposomes were prepared from 
mixture of 80 mg phosphatidylcholine and 20 mg phosphatidic acid in 
Tris-HCl medium (pH 7.5, final concentration 116 mM). Before the 
experiment, the liposome suspension was sonicated until it cleared to 
increase the surface area and 25 nmol  C a 2 + / m g  lipids were added. 
Medium was a buffer solution (20 m M  Tris-HC1 (pH 7.5)) with free 
calcium concentration of 1.5 /zM. Stock suspension of liposomes was 
added to 4 ml of medium and Ca 2+ concentration was followed by 
Ca 2+ electrode. Spermine concentration in the buffer was: 0 (©); 50 

t~M (O); 150 ~tM (A); 250 # M  (11). 

total calcium, on the liposome concentration and on the 
spermine concentrations as shown in Fig. 7. For in- 
stance, with 250 #M spermine, at 5 t~M free Ca 2+ 
concentration, 22 nmol of CaZ+/mg lipid were released. 
Thus, these experiments dearly demonstrate that sper- 
mine effectively compete with the binding of Ca 2+ to 
anionic phospholipids. This action could explain its 
effect on the rate of Ca 2 + uptake and efflux (see Discus- 
sion). 

Discussion 

Spermine effect on Ca 2 + transport in brain mitochondria 
Our findings that spermine increases the rate of 

Ca 2÷ uptake at low external Ca 2+ and reduces the Ca z+ 
steady-state level in rat brain and liver mitochondria 
suspensions are in general agreement with previous 
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observations [11-14]. However, there are several novel 
findings in our study. 

(i) Brain mitochondria, in the presence of ADP and 
spermine, lower the set-point and buffers the external 
Ca 2÷ at 0.4/~M. Moreover, in the presence of spermine, 
mitochondria show a significant capacity to accumulate 
Ca 2+ at extremely low Ca 2÷ levels. 

(ii) The spermine effect in brain mitochondria com- 
pletely depends on the presence of ADP, whereas, there 
is no such dependence in rat liver mitochondria. As we 
show in the following paper, there is also a very strong 
effect of adenine nucleotides on the rate of Ca 2÷ uptake 
in the absence of spermine, which is not observed in 
liver mitochondria. Our examination of the ADP effect 
strongly suggests that the ADP effect is exerted on the 
matrix surface of the inner membrane, possibly by 
stimulating Ca 2÷ dissociation from the electrogenic car- 
rier (Ref. 16 and the following paper). If the rate of the 
electrogenic transport is limited by internal dissociation 
in the absence of ADP, then the lack of enhancement of 
uptake by spermine suggests that spermine affects an 
earlier step, most likely the access of Ca 2 ÷ to the carrier 
on the cytosolic surface. This conclusion is compatible 
with the fact that spermine appears to decrease the 
apparent K m for external Ca 2+ and that the effect of 
added spermine is immediate (not shown). Although it 
was recently demonstrated that spermine is taken up by 
mitochondria [23,24], this uptake is slow compared to 
the effect on Ca 2+ uptake. 

(iii) In our study, spermine inhibited the Na+-in- 
dependent efflux, while in previous studies it appeared 
to stimulates the efflux [11,13]. This difference corre- 
lates with the phosphate concentration in the medium. 
In the experiment shown here, the medium contain 5 
mM Pi, whereas Nichitta and Williamson [11] included 
only 0.5 mM Pi and Jensen et al. [13] included 1.0 mM 
Pi. It has been shown previously that polyamines en- 
hance phosphate accumulation by mitochondria, while 
preventing swelling [25]. Phosphate, in the presence of 
ADP, inhibits the efflux (see the following paper). 

(iv) In our experiments, spermine stimulated Ca 2÷ 
uptake at all tested external calcium concentrations (up 
to 16/~M) where as in some previous studies, spermine 
inhibited the uptake above 4.5 #M Ca 2+ [11,13]. This 
difference is probably related to the difference in the 
effect on the efflux as discussed above. Indeed, Lenzen 
et al., who also used high Pi observed no inhibition of 
Ca 2+ uptake by spermine at any external Ca 2÷ [12]. 
Since the measured net uptake represents the difference 
between uptake and efflux, increased efflux at high 
Ca 2+ (where the effect on uptake is already saturated) 
would result in inhibition of net uptake. 

Mechanism of the spermine effect o n  C a  2 ÷ transport 
The range of specific effects of polyamines on bio- 

logical processes is bewildering [26]. Despite the grow- 
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ing number of reported specific effects on increasingly 
diverse systems, hardly anything is known about their 
mechanism of action. In the course of our studies we 
observed that spermine competes effectively with Ca 2+ 
and Mg 2+ in various specific complexes (Rottenberg, 
unpublished data). Because the main effect of spermine 
on mitochondrial Ca 2÷ transport is to decrease the 
apparent K m for external Ca 2+ of the electrogenic 
carrier, it appears that spermine enhances the interac- 
tion between Ca 2÷ and the electrogenic carrier. This 
effect could not be due to simple electrostatic interac- 
tion with the membrane since the positively charged 
spermine should reduce the negative surface charge 
density (and hence the surface potential) and thus in- 
crease the apparent  K m for Ca 2+ rather than decrease it 
[27]. Therefore, the effect must be more specific. The 
effect could not be due to competitive binding of sper- 
mine to the Ca 2+ carrier, since this should inhibit the 
transport rather than stimulate it. 

It is well known that the rate of binding of ligands 
(or ions) with membrane receptors at very low con- 
centration depends on their surface diffusion rate [28]. 
If  the receptor (carrier) concentration on the membrane  
surface is low, the probability of direct binding from the 
medium is negligible compared to the probabili ty of 
surface diffusion of the ligand to the receptor. The rate 
of surface diffusion, would be inhibited if binding groups 
with high affinity for the ion exist on the membrane 
surface, because the rate of dissociation from these 
groups would limit the surface diffusion rate [29]. Since 
Ca 2÷ binds strongly to anionic phospholipids, the pres- 
ence of these groups should impede surface diffusion of 
Ca 2+ at low Ca 2+ concentrations. Our demonstrat ion 
that polyamine compete with Ca 2+ binding to anionic 
phospholipids, and previous observations of spermine 
binding to anionic phospholipids [33] and mitochondria 
[24] provides the basis for an hypothesis that explains 
the polyamines effect as follows: at low external Ca :+, 
the rate of Ca 2÷ uptake is limited by the rate of the 
formation of the Ca2+-carrier complex. This rate, in 
turn, is limited by the rate of surface diffusion of Ca 2+ 
which is slowed down by Ca 2+ binding to anionic 
phospholipid. Polyamines interact with anionic phos- 
pholipids, competing with Ca 2÷ and thus enhance Ca 2+ 
surface diffusion, which stimulates the rate of Ca 2÷ 
uptake. 

In our model we assume that the rate of electrogenic 
transport is diffusion-limited. To evaluate whether ex- 
ternal surface diffusion could be a rate limiting step in 
the Ca 2÷ transport process, we follow the approach of 
Berg and Purcell [28]. We express the rate of electro- 
genic Ca 2+ transport by a carrier of low surface density, 
and under conditions where the rate is limited by diffu- 
sion as follows: 

J = J m a x N s / ( N s  + ~ra) (1) 

Where J,na,, is the rate that would be obtained if the 
mitochondrion were freely permeable to Ca:~, N is the 
number  of carriers per mitochondrion, s is the radius of 
the Ca 2+ binding site and a is the radius of the mito- 
chondrion. Jmax is given by: 

Jmax = 4 ~raDC:~ (2) 

Where D is the Ca 2+ diffusion coefficient and C a is the 
concentration (number of i ons / cm 2) at the bulk phase 
[28]. For a mitochondrion with a radius of 1/~m, at bulk 
Ca 2+ concentration of 1 /~M and taking D ( .  a = 2 "  1 0  - 5  

cm2/s  we get from Eqn. 2: Jma× = 15 • 106 ions/s .  Based 
on the determination of the electrogenic carrier of 1 
p m o l / m g  protein [30], and that each mitochondrion 
contains about 0.5 • 10 -1° mg protein [31], we arrive at 
an estimate of 30 electrogenic carriers for each mito- 
chondrion. Assuming that the radius of the Ca 2+ bind- 
ing site is twice that of the Ca:  + ion, i.e., 2 A, we obtain 
from Eqn. 1 a transport  rate of 2 .86.10 4 ions / s  per 
mitochondrion,  which translates into approx. 58 
n m o l / m g  protein per min. This calculated rate is of the 
same magnitude we observed under optimal conditions 
in the presence of spermine at 1 /~M Ca :+ . Since 
binding of Ca 2+ to the anionic phospholipids at the 
surface would effectively reduce the apparent diffusion 
coefficient at the vicinity of the surface [29], leading to 
lower transport  rates, the assumption of diffusion- 
limited transport  is quite reasonable. Note that this 
treatment does not consider at all the kinetics of the 
carrier itself as it is assumed not to be rate limiting. 
Rather, it is the trapping of the Ca 2+ by the carrier 
which is assumed to determine the rate of transport. If  
the rates estimated by such calculations were orders of 
magnitude higher than the measured rates, we could 
conclude that access to the carrier could not be rate- 
limited. Close agreement of the measured and estimated 
maximal rates suggest that it is reasonable to assume 
that the diffusion of C a  2 + to the carrier is rate limiting 
for the transport, at low external Ca 2+ concentrations. 

The hypothesis that spermine increases the apparent 
K m  for Ca 2+ uptake by increasing the rate of surface 
diffusion could not explain the inhibition of efflux. If 
the rate of efflux is also limited by the diffusion of 
Ca 2+ on the membrane  surface, spermine should en- 
hance the efflux. Indeed, it has been reported that in 
liver mitochondria spermine enhances the efflux, when 
Ca 2+ transport is assayed at low phosphate concentra- 
tions [11]. Thus, as discussed above, the spermine effect 
on the efflux could be related to its effect on phosphate 
uptake [25]. However, under conditions where the efflux 
is limited by the rate of dissociation of Ca 2+ from the 
carrier at the cytosolic surface, exactly the same mecha- 
nism, i.e., spermine inhibition of Ca 2+ binding to nega- 
tively charged phospholipids, would lead to inhibition 
of C a  2+ efflux since binding of Ca :+ to adjacent nega- 



tively charged phospholipids should enhance the efflux. 
Nevertheless, a full explanation of the spermine effect 
on efflux awaits a better understanding of the mecha- 
nism of Na+-independent Ca 2÷ efflux. We cannot ex- 
plain in full the effect of spermine on the apparent Vma x. 
The inhibition of the Na+-independent efflux can ex- 
plain only a small part of the apparent increase in Vma x. 
Since the Vma x appears to be determined, in part, by the 
energetics of the system [2], it is difficult, at present, to 
interpret this effect. To evaluate the effects of spermine 
on influx it is necessary to measure initial rates of Ca 2÷ 
uptake into Ca2+-free mitochondria which has proven 
quite difficult. In preliminary experiments, using fura-2 
loaded mitochondria, the increase in internal Ca 2÷ on 
addition of substrate was faster than the response time 
of our apparatus [38]. Therefore, measuring the rate of 
transport externally into fura-2 loaded mitochondria by 
conventional techniques could not provide true initial 
kinetics. Fast kinetics methods may help to resolve this 
issue. 

Specific effects of polyamines, which may be related 
to interactions with anionic phospholipids, have been 
observed previously. For instance, polyamines de- 
creased lateral mobility of membrane proteins [32] and 
inhibited peroxidation of anionic phospholipids [33]. 
Polyamine effects on membrane enzymes which are 
phospholipid dependent, such as protein kinases [34], 
phospholipase C [35], and inositol phospholipid synthe- 
sis [36] may also depend on specific interaction with 
anionic phospholipids in competition with Ca 2÷ a n d / o r  
Mg 2÷. 

It is interesting to note that the spermine effect on 
the Ca 2÷ transport in liver and heart mitochondria is 
modulated by Mg 2+ [12,14]. Since in these systems 
Mg 2+ inhibits the transport system in the absence of 
spermine, it appears that spermine competes with Mg 2+ 
for a Mg 2÷ binding site. Since spermine enhances Ca 2÷ 
transport, this site could not be the transport site but a 
regulatory site, which could be a specific anionic phos- 
pholipid. In brain mitochondria, Mg + does not inhibit 
Ca z+ transport at the physiological range (see following 
paper) and hence, Mg 2÷ at low concentration does not 
modulate the spermine effect [12]. 

The spermine effect on mitochondria and regulation of  
cellular Ca e + 

As discussed in the Introduction, it is now believed 
by most investigators in the field that mitochondria do 
not play a significant role in cellular Ca 2÷ regulation. 
For example, in experiments with saponin treated syn- 
aptosomes, Rosgado-Flores and Blaustein [37] have 
shown that the mitochondria do not take up Ca 2÷ at 
submicromolar concentration of Ca 2 +. However, in their 
experiments the permeabilized synaptosomes were in- 
cubated for a long period of time without polyamines 
and adenine nucleotides. The uptake was initiated by 
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addition of 45Ca and ATP and terminated after 1 s, a 
period which is not sufficient to generate sufficient 
concentration of ADP (see following manuscript). Thus, 
effectively, this amounts to a study of Ca 2÷ uptake by 
mitochondria in the absence of polyamines and ADP, 
which, as we showed here, are required for Ca 2÷ trans- 
port by brain mitochondria. 

It is well documented that neurotransmitter-induced 
elevation of cytosolic Ca 2÷ depends on calcium release 
from 'calcium stores' which are associated with the 
endoplasmic reticulum and on opening of Ca 2÷ chan- 
nels in the plasma membrane, which are also activated 
directly by depolarization [1,9,10]. There is no evidence 
that mitochondria play any role in this process. How- 
ever, the calcium release is followed quickly by Ca 2÷ 
sequestration. The system participating in this process 
have not been fully accounted for [39]. It is, therefore, 
quite plausible, based on our results and previous re- 
suits, to assume that mitochondria contribute to Ca 2÷ 
sequestration from the cytoplasm. Once loaded, mito- 
chondria would release Ca 2÷ when cytosolic levels of 
Ca 2+ are lowered below the set point. Therefore, mito- 
chondria could modulate Ca 2÷ oscillations by enhanc- 
ing Ca 2÷ sequestration during excitation and slowing 
the relaxation on approach to resting level below their 
set point. This model predicts oscillations of mito- 
chondria Ca 2÷ which are out of phase with the oscilla- 
tion of cytosolic Ca 2÷ [39]. 

Finally, there is increasing evidence that Ca 2+ trans- 
port by mitochondria may be regulated by temporal 
and spatial oscillations of spermine and other cyto- 
plasmatic factors. It has been shown that in synapto- 
somes, membrane depolarization activates ornithine de- 
carboxylase and increases the level of polyamines and 
this is followed by enhanced 45Ca cycling [40]. Poly- 
amines were also reported to inhibit phospholipase C 
[35] and enhance inositol phospholipids synthesis [36], 
thus modulating also the activity of the inositoMipids 
second messenger system. Combining the latter effects 
with the effects of polyamines on Ca 2+ sequestration by 
mitochondria suggests that polyamines attenuate the 
rise in cytosolic Ca 2 ÷ and enhance the rate of relaxation 
of Ca 2÷ to resting levels. In addition, there is a sharp 
dependence of the mitochondrial Na+-Ca  2÷ exchange 
system on Na ÷ concentration, which may oscillate lo- 
cally in excitation, and may also regulate calcium re- 
lease by the mitochondria. Excitation increases ATP 
hydrolysis and may also lead to spatial and temporal 
changes in Pi, ADP and ATP, which may greatly affect 
Ca 2÷ transport by mitochondria (see following paper). 
The fact that mitochondria are highly concentrated at 
the most actively excitable dendrites [41] suggest that, at 
these locations, at least, mitochondria play an im- 
portant role in modulating Ca 2÷ level. 

The strongest evidence that appears to be incompati- 
ble with the role of mitochondria in modulating cellular 
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Ca 2+ cycles, as discussed above, is the finding of very 
low Ca 2+ content in brain mitochondria in situ by 
electron probe microanalysis [8]. However, these studies 
were conducted on brains of anesthetized rats, which 
tend to lower both cytosolic and matrix free Ca 2+ and 
certainly do not reflect Ca 2+ content during excitation. 
Moreover, it is quite possible that the fast freezing 
techniques used in these measurements was insufficient 
to trap the Ca 2+ in the mitochondria. The extremely 
high turnover of the electrogenic carrier, together with 
its very low temperature coefficient [42] could result in 
a delay between the collapse of membrane potential and 
the total freezing of the system, which may be sufficient 
to allow all the matrix Ca 2+ to leak out. 

It has been argued that the results of studies on Ca 2 + 
regulation of the mitochondrial dehydrogenases are in- 
compatible with a role for mitochondria in the regu- 
lation of cellular Ca 2 + [43]. However, what these studies 
suggest is that in cells, at rest, the mitochondrial free 
Ca 2+ concentration, and presumably the total Ca 2+ 
content is very low and thus do not indicate a role for 
mitochondria in maintaining the level of cytosolic free 
Ca 2+, at rest. But, there is nothing in these studies to 
suggest that during excitation of nerve cells, mito- 
chondria do not take up substantial amounts of Ca 2+ 
and thus modulate, locally, and transiently the cytosolic 
free Ca 2+ concentration. In fact, it is the main conclu- 
sion of these studies that mitochondria take up Ca 2+ 
during excitation. The question is only, how fast and 
how much. Our study suggests that brain mitochondria, 
at least, are capable of taking up substantial amounts of 
Ca 2+ during this transition. The recent findings of large 
temporal and spatial oscillation of cytosolic Ca 2+ [39] 
strongly indicate that estimates of Ca 2+ levels in the 
cytosol and the mitochondria during excitation from 
measurement with cell suspension, or synaptosomes are 
underestimated, since the signal is integrated over space 
and time. 

In conclusion, considering the combined effects of 
spermine and ADP on calcium transport in brain mito- 
chondria, it is very likely that mitochondria participate 
in regulation of free Ca z+ oscillations in brain cells. 
Studies of the effects of mitochondrial inhibitors on 
Ca 2 + oscillations should provide a better understanding 
of the role of mitochondria in these processes. 
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