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The variations with age of the ruthenium red-insensitive calcium efflux rate have been studied in rat brain 
mitochondria. Both H +- and Na+-dependent effluxes are decreased with age when expressed as a function 
of calcium taken up in mitochondria incubated in the presence of 0.8 mM inorganic phosphate (Pl) and 0.2 
mM ADP. However, the age-dependent differences in calcium efflux rates disappear when mitochondria are 
incubated in the absence of ADP and Pi. It is suggested that the decrease in efflux rate observed with age 
corresponds to an increased calcium buffering power of the mitochondrial matrix due to an increase in 
mitochondrial Pi. The causes of the increased Pi accumulation in old-rat-brain mitochondria are yet 
unknown but possibly not due to differences in the Pm efflux. The results suggest that the age-dependent 
lowering of the free calcium concentration in the brain mitochondrial matrix together with the reduced 
activity of the calcium uniporter (Vit6rica, J. and Satrfstegui, J. (1986) Brain Research 378, 36-48)  could 
lead to an impaired activation of mitochondrial dehydrogenases after a rise in cytosolic calcium. 

Introduction 

The synthesis of acetylcholine in rodent and 
human brain is reduced during ageing and in 
patients with dementia [1-4]. The calcium-depen- 
dent release of this neurotransmitter is similarly 
affected [5]. The deficiencies in calcium-dependent 
release of acetylcholine are associated with a re- 
duction of calcium uptake in synaptosomes [6]. 
Recent evidence indicates that calcium uptake in 
mitochondria is markedly reduced during ageing 
and this defect is involved in the decrease in 
calcium accumulation in synaptosomes [7,8]. The 
impa i rmen t  of calcium uptake in mitochondria 
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could lead to an altered distribution of calcium 
within the nerve cell under depolarizing condi- 
tions, and, as a consequence, to a block of calcium 
influx. 

The present work is focused on a complemen- 
tary aspect of the interaction of calcium with 
mitochondria, namely, on the pathway for calcium 
efflux. The calcium efflux pathway provides a 
mean to regulate the mitochondrial free calcium 
concentration in a way independent of the uptake 
process. This is important,  since the levels of 
mitochondrial free calcium are critical factors for 
the regulation of a number of mitochondrial en- 
zymes involved in energy metabolism [9,10]. 

Brain glucose metabolism decreases in aged 
humans with pronounced cognitive impairments 
[11,12] and in old rodents [13,6]. However, in vitro 
studies have shown that the activity of a number 
of enzymes involved in energy metabolism is only 
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slightly affected by ageing, except for a decrease 
in NAD-isocitrate dehydrogenase (Refs. 14-16 and 
references therein). Hence, it is possible that the 
impairment in energy metabolism is secondary to 
changes in free mitochondrial calcium levels a n d /  
or calcium efflux. To explore this possibility we 
have carried out a study of the effects of age on 
the activity of the calcium efflux pathway in rat 
brain mitochondria. The calcium buffering power 
of the mitochondrial matrix has also been in- 
vestigated. 

Our results show that the rate of calcium egress 
via H ÷- or Na+-dependent ruthenium red insensi- 
tive calcium efflux pathways is reduced during 
ageing and that this reduction is brought about by 
changes in mitochondrial free calcium concentra- 
tion. After studying the variations in phosphate 
content and efflux with age it is concluded that 
differences in the phosphate concentration of 
mitochondria are responsible for the decrease in 
mitochondrial free calcium concentration. 

Materials and Methods 

Male Wistar rats fed 'ad libitum' on a standard 
laboratory diet were used throughout this study. A 
fraction of mixed synaptosomal and 'free' brain 
mitochondria was prepared according to the 
method of Nicholls [17] with the modifications 
described before [18,19]. 

Measurement of the efflux of Ca 2+ from brain 
mitochondria 

Ca 2 + efflux to the medium was measured using 
the metallochromic indicator Arsenazo III [20] 
and an Aminco DW2a dual-wavelength spectro- 
photometer, at the wavelength pair 675-685 nm. 
Mitochondria (2 mg protein) were added to 2.5 ml 
' incubation medium' (0.32 M mannitol, 10 mM 
Tr i s /HCl ,  20 mM KC1, 0.1% bovine serum al- 
bumin (fatty acid free), pH 7.4) containing 0.2 
mM Arsenazo III (purified according to Ref. 20) 
2.5 mM succinate (potassium salt) 2.4 /~M 
rotenone, and different additions as indicated in 
the figures. A calibrated addition of CaC12 was 
made to provide the desired loading. After Ca 2÷ 
additions, the uptake was nearly complete in about 
2 -3  min. The active influx was stopped by adding 
ruthenium red (1.2 #M) and the initial rate of 

absorbance change was recorded. The amount of 
in t rami tochondr ia l  Ca 2+ (Ca 2+ available for re- 
lease) was estimated from the total absorbance 
change produced by the addition of 10 mM NaC1 
and 0.2/~M A23187. The amount of mitochondrial 
Ca 2 + taken up was calculated from the absorbance 
change, before and after CaC12 addition. 

Measurement of mitochondrial P, content and Pi 
fluxes 

Mitochondria were incubated at 25°C in 'in- 
cubation medium' with 2 mg mitochondrial pro- 
te in /ml ,  2.5 mM succinate (K ÷ salt) and 2.4 ~M 
rotenone (for further additions, see figure legends). 
At the times indicated in the figures 0.5 ml sam- 
ples of the incubation were transferred into 
centrifuge tubes containing ice-cold N-ethyl- 
maleimide (100 n m o l / m g  protein) and centri- 
fuged for 1.5 min in an Eppendorf $414 table 
centrifuge. The pellet was rinsed with ice-cold 
' incubation medium' and extracted with 10% tri- 
chloroacetic acid. Pi content was determined by 
method of Lanzetta et al. [21]. Mitochondrial dis- 
ruption during the experiments of Pi efflux de- 
termined as described previously [18], was non 
detectable. 

Other methods 
The mitochondrial membrane potential was de- 

termined through the distribution of tetraphen- 
ylphosphonium (TPP ÷) with the use of a TPP ÷- 
selective electrode [18]. Proteins were determined 
by the biuret's method. The comparison of the 
slopes of the concentration dependent phases of 
calcium release (Figs. 1 and 2) was done by the 
F-test for difference between two regression coef- 
ficients [22]. The comparison between the means 
of different groups of data and between plateau 
values of Ca 2÷ efflux rates (Figs. 2 and 4 and 
Table I) were evaluated by the Student's t test. 

Results 

C a  2 +-efflux in brain mitochondria from adult and 
old rats 

It is known that in liver and brain mitochondria, 
the rate of ruthenium red insensitive Ca z+ efflux is 
increased by incubation with Pi in a medium free 
of adenine nucleotides and is associated with a 



release of Pi from mitochondria. However, the 
addition of ADP to the incubation medium results 
in an inhibition of phosphate release and a corre- 
sponding inhibition of Ca 2÷ efflux [18,23-25]. 
Since under these conditions the mitochondrial 
membrane potential is perfectly stable (not shown) 
the release of Ca 2÷ observed after ruthenium red 
addition truly estimates the independent efflux 
pathway. 

Fig. 1 shows that the rate of ruthenium red 
insensitive Ca 2+ efflux from brain mitochondria 
incubated in the absence of phosphate and adenine 
nucleotides and with limited calcium loads, is 
concentration dependent within the range of con- 
centrations used, and essentially unaltered with 
ageing. As observed (Fig. 1B), ADP addition to 
the incubation medium results in a decrease of the 
calcium efflux rate that is more pronounced in old 
than in adult brain mitochondria. 

Fig. 2 shows the rate of ruthenium red insensi- 
tive Ca 2+ efflux from brain mitochondria in- 
cubated with Pi and ADP. Under these conditions 
mitochondria can take up, and retain high calcium 
loads [26], and therefore, the range of Ca 2+ loads 
at which efflux can be studied is much larger. 

When incubated with 0.8 mM Pi and 0.2 mM 
ADP, the rate of Ca 2+ efflux from Ca2+-loaded 
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mitochondria is concentration dependent below 
20-25 nmol Ca2+/mg protein, and becomes con- 
stant at Ca 2+ loads higher than these values (Fig. 
2A). The behaviour of old-rat-brain mitochondria 
incubated under these conditions is clearly differ- 
ent from that of adult animals. Whereas the con- 
centration dependent and independent phases can 
still be clearly observed, the absolute rates of 
Ca 2÷ efflux are smaller over the whole range of 
Ca 2 ÷ concentrations used. 

Fig. 2B shows that the Na+-activated Ca 2÷ 
efflux in brain mitochondria incubated with ADP 
and 0.8 mM Pi shows a similar dependency to- 
wards the Ca 2÷ load and is equally affected by 
ageing. 

The calcium-buffering power of the mitochondrial 
matrix 

The decreased rate of Ca2+-efflux in old-rat- 
brain mitochondria could reflect a decrease in free 
matrix Ca 2 ÷ concentration or changes in the car- 
rier activity. 

An indirect way to learn about variations in the 
free mitochondrial calcium concentration is to 
compare calcium efflux rates at various calcium 
loads. By using a calcium ionophore (A23187) to 
promote the efflux of calcium from mitochondria, 
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Fig. 1. Effect of ADP and age on the ruthenium red insensitive Ca 2+ efflux rate in rat-brain mitochondria. Adult  (©,  r,) and 
24-months-old rat brain mitochondria (0, A) (2 mg protein) were incubated with succinate (K salt), rotenone and increasing amounts  
of Ca 2+ in the presence (B) or absence (A) of 50 #M  ADP. The results are individual data obtained in seven different experiments. 
The lines were adjusted by the least-squares method. 



212 

I C 

E 
x 

E 
x 
o 
E 
c: 

v 

4. 
o 

A 

o 
0 

0 o 

-- 0 0 ~ /  0 
r 

/0 

. ' 

I I I I I 

10 20 30 40 50 

1 - 

0 o 

I I I _, I I I I I 

60 70 80 10 20 30 40 50 

B o o 

o/ 
. oZ ,. • . 

Ca 2+ taken up (nmol x mg of protein -1 )  

Fig. 2. H +- and Na+-dependent  Ca 2+ efflux rates in brain mitochondria incubated with 0.2 m M  ADP and 0.8 m M  Pi- Adult  (open 
symbols) and 24-months-old rat brain mi"t'ochondria (closed symbols) were incubated with succinate (K salt), 0.4 nmol o l igomycin /mg 
protein, rotenone and increasing amounts  of Ca 2+, in the presence (B) or absence (A) of 10 m M  NaCI. The Ca2+-efflux rates are 
plotted against the calcium load taken up by mitochondria prior to ruthenium red addition. The slopes of the rate of Ca 2 + efflux vs. 
Ca 2+ load showed significant differences, when compared by the " F "  test (see Materials and Methods) between adult or old rats 
( f  < 0.01). The differences between the plateau values of old and adults were significant ( p  < 0.0005). 

the calcium efflux rate observed becomes free 
from interferences due to carrier-mediated effects, 
and depends exclusively on the concentration of 
free calcium in mitochondria [27,18]. 

Following this approach we have shown previ- 
ously that the variations of free calcium con- 
centration in mitochondria incubated in the pres- 
ence of Pi and ADP are, as those of the 
ruthenium-red insensitive calcium efflux, biphasic. 
There is a calcium-dependent increase at low 
calcium loads below 25-30 nmol mitochondrial 
Ca2+/mg protein, and a plateau phase at higher 
values. In old animals, the plateau phase was 
lower and the slope of the calcium-dependent 
phase was also smaller, indicating that the buffer- 
ing power of the mitochondrial matrix is higher in 
old animals [8]. However, endogenous calcium 
could be different in both mitochondrial prepara- 
tions, and this could lead to an underestimation of 
the mitochondrial calcium content, specially at 
low calcium loads. Therefore we have investigated 
the dependence of the calcium efflux rate on the 
calcium available for release (see Methods). 

Fig. 3 shows that the concentration-dependent 
rate of calcium efflux promoted by the addition of 
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Fig. 3. Differences between the Ca 2+ buffering power of t h e  

mitochondrial  matrix in old and adult  rats. Adult  (O)  and 
24-months-old rat brain mitochondria (0) were incubated with 
succinate (K salt), 0.4 nmol  o l igomyein /mg protein, rotenone 
and increasing amounts  of Ca 2+. The buffering power was 
determined from the rate of Ca 2+ efflux initiated by t h e  

simultaneous addition of rutenium red, 10 m M  NaC1 and 0.2 
~ M  A23187 and plotted against the amount  of intramitochon- 
drial calcium (see Materials and Methods). The data are t h e  

results of three different experiments. 



A23187 has a much steeper slope in adults than in 
old animals, a result that gives further support to 
the finding that the calcium buffering power of 
the mitochondrial matrix increases with age. 

Effect of age on mitochondrial phosphate concentra- 
tions 

In mitochondria incubated in the presence of P~ 
and ADP, the main component of the calcium 
buffering system is Pi. Thus, any increase in Pi 
results in a reduction of the mitochondrial free 
calcium concentration that leads to a lowering of 
the efflux rate [25,18]. Therefore, a possible cause 
for the difference in calcium buffering power of 
the mitochondrial matrix observed in old rats 
could involve endogenous Pi. 

Table I shows that the concentration of endoge- 
nous Pi was significantly higher in old than adult 
mitochondria. Moreover, in phosphate-incubated 
mitochondria, the internal Pi concentrations were 
also higher in old animals. 

Calcium is known to enhance phosphate uptake 
and ADP is required in order to prevent Pi and Ca 
efflux from mitochondria [18]. Accordingly, in the 
presence of calcium phosphate levels increase, even 
in the absence of added Pi, but the increase is 
more prominent in mitochondria from adults than 

T A B L E  I 

E F F E C T  O F  A G E  O N  T H E  P H O S P H A T E  C O N T E N T  O F  

M I T O C H O N D R I A  

Bra in  mi tochond r i a  (1 m p r o t e i n / m l )  f rom 3- or  24-month-o ld  
ra ts  were i ncuba t ed  as descr ibed  in  Me thods  du r ing  3 min  and  

the add i t ions  indica ted .  The  results  are  means  5= S.E.M. of  three 

exper iments .  

A d d i t i o n s  3 mon ths  24 mon ths  

N o n e  4 . 3 9 + 0 . 2  5 .33+0 .16  " 
25 nmol  C a 2 + /  

mg  pro te in  11 .40+0 .42  12.56-t-0.35 b 
25 nmol  Ca  2 + / m g  

prote in ,  0.2 m M  A D P  11 .45+0 .08  13 .40+0 .36  " 
0.8 m M  Pi 19.55 + 3.41 25.71 + 2.24 b 

0.8 m M  Pi, 25 nmol  
Ca  2 + / m g  pro te in  29.67 + 0.93 33.35 + 1.46 b 

0.8 m M  Pi, 25 nmol  
C a  2 + /nag  prote in ,  

0.2 m M  A D P  30.95 + 1.23 39.52 + 1.00 a 

a p < 0.0125. 
a p < 0.05. 
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Fig. 4. Effect of age on Pi efflux from mitochondria. Brain 
mitochondria (1 mg pro te in /ml)  from 3- (O)  or 24-months-old 
rats (e)  were incubated as described in Materials and Methods, 
in the presence of 0.8 m M  Pi and in the presence (B) or 
absence (A) of 25 nmol  Ca2+/mg protein. Pi content of  
mitochondria was determined at the time intervals indicated 
(note the different t ime scales). The results are the mean  + 
S.E.M. of three experiments. * P < 0.05, ** p < 0.125. 

in that from old animals (51% or 30% increase 
over values minus added Ca 2÷ in 3- and 24- 
month-old rats, respectively) (Table I). It is likely 
that the poor stimulating effect of calcium on Pi 
accumulation is due to the lower calcium uptake 
in mitochondria from old animals [8]. ADP ad- 
dition does not modify any further the phosphate 
content of mitochondria from adults, but results 
in a new increase in Pi in mitochondria from old 
animals (Table I). 

The increase in phosphate concentration found 
in mitochondria found old animals is probably not 
due to differences in Pi efflux, since the Pi efflux 
rates observed both in the absence or presence of 
calcium are not modified by age (fig. 4). 

Discussion 

We have shown that the Ca2÷-efflux rate de- 
creases with age in rat brain mitochondria. The 
decrease in the rate of Ca 2 + efflux could be due to 
variations in internal Ca 2+ concentration or to 
antiporter derived effects. The experiments re- 
ported in this paper allow to distinguish between 
these possibilities. 

Fig. 3 shows that the Ca2+-buffering power of 
the mitochondrial matrix from old rats is higher 
than that of adults, indicating that the matrix-free 
Ca 2+ concentrations at equivalent Ca 2+ loads are 
higher in adult than in old animals. Since the 
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difference in matrix-free calcium concentrations is 
equivalent to the difference in H ÷- and Na÷-de - 
pendent calcium efflux rates, our results suggest 
that carrier mediated effects are probably not 
involved. Hansford and Castro [28] have reported 
a similar decline in the calcium efflux activity of 
rat-heart mitochondria with age. It would be inter- 
esting to know whether changes in matrix calcium 
buffering power could be involved in this effect. 

From the difference in phosphate content of 
mitochondria obtained from adult and old animals, 
it may be concluded that the increased calcium- 
buffering power of the mitochondrial matrix is 
associated with an increase in Pi content in 
mitochondria from old animals. This conclusion is 
supported by the following results. (a) The dif- 
ferences in calcium efflux rates become non-sig- 
nificant in the absence of added Pi (Fig. 1A), a 
condition in which the internal Pi concentrations 
are also similar in old- and adult-brain mitochon- 
dria (Table I, 2nd line). (b) The addition of ADP 
to mitochondria incubated in the  absence of P~ 
leads to the appearance of age-dependent decrease 
in calcium efflux (Fig. 1B). This agrees with the 
increase in Pi content of old mitochondria ob- 
served under those conditions (Table I, 3rd line). 

The cause of the higher phosphate content in 
brain mitochondria from old animals is unknown. 
Since we have found no differences in the Pi efflux 
rates with age (Fig. 4), the origin of Pi changes lies 
probably in the process of P~ accumulation. It is 
unlikely that the differences in Pi content are due 
exclusively to differences in the endogenous P~ of 
isolated mitochondria. Probably, the higher Pi 
content of mitochondria from old animals arises 
from a larger uptake of Pi with age, since the 
differences in Pi content after Pi addition are 
larger than the differences in endogenous Pi (Ta- 
ble I). 

Pi uptake proceeds via - O H -  exchange [29-31] 
and the steady-state distribution of Pi parallels 
that of ApH in nonrespiring mitochondria [30-32]. 
Since we have found no significant differences in 
the ApH of brain mitochondria from old animals 
using succinate as substrate in the absence or 
presence of Pi [33], changes in the driving force for 
P~ accumulation with age can be excluded. 

In respiring mitochondria the Pi steady-state 
distribution deviates strongly from the predicted 

behaviour if Pi accumulation was only governed 
by ApH [34]. Greenbaum and Wilson [34] have 
suggested the existence of a mechanism to limit P~ 
accumulation in respiring mitochondria that would 
function to prevent a decrease in intramitochon- 
drial free ADP. The prevention of Pi efflux from 
mitochondria by ADP [18] might operate through 
such a mechanism. It is possible that differences 
in endogenous ADP or in ADP sensitivity of P~ 
accumulation (see Table I) might be involved in 
the increase of Pi accumulation in old-rat-brain 
mitochondria. 

The increase in the calcium buffering power of 
the mitochondrial matrix from 24-month-old rat 
brain might affect the metabolic response of this 
organelle to an increase in cytosolic calcium. Old- 
rat-brain mitochondria take up less calcium than 
those derived from adult animals [8]. In addition, 
the increase in free matrix calcium obtained after 
calcium uptake is markedly lower in the old 
animal. Thus, when exposed to similar changes in 
free cytosolic calcium, old-rat-brain mitochondria 
will respond with much smaller increases in ma- 
trix mitochondrial calcium than those derived from 
adults. Rat-brain oxoglutarate dehydrogenase is 
activated by calcium within the range of 10 -6 to 
10 -s M [35]. Oxoglutarate dehydrogenase, NAD- 
isocitrate dehydrogenase and pyruvate dehydro- 
genase from heart or liver mitochondria are 
activated by calcium within a similar concentra- 
tion range and these enzymes can be activated 
within mitochondria by variations in extramito- 
chondrial calcium concentrations (Refs. 9,36-41 
and references therein). It is likely that dehydro- 
genases from brain mitochondria are subject to a 
similar regulation mechanism [10]. In that case, 
the activation of the dehydrogenases obtained after 
exposure to an equivalent change in cytosolic 
calcium could be substantially lower with age. 

Hansford has pointed out [41] that the changes 
in pyruvate dehydrogenase activity brought about 
by cytosolic calcium concentrations in response to 
electrical stimulation [42,43] or training [44] could 
be important in neurotransmitter synthesis. Ac- 
cording to that author [41] a consequence of 
increased activity of pyruvate dehydrogenase 
would be an increased mitochondrial acetyl-CoA/ 
CoASH ratio that could be associated with 
increased rates of acetylcholine synthesis in re- 



sponse to electrical activity [41]. Acetylcholine 
synthesis from 14C-glucose decreases with age [1,5] 
and it has been suggested that this may result 
from differences in mitochondrial calcium con- 
centration [41]. However, while other dehydro- 
genases might be involved, recent evidence could 
exclude that differences in the activation state of 
pyruvate dehydrogenase are responsible for this 
defect [45,46]. 

We have shown that the activity of NAD-iso- 
citrate dehydrogenase decreases in rat-brain dur- 
ing ageing [15]. The failure to increase intrami- 
tochondrial calcium in old animals exposed to an 
increase in cytosolic calcium could contribute to 
the dramatic decrease of the flux through citrate- 
oxoglutarate found in old-rat brain [47]. 
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