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The Na+-Ca z+ exchanger activity in cerebrocortical nerve 
endings is reduced in old compared to young and mature rats 

whex~ it operates as a Ca 2+ influx or efflux pathway 
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The activity el the Na+-Ca :* exchanger, which regulates the entry attd the ~xtrusion of Ca 2+ ions from nerve endings was 
investigated in Pcrcoll-purified cercbrocortical synaptosomcs of aged rats. ~SCa:+ uptake in a Na+-free medium and "~SCa :+ 
efflux in a 145 mM Na + medium were significantly reduced in cerebroeortieat synaptosomes from aged rats (24 months) as 
compared to those occurring in young (4 months) and mature (14 months) Jats. +'SCa'+ influx induced by 55 mM K +, a 
concentration of K + ions which selectively promotes Ca :+ entry through v~ltage-seasitive Ca 2+ channels (VSCC), was 
significantly reduced ip mature and aged rats as compared to that occurring in young rats. The imp,~irmem of these mechanisms 
in aged rats is not accompanied by any variation of fura-2 monitored Ca -'+ levels under resting and depolarizing conditions. 

Introduction 

Voltage-sensitive calcium channels (VSCC), the 
bidirectional Na+-Ca 2+ exchanger and the Ca 2~- 
Mg2q-ATPase are the main plasma membrane mecha- 
nisms responsible for both sudden intraccl!ular Ca 2+ 
elevation and subsequent return to resting Ca 2+ con- 
c~ntrations [1]. 

it has been recently suggested that the impairment 
of Ca 2+ homeostasis in neuronal cells may be the 
triggering event which leads to the develo!~ment of 
brain aging [2,3]. Although a large number of studies 
have been performed in order to demonstrate an im- 
pairment of the plasma membrane mechanisms in- 
volved in the mantainance of Ca 2+ levels both in 
resting or in stimulated conditions [3-6], the relative 
role played by the Na+-Ca ~+ exchanger and VSCC in 
the alteration of Ca ~+ regulation during brain aging is 
not clearly established [5,6], 
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The aim of the present study was to evaluate the 
poss!ble impairment of Ca 2+ ion entry and extrusion in 
cerebrocortical nerve endings of aged rats. 

For this purpose appropriate extracellular ionic con- 
ditions and time intervals, which selectively activate 
VSCC or the Na+-Ca z+ exchanger when this an- 
tiporter operates as a Ca 2+ influx or efflux pathway, 
were chosen [7,81. 

The results of the presettt study showed tit.at in 
cerebrocortice! nerve endings of'aged rat~,, :here is a 
marked reduction of the activity of the Na%-Ca :+ 
exchattger in the forward and reverse mode of action. 
In addition the entrance of Ca 2+ ions through VSCC is 
also reduced in mature and aged rats. 

Methods 

S~naptosonta l  preparat ion  
Synaptosomal fractions from the brain of male 

Spragu¢ Dawley rats of ~ifferent age (4. 14 and 24 
months) were obtained according to the procedure of 
Dunk:ey et al. [9] using a discontinuous Percoll gradi- 
ent. 

Briefly, rats were kilk:d and orains removed an~. 
kept on ice. The cortex was dissected and homogenized 
ia 10 vo| of ice-cold sucrose medium, whose composl- 
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tion was (in raM): 320 sucrose, 1 EDTA, 0.25 DTT, 
adjusted to pH 7.4. 

45Ca 2 + hlflttr determhtations 
Resuspcnded synaptosomes were incubated in 145 

mM No ÷ for 30 rain at 37°C to allow the Na ÷ accumu- 
lation into the nerve terminals. After this period, Ca -'+ 
uptake was initiated by injecting 0.225 ml of different 
solutions (55 mM K" or 145 mM choline) containing 
4.9 /.tM 45Ca-"~ into a 25 /.tl synaptosome suspension 
(200 p.g of proteins) and terminated at different times 
(1, 3, 30 s) by injecting 11.450 ml of 20 mM EGTA 
ice-cold quench solution. After three rinses, each with 
2.5 ml of 1 mM EGTA wash solution, synaptosomes 
were immediately filtered through Whatman fiber glass 
GFC filters. Fitters were then placed into scintillation 
vials with 5 mt of scintillation cocktail (Dynagel, Baker) 
and the trapped radioaclivity was determined by liquid 
scintillatiou counting. 

*~Ca 2 * efflttr studies 
After a 60 min preincnbation period in a 145 mM 

Na +-containing solution, synaplosomes were loaded for 
15 s with l0 ttM ~sCa:: ~ in presence of 75 mM K ÷ in a 
medium containing (mM): 75 NaCI, 75 KCI, 1.2 MgCI 2, 
l0 Hepes and l0 glucose (pH 7.4 at 37°C) in a final 
incubation volume of 200 #l. 45Ca 2+ uptake was termi- 
nated an0 4SCa2+ efflux was initiated ~,imultancously 
by the addition to the tubes of 4.5 ml of a *~Ca :+ free 
prewarmed 1370C) medium containing either 145 mM 
choline or !45 mM NaCI. At 60 s~ synapto~omes were 
filtered and filters were washed and counted as previ- 
ously described. ~SCa2+ efflu,x was calculated as tile 
difference between ~"~Ca:" content r e t a i n e ~ !  n 
synaptosomes (time t)) and that after 6t) s cfflu:~ time. 

Detennhu:tion o f  intmsvnaptosomul Ca 2 + lerels 
Resuspendcd synaptosomes (3 mg protein/roll were 

equilibrated for 10 min at 37°C in a Ca-'÷-frec medium. 
After lhis pelted, synaptosomcs were exposed to 5 p,M 
fura-2/AM for 311 rain in presence of 0.5% bovine 
serum albumin. After the loading, synaptosomes were 
diluted 10-fold and spun at l l lXl0xg for 10 rain to 
remove the extracellular dye. The synaptosomal pellet 
was resuspended at a protein concentration of 6 mg/',nl 
in a CaZ÷-frce medium and !:opt on ire. Before each 
exlaeriment. 100 p,l of loaded synaptu,',umc.~ ":,ere cen- 
trifil~,ed (t)5(X)× g for 3 min) and the resulting pellet 
wu~ r,,'susoended in 2 ml of Ca ~÷ free medium at 37°C 
and added to a thermostated euvelte in a Perkin-Elmcr 
LS-S spectrofluorimetcr equipped with a magnetic stir- 
re,'. 1 mM Ca'+ was added to synaptosomes 31) s after 
the beginning of the experiment. Fluorescence inten- 
sity of fur.a-2 was recorded at an excitation and emis- 
sion wavelength el 341) and 490 am, respectively. 

Calibration of the fluorescent signal was performed 
according to the method of Grynkicwicz et aL [10]. 

Proteiti' deternlbmtion 
Synaptosomal protein concentration was determined 

by the method described by Bradford [l 1]. 

Statistics 
All experiments were done at least three times. 

Results were expressed as means+ S.E. Statistical 
analysis of the data was performed by means of analy- 
sis of variance, followed by Neuman-Keul's test. 

Results 

55 mM K +-induced "~~Ca 2+ infltLr in cerebrocortical 
~3'ttaplosomes o f  young, matllre and aged rats 

In order to evaluate ~~Ca: * entrance through VSCC, 
cerebrocortical synaptosomes were exposed to 55 mM 
extracellular K + ions, a concentration which selectively 
promotes Ca -'+ entrance through VSCC without the 
activation of the Na+-Ca ='+ exchanger when this alt- 
tiporter operates as a Ca -'+ influx pathway [7]. 4SCa 2+ 
influx was evaluated at very short time intervals (1 and 
3 s), which are more closely related to the activation- 
inactiv;~tion kinetics of VSCC [12]. 

The results showed that 55 mM K+-induced 4"~Ca2+ 
influx was significantly reduced in synaptosomes from 
mature (14 months) and aged (24 months) animals as 
compared to young (4 months) rats. This reduction in 
14- and 24-month-old rats was observed at all the 
considered time in:ervals (1, 3 ~.nd 30 s) (Fig. IA). On 
the other hand, a'SCa-'+ uptake which t;ceurs during a 
30-s interval also depends on the activation of VSCC, 

"gi~;~ the ionic concentration of K + ions chosen in 

these experiments (55 rnM K +) does not promote Ca 2+ 
entrance through the Na *-Ca 2 ÷ exchanger [7]. 

4~('a-'+ b~fhtr a:,rl eflhLt" through the Na+-Ca '+ ex- 
chonger in cerebrocortical synaptosomes 

In order to ~tudy the activity of the Na+-Ca v~ 
antiporter ~hen this exchange system operates as a 
Ca '~ influx pathway, cerebrocortical synaptosomes 

TABLE I 
hllra~y~taplostmlal C'a;  ' h,veLv ilJ eerebrocottical ,~ynapto.vonw,~" fronl 
4., 14. and 24-month.phi rats 

The data arc ehg m~.,m .'c S.E,  of  at least suvcn expuTJtP?n|s. 

Age [Ca "~ * ], (aM); 
ionic condition.~ 

5 mM K ~ 35 mM K * 

4 months 374 ± 2tJ 678 ± 58 
14 mt)nths 333 :i: 17 830 ± 58 
24 mtmths 356 ± 21 734 :t 69 



' : , , re  iLcubated in a Na+-free  med ium (conta in ing  145 
m M  choline),  an  ionic condi t ion  in which ~SCa-'+ entry  
depends  only on  the activity of  the N a + - C a  z+ an- 
t ipor ter  [7]. In this ionic condi t ion ~SCa 2+ uptake  was  
significantly lower in aged  animals  than  tha t  observed 
in young  and  m a t u r e  ra ts  (Fig. 1B). 

W h e n  cerebroeor t ica l  synaptosomes ,  loaded  with 
4~Ca-'+ in presence  o f  depolar iz ing  concen t ra t ions  of  
K * ions, are  incubated  in an  extraeel lular  med ium 
conta in ing  145 mM Na + ions for  60 s, an  inwardly 
d i rec ted  Na + g rad ien t  is gene ra t ed  which favours the 
opera t ion  of  the N a + - C a  -'+ an t ipo r t e r  as  a Ca  "~ ~ efflux 
pathway,  Da ta  showed tha t  in eerebroeort ieal  synapto .  
somes f rom aged  ra ts  4"~CaZ+ efflux was significantly 
r educed  as c o m p a r e d  to tha t  occur r ing  in synapto-  
somes f rom young  a n d  m a t u r e  ra ts  (Fig. IC). 
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bttraeytosolic Ca-" ~ let'els in restbtg and after 35 mM 
K ~.iltduced depolarization in cerebrocortical synapta- 
somes from young, mature and aged rats 

Cytosolic Ca z+ levels in Percoll-pttrified eerebrocor -  
tical synap tosomes  in aged  (24 months)  ra ts  were  not  
d i f ferent  f rom those m o m t o r e d  in young  (4 months)  
and  ma tu re  (14 months )  raf.s e i ther  in rest ing o r  in 
depolar iz ing  (35 m M  K~)  condi t ions  (Table I). 

Discussion 

The results of  the present  s tudy showed that  in the 
nerve endings  o f  cerebrocor t iea l  neurons ,  a reduct ion  
o f  the activity o f  the bidirect ional  N a + - C a  ~÷ ex- 
c h a n g e r  occurs  in 24-month-o ld  rats ,  whereas  a de-  
c rease  of  ~SCa -~+ up take  th rough  VSCC was found  in 
m a t u r e  a n d  old rats,  The  impa i rment  o f  these mecha-  
nisms, which play a re levant  role in the en t r ance  a n d  
extrusion o f  Ca  z+ ions [1,13i, is not  a ccompan ied  in 
nerve endings  of  aged  rats  by any  var iat ion o f  ~'ura-2 
moni to red  [Ca:~]i  levels in rest ing and  depolar iz ing  
condit ions.  

The  r educed  activity o f  VSCC in aged  rats,  observed 
in the presen t  s tudy dur ing  the fast  phase ,  conf i rms the 
observat ion  o f  Leslie et al. [14], who found  that  the 
decl ine o f  Ca 2+ en t rance  can  be more  apl)ropi la tely 
detec;,ed a t  very shor t  t ime intervals ( 1 - 3  s) which a re  
more  closely re la ted  to the half-life of  open ing  attd 

Fig. I. 'ISCa2+ influx evoked by 55 mM K + (At, Na+-dependent 
4'~Ca2+ irf'l~lx IB~ and '~SCa:+ efflux (C) in cerebrocortical synapto. 
samos from young, mature and aged rats, (At Cerebroeortical 
synaptosomes from young (4 months), mature (14 month<) an,.I aged 
(24 months) rats, preincubated in a 145 mM Na* medium for 30 
rain, ',;,err: ~hen expe, scd to a depolafi,ing stimtqus (55 ml~l K + ) ior 
wlrions tim,., iu,ervals (I, 3 and 30 s) in presence of4.9 v,M '~SCa~'. 
Each basal "~Ca z+ uptake value obtained in 145 mM No' has beet) 
subtracted from the respective 55 mM K*-elicited Ca ~+ aptake 
wdue. (B) Cerebrocortical synaptosomes from young (4 :nonths'L 
mature (14 months) and aged (24 months) rats, prcincubated for 30 
rain in 145 mM Na + containing medium, were exposed to n Na +.free 
mtdinnt (14.5 mM choline) in presence of 4,9 p,M 4"~Ca~, ~Ca "~+ 
taken up in normal solution (145 mM Na +) has been subtracted 
from the values shown, (C) Synaptosomes preincubated for 60 min in 
a 145 mM Na + solutiop, were loaded for 15 s with 10 p.M 4"~Ca z÷ in 
a 75 mM K + containing medium. '~'~Ca z+ efflux was initiated (lime 
0) by dilution of the loading medium w;th 4.5 ml of '~SCae*-free 
mediun', containing either 145 mM choline or 145 raM Na +. "l"~Ca:+ 
efflux was ';toppud after 60 s with wash and quench solutions, "~Ca ~ 
efflus values wer,' obtained front the difference between 4sCa2+ 
content retained in synaptosome~ :~fler efflux ilme (df, s) and that at 
time 9, Eacit basal 4"~Ca: ~ efflux salue obtained in 145 ram choline 
was snbtracted from the respective 145 mM N:~+-el[cited Ca ~ + efflnx 
value. Data are the mean+S.E, of at least three separate exp,.d- 
taunts in which at least three rats at each age were us.'d, In each 
experiment at least four separate determinations were carried out. 
(At * P < (I,05 vs. young and aged rats, ** P < 0,05 vs, young and 
mature ral~. (B) * P < 0,05 vs, young and mature rats, (C) * P < 0,05 

vs. young and mature rats, 
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subsequent inactivation of Ca 2+ channels  [12]. A re- 
duction of ~~Ca -'* influx through VSCC has also been 
reported when radiotracer  ion fluxes were measured at 
t ime intervals longer than 3 s [4,5]. in addit ion,  the 
reduced activity of VSCC observed in the present  study 
and in the ment ioned reports  does not seem to be due 
to changes in membrane  potential  [4]. Furthermore,  
the results of the present  work showed a reduced 
capacity of the N a + - C a  2+ exchanger when it acts in 
the physiological direction to extrude Ca -'+ ions from 
cerebrocortical nerve endings of aged rats. Since th~s 
excha,l~c systc,n can also operate  in the opposite way 
[13], ailo~,ing Ca 2.  ions to en te r  into the neurons, the 
an l ipor te r  activity was investigat.ed by evaluating 4~Ca !+ 
influx in a non depolar izing medium (Na+-free). As 
expected, a decrease of 4"~Ca2+ uptake was observed. 
in accordance with this finding, Mart inez et al. [4] 
found that  when the N a + - C a  2+ exchanger is activated 
by increases of  membrane  potential  h;gher than - 2 0  
m V, 45Ca~'+ uptake is also reduced in synaptosomes 
from aged rats. Since in the present study the reduc- 
tion of Na+-dependent  ~'~Ca 2+ uptake was detected in 
slightly hyperpolarized nerve endings [15], it can bc 
concluded that  the N a + - C a  2+ exchanger  displays a 
reduced activity during aging regardless of the state of 
the membrane potential.  This reduction seems to be 
!he consequence of a reduced affinity of the ant iporter  
l'or Ca 2 ~ ions when it operates  as a Ca 2+ influx path- 
way [16]. During the aging proces~ the N a + - C a  ~'+ 
exchanger is not the on~y membrane  extrusion ,,;ystem 
that  is impaired,  in fact the Vm~,x for Ca 2+ activation of 
the CaZ+-activated Mg~+-dependent pump is also re- 
duced [16]. Finally, the evaluation of intrasynaptosomal 
Ca -'+ leve~s performed in the i~resent study and other  
investiga~,ions [17,18] failed to show any significant vari- 
ation in the cation concentrat ion both in rest ing condi- 
tions and after  depolarization. The possible difference 
between the data  obta ined in 4SCa2+ uptake  and fura- 
2-monitored Ca 2+ levels in cortical synaptosomes from 
mature and aged rats after K+-induced depolar izat ion 
can be explained by the different methodological  pro- 
cedures. In fact, s tudies performed with the radiot racc:  
allow to detect  only cation enter ing through VSCC 
during fast phase (I s), whereas  dur ing fluorimetric 
experiments,  fura-2 monitored intrasynaptosomal Ca 2 + 

levels represent  the balance between the activity of 
intracellular Ca 2+ buffer i ,~  s:,'~tcm~ an~ Ca '+ influx 
and efflux mechanisms. 
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