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Summary. Several studies suggest that alterations of cy- 
tosolic free calcium concentration ([Ca2+]i) are involved 
in the pathophysiology of aging and Alzheimer's disease 
(AD). However, only few data are presently available giv- 
ing detailed information about specific characteristics of 
age-related or AD-specific changes in cellular Ca 2+- 
homeostasis. To allow a comprehensive evaluation of age- 
related changes in [Ca2+]i, we performed parallel investi- 
gations in central mouse brain ceils and mouse spleen 
lymphocytes of young and aged animals and also in hu- 
man lymphocytes and granulocytes of young and aged 
donors and additionally of AD patients. In aged animals, 
basal [Ca2+]i was decreased in brain cells but increased in 
spleen lymphocytes. No age-related alterations in baseline 
[Ca2+]i was found in human lymphocytes or granulocytes. 
However, comparison of activation-induced rise in [Ca2+]i 
revealed parallel age-related changes in the different celt- 
types investigated. The increase in [Ca2+] i after depolariza- 
tion of mouse brain cells with KC1 and after stimulation of 
mouse lymphocytes with phytohaemagglutinin (PHA) 
was significantly impaired in aged animals. Moreover, ac- 
tivation of human lymphocytes with PHA also revealed a 
reduced increase in [Ca2+] i in cells of aged donors. In lym- 
phocytes of AD-patients there was a tendency to higher 
basal [Ca2+] i compared to their aged matched controls, but 
no specific alterations in [Ca2+] i could be found after stim- 
ulation with PHA. Also no age-related or AD-specific 
changes were found in granulocytes after stimulation with 
N-fomyl-methionyl-leucyl-phenylalanine (fMLP). Since 
K +- and PHA-induced rise in [Ca2+]i is mainly mediated 
by Ca2+-influx, whereas fMLP-stimulated rise in [Ca2+] i is 
mainly due to intracellular CaZ+-release, our findings 
might indicate that age-related disturbances of Ca 2+- 
homeostasis especially affect mechanisms involved in 
Ca2+-influx. The corresponding age-related alterations in 
mouse brain cells, mouse spleen lymphocytes and human 
lymphocytes after cell activation suggest a similar impair- 
ment of Ca2+-homeostasis in these cells and might justify 
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the speculation that Ca2+-homeostasis in the aged human 
brain is affected in a comparable fashion. 
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Introduction 

According to the calcium hypothesis of brain aging dis- 
turbances of the free intracellular calcium ([Ca2+]i) home- 
ostasis may play a key role in the pathology of Alzheimer's 
disease (AD) and multiinfarct dementia (MID). They may 
also contribute to age-related cognitive impairment (Gib- 
son and Peterson, 1987, Khachaturian, 1989). Thus, phar- 
macological mechanisms controlling the neuronal Ca 2§ 
homeostasis represent a major strategy for the develop- 
ment of new treatments of AD or other age-related distur- 
bances of cognitive functions. However, few data are 
presently available giving detailed information about the 
specific characteristics of age-related or even AD-specific 
changes in cellular Ca2+-homeostasis. 

Most investigations in animals have been performed in 
synaptosomal preparations from old mice and rats. In 
these preparations, basal and depolarization-induced 
45Ca2+-uptake have been reported to decrease (Peterson 
and Gibson 1983; Leslie et al. 1985; Martinez et al. 1987), 
increase (Martinez et al. 1988; Michaelis et al. 1992), or 
even show no changes (Giovanelli and Pepeu 1987). In 
contrast, studies using intact, acutely dissociated central 
neurons revealed reduced basal [Ca~+]i and reduced K+-in - 
duced increase in [Ca2+]i in aging (Hartmann et al. 1993; 
Hartmann and Mtiller 1993). Several studies about age-re- 
lated changes in [Ca2+] i in murine lymphocytes showed 
similar reductions of [Ca2+]i with higher age (Miller et al. 
1987, 1989; Grossmann et al. 1991). 

Age related changes in Ca2+-homeostasis have been in- 
vestigated in human lymphocytes (Toth et al. 1989; 
Grossmann et al. 1989; Adunsky et al. 1991) or cultured 
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fibroblasts (Peterson et al. 1986; Huang et al. 1991). 
Again,  the results f rom this small  number  of studies do 
not give an unequivocal  answer about possible changes of 
Ca2+-homeostasis in aged humans.  

It appears premature to draw any definite conclusion 
from the studies cited above regarding the direction or 
even mechan i sm of age-related changes of [Ca2+] i home- 
ostasis in animals or humans,  since in most  of these stud- 
ies different methodological  aspects and different mecha- 
nisms of [Ca2+]i regulat ion have been investigated. Ac- 
cordingly, based on our initial observations on specific 
changes of [Ca2+] i homeostasis  in dissociated neurons of 
the mouse  (Har tmann et al. 1993; Har tmann and Mtiller 
1993), our present strategy aims at demonstrat ing corre- 
sponding age-related changes of [Ca2+] i in mouse  lympho- 
cytes and even more important ly in human  lymphocytes.  
Posit ive results would just i fy further speculations on com- 
parable age-related changes of [Ca2+] i homeostasis in 
mur ine  and human  brain and would allow the use of hu- 
man  lymphocytes  to study [Ca2+] i homeostasis  in man.  

out chronic illness and did not take any medications except one 
taking oral contraceptives. 

(d) Isolation of peripheral blood lymphocytes (PBL) and granu- 
locytes. PBL were isolated from heparinized blood by centrifuga- 
tion on Ficoll-Hypaque (Lymphoprep R, Immuno, Heidelberg). 
Granulocytes in the bottom fraction were separated from erythro- 
cytes by sedimentation (Boyum et al. 1984). 

(e) Measurement of [Ca2+] i in blood cells. For Ca 2+ measure- 
ments murine and human lymphocytes at a density of 106 cells/ml 
were loaded with fura-2 AM (3 gmol/1) for 40 min at 37~ human 
granulocytes were incubated for 30 min at room temperature. Af- 
ter washing the samples were equilibrated in a cuvette at 37~ for 
3 rain (cell density 2.5 x 106 cells/ml). Lymphocytes were stimu- 
lated with phytohaemagglutinin (PHA) (Sigma, Mtinchen, FRG) 
at a final concentration of 15 or 100 gg/ml. Granulocytes were 
stimulated with N-formyl-methionyl-leucyl-phenylalanin (fMLP) 
(Sigma, Mtinchen, FRG), final concentration 1 Nnol/1. For calcu- 
lation of [Ca2+] i see above. 

(f) Statistics. Differences were assessed by analysis of variance 
(ANOVA) (SAS Institute, Cary, North Carolina) or by unpaired 
Students's t-test. 
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Methods  

Female NMRI mice (Interfauna, Tuttlingen) were killed by decap- 
itation and the brains were immediately dissected on ice. At the 
same time, spleens were removed and further processed as de- 
scribed below (b). 

(a) [Ca2+] i in dissociated brain cells. Dissociated mouse brain 
cells were prepared from young (3 months) and aged (22 months) 
mice following the method of Stoll et al. (1991). The protein con- 
tent of the preparation of young and aged animals was not differ- 
ent and averaged between 60-100 gg/ml. After washing of the cell 
suspension, the preparation was resuspended in 2 ml Hank's bal- 
anced salt solution (HBSS) containting 1 mmol/1 CaC12 and 1 
mmol/1 MgSO 4 and was incubated with fura-2 AM in the dark 
(Molecualr Probes, USA) (10 pmol/1) for 45 min in a shaking wa- 
ter bath (37~ After dye-loading, cells were washed twice and 
resuspended in 14 ml HBSS (see above). Aliquots of 2 ml were 
taken and kept at 37~ each sample was washed immediately be- 
fore measurement. Fluorescence was measured with a SLM Am- 
inco 4800 spectrofluorometer, where samples were kept at 37~ 
under magnetic stirring. After equilibration to get the basal [Ca2+]i 
the appropriate concentration of KC1 (50 gl) was added. [Ca2+]i 
was calculated according to Grynkiewiecz et al. (1985) (Rm,x, 
0.2% SDS, Rn~in EGTA 6 mmol/l, TRIS 30 mmol/1). 

(b) Isolation of mouse spleen T-lymphocytes. Spleen cells were 
depleted of B-lymphocytes by passage over nylon wool columns 
(Julius et al. 1973) and subsequently further depleted of erythro- 
cytes by NH4C1 lysis. Lymphocytes prepared in this way were 
analysed by flow cytometric analysis using fluorescein isothio- 
cyanate- conjugated (FITC) hamster anti-mouse CD3-e mono- 
clonal antibody (Dianova, Hamburg). The percentage of T-cells in 
this preparation was found to be approximately 88%. 

(c) Healthy volunteers and Alzheimer patients. Eleven patients 
(5 men, 7 women) with 'probable' or 'possible' Alzheimer's dis- 
ease according to NINCDS-ADRDA criteria (McKhann et al. 
1984) were recruited from an ongoing longitudinal study (F6rstl et 
al., in press). Their ages were between 53 to 86 years (median 72.5 
years), the duration of illness ranged from 1 to 20 years (median 
2 years) and the severity of illness was moderate in the majority of 
cases with clinical dementia ratings from mild to severe (CDR = 
1-3; Berg 1984). Their findings were compared with those of age- 
appropriate group of non-demented controls (age-median 68 years; 
range 42-88 years; 6 men, 6 women). Patients and controls did not 
receive treatments with calcium antagonists. The 14 aged controls 
were compared with 14 sex-matched young subjects. Young 
donors were volonteers of age 20-30 years (mean age = 27) with- 

Measurement  of [Ca2+]i in intact mouse brain cells by flu- 
orescence spectroscopy revealed basel ine levels of [Ca2+]i 
about 350 nmol/1 which is in accordance with f indings re- 
ported by Villalba et al. (1992) in a similar preparation of 
rat brain and with our previous f indings in the mouse 
brain (Har tmann et al. 1993; Har tmann and Mtiller 1993). 
A significant reduction of basal [Ca2+]i was found in neu- 
rons of aged animals where [Ca2+]i averaged at 265 nmol/1 
(Fig. 1, inset). Depolarizat ion of neuronal  cells with KC1 
induced a fast increase in [Ca2+]i which was dependent  on 
the K+-concentration used. Compar ison of the K+-acti - 
ra ted  elevation of [Ca2+]i in cells of young and aged mice 
revealed a significant lower rise in [Ca2+]i in brain cells of  
aged mice (Fig. 1). 
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Fig. 1. Potassium-induced increase in [Ca2+]i in mechanically dis- 
sociated neurons from young (3 months) and aged (22 months) fe- 
male NMRI mice. Values represent the maximal initial response 
and are means _+ SD (n = 6-7), each representing an individual ani- 
mal. Response in aged brain cells of aged animals is significantly 
reduced (ANOVA P = 0.022, F = 7.50). Inset: Basal [Ca2+]i in dis- 
sociated neurons from aged mice is significantly reduced (n -- 6-7, 
P < 0.001) 
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Fig. 2. PHA-stimulated increase in [Ca2+] i in spleen T-lympbocytes 
of young (3 months) and aged (22 months) female NMRI mice. 
Values represent the maximal response and are means _+ SD (n -- 
6-7), each representing an individual animal. Response in aged ani- 
mals is significantly reduced (ANOVA P = 0.057, F = 4.52). Inset: 
Basa ! [Ca2+]i in spleen T-lymphocytes of aged animals is signifi- 
cantly increased (n = 6-7, P < 0.01) 
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Fig.4. PHA-stimulated increase in [Ca2+] i in human lymphocytes 
of young and aged subjects. Values represent the maximal re- 
sponse and are means + SD (n = 14). Response in lymphocytes of 
aged donors is significantly reduced (ANOVA P = 0.0377, F = 
4.89). Inset: Basal [Ca2+] i in lymphocytes of young and aged 
donors (n = !4) 

To compare age-related alterations of  Ca2+-regulating 
mechanisms in central neurons and peripheral cells, T- 
lymphocytes  were isolated f rom spleens o f  the same ani- 
mals. In contrast to results obtained in neurons, basal 
[Ca2+]i in T- lymphocytes  o f  aged mice was significantly 
increased (Fig.2, inset). Activation o f  T-cells with the 
lectin P H A  resulted in a concentrat ion-dependent  rise in 
[Ca2+]i, which was altered by aging in the same direction 
as in neuronal cells, namely a significant lower increase in 
[Ca2+]i after cell activation (Fig. 2). 

In contrast to the fast rise in [Ca2+]i after depolarization 
o f  brain cells, where maximal  response is usually seen af- 
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Time-course of PHA-induced (100 gg/ml) increase in 
[Ca2+]i in spleen T-lymphocytes of young (3 months) and aged (22 
months) mice. Response in cells of aged animals is significantly 
reduced (n = 6-7, ANOVA P = 0.0004, F = 4.86, age x time inter- 
action) 
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Fig.& Time course of PHA-induced (100 gg/ml) increase in 
[CaZ+]t in human lymphocytes of young and aged subjects. Re- 
sponse in cells of aged donors is reduced (n = 14, ANOVA P = 
0.07, F = 2.0, age x time interaction) 

ter a few seconds (Hartmann et al. 1993) maximal  in- 
crease after PHA-st imulat ion is reached only after about 
60 s (Fig. 3). This can be explained by the contribution o f  
two different mechanisms,  an IP3-activated intracellular 
Ca2+-release, which dominates the first phase, and a Ca 2+- 
influx f rom the extracellular space, which represents the 
main component  o f  the plateau phase (Michel et al. 1992). 
Similar to the reduced depolarization-induced CaZ+-influx 
in aged brain cells, age-related impairment of  PHA-in-  
duced elevation of  [Ca2+]i mainly affects the plateau phase 
(Fig. 3). 

In the second part o f  our study, alterations of  [Ca2+]i 
were investigated in human blood cells o f  young  and aged 
subjects. Measurement  o f  basal [Ca2+]i in lymphocytes  re- 
vealed no difference between the two groups (Fig.4, in- 
set). However,  parallel to our findings in mouse lympho-  
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Fig. 6. fMLP-induced increase in [Ca2+]i in human granulocytes of 
young and aged subjects. Values represent the maximal response 
and are means + SD (n = 14). Inset." Basal [Ca2+] i in granulocytes 
of young and aged donors 
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Fig.8. Time-course of PHA-induced (100 gg/ml) increase in 
[Ca2+]i in human lymphocytes of aged controls (n = 14) and of AD 
patients (n = 12) 
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Fig.7. PHA-stimulated increase in [Ca2+]i in human lymphocytes 
of aged controls (n = 14) and of AD patients (n = 14). Values repre- 
sent the maximal response and are means + SD. Inset: Basal [Ca2+] i 
in lymphocytes of AD patients is significantly increased (P < 0.05) 

cytes, the PHA-activated rise in [Ca2+]i was significantly 
lower in cells of aged subjects (Fig.4). The kinetics of the 
PHA-induced increase in [Ca2+]i are different in human 
lymphocytes, since the maximal increase is already 
reached after 30--45 s. However, comparison of the time 
courses in cells of young and aged subjects show similar 
alterations as observed in mice, i.e. impaired PHA-acti- 
vated increase in [Ca2+] i in cells of aged subjects is more 
pronounced in the plateau phase (Fig. 5). We performed 
some experiments about age-related alterations of Ca 2+- 
homeostasis in human granulocytes. In this cell type, no 
difference in basal [Ca2+] i could be found and [Ca2+]i after 
stimulation with fMLP was also not different between the 
two groups (Fig. 6). 

As mentioned above, alterations of cellular Ca2+-home - 
ostasis may be involved in the pathology of AD. There- 
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Fig. 9. fMLP-induced increase in [Ca2+]i in human granulocytes of 
aged controls (n = 14) and of AD patients (n = 12). Values represent 
the maximal response and are means + SD. Inset: Basal [Ca2+]i in 
granulocytes of aged controls and of AD patients 

fore, we compared [Ca2+]i in lymphocytes of AD patients 
and of aged-matched controls. A mild but significant in- 
crease of basal [Ca2+]i was found in AD (Fig.7, inset). 
However, PHA-induced rise in [Ca2+] i was not different. 
Even after stimulation with a very high concentration of 
PHA (100 gg/ml) no AD-specific alteration could be 
found (Fig. 7). This is in contrast to findings of Adunsky 
et al. (1991) who described a dramatically increased re- 
sponse in lymphocytes of AD patients under this condi- 
tion. The time course of the PHA-induced increase in 
[Ca2+] i was also not altered in AD (Fig. 8) as the fMLP-in- 
duced rise in [Ca2+]i in granulocytes (Fig. 9). 

Discussion 

We carried out experiments on age-related alterations of 
Ca2+-homeostasis in dissociated mouse brain cells, mouse 



222 

lymphocytes, human lymphocytes and human granulo- 
cytes. These cells were stimulated under appropriate con- 
ditions similar to physiological stimulation to allow the 
evaluation of common mechanisms presumedly involved 
in the disturbed Ca2+-homeostasis in aging. Comparable 
age-related alterations of stimulus-induced rise in [Ca2+]i 
were observed in the first three cell types mentioned. 

The relevance of reduced basal [Ca2+] i and reduced de- 
polarization-induced elevations of [Ca2+]i in dissociated 
neurons of aged mice has been discussed recently (Hart- 
mann et al. 1993; Hartmann and MiJller, 1993). A reduced 
elevation of [Ca2+]i following murine T-cell activation in 
aging was also found by Miller et al. (1987, 1989) after 
stimulation with ConA or ionomycin and by Grossmann 
et al. (1991) after T-cell receptor stimulation with anti- 
CD3. Franklin et al. (1990) did not report age-related al- 
terations when spleen cells were stimulated with iono- 
mycin, but it must be taken into account that ionomycin- 
and lectin-induced elevations of [Ca2+] i are mediated by 
different mechanisms. Few, but heterogenous, data are 
available about age-related alterations of [Ca2+] i home- 
ostasis in human lymphocytes. Lustyik and O'Leary 
(1989) found no age-related alterations following cell ac- 
tivation, whereas Grossmann et al. (1989) found reduced 
[Ca2+]i after stimulation with PHA. 

On the basis of our corresponding findings in different 
cell types, several speculations can be made about com- 
mon characteristics of impaired Ca2+-homeostasis in aged 
lymphocytes of mice and humans on the one hand, and in 
central neurons and peripheral lymphocytes on the other. 
The PHA-activated rise in [Ca2+]i in T-cells is initially due 
to IP3-induced release of intracellular Ca 2+ and secondly, 
during signal maintenance, caused by Ca2+-influx from 
the extracellular space (Michel et al. 1992). In lympho2 
cytes of aged mice or humans, mainly the Ca2+-influx dur- 
ing the plateau phase is reduced, whereas intracellular 
Ca2+-release during the initial phase seems to be less af- 
fected. Similarly, no age-related alteration in fMLP-in- 
duced increase in [Ca2+] i were found in human granulo- 
cytes. Since fMLP elevates [Ca2+]~ mainly by IP3-induced 
intracellular Ca2+-release (Thompson et al. 1991) this ob- 
servation fits into the interpretation of the findings on 
lymphocytes suggesting that age-related disturbances of 
[Ca2+]i after PHA stimulation must be related to changes 
of Caa+-influx. Depolarization-induced rise in [Ca2+] i in 
brain cells, which is also impaired in neurons of aged 
mice, is highly dependent on extracellular calcium and 
therefore the signal is dominated by a Ca2+-influx. 

Even if some reservations must be made regarding a di- 
rect comparison of results obtained in central neurons and 
in peripheral cells, both cell types share common features 
concerning the regulation of Ca 2+ homeostasis. Therefore, 
the conclusion seems to be legitimate that aging affects 
mechanisms regulating Ca 2+ influx in neurons and lympho- 
cytes in a comparable fashion. Moreover, it seems to be 
justified to speculate that aging might also change [Ca2+] i 
homeostasis in human brain in a comparable fashion to 
that observed in human lymphocytes. 

The divergent age-related alterations in baseline [Ca2+] i 
in mouse brain cells (reduced), in mouse lymphocytes (in- 
creased) and in human lymphocytes (no change) strongly 

suggest that even if one mechanism controlling [Ca2+] i is 
similarly altered, the consequences for [Ca2+]i homeosta- 
sis must not necessarly be identical in each cell type. 
Moreover, participation of other CaZ+-regulating mecha- 
nisms (e.g. Ca2+-pump) cannot be excluded. Similar to our 
findings, no age-related change in basal [Ca2+]i in human 
lymphoctes were found by Lustyik and O'Leary (1989) or 
by Grossmann et al. (1989). Toth et al. (1989) reported a 
reduced basal [Ca2+] i in lymphocytes of aged subjects, 
which parallels our findings in murine lymphocytes. 

In respect to AD, in the present study, baseline [Ca2+] i 
in lymphocytes of AD-patients is significantly increased. 
This is in accordance with findings of Adunsky et al. 
(1991) who also found elevated baseline [Caa+] i in AD pa- 
tients. A similar tendency was also observed by Bondy et 
al. (this issue). In contrast to findings of Adunsky et al. 
(1991) no AD-specific enhanced response following T-cell 
activation with high doses of PHA (100 gg/ml) could be 
demonstrated. This unaltered response is in accordance 
with findings of Bondy et al. (this issue). Ca 2§ homeosta- 
sis in granulocytes is not altered in AD patients. All find- 
ings taken together might suggest small but significant al- 
terations of [Ca2+] i in AD which need to be further inves- 
tigated. 

In summary, our findings indicate corresponding age- 
related alterations of [Ca2+] i homeostasis in mouse brain 
cells, mouse spleen lymphocytes and human peripheral 
lymphocytes but only minor additional changes in AD. 
Further studies will be necessary to identify the underly- 
ing mechanisms and to characterize further similarities 
and differences in age-related alterations of Ca2+-home - 
ostasis in central neurons and peripheral cells. 
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