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Intracellular free Ca®* plays a key role in the regulation of intracellular
processes. The best known examples of this regulation are connected with the
activity of muscle fibers, liberation of neurotransmitter substances from the
vesicles, and with mitosis [1-3]. In addition to this, evidence is accumulating to

show that the calcium ion is an essential common component of several

intracellular enzyme reactions [4].

Calcium ions influence the intracellular biochemical events in two ways:
on the one hand, they act as ‘second messengers’, transmitting certain signals
coming to the cell from the extracellular space in the form of electrical or
chemical stimuli, and on the other hand, the calcium is a charge carrier. The
1onic current passing through the calcium channel of the plasma membrane
alters the membrane potential and by that influences the intracellular bio-
chemical machinery [5].

The Ca** level of cytosol is regulated in many ways by different mecha-
nisms. First of all, the calcium-binding proteins and the calcium pump, ex-
change and channel systems of the plasma membrane, endoplasmic (sar-
coplasmic) reticulum and mitochondria belong to them [6].

The age-related changes in the immune system are among the processes
subjected to the most detailed studies on ageing in gerontology. The age-

'The authors would like to thank Prof. Edit Beregi (Gerontology Center, Semmelweis
Medical University) who organized and directed this investigation, and Prof. Gyérgyi Rontd

(Institute of Biophysics, Semmelweis Medical University) for the use of the Jobin-Yvon
fluorometric facility.
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related decrease in immune functions is a factor of paramount importance in
‘the diseases common in old age [7]. Deterioration of the mitotic activity of
lymphocytes plays an important role in the diminution of the immune capac-
ity. This is based on a defective transfer of signals for mitosis, decrease in
protein synthesis, enzyme induction and in the quantity of cofactors of en-
zymatic reactions [8]. The investigations seemed to be justified also by the
decisive role attributed to both the lymphocytes and the intracellular calcium
in the ageing process {8, 9]. Cytosolic free Ca?* concentration is one of the
basis intracellular cofactors of lymphocytic metabolism [10]. There is at pre-
sent scanty evidence in the literature concerning ageing-induced changes in -
the latter [11]. Therefore we have undertaken to collect data in this field, using

the unique opportunity offered by the studies on the centenarians living in
Hungary. |

Material and Methods

Lymphocytes were separated from the peripheral blood of centenarians using the meth-
od of Béyum [12]. For measuring cytosolic free calcium, cells were loaded with fura-2/AM or
with quin2/AM and measured by the method of Tsien [13], Grynkievicz et al. [14] and Pollock
et al. [15] respectively (fig.1, 2). A more detailed analysis of the potential sources of error

occurring with measurements of intracellular calcium concentrations in lymphocytes can be
found in a previous paper [18].

Results

In our investigations only a smaller but representative group of the
centenarian poptlation has been involved. In table 1 the data of lymphocytes
from female donors are presented. The mean age of the 18 test subjects was
101+1 year. The youngest was in her 100th year, the oldest was 104 years old.
The intracellular free calcium concentration of lymphocytes was 59+16 nM.
The range shows that the group was relatively homogeneous in nature, the
usual range of the means being much higher with most of the laboratory
parameters in the elderly and in general with the advance of age. The low-
ermost intracellular calcium ion contents (Ca?*); value measured was 30.5 nM;
the highest was 89 nM. Even this latter one is far below the mean physiological
value in adults (120 nM) [17-20]. Thus, at the borderline of age the intracellu-
lar Ca** concentration is reduced to half of the normal adult value with ageing.
However, within that low free calcium level no correlation can be demon-
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Fig.1 The procedure of intracellular calcium concentration measurement with quin2
(sketch). a F denotes the fluorescence of the sample, Fr,, is measured after the addition of
digitonin at a final concentration of 10 uM. The Ca-DTPA complex is used at a final concentra-
tion of 100 uM to strip out heavy metal ions from their quin2 complexes. The second addition
of digitonin gives a correction (C,) for the aspecific fluorescence increase caused by the
detergent. EGTA (5 mM) and Tris base (20 mM) is used to set the autofiuorescence of the
sample (Fpio). b An aliquot of the sample is used for the determination of the fluorescence of
extracellular quin2 (C,) by the addition of EGTA (100 pM).

strated between the years (100-104) lived and the measure of intracellular free
calc¢ium concentration.

Table 2 shows the results for the male subjects. The mean age of the 13 men
tested was 1011 year, i.e. it was the same as with the females. As in the case of
women, the youngest man was in his 100th year, and the oldest was 104 years
old. The intracellular free calcium concentration of the lymphocytes was
61+13 nM, somewhat higher than in the female group. The value of standard
deviation (SD) was better than in the female group. This suggests that the male
group was more homogeneous. The lowest value measured was 37.5 nM, the
highest 78.5 nM. The changes were similar with the two sexes and it seems that
at (Ca**); values lower than 30 nM the lymphocytes are not viable anymore.

Two cases have been excluded from the averaging. In samples 115 and 120
the postseparation lymphocyte count was pathologically high. Likewise, the
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Fig. 2. The procedure of intracellular calcium concentration measurement with fura-2
(sketch). See figure 1 for the details of the procedure and the final concentrations of different
chemicals used. In the measurement of fura-2 fluorescence the dual excitation wavelength for
free fura-2 was 380 nm, while for the Ca-fura-2 complex 340 nm. C,=correction for the

aspecific fluorescence of digitonin; C; = cotrection for the fluorescence of extracellular fura-2
at 340 nm; C; == the same correction at 380 nm.

cytosolic free calcium values was 10-fold the normal. Summarizing (fig. 3), the
lymphocytic intracellular free calcium concentration mesured in the centenar-
ians was 60+15 nM, thus, as it has already been mentioned, about half of the
value typical for the adult age group (fig. 3a). The difference between the two
age groups is significant at the 0.001 level. In spite of the fact that we are
dealing with an old age group, the SD may be said to be rather good. Our data.
i.e. the fall to half of the adult value of the cytosolic free calcium level in
peripheral lymphocytes, are in good agreement with the observations made by
Peterson et al. [21] who demonstrated a similar tendency in human fibroblasts.

Since there is scanty evidence in the literature concerning changes in
calcium ion concentration in ageing, we enhanced the reliability of the mea-
surements made in the centenarians by using two kinds of indicator. One of
them was quin2, the other was fura-2, this new member of the family of
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Table 1. Cytosolic free calcium concentration in lymphocytes of females
Code Age - (Ca*); Indicator Health Results of
No. : : status lymphocyte studies*
44 100.5 46,5 fura-2 D, Tu L
45 102 38,5 fura-2 D
46 104 73 quin 2 D, Tu L, foamy Mi, My
48 : 100.5 80,5 fura-2 H L, My
49 100.5 76 ~ fura-2 H My, dense substance,
foamy Mi
i | 100 34,5 fura-2 H L, giant Mi
53 100.5 46,5 fura-2 H
55 103 64,5 fura-2 H L
56 100 73 fura-2 H My
67 100 47,5 fura-2 D
80 100 89 fura-2 H
89 100 30,5 quin 2 D, Tu
90 100 57 quin 2 H L
100 99.5 49 quin 2 H L, My
111 102 62,5 fura-2 D L
114 101 62,5 fura-2 H
115 101 = 534° quin 2 D giant Mi
119 101 49 quin 2 H L

H = healthy; D = diseased; Tu = tumorous; L = lipofuscin; My = myelin structure; Mi = mi-
tochondrium.

*See Beregi et al.: Studies on Lymphocytes [this volume].

®Pathological value, not included in calculating the mean.

calcium indicators, which has several advantages over quin2 [14]. It was
necessary to compare the measurements with fura-2 with those made with
quin2 because prior to the advent of the former the measurements had been
made usually with quin2. Figure 3b compares the results of measurements
made with the two different calcium indicators. Although somewhat higher
calcium levels were measured with fura-2, essentially the results obtained by
the two methods were identical. Figure 3c shows that no difference was
demonstrated in intracellular free calcium concentration between the two
sexes, the values for males being closely similar to those for females.

It remains to be seen what significance might be attributed to this low
calcium level from the point of view of the mechanism of ageing. On the one
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Table 2. Cytosolic free calcium concentration in lymphocytes of males

Code Age (Ca**); Indicator Health Results of
No. status lymphocyte studies®
34 101 72 fura-2 H giant Mi, My
47 104 55 fura-2 D
52 101.5 47 fura-2 H L
54 100 375 fura-2 H giant Mi, My
57 100 72 fura-2 H L
70 102 it fura-2 D, Tu L
71 100 67 fura-2 H L
72 100 53 fura-2 H
73 102 - 63.5 fura-2 H My
112 99.5 78.5 fura-2 H L, giant Mi, My
113 100 75.5 fura-2 H L
11T 100 65.5 fura-2 H L, giant Mi
120 103 565° quin 2 D L, My

*bSee respective footnotes (and abbreviations) in table 1.

hand, itis possiblé that the persons living longer than the average life span may
thank their longevity right to this low calcium level. A lower Ca’* level means

namely a certain measure of protection against functional overloading. On the

other hand, the results of biological investigations seem to indicate that in-

tracellular free calcium levels of 30-60 nM represent the lower limit of lym-

phocytic reactivity, below which the lymphocytes cannot function anymore.

The latter hypothesis is substantiated by the observations made by Whitney

and Sutherland [22] and Abboud et al. {23], according to which activation of

lymphocytes does not come about when the intracellular Ca** concentration

sinks greatly below 100 nM.

As it has been mentioned already, the Ca’* concentration in centenarian
lymphocytes is 50% that of adults. At the same time, the extracellular (serum)
ionized Ca concentrations are the same in both the old and adult individuals
[24]. The serum free calcium level is a homeostatic parameter well controlled
by the organism and shows essentially no changes with ageing. The decrease of
total calcium level measured in dgeing is due not to the free ionized, but rather

“to the protein-bound calcium. This explains why the difference between in-

tracellular and extracellular calcium concentrations is greater in the lympho-
cytes from aged subjects. '
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Fig. 3. Cytosolic free calcium concentration in lymphocytes of centenarians. 2 Compari-
son of the adult results with those of the centenarian age group. b Comparison of the values
measured with fura-2 indicator with those measured with quinZ calcium indicator. ¢ Compari-
son of male and female sample values. Isolation of peripheral blood lymphocytes and mea-
surement of their intracellular calcium concentration was performed as described in the text.
The level of significance (p) was determined using Student’s t test: *The number of adult
samples was not increased in these experiments, since the average intracellular calcium
concentration correlates with both our earlier data and the values given in the literature very
well. **The number of experiments with fura-2 was greater since this indicator has much
better properties in many respects [see 14] than quin2. A few experiments with quin2 were also
included for sake of comparison with the majority of the data in the literature.

At any rate, the decreased (Ca?"); level has many consequences. Activa-
tion of lymphocytes is accompanied by changes in the plasma membrane
potential [25, 26]. According to published evidence [14-17} and our own
findings, the lymphocytic plasma membrane maintains at rest a 10,000-fold
(10*) Ca®* concentration gradient, since the normal value of the serum ionized
calcium concentration (Ca®*), is 1.05-1.3 mM, and in the sample taken from an
adult person the cytosolic free Ca?* concentration (Ca**); was 120 nM. This
difference in concentration represents a great diffusion power and creates at

the same time a substantial membrane potential component (Nerst potential)
of Ca** origin.
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Discussion

According to our measurements, the cytosolic free calcium content of the
lymphocytes obtained from centenarians was half of the value for adults. This
decrease means at the same time a greater difference in concentration, thus a
greater diffusion power and a higher membrane potential component of Ca**
origin. The lymphocytes from centenarians may use this greater diffusion and
electrical driving force for counteracting the age-induced deterioration of
calcium homeostasis (drain it), for instance to improve the sodium-calcium or
hydrogen-calcium exchange, the activity of the calcium pumping ATPase, or
the conductivity of the calcium channel. : .

The question is: How does the cytosolic Ca** level influence the function
of lymphocytes? In recent years evidence has been accumulating regarding the
Ca’*-dependent mitogenic signal transfer system. A prerequisite of lympho-
cyte activation is an elevation of intracellular free Ca?* level. In response to
the increased calcium concentration, several key enzymes of the lymphocytes
are activated [27]. Upon binding the calcium ion the spatial structure of the
target protein (enzyme molecule) is changed, changing thereby also its activ-
ity. In this context the activity level of the cell is dependent also on the
intracellular free calcium ion concentration. Corresponding to the function
and energy demand of the cell the intracellular Ca®* level is changing
continuously, of course within the narrow physiological limits [28].

Deepening of our understanding of the molecular pharmacology, influ-
encing and controlling the intracellular free calcium level will lead to signif-
icant improvements in the treatment and prevention of calcium-related dis-
orders. However, intracellular regulation involves extremely fine, complex,
interdependent, multistage systems, which are not easy to influence at all. In
spite of that, by means of electrophysiological studies, pharmacological and
biochemical investigations we have now so-called ‘Ca channel effectors’ which
are very promising in cardiovascular disorders, hypoxic-ischemic injury and
impaired lymphocyte activation, respectively [29, 30].

In connection with our topics, Kennes et al. [31] found no age-dependent
differences in the changes of the cytosolic free calcium level in the course of
lymphocyte activation. In this case, however, the provision of a higher calcium
level required for triggering off activation may be an important factor. In
correlation with this fact, decrease in the availability of adequate amounts of
Ca** from the intracellular stores or from the extracellular space, as well as the
lower initial cytosolic free calcium level itself suggested by our own mea-
surements may explain the reactivity decrease in old age.
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Recently, in the investigations concerning aspects of the age-dependent
mitotic activity decrease of lymphocytes, the changes in the transmission of
the stimulating mitogenic signals and the interactions between the lymphocyt-
ic signal transmitter systems have been in the focus of interest [32].

One of the key steps in the activation process leading to mitosis is the
production of interleukin-2 (IL-2) and IL-2 receptors [33]. It has been demon-
strated in several laboratories that in the cells from elderly persons the secre-
tion of the autocrine growth factors is markedly reduced [31]. Since this step in
the activation process results from 4 to 8 h foHowing stimulation, it may be
- assumed that the cause of the decrease should be looked for in an earlier stage
of activation. Interest was then focussed upon the intracellular Ca** buffer
systems and upon transmembrane Ca®* transport, since the increase of free
Ca’ in the cytosole comes before IL-2 secretion. According to Miller {34], not
the cellular depots, but the diminished Ca** influx is responsible for cytosolic
Ca?* deficit. Also Segal [35] demonstrated a decrease of the mitogen-induced
“Ca’ influx in old age in rat thymocytes.

Disorders in the mobilization of 1onized calcium are blamed not only for
the decrease in lymphocytic reactivity, but also for the age-dependent loss of
sympathetic innervation sensitivity of the parotid gland of the rat [36]. Simi-
larly, Ishikawa et al. [37] found in parotid cells that the ability of inositol
triphosphate to directly stimulate calcium efflux is reduced by about 50%
with increasing age. Then again, Gibson et al. [38] measured in 30-month-old
mice 41-51% decreases of “Ca’* incorporation in nervous tissues, in the
cerebral cortex, striate body, hippocampus, cerebellum, midbrain and brain
stem.

Data suggest that T-cell proliferation can be induced even without cell
surface ligands by means of elevating intracellular calcium level with the
Ca-ionophore A23187 and phorbol ester tumor promoter [10]. Miller [34]
attained significant increases in cytosolic Ca**, protein kinase C activation
and a great improvement of T-cell mitosis in old mice by a combination
of the Ca-ionophore ionomycin and phorbol myristic acetate. However,
others [39] could not demonstrate the same in human beings with the same
activators.

The authors quoted have tried to find the missing link in the chain of
events leading up to mitosis in the process of activation being injured in the
course of ageing. In this connection, as mentioned earlier, it is an accepted fact
that a necessary prerequisite of lymphocyte activation is an increase in the free
calcium level in the cytosol. According to our measurements, in centenarians
the availability of calcium is reduced. The cytosolic free calcium concentration
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of their lymphocytes in resting state is decreased. This may be one of the
causes of diminished ability of aged human lymphocytes to be activated in
response to antigens and mitogens.

Summary

Intracellular free calcium concentration was determined in the peripheral lymphocytes
of Hungarian centenarians by a fluorometric method using fura-2 and quin2 calcium in-
dicators. The free calcium concentration of the lymphocytic cytosols from centenarians was
greatly reduced in the resting state, to about half of the adult value. Our results were closely
similar in men and women. There was no significant difference between values measured with
various intracellular calcium indicators. It may be assumed that the decrease of immune
capacity in centenarians is correlated, among others, with the decrease in the available free

calcium in their lymphocytes. At the same time, the decrease of the free calcium level leads
also to changes of adaptive nature.

References

1 McLennan DH: Purification and properties of an adenosine triphosphate from sar-
coplasmic reticulum. J Biol Chem 1970;245:4508-4518.

2  Katz B, Miledi R: A study of synaptic transmission in the absence of nerve 1mpulses
J Physiol (Lond) 1967,192:407-436.

3 Chopra RK, Nagel JE, Chrest FJ, Adler WH: Impaired phorbol ester and calcium
ionophore induced proliferation of T cells from old humans. Clin E\(p Immunol
1987,70:456-462.

Borle AB: Control, modulation and regulation of cell calcium. Rev Physiol Biochem
Pharmacol 1981:90:14-152.

5 Miller RJ: Calcium signalling in neurons. Trends Neurosci 1988;11:415-419.

6 Carvahlo AP: Calcium in the nerve cell; in Lajtha A (ed): Handbook of Neurochemis-
try. New York, Plenum Press, 1982, vol 2, pp 69-116.

Beregi E: Relationships between aging of the immune system and aging of the whole
organism; in Bergener M (ed): Dimensions in Aging. London, Academic Press, 1986.
pp 33-30.

8 Tollefsbol TO, Cohen HI: Expression of intracellular biochemical defects of lympho-

cytes in aging: proposal of a general aging mechanism which is not cell-specific. Exp
Gerontol 1986;21:129-148.

9 Gibson GE, Peterson Ch: Calcium and the aging nervous system. Neurobiology of
Aging 1987;8:329-343.

10 Miller RA: Immunodeficiency of aging: restorative effects of phorbol ester combined
with calcium ionophore. J Immumol 1986;137:805~-808.

11  Toth S, Csermely P, Beregi E, Szkladdnyi A, Szabd LD:.Decreased cytosolic free

calcium concentration of aged human lymphocytes in resting state. Compr Gerontol
A + B 1989:3:16-22.



12

13

14

15

16

17

18

19

20

21

22

24

26

27

28

29

Toth/Csermely/Szkladényi/Regius 144

Boyum A: Separation of lymphocytes from blood and bone marrow. Scand J Clin Lab
Invest 1968;21:77-108.

Tsien RY: New calcium indicators and buffers with high selectivity against magnesium
and protons: design, synthesis, and properties of prototype structures. Biochemistry
1980;19:2396-2404. '

Grynkiewicz G, Poenie M, Tsien RY: A new generation of Ca’* indicators with greatly
improved fluorescence properties. J Biol Chem 1985;260:3440-3450.

Pollock K, Rink TJ, Irvine RF: Liberation of (*H)arachidonic acid and changes in

cytosolic free calcium in fura-2-loaded human platelets stimulated by ionomycin and
collagen. Biochem J 1986;235:869-877.

~ Csermely P, Somogyi J: The possible pitfalls of the measurements of irtracellular’

calcium concentration of lymphocytes with the fluorescent indicator quin2. Immuno-
biology 1987;174:380-394.

O'Flynn K, Linch DC, Tatham PER: The effect of mitogenic lecithins and monoclonal
antibodies on intracellular free calcium concentration in human T-lymphocytes. Bio-
chem J 1984;219:661-666.

Waller RL, Brattin WJ, Dearborn DG: Cytosolic free calcium concentration and in-
tracellular calcium distribution in lymphocytes from cystic fibrosis patients. Life Sci
1984:35:775-781.

Mills GP, Cheung RK, Grinstein S, Gelfand EW: Increase in cytosolic free calcium
concentration is an intracellular messenger for the production of interleukin-2 but not
for expression of the interleukin-2 receptor. J Immunaol 1985;134:1640-1643.

Gelfand EW, Cheung RK, Grinstein S: Mitogen-induced changes in Ca** permeability
are not mediated by voltage-gated K* channels. J Biol Chem 1986;261:11520-11523.
Peterson C, Raten RR, Shelanski ML, Goldman JE: Cytosolic free calcium and cell
spreading decrease in fibroblasts from aged and Alzheimer donors. Proc Natl Acad Sci
USA 1986,83:7999-8001. '

Whitney RB, Sutherland RM: Requirement for calcium ions in lymphocyte trans-
formation stimulated by phytohemagglutinin. J Cell Physiol 1972;80:329-338.

Abboud CN, Scully SP, Lichtman AH, Brennan JK, Segel GB: The requirements for
ionized calcium and magnesium in lymphocyte proliferation. J Cell Physiol 1985;122:
64-72. . .

Yendt ER, Cohanim M, Rosenberg GM: Reduced serum calcium and inorganic phos-
phate levels in normal elderly women. J Gerontol 1986;41:325-330.

Tsien RY, Pozzan T, Rink TJ: T-cell mitogens cause early changes in cytoplasmic free
Ca’* and membrane potential in lymphocytes. Nature 1982;295:68-71.

Gelfand EW, Cheung RK, Mills GB, Grinstein S: Role of membrane potential in
the response of human T-lymphocytes to phytohemagglutinin. J Immunol 1987;138:
527-531.

Hirasawa K, Nemoto A: Active form of Ca**-dependent phosphatidylinositol phospho-
lipase C from rat thymocytes at physiological Ca®* concentrations. Biochem Soc Trans
1986;14:1242-1243. -
Woods NM, Cuthbertson KSR, Cobbold PH: Repetitive transient rises in cytoplasmic
free calcium in hormone-stimulated hepatocytes. Nature 1986;319:600-602.

Koh E, Morimoto K, Fukuo T, Shiraishi T, Hironaka T, Onishi T, Kumahara Y: Effects
of nitrates and calcium channel blockers on Ca**-ATPase in the microsomal fraction of
porcine coronary artery smooth muscle cells. Cell Calcium 1987;8:397-410.



31

£ 7

33

35

36

37

38

39

Free Calcium Level in Lymphocytes 145

Hosey MM, Lazdunski M: Calcium channels: Molecular pharmacology, structure and
regulation. J Membr Biol 1988;104:81-105.
Kennes B, Hubert CL, Brohee D, Neve P: Early biochemical events associated with

lymphocyte activation in ageing. I. Evidence that Ca**-dependent processes induced by
PHA are impaired. Immunology 1981;42:119-126.

Filop T, Hauck M Jr, Wérum I, Féris G, Lcavey A: Alterations of the FMLP-induced

Ca** efflux from human monocytes with ageing. Immunol Lett 1986/1987;14:283-286.
Thoman ML, Weigle WO: Cell-mediated immunity in aged mice: an underlying lesion in
IL-2 synthesis. J Immunol 1982;128:2358-2361.

Miller RA: Calcium and the aging immune system. Neurobiol Aging 1987;8:368-370.
Segal J: Studies on the age-related decline in the respoﬁse of lymphoid cells to mitogens:
measurements of concanavalin A binding and stimulation of calcium and sugar uptake in
thymocytes from rats of varying ages. Mech Ageing Dev 1986;33:295-303.

Gee MYV, Ishikawa Y, Baum BJ, Roth GS: Impaired adrenergic stimulation of rat
parotid cell glucose oxidation during aging: the role of calcium. J Gerontol 1986;41:
331-335.

Ishikawa Y, Gee MV, Ambudkar IS, Bodner L, Baum BJ, Roth GS: Age-related
impairment in rat parotid cell alpha-adrenergic action at the level of inositol triphos-
phate responsiveness. Biochem Biophys Acta 1988;968:203-210.

Gibson GE, Perrino P, Dienel G: In vivo brain calcium homeostasis during aging. Mech
Ageing Dev 1986;37:1-12.

Chopra RK, Nagel JE, Chrest FJ, Adler WH: Impaired phorbol ester and calcium

ionophore-induced proliferation of T cells from old humans. Clin Exp Immunol
1987;70:456-462.

Séndor Téth, PhD, Gerontology Center, Semmelweis Medical University,
Somogyi Béla u. 33, H-1085 Budapest (Hungary)



