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The Acquisition of a Memory Phenotype by Murine
CD4/T Cells is Accompanied by a Loss in Their
Capacity to Increase Intracellular Calcium
LEX NAGELKERKEN* and ANITA HERTOGH-HUIJBREGTS
Section of Immunology, TNO Institute ofAging and Vascular Research TNO, P.O. Box 430, 2300 AK Leiden, The Netherlands

During the process of aging, the fraction of CD4 T cells with a naive phenotype, that is,
Pgp-1- CD45RBHighMEL-14+, decreases in favor of CD4 T memory cells. Total CD4 T
cells from aged mice displayed a diminished calcium response to anti-CD3 and even
ionomycin as compared to the cells from young mice, and this was related to the
changed composition of the CD4 T-cell population. Regardless the age of the donor
mice, naive CD4 T cells effectively increased intracellular calcium, whereas memory
CD4 T cells were impaired in this regard. In addition, a heterogeneity in the
differentiation stage of the naive CD4 T cells was shown by the observation that
calcium mobilization in naive CD4 T cells from young mice was more profound than
that in their aged counterparts. These data thus indicate that during the acquisition of a
memory phenotype, murine CD4 T cells lose the capacity to increase intracellular
calcium, which in turn may be responsible for the decreased level of IL-2 production by
these cells.
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INTRODUCTION

Aging is accompanied by a decrease in the
capacity of CD4/T cells to produce interleukin-2
(IL-2; Gillis et al., 1981; Thoman and Weigle,
1981). However, it still remains to be established
to what extent this phenomenon is due to intrin-
sic defects related to the process of aging or to a
different stage of differentiation of the CD4/ T
cells. The expression of the IL-2 gene is depen-
dent on the induction of the nuclear factor of acti-
vated T cells (NFAT-1; Shaw et al., 1988;
Crabtree, 1989), which in turn is regulated by at
least two intracellular events that are the result of
perturbation of the CD3-TCR complex, that is, an
increase in intracellular calcium and the acti-
vation of protein kinase C (Verweij et al., 1990;
Hivroz-Burgaud et al., 1991). Interestingly, it has
been shown that T cells from aged mice (Miller et
al., 1987) and man (Grossmann et al., 1989) are
impaired with regard to their ability to mobilize
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cytoplasmic calcium and this might be one of the
reasons for a lower level of IL-2 production.
However, several groups, including us, have
recently demonstrated that the differentiation
stage of the CD4/ T-cell population changes dur-
ing the aging process (Lerner et al., 1989; Ernst et
al., 1990; Nagelkerken et al., 1991; Dobber et al.,
1992), pointing to a decrease in the number of
naive CD4/ T cells in favor of memory cells. In
the mouse, we have demonstrated that this
increase in the fraction of CD4/T memory cells is
functionally related to the decrease in the pro-
duction of IL-2 and an increase in the production
of IL-4 and interferon-, (Nagelkerken et al.,
1991). From this and other studies (Bottomly et
al., 1989; Lee et al., 1990), it appeared that follow-
ing polyclonal stimulation, naive CD4/ T cells
were the main producers of IL-2. Therefore, an
age-related decrease in IL-2 production is not
necessarily a consequence of an intrinsic defect,
but may rather reflect functional differences
between naive and memory cells. Likewise, also,
the ability of T cells to mobilize calcium may be
dependent on the differentiation stage of these
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cells. In the present study, we addressed this
possibility by studying calcium mobilization in
CD4/ T-cell subsets from mice of different ages.

RESULTS

Phenotype of CD4/T Cells and CD8/T Cells
in Young and Aged Mice

Major phenotypic changes occur within the CD4/

T-cell population during the process of aging.
This has previously been demonstrated on the
basis of an increased expression of Pgp-1 and a
decreased expression of CD45RB (Lerner et al.,
1989; Ernst et al., 1990; Nagelkerken et al., 1991).
In Fig. 1, it is shown that these two markers are
more or less reciprocal by performing triple
staining experiments on unseparated spleen cells
from mice of different ages. At an age of 3
months, the majority of the CD45RB++CD4+ T
cells from CBA/Rij mice does not yet express
Pgp-1, and particularly the proportion of this
subset decreases during the first year of life,
probably as a consequence of thymic involution.
This decrease is accompanied by an increase in
the fraction of CD45RB++Pgp-1/CD4+ T cells. In
addition, the number of Pgp-I++CD4+ T cells
increases during aging. Although the majority of
these cells are CD45RB-, a substantial fraction of
the cells expresses CD45RB in low density and
this is most evident in 15-month-old mice. Below,
CD45RB- and CD45RB/ will collectively be indi-
cated as CD45RBcw cells; CD45RB++ cells will be

indicated as CD45RBHigh cells. Based on func-
tional studies performed by other investigators
(Bottomly et al., 1989; Lee et al., 1990), these
phenotypic changes should be interpreted as a
decrease in the fraction of naive cells in favor of
memory cells. This conclusion is further sup-
ported by our observation that the fraction of
MEL-14/CD4/ T cells decreased during aging,
because this marker also has been recently associ-
ated with memory cells (Bradley et al., 1992).
As can be concluded from Fig. 2, about 90% of

young CD4/ T cells are MEL-14 as compared to
about 35% in 2-year-old mice. By contrast, only a
slight decrease was noted in the fraction of MEL-
14/CD8+ T cells, although Pgp-1 expression was
also increased on old CD8/T cells (data not
shown).

Age-Related Decline in Calcium Mobilization
in T Cells

As shown before, the stage of differentiation on
the T cells is related to the age of the donor mice.
To study the influence of differentiation on the
ability to increase cytoplasmic calcium, we puri-
fied CD4/T cells from mice of different ages,
labeled them with INDO-1, and studied their
response to anti-CD3 antibodies or to ionomycin.
By employing 2Cll as the stimulating anti-CD3
antibody, cross-linkage was required to induce
calcium mobilization. This was achieved
employing a goat-anti-rat-Ig cross-reactive with
hamster IgG. A typical experiment is shown in

months 27 moths

CD4SRB (green)

FIGURE 1. Age-related changes in the composition of the CD4 T-cell population. For each age group, spleen cells from four
mice were pooled and analyzed for the simultaneous expression of CD4, CD45RB, and Pgp-1. Only gated CD4 T cells are shown.
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Fig. 3A. It can be seen that the addition of this
second antibody resulted in an calcium flux in
about 60% of the CD4/ T cells derived from 3-
month-old mice. When CD4/ T cells were derived
from 27-month-old mice, a substantially lower
fraction of the cells (about 25%) responded to
anti-CD3. Moreover, the response by cells from
aged mice was heterogeneous in that increasing
numbers of individual cells responded less vigor-
ously (data not shown). Results obtained with
CD4/ T cells from 15-month-old mice were simi-
lar to those obtained with cells from 27-month-
old mice, indicating that the decline in calcium
mobilization is not likely to be due to age-related
defects (data not shown). To establish whether
the less vigorous response to anti-CD3 was due
to the lower level of expression of CD3 that we
found previously with T cells from aged mice
(Hertogh-Huijbregts et al., 1990), cells were also
stimulated with ionomycin. Under these con-
ditions, the fraction of responding cells increased
in young and aged mice, although differences
between cells from young and aged mice (90%
and 65% responding cells, respectively) remained
(Fig. 3A). Similar results were obtained with
CD8/T cells (data not shown).

To examine whether the decrease in the ability
to mobilize calcium was a general phenomenon
in aging animals, we also studied calcium mobil-
ization in splenic B cells. As shown in Fig. 3B, no
differences were found between B cells from
young or aged mice, regardless whether the cells
were stimulated with anti-Ig antibodies or with
ionomycin.

Calcium Mobilization in Subpopulations of
CD4/ T Cells

In order to establish whether the age-related
decline in calcium mobilization was due to the
changes in the composition of the CD4/ T-cell
population, we next studied calcium mobiliz-
ation in CD4/ T-cell subsets from mice of differ-
ent ages. This was done in triple staining experi-
ment: spleen cells were labeled with Fluo-3, and
stained with the combination of anti-CD4Red613

and Phycoerythrin-conjugated anti-Pgp-1, which
allowed us to study the response of Pgp-l-, Pgp-
1 +, and Pgp-I++CD4+ T cells simultaneously. In a
comparable way, we studied CD45RBHigh and
CD45RBcw CD4/ T cells. At the concentrations of

CD4 CD8
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FIGURE 2. Age-related decline in
the fraction of splenic MEL-14/CD4

t. T cells, but not in the fraction of
MEL-14/CD8 T cells. MEL-14llllllI l 14 density (green fluorescence) on
gated CD4 T cells or CD8 T cells is
displayed.
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FIGURE 3. Calcium mobilization
is impaired in CD4 T cells, but not
in B cells from aged mice. CD4 T
cells (A) or B cells (B) were isolated
from a pool of spleen cells from four
CBA/Rij mice of the indicated age,
labeled with INDO-1 and stimu-
lated (indicated by arrow) with anti-
CD3, anti-Ig, or ionomycin. The
results shown for the CD4 T cells
and the B cells are representative for
five experiments and three 6xper-
iments, respectively.
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antibody we employed, anti-Pgp-1 did not affect
the calcium response, regardless of whether the
cells were stimulated by anti-CD3 or ionomycin.
By contrast, anti-CD45RB inhibited the calcium
response to anti-CD3 but not to ionomycin. The
results are expressed as histograms of fluor-
escence intensity before stimulation (base level)
and immediately after the addition of the stimu-
lus at the peak of the response.
A typical experiment is shown in Fig. 4. After

stimulation with ionomycin, it is observed that
regardless of the age of the mice, Pgp-I/+CD4/ T

cells display only a slight increase in fluorescence
intensity, whereas Pgp-1/ cells respond more
adequately and the highest response is noted in
Pgp-1- cells. A quantitative representation of this
experiment is given in Table 1, where the
increase in mean fluorescence intensity after
stimulation is depicted. It can be seen that if cells
from mice of different ages are compared also an
age-related decrease in responsiveness can be
noted, regardless of the expression level of Pgp-
1. Similar conclusions can be drawn, on the basis
of stimulation with anti-CD3, although then only

Pk-l- PgP"1+ Pgp-I++

".
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is mo

lla1’ ll 2 lla3"
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15 mo

27 mo

FLUO-3 intensity

FIGURE 4. Relation between Pgp-1 expression and calcium mobilization. FLUO-3-1abeled spleen cells from mice of different
ages stained for CD4 and Pgp-1 were stimulated with ionomycin. Histograms of FLUO-3 intensity before stimulation (thick line)
and at the peak of the response (thin line) are displayed. Results representative for three experiments are shown.
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marginal responses were obtained with Pgp-1+/

cells. Cells that had been incubated with anti-
CD45RB displayed a subdued calcium response
to anti-CD3, although it could be still be con-
cluded that CD45RBHigh cells responded better

than CD45RBLw cells (Table 1). Ionomycin
bypassed this inhibitory effect. As shown in Fig.
5 and Table 1, CD4/ T cells defined on the basis of
a high CD45RB expression responded better to
ionomycin than CD45RBcw CD4/ T cells, even

TABLE
A Decline in Calcium Mobilization Accompanies the Differentiation of CD4 T Cells

Age Stimulus
(months)

Increase in FLUO-3 intensity

Pgp-1- Pgp-1 Pgp-1 CD45RBHigh CD45RBLw

3 anti-CD3 68
3 ionomycin 95
15 anti-CD3 44
15 ionomycin 67
27 anti-CD3 38
27 ionomycin 46

50 11 30 15
86 66 108 78
22 6 14 8
43 28 63 33
17 4 12 3
21 14 35 15

aMean fluorescence intensity at the peak of the response--mean fluorescence intensity before stimulation.

FIGURE 5. Relation between
CD45RB expression and calcium
mobilization. FLUO-3-1abeled
spleen cells from mice of different
ages stained for CD4 and CD45RB
were stimulated with ionomycin.
Histograms of FLUO-3 intensity
before stimulation (thick line) and at
the peak of the response (thin line)
are displayed. Results representa-
tive for three experiments are
shown.
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although an eventual inhibitory effect of the anti-
body would be expected to be higher on
CD45RBHigh cells. Again, an additional decrease
related to the age of the mice was noted in both
subpopulations.

Altogether, it can be concluded that--
regardless the age of the donor mice--CD4+ T
cells with a naive phenotype display a more pro-
found calcium response to anti-CD3 or ionomy-
cin than cells with a memory phenotype. In
addition, CD4/ T cells with a certain phenotype
may still be heterogeneous in their stage of dif-
ferentiation as can be concluded from differences
in the capacity to increase intracellular calcium
when such cells derived from mice of different
ages are compared.

DISCUSSION

Aging is accompanied by a decline in IL-2 pro-
duction and in T-cell proliferation. Recently, we
showed that the age-related decline in IL-2
production is accompanied by an increased pro-
duction of IL-4 and IFN-, and that these events
are related to an increase in the number of mem-
ory cells (Nagelkerken et al., 1991). Pheno-
typically, an age-related decrease in the fraction
of CD45RBHighpgp-1-CD4+ T cells in favor of
CD45RBLWpgp-1/+CD4/ T cells is observed (see
Fig. 1). Pgp-1 has previously been associated
with memory CD8/ T cells (Budd et al., 1987;
Butterfield et al., 1989) and this is consistent with
the observation that the fraction of Pgp-1/ T cells
increases with age (Philosophe and Miller, 1989;
Dobber et al., 1992; this paper). Moreover, Lee et
al. (1990) demonstrated that secondary responses
in vivo are associated with CD45RB-CD4/ T cells.
Therefore, our observation in unmanipulated
mice that the fraction of CD45RBHighpgp-1-CD4/

T cells decreases with age in favor of
CD45RBLwpgp-1++CD4/ T cells can be regarded
as a shift from naive to memory cells. In the pre-
sent study, we substantiated this observation by
demonstrating that CD4/ T cells from aged mice
display a decreased expression of MEL-14, a
marker recently also associated with naive CD4/

T cells (Bradley et al., 1992). It is likely that an
age-related increase in the fraction of memory T
cells due to antigenic exposure combined with a
decrease in the fraction of naive cells due to
involution of the thymus and a limited life-span

of these cells are the main reasons for the
changed composition of the CD4/ T-cell popu-
lation. Interestingly, although CD8/T cells from
aged mice display an increased expression of
Pgp-1, these cells did not display a decreased
expression of CD45RB or MEL-14 (data not
shown). It has been suggested (Swain et al., 1991)
that the differential expression of MEL-14 on
CD4/T cells explains differences in terms of
recirculation patterns between naive and
memory cells, as has been demonstrated for
sheep CD4/ T cells (Mackay et al., 1990). Our data
would then suggest that MEL-14 does not play a
similar role in the case of CD8/ T cells. Alterna-
tively, despite the fact that splenic CD8/ T cells
from aged mice express increased levels of Pgp-1,
CD8/T memory cells may be relatively absent
from the spleen, a possibility we are currently
investigating.
As indicated before, the age-related changes in

the composition of the CD4/ T-cell population is
functionally reflected by a diminished pro-
duction of IL-2. This phenomenon has been
regarded as a defect caused by an inadequate cal-
cium mobilization: indeed, it has been demon-
strated that calcium mobilization declines during
aging (Miller et al., 1987; Grossmann et al., 1989;
this paper). On the basis of changes in the com-
position of the CD4/ T-cell population, it is how-
ever, likely that the decreased ability to mobilize
calcium is due to a change in the differentiation
stage of the T cells and thus reflects a relative
poor calcium response in memory cells. The fact
that we observed no changes in calcium mobiliz-
ation by B lymphocytes is not surprising because
the generation of B lymphocytes is hardly affec-
ted by the aging process. This observation further
showed that it is not likely that calcium mobiliz-
ation in the cells of these mice is subject to a gen-
eralized suppression.

In the present study, we provide strong sup-
port for the idea that calcium mobilization plays
a minor role in memory cells as compared to
naive CD4/ T cells. This conclusion is based on
the assumption that CD45RBHighpgp-1-CD4/ T
cells represent the naive cells, and that
CD45RBLWpgp-1++CD4+ T cells represent the
memory cells. In view of the hypothesis that cal-
cium mobilization is important for IL-2 gene
expression, our present observation that
CD45RBLwpgp-1++CD4+ memory T cells do not
mobilize calcium as efficient as CD45RBHighpgp
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1-CD4/ naive T cells is also consistent with differ-
ence in IL-2 production by these cell populations
(Bottomly et al., 1989; Lee et al., 1990; Nagelk-
erken et al., 1991). In these studies, we showed
that in response to Con A, CD45RBLwCD4/ T
cells produced 15 fold lower levels of IL-2 as
compared to CD45RBHighCD4+ T cells. Moreover,
we observed that CD45RBHighCD4/ T cells from
young mice produced substantially more IL-2
than their old counterparts, which again is con-
sistent with our present observation that naive
CD4/ T cells from 3-month-old mice increase
intracellular calcium more efficiently than the
naive CD4/ T cells derived from 15-month-old or
27-month-old animals. Furthermore, this obser-
vation showed that CD4/ T cells with a naive
phenotype may still be different with regard to
their stage of differentiation.
The fact that in our previous studies

(Nagelkerken et al., 1991) IL-2 production could
be enhanced by stimulating CD45RBLwCD4/ T
cells with the combination of PMA and ionomy-
cin is in line with our present observation that
ionomycin--in contrast to anti-CD3--was cap-
able to induce an increase in intracellular calcium
(Table 1). That ionomycin did not induce calcium
mobilization in all old CD4/ T cells was a consist-
ent finding that may be due to the increased
heterogeneity in the differentiation stage of these
cells and that is possibly due to an increased
activity of calcium 39umps.
Our results suggest that during the process of

differentiation from naive to memory cells, CD4/

T cells lose their capacity to increase intracellular
calcium when stimulated in a physiological man-
ner. A possible explanation might be that cAMP
levels are increased in memory cells, which, in
turn, is inhibitory for the hydrolysis of phosphat-
idylinositol and thus calcium mobilization
(Friedrich et al., 1989). We are currently
investigating this possibility, which is supported
by our observation that CD4/ T-cell populations
enriched for memory cells are less sensitive for
inhibition by cAMP inducers (Dobber and Nagel-
kerken, manuscript in preparation). Alterna-
tively, memory cells may depend on other intra-
cellular pathways that are mediated, for example,
by CD28 (Fraser et al., 1991). Interestingly, anti-
CD28 can induce high levels of IL-2 in human
CD4/ T memory cells. (de Jong et al., 1991).
Because memory CD4/ T cells are poor
responders with regard to calcium mobilization,

it is likely that alternative intracellular pathways
play a role in the induction of lymphokines that
are more specific for these cells.

MATERIALS AND METHODS

Mice

Male CBA/Rij mice of three different ages (3, 15,
and 27 months old) were derived from the SPF
cohorts of the animal facilities of ITRI-TNO
(Rijswijk, The Netherlands). In all experiments,
pools of cells derived from four mice were used.

Cells

CD4/ T cells were isolated as described pre-
viously (Nagelkerken et al., 1991) by depletion of
CD8/T cells and macrophages using anti-Ly-2,
anti-Mac-lo, and anti-I-Ab’d’q. Rather than deplet-
ing the cells by indirect panning, depletion was
achieved with Magnisort-G (Dupont, Wilming-
ton, DE), saturated with affinity-purified goat-
anti-rat-Ig. Simultaneously, B cells were depleted
with Magnisort-M (Dupont), according to the
instructions of the manufacturer. Cells adherent
to the magnetic particles were removed with a
magnet (Dynal AS, Oslo, Norway). To achieve a
purity of 95% CD4/ T cells, the nonadherent frac-
tion was next incubated with anti-asialo-GM-1
(WAKO Chemicals, Neuss, Germany) and NK
cells were removed with Magnetic goat-anti-
rabbit IgG (Collaborative Research, Bedford,
MA). B cells were purified by treatment of spleen
cells (after lysis of the erythrocytes) with anti-
Thy-l.2 (Cedarlane, Hornby, Canada) and rabbit
complement.

Phenotypic Analysis

The purity of the various cell populations was
verified by flow cytometry using a FACScan
(Becton Dickinson, Sunnyvale, CA). Changes in
the composition of the CD4/ T-cell population
were studied in triple staining experiments using
unseparated spleen cells. Pooled spleen cells
from four mice were depleted of erythrocytes
and incubated (30 min on ice) with anti-CD45RB
(antibody 23G2; dilution 1/200; Texstar, Dallas,
Texas), washed and incubated with FITC-labeled
mouse-anti-rat-IgG (dilution:l/200; Jackson
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Immunoresearch Laboratories, West Grove, PA).
After washing the cells, these were simul-
taneously incubated with PE-conjugated anti-
Pgp-1 (dilution: 1/25; Pharmingen, San Diego,
CA) and anti-CD4Red613 (dilution 1:100; GIBCO,
Gaithersburg, MD) in the presence of 10% normal
rat serum to prevent binding to already bound
anti-rat IgG. CD4/T cells were gated on the basis
of forward scatter and fluorescence intensity in
order to exclude macrophages from the analysis.
Gated cells were analyzed for CD45RB (green)
and Pgp-1 (red) expression, simultaneously. The
expression of MEL-14 (Gallatin et al., 1983) on
CD4/ or CD8/ T cells (stained with the appropri-
ate PE-conjugated antibodies, Becton Dickinson)
was studied using hybridoma supernatant in
combination with FITC-conjugated mouse-anti-
rat Ig. Background staining by isotype controls or
by a second antibody alone resulted in a peak
fluorescence ranging from 1 to 5x10 on the used
log scales with a mean fluorescence intensity of 2.

Calcium Mobilization

B cells or CD4/ T cells were labeled with INDO-1-
AM (Molecular Probes, Eugene, OR), as
described by Rabinovitch et al. (1986) and ana-
lysed for their ability to mobilize calcium after
stimulation with the use of a FACS-analyzer
equipped with an ARC-lamp (Becton Dickinson),
as described by Grifioen et al. (1989). Cells were
excited at 362 nm, wheras emission was studied
at 405 and 485 nm. Data were collected and pro-
cessed using INCA software, as described else-
where (Keij et al., 1989).
T cells were incubated (30 min on ice) with 10/

g/ml anti-CD3 antibody 145-2Cll (Leo et al.,
1987), washed, resuspended in RPMI 1640 con-
taining 5% FCS, and kept on ice until assay. A
sample of these cells was then resuspended in
prewarmed (37C) medium to a concentration of
105/ml and immediately analyzed after the
addition of goat-anti-rat-Ig cross-reactive with
hamster Ig (NORDIC, Tilburg, The Netherlands;
final dilution 1/40). Fifty thousand events were
collected over a period of about 5 min. B cells
were stimulated with affinity-purified goat-anti-
mouse Ig at a concentration of 100/g/ml. As an
alternative to anti-CD3 or anti-Ig, cells were
stimulated with 1/M ionomycin in order to
establish the maximal ratio free INDO-
1/calcium-bound INDO-1. The minimal ratio

was determined by using the same approach in
the presence of 8 mM EGTA. Responding cells
are those cells in which the ratio exceeded the
ratio in unstimulated cells+3 SD.
To study calcium mobilization in relation to

phenotype, an alternative procedure was used.
Spleen cells (107/ml) were labeled with 1/M
Fluo-3 (Molecular Probes, Eugene, OR), washed,
and simultaneously incubated with anti-CD4Red613

and anti-Pgp-l-PE as described before. After
incubation, the cells were washed and kept on ice
until assay. Alternatively, Fluo-3-1abeled cells
were incubated with 23G2, washed, incubated
with PE-labeled rabbit (Fab)2-anti-rat-Ig
(dilution, 1/50; Serotec, Oxford, England). After
a washing step, the cells were incubated with
anti-CD4Reds13 in the presence of 10% normal rat
serum. Cells were stimulated with anti-CD3 or
ionomycin as described for INDO-1.
Calcium mobilization (green fluorescence) was

measured on a FACScan using a live gate around
the CD4+ T cells, and recorded in relation to the
phenotype of the cells (red fluorescence). Data
were analyzed in CONSORT 30 after creating a
simulated time scale employing the CONVERT
program (Becton Dickinson).
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