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Summary

Stimulation of T lymphocytes results in the calcium-dependent activation
and repression of a large number of genes. However, the functional response
made by different T cell subsets is heterogeneous, as their differentiation
results in alterations in their sensitivity to activation and in the secretion of
cytokines. Here we have investigated the patterns of calcium responses in CD4
and CD8 T cell subsets to help explain their different responses to activation.
CD4+ CD45RA+ T cells isolated freshly from human blood gave a sustained
calcium signal after stimulation, but this was smaller than elicited in
CD4+ CD45RO+ cells. On in vitro differentiation of CD4+ CD45RA+ cells to
CD45RO+, the level of the cytoplasmic calcium response rose initially, but
then declined steadily during further rounds of differentiation. The propor-
tion producing an oscillatory calcium response or not responding was
increased and differentiation was accompanied by a shift in the calcium
between intracellular pools. CD8+ T cells gave a smaller calcium response than
paired CD4+ T cells and showed a difference in the numbers of cells giving a
transient, rather than sustained, calcium signal. The increase in oscillating
cells in the CD4+ CD45RO+ population may reflect the heterogeneity of this
population, particularly in terms of cytokine production. The changing pat-
terns of calcium responses in T cells as they differentiate may explain varia-
tion in the cellular response to activation at different stages in their lifespan
and emphasize the importance of the both the quantity and the quality of the
calcium signal in determining the outcome of T cell activation.
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Introduction

T lymphocytes, divided into subsets based on their expres-
sion of CD45RA and CD45RO, respectively, have different
activation requirements as well as different signalling and
functional responses [1,2]. These subsets have in the past
been related broadly to naive and primed cells in which
contrasting cytokine secretion, adhesion, trafficking and
activation dependencies have been observed (reviewed in
[3]). CD45RO+ T cells proliferate more strongly to recall
antigens and to CD2/CD3-mediated stimulation, while
CD45RA+ T cells proliferate less well in response to exog-
enous cytokines [2,4,5]. CD45RO+ T cells have been shown
to secrete a broad range of cytokines while CD45RA+ T
cells secrete only interleukin (IL)-2 [6–8].

These differences may result from distinctive activation
signalling pathways in the two cell types, and particularly
notable is the reported difference in the magnitude of [Ca2+]i

response [1,9], which is crucial to the regulation of a large
number of T cell genes including cytokines [10]. A greater
mean increase in [Ca2+]i in CD4+ CD45RA+ compared with
CD4+ CD45RO+ T cells following stimulation has been
reported [9] which was due to a higher response from the
entire population of cells rather than only a few cells showing
an elevated response. In contrast, Robinson et al. [1] found
that the magnitude of the CD3-induced [Ca2+]i response
was 80% greater in CD45RO+ T cells compared with the
CD45RA+ subset.

On stimulating T cells through the T cell receptor (TCR),
a variety of different [Ca2+]i response patterns are observed
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in individual cells. These patterns are determined in part by
the type of stimulus, the strength of the stimulus and by the
phenotype of the cell. The emerging importance of the
spatiotemporal changes in [Ca2+]i signal in the functional
outcome following activation of a cell has highlighted the
need to study [Ca2+]i responses at the single cell level [11]. In
single B cells a high, but transient, rise in [Ca2+]i has been
associated with preferential activation of nuclear factor
kappa B (NFkB) and c-Jun kinase (JNK) while a lower sus-
tained rise in [Ca2+]i induced nuclear translocation of
nuclear factor of activated T cells (NFAT) and extracellular-
regulated kinase (ERK) [12,13]. Whether the pattern of
[Ca2+]i signal leads to the differential activation of transcrip-
tion factors in T cells is less clear, but there is some sugges-
tion that this is the case, as stimuli that give rise to
proliferative responses are associated with a sustained but
modest increase in [Ca2+]i but not with a transient increase in
individual cells [14,15]. Differential activation of transcrip-
tion factors may result from the different calcium signals in
T cells, as this was demonstrated in B cells, and there are
strong suggestions that the patterns of calcium response
regulate transcriptional activators differently in T helper 1
(Th1) and Th2 T cells resulting in their contrasting cytokine
expression [16]. Therefore, a difference in [Ca2+]i response
patterns could underlie a differential expression of tran-
scription factors and hence the contrasting functions of
CD45RA+ and CD45RO+ T cells.

In human pathologies depressed calcium responses have
been related to decreased functional responses of the T cells
[17,18] and to an increase in the number of T cells giving an
oscillatory calcium response [19]. T cells in the rheumatoid
arthritis joint are predominantly of a CD45RO+ memory
phenotype [20], which might be expected to given an
enhanced calcium response [1], but their expression of
CD45RB is very low, suggesting that they are of a late
memory type [20]. Because these cells proliferate poorly to
mitogenic stimulation, they might also give a decreased or
oscillating calcium signal, resulting in their functional phe-
notype, but studies on calcium signals in highly differenti-
ated T cells have not been reported.

In this study, we have examined the patterns and magni-
tudes of [Ca2+]i responses in single cells following activation
of different CD4 and CD8 T cell subsets, as well as in CD4 T
cells at different stages of in vitro differentiation. We found
that there is a shift in intracellular calcium pools, the calcium
responses decline overall and become more oscillatory as the
cells differentiate, which may explain the shift in function of
memory and late memory T cells.

Materials and methods

Separation of T cell subsets

Peripheral blood mononuclear cells were prepared from
healthy volunteers using centrifugation on Ficoll-Paque (GE

Healthcare, Little Chalfont, UK) as described previously
[19]. The study was approved by the South Birmingham
Local Research Ethics Committee and samples were collected
following informed consent of the donors. After a 1 h adhe-
sion at 37°C on a serum-coated Petri dish, non-adherent
cells were depleted of non-T cells using a cocktail of anti-
bodies (against CD11c, CD14, CD16, CD19, glycophorin,
human leucocyte antigen D-related and TCRgd) and mag-
netic beads. In order to obtain specific subsets of T cells,
additional antibodies were added as follows: for
CD4+ CD45RA+ T cells anti-CD45RO and anti-CD8 were
added; for CD4+ CD45RO+ T cells anti-CD45RA and anti-
CD8 were added; for CD4+ T cells anti-CD8 was added; and
for CD8+ T cells anti-CD4 was added. This negative selection
procedure was repeated three times. The resulting T cells
were split for use in [Ca2+]i studies and for assessment of cell
phenotype by flow cytometry using a Coulter Epics XL
cytometer. Cell preparations were greater than 95% of the
required phenotype.

T cell culture

CD4+ CD45RA+ T cells were separated from whole periph-
eral blood as described above to a purity of at least 95%.
Gamma-irradiated (3000 Rad) Epstein–Barr virus (EBV)-
transformed cultured B lymphocytes from the same indi-
vidual were added into the initial culture at a ratio of 1 : 10
(EBV-transformed B cells : T cells), T cells being included at
a density of 0·25 ¥ 106/ml. The culture medium consisted of
RPMI-1640 with 2 mM glutamine, 100 units/ml penicillin,
100 mg/ml streptomycin, 1% sodium pyruvate, 1% non-
essential amino acids, 1% HEPES and 5% human serum.
Phytohaemagglutinin (PHA-P) (Sigma, Poole, UK) at a con-
centration of 1 mg/ml was added as the initial stimulus to the
culture. To maintain the culture, 25 units/ml of recombinant
human IL-2 were added on day 4 of the culture and cells
were fed with fresh medium on days 7 and 11. On day 14,
cells were removed for measurement of [Ca2+]i responses and
the culture cycle was repeated as for day 1. This stimulation
cycle was repeated twice more so that cells at days 0, 14, 28
and 42 could be compared. Throughout the culture period
cell purity and differentiation were followed using flow
cytometry to assess, in particular, the CD45RB isoform
expression by the cells, which fell to very low levels by day 28,
as shown previously using this culture system [21].

[Ca2+]i measurement by single cell ion imaging

Single cell calcium responses using Fura-2 (Invitrogen,
Paisley, UK) loaded cells were assessed as described previ-
ously [19] using 10 mg/ml of PHA-P as the agonist. We chose
to use a single concentration of this widely used agonist in
order to be able to compare results with those published
previously using lymphocytes from patients [19] and in
functional studies on different human T cell subsets [22].
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The single cell imaging system (Ionvision, Improvision,
Warwick, UK) was calibrated using solutions containing a
known [Ca2+] with 2 mM free Fura-2. Data were transferred
into a Microsoft Excel spreadsheet and the [Ca2+]i plotted
against time for each individual cell. The [Ca2+]i responses
were categorized as peak–plateau, oscillating, transient or
non-responding, as we have described previously [19,23]
using a similar classification system used by others [24]. The
groups were defined as previously [19,23] as: (i) no response:
no increase in [Ca21]i signal after PHA-P stimulation; (ii)
oscillating response: three or more peak–trough cycles
during a period of 10 min; (iii) transient response: peak
response followed by a return to baseline [Ca21]i; and (iv)
peak–plateau response: peak response followed by a sus-
tained plateau at the same or lower level, but not returning to
baseline. Any cell moving significantly in the field was elimi-
nated from the analysis, as such anomalous responses
affected the overall analysis. In some experiments this cat-
egorization was assisted by a neural-network computational
approach of pattern recognition which we have shown can
categorize more than 70% of the cells assessed [19,23].

[Ca2+]i measurement by spectrofluorimetry

Purified T cells were resuspended at 2·5 ¥ 106 cells/ml in
1·4 mM Ca2+ Hanks’ balanced salt solution (HBSS) + 1%
heat-inactivated fetal calf serum + 25 mM HEPES buffer
+ 7·5% NaHCO3 + 10 mM glucose to a pH of 7·4 (referred to
hereafter as Ca2+ HBSS) and loaded with Indo-1 AM ester
(Invitrogen) at 1 mM [25]. To confirm that the cells were
resting and produced a stable baseline, the ratio of the fluo-
rescent intensity at the two emission wavelengths was
observed for 60 s and then the stimuli were added through a
light occlusive stopper in the top of the fluorimeter. After
addition of the stimulus the trace was observed until a stable
plateau response was achieved. A calibration file was gener-
ated to allow calculation of [Ca2+]i from the ratio of fluores-
cence intensity, as we have described previously [19].

Statistical analysis

A paired t-test was used for comparison of both patterns and
magnitudes of [Ca2+]i responses at the single cell level in
different cell populations. P-values of less than 0·05 were
considered statistically significant.

Results

Magnitude and patterns of [Ca2+]i responses in
CD4+ CD45RA+ and CD4+ CD45RO+ T cells

In order to determine whether a difference in [Ca2+]i

response patterns might underlie the different functional
outcomes seen in naive and memory T cells, we separated
CD4+ CD45RA+ and CD4+ CD45RO+ T cells from the

peripheral blood of healthy volunteers and measured the
calcium signals in response to PHA-P. Figure 1a shows the
peak rise in cytoplasmic calcium in cells in suspension in
the fluorimeter in cells from six individual donors and in all
cases the magnitude of the calcium rise in the CD45RO+ cells
was higher than in the paired CD45RA+ cells. The mean rise
in the CD45RA+ cells was 233 nM [�89·8 standard deviation
(SD)], while that in the CD45RO+ was 306 nM (�95·7 SD),
a statistically significant (P = 0·003) increase of 30%.

We then assessed the calcium responses given by CD4+

T cells from three individuals at the single cell level and
the [Ca2+]i patterns given by the two subsets in response to
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Fig. 1. Magnitude and patterns of calcium responses are different in

CD45RO+ and CD45RA+ T cells isolated from peripheral blood. (a)

CD4+ CD45RA+ and CD4+ CD45RO+ T cells were isolated from the

peripheral blood of the same donor, loaded with Indo-1 and calcium

responses to 10 mg/ml phytohaemagglutinin (PHA-P) acquired using a

fluorimeter with cells in suspension. Paired data from six different

donors is shown, and plotted is the rise between baseline and

maximum provoked by the lectin. (b) CD4+ CD45RA+ and

CD4+ CD45RO+ T cells were isolated from the PB of the same donor,

loaded with Fura-2 and calcium responses to 10 mg/ml PHA-P imaged

over a period of up to 20 min. For each donor this was repeated two

to three times on different cells from each population. Each cell was

analysed individually and assigned to one of the four calcium patterns

(peak–plateau, oscillating, transient or non-response). Shown are

results from three donors; between 70 and 270 cells of each type were

analysed on each occasion. The data shown were derived from

447 CD45RA+ cells and 649 CD45RO+ cells.
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stimulation with PHA-P were classified as ‘peak–plateau’,
‘oscillating’, ‘transient’ or ‘non-responsive’ using a classifica-
tion that we adopted [19,23] based on previous work by
others [24]. It was possible to allocate all cells to one of these
categories and examples of individual cell responses are
shown in previous publications [19,23].

In all three donors, there was a decreased proportion of
peak–plateau responders and an increased proportion of
oscillators in the CD45RO+ population (16·2 � 3·1%) when
compared with the CD45RA+ population (5·5 � 2·0%)
(Fig. 1b). There was no consistent trend for the proportions
of transient responders or non-responders in the two
populations. The increase in oscillating cells in the CD45RO+

population was balanced largely by the reduced proportion
of peak–plateau responders in the CD45RO+ population
compared with the CD45RA+ population (P < 0·01). Overall,
there were three times as many oscillating cells in the
CD45RO+ population, while the proportion of peak–plateau
responders was decreased by over 10%.

[Ca2+]i signalling in CD4+ T cells undergoing
progressive differentiation

While expression of CD45RA or CD45RO on T cells can be
used to differentiate broadly between naive and memory
cells, the CD45RO+ subset consists of a heterogeneous
group of cells at various stages of differentiation, including
both recently primed (CD45RBbright) and highly differenti-
ated (CD45RBdull) cells. Variation in stage of differentiation
could impact substantially on the [Ca2+]i responses seen
in the CD45RO+ subset. CD45RA+ T cells taken through
several rounds of stimulation during in vitro culture
have been shown to differentiate progressively from
a CD45RA+ CD45Rbbright CD45ROdull phenotype to a
CD45RA- CD45Rbdull CD45RObright phenotype [21]. We
therefore set up a long-term T cell culture system to study
the effects of progressive differentiation on single cell
[Ca2+]i responses.

Figure 2a shows the phenotypic changes occurring in the
T cell culture where the cells initially express CD45RA, which
declines rapidly as the CD45RO rises, a picture similar to
that reported previously [21]. These differentiated cells were
then used for signalling studies, and Fig. 2b illustrates the
magnitude of the [Ca2+]i responses given by the whole popu-
lation of cells stimulated on different days of culture. There
was a statistically significant 45% increase from 293 nM
(�48·0 SD) to 424 nM (�96·3 SD) in the size of the response
between the first day of the culture, when the cells were
CD45RA+, and day 14 of the culture where the phenotypic
switch to CD45RO+ CD45RBbright had occurred. This obser-
vation is consistent with Fig. 1, where the CD45RO+ cells
gave a higher overall response than the CD45RA+ cells.
However, when the cells were differentiated further there was
a statistically significant drop in the magnitude of the
calcium response to below that of the original CD45RA+ cell

preparation (Fig. 2b) after the next round of stimulation and
this declined even further, such that by day 42 a very small
calcium signal was obtained.

In order to assess the effects of progressive differentiation
on T cell signalling at the single cell level, we studied the
single cell [Ca2+]i responses in T cells from the same culture
populations as those used in the fluorimetry studies. A total
of 6946 cultured T cells were examined (3205 from day 1,
1261 from day 14, 2131 from day 28 and 349 from day 42).
These were taken from five to eight separate stimulations on
different samples of cells from the given day of culture from
three separate experiments (Fig. 3).

Between days 1 and 28, there was no consistent change in
the proportions of transient responders or non-responders.
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Fig. 2. Phenotype and calcium responses to phytohaemagglutinin

(PHA-P) shift as CD4+ T cells differentiate from CD45RA+ to

CD45RO+. A starting population of CD4+ CD45RA+ T cells were

stimulated repeatedly with PHA every 14 days over a period of

42 days in culture and cell phenotype and calcium responses assessed

prior to each restimulation. (a) The expression of the CD45 isoforms

CD45RA, CD45RB and CD45RO is shown from one example

representative of three independent experiments. (b) The peak

calcium rise at each time point in the differentiation culture is shown

(n = 3).

Ca signalling in differentiated T cell

89© 2008 British Society for Immunology, Clinical and Experimental Immunology, 153: 86–95



There was, however, a consistent increase in the proportion
of oscillating cells, progressing steadily from days 1 to 14 to
28 and a concomitant decrease in the proportion of peak–
plateau responders throughout the culture period. By day 42
the majority of cells were non-responders, which repre-
sented more than 75% of the cells. This may help to account

for the very low overall calcium responses seen in the bulk
population cells at this stage of culture (Fig. 2). While cells
at this stage of differentiation can be more susceptible to
apoptosis [21], the presence of exogenous IL-2 and the rela-
tively high density of the cell cultures is protective, and the
cell viability remained above 78% in these cultures. Further-
more, the cells still gave a calcium signal in response to
ionomycin (data not shown), indicating that they remained
intact and dye-loaded, but were unable to process a signal
through the T cell antigen receptor.

In T cells the rise in cytoplasmic calcium derives from
two sources: release from intracellular stores and an influx
across the plasma membrane. Release from stores largely
controls the plasma membrane flux and, as we have
observed a redistribution of the calcium within cells from
rheumatoid arthritis patients [18,19], we wished to assess
whether the pools were redistributed in differentiated T
cells. Figure 4 shows the analysis of intracellular stores in
cells differentiated in vitro, in which we stimulated them
sequentially with PHA-P [to release the inositol triphos-
phate (IP3) sensitive store], thapsigargin (to release any
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remaining endoplasmic reticulum store) and ionomycin (to
release any remaining pools). There was no change in the
ionomycin-released calcium over the period of culture (not
shown for clarity), but there appears to be a reciprocal rela-
tionship between the PHA-P- and thapsigargin-released
pools, the latter showing a slight decline in newly differen-
tiated CD45RO+ T cells when compared with the starting
CD45RA+ cells, and then increasing as the PHA-P pool
declined during further culture.

[Ca2+]i signalling in CD4+ and CD8+ peripheral
blood T cells

Differences in calcium responses between CD4 and CD8 T
cells have been reported, but studies are rather limited. We
wished to determine whether the complexity of calcium
responses that we had observed in CD4+ T cells were also
present in CD8+ T cells.

Figure 5a illustrates a representative experiment in which
a population of CD4+ and a population of CD8+ T cells,
isolated from the same individual, were each stimulated with
PHA-P with the resulting [Ca2+]i response being observed
and measured using spectrofluorimetry. When we repeated
this in CD4+ and CD8+ T cells isolated from a further three
individuals we found that this was a consistent observation,
with the rise in [Ca2+]i being significantly smaller in the CD8+

population when compared with the CD4+ population of
cells (P < 0·05) (Fig. 5b).

The decrease in magnitude of [Ca2+]i in these populations
of CD8+ T cells could have been due to a decrease in the size of
the [Ca2+]i response in individual cells within the population,
a decrease in the number of responding cells or to a change in
the patterns of [Ca2+]i responses in single cells. Therefore, we
used single cell imaging to study the patterns (Fig. 6) of
[Ca2+]i responses. CD4+ and CD8+ T cells from four different
donors were used with a total of 1078 CD4+ and 734 CD8+ T
cells analysed. Figure 6a demonstrates clear differences
between the patterns of responses in CD4+ and CD8+ T cells.
In comparison with CD4+ T cells, CD8+ T cells gave a
decreased proportion of peak–plateau responses and an
increased proportion of transient and non-responding cells,
while the proportions of oscillating cells were comparable.

When the results from the 1812 cells analysed were aggre-
gated, the decrease in peak–plateau and the increase in non-
responsive cells in the CD8+ population were statistically
significant (P < 0·01), while the increase in transient
responses was also significant at P < 0·05. Overall, the pro-
portion of peak–plateau responders was decreased by 32%
while the proportions of both transient and non-responsive
cells were increased by 243%. In all four donors the median
response in the CD8+ population was lower than that in the
CD4+ population. This difference was statistically significant
in each case (P < 0·01).

In these experiments the CD4+ and CD8+ populations that
we used would have contained cells at different stages of

differentiation, which we used in order to be able to compare
our results with the previously published data. However, the
distribution of these cells may be very different, because
CD8+ T cells can undergo very rapid population shifts in
response to viral infections [26]. We therefore isolated
CD4+ CD45RA+ and CD8+ CD45RA+ T cells from a number
of donors and compared the calcium response patterns of
these ‘naive’ cells. The majority of these cells in both groups
gave a peak–plateau response (Fig. 6b), and both subsets
contained equal numbers of oscillating cells. However, the
CD8 cells made significantly fewer transient responses,
which were balanced by an increase in non-responding cells.
The decrease in the numbers of the transient responders
in this CD8+ CD45RA+ cell population suggests that the
CD8+ CD45RO+ cells which were present in the experiments
shown in Fig. 6a may have contained the significant number
of transient responders seen in those experiments.
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Discussion

Our results demonstrate clearly that [Ca2+]i responses differ,
at the single cell level, between subsets of primary human T
cells. CD4+ CD45RO+ memory T cells displayed an increased
proportion of oscillating cells, a consistent trend with a
decreased proportion of peak–plateau responders and a
variable magnitude of response depending on their
differentiation state. CD4+ T cells in long-term culture,
which underwent progressive differentiation to
CD45RA- CD45RO+ CD45RBdull, showed a decreasing pro-
portion of peak–plateau and an increasing proportion of
oscillating cells over their time in culture. CD8+ T cells
showed a reduced proportion of peak–plateau responders,

an increased proportion of transient and non-responders
and a decreased magnitude of response compared with CD4+

T cells from the same donor.
The lower magnitude of [Ca2+]i response in

CD4+ CD45RA+ T cells reported here appears to be due to a
reduced magnitude of [Ca2+]i elevation within the respond-
ing cell population rather than an increased proportion of
non-responding cells. Using the single cell approach, we have
demonstrated a significantly increased proportion of oscil-
lating cells in the CD45RO+ T cell population. These oscilla-
tions are more efficient in terms of the average [Ca2+]i

required for activation, and therefore we propose that
these oscillating cells are able to give rise to the enhanced
functional response seen in CD45RO+ T cells despite their
decreased magnitude of [Ca2+]i elevation when they
differentiate. The pattern of [Ca2+]i response has been corre-
lated with the functional outcome of a T cell in terms of
proliferation and cytokine production. In particular, a sus-
tained [Ca2+]i elevation is required for nuclear translocation
of NFAT [27] and IL-2 production and proliferation [14,24].
On returning to baseline [Ca2+]i, NFAT rapidly relocalizes to
the cytoplasm resulting in cessation of IL-2 transcription
[27]. Therefore, a peak–plateau response, which gives rise to
a sustained elevation in [Ca2+]i, would be expected to drive
nuclear translocation of NFAT and subsequent IL-2 tran-
scription and cellular proliferation. The proportion of T cells
giving this [Ca2+]i pattern of response (peak–plateau) follow-
ing stimulation by PHA-P is reduced in rheumatoid arthritis
T cells [19] and this could underlie the functional deficiency,
in terms of IL-2 production and proliferation, seen in these
cells. In support of this, T cells from the rheumatoid arthritis
joint, which show the greatest functional deficiencies, also
show a greater reduction in the proportion of peak–plateau
responders [19].

While we have used CD45 isoform expression as a marker
of broad-ranging differentiation changes in T cells, a direct
effect of the CD45 expression on signalling and thus cytok-
ine production could result from differences in the function
of the CD45 phosphatase isoforms [28]. CD4+ CD45RO+ T
cells have a wide range of expression levels of CD45RB
depending upon the stage of differentiation of the T cell
[21]. In contrast, CD45RA+ T cells are all CD45RBbright. Using
cultured T cells, which have undergone multiple rounds of
stimulation and have therefore become progressively more
differentiated to a CD45RBdull state, we found an increasing
proportion of oscillating and a decreasing proportion of
peak–plateau responding cells. The increased magnitude of
the calcium response in the CD45RO+ cells generated after
one round of stimulation might be accounted for by an
increased expression of the ICRAC channels which can be
increased 10-fold in activated T cells [29], as CD45RO+ cells
have some of the properties of activated cells. Calcium oscil-
lation in T cells occur mainly as a result of variations in the
calcium influx [30,31] and this, in turn, is affected by mem-
brane potential [32] regulated by potassium channels [33]
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and so differential expression of these components [34] or
different splice variants of calcium channel proteins [35]
might also affect subset signalling responses.

In addition to differential expression of CD45RB, resting
naive T cells may be less differentiated with respect to their
cytokine profile [36]. As cytokines are regulated by different
transcription factors, cells that secrete Th1 cytokines may
display distinct [Ca2+]i response patterns compared with
those that secrete Th2 cytokines. The magnitude and pattern
of [Ca2+]i signalling have been shown to regulate the differ-
ential activation of distinct transcription factors in B cells
[12] and there is evidence to suggest that distinct transcrip-
tion factors mediate cytokine gene expression patterns in
Th1 and Th2 cells [37]. The IL-4 promoter contains five sites
that are critical for the inducible expression of IL-4. NFAT
family proteins bind specifically to these sites and co-operate
with AP-1 factors to induce IL-4 transcription. The inter-
feron (IFN)-g promoter, however, is less dependent on NFAT
proteins but contains a regulatory region that requires NFkB
binding [16]. In view of the differential activation of JNK-1,
NFkB and NFAT, sustained elevations in [Ca2+]i would
be expected to correlate with NFAT activation and IL-4
production while non-sustained increases may be expected
to result in NFkB and JNK-1 activation and hence IFN-g
production. In support of this, T cells from Itk knock-out
mice, which fail to produce a sustained elevation in [Ca2+]i

and demonstrate impaired NFATc translocation, fail to
establish stable IL-4 production while IFN-g production is
unaffected [38,39].

In thymocytes, the avidity of the TCR engagement can
determine the type of calcium response made, but this is
dependent on the maturation state of the cell; high-avidity
engagement initiates oscillatory responses [40]. Similarly, in
mature T cells the avidity of TCR engagement can also affect
outcome. Verheugen showed, in short-term studies, an
increase in oscillating cells in the first 5 days after activation
and for a tendency for a higher stimulation to evoke an
oscillating response [41]. High avidity can lead to Th1 dif-
ferentiation and low avidity to Th2. Thus the increase in the
oscillating cells that we saw between CD45RA and CD45RO
may represent this differentiation into functional classes of
cells. Similarly, changes in SHIP expression may alter the
calcium responses in terms of oscillation or magnitude in B
cells [42], but its role in this context in T cells has not been
examined. Ricard suggested that T cells have at least two
pools of calcium, which are involved in generating calcium
spikes and oscillations [43]. Our observation of a shift in
the pools with differentiation state may represent a modula-
tion resulting in different signals at different stages of
development.

CD8+ T cells showed a significant increase in the propor-
tion of transient and non-responding cells and a decrease in
the proportion of peak–plateau responders in addition to a
decreased magnitude of [Ca2+]i response when compared
with CD4+ T cells. This could be due to an increased thresh-

old for activation of CD8+ T cells, which may represent an
important protective physiological mechanism whereby
cytotoxic T cells are less likely to undergo inappropriate acti-
vation that would result in severe damage to healthy tissues.
Furthermore, a transient Ca signal may be sufficient and
necessary to induce cytotoxic granule release [44], and this
may explain the increased proportion of transient respond-
ers we observed in the CD8+ cell population.

The patterns of responses that we have seen in CD4+ T
cells from the rheumatoid arthritis joint [19] are similar to
the patterns seen in both CD4+ CD45RO+ T cells and CD4+ T
cells following long-term culture, in terms of high propor-
tions of oscillators and relatively low proportions of peak–
plateau responders. However, the increased proportion of
non-responders is not seen in CD45RO+ T cells and is seen
only on day 42 in cultured T cells, a point at which almost all
T cells failed to respond to subsequent stimulation with
PHA-P. As activated T cells have an increased frequency of
[Ca2+]i oscillations after TCR stimulation [32], this suggests a
possible explanation for the increase in frequency of [Ca2+]i

oscillations in the CD4+ CD45RO+population. Furthermore,
the presence of regulatory cells within this population is
quite likely and, given the dependence of the function of the
forkhead box p3 on its interaction with calcium regulated
NFAT proteins [45], the calcium oscillations may be impor-
tant in regulating the function or dysfunction of this impor-
tant subset of cells.

A recent phenotypic and cytokine analysis of CD4+

human T cells suggests that at least six subsets of cells exist
[22]. Some of these failed to proliferate in response to PHA;
these were probably effector cells and may correspond to the
large number of cells which failed to give a calcium signal in
the terminally differentiated cells which we produced. These
were predominantly IFN-g-secreting cells [22], and given the
apparent lack of Ca-dependence of the IFN-g promoter with
its complete lack of NFAT sites adds support to the sugges-
tion that these cells may correspond. Other cells expressed
only IL-2, and these could correspond to our calcium oscil-
lators or peak–plateau responders, although the oscillators
were seen more in the differentiated cells which may secrete
less IL-2, but could represent Th2 cells which may be more
Ca2+-dependent because of the NFAT dependence of the IL-2
promoter. CD45RA has been associated with naive T cells
and so one might expect signalling responses of such cells to
be less complex. Indeed, we have seen here that the predomi-
nant response of these cells is a peak–plateau pattern.
However, CD45 subsets may encompass a memory cell
population that has ‘reverted’ to CD45RA+ and may repre-
sent a subset of central memory cells [46,47]. At least some
CD45RA+ cells also fail to proliferate in response to PHA
[22] but secrete predominantly IFN-g, again suggesting these
are functionally differentiated effector cells. Thus the pheno-
typic marker description of T cells may disguise another
level of functional complexity which may be better repre-
sented by their calcium signalling responses.

Ca signalling in differentiated T cell

93© 2008 British Society for Immunology, Clinical and Experimental Immunology, 153: 86–95



Using single cell imaging and spectrofluorimetry, we have
described differences in the [Ca2+]i responses in a wide range
of freshly isolated and in vitro-derived T cell subsets. Given
the importance of calcium in regulating T cell gene expres-
sion, we propose that these differences may underlie the
functional variation seen in these cells.
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