immunostained as described. Quantification was achieved by using Image-1
software (Universal Imaging). Positive controls included sections of adrenal
medulla, thyroid, pancreas, intestine, ganglia and nerves.

Antisense studies. 100 nM phosphorothioate oligodeoxynucleotides with C-
5 propyne modifications at dC and dU (Midland) were reconstituted with
2.5 wgml ™' GS2888 cytofectin® (Gilead Sciences) in OptiMEM (Gibco), then
incubated with 5 X 10° NCI-H209 or DMS53 cells in 6-well plates for 48 h in
growth media. 5 X 10* cells were cytospun per slide. Immunostaining, quan-
tified using MetaMorph software (Universal Imaging), included at least ten cell
clusters (over 200 cells) for each marker and oligonucleotide. Experiments were
done in triplicate for both cell lines and evaluated in a blind fashion.
Oligonucleotides ¢5p1476 (5'-GGAGCCCACUGCUUU-3'), c5p1232 (5'-
UCCCAACGCCACUGA-3") and ¢5p25 (5'-UCCUACUAAGGCUGC-3') cor-
respond to positions 1,476—-1,491 and 1,232—1,247 in the hASH1 3’ UTR and
25-40 in the 5" UTR, respectively; the c5pMissl sequence is 5'-GCUACAU-
CUGGUCGC-3'; c5pMiss2 5'-CACUGAUGCACCUGU-3'.
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Differential activation of
transcription factors
induced by Ca?* response
amplitude and duration
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An increase in the intracellular calcium ion concentration
([Ca’*];) controls a diverse range of cell functions, including
adhesion, motility, gene expression and proliferation"’. Calcium
signalling patterns can occur as single transients, repetitive
oscillations or sustained plateaux™’, but it is not known whether
these patterns are responsible for encoding the specificity of
cellular responses. We report here that the amplitude and dura-
tion of calcium signals in B lymphocytes controls differential
activation of the pro-inflammatory transcriptional regulators NF-
kB, c-Jun N-terminal kinase (JNK) and NFAT. NF-kB and JNK are
selectively activated by a large transient [Ca’"]; rise, whereas
NFAT is activated by a low, sustained Ca’* plateau. Differential
activation results from differences in the Ca’' sensitivities and
kinetic behaviour of the three pathways. Our results show how
downstream effectors can decode information contained in the
amplitude and duration of Ca’"* signals, revealing a mechanism by
which a multifunctional second messenger such as Ca** can
achieve specificity in signalling to the nucleus.

Calcium signalling is important for the growth, death, differen-
tiation and function of immune cells*®. Several Ca’*-sensitive
transcriptional regulators, including NF-kB”®, JNK> and
NFAT**!'"! participate in varying combinations to promote the
expression of genes that underlie these responses. These genes
encode haematopoietic growth factors such as the interleukins IL-
2 and IL-4 and GM-CSF, and inflammatory cytokines such as IL-1,
IL-6, IL-8 and tumour-necrosis factor (TNF)*”'*!, We examined
the Ca’" sensitivity and response dynamics of the three trans-
criptional regulators in B lymphocytes from mice expressing an
immunoglobulin transgene specific for the hen-egg lysozyme
(HEL) antigen®. Acute stimulation of B cells with HEL and phorbol
ester evoked a biphasic Ca** response that consisted of an initial
rapid rise of [Ca’"]; from a baseline of 76 = 3nM to a peak of
1,367 = 33 nM, which subsequently declined over 10 min to a low
sustained plateau of 227 = 5nM (means * s.e.m., n = 572 cells)
(Fig. 1a). The time course of NF-«kB activation during this response
was assayed by the phosphorylation and degradation of its cyto-
plasmic inhibitor IkBa, or by the accumulation of the NF-«B
subunit, RelA, in the nucleus™'®”. NF-kB activation was first
detectable 4 min after stimulation with HEL and.reached comple-
tion by 8 min (Fig. 1b). Like NF-kB activation, the phosphorylation
of JNK1 and its nuclear substrate ATE-2 (refs 10, 18) was also first
apparent within 4 min and reached a peak by 12 min (Fig. 1¢). In
contrast, activation of NFATCc, as determined by its translocation to
the nucleus, was much more rapid, being essentially complete
within 1 min of stimulation with antigen (Fig. 1d, e). The activation
of each of these pathways was inhibited by the immunosuppressant
cyclosporin A (CsA)' as shown previously®*>.

An important question is whether the spike and plateau phases of
the Ca®" response activate distinct transcriptional pathways. Sti-
mulation of the antigen receptor activates Ca**-independent as well
as Ca’"-dependent signalling pathways™*'; we therefore applied the
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Ca’" ionophore ionomycin (in the presence of phorbol ester) to
identify the specific impact of each phase of the Ca** response. The
Ca’" spike was generated in isolation by exposing the cells to
ionomycin shortly before chelating extracellular Ca** with EGTA
(Fig. 2a, left). Single-cell Ca*" imaging confirmed that the ionomy-
cin-induced transient had about the same magnitude as the HEL-
stimulated spike (1,301 * 46nM versus 1,367 = 33nM, respec-
tively; mean * s.e.m.) and returned to baseline within 3 min.
Furthermore, we verified that the Ca®" spikes produced by HEL
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Figure 1 Antigen evokes a biphasic [Ca®*]; rise that activates the NF-«B, JNK1 and
NFAT pathways. a, Purified splenic B lymphocytes expressing a hen egg
lysozyme(HEL)-specific immunoglobulin transgene were analysed by digital
video microscopy. Fura-2-loaded cells were stimulated with 500ng mi~" HEL
and 5ng ml~' phorbol 12,13-dibutyrate (PDBU) (bar). Mean responses of 285 cells
(left) and of representative single cells (right) are shown. After stimulation, nuclear
and cytoplasmic fractions were analysed by western blotting. b, NF-kB activation
is demonstrated by the phosphorylation and degradation of cytoplasmic IkBa and
the accumulation of RelAin nuclear lysates. Phosphorylated [kBe, first detectable
at 4min, has a slightly lower mobility than the dephosphorylated form. e,
Cytoplasmic JNK1 and nuclear ATF-2 are phosphorylated following stimulation.
Phosphorylation of JNK1 and ATF-2 causes a reduction in electrophoretic
mobility™ that is evident at 4-18min. d, NFATc translocates rapidly from the
cytoplasm (cyto) to the nucleus (nuc). NFATc in its phosphorylated state is present
as several bands migrating with an apparent M, of 160K-190K (filled arrows).
Nuclear NFATc is dephosphorylated and migrates more rapidly (apparentM, 80K -
160K; open arrows). In b-d, lane P shows lysates from cells stimulated with
5ngml- ' PDBU alone for 12 min as a control. Time in min is indicated above each
lane and the M, values (in K) are shown on the right. Filled and open arrows
indicate the positions of phosphorylated and unphosphorylated species, respectively.
e, Time course of IkBa degradation (A), JINK1 phosphorylation (M) and NFATc
translocation (@) as determined by densitometry of the immunoblots in b-d.

or ionomycin are attributable to Ca** released from internal stores
(~25%) and to Ca*" influx (~75%) (data not shown), indicating
that ionomycin and HEL mobilize the same sources of Ca’* to
generate the spike. As a positive control, ionomycin was applied
without EGTA to create a sustained [Ca’']; increase that fully
activated all three pathways (Fig. 2a, right). Stimulation with
phorbol ester alone did not raise [Ca®"]; (data not shown), nor
did it activate NFATc, NF-kB, or JNK1 (Fig. 1b—d, lanes marked P),
confirming that all three pathways require elevated [Ca**]; for
activation. In the absence of phorbol ester, Ca** ionophore alone
did not activate NF-kB or JNK (ref. 19, and data not shown);
ionomycin did cause nuclear translocation of NFATc but previous
studies have shown that NFAT-dependent transcription requires a
second signal that can be provided by protein kinase C*'".

The high-Ca®* spike evoked prolonged activation of NF-«kB and
JNK1/ATF-2. IkBa became phosphorylated and was degraded
within 4-8 min, and RelA accumulated in the nucleus with a
parallel time course (Fig. 2b, e). The NF-kB response was compar-
able when [Ca®*]; was raised continuously (Fig. 2b, e). Likewise,
JNK1 and ATF-2 phosphorylation reached a stable maximum 8 min
after the initial increase in [Ca’" |;, regardless of whether the rise was
transient or sustained (Fig. 2c, e). Activation of both NF-kB and
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Figure 2 A brief Ca?* spike induces persistent activation of NF-«B, JNK1 and ATF-
2, but transient translocation of NFATc. a, Average Ca®* response of >250 cells
treated with 950 nM ionomycin and 5ngml~' PDBU (black bar). Left, 3mM EGTA
was added 40s later (white bar) to terminate the spike. b, The Ca?* spike (left
lanes) and the continuous [Ca®*]; rise (right lanes) activate NF-«B similarly, as
shown by IkBa phosphorylation and degradation and RelA translocation. ¢, JNK1
and ATF-2 phosphorylation are also sustained following an isolated Ca®* spike or
a prolonged [Ca®*]; increase. d, Cytoplasmic NFATc (cyto) is dephosphorylated
and enters the nucleus (nuc) but returns to the cytoplasm after [Ca?*]; declines to
baseline (left lanes). Continuously elevated [Ca®*]; maintains NFATc in the
nucleus (right lanes). e, Time course of IkBa degradation, JNK1 phosphorylation
and NFATc translocation following the [Ca®*]; spike (filled symbols) or the sustained
[Ca®*); rise (open symbols). Data were from the experiment shown in a-d.
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JNK1 was sustained for at least 16 min after termination of the
[Ca®*]; spike, indicating that both pathways retain a memory of
transient [Ca®" ] rises that outlasts the Ca** signal itself. By contrast,
the Ca’* spike evoked only a transient nuclear translocation of
NFATc, with one half of the nuclear NFATc returning to the
cytoplasm in its phosphorylated form 8 min after [Ca**]; returned
to baseline (Fig. 2d, e). The reversal of nuclear translocation was
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Figure 3 Selective activation of NFATc by a low [Ca®]; plateau. a, Cells were
stimulated in the constant presence of 5ng mi~' PDBU with 24 nM ionomycin (10)
for 4min, followed by addition of 37nM ionomycin. The steady-state [Ca?*];
plateau produced under these conditions simulates thatinduced by HEL stimula-
tion (Fig. 1). b, Time course of NFATc translocation (®), IkBa degradation (), and
JNK1 phosphorylation (B) for the experiment shown in a.
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caused by termination of the Ca’ spike, because nuclear NFATc
persisted in cells with constant elevated [Ca®"]; (Fig. 2a, d). These
results confirm and extend findings showing that NFAT requires a
continuous [Ca*"]; rise to remain localized in the nucleus'>". They
also demonstrate that differences in deactivation kinetics contribute
to the differential activation of multiple transcriptional pathways by
Ca**. Similar results were obtained when HEL followed by EGTA
was used to generate an isolated Ca** spike (data not shown).

We next investigated whether the low-Ca*" plateau triggered by
antigen (Fig. 1) can evoke selective activation of transcriptional
pathways. Small amounts of ionomycin were added stepwise in
order to mimic the antigen-induced plateau without creating an
initial spike (Fig. 3a). Low concentrations of ionomycin elicit Ca**
influx in lymphocytes predominantly by activating store-operated
Ca’™ channels that underlie the antigen-evoked [Ca®"]; plateau’;
thus ionomycin seems to mimic the Ca’*-mobilizing action of
antigen during the plateau as well as the spike. Stimulation of NF-
kB or JNK1 was not detectable in response to the low-Ca’* plateau
(Fig. 3b), whereas NFATc was activated by 70% within 12 min,
suggesting that the former are less Ca’* responsive than NFATc. To
examine the Ca’" sensitivity of each pathway in more detail, we
measured the activation of NF-kB, JNK1, NFATc and NFATp"
following a 10-min stimulation with increasing concentrations of
ionomycin. Consistent with the results shown in Fig. 3, nuclear
translocation of NFATc¢/p was induced by lower concentrations of
ionomycin (79 nM; Fig. 4a) than are required to activate IkBa
degradation or JNKI1/ATF-2 phosphorylation (400—-600nM; Fig.
4a). Figure 4c shows the translocation of NFATc/p, degradation of
IkBa, and phosphorylation of JNK1 and ATF-2 as a function of the
peak [Ca’"]; evoked by different doses of ionomycin (Fig. 4b). The
results identify a range of [Ca’" ]; levels (200—400 nM) that promote
NFATc/p translocation without activating NF-«kB or JNK1. In three
experiments, the [Ca’"]; needed to half-maximally translocate
NFATc/p (413 = 114nM) was substantially lower than the level
needed to attain half-maximal degradation of IkBa
(612 = 121nM) or phosphorylation of JNK1 and ATF-2
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Figure 4 Differential Ca®* sensitivity of NFATc/p, IkBa/RelA and INK1/ATF-2. a,
Cells were treated with increasing concentrations of ionomycin in the presence of
5ngml~' PDBU and analysed by western blotting 10 min after stimulation. The
concentration of ionomycin in nM is indicated above each lane (U, unstimulated).
b, Average [Ca®*]; responses of >250 cells stimulated with increasing doses of
ionomycin (23, 35, 52 nM, in addition to the concentrations shown in a). The same
batch of cells and incubation conditions were used as in a. ¢, Degradation of IkBa
(+), phosphorylation of JNK1 (@) and ATF-2 (W), and translocation of NFATc (CJ) and
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(Ca2*]; (uM)

NFATp (O) are shown as a function of peak [Ca®*]; for each dose of ionomycin
applied in b. Peak [Ca®]; is most relevant for NF-kB and JNK1 because they
respond in a prolonged fashion to a transient [Ca®*]; spike (Fig. 2). Because
NFATc/p responds reversibly to increases in [Ca®*]; (Fig. 2), this analysis may
slightly underestimate the true Ca®* sensitivity of NFATc/p. The graph identifies a
range of [Ca?*];that selectively activates NFATc/p without appreciably stimulating
NF-kB or INK1/ATF-2.
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(1,035 = 263 nM; means * s.e.m.). These measurements of the
Ca’ sensitivity of NFAT translocation agree with the reported
sensitivity of an NFAT/AP1-dependent reporter gene®''. The Ca**
dependence of NF-kB and JNK was previously inferred only
qualitatively from their stimulation by Ca’* ionophore’ or from
inhibition by drugs like CsA that inhibit calcineurin®. Our results
indicate that NFATc/p is significantly more Ca*"-sensitive than NF-
kB and JNK1/ATF-2, and that this enhanced Ca*" sensitivity enables
NFAT to be selectively activated by the low-Ca*" plateau.

The ability of cells to react appropriately to a wide variety of
environmental stimuli requires a high degree of specificity in
signalling from the plasma membrane to the nucleus. It is remark-
able that such specificity is achieved, given the relatively small
number of second messenger pathways that exist. Many mechan-
isms have been proposed to explain transcriptional selectivity*, but
the contribution of different Ca** signals to specificity has not been
previously recognized. Our results show that the amplitude and
duration of dynamic Ca’" signals contribute to transcriptional
specificity, and that this is a direct consequence of the differing
Ca’* sensitivities and kinetic behaviour of NF-kB, JNK and NFAT.
These differences may also predict frequency-specific effects of
[Ca’*]; oscillations on gene transcription, which have been impli-
cated in neuronal differentiation™.

Differential signalling by Ca’" is likely be important in the
regulation of immunity and inflammation. In self-tolerant B cells,
basal [Ca®*]; is moderately raised and NFAT is activated, but acute
stimulation with antigen fails to generate a Ca’* spike or activate the
NF-kB or JNK1 pathways". Similarly, elevation of basal [Ca**]; and
the absence of an antigen-induced Ca’* spike has been reported in T
cells rendered anergic by an anti-CD3 monoclonal antibody** and in
T cells that have differentiated to the anti-inflammatory T2
state**?*, Low-amplitude Ca’** responses have also been implicated
in the induction of T-cell anergy by altered peptide ligands™.
Conversely, a high Ca’ spike without a lower plateau is triggered
during the inhibition of B-cell responses by the binding of immune
complexes to the Fc receptor”*. Our findings suggest that the
functional consequences of these isolated Ca** spikes and plateaux,
as well as of other Ca’* signalling patterns such as oscillations and
waves, may arise from the selective activation of transcriptional
regulators. The importance of second messenger amplitude and
duration in discriminating between different response pathways
may prove to be a common theme in many cells. L]
Methods
Calcium imaging. For single-cell calcium imaging, purified B cells” were
incubated at 37° with 1 wuM Fura-2/AM (Molecular Probes) for 15min in
phenol-red-deficient RPMI supplemented with 3% fetal bovine serum (FBS).
After loading, cells were washed and maintained at room temperature in a 5%
CO, atmosphere for up to 1 hour. Cells were plated on clean glass coverslips and
imaged at 37°C in phenol-red-deficient RPMI with 1% FBS. Ratiometric
imaging was done on the heated stage of a Zeiss Axiovert 35 microscope using a
40 X oil-immersion objective (Zeiss Achrostigmat, NA 1.3), an intensified
CCD camera (Hamamatsu) and a Videoprobe image processor (ETM Systems)
essentially as described™.

Quantitation of western blots. Cells were stimulated at a density of
~3 X 10 cells per ml in phenol-red-deficient RPMI with 1% FBS. Stimulations
were stopped on ice, centrifuged and resuspended in hypotonic buffer (5 mM
NaCl, 20 mM HEPES, pH 7.5) containing protease (2.5 mM PMSF, 40 pgml ™'
each of aprotinin and leupeptin, 2mM EDTA) and phosphatase inhibitors
(1mM NaVO,, 6mM pNPP, 10 mM NaF) and 0.4% NP-40. Nuclei were
separated by centrifugation at 600g at 3°C and cytoplasmic extracts (super-
natant) were added to boiling SDS—PAGE reducing sample buffer. Nuclei were
rinsed in hypotonic buffer with inhibitors and lysed in boiling sample buffer.
For Figs 1-3, chromatin was removed from nuclear extracts by centrifugation
at 70,000¢ in a Beckman airfuge. For Fig. 4, chromatin was sheared by passing it
repeatedly through a 26-gauge needle. Extracts were resolved by SDS—PAGE,
transferred to nitrocellulose and analysed by immunoblot and ECL (Amer-

sham). Anti-NFATc(7A6) and anti-NFATp(4G10G5) were obtained from L.
Timmerman and G. Crabtree, anti-IkBa and anti-RelA were from Santa Cruz
Biotechnology, anti-JNK1 was from Pharmingen and Santa Cruz Biotechnol-
ogy, and anti-ATF was from J. Hoeffler and M. Green. Autoradiograms were
analysed with a Molecular Dynamics computing densitometer using the
volume-integrate mode. An exposed area of film outside each lane was used
as background. Raw density values for NFAT¢, IkBa, and RelA were corrected
for the loading of each lane; for JNK1 and ATEF-2, the density of phosphorylated
bands was calculated relative to the summed density of the phosphorylated and
unphosphorylated bands. NFATc activation was calculated from the loss of
cytoplasmic material (measurements based on accumulation of nuclear mate-
rial gave similar results). Activation is expressed relative to the values observed
in unstimulated (0%) and maximally stimulated (100%) cells. On an absolute
scale, maximal NFATc/p translocation ranged from 75-90%, maximal IkBa
degradation was 80-99%, nuclear RelA was induced maximally by fivefold,
ATF-2 phosphorylation was 20-30%, and maximum JNK1 phosphorylation
ranged from 50-60%.
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