
56

chemicals that are not readily transferred (15).
Both insects and humans police their so-

cieties. Are there any common principles?
Can humans learn anything from insect
policing? The principal lesson seems to be
that policing is a common feature of social
life and helps to resolve the conflicts caused
by the transition from individuals to soci-
eties (16). Bees, wasps, and ants each
evolved eusociality independently, thus
policing must have evolved multiple times.
One challenging research question in human
policing concerns the effectiveness of differ-
ent intensities and methods of policing (17).
This is important because human policing is
costly. One 1988 Australian study estimated
the annual cost of one additional full-time
(24/7) patrol car at A$300,000 (18). By
showing that individuals are less likely to
exploit society when policing is more effec-

tive, studies of insects indicate that effective
policing can induce individuals to act in
ways that are better for society. In insect so-
cieties, this means that policing consolidates
the basic inequality between queens and
workers. Policing in human societies has
been used by repressive regimes to sustain
inequalities, as demonstrated by the negative
connotation of the phrase “Police State.” But
a human society in which policing is used to
promote greater equality and justice may not
be an unattractive prospect.
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C
alcium ions (Ca2+) may be the most
widely used second messenger mole-
cules in biology. Indeed, Ca2+ is essen-

tial for early development of organisms, im-
mune responses, and even for remembering
what you are about to read. The diverse tasks
of Ca2+ raise the question of the molecular
origins of specific Ca2+ responses. Two re-
cent papers in Science, by Badou et al. on
page 117 of this issue (1) and by Launay et
al. (2), identify new players that regulate the
movement of Ca2+ into and out of cells, pro-
viding a more complete understanding of
Ca2+ responses in the immune system.

Activation of the T cell receptor (TCR) by
ligand initiates a rapid influx of Ca2+ into T
cells. This leads to the activation of a phos-
phatase called calcineurin and the subsequent
nuclear import and assembly of NFAT tran-
scription complexes, which switch on and off
the expression of genes essential for T cell
development and function (3). Calcineurin is
the target of the immunosuppressive drugs
cyclosporine A and FK506, the discovery of
which ushered in the modern era of organ
transplantation. The importance of Ca2+/cal-
cineurin in immune responses and transplan-
tation therapy has generated great interest in
how Ca2+ signals are regulated. Badou and
colleagues examined the lethargic mouse (1),
which carries a mutation in the β4 subunit of

the L-type voltage-gated Ca2+ channel
(CaV1). Previous work showed that L-type
Ca2+ channels are essential for calcineurin ac-
tivation and NFAT function in neurons (4).
Hence it was possible that these channels
might also be important for NFAT-dependent
transcription in lymphocytes. Indeed, CD4+ T
cells from β4-mutant mice exhibit defects in
Ca2+ entry in response to TCR signaling, are
defective in NFATc1 and NFATc2 dephos-
phorylation, and exhibit severe defects in cy-
tokine production. But what role do these
voltage-gated channels play in the activation
of nonexcitable cells such as T lymphocytes?

T cells express many different ion chan-
nels in their plasma and endoplasmic reticu-
lum (ER) membranes. These channels coor-
dinately regulate the initial Ca2+ spike and
sustained Ca2+ elevation after antigenic
stimulation of T cells. In a resting T cell,
KV channels regulate the flow of potassium
ions (K+) out of the cell, and sarco-endo-
plasmic reticulum Ca2+-ATPases (SERCA)
transport Ca2+ into the intracellular stores.
The resulting resting potential is about –65
mV. When T cells are stimulated by binding
of antigenic peptide associated with major
histocompatibility molecules to their TCRs,
the lipid second messenger inositol 1,4,5-
trisphosphate (InsP3) is generated and trig-
gers the release of Ca2+ from intracellular
stores through the InsP3 receptor. This in-
crease in cytoplasmic Ca2+ concentration
([Ca2+]i) activates the Ca2+ release–activated
Ca2+ (CRAC) channels in the plasma mem-
brane. Once the CRAC channel is activated,
the Ca2+ influx is driven by the cell’s nega-

tive resting potential, and the positively
charged Ca2+ ions flow into the cell. This
constitutes the initial rise in [Ca2+]i observed
during the early stages of T cell activation
(see the figure).

Badou et al. (1) provide the first genetic
evidence that L-type channels, and specifi-
cally β4-containing L-type calcium chan-
nels, may be involved in the initiation of this
calcium response in T cells. These channels
are composed of α1, γ, and δ transmem-
brane subunits as well as an extracellular α2
and an intracellular β subunit (5). L-type
Ca2+ (CaV1) channels have distinct biophys-
ical properties that enable them to partici-
pate in signal transduction. The α1 subunit
can associate with any of four distinct cyto-
plasmic β subunits (β1 to β4), all of which
may be expressed in T cells (6). The β sub-
unit influences the trafficking of the pore-
forming α1 subunit and modulates the char-
acteristics of the channel (5).

These investigators suggest that signaling
via L-type Ca2+ channels influences the ini-
tial Ca2+ influx based partly on the currents
induced after TCR stimulation. The interpre-
tation that these currents are from CaV1 chan-
nels would be better supported if β4-mutant 
T cells failed to produce the TCR-induced
currents, which the authors did not test. The
presumed coupling of TCR to β4 raises the
possibility that the β4 or α1 subunits are reg-
ulated by phosphorylation, as has been
shown in other cell types, and that this modi-
fication serves to facilitate the activation of
these channels. Determining the phosphory-
lation status of the endogenous channel com-
ponents after antigen receptor signaling may
contribute to further understanding of this
mechanism. Given that between 10 and a few
hundred channels of each type are expressed
per T cell, this will not be an easy task. The
phenotype of β4-mutant CD4+ T cells also in-
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dicates that the other three β subunits cannot
substitute for β4. Therefore, specific CaV1
channels may have specific functions in T
cells. β4-containing CaV1 channels are clear-
ly not CRAC channels because Ca2+ store-op-
erated entry of Ca2+ is normal in β4-mutant
CD4+ T cells. This places the CaV1 channel in
a pathway that is upstream of, or parallel to,
that containing the InsP3 receptor. Treatment
of T cells with L-type calcium-channel in-
hibitors indicates that CaV1 channels may op-
erate during both the initial and sustained
Ca2+ influx, hinting at additional roles for the
other CaV1 channels (6, 7). Patients with mu-
tations in the human ortholog of the CaV1 β4
subunit exhibit symptoms of epilepsy and
ataxia consistent with the neurological phe-
notype of the β4-deficient mice (8). Analysis
of immune cells from these patients also may
be informative. 

After the initial release of intracellular
Ca2+ and the activation of the CRAC chan-
nel, [Ca2+]i remains elevated. This sus-
tained elevation of [Ca2+]i is necessary to
regulate gene expression (9). As Ca2+ levels
increase, intracellular Ca2+ inhibits the

CRAC channel and activates KCa channels,
which transport K+ out of the cell (see the
figure). This combination of negative and
positive feedback is important for initiating
[Ca2+]i oscillations with specific character-
istics. Launay et al. (2) provide multiple
lines of evidence implicating TRPM4, a
Ca2+-activated monovalent cation channel,
in Ca2+ oscillations. They show that a ver-
sion of TRPM4 with a truncated amino ter-
minus (∆N-TRPM4) inhibits sodium ion
(Na+) transport into stimulated lympho-
cytes. Disruption of TRPM4 activity result-
ed in an increase in [Ca2+]i after TCR stim-
ulation without the characteristic Ca2+ os-
cillation, and also increased cytokine pro-
duction. This ion channel may decrease the
electrochemical driving force for Ca2+ en-
try, thereby allowing oscillations in [Ca2+]i.
Complementary data from cells in which
TRPM4 expression has been decreased by
RNA interference (RNAi) strengthen the
conclusion that the dominant-negative
form of TRPM4 (∆N-TRPM4) is specific
for TRPM4 channels among the large TRP
channel family (10). However, studies of

mice lacking TRPM4 will be required to
determine the importance of TRPM4 in vi-
vo. It is possible that TRPM4-deficient
lymphocytes might either produce unsur-
passed immune responses or deadly au-
toimmunity.

The results of Badou et al. (1) and
Launay et al. (2) raise the exciting possibil-
ity of developing therapeutics that target
these newly described channels. For exam-
ple, inhibitors of Kv channels attenuate the
initial Ca2+ influx and early gene induction
after T cell stimulation (11). Specific and
high-affinity inhibitors of the CaV1 chan-
nels, or of the β4 subunit only, may inhibit
lymphocyte activation in vivo. Pharm-
acological activation of TRPM4 channels
would decrease the driving force for Ca2+

entry and lead to immunosuppression,
whereas TRPM4 inhibitors might lead to
more rapid pathogen clearance or more ro-
bust responses to immunization. Small
changes in channel expression can have
profound effects on [Ca2+]i. For example,
RNAi of TRPM4 mRNA, which reduces
TRPM4 protein levels by half, has a dra-
matic effect on Ca2+ flux after TCR stimu-
lation. Interestingly, the expression of
many of these ion channels dramatically
changes after lymphocyte activation, indi-
cating that effector and memory T cells are
likely to express distinct combinations and
different amounts of these ion channels (1,
5). The natural differences in ion-channel
expression among different lymphocyte
populations may also permit specific cell
types to be targeted owing to their unique
channel profiles. Whereas this research
area will likely become more complex be-
fore it becomes clear, the work by Badou et
al. (1) and Launay et al. (2) provides in-
sight into the most poorly understood step
in T lymphocyte activation, and sets the
stage for developing practical ways to mod-
ulate lymphocyte activity.

References and Notes
1. A. Badou et al., Science 307, 117 (2005).
2. P. Launay et al., Science 306, 1374 (2004).
3. G. R. Crabtree, E. N. Olson, Cell 109, S67 (2003).
4. I. A. Graef et al., Nature 401, 703 (1999).
5. W. A. Catteral, Annu. Rev. Cell Biol. 16, 521 (2000).
6. L. Stokes, J. Gordon, G. Grafton, J. Biol. Chem. 279,

19566 (2004).
7. M. Kotturi, D. A. Carlow, J. C. Lee, H. J. Ziltener, W. A.

Jefferies, J. Biol. Chem. 278, 46949 (2003).
8. A. Escayg et al., Am. J. Hum. Genet. 66, 1531 (2000).
9. S. Feske, J. Giltnane, R. Dolmetsch, L. M. Staudt, A. Rao,

Nature Immunol. 2, 316 (2001).
10. C. Montell, L. Birnbaumer, V. Flockerzi, Cell 108, 595

(2002).
11. W.A. Schmalhofer et al., Biochemistry 41, 7781 (2002).
12. We thank C. Barrett and R. Lewis for helpful com-

ments and apologize to those who were not cited ow-
ing to space limitations. M.M.W. is supported by a
Stanford Graduate Fellowship and a Howard Hughes
Predoctoral Fellowship. G.R.C. is funded by grants
from the NIH and is an Investigator for the Howard
Hughes Medical Institute.

10.1126/science.1108163C
RE

D
IT

:K
AT

H
A

RI
N

E 
SU

TL
IF

F/
SC

IE
N

C
E

SERCA
Time

Channel activity produces Ca2+ oscillations

IP3R

CRAC

TRPM4
KCa

CaV1

[C
a2

+
] i 

  TCR
ligation

KV

A

B C
D

E

KV1.3

K+

Ca2+ Ca2+Na+Ca2+

K+

KCa

CaV1 CRAC TRPM4

TCRα

α1

α2

�

TCRβ

��

E
xt

ra
ce

llu
la

r
In

tr
ac

el
lu

la
r

NFATc activation

Gene
expression

ER ER

InsP3R

InsP3

SERCA

The ebb and flow of calcium ions. Ion
channels involved in the initiation and mod-
ulation of the calcium response in T lym-
phocytes after binding of the TCR to ligand
and activation of T cell signaling. In a resting
lymphocyte, KV1.3 channels transport K+

out of the cell, and the SERCA channels
pump Ca2+ into stores in the ER lumen. The
resulting resting potential is about −65 mV.
TCR stimulation leads to the activation of
phospholipase C–γ (PLC-γ), producing the
second messenger inositol 1,4,5-trisphos-
phate (InsP3). InsP3 binds to the InsP3 recep-
tor (A) in the ER membrane, which results in

the release of intracellular Ca2+. CaV1 channels (B) are activated by an undefined mechanism after
TCR stimulation and may contribute to the initial increase in [Ca2+]i. Following stimulation of the TCR,
Ca2+ release–activated Ca2+ (CRAC) channels (C) open and extracellular Ca2+ flows into the cell.When
[Ca2+]i reaches a threshold level, TRPM4 (D) is activated and the CRAC channels are inhibited. TRPM4
activation allows Na+ to enter the cell, which reduces Ca2+ flux by depolarizing the membrane. Ca2+-
activated KCa channels (E) are also activated, which repolarizes the cells and leads to a subsequent
spike in [Ca2+]i. (Inset) Diagram of a typical [Ca2+]i profile following TCR stimulation (arrow).The chan-
nels that are active during each stage are indicated under the profile.
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