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The calcium-activated K+ channel KCa3.1 plays an important role in T
lymphocyte Ca2+ signaling by helping to maintain a negative mem-
brane potential, which provides an electrochemical gradient to drive
Ca2+ influx. To assess the role of KCa3.1 channels in lymphocyte acti-
vation invivo,westudiedTcell function inKCa3.1−/−mice.CD4Thelper
(i.e., Th0) cells isolated from KCa3.1−/− mice lacked KCa3.1 channel
activity, which resulted in decreased T cell receptor–stimulated Ca2+

influx and IL-2 production. Although loss of KCa3.1 did not interfere
with CD4 T cell differentiation, both Ca2+ influx and cytokine produc-
tion were impaired in KCa3.1−/− Th1 and Th2 CD4 T cells, whereas T-
regulatoryandTh17 functionwerenormal.Wefoundthat inhibitionof
KCa3.1−/− protectedmice fromdeveloping severe colitis in twomouse
models of inflammatory bowel disease, whichwere induced by (i) the
adoptive transferofmousenaïveCD4Tcells into rag2−/− recipientsand
(ii) trinitrobenzene sulfonic acid. Pharmacologic inhibitors of KCa3.1
havealreadybeenshowntobesafe inhumans.Thus, if thesepreclinical
studies continue to show efficacy, it may be possible to rapidly test
whether KCa3.1 inhibitors are efficacious in patients with inflamma-
tory bowel diseases such as Crohn’s disease and ulcerative colitis.
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Ca2+ influx from the extracellular space is critical for the acti-
vation of immune cells, including T lymphocytes. The gen-

eration of inositol 1,4,5-triphosphate in response to T cell
receptor (TCR) activation results in ER Ca2+ depletion, leading
to the oligomerizaton of the ER Ca2+ sensor STIM1 and the
subsequent activation of the Ca2+ release–activated channel,
resulting in the rapid influx of extracellular Ca2+ (1, 2). This
increase in cytosolic Ca2+ results in the assembly of NFAT tran-
scription complexes, which then mediates transcriptional activa-
tion of genes critical for T cell activation (3, 4).
One of the consequences of the rapid influx of Ca2+ is the

depolarization of the membrane potential which, if left
unchecked, limits further Ca2+ influx by removing the favorable
electrochemical gradient. Thus, lymphocytes require activation of
a K+ channel that, by mediating the efflux of K+, maintains a
hyperpolarized membrane potential that is critical for sustained
calcium entry into these cells via Ca2+ release–activated channels
(5, 6). Several K+ channels exist in the lymphocyte. Whereas
resting naïve humanT cells and activatedCCR7− effectormemory
T cells predominantly express Kv1.3 (2, 5, 7–10), resting naïve
mouseT cells have been described to express several voltage-gated
K+ channels such as Kv1.3, Kv1.1, and Kv1.6 in CD4+ T cells and
Kv3.1 in CD8+T cells (6, 11). Both human andmouse T cells have
an additional K+ channel, the calcium-activated channel KCa3.1,
which is rapidly up-regulated following T cell activation and is
subsequently required for maximal Ca2+ influx and proliferation
during the reactivation of naïve and central memory T cells (5, 9,
10). Mouse T effector memory cells differ from similar T cells in
humans and rats in up-regulating KCa3.1 in place of Kv1.3.
After antigen stimulation, naïve CD4 T lymphocytes pro-

liferate and differentiate into a number of different subsets of

effector T lymphocytes that have distinct functions and produce
distinct cytokines (12, 13). T helper (Th)–1 cells are mainly
characterized by the production of IFN-γ and play a critical role
in delayed type hypersensitivity and in mounting responses to
intracellular pathogens. In contrast, Th2 cells secrete the cyto-
kines IL-4, IL-5, and IL-13, which function to stimulate antibody
production by B cells and to mediate clearance of extracellular
pathogens (14). With regard to autoimmunity, increased Th1
response has been invariably linked to autoimmunity whereas a
robust Th2 response has been linked to allergy and atopy (13).
More recently, a great deal of attention has been focused on
Th17 cells, which have emerged as a third effector CD4 T cell
subset that has been shown to function alone or together with
Th1 cells to mediate a number of different autoimmune disease
(15–17). There have been only a limited number of studies
evaluating the role for K+ channel in these various Th subsets. A
previous study demonstrated that Th2 cells express lower KCa3.1
currents than Th1 cells and this difference contributes to dif-
ferences in calcium signaling (18).
Several previous studies have demonstrated that inhibition of

Kv1.3 inT-effectormemoryCD4Tcellsmay be a good therapeutic
target for autoimmune diseases (8, 19, 20). To gain further insight
into KCa3.1’s role in activation of various CD4 T cell subsets, and
to identify autoimmune diseases in which interfering with KCa3.1
function may be beneficial, CD4 T cell function was assessed in
KCa3.1−/−mice.We show that Th1 and Th2 KCa3.1−/− T cells are
markedly defective in TCR-stimulated Ca2+ flux and cytokine
production, whereas KCa3.1−/− Th17 and T-regulatory (Treg)
function was similar toWT cells.Moreover, studying two different
models of murine colitis, we found that genetic deletion and
pharmacological blockade of KCa3.1 reduced disease severity
suggesting that KCa3.1 may be a target for the treatment of
inflammatory bowel disease (IBD).

Results
T and B Cell Development Is Normal in KCa3.1−/− Mice. KCa3.1−/−

mice were born at the expected Mendelian frequency and were
phenotypically normal, with the exception of mild splenomegaly
in some of themice as previously reported (21, 22). FACS analysis
of spleen, lymph nodes, peripheral blood, and thymus demon-
strated that CD4 and CD8 T cells as well as CD19-positive B cells
were present in similar amounts in WT and KCa3.1−/− mice (Fig.
S1 A and B). The number of CD4+CD25+FOXP3+ T cells was
also similar betweenWT andKCa3.1−/−mice, indicating that Treg
development is normal in KCa3.1−/− mice (Fig. S1C).

Author contributions: L.D., S.S. and E.Y.S. designed research; L.D., S.S., O.Z., Y.D., and Z.L.
performed research; M.L. contributed new reagents/analytic tools; L.D., S.S., Y.D., H.W.,
and E.Y.S. analyzed data; and E.Y.S. wrote the paper.

The authors declare no conflict of interest.

This article is a PNAS Direct Submission.
1To whom correspondence should be addressed. E-mail: skolnik@saturn.med.nyu.edu.

This article contains supporting information online at www.pnas.org/cgi/content/full/
0910133107/DCSupplemental.

www.pnas.org/cgi/doi/10.1073/pnas.0910133107 PNAS | January 26, 2010 | vol. 107 | no. 4 | 1541–1546

IM
M
U
N
O
LO

G
Y

http://www.pnas.org/cgi/data/0910133107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
http://www.pnas.org/cgi/data/0910133107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
http://www.pnas.org/cgi/data/0910133107/DCSupplemental/Supplemental_PDF#nameddest=sfig01
mailto:skolnik@saturn.med.nyu.edu
http://www.pnas.org/cgi/content/full/0910133107/DCSupplemental
http://www.pnas.org/cgi/content/full/0910133107/DCSupplemental
www.pnas.org/cgi/doi/10.1073/pnas.0910133107


Defective KCa3.1 Channel Activity, Ca2+ Flux, and Cytokine Production
in Th0 Cells from KCa3.1−/− Mice.CD4Tcells were isolated fromWT
and KCa3.1−/− mice, and KCa3.1 channel activity was assessed
48 h after stimulation with anti-CD3 and anti-28 antibodies. In
WT activated T cells, approximately two thirds of the K+ channel
activity was attributed to KCa3.1 based on the sensitivity of the
current to Ca2+ and the specific KCa3.1 blocker TRAM-34 (23).
The remaining third of the K+ current was sensitive to ShK, sug-
gesting that it was primarily carried byKv1.3 and/orKv1.1 orKv1.6
(Fig. 1A) (11). KCa3.1 channel activity was not detected in
KCa3.1−/−T cells, although therewas a statistically significant (P<
0.05) twofold increase inKv current density in these cells (Fig. 1A).
The ShK-insensitive current (possibly Kv1.2) is 9 pAmps/pF ± 1.2
(n = 10 cells) and accounts for approximately 12% of the total K+

current. Nevertheless, total K+ channel activity was still <50% of
WT CD4 T cells.

We next tested whether Ca2+ influx was defective in KCa3.1−/−

Th0 cells. Stimulation of WT CD4 T cells with anti-CD3 led to a
marked increase in Ca2+ influx that was sustained for more than
30 min. In contrast, both the initial increase in Ca2+ influx and
the plateau phase of Ca2+ influx were markedly decreased in
KCa3.1−/− Th0 cells (Fig. 1B). KCa3.1−/− Th0 CD4 T cells were
also defective in anti-CD3/anti-CD28–stimulated IL-2 pro-
duction (Fig. 1C).

KCa3.1−/− Th1 and Th2 Cells Are Defective in TCR-Stimulated Ca2+ Flux
and Cytokine. We found that naïve KCa3.1−/− CD4 T cells differ-
entiated normally into Th1 and Th2 cells when exposed to polar-
izing conditions in vitro as assessed by T-bet and GATA-3 mRNA
expression (Fig. S2A).Whole-cell patch-clamp experiments ofWT
Th1 and Th2 cells demonstrated functional KCa3.1 channels and
Th2 cells expressing lessKCa3.1 channels thanTh1 cells, and these
TRAM-34 sensitive channels were absent from KCa3.1−/− Th1
(Fig.2A(i)) and Th2 cells (Fig. 2B(i)). Although Kv current was
also upregulated in KCa3.1−/−Th1 and Th2 cells, total K+ channel
activity was reduced by more than 50% in KCa3.1−/− cells, which
led to impaired peak Ca2+ flux in both cell types (Fig. 2A(ii) and B
(ii)). Moreover, the generation of IFN-γ and IL-2 was severely
impaired in KCa3.1−/− Th1 cells (Fig. 3 A and B). TNF-α pro-
duction was also reduced in KCa3.1−/− Th1 cells, although less
than the other cytokines (Fig. 3C). In addition, production of the
Th2 cytokine IL-13 was markedly impaired in KCa3.1−/−Th2 cells
(Fig. 3D).
Incontrast,Th17andTregdifferentiation (Fig.S1CandFig. S2B)

and function (Fig. 2 C(ii) and D(ii))were normal in cells from
KCa3.1−/− mice. The production of IL-17 by Th17 cells was similar
betweenWTandKCa3.1−/− cells (Fig. 2C(ii)). In addition, ShK, but
not TRAM-34, inhibits IL-17 production byTh17 cells (Fig. 2C(ii)).
Th17 cells express ShK sensitive K+ channels but not KCa3.1 (Fig.
2C(i)), suggesting why Th17 differentiation (Fig. S1C) and function
are normal in KCa3.1−/− mice. Although KCa3.1 is expressed in
freshly isolated CD4+CD25+ Tregs (Fig. 2D(i)), KCa3.1−/− CD4+

CD25+ Tregs suppressed the in vitro proliferation of WT CD4+

CD25– effector cells to a similar extent as WT CD4+CD25+ cells
(Fig. 2D(ii)).

Decreased Function of KCa3.1 in CD4 T Cells Protects Mice from
Developing Severe Colitis in Two Murine Models. Th1 cells have been
shown to contribute to the development of colitis in a number of
differentmousemodels (14, 24, 25).We used the adoptive transfer
model of colitis in which either WT or KCa3.1−/− naïve CD4+

CD25−CD45RBhi T cells were transferred into a rag2−/− host (26).
This model of colitis is characterized by mucosal infiltration of
immune cells associated with chronic diarrhea and weight loss.
rag2−/− mice injected with WT T cells lost more weight than mice
that received KCa3.1−/− T cells (Fig. 4A), suggesting KCa3.1−/− T
cells induce less severe disease. This was confirmed on histological
evaluation of colons that demonstrated significantly decreased
inflammatory cell infiltration and tissue destruction after transfer
ofKCa3.1−/−T cells comparedwithWTTcells (Fig. 4B andC;P=
0.0017 by one-tailed t test).
Spleens and mesenteric lymph nodes from rag2−/− mice

reconstituted with KCa3.1−/− or WT T cells contained a similar
number of CD4 T cells, indicating that decreased reconstitution
of rag2−/− mice by KCa3.1−/− T cells does not explain the dif-
ference in disease severity (Fig. 4D(i)). The CD4 T cells isolated
from spleens of both KCa3.1−/− and WT reconstituted rag2−/−

mice are most consistent with T effector memory as they are
CD44hiCD45RBloCD62lo (Fig. 4D(ii) and Fig. S3). These results
suggest that decreased severity of disease is a result of impaired
activation of KCa3.1−/− Th1 cells.
To directly test whether adoptively transferred KCa3.1−/− cells

have impairedTCR-stimulated activation, CD4T cells were isolated
from spleens of reconstituted rag2−/− mice, and KCa3.1 channel

Fig. 1. Decreased TCR-stimulated Ca2+ flux and cytokine production in
KCa3.1−/− Th0 cells. (A) Whole-cell patch-clamp experiments of CD4 T cells
isolated from spleens of WT or KCa3.1−/− mice following stimulation for 48 h
with anti-CD3, anti-CD28 antibodies. Bar graph summary of n = 10–15 cells.
KCa3.1 current was measured as the TRAM-34 (1 μM)–inhibited current and
Kv current as the ShK (1 nM)–inhibited current. (B) Cells in A were rested
overnight and after loading with Fura-2 AM (5 μM), Ca2+ flux was deter-
mined at excitation wavelengths of 340 and 380 nm after cross-linking with
anti-CD3 antibodies. (C) Cells in A were rested overnight and after stim-
ulating with anti-CD3 and anti-CD28, IL-2 production was determined by
flow cytometry following intracytoplasmic staining with anti–IL-2 anti-
bodies. All these experiments are representative experiments that were
repeated at least five times from CD4 T cells isolated from independent mice.
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activity, TCR-stimulated Ca2+ flux, and cytokine production were
assessed. KCa3.1 channels were absent from KCa3.1−/− T cells and
total K+ channel activity was approximately one third of WT T cells
(Fig. 5A). In addition, TCR-stimulated Ca2+ uptake and production
of the Th1 cytokine IFN-γ were impaired in KCa3.1−/− T cells
compared with WT T cells (Fig. 5 B and C).
Another well studied colitis model is induced by administration of

thehapten trinitrobenzene sulfonicacid (TNBS) in40%ethanol into

the rectumof SJLmice (27).TNBS-induced colitis is at least partially
dependent on Th1 cells and has been extensively used to assess the
efficacy of therapeutic agents in IBD (27). In contrast to TNBS-
treated mice that received the vehicle control, mice treated for 6 d
with the selective KCa3.1 inhibitorTRAM-34 (23, 28) had sig-
nificantly less severe inflammation assessed by macroscopic
appearance and histological analysis (Fig. 6; P = 0.00071 by one-
tailed t test).

Discussion
Although previous studies have demonstrated critical roles for
KCa3.1 in TCR-stimulated Ca2+ flux and proliferation of pre-
activated CD4 T cells (5, 10, 19, 29), there have been only limited
studies of the role of KCa3.1 in vivo in various mouse CD4 T cell
subsets. We now demonstrate that KCa3.1 plays a critical role in
TCR-stimulated activation of mouse Th0, Th1, and Th2 cells,
whereas Th17 and Treg functions are normal in KCa3.1−/− mice.
In addition, inhibition of KCa3.1, either through genetic deletion
or by treatment with the KCa3.1 inhibitor TRAM-34, markedly
decreased the development of colitis in two mouse models.
KCa3.1 is expressed at low levels in resting naïve CD4 T cells

and is transcriptionally activated following TCR stimulation,
leading to increased numbers of KCa3.1 channels in activated
cells (10, 30, 31). We found that KCa3.1 channel activity is also
markedly up-regulated following differentiation into Th1 and
Th2 cells, and KCa3.1 accounts for the majority of the K+ cur-
rent in these cells. KCa3.1 channel activity is then required for
full activation of these cells. In contrast, mouse Th17 cells lack
KCa3.1 channel activity and are dependent on ShK-sensitive Kv
channels for activation.
By determining the CD4 T cell subsets that are dependent on

KCa3.1 activity for activation, we hoped to identify possible dis-
eases in which interfering with KCa3.1 function could have ther-
apeutic potential. For example, our finding that Th17 function
is normal in KCa3.1−/− mice would suggest that KCa3.1−/− mice
should not be protected from Th17-mediated diseases such as
experimental allergic encephalitis (17). In fact, we found that
KCa3.1−/− mice were not protected from the induction of ex-
perimental allergic encephalitis following immunization with
MOG35-55 peptide. Conversely, Th1 cells have been shown to be an
important mediator of colitis in several mouse models based upon
their dependence on IFN-γ, as well as T-bet and IRF-1, both of
which are critical for Th1 development (25, 32, 33).More recently,
O’Connor et al. provided further evidence that classic Th1 asso-
ciated cytokines play a critical role in initiation of colitis using an
adoptive transfer model of colitis (24). However, IL-23 and IL-17
have also been linked to IBD. Genome-wide association studies
have identified several IL-23R variants that are linked to IBD(34),
and antibodies to the unique p19 subunit of IL-23 or adoptive
transfer of IL-23mutant cells protects against the disease (35). The
finding that IL-23 is also necessary for the maintenance of Th17
cells has suggested that Th17 cells are also important in colitis (36,
37). However, although some studies have demonstrated that
interfering with IL-17 is beneficial (14, 35, 38), other studies have
found that IL-17 is not important andmay even function to inhibit
colitis by interfering with the differentiation of effector Th1 cells
(14, 24, 26, 39). IL-23 may also indirectly activate Th1 cells by
inhibiting differentiation of Treg cells, which are required to
constrain Th1 cells (26). Thus, a consensus is emerging that Th1
cells play an important role in the development of colitis in these
models, and that IL-23 and possibly IL-17 cooperate in a still
incompletely defined way (14, 39).
Based on these observations, together with our finding that acti-

vation of Th1 cells is impaired inKCa3.1−/− cells, we tested whether
knockout on pharmacologic inhibition of KCa3.1, protected mice
from colitis. Using both an adoptive transfermodel of colitis as well
as the immunogenic hapten TNBS, we found that inhibition of
KCa3.1 protected mice from colitis in both these models. Although

Fig. 2. Impaired activation of KCa3.1−/− Th1 and Th2, but not Th17 or Treg
CD4 T cells. Whole-cell patch-clamp experiments were performed on WT
and KCa3.1−/− (A(i)) Th1 and (B(i)) Th2 cells as described in figure 1A (n = 10–
12 cells). Th1 and Th2 cells were rested overnight, and anti-CD3-stimulated
Ca2+ flux was assessed in Th1 (A(ii)) and Th2 (B(ii)) as described in figure 1B.
(C) (i) Whole-cell patch-clamp data (n = 15 cells) from WT Th17 cells (for
details refer to SI Materials and Methods). (ii) Cells were differentiated into
Th17, and IL-17 expression was assessed by intracellular staining after
stimulation with PMA and ionomycin. Expression of IL-17 in WT cells was
also assessed in the presence of the KCa3.1 inhibitor TRAM-34, or the Kv
inhibitor ShK. (D) (i) CD4+CD25hi Treg cells isolated from WT spleens were
subject to whole-cell patch-clamp experiments (n = 10 cells). (ii) Suppression
Assay: CD4+CD25- WT effector cells were co-cultured with either WT or
KCa3.1−/− CD4+CD25+ suppressor Tregs at an effector:suppressor ratio of
10:1, 3:1, or 1:1 and proliferation was determined by assessing uptake of
[3H]thymidine.
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both the WT and KCa3.1−/− cells recovered from rag2−/− mice dis-
played a similar memory cell phenotype, KCa3.1−/− cells were
defective in both TCR-stimulated Ca2+ flux and cytokine pro-
duction. These findings indicate that, although KCa3.1−/− cells
differentiate normally into memory cells, they require KCa3.1
channel activity for activation in vivo. Thesefindings also reinforce a
critical role for Th1 effector cells in these two murine models of
colitis, and are consistent with a recent report demonstrating that
IL-17may havemore of a protective function by interferingwith the
generation of Th1 cells (24). Thus, by not inhibiting Treg and Th17
cell function, KCa3.1 blockers may have a unique therapeutic pro-
file to inhibit procolitis-inducing Th1 and Th2 cells, without inter-
fering with the beneficial function of Treg and possibly Th17 cells.

IBD in humans is characterized by a chronic relapsing intestinal
inflammatory disorder that is classified into two major forms,
Crohn’s disease (CD) and ulcerative colitis (UC). In the past, CD
has been considered a Th1-driven disease (40–42) and has been
associated with aberrant activation of Th1 cells leading to high
levels of IFN-γ, whereas UC has been classified as a Th2-driven
disease that arises from high levels of IL-4 resulting in aberrant
expression of IL-13 (40, 43). With the discovery of IL-23 and IL-
17, it has become clear that designating these diseases simply as
Th1- or Th2-driven was an oversimplification, and in fact inter-
fering with IL-23 has been shown to be beneficial in patients with
CD (44). However, it is hard to ignore all the data demonstrating
the importance of Th1 and Th2 cells to disease severity in patients
with IBD. Our findings reported here suggests that pharmacologic
inhibitors of KCa3.1 may be useful to treat patients with IBD.
However, it will be important to demonstrate that KCa3.1 chan-
nels play a similar role in human CD4 T cells, as a number of

Fig. 3. Decreased cytokine production by KCa3.1−/− Th1 and Th2 cells. WT
and KCa3.1−/− Th1 cells were stimulated with anti-CD3 and anti-CD28 or PMA
and ionomycin, and IFN-γ (A), IL-2 (B), and TNF(C) were assessed by flow
cytometry following intracytoplasmic staining with antibodies as indicated.
(D) WT and KCa3.1−/− Th2 cells were stimulated with anti-CD3 and anti-CD28,
and IL-13 expression was determined 4 h after stimulation by real-time PCR.
Shown is the relative amount of IL-13 standardized to β-actin control.

Fig. 4. Decreased severity of colitis induced by KCa3.1−/− CD4+

CD25-CD45RBhi donor T cells. WT or KCa3.1−/− CD4+CD25-CD45RBhi were
transferred into rag2−/− mice, and weight (A) and histologic score (B) on 7
pairs of animals were determined. (C) Example of histology of colon from
Rag2−/− mice adoptively transferred WT (i) and KCa3.1−/− (ii) cells. (D)
Adoptively transferred WT or KCa3.1−/− T cells were recovered from rag2−/−

spleens or mesenteric lymph nodes and stained with antibodies to CD4 (i) or
CD44) and CD45RB (ii) followed by FACS analysis. In i and ii, WT/no-injection
is from a control C57BL/6 mouse, and rag2−/−/no-injection is from a control
rag2−/− mouse.
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differences in choice of K+ channels between mouse and human
CD4 T cell subsets have been previously described (6).

Materials and Methods
Cell Purification and Differentiation. CD4+ T cells were purified on MACS
beads (Miltenyi Biotech) from WT or KCa3.1−/− spleens as previously descri-
bed (26). Various CD4 T cell subsets were generated by culturing CD4 cells
purified from spleen cells under Th1 polarizing conditions (100 U/mL IL-12
and anti–IL-4), Th2 polarizing conditions (100 U/mL IL-4, anti–IFN-γ), Th17
polarizing conditions (5 ng/mL TGF-β, 20 ng/mL IL-6, anti-IL-4, anti–IFN-γ), or
Treg polarizing conditions (5 ng/mL TGF-β, 50 U/mL IL-2) for 4 to 6 d.

Whole-Cell Patch-Clamp Experiments. Whole-cell patch-clamping was per-
formed on activated CD4 T cells 48 h after stimulation with anti-CD3 and anti-
CD28 antibodies as described (19) with some modification (30).

Intracellular Ca2+ Activity. Intracellular Ca2+ concentrations were determined
as previously reported (29) and detailed in SI Materials and Methods.

Mice. KCa3.1−/− mice were obtained from J. Melvin (Rochester, NY) and were
backcrossed into C57BL/6 as previously described (21). Recombinase-
activating gene-deficient 2(rag2−/−) C57BL/6 mice were obtained from
Jackson Labs and used at 6 weeks of age.

T Cell Transfer Experiments. For transfer experiments into rag2−/− mice, a pop-
ulation of CD4+CD25-CD45RBhi T cells were obtained by cell sorting by MoFlo

(Dako) after staining WT or KCa3.1−/− spleen cells with anti-CD4, anti-CD25, and
anti-CD45RB antibodies (26, 45). CD4+CD25-CD45RBhi WT or KCa3.1−/− T cells
(0.4 × 106) were then transferred intraperitoneally into syngeneic rag2−/−mice as
previously described (26). Mice were then killed 8 to 12 weeks following transfer
when symptoms became apparent in control animals.

TNBS-Induced Colitis. TNBS (2–3 mg) in 40% ethanol was instilled into the
rectum through a 3.5 F catheter in lightly anesthetized SJL mice as previously
described (27, 46). To assess whether inhibition of KCa3.1 protects against
TNBS-induced colitis, mice were treated s.c. with TRAM-34 (100 mg/kg/d) in
peanut oil or vehicle control starting 1 d before TNBS treatment until day 5 as
previously described (47).

Histology. Colons were removed from mice 8 to 12 weeks after T cell
reconstitution or 5 to 7 d after TNBS induction and fixed in buffered 10%
formalin. Six-micrometer paraffin-embedded sections were cut and stained,
with hematoxylin and eosin and graded semiquantitatively from 0 to 5 in a
blinded fashion as described in the SI Materials and Methods (48).

FACS Analysis and Intracellular Cytokine Staining. Cell suspensions were
stimulated with anti-CD3 (5 μg/mL) and anti-CD28 (5 μg/mL) or PMA (50 ng/mL)
and ionomycin (500 ng/mL) for 4 h in the presence of brefeldin A (20 μg/mL).
After stimulation, cells were stained with anti-CD4 antibodies, followed by fix-
ation with a Cytofix/Cytoperm Fixation/Permeabilization Solution Kit (BD Bio-
sciences). This was followed by staining with antibodies to IFN-γ, IL-2, or TNF-α.

Quantitative Real-Time PCR. Total RNA was isolated and reverse-transcribed,
and quantitative PCR was then assessed using SYBR Green 1 by iCycler iQ
(BioRad) using gene-specific primers purchased from Qiagen.

In Vitro Proliferation and Suppression Assay. CD4+CD25+ and CD4+CD25−

lymphocytes were purified from spleens ofWT and KCa3.1−/− mice yielding a
>90% CD4+CD25+ Treg population. To assess the effect of the CD4+CD25+

Treg population on cell proliferation, 2× 104 CD4+CD25−WTeffector cells, 2×

Fig. 5. KCa3.1−/− cells recovered from rag2−/− mice are defective in TCR-
stimulated Ca2+ flux and cytokine production. CD4 T cells recovered from
rag2−/− mice underwent whole-cell patch-clamp experiment (A) or stim-
ulation with anti-CD3 to assess Ca2+ flux (B) and IFN-γ production (C) as
described in Fig. 1. Shown is a representative experiment from CD4 T cells
isolated from three independent reconstituted rag2−/− mice.

Fig. 6. TRAM-34, a KCa3.1 inhibitor, inhibits TNBS-induced colitis. TNBS in
40% ethanol was administered rectally to SJL mice that were untreated or
treated with TRAM-34, and histological analysis was performed at day 6 after
TNBS treatment. (A) Summary of histological analysis of 6 pairs of mice. (B)
Example of histological analysis of control (i) or TRAM-34–treated colon(ii).
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104 mitomycin C–treated spleen cells from TCRα−/−β−/− mice, and anti-CD3
(0.5 μg/mL) were plated in 96-well plates either alone, or together with CD4+

CD25+WTor KCa3.1−/− lymphocytes at an effector:suppressor ratio of 1:1, 3:1,
or 10:1 as previously described (45). 3[H]thymidine (1 μCi/well) was added on
day 3 and was assessed 6 h later by scintillation counting.
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