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BACKGROUND AND PURPOSE
The intermediate-conductance Ca2+-activated K+ channel (KCa3.1) modulates the Ca2+ response through the control of
the membrane potential in the immune system. We investigated the role of KCa3.1 on the pathogenesis of delayed-type
hypersensitivity (DTH) in auricular lymph node (ALN) CD4+ T-lymphocytes of oxazolone (Ox)-induced DTH model mice.

EXPERIMENTAL APPROACH
The expression patterns of KCa3.1 and its possible transcriptional regulators were compared among ALN T-lymphocytes of
three groups [non-sensitized (Ox–/–), Ox-sensitized, but non-challenged (Ox+/–) and Ox-sensitized and -challenged (Ox+/+)]
using real-time polymerase chain reaction, Western blotting and flow cytometry. KCa3.1 activity was measured by whole-cell
patch clamp and the voltage-sensitive dye imaging. The effects of KCa3.1 blockade were examined by the administration of
selective KCa3.1 blockers.

KEY RESULTS
Significant up-regulation of KCa3.1a was observed in CD4+ T-lymphocytes of Ox+/– and Ox+/+, without any evident changes
in the expression of the dominant-negative form, KCa3.1b. Negatively correlated with this, the repressor element-1 silencing
transcription factor (REST) was significantly down-regulated. Pharmacological blockade of KCa3.1 resulted in an accumulation
of the CD4+ T-lymphocytes of Ox+/+ at the G0/G1 phase of the cell cycle, and also significantly recovered not only the
pathogenesis of DTH, but also the changes in the KCa3.1 expression and activity in the CD4+ T-lymphocytes of Ox+/– and
Ox+/+.

CONCLUSIONS AND IMPLICATIONS
The up-regulation of KCa3.1a in conjunction with the down-regulation of REST may be involved in CD4+ T-lymphocyte
proliferation in the ALNs of DTH model mice; and KCa3.1 may be an important target for therapeutic intervention in allergy
diseases such as DTH.

Abbreviations
ALN, auricular lymph node; AP-1, activator protein-1; DiBAC4(3), bis-(1,3-dibutylbarbituric acid)trimethine oxonol;
DTH, delayed-type hypersensitivity; FCM, flow cytometry; ICA-17043, 2,2-bis(4-fluorophenyl)-2-phenyl-acetamide;
KCa3.1, intermediate-conductance Ca2+-activated K+ channel; REST, repressor element-1 silencing transcription factor;
TRAM-34, 1-[(2-chlorophenyl)diphenylmethyl]-1H-pyrazole
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Introduction
Ca2+-activated K+ channels play important roles in the cell
proliferation and migration of various types of cells (Köhler
et al., 2003; Cruse et al., 2006; Yamazaki et al., 2006; Shepherd
et al., 2007; Chantome et al., 2009). The intermediate-
conductance Ca2+-activated K+ channel (KCa3.1) contributes to
the driving force for the Ca2+ influx so as to trigger the T-cell
activation (Chandy et al., 2004; Cahalan and Chandy, 2009).
The modification of KCa3.1 activity determines the Ca2+

response through the control of the membrane potential in
T-lymphocytes (Ghanshani et al., 2000; Chandy et al., 2004;
Nicolaou et al., 2007). KCa3.1 is required for the activation of
T helper 1 (Th1) and Th2 CD4+ T-lymphocytes (Di et al.,
2010a,b), and is therefore a potential therapeutic target for
disorders of the immune system (Jensen et al., 2001; Chandy
et al., 2004; Cahalan and Chandy, 2009). We have recently
identified an N-terminus-lacking KCa3.1 splice variant
(KCa3.1b) from mammalian lymphoid tissues, which inhibits
membrane trafficking of the full-length KCa3.1a proteins via a
dominant-negative effect on channel activity by interaction
with KCa3.1a to form heteromeric channels (Ohya et al.,
2011b). Transcriptional and post-translational modifications
of KCa3.1 exert an effect on its channel activity in
T-lymphocytes. In terms of transcriptional factors for KCa3.1,
activator protein-1 (AP-1) (Fos/Jun heterodimers) and repres-
sor element-1 silencing transcription factor (REST) have been
identified (Ghanshani et al., 2000; Cheong et al., 2005). In
activated T-lymphocytes, AP-1 causes an up-regulation of
KCa3.1 by binding to the KCa3.1 promoter (Ghanshani et al.,
2000). A reduction in REST expression results in an
up-regulation of KCa3.1 in undifferentiated smooth muscle
cells (SMCs) (Cheong et al., 2005). REST is ubiquitously
expressed in various tissues (Gopalakrishnan, 2009), but it
remains unclear whether REST functions as a potential regu-
lator of KCa3.1 in the immune system. In terms of the post-
translational modification of KCa3.1, several reports by
Srivastava et al. (2005; 2006; 2008; 2009) have demonstrated
potential negative and positive regulators of KCa3.1 in
T-lymphocytes.

The pathophysiological significance of KCa3.1 in the
immune system has been studied using pharmacological
blockade and gene knockdown of KCa3.1. KCa3.1 blockers are
potentially useful as treatment of sickle anaemia (Jensen
et al., 2001; Chandy et al., 2004) and inflammatory bowel
diseases (Di et al., 2010a) and also as immunosuppressants
(Jensen et al., 2001; Chandy et al., 2004; Pegoraro et al.,
2009). Loss of KCa3.1 causes the impairment of both Ca2+

influx and cytokine production in T-lymphocytes (Di et al.,
2010a), as well as progressive splenomegaly (Grgic et al.,
2009a). Tharp et al. (2006; 2008) have shown that up-
regulation of the KCa3.1 gene followed by KCa3.1 promoter
activation is involved in vascular SMC dedifferentiation; and
pharmacological blockade of KCa3.1 induces the silencing of
the KCa3.1 gene mediated through REST and AP-1.

Pegoraro et al. (2009) have shown that the KCa3.1 blocker,
clotrimazole, inhibits ear swelling in an oxazolone (Ox)-
induced delayed-type hypersensitivity (DTH) model, an
animal model for contact allergy in the skin developed by
Evans et al. (1971). Additionally, Di et al. (2010a) have shown
that Ca2+ influx via Ca2+ release activating Ca2+ (CRAC) chan-

nels as a result of KCa3.1 activation is essential for IL-2 produc-
tion in T-lymphocytes, and that KCa3.1 activity is markedly
up-regulated following differentiation into Th1 cells. In the
present study, we focused on the potential role of KCa3.1 and its
transcriptional regulator(s) in CD4+ T-lymphocytes isolated
from the auricle lymph nodes (ALNs) of Ox-induced DTH
model mice, and also on the effects of pharmacological KCa3.1
blockade of KCa3.1 and its transcriptional expression.

Methods

Preparation of Ox-induced DTH model mice
BALB/cCrSlc male mice, 5–6 weeks of age, were obtained from
the breeding colony at Japan SLC (Hamamatsu, Shizuoka,
Japan). All experiments were carried out in accordance with
the guiding principles for the care and use of laboratory
animals in Nagoya City University and Kyoto Pharmaceutical
University, and also with the approval of the Presidents of
both universities. The mice were skin-sensitized 7 days after
the last day of irradiation by a topical application to the
shaved abdomen of 100 μL of 0.5% Ox in acetone. Control
mice were sham-sensitized by a topical application of 100 μL
of acetone. Seven days after sensitization, the right ear was
challenged with a topical application of 10 μL of 0.5% Ox in
acetone. Mice received s.c. injections of TRAM-34 (1-[(2-
chlorophenyl)diphenylmethyl]-1H-pyrazole; 3 or 10 mg·kg−1,
s.c.) or vehicle (dimethylsulfoxide) at the time of challenge.
Ear thickness was measured prior to and 24 h after the chal-
lenge with an engineer’s micrometer. Auricular lymph nodes
(ALNs) were dissected and were then used for expression
and/or functional analyses. For expression analysis, tissues
were stored at −80°C until use.

RNA extraction, reverse
transcription-polymerase chain
reaction (PCR) and real-time PCR
Total RNA extraction and reverse transcription-PCR (RT-PCR)
were performed as previously reported (Ohya et al., 2005).
The resulting cDNA product was amplified with gene-specific
primers; and the primers are designed using Primer ExpressTM

software (Ver 1.5, Applied Biosystems, Foster City, CA, USA).
Quantitative, real-time PCR was performed with the use of
Syber Green chemistry (SYBR® Premix Ex Taq™ II; Takara,
Osaka, Japan) on an ABI 7700 sequence detector system
(Applied Biosystems) as previously reported (Ohya et al.,
2011b). PCR primers used are shown in the Supporting Infor-
mation. Regression analyses of the mean values of three mul-
tiplex RT-PCRs for the log10 diluted cDNA were used to
generate standard curves. Unknown quantities relative to the
standard curve for a particular set of primers were calculated,
yielding transcriptional quantitation of the gene products
relative to the endogenous standard, β-actin. To confirm the
nucleotide sequences, the amplified PCR products and
plasmid constructs were sequenced with an ABI PRIZM 3100
genetic analyser (Applied Biosystems).

Measurement of membrane potential by the
voltage-sensitive dye imaging
Mice were sacrificed and the ALNs were isolated and processed
individually. Single-cell suspensions were prepared by pressing
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the lymph node with frosted glass slides. The membrane
potential was measured using the voltage-sensitive dye, bis-
(1,3-dibutylbarbituric acid)trimethine oxonol [DiBAC4(3)], as
previously reported (Funabashi et al., 2010). Prior to the fluo-
rescence measurements with DiBAC4(3), the isolated cells were
incubated in normal HEPES buffer containing 100 nM
DiBAC4(3) for 20 min at room temperature. The stained cells
were continuously incubated with 100 nM DiBAC4(3)
throughout the experiments. Data collection and analysis
were performed using an ARUGUS-HiSCA imaging system
(Hamamatsu Photonics, Hamamatsu, Shizuoka, Japan).

Electrophysiological recordings
The whole-cell patch clamps was applied to single CD4+

T-lymphocytes using CEZ-2400 amplifier (Nihon Kohden,
Tokyo, Japan) at room temperature (23 ± 1°C). FITC-
CD4 (MiltenyiBiotec, BergischGladbach, Germany)-positive
T-lymphocytes were detected under fluorescence microscope.
The external solution was (in mM): 160 sodium-aspartate, 4.5
KCl, 2 CaCl2, 1 MgCl2 and 5 HEPES, pH 7.4. The pipette
solution was (in mM): 145 potassium-aspartate, 2 MgCl2, 10
HEPES, 10 EGTA and 8.5 CaCl2, pH 7.2, with an estimated
free Ca2+ concentration of 1 μM. The procedures of elec-
trophysiological recordings and data acquisition/analysis
for whole-cell recording have been reported previously
(Yamazaki et al., 2006). Currents were measured in voltage-
clamp mode and induced by ramp depolarization from −120
to +60 mV, 200 ms duration, every 10 s −80 mV holding
potential. One micromolar TRAM-34-sensitive current at
+40 mV was estimated as the number of channels per cell and
slope conductance was calculated at −80 mV (Ghanshani
et al., 2000; Beeton et al., 2001).

Flow cytometric analysis
Cell surface markers were analysed with a FACScan flow
cytometer (BD LSR, Becton-Dickinson, Franklin Lakes, NJ,
USA), acquiring at least 10 000 events, and gated according to
forward- and side-scatter. Data were analysed using CellQuest
software (Becton-Dickinson). The lymphocyte gate was estab-
lished by an analysis of the forward angle versus right angle
light scatter. The percentage of positively stained cells was
determined by comparing the test histograms. Fluorescence-
labelled antibodies and the fixation and permeabilization
methods used in the present study were described in the
Supporting Information.

Cell cycle analysis
For analysis of the cell cycle distribution pattern, isolated
ALN T-lymphocytes (106 cells) were fixed in ice-cold 70%
ethanol overnight. Fixed cells were stained with PBS contain-
ing propidium iodide (10 μg·mL−1) and DNase-free RNase
(0.1 mg·mL−1). Stained cells were subjected to analysis on a
FACScan flow cytometer (Becton-Dickinson) using CellQuest
software (Becton-Dickinson).

Chemicals and statistical analysis
Chemicals used are shown in the Supporting Information.
Statistical significance between two groups and among mul-
tiple groups was evaluated using Student’s t-tests, Welch’s
t-tests or Tukey’s test after F-test or ANOVA. Data are presented
as the means ± S.E.M.

Results

Enlargement of mice ALNs by Ox
sensitization and/or challenge
In the present study, several conditions [the Ox concentra-
tion (0.05–3.0%), the sensitization period (5–10 days) and the
challenge exposure time (24, 48, 72 h)] were examined to
prepare DTH model (Ox+/+), and the adequate experimental
condition, which causes the more severe and stable levels of
inflammatory symptoms (Supporting Information Fig. S1a,
b), ALN enlargements (Figure 1A) and increase in Th-1
cytokine expressions (IL-2 and IFN-γ; Supporting Information
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Figure 1
ALN weight in DTH model mice, CD4 and CD8 subset distribution
patterns, and depolarization responses induced by KCa3.1 blockade
in the ALN T-lymphocytes of DTH model mice: Ox–/–, non-
sensitized; Ox+/–, Ox-sensitized control; (Ox+/+), Ox-sensitized and
challenged. (A) ALN weights (mg) in Ox–/–, Ox+/– and Ox+/+. (B)
CD4 and CD8 subset distribution patterns were analysed by FCM.
ALN lymphocytes in Ox–/–, Ox+/– and Ox+/+ were stained with
FITC-conjugated anti-CD4 and PE-conjugated anti-CD8 antibodies.
The bar graph summarizes the % of each cell population from 7–12
separate experiments: CD4+CD8– single-positive (CD4+, closed
columns) and CD4-CD8+ single-positive (CD8+, open columns). (C)
Measurement of the TRAM-34 (1 μM)-induced depolarization
responses in ALN CD4+ T-lymphocytes using the membrane poten-
tial indicator DiBAC4(3). KCa3.1 was activated by a pre-incubation
with ionomycin (0.5 μM) and DCEBIO (10 μM), and then TRAM-34
was applied. Data are shown as the ratio (ΔFTRAM-34/ΔF140 K) of TRAM-
34-induced fluorescence change (ΔFTRAM-34) to 140 mM K+-induced
fluorescence change (ΔF140 K).
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Fig. S1c) in Ox+/+ was determined. In addition, the number
of viable ALN lymphocytes determined by the trypan blue
dye exclusion assay was increased in the Ox+/– and Ox+/+
mice [3.2 ± 0.5 (n = 9), 5.3 ± 0.8 (n = 7, P < 0.05 vs. Ox–/–), and
10.2 ± 1.0 (n = 10, P < 0.01 vs. Ox–/–; P < 0.05 vs. Ox+/–) (×108

cells per animal) ]. Flow cytometry (FCM) showed that there
was no significant difference in forward light scatter channel
(FSC) distribution (i.e. cell size) in the ALN lymphocytes of
the three groups [136.6 ± 1.8 (Ox–/–, n = 5), 133.4 ± 0.6
(Ox+/–, n = 7) and 139.7 ± 2.7 (Ox+/+, n = 6) of the mean
fluorescence intensity in FSC, P > 0.05 vs. Ox–/–]. In this
study, a viable lymphocyte gate was set on the basis of the
FSC and side light scatter channel (SSC; high-FSC/low-SSC) as
reported by Chrest et al. (1993). In addition, we analysed the
frequency of CD3ε, CD4, CD8 (T-lymphocyte antigens) and
CD19 (B-lymphocyte antigen) positive cells within the total
intact lymphocytes by FCM. Data were expressed as the per-
centage of lymphocytes of each subpopulation in the total
lymphocyte population. In the ALN lymph node lympho-
cytes in the three groups, approximately 80% of the lympho-
cytes were the CD3+CD19– subpopulation of T-lymphocytes.
The percentage of the CD4+CD8– (CD4+) subpopulation of
ALN T-lymphocytes (closed columns) was slightly, but signifi-
cantly, decreased in Ox+/+ compared with Ox–/– and Ox+/–;
however, the percentage of the CD4–CD8+ (CD8+) subpopula-
tion of ALN T-lymphocytes (open columns) was unchanged
in the three groups (Figure 1B).

Increased depolarization responses induced by
KCa3.1 blockade in ALN T-lymphocytes of
Ox+/– and Ox+/+ mice
We next examined the depolarization responses induced by
the selective KCa3.1 blocker TRAM-34 designed by Wulff
et al. (2000) (IC50 = 20 nM) in isolated ALN T-lymphocytes
using the membrane potential-sensitive dye, DiBAC4(3).
The TRAM-34 (1 μM)-induced depolarization (ΔFTRAM-34) was
measured after an activating of KCa3.1 by application of a
selective Ca2+ ionophore agent, ionomycin (0.5 μM), and the
KCa3.1 activator, DC-EBIO (5,6-dichloro-1-ethyl-1,3-dihydro-
2H-benzimidazol-2-one; 10 μM; Supporting Information
Fig. S2a). The summarized data are expressed as the ratios
(ΔFTRAM-34 / ΔF140 K) of ΔFTRAM-34 to 140 mM high K+-induced
depolarization (ΔF140 K) (Figure 1C). In the ALN lymphocytes
of Ox–/–, the TRAM-34-induced depolarization responses
were very small; and significantly larger responses were
observed in the ALN lymphocytes of both Ox+/– and Ox+/+
(Figure 1C). Significantly larger depolarization responses
were also observed in the ALN lymphocytes of Ox+/+
compared with those of Ox–/– by the application of the
KCa3.1 blocker, ICA-17043 (2,2-bis(4-fluorophenyl)-2-phenyl-
acetamide; 100 nM; Supporting Information Fig. S2b). After
measurement of the 140 mM high K+-induced depolarization,
DiBAC4(3) was washed out for 30 min and the ALN lympho-
cytes were stained with FITC-CD4. The data were obtained
from CD4+ T-lymphocytes alone. We further examined the
effects of 1 μM TRAM-34 on the whole-cell membrane; cur-
rents were recorded in ALN CD4+ T-lymphocytes of Ox–/– and
Ox+/+ by the ramp pulse protocol (Figure 2). In ALN CD4+

T-lymphocytes of Ox+/+, significantly larger levels of current
density (Figure 2B), number of channels per cell (Figure 2C)
and slope conductance at −80 mV (Figure 2D) were observed.

No significant differences of cell capacitance were observed
between ALN CD4+ T-lymphocytes of Ox–/– and Ox+/+ (not
shown). We also measured 10 nM margatoxin-sensitive KV1.3
currents in the presence and absence of 1 μM TRAM-34 in
ALN CD4+ T-lymphocytes of Ox+/+, showing no significant
differences between them: 22.9 ± 2.3 (n = 6) and 27.3 ± 5.7
pA/pF (n = 4) respectively.

Up-regulation of KCa3.1 expression in
CD4+ ALN T-lymphocytes of Ox+/– and
Ox+/+ mice
We examined the transcriptional expression analysis of
KCa3.1 splice variants (KCa3.1a and KCa3.1b) in the ALNs of the
three groups. Real-time PCR analysis showed that the KCa3.1a
transcript expression was increased in the ALNs of both
Ox+/– and Ox+/+ compared with those of Ox–/– (Figure 3A,
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Figure 2
TRAM-34 (1 μM)-sensitive KCa3.1 K+ currents in ALN CD4+

T-lymphocytes of Ox–/– and Ox+/+. (A) Current density-voltage
relationship for outward K+ currents in ALN CD4+ T-lymphocytes of
Ox–/– and Ox+/+ following treatment with 1 μM TRAM-34. (B)
Summarized data for 1 μM TRAM-34-sensitive current density in
+40 mV. (C) Summarized data for number of KCa3.1 channels per
cell. (D) Summarized data for the slope conductance (nS) of 1 μM
TRAM-34-sensitive currents at −80 mV. The number used for experi-
ments are shown in parentheses. *, P < 0.05 versus Ox–/–.
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open columns), whereas no difference in KCa3.1b transcript
expression was found between the ALNs of three groups
(Figure 3A, closed columns). Western blot analysis showed an
up-regulation of the KCa3.1a protein in the membrane protein
fraction of Ox+/– and Ox+/+ compared with that of Ox–/–,
which did not exhibit any effects on the KCa3.1b protein
levels, correlating with the results of the real-time PCR shown

in Figure 3A (Ox+/–: P < 0.05; Ox+/+: P < 0.01 vs. Ox–/–, n =
4 for each) (Figure 3B). The two bands specific for the anti-
KCa3.1 antibody, with molecular weights of approximately 50
(KCa3.1a) and 25 (KCa3.1b) kDa, were observed in the plasma
membrane protein fractions (Figure 2B, upper panel), and
these signals disappeared upon a pre-incubation with excess
antigen (not shown).

Subsequently, a fluorescent dual colour dot-plot of FITC-
CD4/CD8 versus PE-KCa3.1 in fixed and permeabilized ALN
lymphocytes was analysed by FCM. Significantly higher
populations of KCa3.1+ were detected in CD4+ T-lymphocytes
of Ox+/– and Ox+/+ than Ox–/– (Figure 4A, Supporting Infor-
mation Fig. S3a–c), whereas there were no significant changes
in CD8+ T-lymphocytes (not shown). The KCa3.1+ cell popu-
lation was markedly decreased (to less than 1% of the total)
by pre-incubation of the anti-KCa3.1 antibody with excess
antigen (Supporting Information Fig. S3d). These results
support the conclusion that the significant increase in KCa3.1
activity in CD4+ ALN T-lymphocytes in both Ox+/– and
Ox+/+ is due to the increase in the ratio of KCa3.1a to KCa3.1b.

We further examined whether KCa3.1-expressing
ALN CD4+-T-lymphocytes in Ox+/+ are skin-homing,
CLA1+CCR4+CCR10+ memory T-cells typically observed in
DTH (Azam et al., 2007; Wang et al., 2010; Gibhardt et al.,
2011). As shown in Figure 4B, CD4+CCR4+ cells in Ox+/+ were
significantly increased compared with those in Ox–/– as
reported by Wang et al. (2010); however, the percentage
of CD4+CCR4+ cells were less than 3% of ALN CD4+

T-lymphocytes of Ox+/+. In spleen CD4+ T-lymphocytes of
Ox+/+, the percentages of CD4+CCR4+ cells were about 15%
of ALN CD4+ T-lymphocytes of Ox+/+ (not shown). These
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FCM analyses of KCa3.1 and CCR4 expressions in ALN CD4+
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KCa3.1– was determined using a PE-conjugated anti-rabbit IgG anti-
body. The percentages of the CD4+KCa3.1+ subset to the total CD4+

were analysed using CellQuest software (Becton-Dickinson). (B) ALN
lymphocytes in Ox–/– and Ox+/+ were double-stained with FITC-
CD4 and PE-CCR4. The numbers used for experiments are shown in
parentheses. *; **, P < 0.05; 0.01 versus Ox–/–.
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indicate that the most of KCa3.1-expressing ALN CD4+

T-lymphocytes in Ox+/+ are CCR4− cells.

Changes in the expression patterns of REST
and the AP-1 components in the ALNs of
Ox+/– and Ox+/+ mice
It is known that AP-1 (Fos/Jun heterodimers) and REST act as
transcriptional factors of KCa3.1 (Ghanshani et al., 2000;
Cheong et al., 2005). AP-1 is a heterodimer comprised of Fos
(c-Fos, FosB, Fra-1 and Fra-2) and Jun members (c-Jun, JunB
and JunD; Jochum et al., 2001). We determined the transcrip-
tional expression of REST, Fos and Jun in the ALNs of the
three groups by real-time PCR. Significant down-regulation of
the REST transcript was observed in Ox+/– and Ox+/+ mice,
but there was no significant difference found in Fos/Jun
expression between the ALNs of the three groups (Figure 5A).
The expression levels of the other Fos components (c-Fos,
FosB and Fra-1) were very low (less than 0.007; not shown).
Western blot analysis revealed a down-regulation of the REST
proteins in the nuclear protein fraction of Ox+/– and Ox+/+
compared with that of Ox–/–, correlating with the results
obtained by real-time PCR shown in Figure 5A (P < 0.01 vs.
Ox–/–, n = 4 for each; Figure 5B). The single band specific for
the anti-REST antibody with a molecular weight of approxi-
mately 130 kDa (Figure 5B, left panel) disappeared upon pre-
incubation with excess antigen (not shown). These findings
suggest that the down-regulation of REST, but not AP-1, may
contribute to the increase in KCa3.1a transcription in the ALN
CD4+ T-lymphocytes of Ox+/– and Ox+/+.

Effects of the s.c. administration of the
KCa3.1 blocker TRAM-34 on ALN
enlargement in Ox+/– and Ox+/+ mice
We showed that the s.c. administration of a selective KCa3.1
blocker, TRAM-34 (3 and 10 mg·kg−1, s.c.), significantly
inhibits ear swelling in Ox+/+ in a dose-dependent manner
(Figure 6A). Similarly, ear plug weights were significantly
decreased by the s.c. administration of 10 mg·kg−1 TRAM-34
(not shown). Moreover, the ALN weights were significantly
decreased by the s.c. administration of 3 and 10 mg·kg−1

TRAM-34 (Figure 6B). In parallel, the number of viable ALN
lymphocytes determined by the trypan blue dye exclusion
assay was significantly decreased by the s.c. administration
of TRAM-34 (10 mg·kg−1, s.c.) [vehicle: 9.6 ± 0.5 (n = 12),
TRAM-34: 6.3 ± 0.5 (n = 7, P < 0.01 vs. vehicle; ×108 cells per
animal)]. Additionally, FCM showed that there were no
significant differences in FSC distribution detected in the
ALN lymphocytes of the vehicle control and TRAM-34
(10 mg·kg−1, s.c.)-administered groups. Apoptotic cells were
counted using an Annexin V-EGFP apoptosis detection kit
(MBL, Nagoya, Japan) by confocal laser microscopy. In the
ALN lymphocytes of three groups, almost 100% of the cells
were annexin V-negative (not shown). These suggest that
decrease in ALN lymphocytes by the s.c. administration of
TRAM-34 may be caused by the decrease in cells homing to
the ALN rather than cell death within the ALN. A decrease
in auricular thickness and the ALN weight was observed
when the KCa3.1 blocker, ICA-17043 (3 mg·kg−1, s.c.), was
administered to Ox+/+ mice (Supporting Information
Fig. S4a, b). The percentages of ALN T-lymphocytes with

CD4+ and CD8+ subpopulations were unchanged by the s.c.
administration of TRAM-34 (10 mg·kg−1, s.c.), respectively.
Measurement of the fluorescence intensity of DiBAC4(3)
using an ARUGUS-HiSCA imaging system showed that the
TRAM-34-induced depolarization responses were signifi-
cantly smaller in the ALN lymphocytes of the TRAM-34
(10 mg·kg−1, s.c.)-administered group than vehicle one
(Figure 6C). Also, TRAM-34-sensitive currents (number of
channels per cell) and slope conductance at −80 mV were
significantly suppressed by the s.c. administration of
TRAM-34 (10 mg·kg−1, s.c.; Figure 6D).
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Figure 5
The expression patterns of REST and the AP-1 components (Fra-2,
c-Jun, JunB and JunD) in the ALNs of Ox–/–, Ox+/– and Ox+/+. (A)
Quantitative, real-time PCR assay for REST, Fra-2, c-Jun, JunB and
JunD in the ALNs of Ox–/– (open columns), Ox+/– (closed columns)
and Ox+/+ (hatched columns). Results are expressed as the means ±
SEM (n = 5 for each). **: P < 0.01 versus Ox–/–. (B) Western blot
analysis of REST proteins in the ALNs of Ox–/–, Ox+/– and Ox+/+.
Proteins from the nuclear fractions were probed by immunoblotting
with an anti-REST antibody. The molecular mass standards are shown
in kilodaltons (kDa) at the right side of the left panel. The summa-
rized results were obtained as the optical density of each band signal
relative to that of the REST band signal in Ox–/–, and expressed as
the means ± SEM (n = 4 for each). **, P < 0.01 versus Ox–/–.
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Effects of the s.c. administration of TRAM-34
on KCa3.1 expression and function in the
ALN T-lymphocytes of Ox+/– and
Ox+/+ mice
The effects of the s.c. administration of TRAM-34 on the
expression of KCa3.1 and REST were also examined. As shown

in Figure 7A, the transcriptional expression levels of KCa3.1a
and REST were significantly down- and up-regulated by the
s.c. administration of TRAM-34 (10 mg·kg−1), respectively (n =
5 for each, P < 0.01 vs. vehicle), and were almost identical
to those in Ox–/– (see Figures 3A, 5A). Similarly, down-
regulation of KCa3.1a and up-regulation of REST in the ALNs
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Figure 6
Effects of the s.c. administration of TRAM-34 on auricular thickness
and ALN weights in Ox+/+ mice and on TRAM-34-induced depolari-
zation responses and currents in ALN T-lymphocytes of Ox+/+ mice.
In Vehicle control, same volume (100 μl) of dimethyl sulfoxide
(DMSO) was administered. (A) Effect of the s.c. administration of
TRAM-34 on Δauricular thickness (mm) in vehicle control (vehicle)
and TRAM-34-administered mice (3 and 10 mg·kg−1, s.c.). (B) Effect
of the s.c. administration of TRAM-34 on ALN weights (mg) in three
groups. (C) Effect of the s.c. administration of TRAM-34 (10 mg·kg−1,
s.c.) on TRAM-34 (1 μM)-induced depolarization responses using a
membrane potential indicator, DiBAC4(3). Data are shown as the
ratio (ΔFTRAM-34/ΔF140 K) of TRAM-34-induced fluorescence change
(ΔFTRAM-34) to 140 mM K+-induced fluorescence change (ΔF140 K).
KCa3.1 was activated by the pre-incubation with ionomycin (0.5 μM)
and DCEBIO (10 μM). (D) Measurements of the number of
KCa3.1channels per cell (a) and the slope conductance (nS) of
1 μM TRAM-34-sensitive currents at −80 mV (b) in ALN
CD4+ T-lymphocytes of vehicle control (vehicle) and TRAM-34-
administered mice (10 mg·kg−1, s.c.) (TRAM-34) by a ramp pulse
protocol. Results are expressed as means ± SEM. Numbers used for
experiments are shown in parentheses. *; **, P < 0.05; 0.01 versus
vehicle control; #, P < 0.05 versus 3 mg·kg−1, s.c. TRAM-34.
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Figure 7
The effects of the s.c. administration of TRAM-34 on the KCa3.1 and
REST expression patterns in the ALNs of Ox+/+ and cell population of
the CD4+KCa3.1+ subset. (A) Quantitative, real-time PCR assay for
KCa3.1a (open columns), KCa3.1b (closed columns) and REST
(hatched columns) in the ALNs of Ox+/+ administered vehicle (dime-
thyl sulfoxide, DMSO) and TRAM-34 (10 mg·kg−1, s.c.). Results are
expressed as the means ± SEM (n = 5 for each). **, P < 0.01 versus
vehicle. (B, C) Western blot analysis of KCa3.1 (B) and REST (C)
proteins in the ALNs of Ox+/+ mice administered vehicle and TRAM-
34. Proteins from the plasma membrane (KCa3.1) and nuclear (REST)
fractions were probed by immunoblotting with anti-KCa3.1 and anti-
REST antibodies, respectively. The summarized results were obtained
as the optical density of each band signal relative to that of the band
signal of the vehicle and are expressed as the means ± SEM (n = 4 for
each). *, P < 0.05 versus vehicle control. (D) FCM analysis of KCa3.1
expression in the CD4+ ALN T-lymphocytes of vehicle- and TRAM-34
(10 mg·kg−1, s.c.)-administered Ox+/+. ALN lymphocytes were
double-stained with FITC-CD4 and PE-KCa3.1. Expression level of
KCa3.1− was determined using a PE-conjugated anti-rabbit IgG anti-
body. The percentages of the CD4+KCa3.1+ subset to the total CD4+

were analyzed using CellQuest software (n = 5 for each). *; **, P <
0.05; 0.01 versus vehicle control.
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of Ox+/+ were observed after the s.c. administration of ICA-
17043 (3 mg·kg−1, s.c.; Supporting Information Fig. S4c).
Western blot analyses showed the s.c. administration of
TRAM-34 (10 mg·kg−1) caused down- and up-regulation of
KCa3.1a and REST protein expression in the nuclear protein
fractions purified from ALNs of Ox+/+, respectively (n = 4 for
each, P < 0.05 vs. vehicle; Figure 7B, C), correlating with the
results obtained by real-time PCR examination. The optical
density of Ox–/– was calculated as 1.0 and the expression of
the KCa3.1a and REST proteins was almost identical to Ox–/–
(P > 0.05). Significant changes in the expression levels of
the KCa3.1b transcripts and proteins were not observed
(Figure 7A, B, closed columns). Of interest, similar suppres-
sive effects on the ALN weight in Ox+/– and the KCa3.1 func-
tion and expression in ALN T-lymphocytes of Ox+/– were
observed in Ox+/– mice when TRAM-34 was administered 3
days before Ox challenge (Supporting Information Fig. S5).

Subsequently, a fluorescent dual colour dot-plot of FITC-
CD4/CD8 versus PE-KCa3.1 was analysed by FCM. A signifi-
cantly lower population of KCa3.1+ was detected in the CD4+

T-lymphocytes of the TRAM-34 (10 mg·kg−1)-administered
group than in the vehicle control (Figure 7D), whereas no
significant difference in CD8+ was detected (not shown).

Changes in cell cycle progression in ALN
T-lymphocytes by the s.c. administration
of TRAM-34
We examined the cell cycle status of ALN CD4+

T-lymphocytes of the vehicle and TRAM-34 (10 mg·kg−1, s.c.)
groups. Double-staining of ALN lymphocytes with PE-CD4
and PI was performed by FCM. In the CD4+ T-lymphocytes of
Ox+/+, pharmacological KCa3.1 blockade by the administra-
tion of TRAM-34 (10 mg·kg−1, s.c.) resulted in cell cycle arrest
at the G0/G1 phase; in the vehicle control (closed columns, n
= 4), the G0/G1 results were: 75.5 ± 1.3%, S: 2.0 ± 0.4%, G2/M:
18.2 ± 0.9%; and in TRAM-34 (10 mg·kg−1, s.c.)-administered
group (open columns, n = 5), G0/G1 was: 79.8 ± 1.1%, P < 0.05,
S: 1.4 ± 0.2%, P > 0.05, G2/M: 14.3 ± 0.7%, P < 0.01 (Figure 8).
In the CD4- T-lymphocytes of Ox+/+, pharmacological KCa3.1
blockade by the administration of TRAM-34 (10 mg·kg−1, s.c.)
did not result in any significant difference in the cell cycle in
the two groups (not shown). These results indicate that the
suppression of cell proliferation in CD4+ T-lymphocytes by
the administration of TRAM-34 is related to the arrest of the
G1/S and G2/M transitions during cell cycle progression.

Up-regulation of the KCa3.1positive regulator
transcripts, phosphoinositide-3-kinase, class
2, β polypeptide (PI3K-C2β) and nucleoside
diphosphate kinase B (NDPK-B) in ALN
CD4+ T-lymphocytes of Ox+/+
KCa3.1 activity was significantly higher in ALN CD4+

T-lymphocytes of Ox+/+ than Ox+/– (Figures 1C, 2), but the
KCa3.1 gene and protein expression patterns were almost
identical in the ALN CD4+ T-lymphocytes of the two groups
(Figures 3, 4). Therefore, the transcriptional expression pat-
terns of the positive regulators (PI3K-C2β, NDPK-B) and
negative regulators (phosphatidylinositol 3-phosphate phos-
phatase myotubularin-related protein 6; MTMR6, phospho-
histidine phosphatase 1; PHPT1) of KCa3.1 were compared

between Ox+/– and Ox+/+. In the isolated ALN CD4+

T-lymphocytes of Ox+/+, transcriptional expression levels of
both PI3K-C2β and NDPK-B were significantly higher than in
those of Ox+/– (Figure 9Aa, Ba). The s.c. administration of
TRAM-34 (10 mg·kg−1) in Ox+/+ elicited a significant down-
regulation of the their transcripts (Figure 9Ab, Bb). On the
other hand, there were no significant differences in the
MTMR6 and PHPT1 expression levels between Ox+/– and
Ox+/+ (not shown). These findings suggest that up-regulation
of PI3K-C2β and NDPK-B may be responsible for the higher
KCa3.1 activity in the ALN CD4+ T-lymphocytes of Ox+/+
compared with those of Ox+/–.

Discussion and conclusions

The main findings in the present study are as follows:
(i) CD4+ T-lymphocyte proliferation is stimulated by
up-regulation of KCa3.1a expression in ALNs of a skin contact
chemical sensitizer (Ox)-induced DTH model mice; (ii) the
transcriptional regulation of T-lymphocyte KCa3.1 is carried
out by REST, but not AP-1; and (iii) the prevention of the
up-regulation of KCa3.1 and down-regulation of REST as well
as cell-cycle progression was achieved by pharmacological
blockade of KCa3.1 in the CD4+ ALN T-lymphocytes of DTH
model mice. Similar to the inhibition of ear swelling in the
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The effect of in vivo TRAM-34 administration on the percentage
of the phase populations in the cell cycle of the ALN CD4+

T-lymphocytes in Ox+/+. Cell cycle progression was monitored by
the detection of DNA content using FCM analysis. The total ALN
lymphocytes were isolated, fixed and permeabilized. DNA was
labelled with propidium iodide. The cell cycle distribution was ana-
lysed by CellQuest software and depicted in a histogram. The data
on the cell cycle distribution in the ALN CD4+ T-lymphocytes of the
vehicle- (n = 4) and TRAM-34 (10 mg·kg−1, s.c., n = 5)-administered
Ox+/+ were summarized and expressed as percentages of the G0/G1,
S, G2/M phases (means ± SEM). *; **, P < 0.05; 0.01 versus vehicle
control.
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Ox-induced DTH model by the KCa3.1 blocker, clotrimazole
(Pegoraro et al., 2009), which has several anti-proliferative
effects other than channel blocking (Aktas et al., 1998; Zhang
et al., 2002; Cruse et al., 2006), the present study showed that
ear swelling in the Ox-induced DTH model was inhibited by
the s.c. administration of the selective and potent KCa3.1
blockers TRAM-34 (Figure 5A) and ICA-17043 (Supporting
Information Fig. S4a).

DTH is an inflammatory response mediated by effecter
memory T (TEM) cells. In chronically activated TEM cells, the
voltage-gated K+ channel subtype KV1.3 is predominantly

expressed, and the KV1.3 blockade suppressed the motility
and activation of TEM cells in inflamed tissue of animal
models of DTH and the other immune disease (Matheu et al.,
2008; Pennington et al., 2009; Gocke et al., 2012; Tarcha
et al., 2012) and human DTH (Beeton and Chandy, 2005;
Varga et al., 2012). In ALN CD4+ T-lymphocytes of Ox+/+,
significant increase in KV1.3 expression and activity was
observed (Supporting Information Fig. S6). Wang et al. (2010)
have studied T-cells with the skin homing receptor CCR4 in
lymph nodes of Ox-induced DTH model, and suggested that
CLA+CCR4+ cells within CD4+ cell population are under 5% in
Ox+/+. Consistent with this, the present study showed that
CCR4+ cells within CD4+ cell population in Ox+/+ ALN were
less than 3% (Figure 4B). Figure 4A showed that 30% cells
within CD4+ cell populations were KCa3.1+ cells, indicating
that most of CD4+KCa3.1+ cells are CCR4− cells.

Increases in local lymph node weight are mainly attrib-
uted to T-cell proliferation, with common immunological
patterns of Th1 cell reactivity (Chipinda et al., 2009; Ahlfors
and Lyberg, 2010). Similar to the results by Ahlfors and
Lyberg (2010), up-regulation of IL-2 and IFN-γ transcripts in
ALN T-lymphocytes of Ox+/+ was observed in the present
study (Supporting Information Fig. S1c). Di et al. (2010a)
showed that Ca2+ influx via CRAC channels by KCa3.1 activa-
tion is essential for IL-2 production in T-lymphocytes, and
that KCa3.1 activity is markedly increased following differen-
tiation into Th1 cells. Our study showed that the increase in
KCa3.1 activity was observed in ALN T-lymphocytes of Ox+/–
and Ox+/+ having the cell population of CD4+ (Figure 1C).
Recently, we have identified the dominant-negative isoform
of KCa3.1, KCa3.1b, from lymphoid tissues, and showed that an
up-regulation of KCa3.1b induced the inhibition of cell pro-
liferation in mice thymocytes (Ohya et al., 2011b). Alterna-
tive splicing patterns of ion channels are involved in the
pathogenesis of several diseases (Murthy et al., 2008; Lioa
et al., 2009). For instance, a shorter isoform of the small-
conductance Ca2+-activated K+ channel, KCa2.2, which has no
functional channel activity, is implicated in the pathogenesis
of Alzheimer’s disease (Murthy et al., 2008). Therefore, down-
regulation of KCa3.1b, in addition to an up-regulation of
KCa3.1a, may be responsible for the increase in KCa3.1 activity
in ALN CD4+ T-lymphocytes of Ox+/– and Ox+/+ (Figure 1C).
However, as shown in the results of the KCa3.1 expression
analyses in Figure 2, up-regulation of KCa3.1a, but not down-
regulation of KCa3.1b, is in fact responsible for the increase in
KCa3.1 activity in ALN CD4+ T-lymphocytes of Ox+/– and
Ox+/+.

In addition, up-regulation of KCa3.1a occurs in conjunc-
tion with the down-regulation of REST in ALN CD4+

T-lymphocytes in DTH model (Figure 3). This up-regulation
of KCa3.1 in conjunction with the down-regulation of REST
leads to the proliferative phenotype in both vascular SMCs
(Cheong et al., 2005) and implanted urogenital sinus cells of
a stromal hyperplasia benign prostatic hyperplasia model
(Ohya et al., 2011a), respectively. In T-lymphocytes, it is
known that up-regulation of KCa3.1 in conjunction with
up-regulation of AP-1 (Fos/Jun) leads to T-cell activation
(Ghanshani et al., 2000). To the best of our knowledge, this is
the first report of an up-regulation of KCa3.1 in conjunction
with down-regulation of REST in T-lymphocytes. Tharp et al.
(2008) have suggested that the initial hyperpolarization
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Figure 9
Expressions of PI3K-C2β and NDPK-B transcripts in ALN CD4+

T-lymphocytes of Ox–/–, Ox+/– and Ox+/+, and the effect of
the administration of TRAM-34. (Aa, Ba) Quantitative, real-time
PCR assay for PI3K-C2β (Aa) and NDPK-B (Ba) in ALN CD4+

T-lymphocytes of Ox–/–, Ox+/– and Ox+/+. The results are expressed
as the means ± SEM (n = 5 for each). **, P < 0.01 versus Ox–/–. ##,
P < 0.01 versus Ox+/–. (Ab, Bb) Quantitative, real-time PCR assay for
PI3K-C2β (Ab) and NDPK-B (Bb) in ALN CD4+ T-lymphocytes of the
vehicle- (n = 4) and TRAM-34 (10 mg·kg−1, s.c., n = 4)-administered
Ox+/+. Results are expressed as the means ± SEM (n = 5 for each). $$,
P < 0.01 versus vehicle control.
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attributable to KCa3.1 activity may drive the down-regulation
of REST in dedifferentiated vascular SMCs. In the present
study, the administration of TRAM-34 and ICA-17043 pre-
vented a down-regulation of REST in the ALN CD4+

T-lymphocytes of Ox+/– and Ox+/+ (Figure 6, Supporting
Information Fig. S4c). To show the negative correlation
between KCa3.1 and REST protein expression in CD4+

T-lymphocytes, we performed a fluorescent dual colour
dot-plot of Alexa Fluor® 488 (Invitrogen, Carlsbad, CA, USA)-
KCa3.1 versus Alexa Fluor (Invitrogen) 594-REST in fixed and
permeabilized CD4+ T-lymphocytes by FCM. However no
signals specific for REST were detectable because the non-
specific signals for REST were too high (not shown). Taken
together, KCa3.1 activation may be important for the down-
regulation of REST in Ox-sensitization and/or -challenge. Of
interest, the decrease in the ALN weight and KCa3.1 activity in
ALN T-lymphocytes, which was achieved by the prevention
of up-regulation of KCa3.1 expression in conjunction with
down-regulation of REST, were also observed in Ox+/– when
TRAM-34 (10 mg·kg−1, s.c.) was administered 3 days after sen-
sitization (Supporting Information Fig. S5). Pharmacological
approaches such as the s.c. administration of TRAM-34 cor-
roborated the proposed concept that pharmacological block-
ade of KCa3.1 is effective for prophylactic treatment in the
pathogenesis of allergic diseases such as DTH.

For the therapeutic usage of drugs, it is important to
monitor the changes in the pattern of gene expression of the
drug targets (Iskar et al., 2010). The present study showed that
the pharmacological blockade of KCa3.1 activity by TRAM-34
and ICA-17034 induced a down-regulation of KCa3.1a in con-
junction with an up-regulation of REST (Figure 6, Supporting
Information Fig. S4c) without changes in the expressions of
KCa3.1b (Figure 6A, B). Tharp et al. (2006; 2008) have shown
that up-regulation of the KCa3.1 gene can be regulated at the
epigenetic level, and that pharmacological blockade of KCa3.1
may induce the epigenetic silencing of the KCa3.1 gene.
Recently, Lu et al. (2011) have found the microRNA strongly
associating with the severity of DTH. It remains unclear
whether epigenetic and/or microRNA regulation of KCa3.1a
exists in ALN CD4+ T-lymphocytes by the pharmacological
blockade of KCa3.1. Furthermore, blockade of ion channel
activity is strongly associated with cell-cycle arrest; and KCa3.1
activity is involved in the transition to the S phase and entry
to the G2/M phase in cancer cells (Chou et al., 2008;
Becchetti, 2011). In renal fibroblasts and 3T3-L1 pre-
adipocytes, both pharmacological blockade and gene silenc-
ing of KCa3.1 have caused an accumulation of cells at the
G0/G1 phase (Grgic et al., 2009b; Zhang et al., 2012). The
present study showed that the s.c. administration of
TRAM-34 suppressed the cell cycle progression through both
the G1/S and G2/M transitions in ALN CD4+ T-lymphocytes of
Ox+/+ (Figure 8). Up-regulation of KCa3.1 may promote cell-
cycle progression in ALN CD4+ T-lymphocytes in DTH and
induce abnormal T-cell function.

In ALN CD4+ T-lymphocytes, KCa3.1 activity was
enhanced after Ox challenge (Figure 1C) without any signifi-
cant changes in the KCa3.1 expression level between ALN
CD4+ T-lymphocytes of Ox+/- and Ox+/+ (Figures 2, 3). It has
been reported that PI3K-C2β and NDPK-B play important
roles for T-cell activation and immunological synapse
formation (Srivastava et al., 2009; Di et al., 2010b). Of four

regulators of KCa3.1 activity in CD4+ T-lymphocytes, the tran-
scriptional expression levels of the positive regulators, PI3K-
C2β and NDPK-B, were significantly up-regulated in ALN
CD4+ T-lymphocytes after Ox challenge (Figure 9Aa, Ba), sug-
gesting that PI3K-C2β and NDPK-B may dynamically regulate
the KCa3.1 activity in ALN CD4+ T-lymphocytes; and that the
enhancement of KCa3.1 activity by up-regulation of them in
ALN CD4+ T-lymphocytes may be in part associated with the
infiltration of CD4+ T-lymphocytes into the inflamed skin of
Ox+/+.

In conclusion, this study provides evidence that KCa3.1
plays a crucial role in the ALN increase induced by CD4+

T-lymphocyte proliferation during the development of DTH.
It was demonstrated that REST regulates KCa3.1 expression in
T-lymphocytes. KCa3.1-induced hyperpolarization can drive
the expression of KCa3.1a in a positive-feedback manner.
Pharmacological blockade of KCa3.1 inhibited the expression
of KCa3.1a and increased the expression of REST, and also
prevented cell cycle progression in ALN CD4+ T-lymphocytes,
resulting in quiescent T-cell subsets. Clinical trials on the
effects of the specific KCa3.1 blocker ICA-17043 (Senicapoc,
Neusentis, Cambridge, UK) in sickle cell anaemia have
reported a lack of evident adverse effects, suggesting specific
KCa3.1 blockers have therapeutic potential in human diseases.
These findings should prove to be useful information for the
prevention and treatment of allergic diseases such as DTH.
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Additional Supporting Information may be found in the
online version of this article at the publisher’s web-site:

Figure S1 Auricular thickness, ear plug weight, and cytokine
expression in Ox–/–, Ox+/– and Ox+/+. A: Auricular thickness
in Ox–/–, Ox+/– and Ox+/+. B: Ear plug weight (mg) in Ox–/–,
Ox+/– and Ox+/+. The numbers of used for the experiments
are shown in parentheses. C: Transcriptional expression of
interleukin-2 (IL-2) (a) and interferon (INF)-γ (b) in ALN CD4+

T-lymphocytes of Ox–/–, Ox+/– and Ox+/+ (n = 5 for each).
The results are expressed as the means ± SEM. *, **: P < 0.05,
0.01 versus Ox–/–; ##: P < 0.01 versus Ox+/–.
Figure S2 The membrane potential was hyperpolarized by
pre-incubation with ionomycin (0.5 μM) and DCEBIO
(10 μM), and then the TRAM-34 (1 μM) (A) and ICA-17043
(100 nM) (Ba)-induced depolarization responses (FTRAM-34 and
FICA-17043) were measured in the CD4+ T-lymphocytes of the
Ox+/+ mice using DiBAC4(3). At the end-point of each experi-
ment, 140 mM K+-induced depolarization (F140 K) was meas-
ured. Measurement of the fluorescence intensity of DiBAC4(3)
was performed using an ARUGUS-HiSCA imaging system. Bb:
Data are shown as the ratio (ΔFICA-17043/ΔF140 K) of ICA-17043-
induced fluorescence change (ΔFICA-17043) to 140 mM K+-
induced fluorescence change (ΔF140 K). The numbers of used
for the experiments are shown in parentheses. **: P < 0.01
versus Ox–/–.
Figure S3 Up-regulation of KCa3.1 expression in CD4+ ALN
T-lymphocytes of Ox+/– and Ox+/+ mice. A fluorescent dual
colour dot-plot of FITC-CD4 versus PE-KCa3.1 in fixed and
permeabilized ALN lymphocytes was analyzed by FCM. Flow
cytometry plots showing the expression levels of KCa3.1 in the
gated CD4+ cell population from Ox–/–, Ox+/– and Ox+/+ (C)
ALNs. D, E: Flow cytometry plots showing the non-specific
signals of anti-KCa3.1 antibody by use of pre-incubated anti-
KCa3.1 antibody with excess antigen peptides (D) and
showing the non-specific signals of PE-conjugated anti-rabbit
IgG antibody (E). In C-E, transparent cell images (right, upper
panels) and images of PE fluorescence (right, lower panels)
were shown.
Figure S4 The effects of ICA-17043 on the auricular thick-
ness and ALN weight in Ox+/+, and on the expression of
KCa3.1a and KCa3.1b as well as the REST transcripts in the
ALNs of Ox+/+. A: A: Auricular thickness (mm) in the vehicle
control and ICA-17043-administered groups. B: ALN weight
(mg) in the vehicle control and ICA-17043-administered
groups. The results are expressed as the means ± SEM. The
numbers used for the experiments are shown in parentheses.
**: P < 0.01 versus vehicle control. C: Quantitative, real-time
PCR assay for KCa3.1a (open columns), KCa3.1b (closed
columns) and REST (hatched columns) in the ALNs of the
vehicle control (n = 5) and ICA-17043 (3 mg/kg, s.c.)-
administered (n = 6) groups. The results are expressed as the
means ± SEM. **: P < 0.01 versus vehicle control.
Figure S5 The effects of the administration of TRAM-34
(10 mg/kg, s.c.) on ALN weight in Ox+/– (A), TRAM-34-
induced depolarization responses in ALN T-lymphocytes of
Ox+/– (B) and the expression of the KCa3.1 and REST tran-
scripts in the ALNs of Ox+/– (C). TRAM-34 was administered
3 days after Ox sensitization, and 7 days after that the
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sensitization experiments were performed. In A and B, the
results are expressed as the means ± SEM. The numbers used
for the experiments are shown in parentheses. **: P < 0.01
versus vehicle control. In C, the results are expressed as the
means ± SEM (n = 5 for each). **: P < 0.01 versus vehicle
control.
Figure S6 Expression of the KV1.3 transcripts in ALN CD4+

T-lymphocytes of Ox–/–, Ox+/– and Ox+/+ and measurement
of margatoxin (MgTx)-sensitive KV1.3 currents in ALN CD4+

T-lymphocytes of Ox–/– and Ox+/+. A: Quantitative, real-time

PCR assay for KV1.3. The results are expressed as the means ±
SEM (n = 6 for each). *: P < 0.05 versus Ox–/–, ##: P < 0.01 versus
Ox+/–. B: Summarized data for 10 nM MgTx-sensitive current
density in +40 mV determined by a ramp pulse protocol. C: 10
nM MgTx-sensitive KV1.3 current induced by a 500 ms step
pulse from –80 mV to +40 mV in ALN CD4+ T-lymphocytes of
Ox+/+. D: Summarized data for number of KV1.3 channels per
cell. In ‘B’ and ‘D’, the results are expressed as the means ±
SEM. The number used for experiments are shown in paren-
theses. *: P < 0.05 versus Ox–/–.
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