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The K* channel iKca1 potentiates Ca?* influx
and degranulation in human lung mast cells

S. Mark Duffy, PhD,? Patrick Berger, MD, PhD,* Glenn Cruse,® Weidong Yang, PhD,?
Sarah J. Bolton, PhD,? and Peter Bradding, DM? Leicester, United Kingdom, and Bordeaux,

France

Background: Human lung and blood-derived mast cells express
a Ca**-activated K* channel (Kc,) that has electrophysiological
properties resembling the intermediate conductance K¢y
(iKcal). This channel is predicted to enhance IgE-dependent
mast cell responses.

Objective: To confirm the identity of this channel as iKc,1 in
human lung mast cells and to examine the effect of an iKca1
opener, 1-ethyl-2-benzimidazolinone (1-EBIO), on Ca®* influx
and degranulation after IgE-dependent activation.

Methods: iKca1 expression was examined by using RT-PCR.
Ion currents were measured by using the patch clamp
technique in human peripheral blood-derived mast cells,
freshly isolated human lung mast cells (HLMCs), and long-
term cultured HLMCs (LTHLMCs). Currents were
manipulated with the specific iKcal opener 1-EBIO and the
iKcal blockers clotrimazole and TRAM-34. Ratiometric Ca®
imaging was performed on single fura-2—loaded cells, and
histamine release was measured by radioenzymatic assay.
Results: Both fresh HLMCs and LTHLMCs expressed iKcal
mRNA. The iKca1 opener 1-EBIO induced iKc,1 currents in
89% of human peripheral blood-derived mast cells, 12% of
fresh HLMCs, and 67 % of LTHLMCs, which were blocked by
the iKca1 blockers clotrimazole and TRAM-34. After cell
activation with a suboptimal concentration of anti-IgE, 1-EBIO
enhanced the IgE-dependent rise in cytosolic-free Ca>* and
potentiated IgE-dependent histamine release.

Conclusion: Opening of iKc,1 enhances IgE-dependent Ca>*
influx and histamine release in HLMCs. Inhibition of iK1
may provide a novel approach to the treatment of mast
cell-mediated disease. (J Allergy Clin Immunol 2004;114:
66-72.)
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Mast cells have many biological roles, ranging from
maintenance of tissue homeostasis to deleterious activities
contributing to the pathogenesis of many diseases in-
cluding asthma, rheumatoid arthritis, pulmonary fibrosis,
and mastocytosis.'? These latter effects presumably
represent the mast cell response to an ongoing tissue

From *the Department of Infection, Immunity and Inflammation, Institute for
Lung Health, University of Leicester Medical School, and "Laboratoire de
Physiologie Cellulaire Respiratoire, Université Victor Segalen, Bordeaux.

Supported by the British Lung Foundation.

Received for publication February 2, 2004; revised April 1, 2004; accepted for
publication April 5, 2004.

Reprint requests: Peter Bradding, DM, Department of Respiratory Medicine,
Glenfield Hospital, Groby Rd, Leicester, LE3 9QP, United Kingdom.
E-mail: pbradding@hotmail.com.

0091-6749/$30.00

© 2004 American Academy of Allergy, Asthma and Immunology

doi:10.1016/j.jaci.2004.04.005

66

Abbreviations used
[Ca*);: Cytosolic free Ca** concentration
DMEM: Dulbecco modified Eagle medium
1-EBIO: 1-Ethyl-2-benzimidazolinone
HLMC: Human lung mast cell
HPBDMC: Human peripheral blood-derived mast cell
iKcal: Human intermediate conductance Ca>*-acti-
vated K* channel
Kca: Ca**-activated K* channel
LTHLMC: Long-term cultured human lung mast cell
SCF: Stem cell factor

insult with resulting tissue damage and remodeling. In
these diseases, there is evidence of mast cell infiltration
and/or proliferation within specific tissue compartments
such as the bronchial smooth muscle in asthmatic
airways,3 accompanied by the sustained release of a
plethora of autacoid mediators, cytokines, and proteases.

Human mast cells express a Ca**-activated K* channel
(Kca) that is opened after IgE-dependent activation and
that has electrophysiological properties suggesting that
it is the intermediate conductance Kca (iKcal).* One
widely proposed role for K* channels is to maintain
a negative membrane potential during cell activation,
counteracting the tendency for Ca?* influx to depolarize
the cell membrane. The importance of this is that
a negative membrane potential should enhance Ca®*
influx because of the large electrical driving force for Ca**
that is created and maintained, and perhaps more
importantly, because store-operated Ca®* channels that
mediate Ca®" influx after cell activation conduct larger
currents at negative membrane potentials.5 There is
evidence that iK1 mediates such an effect in mitogen-
activated human T cells, because attenuation of channel
function by mutation or use of channel blockers reduces
the activation-induced rise in cytosolic free Ca* ([Ca*))
cytokine release and cell proliferation.®® Because IgE-
dependent activation of human lung mast cells (HLMCs)
has an absolute requirement for the influx of Ca** from the
extracellular fluid, the HLMC K4 would be predicted to
play a similar role. In support of this, we demonstrated
recently that the iKca 1 blocker charybdotoxin attenuated
IgE-dependent histamine release from HLMCs.*

In the current study, we have confirmed the expression
of the iKcal channel in human mast cells and tested
the hypothesis that opening of this channel enhances
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IgE-dependent Ca®* influx and histamine release. To
achieve this, we have used patch clamp recording to study
the electrophysiology of the channel in human peripheral
blood-derived mast cells (HPBDMCs) and long-term
cultured human lung mast cells (LTHLMCs) compared
with freshly isolated HLMCs, and we have examined
Ca* responses and histamine release in LTHLMCs
in the presence of the iKcal opener 1-ethyl-2-
benzimidazolinone (1-EBIO).’

METHODS

Reagents

The following were purchased: stem cell factor (SCF), IL-6, IL-10
(R&D, Abingdon, United Kingdom [UK]); 1-EBIO, clotrimazole,
goat polyclonal antihuman IgE (Sigma, Poole, Dorset, UK); human
myeloma IgE (Calbiochem-Novabiochem, Nottingham, UK); mouse
IgG; mAb YB5BS (anti-CD117; Cambridge Bioscience, Cambridge,
UK); sheep antimouse IgG; Dynabeads (Dynal, Wirral, UK);
histamine, S—adenosyl—L—[methyl—3H] methionine (Amersham Life
Science, Little Chalfont, Bucks, UK); Dulbecco modified Eagle
medium (DMEM)/Glutamax/Hepes, antibiotic/antimycotic solution,
nonessential amino acids, and FCS (Life Technologies, Paisley, UK).
Rat kidney histamine methyl transferase was a generous gift from Dr
S. Harper (AstraZeneca R&D Charnwood, Loughborough, UK).
TRAM-34 was a generous gift from Dr Heike Wulff (University of
California Irvine).

Human mast cell purification and culture

All human subjects gave written informed consent, and the study
was approved by the Leicestershire Research Ethics Committee.
HLMCs were dispersed and purified from macroscopically normal
lung obtained within 1 hour of resection for lung cancer by using
immunomagnetic affinity selection as described previously.'® Final
mast cell purity was >99% and viability >97%. HLMC were cultured
in DMEM/Glutamax/Hepes containing antibiotic/antimycotic solu-
tion, nonessential amino acids, 10% FCS, 100 ng/mL SCF, 50 ng/mL
IL-6, and 10 ng/mL IL-10 for as long as 10 weeks, as described
previously.'! Cells were sensitized with human myeloma IgE 2.5 ug/
mL as required. Cells were used either fresh (within 1 week of
purification) or after long-term culture (>4 weeks after purification).

Mast cells were grown from progenitors in adult peripheral blood,
as previously described.*

Mast cell viability, monitored by exclusion of trypan blue,
was >97% in all experiments.

RT-PCR for iKca1

Total RNA was isolated by using RNeasy mini-spin columns
(Qiagen Ltd, West Sussex, UK) according to the manufacturer’s
instructions. DNA contamination was removed by using DNase I
(Invitrogen, Paisley, UK), and RT reactions using the Sensiscript RT
kit (Qiagen Ltd) were performed according to the manufacturer’s
instructions by using 50 ng RNA and random hexamers (Invitrogen)
as primers. Controls for which the RT enzyme was omitted were
also included. One tenth of the RT reaction was then added to
a PCR reaction by using Taq MasterMix (Qiagen Ltd) and run for
35 cycles. Half the PCR reaction was then subject to agarose gel
electrophoresis and stained with SybrGold (Molecular Probes,
Eugene, Ore) and viewed on a Dark Reader (Clare Chemical
Research, Dolores, Colo). The iKcal PCR primers were as follows:
forward, TGCTGTCCCTGGCCATGC; reverse, GTGGCATTAA-
CAGCCTGCC. The expected product size was 250 bp.
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Electrophysiology

The whole-cell variant of the patch clamp technique'? was used as
described by us previously.“‘ll The pipette solution contained KCl,
140 mmol/L; MgCl,, 2 mmol/L; HEPES, 10 mmol/L; Na*-ATP
2 mmol/L, and guanosine triphosphate, 0.1 mmol/L; pH 7.3. The
standard external solution contained NaCl, 140 mmol/L; KCI, 5
mmol/L; CaCl,, 2 mmol/L; MgCl,, I mmol/L; and HEPES, 10 mmol/
L; pH 7.3. For recording, mast cells were placed in 35-mm dishes
containing standard external solution.

Whole-cell currents were recorded by using an Axoclamp 200A
amplifier (Axon Instruments, Foster City, Calif) and currents usually
evoked by applying voltage commands to a range of potentials in
10-mV steps from a holding potential of —20 mV. The currents
were digitized (sampled at a frequency of 10 kHz) and analyzed as
described previously.*'" Experiments were performed at 27°C, with
temperature controlled by a Peltier device, and a perfusion system
(Automate Scientific, San Francisco, Calif) was used to allow
solution changes. Drugs were added directly to the recording
chamber.

Ca?* imaging

Changes in [Ca”*]; were monitored fluorometrically by use of the
Ca**-sensitive probe fura-2. Cells were loaded with Fura-2
(Molecular Probes) by incubation in normal physiological saline
solution (130 mmol/L NaCl, 5.6 mmol/L KCI, 1 mmol/L MgCl,, 2
mmol/L CaCl,, 11 mmol/L glucose, 10 mmol/L HEPES, pH 7.4 with
NaOH) containing 2 pumol/L fura-2—acetoxymethyl ester for 30
minutes at room temperature, then washed for 30 minutes. A
coverslip with attached cells was mounted in a perfusion chamber at
37°C. The single-cell recording system has been described pre-
viously.'! Data acquisition occurred at a rate of 1 dual-wavelength
image every 6 seconds as the 340/380 ratio. This was converted to
[Ca®*); by using a commercially available calibration kit (Molecular
Probes). Drugs were added to the dish as required.

HLMC activation

For analysis of histamine release, 1 X 10* mast cells were warmed
to 37°C in triplicate in 50 pL of DMEM. 1-EBIO or dimethyl
sulfoxide control at 4 times the final concentration in 25 pL was
added just before addition of 25 uL medium containing 4 times the
final concentration of goat polyclonal antihuman IgE (1:1000
final dilution, which gives maximal histamine release; 1:30,000 final
dilution, which gives submaximal histamine release). After 30
minutes of incubation at 37°C, the cells were centrifuged at 250g for 4
minutes, the supernatant decanted, and control cell pellets lysed in
sterile deionized water for measurement of total histamine content, as
described previously.10 The final concentration of dimethy] sulfoxide
in all wells was 0.1%.

Data presentation and statistical analysis
IgE-dependent histamine release is expressed as net release (total
minus background) as a percentage of cell total. Data are expressed as
means + SEMs unless otherwise stated. Differences between groups
of data were explored by using the Student paired or unpaired 7 test
(2-tailed) as appropriate. Frequency of channel expression under
different culture conditions was compared between groups by using
the % test. A P value of <.05 was considered statistically significant.

RESULTS
Human lung mast cells express iKca1T mRNA

Human lung mast cells and HPBDMCs express a Kca,
which opens in a proportion of cells in response to IgE-
dependent activation. Electrophysiological properties of
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FIG 1. RT-PCR expression of iKca1 mRNA in freshly isolated HLMCs
(lane 1)and LTHLMCs (lanes 2 and 3). In lanes 4to 6, the RT enzyme
was omitted. In /ane C, the iKca1 PCR primers were omitted.

this Kca suggest that it is the intermediate conductance
K* channel iKca 1. Using RT-PCR, both freshly isolated
HLMCs and LTHLMCs expressed iKcal mRNA,
suggesting the mast cell K¢y is indeed iKcal (Fig 1).

iKcal opener 1-EBIO opens the human mast
cell Kca with preferential expression in
HPBDMCs and LTHLMCs

The iKcal opener 1-EBIO opens iKca1 with a half-
maximal value of approximately 30 pmol/L for heterol-
ogously expressed iKcal, with a maximal effect at
approximately 300 umol/L.9 The effects of 1-EBIO are
relatively specific for iKca 1, opening it by enhancing its
sensitivity to [C212+]i.9 Thus, at 100 pumol/L EBIO,
maximal K* currents are achieved in the presence of 100
nmol/L free Ca**, which is below the resting [Ca>*]; of
most cell types.

Small iKcpl-like currents were present in 12/174
(6.9%) LTHLMCs and 5/23 (21.7%) HPBDMCs at rest,
but no resting freshly isolated HLMCs. In HLMCs and
HPBDMCs, addition of 1-EBIO 100 pumol/L activated
a K" current with properties identical to those seen
previously after IgE-dependent activation® (Fig 2, A and
B). Thus, the current appeared within 90 seconds of adding
1-EBIO to the bath and reached a plateau within 30
seconds. The current appeared immediately as voltage
steps were applied, did not decay during a 100-ms pulse
(Fig 2, C), and demonstrated inward rectification from
membrane potentials positive to approximately +40 mV
(Fig 2, A and B). Interestingly, this response to EBIO was
seen in only 2/17 (11.8%) freshly isolated HLMCs
compared with 28/42 (66.7%) LTHLMCs (P < .001)
and 16/18 (88.9%) HPBDMCs (P < .001). In these
responding HLMCs, LTHLMCs, and HPBDMCs, current
at +40 mV increased from 18.1 £ 11.1to 74.1 = 58.7 pA,
94+£12 to 61.5%x11.1 pA, and 107+ 1.6 to
98.0 £ 19.8 pA, respectively. This was accompanied by
a negative shift in membrane potential from 0.0 £ 0.0
to —38.5+ 165 mV (fresh HLMCs), —92+25 to
—426+ 34 mV (LTHLMGCs), and —133 +£2.7 to
—32.6 £+ 4.1 mV (HPBDMCs), in keeping with the
opening of a dominant K conductance. This current
was carried predominantly by K* ions, as demonstrated by
a positive shift in reversal potential from —59.5 = 7.0 to
—4.2 + 4.1 mV, and an increase in inward current at —120
mV from 48.1 £ 21.0 to 326.6 £ 75 pA, on switching
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from 5 mmol/L external K* to 140 mmol/L external K*
(n = 3). Under these conditions, the current was observed
to exhibit weak inward rectification (Fig 3, A).

This K* current persisted for as long as 45 minutes of
recording in the whole-cell configuration, with minimal
rundown during this period. When recording cells that had
been activated with 1-EBIO for as long as 30 minutes
before analysis, the same current was present immedi-
ately on achieving the whole-cell configuration in 6/8
LTHLMCs (mean outward current at +40 mV, 65.0 +
30.8; mean membrane potential, —49.9 £ 6.1 mV),
indicating that this current did not develop as an artefact
of patch clamp recording.

iKcal blockers clotrimazole and TRAM-34
block the 1-EBIO—induced current

In 6 cells expressing the K¢, current after addition of
1-EBIO, clotrimazole, a blocker of iK1 and inhibitor of
cytochrome P450,"*"' produced an irreversible depolar-
ization in 5 mmol/L external K* at a concentration of
1 pmol/L. Thus reversal potential shifted from
—438 £ 6.0 to —1.0 £5.7 mV (P =.001; Fig 3, B).
This was matched by a decrease in current from41.6 + 7.2
to 8.5+3.3 pA at +40 mV (P =.001). TRAM-34, a
derivative of clotrimazole and a highly specific blocker of
iKcal, also produced dose-dependent block of the 1-
EBIO—induced iKcal current, with a half-maximal in-
hibitory concentration of approximately 20 nmol/L, as
reported previously16 (Fig 3, O).

Taken together, our data confirm that HLMCs and
HPBDMC:s express the intermediate conductance channel
iKcal.

Cytosolic free Ca®>* concentration in HLMCs

Baseline [Ca”*]; was significantly higher in LTHLMCs
(224.5 £ 8.0 nmol/L; n = 158) than freshly isolated
HLMCs (163.2 £ 11.2 nmol/L; n = 51; P < .0001). All
freshly isolated HLMC:s tested exhibited arise in [Ca2+]i in
response to IgE-dependent activation using a concentra-
tion of anti-IgE (1:1000 dilution) optimal for histamine
release (mean peak increase, 294 £ 19 nmol/L; n = 47
cells from 4 donors; P < .0001). All LTHLMCs also
responded to a 1:1000 dilution of anti-IgE (mean peak
increase, 390.5 £ 25.0 nmol/L; n =15 cells from 3
donors; P < .0001), and 93% responded to a suboptimal
concentration of anti-IgE (1:30,000 dilution; mean peak
increase, 149.0 = 7.4 nmol/L; n = 107; P < .0001). The
rise in [Ca2+]i in LTHLMCs with 1:1000 anti-IgE was
significantly higher than with 1:30,000 anti-IgE (P <
.0001) and was significantly higher than that in fresh
HLMCs (P = .004). The Ca** response in fresh HLMCs
and LTHLMCs was relatively smooth in that the wide
oscillations that characterize basophil activation were
absent (Fig 4)."

1-EBIO enhances IgE-dependent Ca®* influx
in cultured HLMCs

Having confirmed the expression of iKcal in these
experiments, we next examined the direct effects of iKca 1
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FIG 2. Representative whole-cell electrophysiological recordings of electrical currents in individual LTHLMCs
and HPBDMCs. A and B, Current-voltage curves from HPBDMCs and LTHLMC s, respectively, at rest and 2
minutes after addition of 1-EBIO 100 umol/L. Addition of 1-EBIO to the bath activates a current with a negative
reversal potential (arrow). C, Raw current from the same cell as in B after 1-EBIO. The voltage protocol as

described in the text is shown in the inset.
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FIG 3. Representative whole-cell electrophysiological recording of electrical currents in individual LTHLMCs.
A, A LTHLMC after 1-EBIO recorded in 5 mmol/L and 140 mmol/L external K*. Reversal potential shifts from
—70 mV to 0 mV (arrows) on switching from 5 to 140 mmol/L external K*. B, Block of the 1-EBIO—induced
current by clotrimazole 1 umol/L. Note the positive shift in reversal potential (arrows). C, Block of the 1-
EBIO—induced current by TRAM-34 at 20 and 300 umol/L. Note the positive shift in reversal potential (arrows).

opening on [Ca®*); in fura-2—loaded HLMCs by using
1-EBIO as the iKca 1 opener. If the hypothesis were true,
1-EBIO should have increased [Ca2+]i and subsequent
histamine release as a result of iKca 1 opening, leading to
membrane hyperpolarization. Because channel expression
assessed by patch clamping appeared more frequent in
LTHLMCs the effects of 1-EBIO on Ca®* influx and
histamine release were studied in these cells. The 3 Ca®*
values recorded before addition of 1-EBIO were averaged
and compared with the 3 Ca®* values recorded 2 minutes
after addition of 1-EBIO.

Interestingly, addition of 1-EBIO 100 pmol/L to resting
LTHLMC:s produced an acute and sustained increase in
[Ca2+]i within 90 seconds in 33/41 (80.1%) of cells tested
(mean increase, 93.3 £ 9.7 nmol/L; n = 41 cells from
4 donors; P < .0001; Fig 4, A and B). This rise in [Ca2+]i
was attenuated by preincubation of the cells with
charybdotoxin 100 nmol/L. (mean increase, 36.0 £ 8.7
nmol/L; n = 21 cells from 2 donors; P <.0001), indicating
that the rise in Ca** occurred indirectly through the
opening of iKca1 channels.

We then studied the effects of 1-EBIO after IgE-
dependent activation. After LTHLMC cell activation
using an optimal concentration of anti-IgE in terms of
histamine release (1:1000 dilution), addition of 1-EBIO
100 umol/L produced no further increase in [Ca**]; (mean
change, —27.7 £ 3.6 nmol/L; n = 10 cells from 3 donors;
P = .0002; Fig 4, C). In contrast, after cell activation with
a suboptimal concentration of anti-IgE (1:30,000 dilu-
tion), addition of 1-EBIO potentiated the Ca* response in

78/107 (72.9%) cells (mean increase, 65.1 £ 12.2 nmol/L;
P <.0001; n = 107 cells from 6 donors; Fig 4, D, E, and
F). The increase in [Caz+]i induced by 1-EBIO after
1:30,000 anti-IgE was significantly different from the
change after 1:1000 anti-IgE (P < .0001).

1-EBIO enhances IgE-dependent histamine
release in cultured HLMCs

In LTHLMCs, addition of 1-EBIO alone had absolutely
no effect on background histamine release in spite of its
ability to increase intracellular Ca®* concentrations (Fig 5,
A). When LTHLMCs were activated with an optimal
concentration of anti-IgE for histamine release (1:1000
dilution), 1-EBIO had no effect on histamine release (Fig
5, B), consistent with the observation that it did not
increase Ca>* influx under these conditions. In contrast,
when LTHLMCs were activated with a suboptimal
concentration of anti-IgE (1:30,000 dilution), 1-EBIO
produced a dose-dependent increase in histamine release
from 6.1% % 2.14% of cell total at baseline to 10.9% =
3.0% at 1-EBIO 300 pmol/L (n = 6; P = .045; Fig 5, C).

Correlation between IgE-dependent change
in [Ca%*]; and histamine release

The aim of this study was not to perform a detailed
mathematical analysis of HLMC Ca* responses, so we
did not have paired histamine release results and Ca®* data
for the batches of HLMCs studied. Nevertheless, when
plotting the mean data for net IgE-dependent histamine
release against change in [Ca2+]i for LTHLMC s activated
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FIG 4. Representative changes in [Ca%*]; in individual cells. A and B, LTHLMCs from 2 different donors during
addition of 1-EBIO 100 umol/L. C, Three LTHLMCs from different donors during addition of anti-IgE 1:1000 and
then 1-EBIO 100 pmol/L. D to F, LTHLMCs from 3 different donors during addition of anti-IgE 1:30,000 and then
1-EBIO 100 pmol/L.
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FIG 5. Histamine release expressed as a percentage of cell total from (A) LTHLMCs incubated with increasing
concentrations of 1-EBIO alone, and (B and C) LTHLMC activated with 1:1000 (maximal) and 1:30,000
(submaximal) anti-IgE, respectively, in the presence of increasing concentrations of 1-EBIO.
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FIG 6. Plot of mean + SEM IgE-dependent change in [Ca®*]; versus
net IgE-dependent histamine release in HLMCs. Point a, LTHLMCs
1:30,000 anti-IgE; b, LTHLMCs 1:30,000 anti-IgE + 1-EBIO 100 pmol/
L; ¢, fresh HLMCs 1:1000 anti-IgE; and d, LTHLMCs 1:1000 anti-IgE.

with 1:30,000 anti-IgE, 1:30,000 anti-IgE + 1-EBIO 100
pmol/L, and 1:1000 anti-IgE, together with fresh HLMCs
1:1000 anti-IgE, there was a remarkably tight correlation
(Fig 6). This finding suggests that for a given increase in
[Ca®*];, there is an exponential increase in histamine
release, and it supports the interpretation that the increase
in IgE-dependent histamine release induced by 1-EBIO is
a consequence of its effect on [Ca®"];.

DISCUSSION

We demonstrated previously that both HPBDMC's and
freshly isolated HLMCs express a K4 with electrophys-
iological features, suggesting it is iKca1.* In the current

200 a R= 0.997 study, we demonstrate that HLMCs express iKcal
] P=.003 mRNA, and that the typical iKca1 current develops after
100 . . exposure of the cells to the iKcal opener 1-EBIO.
3 10 30 100 Furthermore, this current is blocked by the specific iKca 1

blocker TRAM-34, providing further evidence that it is
iKcal that is expressed in human mast cells.

We have made several novel and important ob-
servations regarding the role of iKcal in HLMC
stimulus-secretion coupling. First, rather than using
iKcal blockade to demonstrate an attenuated Ca**
response as described by others previouslyf'8 we have
demonstrated directly that opening iKcal by using the
iKcal opener 1-EBIO increases [Ca2+]i after cell
activation. This finding lends further support to the
hypothesis that opening of K* channels in leukocytes
enhances and maintains Ca”* influx from the extracellular
fluid. With specific reference to HLMCs, we have shown
that this increase in [Ca2+]i induced by 1-EBIO is
accompanied by enhanced histamine release. This finding
is consistent with our previous work demonstrating that
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iKcal blockade with charybdotoxin attenuates IgE-
dependent histamine release,” so it is clear that one role
for iKcal in HLMCs is to potentiate the effects of
immunologic activation. This is entirely consistent with
both the proposed hypothesis and the role described for
iKcal in T cells, which is to enhance both Ca** influx and
mediator release during immunologic responses.(”8

Blocking iKcal with charybdotoxin attenuates hista-
mine release after maximal cell activation with anti-IgE,
suggesting that iKca1 contributes to the overall magni-
tude of the secretory response,4 but under the same
conditions, 1-EBIO does not enhance the rise in [Ca**] ; or
secretion. However, we would not expect it to do so. This
is because with the marked rise in [Ca*]; that occurs with
maximal cell activation, most iKca1 channels will be
open, and an iKca 1 current as small as 25 pA at +40 mV
gives a large negative shift in cell membrane potential (Fig
3, B). Thus opening of any further iKca1 channels by
1-EBIO in cells already maximally activated is unlikely
to have any effect on the already hyperpolarized cell
membrane potential. In addition, it should be noted that
this magnitude of acute cell activation is probably never
achieved naturally in vivo except perhaps during anaphy-
laxis. Certainly, in chronic ongoing asthma, mast cell
activation is far less aggressive, with piecemeal de-
granulation evident on electron microscopy rather than the
anaphylactic degranulation that occurs with maximal cell
activation,'® and significantly lower concentrations of
mediators present in bronchoalveolar lavage fluid com-
pared with those after allergen challenge. '’

The submaximal activation protocol we have used,
which releases much less histamine, is likely to be of more
physiological relevance. Under these circumstances, the
IgE-dependent rise in [Ca2+]i is much smaller, and fewer
iKcal channels are likely to be open, with the result that
cell membrane potential will be relatively depolarized. It
is under these conditions of submaximal activation that
perhaps the most important implication of iKcal
expression in HLMCs becomes apparent. Here we can
demonstrate that 1-EBIO increases [Ca2+]i and potentiates
histamine release in the same concentration range that
opens the iKca1 channel during patch clamp recording.”
Thus, for net histamine release of approximately 6% with
1:30,000 anti-IgE, this was almost doubled to 11% in the
presence of 1-EBIO. This is probably an underestimate of
its effect, however, because approximately 70% of
LTHLMC cells express the channel as determined by
electrophysiology and their response to 1-EBIO in terms
of [Ca2+]i. The important point is that a molecule that
opens iKca1 but does not itself induce histamine release
significantly potentiates the mast cell secretory response to
a small immunologic stimulus. This raises the interesting
possibility that other molecules that potentiate HLMC
secretion but do not themselves induce secretion, such as
adenosine, might operate through the enhanced opening of

Expression of iKca1 is clearly increased in HLMCs
after culture with SCF, which not only is an essential
growth factor for these cells but also initiates degranula-
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tion and cytokine production.”® iKcal currents were
induced by 1-EBIO in approximately 12% of freshly
isolated HLMCs in this study and in approximately 30%
of freshly isolated cells after IgE-dependent activation in
our previous study.* Because there is heterogeneity of
mast cells even within the same tissue, the presence of
iKcal may be very important for the function of the
normal, freshly isolated HLMCs that do express this
channel. However, HLMCs from normal subjects are
relatively quiescent compared with those from their
asthmatic counterparts, which demonstrate increased
constitutive and IgE-dependent mediator release.*'**
Interestingly, these same features become apparent in
HLMCs once they have been in culture with SCF, IL-6,
and IL-10, and because expression of these cytokines is
increased in asthmatic airways,zl24 it could be argued that
the long-term cultured cells used in our experiments are
more representative of those seen in asthma. Certainly,
mitogenic activation of T cells leads to increased iKca 1
expression and increases the number of iK1 channels in
the plasma membrane from approximately 10 to 500
channels per cell.” It will be interesting in the future to
examine the effects of activation with anti-IgE and SCF on
transcriptional regulation of iKcal in HLMCs, and
whether this channel demonstrates increased expression
in disease states such as asthma in which the cells are
continuously activated.> However, at present, it is not
possible to isolate mast cells from the bronchoalveolar
lavage of human subjects in sufficient purity or quantity
for molecular and electrophysiological studies.

Interestingly, 1-EBIO alone produced a rapid increase
in baseline [Ca?*];, which may have arisen from increased
Ca®* conductance through Ca®* or nonselective cation
channels that are open at rest. This is plausible, because
our cells are cultured in 100 ng/mL SCF, which itself
activates the HLMCs for histamine release and which
requires Ca** influx.?° This effect of 1-EBIO on [Ca**];
was attenuated by the iKcal blocker charybdotoxin,
indicating that it occurred as an indirect effect of K*
channel opening. It also seems likely that this effect of
1-EBIO alone on [Ca®']; is mediated through the same
channels as those activated by anti-IgE, because 1-EBIO
did not potentiate the rise in [Ca2+]i after maximal
activation of LTHLMCs. Although 1-EBIO alone in-
creased [Ca2+]i, it did not release histamine on its own,
suggesting that activation of other signaling pathways is
also necessary for degranulation. However, from the
correlation of change in [Ca2+]i and net histamine release
shown in Fig 6, the 90-nmol/L increase in [Ca2+]i induced
by 1-EBIO alone would be expected to produce only as
much as 3% net histamine release, and it is possible that
there is a threshold change required for secretion to occur.
Nevertheless, this correlation presented in Fig 6 does
support the interpretation that the enhanced IgE-
dependent Ca** influx and histamine release induced by
1-EBIO are causally related.

In summary, we have provided definitive evidence that
HLMCs express the intermediate conductance K* channel
iKcal. We show that opening of this channel enhances
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Ca

24+ . . . .
* influx and histamine release in response to subtle

immunologic challenge, whereas previous data indicate
that it also contributes to the overall secretory response
after maximal cell activation.* Inhibition of iK 4 1 activity
may therefore prove to be a useful approach for the
attenuation of mast cell hypersecretion associated with
many diverse diseases.
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