Ion Channels, Ca2" Signaling, and Reporter Gene Expression
in Antigen-Specific Mouse T Cells'
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Whole cell recordings were performed in parallel with measurements of intracellular Ca2+ ([Ca2'],) and gene expression using
the murine T cell hybridoma, B3Z,a cell line stably infected with a lacZ reporter gene, driven by the minimal 11-2promoter
(NF-AT, nuclear factor of activated T cells). The physiologic roles of ion channels in B3Z cells were investigated by correlating
the pharmacology of channel block with [Ca2+li, and expression of lacz. In B3Z cells and activated human T cells, the major
component of voltage-gated K+ (K,) current had biophysical and pharmacologic properties associated with type n channels
encoded by Kvl.3; a minor K, component was charybdotoxin (CTX) resistant. Ca2+-activated K+ (K,-J current was sensitive to
CTX, but not to margatoxin (MgTX). Inwardly rectifying K+ (KIR) current was blocked completely by 200 /AMof Ba2+. Outwardly rectifying CI- currents were induced by cell swelling. An inwardly rectifying Ca2+ current (I,,)
was activated by
dialyzing the cellwith 10 m M EGTA and 10 pM IP,. CTX reduced thapsigargin-stimulated [Ca"], signaling and gene expression
by approximately 25%. Although the thapsigargin-stimulated [Ca2+], signal was resistant to complete inhibition by K+ channel
blockers, i t was very sensitive to the K+ diffusion potential and CI- removal, suggesting that drug-resistant K+ channels and
perhaps CI- channels can maintain a sufficiently negative membrane potential to drive Ca2+ influx. Neither [Ca2+], signaling
nor gene expression induced by stimulation of the CD3-Esubunit of the TCR was inhibited by ion channel blockers used in this
study. We conclude that several channel types can contribute to maintenance of V,, Ca2+ signals, and gene expression. The
journal of Immunology, 1997, 159: 1628-1 638.

T

lymphocytes express a variety of ion channels, including
voltage-gated (KL!)3and Ca'+-activated (KCJ K' channel subtypes,as well as CI- channelsactivated by cell
swelling, and Ca'+ channels activated by depletion of intracellular
stores (1). Kt channel blockers have been shown to inhibit mitogen-induced Ca' signaling,lymphokineproduction,and
proliferation (2-5). The inhibition ofcytokine productionby specific K,
channel blockers such as noxiustoxin and margatoxin (MgTX) (4)
and their relative abundance compared with Kc, channels in resting lymphocytes (6) suggest a predominant role for K, channels
likely
over &:, channels in human T cell activation. The most
mechanism for this effect is that inhibition of K, channels depolarizes the plasma membrane, reduces the driving force for mitogen-stimulated Ca'+ influx, and limits the Ca'+-dependent
production of IL-2, a cytokine required for T cell proliferation. These
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findings have generated interest in the potential of K, blockers as
immunosuppressants.
Although previous work indicates a key role for K, channels in
T cell activation, the inhibition of T cell proliferation in vitro by
specific K, blockers is controversial, rangingfrom complete block
to no eEect (3, 5 , 7-9). There are several possible ways to explain
this variability. For example, C1- channels and non-K, ( 1 ) could
maintain an adequate membrane potential in some lymphoid cells
to admit Ca2+ and trigger activation. The stimulus modality may
vary in strength, eliciting Ca'+ signals just above threshold with
mild stimuli, and thereby being more sensitive to modulation via
changes in membrane potential than strong stimuli. Alternatively,
stimulus modalities withdifferent Ca" requirements might be differentially affected by K + channel blockers. Finally, assays of T
cell function are usually indirect, relying on proliferation and cytokine assays of purified T cell populations after many hours of
incubation.Thiscouldpermitanescape
by drug-insensitiveor
Ca'+-independent T cell subtypes. In this study, we sought to investigate
the
link
between
ion channels,
intracellular
Ca"
([Ca2+],)signaling,andgeneexpression
by combiningelectrophysiology with transcriptional readouts from a T cell line (B3Z)
carrying a reporter gene ([ucZ)under the control of the NF-AT
(nuclear factor of activated T cells) segment of the IL-2 promoter
(10). These cells have been used to demonstrate the CaZi dependence of gene expression at the single cell level (1 1).
We characterized biophysical propertiesof a variety of K t ,C1-,
and Ca'+ channels in B3Z cells; these patch-clamp experiments
extendthecharacterization of CTX-sensitiveand -resistant K +
channels in T cells. A pharmacologic profile for these channels
was established with blockers including quinine, TEA, Ba'+, and
several peptide toxins.We then tested several of these blockers for
inhibition of [Ca'+], signals or gene expression induced by either
aCD3 Absorthapsigargin(TG),
the microsomal Cal" ATPase
inhibitor. Our results suggest that T cells can escape inhibition by
specific K, blockers by utilizing drug-resistant K' channelsor
CI- channels to maintain a driving force for Ca" influx.
0022-1 767/97/$02.00
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using a video-image processor and software (Videoprobe: ETM Systems.
Irvine, CA), as described ( IS). Calibration was performed by measuring
R,,,,,, and R,,,,, in cells. and applying the equation described previously
( 16).
assuming a Kd for fura-2 inside the cell of 300 nM.

Materials and Methods
Cell culture

Murine cell line. 8 3 2 cells. a murine CD8+ T cell hybridoma Ag specific for OVA, were grown in RPMI 1640 containing 10% heat-inactivated
FCS. I O mM HEPES. 2 mM glutamic acid. 1 mM pyruvate. SO p M 2-ME,
and I% (v/v) penicillin/streptomycin. Thecellswereculturedin
SO-ml
Hasks (Costar. Cambridge. MA)in a humidified, 5% C02/9S% atmosphere
incubator at 37°C and replated on uncoated glass coverslips about
I2 h
befol-e the experiments or o n poly(n-lysine)-coated glo\\ coverslips I O min
before the experiment.

Human lymphocyte preparation
Venous blood from healthy bolunteers was collected
in heparinized tubes
anddiluted t o 50% withRPMl(LifeTechnologies.Gaithersburg,
MD)
contalnlng 25 m M of HEPES.Thecellsuspensionwascentrifuged
:It
400 X ,q for 30 min through a Ficoll-Paque density gradient {Pharmacia
LKB.Piscataway, NJ) at roomtemperature.Thelymphocyte-containing
interphase between the diluted plasma and the Ficoll isopaque was washed
thrice with RPMl containing 1 0 % FCS (JR Scientific, Woodland, CA) and
transferred to a sterile nylon wool column pre-equilibrated with RPMI/IO%
FCS. The column was eluted with prewarmed RPMI/IO% FCS 45
after
rnin
at 3 7 T , and the cells were washed thrice with thih medium. The cells were
cultured in plasticculture Hasks andactivatedwith
16 p g of PHA/ml
(PHA-P: Difco. Detroit. MI).

Electrophysiology
Ionic currents were measured using a whole cell recording technique ( 12.
13). Pipettes were p ~ ~ l l efrom
d Accu-till 90 Micropets (Becton Dickinson.
Parslppany. NJ) and coated with Sylgard (Dow Corning
Corp.. Midland,
MI). The pipettes were fire polished before use to a resistance
of 2 to 7
M i l . Membrane currents were acquired with an Axopatch-IB (Axon
Instruments. Foster City, C A ) controlled by homemade software written in
BASIC-23 running on a PDPl 1/73 computer. Data were low-pass filtered
with an X-pole Bessel filter at a cutoff frequency of I kHz. Leak and capacitance current were usually subtractedby a P/4 procedure. All command
potentials were corrected ior the junction potential of the internal solution.
Membrane potential wa\ clamped
at -80 mV. Membrane currents were
elicited either by voltage steps or ramp\ from- 120 to +SO mV la\ting 200
m s (\ampling rate 457 ps/point).

l a d assay
NF-AT-driven lncZ expression
was
measured
using
How cytometry
(FACScan; Becton Dickinson. San Jose, CA). as previously described ( 1 I ).
BrieHy, 5 X 10’ cells in RPMl without serum were placed
in individual
wellsof24-well
plates activated by either I p M o f TG (LC Service\,
Woburn. MA) or uCD3-e Abs t o the TCR complex. In thelatter.wells
werecoatedwith
I O pg/ml of nCD3-E (PharMingen.SanDiego,CAI
overnight and rinsed briefl) with PBS before use. Cell\ were activated for
a total of 4 h before being resu\pended and loaded by osmotic shock with
thefluorogenicsubstrate.
fluorescein-di-P-galactopyranoaide (FDG: Molecular Probes), as described ( I O . 17). For experiInent\ involving high K ’
solutions. NaCl was replaced with KCI. The fluorescence of ItrcZ cells was
at least fivefold greater than autofluorescence. Quantitation of
IrrcZ’ exof cells: extremely bright IncZ
pression showed two distinct populations
cells and nonresponders.

Results
The results are presented in two sections. First, patch-clamp experimentsarepresented to document thetypesof
ion channels
found in B3Z cells and activated human T cells. I n a l l , six separable and distinct type5 of ion channel were characterized for their
gating and pharmacologic sensitivities as summarized
in Table I.
Second, [Ca”], and IrrcZ expression driven by NF-AT were determined in B3Z cells.
Voltage-gated type n K ‘ currents

Whole cell voltage-clamp recordings from 8 3 2 cells Wig. I A ) and
activated human T cells (data not shown) revealedanidentical
pattern of outward currents in responseto a family of voltage steps.
The peak conductance increased steeplywith depolarization and
saturated at potentials positive to + 10 mV. The conductance-voltage relationship was fitted to a Boltzmann distribution:

Solutions
The cells were bathedi n normal mammalian Ringer solution containing( i n
m M ) I60 NaCI. 4.5 KCI, 2 CaCI,. 1 MgCI?, and S HEPES, titrated to pH
7.4 with NaOH. In high K’ solutions. equimolar KC1 replaced NaCI, ah
indlcated. I n l o w C1- solutinns. equimolar Na-gluconate replaced NaCI, as
indicated.K+-gluconatewasu\edinhigh
K t . low CI- solution\.BSA
( 0 . I %) was added to solutions containing the peptide toxins CTX. MgTX,
ordendrotoxin(DTX).Torecordvoltage-gated
K currents,theinternal
(pipette)solutioncontained(in
mM) 134KF, 2 MgCI,. I O HEPES, I
CnCI,. and I O EGTA titrated to pH 7.2 with KOH. The internal (pipette)
solution for recording the Ca”-activated K current contained (in mM) 150
K’ aspartate, 2 MgCI,. 5 HEPES. IO EGTA, and 8.7 CaCI, adjusted to pH
7.2 withKOH.Thefree
Ca” concentration of thissolution is 1 p M ,
as\uming a dissociation constant for EGTA and Ca” o f IO” M at pH 7.3
(14). The C\+-containing solution for whole cell recording contained (in
m M ) 160 C\Asp. 2 MgCI,. I CaCI,. I O EGTA, and S HEPES, pH 7.2. with
CsOH. The swelling-activated CI- channels were induced by perfusion o f
the cell with a hyperosmotic solution containing (in mM)
160 Csi glutamate. 2 MgCI?, 0 . I CnCIz. I.I EGTA, 4 Na,ATP. IO HEPES,and I O 0
sucrose (420 mosM). Except for experiments on swelling-activated
CI
channels. internal and external solutions were osmotically balanced (290320 tnokM). TEAwaspurchasedfromEastmanKodak
Co. (Rochester,
NY): rCTX from Peptides International (Louisville, KY): quinine and BSA
from
Sigma
Chemical
Co.
(St,
Loui\,
MO):
S-nitro-2-(3-phenylpropylamino) benzoic acid (NPPB) from Biomol Research Laboratories (Philadelphia, PA); DTX from Latoxan (distributed by Accurate Chemical and
Scientific Corp.. Westbury, NY): and MgTX was a gift from Maria Garcia
(Merck In\titute, Rahway. N J I .
~

ICn”‘ 1, measurements
832 cells undergoing logarlthmic growth were loaded in suspension with
I I*.Mo f fura-?/AM (Molecular Probes, Eugene. OR) for 20 min at
37°C
in RPMVFCS. Cells were then washed with RPMIFCS. settled onto COVerslips.andmounted
in a perfusionchamberonthemicroscopestage.
Eight-bit intensity images at 350 and 380 nm were captured and analyzed

where gKVis the conductance at a given potential, R~,,,,;,, the maximum conductance, V,, the voltage at the midpoint of the curve, and k
is the slope factor (Fig. IB). The V,, was -30 2 3 mV. Analysis of
the tail currents showed that the current reversed between -80 and
-90 mV. confirming a K+-selective channel. Repetitive depolarizations to +30 mV from a holding potential of -80 mV, separated by
1 s, caused a profound decrease of the peak K current during subsequent pulses (use dependence) (Fig. IC). Cornpalison of the first
K + current with the second showed that only -30% of the current
remains during the second voltage pulse (Fig. IC).
The pharmacologlc sensitivity of K, channels was tested using
established blockers (Fig. ID). The points of the dose-response
curve were fitted assuming the binding of a single drug molecule
to one channel:
IK = IK.cr>n

/

+

(Kd/[xl)!

where [X] is the concentration of the K’ channelblocker and
IK,c<,n
thecontrol current.ExternallyappliedTEA
is knownto
block Kt channels in various preparations, including lymphocytes
(2). In addition to reducing the peak current ( K d = 1 1 ? 1 mM;
H = 7), TEA also decreased the apparent
rate of inactivation, as
described previously for human T cells ( 18). Quinine reduced the
peak current (Kcl = 25 2 5 pM;n = 4), but, unlike TEA, quinine
accelerated the decay phase during a depolarizing pulse. CTX. a
37-amino-acid peptide toxin, isolated from the venom of the scorpion Lriurus yuinyuesfrutus, blocks with high afinity K, channels
andchannels
in T lymphocytes ( 3 , 6, 19). The K, current is
blocked by CTX witha KCIof 2 ? 1 nM ( 1 1 = 7). A saturating
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FIGURE 1. K, currents i n B3Z cells in normal
Ringer saline with KF internal solution. A, family
of K, currents in a BSZ cell. The membrane potential was heldat - 8 0 mV, and voltage steps
were cq)pliecl every 30 s in 10-mV increments
from "50 to '50 mV. Leak currents were subtracted. B, P m k conductance-voltage relationship for the K current in A dter ledk subtraction.
The points were fittedto a Boltzmann distribution with: V,, = -27 mV, k = 7.48, and gK,,l,,,x
=
14 nS. C, Use-dependent inactivation in the
same cell as in A. Repetitive identical depolarizing pulses from <I holding potential of -80 to
+ 2 0 mV separated by 1 5 . The currents during
ttw second and the following voltage pulse were
almost completely inactivated. The largest current represents the control current. D, Dose-response curves for the three K, channel blockers,
TEA (Ktl = 11 mM), quinine (K,I = 25 FM), and
CTX (K,4 = 2 nM), measured in three different
cells.
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concentration of 1 0 0 nM of CTX blocked 90 to 95% of the current
(see below). MgTX, a peptide toxin isolated from the venom of the
scorpion Centruroides mtrrXcwitclfus,is a potent blocker of Kv channels in human T lymphocytes; 2 nM o f MgTX blocked most of K,
current. The remaining current had an amplitude of 77 Z 60 pA at
+30 mV, which represents 4 Z 3% of the total current ( n = 3).
Theseexperimentsshow
that biophysicalandpharmacologic
properties ofthe predominant component of the K, current in B3Z
cells match those of the type II current encoded by Kv 1.3 in human
and mouse T cells ( I , 20).
CTX-resistant outward current

In human T lymphocytes, a residual current remained during sustained depolarization and after repetitive depolarizations( I 3). Lee,
Levy, and Deutsch (21) demonstrated a residual CTX-insensitive
K I current in human T lymphocytes. We found residual currents
in the presence of 100 nM of CTX in both B3Z andactivated

human T cells.On thebasis of biophysical and pharmacologic
characterization, we determined that at least two components are
responsible for the CTX-resistant current.
CTX-resistant K , current

Using 100 nM of CTX and assuming a K,, o f 2 nM, only 2% of the
toval current should be left, if only type n channels were present.
However, in most B3Z cells and in most human T cells, the CTXresistant current contributed between 5 and 10% to the total current, which represents several tens of pA (Table I I ) (Fig. 2, A and
B ) . Occasionally, in somecells, the CTX-resistantcurrenteven
reached several hundreds of pA. The maximum current amplitude
and the kinetics of the CTX-resistant current changed during recording in the whole cellconfiguration. During thetirst minute
after break-in, the amplitude of the outward current decreased. At
the beginning of the recording, little inactivation took place. However, within 10 to 20 min, the outward current developed a stable
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FIGURE 2. CTX-resistant current in a B3Z cell
(A, C, and D ) and in an activated human T cell ( B ) .
A, The cell was held dt -80 mV and pulsed to +30
mV every 3.0 s. Pel-fusionof the chamhrr with Ringer
saline containing 100 n M of CTX and 0.1% BSA
reduced the current b y -95%. B, 1 0 0 n M of CTX
almost completely abolished the K, w r r e n t in an
activated hurn,rn T cell. Protocol a s in A. C, Family
of CTX-resistant currents in the same cell as in A.
Voltage steps were applied every 10 s from a holding potential of -80 mV to lest potentials between
-50 ,~nd+50 mV in 10-mV increments. Only eve r y second current trace is shown. The q p w n o s t
t r x e represents the current at - 5 0 mV. Note that
the current in response to a step to +50 m V (uppern?ostt r x e ) shows significantly more plateaururrent
than the other traces. D, Conductance-voltage relationship for the CTX-resist,lnt currents in the 832
cell i n C. The points were fitted to a Boltzmann
cii\tril)ution with gh ,,,‘,, = 0.97 nS, V,, = -1 8 mV,

‘Ind k

= 6.97

c

CI currents
The peak conductonce-voltage relationship o f CTX-resistant currentsdeviatedfrom a simple BoltLmann distributionatpositive
potentialsabove +0 mV (Fig. 3 A ) . The current underlying this
conductance was unaffected by CTX ( I O 0 nM) or TEA ( I mM),
implying that the current is possibly not carried through Kv channels. Superfusion with CI -free saline reduced the outward current
and eliminated outward currents that were not fitted by the Boltrmanndistribution(data
not shown).Application of 30 pM of
NPPB, a CI channel blocker, had an identical effect (Fig. 3, A and
B ) . However, NPPB is no( specific for C1- channels, and 30 pM
o f NPPB also blocked the &:>current. The peak amplitude of the
type I I K, current is not affected by the drug. but inactivation was
accelerated.
Thymocytes and peripheral T cells possess swelling-activated
CI channels (22) that play a role in volume regulation. Conditions
leading to cell swelling, such as exposure to hyposmotic extracellular or hyperosmotic intracellular solutions, promote channel activation. B3Z cells also express this channel abundantly. Figure 3,
~

0.2

-40

mv.

peak current and inactivation. Therefore,
the values usedto calculate the amplitude ofthe CTX-resistant current weretaken at
least I O min after break-in.
Figure 2C illustrates a family of K, currents, and Figure 2 0
shows the conductance-voltage relationship of the CTX-resistant
current in a B3Z cell. Analysis of the conductance-voltage
relationship showed that the half-maximal activation of the CTX-resistant current is shifted to the right along the voltage axis compared with the type H current (Table 11). In contrast to the CTXsensitive current (Fig. IC), successive depolarizing pulses with an
interval of I s did not cause a reduction of the CTX-resistant current. The CTX-resistant current in B3Z cells was reducedby l mM
TEA, 100 p M quinine,and SO nM DTX.Similarly, the CTXresistant current in human T cells was inhibited by 1 mM TEA.

9 (nS)

D

-20
0
20
40
Membrane Potentlal (mV)

C and D , illustrates I-V curves and the time course of activation of
CI channels during swelling mediated by dialysis with a hypertonicpipettesolution.Theoutward
rectification and block by
DIDS and NPPB (data not shown) are characteristic of the swelling-activated CI channel.
These results imply that the CTX-resistant current conlains at
least two types of channels. One is a K, current, which is not use
dependent and is inhibited by DTX or I mM of TEA. The other
activates near 0 mV, is inhibited by NPPB, andreduced by removal of extracellular CI , indicating an outwardly rectifying CI
channel.
~

Currents through K
solution

+

channels with Cs

in the pipette

Although voltage-gated Ca” channels have been reported in lymphocytes ( Z ) , other laboratories failed to confirm this result ( I ).
Internal C s ’ blocks K’ channelsand thus could isolatea Ca”
current in lymphocytes. However, attention has to be paid to the
identity of the ion channelstudiedunderthiscondition.
In the
following experiments, we used Cs’ aspartate in the pipette solut i o n (see Mnferid.r crntf A4tdzod.s) and investigatedtheresulting
current.
Superfusion ofthe cells withnominally Ca’ -free salineinduced an inward current at around -40 mV. A family of voltage
steps revealed noninactivating inward currents (Fig. 4A). The cura
rent-voltage relationship of this current in B3Zcellsshowed
threshold near -SO mV, a maximum current at -30 mV, and an
outward current positive to 0 mV (Fig. 4B). Figure 4C illustrates
the effect of increasing the extracellularK concentration from 4.5
to 40 mM. The increase of the K concentration aignificantly enhanced the amplitude of the inward current and shifted thereversal
potential to theright. Additionalexperiments indicatedthatthe
Cs ‘-resistant current is inhibited by Kf channel blockers. Nil’ ( 5
mM) completely blocked the inward and outward current. Quinine

’
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832 cells. A, Conductance-voltage relationship of the peak current
amplitudes shown in 6 before (diamonds) and after (x)
application
30
of
pM of NPPB. Note that
the conductances not fined to the Boltzmann distributionwereabolisheduponapplicationof
NPPB. 5, Family of CTX-resistant current before
(upper traces) and after (lower traces) application
of 30 pM of NPPB. Note in the upper traces that
the currents in response to steps between +20
and +50 mV have substantially more plateau current and are noisier
than
the
current
at lower test
potentials. C, Dialysis with hyperosmotic Cs' aspartate internal solution induced outwardly rectifying CI" currents. Whole cell currents were elicitedby 200-n1s voltage ramps from - 100to+50
mV. An initial ramp was taken immediately after
break-in,and ramps continued at5-5
intervals
duringdialysis.Time
elapsed in seconds since
break-in is indicated next to each trace. D, CIconductance in response toosmoticchallenge.
The slope conductance, gc ,, plotted against time
after break-in. gC-,was determined from a linear
least-squares fit to the current-voltage relation at
potentials between -40 and -60 mV.
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FIGURE 4. Voltage dependenceof the current
through K t channels in832
cells innormal
Ringer saline and nommally Ca"-free Ringer saline with cs' aspartate internal solution. A, Family of voltage steps in nominallyCa' ' -free Rlnger,
from a holding potential of -80 mV to
test potentials between -50 and + S O mV in 10-mV increments, elicitedavoltageand time-dependent
noninactivatinginwardcurrent.
5, Peak current
amplitudes of the leak corrected Cs+-resistant
current,shown in A, at different test potentials.
Same cell as in A. C, Changing the bathing medium from normal Ringer (4.5 m M K') to 40 m M
of K+ Ringer increased theinwardcurrentand
shifted the reversal potential to the right. Voltage
ramps were applied from 120to +30 mV. D, Cs ' resistant current in normal Ringer saline (upper
rrace), saline containing 40 m M K ' (lower trace),
and 40 m M K ' plus 100 nM CTX (middle trace).

-.-400

(100 pM) and CTX (100 nM) (Fig. 4 0 ) abolished most ofthe
Cs+-resistantcurrent. As shown in Figure 4C, a CTX-resistant
current is still present, most likely through the minor K, component of the CTX-resistant current.
Although the Cs ' -resistant current we described in B3Z cells
resembled in itsvoltagedependenceandkineticsvoltage-gated
Ca'+ channels, we found thatthis current is carried by K t through
K, channels.
Ca'+-activated K+ current

Kc;, channels are classified according to their affinity for peptide
toxins as apamin- and CTX-sensitive Kc, channels. In the human

leukemic T cell line, Jurkat, the main Kc, current, is apamin sensitive, and a small subpopulation of Kc:, channels is sensitive to
CTX (8). In normalhuman T lymphocytes,the Kc, current is
blocked by CTX (6).
Kc, current was induced by dialysis of the cell with EGTAbuffered pipette solution containing 1 /LM of free Ca'+. During
dialysis of the cell, the slope conductance near the K ' equilibrium (V,) potential increased and reached a steady state within
5 s followingbreak-in.Thecurrenttracescrossednear
-80
mV, indicating a K' current (Fig. 5 ) . The slope between - 100
and -60 mV was used as a measure of the conductance of the
Kc;, current.
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FIGURE 5. Dose-dependent inhibition of K,,
currents by K’ channel blocker in 8 3 2 cells. A,
Kc-,? currents in were activated by dialyzing the
cell with 1 p M of Ca” and voltage ramps from
- 1 20 to + 30 mV every 30 s. Application of CTX
at different concentrations (indicated at the right
of each trace) caused inhibition of Kc:acurrent. 6,
Dose-dependent effect of K - channel blockers on
the K,, currents in 6 3 2 cells. Slope conductances
between -80 and -60 mV werecomputed to
avoid interference from Kv currents. CTX blocked
the current with a Kc, of 3 nM, quinine with a KCI
of 35 pM, and TEA with a KCIof 40 mM.

A

Current (PA)

I

’Ringer

B

f

t

//
-80

1

FIGURE 6 . Inwardly rectifying K’ current in B3Z cell. Voltage ramps
from -120 mV to +30 m V activated near -40 mV a K, current and
below -60 mV a small K,, current (middle trace). After application of
a Ringer salinecontaining 40 m M of K’, the amplitude of the K,,
current increased (lower trace). B a L + (200pM) completely blocked
K,,, but did not affect the outwardly rectifying K, current (upper trace).

TEA ( K d = 40 5 S mM; n = 3), quinine (Kd = 35 5 4 pM; I I =
4), and CTX (Kt, = 4 5 1 nM; n = 4) (Fig. SA) reduced the Kc,
current in B3Z cells (Fig. SB). Unlike the inhibitory effect of CTX
on the Kc;, current, MgTX didnot alter the conductanceof the Kc,
current in B3Z cells ( n = 3). The Ca’+-induced increase in slope
conductance near the K + equilibrium potential and high affinity to
CTX indicate that B3Z cells express CTX-sensitive Kc, channels
similar to those found in human T cells (6).
Inwardly rectifying K

+

current

Whole cell recording and perforated patch experimentsrevealed an
inwardly rectifying current in B3Z cells. The current negative to
-80 mVwasinward,whilebetween
-80 and -30 mV a tiny
outward current was visible. Increasing the extracellular K t concentrationfrom 4.5 to 40 mMincreased the conductanceand
shifted the reversal potential near to-40 m V (Fig. 6 ) . Superfusion
of the cell with 200 p M of Ba’+ completely blocked the current.
Quinine up to 300 p M and CTX up to 100 nM did not affect the
conductance of K,,.
Ca2+ channels

[Ca’+li in T cells is increased by liberation of Ca”from
IP,sensitive Ca’+ storesandsubsequent
Ca’+ influx across the
plasma membrane (24) through Ca’+-selective channels similar to
those termed I,,,
channels by Hoth and Penner (25). Since in
addition to I,,c
channels, voltage-gated Ca’+ channels and IP,-

regulated ion channels have been reported previously in lymphocytes, we studied the ion channel responsible for the increase in
[Ca’+], in B3Z cells. As shown in Figure 4, protocols designed to
reveal voltage-gated Ca’+ channels revealed only K, current carried by K + . Ca’+-selective I,,c
channelsactivated by stores
depletion were the only Ca2’
channel detected.
The cells were perfused with EGTA and Cs+-containing internal solution. The Ca2+ buffer EGTA prevented activation of Kc,
and reuptake ofCa’+, thus depleting Ca2’ from internal stores and
activating a Ca” -selective current (Fig. 7). IP, (30 pM) i n the
pipette solutionaccelerated the release of Ca’+ from internal
stores, but did not significantly modulate the amplitude of the current, Immediately after break-in,a K, current was activated during
a ramp from - 120 to +50 mV. Within 5 to I O s, this current was
then activated
blocked by intracellular C s ’ . TheCa”current
within 20 to 30 s. Alternatively, we activated the Ca’+ current in
the perforated patch method by superfusion of thecellwith TG
( n = 3), an inhibitor of microsomal Ca2+ ATPases (26). TG releases intracellular stores, and stimulatesCa’+ influx by activating
a capacitative influx pathway (27). The Ca’+ currentthrough
ICKAc channels reached a maximum peak current amplitude between l and 4 pA at -80 mV.Currentmagnitudesweremuch
biggerwhenextracellular Ca’+ was reduced to I pM, enabling
Na+ to enter through the IcKAC
channel (Fig. 7; cf Ref. 28). The
activation and decline of the current, as well as the ion permeation
by monovalent cations when Ca’+ is reduced, are all properties
characteristic of the I,,
channel. Among the channel blockers
used, quinine was the most potent in reducing the Ca2+ signal (see
below). Therefore, we studied quinine directly and found that I O 0
to 300 p M quinine reversibly blocked the Ca’+ current with slow
kinetics of onset and washout (Fig. 7, C and D ) .
Despite reports of voltage-gated Ca2+ channels and IP,-regulated ion channels in the plasma membrane of lymphocytes (I), we
found only a voltage-independent, store-operated Ca’+ channel in
B3Z cells.
Ion channels,

lca” 1; signals, and reporter gene expression

A rise in [Ca”], triggers gene expression and
proliferation in T
lymphocytes ( 1 , 1 I ) . [Ca” 1, is sensitive to the membrane potential, which is controlled primarily by K, channels. Therefore, we
investigatedtheeffect
of K’ channelblockersandexternal
K’
concentration on [Ca”], and on gene expression using TG to obtain a stable elevated [Ca”], signal and CD3 stimulation to induce
an oscillating [Ca” 1, signal.
Channel blockers and intracellular signaling

To examine the potency of K C channel blockers on [Ca” 1, signals
and gene expression, we stimulated Ca2+ influx with 1 p M of TG,
evoking a rapid rise of [Ca”], from a resting level of 70 5 20 nM
to a stable plateau o f 9.50 f 80 nM. This [Ca” 1, rise is sufficient
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FIGURE 7. Divalent and monovalent current
through lCRAC channels and block of lCRACchannels by quinine. A, Activation of lCRAC current by
passive store depletion in 2 0 rnM [Ca”],. Lowering !Ca’+l, to 1 pM revealed a slow declining

Na+ current. Whole cell currents were measured
at -80 mV using 200-ms voltageramps from
-1 20 to +40 mV repeated at 1 -s intervals (holding potential -0 mV). 5, Inwardlyrectifying
whole cellcurrentsduringvoltage
ramps from
- 1 2 0 to +40 mV in 20 mM [Ca’+], and 1 FM
!Cazil,,. Current traces were taken before activation of lCRACchannels and during maximum
activation in 2 0 mM [Ca**J,and 1 WM[Caz+l0.
Currents wereleak subtracted and filtered at 700
Hz. C, Blockof lCRAC
channels by 300 p M quinine. Ramp currents were measured at -80 mV
in 2 0 mM [CaL+],at 1-s intervals. 0, Whole cell
currents during 200-ms voltage
ramps
from
- 1 2 0 to +50 mV before and after superfusion
with 300 pM quinine in 2 0 m M [Ca’+],,.
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to generate NF-AT-driven fucZ expression in about 50% of B3Z
cells (1 1). Figure 8A shows that addition of 100 nM of CTX to
TG-stimulated cells caused a 25% decrease of both [Ca2+], and
lucZ expression (Table 111). A combination of 100 nM CTX and 1
mM TEA (Fig. 8 B ) or 100 nM CTX and 50 nM DTX had effects
similar to CTX alone, while either 1 mM TEA or 2 nM MgTX
(selective for Kv over Qa) were without effect on [Ca2+], (see
Table 111). Comparison of these results with patch-clamp data indicates that 90 to 95% blockade of both K, and K,, currents
inhibits only 25% of the TG-stimulated rise in [Ca2+], and gene
expression. In contrast to the limited sensitivity to K+ channel
blockers, both Ca’+ signaling and gene expression stimulated by
TG were sensitive to the K+ diffusion potential, since addition of
100 mM of K + inhibited 60 to 80% of the [Ca”], rise (Fig. 8) and
up to 90% of gene expression (see Fig. 9).
Quinine (300 p.M) potently reduced the TG-stimulated Ca2+
signal (Fig. 8C) and gene expression (Fig. 9), probably by blocking both K t and Ca2+ channels. To determine that quinine
blocked Ca2+ influx directly, valinomycin (a K+ ionophore) was
used to create a large, quinine-insensitive Kt conductance. Adding valinomycin (2 pM) to TG-stimulated cells further increased
the [Ca”], (Fig. SD), presumably by hyperpolarizing the cell and
increasing the driving force for Ca2+ influx. Since valinomycin did
not cause elevation of [Ca’+], in the presence of TG plus quinine
(Fig. SC), we conclude that quinine directly blocked Ca2+ influx
channels. These results are consistent with patchthrough ,I
clamp results shown in Figure 7. In control experiments, valinomycin had no effect on TG-stimulated cells in either nominally
Ca2+-free Ringer or high K’ Ringer, implying that valinomycin’s
effect was dependent on both K+ and Ca2+ gradients across the
plasma membrane (not shown).

-50

0

50

Membrane Potential (mV)

CI- channels and Cazc influx
K+ (100 mM) inhibited TG-stimulated [Ca2+Iisignals by between
60 and 80% (Figs. 8 and lo), but left a 20 to 40% residual influx.
In addition, [Ca”], in cells exposed to high K’ often partially
rebounded following the initial drop (Fig. IO). To evaluate whether
the C1- gradient might support Ca2+ influx during high Kt exposure, we compared the relative contributions of K+ and C1gradients to TG-induced Ca’+ influx in B3Z cells. Figure 10A
shows that about 25% of the [Ca”], rise is abolished simply by
lowering C1- from 150 to 20 mM. As shown in Figure 10, A and
B, low C1- and high K+ had additive inhibitory effects on the
TO-stimulated [Ca”], rise. Together, low C1- and high Kt
blocked about 90% of the TG-stimulated [Ca”], rise. Furthermore, low C1- prevented the rebound seen in high Kt alone,
which suggests a link between K* and CI- fluxes (see
Discussion).
TC and CD3 stimulation show differentsensitivities to
channel blockade

TG stimulationwas a convenient method toevaluate Ca”+-dependent
gene expression, because the [Ca”], signal was uniform from cell to
cell and sustained, making it possible to manipulate
[Ca2+],levels by
extracellular Ca” and Kt (I I). However, under physiologic conditions, T cells are activated through additional kinase-dependent pathways that potentiate the effect of [Ca*+],on gene expression. To address h s issue, the effects of channel blockerson TG-stimulated cells
were tested in both the presence and absence
of the phorbol ester,
PMA. Furthermore,theseresults were comparedwithstimulation
through the CD3 subunit of the TCR. Settling B3Z cells onto immobilized aCD3-E Abs (10 pg/ml) triggeredprolongedoscillating
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OVA,therebyenablingstimulationby
specific and nonspecific
agents to be compared. Second, B3Z cells containlacZ
the reporter
gene driven by the NF-AT element of the IL-2 promoter, thereby
enabling the quantitative relationship betweena rise in [Ca"], and
geneexpressiontobedeterminedinindividualcells
(1 I). Our
primary objective in this study was to document the phenotype of
ion channels expressed in B3Z cells. In addition, our data point to
the significance of several channel types in the Ca'+ signal and in
gene expression.
Diversity of ion channels in lymphocytes

Delayed rectifiers. Type IZ voltage-gated Kt channels encoded by
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Effects of 'K channel blockers on TG-stimulated Ca2+
influx. Ca2+ influx was stimulated by addition of 1 p M of TG, as indicated. Following stabilization of [Ca"],, either 100 n M ofCTX ( A )
or both CTX and 1 m M of TEA ( 8 )were added to the bath. The effect
of collapsing the K t gradient by exposure to 100 mM of K
' Ringer was
determined for comparison. Quinine (300 p M ) blocked TG-stimulated
CaLt influx ( C ) as well as influx stimulated by valinomycin (2 p M )
addition ( D l . Each trace represents the average of 17 to 24 cells, and
is typical of at least three separate experiments.
FIGURE 8.

[Ca"], signals in B3Z cells, as previously shown ( I I). As shown in
Table 111, 100 nM of CTX partially blocked TG-stimulated lac2 gene
expression,consistent with its partial inhibition of TG-stimulated
Ca'+ signals (Fig. 8A). However, when cells were stimulated with
both PMA and TG, the effects of CTX were not statistically significant. These results are consistent with the steeper and more sensitive
wh2n lunase C is
Ca' + dependence for gene expression observed
activated (1 I). Of all of the blockers tested, quinine was the most
effective in blocking both TG-stimulated Ca" signals and gene expression (Table 111). In the case of quinine, PMA did not rescue the
cells from inhibition. In contrast to geneexpression stimulatedby TG,
neither 300 p M quinine nor up to 75 mM Kt inhlbited either aCD3€-induced [Ca' '~1,signaling (not shown) or gene expression (Fig. 9).
Thus, stimulation through the TCR was insensitive to channel blockade of CTX-sensitive K channels or Ca2+ channels, or to changes in
the K + diEusion potential. These results indicate that different stimuli
can exhibit differential sensitivities to depolarization and Ca'+ influx.

Discussion
B3Z cells offer two advantages for investigatingT cell activation.
First, the TCR is known to be specific for residues 257-264 of

a Shaker-related gene (Kv1.3) are prevalent in human peripheral
lymphocytes (1, 2, 13, 29, 30). In murine thymocytes and T cells,
two additional K, currents have been described and designated as
type n' and type1(2,20).The predominantK, current in B3Z cells
resembles the type n current in its voltage dependence, use dependence, and kinetics of the tail currents and in its sensitivity to K+
channelblockers.BothB3ZcellsandPHA-activatedhuman
T
cells also possessed a residual K, current in the presence of 100
nM of CTX. Assuming a Kd of 2 nM, 100 nM of CTX should
block the K, by 98%. However, we found that 100 nM of CTX
inhibited only 90 to 95% of the K, current, implying the existence
of a separate conductance. The CTX-resistant current was distinct
from the type n current in that it was sensitive to1 mM of TEA and
DTX, had faster tail current kinetics, and lacked use dependence.
Half-maximal activation between - 10 and -20 mV and lack of
use dependenceresemble the K, channelencoded by Kv1.5,
whereas sensitivity to DTX and 1 mM of TEA resembles the pharmacologic profile of the K, channel encoded by Kvl.2 (3 I). The
molecular nature of the CTX-resistant current is not known. Similar to our findings, Lee et al. (21) showed that 50 nM of CTX
reduced the K, current of human T cells by 93%, and TEA rea higher
duced the single channel current amplitude, although at
concentration of TEA (10 mM) than we used ( 1 mM), and that the
CTX-resistant current activated near -40 mV. Furthermore, Grinstein and Smith (32) postulated a CTX-insensitive, Ca'+-independent K+ channel, since even maximally
effective doses of CTX
partially depolarize the membrane potential compared with K t
depolarization. These findings suggestthat B3Z cells and humanT
cells both express at least two types of K, channels.
Inward rectijier. An inward rectifying K t current has not been
described in human or murine T cells. The conductance of the
inward rectifier in B3Z cells is enhanced by increasing the extracellular Kf concentration and is blocked completely by 200 p M of
Ba'+.
C1- channels. In addition to the two K, currents, B3Z cells and
human T cellsexpressat least twotypes of C1- channel,one
activated by cell swelling that has been described previously in
lymphoid and other cell types (Figure 3, C and D,cf Ref. 33) and
a voltage-activated Cl" channel (Fig.3, A and B ) that was revealed
when voltage-gated K+ channels were blocked. Both were reduced
by removing extracellular CI-, and the swelling-activated CI- current was blocked in a characteristic voltage-dependent manner by
of
the CI- channel blocker DIDS. Due to the concurrent activation
the CTX-resistant K, current and the small size of the current, we
could not analyze kinetics and threshold of the voltage-gated CIcurrent. However, it is evident in a family of current traces above
0 mV by its prolonged plateau current, even 10 to 20 min after
break-in, and by its deviation in the conductance-voltage relationship from the K, current fitted to the Boltzmann distribution. This
indicates that under our experimental conditions, the current activated near 0 mV.
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FIGURE 10. Additive effects of CI- removal and K + addition on TCstimulated CaL+influx. A, Either 20 m M CI- (Na-gluconate replacing
NaCI) or 100 mM K t reduces the magnitude of the TG-stimulated
[Ca2'l, signal. 6, Additivity of low CI- and high Kt (K-gluconate replacement of NaCI). Each trace is an average of 26 cells, and is typical
of three separate experiments.
FIGURE 9. Differentialeffects of K' and quinine on TG and aCD3stimulated gene expression. A, Quinine blocks TG (circles), but not
urCD3-stimulated (squares)/~Zexpression.Inhibition curves normalizedtoresponses in the absence of quinine. B, High K blocks TG
(circles), butnot aCD3-stimulated (squares) ~ J C Z
expression.Points
represent average ? SD.

Cu"+-uciivuted K + current. Electrophysiologic studies have rechannels in lymphocytes (6, 8). A low
vealed two types of
conductance ( 5 pS), voltage-independent, apamin-sensitive channel is the predominant Kc,, current in the human leukemia cell line,
Jurkat (8). In noma1 human T cells, the predominant IC,-,
channel
has an intermediate conductance (1 1-35 pS) and is blocked by
CTX (6). In B3Z cells, 100 nM of CTX abolished the Kc<,
current.
The Kc>, and the K, currents in B3Z cells are both sensitive to
CTX and quinine. The Kc, current is less sensitive to TEA.
Cu"+ current. Several different ion channels permeable to Ca2'
have been reported previously in lymphocytes, including a large
conductance IP,-gated Ca2+ channel (34); a voltage-gated Ca' '
channel (23); and a voltage-independent CaZ+ channel (24). We
saw no evidence of IP,-gated channels in B3Z cells. Dupuis et al.
(23) described a voltage-gated Ca2+ current in the human lymphocyte-derived cell line, Jurkat. However, this current resembles

the current through K '. channels with Cs' inside in B3Z cells (Fig.
4). This inward current is blocked by CTX. Increasing extracellular K ' or lowering extracellular Ca2+ increased the amplitude of
the current and inhibited inactivation as expected for inward K+
current through K, channels (35). The only bona fide Cazf culrent
we found in B3Z cells was a voltage-independent, store depletiondependent Ca'+ current similar to IcRAC
characterized previously
in Jurkat cells (15, 24).
Expression patterns for ion channels in mouse and human
7 cells and cell lines

A wide body of literature has documented the varying expression
patterns for ion channels during lymphoid development and activation, as well as in different species (eg., Refs. 6, 8, and 20;
reviewed in Ref. I). The abundant expression of K, channels in
murine B3Z cells is similar to that in activated murine T cells,
compared with the low level of K, expression in resting murine T
cells, perhaps reflecting the continuing progression of B3Z cells
through the cell cycle. Normally, resting murine cells express only
a few K, channels per cell, and the membrane potential is maintained by the action of an electrogenic N d K pump. Following
activation, the number of K, channels in activated murine T cells
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is greatly enhanced, and the membrane potential is dominated by
K, channels. Compared with human T cells, B3Z cells also would
appear to reflect the up-regulation in the number of specific K,,
channels that occurs following activation. In resting T cells from
human peripheral blood, Kc, channel expression is limited to < I 0
Kc;, channels per cell. Activated human
T cell blasts, like B3Z
cells, average hundreds of CTX-sensitive KCa channels per cell.
Among cell lines. B3Z cells are more like normal T cells in their
expression of CTX-sensitive KCa channels, as opposed to Jurkat T
cells that predominantly express apamin-sensitive KCa channels.
An unusual feature of channel expression by B3Z cells is the presence of KIR channels, whose expression among hemopoietic cells
is normally restricted to macrophage and mucosal mast cells.
Physiologic consequences of K+ channel block in
lymphocytes

Numerous studies have demonstrated the role of K channels (particularly K, and K,,,) in establishing the T cell membrane potential and providing the electrical driving force for Ca’+ influx and
subsequent cell activation (2,4, 5 , 6, 8, 9. 36, 37). However, it has
also been shown that the effects of K+ channel blockers on T cell
proliferation are variable and often incomplete. For example, previous studies showed that CTX depolarizes the membrane potential by 20 mV and stabilizes it between -40 and -30 mV (4, 32),
does not completely inhibit the Ca’+ signal ( 5 , 32), and blocks
proliferation by 10 to 80%, depending on the donor (37). In this
study, we attempted to reconcile these inconsistencies by measuring ionic currents,[Ca’+Ii,signals,andgeneexpressionat
the
single cell level. Ourresultssuggest that channeldiversityand
different Ca7+ requirements for activation can contribute to lymphocyte activation in the presence of specific Kv channel blockers.
We found no effect of specific scorpion toxin K, blockers ( e g ,
MgTX) on Ca” influx orgeneexpression in B3Z cells.CTX,
although only partially effective, was the most potent among peptide toxins as an inhibitor of Ca’+ and gene expression, probably
current and 90 and 95% of K, current.
because it blocked both
Under control conditions, the 5 to 10% of the total T cell current
a minorcontributionto
that is CTXresistantwouldrepresent
membrane potential. However, given that the CTX-resistant current is composed of botha K, currentand a CI current, this
residual currentcouldprovideadequatedrivingforce
for Ca7+
influx. The small effectsof CTX on either intracellular Ca?’ or
gene expression contrast sharply with the profound block of the
K ’ currents by the peptide toxin and suggest that the small percentage of CTX-resistant K t channels or CI- channels is sufficient
to maintainmembrane potential closeto the restinglevel.The
dramatic inhibition of both TG-stimulated [Ca” 1, influx and gene
expression with quinine demonstrates that direct block of the Ca7+
channel would potently suppress T cell activation.
A role for Cl

channels have been described in lymphocytes and associated with
volume regulation (22) and inhibition of proliferation (41).
Our results in B3Z cells suggest that CI- channels could play a
role in regulating T cell membrane potential during TG-stimulated
Ca’+ influx. First, Kt channel blockers only partially inhibit Ca2+
influx. Second, the TG-stimulated [Ca’+Ji plateau is blocked in an
additive manner by Kf addition and C1- removal. Finally, inhibition of Ca2+ influx in TG-stimulated cells by high K+ was biphasic and showed a slow recovery that was prevented in low
CI ~.
The fact that the recovery was CI- dependent suggests that high
K ’ may activate C1- channels. One explanation for this link between K’ , CI-, and Ca2+fluxes could be that high K + causes cell
swelling due to reduced K + efflux. Cell swelling would open CIchannels, and repolarize cells to- 30 mV or so, leading to renewed
Ca’+ influx. If K t channel blockers cause a similar swelling, CIchannels could partially circumvent their effectiveness in blocking
Ca’+ influx. One implication of the present study is possible linkage between different ion fluxes due to compensatory mechanisms
the cell mayutilize to maintain membrane potential and consequently its ability to generate Ca2’ signals.
Signaling redundancy may decrease the Ca2+ requirement
for gene expression

Figure 10 shows that gene expression stimulated through the TCR
was resistant to block by either high K i or quinine, both of which
almost completely eliminated TG-stimulated[Ca” 1, signaling and
gene expression. TCR engagement activates a wide array of signaling pathways, including Ca’+, PKC, and rus. It is possible that
redundancy in these pathways compensates for significant degradation of the [Ca”li signal. A formal examination of [Ca’+], requirements for TCR-mediated activation will indicate the extent to
which Ca’+ influx mustbereducedto
block NF-AT-regulated
gene expression.
It is likely that different subsets o f T cells rely to varying degrees
upon differing channel subtypes for maintenanceof the membrane
potential, and hence the driving force favoring Ca7+ entry. Thus,
the shifting pattern of channel expression with cell activation and
corresponding changes in the functional reliance on specific channel subtypes may offer unique opportunities for channel blockade
tomodulateimmunesystemfunction
in vivo.Ourexperiments
representthe first time thata reportersystemhas beenused to
assess the functional role of ion channels in regulating activation.
The results demonstrate that the reliance on specific channel subtypes depends upon the stimulus intensity and modality. We have
shown in the present studythat electrophysiologicrecording in
combination with measurements of [Ca”], and gene expression
provides advantages for studying T cell activation. A similar single
cell approach in human T cells following expression of reporter
constructs to monitor gene activation may help to further demonstrate contributions of ion channels to lymphocyte activation,

channels

In the present study. we have shown that the K + ionophore, valinomycin, significantly increasedintracellular Ca’+ duringTGstimulated Ca’+ influx in B3Z cells.This finding implies that,
even when Kc, is activated by high [Ca”],, V,,, is not at V , and
is thereforeinconsistent withapurely
K+-regulatedmembrane
potential. However, in intact human T cells, the Ca2+ ionophore,
ionomycin. activates Kc.>!channels driving the V,,, to the V , (38).
A previous study on rat thymic lymphocytes reported hyperpolarization in TG-pretreated cells using gramicidin, a monovalent cation-forming channel antibiotic(39). Lymphocytes contain between
30 and 40 mM of intracellular CI-, implying Ec, of -30 to -40
mV (40), so CI- channel opening would depolarize the V,,,. CI-

Acknowledgments
We t h a n k L u e t t e F o r r e s t for i s o l a t i n g h u m a n T cells and m a i n t a i n i n g t h e
cell cultures.

References
I. LOWIS,R. S., and M. D. Cahalan.1995.Potassiumandcalciumchannels
in
lymphocytes. Annn. Rev. Immunol. 13:623.
2 . DeCourbey. R . E.. K. G. Chandy, S. Gupta. and M. D. Cahalan. 1984. Voltagegated K t channels in human T lymphocytca: a role in mitogenesis? NarurP 307:

465
3. Price. M.. S. C. Lee. and C . Deutsch. 1989. Charybdotoxin inhibits proliferation
and interleukin 2 production in human peripheral blood lymphocytcs. Pmr. Narl.
A w d Sci. USA 86: 10171

ION CHANNELS, CaLf SIGNALING, AND
EXPRESSION
GENE

1638

4. Leonard. R. J.. M. L. Garcia, R. S. Slaughter, and J. R. Reuben. 1992. Selective
hlockers of voltage-gated K' channels depolarize human T lymphocytes: mechanism of thc antlproliferative effectof charyhdotoxin. Proc. Nu//. Acurl. Sci. USA
x9: 10094.
5 . Lin, S. C.. R. C. B o k , J. T.Blake,M.Nguyen,
A. Talento, P. A . Fischer,
M. S. Springer, N. H. Sigal. R.S. Slaughter. M. L. Garcia, G.J. Kacrorowski. and
G. C. Koo. 1993. Voltage-gated potassium channels regulate calcium-dependent
pathways involved in human T lymphocyte activation. J. Exp. Med. 177:637.
6. Grissmer. S., A. N.Nguyen.andM.D.Cahalan.1993.Calcium-activated
potassium channels i n resting and actirated human T lymphocytes. J. Gen. P i y i o l .
102:601
7.Gelfand. E. W.,and R. Or.1991. Charyhdotoxin-sensitive, Ca"
dependent
memhrane potential changes are not involved in human T o r B cell activation and
proliferation. J. In~n~urml.
147:3492.
8. Grissmer, S., R. S. Lewis, and M. D. Cahalan. 1992. Ca'+-activated K' channels
in human leukemic T cells. J. Gwt. Pltyyiol. W6.Z.
9, Rader. R. K.. L. E. Khan, G. D.Anderson, C. L. Martin.K. S. Chinn. and
S. A . Gregory. 1996. T cell activatronisregulatedbyvoltage-dependentand
calclum-actlvated potassium channels. J. Inanunol. 156.1425.
I O . Karttunen. I.. and N. Shastri. 1991. Measurements of ligand-induced activation in
\ingle viable T cells using the lac2 reporter gene. Pmc. Nurl. Acad. Sci. USA
XX:.3972.

I I . Negulescu, P., N.Shastri,andM.
D. Cahalan. 1994. Intracellularcalciumdependence of gene expresston in tingle T lymphocytes. Proc. N u / / .Ac~rd.Sci. USA
9/:'X7.<.

12.Hamill, 0. P.. A Marly, E. Neher. 8 . Sakmann. and F. J. Sigworth.
1981. Improved patch-clamp techniques fur high-resolution current recording from cells
and cell free membrane patches. Pflrtgerv Arch. 391:X5.
13. Cahalan, M. D., K. G. Chandy, T. E. DeCoursey. and S. Gupla. 1985. A voltagegated potassium channel in human T lymphocytes. J. Phystol. .35X:197.
14. Portzehl, H . P. C. Caldwcll, and J. C. Ruegg. 1964. The dependence of contraction and relaxation of muscle fiherz frcnn the crah Muiu .syuinado on the internal
concentration of free calcium ions. Biodrim. Bioph?.~. Acto 79:SXl.
15. Lewis. R. S and M. D. Cahalan. 1989. Mitogen-induced oscillatlons of cytosolic
Ca'+ and transmembrane Ca'+ current in human leukemic T cells. C ~ l Re,qul.
l
I:99.
16. Grynkiewicz, G. M.. M. Poenic. and R.
Y . Tsien.1985. A newgenerationof
calcium indicators with greatly improved fluorescence propertiey. J. R i d . Clrrm.
260:.?440.
17. Fiering. S.. J. P.Northrop. G . P.Nolan,P.
S. M a t t h . G . R.Crahtree. m d
L. A. Herzenherg. 1990. Single cellassay oi atranacriptionfactor
~:eVCilka
threshold in transcription activated hy signals emanating from the T-cell antigen
receptor. Gene.\ Dn.. 1:1X23.
18. Grissmer, S.. and M. D. Cahalan. 1989. TEA prevents inactivation while hlockmg
open K- channels in human T lymphocytes. t31oph.v.~.J. 55:20.?.
19. Sands. S . B.. R. S. Lewis,andM.D.Cahalan.1989.Charyhdotoxinhlocks
voltage-gated K t channels in human and murine T lymphocytes. J. Gm. Phv.srol.

.

93:106/.

20. L e w ~ s ,R.. andM.D.Cahalan.1988.Subset-specificexpression
of potdssium
channels in developing murine T lymphocytes. Sciencc 2.79.771.
21. Lee. S . C.. D. 1. Levy. and C. Deutsch. 1992. Diverse K' channels in prinlary
human T lymphocytes. J. GPIZ.
Physiol. YY:77l.
22. Lewis, R. S . . P. E. Ross, and M. D. Cahalan. 1991. Chloride channels activated
hy osmotic stress in T lymphocytes. J. G m . Ph\,.\tol. 101:801.

IN T CELLS

23. Duputs, G., J. Heroux, and M. D. Payet. 19x9. Characterlratlon o l C a 2 ' and K
currents in the human Jurkaf cell Irne: elfects of phyl~~haeningglutinln.
J.
\io/
412:135.
24. Zweiiach, A,. and R. S. Lewi,. 1993. Mitogen-regulated Ca" cun'ent of T l y n phocytes ih activated by depletlon oi intracellular Ca" store\. P ~ M Nut/.
.
Aud.
Sci. USA 90:629S.
75. Hoth. M., and R. Penner. 1992. Depletion of intracellular calcium store5 a c t w w \
a calcium current in mast cell\. Nurtrrt 355:353.
26. Thomas, D., and M. D. Hanky. 1994. Pharmacologlcal t o o k lor perturhing Intracellular caicium storage. In Mr1had.Y in Ceii Ri,>kl,qV, Vni. 40. K. Nuccitclli. ed.
Academic Press, San Diego, pp. 65- 89
27. Putney. J. W. 1986. A n ~ ( ~ dtor
e l receptor-regul;Ited calcium elltry. C e l l C ( t l ( ~ i t t n ~
7: 1.
2X. Lepplc-Wlenhue\. A,, and M. I). Cahalan. 1996. Conductance and permeation ol
monovalentcationsthroughdepletlon-actibated Ca' ' channel\ (I,
) i n Jurhat
T cells. Biophrs. J. 7/:7X7.
29. Maneson. D. R , and C. Ikutsch. 1984. K * channels i n lymphocytcs it patchclamp study using monoclon.11 antibody adhcsinn. N~rrnrr.<07:468.
30. Grissmer. S . . B. Dcthlefs. J Wasmuth. A . 1. Goldtn. Ci. A . Gutman,
M. D. Cahalan. and K. G. Chandy. 1990. Expression and chron~osomallocal~ralion of a lymphocytc K ' channel genc. Pr01. N d AMI/. . S t . USA 87-9111.
31. G r i s m e r , S., A . N. Nguycn. J . Aiyat'. 1) C. Hanson. R. J. Mather. C . A. Cutnun.
M. J. Karmilowcz.D. 1). Auperin,andK. G . Chandy. 1994. Pharmacological
charactrrirallon of five cloned voltage-gated K ' channels, t)pe\ K v l I . I .1. I 3.
1.5. and 3.1. stably expressed in mammalian cell line\. Mid. P/fo/nlcr<nl. 45:1227.
32. Grinstein, S., and J. D. Smith. 1990. Calcium-independcnt cell volume regulati(~n
in human lymphocytes: inhlhitlon o i charyhdotnxln. J. Grr1. P h n i o l . Y5:97.
3 3 . Cahalan. M. D., and R. S. Lewis. 1994. Repulatmn ofchlorlde channels in l y n Vnl. 41. William
phocytcs. In C u r r w t Topi<,,\in Mwtbrutws. Clrloridc C/IIIIIII?/\,
pp. 1 0 3 - 1 3
Guggino. ed. Academic Press. San Diego,
34.Kuno.M..and
P. Gardner. 1987. Ion channel<activated hy inositol 1.4.5trisphnsphate in plasma membrane ot human T lymphocylm. Nuture 326~.WI.
35. Grissmer, S., and M. D Cahalall. 1989. Divalenl ion twppinp inwic poiassiwn
channels o i human T lymphocyte\. J. GWI.Phv.sio/. Y.<:609
36. Chandy, K. G., T. E. DeCourscy. M. D. Cahalan. C McLaughlin, and S. Ciupta
1984. Voltage gated potassium channcls arc rcqtwetl lor human 'I lymph~~cyte
activatlon. J. Esp. Mtd 160.369.
37.Frcedman. H . D., M. A . Price.and C. J. Deutsch 1992. Erldenccfor roltape
modulation of IL-2production 111 mitogen-stimulatedhuman pcripher;ll hlood
lymphocytes. J. Itr~mtnd.119.37XJ.
38. Verheugen, J. A . H., H. P. M Vijverherg. M Oortglc\en, and M. I). Cahalan.
1995. Voltage-gatedand Ca:' -activated K ' channcls 111 intacthumanTlymphocytea: noninvasive measurements of memhrane currents. mcmhranc p(11enlial.
and intracellular calcium. J. ( h . Ph?.\io/. 105-765.
39. Wllson. 0 . I.. 1. Marrwtt, M. P. Mahaut-Smith. L. J . Hymcl. and M. J . Mazon
1994. Isolation and characterization of membrane potential ch;lngc\ arwciated
wlth release 0 1 calciumfrominlracellular
stoIe\ in ratthymiclytnphocytc.;.
3 Memhr. Bid. 137:ISY.
40. Felhcl-. S. M., and M. D. Brand. 1982. Factnrr detcrnlllltng thc pla\ma mclnhranc
potennal of lymphocyte\. R i o ~IIWII.
J. 201:577.
41. Phipps, D. J.. D. R . Branch. and L. C. Schlichtel-. I996 Chloride-ch;lnnel hlock
inhihits T lymphocyte activation and zIgnalling. C I J / /Si,ytrul.
,
8:IJI.

