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A rapid rise in the level of cytosolic free calcium
([Ca?*]) is believed to be one of several early trig-
gering signals in the activation of T lymphocytes by
antigen. Although Ca?* release from intracellular
stores and its contribution to Ca®* signaling in many
cell types is well documented, relatively little is known
regarding the role and mechanism of Ca?* entry
across the plasma membrane. We have investigated
mitogen-triggered Ca?* signaling in individual cells of
the human T-leukemia-derived line, Jurkat, using fura-
2 imaging and patch-clamp recording techniques.
Phytohemagglutinin (PHA), a mitogenic lectin, in-
duces repetitive [Ca®*]; oscillations in these cells
peaking at micromolar levels with a period of 90-120
s. The oscillations depend critically upon Ca?* influx
across the plasma membrane, as they are rapidly
terminated by removal of extracellular Ca?*, addition
of Ca?*-channel blockers such as Ni?* or Cd?*, or
membrane depolarization. Whole-cell and perforated-
patch recording methods were combined with fura-
2 measurements to identify the mitogen-activated
Ca?* conductance involved in this response. A small,
highly selective Ca?* conductance becomes activated
spontaneously in whole-cell recordings and in re-
sponse to PHA in perforated-patch experiments. This
conductance has properties consistent with a role in
T-cell activation, including activation by PHA, lack of
voltage-dependent gating, inhibition by Ni2* or Cd?*,
and regulation by intracellular Ca®*. Moreover, a tight
temporal correlation between oscillations of Ca?*
conductance and [Ca®']; suggests a role for the
membrane Ca®* conductance in generating [Ca?*];
oscillations in activated T cells.

Introduction

The specific binding of antigen and associated
major histocompatibility proteins by the T-cell re-
ceptor complex initiates the activation of T lym-
phocytes in vivo. The activation process com-
prises a spectrum of cellular changes: the recep-
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tor for interleukin-2 is expressed, helper T cells
are stimulated to synthesize and secrete lympho-
kines, cytotoxic T cells acquire the ability to kill
foreign target cells, and T cells of all classes pro-
gress from G, through the cell cycle, eventually
undergoing DNA replication and mitosis. Some
or all of these cellular changes can be induced in
vitro by treatment with phorbol esters together
with antibodies that crosslink selected surface
glycoproteins, such as the T-cell receptor, CD3,
and CD2 molecules, or with mitogenic lectins
such as phytohemagglutinin (PHA)' or concanav-
alin A (for reviews, see MacDonald and Nabholz,
1986; Weiss and Imboden, 1987).

Among the earliest activation events in many
cell types, including lymphocytes, are the hydro-
lysis of phosphatidylinositol 4,5-bisphosphate
(PIP,) and a rise in the level of cytosolic free Ca?*
(Berridge and Irvine, 1984). The cytosolic free
calcium ([Ca?*)) rise is believed to be an important
triggering signal for T-cell activation, based on
several lines of indirect evidence. First, many
polyclonal T-cell activators, as well as specific
antigens, evoke a rise in [Ca?*); (Tsien et al., 1982;
Nisbet-Brown et al., 1985; Imboden and Stobo,
1985; Oettgen et al., 1985; Treves et al., 1987).
In these cases, blocking the rise pharmacologi-
cally or by removing extracellular Ca?* inhibits
proliferation and other activation events (Whitney
and Sutherland, 1972; M. Weiss et al., 1984; Gel-
fand et al., 1986). In addition, artificial elevation
of intracellular [Ca®*] using ionophores, in the
presence of phorbol esters to activate protein ki-
nase C, bypasses the involvement of cell-surface
receptors and activates T cells (Mastro and Smith,
1983; Weiss et al., 1984; Truneh et al., 1985).

Measurements of [Ca?*]; in single cells using
the Ca?*-sensitive dye fura-2 (Grynkiewicz et al.,
1985) or the photoprotein aequorin have revealed
several surprising features of intracellular Ca?*
dynamics previously undetectable in cell suspen-
sions; e.g., activation of a range of cells, including
cytotoxic T lymphocytes (Gray et al., 1988), B
lymphocytes (Wilson et al., 1987), mast cells

' Abbreviations: IP;, inositol 1,4,5-trisphosphate; PHA,
phytohemagglutinin-P; PIP,, phosphatidylinositol 4,5-bis-
phosphate.
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Figure 1. [Ca®']; oscillations in
v single T cells stimulated with
° PHA. (A) [Ca?*), is plotted
against time for individual cells
(top four graphs) and the av-
erage of 87 cells in the field of
view (bottom graph). PHA (10
ug/ml) was added at the time
indicated by the arrows. (B) Re-
sponse latency plotted against
oscillation period for 70 cells.
Each symbol represents one
cell, different symbol types in-
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(Neher and Almers, 1986), hepatocytes (Woods
et al., 1987), vascular endothelial cells (Jacob et
al., 1988), and oocytes (Cuthbertson and Cob-
bold, 1985; Miyazaki et al., 1986) elicits repetitive
[Ca?*]; oscillations (for review, see Berridge et al.,
1988). The mechanisms underlying these oscil-
lations have not yet been firmly established, but
are believed to involve the repetitive release and
reuptake of Ca?* from intracellular storage sites
such as the endoplasmic reticulum, with Ca2* in-
flux across the plasma membrane serving only to
replenish the stores (Woods et al., 1987; Berridge
et al., 1988; Meyer and Stryer, 1988; Payne et
al., 1988). While inositol 1,4,5-trisphosphate (IP3)
is known to release Ca?* from internal stores
(Streb et al., 1983; Imboden and Stobo, 1985;
Meyer et al., 1988), and specific IP; receptors
have been purified (Supattapone et al., 1988),
considerably less is known about the character-
istics of the Ca?* influx pathway. Ca?*-permeable
channels activated by mitogens and |IP; have been
reported in the plasma membrane of T cells, but
their degree of Ca?* permeability and, hence, their
contribution to Ca?* signaling during T-cell acti-
vation has not been assessed (Kuno et al., 1986;
Kuno and Gardner, 1987).

We have used fura-2 fluorescence-ratio imaging
to characterize [Ca®*]; oscillations induced by
PHA in Jurkat T cells, with the primary aim of iden-
tifying a current component corresponding to
Ca?* influx. In this paper we initially characterize
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the ionic dependence of Ca?* signals in individual
cells using video-imaging techniques. Based on
these results, electrophysiological methods are
used to identify a membrane Ca?* conductance
with properties consistent with those of the mi-
togen-activated Ca?* influx pathway. Simulta-
neous measurement and correlation of [Ca?*]; and
membrane current in single cells confirms an im-
portant role for this conductance in mediating
Ca?* influx in response to mitogenic stimulation.
A preliminary report of this work has appeared
(Lewis and Cahalan, 1989).

Results

PHA induces oscillations of intracellular [Ca?*]

We examined the changes in free [Ca?*]; induced
by PHA treatment in individual Jurkat cells through
fluorescence-ratio imaging of cells loaded with
fura-2. Treatment of Jurkat cells with PHA (10 ug/
ml) elicited a rise in [Ca?*); from the resting level
of 116 + 48 nM to a peak of 518 + 149 nM (mean
+ SD in 18 experiments) after a relatively long and
variable delay (Figure 1A). In the majority of cases
the initial rising phase was quite abrupt, reaching
a peak within 5-10 s. Thereafter, [Ca?*]; often
began to oscillate slowly, reaching peak levels in
the micromolar range. The average period of the
oscillations was 92 + 12 s (62 cells; mean + SD),
while the response delay was 174 = 63 s (119
cells; mean + SD). The oscillation period among
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cells was more narrowly distributed than the re-
sponse delay, and the two parameters showed
no significant correlation (Figure 1B). This finding
suggests independence between the rate-limiting
step for initiating the Ca2* response and the pro-
cess that determines the oscillation period. About
90% of the cells tested responded to PHA, and
80% of these produced multiple [Ca?*]; oscilla-
tions during the 20-min test period.

Because oscillations in single cells are not syn-
chronous, the average response of 87 cells ap-
pears smooth (Figure 1A, bottom trace). The av-
erage response has both a *‘transient’’ and *'sus-
tained’" phase, much like the population response
of Jurkat cell suspensions (Imboden and Stobo,
1985). The results shown here indicate that the
sustained phase of the [Ca?*]; rise identified in
cell suspensions actually results from asynchro-
nous [Ca?*]; oscillations at the single-cell level.

Ca?* influx is required for [Ca?*]; oscillations

Several lines of evidence suggest that Ca®* influx
across the plasma membrane is required to both
initiate and sustain [Ca?*]; oscillations. First, PHA
does not induce oscillations when added in the
presence of a low level (6 uM) of extracellular
Ca?*, although small, infrequent [Ca?*]; transients
occur, presumably due to release from intracel-
lular stores (Lewis and Cahalan, 1989). Extracel-
lular Ca?* is also necessary to maintain the os-
cillations, since reducing [Ca?*], to 5 uM after
initiation of the response in normal [Ca?*], rapidly
and reversibly terminates the oscillations (Figure
2A). The extreme sensitivity of [Ca?*]; oscillations
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in Jurkat cells to reduction of extracellular [Ca?*]
suggests that they depend critically on influx (see
Discussion).

Active feedback control of intracellular [Ca®*]
is indicated by the overshoot occurring upon res-
toration of 2 mM Ca?* to activated cells bathed
in low-Ca?* medium (Figure 2A). Likewise, ele-
vating extracellular [Ca?*] to 10 mM evokes only
a transient increase in the average [Ca?*]; (Figure
2B). These results may reflect Ca?*-dependent
stimulation of the plasmalemma Ca?*-ATPase as
well as Ca?*-induced inhibition of the influx path-
way (discussed below).

A role for Ca?* influx in sustaining the oscilla-
tions is also supported by the inhibitory effects of
membrane depolarization or exposure to Ca?*-
channel blocking ions. Substitution of K* for all
Na™ in the normal Ringer solution effectively and
reversibly suppresses the PHA-evoked Ca?* rise
(Figure 3A), while replacement of Na* with choline
or tetramethylammonium does not (data not
shown). As high [K*], is known to depolarize the
T-cell membrane (Gelfand et al., 1984), its effect
on [Ca?*]; may be explained largely by a reduction
in the inwardly directed electrical driving force on
Ca?*. However, additional effects of depolariza-
tion or high [K*], itself on Ca?* efflux via the mem-
brane Ca?*-ATPase cannot be ruled out (Ishida
and Chused, 1988). As noted previously by others
(Gelfand et al., 1984; Oettgen et al., 1985), the
fact that high [K*], alone does not elevate [Ca®*];
indicates that T cells do not express voltage-de-
pendent Ca?* channels common to electrically
excitable cells. This conclusion is also supported
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by a failure to detect voltage-dependent Ca?*
conductance using patch-clamp methods (Fu-
kushima et al., 1984; Matteson and Deutsch,
1984; Cahalan et al., 1985). The [Ca®*], rise is
largely blocked by 5 mM Ni?* (Figure 3B) and 1
mM Cd?* (data not shown), divalent cations
known to block Ca?* channels in a variety of prep-
arations (for review, see Hagiwara and Byerly,
1981).

In summary, the Ca®*-imaging results suggest
that oscillations result from Ca?* influx through a
Ni¢*- and Cd?*-sensitive transport mechanism
that is not activated by depolarization, yet is elec-
trogenic (i.e., carries net charge across the mem-
brane), as depolarization inhibits influx. These
findings place important constraints on the prop-
erties of the PHA-activated Ca?* influx pathway.
To identify and characterize this pathway more
directly, single-cell Ca®* measurements were
subsequently combined with simultaneous elec-
trical recording using the whole-cell patch-clamp
technique.

Ca?* conductance activates spontaneously
during whole-cell patch-clamp recording

In conventional whole-cell recording (Hamill et al.,
1981), a polished glass micropipette is first sealed
to the cell membrane, after which the patch of
membrane beneath the pipette lumen is ruptured
by negative pressure applied to the pipette's in-
terior. The rupture of the patch, which we will
refer to hereafter as *'break-in,”" provides electrical
access to the cell's interior necessary for whole-
cell recording while initiating dialysis of the cy-

102

toplasm by the pipette contents. In >80% of the
Jurkat cells studied, a Ca®*-selective conductance
became activated within seconds to several min-
utes of break-in, possibly due to disruption of the
cell's normal cytoplasmic constituents by internal
dialysis. Although the Ca?* conductance ap-
peared in the absence of PHA, its properties were
consistent with those of the PHA-activated Ca?*
transport pathway described above, and in many
cases its activity during whole-cell recording was
stable for several minutes or more, thus facilitating
its characterization.

Spontaneous activation of Ca?* influx during
whole-cell recording is illustrated in Figure 4. In
this experiment, we applied a staircase command
voltage (Figure 4A, top trace) to the membrane
to assess the degree to which intracellular [Ca®*]
was sensitive to membrane potential. Simulta-
neously, the membrane current (Figure 4A, middle
trace) and intracellular [Ca?*] (Figure 4A, bottom
trace) were measured. Shortly after break-in,
[Ca?*]; rose to a peak of >1 uM, then returned
slowly to its resting level of 100 nM. Superim-
posed on the response are rapid [Ca®*}; fluctua-
tions driven by the imposed changes in mem-
brane potential. The ability of the membrane po-
tential to modulate intracellular [Ca?*] suggests
that Ca?* influx contributes to the spontaneous
[Ca2*]; rise. The enlarged view of Figure 4B shows
that membrane depolarization reduces [Ca?*];
while hyperpolarization enhances it. This result is
similar to the effect of K*-induced depolarization
on Ca?* signaling in intact cells (Figure 3A) and
may be explained by depolarization reducing the
electrical driving force for Ca?* entry.

CELL REGULATION
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Figure 4. Spontaneous increase in intracellular [Ca?*] and activation of ionic currents during whole-cell recording. (A) The
command potential (V) was held for 2 s at —80 to +40 mV in 40-mV increments (top) as membrane current (middle) and [Ca?*];
(bottom) were measured. *‘Break-in" to the whole-cell recording configuration is indicated by the arrows. Voltage-gated K* channels
are activated by depolarization above —40 mV, giving rise to the positive current spikes that slowly decline in size as the channels
accumulate inactivation. In addition, a transient inward current prominent at —80 mV (dashed line) is correlated with the overall
time course of [Ca?*];. In this experiment, the internal (pipette) solution lacked EGTA. (B) Expanded view of [Ca?*]; and membrane
potential (V) from the bracketed time period in A. Depolarization suppresses and hyperpolarization elevates [Ca?*];.

Several types of ionic conductances are acti-
vated during the experiment illustrated in Figure
4. Voltage-gated K* channels, activated by de-
polarization, produce the large positive current
transients in Figure 4A (DeCoursey et al., 1984;
Matteson and Deutsch, 1984; Fukushima et al.,
1984; Cahalan et al., 1985). In addition, a small
inward current develops at a membrane potential
of —80 mV, as indicated by the dashed line. The
time course of this current parallels that of the
[Ca?*); rise; this characteristic and other proper-
ties described below identify it as a selective Ca?*
current which is responsible for the spontaneous
rise in cytosolic [Ca?*]. Interestingly, the Ca?*
current often developed during whole-cell re-
cordings without a detectable increase in current
noise, implying a very small unitary conductance
for the Ca®** transport mechanism. A third con-
ductance, detectable as a small outward current
at —40 mV, results from Ca?*-dependent K*
channels activated by the increase in [Ca?'];
(Grissmer and Cahalan, 1989; Schlichter and
Mahaut-Smith, 1989; R. Lewis, S. Grissmer, and
M. Cahalan, unpublished observations). At its re-
versal potential of —80 mV, however, the Ca?*-
activated K* current is absent and thus does not
interfere with measurement of the Ca?* current.

Vol. 1, November 1989

In experiments like that shown in Figure 4, per-
formed with pipette (internal) solutions of low
Ca?*-buffering strength (100 uM fura-2 being the
only Ca?* buffer present), the peak inward Ca®*
current tended to be quite small, —2.8 =+ 1.9 pA
(mean + SD) measured at —80 mV (n = 7 cells).
In most experiments, 10 mM EGTA was included
in the pipette solution. In addition to prolonging
the Ca?* current, intracellular EGTA enhanced its
amplitude to an average of —6.6 + 3.2 pA (mean
+ SD, n = 20 cells) and prevented activation of
the Ca?*-activated K* current by clamping [Ca?*];
to a low value, thereby facilitating characterization
of the Ca?* current. The augmentation of Ca?*
current by intracellular Ca?* buffering is consistent
with previous reports (Kuno and Gardner, 1987;
MacDougall et al., 1988) and our own indirect
observations (Figure 2B) that intracellular Ca?*
negatively regulates Ca?* conductance in lym-
phocytes.

Properties of the calcium conductance

lonic substitution experiments show that under
physiological conditions the slowly developing in-
ward current is carried primarily by Ca?*. In these
experiments, membrane current was recorded
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over a range of potentials as voltage ramps were
applied to the cell (Figures 5-7). With physiolog-
ical concentrations of intra- and extracellular ions,
the current is inwardly directed at potentials as
positive as —30 mV (Figure 6); because the equi-
librium potential for K* and CI~ is —95 mV under
these conditions, this result indicates negligible
permeability to these ions. In the experiment
shown in Figure 5, intracellular Cs* and extra-
cellular tetrodotoxin were used to block current
through voltage-gated K* and Na* channels, re-
spectively, thus isolating the Ca?* current. Under
these conditions, the current is inward at poten-
tials as positive as +20 mV, and does not reverse
sign at potentials up to +100 mV. The inward
Ca?* current declines as the membrane potential
is made more positive, indicating that, unlike the
Ca?* channels of excitable cells, the T cell's Ca®*
transporter is not activated by depolarization.
Prolonged depolarization also does not inhibit the
conductance; instead, the decrease in Ca?* cur-
rent at depolarized potentials, like the reduction
in Ca?* influx under comparable conditions (Fig-
ures 3A and 4B), is explained most simply by a
reduction in the driving force on Ca?*.

The current’s selectivity for Ca?* over Na* is
shown by its dependence upon extracellular Ca®*.
As expected for a current carried by Ca?*, it is
substantially diminished by reduction of [Ca®*],
to 5 uM (Figure 6A); in 6 cells, current was on
average reduced to 13% of its control value. In
contrast, complete replacement of extracellular

| (pA)
L 10

1-10

Figure 5. Ca?* and K* currents in Jurkat cells. Membrane
potential, V, was varied from —80 mV to +20 mV over a 200-
ms period as membrane current, |, was recorded. Currents
were collected 1 s (a), 14 s (b), and 60 s (c) after break-in with
Cs aspartate internal (pipette) solution. Voltage-gated K*
channels are open at voltages positive to —30 mV early in the
recording, producing outward current (a). Over the first 15 s,
Cs* in the recording pipette diffuses into the cell and blocks
this current (b). After 1 min, a Ca®* current develops that is
inwardly directed at potentials up to +20 mV (c).
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Figure 6. Selectivity and regulation of the Ca?* current.
Voltage stimuli were delivered and currents recorded as in
Figure 5, but with a pipette solution containing K aspartate.
(A) Dependence of inward current on extracellular Ca?*. Low-
ering [Ca?*], to 5 uM reduces the inward current to 10% of
its control amplitude (in 2 mM Ca?*) and shifts the voltage
dependence of K*-channel activation to more negative poten-
tials. These effects were reversible (not shown). (B) Enhance-
ment of inward current by elevating [Ca?*],. Shortly after per-
fusion with Ringer containing 10 mM Ca?*, the inward current
is increased and the extrapolated reversal potential shifts to
the right. In addition, the voltage dependence of K*-channel
activity is shifted to more positive potentials. (C) A plot of cur-
rent at —80 mV against time for the experiment of (B) shows
that the increase in Ca?* current is transient.
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Figure 7. Block of Ca?* current by extracellular Ni?*. Appli-
cation of 5 mM Ni2* (bold trace) completely inhibits the inward
current and partially blocks and alters the voltage dependence
of voltage-gated K* channels. The block of Ca?* current in
this experiment was 80% reversible. Recording conditions as
in Figure 6.

Na* with the relatively large, impermeant cations
choline or tetramethylammonium, had a less pro-
nounced effect, reducing the inward current to
50-60% of control. Elevating [Ca?*], from 2 to 10
mM markedly enhances the size of the inward
current and shifts its extrapolated reversal poten-
tial to more positive voltages, again reflecting a
significant permeability to Ca?* (Figure 6B). Inter-
estingly, this increase in current is transient; in
the continued presence of 10 mM Ca?* the cur-
rent returns over a period of ~30 s to the level
recorded in 2 mM Ca?* (Figure 6C). This result is
consistent with regulation of the Ca?* conduc-
tance by [Ca?*]; (see Discussion). Finally, the cur-
rent is blocked reversibly by application of 5 mM
Ni2* (Figure 7) or 1 mM Cd?* to the bathing me-
dium.

In summary, the inward current appearing
spontaneously during whole-cell recording has
properties suggesting its involvement in PHA-
stimulated Ca®* signaling in Jurkat cells. It is se-
lective for Ca?* over Na*, K*, and ClI~, and is
blocked by Ni?* and Cd?* at concentrations that
block the [Ca?*];rise in PHA-stimulated cells. The
inward current also declines with depolarization
(Figure 5), consistent with the inhibition of Ca?*
signaling in intact cells by high [K*], (Figure 3A).
To establish more firmly the physiological function
of this current, however, requires a test of whether
it can be induced by PHA. Clearly, this point can-
not be addressed with conventional whole-cell
recording methods, as the current appears spon-
taneously in the absence of mitogen, presumably
due to dialysis of the cell cytoplasm by the pipette
contents during whole-cell recording. The follow-
ing section describes experiments using a vari-
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ation of the whole-cell recording technique that
demonstrate activation of the Ca?* conductance
by PHA.

PHA activates an oscillatory Ca?* current
during perforated-patch recording

To prevent disruption of the cytosol during re-
cording, we applied the perforated-patch tech-
nigue using recording pipettes filled with a solu-
tion containing nystatin, a pore-forming antibiotic
(Horn and Marty, 1988). After formation of the
pipette-membrane seal, nystatin spontaneously
inserts into the patch beneath the pipette lumen.
The resulting nystatin channels provide the nec-
essary electrical connection between the pipette
and the cell’s interior, without permitting loss of
intracellular constituents such as divalent cations
and organic molecules.

In perforated-patch experiments, PHA evoked
a [Ca?*)irise in Jurkat cells that was accompanied
by a transient inward current of peak amplitude
0.5-1 pA at —80 mV (data not shown). In some
cases the response was oscillatory, fluctuations
of inward current being associated with changes
in [Ca?*);. As in the whole-cell experiments de-
scribed above, intracellular Ca?* buffers appeared
to augment the size of the current and thus fa-
cilitate its measurement. Therefore, cells in most
experiments were preloaded with the Ca2* che-
lator, BAPTA, in addition to fura-2. As illustrated
in Figure 8A, PHA induced delayed, damped
[Ca?*]; oscillations in BAPTA-loaded cells. Cor-
responding closely to each fluctuation in [Ca?*);
is a transient increase in inward current. One
[Ca?*]; oscillation and the associated current have
been superimposed on a normalized scale in Fig-
ure 8B to highlight the causal role of the current
in generating the [Ca?*]; change. The rise and fall
of the current precede the rise and fall of [Ca?*];,
as would be expected for a transient Ca®* current
flowing into a buffered compartment. The nonlin-
ear shape of the current in ramp recordings (sim-
ilar to that in Figure 6), its inhibition by extracellular
Ca?* removal or 5 mM Ni?* (data not shown), and
the lack of detectable current noise as it activates
indicate that the PHA-activated inward current is
identical to the Ca?* current appearing sponta-
neously during whole-cell recording. Taken to-
gether with the Ca®*-imaging experiments de-
scribed above, the perforated-patch results sug-
gest that oscillations in intracellular [Ca?*]
induced by PHA result from a slowly fluctuating
Ca?* conductance in the plasma membrane.

Discussion

In this study, we have demonstrated that the mi-
togenic lectin, PHA, elicits repetitive [Ca®*); os-
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Figure 8. Oscillations in [Ca%*],and Ca?* current evoked by PHA during *perforated-patch’ recording. The cell was pre-loaded
with BAPTA and fura-2. (A) PHA (10 ug/ml) added at time 0 induces repetitive [Ca?*]; oscillations (lower graph), each of which is
accompanied by a transient of inward current measured at —80 mV (upper graph). (B) Change in current (solid line) and [Ca?*];
(dashed line) plotted on a normalized scale against time for the second oscillation in (A). The rise and fall of Ca®* current precede
the changes in [Ca?*];, implying that the current is a cause, rather than a consequence, of the rise in intracellular [Ca?*].

cillations in Jurkat T cells that are critically de-
pendent on Ca?* influx across the plasma mem-
brane. Simultaneous measurement of [Ca?*]; and
membrane current has made it possible for the
first time to identify the Ca?* conductance re-
sponsible for driving the oscillations. The salient
features of the conductance include activation by
PHA, cyclic activation and deactivation preceding
the rise and fall of intracellular [Ca?*], respectively,
a high selectivity for Ca?* over other ions, a very
low unitary conductance, and an apparent lack
of voltage-dependent gating.

Ca?* measurements in single cells and
cell suspensions

The use of video-imaging techniques to study mi-
togen-activated Ca?* signaling at the level of in-
dividual T lymphocytes reveals a level of com-
plexity in cellular responses not detectable in cell
suspensions. Spectrofluorimetric measurements
on suspensions of cells using Ca?*-sensitive dyes
have shown that mitogens or other stimuli trig-
gering the hydrolysis of PIP, elicit a biphasic
[Ca?*];increase. Examples include mitogenic lec-
tins and monoclonal antibodies to CD2, CD3, and
T-cell receptor molecules for T cells (Hesketh et
al., 1985; Imboden and Stobo, 1985; June et al.,
1986), and anti-lg treatment of B lymphocytes
(Bijsterbosch et al., 1986). Activation of platelets
(Hallam and Rink, 1985), hepatocytes (Williamson
et al., 1985), and parotid gland celis (Merritt and
Rink, 1987) is also accompanied by a biphasic
increase in [Ca?*];,. The common consensus of
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these studies has been that the initial transient
phase of the response arises from internal Ca?*
release triggered by IP3, while the later, sustained
phase depends upon Ca?* influx across the
plasma membrane. From single-cell imaging ex-
periments it is now clear that the sustained phase
of the average response in a T-cell population ac-
tually derives from pronounced [Ca®*); oscillations
triggered in individual cells by PHA (Figure 1A).
The oscillations occur asynchronously and there-
fore tend to become obscured in the sum of a
large number of cells. Similar observations have
been reported for individual B cells stimulated with
antibodies to surface immunoglobulin molecules
(Wilson et al., 1987). The character of single-cell
responses may have important implications for
the elucidation of underlying molecular mecha-
nisms. For example, one important caveat inher-
ent to suspension measurements is that they may
seriously underestimate peak cellular Ca?* levels
(Figures 1-3). Knowledge of these peak values
may ultimately facilitate the identification of intra-
cellular Ca?*-sensitive effector proteins that are
involved in T-cell activation. In addition, the os-
cillatory pattern of [Ca?*]; fluctuations per se may
be an essential element of the signaling process,
as discussed below. The lack of correlation be-
tween response latency and oscillation period for
single cells (Figure 1B) implies that these two re-
sponse parameters may be used to probe inde-
pendent intracellular events, latency being an in-
dicator of events preceding the initial response
(such as the accumulation of a threshold level of
intracellular messenger), and period being an in-
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dicator of feedback involved in generating oscil-
lations.

[Ca?*); oscillations depend upon Ca?* influx

The sensitivity of [Ca®*]; oscillations in single T
cells to low [Ca?*],, high [K*],, and extracellular
Ni2* and Cd?* implies a direct dependence on
Ca?* influx across the plasma membrane. These
results confirm and extend earlier studies showing
that EGTA blocks the sustained [Ca?*]; rise in
suspensions of stimulated Jurkat cells or thymo-
cytes (Imboden and Stobo, 1985; Hesketh et al.,
1985). Depolarization by high [K*], also inhibits
mitogen-induced [Ca?*]; signals in suspensions
of human T cells (Gelfand et a/., 1984) and HPB-
ALL tumor T cells (Oettgen et al., 1985). Millimolar
levels of Ni2*, similar to those we found to block
Ca?* flux in Jurkat cells, block agonist-induced
Ca?* influx in nonexcitable cells such as platelets
(Hallam and Rink, 1985; Zschauer et al., 1988),
mast cells (Matthews et al., 1989), and parotid
acinar cells (Merritt and Rink, 1987). The funda-
mental difference between [Ca?*]; oscillations in
Jurkat cells and those in a variety of other activated
cells concerns the degree of dependence on ex-
tracellular Ca?*. This difference is discussed in
greater detail below.

Mitogen-activated Ca** conductance
in Jurkat T cells

The whole-cell and perforated-patch recording
experiments reported here represent the first di-
rect demonstration of a mitogen-gated, selective
Ca?* conductance and its contribution to Ca2*
signaling in T lymphocytes. The conductance,
which also becomes activated during whole-cell
recording in the absence of PHA, has five prop-
erties expected of the mitogen-gated Ca?* trans-
porter as characterized by the imaging experi-
ments on intact cells. 1) The conductance is se-
lective for Ca?* over other physiological ions,
enabling it to carry significant amounts of Ca?*
into the cell. 2) The conductance is not gated by
changes in membrane potential although inward
current declines with depolarization, consistent
with the inhibitory effect of high [K*], on Ca?* sig-
naling by PHA. 3) The conductance shows the
same sensitivity to inhibition by extracellular Ni?*
and Cd?* as the [Ca?*]; rise. 4) The Ca?* current
increases only transiently during continued ex-
posure to elevated [Ca?*],, consistent with the
transient [Ca?*]; increase in intact cells under the
same conditions. 5) The time course of the inward
current is tightly correlated in time with changes
in [Ca®*);, increasing and decreasing slightly be-
fore the rise and fall of [Ca?*];, respectively. The
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mechanism by which the Ca?* conductance be-
comes activated during whole-cell recordings ap-
pears to result from intracellular dialysis by the
contents of the recording pipette, as inward Ca?*
current does not develop if the pipette is merely
sealed to the cell membrane without rupturing
the underlying patch. It is possible that an inhib-
itory intracellular constituent is lost by diffusion
into the pipette during whole-cell recording; al-
ternatively, intracellular dialysis may interact with
internal messenger systems or alter homeostatic
processes in such a way as to activate the con-
ductance. In perforated-patch experiments, in
which the cytosol is relatively unperturbed, de-
velopment of the Ca?* current requires PHA
treatment (Figure 8). The properties of the PHA-
activated conductance suggest that it is identical
to the conductance appearing spontaneously
during whole-cell recording.

The Ca?* current described in this paper is most
likely not related to mitogen-activated currents
reported previously in T cells and T-cell lines (Kuno
et al., 1986; Kuno and Gardner, 1987; Gardner et
al., 1989). The whole-cell currents of the earlier
studies were comparatively large (—30 to —130
pA at —50 mV), rather nonselective (reversing sign
at ~ +20 mV in the presence of external 110 mM
BaCl, and internal 160 mM CsCl), and were
blocked reversibly by 1-5 mM Cd?*. Although the
Ca?* current we observe is similar in terms of
sensitivity to Cd?*, it differs significantly in its high
Ca?* selectivity, as indicated by the following
characteristics. First, it is inwardly directed under
physiological ionic conditions, does not reverse
direction at potentials as positive as +100 mV,
and is highly dependent on extracellular Ca?*
(Figure 6). Most importantly, the high Ca?*-selec-
tivity of the conductance we observe is reflected
in its ability to increase [Ca®*); in unbuffered cells
to micromolar levels while conducting a current
on the order of 1 pA, over 100 times less current
than reported by Gardner et al. (1989). We often
observe the slow activation of whole-cell Ca%*
current without a detectable increase in current
noise, making it unlikely that the current reflects
activity of the 7-pS, Ca2*-permeable channels re-
ported previously (Kuno et al., 1986; Kuno and
Gardner, 1987; Gardner et al., 1989), which would
be expected to produce readily discernible current
fluctuations as a result of random opening and
closing events. This discrepancy could be ex-
plained if the channels' unitary conductance is
much reduced in 2 mM Ca2?* (our extracellular
recording conditions) as compared to 110 mM
Ba?* (conditions of the previous studies), although
single-channel properties were reported to be
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similar under both conditions (Kuno and Gardner,
1987).

The apparent lack of current noise accompa-
nying activation of the Ca?* current has several
possible implications for the molecular identity of
the transport mechanism. If the transporter is an
ion channel, then it must have an extremely small
unitary conductance (<1 pS) or exceedingly brief
openings, such that opening and closing events
are undetectable at the recording bandwidth of 2
kHz. Alternatively, the transporter could represent
an electrogenic ion pump or exchange mecha-
nism. Although we cannot distinguish among
these possibilities at present, the transport
mechanism is not likely to be Na*/Ca®* exchange,
as hyperpolarization increases Ca?* influx (Figure
4B), and substitution of choline or tetramethyl-
ammonium for extracellular Na* does not inhibit
[Ca?*]; oscillations or abolish the current.

A variety of direct and indirect evidence sug-
gests the presence of a second-messenger-op-
erated, voltage-insensitive Ca®* conductance in
other types of cells, including mast cells (Kanner
and Metzger, 1984; Penner et al., 1988), B lym-
phocytes (MacDougall et al., 1988), neutrophils
(von Tscharner et al., 1986), platelets (Hallam and
Rink, 1985; Zschauer et al., 1988), and lacrimal
gland cells (Llano et al., 1987). Whole-cell re-
cording of rat peritoneal mast cells has revealed
an agonist-triggered ionic current that bears a
close resemblance to the current we observe in
T cells (Penner et al., 1988; Matthews et al.,
1989). Mast cell agonists like 48/80 or substance
P evoke a slowly developing inward current of ~1
pA amplitude highly correlated in time with an
increase in [Ca?*);. The conductance is Ca®*-se-
lective, blocked by 5 mM Ni2*, is voltage insen-
sitive, and develops without a measurable in-
crease in current noise (Matthews et al., 1989),
much like the Ca?* current in T lymphocytes de-
scribed here. Thus, signal transduction in T cells
and mast cells, and possibly other nonexcitable
cell types, may involve similar Ca®* transport
mechanisms.

[Ca?*); oscillations from a fluctuating Ca**
current in T cells

[Ca?*); oscillations are a common feature of the
activation of nonexcitable cells, yet little is known
regarding their functional roles or their underlying
basis. One proposal, that the frequency of [Ca?*];
oscillations encodes the strength of agonistic
stimuli (Woods et al., 1987; Berridge et al., 1988;
Jacob et al., 1988), is supported by the striking
relation of oscillation frequency to agonist con-
centration and the relatively immutable shape
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of individual [Ca?*}; transients in hepatocytes
(Woods et al., 1987) and endothelial cells (Jacob
et al., 1988). [Ca?*]; transients may provide a
means of triggering effector pathways while
avoiding the cell damage that would result from
tonic elevation of [Ca®*]; (Berridge et al., 1988).
Data available at present do not directly address
these possibilities in T cells; regardiess of their
physiological significance, however, oscillations
offer a sensitive assay for probing the positive and
negative feedback processes that regulate Ca®*
signaling.

All of the oscillation models proposed to date
rely upon repetitive release and reuptake of Ca?*
from intracellular stores (Woods et al., 1987;
Meyer and Stryer, 1988; Payne et al., 1988; Ber-
ridge et al., 1988). Regulatory feedback in these
models occurs at the level of PIP, hydrolysis
(Woods et al., 1987; Meyer and Stryer, 1988) or
Ca®* release from intracellular organelles (Ber-
ridge et al., 1988; Payne et al., 1988). The as-
sumed role of Ca2* influx is to help refill the in-
ternal stores, although the exact mechanism by
which this occurs remains somewhat obscure. A
causative role for intracellular Ca?* release in
generating oscillations is indicated directly by the
persistence of oscillations for a few cycles after
removal of extracellular Ca?* from activated mast
cells (Neher and Almers, 1986), B lymphocytes
(Wilson et al., 1987), endothelial cells (Jacob et
al., 1988), and smooth-muscle-derived BC3H-1
cells (Ambler et a/., 1988), and by the insensitivity
of oscillations to membrane depolarization in en-
dothelial cells (Jacob et al., 1988). However, sev-
eral observations suggest that the oscillations in
Jurkat cells do not result directly from repetitive
intracellular release: 1) Intracellular stores in Jurkat
cells appear to be relatively exhausted during the
sustained phase of the mitogen-induced [Ca?*);
rise (Imboden and Weiss, 1987). 2) The oscilla-
tions are terminated abruptly upon removal of ex-
ternal Ca?*, elevation of [K*],, or addition of Ni?*
to the medium (Figures 2 and 3). 3) An oscillatory
transmembrane Ca?* current precedes the fluc-
tuations of [Ca?*]; (Figure 8), suggesting that this
current drives the [Ca?*); oscillations. This hy-
pothesis gains further support from the parallel
sensitivity of [Ca?*]; oscillations and the Ca?* cur-
rent to Ni?*. Although quite small, the amplitude
of the Ca?* current is more than sufficient to ac-
count for the rate of [Ca?*]; rise during the oscil-
lations. A current of 1-pA amplitude is expected
to increase [Ca?*]; by ~10 gM/s in a 12-um-di-
ameter cell in the absence of buffering; this ex-
ceeds by >100-fold the measured maximum rate
of rise of [Ca?*); during the oscillations illustrated
in Figure 1. From these considerations we ten-
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tatively conclude that oscillations in Jurkat cells
are driven by a Ca?* conductance in the plasma
membrane, and elucidation of the oscillation
mechanism will thus rest on a more complete un-
derstanding of how this conductance is con-
trolled. The fact that PHA induces [Ca?*); oscil-
lations even under voltage-clamp conditions (Fig-
ure 8) indicates that changes in membrane
potential are not the primary driving signal, al-
though a modulatory effect on the rate of Ca?*
influx is likely, as evidenced by the inhibition of
oscillations (Figure 3A) and reduction of Ca2* cur-
rent (Figure 5) by depolarization. Instead, the es-
sential feedback loops generating the oscillations
are likely to be biochemical rather than electrical
in nature. That Ca2* itself may be involved in
feedback is indicated by the spontaneous regu-
lation of [Ca?*]; and Ca®* current after exposure
to elevated [Ca?*], (Figures 2B and 6C). Inhibition
of mitogen-gated, Ca®*-permeable channels by
micromolar levels of intracellular Ca?* is also
consistent with these observations (Gardner et
al., 1989).

Although the magnitude of the Ca?* current
alone is probably sufficient to account for the rate
of [Ca?*]; changes during the oscillations, liber-
ation of Ca?* from internal stores may also con-
tribute to the response. For example, Ca?* influx
could serve a ‘'‘pacemaker’ role, bringing [Ca?*];
to a threshold level that triggers intracellular re-
lease (Jacob et al., 1988). It is also conceivable
that during the sustained phase of the [Ca?*]; rise,
intracellular stores are physically connected to the
plasma membrane, as proposed by Putney
(1986). If this were the case, oscillations could
result from a repetitive release process, and re-
moval of extracellular Ca?* could terminate the
oscillations immediately by rapidly depleting the
stores. According to such a model, our measure-
ments of Ca?* current would represent influx from
the extracellular medium directly through internal
storage compartments to the cytosol. Regardless
of the precise relationship between Ca?* influx
and internal release, the Ca?* current appears to
play a central role in the generation of Ca®* os-
cillations in Jurkat T cells, and will serve as a focal
point for further investigation of Ca®* signaling
mechanisms in activated T cells.

Methods
Cells

Jurkat E6-1 cells were maintained in a culture medium of RPMI
1640 supplemented with 1 mM glutamine and 10% heat-in-
activated fetal bovine serum, in a humidified, 5% CO, atmo-
sphere at 37°C. Cells growing in log phase at a density of
0.4-1.8 X 10%ml were used in experiments.
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Solutions

In most experiments, cells were bathed in normal Ringer so-
lution, containing (in mM) 160 NaCl, 4.5 KCI, 2 CaCl,, 1 MgCl,,
5 N-hydroxyethylpiperazine-N-2-ethanesulfonic acid (HEPES),
adjusted to pH 7.4 with NaOH, and having an osmolarity of
290-320 mOsm. Ca?*-free Ringer was made by substituting
MgCl, for CaCl,, resulting in a free Ca?* level of 5 uM (mea-
sured with a Ca?* electrode; Orion Research, Cambridge, MA).
K* Ringer was made by substituting KCI for NaCl. Phytohem-
agglutinin-P (PHA-P; Difco, Detroit, Ml) was diluted from a
frozen stock solution of 10 mg/ml.

Fluorescence ratio imaging with fura-2

Jurkat cells at a density of 10%/ml were incubated with 3 uM
fura-2/AM and, in some cases, 10 uM BAPTA/AM (both from
Molecular Probes, Eugene, OR) in culture medium for 30 min
at 37°C, washed several times with medium alone, then kept
in the dark at room temperature until use (<4 h). After loading,
cells were allowed to settle onto glass coverslip chambers
and were washed with Ringer solution several minutes before
the start of each experiment. On the stage of an IM-35 inverted
microscope (Carl Zeiss, Oberkochen, FRG), cells were illu-
minated alternately at 345 and 375 nm (slit widths = 12 nm)
using a dual-monochromator, xenon arc light source (Delta-
scan |, Photon Technology International, Princeton, NJ) and
an electronic shutter (Vincent Associates, Rochester, NY) to
restrict illumination to the time of video sampling. Excitation
light was deflected with a 405-nm dichroic mirror through a
40X oil-immersion objective (Zeiss Plan-neofluar, N.A. 0.9).
Fluorescence emission was collected through a 510-nm
bandpass filter (180-nm bandwidth) with a SIT video camera
(Hamamatsu Corp., Bridgewater, NJ) connected to a
VideoProbe image processor (ETM Systems, Mission Viejo,
CA). Sixteen-frame averages at each wavelength collected
every 5-10 s were background-subtracted and divided pixel-
by-pixel to yield ratio images which were stored on hard disk
for off-line analysis. [Ca?*]; was estimated for individual cells
using the equation

[Ca**]i = K*+(R = Rmal/(Rmax — R)

where K*, Rnin, and Rna were determined from in vivo dye
calibration as described below. Optical filters were purchased
from Omega Optical (Brattleboro, VT). All experiments were
conducted at 22-26°C.

Fura-2/patch-clamp experiments

Recording electrodes were pulled from Accu-fill 80 Micropets
(Becton, Dickinson & Co., Parsippany, NJ), coated with Sylgard
(Dow Corning Corp., Midland, MI) near their tips and fire-pol-
ished. Pipettes had resistances of 2-7 MQ when filled with K
aspartate internal solution (see below). Voltage-clamp exper-
iments were performed using one of two whole-cell recording
configurations. For standard whole-cell recording (Hamill et
al., 1981; Cahalan et al., 1985) patch pipettes contained (in
mM) 160 K aspartate, 2 MgCl,, 10 HEPES, 0.1 fura-2, and 10
K. EGTA, adjusted to pH 7.2 with KOH. Cs aspartate internal
solution was prepared in the same way, replacing K* with
Cs*. In some experiments, EGTA was omitted from the pipette
solution to minimize effects on resting [Ca?*]; or the endog-
enous buffering capacity of the cell. Under these conditions,
free [Ca®*] in the pipette was 20 nM, measured using fura-2
as described previously (Grynkiewicz et al., 1985). Perforated-
patch experiments (Horn and Marty, 1988) were conducted
with a pipette solution containing (in mM) 55 KCI, 70 K,SO,,
7 MgCl,, 5 p-glucose, and 10 K-HEPES (pH 7.2), with 200
ug/ml nystatin (Sigma Chemical Co., St. Louis, MO). In all
experiments, an Axopatch 1B (Axon Instruments) patch-clamp
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amplifier was used in the voltage-clamp mode, and the output
was filtered at 2 kHz with an 8-pole Bessel filter (Frequency
Devices, Haverhill, MA). Stimulation and recording was done
with a PDP computer and interface (Indec Systems, Sunnyvale,
CA). In voltage-ramp experiments, the holding potential was
—60 mV; ramp data were corrected for linear leakage and
capacitive current recorded between —80 and —40 mV im-
mediately after break-in and were filtered off-line at 300 Hz
using a digital Gaussian filter algorithm. Command voltage
was corrected for liquid junction potentials between pipette
and bath in whole-cell and perforated-patch experiments (—13
and —10 mV, respectively).

Jurkat cells, loaded with fura-2 as described above, were
illuminated using a Zeiss 100-W Hg arc lamp (attenuated 200-
fold) and 350- and 385-nm interference filters (bandwidths
= 10 nm). Emitted fluorescence at 500 nm (100-nm bandwidth)
was collected through a pinhole equal to the cell diameter,
with a photomultiplier tube (Model 647-04, Hamamatsu) and
photon-counting photometer (Model 126, Pacific Instruments,
Concord, CA). A 63X oil-immersion lens was used (Zeiss
Neofluar, N.A. 1.25). To avoid dye bleaching, an electronic
shutter restricted the illumination to a 50-ms period every 1-
2 s. Photomuiltiplier output was sampled and processed on-
line using the patch-clamp interface described above.

Calibration of cellular fura-2 signals

Attempts to calibrate cellular fura-2 signals using fura-2 in free
solution (K aspartate solution with either 10 mM EGTA or 10
mM CaCl,) yielded inaccurate results, often producing esti-
mates of cellular [Ca?*]; less than zero. This problem results
from changes in the properties of fura-2 brought about by the
intracellular environment (Almers and Neher, 1985; Malgaroli
et al., 1987; Konishi et al., 1988). Therefore, all calibrations
were performed with dye-loaded cells according to the patch-
pipette method of Almers and Neher (1985). Cells were loaded
with fura-2/AM as described above, then plated onto coverslips
treated with poly-D-lysine (0.2-0.5 mg/ml; Sigma). Rmi» was
measured as the R value following break-in with a pipette so-
lution of K aspartate and 10 mM EGTA. R« was determined
as the R value after break-in with K aspartate and 10 mM
CaCl, or as the R value of intact cells incubated in 5 uM iono-
mycin and Ringer solution containing 10 mM CaCl,. K* was
determined after break-in with a K aspartate solution containing
30 mM EGTA and 180 nM free Ca?*.
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