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Activation of T lymphocytes results in an increase in intracellular Ca 2~ due in large part to influx of extracellular Ca-". Using the patch clamp 
technique, an inward current in Jurkat T lymphocytes yeas observed upon depolarization from a holding potential of -90 mV hut not from -60 
inV. This whole-cell current was insensitive to tetrodotoxin, carried by Ba:+, and blocked by NF +. Occupancy of the T b'mphocyte antigen receptor 
increased the current's magnitude, These data suggest that antigen receptor-induced Ca -'+ entry in T lympho~tes may be mediated by a voltage. 

regulated Ca channel. 
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1. INTRODUCTION 

Activation of T lymphocytes is initiated by the bind- 
ing of appropriate antigen to the T lymphocyte antigen 
receptor. One of  the early events consequent to engage- 
ment of  the antigen receptor is an increase in the intra- 
cellular concentration of Ca :+ ([Ca~-+]i), which is critical 
for T lymphocyte activation [1-3]. This increase consists 
of an early, transient peak that is independent of ex- 
tracellular Ca :+ and a longer lived plateau that is de- 
pendent on influx of Ca "~ from outside the cell [2,4,5]. 
Despite the importance of Ca ~-÷ influx, which contrib- 
utes at least 80% to the overall increase in [Ca2+]i [3], the 
mechanism and regulation of  Ca ~-+ entry into T lympho- 
eytes is poorly understood. 

Initial electrophysiological examination of  T lympho- 
cytes found no evidence for voltage-gated Ca channels 
[6-9]. For this reason, lymphocytes have been placed in 
a class with other electrically n~r,-excitable cells thought 
to contain only receptor-operated Ca channels [10]. A 
receptor-operated channel, once opened by receptor oc- 
cupancy, would behave as a Ca2+-selective, aqueous 
pore with Ca 2÷ entering the cell down its electrical and 
chemical gradients. The role of membrane potential in 
such a system would be limited to providing the electri- 
cal component of  the inward gradient. This does not 
appear to be the ease in T lymphoeytes because both 
hyperpolarization and moderate depolarization elimi- 
nate receptor-mediated Ca 2~ e n t ~  despite the continued 
presence of an inward driving force for Ca ~-+ [1132]. 
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Using the patch clamp technique, we have identified 
a voltage-activated Ca ~-÷ current in T lymphoeytes from 
three human cell lines including Jurkat. Activation of 
Jurkat cells by antigen receptor occupancy resulted in 
an increase in the magnitude o f  this Ca 2. current, sug- 
gesting a functional link between the T lymphocyte an- 
tigen receptor and a voltage-gated Ca channel. 

2. MATERIALS AND METHODS 

2.1. Celt lines 
The T lymphocyte cell lines Jurkat, Molt-a, and HSB were cultured 

as described previously [13]. 

2.2. Etectrophysiology 
Cells were allowed to settle to the bottom of a 35 mm Petri dish 

coated with 0.1% poly-L-lysine (Siena Chemical, St. Louis, Me) and 
were maintained at 37°C in an open perfasion micro-incubator (Med- 
ical S~,stems Corp., Greenvale, NY). All recordings were performed 
using the whole cell, gigaseal patch clamp method [! 4,15] with micro- 
dectrodes of 10-15 MI9 series resistance. In all solutions, K" was 
replaced with Cs ÷ to block outward K* currents [16]. Unless otherwise 
noted, bath solutions contained fin mM): NaCI, 110; CsCl, 5; CaCl_,, 
10; MgCh., 2.2; D-glucose, 5.6; HEPES, 39 (pH 7.4 with NaOH). The 
pi~tta solution contained (in mM): CsCI, 130; C.aCI z, 1; NaCl, 20; 
EGTA, 11; HEPES, 5 (pH 7.3 with NaOH). Both solutions were 
290--300 toCsin. Records were low-pass filtered at 5 kHz, and the data 
were collected, stored and analyzed using th0 pClamp software pro- 
gram (Axon Instruments, Foster City, CA). 

3. RESULTS AND DISCUSSION 

The resting membrane potential of  T lymphoeytes is 
approximately -60 mV [l,1 l]. Depolarization of  Jurkat 
cells maintained at 37°C from a holding membrane po- 
tential of -60 mY did not evoke inward currents (Fig. 
la). However, in murine [1,I1] and human (data not 
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Fig. 1, Whole-cell currents recorded from Jurkat T lymphocytes. (a) Depolarization was to -20 mV (-20) or -10  mY (-10) from a holding potential 
of -60  mV, (b) Same cell as in (a), but depo!arized from a holding potential of  -90 inV. (c) Same cell as in (a) and (b), after returning the holding 

potential to -60  rnV. These and subsequent tracings are rcpresentatlve of 75% of more than 100 cells tested, 

shown) T lymphocytes ,one of  the earliest consequences 
of  antigen receptor engagement  is hyperpolarization of  
tile membrane potential  to -90  mV. As shown in Fig. 
1 b, depolarization o f a  Jurkat  cell from a holding poten- 
tial o f - 9 0  m~' resulted in the appearance of an inward 
current. This current activated very rapidly and inac- 
tivated within 10-20 ms. When the holding potential 
was returned to -60  mV, the depolarization-induced 
inward current disappeared (Fig. lc). 

In order to identify the carrier o f  this inward current, 
tetrodotoxin was added to the bath solution. Tetro- 
dotoxin,  a potent and  specific blocker of  Na channels 
[17], had no effect on the inward current (data not 
shown). Similarly, isosmotic replacement of extracellu- 
lar Na ÷ with te t raethylammonium,  which will not  trav- 
erse Na channels [18], did not affect the inward current 
(data not shown). It is therefore unlikely that Na  chan- 
nels are responsible for the inward current in Jurkat 
cells. 

Ni -~* has been shown to block Ca channels in many 
systems [16,19] and blocks Ca ~'* influx in receptor-stim- 
ulated Jurkat  cells when [Ca:+]~ is measured by fluorom- 
etry [20]. When Ni 2~ was added to the extracellular 
solution, the inward current (Fig. 2a) was completely 
blocked (Fig. 2b). This effect o f  Ni 2+ was reversed by 
exchanging the medium containing Ni -'÷ for medium 
without  Ni  "~÷ (Fig. 2c). Unlike Ni°-% Ba :÷ will pass 
through Ca channels and carry an inward current 
[16,21]. As shown ia Fig. 2d, the depolarization-induced 
inward current was present when Ca ~-+ in the bath solu- 
t ion was replaced with equimolar Ba ~-+. The current in 
response to depolarization with Ba 2÷ Present ( -112 pA 
__. 85, n = 4) was larger than that seen in medium con- 
taining Ca -~* (-27.0 pA +_. 13.0, n = 4, P < 0.05). This is 
consistent with increased Ba z, permeability through Ca 
channels [22]. The inward current, presumably carried 
by Ba 2+, was blocked by treatment with Ni -~+ (Fig. 2d). 
Taken together, the d a t a  suggest that the voltage-acti- 
vated inward current in Jurkat  cells is carried by Ca'% 

To determine whether  this Ca 2÷ current was unique 
to Jurkat  cells, two other T lymphocyte cell lines, Molt- 
4 and HSB, were examined. Fig. 3a dispiays current -  
voltage curves for the peak, inward current in a single 
Jurkat cell, showing a depolarization-induced inward 
current that  was eliminated by addit ion of Ni 2. to the 

bath solution. The current-voltage relation for a Molt-4 
cell is shown in Fig. 3b, before and after addition of  1 
m M  Ni 2÷ to the bath solution. Similar results were ob- 
tained for HSB cells (data not shown), indicating that  
the voltage-activated Ca 2" current is common to these 
three cell lines. Because Jurkat,  Molt-4 and HSB are T 
leukemia cell lines, one explanation for these results is 
that  expression of  a voltage-gated Ca channel is a prod- 
uct of  leukemic transformation. It is also possible that  
the channel is expressed in all T lymphocytes and plays 
a role in the activation of  normal T cells. 

A previous report described a voltage-activated Ca -°+ 
current in 40% of  examined Jurkat  cells [23]. It is un- 
likely tha t  the current of  that previous work is the same 
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Fig. 2. Effect o fNi  ~-÷ on the inward current in Jurkat cells. Panels (a), 
(b) and (c) are from a single Jurkat cell in a bath solution containing 
l0 mM Ca'-*. Panel Cd) is a different Jurkat cell in a bath solution 
containing 10 mM Beet: instead of CeCil. Tile holding potential for 
(a), (b) and (c) was -90 mV. (a) The depolarizin8 steps were to -10 
mV (-10) or 10 naV (÷ 10). (b) Same c~ll us in Ca), but following me 
addition of I mM N;CI: to the extraeellular solution. (e) Same cell as 
in (a) and (b) after exchange of medium containing Ni :+ for medium 
without Ni 2.. (d) The holding potential was -100 mV with depolariz. 
ing steps to 0 mV. Data were obtained sequentially from a single c~ll 
in the absence (-Ni) or presence (+Ni) of I m M NiCIa. Tile upper scale 
Cf-axis = 400 pA) is for panels Ca), (b) and Co). The lower scale (Y- 
axis = 100 pA) is for panel (d). The tracings are representative ofmore 

than 25 cells tested. 
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Fig. 3. Effect ofNi :~ on the inward current in Jurkat and Molt-4 cells. 
In the presence of 10 mM Ca :~, the holding potential was -90 mV and 
depolarizing pulses were applied at 2 s intervals. The largest inward 
current occurred at approximately 5-6 ms following the depolarizing 
pulse and steady state current was reached by 4B ms. For all depolar- 
izing pulses, the current at 45~4B ms was subtracted from the current 
at 5--6 ms to obtain the values shown. (a) Current-voltage relalion of 
a single Jurkat cell before * or after (X) the addition of 1 mM NiCl= 
to the bath solution. (b) The current-voltage relation of the inward 
current of a .~ingl¢ Moh-4 cell before * or after (x) the addition of 1 
mM bliCl, to the bath solution. These cells are representative of more 

than 10 cells tested. 

one examined in this report .  The  current  in the earlier 
study was very large and long lasting, properties similar 
to the L-type Ca channel [23]. In contrast ,  the Ca =÷ 
current  reported here is smaller and more  transient.  
Additionally, verapamil,  which blocks L-type Ca chan- 
nels [17] but  not T- type  Ca channels, has no effect on 
receptor-stimulated increases in [Ca:+]~ in cytolytic T 
lymphocytes [1 I] or Jurka t  cells (L.S.G.,  unpublished 
observation). The Ca 2. current  described in the present 
study is not blocked by verapamil (data not  shown). 
Taken  together, these data  suggest that the voltage- 
gated Ca channel examined in this report  is more  closely 
related to  the T- type Ca channel [22]. 

T o  investigate a possible role for a voltage-gated Ca 
channel in Jurkat  cell activation, the Ca-'* current  in 
activated and resting Jurkat  cells was examined. Anti- 
~ " "  , J K .  3, .-,,-.tt~,~t~ T ~ nao~ioclonal antibodies, such a~ c~ .r . . . . . . . . .  
lymphocytes in a manner  that is similar to relevant 
antigen [24], causing an increase in [Ca2+]~ that  depends 
in large part  on  influx [3]. When Jurkat  cells were 
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Fig. 4. Effect ofanti.CD3 monoclor~tl antibody, OKT3, on the inward 
current. The holding potential was -90 mV and depolarizing pulses 
were applied at 2 s intervals. The largest inward current occurred at 
approximately 6.5 ms following the depolarizing pulse and steady state 
current was reached by 45 ms. For all depolarizing pulses, the current 
at 45 ms was subtracted from the current at 6.5 ms to obtain the values 
shown. The current-voltage relationship of the inward current of an 
untreated cell (*) is compared to a ~11 treated with OKT3 at a concen- 
tration of 1 #g/ml (X) added 30 s before rupture of the membrane 

patch. Each curve is representztive of more that 20 cells tested. 

treated with O K T 3  before ruptur ing the plasma mem- 
brane to attain the whole-cell configuration,  the peak 
inward current was consistently increased in magnitude 
compared  to control  cells (Fig. 4). In response to  depo- 
larizing steps to 0 mV, the inward current  in cells treated 
with O K T3  was -56 .4  pA + 20,0 (n = 6), while in un- 
t reated cells it was -28 .7  pA __. 10.6 (n = 6, P < 0.01). 
In contrast ,  the inward current  was unaffected by  treat- 
mea t  with O K T 3  after rupture  o f  the membrane  under 
the patch pipette (data not  shown). Becau@ membrane  
rupture  results in dialysis o f  cellular contents  into the 
electrode solution [25], these results suggest that  the 
effect of  antigen receptor  st imulation on  the voltage- 
dependence o f  the inward current  is mediated by a dif- 
fusible, cytosolic molecule. Nonetheless,  it is clear from 
the data in Fig. 4 that  activation o f  intact Jurka t  cells 
via the antigen receptor  results in an increase in the 
whole cell Ca ~'+ current .  

This report  describes a receptor-linked, voltage-acti- 
vated Ca 2+ current  in Jurkat  T lymphocytes.  Ca  2~ influx 
was voltage dependent ,  a l though not linear with respect 
to voltage, suggesting that the current  is conducted via 
a voltage-gated channel  similar to that found in electri- 
cally excitable ceils. These experiments do not  provide 
evidence for any other  Ca "~ current  in these cells, al- 
though they do not rule out  the presence o f  a current  
tha t  is lost when attaining the whole cell configuration. 
Antigen-receptor  stimulation caused an increase in 
magni tude o f  the voltage-activated Ca 2. current  sug- 
gesting that this Ca channel is also agonist-dependent.  
This dual regulation o f  Ca channels by both  voltage and 
agonist is similar to that  seen in cardiac myocytes  [26]. 
In summary,  these data  suggest that there is a functional 
link between the T lymphocyte  antigen receptor  and a 
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vo l tage-ga ted  Ca  channel  which m a y  be responsible  for  
the  recep tor - induced  increase in [Ca2+]j tha t  is :necessary 
fo r  T l ymphocy te  act ivat ion.  
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