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Abstract-T lymphocytes and NK cells depend on extracellular Ca*+ to mediate cellular cytotoxicity. 
In the present work, we have used pharmacological tools to analyze the nature of this calcium 
dependence. Ca 2+ channel blockers like nifedipine > diltiazem > verapamil > cobalt chloride inhibited 
NK killing but at con~ntrations higher than those sufficient to block voltage-operated Caz+ channels. 
Quercetin and TMB-8 also suppressed killing. Depolarization or NK cells with high K+ concentration 
resulted in partial inhibition of lysis in contrast to hyperpolarization with K* ionophore valinomycin 
which had no effect. Depolarization of hyperpolarization in the presence of a protein kinase C activator 
(phorbol ester, ‘WA) did not initiate killing of NK resistant target cells. Of the two K+ channel inhibitors 
tested, 4-AP and TEA, only 4-AP was in~bito~ for NK killing. No release of membrane-bound Ca2+ 
as judged by chlorotetracycline fluorescence could be detected in the NK cell population during binding 
to target cells although an influx of 4sCa2c into the NK cell population was found. Treatment of NK 
cells with calcium ionophore A23187 did not trigger killing, but lysis could be induced by simultaneous 
stimulation with A23187 and TPA. The results indicate that NK killing depends on Ca’+ channels that 
are different from voltage operated channels and that intracellular Ca2+ may act in concert with protein 
kinase C activation. 

During a cellular immune response, different types 
of cytotoxic lymphocytes are activated. T cells recog 
nize and kill target cells by genetically rearranged, 
specific cell surface receptors whereas NK cells attach 
by undefined non-adaptive receptors [l, 21. NK cells 
are believed to form a first line of defence against 
small numbers of tumor cells and infected host cells 
whereas adaptive T cells are required for a more 
efficient and prolonged ~munolo~cal control. 

Ca2+$ is obligatory in T and NK cell killing for 
supporting the lethal hit [3,4]. The exact role for 
Ca2+ in killing has not yet been defined although 
Martz et af. concluded from an earlier study that 
Ca*’ may act primarily extracellularly 131. However, 
recent data have shown that activation of various 
lymphocyte receptors is associated with rapid 
increases of cytosolic free Ca*+ f5-91, which is 
inhibited by Ca*+ channel antagonists [6,8]. Since 
NK cells express some of the relevant T cell receptors 
[lO-121, these findings may be relevant for our under- 
standing of the function of Ca*’ in NK killing. 

In the present work we have used a series of 
different drugs in an attempt to further elucidate the 
role of Ca*+ in NK killing. The data indicate that an 
influx of external Ca*+ is required for activation of 
NK killing, but these Ca*+ channels in NK cells may 
differ from those in, for example, smooth muscle. 
Furthermore, elevated intracellular CaZ+ only seems 

$ Abbreviations used: Ca2+, calcium; K+, potassium; 
Na+, sodium; Sti+, strontium; TMB-8,8-(NJV- 
diethyl~no)oxtyl 3,4,5-t~methoxybenzoate hydro- 
chloride; TPA, 12-0-tetradecanoylphorbol 13-acetate; 
TEA, tetraethylammonium chloride; 4AP, 4-amino- 
pyridine; NK, natural killer cells. 

to activate killing when protein kinase C is also 
activated. 

MATERIALS AND ~THO~S 

Chemicals. Diltiazem, nifedipine, verapamil, 
quinidine sulphate, cobalt chloride, 8-(N,N- 
diethylamino)octyl3,4,5-trimethoxybenzoate hydro- 
chloride @MB-g), valinomycin, potassium chloride, 
veratridine,. tetrodotoxin, ouabain , 4- 
aminopyndme, tetraethylammonium chloride, ion- 
ophore A23187,12-0-tetradecanoylphorbol13-acet- 
ate (TPA) and quercetin were purchased from Sigma 
Chemical Co. (St Louis, MO). Anti IgM was pur- 
chased from Dako-immunoglobulins (Copenhagen, 
Denmark). 0KT3 monoclonal antibody was 
obtained from Ortho Diagnostic Systems Inc. 
(Raritan, NJ}. 

Purijication of lymphocytes. Peripheral blood 
lymphocytes were obtained from normal healthy 
blood donors. Lymphocytes were collected by buoy- 
ant density centrifugation on Ficoll-Isopaque [13] 
and washed three times in phosphate-buffered saline. 
After the final wash, the cells were resuspended in 
RPM1 1640 supplemented with 10% fetal calf serum. 
Adherent cells were removed by passage through a 
nylon wool column after a preincubation period of 
30 min at 37”. 

Selection of OKT3-cells by the panning method. 
The obtained lymphocytes were fractionated into 
OKT3+ and OKT3- populations according to the 
method described by Ullberg and Jondal 1131. 
Briefly, cells were treated with mouse anti-OKT3 
monoclonal antibodies and the 0KT3 positive popu- 
lation of cells was adsorbed onto plastic petri dishes 
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coated with immunosorbent purified rabbit anti- 
mouse IgG. The free floating 0KT3 negative popu- 
lation was removed by decanting and the cells were 
twice with phosphate buffered saline to remove 
remaining antibody. 

Cell lines. Target cell lines were maintained in 
tissue culture in RPM1 1640 containing 10% fetal 
calf serum and antibiotics. K-562 line is a cell line 
from a patient with chronic myeloic leukaemia [14] 
and Molt-4 is a T-cell line derived from a patient 
with acute lymphocytic leukaemia [15]. Daudi and 
Raji cell lines are both B cell lines from Burkitt 
lymphoma [16,17]. 

Labelling of target cells. Fifty micro Curies of 
Na(51Cr)20, were added to approximately 2 X lo6 
cells in 200 1-11 and were incubated at 37” for an hour. 
The cells were then washed three times and a further 
incubation for 20 min to lower the spontaneous 
release. After this incubation, the cells were washed 
twice and diluted to the required concentration. 

Determination of NK cell activity. Cytotoxicity 
assays were carried out in duplicates using 96 wells 
V-shaped microtitre plates. The total volume of each 
well was 150 ~1. A 20: 1 effector cell to target cell 
ratio were used. The effector cells were preincubated 
with the various drugs tested at the different con- 
centrations used for 20 min at room temperature. 
Thereafter, the target cells were added to the wells 
for a 4 hr incubation period at 37”. Fifty microlitres 
of the supernatant from each well was harvested and 
counted in a LKB gamma counter. Percentage of 
killed target cells was calculated as 

100 x 
test release - spontaneous release 

80% of total label - spontaneous release 

In assays where results are given as 51Cr-release (%), 
the values are obtained from the above equation. 
When results are stated as 51Cr-release (% of 
control), the values are calculated using the data 
from percentage of killed target cells by effector cells 
that were not treated with any drugs as control. 

Binding assay in agarose. The target binding assay 
used to study conjugates at the single cell level was 
carried out as described by Ullberg and Jondal [13]. 

4sCa2+ uptakestudies. In the 45Ca2+ uptake studies, 
different ratios of effector to target cells were used. 
Nylon wool passed cells were suspended in 250 ~1 
RPM1 medium with 10% fetal calf serum in 5 ml test 
tubes. Five microCuries of 45CaC12 were added to 
test tube. After incubation at 37” for 30 min, varying 
concentrations of target cells used were added except 
for a set of duplicate tubes which serves as control 
for the effector cell fraction as well as tubes with 
target cells alone. In some tests Daudi cells were used 
after pretreatment with anti-IgM before addition 
to the effector cell population. Effector-target cells 
were spun for 1 min to ensure contact between the 
two populations of cells. All tubes were incubated 
at 37” for another 15 min and the assay was stopped 
by addition of 3 ml ice-cold RPM1 1640 medium 
containing 2 mM of lanthanum chloride and the tubes 
were left at 4” for an hour to remove extracellular 
Ca2+. After 1 hr, the cells were washed three times 
with ice-cold medium. Care was taken to remove 
excess medium from tubes. Two blank control tubes 

were also treated in the same way. Traces of 45CaC12 
in the control tubes were subtracted from the test 
counts. When the cell pellet was ready, 500 ~1 of 
water was added to each tube, including the blank 
control. This volume was then transferred to plastic 
vials and 4 ml of scintillation fluid was added to each. 
The amount of radioactivity was counted using LKB 
beta counter. 

Labelling of lymphocytes with chlorotetracycline. 
OKT3- cells at 10 x lo6 cells per ml were treated 
with 50 PM of chlorotetracycline for 20 min at 37”. 
The cells were washed three times with RPM1 1640 
medium supplemented with 5% fetal calf serum. 
OKT3- cells were then spun down together with 
target cells at a ratio of 1: 1. The cell pellets were 
resuspended lightly and incubated for 10 min at 37”. 
Fluorescence studies were carried out using a stand- 
ard U.V. microscope. 

RESULTS 

Inhibition of NK cell cytotoxicity by Ca*+ antagonists 

Several different compounds, which represent a 
chemically heterogenous group and have been 
described as Ca*+ channel antagonists, Ca*+ entry 
blockers or slow channel blockers [18] were tested. 
All inhibitors, including verapamil, cobalt chloride, 
diltiazem, nifedipine suppressed NK killing (Fig. 1). 
Nifedipine gave a 50% inhibition at approximately 
3 ,uM whereas diltiazem and verapamil gave a com- 
parable inhibition at doses between 5 PM and 50 PM, 
respectively. Cobalt chloride gave a similar inhibition 
at approximately 150pM. Inhibition of both Ca*+ 
and Na+/K+ ATPase with quercetin suppressed lysis 
(Fig. 2) whereas inhibition of Na+/K+ ATPases by 
ouabain (1 mM) was ineffective (data not shown). 
TMB-8, which has been suggested to stabilize Ca*+ 
binding to cellular stores [19] and to inhibit receptor- 
operated Ca2+ channels [20], also inhibited NK cell 
lysis with 50% inhibition found at 50pM (Fig. 2). 
Some of the Ca*+ channel inhibitors, quercetin, 
TMB-8 and the calmodulin inhibitors were also 
tested in the agarose single cell assay for inhibition 
of target cell conjugation or inhibition of the lytic 

7 

0.1 ; lb 160 1000 
concentration in PM 

Fig. 1. The effect of inhibitors of Car+ influx on NK cell 
killing. Effector cells were pretreated with the various drugs 
for 30 min at room temperature before the addition of K562 
target cells for a 4 hour NK cytotoxicity assay. Cytotoxicity 
is given as percentage of control killing in medium. A = 
nifedipine, B = diltiazem, C = verapamil and D = cobalt 
chloride. Values are given as mean + SEM from 3 

experiments. 
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Fig. 2. The effect of two inhibitors of CaZ+ utilization on 
NK cell killing. The experiments were carried out with 
conditions similar to those as described in Fig. 1. Cyto- 
toxicity values are calculated as percentage of control killing 
in medium. A = quercetin and B = TMB-8. Values are 

given as mean + SEM from 3 experiments. 

triggering at the post-target cell binding stage. None 
of the inhibitors influenced target cell binding by 
enriched NK cell population. 

Effect of membrane hyperpolarization and de- 
polarization on NK cell cytotoxicity 

NK cells were treated with the K+ ionophore, 
valinomycin (Fig. 3) and by high external K+ con- 
centration (Fig. 4) in the presence and absence of 
protein kinase C activator TPA. Valinomycin did 
not influence killing of NK susceptible K562 cells or 
induce killing of NK resistant Raji cells. Sim- 
ultaneous protein kinase C activation only resulted 
in some inhibition of lysis as found earlier [21]. 
Depolarization resulted in partial inhibition of K562 
killing but did not induce any substantial amount of 
killing of target cell Raji even in the presence of 
TPA. 

Effect of K+ and K+/Na+ channel inhibitors on NK 
cell cytotoxicity 

The Na+ channel activator veratridine suppressed 
NK lysis by ,50% at approximately 12 PM (Fig. 5). 
However, the inhibitor of voltage-dependent Na+ 

K562 target cells 
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concentration of KCI (mM) 

Fig. 4. High K+ concentrations cause a partial inhibition of 
NK lysis. In this set of experiments, Hanks’ Balanced Salt 
Solution with one modification were used. KC1 was omitted 
in the preparation of the medium. Effector cells were 
suspended in this balanced salt solution with increasing 
concentration of KC1 for 30 min at room temperature 
before the addition of either K562 cells or Daudi cells as 
target cells in a 4 hr NK cytotoxicity assay. The combined 
effect of KC1 and TPA was also studied. Cytoxocity is given 
as percentage of specific Wr-release. The results were 

reproducible in two other experiments. 

channels tetrodotoxin, did not influence lysis by itself 
and did not neutralize the veratridine inhibition when 
it was used at a concentration sufficient to neutralize 
the action of veratridine. The veratridine suppression 
was probably dependent on a depolarizing effect or 
the effect mimicks that obtained by high K+. The 
K+/Na+ channel inhibitor ouabain (data not shown) 
and the K+ channel inhibitor TEA did not influence 
killing (Fig. 6), although 4-AP gave a 50% inhibition 
at concentrations slightly above 1 mM (Fig. 6). 

Induction of killing against NK resistant target cells 
with calcium ionophore A23187 and TPA 

Ca2+ ionophore A23187 was added to unfrac- 
tionated or NK cell enriched population when tested 
against resistant Raji cells (Table 1). No induction 
of lysis was obtained when the ionophore was used 
in the concentration range over 5 ,uM and 0.16 PM. 
When ionophore treatment was combined with TPA 
stimulation (50 ng/ml), a reproducible induction of 
lysis occurred both in unfractionated, non-adherent 
lymphocytes and in the NK cell-enriched population 

P21. 

Raii target cells 

u valinomycin 

M valinomycin and 50 nglml TPA 

100 1000 0 10 100 1000 
concentration of valinomycin Ml) 

Fig. 3. Valinomycin does not influence NK killing. The influence of valinomycin was used to study NK 
cell cytotoxicity on both an NK sensitive target cell line (K562) and an NK resistant cell line (Raji) in 
a 4 hour NK cytotoxicity assay. The combined effect of valinomycin and activation of protein kinase C 
by TPA was also studied. Cytotoxicity is given as percentage of specific Wr-release. Similar results 

were obtained in another 2 experiments. 
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Fig. 5. Effect of drugs affecting Na+ channel. Effector cells 
were pretreated with either drugs alone or in combination 
for 30 min at room temperature before the addition of 
K562 target cells for a 4 hr NK cytotoxicity assay. A = 
tetrodotoxin, B = veratridine and C = veratridine and 
tetrodotoxin (1 @vI). Values are given as percentage of 
killing in control medium, mean + SEM from 3 

experiments. 

No release of ~nir~cellular, membrane bound Ca2+ 
during NK cell binding to .target cells 

No adherent peripheral lymphocytes were frac- 
tionated into OKT3+ and OKT3- fractions by the 
panning method [13]. The OKT3- fraction is 
enriched in NK cells as detected by morphology, 
number of target binding cells and lytic activity. 
OKT3- cells were labelled with chlorotetracycline 
and a distinctive fluorescent pattern was seen in 
almost all cells using excitation and emission wave- 
lengths of 380 nm and 520 nm, respectively. This 
fluorescence reflects the intracellular content of 
membrane bound Ca2* and is rapidly lost when Ca2’ 
is mobilized from the membrane pool as shown by 

-TE* 
L 4-AP 
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Fig. 6. Effect of drugs affecting K+-channel. Effector cells 
were pretreated with either drugs alone or in combination 
for 30 mitt before the addition of K562 target cells for a 4hr 
NK c~otoxicity assay. ~oto~~ty is given as percentage 
of killing in control medium. 4-AP = 4-atninopyridine and 
TEA = tetraethylammonium chloride. Values are given as 

mean -t SEM from 3 experiments. 

stimulation of human neutrophils 1231. Highly NK 
active, chlorotetracycline-labelled OKT3- cells 
were then conjugated to different target cells and 
the percentage of chlorotetracycline positive cells 
in the target-bound and unbound fractions esti- 
mated in UV light (Table 2). Several different effec- 
tor cell populations were tested at different time 
points. No loss of chlorote~acycline fluorescence 
was seen in the target-bound fraction which comprise 
of at least 50% of active killer cells against Molt-4 
target cells [24]. 

Uptake of 45Ca2+ swing effector cell conjugation to 
different target cells 

Non-adherent peripheral lymphocytes were con- 
jugated to K-562 target cells and to Daudi target 

Table 1. Induction of killing of NK resistant target cell line Raji by treatment with Ca*+ ionophore 
A23187 and phorbol ester TPA 

Cytotoxicity (Wr-release) 
Ionophore 

(nGZ1) 
Target unfractionated OKT3- 

W) cell exp 1 exp 2 exp 1 Exp 2 

5 50 31.2 13.6 28.4 11.9 
2.5 50 28.2 12.4 27.1 8.3 
1.25 50 22.1 10.1 24.6 7.8 

0.63 50 

I 

Raji 19.3 8.9 21.3 0.31 50 14.6 5.8 12.5 ::: 
0.16 50 6.7 3.0 7.3 2.1 

5 - 
~ 

2.0 1.9 6.7 0.1 
2.5 - 1.9 0.2 4.2 05 
1.25 - 0.8 1.0 2.9 0.0 
0.63 - Raji 0.1 1.2 1.7 0.2 
0.31 - 0.9 0.5 1.5 0.0 
0.16 - 0.8 0.6 0.9 0.3 

- 50 Raji 1.2 0.4 0.1 0.5 
- - Raji 2.5 1.2 2.1 1.2 

- - K-562 55.2 15.6 66.7 17.4 

Combined effect of phorbol ester, TPA and Ca2+ ionophore A23187 on NK killing of a resistant 
target ceil line, Raji. 
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Table 2. No release of membrane bound Ca2+ in NK cells during conjugation to susceptible 
target cells detectable by loss of chlorotetracycline fluorescence 

Target 
cell TBC* 

CTC positive cellst 
TBC non-TBC 

NK lysis 
2O:l 1O:l 

(% specific 
Yr-release) 

K.562 29.6 92.1 95.1 65.2 48.4 
Molt-4 27.3 95.2 98.5 55.3 42.8 
Raji 32.6 89.2 88.2 7.1 3.2 

* TBC = target bound lymphocytes as percentage of whole OKT3 negative cell fraction. 
t Chlorotetracycline positive cells as percentage of either the TBC fraction or the non- 

TBC fraction. 
NK lytsis was tested in a standard 3-hr assay with OKT3- effector cells, fractionated by 

the panning method (see Materials and Methods section). 

cells pretreated with anti-IgM or concanavalin A as 
described in the Materials and Methods section. 
Untreated Daudi cells are comparatively resistant to 
NK whereas Daudi cells pretreated with rabbit IgG 
anti-human IgM are readily killed in an anti-body- 
dependent cellular cytotoxicity reaction. Target and 
effector cells incubated alone with 45Ca2+ have a 
background uptake reflecting the normal turnover 
rate (Table 3). When K-562 was used in the test, a 
strong uptake was found in contrast to Daudi cells 
which did not give any specific uptake above back- 
ground values. When Daudi cells were pretreated 
with anti-IgM antibodies, a strong uptake of 45Ca2+ 
was found in parallel with a strong cytotoxicity reac- 
tion The specific 45Ca2+ uptake was detectable 
within minutes and reproducibly found with several 
different target cells as will be presented in more 
detail elsewhere [22]. 

DISCUSSION 

The present data indicate that NK killing depends 
on an uptake Ca2+ into the effector cells. Thus, at 
least some of the well-known [3,4] calcium depen- 

dency of the killing may be due to uptake of calcium. 
Our results also indicate that the Ca*+-influx is not 
through the classical voltage-operated channels even 
though it is blocked by compounds such as nifed- 
ipine, diltiazem, verapamil and cobalt chloride [25]. 
These compounds are also effective in suppressing 
mast cell release of histamine [26]. They are less 
potent in inhibiting histamine release and in sup- 
pressing NK killing than in relaxing smooth muscle 
[25]. For example, we found nifedipine to block 
NK cell killing with an ECSO close to 3 PM (Fig. 
l), whereas the ECSO for relaxation of potassium 
depolarized smooth muscle is usually between 3 and 
20 nM [27]. Such quantitative comparisons indicate 
that the mechanism by which these drugs inhibit 
histamine release or affects NK cell killing, is dif- 
ferent from the main function for which they are 
used clinically, i.e. inhibition of voltage- dependent 
Ca*+ channels. Also, no voltage-dependent Ca2+ 
channels have been found in NK cells using patch- 
clamp techniques [28,29]. 

TMB-8 inhibited NK cell killing at concentrations 
that have been shown to block calcium entry and 
contractile responses in smooth muscle [19]. Simi- 

Table 3. Uptake of “Ca2+ during effector cell conjugation to K-562 target cells and to 
Daudi cells pretreated with anti-IgM 

Target* 
cell 

Effector 
cell added 

Cytoxicity 
(% “Cr-release) 

15Ca2+-uptake 
(cpm)t 

K-562 
Daudi 
Daudi/anti IgM 
- 

K-562 
Daudi 
Daudi/anti Ig-M 

- 13503 
- - 4098 
- - 3344 
+ - 10879 
+ 43.2 86596( +62124) 
+ 2.1 16344( + 1367) 
+ 63.8 213844( + 199621) 

* K-562, Daudi and anti-IgM labelled Daudi cells were used as target cells. NK lysis 
was tested in a three hour standard assay. 

t 45Ca*+-uptake was tested as described in M&M section. Values in the parenthesis 
indicate above controls target and effector cells alone. In order to assess that the calcium 
flux is into the effector cell population in the conjugation assays, varying ratio of effector: 
target cell were carried out. If the number of target cells was doubled, there was a 
corresponding uptake of calcium in the isolated cells but the specific uptake remained 
essentially the same. If the number of effector cells was reduced by 50%. there was a 
corresponding decrease in the specific uptake of calcium. 
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larly quercetin was effective in concentration similar 
to those shown to block histamine release from mast 
cells induced by a variety of different agents [30]. 
While the exact mechanism behind the action of 
these two agents is unclear, their inhibitory effects 
further emphasize the importance of increases in 
intracellular calcium for NK cell killing. 

Recently voltage-gated K+ channels were found 
in NK cells [27,28]. DeCoursey et al. [ 19851 pointed 
out that these are inhibited by Ca2+ channel antag- 
onists and that therefore an effect on lymphocyte 
function by these compounds cannot be taken as 
evidence for a role of Ca2+ channels [28]. However, 
the order of potency of these compounds to block 
K+ channels is verapamil > nifedipine > diltiazem 
[31], which is quite different from the order of 
potency to block NK cell killing that we observed. 
Therefore, we favor the interpretation of Birx et al. 
[32] rather than Chandy et al. [27,31], i.e. that the 
results with Ca2+ antagonists indicate a role of CaZ+ 
channels in combination with K+ channels. 

but it may not be sufficient, and killing may be 
triggered simultaneous stimulation with Ca*+ ion- 
ophore and a protein kinase C activation. No gross 
release of intracellular membrane-bound Ca*+ was 
detected during NK cell conjugation to target cells, 
although a prompt NK uptake of 45Ca2f was seen 
during killing of K562 target cells. A reasonable 
interpretation of the findings is that NK cell lysis 
depends on receptor-operated Ca*+ channels. For 
example, it is possible that conjugation of effector 
cells with their target leads to the formation of inosi- 
to1 phosphates which open up calcium channels [34]. 

Acknowledgements-This study was supported by the 
Swedish Cancer Association, Karolinska Institute and 
Gustav V Foundation. 

REFERENCES 

1. M. Kronenberg, G. Siu, L. E. Hood and N. Shastri, 
Ann. Rev. Irnmunol. 4, 529 (1986). 

To further investigate the involvement of changes 
in membrane potential or K+ channel conductance 
in NK killing, we tried to induce potential alterations 
by valinomycin (hyperpolarization) or high external 
K+ concentrations and veratridine (depolarization) 
and found that only high K+ concentration caused a 
partial inhibition of lysis even in the presence of 
the protein kinase C activator, TPA. Interestingly, 
valinomycin and high K+ concentrations were found 
by Oettgen et al. to affect anti-CD3 induced Ca*+ 
uptake by Jurkat cells the initial step in the activation 
of IL-2 production [8]. Therefore, the triggering 
of the NK cell to cause lysis seems to differ from the 
triggering by antibody of the Jurkat cell to cause IL- 
2 production. Possible reasons for this difference are 
subject of other studies. 

2. P. Henkart and E. Martz (Eds.), Aechnnisms of Cell- 
Mediated Cvtotoxicim II. Adv. EXD. Med. Biol. 184 
(1984). ’ ’ 

3. G. Berke, Immunol. Rev. 72, 5 (1983). 
4. E. Martz, W. L. Parker, M. K. Gately and C. D. 

Tsoukas. in Mechanisms of Cell-Mediated Cvtotoxicitv 
(Eds. W: B. Clark and P.‘Goldstein), n. 121. Plenum 
Press, New York (1982). 

, _ 

5. A. Weiss. J. Imboden. D. Shoback and J. Stobo. Proc. 
natn. Acad. Sci. U.S.>. 82, 4169 (1984). ’ 

6. J. B. Imboden, A. Weiss and J. D. Stobo, Immunol. 
Today 6, 328 (1985). 

7. J. B. Imboden and J. D. Stobo, J. exp. Med. 161, 446 
(1985). 

Most K+ channels are blocked both by TEA and 
4AP. The potassium channels in lymphocytes are 
blocked by 4AP (0.2 mM) and TEA (10 nM) [29]. 
We found that 4AP did block NK cell killing, but 
TEA did not. The low potency of 4AP and the 
ineffectiveness of TEA could be taken as evidence 
against a role of K+ channels. However, it is known 
that some K+ channels require high amounts of TEA 
for blockade [33] and it is possible that a substantial 
number of the K+ channels need to be blocked in 
order for killing to be inhibited. Thus, it seems more 
likely that the positive results with 4AP depend upon 
the presence of important K+ channels, but that 
these are somewhat different from K+ channels in 
neurons which are blocked by lower concentrations 
of the antagonists. 

8. H. C. Oettgen, C. Terhorst, L. C. Cantley and P. M. 
Rosoff, Cell 40, 583 (1985). 

9. K. O’Flynn, M. RussulSaib, I. Ando, D. L. Wallach, 
P. C. L. Beverley, A. W. Boylston and D. C. Linch, 
Immunology 57, 55 (1986). 

10. T. Hercend, E. I. Reinherz, S. Meuer, S. F. Schlossman 
and J. Ritz, Nature, Land. 301, 158 (1983). 

11. T. Hercend, J. D. Griffin, A. Benaussan, R. E. 
Schmidt, M. A. Edson, A. Brennan, C. Murray, J. F. 
Daley, S. F. Schlossman and J. Ritz, J. clin. Invest. 75 
932 (1985). 

12. L. L. Lanier, S. Cwirla, N. Federspiel and J. H. Phillips, 
J. exp. med. 163 209 (1986). 

13. M. Ullberg and M. Jondal,J. exp. Med. 153,615 (1982). 
14. C. B. Lozzio and B. B. Lozzio, J. natn. Cancer Inst. 

50, 535 (1973). 
15. J. Minowada, T. Ohnuma and G. E. Moore, J. natn. 

Cancer Inst. 49, 891 (1972). 

The induction of Raji cells killing with the com- 
bined treatment of Ca*+ ionophore and phorbol ester 
demonstrates that a Ca*+ influx alone is not sufficient 
to induce killing as earlier noted by Martz et al. [4]. 
The Ca*+ and TPA induced killing was a repro- 
ducible finding in several repeated experiments and 
was also detectable in the T cell fraction of cells 
expressing the T3 marker. The induction of lysis in 
both NK and non-NK cells suggests either that this 
stimulation triggers multiple effector cell populations 
or that it is unrelated to the normal lytic machinery. 

16. E. Klein, G. Klein, J. S. Nadkarni, J. J. Nadkarni, H. 
Wigzell and B. Clifford, Cancer. Res. 28, 1300 (1962). 

17. L. Sternas, J. Luka, B. Kallin, B. F. Vestergaard and 
G. J. Klein, Virolog. Methods 4, 229 (1982). 

18. D. J. Triggle, in Calcium Blockers: Mechanisms of 
Action and Clinical Applications (Eds. S. F. Flaim and 
R. Zelis), p. 121. Urban & Schwarzenberg, Munchen 
(1981). 

19. C. Y. Chiou and M. H. Malagodi, Br. J. Pharmac. 53, 
279 (1975). 

20. N. Sasakawa, S. Yamamoto, K. Ishii and R. Kato, 
Biochem. Pharmac. 33, 4062 (1984). 

21. G. Trinchieri and B. Perussia, Lab. Invesf. 50, 480 
(1984). 

22. M. Jondal, J. Ng, M. Patarroyo and P. A. Brohden, 
Immunology 59, 347 (1986). 

In summary, the present results indicate that an 23. P. A. Henkart. Ann. Rev. Immunol. 3. 31 11985). 
24. E. R. Podack,‘Immunol. Today 6, 21 (1985). ’ increase in intracellular Ca2+ is required for NK lysis, 



Cakium dependence of human NK cell killing 3949 

25, M, budding, TIBS 109 (March 1985). 31. K. G. Chandy, T. EL ~eCou~y, M. D. Cahalan, C. 
26. M. Enis, P. W. Ind, F. L. Pearce and c. T. Dollery, McLa~g~in and S. Gupta, J. exp, Med. 160,369 (1984). 

Agents Actkms 13,144 (1983). 32. D. L. Birx, M. 3erger and T. A. Fieisher, 1. lmmunof. 
27. C, Cauvin, R. Lontzenhiser and C. Van Breemen, Ann. 133,2904 (1984). 

Reu. Pharmac. Tmic. 23, 373 (1383). 33 ~ B . HiIle , in Ionic Chrmr& a$ ExciraBIe ~e~~~~~, p. 
28. T. E. DeCcrursey, K. G. Ctaandy, S. Gupta and M. D. 58. Simauer Associates (1984). 

Cahalan, f. ~e~o~~u~5~. 10,71 (198.5). 34. R. F. Irvine and R. M. Moor, 3iockern. J. t10, 927 
29. L, Schlichter, N. Side11 and S. Hagiwara, Proc. mtn. [1986)* 

Acad. Sci. U.S.A. 83, 451 (1986). 
30. E. Middleton Jr. and G. Drewiecki, Bi~c~~~. Biuphar- 

mat. 33,3333 (1984). 


