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Abstract-Niguldipine, a novel dihydropyridine derivative, was tested for its effects on the cytoplasmic 
free Ca2+ concentration of mouse thymocytes. In quin-2-loaded cells, a concentration-dependent rise 
of cytoplasmic Ca*+ can be detected, which requires extracellular Ca 2+. The effect of niguldipine reaches 
a maximum after about 5 min; a similar time course has been observed, when using concanavalin A as 
a stimulus. Niguldipine provokes influx of Ca *+ into thymocytes, but.not of Mn*+. Moreover, the effect 
of niguldipine exhibits some degree of stereospecificity, since (-)-niguldipine was more effective than 
its (+)-enantiomer. The action of niguldipine could be reversed by addition of bovine serum albumin, 
but not by addition of nitrendipine. None of several agents tested (e.g. felodipine, nitrendipine, 
trifluoperazine, cloxacepride, phenylephrine and ouabain) could mimic the effect of niguldipine at a 
concentration of 1 PM. 

Dihydropyridine (DHPt) derivatives are commonly 
used in the therapy of cardiovascular diseases and in 
addition as valuable research tools [l]. Their most 
striking feature is their affinity for the voltage-oper- 
ated Ca2+ channel. Depending on the substance, 
binding to the DHP-binding site can result in block- 
ade or activation of the channel [2-4]. Therefore 
DHP effects are mostly associated with the Ca2+ 
second messenger system. Niguldipine is a new DHP 
derivative with antihypertensive activity in animal 
models [5]. It binds to the DHP receptor on L- 
type channels and moreover to the cul-adrenoceptor 
subtype [6]. Beside this, niguldipine is a potent cal- 
modulin antagonist (Gietzen et al., unpublished 
data). In contrast to other potent and membrane 
permeable calmodulin antagonists like trifluo- 
perazine or felodipine, niguldipine has no auto- 
fluorescence and thus causes less problems in 
fluorescence assays as the measurement of cyto- 
plasmic free Ca*+ with quin-2. To examine the effects 
of this new interesting substance on the Ca2+ second 
messenger system, we choose mouse thymocytes as 
a cellular model. In the present paper, we show that 
niguldipine can reversibly increase cytoplasmic free 
Ca2+ in these cells. 

MATERIALS AND METHODS 

Materials. Racemic niguldipine (B844-39)) the 

* To whom correspondence should be addressed. 
t Abbreviations: AF, autofluorescence; BSA, bovine 

serum albumin; [Ca*‘],, cytoplasmic free Ca*+ concen- 
tration; Con A, concanavalin A; DHP, dihydropyridine; 
DMSO, dimethylsulfoxide; DTPN, diethylenetriamine- 
pentaacetic acid; EGTA, ethyleneglycolbis(2-amino- 
ethvletherXV.N.N’.N’-tetraacetic acid; quin-2/AM, quin- 
2-acetoxykethylkstdr; RPMI-FCS, RPM1 1640 Medium 
containing 10% (v/v) fetal calf serum. 

(+)- and (-)-enantiomers (B859-34 and B8.59-35, 
respectively) and nitrendipine were obtained from 
Byk Gulden-Lomberg GmbH (Konstanz, F.R.G.). 
Cloxacepride was provided by Merckle GmbH (Ulm, 
F.R.G.). Con A (Type V), BSA (Fraction V), DTPN 
and quin-2/AM were from Sigma (Heidelberg, 
F.R.G.) and Bay K 8644 from Calbiochem (Frank- 
furt, F.R.G.). Niguldipine, nitrendipine, felodipine 
and cloxacepride were dissolved in and diluted with 
DMSO. From these stock solutions, aliquots were 
added to cell suspensions to give a final DMSO 
concentration of 0.1% (v/v). Con A and DTPN were 
dissolved in Hepes-buffered saline as used for cell 
suspensions (see below). 

Animals. Male NMRI outbred mice, 3 to 6 weeks 
old, were obtained from the Zentralinstitut fuer Ver- 
suchstierzucht (Hannover, F.R.G.). 

Cells. Animals were killed and thymus glands were 
teased in RPM1 1640 Medium (Gibco) containing 
10% heat inactivated fetal calf serum (RPMI-FCS). 
Cells were suspended by gently pipetting and washed 
twice in RPMI-FCS. Cells were diluted to 20 x lo6 
cells/ml and kept in petri dishes at room tempera- 
ture. Cell viability, as checked by trypan blue dye 
exclusion, was more than 98%. As a more reliable 
criterion we used the ability of viable thymocytes to 
respond to 10 pg Con A/mL with an [Ca2+]i increase 
to more than 200 nM. 

[Ca2+]i measurement. For dye loading aliquots of 
the cell suspension were incubated with 20 PM quin- 
2/AM for 30 min at 37”. Then the cells were washed 
twice with RPMI-FCS and resuspended at 2 x lo6 
cells/ml in a buffer containing 145 mM NaCl, 5 mM 
KCl, 1 mM MgS04, 0.5 mM Na2HP04, 1 mM CaC12, 
10 mM Hepes (pH 7.35) and 1 g glucose/ml and 
stored at room temperature until use. RPMI-FCS 
adhering to the cells did not influence the measure- 
ment. Continuous fluorescence measurement was 
carried out with a Shimadzu RF-540 spectro- 
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Fig. 1. Concentration-dependent increase of [Ca’+], 5 min 
after addition of a single dose of racemic niguldipine (0, 
B844-39, (-)-niguldipine (0. B859-35) and (+)-nigul- 
dipine (m, B8.59-34). The symbols represent mean values 
of 4 to 8 different preparations. SD was in the range of 7 

to 17%. 

fluorimeter in a thermostatted pyrex glass cuvette at 
37” and constant moderate stirring. Excitation and 
emission wavelengths were 339 nm (slit 2 nm) and 
495 nm (slit lOnm), respectively. For some other 
measurements several samples were incubated out- 
side the fluorimeter and were only stirred during the 
fluorescent measurement (results in Fig. 7). Sub- 
stances were added after preincubation of the cells 
for 5 min at 37”. Controls were treated in the same 
way, except that DMSO was added instead of test 
substances dissolved in DMSO. However, DMSO 
alone was without effect. F,,, was determined after 
cell lysis with 0.025% (w/v) Triton X-100 in the 
presence of 15 yM DTPN. Autofluorescence (AF) 
of the cell suspension was measured after dye 
quenching with 1 mM MnCl*. [Ca*‘]i was calculated 
as described in Ref. 7: 

[Ca*+], = KD FF 
“‘IX 

where K, = 115 nM, and F,,,,” = l/6( F,,,,” - AF) 
+ AF. 

Statistics. Significance was tested with the 
Student’s t-test for unpaired samples. 

RESULTS 

In Ca?+-containing buffer, racemic niguldipine 
(B844-39) caused a concentration dependent 
increase of the fluorescence signal corresponding to 
cytoplasmic free Ca2+ concentrations with a maxi- 
mum of approximately 200 nM (Fig. 1) in mouse 
thymocytes. At all tested concentrations, the (-)- 
enantiomer B859-35 raised [Ca2+], to higher con- 
centrations than the (+)-enantiomer B859-34. This 
difference is significant (P < 0.01) for niguldipine 
concentrations 2300 nM. At about 1 PM, the curves 
for racemic niguldipine and its (+)-enantiomer reach 
a plateau. For (-)-niguldipine, a plateau was not 
completely reached within the concentration range 

Fig. 2. Time course of [Ca’+], after addition of 1 PM racemic 
niguldipine (B844-39, 0) and 10 pg/mL Con A (0). The 
symbols represent mean values of 5 and 4 different prep- 

arations for niguldipine and Con A, respectively. 

Con A 

b) 
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Fie. 3. Time course of the auin-2 fluorescence. (a) Sub- 
setuent addition of 1 /IM racemic niguldipine (6844-39) 
and 10 pg/mL Con A. Subsequent addition of two doses of 
1 PM B844-39 results in exactly the same time course and 
was therefore not shown. (b) Subsequent addition of 10 pg/ 

mL Con A and 1 PM B844-39. 

shown in Fig. 1. However, above 1 PM niguldipine, 
we obtained no reproducible results, which we attri- 
bute to the reduced solubility of the hydrophobic 
test substances at high concentrations. Anyhow, it is 
apparent that the lower response to the (+)-enanti- 
omer does not result from a shift of the dose- 
response curve to higher concentrations. 

After a single dose of 1 PM B844-39, the Ca?’ 
concentration reached its maximum within 5 min and 
then remained constant over the observed time 
period (Fig. 2). During this plateau phase, a second 
dose of 1 PM B844-39 (data not shown) or addition 
of Con A (10 pg/mL) did not alter the Ca2+ signal 
(Fig. 3a). When using Con A (10 pg/mL) as stimulus 
[Ca’+], was raised to higher concentrations than with 
B844-39. The maximum appeared 7 min after the 
stimulus and was followed by a decrease in fluor- 
escence signal (Fig. 2). Addition of 1 PM B844-39 to 
Con A-stimulated cells resulted in a further small 
increase in quin-2 fluorescence and hence in intra- 
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Fig. 4. Time course of quin-2 fluorescence signal in the 
presence of MnCl,. Mr? was 50 PM (first dose) and 1 mM 
(second dose), B844-39 1 pM, Triton X-1000.025%, DTPN 
each dose 15OpM. In the presence of Mn*+, addition of 
B844-39 results in an increase of the fluorescence signal, 
although the Mn2+ concentration was sufficient to quench 
the quin-2-derived fluorescence signal completely after cell 
lysis with Triton X-100. In this way, an B&14-39 induced 
influx of Mr? could have been detected by quenching of 
the fluorescence below the signal of resting cells. In this 
experiment F,,, was measured by complexing Mr?+ of the 
first dose with DTPN, a chelator for heavy metal ions. The 
second dose of Mn’+ shows that already 50 FM Mr? that 
resulted from the first dose were sufficient to completely 
quench the quin-2 derived fluorescence, in order to obtain 

cellular Ca2+ concentration (Fig. 3b). Because of the 
varying response of cells from different animals and 
the lower precision of the quin-2 Ca** measurement 
at higher Ca*+ concentrations, the effects shown in 
Fig. 3 are demonstrated as two typical fluorescence 
protocols, each out of a series of at least five experi- 
ments. 

In buffer containing 1 mM EGTA instead of 1 mM 
CaC12, the B844-39-induced increase of [Ca2+li was 
absent. Addition of 2 mM CaClz after B844-39 
increased cytoplasmic free Ca2+ from approximately 
6@-70nM to the normal concentration around 
100 nM. A further increase as shown in Figs 2 and 
3a did not appear, although B&l439 was still present 
in the buffer (data not shown). 

As an indicator for the influx of ions other than 
Ca2+” we added MnC12 (50pM) to the Ca*+-con- 
taining cell suspension prior to stimulation with 
B844-39. Mn*+ entry into quin-Zloaded cells can be 
easily detected by a marked decrease in fluorescence 
intensity. In this way even a small Mn2+ flux could 
be seen, since the affinity of quin-2 for Mn*+ is much 
higher than for Ca2+ [S]. However, addition of Mr?+ 
did not alter the signal of resting cells or prevent a 
rise in fluorescence following the addition of B844- 
39, though the Mn2+ concentration was sufficient to 
quench quin-Zderived fluorescence completely after 
cell lysis with Triton X-100 (Fig. 4). Only when 
the measurement exceeded about 15 min, a slow 
decrease in fluorescence was seen, presumably due 
to loss of dye, that occurs in experiments of longer 
duration. 

Reversal of the niguidipine-induced Ca2+ increase 
could be achieved by addition of BSA, which resulted 
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Fig. 5. Reversal of the niguldipine (1 nM B844-39) induced 
increase of quin-2 fluorescence by 0.2% (w/v) BSA. The 
initial rise of the signal after addition of BSA is due to an 
increase in autofluorescence. In contrast to Fig. 4, no Mn?+ 
was added before the other substances. Triton X-100 was 
added together with DTPN as described in Materials and 
Methods and thus results in an increase of Ruorescence 
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Fig. 6. Effect of BSA on the niguidipine induced increase 
of fCaz’L BSA was added 6min after B844-39. After 

I I. 

another 6 min, [Caz+li was determined. The symbols are 
mean values of at least 4 preparations. SD was in the range 

of 2 to 10%. 

in a decrease in quin-2 fluorescence (Fig. 5). In the 
presence of more than 0.2% (w/v) BSA, [Caz+li 
returned close to that of resting cells (Fig. 6). There 
is no linear relationship between the quin-2-derived 
fluorescence signal, that is shown in Fig. 5, and the 
corresponding cytoplasmic free Ca2+ concentration. 
Hence, for the sake of clarity, the BSA provoked 
decrease of [Ca2’li is shown as linear and semi- 
logarithmic plots in Fig. 7. The 100% value refers to 
the Ca*+ concentration induced by B&W39 before 
addition of BSA and 0% refers to the Ca2+ con- 
centration of 100 nM, obtained from other experi- 
ments with resting cells. Except for the first 2 min, 
the decrease appears to be of first order kinetics, 
since the semiloga~ithmic plot is linear (see insert of 
Fig. 7). 

For comparison other substances were tested, 
which had common properties with niguldipine: clox- 
acepride [9], trifluoperazine and felodipine are as 
well calmodulin antagonists; nitrendipine, felodipine 
and the Ca2+ channel activator BAY K 8644 as DHP 
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Fig. 7. Time-dependent decrease of cytoplasmic free Ca” 
after addition of 0.2% (w/v) BSA. BSA was added after 
stimulation with niguldipine as shown in Fig. 5. Cytoplasmic 
free Ca’+ before addition of BSA was taken as 100% and 
0% refers to 100 nM as measured in unstimulated cells in 
other experiments. The symbols are mean values of 5 

preparations. 

derivatives are structurally related to niguldipine. 
In contrast to niguldipine, none of them increased 
cytoplasmic free Ca*+. when tested at a con- 
centration of 1 PM. 

The effect of Ca 2+ channel activators like CGP 
28329 can be competitively antagonized by nitren- 
dipine [3]. Therefore we simultaneously incubated 
cells with 4 PM nitrendipine and 500 nM B844-39. 
Under these conditions, nitrendipine did not modify 
the niguldipine-induced increase in comparison to 
cells treated only with B844-39. 

Also ouabain and the c+adrenoceptor agonist 
phenylephrine (both 1 PM) did not mimic the effect 
of niguldipine. 

DISCUSSION 

The experiments reported in the present study 
show that racemic niguldipine at concentrations 
above 500 nM was able to substantially increase cyto- 
plasmic free Ca2+ in mouse thymocytes. 

This effect is stereospecific, since (-)-niguldipine 
is more active in increasing [Ca2+li than its (+)- 
enantiomer. In the case of different affinities for the 
molecular target of niguldipine, the same maximal 
response should be expected for racemic niguldipine 
and its enantiomers, but at higher concentrations for 
racemic and (+)-niguldipine. However, the three 
substances differ in their maximal response, which is 
produced in the same concentration range, indicating 
different efficacies. 

The results obtained show that niguldipine raises 
[Ca’+]i by initiating Ca2+ influx across the plasma 
membrane, since the effect is strictly dependent on 
extracellular Ca2+. Of course, DPH derivatives that 
increase intracellular Ca2+ concentration might be 
Ca2+ channel activators. Indeed, a comparable 
increase of [Ca2+]i was observed by other inves- 
tigators with the Ca*+ channel activator CGP 28392 

[3]. In human platelets this substance raised cyto- 
plasmic Ca2+ to approximately 200 nM when applied 
in micromolar concentrations. The effect of CGP 
28392 on platelets could be antagonized by nano- 
molar concentrations of nitrendipine. However, in 
our experiments with thymocytes, even 4 PM nitren- 
dipine did not alter the effect elicited by 500 nM 
niguldipine as would be expected if niguldipine acted 
via the 1,4-DPH receptor site like CGP 28392. Fur- 
thermore, the Ca”+ channel activator BAY K 8644, 
also a DHP derivative, did not increase [Ca?‘], in 
mouse thymocytes. Our experiments led us to the 
conclusion that niguldipine induces Ca2+ entry into 
thymocytes probably by a mechanism independent 
of the common DPH binding site. 

The action of niguldipine as an agonist of Ca’+ 
entry into cells is an intriguing new aspect of this 
substance, since recent in vivo and in vitro studies 
indicate that to the contrary niguldipine acts as a 
potent Ca ‘+ channel blocker [5,6]. In the report by 
Boer et al. [6] the binding characteristics of nigul- 
dipine to the 1,4-DPH binding site of L-type Ca2+ 
channels were studied in detail in guinea-pig skeletal 
muscle, heart muscle and brain membrane prep- 
arations. In their experiments they found a 40-fold 
higher affinity for the 1.4-DPH binding site with 
(+)-niguldipine as opposed to (-)-niguldipine. In 
contrast, the increase of cytoplasmic free Ca’+ in 
mouse thymocytes is induced more effectively by 
(-)-niguldipine as compared with the (+)-enanti- 
omer. Moreover, this is due to differences in efficacy 
and not due to different binding affinities as in case 
of the typical DHP binding site. This finding further 
strengthens the view that the effect of niguldipine on 
thymocytes depends on quite different molecular 
events as compared with its actions on other tissues. 
The fact that other DPH derivatives (e.g. felodipine 
and nitrendipine). which act similarly on skeletal 
muscle and heart muscle as niguldipine, failed in 
mimicking the effect of niguldipine on thymocytes 
underlines the assumption that this action may be 
unique for niguldipine. 

To further substantiate our view of the stimulating 
effect of niguldipine on Ca2+ entry into thymocytes, 
we tested several agents that are known for their 
(potential) ability to increase the intracellular Ca2+ 
concentration. The cu-adrenoceptor agonist phenyl- 
ephrine, that increases [Ca’+], in liver cells at 1 PM 

via the generation of inositol 1,4,5_triphosphate [ 101 
failed to mimic the effect of niguldipine on thymo- 
cytes. 

Since niguldipine exhibits calmodulin antagonistic 
properties also (Gietzen et al., unpublished data), 
we tested in addition several calmodulin antagonists 
(e.g. trifluoperazine, felodipine and cloxacepride) 
on the same cellular system. Calmodulin antagonists, 
which inhibit various enzyme systems in addition to 
the Ca’+-transporting ATPase of plasma 
membranes, could lead to an elevated [Ca2+], if there 
were no mechanisms for compensation. However, 
none of the calmodulin antagonists tested were able 
to increase [Ca’+],. In conclusion, none of the con- 
sidered mechanisms, besides Ca2’ entry. may be 
responsible for the effect of niguldipine on mouse 
thymocytes. 

So far, the results of our experiments do not specify 
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the molecular mechanism of Ca2+ entry, evoked by 
niguldipine. One possibility would be influx through 

Anyhow, niguldipine may provide an interesting tool 

2+ 
to devise research in cellular biology. Further inves- 

cell specific Ca channels. But also involvement of tigations to clarify the mode of action could help to 
an ion antiporter could be taken into consideration, unravel the molecular aspects of Ca”+ entry into 
since indeed, DHP derivatives were found to affect thymocytes. 
ion exchangers localized in plasma membranes as 
well as in intracellular membranes (reviewed in Ref. 
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