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Abstract-Addition of angiotensin EI (A2; .%OnM) to poputations of fwra-24oaded NE-115 cells 
resulted in a transient increase in intracellular calcium which was abolished by pre-treatment with the 
phorbol ester, ~ph~r~l-12,13 dibutyrate (PDBu) j1.5 PM). The inhibitor effects were reversed by 
the protein kinase C inhibitor, staurosporin (150 nM), and down-regulation of protein kinase C was 
observed over 48 hr. Responses to maximally effective concentrations of histamine (3OOpM), ATP 
bloom), UTP ~1~~M) and carbachot ~1~~M) were simikuly inhibited by phorbol pre-treatment 
but the response to bradykinin (BK) ~1~uM) was unaffected. When the ~n~ntrations of BK and 
A2 were adjusted to produce the same-sized calcium signals, PDBu pre-treatment abolished the 
response to A2 but only partially inhibited the response to BK. From the data presented here we can 
conclude that the calcium respanse to BK in NlE-115 cells is less susceptible to the inhibitory effects 
of protein kinase C activation than the response produced by A2. 

The binding of an agonist with its receptor in a 
number of cell lines activates phosphoinositidase 
C which in turn catalyses the breakdown of 
phos~hatidylinositoI~,5-bisphosphate releasing 
inositol-1,4,5-t~sphosphate (InsPJ$) and diacyl- 
glycerol [l-4 
calcium i 

In turn, InsP, mobilizes intracellular 
([Ca +Ji) from storage sites, which can be 

monitored by the use of fluorescent dyes 15-71. 
Diacylgiycerol itself plays a secondary messenger 

role via activation of protein kinase C [8]. 
Furthermore, activation of protein kinase C by 
phorbol esters [P-11] has been shown to attenuate 
agcmist-stimulated elevations in [Ca2’]i [12-141. 
Several possible modes of action of this feedback 
control mechanism have been proposed intruding 
receptor or G protein phosphorylation [i5,16], 
activation of an InsP3 phospha~se [ 171, blockade of 
the i~tra~llular site of release [18] and activation of 
a Ca2* transport ATPase and Na+/Ca2+ exchange 
[19]* 

The murine neurobIastoma clone NlE-115 is 
known to possess a number of receptors linked to 
mobilization of [Ca*+]i [20-231. However, it is not 
known whether all these calcium responses are 
similarly affected by pre-treatment with phorbol 
esters, In the present study, comparisons were made 
between a range of agonists and we report that 

* Corresponding author. Tel. (0602) 709480; FAX (0602) 
709zS9. 

$ Abbre~ations: InsP,, inositol 1,4,S-t~s~hosphate; 
[Ca’+]i, intracellular calcium; FCS, foetal calf serum; A2, 
an@otensin II; BK, bradykinin; PDBu, /Lphorbot-12,13 
dibutyrate; SS, staurosporin. 

calcium mobj~sation is ~i~~r@~t~~~i~ inhibited by 
protein kinase C activation. 

NlE-115 cells, passages 17-26, were cultured in 
75 cm* Basks in Dulbecco’s modified Eagle’s medium 
(with g~utamine~ ~ntaining 5% foetal calf serum 
(FCS) without antibiotics. The monolayers from two 
near-confluent flasks were detached using Pucks Dl 
solution (glucose, 5.5 mM; KCl, 5.4 mM; sucrose, 
58.4 mM; Na2HP04, 0.17 mM; NaCI, 138 mM; and 
KH2P04, 0.22mM) and resuspended in a simple 
saline HEPES buffer (CaC&, 2 mM; NaCI, 145 mM; 
glucose, 1OmM; KC& 5 mM; MgS04, 1 mM; and 
HEPES, 1OmM; pH 7.45). This was foltowed by 
incubation with fura- acetoxy methyl ester (5 &i) 
at 37” (in the presence of 5% FCS) for 20min and 
for a further 5 min following a 3-fold dilution (to 
ensure maximum hydrolysis of ester to the acid 
form). At the end of this loading period, excess dye 
was removed by ~ent~~gation and the ceIts were 
resuspended in fresh buffer (no serum) and left at 
room temperature until use. Each run was preceded 
by a rapid spin in a microcentrifuge followed by 
resuspension in fresh buffer (at an approximate cell 
concentration of 5 X 105/mL). 

All experiments were carried out using a Perkin- 
Elmer LS 50 Spectrometer, with excitation ratioing 
between 340 and 380 nm, and recording at 500 nm. 
The time course for each run was 200 see with drugs 
added in 10 PL (br~dykinin 16 &) aliquots. 

Ca~jbrut~o~. At the end of a run, ionomyci~ 
(20pM) was added followed by EGTA (6-25 mM, 
pH greater than 8.5) in order to calculate R,, and 
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Rmin. Autofluorescence was determined using a 
separate cuvette following the addition of manganese 
(5 mM) after the ionophore ionomycin (20pM). 
Using these values and those obtained with fura- 
free acid, [Ca2+]i was calculated according to the 
method of Grynciewicz et al. 1241. 

A 

Phorbol experiments. For short period pre- 
incubationstudies,pphorbol-12,13dibutyratePDBu 
or 4-cu-phorbol (1.5 PM) was added for the duration 
of the 25 min dye-loading period. FOT down- 
regulation experiments, PDBu was added to the 
incubation media 48 hr prior to experiments being 
carried out. When appropriate, staurosporin (SS; 
150 nM) was added 1 hr before cells were detached 
from the flasks and then maintained throughout the 
whole experiment. 

I-1. 
Time kec) 

250 r 
Measurement of InsP3. This was carried out using 

minor modi~cations of the radioreceptor method as 
described previously 2.51. Briefly, NlE-115 cells 
(approx. 5 X lo5 cells mL) 1 were preincubated in 
simple saline buffer for 10min at 37”. Initially, 
aliquots of the cell suspension were removed at 
intervals in order to measure basal InsP3. The agonist 
was then added and further aliquots taken at specific 
time points (initially every 10 set). Ice-cold perchloric 
acid (7.5%) was used to stop the reaction (at each 
time point), the samples were neutralized with a 
calibrated amount of KHC03 (1.2 M) and the protein 
was separated by centrifugation. InsP3 was quantified 
in the supernatant layer by a radioreceptor assay 
using a bovine adrenal-cortical binding protein at 

4”. Authentic InsP3 (10-‘“-10-i4 mol) in neutralized 
perchloric acid buffer was used to construct a 
standard curve for displacement of bound 13H]InsP3. 
The bound [3H]InsP3 was separated by rapid filtration 
and quantified by liquid scintillation spectrometry. 
The protein pellet was digested in NaOH (0.5 M) 
and estimated by the method of Bradford 1261. 

O-00 

IA21 (log M) 

Fig. 1. (A) The effect of A2 (5OOnM) on [Caz+li in 
populations of fura-a-loaded NlE-115 cells. Fluorescence 
values were measured following excitation at 340 and 
380 nm and the ratio used to determine [Ca2+li. The graph 
is typical of two others. (B) The concentration-response 
rei&onship for A2. The graph shows increases in [kaZ+], 
(nM) as a function of lA21 (1ogM). Data are means of 
ihree separate dete~in~tio~s~ v&&l error bars represent 

SEM. 

Material. NlE-115 cells were supplied by Porton 
Down. Cell culture flasks were obtained from Costar 
with Dulbecco’s modified Eagle’s medium and FCS 
from NBL Ltd (Cramlington, U.K.). PDBu, 4-cu- 
phorbol, bradykinin (BK), angiotensin II (A2), 
histamine and carbachol were supplied by the Sigma 
Chemical Co. (Poole, U.K.), with fura- AM 
and ionomycin from Calbiochem (Novobiochem, 
Nottingh~, U.K.). InsP3 was obtained from 
Amersham (U.K.) and [3H]InsP3 from NEN DuPont 
(Stevenage, U.K.). ATP and UTP were supplied by 
Boehringer Mannheim (Lewes, U.K.). 

tration) produced a rapid and transient increase in 
[Ca2’]i of 203 t 29 nM from a resting value of 
106 + 9nM (N = 3; Fig. IA). The effects were 
found to be concentration-dependent (Fig. 1B). 
Preincubation with PDBu for 20 min (1.5 PM) 
resulted in a significant reduction in this response to 
6 2 9% (N = 5; P < 0.01) of the control value (Fig. 
2A and B). The inhibitory effect was concentration 
dependent with a log ICY,, value of -7.0 + 0.06 (Fig. 
2C). 

The effect of 4-a-phorbol on the A2 response 

Statistics and data analysis. ECso and 1~50 
(concentrations of drug producing 50% of maximum 
stimulation and inhibition) values were obtained by 
computer-assisted curve fitting by use of the computer 
program Graph-Pad (ISI). Calcium data was 
captured using the ICBC program supplied by 
Perkin-Elmer and imported to the graphics program 
Sigma-Plot (Jandel). 

Pre-treatment with the inactive phorbol, 4-(u- 
phorbol (1.5pM), was without effect on the A2 
response (102 + 3% of controls; N = 3). 

The effect of PDBu on the responses to other agonists 

Significance testing was carried out using an 
unpaired Student’s t-test or one-way analysis of 
variance with a post-hoc Newman-Keuls test. 

RESULTS 

Pre-incubation with PDBu (1.5 PM) resulted in 
significant (all P < 0.05) reductions in calcium 
responses to maximally effective concentrations of 
all agents investigated, with the exception of BK 
(Table 1). No significant effect was seen on the 
response to 1OOnM BK (95 rt 7% of controIs, N = 
4), but the increase in [Ca*+)i elicited by 50 nM BK 
was significantly reduced to 79 If 10% of controls 
(P < 0.05; N = 4). 

The effect of PDBu on the calcium response to A2 When the concentration of BK was reduced (to 
A2 (500nM; the maximally effective concen- 4.4 nM) so that the calcium signal produced matched 
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Fig. 2. The effect of PDBu (1.5 PM) pre-treatment on the 
A2-induced calcium response. PDBu was present during 
the whole of the experiment. The upper two panels show 
the response to A2 (5OOnM) with (B) and without (A) 
phorbol pre-treatment. Each trace is typical of two others. 
(C) The concentration-response relationship for PDBu. 
The concentration of A2 used was 500 nM. Data are means 
of three separate determinations; vertical error bars 

represent SEM. 

Table 1. The effects of PDBu (1.5 PM) pre-treatment on 
maximal calcium responses to various agonists 

Agonist Concn % control response N 

BK 100 nM 95 + 7 4 
A2 500 nM 629 5 
Carbachol 100 nM 22-e 16 4 
Histamine 300 PM 10 f 10 6 
ATP 1OO~M 36 2 5 4 
LJTP 100 FM 42 f 4 3 

The data are shown as percentages of the control 
responses determined in the absence of phorbol and are 
the means of three to six separate determinations; errors 
indicated are SEM. 

I 
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Fig. 3. The differential phorbol sensitivities of calcium 
responses to A2 and BK. (B) The effect of PDBu (1.5 PM) 
on the calcium response to a maximally effective 
concentration of A2 (500 nM; squares absence of PDBu, 
triangles presence of PDBu). (C) The effect of PDBu on 
the calcium response to a sub-maximally effective 
concentration of BK (4.4nM; circles absence of PDBu, 
squares presence of PDBu). The concentrations of the two 
agonists were chosen to produce identically sized calcium 
responses in the absence of phorbol pre-treatment (A). 

Each of the traces shown is typical of two others. 

that produced by a maximal concentration of A2 
(Fig. 3A), there was still a significant difference in 
the sensitivity to phorbol pre-treatment between the 
two agonists (Fig. 3B and C). Thus, the response to 
A2 was abolished under conditions where a significant 
BK response was still observed (N = 3; P < 0.05). 

Pre-treatment with staurosporin 

Pre-incubation with the protein kinase C inhibitor, 
SS (150nM; 60min), significantly attenuated the 
effects of PDBu on the A2 response (P < 0.01; Fig. 
4). However, pre-treatment with SS alone produced 
a small reduction in the calcium response to A2 
(to 71 f 1% of controls; P< 0.001, N = 3). SS 
apparently failed to reverse completely the phorbol- 
induced inhibition although, when the inhibitory 
effect of SS itself is taken into account, it is clear 
that the inhibition was totally prevented by the 
protein kinase C inhibitor. The reason for the 
inhibitory effect of SS alone is not clear but in 
common with other protein kinase C inhibitors, such 
as H7 and H8, SS is not specific and is known to 
affect other intracellular kinases [27,28]. 

Down-regulation of the response to PDBu 

Pre-treatment for 48 hr of the cells with PDBu 
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Fig. 4. Reversal of the phorbol inhibition with SS. The 
cells were pre-treated with SS (150 nM) for 1 hr prior to 
disruption of their monolayers (see text). The bar graph 
shows the effects of PDBu (1.5 /IM) alone and PDBu with 
SS on the control response to A2 (500 nM). Pre-treatment 
with SS reversed the phorbol inhibition, returning A2 
responses to 65% of control values. Data are means of 
three separate determinations; error bars represent SEM. 
For significance testing, data were analysed by one-way 
analysis, with comparisons between ail pairs of data using 
the Newman-Keuts test. SS reversed the inhibitory effects 

of PDBu (P < 0.01). 

(1.5 PM) significantly attenuated the acute effects of 
PDBu on the AZmediated {Ca*+]i rise (Fig. 5). 

The effect of PDBu on A TP-mediated calcium entry 

PDBu (1.5 PM) caused a significant reduction in 
the response to ATP (36 + 5% of control; 1OOpM; 
P < 0.01, N = 4). However, the calcium response to 
1 mM ATP (previously shown to cause a secondary 
entry of calcium [29]), added approximately 1 min 
later, wasunaffected (95 + 13% of control response). 

The effect of PDBu on IrasP production 

InsP3 levels were successfully measured following 
stimulation with ATP and BK (the responses to A2 
were not consistent). Pre-incubation with PDBu 
(1.5 PM) resulted in a significant (P < 0.05; results 
from 3 different days, each of three independent 
determinations) reduction in ATP-stimulated InsP3 
production (from 29 ? 5 to 14 -+ 4 pmol/mg above 
basal levels; 52%). Similarly, phorbol pre-treatment 
resulted in a significant (P < 0.05; results from 
2 different days, each of three independent 
determinations) but smaller reduction in BK- 
stimulated (100 nM; Fig. 6) InsP3 production (from 
67 f 5 to 52 + 4 pmol/mg above basal levels; 22%). 

Stimulation of a number of receptor systems 
mobilizes calcium in NlE-115 cells [21,23]. Evidence 
from studies using other cell lines suggests that 
mobilization of [Ca*+]i can be inhibited by phorbol 
esters [15,X]. In addition, 120tetradecan- 
oylphorbol-13-acetate has been shown to inhibit 
receptor-mediated cyclic GMP accumulation and 
inositol phospholipid hydrolysis f30,31] in NlE-115 
cells. 

In the present study, addition of A2 to populations 

Y- A2 
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Fig. 5. Don-re~iation of the phorbol inhibition. Cells 
were pre-treated with PDBu (1.5 ,uM) for 25 min or 48 hr 
(see text). (A) The control response in the absence of any 
treatment with PDBu; (B) the effect of 25 min pre- 
treatment with PDBu {as Fig. 2) and (C) 48 hr pre- 
treatment with PDBu followed by PDBu for an additional 
25 min period. The inhibitory response was down-regulated 
following the 48 hr pre-treatment resulting in a lack of 
secondary phorbol effect. Each trace shown is typical of 

two others. 

of fura-Zloaded NlE-115 cells resulted in a transient 
increase in [Ca*+]i (Fig. 1) which was abolished 
following pre-treatment with PDBu (Fig. 2). The 
inhibition was significantly reversed by inclusion of 
the protein kinase C inhibitor, SS (Fig. 4), and was 
not observed in the presence of the inactive phorbol 
ester (Co-phorbol). In addition, the effects of PDBu 
were down-regulated following prolonged exposure 
to the phorbol ester (48 hr; Fig. S). It would therefore 
appear that PDBu exerts its effects via activation of 
protein kinase C. Increasing the concentration of 
A2 up to 0.1 mM failed to reverse the inhibitory 
effects of PDBu (data not shown) thereby indicating 
a non-competitive effect of the phorbol ester on 
receptor-effecter coupling rather than a competitive 
blockade of the A2 recognition site. 

A number of other agonists were assessed 
for sensitivity to PDBu pre-treatment. Calcium 
responses following stimulation with maximally 
effective concentrations of histamine, carbachol, 
ATP and UTP were significantly reduced, but the 
response to a maximally effective concentration of 
BK remained unchanged (Table 1). A similar 
differential sensitivity to phorbol treatment was seen 
between vasopressin and phenylephrine using 12-0- 
tetradecanoylphorbol-13-acetate in isolated hepa- 
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Fig. 6. The effects of PDBu (1.5 PM) on the InsP3 response 
to BK (100 nM). The graphs show InsP, generation (pmol/ 
mg) as a function of time (set) in the presence (B) and 
absence (A) of PDBu. Data are means of three separate 

determinations; vertical error bars represent SEM. 

tocytes [15]. However, the maximum calcium 
response to BK is much larger than that to A2; the 
reason for this is not certain but may involve a 
greater receptor density or more effective coupling 
of the BK receptor to calcium mobilization. Indeed, 
some sensitivity to PDBu was seen at sub-maximal 
concentrations of BK, with the response to 50nM 
reduced by 16 2 11% and 4.4nM by 52 + 9% 
(N = 3). 

When the concentration of BK was reduced to 
produce a response which matched that caused by 
A2 a considerable difference in PDBu sensitivity 
was still apparent. Thus, the differential sensitivity 
for PDBu between the two agonists cannot be simply 
related directly to the size of the calcium response. 
It is also possible that BK and A2 are coupled to 
different pools of intracellular calcium which are 
affected to different extents by PDBu. However, 
additivity experiments with the two agonists have 
previously indicated that a common pool of calcium 
is employed (prior stimulation with BK reduced 
subsequent calcium mobilization due to A2; data 
not shown). 

We have shown previously that the elevation of 
[Ca*+]i in the NlE-115 cell line (except following 
stimulation with carbachol and millimolar ATP) 
does not appear to involve calcium influx and can 
be accounted for by calcium mobilization [29,32], a 
possible target for the inhibitory effects of PDBu. 

However, it seems to be unlikely that the differential 
effect of PDBu is mediated at the level of InsPs- 
induced calcium release, since it would be expected 
that matching calcium responses (presumably 
involving identical InsPs signals) be similarly affected 
by phorbol esters. 

A number of other possible targets for protein 
kinase C phosphorylation have been proposed in 
different cell lines. Phosphorylation sites may exist 
at the level of the receptor, G protein or 
phosphoinositidase C. The observed differences in 
matching calcium responses to A2 and BK may be 
due to coupling of the receptors to different G 
proteins or the existence of a number of isozymes 
of phosphoinositidase C. Alternatively, if it is 
assumed that the same G protein and phos- 
phoinositidase C isozyme are used by the two 
receptors, and the stoichiometry of coupling between 
them is the same (when the calcium responses are 
of equal magnitude), then similar sensitivity to PDBu 
would be expected, unless the receptors are the 
target for the differential effects of PDBu. However, 
there is evidence from radioligand binding studies 
that phorbol esters do not change the density of 
muscarinic receptors in NlE-115 cells [31] despite 
the fact that in the present study muscarinic receptor- 
mediated calcium mobilization was inhibited (Fig. 
3). However, it is important to note that when 
measuring receptor binding in intact cell systems it 
is difficult to be certain that the ligand used is bound 
to surface proteins only and has not been taken up 
into the cell where it will bind to internalized 
receptors. Although the ligand used by Lai and 
El-Fakahany [31], [3H]N-methylscopolamine, is 
reasonably hydrophilic further experiments would 
be needed to be certain of the conclusions drawn. 
One possible way of determining whether or not the 
ligand is taken up would be to compare the results 
obtained in a second study, using the highly 
lipophilic, [3H]quinuclidinyl benzilate. Furthermore, 
it is also possible that the coupling of A2 and BK 
receptors to their respective G proteins could be 
differentially inhibited by PDBu. In fact it is not 
known whether the receptors for A2 and BK are 
coupled to different G proteins although in 
preliminary experiments we were unable to detect 
any effect of pertussis toxin (200 ng/mL; unpublished 
data). 

Despite the apparent differences in sensitivity of 
BK all of the calcium-mobilizing agonists were 
inhibited by pre-incubation with PDBu. However, 
as reported previously [33], the response to 
ATP apparently involves two different receptor 
populations (high and low affinity). The response to 
100 PM ATP showed significant sensitivity to PDBu 
pre-treatment, but it is worthy of note that the 
calcium entry component, which is only apparent at 
higher concentrations of the agonist (1 mM), was 
unaffected. Therefore if the receptor recognition 
sites are targets for protein kinase C, the high and 
low P2 receptors themselves would have to be 
differentially regulated. 

InsPs mass measurements were attempted in order 
to elucidate further the mechanisms involved. 
Unfortunately, the main problem encountered was 
that it was not possible to measure consistently an 
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InsPs response mediated by A2. The most likely 
explanation for this would appear to be a lack of 
sensitivity of the method since measurement of BK 
and ATP (the maximal calcium responses to both of 
which are larger than to A2)-mediated changes in 
InsP, was reproducible (it was not possible however 
to measure BK-induced InsP3 production at the 
concentration at which calcium responses to A2 and 
BK were matched, a further indication of the lack 
of sensitivity of the method). Both agonists showed 
sensitivity to pre-treatment with PDBu thereby 
indicating that the site of protein kinase C isproximal 
to the InsP, receptor. The corresponding calcium 
response to BK (100 nM) was not sensitive to pre- 
treatment with PDBu; however, a significant 
(although quite modest) reduction in InsP3 formation 
was observed suggesting that not all of the InsP, 
generated is necessary for a maximal calcium 
mobilization response. Comparison of ATP- 
mediated InsP, production and calcium mobilization 
however produced similarly sized, PDBu-mediated 
inhibitions. Thus, it would appear that the correlation 
between InsP3 generation and calcium mobilization 
is not straightforward. 

In summary, PDBu differentially inhibits calcium 
responses following stimulation with A2 and BK via 
activation of protein kinase C in populations of 
NlE-115 cells. The fact that this difference can be 
observed with matching calcium responses to the 
two agonists indicates that the possible targets for 
this differential effect are: (i) the receptor recognition 
sites, (ii) the coupling between the receptors and 
their respective G proteins or (iii) the involvement 
of different G proteins or isozymes of phospholipase 
G. 
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