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The dcpolarisation-induced influx of 4sCaa+ into anterior pituitary tissue and GH, cells through ‘L-type, nimodipine-sensitive channels was 
investigated. In anterior pituitary prisms, phorbol esters, activators of ‘protein kinase C, caused an enhancement of K’-induced 45Carr influx. 
However, in the GHJ anterior pituitary cell line. phorbol esters inhibited K’-induced ?a’+ influx. The modulation by phorbol esters in both tissues 
was stereo-specific and time- and conccntration- dependent. The diacylglycerol analogue, I,tdioctanoyl sn-glycerol was able to mimic the phorbol 
ester-induced enhancement of calcium influx into anterior pituitary pieces, but was ineffective in GH3 cells. I.2-Dioctanoyl ~,~.?=glycerol may 

selectively activate an isoform of protein kinase C which is responsible for enhanced ‘L-type Ca’+-channel activity. 
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1. INTRODI_JCTIOW 

Depolarisation of cells can cause an influx of Ca2+ 
into the cells through ‘L’-type, voltage-sensitive calcium 
channels which are known to be a site of action for a 
number of second-messenger-activated enzymes [ 1,2]. 
These nimodipine-sensitive channels can bc multiply 
phosphorylated by protein kinase C (PKC) [2]. In some 
preparations, including GI-I3 cells, PKC activity leads to 
reduced ‘L’-type calcium channel activity [3-71. Cardiac 
‘L-type calcium channels can show both an enbance- 
ment and an inhibition of their activity upon PKC 

45Ca2* in two different models, the GH, clonal rat ante- 
rior pituitary cell line and rat anterior pituitary tissue 
prisms. 

2. EXPERIMENTAL 

2. I. Mute~icrls and chiicnls 

All standard laboratory chemicals were of Analar grade and pur- 
chased from BDH Ltd. (Glasgow, UK). Staurosporine was bought 
from Novabiochem (UK) Ltd., (Nottingham, UK). GM, cells and 
foetal bovine serum were obtained from Flow Laboratories (Irvine, 
UK). Medium F-IO Ham was supplied by Gibco-BRL (Paisley, UK) 
and radioactive ““CaC12 was supplied by Amersham international 

activation [8;, whereas in other preparations PKC PLC (Amersham, UK) (spcc. act. = I9 mCi/mg). All other materials 

activation leads to an enhancement of ‘I,‘-channel activ- were purchased from the Sigma Chemical Co. (Poole, UK). 

ity [9-121. At the present time, at least seven different 
isoforms of PKC have been described with distinct cel- 
lular expression [13]. Some of the PKC-isoforms show 
distinctly different activation by agents such as phos- 
pholipids, arachidonic acid, other fatty acids and 
calcium [14-161 and show some substrate selectivity (for 
reviews see [ 13,161). 

The present experiments investigate the effects of 
PKC activators on the depolarisation-induced influx of 

/Ihhrceiurbt,r: PKC. protein kinasc C: EGTA, cthylcncglycol-bis.(~- 
aminocthyl cther)N,h!N’,~-tctraacctic acid; I’D&, phorbol 12,13- 
dibutyratc; 4a-PDD, 4a-phorbol 12,13-didccanoatc; 4&PDD, 4/I- 
phorbol 12,13-didccanoatc; DOG, 1,2-dioctanoyl s/r-glycerol: GAG. 
I-olcoyl 2-acctyl sI.ylyccrol. 

Corrcs/~o,t~/otcl~ &/re.~.r: R. Mitchell. MRC Brain Metabolism Unit, 
University Dcp;lrtmctlt of Pharmacology. I Gcorgc Square, Edin- 
burgh EH8 YJZ, Scotland, UK. rug: (44) (31) 662 0240. 

2.2. Tissrte pwjmuliori 
Male Wistar-COB rats (>2.50 g) supplied by Charles River UK Ltd. 

(Margate, UK) were maintained under controlled lighting (lights on 
from OS,00 to 19.00 h) and tcmpcraturc (22OC) and allowed free access 
to diet 41B (Oxoid Ltd., Basingstokc, UK) and tap water. Arlirnals 
were killed by cervical dislocation and anterior pituitaries were rapidly 
disscctcd out and herniscctcd for use in calcium influx studies. GN, 
cells were grown in medium F-10 Ham supplcmcnted with 15% foctal 
bovine strum, I mM L-glutamino, 100 U/ml penicillin and 0.1 fflg/ml 
strcptotnycin in a humidified atmosphere of 95% air/S% CO? at 37°C 
Cells were harvested by agitation, washed by resuspension/ccntrifuga- 
tion (100 x R, IO min, 25°C) and prepared for calcium influx mcasu- 
rcmcnt as dcscribcd below. 

2,3. CMirrnl ir!f/us IIWIISII~ ~~w_wt.s 
Each fresh, hcmisccted anterior pituitary was sliced into four equal 

parts and incubated in scparatc polypropylcnc tubes in 0,5 ml 01 
‘calcium uptake medium (conccntratious in mM: NaCl 154, KCI 5,4, 
CaCI> 1.5, D-glucose 1 I. HEPES 6, p!+I adjusted to 7,4 wilt1 ‘Tris base 
and with 0.05% csscntial fatty acid-free bovine strum albumin). 
Washed, harvcstcd GI& cells wcrc diluted to a density of 5 x IO” 
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cells/ml in ‘calcium uptake medium’ and aliquoted at 0.5 ml/tube. Both 
cellular preparations were preincubated (30 min, 37”C, 0, atmo- 
sphere) before a 10 min incubation (37”C, 0,) with drugs or solvent 
alone. Cells were then exposed to low KC-(%4 mM) or high K’-(60 
mM) calcium uptake medium containing 4flM “CaCl, (“3 ,uCi/tube, 
specific). After 30 s (37”(Z), “Caz+ uptake was halted by quenching 
with 3 ml of ice-cold 2 mM EGTA (Ca2’-free) calcium uptake medium 
and tissue was separated by vacuum-filtration through Millipore 
SCWP cellulose acetate/nitrate filters (8 bum pore size) underlaid by 
GF/B filters on Millipore I225 sampling manifolds (Millipore UK 
Ltd., Harrow, WK). Samples were washed once immediately with 3 ml 
ice-cold EGTA calcium uptake medium &nd then a further three times 
for 2 min e;lch. Cellulose filters were then counted by liquid scintilla- 
tion counting. Preliminary experiments revealed that these conditions 
gave the optimal signal-to-noise ratio and that stimulus-induced in- 
flux of 4sCaz+ in excess of basal controls was maximal within 30 s, 
suggesting that it represented specific response-triggered flux rather 
than adsorption or steady accumulation by storage pools. 
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nimodipine. In both pituitary pieces and GH, cells a 
small proportion (- 15%) of the response was resistant 
to block by nimodipine, perhaps occurring through 
some route other than dihydropyridine-sensitive ‘L’- 
channels. 

Preincubation for 10 min with phorbol 12,13dibuty- 
rate (PDBu) and 4@-phorbol l&13-didecanoate (4@- 
PDD) before 30 s exposure to high-K+ medium and 
measurement of 4SCa2’ influx caused marked changes in 
the depolarisation-response seen in both tissue prepara- 
tions. In anterior pituitary tissue, PDBu and 4&PDD 
(3 -1000 nM) enhanced calcium influx in a concentra- 
tion-dependent manner (EC& of 55 4 22 nM for PDBu 
enhancement (Fig. 2)). The enhancement of K*-induced 
4sCa2+ influx into anterior pituitary prisms seen with 
4&PDD, was not mimicked by its inactive enantiomer 
$a-PDD at the same concentrations (3-1000 nM). In 
the presence of maximally-effective concentration5 of 
PDBu, or 1000 nM 4/Y-PDD, K*-induced 45Catc influx 
was ~280% of control. In contrast, in GI-13 cells, PDBu 
or 4/&PDD (3-1000 nM) pretreatment resulted in a con- 
centration-dependent inhibition of the K’-induced in- 
flux of calcium (I&, of 17 h 12 nM for PDBu inhibition 
(Fig. 3)) which also showed stereoselectivity with the 
4-position isonlers of PDD. The maximal inhibition of 
calcium influx seen with either PDBu or 4@-PDD was 
250% of toi& depolarision-evoked CaZC influx. 

2.4. Data nnalysis 
Concentration-response curves were analyscd by a non-linear, iter- 

ative, individually-weighted curve-fitting program (‘P-fit’: Biosoft, 
Cambridge, UK). The values quoted represent the calculated mean 
ECSo (effective concentration which produces 50% of the maximal 
response), with errors representing standard errors of the mean. 

3. RESWLTS 

Fig. 1 shows that the high-#‘-stimulated influx of 
45(y+ into both pituitary pieces and GH3 cells was 
inhibited by the dihydropyridine, nimodipine in a con- 
centration-dependent fashion. The IC& values for ni- 
modipine were 3 -I- 2 and 5 + 2 nM (n = 4) for anterior 
pituitary prisms and GH3 cells, respectively. Maximal 
inhibition of calcium influx was seen with ~100 nM 
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Fig. 1, Concentration.dcpcndent inhibition by nimodipinc of I(+-in. 
duccd’“Ca” intlux into anterior pituitary prisms and GH> cells. Typi- 
cally, basal accumulation 01 ’ J%Zaz’ accounted for around SO fmol 
dsCa*‘/hcmi-pituitary or IO” GH, cclls/tnin of which non-specific ad- 
sorption to filter and cell surfaces accounted for 34 fmol ‘Y.Ia”lmin. 
Stimulation with GO mM K+ incrcascd accumulation to around 120 
fmol ‘“Ca’“lhcmi-pituitary or IO” GH> ccllslmin (approximately 1600 
dpm per assay). “Ca!’ rcprcscntcd I pert in 375 of the total Ca:’ 
concentration, Anterior pituitary prisms (0) or GH,, cells (m) wcrc 
prcincubated with nimodipinc (or solvent alone for control nIcasurc. 
mcnts) for IO min bcforc cxpoaurc to GO mM K”-containing nrcdium 
with radioactive 0”. After 30 S, *YZa” influx was halted as dcscribcd 
in section 2, The data rcprcscnt the means tSEM of4 dctcrminations, 

The time-courses of the two opposing influences of 
PDBu in the two preparations are shown in Fig. 4. Both 
in anterior pituitary prisms and GH3 cells, PDBu (300 
nM) induced nearly half of its maximal response with 
total incubation times of 30 s (i.e. present only in the 
4”Ca” influx measurement period). Inclusion of the 

g 100' 

e 
8 

ij 

* 

0 
0 1 10 100 1000 10000 

Fig. 2, Co~~cc~~tretion.dcpc~~dcllt cnhanccmcm by phorbol of K&-in- 
duced “‘0” inllux into r;lt anterior pituitary prisms. Rat anterior 
pituitiiry prisms WC~C prcincubatcd for 10 min with PDBU (a), 4/j- 
PDD (0) or 4a-PBD (:“I) bdorc cxpow~ IO 60 mM K’-containing 
medium, “$Cu” influx was mcssurcd as dcscribcd in section 2. None 
of the compounds had any cffccts on basal “.‘Ca?’ influx at the COI+ 
ecntrations used, ‘The data rcprcscnt the mcnns fSEM from 4-8 

dclcrminations. 
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means tSEM from 4-8 determinations. 

Pig. 3. Concentration-dependent inhibition by phorbol esters of K’- 
induced “Ca2+ influx into GH3 cells, GH, cells wcrc preincubated for 
10 min with PDBW (II), 4&PDD (a) or 4a-PDD (0) before exposure 
to 60 mM Kc-containing medium, 45Ca2’ influx was measured as 
described in section 2. None of the compounds had any effects on 
basal 45Ca2+ influx at the concentrations used. The data represent the 

PKC inhibitor, staurosporine [17], reversed the re- 
sponse to 300 nM PBBu in both tissues. The PDBu 
effects were inhibited by staurosporine (l-1000 nM) in 
a concentration-dependent manner, with 30 nM stauro- 
sporine reversing 59 -I- 12 and 60 -t 17% of the 300 nM 
PDBu response on M+-induced 45Ca2+ influx into ante- 
rior pituitary prisms and GI+ cells, respectively (12 = 8). 
With the highest concentration of staurosporine used, 
no significant amount of the PDBu response remained 
in either preparation (I: = 8). 

When the diacylglycerol analogue 1 ,2-dioctanoyl sn- 
glycerol (DOG) was tested on the two systems (Fig. 5) 
DOG was able to mimic the enhancement by PDBu and 
4/3-PDD in anterior pituitary prisms, resulting in an 
enhancement to ~220% of control K+-induced influx 
with 100 @I DOG. However, even up to a concentra- 
tion of lOO@I, DOG was unable to inhibit K-induced 
4sCa2c influx into GI-I, cells (maximum of 4% inhibition 
at 100,uM). 

4. DISCUSSION 

The data presented here show that activation of 
PKC by phorbol esters can modulate (in a stereo-spcci- 
fit, concentration- and time-dependent manner) the de- 
polarisation-induced inff ux of 4sCa2+ into both rat antc- 
rior pituitary prisms and GH, cells, The IS*-induced 
influx of 4sCa3c into both anterior pituitary prisms and 
GI-Id cells was mediated mainly through a nimodipinc- 
sensitive ‘L’-channel. The remaining 15% of nimodi- 
pine-resistant influx rcprcsents another voltagc-scnsi- 
tive route which may be a ‘T’ or ‘N’-type Car*-channel 
[ l] and/or the more recently discovered dihydrogyri- 
dine-resistant, slow-inactivating, high voltage-activated 

Fig. 4. Time-course of the PDBu modulation of “Ca2’ influx into rat 
anterior pituitary prisms and GH3 cells. Anterior pituitary prisms (c) 

The data represent the means SEM of 6 determinations. 

and GHJ cells (III) were preincubated with 300 nM PDEu for the 
indicated time before exposure to 60 mM K’. The preincubation time 
with PDBu is inclusive of the 30 s %a2+ influx measurement period. 

Ca2+-channel described by iWori et al. [18]. However, 
both this channel (designated the “BI’-type channel by 
Mori et al.) and the ‘T’-type Cat’-channel are not to- 
tally insensitive to block by dihydropyridines [l&-20] 
and the presence in pituitary cells of voltage-activated 
calcium channels other than “L’- or ‘T’-type is uncertain 
[G]. Both tissues are known to contain ‘L’- and ‘T’-type 
Ca2*-channels although the contribution of any tran- 
siently-opening Ca 2+-channels to the total influx seen in 
this 30 s depolarisation-induced 4SCa2’ protocol is un- 
known. 

Protein kinase C is known to modulate the activity of 
other voltage-activated channels, for example 6, j?- and 
I/-PKC can decrease transient K+-currents in Xenoyus 
oocytes, whereas only 01- and /3-PKC reduced transient 
Na*-currents [21]. Epithelial Cl--channels can be either 
up- or down-regulated by activation of PKC with either 
phorbol esters or diacylglycerols [22]. Such regulation 
of the channel may be attributable to different PKC- 
isoforms phosphorylating different sites on the Cl-- 
channel, one PKC-isoform increasing, and another iso- 
form decreasing channel activity [22]. A similar array of 
PKC influences after activation with phorbol esters was 
also seen in cardiac ‘L’-type Ca*“-channels [8]. In that 
case, the time-dependent increase followed by a dc- 
crease in cardiac ‘L’-channel activity may involve 
modulation by distinct PKC-isofortns. Howcvcr, here 
the PDBu-induced enhancement and inhibition of K”- 
induced *5Ca”* influx had similar time-courses in the 
two preparations (Fig, 4) At least two PKC-phospho- 
rylatiorl sites exist on subunits of ‘L’-type CH’“-chunncls 
[2] but the functional effect of such subunit-specitic 
PKC-pkasphgrylation is unknown. The opposing ac- 
tions of PKC-activation on ‘L’-channel influx seen here 
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Fig. 5. Concentration-dependent enhancement by DOG of K’-in- 
duced 4sCa2’ influx into rat anterior pituitary prisms and inability of 
DOG to modulate K’-induced 45CaZ’ influx into GHI cells. Anterior 
pituitary prisms (e) and GH, cells (63) were preincubated for 10 min, 
with the indicated concentration of DOG before exposure to 60 mM 
K’-containing medium. 45Ca2’ influx was measured as described in 
section 2. There was no effect of lOO@M DOG on basal “Cal+ influx, 
or on non-specific adsorption of 4sCa2’ to filter blanks. The data 

represent the means +SEM of 4 determinations. 

may be due to different PKC-isoforms acting in oppos- 
ing ways on ‘L’- channel activity. The identity of these 
putative, opposing PKC-isoforms is unknown, as is the 
complete PKC-isoform content of the two tissues (al- 
though both tissues contain at least c1-, j$ and E-PKC, 
but nrt y/-PKC (Simpson, J., MacEwan, D.J., Mitchell, 
R., Johnson, MS., Thomson, F.J. and Parker, P.J., 
unpublished). The exact relative quantity of each of 
these PKC-isoforms within the two tissues is also uncer- 
tain. Naor [233 determined that the c+ and P-PKC con- 
tent of the two tissues varied considerably, with GH3 
cells containing 83% a-PKC and anterior pituitary con- 
taining 58% (r.-PKC (the remainder being P-PKC), but 
these results do not take account of Ca2’-independent 
PKC isoforms /13]. The differences in absolute amount 
of particular PKC isoform(s) in anterior pituitary 
prisms and GE-I, cells may account for the functional 
differences seen here between the two preparations with 
PDBu-induced modulations of Cat”‘-channel activity. 

Interestingly, Lacerda et al, [8] were unable to elicit 
the phorbol ester-mediated inhibitory regulation of ‘L’- 
channels using the synthetic diacylglycerol, DOG. Like- 
wise, DOG was only able to activate the PKC-induced 
enhancement of ‘L’-channels in anterior pituitary pieces 
and was ineffective on the PKC-induced inhibition of 
‘L’-channel activity in GHJ cells (this effect is not due 
to differential degradation of DOG between the two 
tissues (MacEwan, D,J, and Mitchell, R., un- 
published)). If indeed the dual modulation of ‘L’-type 
Ca’“-channels seen in cardiac myocytcs and in the 
prcscnt study is due to differences in PKGisoform tic- 
tion, thcrl DOG, unlike PDBu? may only bc capable of 

activating particular PKC-isoforms, including that re- 
sponsible for enhanced ‘L’-channel activity. The 
phorbol esters, PDBu and 4/3-PDB are capable of ac- 
tivating both the PKC-elicited enhancement and inhibi- 
tion of depolarisation-induced 45Caz-C influx. Protein 
kinase C-independent actions of phorbol esters and dia- 
cylglycetol analogues have been reported [24,25], how- 
ever, the concentration of phorbo1 esters necessary to 
see the effects are very high (~5 @I) and occur with 
PKC-inactive isomers, unlike the stereospecificity of ac- 
tion shown here (Figs. 2 and 3). The diacylglycerol. 
analogue, OAG was reported to depress Ca*+-channel 
activity dependent on its PKC actions [24], but BOG at 
the same concentrations could not mimic OAG at 
depressing Cat+-currents [24] and furthermore, did not 
act to reduce 45Ca2’ influx here (Fig. 5) sng- 
gesting that non-PKC activity may only occur with 
OAG and not DOG. 

Due to its ability to penetrate cells, DOG is often used 
as an agent to reflect the actions of endogenous diglyce- 
rides, Our evidence suggests that DOG may be pharma- 
coIogicaIly selecting for one or more PKC-isoforms and 
therefore caution must be used in interpretation of re- 
sults arising from use of the agent. 

Ar&ttow/e&ettwnt: D.J.M. is a Medical Research Council research 
student. 
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