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Abstract. Utilizing primary cultures of mouse renal jux- 
taglomerular cells we found that renin secretion during 
20 h of incubation was stimulated by 100% when extra- 
cellular calcium was lowered from a basal level of 
0.5 mM to below I gM, and was enhanced in a concen- 
tration-dependent fashion by 600 % when extracellular 
calcium was increased up to 10 mM. The stimulatory 
effect of low calcium on renin secretion was apparent 
after the first hour of incubation, whereas the stimulatory 
effect of increased calcium occurred with a delay of at 
least 1 h. During the first hour of incubation increased 
extracellular calcium blunted the stimulation of renin se- 
cretion induced by forskolin (10 pM). The stimutatory 
effect of increased calcium was attenuated in the pres- 
ence of 8-pCPT-cGMP, a membrane-permeable cGMP 
analogue, and in the presence of 100 mM sucrose. The 
stimulatory effect of increased calcium was blunted in 
the presence of 0.5 mM cobalt, which itself stimulated 
renin secretion at normal (0.5 mM) calcium concen- 
trations. Renin synthesis by the cultured cells at low cal- 
cium was markedly attenuated in proportion with total 
protein synthesis, whereas renin synthesis was not alt- 
ered at increased calcium concentrations. Our findings 
suggest that a rise of intracellular calcium, induced by 
an increase of extracellular calcium, is associated with a 
transient inhibition followed by a marked and regulat- 
able stimulation of renin secretion. Neither calcium de- 
pletion nor calcium elevation appears to exert specific 
effects on renin synthesis in juxtaglomerular cells. 
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Introduction 

The intracellular concentration of calcium is considered 
to play a major role on the control of renin secretion 
from renal juxtaglomerular (JG) cells. Unlike other en- 
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docrine and exocrine cells, in which a rise of calcium 
initiates, facilitates, or maintains secretory activity [27], 
an increase in [Ca]~ is thought to inhibit secretion from 
JG cells, a phenomenon that is referred to as the "cal- 
cium paradox" [14]. This indirect evidence results from 
observations that renin secretion is (a) inhibited by cal- 
cium-mobilizing hormones [34, 35], (b) inversely related 
to the extracellular calcium concentration [10, 12, 15, 
18, 19, 26], (c) inhibited by manoeuvres that are thought 
either to enhance calcium entry or to inhibit calcium 
extrusion [4-6,  9, 25, 28], and (d) enhanced by ma- 
noeuvres thought either to inhibit intracellular calcium 
release or calcium influx [i, 2, 6]. It is an open question 
whether calcium has a unique directly inhibitory effect 
on exocytosis of secretory granules in JG cells or has, 
rather as it has in other secretory cells, a fusogenic effect 
that is overriden by a secondary calcium-dependent ef- 
fect, which in turn acts inhibitorily in JG cells. The latter 
view is proposed by two hypotheses on the inhibitory 
action of calcium on renin secretion. Thus it has been 
suggested that the inhibitory effect of calcium on renin 
secretion could be related to a calcium-dependent con- 
traction of myofibrils forming a subplasmalemmal shield 
regulating the fusion of renin storage granules with the 
plasma membrane [33]. Another interpretation is based 
on the existence of calcium-activated chloride channels, 
which provide the basis for a powerful regulation of the 
JG cell volume [21], which in turn is known to influence 
renin secretion strongly [30]. That the inhibitory effect 
of calcium is not clear-cut is also suggested by a few 
studies reporting stimulation rather than inhibition of re- 
nin secretion by extracellular calcium or calcium ion- 
ophores [13, 17, 24, 26]. 

The concept of such a dual effect of calcium on renin 
secretion would be strongly supported by the demon- 
stration of a direct stimulatory effect of calcium in JG 
ceils. Our interest, therefore, was to search for reproduc- 
ible evidence for such a stimulatory effect of intracellu- 
lar calcium on renin secretion. To this end it appeared 
reasonable to examine the effects of longer-lasting 
changes of the intracellular concentration of calcium on 
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the secre t ion  o f  renin  f rom JG cells.  Such  changes  o f  
in t race l lu la r  ca l c ium can p robab ly  be  ach ieved  by  pro-  
longed  exposu re  to g raded  concent ra t ions  o f  ex t race l lu-  
lar  ca lc ium,  because  recen t ly  ev idence  has  been  pro-  
v ided  that  [Ca]i and [Ca]~ are pos i t ive ly  l inked  in JG 
cel ls  [22]. F o r  our  exper imen t s  w e  used  p r imary  cul tures  
o f  m o u s e  renal  cel ls  enr iched  in JG cells ,  wh ich  have  
recen t ly  been  shown to be  a sui table  m o d e l  for  pro-  
longed  studies on the secre t ion  and synthes is  o f  ren in  
[7]. Ut i l i z ing  those  cul tures  w e  have  e x a m i n e d  the influ-  
ence o f  the ex t race l lu la r  concent ra t ion  o f  ca lc ium on re- 
nin secre t ion  af ter  1, 3 and 20 h o f  incubat ion.  S ince  in 
v ivo  ev idence  suggests  that  the secre t ion  and the syn-  
thesis  o f  renin  are concordan t ly  regu la ted  in JG cells ,  
and s ince ca l c ium is cons ide red  as an impor tan t  second  
messenge r  for  the cont ro l  o f  ren in  secre t ion  [14], it  ap-  
pea red  r easonab le  to cons ider  a poss ib l e  r egu la to ry  ro le  
o f  ca lc ium on renin  synthes is  also. 

Our  resul ts  ind ica te  that  ca lc ium has a dual  effect  
on renin  secret ion,  n a m e l y  a t ransient  inh ib i to ry  effect  
f o l l o w e d  by  a s t imula tory  one. The  f ind ings  also sugges t  
that  the ex t race l lu la r  concent ra t ion  o f  ca lc ium has no 
speci f ic  effect  on renin  synthes is  in i so la ted  jux tag lo -  
meru la r  cells.  

Materials and methods 

Culture of mouse juxtaglomerular cells. Mouse juxtaglomerular 
cells were isolated as described previously [7]. For one cell prep- 
aration, six male C57B16 mice ( 4 - 6  weeks old), who had free 
access to normal food and water, were killed by cervical dislo- 
cation. The kidneys were extirpated, decapsulated and minced with 
a razor blade. The minced tissue was incubated under gentle stir- 
ring for 70 rain at 37 ~ C in a solution of 50 ml buffer 1 (130 mM 
NaC1, 5 mM KC1, 2 mM CaC12, 10 mM glucose, 20 mM sucrose, 
10raM TRIS/HC1, pH7.4) supplemented with 0.25% trypsin 
(Sigma) and 0.1% collagenase (Boehringer Mannheim, Germany). 

After enzymatic dissociation, the tissue was sieved over a 
22-gin screen. Single cells passing the screen were collected, 
washed and resuspended in 8 ml buffer 1 and then further separ- 
ated using Percoll (Pharmacia, Sweden) density gradients. The cell 
suspension obtained was added to four tubes each containing 30 ml 
30 % isoosmotic Percoll in buffer 1. After 25 min centrifugation 
at 4 ~ C and 27000 g, four cell layers with different specific renin 
activity were obtained. The cellular layer (p = 1.07 g/ml) that had 
the highest specific renin activity was used for cell culture, and 
these cells were washed in buffer I and resuspended in 6 ml 
RPMI-1640 medium (Amimed) containing 0.66U/ml insulin, 
100 U/ml penicillin, 100 gg/ml streptomycin and 2% fetal calf 
serum (FCS). 

The cultures were distributed in 250-gl portions into 24-well 
plates and incubated at 37 ~ C in a humidified atmosphere contain- 
ing 5 % CO2 in air. 

Experiments on renin secretion and renin and protein synthesis. 
Experiments on renin secretion and renin synthesis were started 
after 20 h of primary culture. At this time the culture medium was 
removed and the cultures were washed twice with RPMI-1640 
medium containing 2 % FCS. Then fresh and prewarmed culture 
medium, supplemented with 0.66 U/m1 insulin, 100 U/ml penicil- 
lin, 100 gg/ml streptomycin and 2 % FCS together with the i o n s  
to be tested, was added. The normal calcium concentration of the 
medium was 0.5 raM. Culture media with increased calcium con- 
centrations were prepared by adding calculated amounts of CaC12 
to the powder medium, dissolving this in water in the absence of 

bicarbonate and adding bicarbonate after the medium was dis- 
solved. 

If the cultures were used to study renin and protein synthesis 
the cells were washed with methionine-free medium supplemented 
with 2% dialysed FCS. The cells were then incubated with this 
medium supplemented with 40 pCi/ml [35S]methionine (New Eng- 
land Nuclear), insulin and antibiotics as described above. 

Experiments on renin secretion were performed for 1, 3 and 
20 h, those involving measurement of renin synthesis were per- 
formed for 20 h. At the end of the experiment supernatants were 
collected and centrifuged at 500-1000 g and 4~ in a Sorvall 
RT6000 centrifuge in order to remove cellular debris. The super- 
natants were then stored at - 2 0  ~ C for further processing. 

Cells were lysed by adding to each culture well 250 ~tl of phos- 
phate-buffered saline (PBS) containing 0.1% Triton X-100 and 
shaking the mixture for 45 rain at room temperature. The lysed 
cells were stored at - 2 0  ~ C for further processing. 

Measurement of total protein synthesis. Total protein synthesis 
rates were estimated by measuring the 35S radioactivity precipi- 
table by trichloroacetic acid (CI~AcOH) from lysed cells and 
supernatants using bovine serum albumin'(BSA) as cartier. To 
10 pl cell lysate or supernatant, 300 gl 0.1% BSA solution in PBS 
was added. Precipitation of radiolabelled proteins was achieved by 
adding I ml 20 % C13AcOH in water to each sample. The samples 
were then placed on ice for 20 min and the precipitate was col- 
lected by 20 min centrifugation at 2000 g and 4 ~ C. The precipitate 
was washed once with 3 ml 5 % C13AcOH in water and solubitized 
in 0.5 ml 8 M urea. Radioactivity was measured by adding the 
solubilized precipitate to a liquid scintillator cocktail (Optiphase 
MR LKB) and counting in a/?-scintillation counter. 

Assay of protein. Protein concentration in cellular lysates was 
determined using the Bio-Rad protein assay kit. 

Determination of renin synthesis. Renin synthesis was estimated 
by immunoprecipitation of renin from supernatants and cellular 
fractions using an antiserum directed against mouse renin. The 
specificity of this antiserum has been characterized previously [7]. 

Prior to immunobinding, the cellular lysates or culture media 
(volume 250 gl) were concentrated to a volume of 10-20  btl and 
then dialyzed against 2•  ml PBS by ultrafiltration on Centricon 
30 membranes (Amicon) (cut-off 30 kDa) at 2000 g in swing-out 
buckets in a Sorvall RT6000 centrifuge at 4 ~ C. The dialyzed 
samples were then brought to a volume of 500 gl with PBS sup- 
plemented with 1% BSA and 0.1% normal rabbit serum and prein- 
cubated at 37~ for 2 h. Each sample was then provided with 
50 gl immunoabsorbent Omnisorb cells (Calbiochem, Luzern, 
Switzerland) for 1 h at room temperature. Omnisorb was removed 
by 15 rain centrifugation at 2000 g and 4 ~ C. 

The supernatants were then split into duplicates, one was incu- 
bated with rabbit anti-(mouse renin)serum at a final dilution of 
i : 1000 at 4 ~ C overnight, the other with rabbit preimmune serum 
under the same conditions. After incubation of the samples with 
Omnisorb cells for 1 h at room temperature, Omnisorb was re- 
moved by centrifugation as already described. The pellets were 
then resuspended and washed in 2 ml ice-cold PBS until radioac- 
tivity in the wash solution was less than 1 cpm/gl (usually after 
three or four washes). After the last wash the supernatants were 
carefully removed and the pellets dissolved in a liquid scintillator 
and counted in a f l  counter. Specific binding was considered to be 
the difference between the radioactivity (cpm) bound by the renin 
antiserum and the relative control with normal rabbit serum (non- 
specific binding). Non-specific binding ranged from 500-  
1200 cpm per culture well among the different culture preparations 
and specific binding was between 17% and 20% of total binding. 

Determination of renin secretion. Renin secretion rates were esti- 
mated from the appearance rate of renin activity in the culture 
medium. To minimize differences among different cell culture 
preparations, renin secretion rates were calculated as the fractional 
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Fig. 1. Renin secretion during 20 h from cultured mouse juxtaglo- 
merular (JG) ceils as a function of the extraceUular concentration 
of calcium ([Ca]e). [Ca]c values lower than 0.5 mM were achieved 
by the addition of graded concentrations of EGTA to the culture 
medium containing 0.5 mM calcium. Free calcium concentration 
was calculated using a Kd value for EGTA of 150 nM [16]. Renin 
secretion rates are expressed as a percentage of total renin content 
(i. e. renin released + renin remaining in the ceils). Absolute renin 
activity in the experiments was 13.1 + 1.5 ~tg angiotensin I h 1 
(rag cellular protein) -~ (mean _+ SEM of I8 culture wells) at 
[Ca]~ = 0.5 raM. Total renin activity was not influenced by extra- 
cellular calcium in the concentration range shown in this figure. 
Data are means -+ SEM of three experiments, each representing 
the mean of six replicate cultures. *, P < 0.05 versus standard 
medium ([Ca]e = 0.5 raM) 

release of total renin [i. e. renin released/(renin released + renin 
remaining in the cells)]. 

Renin activity was determined by its ability to generate angio- 
tensin I from the plasma of bilaterally nephrectomized rats [23]. 
Angiotensin I was measured by radioimmunoassay (Medipro, 
Teufen, Switzerland). 

Determination of calcium uptake. 45Ca uptake into the cultured 
cells was measured at higher cell density. To this end the cells 
harvested from the kidneys of 20 mice were equally distributed 
into a total of 44 wells of several 24-well plates. The culture me- 
dium was removed 24 h after seeding of the cells and substituted 
by a buffer [retool/l: 132 NaC1, 5 KC1, 0.8 MgSO4, 10 glucose, 
20 N-hydroxyethylpiperazine-N'-2-ethanesulphonic acid (HEPES) 
pH 7.2, 0.5 or 3 CaC12 and 0 or 0.5 CoC12] supplemented with 
1 I.tCi/m145Ca2+ (Amersham). After 10, 30 and 60 s the buffer was 
withdrawn and the cells were quickly washed with 107<1 ml ice- 
cold phosphate-buffered saline containing 10 mM CaClz. The cells 
were lysed with PBS containing 0.1% Triton and the radioactivity 
was measured in fl counter. 

Statistics. Levels of significance were calculated utilizing Stud- 
ent's unpaired t-test with Bonferroni's reduction for multiple 
comparisons. P < 0.05 was considered significant. 

Results 

Incubat ion o f  cultured mouse  juxtaglomerular  (JG) cells 
with different concentrat ions o f  extracellular calcium 
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Fig. 2. Renin secretion during 20 h from cultured mouse JG cells 
in the presence of graded concentrations of nickel (D) and cobalt 
(O). Data are means + SEM of three experiments, each rep- 
resenting the mean of six replicate cultures. *, P < 0.05 versus 
control 

([Ca]~) for 20 h had a dual effect on renin secretion 
(Fig. 1). Decreasing the [Ca]o f rom 0.5 mM,  which was 
the standard calc ium concentrat ion in the culture me- 
dium used, by the addition o f  graded doses o f  EGTA, 
led to a doubling o f  the basal renin secretion rate. The 
enhancement  o f  renin secretion occurred in a calculated 
concentrat ion range o f  extracellular calc ium between 
10 txM and 100 nM (utilizing a stability constant for the 
Ca-EGTA complex  of  l0669 M -a [16]) the half-maximal  
effect occurr ing at around 1 g M  extracellular calcium. 

Increasing [Ca]~ f rom 0.5 m M  to 10 m M  led to a 
concentrat ion-dependent  sixfold increase o f  renin se- 
cretion (EDso = 2.5 mM)  during 2 0 h  of  incubation. 
Neither lowering by EGTA nor increasing the [Ca]e led 
to obvious signs o f  cell damage,  as checked by phase- 
contrast  microscopy  and trypan blue exclusion. This no- 
tion was supported by the finding that total renin activity 
in the cultures was not changed after 20 h o f  incubation 
with low or with high calcium in compar ison to the stan- 
dard (0.5 raM) calc ium concentration. 

Since lowering of  [Ca]o was achieved by the addition 
o f  EGTA, which in turn might  exert a calcium-indepen- 
dent st imulatory effect on renin secretion, we also exam- 
ined the effects o f  divalent cations, such as cobalt  and 
nickel, which have been found to b lock certain routes o f  
calc ium entry into cells. 

Nickel  had no effect on renin secretion up to a con- 
centration o f  500 g M  (Fig. 2). At  concentrat ions o f  
1 m M  and higher the presence o f  nickel was associated 
with drops of  the total renin activity in the cultures and 
was therefore not examined further at such high concen-  
trations. Cobalt  had a weak stimulatory effect on renin 
secretion with an EDso value o f  around 200 laM (Fig. 2). 
Like nickel, cobalt  also led to a decrease o f  total renin 
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Fig. 3. Influence of extracellular calcium concentration and of 
cobalt on calcium uptake into cultured mouse JG cells. Calcium 
uptake was calculated from the 45Ca radioactivity measured, the 
counting efficiency and the specific radioactivity of the isotope in 
the buffer. Data are means _+ SEM of quadruplicate culture wells 
for experiments terminated after 10 s or 30 s and of six replicate 
wells for experiments terminated after 60 s. *, P < 0.05 

activity in the cultures at concentrations higher than 
1 mM. 

To verify a possible effect of  cobalt on calcium entry 
into the cultured JG cells we calculated calcium uptake 
into the cells at normal and increased extracellular cal- 
cium in the absence and the presence of effective con- 
centrations of  cobalt, utilizing 45Ca2+ as a tracer. As 
shown in Fig. 3 the calcium uptake was enhanced when 
the extracellular concentration of calcium was increased 
f rom 0.5 mM to 3 mM. In the presence of 0.5 mM co- 
balt, the rate of  uptake was reduced by different amounts 
depending on the extracellular calcium concentration. 

We next determined the kinetics of  the stimulatory 
effects of  low and high extracellular calcium on renin 
secretion f rom the cultured mouse JG cells. As shown 
in Fig. 4 the stimulatory effect of  low (EGTA 2 raM) 
calcium but not that of  high (3 m M  Ca 2+) was already 
apparent after 1 h of  incubation, which was the earliest 
t ime examined. Basal renin secretion in these series of  
experiments was rather low and suppressed, as indicated 
by the observation that the addition of 100 m M  sucrose, 
which is a potent inhibitor of  renin secretion in vitro 
[30], had no further inhibitory effect on renin secretion 
in these cultures of  JG cells during the first hour of  incu- 
bation (not shown). In order to not overlook a possible 
inhibitory effect of  extracellular calcium on renin se- 
cretion, we therefore determined the effect of  low cal- 
cium (2 mM EGTA) and of increased calcium (3 mM 
Ca 2+) on renin secretion stimulated by 10 pM forskolin 
during 1 h of  incubation (Fig. 5). Apparently the stimu- 
latory effect of  forskolin on renin secretion was blunted 
in the presence of 3 mM extracellular calcium. After 
20 h of  incubation with forskolin (10 pM) in the pres- 
ence of 3 m M  Ca 2+, renin secretion rates were not differ- 
ent f rom those measured in the absence of forskolin 
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Fig. 4. Renin secretion from cultured mouse JG cells at normal 
(0.5 raM), low (2 mM EGTA) and increased (3 raM) concen- 
trations of extracellular calcium after 1, 3 and 20 h. Data are 
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six replicate wells. *, P < 0.05 versus control (standard medium). 
Total renin activities in culture wells from the same cell prep- 
aration were not dependent on the time of incubation nor on the 
extracellular concentration of calcium. Total renin activity in three 
cell preparations was 10.5 • 2.9 gg angiotensin I h -~ (mg cellular 
protein) -~ 

2~ f _ . _  1 5 ~  
"6 10 

.~ 5 

~ so 
,E 

10 

Control " Forskolin lOpM --J 

3ram +2ram 
CoCtz EGTA 

Fig. 5. Retain secretion from cultured mouse JG cells in the pres- 
ence of 10 ~tM forskolin at normal (0.5 raM), low (2 mM EGTA) 
and high (3 raM) extracellular calcium after t h (upper) and 20 h 
(lower) of incubation. Data are means -+ SEM of ten replicate 
wells each. *, P < 0.05 

(Fig. 5). Lowering the extracellular calcium by EGTA 
(2 mM), on the other hand, did not alter the stimulatory 
effect of  forskolin either after 1 h or after 20 h (Fig. 5 
and Fig. 4). 

To examine whether the stimulatory effect of  cal- 
cium was sensitive to manoeuvres known to attenuate 
certain routes of  renin secretion, we used (a) 8-pCPT- 
cGMP, a membrane-permeable cGMP analogue, because 
cGMP is considered as an inhibitory signal for renin se- 
cretion [20], and (b) an increase of extracellular osmolal- 
ity [30] by adding t00  m M  sucrose to the culture me- 
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dium. As shown in Fig. 6 both 1 mM 8-pCPT-cGMP and 
100 mM sucrose significantly attenuated 20-h renin se- 
cretion in the presence of 3 mM calcium. We also exam- 
ined the effects of calcium antagonists on renin secretion 
stimulated by 3 mM calcium. The organic calcium an- 
tagonists verapamil and nifedipine in a concentration 
range up to 10 ktM had no effect on renin secretion either 
at normal (0.5 raM) or at increased (3 mM) extracellular 
calcium concentrations (not shown). In the presence of 
0.5 mM cobaltous chloride, however, the stimulatory ef- 
fect of 3 mM calcium was blunted (Fig. 7). This was the 
more remarkable as 0.5 mM cobalt alone caused a slight 
stimulation of renin secretion at normal (0.5 raM) cal- 
cium concentrations. A comparable stimulation of renin 
secretion to that with 3 mM calcium was achieved with 
the calmodulin antagonist calmidazolium (Fig. 7). The 
stimulatory effect of calmidazolium, however, was not 
influenced by cobalt (Fig. 7). 

Normal (0.5 raM), low (2 mM EGTA) and increased 
(3 mM) extracellular calcium were further examined for 
their effects on the de novo synthesis of renin by the 
cultured cells, which was determined by immunoprecip- 
itation of renin in cells incubated with [35S]methionine 
for 20 h. Total protein synthesis as estimated from 
trichloroacetic-acid-precipitable radioactivity was de- 
creased at low (2 mM EGTA) calcium and also at in- 
creased extracellular calcium (3 raM) (Fig. 8). Renin 
synthesis was diminished in proportion to total protein 
synthesis at low calcium (2 mM EGTA) and was not 
significantly changed at high calcium (3 mM) concen- 
trations (Fig. 8). 

Discussion 

This study was undertaken to examine the effect of cal- 
cium on the secretion and the synthesis of renin in renal 
juxtaglornerular (JG) cells. Our results show that both 
lowering and increasing extracellular calcium starting 
from the normal calcium concentration in the medium 
(0.5 raM), to which the cells were adapted during 24 h, 
resulted in an enhancement of renin secretion during the 
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next 24 h of incubation (Fig. 1). Stimulation of renin se- 
cretion by lowering the extracellular calcium has fre- 
quently been described for renal cortical cell suspen- 
sions, kidney slices, isolated glomeruli and isolated per- 
fused kidneys (for review see [14]). Also the concen- 
tration range of calcium (100 nM to 1 txM), in which the 
stimulation of secretion was seen in this study, confirms 
results described previously. It has been discussed in this 
context that stimulation of renin secretion at low extra- 
cellular calcium may be due to membrane destabilisation 
rather than to a specific effect of low cytosolic calcium 
[3]. Like others we cannot rule out this possibility. Since 
a quantitatively similar stimulation of renin secretion to 
that with low extracellular calcium was achieved with 
the inorganic calcium antagonist cobalt (Fig. 2), which 
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attenuated calcium entry into the JG cells (Fig. 3), it ap- 
pears not unlikely that it was the decrease of transmem- 
brane calcium influx rather than an unspecific side-effect 
of EGTA that was responsible for the enhancement of 
renin secretion in the presence of the chelator. 

More interesting was the observation that prolonged 
exposure of JG cells to increased concentrations of cal- 
cium also had a potent, concentration-dependent stimu- 
latory effect on renin secretion (Fig. 1). Obviously, an 
increase of extracellular calcium had a dual effect on 
renin secretion: an inhibitory one that lasted for at least 
1 h and became apparent by stimulation of renin se- 
cretion with forskolin (Fig. 5), and a powerful stimu- 
latory one that occurred with a delay of approximately 
1 - 3  h. A faster-operating inhibitory effect of calcium is 
in accordance with the finding that the stimulatory effect 
of low calcium was of rapid onset when compared with 
that of increased extracellular calcium. Inhibition of ba- 
sal or stimulated renin secretion by high extracellular 
calcium or by enhancement of transmembrane calcium 
influx has frequently been described in short-term 
experiments with renal cortical cells, kidney slices, iso- 
lated glomeruli and isolated perfused kidneys (for re- 
view see [14]). The subcellular mechanisms for such an 
inhibitory effect of calcium on the exocytosis of renin, 
which is commonly also referred to as the "calcium 
paradox" of renin secretion, have not yet been identi- 
fied. Two hypotheses have been proposed in this context, 
namely an involvement of calcium-dependent contrac- 
tions of myofilaments [33] or an involvement of a cal- 
cium-dependent cell-volume control in the regulation of 
renin secretion [21]. A role for the cell volume in the 
mediation of the inhibitory effect of high extracellular 
calcium on renin secretion would be compatible with the 
findings that chloride channels change their activity 
upon changes of the extracellular calcium concentration 
[22] and that the inhibitory effect of calcium is largely 
chloride-dependent [31]. 

The inhibitory effect of increased calcium on renin 
secretion weakened with time and a powerful stimu- 
latory effect of increased calcium on renin secretion be- 
came apparent (Fig. 4). This stimulatory effect re- 
sembles the classic effect of calcium in secretory cells 
in which elevations of calcium initiate, facilitate or 
maintain exocytotic processes [27]. In fact there are also 
a few reports on a stimulatory effect of calcium or cal- 
cium ionophores on renin secretion [13, 17, 24, 26]. It 
could be speculated, in the light of our results, that in 
those instances the stimulatory effect of calcium may 
have overridden an inhibitory effect of calcium on renin 
secretion. Our findings do not allow us to distinguish 
clearly whether increased calcium acted from inside or 
from outside the cells to enhance renin secretion. Pre- 
vious observations suggest that the extracellular and the 
intracellular concentrations of calcium are closely linked 
in mouse JG cells [22]. Thus, removal of extracellular 
calcium or increases of extracellular calcium from 2 mM 
to 10 mM have been found to cause prompt and con- 
comitant changes of the cytosolic calcium in JG cells 
with prestimulated phospholipase C activity. In JG 
cells without prior stimulation with angiotensin II or 

GTP[~-S] we recently found that an acute change of ex- 
tracellular calcium from 2 mM to 10 mM was associated 
with a cytosolic calcium transient followed by an elev- 
ated plateau of calcium and calcium oscillations [22]. 
The results obtained in this study, moreover, provide ad- 
ditional evidence that an increase of the extracellular 
concentration of calcium markedly enhances the calcium 
uptake, thus supporting our previous notion that JG cells 
are rather sensitive to changes of the extracellular cal- 
cium concentration [22]. This calcium uptake mechan- 
ism in JG cells, like that in renal vascular smooth muscle 
[29], was found to be partially sensitive to inhibition by 
cobalt (Fig. 3). Since cobalt blunted the stimulatory ef- 
fect of increased extracellular calcium on renin secretion 
(Fig. 7) one could speculate that the stimulation of renin 
secretion by calcium occurred via an intracellular mode 
of action. One could imagine in this context that partial 
inhibition of calcium influx by cobalt lowers intracellu- 
lar calcium to levels that lead to disinhibition of renin 
secretion at normal extracellular calcium concentrations 
and prevent rises of cytosolic calcium to levels necessary 
to enhance renin secretion at increased extracellular 
calcium. 

The stimulatory effect of calcium on renin secretion 
is in part sensitive to manoeuvres known to inhibit basal 
renin secretion significantly, such as an increase of 
cellular cGMP levels or an increase of osmolality 
(Fig. 6). 

Taken together, our findings demonstrate that cal- 
cium can in principle exert a strong positive effect on 
secretion in JG cells, an effect that is typically seen in 
secretory cells. It appears not unlikely, therefore, that the 
inhibitory effect of calcium on exocytosis in JG cells is 
an indirect rather than a direct effect. This interpretation 
is in harmony with recent findings that in permeabilized 
JG cells increased calcium concentrations have only a 
stimulatory effect on renin secretion [32]. Whether it is 
mediated by contraction of myofilaments, activation of 
chloride channels or other processes remains to be eluci- 
dated. 

Another issue that remains to be clarified is the long- 
lasting stimulatory effect of calmodulin antagonists on 
renin secretion [8] in view of the suggestion that the 
inhibitory effect of calcium is only transitory. A possible 
explanation could be that calmodulin antagonists not 
only enhance renin secretion by inactivation of calmodu- 
lin but also by other side-effects. 

In vivo evidence suggests that the secretion and the 
synthesis of renin in JG ceils are concordantly regulated 
by the main physiological control factors of the renin/ 
angiotensin/aldosterone system such as blood pressure, 
intake of sodium chloride and sympathetic nervous out- 
put [14]. It is reasonable to assume that this linkage of 
renin secretion and renin synthesis is managed on the 
level of intracellular messenger molecules, a conclusion 
that is corroborated by the recent demonstration that 
cyclic AMP enhances both the secretion and the syn- 
thesis of renin in cultures of mouse renal JG cells [8]. 
Considering the role of calcium for renin secretion it 
was also of interest, therefore, to examine the influence 
of calcium on the de novo synthesis of renin. Our find- 
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ings suggest  that there  was no specif ic  effect  on the 
regu la t ion  o f  renin  synthesis  as was,  for  instance,  seen 
with  c A M P  [8]. I t  is not  very  l ike ly  therefore  that  cal-  
c ium exerts  a concordan t  control  funct ion on renin  se- 
cret ion and renin  synthesis .  S ince  both  lower ing  and in- 
c reas ing  ext race l lu lar  ca l c ium at tenuated  pro te in  syn-  
thesis b y  the cul tured cells,  it  cou ld  be  suspected  that 
the enhancemen t  o f  renin  secret ion obse rved  under  both  
condi t ions  cou ld  be  re la ted  to the inhib i t ion  o f  p ro te in  
synthesis .  Such a re la t ionship ,  however ,  appears  not  very  
l ikely,  because  effect ive inhibi t ion  of  p ro te in  synthesis  
by  cyc lohex imide  was found  not  to alter 20-h renin  se- 
cret ion f rom cul tured  m o u s e  JG cells  [9]. 
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