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2 A . Kurtz 

1 Introduction 

The renin angiotensin aldosterone system ( R A A S ) is one of the basic regula
tory mechanisms for controlling extracellular volume and blood pressure. The 
activity of the R A A S is mainly controlled by the rate of renin release into the 
circulation. The presence of renin has been demonstrated in a variety of tis
sues, including kidney, salivary glands, placenta, blood vessels, and various 
endocrine glands (Campbell 1987). Although renin obtained from these tis
sues, in particular from the submaxillary gland, has been important for the 
elucitation of the structure and intracellular processing of renin (Panthier et 
al. 1982; Cantazaro et al. 1983), so far only renal renin has proved important 
in the regulation of the R A A S . Therefore, unless otherwise indicated, only re
nal renin is considered in this review. 

Wi th in the kidney, renin is produced and stored, and then released from the 
so-called granular juxtaglomerular cells (Barajas 1979; Taugner et al. 1984). 
These cells are modified smooth muscle cells and are located in the tunica me
dia of the afferent arteriole, adjacent to the glomerulus (Fig. 1). Morphologi 
cally they resemble vascular smooth muscle cells, but have with some typical 

Fig. 1. Electron micrograph of a juxtaglomerular apparatus in mouse kidney. JC, juxta
glomerular cell; DT, distal tubule; AA, afferent arteriole; EA, efferent arteriole; GC, glomerular 
capillary. Courtesy of Maria Harlacher, Heidelberg 
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characteristics of secretory cells, namely a well-developed endoplasmatic re
t iculum, a prominent Golg i apparatus and membrane-bound granules con
taining renin (Barajas 1979; Taugner et al. 1984). 

Since the rate of renin release from juxtaglomerular cells has a direct effect 
on b lood pressure, and because an enhanced rate of renin release is known 
to be a major cause of hypertension, the mechanisms controlling renal renin 
release have attracted interest among physiologists, pharmacologists, and c l i 
nicians. 

So far, four basic mechanisms for controlling renin release from the jux
taglomerular cells have been identified (Davis and Freeman 1976; Keeton and 
Campbel l 1981). These are: 

1. Intrarenal blood pressure 
2. Influence exerted by the macula densa segment of the distal tubule 
3. The sympathetic nervous system 
4. Humora l factors 

Despite a large body of findings on the modulation and alteration of renal 
renin release, the intracellular mechanisms by which renin release is controlled 
within juxtaglomerular cells are not clearly understood. 

Dur ing the last decade the physiological and pharmacological mechanisms 
which alter renin release have been sufficiently reviewed (Davis and Freeman 
1976; Keeton and Campbell 1981; Fray et al. 1983 a, b; Hackenthal et al. 1983; 
P.C. Churchi l l 1985; Vallotton 1987). This review therefore focuses on the in
tracellular processes that govern renin release from juxtaglomerular cells. The 
available information is discussed in relation to present knowledge of general 
mechanisms of secretion. It has been shown for a variety of secretory cells, 
including those of the adrenal and pituitary glands, exocrine and endocrine 
cells of the pancreas, neutrophils and platelets, that the secretory process is 
triggered by guanosine triphosphate - (GTP-)binding (G)-proteins (Bur-
goyne 1987), phosphoinositide turnover (Berridge 1987), intracellular levels 
of calcium (Penner and Neher 1988), and cyclic nucleotides (Rasmussen and 
Barrett 1984). 

Evidence exists which indicates that the cytoskeleton (Hal l 1982) and cellu
lar electrical properties (Petersen and Maruyama 1984) have roles in the regu
lation of secretory processes. Therefore, special consideration is given in this 
review to the role of cytoskeleton, calcium, cyclic nucleotides, phosphoino
sitide turnover, G proteins, and the electrical properties of juxtaglomerular 
cells in the control of renin release. In this context, our own results, obtained 
from studies on isolated rat juxtaglomerular cells, are presented. 

The effects of the four basic mechanisms which control renal renin release 
and how, these can be explained by present knowledge of the intracellular 
control of renin release, are also discussed in this review. 
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2 Renin Synthesis and Secretion 

2.1 Experimental Models 

A s with many other basic physiological investigations, the study of the intra
cellular control of renin cannot be primarily performed in humans. 
Therefore, the results described in the following paragraphs have been ob
tained predominantly with rats, mice, and dogs. N o essential differences in 
the control of renin release between rats, mice, dogs, and humans have been 
discovered so far. Therefore, it is assumed that the findings obtained with 
preparations from laboratory animals are also representative for humans. 

The main reason for the absence of detailed knowledge about the cellular 
control of renin release is the lack of suitable experimental models. Obtaining 
insight into intracellular mechanisms within juxtaglomerular cells from stud
ies using whole kidney preparations is difficult. The effect of a substance 
found to alter renin release in these preparations may result from a variety of 
causes, i.e., a direct action on juxtaglomerular cells, an influence on either the 
baroreceptor or macula densa receptor, an alteration in the activity of the in 
trarenal sympathetic nervous system, or altered sensitivity of the jux
taglomerular cells to certain hormones. To circumvent these problems experi
mental models have been devised which allow more direct access to jux
taglomerular cells. The hydronephrotic kidney model (Bührle et al. 1986 a) is 
considered to be free from tubular influence, and experiments studying renin 
release from renal cortical slices are performed assuming that the barorecep
tor and the macula densa are inactive in these preparations (Keeton and 
Campbell 1981). Other approaches to obtaining a more direct insight into 
processes within juxtaglomerular cells are the use of microdissected afferent 
arterioles (Itoh et al . 1985a,b), isolated glomeruli containing fractions of the 
afferent arteriole (Blendstrup et al . 1975), and the use of suspensions of iso
lated renal cortical cells (Lyons and Churchi l l 1975; Khayat et a l . 1981). The 
disadvantage of all these preparations, however, is that the percentage of jux
taglomerular cells is low. 

It is clear that hydronephrotic kidneys, renal cortical slices, isolated glo
meruli, and renal cortical cell suspensions are not optimal for metabolic stud
ies on juxtaglomerular cells, since the tissues used are obviously not fully rep
resentative. This disadvantage led to increased efforts to develop experimental 
models containing a higher percentage of juxtaglomerular cells. In 1982 
Rightsel et al . succeeded in cloning juxtaglomerular cells from rat kidneys, 
but unfortunately, these cells had only a very low renin content. Moreover, the 
cloned juxtaglomerular cells did not develop the renin-containing secretory 
granules which are typical of juxtaglomerular cells in situ. Galen et al . (1984) 
suggested that cultured human tumoral juxtaglomerular cells could be a use-
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Fig. 2. Isolated juxtaglomerular cell from rat kidney. Note the numerous secretory granules. Iso
lation was done according to Kurtz et al. (1986 b). x 16000 

ful tool for studies concerning the mechanism of renin release, but these are 
not generally available. It was later discovered that these cultured tumoral 
cells do not contain typical secretory granules and that they release renin 
mainly in an inactive form. Recently, the same group succeeded in transform
ing cultured tumoral juxtaglomerular cells by the use of SV40 virus infection 
(Pinet et al. 1985). Although these cultures are not optimal for the study of 
exocytosis of renin they could be very valuable for the investigation of the 
control of renin and prorenin synthesis (Pinet et al . 1987). 

Our own efforts concentrated on the development of a method that allows 
reproducible production of a cell preparation containing a high proportion of 
juxtaglomerular cells. Using rats we were able to produce cell preparations 
containing around 80% juxtaglomerular cells (Kurtz et al. 1986a,b). These 
cells display prominent renin granules (Fig. 2) and they spontaneously release 
renin, predominantly in the active form (Kurtz et al . 1986 a). Moreover, the 
renin release can be modulated by a variety of agents that typically regulate 
renin release in the kidney (Kurtz et al. 1984, 1986a). Ut i l iz ing a similar tech
nique, Johns et al. (1987) recently established cell preparations with high 
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renin content, and it was confirmed that the preparations are also suitable for 
the study of renin secretion a cellular level. 

2.2 Processing of Renin in Juxtaglomerular Cells 

Present knowledge of the intracellular synthesis of renin is summarized in 
Fig . 3. The molecular biology has recently been reviewed in detail (Dzau et 
al . 1988), and the structure of the human renin gene has already been eluci-

Fig. 3. Biosynthetic pathway of active renin in a juxtaglomerular cell from its gene to its release 
into the blood stream. (From Vallotton 1987) 
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dated (Hardman et al . 1984; Horbart et al. 1984). Human renal renin is en
coded by a single gene which consists of ten exons and nine introns. The mes
senger (m) R N A of the renin gene is translated into a protein preprorenin con
sisting of 401 amino acid residues (Imai et al. 1983; Pratt et al. 1983). In the 
endoplasmic reticulum a 20-amino-acid signal peptide is cleaved from 
preprorenin, leaving prorenin a glycosylated protein of 381 amino acids (Pan-
thier et al . 1982; Cantanzaro et al. 1983; Galen et al. 1984). Prorenin, which 
is enzymatically inactive, is packed into secretory granules at the Golg i appa
ratus; where it is further processed into active renin by the cleavage of a 
46-amino-acid peptide from the N-terminus of the molecule. Mature renin is 
a monomeric glycosylated carboxypeptidase, with a molecular weight of 
around 44000 daltons. In addition, the structure of the renal renin gene in rats 
has been clarified (Burnham et al . 1987; Fukamizu et al . 1988). 

Two greatly different morphological forms of granules with renin immuno-
reactivity can be distinguished within juxtaglomerular cells (Barajas 1966; 
Taugner et al . 1984). It is thought that only mature granules contain active 
renin. The subcellular classification of renin-containing granules is still a 
matter of debate. Two main types of cellular granules originate from the Golg i 
apparatus: the first is the typical secretory granules, which contain material 
to be released from the cell by an exocytotic process, and the second is lyso-
somes. These granules contain proteolytic and other hydrolytic enzymes. The 
content of lysosomes is usually bound to remain within cells and to catalyze 
autolytic processes. The mechanism that causes secretory granules to fuse 
with the cell membrane but allows lysosomes to remain within the cytoplasm 
is not clearly understood. Morphological differences between secretory gran
ules and lysosomes exist. In contrast to secretory granules, lysosomes have au
tophagic capabilities (De Duve 1983). In addition, the l ipid content of 
lysosomal membranes can be enhanced by so-called lysosomotropic sub
stances such as chlorphentermine and chloroquine whilst that of typical secre
tory granules cannot (Houban et al. 1972; Hil lmann-Rauch 1975). 

Renin has been found to originate from the Golg i apparatus, like typical 
secretory products (Pratt et al. 1983). Since renin is a proteolytic enzyme, and 
such enzymes are normally stored within lysosomes, the possibility that renin-
containing granules might be related to lysosomes has been considered for 
some time (Fisher 1966). This speculation has furthermore been confirmed 
by the discovery that typical lysosomal enzymes such as acid phosphatase 
(Fisher 1966; Ruyter 1964) and ^-glucuronidase (Gomba and Soltesz 1969) 
coexist with renin in the granules. More recently, renin granules have been 
shown to display autophagic capabilities, and they also gradually accumulate 
polar lipids after administration of lysosomotropic substances (Taugner et al. 
1985 a). Overall, present knowledge of the nature of renin-containing granules 
within juxtaglomerular cells supports the idea that the renin granule is not a 
typical secretory granule, but rather resembles a modified lysosome. 
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Information on the intracellular control of active renin production is rather 
scarce. A t least three regulatory steps in the production of mature renin can 
be identified, namely, the transcription rate of the gene, the translation rate 
of m R N A , and the rate of conversion of prorenin into renin. The proteolytic 
mechanism by which prorenin is processed into renin is not clearly under
stood. In view of the findings that cathepsins are capable of converting pro
renin to renin in vitro (Takahashi et al. 1982), and that cathepsins B and D 
coexist with renin in secretory granules (Taugner et al. 1985 b, 1986), it might 
be speculated that these cathepsins have an important function in the intracel
lular activation of renin. For completness, it should also be mentioned that 
kallikrein has been considered as a possible activator of prorenin (Yokosawa 
et al. 1979). 

A t present it is not known whether the intragranular cleavage of prorenin 
is subject to physiological regulation. There are, however, findings indicating 
that both the transcription rate of the renin gene and the translation rate of 
the renin m R N A are subject to physiological regulation. It is well established 
that states of low sodium intake into the organism are accompanied by high 
levels of plasma renin (Keeton and Campbell 1981). Using rats, Nakamura et 
al . (1985) have shown that sodium depletion and converting enzyme inhibi
tion led to a 46-fold increase in plasma renin activity a 1.5-fold increase in 
renal renin activity, and a 2.8-fold increase in renal renin m R N A content com
pared with normal animals. The latter finding indicates that the gene tran
scription rate is subject to control, and assuming that the biological half-life 
of plasma renin is not altered in states of low sodium intake, it follows from 
the results of these experiments that the translation rate of a single renin 
m R N A molecule is also enhanced in this situation. This conclusion is in 
agreement with the results obtained by Mor imoto et al. (1979), who found 
that low sodium intake in rats caused a 12-fold increase in plasma renin activi
ty and a 3-fold increase in granular renin activity. Further confirmation of 
transcription and translation regulation was recently obtained by Moffet et al. 
(1986), who found that aorta coarctation led to a 50-fold increase in renin 
m R N A and renin enzyme activity in the ischemic kidney. However, identifica
t ion of the cellular factors that control transcription and translation of the 
renin gene remains a task for future research. 

2.3 Mechanisms of Renin Secretion 

Components of the cytoskeleton, e.g., microtubules and microfilaments, are 
necessary for cell motility and intracellular translocation processes (Trifaro et 
al. 1985). Since a typical secretory process requires the movement o f secretory 
granules from within the cell to the cellular plasma membrane, there is specu
lation that the cytosolic part of the cytoskeleton is involved in this process 
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(Lacy et al . 1968; Sherline et al. 1977; Hoffstein and Weissmann 1978). The 
subplasmalemmal part of the cytoskeleton, however, is considered to have an 
inhibitory role in secretion (Burgoyne et al. 1987, 1988). Significant altera
tions in the arrangement of microfilaments in the space between the secretory 
granule and the cellular membrane have been observed upon secretion (Hal l 
1982; Boyd 1982). Moreover, it has been found that the typical secretory pro
cess in a variety of secretory cells can be altered by substances which interfere 
with the normal assembly of microtubules and microfilaments (Ha l l 1982; 
Boyd 1982; Perrin et al . 1987). In view of these findings the question arises 
of the role of the cytoskeleton in the secretion of renin granules from jux
taglomerular cells. 

Juxtaglomerular cells have been found to be rather poor in their content of 
microfilaments and microtubules (Taugner et al. 1984). N o significant altera
tion in the arrangement of microfilaments upon secretion of renin has been ob
served in juxtaglomerular cells (Taugner et al. 1984). Furthermore, it has been 
demonstrated in whole kidneys and in kidney slices that colchicine, which in
terferes with the normal assembly of microtubules, has no inhibitory effect on 
the secretion of renin from juxtaglomerular cells (Hackenthal et al. 1978). In 
our own studies using isolated juxtaglomerular cells and colchicine we did not 
observe alterations in spontaneous renin release (Kurtz et al. unpublished). 

Since there is no positive evidence that the microfilament system plays an 
active role in the extrusion of renin, it is uncertain whether renin release re
quires translocation of secretory granules at al l . In fact, it has been suggested 
that renin could be released from storage granules into the cytoplasm of jux
taglomerular cells, and then may pass through the plasma membrane. This 
idea was first discussed by Rouiller and Orci (1971), and then later revived by 
Fray et al. (1983 a, b) and Barajas and Powers (1984). Experimental evidence, 
however, is rather limited, and is based on the finding that isolated renin gran
ules release more renin in the presence of a low calcium concentration 
(Sagnella and Peart 1979). Since a fall in the cytosolic calcium concentration 
is believed to be a stimulatory signal for renin release (see Sect. 3.3), it has 
been hypothesized that a fall in cytoplasmic calcium sets in motion the release 
of renin from the granules into the cytoplasm and finally across the plasma 
membrane. Recently, Zavagli et al. (1983) reported morphological evidence of 
cytoplasmic solubilization of renin granules. Support for this mechanism of 
renin release was also provided by Fray and Lush (1984), who found that upon 
stimulation of renin release the renin activity increased in the cytosolic phase 
of a kidney extract, whilst that of the granular fraction remained unchanged. 
It should be mentioned, however, that the experimental protocol used in this 
study did not allow cytoplasmic renin and extracellular renin which might 
have been released by exocytosis to be clearly distinguished. 

In contrast, there is strong morphological evidence that renin release from 
juxtaglomerular cells occurs as an exocytotic process involving fusion be-
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tween the membranes of the secretory granule and the plasma membrane 
(Taugner et al. 1984). But how is the contact between these two membranes 
brought about in juxtaglomerular cells? Peter (1976) obtained morphological 
evidence of deep, channel-like invaginations of the plasma membrane in rat 
juxtaglomerular granulated cells. He inferred that renin secretion represents 
an unusual type of exocytosis in which the plasma membrane invaginates to
wards the granules, thus providing sites for extrusion, instead of the granules 
moving towards the cell surface prior to release. This idea was supported by 
the findings of Ryan et al. (1982), which showed that the incidence of these 
deep invaginations increases during stimulus induced degranulation and de
creases during regranulation of juxtaglomerular cells. Recent electron-micro
scopical studies performed by Taugner et al . (1984), however, show that gran
ules lying next to the juxtaglomerular cell membrane change their shape upon 
stimulation of secretion by protruding towards the cell membrane, but the 
reason for this is not clear. Morphological evidence indicates that structural 
alterations within the renin granule accompany this protrusion process 
(Taugner et al. 1984). The authors speculated that these intragranular altera
tions are due to changes in osmolarity of the granules; however, the mecha
nism for these changes of intragranular osmolarity upon stimulation of secre
tion in juxtaglomerular cells is not known. 

Taugner et al . (1987) obtained morphological evidence showing that not 
only mature granules but also juvenile granules, which contain mostly pro
renin fuse with the juxtaglomerular cell membrane. This observation could 
explain the origin of prorenin in the plasma. In humans, for instance, pro
renin can account for up to 90% of the total amount of renin present in the 
plasma (Sealy et al. 1986). Further evidence that renin is released by an ex-
ocytotic process was provided by Skott (1986). Using isolated afferent arteri
oles, he observed a quantum-like release of renin from these arterioles. This 
mode of renin release could be explained by the exocytosis of single secretory 
granules containing renin. 

In summary, it appears likely that renin is released from renal jux
taglomerular cells by an exocytotic process which involves fusion of the gran
ule's membrane and the cellular plasma membrane. However, the mechanism, 
by which the contact between the two membranes is brought about is not yet 
clear. 

3 Intracellular Signals for the Control of Renin Secretion 

3.1 General Remarks 

In recent years it has become evident that the phosphatidylinositol cycle (PI 
cycle) plays a major role in the stimulus-secretion coupling of secretory cells 
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(Berridge 1984). Stimulators of secretion usually activate a specific plasma 
membrane-bound phosphodiesterase, phospholipase C (PLC) which splits 
phosphatidylinositol-4,5-bisphosphate into diacylglycerol (DAG) and inositol 
triphosphate (IP 3 ) . I P 3 releases calcium from intracellular stores in the endo
plasmic reticulum, and consequently leads to a rise in the intracellular con
centration of calcium (Streb et al. 1983), while D A G stimulates a phospholip-
id-dependent protein kinase C (Nishizuka 1984). There is good experimental 
evidence to indicate that exocytosis in a typical secretory cell is initiated or 
facilitated by the rise in calcium induced by I P 3 (Penner and Neher 1988). 
The secretory response is then maintained, or even enhanced, both by the acti
vation of the C kinase by D A G and by an increased transmembrane calcium 
influx caused by the opening of calcium channels in the plasma membrane 
(Rasmussen 1986; A l k o n and Rasmussen 1988). Activation of voltage-gated 
calcium channels is an additional process by which secretion from excitable 
cells is triggered. 

In view of the importance of calcium and C kinase activity it is obvious to 
consider the role of these in the control of renin release from juxtaglomerular 
cells. 

3.2 Regulation of Calc ium in Renal Juxtaglomerular Cells 

Only limited information exists on the regulation of calcium within jux-
toglomerular cells, mainly due to the paucity and difficult accessibility of 
these cells. Recently a combination of patch clamp and calcium microfluori-
metry was utilized to gain insight into the regulation of calcium within single 
juxtaglomerular cells (Kurtz and Penner 1989). The results obtained indicate 
that juxtaglomerular cells contain intracellular stores of calcium which can 
be mobilized by receptor-operated and G-protein-mediated stimulation of 
P L C activity. 

It is interesting that activation of P L C sets in motion oscillations of intra
cellular calcium (Fig. 4). The frequency of these oscillations is positively cor
related to the extracellular concentration of calcium. Moreover, calcium re
lease in juxtaglomerular cells is dependent on the membrane potential; mem
brane hyperpolarization facilitates calcium release and membrane depolariza
tion blocks calcium release. Clear evidence for hormone-induced trans
membrane calcium influx has been found (Kurtz and Penner 1989; Kurtz et 
al. 1986 a). In this study no positive evidence for the existence of voltage-oper
ated calcium channels ( V O C C ) was obtained. The presence of V O C C in jux
taglomerular cells, however, cannot be definitively ruled out as a result of this 
study, because it is known that V O C C can display very fast run-down kinetics 
in vitro (Tanita 1988). 
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Fig. 4. Oscillations of intracellu
lar calcium in renal juxta
glomerular cells induced by 
angiotensin II (1 | i M ) . (Adapted 
from Kurtz and Penner 1989) 
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3.3 Calc ium 

Al though there are some individual findings suggesting a positive role for cal
cium in renin release (Morimoto et al. 1970; Iwao et al. 1974; Lester and 
Rubin 1977; Ginesi et al. 1981), much evidence argues in favor of an inhibito
ry role. Results obtained from experiments with whole kidneys, renal cortical 
slices, renal glomeruli, and isolated juxtaglomerular cells indicate that the 
rate of renin release is inversely related to the extracellular concentration of 
calcium (Kisch et al. 1976; Watkins et al. 1976; Fray 1977; Kotchen et al. 1977; 
Harada and Rubin 1978; Fray and Park 1979). Since the intracellular and ex
tracellular calcium concentrations are positively correlated (Kurtz and Penner 
1989) the rate of renin release is expected to be inversely related to the intracel
lular concentration of calcium as well. 

Addi t ional information on the role of calcium in the intracellular regula
tion of renin release was gained from experiments in which the calcium extru
sion from juxtaglomerular cells was blocked. Calcium extrusion from a cell 
is generally brought about by two processes: (1) a sodium-calcium exchange 
mechanism (Baker 1976), and (2) energy-dependent calcium adenosine tri
phosphatase (ATPase) (Baker 1976; Rasmussen and Barret 1984). The sodi
um-calcium exchange is driven by the sodium gradient between the extracellu
lar and intracellular spaces (Blaustein 1974). Since this gradient is maintained 
by the activity of sodium-potassium ATPase, the function of the sodium-cal
cium exchange is linked to the activity of the sodium-potassium ATPase. Con
sequently inhibition of sodium-potassium ATPase by ouabain blocks the so
dium-calcium exchange. Therefore, ouabain leads to an accumulation of cal
cium within the cell and consequently to a rise in the intracellular calcium 
concentration. Ouabain has been found to inhibit renin release (Lyons and 
Churchi l l 1974; Park and Ma lv in 1978; P . C . Churchil l 1979; Part et al. 1981; 
P . C . Churchi l l and M . C . Churchil l 1982a), and this inhibit ion has been 
shown to be a calcium-dependent process (Park and M a l v i n 1978; P. C. Chur
chill 1979; Cruz-Soto et al. 1984). Inhibition of calcium ATPase by vanadate 



Cellular Control of Renin Secretion 13 

partly inhibits the extrusion of calcium, and therefore leads to a rise in the 
intracellular calcium concentration (O 'Neal et al. 1979). Vanadate has also 
been found to inhibit renin release (P .C . Churchil l and M . C . Churchil l 1980; 
Lopez-Novoa et al. 1982). These findings suggest that a rise in the intracellu
lar calcium concentration inhibits the secretory process in the juxta
glomerular cells. 

It has been observed that spontaneous renin release from whole kidneys, 
kidney slices, glomeruli, and isolated juxtaglomerular cells is inhibited by fa
cilitation of calcium entry (Flynn et al . 1977; P . C . Churchi l l and M . C . Chur
chil l 1982a,b, 1987; M . C . Churchil l et al. 1983; Matsumara et al. 1984; 
Raguki et al . 1988), and is enhanced by calcium entry blockers (P .C . Chur
chil l et a l . 1981; Abe et al. 1983; Kurtz et al. 1984; Antonipi l la i and Hor ton 
1985). Inhibition of calcium release from intracellular stores has also been re
ported to enhance renin release (Fray and Lush 1984). In addition, calcium 
mobil izing hormones such as angiotensin II, vasopressin, norepinephrine, 
and platelet activating factor have been found to inhibit renin release by a cal
cium-dependent process (Vandongen and Peart 1974; Vandongen 1975; P . C . 
Churchi l l 1981; Kurtz et al. 1984; Pfeilschifter et al. 1985). Using isolated jux
taglomerular cells, it was shown that these hormones also enhanced 
transmembrane calcium influx into the cells (Pfeilschifter et al . 1985; Kurtz 
et al. 1986a), and that renin release from juxtaglomerular cells is inversely 
correlated to the transmembrane calcium influx. We and others have shown 
that the inhibitory effect of these calcium mobilizing agents can be attenuat
ed, or even abolished, by calcium channel blockers such as verapamil (P. C . 
Churchi l l 1980; Part et al. 1981; Kurtz et al. 1986 a). 

In summary, all the findings mentioned above support the idea that the rate 
of renin release from juxtaglomerular cells is inversely related to the calcium 
concentration in these cells. Thus renin secretion behaves strikingly different
ly from the typical secretory mechanism in which the secretion rate is positive
ly correlated to the intracellular calcium concentration (Rasmussen 1986). 
The mechanism by which intracellular calcium inhibits the secretory process 
in juxtaglomerular cells is still unknown. 

Calcium-dependent reactions are usually triggered by calcium in two ways, 
either by the action of ionized calcium, or by calcium-binding proteins. 
Calmodul in is one of the most important calcium-binding proteins in smooth 
muscle cells with respect to its quantity and function. The question as to 
whether the inhibitory effect of calcium on renin release could be mediated 
by calmodulin has been addressed by investigating the effect of calmodulin 
antagonists on renin release. Indeed, calcium calmodulin antagonists stimu
late renin release from rat glomeruli (Kawamura and Inagami 1983), rat renal 
cortical slices (P .C . Churchil l and M . C . Churchil l 1983; Matsumara et al. 
1984; Antonipi l la i and Horton 1985; Part et al . 1986), isolated perfused rat 
kidneys (Fray et al. 1983 b; Schwertschlag and Hackenthal 1983), and isolated 
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juxtaglomerular cells (Kurtz et al 1984). However, there is some concern that 
these findings may not really prove an essential role for calmodulin in the in
hibition of renin secretion by calcium. For instance, we found in our studies 
that trifluoperazine, which is the most commonly used calmodulin antagonist 
in the study of renin secretion, also inhibits the transmembrane calcium in
flux into the juxtaglomerular cells (Kurtz et al. 1984), a fact that is also 
known from studies on other tissues (Seeman 1972). It is, therefore, difficult 
to decide from these experiments whether the stimulation of renin secretion 
is due to calmodulin inhibition, or to inhibition of calcium influx. The 
calmodulin antagonist W7, which apparently does not affect the calcium con
ductance of the cell membrane, was also reported to stimulate renin release 
(Matsumara et al . 1984); however, inhibition of cyclic adenosine monophos
phate ( c A M P ) phosphodiesterase cannot be excluded. Since c A M P is consid
ered to be a stimulatory signal for renin release (see Sect. 3.5) it is not definite
ly clear from this study whether or not inhibition of calmodulin is the reason 
for the stimulation of renin release by W7. 

In summary then, although there is much evidence that calmodulin antago
nists stimulate renin release, clear proof that calmodulin mediates the inhibi
tory effect of calcium on renin secretion is still lacking. 

3.4 Protein Kinase C Activity 

A s mentioned previously, the exocytotic process in a number of secretory cells 
is initiated by a rise in the intracellular calcium concentration and is sustained 
of facilitated by the activity of protein kinase C . These intracellular events are 
normally caused by the activation of plasma membrane-bound phospholipase 
C (PLC) , which splits polyphosphoinositides into inositol phosphates and 
diacylglycerol (DAG) (Berridge 1984). D A G is considered to be the physiolog
ical intracellular activator of protein kinase C (Nishizuka 1984). 

It has been shown that hormones which cause breakdown of phosphatidyl-
inositol bisphosphate in isolated juxtaglomerular cells such as angiotensin II, 
arginine-vasopressin, norepinephrine, and platelet activating factor increase 
the content of D A G within the cells, suggesting stimulation of protein kinase 
C by these hormones (Pfeilschifter et al . 1985; Kurtz et al. 1986a). These hor
mones also inhibit renin release from the cells. Since activation of P L C causes 
both calcium mobilization and activation of protein kinase C , and since calci
um mobilization is considered to be an inhibitory signal for renin release, it 
is difficult to evaluate the role of protein kinase C in these experiments. Direct 
stimulation of protein kinase C activity can be achieved by tumor-promoting 
phorbol esters such as 12-O-tetradecanoylphorbol-13-acetate (TPA) (Castag-
na et al. 1982). T P A , when added either to isolated juxtaglomerular cells 
(Kurtz et al. 1986a,b,c) or to renal cortical slices (Churchill and Churchil l 
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1984), leads to a dose-dependent inhibition of renin release; a significant ef
fect, however, was only observed with rather high concentrations of T P A . A t 
high concentrations T P A is also suspected of acting as a calcium ionophore, 
independently of its activating effect on C-kinase (Castagna et al. 1982). 
Since an enhanced calcium influx brought about by a calcium ionophore 
would be expected to inhibit renin release, a direct inhibitory effect by T P A 
on renin release cannot be excluded. Churchi l l and Churchil l (1984), however, 
provided indirect evidence that the inhibitory effect of T P A on renin release 
from kidney slices was not due to an ionophore effect. In our own studies we 
have found that T P A enhances transmembrane calcium influx into isolated 
juxtaglomerular cells (Kurtz et al. 1986 a). It is, therefore, not yet clear wheth
er T P A inhibits renin release by the phosphorylation of as yet unknown pro
teins v ia C kinase activation or by enhancing calcium influx independently 
of C kinase activation. 

Despite the uncertainty about the way phorbol esters affect renin release, 
it can at least be said that activation of C kinase does not stimulate the secre
tory process in juxtaglomerular cells. In this respect, the secretory mechanism 
in juxtaglomerular cells seems to differ significantly from that of other endo
crine and exocrine cells. 

3.5 Cycl ic Nucleotides 

3.5.1 General Remarks 

Cyclic nucleotides, in particular cyclic adenosine monophosphate ( c A M P ) 
and cyclic guanosine monophosphate ( c G M P ) , are capable of modulating the 
secretory response initiated and maintained by calcium and protein kinase C 
activity. 

Activation of adenylate cyclase is known to be an important signal for the 
regulation of secretion in different types of secretory cells. In contrast to the 
effect of calcium, the effect of c A M P on the secretion process is not uniform 
(Rasmussen and Barrett 1984); c A M P can either enhance the secretory re
sponse, e.g., in pancreatic cells), or even decrease the secretory response, e.g., 
in platelets or mast cells (Penner and Neher 1988). The mechanism by which 
c A M P affects secretion in these cells has not been elucidated in detail, but it 
seems likely that c A M P exerts its effect by the activation of a cAMP-depen-
dent protein kinase. Moreover, there is growing evidence that c A M P affects 
the secretion process by interfering with calcium and C kinase activity. 

Recent findings indicate that c G M P is capable of inhibiting the secretory 
response in some cell types. Matsuoka et al. (1985) have shown the inhibition 
of aldosterone secretion from adrenal glomerulosa by atrial natriuretic pep
tide is associated with an increase in c G M P production. In addition, it was 
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demonstrated that c G M P attenuates exocrine pancreatic secretion stimulated 
by cholecystokinin (Otsuki et al. 1986) or protein kinase C (Rogers et al. 
1988). 

In view of the effects of cyclic nucleotides on the secretory response in typi
cal secretory cells, possible effects on the control of renin release should be 
considered. 

5.5.2 Role of cAMP 

There is broad evidence that substances which activate adenylate cyclase such 
as ^-catecholamines (Davis and Freeman 1976; Keeton and Campbell 1981), 
prostaglandins (Gerber et al. 1978; Hackenthal et al. 1980; Weber et al . 1976; 
Wernig et al. 1971), glucagon (Udea et al. 1978; Vandongen et al. 1973), and 
parathyroid hormone (Powell et al. 1978; Smith et al. 1979) stimulate renin 
release. Appl icat ion of membrane-permeable c A M P analogs also enhances 
renin secretion (Peart et al . 1975; Viskoper et al. 1977). Furthermore, inhibi
t ion of c A M P phosphodiesterase leads to stimulation of renin release (Peart 
et al . 1975; Viskoper et al. 1977). These findings were obtained using isolated 
perfused kidneys, kidney slices, isolated renal glomeruli, and isolated jux
taglomerular cells. Using isolated juxtaglomerular cells, we showed that acti
vators of adenylate cyclase such as isoproterenol, prostacyclin, and forskolin 
increase the cellular content of c A M P (Fig. 5) (Kurtz et al. 1984). 

The question arises by which mechanism c A M P stimulates renin release. In 
particular, it must be considered whether c A M P influences renin release di
rectly or indirectly by decreasing the intracellular calcium concentration. Us
ing isolated juxtaglomerular cells, we obtained evidence that the rate of renin 
release is correlated to the intracellular level of c A M P in the presence of acti
vators of adenylate cycles. However, an increase in the level of c A M P was 
found not to be a prerequisite for the stimulation of renin release. In the pres
ence of the calcium channel blocker verapamil and the calmodulin antagonist 
trifluoperazine we observed a two- to threefold increase in the rate of renin 
release a figure that is comparable with the effects of isoproterenol and pros
tacyclin on renin secretion. Verapamil and trifluoperazine, however, had no ef
fect on the cellular c A M P level. Agents known to inhibit renin release such 
as angiotensin II did not influence the c A M P level (Kurtz et al. 1984). These 
findings suggest that c A M P is at least not the dominant regulator of renin 
release from juxtaglomerular cells. 

Four lines of experimental evidence suggest that c A M P may stimulate renin 
release by interference with the intracellular concentration of calcium in jux
taglomerular cells: 

1. It has been shown that c A M P inhibits calcium mobilization from intra
cellular stores in single juxtaglomerular cells (Kurtz and Penner 1989). 
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Fig. 5. c A M P levels in isolated 
rat renal juxtaglomerular cells 
{upper panel) and renin activity 
measured by angiotensin I (AI) 
production (lower panel) after 
addition of prostacyclin and 
isoproterenol 
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2. In experiments using isolated juxtaglomerular cells it was found that acti
vators of adenylate cyclase decrease the calcium permeability of the plas
ma membrane (Kurtz et al. 1984). 

3. It has been shown that the stimulatory effect of c A M P can be attenuated 
or even abolished by maneuvers which are expected to increase the intracel
lular concentration of calcium (Churchill and Churchil l 1982 a; Opengorth 
and Zehr 1983; Vandongen 1975). 

4. It has been found that c A M P is capable of stimulating calcium ATPase 
and the sodium-calcium exchange mechanism in a variety of cells (Phillis 
and Wu 1981; van Breemen et al. 1979), both processes are expected to 
cause a fall in the intracellular concentration of calcium. Altogether, there 
are good reasons to argue that c A M P and activators of adenylate cyclase 
may stimulate renin release by decreasing intracellular calcium activity. 

5.5.5 Role of cGMP 

Little information exists on the possible role of c G M P in the control of renin 
release. Recently, a hormone has been discovered that is thought to act on its 
target cells by increasing the intracellular level of c G M P . This hormone is the 
atrial natriuretic peptide ( A N P ) (Ballermann and Brenner 1985), and besides 
its natriuretic effect, it has also been found to inhibit renal renin release 
(Burnett et al . 1984; Garcia et al. 1985; Maack et al. 1985). It was not clear 
whether A N P exerts its effect by a direct action on juxtaglomerular cells, or 
indirectly by activating the macula densa mechanism; therefore, the effects of 
A N P , on renin release from renal cortical slices (Obana et a l . 1985; Henrich 
et al. 1986; Takagi et al . 1988; Antonipi l la i et al . 1986) and from rat (Kurtz 
et a l . 1986b) and tumoral human juxtaglomerular cells (Pinet et al . 1987) 
were investigated. Wi th the exception of one study (Tagaki et al. 1986), the 
results revealed that A N P leads to a dose-dependent inhibit ion of renin re
lease from these preparations. A N P also caused enhanced release of c G M P 
and decreased release of c A M P from perfused kidney preparations (Obana et 
al. 1985). 

The observation that A N P is capable of stimulating guanylate cyclase 
(Tremblay et al. 1985) and simultaneously inhibiting adenylate cyclase in the 
kidney (Anand-Srivasta et al . 1984) provoked the question of whether the in
hibitory effect of A N P on renin release was due to the rise in c G M P or to 
the decrease in c A M P . Using isolated juxtaglomerular cells we obtained clear 
evidence that the inhibition of renin release by A N P correlates with the level 
of c G M P and not with the level of c A M P (Kurtz et al. 1986 b). Moreover, we 
found that renin release from isolated juxtaglomerular cells is inversely relat
ed to the cellular level of c G M P . Pinet et al. (1987) also provided evidence that 
the inhibitory effect of A N P on renin release from human tumoral jux
taglomerular cells is not mediated by c A M P . From these findings it may be 
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inferred that A N P inhibits renin release by raising the intracellular level of 
c G M P . This may indicate that c G M P is an inhibitory signal in the control of 
renin release in juxtaglomerular cells, a conclusion supported by the observa
tion that renin release from renal cortical slices (Hirume et al . 1986) and 
isolated juxtaglomerular cells (Kurtz et al. 1986b) is inhibited by nitroprus-
side, which is a well known activator of soluble guanylate cyclase. Recently, 
it was demonstrated that endothelium-derived relaxing factor, which acts by 
stimulating soluble guanylate cyclase, also inhibits renin release in vitro (Vidal 
et al . 1988). In addition, membrane-permeable c G M P analogs such as 
8-bromo-cGMP have been found to inhibit renin secretion from renal cortical 
slices (Henrich et al . 1988; H i ruma et al. 1986) and isolated juxtaglomerular 
cells (Kurtz et al . 1988 c). 

A s with c A M P , the question arises as to whether c G M P has a direct effect 
on the regulation of renin release or whether it acts indirectly by increasing 
the intracellular calcium concentration. Calc ium measurements in single jux
taglomerular cells revealed that c G M P does not alter basal calcium levels and 
does not interfere with calcium mobilization. Moreover, it was shown that 
A N P , which is thought to act via c G M P , did not alter calcium-45 uptake into 
isolated juxtaglomerular cells. It is likely, therefore, that the inhibitory effect 
of c G M P on renal renin release does not involve an increase in the cytosolic 
calcium concentration. It should be noted that in studies using isolated jux
taglomerular cells the inhibitory effect of A N P on renin release was markedly 
attenuated in the presence of the calcium channel blocker, verapamil (Kurtz 
et al. 1986 c). Since verapamil decreases the basal calcium influx into the cells 
(Kurtz et al. 1984; 1986 a), one could assume from these findings that c G M P 
requires a normal calcium concentration to exert its maximal inhibitory effect 
on renin release. 

The available experimental evidence thus indicates that c G M P is an inhibi
tory signal for renin release from juxtaglomerular cells and that it does not 
affect intracellular calcium concentration. 

3.6 G Proteins 

The role of GTP-binding (G) proteins in the control of exocytosis has gained 
increasing interest. In particular, three types of G proteins are considered to 
be involved in the regulation of secretion: 

L A G protein, G P , which couples cell surface receptors to P L C (Burgoyne 
1987). This type of G protein thus mediates receptor mediated calcium re
lease and activation of protein kinase C . 

2. A G protein which is involved in secretion, G E (Burgoyne 1987), the exis
tence of which has been inferred from experiments on mast cell secretion 
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(Barrowman et al. 1986). The detailed mechanism of action of this G pro
tein has not yet been elucidated. 

3. A type of G protein which recent findings (Axelrod et al. 1988) have sug
gested may mediate receptor-operated activation of phospholipase A 2 

( P L A 2 ) : some evidence indicates that P L A 2 activity could also be involved 
in the regulation of secretion (Burgoyne et al. 1987). 

So far only indirect evidence exists about the role of G proteins in the cellular 
regulation of renin secretion from juxtaglomerular cells. This evidence is 
based on results from experiments with pertussis toxin (PT), which is known 
to inhibit certain G proteins. 

It has been found that P T enhances basal renin release in the intact organ
ism (Pedraza-Chaveri et al. 1985), isolated perfused kidney (Hackenthal et al. 
1987) , renal cortical slices (Pedraza-Chaveri et al. 1986; Rossi et al. 1987), and 
isolated juxtaglomerular cells (Kurtz et al., unpublished). From these findings 
it may be inferred that PT-sensitive G proteins in juxtaglomerular cells act as 
inhibitory signals for renin secretion. 

In addition, it was shown that P T blunted the inhibitory effects of 
angiotensin II (Hackenthal et al. 1985), noradrenergic agonists (Pedraza-
Chaveri et al. 1986), neuropeptide Y (Hackenthal et al . 1987), and adenosine 
(Rossi et al. 1987) on renin secretion. It was speculated that these hormones 
all inhibit renin secretion via the G protein which inhibits adenylate cyclase 
(Nj), because this G protein is the classic target of P T (Murayama and U i 
1983). Moreover, blocking the inhibition of c A M P formation in jux
taglomerular cells could explain the observed stimulatory effect of P T on 
renin secretion. However, recent evidence indicates that P T is also capable of 
inhibiting G proteins other than Nj in a number of cell types (Axelrod et al. 
1988) . The calcium mobilizing effects of angiotensin II are mediated by G 
proteins in juxtaglomerular cells (Kurtz and Penner 1989). 

A t this point, some attention should be paid to the role of P L A 2 activity 
in the control of renin secretion. Most of the conditions known to inhibit 
renin secretion are associated with a stimulation of P L A 2 activity and vice 
versa. Specifically, vasoconstrictive hormones (Ardai l lou et al. 1985) and ele
vation of intracellular calcium (Hassid 1982) are known to stimulate P L A 2 

activity and to inhibit renin secretion. In contrast, inhibition of P L A 2 activi
ty by low calcium, c A M P (Hassid 1982), calmodulin antagonists (Craven and 
De Rubertis 1983), and cyclosporin A (Kurtz et al. 1987) is associated with 
stimulation of renin secretion from juxtaglomerular cells (Kurtz et al. 1988 b). 
The possibility that P L A 2 plays an inhibitory role in renin secretion is sup
ported by the recent findings that derivatives of arachidonic acid, which is l ib
erated by P L A 2 activity, are inhibitory for renin secretion (Antonipil lai et al. 
1987), and could mediate the inhibitory effect of angiotensin II on renin se
cretion (Antonipil lai et al . 1988). 
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In summary, there is indirect evidence that G proteins play an inhibitory 
role in renin secretion. The nature of the G proteins possibly involved in the 
regulation of renin secretion still has to be clarified. 

3.7 Membrane Potential 

Electrical processes are known to have an important function in the regula
tion of exocytosis from secretory cells (Petersen and Maruyama 1984; Penner 
1988). Before discussing the possible involvement of ion channels in the regu
lation of renin secretion, the general electrical properties of juxtaglomerular 
cells should be considered. Microelectrode studies have revealed a rather neg
ative membrane potential ranging from - 6 0 to -80 mV (Fishman 1976; 
Bühr le et al. 1985). These findings were confirmed by recent patch clamp 
studies on single juxtaglomerular cells (Kurtz and Penner 1989). The negative 
membrane potential results from an anomalous inward-rectifying potassium 
current (Kurtz and Penner 1989); this explains the strict dependence of the 
juxtoglomerular cell membrane potential on the extracellular concentration 
of potassium (Fishman 1976). In addition, a delayed rectifying potassium cur
rent which is activated upon depolarization was found. N o evidence of volt
age-gated sodium or calcium currents was obtained in the patch clamp study; 
however, the existence of large calcium-activated currents was documented 
(Fig. 6). This appears to be via calcium-activated chloride channels, which are 
directly regulated by the intracellular concentration of calcium within jux
taglomerular cells. It is tempting to speculate that these chloride channels are 
involved in the inhibit ion of renin secretion by calcium (see Sect. 4). 

A n increase in the extracellular concentration of potassium (Fishman 1976) 
and of the vasoconstrictive hormones angiotensin II, arginine-vasopressin, 
and norepinephrine (Bührle et al. 1986 b) causes a significant depolarization 
of juxtaglomerular cells, and at the same time an inhibit ion of renin secretion 
(Churchill 1980; Bührle et al. 1986a,b). Due to the simultaneity of both 
events it was speculated that membrane depolarization is part of the mecha
nism by which vasoconstrictor hormones inhibit renin secretion. It has been 
shown that the inhibition of renin release by potassium depolarization and 
vasoconstrictive hormones can be significantly attenuated by calcium channel 
blockers (P .C . Churchi l l 1980; Kurtz et al. 1986a). Since membrane depolar
ization is the signal for the opening of voltage-dependent calcium channels, 
it was inferred that membrane depolarization leads to an inhibition of renin 
release by enhancing transmembrane calcium entry into the juxtaglomerular 
cells (P .C. Churchil l 1980; Bührle et al . 1986b). This conclusion is apparently 
contradictory to the findings of patch clamp investigations, which did not 
provide evidence for the existence of voltage-gated calcium channels. Howev
er, the possibility that juxtaglomerular cells possess voltage-gated calcium 
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Fig. 6. Chloride currents in renal juxtaglomerular cells activated by increases in intracellular cal
cium evoked by ionomycin (5 u.g/ml) and angiotensin II (1 \iM). E, membrane potential; / , cur
rent 

channels with unusually fast run-down kinetics cannot be definitively ruled 
out as a result of the patch clamp study. This study, on the other hand, has 
confirmed that angiotensin II causes depolarization of juxtaglomerular cells, 
which most likely results from reversible inhibition of the anomalous inward-
rectifying potassium current (Kurtz and Penner 1989). 

The question of whether hyperpolarization of juxtaglomerular cells is a 
stimulatory signal for renin release cannot be answered yet. Fishman (1976) 
reported that epinephrine, which is known to stimulate renin secretion, in
duced a small hyperpolarization; however, this was not confirmed by the 
study of Bühr le et al . (1986 a, b), who observed that ^-adrenergic compounds, 
which stimulate renin release, had no influence on the membrane potential of 
juxtaglomerular cells. 

Recently, it was shown that Cromakal im, a drug which hyperpolarizes 
smooth muscle cells by the opening of certain potassium channels (Hamilton 
et al. 1986), stimulates renin secretion in humans in vivo and also in vitro 
from isolated rat renal juxtaglomerular cells (Ferrier et al . 1989). However, 
presently it is not known whether Cromakal im enhances renin secretion by 
causing membrane hyperpolarization in juxtaglomerular cells or by a differ
ent mechanism. 

Overall, therefore, there are some indications that the electrical behavior of 
juxtaglomerular cells affects the exocytosis of renin. In particular, membrane 
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depolarization could cause inhibition of renin secretion. Whether this phe
nomenon is mediated by voltage-gated calcium channels or by different mech
anisms, such as N a + / C a 2 + exchange, needs to be clarified. 

3.8 Osmotic Forces 

Skott (1988) has recently reviewed in detail the possible role of osmotic forces 
in the exocytosis of renin. Changes in extracellular osmolarity are known to 
significantly alter exocytosis in a number of secretory cells. This behavior ap
pears to be a rather uniform process, increase in extracellular osmolarity caus
ing an inhibit ion of secretion and vice versa (see Skott 1988). Renin secretion 
from juxtaglomerular cells shows the same dependence in osmolarity (Skott 
and Taugner 1987); renin secretion appears to be very sensitive to rather small 
changes in osmolarity (Skott and Taugner 1987). Moreover, changes in renin 
secretion occurs only with a short delay after osmolarity changes. 

It has been demonstrated that the nature of osmotically active particles is 
important for their effect on renin secretion, the effect on exocytosis is direct
ly related to the reflection coefficient of the particle (Frederiksen et al. 1975). 
F rom this observation juxtaglomerular cells are assumed to behave as sensi
tive osmometers. The mechanism by which changes in extracellular osmolari
ty alter renin secretion from juxtaglomerular cells is not yet known, but cell 
volume may be an important control mechanism since it is possible that states 
of decreased cell volume inhibit exocytosis of renin, and vice versa (Skott 
1988). 

A t this point it should be recalled that morphological evidence exists which 
shows that renin-containing granules swell before or during exocytosis 
(Taugner et al . 1984; Skott and Taugner 1987). If such a swelling is a prerequi
site for exocytosis, then renin secretion would obviously depend on the avail
ability of cytosolic water. 

4 Possible Explanations for the "Calcium Paradox" 

Having considered the influence of a number of intracellular parameters on 
renin secretion from juxtaglomerular cells, the question arises as to whether 
or not the individual findings allow the development of a more general con
cept of the cellular control of renin secretion. Al though this is not entirely 
possible, some guidelines can be recognized. Thus, calcium appears as the 
dominant second messenger for renin secretion, while C kinase, c A M P , and 
c G M P either act via calcium, or at least require calcium to exert their effects. 
Calcium has an inhibitory and therefore "paradoxical", effect on secretion 
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Fig. 7. Possible role of calcium-activated chloride channels in the regulation of renin secretion. 
G, GTP-binding protein; PLC, phospholipase C; PIP2, phosphatidylinositol bisphosphate; 
DG, diacylglycerol; IP3, inositol triphosphate; ER, endoplasmic reticulum; RG, renin granule; 
CM, cell membrane 

from juxtaglomerular cells. Calcium in juxtaglomerular cells appears to be 
regulated by transmembrane influx, release from intracellular stores, calcium 
ATPase, and sodium/calcium exchange. Moreover, it seems that the calcium 
concentration just beneath the plasma membrane is more important for the 
regulation of renin secretion than the cytosolic calcium concentration. Based 
on this consideration some speculations have been made as to how calcium 
inhibits renin secretion. 

Taugner et al . (1988) observed that the myofibrils in juxtaglomerular cells 
are displaced to a small subplasmalemmal border, and they developed the 
hypothesis that the calcium-dependent state of contraction of these myofila
ments regulates the exocytosis; increased subplasmalemmal calcium concen
tration could cause myofilaments to form a shield between the granules and 
the plasma membrane, thus inhibiting exocytosis. This concept is compatible 
with the idea that the subplasmalemmal portion of the cytoskeleton has a 
general inhibitory function in secretion (Burgoyne et al . 1988). The concept 
could also explain the apparent stimulatory effect of c A M P on renin secre
tion, because c A M P is expected to inhibit the contraction of the myofibrils, 
both by inhibit ion of calcium mobilization and by inactivation of myosin 
light chain kinase (Adelstein 1983). 

A different explanation as to how calcium could regulate renin secretion is 
based on the existence of calcium-activated chloride channels (Fig. 7). The ac
tivity of the chloride channels is directly regulated by the subplasmalemmal 
concentration o f calcium. The sum conductance of these chloride channels 
is very large in juxtaglomerular cells (Kurtz and Penner 1989), and it can be 
assumed that the channels contribute significantly to the regulation of cell 
volume juxtaglomerular cells. Since the membrane potential in juxtaglomeru
lar cells is close to the potassium equilibrium potential, and thus far more 
negative than the chloride equilibrium potential, a calcium-regulated chloride 
efflux from juxtaglomerular cells can be predicted. Chloride ions would be 
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accompanied by potassium via voltage-gated inward-rectifying potassium 
channels. The efflux of potassium chloride would cause cell shrinkage and 
consequently a reduction in the cellular water content. A s already mentioned, 
exocytosis of renin appears to require granule swelling by intragranular water 
influx (Taugner et al. 1984; Skott and Taugner 1987); thus a calcium-activated 
chloride and water efflux from juxtaglomerular cells would impede granule 
swelling. A s a result, renin secretion would appear to be inversely related to 
intracellular calcium concentration. c A M P , on the other hand, inhibits in
creases of intracellular calcium and thus inhibits the activation of the chloride 
channels and cell shrinkage. Consequently, c A M P would blunt the inhibit ion 
of renin secretion. The inhibitory role of c G M P on secretion could also be 
explained by this concept. 

Patch clamp investigations on juxtaglomerular cells have revealed that 
c G M P increases the calcium sensitivity of the chloride currents (Kurtz and 
Penner, unpublished). This is compatible with the observation that c G M P re
quires normal calcium concentrations for its optimal effect. 

Finally, regulation of renin secretion by P L A 2 is also conceivable. P L A 2 is 
located at the plasma membrane, and its activity is regulated by the 
subplasmalemmal concentration of calcium. A s already mentioned, a possi
ble inhibitory effect of P L A 2 activity on renin secretion could be mediated 
by lipoxygenase products. 

Discovering whether one or even all three hypotheses on the inhibitory ac
tion of calcium on the exocytosis of renin is correct remains a task for future 
research. 

5 Physiological Environment of Juxtaglomerular Cells 

A s mentioned in the introduction, during the past 20 years four basic mecha
nisms for controlling renin release from the kidney under normal physiolog
ical conditions have been described (Davis and Freeman 1976). These are: 

1. A n intrarenal baroreceptor 
2. The macula densa receptor 
3. The sympathetic nervous system 
4. Hormones 

In the following sections on attempt is made to discuss the possible cellular 
mechanisms by which these four mechanisms could exert control over renal 
renin release. 
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5.1 Baroreceptor 

The existence of a baroreceptor which controls renin secretion has been in
ferred from the findings that the renal perfusion pressure significantly affects 
renal renin release (Davies and Freeman 1976; Keeton and Campbell 1981). 
A n increase in perfusion pressure leads to a decrease in renin release, and a 
fall in perfusion pressure stimulates renin release. 

The localization and mode of function of this baroreceptor have not yet 
been identified. Experimental observations and theoretical considerations led 
to the suggestion that the baroreceptor acts as a stretch receptor (Tobian 1960; 
Skinner et al. 1964; Fray 1980). If it is assumed that the baroreceptor is local
ized in the afferent arteriole with the juxtaglomerular cells, a search should 
be made for a mechanism by which stretch of the arteriolar wall could influ
ence renin release from the juxtaglomerular cells. The idea that the jux
taglomerular cell itself could behave as a stretch receptor has recently been 
supported by the finding of Fray and Lush (1984) that isolated jux
taglomerular cells grown on elastic support respond to an increased stretch 
with a decreased rate of renin release. It has been pointed out that jux
taglomerular cells would be particulary suitable to act as mechanoreceptors 
because they are poor in contractile filaments and therefore are presumably 
neither involved in autoregulation nor in vasoconstriction (Taugner et al. 
1984). 

If stretch of the juxtaglomerular cell membrane does affect renin release, 
then the question arises as to how membrane stretch is translated into the in
tracellular regulation of renin secretion. The most convenient model for this 
signal transduction has been devised by Fray and coworkers, who suggest that 
stretch of the juxtaglomerular cell membrane influences renin secretion by al
tering the membrane potential of the cells (Fray and Lush 1984). This concept 
fits with a variety of results. 

It has been found that smooth muscle cells respond to stretch with depolar
ization (Bühlbring 1955; Coburn 1987; Harder 1984; Harder et al. 1987). 
Since no difference in the electrical behavior between juxtaglomerular cells 
and smooth muscle cells has been observed so far, it could be inferred that 
juxtaglomerular cells also depolarize in response to stretch. Depolarization, 
however, has been found to be associated with inhibition of renin secretion 
(Churchill 1985). A s already discussed, this inhibition of renin secretion by 
membrane depolarization could be mediated by voltage-activated calcium 
channels. Alternatively, stretch of ion channels could also directly increase the 
calcium permeability of the cell membrane (Kirber et al. 1988). It should be 
recalled that in isolated juxtaglomerular cells renin release is inversely related 
to the calcium conductance of the cell membrane (Kurtz et al . 1984). 

The concept that the baroreceptor works by altering transmembrane calci
um fluxes is supported by the observations that the inhibitory effect of pres-
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sure on renin release is directly related to the extracellular concentration of 
calcium (Fray et al. 1983 a, b). In addition, calcium channel blockade prevents 
the inhibi t ion of renin release by high pressure (Fray et al. 1983a,b). 

The concept presented still needs to be proved experimentally. A suitable 
method o f investigation could be patch clamp studies using single jux
taglomerular cells located in isolated afferent arterioles, in combination with 
single cell calcium measurement. Then it should be possible to detect stretch-
dependent changes in ion permeabilities and intracellular calcium concentra
tions. 

Summing up, the mechanism of action of the baroreceptor has not been 
identified. Theoretically it could be explained by stretch-dependent altera
tions in the intracellular calcium activity of juxtaglomerular cells. 

5.2 M a c u l a Densa 

The macula densa segment of the distal tubule is considered to have two im
portant roles in renal function: first, to mediate a negative feedback 
mechanism between glomerular filtration and afferent arteriolar perfusion 
(tubuloglomerular feedback, T G F ) and, secondly, to link renin release to di
etary intake of sodium chloride (Briggs and Schnermann 1986). 

It has been portulated that a receptor which "measures" the ionic composi
tion of the tubular fluid in the late proximal tubule exists at the macula densa, 
of the distal tubule. In particular, the concentration of sodium chloride is an 
effective modulator of renin release from juxtaglomerular cells (Davis and 
Freeman 1976; Keeton and Campbell 1981); a high load of sodium chloride 
in the macula densa region suppresses renin release, whilst a low concentra
tion stimulates renin release. The mechanism of signal transduction from the 
macula densa to the juxtaglomerular cells is still subject to discussion. There 
is growing evidence that mediation by T G F and the adaptation of renin 
release to sodium chloride intake by the macula densa of use the same signal
ling pathway (Briggs and Schnermann 1976). 

Some evidence points towards the generation of a metabolic signal by the 
macula densa cells. Presently, it is thought that there are two ways by which 
macula densa cells could generate signals: either directly, by releasing a me
tabolite from energy metabolism, or indirectly by altering the sodium chloride 
concentration and the tonicity around juxtaglomerular cells. 

The link between energy metabolism and the macula densa signal is consid
ered initially. A n increase in the load of sodium chloride to the early distal 
tubule leads to an enhanced rate of sodium chloride reabsorption. Since the 
reabsorption of sodium chloride is energy dependent, an increased load 
causes increased energy turnover in the tubular cells (Osswald et al. 1982), 
which in turn leads to an increased rate of hydrolysis of ATP , causing a rise 
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in the level of adenosine (Osswald et al. 1982). Adenosine, which is released 
from cells (Miller et al. 1978), is known to be a renal vasoconstrictor and a 
potent inhibitor of renin release (Spielman and Thompson 1982; Skott and 
Baumbach 1985). Therefore, the concept has been developed that adenosine 
is the macula densa signal that mediates the inhibition of renin release from 
juxtaglomerular cells caused by an increased load of sodium chloride in the 
macula densa region (Osswald 1984). Recently, it has been shown by in vitro 
experiments that the macula densa significantly influences the response of 
juxtaglomerular cells to adenosine (Itoh et al. 1985 b). 

If adenosine is the macula dense signal, the question arises of the mecha
nism by which it could inhibit renin release from the juxtaglomerular cells. 
Using incubated renal cortical slices it was shown that adenosine has a 
biphasic effect on the rate of renin release (Churchill and Churchil l 1985). 
Low concentrations of adenosine inhibit renin release, with a nadir at 0.1 \iM. 
A t concentrations higher than 10 | i M , adenosine was found to stimulate renin 
release from the slices. In a recent experiment using cultures of juxtaglomeru
lar cells we also found an inhibitory effect of adenosine on renin release 
(Kurtz et al . 1988 b). Since the stimulation of renin release was only observed 
with large, pharmacological doses of adenosine, studies should concentrate 
on the physiological concentration range of adenosine (0 .1-1 | i M ) , in which 
a significant inhibition of renin release was observed (Churchil l and Churchi l l 
1985; Itoh et al. 1985 b; Kurtz et al . 1988 b). This inhibitory effect appears to 
be mediated by adenosine A j receptors, since it can be mimicked by specific 
adenosine A j agonists such as cyclohexyladenosine ( C H A ) (Murray and 
Churchi l l 1984; Churchil l and Churchil l 1985; Kurtz et al . 1988 b). Using iso
lated juxtaglomerular cells we found that 0.1 \xM adenosine influenced nei
ther the transmembrane calcium influx nor the intracellular calcium level, as 
monitored by the fluorescence signal of the calcium indicator dye quin 2. A t 
this concentration adenosine had no detectable effect on the c A M P level 
(Kurtz et al . 1988b), or on the membrane potential (Bührle et al . 1986b); 
however, we noted a concentration-dependent increase in the level of c G M P 
(Kurtz et al. 1988 b). Since there is evidence that a rise in the cytosolic concen
tration of c G M P inhibits the secretory process in the juxtaglomerular cells, 
it seems possible that adenosine inhibits renin release by raising c G M P levels. 

Another method by which the macula densa could generate signals is con
ceivable. Recently it has been shown that renin release from isolated jux
taglomerular apparatuses is inversely related to the sodium chloride concen
tration at the corresponding macula densa (Skott and Briggs 1987). Increased 
sodium chloride concentration in the tubular fluid results in an increased 
furosemide-sensitive transtubular sodium chloride transport to the interstitial 
space between the macula densa and the juxtaglomerular cells (Gonzalez et 
al. 1988). Since this space is not well drained, the local sodium chloride con
centration changes in relation to the tubular sodium chloride load (Gonzalez 
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et al. 1988; Persson et al . 1988). Juxtaglomerular cells have been found to be
have as sensitive osmometers and an increase in extracellular tonicity causes 
inhibi t ion of renin release and vice versa (Frederiksson et al. 1975; Skott 
1988). However, this concept cannot yet explain the vasoconstricting effect of 
the macula densa signal. 

5.3 Sympathetic Nervous System 

It is well known that activation of the sympathetic nerves in the kidney leads 
to a rise in the rate of renin release (Davis and Freeman 1976; Keeton and 
Campbel l 1981). The action of the sympathetic nervous system on renin secre
tion requires functioning ^-adrenergic receptors (Taher et al . 1976), the ex
istence of which has been demonstrated in the juxtaglomerular region (Atlas 
et al . 1977). Since /^-adrenergic receptors are known to be coupled with ade
nylate cyclase in a stimulatory fashion, it can be inferred that the sympathetic 
nervous system stimulates renin release by raising the cellular c A M P level. In 
fact, in isolated rat renal juxtaglomerular cells, it has been shown that the /?-
adrenergic agonist isoproterenol raises intracellular c A M P (Kurtz et al . 1984). 
A s discussed above, c A M P presumably enhances the rate of renin release ei
ther by a direct effect or by lowering the intracellular activity of calcium. 

It may, at first, seem remarkable that stimulation of renal sympathetic 
nerves leads to stimulation of renal renin release. The dominant transmitter 
of the peripheral sympathetic nervous system is norepinephrine, which is 
known to be a calcium mobilizing hormone for various cells, acting via 
a t -adrenoceptors (Berridge and Irvine 1984). We have found that 1 0 ~ 5 M 
norepinephrine enhances transmembrane calcium influx and inhibits renin re
lease from cultured juxtaglomerular cells (Kurtz et al. 1986a). 1 0 " 5 M nor
epinephrine was also found to inhibit renin release from renal cortical slices 
(Capponi and Valloton 1976) and isolated perfused kidneys (Logan and Chat-
zillias 1980; Opengorth and Zehr 1983). However, it has been shown that nor
epinephrine at concentrations lower than 1 0 " 5 M results in stimulation of 
renin release, which is mediated via ^-receptors (Lopez et al . 1978). We may 
assume, therefore, that norepinephrine is released from sympathetic nerve ter
minals at concentrations which stimulate renin release via ^-receptors. 

5.4 Hormones 

To date a number of hormones have been tested as to their effects on renal 
renin release. In this review we are only considering those hormones for which 
there is evidence that they act directly on juxtaglomerular cells. These hor-
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Table 1. Hormones stimulating renin release 

Hormone Reference 

/^-Adrenergic agonists 
Dopamine 
Prostaglandin E 2 

Prostaglandin I 2 

Glucagon 
Parathyroid hormone 
Vasoactive intestinal peptide 
Calcitonin gene-related peptide 

Keeton and Campbell 1981 
Kurtz et al. 1988d 
Keeton and Campbell 1981 
Keeton and Campbell 1981 
Keeton and Campbell 1981 
Keeton and Campbell 1981 
Porter et al. 1983 
Kurtz et al. 1988 c 

Table 2. Hormones inhibiting renin release 

Hormone Reference 

Angiotensin II 
Arginine-vasopressin 
a-Adrenergic agonists 
Platelet-activating factor 
Neuropeptide Y 
Adenosine 
Atrial natriuretic peptide 

Keeton and Campbell 1981 
Keeton and Campbell 1981 
Keeton and Campbell 1981 
Pfeilschifter et al. 1985 
Hackenthal et al. 1987 
P.C. Churchill and M . C . Churchill 1985 
Kurtz et al. 1986 b 

mones are classified according to their ability to either stimulate (see Table 
1) or inhibit renin release (see Table 2). 

Hormones which stimulate renin release such as ^-adrenergic agonists, do
pamine, prostaglandins E 2 and I 2 glucagon, parathyroid hormone, vasoactive 
intestinal peptide, and calcitonin gene-related peptide ( C G R P ) have been 
shown to activate adenylate cyclase in various cell types. It may be inferred, 
therefore, that these hormones also activate adenylate cyclase in jux
taglomerular cells, and consequently cause a rise in the cytosolic level of 
c A M P . In our studies we have demonstrated that isoproterenol, prostaglandin 
I 2 , and C G R P elevate the intracellular concentrations of c A M P in isolated 
juxtaglomerular cells (Kurtz et al . 1984, 1988 c). Since c A M P is a stimulatory 
signal for renin release it may be concluded that these hormones stimulate 
renin release from juxtaglomerular cells via a rise in c A M P induced by stimu
lation of adenylate cyclase. 

The hormones listed in Table 2 which have been found to inhibit renin re
lease can be separated into two classes. One of the classes is composed of hor
mones which are known to mobilize calcium and which presumably inhibit 
renin release by increasing the intracellular concentration of calcium. These 
hormones also activate P L C in various cells. This group of hormones includes 



Cellular Control of Renin Secretion 31 

all vasoconstrictors, e.g., angiotensin II, arginine-vasopressin, norepine
phrine, and platelet activating factor. We have shown that these hormones 
enhance the transmembrane calcium influx into the cells and lead to a rise in 
the cytosolic level of calcium (Kurtz et al. 1986a; Kurtz and Penner 1989). 

Inhibi t ion of the adenylate cyclase is considered as a possible mechanism 
by which neuropeptide Y (Hackenthal et al. 1987) and adenosine (Rossi et al. 
1987) inhibit renin secretion. However, it is also conceivable that adenosine 
inhibits renin release by raising intracellular c G M P (Kurtz et al. 1988 a). This 
also appears to be the pathway along which atrial natriuretic peptide inhibits 
renin secretion. 

6 Conclusions 

In this review, present knowledge of the cellular regulation of renin secretion 
from renal juxtaglomerular cells has been considered. It appears that calcium 
is the dominant intracellular regulator of renin secretion and that it acts by 
inhibiting exocytosis. How calcium exerts this effect is not yet clear, but 
contraction of myofilaments, opening of chloride channels, and activation of 
P L A 2 could be involved. C-kinase activation and c G M P seem to have an ad
ditional inhibitory effect on renin secretion, both in a calcium-dependent 
fashion. c A M P , on the other hand, stimulates secretion, presumably by de
creasing intracellular calcium activity. GTP-binding proteins and electrical 
properties also seem to be involved in the control of renin secretion. 

Present knowledge suggests that exocytosis in renal juxtaglomerular cells is 
regulated by mechanisms which differ from those of other secretory cells, 
where calcium and C kinase stimulate exocytosis. Revealing the reason for this 
unusual behavior remains a thrilling task for future research. 
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