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Abstract Renin synthesis and renin secretion at the level of
renal juxtaglomerular cells are regulated by neurotransmit-
ters, hormones, paracrine, and mechanical signals. Although
morphological evidence has indicated an intense intercellu-
lar communication of renin cells via connexins between the
cells composing the juxtaglomerlar area, the functional be-
havior of renin-secreting cells has been considered of that of
individual isolated cells for a long time. Findings obtained
during recent years shed first light on the functional rele-
vance of connexins for the control of renin secretion and
also for the positioning of renin-secreting cells in the kidney.
This short review aims to summarize these findings and tries
to set them into a functional context.
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Introduction

Almost five decades ago, electron microscopical investiga-
tions have revealed that intraglomerular cells, extraglomer-
ular mesangial (lacis) cells, renin-producing cells, and cells
of the preglomerular vasculature in the kidney are
interconnected by a high density of gap junctions [58]
(Fig. 1). Gap junctions are composed of connexin proteins
which define the biophysical properties of the gap junctions
[22]. The human genome encodes for 21 and the mouse
genome for 20 different connexin proteins, which show a
high degree of interspecies homology [46]. Sexamers of

connexins build a channel-like structure termed connexon
or hemichannel, which is inserted into the plasma mem-
brane. Connexons of two neighboring cells can dock and
thus form a large intercellular channel that allows charge-
and size-controlled permeation of larger molecules up to a
molecular mass of 1 kDa, depending on the connexin sub-
type. An emerging discussion has started about the possible
function of hemichannels, i.e., connexons that do not form
gap junctions but instead enable the release of intracellular
signaling molecules into the extracellular space [13, 67].
The functional meaning and relevance of this striking re-
gional accumulation of gap junctions in the (juxta)glomer-
ular areas of the kidney remained unknown for long.

Intrarenal distribution of gap junctions and connexins

The development of specific antibodies against the different
connexin proteins has allowed to analyze the gap junction
types in the (juxta)glomerular area in more detail. Four
different connexin proteins appear to be expressed in the
(juxta)glomerular area (Fig. 1). Several groups of investiga-
tors agreed upon that connexin 40 is the most abundant
connexin protein in this particular area. It is expressed by
intra- and extraglomerular mesangial cells (black cylinders,
Fig. 1), by renin-secreting juxtaglomerular cells (red cylin-
ders) and by endothelial cells of the preglomerular vascula-
ture including afferent arterioles (black cylinders) [17, 19,
25, 63, 64, 68]. Electron microscopical immunolocalization
studies have confirmed that Cx40 contributes to gap junc-
tion formation between mesangial cells, between renin-
secreting cells, between endothelial cells, and between en-
dothelial and renin-secreting cells [17].

Apart from Cx40, also connexin 37 is found in the (juxta)
glomerular area. It is clearly expressed by endothelial cells
and to a certain extent also by renin-secreting cells (Fig. 1).
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Connexin 43 is expressed by endothelial cells, but probably
not or only at a low level in renin-secreting cells or mesangial
cells (Fig. 1) [20, 53, 63]. Finally, connexin 45 is clearly
expressed by preglomerular smooth muscle cells (Fig. 1).
Conflicting data exist about the expression of Cx45 in renin-
secreting cells and mesangial cells (Fig. 1) While immunoloc-
alization studies did not provide positive results for an extra-
vascular localization of Cx45 [35], studies with Cx45fl/Nestin
Cre transgenic mice (eGFP) suggest an expression of Cx45 in
renin-secreting and in mesangial cells [21].

Functional relevance of connexin 40

Having defined the connexin composition of the gap junctions
in the (juxta)glomerular area (Fig. 1), it was possible to address
their potential function in genetically engineered mice. It was
found that mice with a global deletion of Cx40 are severely
hypertensive [12]. Further analyses revealed that these mice
also had high levels of circulating renin [28, 37, 64]. Since the
hypertension in Cx40-deficient mice can be corrected by inhib-
itors of the renin–angiotensin system such as by ACE inhib-
itors or by angiotensin II-AT1 receptor blockers [12, 50, 64], it
is reasonable to assume that hyperreninemia in mice is the
cause for hypertension. Normally, renin secretion into the
circulation is controlled by the blood pressure in the sense of
a negative feedback that allows to activate the renin–angioten-
sin system in states of subnormal blood pressure and to put a

brake on the activation of the system in states of high blood
pressure to avoid aggravation of hypertension [8] (Fig. 2).

The control of renin secretion by blood pressure is me-
diated indirectly by the activity of sympathetic outflow [8]
to the kidney and, more directly, at the level of the kidney by
the “renal baroreceptor” mechanism [8]. Baroreceptor con-
trol of renin release is the typical inverse dependency of
renin secretion on perfusion pressure [9]. The functionality
of this important local control mechanism is not well under-
stood so far. One may even debate if sensing of pressure
changes really occurs in the vascular wall or if effects of
pressure on glomerular filtration and therefore on the tubular
chloride concentration at the macula densa represent the
work mode of the baroreceptor mechanism. However, the
characteristic inverse dependency of renin release on perfu-
sion pressure is conserved in nonfiltering kidneys and in
kidneys with blocked macula densa salt transport indicating
the existence of an independent pressure control. It turned out
that the renal baroreceptor mechanism controlling renin secre-
tion was fundamentally altered in kidneys lacking Cx40. The
characteristic inverse relationship between renin secretion and
renal perfusion pressure was shifted to a linear positive rela-
tionship between the two parameters [64, 65] (Fig. 2).

Experiments with unilateral renal artery stenosis per-
formed to test for the renal baroreceptor function in vivo
also indicated a markedly reduced sensitivity of renin secre-
tion towards changes of renal perfusion pressure in Cx40-
deficient mice [28, 64]. Since Cx40 gap junctions are
formed between preglomerular endothelial cells, between
endothelial cells and renin-secreting cells, between renin-
secreting cells themselves, and between renin-secreting cells
and neighboring mesangial cells, cell-specific Cx40 dele-
tions were performed to identify those Cx40 gap junctions
that are relevant for the baroreceptor control of renin secre-
tion. It turned out that deletion of Cx40 from preglomerular
endothelial cells had no effect on renin secretion nor on

Fig. 2 Perfusion pressure dependency of renin secretion from isolated
perfused mouse kidneys from wild-type mice (black curve) and Cx40-
deficient (Cx40KO) (red curve) kidneys. The green curve gives data of
wild-type kidneys perfused with a solution containing calcium in the
micromolar range. Secretion data are normalized to the value obtained
with wild-type kidneys at the standard perfusion pressure (90 mmHg)

Fig. 1 Distribution of gap junctions (cylinders) and connexins in the
juxtaglomerular area. Vascular smooth muscle cells and endothelial
cells of afferent arterioles are colored in red and yellow, respectively.
Granule containing renin-secreting cells are indicated in light green.
IGM and EGM indicate intraglomerular and extraglomerular mesan-
gial cells, respectively. Gap junctions connecting the endothelial, vas-
cular smooth muscle cells, and intraglomerular and extraglomerular
mesangial cells are illustrated by black cylinders, the coupling of renin-
secreting cells is shown by red cylinders
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blood pressure [65], suggesting that Cx40 gap junctions
between endothelial cell and between endothelial cells and
renin-secreting cells are less important for the baroreceptor
function. Conversely, deletion of Cx40 from renin-secreting
cells mimicked the renin phenotype of the global Cx40 knock-
out [65], suggesting that Cx40 gap junctions between renin-
secreting cells and potentially between renin-secreting cells
and mesangial cells are fundamental for a normal baroreceptor
control of renin secretion. Although it is still a matter of
debate, there is increasing acceptance of the concept that
connexons that are not linked to connexons of neighboring
cells to form functional gap junctions might also gain function
as so called hemichannels that allow the release of chemical
signaling molecules which act in a paracrine manner [47, 54,
60]. The most promising candidate for such a signaling mol-
ecule is ATP that induces calciummobilization in neighboring
cells via binding to purinergic cell surface receptors [52]. In
fact, it has been already hypothesized that connexin hemi-
channels could be important for calcium spreading between
preglomerular endothelial cells [60] and between extraglo-
merular mesangial cells in the context of tubuloglomerular
feedback signaling between the macula densa cells and the
smooth muscle cells of the afferent arteriole [20, 44, 53].

At present, there is no direct proof of either mechanism,
namely Cx40 gap junctional coupling or Cx40 hemichannel
function for the pressure control of renin secretion, except
that Cx40 in renin-secreting cells is fundamental for this
mechanism. Since membrane-inserted Cx40 can also gain
scaffold function as indicated by its association with eNOS
in endothelial cells [1], it is in principle also possible that the
renin phenotype induced by deletion of Cx40 from renin-
secreting cells is not due to the loss of Cx40 channel
function at all but rather to the disorganization of membrane
protein complexes involving Cx40. It was of importance
therefore to see that connexin 40 proteins carrying a single
amino acid substitution [42], which produces a 90 % reduc-
tion of Cx40 gap junction permeability, are normally
inserted in the membranes of (juxta)glomerular cells, but
produce a very similar renin phenotype as does the deletion
of Cx40 protein from renin-secreting cells [42].

To identify possible signals that pass Cx40 gap junctions/
hemichannels in renin cells in the context of the baroreceptor
mechanism, it was investigated to what extent the function of
Cx40 in renin-secreting cells can be compensated by connexin
45 which is typically found in preglomerular smooth muscle
cells [21, 29, 35]. The permeability of Cx45 gap junctions/
hemichannels differs from that of Cx40 with regard to charge
and size. Compared to Cx40 channels, Cx45 channels have a
low electrical conductivity (20–40 vs 200 pS) [7, 62] and are
less sensitive to transjunctional potentials [5, 6, 23, 43]. More-
over, cAMP strongly increases the conductance and perme-
ability of Cx40 channels [50], but reduces the conductance of
Cx45 gap junctions [62]. Replacement of Cx40 by Cx45

(Cx40koCx45ki mice) ameliorates the renin phenotype of
Cx40-deficient mice but does not rescue it [50].
Cx40koCx45ki mice are moderately hypertensive and have
an altered relationship between renal perfusion pressure and
renin secretion similar to Cx40-deficient mice (Fig. 2) [50].
Although the signal relevant for the baroreceptor mechanism
passing Cx40 gap junctions/hemichannels has not yet been
identified, a board of evidence meanwhile suggests that calci-
um is a relevant signal. As outlined elsewhere in this “special
issue” (doi:10.1007/s00424-012-1107-x), calcium is a strong
inhibitory signal for renin secretion. Similar to the myogenic
mechanism in vascular smooth muscle cells [3], the cytosolic
calcium concentration in renin-secreting cells rises with in-
creasing renal perfusion pressure [38, 49, 51] due to enhanced
transmembrane calcium influx [32, 67]. In line, by lowering
the concentration of calcium in the extracellular fluid, the
inverse relationship between renal perfusion pressure and
renin secretion converts into a relationship that was even
positively related to perfusion pressure [15, 49] (Fig. 2). The
change of the relationship between perfusion pressure and
renin secretion induced by lowering of the extracellular calci-
um concentration is therefore very similar to that produced by
deletion of Cx40 [64]. Lowering of the extracellular concen-
tration of calcium not only abrogates the baroreceptor mech-
anism, but per se also leads to a marked stimulation of renin
secretion which is in accordance with the powerful inhibitory
action of calcium on renin secretion [26, 33, 61]. This typical
and prominent stimulation of renin secretion by lowering of
the extracellular concentration of calcium (Fig. 2) is absent or
strongly attenuated in kidneys, in which Cx40 is absent,
nonfunctional, or replaced by Cx45, i.e., under all conditions,
in which the renal baroreceptor mechanism is nonfunctional
[50, 64]. An obvious hypothesis combining all of these results
is that Cx40 is fundamental for the spreading of calcium
among renin-secreting cells. In fact, calcium spreading via
gap junction has already been demonstrated to be of impor-
tance for coordinated secretion from endocrine cells, such as
insulin secreting β cells [45].

Even more speculative, Cx40 hemichannels in renin-
secreting cells could serve as mechanosensors, which mediate
pressure- or stretch-dependent calcium influx into renin-
secreting cells. Alternatively, mechanosensitive ATP release
is conceivable [39]. While mechanosensivity of certain con-
nexin hemichannels has already been demonstrated [41], it is
unknown if Cx40 hemichannels are mechanosensitive at all.

The results of pharmacological experiments would sup-
port the concept that the gap junction rather than a hemi-
channel function of Cx40 is relevant for the baroreceptor
mechanism controlling renin secretion. Thus, the nonselec-
tive gap junction blocker 18α-GA (glycyrrhetinic acid)
abrogates pressure regulation of renin secretion in a similar
fashion as deletion of Cx40 does [64]. In addition, peptides
considered to block Cx40 gap junctions stimulate renin
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secretion from the kidneys [10, 56], compatible with the
idea that Cx40 gap junctions mediate an inhibitory (calci-
um-dependent) effect on renin secretion. In diabetes, renal
connexins exhibit an abnormal expression to that effect that
Cx40 is also found in the smooth muscle cells and Cx43 is
markedly expressed in renin-producing cells, whereas its
expression in the endothelium of the efferent arteriole dis-
appears [68]. Interestingly, peptides considered to block
Cx37 and Cx40 fail to elicit stimulatory effects on renin
secretion in diabetes [57]. Thus, it is likely that this diabetes-
induced modified intercellular communication markedly
impairs signal transduction through the juxtaglomerular
apparatus.

The findings mentioned above aimed to explain a func-
tion of Cx40 for the pressure control of renin secretion from
cells that are typically located in the tunica media of afferent
arterioles at juxtaglomerular position. The embryonic dele-
tion of Cx40 from renin-secreting cells causes an additional
effect that might also be relevant for understanding the
abnormalities of the renal baroreceptor mechanism in con-
junction with defective Cx40 function. Development of
renin-producing cells follows the development of the pre-
glomerular arteriolar tree in Cx40-deficient mice [37] and
wild-type mice alike [48]. A marked difference between
these mouse strains becomes apparent at a developmental
stage when renin expression reaches the terminal parts of
afferent arterioles. In kidneys in which Cx40 is absent,
nonfunctional or replaced by Cx45, renin-expressing cells
become ectopically located outside the tunica media of
afferent arterioles [37, 50]. Renin cells are found in the
periglomerular interstitium, in the glomerular tuft, and in
cells covering the Bowman capsule from outside [37, 42,
65]. The number of renin-expressing cells appearing in this
ectopic position increases with increasing age of the mice.
In parallel, circulating renin concentrations increase, while
the defective baroreceptor control of renin secretion is ap-
parent already in young animals. Experimental maneuvers
applied to stimulate chronically renin secretion such as
severe salt depletion cause a strong increase of the number
of ectopic renin expressing also in young mice [34].

It will be of importance for future experiments to inves-
tigate if the striking abnormalities in the control of renin
secretion and localization of renin expression cells are relat-
ed to an embryonic Cx40 defect or can be induced also in
the adult normally differentiated kidney. The findings de-
scribed so far were obtained in mice and rats. Immunohis-
tochemistry has revealed that the connexin distribution
pattern in the human kidney and in particular in renin-
secreting cell is very similar to that of mouse kidneys [36],
suggesting comparable modes of gap junctional coupling.
Furthermore, the loss of function mutation of Cx40, that
leads to hyperreninemia and hypertension in mice, has orig-
inally been discovered in a hypertensive man suffering from

atrial fibrillation [16]. Since the basic principles of the
regulation of renin synthesis and renin secretion between
men and rodents appear to be rather concordant, it is not
unlikely that Cx40 fulfils a similarly important role in the
control of renin secretion in humans as in mice.

Functional relevance of other connexins

Apart from Cx40, also Cx37 is expressed in the juxtaglomer-
ular area, mainly in preglomerular endothelial cells but to
some extent also in renin-secreting cells [2, 31, 35]. Mice
lacking Cx37 globally have a normal renin systemwith regard
to the regulation of renin secretion and localization of renin-
expressing cells [66]. As a consequence, also blood pressure is
normal in these animals [14]. These findings would suggest
that neither homologous nor heterologous Cx37 containing
gap junctions nor Cx37 hemichannels appear to be of major
functional relevance for the control of renin secretion. A study
with acute application of a putative blocking peptide of Cx37
gap junctions reported a moderate stimulation of renin secre-
tion from isolated rat kidneys [55, 56]. In this experimental
setting, the Cx37 blocking peptide also led to marked renal
vasoconstriction [55, 56], which might have caused the in-
crease of renin secretion by indirect pathways, such as a fall of
perfusion pressure in the juxtaglomerular area.

A potential role of Cx43 for the control of renin secretion
was originally assessed in mice, in which Cx43 was globally
substituted by Cx32 [18], which is normally not expressed
in the juxtaglomerular area [2, 4, 17, 28, 68]. It was found
that these mice had lower circulating levels of renin, and
more strikingly, they did not increase renin expression and
renin secretion in response to unilateral renal artery stenosis
[18]. As a consequence, the typical “Goldblatt” hyperten-
sion did not develop in these mice, suggesting that Cx43 is
highly relevant for the baroreceptor mechanisms controlling
renin secretion. Since global Cx43 deletion is embryonically
lethal [11, 40, 59], we generated mice with renin cell-
specific deletion of Cx43 (renin-Cre Cx43fl/fl mice). These
mice were normal with regard to the regulation of renin
secretion, renin cells, and blood pressure regulation (Wagner
et al. unpublished results), what would be in accordance
with a minor or even lacking Cx43 expression in renin-
secreting cells [2, 24]. The effect of replacement of Cx43
by Cx32 on renin secretion is therefore probably related to a
more indirect effect on renin-secreting cells that might be
mediated by endothelial cells, which express Cx43 [17, 19,
25, 68]. In line with this idea, it has been demonstrated that
endothelial prostacyclin formation is fundamental for the
stimulation of renin secretion by unilateral renal artery ste-
nosis [27]. It is a tempting speculation therefore that endo-
thelial Cx43 could be relevant for the regulation of
prostacyclin formation.
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Finally, a possible role of connexin 45 for the function of
renin-secreting cells should be considered. While there is
agreement that Cx45 is expressed by smooth muscle cells of
the preglomerular vasculature, controverse data exist about
the expression of Cx45 in renin-secreting cells [20, 30, 35,
36, 53]. Immunolocalization studies [50] and staining of
LacZ driven by the Cx45 promoter [29] have not provided
evidence for an expression of Cx45 in renin-expressing
cells. Conversely, it appeared as if the expressions of renin
and of Cx45 are mutually exclusive [30]. A study using a
more indirect approach, namely the analysis of mice harbor-
ing Cre recombinase under the control of nestin [21] pro-
moter and harboring floxed Cx45 alleles that induce GFP
expression after recombination, suggested the expression of
Cx45 in renin-expressing cells [21]. These mice also
showed moderate elevations of plasma renin concentrations
and blood pressure, suggesting that Cx45 might play a
similar role for the function of renin-secreting cells as
Cx40. A study with renin cell-specific deletion of Cx45,
however, revealed no abnormalities in the regulation of
renin secretion and blood pressure [30]. The difference of
findings between the two studies still awaits explanation.
One possibility could be that Cre recombinase driven by the
nestin promoter acts more globally than renin promoter-
driven Cre and could therefore induce indirect effects on
renin-secreting cells.

Summary and perspectives

Almost 50 years after their first discovery, a number of
functions can now be attributed to the strong gap junction
coupling between cells in the juxtaglomerular area, in par-
ticular in renin-secreting cells. Renin-secreting cells mainly
form gap junctions or possibly hemichannels composed of
connexin 40. Connexin 40 likely is important for the calci-
um spreading in and between renin-secreting cells and by
that it plays a fundamental role for the renal baroreceptor
mechanism that links renin secretion to the renal perfusion
pressure. Defective Cx40 function interrupts the barorecep-
tor mechanism and renin secretion runs out of physiological
negative feedback control leading to hyperreninemia and
hypertension.

Future experiments will have to define the interaction of
calcium and connexin 40 in the control of renin secretion in
more detail. Moreover, it will be of interest to see which
changes of the renin system in Cx40-defective kidneys are
developmentally defined and which ones can be induced
later in the otherwise normally differentiated kidney.
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