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aBsTRACT. The juxtaglomerular apparatus is known to be the functional unit of renin control. In the present review, the author will
describe the comparative characteristics of renin-containing (RC) cells as well as extrarenal distribution, paying specia attention to
developmental and topographical approaches. The characteristic locality of RC cells suggests that the secretion of renin is performed at a
site beside the adventitia or via the glomerular capillaries. Ontogenetical and phylogenetical investigations of RC cells have provided
interesting findings on their morphogenesis. Analysis of the endocrine kidney after unilateral obstruction of the ureter provides some
findings about the origin of RC cells and the processing of renin granules. Observation of developing adrenal renin suggests that there is
important involvement of angiotensin Il produced by renin synthesis in the morphogenesis of the adrenal gland in the fetal stage.
Coagulating gland (CG) renin is characterized by testosterone-regulated and exocrine mechanisms. Recently, all or some of the components

of the renin-angiotensin system (RAS) have been reported to be synthesized and secreted outside of classical organs or tissues.

In the

future, the real function of local RAS will be clarified by using gene targeting in mice—key worbs: coagulating gland, development,

immunohistochemistry, kidney, renin-angiotensin system.

The relationship between the kidney and hypertension
was confirmed by Tigerstedt and Bergmann, who reported
the creation of hypertension in rabbits with injections of
homogenized kidney extracts and termed this active factor
“renin” [109]. Thus, one century has passed since the
discovery of the renin-angiotensin system (RAS). The first
histological study of juxtaglomerular (JG), namely renin-
containing (RC) cells, was made by Ruyter, who observed
specialized granule-containing smooth muscle cells in the
walls of the afferent arterioles [92].

The juxtaglomerular apparatus (JGA) known as the
functional unit of renin control, is classically located at the
hilus of the glomerulus and consists of tubular and vascular
elements (Fig. 1). The tubular element, the macula densa
(MD), closely contacts the glomerular vascular pole and
contains densely packed nuclei. The vascular element of
the JGA is composed of afferent and efferent arterioles
containing the JG cells, and the extraglomerular mesangium
(EGM) contiguous with the intraglomerular mesangium.
The above definition and compartmentalization correspond
generally to the mammalian JGA. In the present review,
the author will describe the comparative characteristics of
RC cells as well as extrarenal distribution, with special
reference to developmental and topographical approaches.
As aresult of recent advances in biological science thereis
a tendency to ignore more traditional methods of
investigation, resulting in the omission of interesting
findings. The author is of the opinion that “seeing is
believing”.
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OVERVIEW OF RAS

It is now established that atrigger enzyme, renin, secreted
from JG cells changes liver-derived angiotensinogen in
blood circulation into angiotensin I. Angiotensin | is
metabolized by angiotensin-converting enzyme (ACE)
localized in the lung into angiotensin |1, which is the most
effective hormone regulating the contraction of vascular
smooth muscle [18]. In JG cells, inactive prorenin is
released by a constitutive pathway, while active renin is
released by a regulated pathway, observed morphologically
as exocytosis (Fig. 1). In molecular biology, renin genes
from several animal species have been cloned [2, 10, 34].
A single renin locus is identified in the human and rat.
Some mouse strains, for example C57BL/6, have a single
renin locus (Ren-1), whereas other strains, for example
DBA/2, have duplication of the renin structural gene (Ren-
1, Ren-2) [89, 99].

In situ hybridization, northern blot analysis and
immunohistochemical techniques employing bilateral
nephrectomy or colchicin injections are useful for detection
of hepatic angiotensinogen [11, 27, 91]. Angiotensinogen
in the human liver is synthesized as a precursor composed
of 485 amino acid residues, cleaved into a signal peptide
composed of 33 amino acid residues and glycosylated
angiotensinogen, and then immediately released by a
possibly constitutive pathway [15]. Because of the large
size of the angiotensinogen molecule compared with the
decapeptide, angiotensin |, it has been hypothesized that
angiotensinogen may have additional functions in the case
of inflammation [35]. Renin localized in postcapillary
venules of lymph nodes and Peyer’s patches may play a
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role in immunological defense, in concern with this
circulating angiotensinogen (Kon, personal communication).
ACE, which exists as both a membrane-bound and soluble
type, has been extensively characterized and purified from
several sources, including serum, lung and seminal fluid
[84], and subtyped into two isozymes, somatic ACE and
testicular ACE [37, 97]. Several ACE inhibitors have been
investigated for clinical therapeutics against hypertension,
arteriosclerosis and brain dysfunction [13, 102].

The angiotensin Il type-1 (AT1) receptor, cloned from
several animals, is a member of the seven-transmembrane,
G protein-coupled receptor family. Two AT1 receptor
subtypes, AT1A and AT1B, have been isolated in the rat
and mouse [39, 94]. In therat, AT1 receptor is expressed
in the liver, heart, brain, lung, anterior pituitary, adrenal
gland, and kidney [29]. Angiotensin |l type-2 (AT2)
receptor has been reported to be expressed at high levelsin
the fetal brain, but is only sparsely expressed in adult
animals [75]. Studies using various nonpeptide antagonists
against AT1 and AT2 receptors suggest that most, if not all,
of the classically recognized functions of the RAS are
mediated by AT1 receptor [110].

ONTOGENETICAL DEVELOPMENT OF RC CELLSIN
THE KIDNEY

Comparative analyses of RC cells in domestic animals
have been carried out immunohistochemically [60].
Generally, an overwhelming number of RC cells found as
swollen epithelioid figures are localized at the tunica media
of afferent arterioles just near the vascular poles according
to many histological text books. However, unignorable
quantities of RC cells are also found at the tunica media of
efferent arterioles and the tunica adventitia of interlobular
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arteries, and in the mesangial regions of glomeruli (Fig. 2).
This characteristic locality of RC cells suggests that the
secretion of renin is performed at a site beside the adventitia
or via the glomerular capillaries, rather than through the
arteriolar endothelium.

To demonstrate the origin of RC cells, the developmental
relationships between morphogenesis and RC cells have
been investigated in mice [59, 73], rats [8, 20], pigs [21,
59], humans [12, 88] and sheep [49]. In mouse embryos,
RC cells associated with arterial trees are first demonstrated
on day 13 of gestation (Fig. 3). On day 16, the most
intensive immunoreactivities are observed in the walls of
the afferent, efferent and interlobar arteries and even in the
mesangial regions. From day 18 to 7 days after birth, the
immunoreactivities of the intrarenal arteries disappear
distally. In pig embryos with a crown rump length (CRL)
of 0.8-2.0 cm, RC cells are found at the ventral wall of the
dorsal aorta, the omphalo-mesenteric (cranial mesenteric)
artery, the mesonephric arteries, the mesonephric afferent
glomerular vessels and inside the mesonephric glomeruli
(Fig. 3). When the CRL is 5.1-14.0 cm, RC cells are not
demonstrated at the aortic wall, while they are still observed
on the afferent arterioles and in the vascular pole region of
the degenerated mesonephros. In embryos with a CRL of
14.1-30.0 cm, intensive immunoreactivity is found at only
the afferent arterioles in the metanephros. The difference
of RC cell development between mouse and pig meso- and
metanephroi is mainly due to the respective rates of
glomerulogenesis. In mouse, the transient mesonephros is
formed by day 12 of gestation, but begins to regress by day
13.5. In pig, however, the mesonephros is the largest
transient organ of all domestic animals, suggesting that the
cytological development and the functional maturation of
mouse JGA require a more curtailed condensed period and,
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Frequency and distribution of renal RC cells in several domestic animals [60]. The horizontal and

vertical lines show the distance from afferent vessel and the frequency of RC cells, respectively. A:E:M isthe
ratio of the frequency of cells located in afferent, efferent and mesangial regions.

Fig. 3.

consequently, show an apparent delay in functional
maturation as compared with that of pig.

In sheep, at day 44 of gestation, RC cells are already
demonstrated in the walls of renal, interlobar, and afferent
vessels. Then they are detected throughout the intrarenal
arterial trees. However, MD is not yet detected, suggesting
a non-functioning JGA [49]. The RAS cannot be stimulated
by furosemide before day 106 of gestation and the response,
including renin release after day 110, increases with
gestational age [98, 111]. In late gestational periods, RC
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Development of RC cellsin the metanephros of fetal mice (a) and in meta- and mesonephroi of fetal pigs (b) [59].

cells distributed throughout the intrarenal arterial trees, tend
to decrease or disappear gradually, while they are located
predominantly in the afferent glomerular vessels,
corresponding to the morphological and physiological
maturation of the JGA in sheep in late fetal life [100]. The
intrarenal smooth muscle cells constituting vessel walls
potentially possess the ability to synthesize renin [17], as
demonstrated by experimental hydronephrosis using the
mouse kidney [63, 64, 66] and by restriction of renal blood
flow [71] or inhibition of ACE [38]. Because of elevated
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angiotensin |1 levels in newborn lambs [7], the RAS in the
perinatal period plays an important role in the maintenance
of circulatory homeostasis and in adaption to the changes of
environment [83]. RC cells are widely distributed along the
blood vessels in adult small ruminants [60], for instance, in
interlobular arteries, where all RC cells in other animals
totally disappear in adults [59]. Sympathetic nerve fibers
possess many varicosities in contact with vascular walls on
the way to the glomerular vascular pole [31], and axon-
Schwann cell complexes are frequently observed around the
JG cells [4]. Additionally, functional heterogeneity of RC
cells has been demonstrated by reports that isoprenaline-
sensitive RC cells are located in the afferent arterioles only
at some distance from the glomerulus [6]. Previous studies
have also shown that endogeneous renal sympathetic activity
modulates renin gene expression along the renal
microvasculature [85]. These findings may suggest that
there are two populations of RC cells receiving several
signals for renin release. RC cells close to the glomerulus
would be sensitive to MD (sodium chloride) signals, whilst
RC cells further away from the glomerulus would be
sensitive to vascular innervation (beta-adrenergic) signals.
Peripolar cells, located at the boundary region between
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the external and internal glomerular epithelial cells, have
been suggested to have some role as part of the JGA [28,
93]. Some small ruminants, including sheep, goats and
deer, have many RC cells located at a distance from the
glomerulus, and have also been recognized as possessing
increased numbers of peripolar cells. Additionaly, in the
newborn sheep kidney, granulated peripolar cells are present
in greater numbers than in kidneys from fetal lambs or adult
sheep [1]. The relationship between RC cells and peripolar
cells in these small ruminants supplies an interesting
homeostasis in intrarena regulation.

PHYLOGENETICAL STUDY OF RC CELLS

It is known in mammals that the MD and EGM are
elements of a feedback control system. The humoral
concentration in distal nephric tubules is sensed by MD
cells and this information is transmitted to the JG cells via
the EGM. According to previous phylogenetical results,
the number of constitutional elements of the JGA decreases
as the class of animals becoming more primal [55, 57, 58,
101] (Fig. 4). In birds, for instance, both the MD and EGM
are juvenile [14]. In fish, these two elements are missing in

Fig. 4. Phylogenetical detection of RC cells [57, 58]. a: Carp kidney. b: Bullfrog kidney. c: Craw frog kidney. d: Python kidney. e:
Elasmobranch kidney. f: Elasmobranch conus arteriosus. g: Elasmobranch gill. h: Elasmobranch rectum. bar=100 pm.
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all their JGA [57]. Both secretory granules of JG cells and
renin activity are first demonstrated in holocephalian [81]
or elasmobranch fish [68].

The cyclostomes, which are one of the lowest vertebrates,
possess a combined glomerulus getting a blood supply
directly from the aorta[72]. In one of the cyclostomes, RC
cells, MD and EGM are not observed, indicating that there
is neither a structure nor possible function of JGA. Thereis
functional RAS in elasmaobranchs [104, 112]; however, RC
cells are distributed widely to extrarenal tissues, including
the aorta, intestine and gill (Fig. 4).

In the Cyprinidae and Salmonidae fishes, numerous RC
cells are demonstrated mainly in the areas of the tunica
media of the arterioles or the small arteries [57]. In each
cell, the immunoreactivities are polarized toward the
adventitial side rather than the medial side. In carp, three
types of granules are observed and their possible
transformation are suggested. The diameter of the granules
is around 230 nm in carp, and no evidence for fusion of
granules can be ascertained, while those of the rat and mouse
JG cells are about 1 um or greater, coalescing to form larger
ones (fusion of granules). The duration from formation to
secretion of granules in fish JG cells may be much shorter
than that in mammalian JG cells. It has been reported that
the administration of angiotensin increases blood pressure
[80], and that the experimental reduction of aortic blood
pressure or renal perfusion pressure of fishes also increases
the activity of plasmarenin [3, 79]. These findings suggest
that the hormonal system for control of blood pressure by
the RAS also exists in the teleost fishes.

In amphibians, the JGA consists of afferent and efferent
arterioles and JG cells, and there is no EGM [58]. The
MD-like structures are observed only in Rana species. RC
cells are generally localized over a wide range in the walls
of afferent vessels. In Xenopus species, RC cells are
demonstrated numerously in the intraglomerular region.
Amphibian species demonstrate multivesicular body-like
granules commonly in the JG cells, like those of fish,
chickens and mammals [55, 57, 58]. Although it has been
postulated that renin granules are modified lysosomal
granules, based on the cytological similarities between
multivesicular bodies and juvenile renin granules [105], no
JG cells appear to take up the colloidal carbon in chicken
kidneys [56]. It was also observed that the secretory
granules fuse occasionally in the JG cells of Rana and
Triturus species, suggesting that the fusion of granules is
one of the morphological presentations for granular
synthesis, which occurs exclusively in higher vertebrates.

EXPERIMENTAL PRESENTATION OF RC CELLS

The kidney mainly has two distinct functions, those
performed by the exocrine and endocrine systems. Analysis
of the endocrine kidney after unilateral obstruction of the
ureter provides some interesting findings about the origin of
RC cells and the processing of renin granules [63, 64, 66]
(Fig. 5). At 1 month after ligation of the ureter, a large
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number of RC cells are detected in this hydronephrotic
kidney; on the other hand, there are very few in the non-
ligated side. At 6 months after ligation, no difference is
demonstrated between ligated and non-ligated kidneys. This
finding corresponds to the results by morphometrical
analysis, whole mount immunohistochemistry and the
Northern blot analysis. In the ligated side, a large number
of RC cells are clearly identified, but they decrease with
time, suggesting that RC cells near the glomerulus are true
secreting cells, whereas those lying along distance from the
glomerulus appear spontaneously, corresponding with the
reports of ontogenetical studies [59]. The pathways of
intrarenal vessels and their dynamics during experimental
hydronephrotic periods have been investigated for the
purpose of demonstrating the relationship between the
vascular system and pathological conditions such as chronic
pyelonephritis and stone pyelonephrosis [36, 82]. In JG
cells of hydronephrotic kidneys, there is no agreement in
results, although their morphology and intrarenal renin
activity have been reported [5, 9, 42]. However, the
developmental changes during experimental periods were
not sufficiently observed. The physiological functions
resulting in an increase in renin activity at 1 month after
ligation are explained by the following two hypotheses.
First, external pressure due to urine affects the activation of
the mechanical baroreceptors [41, 115]. Second, the
obstruction of urinary tubules is extended to the macula
densa, playing arole in the feedback mechanism of renin
secretion [18, 108].

Although there has been much in vitro evidence that renin
is released from JG cells [26, 33], no morphological
consensus has been reached since there are only a few
reports regarding exocytosis or other release mechanisms
for renin [70, 87, 106]. Because of activation of JG cellsin
experimental hydronephrosis at 1 month after ligation, this
is a useful model for investigation of renin release. Here,
two types of granules, electron dense and lucent, are
observed, suggesting two hypothetical mechanisms for renin
release [63]. The first type occurs with the formation of
exocytotic channels somewhat different in morphology from
those found in other endocrine cells. The second type occurs
via diacrine secretion, the materials being discharged into
the cytoplasmic cytosol from an opening in the granular
membrane and then transported into the intercellular spaces
in away that is not morphologically detectable.

LOCAL RAS

Recently, some or all of the components of the RAS have
been reported to be synthesized and secreted outside of
classical organs or tissues[19, 44]. This extrarenal or local
renin has been demonstrated in the brain, pituitary and pineal
glands, submandibular glands, adrenal glands, testes, ovary,
uterus, oviduct, placenta, macrophage, lymph nodes, liver
and eye. The details of these local RAS have been reviewed
in other journals [43-45]. Although the functions and roles
of these local renins are not well known, the concept of the
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Fig. 5.
at one month (a) and 6 months (b) after operation [63, 64, 66]. bar=100 um. c: Schematic drawing of renin
release.

RAS as a circulating endocrine system alone is in question
(Fig. 6). Thelocal expression of RAS components may be
involved in the regulation of an individual tissue function
via endocrine, paracrine, autocrine or possibly also via
exocrine mechanisms.

Recently, it has been suggested by using angiotensinogen-
deficient mice that astrocytes producing angiotensins are
required for functional maintenance of the blood-brain
barrier [40]. In ACE-deficient mice, the fertility of
homozygous male, but not female mutants is greatly
reduced, despite being potent and having sperm of normal
appearance [67]. Additionally, renin-deficient mice have
shown lowered blood pressure and atered renal morphology.
In the future, the real function of local RAS will be clarified
by using such mutant mice [16].

Diacrine secretion
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Exocytosis

Renin detection with whole-mount immunohistochemistry in experimental hydronephrosis of mice

DEVELOPMENT OF RC CELLSIN ADRENAL GLANDS

As one component of local RAS, renin is released from
adrenal glands, but its volume is very low (Fig. 7). On day
13 of gestation in mice, the capsule, the cortex, and the
medulla are still immature; however, immunoreactivity for
renin is first demonstrated in the parenchymal cells [61].
On day 16 of gestation, the intensively reactive RC cells are
numerously localized only in the cortical zone, sometimes
showing mitotic figures. By immunoel ectron microscopy,
numerous gold particles are demonstrated in the terminal
portions of the Golgi apparatus and protogranules as well as
in specific secretory granules, suggesting that the cleavage
of a prosegment from prorenin may occur on the maturating
face of the Golgi apparatus or in the protogranules, as
reported in kidney [62, 107]. Both renin and cathepsin B
are co-localized in identical granules, indicating that many
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Fig. 6. Extrarenal renin expression in various tissues [44, 48]. a Hepatocytes in rat. b: Endothelial cells of postcapillary venulein rat
submandibular lymph node. c: Epithelial cells of granulated ducts in mouse submandibular gland. d: Leydig cells in fetal mouse

testis. bar=100 um.

renin gold particles have homogeneous intragranular
distribution, whereas those for cathepsin B are distributed
heterogeneously [65]. The co-existence of renin and
cathepsin B suggests the possibility that cleavage of the
prosegment from an inactive renin precursor also plays an
important role in the production of adrenal active renin. On
day 18 of gestation, renin is decreased or undetectable,
whereas cathepsin B is still demonstrated at the same level
asonday 16. Although adrena renin is atemporary enzyme
detected with immunohistochemical techniques, there have
been many reports that adrenal renin increases in vitro after
bilateral nephrectomy [74, 77]. There is a hypothesis in
which extrarenal tissues are regarded as sites of renin
synthesis to produce only inactive prorenin, and no active
renin is introduced into the general circulation [96].

These views are of some significance in elucidating the
ontogenetical development of the extrarenal RAS. Because
the initial appearance of renin immunoreactivity is observed
in adrenal cortical cells accompanied by cell divisions at
13-14 days of gestation, there is an assumption that the
angiotensin series also appears in the gland at or after the
fetal period [12]. Angiotensin Il is known to have various
functions in tissues: for instance, in the bovine adrenal gland
it is a potent promoting factor for the mitosis of cortical
cells [30]. Furthermore, angiotensin |1 has also been shown

to be a significant stimulating factor for angiogenesis and
prostaglandin synthesis in several organs, and the
prostaglandin in the adrenal gland has also been reported to
stimulate steroidogenesis [24, 25]. These reports suggest
that there is the important involvement of angiotensin Il
produced by renin synthesis in the morphogenesis of the
adrenal gland in the fetal stage of the mouse.

COAGULATING GLAND (CG) RENIN

Renin from the CG in mice has a yet undetermined
functional role [22, 46]. However, it has been emphasized
that the CG renin is significant because large amounts of
both mRNA and protein can be detected in this organ, as
well as in JG cells in the kidney [23, 50-52] (Fig. 8).
Immunoreactive deposits of renin are localized in many
granules of epithelial cells of the CG, as well as surface
membrane and luminal extracts.

It has been reported that steroid hormones, especially
testosterone, influence renin synthesis in the submandibular
gland, the anterior pituitary gland and other extrarenal
tissues, although intrarenal renin is not influenced by
testosterone [76, 113]. Developmental observations provide
evidences that RC cells in the CG of mice are
physiologically expressed after birth, especially during the
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adolescent period. After castration, RC cells are not
demonstrated in terminal ducts of the CG, whereas weak
renin immunoreactivity is still observed in the main duct
[52, 53]. After testosterone administration to castrated mice,
large numbers of RC cells can be detected. It appears that
the expression of CG renin is mainly regulated by the testis,
especially by testosterone.

As a result of immunoelectron microscopical
observations, two exocrine secretory pathways for renin
have been proposed [54]. The first is a general exocrine
pathway, and the other is a lysosome-dependent pathway.
Because renin is secreted first toward the seminiferous
lumen, the secretory style of CG renin is classified as an
exocrine function, while that in the kidney is an endocrine
or paracrine function secreted toward the intercellular
spaces, blood or lymphatic circulation. The granular
convoluted tubule cells of the mouse submandibular glands
also produce renin, as well as epidermal growth factor, nerve
growth factor, kallikrein, proteinase A and tonin [32, 48,
69, 86, 90, 114]. In particular, because it has been reported
that renal/pancreatic kallikrein of the submandibular gland
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Fig. 7. Expression of adrenal renin in mice [61, 62, 65].
a Immunohistochemistry on day 16. bar=100 um. b:
Immunoelectron microscopical visualization of
embryonal adrenal renin. Granules (arrows) and Golgi
apparatus (G) are renin-positive. bar=1 um. c: Double
immunoel ectron microscopy with renin (large particles)
and cathepsin B (small particles). bar=100 nm.

is secreted from both the basolateral and apical surfaces
[86], the possibility of bipolar secretory pathways for CG
renin cannot be ignored.

CG renin released by an exocrine mechanism performs
certain functions for the male urogenital or the female
genital organ. Renin protein, but not detectable mRNA, is
observed in the epithelial cell lines of the uterus at the 1st
day after mating, suggesting that CG renin is transferred
into the female uterus by this process [47]. Additionally,
the signal for angiotensinogen mRNA is detected in the
epithelial cells of the uterus by hybridohistochemistry after
mating. The function of angiotensin Il cleaved from
angiotensinogen is the production of prostaglandin in several
organs as well as the control of blood pressure and the
water-mineral balance [18, 78]. Moreover, prostaglandin
has been shown to stimulate steroidogenesis in the adrenal
gland [95], and renin release in association with B-adrenergic
receptors [103]. It is possible that CG renin also plays a
role in production of the angiotensin series, and functionsin
association with prostaglandin. These findings suggest that
the renin-angiotensin-prostaglandin system is dependent on



COMPARATIVE STUDY OF RC CELLS 1083

Lysosomal granule *) i
\ O Exocrine granule

’-l’

0%

C

Fig. 8. Renin detection with immunohistochemistry in the epithelial cells of mouse coagulating gland [50, 52-54]. bar: a=1mm,
b=100 mm. c: A hypothetical diagram of morphological renin processing in the coagulating gland. d: Renin in uterine epithelial
cells at one day after mating of a C57BL/6 male and C57BL/6 female. bar=100 pm.

male sexual maturation and affects certain aspects of female
reproduction as well, working in local-feedback and local-
enhancing mechanisms.
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