
Animal Model
Expression of Renin in Large Arteries Outside the
Kidney Revealed by Human Renin Promoter/LacZ
Transgenic Mouse
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Renin plays a central role in controlling blood pres-
sure as it catalyzes the first step in the production of
angiotensin II. The aim of this study was to isolate
fragments of the human renin (hREN) promoter able
to direct tissue-specific and regulated expression of a
LacZ reporter gene mimicking endogenous renin. We
screened several hREN promoter/LacZ constructs for
transgene expression in transient embryos at E15
when renin expression begins. We found that a 12-kb
hREN promoter conferred high expression in the kid-
ney at both embryonic and adult stages and that the
transgene was expressed in the same cells as endog-
enous renin. We explored two pathophysiological
models in which renin is stimulated and showed con-
comitant increases in �-galactosidase and renin activ-
ities. In situ �-galactosidase staining showed renin/
transgene-expressing cells are recruited in the
juxtaglomerular apparatus and in the afferent arte-
rioles as well as in larger arteries outside the kidney.
Using our model, renin expression in interlobular
arteries was confirmed as being striped and, for the
first time, expression of renin in larger arteries out-
side the kidney was shown. Therefore, this strain is a
suitable model to investigate renin gene pathophysi-
ological regulations in vivo. (Am J Pathol 2002,
161:717–725)

Renin (EC 3.4.23.15) is an aspartyl protease which cat-
alyzes the specific cleavage of angiotensinogen to an-
giotensin I (AI). This is the rate-limiting step of the renin-
angiotensin system (RAS) which plays a key role in the
control of blood pressure and electrolyte homeostasis by
controlling the level of angiotensin II. The principal site of

renin synthesis is the juxtaglomerular (JG) cells of the
kidney, located at the distal end of afferent arterioles of
the glomerulus.1

Surprisingly, there is limited and contradictory informa-
tion concerning the cis-acting sequences in the human
renin (hREN) gene and the renal trans-acting factors
involved in the restricted tissue-specific expression of
renin. Initial in vitro studies suggested that the 110 first
nucleotides of hREN promoter were sufficient to direct
specific expression in renin-producing cells such as in
chorionic cells.2–4 Additional experiments demonstrated
the need for more distal specific cis-regulatory elements
to obtain higher transcriptional rates.5,6 Initial in vivo
transgenic animal studies, using the entire hREN gene
with a 3 kb or shorter 5�-flanking region, and 1.2 kb of the
3�-flanking region, failed to produce a renal restricted
expression.7–9 Transgenic models containing the entire
hREN gene associated with more than 25 kb of 5�-flank-
ing region and 6 kb of 3�-flanking DNA5,10 were gener-
ated. In these transgenic lines, hREN protein production
was restricted to renal cells and expression was tightly
regulated by angiotensin II, sodium intake, or angiotensin
converting enzyme (ACE) inhibition. The large pieces of
DNA used in these studies had the advantage of insulat-
ing the transgene and allowing tissue-specific expres-
sion, but their use is limited in deciphering regulatory
molecular mechanisms responsible for specific renin ex-
pression.

In the present work, we studied various lengths of
hREN promoter sequences associated with a LacZ re-
porter gene. As renin is first expressed in the developing
vessels of the kidney around E14.5 during mouse embry-
ogenesis, embryos were screened for renal expression of

Supported in part by an INSERM/Merck grant. S.F. received funds from
the Ministère de la Recherche et de l’Enseignement Supérieur and from
l’Académie Nationale de Médecine.
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the transgene at E15 to select 5�-flanking region se-
quence mimicking endogenous mouse renin expression.
Regulated expression of the transgene was observed
when 12,166 bp of the human renin promoter were linked
to LacZ gene. Our results demonstrate that this trans-
gene is expressed in a tissue-specific manner in trans-
genic mice, with expression of LacZ being restricted to
juxtaglomerular cells in the kidney of adult transgenic
mice. Furthermore, we demonstrate that LacZ expression
in the kidney is regulated similarly to endogenous renin
expression by salt depletion. We also show a huge in-
crease of �-galactosidase activity in the clipped kidney in
2-kidney, 1-clip (2K1C) model.

This new model allowed us to easily describe the pat-
tern and the kinetics of the recruitment of renin-producing
cells as they concomitantly express �-galactosidase. In
pathophysiological conditions where renin is needed, an
increase in the number of renin-producing cells occurs
by metaplastic transformation of smooth muscle cells into
myoepithelioid intermediate cells.11 Our model confirmed
the renin/�-galactosidase striped expression pattern in
interlobular arteries.12 We also showed renin/�-galacto-
sidase expression in larger arteries outside the kidney
after either salt depletion or renal artery constriction.
Thus, this hREN promoter/LacZ transgenic mouse strain
provides an easy and suitable model for the study of hREN
gene expression and regulation in an in vivo context.

Materials and Methods

Cloning and Transgene Constructs

Human renin gene 5�-flanking regions were isolated from
a PWE15 human cosmid library (Stratagene) as previ-
ously described.6 All constructs were made into the LacZ
reporter gene vector pSG consisting of a p46.21D back-
bone13 digested by HindIII and XmaI into which a NotI,
BamHI, SpeI, PacI, SmaI, PstI, XhoI linker was introduced.
A BamHI/SpeI subfragment of 5� matrix attachment re-
gion (MAR) of lysozyme gene14 residing in a 2955-bp
fragment spanning from position �11.7 kb to �8.8 kb
upstream of the lysozyme gene was inserted in the
BamHI/SpeI sites of pSG creating pSG-MAR. A DNA
fragment containing �5777 to �16 bp of the human renin
gene promoter was isolated by HindIII digestion of pGL3–
5777,6 blunted by T4 DNA polymerase and ligated in
pSG-MAR digested by XhoI and blunted by T4 DNA
polymerase. Plasmid pSG-MAR-5777 was then digested
by BglII to remove the �5777 to �4730 hREN promoter
fragment and the �12,166 to �4730 BglII fragment was
ligated creating pSG-MAR-12166. Sense and antisense
constructs were screened by HindIII digestion. The nu-
cleotide sequence of the renin promoter and promoter-
LacZ junction regions of all of the constructs were se-
quenced to confirm no mutations had occurred during
the subcloning steps.

Transgenic Mice Production

Plasmid DNA was purified by alkaline lysis followed by
CsCl gradient centrifugation. The purified plasmid DNA
was digested with NotI to generate a fragment containing
the human renin promoter, nuclear localization se-
quence, LacZ reporter gene, and SV40 polyadenylation
sequence. The transgene purified using Elutip-d columns
(Schleicher & Schuell, Keene, NH) and the final DNA was
dissolved in 10 mmol/L Tris-HCl pH 7.0, 0.1 mmol/L EDTA
for microinjection into one-cell embryos derived from
C57Bl/6 mice. Transgenic mice were made at the Service
d’Expérimentation Animale et de Transgénèse (SEAT,
Villejuif, France) of the Centre National de la Recherche
Scientifique (CNRS). The day of reimplantation of micro-
injected eggs into C57B/16 experienced female was des-
ignated at E0. All manipulations of mice were done in
accordance with policies of Ministère de l’agriculture for
animal care and use.

Screening of Embryos at E15

Following sacrifice of pregnant mice by cervical disloca-
tion, embryos were fixed in 4% paraformaldehyde, 1X
PBS (w/v) for 2 hours, and rinsed with 1X PBS three times
for 5 minutes. The LacZ expression was detected by
incubating the embryos at 30°C overnight in PBS supple-
mented with 0.1% X-gal, 5 mmol/L K3Fe(CN)6, 5 mmol/L
K4Fe(CN)6, 1 mmol/L MgCl2, 0.002% NP-40, 0.01% so-
dium deoxycholate, pH 7.0. After staining, the embryos
were rinsed in PBS and postfixed at 4°C overnight in 4%
paraformaldehyde in PBS. To make the embryos more
visible before photography, embryos were clarified by
soaking them serially in glycerol at concentrations rang-
ing from 30 to 80%.

PCR Analysis

Transgenic mice harboring the hREN promoter-LacZ gene
were identified by PCR with genomic DNA prepared from
tail biopsies. Primers used to screen transgenic animals
amplify a 199-bp �-galactosidase fragment. The sense
primer was 5�-CGCCAGCTGGCGTAATAGCGAAGAGC-3�
and the reverse primer was 5�-GATGGGCGCATCGTAAC-
CGTGCAT-3�.

�-Galactosidase and Renin Assays

Tissues were homogenized in appropriate volume of
phosphate 0.1 mol/L buffer, pH 7. �-Galactosidase ac-
tivity in the tissues was measured using �-galactosidase
reporter gene assay (Roche Diagnostics).

Plasma and tissue renin concentrations were mea-
sured by enzymatic assay.15 Briefly, renin activity was
assayed by radioimmunoassay of angiotensin I produced
after incubation of dilution of plasma or tissue extracts
(kidney, adrenal gland, liver, brain, heart, lung and
spleen) with binephrectomized rat plasma.
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Renin Immunostaining

For embryos, pregnant females were sacrificed and em-
bryos were treated as described above. No postfixation
was performed before infiltration in paraffin.

For adult kidneys, mice were deeply anesthetized and
the heart perfused first with 0.9% NaCl for 10 minutes
then with 4% paraformaldehyde in 1X PBS for 10 minutes.
Kidneys were then excised and stained with X-gal as
described for the embryos. They were embedded in par-
affin or incubated in 30% sucrose overnight before being
frozen in isopentane cooled in dry ice.

Paraffin-embedded tissue sections (10 �m) were rehy-
drated and endogenous peroxidase inactivated with
H2O2. They were then blocked with normal goat serum
and incubated with rabbit anti-renin CAS antibody16 (di-
lution 1:1000 in 1% NGS) for 90 minutes. After two
washes of 5 minutes with PBS, sections were incubated
for 30 minutes with biotinylated goat anti-rabbit IgG di-
luted 1:200. The secondary antibody was detected and
amplified with ABC Elite Kit (Vector Laboratories, Burlin-
game, CA) using diaminobenzidine and H2O2 as a chro-
mogen.

Colocalization of Renin and �-Galactosidase
Expression

Frozen kidney sections (30 �m) were cut using a cryostat
and kept at 4°C in PBS/azide 0.1%. Sections were
blocked and permeabilized in PBS containing 3% normal
goat serum (NGS), 1% goat anti-mouse IgG, and 0.2%
Triton-X100 for 90 minutes at room temperature. The
sections were then incubated overnight at room temper-
ature with rabbit anti-renin CAS antibody (dilution 1:500)
and mouse anti-�-galactosidase IgG2ak (Promega) di-
luted 1:1000. After five washes of 10 minutes each in
PBS, the sections were then incubated for 1 hour at room
temperature with FITC coupled anti-rabbit antibody (Pro-
mega) diluted 1:100, and biotinylated anti-mouse IgG2ak

antibody (Promega) diluted 1:100. After five washes in
PBS, sections were incubated in Texas Red-coupled
streptavidin for 1 hour. Confocal microscopy was per-
formed using a confocal scanning microscope (Leica
TCS SP2). An argon laser source was used to generate
excitation at 488 nm and observed emission at 520 nm for
Texas Red-stained �-galactosidase. A GreNe laser
source was used to generate excitation at 543 nm and
observed emission at 630 nm for FITC-stained renin.

Kidney Microdissection

Microdissection of adult kidneys were performed follow-
ing the protocol of Casellas et al17 Briefly, kidneys were
sliced into two parts to allow X-gal staining (as described
above) and then they were treated with 5 N HCl for 1 hour
at 37°C and kept overnight in water at 4°C. Tubules and
vessels were then dissected.

Salt-Depletion Treatment

Wild-type (n � 3) and transgenic (n � 6) mice were
treated with 14 mg/kg/day furosemide in drinking water
ad libidum and a sodium-free diet (UAR-France). Animals
were weighed before and after treatment. Water and food
intake was measured and recorded daily (Table 1). Blood
samples were collected for plasma renin concentration.
�-Galactosidase and renin content were measured in
both kidneys, adrenal glands, and liver.

Two-Kidney, One-Clip Mice

Transgenic mice were operated under anesthesia. The
left renal artery was clipped (0.12 mm opening) following
the protocol of Wiesel et al18 and the right was not dis-
turbed. Mice were sacrificed 5 weeks after clipping.
Blood samples were collected for plasma renin concen-
tration. �-Galactosidase and renin content were mea-
sured in both kidneys.

Results

Renin Renal Expression during Ontogenesis

First we analyzed endogenous mouse renin expression
by immunohistochemistry during ontogenesis in the
C57Bl/6 mouse strain used to create transgenic lines.
This strain carries only one renin gene, ren-1c. Renin
immunohistochemistry was performed in kidneys of fe-
tuses from E13 to E18. At E14, no renin expression was
detected in the kidney (Figure 1A). At E15, renin expres-
sion was localized in the media of interlobular arteries
(Figure 1B). From E16 to E18 (Figure 1, C–F), widespread
renin expression in interlobular arteries was observed. As
seen in Figure 1F, renin is expressed along the renal
interlobular arteries. At postpartum day 1 renin expres-
sion was localized to the juxtaglomerular and tubular

Table 1. Physiological Characteristics of Control and Salt-Depleted Mice

Mouse type n

Body weight (g) Water intake
(ml/day)

PRA
(ng Al/ml/h)Initial Final

Control WT 3 24.9 � 0.8 24.4 � 0.8 3.8 � 1.1 765 � 110
Control TG 6 25.8 � 2.1 26.4 � 1.2 4.0 � 0.6 1057 � 221
Salt-depleted WT 3 26.6 � 1.8 20.9 � 1.7 4.9 � 1.2 4978 � 1685
Salt-depleted TG 6 24.0 � 1.1 19.3 � 0.8 6.0 � 1.9 3604 � 1655

Values are means � SE. n, number of mice; WT, wild-type mice; TG, transgenic mice; PRA, plasma renin activity.
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cells, and in adult mice at 1 month (Figure 1G), its ex-
pression was restricted to the juxtaglomerular cells.

Screening of Transgene Renal Expression in
E15 Embryos

Having shown that endogenous renin is expressed at
E15, renal expression of various lengths of the human
renin promoter were screened at this stage. Transgene
constructs (Figure 2) containing various lengths of human
renin promoter fused to a LacZ reporter gene and a
matrix attachment region at the 5� end of the transgene
were injected in mouse embryos. The MAR was designed
to insulate the transgene from positional effects and
therefore to limit influence of insertion sites on the trans-
gene expression.14 The LacZ reporter gene was modified
with a nuclear localization signal to target expression of
�-galactosidase to the nucleus.19 This allowed us to dis-
tinguish reporter expression from endogenous �-galac-
tosidase expression.

Expression of LacZ fused to 3 kb of the hREN promoter
was tested at E15 (n � 3). No expression of the transgene
or expression in inappropriate sites was found in all
tested embryos (Figure 3A). However, expression of
LacZ driven by 5777 bp of the human renin promoter was
restricted at E15 to the kidney (Figure 3B) and to some
area of the brain (not shown) (n � 3). These findings
showed that cis-regulatory elements contained in the
5777 bp were necessary to confer embryonic renal ex-
pression at E15 but were not sufficient to recapitulate a
complete embryonic expression pattern.

Figure 1. Renin expression during ontogenesis. Renin expression in the
kidney of C57Bl/6 mice was detected by immunohistochemistry using the
polyclonal anti-renin antibody CAS16 detected by peroxidase staining. A–E:
Photomicrographs of fetuses at different stages (A, E14; B, E15; C, E17; D, E,
E18). E is photomicrograph from an interlobular artery in embryonic kidney
(E18) and F from an adult kidney (P30). Arrows indicate examples of
renin-expressing cells. Scale bar, 50 �m.

Figure 2. Schematic representation of the hREN/�-Gal transgene. Trans-
genes were constructed with various lengths of hREN promoter sequences
(from 3 to 12 kb) associated with a LacZ reporter gene. The �-galactosidase
was targeted to the nucleus with a nuclear localization sequence (NLS), and
the matrix attachment region (MAR) was designed to insulate the transgene
from insertion positional effects.

Figure 3. �-Galactosidase expression in E15 embryos. E15 embryos were
collected from females transferred with eggs injected with pSG-MAR-2824
(A), pSG-MAR-5777 (B), or pSG-MAR-12166 transgenes (C). Embryos were
stained with X-gal and screened for �-galactosidase expression sites. Renal
localization was observed with pSG-MAR-5777 and pSG-MAR-12166 trans-
genes.
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We then extended the promoter length to study
whether specific renal expression was maintained and/or
strengthen. We tested a fragment containing 12,166 bp
of the human renin promoter fused to LacZ and studied
its expression pattern at E15. As shown in Figure 3C,
�-galactosidase staining was more strongly observed
within the kidney (n � 4). Transgene expression along the
neural axis, near the embryonic inner ear or in some area
of the brain was also found in some embryos. These
results showed that regulatory elements located in the
promoter were sufficient and necessary to confer renal
expression to a reporter gene, previously demonstrated
using 4.1 kb of the 5�-flanking region of mouse renin gene.20

Therefore, a transgenic line carrying 12,166 bp of the renin
promoter linked to a LacZ reporter gene was established
from one founder to study whether expression of the trans-
gene was restricted to the kidney in adult mice.

Tissue-Specificity of Transgene Expression in
Adult pSG-MAR-12166 Mice

�-Galactosidase reporter activity was measured in sev-
eral adult tissues (6- to 8-week-old mice): kidney, adrenal
gland, brain, heart, lung, liver and spleen (Figure 4A).
The highest activity was observed in the kidney. In the

adrenal gland, �-galactosidase activity was 20% of the
renal activity. A weak activity (5% compared to renal
expression) was observed in brain and heart and no
activity was detectable in lung, liver and spleen.

Renin activity was measured in the same tissue ex-
tracts as �-galactosidase. As shown in Figure 4B, a
strong correlation was observed between renin and �-ga-
lactosidase levels (r � 0.93). The same results were
observed for male and female mice.

Cellular Specificity of Transgene Expression in
Adult pSG-MAR-12166 Mice

To determine in detail the precise renal expression of the
transgene, double immunocytochemistry (Figure 5,A and
B) and immunofluorescence (Figure 5, C–E) experiments
were performed in kidney sections of adult transgenic
mice to study whether the transgene was co-expressed
with endogenous renin. Nuclear localization of �-galac-
tosidase activity was observed specifically in cells immu-
nostained for endogenous cytoplasmic renin (Figure 5, A
and B). Using confocal microscopy, coexpression was
also observed (Figure 5, C and D). Now, renin granules
(Figure 5E) could clearly be observed in the cytoplasm of
JG cells, suggesting that the juxtaglomerular apparatus
(JGA) was not perturbed by transgene expression. These
observations demonstrated co-localization of �-galacto-
sidase driven by the hREN promoter with endogenous
mouse renin in the renal JG cells of pSG-MAR-12166
mice at the adult stage.

Figure 4. Tissue �-galactosidase expression in adult pSG-MAR-12166 trans-
genic mice. Renin and LacZ expression were measured in various tissues of
transgenic mice. �-Galactosidase activity was expressed as relative �-galac-
tosidase activity/�g protein. Renin activity was measured by RIA. A shows
that �-galactosidase is mainly expressed in kidney, and to a lesser extent in
adrenal gland and brain. Other tissues express very low levels or no �-ga-
lactosidase. B shows a good correlation (r � 0.93, P � 10�3) between
�-galactosidase activity and mouse renin activity in these tissues.

Figure 5. Colocalization of �-galactosidase and renin expression in juxtaglo-
merular cells. �-Galactosidase and renin expression were detected in kidney
sections by light microscopy (A, B) or confocal microscopy (C, D, E). A and
B: �-Galactosidase (blue) expression was detected by X-gal staining in the
nucleus of cells expressing endogenous renin (brown) in the cytoplasm.
Renin expression localization was determined by immunohistochemistry
with the CAS antibody16 detected by peroxidase staining. C and D: Projection
of 8 stacked images obtained by sequential scan acquisition. A similar
colocalization was observed with a nuclear localization of �-galactosidase
(red) in renin-expressing cells (green). E: Typical renin granules within the
JG cells are shown in a confocal section with only FITC/renin fluorescence
excitation. Scale bars, 10 �m.
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Salt-Depletion Treatment of Adult pSG-MAR-
12166 Mice

To investigate physiological regulation of the transgene,
mice were salt-depleted. Wild-type and transgenic male
mice were salt-deprived and treated for 1 week with
furosemide (14 mg/kg/day). Treatment induced a 20%
loss in body weight and a 40% increase of water intake
compared to untreated animals (Table 1). Comparable
effects were observed in both wild-type and transgenic
mice. These data suggest a decrease of extracellular
water volume and an increase of renin activity.21 Indeed
a 3.4-fold increase of plasma renin activity was observed
with a concomitant increase of renal renin activity in
treated wild-type and transgenic mice (Figure 6A). A
similar 3.8-fold increase of �-galactosidase activity was
observed in both kidneys (Figure 6B). As a control, no
increase of �-galactosidase activity and renin activity
was observed in adrenal gland and liver.

These results were visualized with dissected kidney,
showing a strong �-galactosidase staining in the juxta-
glomerular apparatus and along the afferent arterioles
after salt depletion (Figure 7A). Surprisingly, the staining
pattern appeared as stripes in the interlobular arteries
and the aorta (Figure 7). Recruitment of �-galactosidase-
expressing cells was also shown to be time dependent.
After 1 week of salt depletion, staining was observed in
afferent arterioles and extended along the interlobular
arteries (Figure 7A). In larger arteries (renal arteries, aorta
up to iliac arteries), �-galactosidase-expressing cells
were observed in the same striped pattern or as small
islets after long term treatment (Figure 7B). We observed
a different pattern of expression in large arteries com-
pared to afferent arterioles. In small afferent arterioles,
�-galactosidase expression was uninterrupted starting
from the glomerulus. In contrast, in larger vessels, �-ga-
lactosidase expression was repeatedly observed in dis-
crete stripes separated by areas of non-expressing cells.
To investigate expression of renin in these stripes, 30-
�m-thick paraffin sections from �-galactosidase-stained
kidney were immunostained with renin antibody. The
same striped expression was observed for �-galactosi-
dase (Figure 8A) and for renin (Figure 8B). These exper-
iments further confirm the colocalized expression of renin
and �-galactosidase in the same cells, in basal condition

as well as in pathophysiological conditions where the
RAS is stimulated. This striped expression pattern in large
vessels has not been described previously in adults. Inter-
estingly, it resembles the pattern seen in Figure 1G for
endogenous mouse renin in an artery of E18 embryonic
kidney.

Figure 6. Regulation of LacZ construct in transgenic mice by salt depletion.
Two groups of 6 transgenic male mice were explored. One group was used
as a control (white boxes) and the other group was treated for 1 week with
furosemide (14 mg/kg/d) and salt-depleted food (gray boxes). �-Galacto-
sidase (A) and renin activity (B) were measured in kidneys (LK, left kidney;
RK, right kidney), adrenal glands (AG), and liver (Lv).

Figure 7. Time course of cellular �-galactosidase expression in kidney dur-
ing salt depletion. �-Galactosidase localization was observed after X-gal
staining followed by microdissection. A: Identification of �-galactosidase-
expressing cells in the kidneys of salt-depleted mice. 1, glomerulus from
kidney of mice under normal conditions; 2, glomerulus and afferent arte-
rioles from mice kidney after 7 days of salt depletion; 3 and 4, interlobular
arteries from mice kidney depleted 7 and 9 days, respectively. A recruitment
of �-galactosidase-expressing cells is seen in the juxtaglomerular apparatus,
along the afferent arterioles. �-Galactosidase is also expressed in interlobular
artery walls in a striped pattern. B: Expression of �-galactosidase in large
extrarenal arteries during salt depletion. 1, 2 and 3, renal artery after 5, 7, or
9 days of treatment; 4, iliac arteries after 12 days of salt depletion. �-Galac-
tosidase is expressed in large arteries in the same striped pattern. Small islets
of �-galactosidase-expressing cells are seen in iliac arteries after long term
treatment. �-Galactosidase staining was not seen in any parts of the aorta
above the renal arteries at any stage of treatment. C represents a schematic
view of abdominal aorta and a renal artery. Arrows indicate localization of
renin �-galactosidase-expressing cells from panel A and B pictures.

Figure 8. Renin and �-galactosidase expression in large intra- and extrarenal
arteries. A and B show the same section of an interlobular arteries from
1-week treated mice and C and D show the same section of a iliac artery from
a mice treated for 11 days. A and C show �-galactosidase expression by X-gal
staining (blue stained nucleus). In B and D, renin expression is localized by
immunofluorescence (green stained cells).
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Two-Kidney, One-Clip Transgenic Mice

The 2K1C model was investigated in our pSG-MAR-
12166 transgenic mice by clipping the left kidney artery
for 5 weeks before sacrifice. Renin and �-galactosidase
activity was then measured in plasma and in tissues.
Despite our efforts to minimize experimental variations
using stainless steel clips, a high discrepancy was ob-
served in renin activity. Nevertheless, plasma renin con-
centrations were higher in clipped transgenic mice com-
pared to unclipped transgenic mice (1880 vs. 1057 ng
Al/ml/h) (Figure 9). Both renin and �-galactosidase activ-
ities were increased (235-fold for �-galactosidase and
4.3-fold for renin; see Discussion for the apparent dis-
crepancy) in clipped (270 pg A1/min/�g protein for renin
and 306 U/�g protein for �-galactosidase) vs. unclipped
kidney (62 pg A1/min/�g protein for renin and 1.3 U/�g
protein for �-galactosidase). This suggests that cis-reg-
ulatory elements involved in the stimulation of renin ex-
pression in response to renal artery stenosis are present
in this 12-kb fragment of the hREN promoter. As a control,
we did not observe any variation of either �-galactosi-
dase or renin activity in the adrenal gland or liver of
transgenic animals (not shown).

At the tissue level, a punctuated �-galactosidase stain-
ing was observed in the JG apparatus of untreated mice
(Figure 10A). This staining was comparable to endoge-
nous basal renin expression. Cells expressing �-galac-
tosidase were recruited by the salt-depletion treatment
(Figure 10B). Even more impressive, a drastic recruit-
ment of transgene-expressing cells was observed in
2K1C mice (Figure 10C). Taken together, these observa-
tions suggest that �-galactosidase expression driven by
the 12-kb hREN promoter reflects endogenous mouse
renin regulation. The sensitivity and the facility to detect
�-galactosidase allows this mouse strain to be a very

powerful tool to study renin pathophysiological regula-
tions in vivo.

Discussion

The elucidation of the in vivo molecular mechanisms re-
sponsible for tissue-specific regulation of renin gene ex-
pression remains largely unknown. Using a new mouse
transgenic model, the aim of this work was first to deter-
mine the cis-regulatory sequences involved in renin tis-

Figure 9. Correlation between �-galactosidase activity and renal renin activ-
ity in 2 kidney, 1-clip transgenic mice. �-Galactosidase and renin activity
were measured in the clipped (f) and contralateral kidney (F) of 5 male
transgenic mice by luminescence and RIA, respectively. A strong correlation
was observed (r � 0.73, P � 10�2) between �-galactosidase and renin
activity in both kidneys.

Figure 10. �-Galactosidase expression in kidneys or transgenic mice. Kidney
from a wild-type mouse (A), from a 1-week salt-depleted mouse (B), and
from a 2-kidney, 1-clip treated mouse (C) were cut into two parts and stained
in toto with X-gal. �-Galactosidase activity (blue staining) is seen in the inner
face of the cut kidney and is labeled by arrows. Scale bar, 1 mm.
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sue-specificity and regulated expression in vivo, and sec-
ond, to obtain information concerning the recruitment of
renin-expressing cells in pathophysiological conditions.
For this purpose, various lengths of hREN gene promoter
fragments were tested for their ability to drive expression
of a LacZ reporter construct in a tissue-specific fashion.
Initially, screening of the reporter protein expression
driven by the hREN gene promoter was monitored at
embryonic stages, eliminating the need to develop trans-
genic mouse strains with each promoter fragment. This
strategy allowed us to screen transgene expression rap-
idly in several independent founders. We detected renin
expression in interlobular arteries at E15 in accordance
with previous report.22 Renal �-galactosidase expres-
sion, studied at E15, was observed with at least 5777 bp
of the hREN promoter which contains a 220 bp chorionic
enhancer previously described.6 Our observations and
those of others20 therefore demonstrate that the 5� flank-
ing region of the hREN gene can support expression of a
reporter gene in the JG cells of transgenic mice. This is in
contradiction to the hypothesis that the regulatory ele-
ments needed for JG cell expression are solely contained
in the body of the gene.10 Moreover, using 12,166 bp
of the hREN promoter, the �-galactosidase expression in
the kidney was stronger compared with the 5777 bp of
the hREN promoter. Renal expression was observed
in every founders we tested (at embryonic stage E15).
�-Galactosidase expression in one 12,166-bp transgenic
mice strain is mainly localized to the kidney but is found
at a lower level in adrenal glands and brain. This local-
ization corresponds to the renin expression pattern pre-
viously described.23,24 At the cellular level, �-galactosi-
dase is expressed in the nucleus of juxtaglomerular cells,
whereas renin is expressed in the cytoplasm (Figure 5).

To determine whether the 12,166-bp promoter region
of the human renin promoter contains cis-regulatory ele-
ments involved in the regulation of renin expression in
pathophysiological situations, two well known high renin
models were studied: salt depletion and the 2-kidney,
1-clip Goldblatt model. A concomitant increase of renin
and �-galactosidase activity was observed using both
models. These data showed that the transgene and the
endogenous renin gene responded similarly to these two
different stimulatory signals suggesting that the cis-reg-
ulatory elements needed for regulated expression of the
hREN gene are contained in the 12,166-bp promoter
fragment. In the original experimental work of Goldblatt,25

an increase in plasma renin concentration was found in
response to renal artery stenosis. In our case, the dis-
crepancy observed between the level of stimulation of
renin versus �-galactosidase (4.3 vs. 232-fold) might be
due to the long term duration of clipping. After 5 weeks,
plasma renin concentration was lower than that reported
at 4 weeks of clipping18 suggesting that maximal renin
stimulation was passed. Nevertheless, the stability of the
�-galactosidase protein reflects accumulation over sev-
eral days, in contrast to renin, which has a shorter half-
life, allowing us to obtain information on renin-producing
cell localization. Recruitment of renin producing cells in
the afferent arteries of the glomeruli is very easy to ob-
serve by in toto tissue �-galactosidase staining. An ap-

parently unlimited number of renin/LacZ-expressing cells
can be recruited during renal artery stenosis (Figure 10).
The �-galactosidase expression observed in arteries of
salt-depleted animals (Figures 7 and 8) is in agreement
with a previous report11 describing “intermediate” gran-
ulated cells within the walls of arteries and arterioles far
removed from the glomerulus. A striped pattern of renin
expression in interlobular renal arteries has been shown
in fetuses and newborn rats.12 Interestingly, a similar
pattern of �-galactosidase expression in stripes or in
rings is seen in both intrarenal arteries (Figure 7A) and in
larger arteries outside the kidney (Figure 7B) during salt
depletion of adult mice. Furthermore, colocalization of
�-galactosidase and endogenous renin in these stripes
has been confirmed (Figure 8). These new data suggest
that smooth muscle cells from vessel walls do not con-
stitute a uniform population. Some cells express renin
and some do not whereas they are all apparently ex-
posed to the same physico-chemical and physiological
environments. This is in accordance with a recent re-
port26 suggesting that only a subpopulation of smooth
muscle cells have descended from renin precursors and
are very likely the ones that undergo metaplasia to renin
cells when needed.27 Moreover, smooth muscle cells
from large arteries (renal arteries, aorta, or even iliac
arteries) far from the kidney were also able to express
�-galactosidase in conditions of high renin synthesis
(Figure 7B). To our knowledge, this is the first time that
such a phenomenon has been described, probably due
to the easier localization of �-galactosidase-expressing
cells compared to renin in intact kidney or vessels.

In summary, we demonstrate that �-galactosidase is
expressed in a tissue- and cell-specific manner showing
a comparable induction to that of the endogenous mouse
renin gene in pathophysiological situations. Furthermore,
observations showing that endogenous renin expression
is not modified by this LacZ reporter transgene driven by
the hREN promoter suggest that physiological regulation
is not disturbed in this model in contrast to what was
previously hypothesized using a transgene harboring the
entire human renin gene.28 This mouse strain therefore
appears to be a powerful model to explore renin gene
regulation and renin-expressing cells differentiation
and/or recruitment in an in vivo context.
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