
&p.1:Abstract In the first 6 days of hypertension, infiltrated
mononuclear cells were colocalized with collagen (I)
mRNA-overexpressing fibroblasts in the adventitial area
of unclipped kidney. The number of adventitial infiltrated
mononuclear cells was correlated with adventitial colla-
gen (I) surface expansion. After 22 days of hypertension
no collagen (I) mRNA-overexpressing fibroblasts or any
increase in collagen area or mononuclear cell infiltration
was observed. In the interstitium of unclipped kidney,
collagen (I) mRNA overexpression, collagen (I) expan-
sion and mononuclear cell infiltration began later, from
the 7th day of hypertension, and kept increasing. In the
clipped kidney, after expansion in the first 6 days of hy-
pertension, the adventitial collagen remained stable.
These results suggest that in the unclipped kidney fibro-
blastic activation begins within the first 6 days of hyper-
tension in the adventitial area, but is transient, and fibro-
sis then spreads in the intersitium. Mononuclear cell infil-
tration is colocalized and correlated with adventitial and
interstitial fibrosis. In the first 6 days, hypertension is not
the only cause of fibrosis; the same level of adventitial fi-
brosis is detected in the nonhypertensive clipped kidney.
All observed pathological phenomena could be detected
within the first 3 days of hypertension
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Introduction

Hypertensive nephrosclerosis (HNS) is one of the major
causes of end-stage renal failure [38]. Glomerular and

tubular lesions, vascular and interstitial fibrosis, and in-
terstitial infiltration by mononuclear cells have all been
well documented in HNS [9, 14, 24, 27, 41]. Neverthe-
less, the early cellular and fibrotic changes leading to
HNS are still poorly understood. We have used the two-
kidney one-clip (2K1C) as a model of HNS [41] to eval-
uate several phenomena appearing in the cortex during
the first 31 days of high blood pressure (HBP). Collagen
expansion around interlobular arteries and arterioles in
the clipped and unclipped kidneys was quantified by
morphometric analysis. Interstitial fibrosis, and mononu-
clear cell infiltration around arteries and arterioles in the
unclipped kidney were quantitatively or semiquantita-
tively assessed. Cells synthesizing mRNAs for α1 colla-
gen (I) and (IV) were located in the unclipped kidney by
in situ hybridization.

Methods

Forty-seven male Wistar rats (Iffa-Credo, Lyon, France), 6 weeks
old and weighing 140 g were used. All rats were anaesthetized
with ether. A 0.2-mm clip was placed on the left renal artery in 29
rats and the right kidney was left untouched. The 18 control rats
underwent sham surgery, including renal artery denudation with-
out renal nerve cutting.

Animals were allowed free access to a regular pellet diet and
water. Rats were weighed and systolic blood pressure measured by
the tail cuff method (using a piezoelectric detection of caudal ar-
tery pulse downstream a cuff –W + W electronic recorder 8005,
Apelab) twice weekly in awake rats. Five clipped rats were killed
by decapitation on days 3, 7, 12, 17, 24, and 4 clipped rats, on day
38 after clipping. Three sham-operated rats were killed on each of
the six dates. Most (20) of the 29 clipped rats were hypertensive
when killed (systolic blood pressure >180 mmHg). Five clipped
rats killed on day 3 after clipping and 4 rats killed on day 7 were
not hypertensive and were excluded from the study. The systolic
blood pressure of the sham-operated rats remained normal at 127 ±
10 mmHg (Fig. 1, top). As the effect of HBP on kidney structures
was the critical parameter, all clipped rats were allocated to groups
according to HBP length as follows. Group 1: 1–6 days of HBP
(n = 8), group 2: 7–17 days of HBP (n = 8), group 3: 22–31 days
of HBP (n = 4)(Fig. 1, top). There were no groups with HBP last-
ing 17–21 days after clipping, since the onset of HBP is random.

Blood was collected at sacrifice and plasma renin activity
(PRA) was measured by radioimmunoassay [26].
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The unclipped kidneys were divided into two parts. One part was
frozen in liquid nitrogen and stored at –180°C for in situ hybridiza-
tion and immunohistochemical studies, while the other was fixed in
Dubosq–Brazil fixative for standard light microscopy and for colla-
gen (I) quantitation using polarized light microscopy on picrosirius
red stained sections. The clipped kidney was fixed in Dubosq–Brazil
fixative for polarized light microscopy using picro sirius red staining.

Fixed tissue was dehydrated at room temperature through an
ethanol series, embedded in paraffin and cut into 4-µm-thick sec-
tions. The sections from all rats were stained with haematoxylin
and eosin, Masson’s trichrome or picrosirius red. Picrosirius red
has a high affinity for all types of collagen. Collagen (I) was iden-
tified using picrosirius red staining and polarized light microsco-
py. Polarizing microscopy of picrosirius red-stained sections re-
veals mostly collagen (I) as an orange-yellow colour with a 550-
nm interference filter [19].

The fibrosis surrounding the interlobular arteries and cortical
arterioles of clipped and unclipped kidneys was measured by
quantitative morphometry of collagen (I) areas around arteries and
arterioles on sections stained with picrosirius red. A video camera
(Sony, Tokyo, Japan) was connected to an image analyser (Nachet
15000, Nachet, Evry, France) piloted by a microcomputer (Macin-
tosh II, Apple, Cupertino, Calif.) running an image analysis pro-
gram in C language. The investigator responsible for the mor-
phometric analysis was unaware of the experimental group being
analysed. An initial study of the running mean and of the running
variance indicated that the measurement of 20 arteries (magnifica-
tion ×250, calibration variables 0.52µm/pixel) gave convergence
to a good estimation of the quantitative parameters. Collagen (I)
around arteries and arterioles connected to the media was mea-
sured for each field, separately from all distant interstitial colla-
gen in the field. The area of collagen (I) and the perimeter of each
artery were measured. The expansion of collagen (I) around arte-
ries and arterioles was expressed as the ratio between the collagen
area in square micrometres and the perimeter of the artery in mi-
crometres (PAC/AP). This value was used to compare the fibrosis
around arteries and arterioles independently of the section inci-
dence.

Cortical interstitial fibrosis was evaluated semiquantitatively as
the number of tubular sections surrounded by increased collagen
(I) in the interstitium over 10 fields at a magnification of ×100
(3.04 mm2 per field) for each rat in picrosirius red-stained sections
in unclipped kidneys.

Polyclonal rabbit antibodies to mouse α1 collagen (IV) were
obtained from Institut Pasteur (Lyon, France). Monoclonal anti-
body to rat α-smooth muscle cells (SMC) actin, a gift from Dr.
Gabbiani (Faculty of Medicine, University of Geneva, Switzer-
land), were used to localize SMC and myofibroblasts [34]. The
monoclonal antibody W3/25 (Crawley Down, Sussex, England)
[40] and monoclonal antibody ED1 (Serotec, Oxford, England) [8]
were used to identify identify T-helper lymphocytes and mono-
cytes-macrophages, respectively.

Polyclonal rabbit antibodies to mouse α1 collagen (IV) were
detected with goat anti-rabbit IgG coupled to fluorescein isothio-
cyanate (FITC; Institut Pasteur, Lyon, France). All primary mono-
clonal antibodies except the anti-rat α-SMC actin antibody were
visualized with the alkaline phosphatase-anti-alkaline phosphatase
(APAAP) complexes (Dakopatts, Copenhagen, Denmark) [5].
Endogenous alkaline phosphatase was inhibited by heating the
slides to 80°C as reported elsewhere [12]. Anti-rat α-SMC actin
monoclonal antibody was detected by the peroxidase anti-peroxi-
dase (PAP) technique.

Cells labelled with ED1 and W3/25 surrounding 20 interlobu-
lar arterial or cortical arteriolar sections (×400) were counted to
obtain the mean number of labelled cells per arterial section. The
interstitial infiltrating cells (i.i.c.) were evaluated in interstitial ar-
eas using the following index: 0 no i.i.c.; 1 up to 50 i.i.c. dis-
persed in small clusters of 3–5 cells; 250–100 i.i.c. distributed in-
to sheets; 3 over >100 i.i.c. uniformly distributed throughout the
field. Ten fields (3,04µm2 at a magnification of ×100) were
scanned per rat.

Two cDNA probes, one encoding the murine α1 collagen (I)
chain (975 bp), and the other encoding the murine α1 collagen
(IV) chain (700 bp) were provided by Dr. M.Y. Laurent (INSERM
U 118, Paris, France) [11]. Cryostat sections (8µm) were fixed in
3.7% formaldehyde in phosphate-buffered saline (PBS) for
15 min, washed in PBS for 2 min and dehydrated in an ethanol se-
ries. The cDNA probes were labelled with 35S dCTP using a ran-
dom primer DNA labelling system (Gibco BRL, Cergy Pontoise,
France) to a specific activity of 1.107–1.108 cpm/µg. The hybrid-
ization mixture was: 50% formamide, 10 mM Tris, pH 7.4, 0.6 M
NaCl, 1 mM EDTA, 1 × Denhardt solution, salmon sperm DNA
(200 µg/ml), and herring sperm DNA (200µg/ml), yeast t-RNA
(500 µg/ml), 10% dextran sulfate, and 10 mM dithiothreitol. Hy-
bridization mixture (15µl containing 7.5 ng 35S-labelled dena-
tured cDNA) was placed on each section. Sections were covered
with siliconized glass coverslips, sealed, and incubated overnight
at 41°C in a moist chamber. The tissue sections were then washed
twice in 4 × saline sodium citrate (SSC) containing 40% form-
amide at 45°C for 15 min, then with 2 × SSC at 60°C for 30 min,
and finally with 0.5 × SSC at room temperature for 1 h. The sec-
tions were dehydrated in an ethanol series, dipped in 50% NTB2
emulsion (Eastman Kodak Company, Rochester, N.Y.) in water
and exposed for 7–12 days in the dark at 4°C. The autoradiographs
were developed in Kodak D 19, fixed in Kodak Rapid Fix and
counterstained with haematoxylin and eosin. The kidneys of 4
clipped rats in group 1, 5 in group 2 and 4 in group 3 and of 5
sham-operated rats were used for in situ hybridization. Thirteen
hypertensive rat kidneys and 5 sham-operated rat kidneys were hy-
bridized in situ for α1 collagen (I and IV) mRNAs.

Control experiments included pretreatment of fixed sections
with ribonuclease A (RNase A, 50µg/ml) (Sigma, St Quentin
Fallavier, France) in 2 × SSC for 30 min at 37°C prior to hybridiza-
tion, and hybridization of slides with 35S-labelled pGEM plasmid.

All results are expressed as means ± SEM per group. All re-
sults were compared by one-way anova and confirmed by a non-
parametric test (Kruskall–Wallis test or Mann–Whitney U-test).
Correlations between quantitative parameters were assessed using
the Spearman-test. Statistical significance was accepted at
P < 0.05.
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Fig. 1 Changes in systolic blood pressure (top), and plasma renin
activity (bottom) in sham-operated rats and in group 1 (1–6 days),
group 2 (7–17 days) and group 3 (22–31 days) hypertensive rats in
order of the duration of hypertension&/fig.c:



Results

The PRA was normal at 11.9 ± 1.57 ng angiotensin I/ml
per hour in sham-operated control rats. The PRA was
significantly more elevated (35.53 ± 6.83 ng angiotensin
I/ml per hour) in group 1 than in sham-operated rats, and
reached 46.66 ± 11.24 ng angiotensin I/ml per h in group
2. It decreased thereafter in group 3 (18.4 ± 4.49 ng an-
giotensin I/ml per h as seen in Fig. 1 (bottom).

In the 18 sham-operated rats, the renal tissue was nor-
mal. Renal lesions were observed in clipped and un-
clipped kidneys of hypertensive rats.

Glomerular lesions were moderate and focal and oc-
curred only in groups 2 and 3. The most frequent abnor-
mality was the presence of podocytic hyalin droplets.
Ischaemic and necrotic glomeruli were rare.

Necroses of the media of some interlobular arteries
and cortical arterioles were detected in the unclipped
kidneys of the three groups of rats.
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Fig. 2 a Sham-operated rat. Interlobular artery. The adventitia is
normal (between arrows). b Unclipped kidney of a rat killed after
7 days of hypertension (group 2). Interlobular artery. The adventi-
tia is greatly enlarged by proliferative fibroblasts, separated by
layers of extracellular matrix (between arrows). The enlarged ad-
ventitia is infiltrated by mononuclear cells (arrowheads). There is
no medial or intimal smooth muscle cell proliferation. Light mi-
croscopy, Masson’s trichrome&/fig.c:

Interlobular arteries and glomerular arterioles were
surrounded by round mononuclear cells as early as the
3rd day of HBP (group 1). In groups 2 and 3, the numer-
ous proliferating fibroblasts and round mononuclear cells
were separated by concentric layers of extracellular ma-
trix, mimicking onion-skin-like lesions (Fig. 2). Some of
these proliferating fibroblasts were positive with anti-α-
SMC antibody, particularly at the periphery of the onion-

Fig. 3 Immunohistochemical detection of smooth muscle cells
(SMC) with anti-α-SMC actin monoclonal antibody (peroxidase-
anti-peroxidase technique) on the unclipped kidney of an hyper-
tensive rat killed 14 days after hypertension onset (group 2). The
α-SMC actin-positive smooth muscle cells of the arterial and
juxtaglomerular arteriolar (GA) media are neither hypertrophic nor
hyperplasic. In the interlobular artery (A), proliferating fibroblasts
are α-SMC actin-positive, especially at the periphery of the onion-
skin-like lesion (arrowheads). G glomerulus&/fig.c:

Fig. 4 Morphometric measurement of periarterial collagen I area
on kidney sections stained with picrosirius red, and examined with
polarized light microscopy. The periarterial collagen I area in the
unclipped kidneys increases with increasing duration of hyperten-
sion. The periarterial collagen I area remains significantly higher
in the clipped kidneys than in the sham-operated rats, but does not
increase with the duration of hypertension&/fig.c:



skin-like lesions (Fig. 3). The SMC in the media of these
arterial sections were neither more hypertrophic nor
more hyperplasic than in sham-operated rats (Figs. 2, 3).

The ratio between the adventitial area of collagen (I)
and the arterial perimeter (PAC/AP) was significantly
greater in group 1 (3.48 ± 0.26µm2/µm) than in sham-op-
erated rats (2.19 ± 0.32µm2/µm). The PAC/AP value was
significantly greater in group 2 than in group 1, but not in
group 3 than in group 2 (Fig. 4). Adventitial collagen (I)
gradually extended into the interstitium and around tu-
bules and glomeruli in some areas (Fig. 5). Some arteries
were surrounded by normal areas of collagen in all hyper-
tensive groups. The PAC/AP in the clipped kidney was
significantly greater in group 1 than in sham-operated rats,
and did not increase with the duration of HBP (Fig. 4).

The collagen (I) in the interstitium increased signifi-
cantly with HBP in groups 1, 2 and 3 compared to sham-
operated rats (Fig. 6). Interstitial collagen (I) was signifi-

cantly greater in groups 2 and 3 than in group 1. The al-
tered tubules in these fibrotic areas had thickened basal
laminae with enlarged lumina and small cuboid epithe-
lial cells. These enlarged basal laminae stained strongly
with antibody to α1 collagen (IV) (Fig. 7). There was no
noticeable labelling with antibody to α1 collagen (IV) in
the interstitium or in the periarterial/periarteriolar area
(Fig. 7). Some fibroblasts around altered tubules were α-
SMC actin positive (data not shown).

Some fibroblasts in adventitial monolayers in the pe-
riarterial/periarteriolar area of sham-operated rats (n = 5)
expressed collagen (I) mRNAs (Fig. 8a, b). In group 1
rats (n = 4), the adventitial fibroblasts in multilayers
gave intense signal around arteries and arterioles with
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Fig. 6 Interstitial fibrosis evaluated by semi-quantitation of inter-
stitial collagen I in unclipped kidney. The kidney sections stained
with picrosirius red are observed by polarized light microscopy.
The interstitial fibrosis is significantly more marked in all the
three groups of hypertensive rats than in sham-operated rats, and
in groups 2 and 3 than in group 1&/fig.c:

Fig. 7 Immunofluorescence using antibodies to α1(IV) collagen.
Unclipped kidney of rat killed after 28 days of hypertension
(group 3). The thickened tubular basement membranes are labelled
and have a wrinkled appearance (AT altered tubule) when com-
pared to normal tubules (NT) &/fig.c:

Fig. 5 a Polarized light microscopy using a 550 nm filter on
picrosirius red-stained kidney sections to detect collagen I. a
Sham-operated rat. Adventitial collagen I around an artery (A)
does not extend into the interstitium and around tubules (T) and
glomerulus (G). b Unclipped kidney of rat killed after 14 days of
hypertension (group 2). Some adventitial collagen I around an ar-
tery (A) extends into the interstitium and around tubules (T) and
glomerulus (G) &/fig.c:
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Fig. 8a–h  In situ hybridiza-
tion of α1(I) collagen mRNA
with α1(I) collagen cDNA
probe in unclipped kidneys.
Left dark-field micrographs
showing intensity of the hy-
bridization signal; right paired
bright-field micrographs show-
ing anatomical localization of
that signal. a, b In sham-oper-
ated rat, interlobular artery
showing α1(I) collagen
mRNAs in fibroblasts (arrow)
in the adventitia. c, d In a hy-
pertensive rat killed on the 1st
day of hypertension (group 1),
artery showing many α1(I) col-
lagen mRNAs in fibroblasts in
the adventitia (arrow). e, f In
hypertensive rat killed on the
14th day of hypertension
(group 2), interlobular artery
showing many α1(I) collagen
mRNAs in fibroblasts in the ad-
ventitia (arrow) and many in-
tensely α1(I) collagen mRNA-
containing fibroblasts (arrow-
head) around tubules. g, h In
hypertensive rat killed on the
28th day of hypertension
(group 3), numerous α1(I) col-
lagen mRNA-containing fibro-
blasts (arrow) detected in the
interstitium and around altered
tubules (AT) &/fig.c:
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normal (Fig. 8c, d) or necrotic media. In group 2 rats
(n = 5), the adventitial signal was more intense (Fig. 8e, f)
and there were also some clusters of α1 collagen (I)
mRNA-expressing fibroblasts in the cortical interstitium
around tubules in (Fig. 8e, f). In group 3 rats (n = 4), no
α1 collagen (I) mRNA-expressing fibroblasts were ob-
served around arteries and arterioles, but such fibroblasts
were still present in the interstitium (Fig. 8g, h).

None of the structures in the kidneys of sham-operat-
ed (Fig. 9a, b) or group 1 (Fig. 9c, d) rats expressed α1
collagen (IV) mRNAs, but 4 of the 13 hypertensive rats
had fibroblasts containing α1 collagen (IV) mRNAs in
the adventitial periarterial/periarteriolar area. This α1
collagen (IV) mRNA expression was transient; it was de-
tected on day 7 (group 2) of hypertension, maximal on
day 14 (group 2; Fig. 9e, f) and absent on day 28 (group
3). Five hypertensive rats gave α1 collagen (IV) mRNA
expression in the epithelial cells of altered tubules and in
the interstitial fibroblasts in contact with them. These α1
collagen (IV) mRNA-expressing cells were present from
day 7 (group 2) of hypertension onward, and were more
numerous on day 28 (group 3) (Fig. 9 g, h).

Sham-operated rats had dispersed cortical periarteri-
al/periarteriolar and interstitial cells labelled with anti-
ED1 or anti-W3/25 antibodies. W3/25-labelled cells
were more numerous than ED1-labelled cells. There
were significantly more periarterial/periarteriolar ED1-
labelled cells in groups 1, and 2 than in sham-operated
rats (Fig. 10). The mean number of ED1-labelled cells
per arterial and arteriolar section was positively and sig-
nificantly correlated (r = 0.68, P < 0.01) with PAC/AP
(Fig. 11a). The semiquantitative measurement of intersti-
tial ED1-labelled cells was significantly greater in the
three hypertensive groups than in the sham-operated rats
(Fig. 10). The highest index, 0.84 ± 0.18 labelled cell per
interstitial field, was reached in group 2, but it was not
significantly different from the values in groups 1 and 3
(Fig. 10). The semiquantitative assessment of interstitial
ED1-labelled cells was also significantly correlated
(r = 0.75, P < 0.001) with PAC/AP (Fig. 11b).

The highest value for periarterial/periarteriolar
W3/25-expressing cells, 8.52 ± 6.26, was reached in
group 2. It was significantly higher than that in sham-op-
erated rats (Fig. 12). The mean number of periarteri-
al/periarteriolar W3/25-labelled cells was not significant-
ly correlated (r = 0.39) with PAC/AP. As for ED1-la-
belled cells, the number varied greatly from one vessel
section to another, and could reach 50 cells per vessel
section. Semiquantitative measurement of the mean
number of interstitial W3/25-labelled cells showed sig-
nificant increases in groups 2 (1.49 ± 0.02) and 3
(1.58 ± 0.12) over the number in the sham-operated
group (Fig. 12). The index of W3/25-labelled cells per
interstitial field was significantly correlated (r = 0.72,
P < 0.01) with PAC/AP (Fig. 11c).

Discussion

The unclipped kidney in the 2KC1C model of hyperten-
sive rats is a well-documented model of HNS, in which
there are arterial, glomerular, tubular, and interstitial le-
sions [9, 14, 24, 27, 41], but the early cellular and fibrot-
ic events that initiate the HNS are poorly understood.

Within the first 6 days of HBP (group 1) the follow-
ing changes occurred in the periarterial/periarteriolar ar-
ea of the unclipped kidney: an increase in the area of col-
lagen (I); an increase of collagen (I) mRNAs in prolifera-
tive adventitial fibroblasts; and an increase in ED1-ex-
pressing cells (monocytes/macrophages). Patchy medial
necroses affect arteries and arterioles. All these modi-
fications could be observed as early as the first 3 days of
hypertension.

After 7–17 days of HBP (group 2), the unclipped kid-
ney contained even more adventitial collagen (I), and
collagen (I) mRNA expression was at its highest. The
number of ED1- and W3/25-expressing cells increased
around arteries. An increase of collagen (I) area occurred
in the interstitium, paralleling an increase in fibroblasts
expressing collagen (I and IV) mRNAs, and correlated
with the number of ED1- and W3/25-expressing cells.

Fig. 10 Immunohistochemical quantitation of periarterial/periar-
teriolar ED1-labelled cells and semiquantitative index of interstiti-
al ED1-labelled cells from kidney of sham-operated rats and from
unclipped kidney of rats in groups 1, 2, and 3. The number of peri-
arterial/periarteriolar ED1-labelled cells is significantly higher in
groups 1 and 2 than in sham-operated rats. The index of interstitial
ED1-labelled cells was significantly higher in the three hyperten-
sive groups than in sham-operated rats&/fig.c:

Fig. 9a–h In situ hybridization of α1(IV) collagen mRNA with
α1(IV) collagen cDNA probe in unclipped kidneys. Left dark-field
micrographs showing intensity of the hybridization signal; right
paired bright-field micrographs showing anatomical localization
of that signal. a, b No signal is detected in sham-operated rats or
in c, d group 1 rats. e, f In rats killed after 7 days of hypertension
(group 2), α1(IV) collagen mRNAs are detected in adventitial fi-
broblasts (arrow). g, h In rat killed after 28 days of hypertension
(group 3). α1(IV) collagen mRNAs are detected in altered tubular
epithelial cells. (A artery, AT altered tubules)&/fig.c:
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After 22–31 days of HBP (group 3), in the periarteri-
al/periarteriolar area of unclipped kidneys, collagen (I)
area was increasing versus group 2. The numbers of
ED1- and W3/25-expressing cells remained high and sta-
ble, and collagen (I) mRNAs were no longer detectable.
In the interstitium, collagen (I and IV) mRNAs were al-
ways overexpressed. Collagen (I) area and ED1 and
W3/25 cell numbers remained high.

In the clipped kidney, the area of periarterial/periarte-
riolar collagen (I) was stable in groups 1, 2 and 3, but
significantly larger than in sham-operated rats.

Adventitial fibrosis without SMC proliferation in the
media has also been observed by others in the unclipped
kidney of 2K1C hypertension [24], and in extrarenal ves-
sels [2, 20, 29]. Adventitial proliferative and fibrotic ar-
terial lesions have also been described in the coronary le-
sions [15] and cerebral arterial lesions [11] of spontane-
ously hypertensive rats.

The very early periarterial/periarteriolar accumulation
of extracellular matrix in the unclipped kidney has been

Fig. 12 Immunohistochemical quantitation of periarterial/periar-
teriolar W3/25-labelled cells in kidney tissue sections and semi-
quantitative index of interstitial W3/25-labelled cells from sham-
operated rats and from unclipped kidney of rats in groups 1, 2 and
3. The number of periarterial W3/25-labelled cells is significantly
higher in group 2 than in sham-operated rats. The index of intersti-
tial W3/25-labelled cells was significantly higher in groups 2 and
3 than in sham-operated rats

Fig. 11 Correlations in the unclipped kidneys between PAC/AP
and a the mean number of ED1-expressing cells around arteries
and arterioles (r = 0.67, P < 0.01), b the index of interstitial ED1-
expressing cells (r = 0.72, P < 0.01), and c the index of interstitial
W3/25-expressing cells (r = 0.70 and P < 0.01)&/fig.c:



assessed semiquantitavely in other studies [9, 17, 24,
41]. In the Helmchen study [14], medial thickness but
not adventitial fibrosis was measured morphometrically
in the days immediately after clipping. The authors con-
sidered this medial thickness to be due to intracellular
oedema. Using computer-assisted morphometric analy-
sis, we have measured adventitial collagen separately
from interstitial fibrosis and have demonstrated that there
is a significant increase in adventitial collagen (I) accom-
panied by collagen (I) mRNA overexpression in the first
6 days of hypertension. This induction of periarteri-
al/periarteriolar fibrosis in the unclipped kidney is not
only early but also transient; collagen (I) mRNAs were
no longer detected after 17 days of HBP, and there was
no further significant increase in fibrosis in our study.

In the 2K1C model of HNS, the effects of haemody-
namic factors bound to HBP are difficult to dissociate
from those of angiotensin II (Ang II). It would have been
of interest to compare arterial and arteriolar lesions in
the 2K1C model with high PRA with the same lesions in
a model of hypertension with low PRA (Doca salt intoxi-
cation). Unfortunately, the comparison is difficult, since
hypertension level and duration are not the same as ours
in the available studies [33, 43]. Nevertheless, in these
studies it seems that adventitial perivascular lesions are
not predominant, suggesting that the renin-angiotensin
system participates specifically in the development of the
adventitial vascular lesions [43] .

The activation of the renin-angiotensin system (RAS)
that occurs in our model, as indicated by PRA measure-
ments, may be a triggering factor for fibrosis. Although
the RAS is activated mainly in the clipped kidney, it has
a potential effect on both kidneys [9, 13]. The fibrotic
activity of systemic and local Ang II has been widely
discussed. However, in vitro effects of Ang II on renal fi-
broblast activation are poorly documented and remain
controversial. AT1 receptors for Ang II have been de-
scribed in rat cultured cardiac fibroblasts [6, 25, 32, 37].
Adding Ang II to the culture medium causes both cardi-
ac fibroblast proliferation [1, 31, 32] and collagen syn-
thesis [4, 6, 44], but Ang II has no effect on the growth
of murine fibroblasts isolated from the renal tubulo-inter-
stitium [42]. In vivo inhibition of Ang II production by
converting enzyme inhibitors (CEI) [27] or inhibition of
Ang II binding by DuP 753 (losartan) [29] does not dis-
sociate direct effects of Ang II from those of HBP, since
the two phenomena are tightly linked. However, the ad-
ventitial fibrosis of the nonhypertensive clipped kidneys
remained unchanged in all three hypertensive groups.
Roughly similar observations were reported by Eng et al.
after 11 weeks of clipping [9]. In our studies, fibrosis
significantly increases in the hypertensive unclipped kid-
ney from day 6 to day 17. Thus dissociation between
hormonal effects of Ang II, which is elevated in both
kidneys [9, 13], and haemodynamic effects of blood
pressure, which is elevated in the unclipped kidney, indi-
cates that blood pressure is a potent triggering factor for
fibrosis. Nevertheless, the small but significant enlarge-
ment of the adventitial area of collagen (I) in the nonhy-

pertensive clipped kidney in the first few days of HBP
could be explained by the action of Ang II. In fact, sever-
al in vivo studies suggest that Ang II could mediate arte-
rial SMC proliferation independently of HBP [17, 23,
30]. Moreover, in experimental renovascular hyperten-
sion Brilla et al. [3] noticed that myocardial fibrosis oc-
curred in not only the pressure-overloaded, hypertro-
phied left ventricle, but also in the normotensive, nonhy-
pertrophied right ventricle, suggesting that a circulating
hormonal factor (Ang II), and not haemodynamic fac-
tors, is responsible for this adverse fibrous tissue re-
sponse.

Inflammation could be another potent triggering fac-
tor for fibrosis, since suppression of macrophages leads
to the suppression of fibrogenesis in several experimen-
tal models [7, 10, 18, 22, 36]. We also found a signifi-
cant correlation between the number of ED1-expressing
cells and the adventitial area of collagen (I). However,
there is as yet no indication as to why these infiltrating
cells are attracted into these areas around arteries and ar-
terioles as early as the 6th day of HBP.

Fibrosis occurs later in the interstitium than in the ad-
ventitial area, that is on day 7 of HBP, and regularly in-
creases with the duration of HBP. This interstitial fibro-
sis is accompanied by overexpression of collagen (I)
mRNAs in interstitial fibroblasts. This interstitial fibrosis
is a continuous phenomenon, unlike the transient periar-
terial/periarteriolar fibrosis. As with adventitial fibrosis,
interstitial fibrosis is accompanied by an increase in in-
terstitial infiltrating lymphocytes and macrophages in the
same sites as α1 collagen (I) and (IV) mRNA-expressing
fibroblasts. The number of these infiltrating cells is also
correlated with the extension of adventitial fibrosis. The
phenotypic distribution of these infiltrating cells is in
agreement with the data of Mai [24] in 2K1C hyperten-
sion, but also of other experimental [21, 35] and human
sclerosing nephropathies [39]. The interstitial fibrosis
seems to progress morphologically from the periarterial
area towards the interstitium, much like the process re-
ported by Wiggins et al. [16, 39] in experimental glomer-
ulonephritis. The authors hypothetise that during this
type of renal injury with an inflammatory process,
(myo)fibroblasts could be stimulated to synthetise colla-
gen and to migrate into the interstitial space, leading to
fibrosis [39]. The fact that many fibroblasts express α-
SMC actin in interstitial and adventitial fibrosis suggests
that these cells display a myofibroblastic differentiation.
The reasons for such differentiation are not clear, but
have been observed in different circumstances: Ang II
infusion [17], obstructive nephropathy [28], and 2K1C
model [9].

The overexpression of collagen (IV) mRNAs in tubu-
lar cells that begins on the 7th day of HBP is accompa-
nied by overexpression of collagen (IV) in enlarged tu-
bular basement membranes. However, the collagen (IV)
mRNAs in interstitial fibroblasts are not accompanied by
expression of collagen (IV) protein, or at least this is not
detected with the antibody used. This apparent contradic-
tion may be due to a postranscriptional blockade of pro-
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tein synthesis or to a synthesis of collagen (IV) after
more than 28 days of HBP. In fact, collagen (IV) was de-
tected by Eng et al. [9] only 11 weeks after clipping.

In summary, morphometric analysis and in situ hy-
bridization studies show that fibrosis begins early in this
model of HNS, within the first 6 days of hypertension,
and is restricted to the periarterial/periarteriolar areas of
the unclipped kidney. The process extends to the intersti-
tium after 7 days. HBP is involved in adventitial fibrosis
after the 7th day. Nevertheless, in the first 6 days HBP is
not the only relevant factor for fibrosis; the adventitial
collagen expansion is identical in both clipped and un-
clipped kidneys. The colocalization of infiltrating cells
and activated α1 collagen (I)-expressing fibroblasts and
the correlation between the level of inflammatory cells
and fibrosis suggest that inflammation is involved in this
fibrotic process. Nevertheless, further studies are needed
to establish the mechanisms of inflammatory cells re-
cruitment around arteries and arterioles and to identify
the links between hypertension and/or Ang II, and in-
flammatory cells.
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