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Abstract The newborn rat kidney is not fully developed
until approximately 12 days after birth. Several lines of
evidence suggest that angiotensin II (AlIl) participates in
the postnatal development of the kidney. The aim of the
present study was to analyze proliferating cell nuclear
antigen (PCNA), fibronectin, a-smooth muscle-actin (a-
SM-actin), and All expression in renal cortex during de-
velopment in rats born to mothers that received a normal
(control) or increased (experimental) sodium intake dur-
ing pregnancy. Ninety Wistar rats aged 1, 7, 15, and
30 days from the control and experimental groups were
killed and the kidneys removed for histological and im-
munohistochemical studies. The results showed higher
fibronectin, a-SM-actin, PCNA, and AIl expression in the
glomerular and tubulointerstitial areas of the renal cortex
of 1- and 7-day-old animals, which decreased with renal
development. The animals from the experimental group
showed at 1 day of age a decrease in a-SM-actin, fibro-
nectin, PCNA, and AII expression compared with con-
trols of the same age ( P <0.05). In conclusion, our data
show that increased sodium intake during pregnancy in-
duces a reduction of a-SM-actin, fibronectin, and PCNA
expression in the renal cortex tubulointerstitium and glo-
meruli of neonatal rats. These alterations may be related
to the decrease of AIl expression also observed in the
renal cortex from these animals.
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Introduction

The nephrogenesis of rats begins on embryonic day 12
and is completed between 10 and 15 days after birth [1,
2]. Formation of the extracellular matrix (ECM) repre-
sents a key event in kidney cell differentiation [3, 4]. The
principal components of the ECM are type IV and III
collagen, fibronectin, laminins, and proteoglycans. Fibro-
nectin is a glycoprotein that can interact with some pro-
teins from cell or ECM, inducing changes in cellular
migration and adhesion [4]. AIl can stimulate the pro-
duction of several ECM components by mesangial cells in
culture [5].

Several lines of evidence show that the renin-angio-
tensin system (RAS) participates in renal development [6,
7, 8,9, 10]. All can act as a growth modulator of several
cell types and tissues [6, 7]. Angiotensinogen expression
in the rat kidney increases during late gestation and peaks
during the newborn period, when it reaches considerably
higher levels than in the adult. In the rat kidney, renin
mRNA is detected from embryonic day 17 and continues
to be high during late gestation [8]. Renin mRNA levels
are approximately 20-fold and 10-fold higher, respec-
tively, at 20 days of embryonic life and in newborns than
in adults [9]. The renal AIl content is several-fold higher
in newborn rats and mice than in adults. There is also
increased expression of AIl receptors in neonatal rats
[10].

The mRNA for type 1 All receptor (AT1) is detected
in the renal glomeruli of newborn rats during cellular
proliferation and differentiation [11]. Increased type II
AlI receptor (AT2) was observed in the kidney during
fetal life, followed by a decrease after birth, suggesting
that AII can participate in cell differentiation [12]. It was
recently demonstrated that gene expression for AT1 re-
ceptors (a subtype predominant in the kidney) is up-reg-
ulated after decreased sodium intake, suggesting that the



expression of this receptor type is related to water and salt
homeostasis [13].

The aim of the present study was to analyze cell
phenotype modification and proliferation and ECM pro-
duction during renal development in newborn rats from
mothers that received a normal or increased sodium in-
take during pregnancy, and to assess the possible rela-
tionship between AII expression and immunohistochem-
ical alterations in renal cortex. We also evaluated systolic
blood pressure and renal function in 30-day-old rats.

Materials and methods
Animals and experimental protocol

Ninety female Wistar rats aged 1, 7, 15, and 30 days, born to 30
pregnant females weighing approximately 180 g, were used in this
study. All rats were housed in rooms with controlled temperature
about 25°C and a 12-h light/dark cycle. Food and water were
supplied ad libitum. Pregnant females were carefully observed at
the end of gestation to determine the exact birth date of the pups.
During gestation and breast-feeding, 8 females received a normal
sodium intake and 12 females received a 0.15 mol/l sodium chlo-
ride solution instead of water. After birth, pups were divided into
the following groups: group 1 (control) rats aged 1 (n=7), 7 (n=7),
15 (n=8), and 30 days (n=16) from mothers that received a normal
sodium intake and group 2 (experimental) rats aged 1 (n=10), 7
(n=10), 15 (n=9), and 30 days (n=23) from mothers that had an
increased sodium intake. Newborn rats of each group were anes-
thetized with sulfuric ether and one kidney was removed and fixed
in Boiiin solution for 4 h and the other kidney was fixed in
methacarn for 24 h. After fixation, the kidneys were rinsed in 70%
ethanol and embedded in paraffin. Sections (3-um) of renal tissue
were used for histological and immunohistochemical studies. All
experimental procedures were conducted in accordance with our
institutional guidelines.

Urine and plasma samples were collected from pregnant fe-
males at the beginning and end of pregnancy using metabolic cages
and 24-h urine volume was measured. The samples were frozen for
subsequent analysis of osmolality, sodium, and potassium. Liquid
and food consumption and body weight variation during pregnancy
were measured in mothers of both groups. The blood pressure of
pregnant rats was measured at the beginning and at the end of
pregnancy by the tail cuff method.

Histological and immunohistochemical analysis

Sections (3-um) of renal tissue from these animals were stained
with Masson’s trichrome for histological analysis. The number of
glomeruli of 30-day-old animals from the control and experimen-
tal groups was determined per area of renal cortex measuring
0.245 mm?. To analyze the planar glomerular area in renal sections,
the outer edges of all glomerular tufts of each kidney were traced
on a video screen, and the encircled areas were determined by
computerized morphometry (Kontron Electronic System KS 300,
Eching, Germany) [14].

The sections were incubated with the following antibodies for
immunohistochemical studies: anti-a-SM-actin (Dako, Glostrup,
Denmark), anti-fibronectin (Chemicon International, Temecula,
Calif., USA), anti-AlIl (Peninsula Laboratories, San Carlos, USA)
overnight at 4°C, and anti-proliferating cell nuclear antigen
(PCNA) (Sigma, St. Louis, Mo., USA) for 30 min at room tem-
perature. The reaction product was detected with an avidin-biotin-
peroxidase complex (Vector Laboratories, Burlingame, Calif.,
USA). The material was counterstained with methylgreen, dehy-
drated, and mounted. Nonspecific protein binding was blocked by
incubation with 20% goat serum in phosphate-buffered saline
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(PBS) for 20 min. Negative controls consisted of replacement of
primary antibody with equivalent concentrations of normal rabbit
IgG or mouse IgG for polyclonal and monoclonal antibodies, re-
spectively. For evaluation of immunoperoxidase staining for fi-
bronectin and a-SM-actin each grid field was graded semi-quan-
titatively and the mean score per kidney was calculated [14]. Each
score reflected mainly changes in the extent, rather than the in-
tensity, of staining and depended on the percentage of grid field
showing positive staining: O=absent or less than 5%; [=5%-25%;
[I=25%-50%; 111=50%—75%; IV>75%. The semi-quantitative scor-
ing system used to evaluate the immunohistochemical reaction is
not only reproducible among different observers, but the results
are highly correlated with those obtained by computerized mor-
phometry [14, 15]. To obtain the numbers of AIl- and PCNA-
positive cells in the glomeruli and All-positive cells in the cortical
tubulointerstitium, all glomeruli and 30 grid fields from the renal
cortical tubulointerstitium measuring 0.245 mm? were evaluated,
and the mean counts per kidney were calculated.

Analysis of AT1 receptor expression

Whole cortical tissue from one kidney of 8 animals of each group
aged 1 day was homogenized in 2 ml of Triton X-100 lysis buffer
[50 mM TRIS-HCI, pH 7.4, 150 mM NaCl, 1% Triton X-100, 1%
deoxycholate, 0.1% sodium dodecyl sulfate (SDS), 1 pug/ml apro-
tinin, 1 pg/ml leupeptin, and 1 mM phenylmethylsulfonyl fluoride]
at 4°C. After incubation for 5 min, lysates were centrifuged at 4°C
for 15 min at 10,000 g. The AT1 receptor in these samples was
evaluated by Western blotting [16]. Renal protein was loaded at
100 ug per well and separated on a 8% SDS-PAGE gel. Protein
estimations were performed using the Hartree method [17]. Gels
were eletroblotted onto a nitrocellulose membrane, incubated for
4 h in 30 ml of blocking buffer (PBS, 5% skimmed milk), washed
in buffer (PBS, 0.1% Tween 20, pH 7.6), and incubated with anti-
AT1 (1/100) (Santa Cruz Biotechnology, Santa Cruz, Calif., USA)
in 5% bovine serum albumin (BSA) overnight at 4°C. Blots were
washed and incubated with horseradish peroxidase-conjugated
goat anti-rabbit IgG (Dako) (1/2,000) for 1 h at room tempera-
ture. Membranes were washed and the membrane-bound antibody
detected by Supersignal West Pico Chemiluminescent Substrate
(Pierce) and captured on X-ray film. Densitometry analysis was
performed using the Image Quant computerized program.

Renal function studies

Renal function was evaluated in 15 30-day-old animals born of
mothers that received a higher salt intake during pregnancy and in
10 animals of the same age born of mothers that received a normal
sodium intake. The animals were anesthetized with an intraperito-
neal injection of 170 mg/100 g urethane. The temperature was
maintained at 37°C during the experiment. The femoral artery and
vein were cannulated to collect blood samples and to inject fluids
and the urinary bladder was cannulated to collect urine. The ani-
mals received a priming inulin dose of 12 mg/100 g followed by a
maintenance dose of 42 mg/100 g per hour. After stabilization for
about 60 min, urine was collected for a period of 90 min and blood
was sampled at 45 and 90 min. Plasma and urine inulin was
measured using the method of Fuehr et al. [18].

Statistical analysis

Data were submitted to analysis of variance with multiple com-
parisons by the Tukey test, with the level of significance set at
P<0.05 for comparisons between analyzed parameters of the same
group at different ages and Student’s #-test with Welch’s compar-
ison for analysis of parameters between studied groups of the same
age.
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Table 1 Systolic blood pres-

sure (SBP) and 24-h urine vol- SBP v ABW F

ume (V) at the beginning and (mmHg) (ml/24 h) (2) (ml/24 h)

end of pregnancy and body — —

weight variation during preg- Beginning  End Beginning  End

B o e o e Conrol 1323241 1212525 116209 13117 787135 486136
Exp 135.5+£5.2 127.7+1.9 28.0+1.8% 30.3+3.3% 136.4+13.9% 86.0+4.5%

ceived a normal sodium intake

(Control) or increased sodium
intake (Exp) *

Results

Urinary volume, blood pressure, body weight variation,
food consumption, and fluid intake

Urine volume (24-h) and liquid intake was higher in preg-
nant females that received a high salt intake compared
with pregnant females from the control group. The body
weight was also higher in pregnant females from the ex-
perimental group compared with pregnant females from
the control group. These results reflect an increase of
extracellular fluid volume in mothers from the experi-
mental group. The systolic blood pressure of pregnant
females was measured at the beginning and end of preg-
nancy and was not different between both groups (Ta-
ble 1).

Plasma levels of sodium and potassium and plasma
osmolality were not different between pregnant females
from the control and experimental groups. Food con-
sumption was not different between mothers from the
control and experimental groups (Table 2).

Fig. 1 Histological sections of
renal cortex from 1- (A) and 30-
day-old rats (B) (Masson tri-
chrome). Immunolocalization
of fibronectin in renal cortex
from 1- (C) and 30-day-old rats
(D) from mothers that received
a normal sodium intake (x280)

* P <0.05 vs. Control of the same age
? Data are expressed as mean+SEM

Table 2 Plasma sodium (Na*) and potassium (K*) levels, food
consumption (FC, per animal/24 h) and plasma osmolality (Pogp,)
of pregnant females submitted to normal sodium intake (Control) or
increased sodium intake (Exp) *

Na+ K+ FC POsm

(mEq/1) (mEq/l) (g (mosmol/kg H,O)
Control  149.3+4.7 4.2+0.5 44.5+7.5 304.3x1.86
Exp 149.7+1.5 5.6+0.1 44.4+55 302.3x1.48

? Data are expressed as mean+SEM

Histological and morphometric analysis

Histological analysis showed glomeruli in different stages
of evolution in renal cortex from 1- and 7-day-old ani-
mals, while 15- and 30-day-old animals had glomeruli in
the final stage of differentiation (Fig. 1A and B). There
were no changes in the number of glomeruli per renal
cortex area measuring 0.245 mm?” in 30-day-old animals
from the experimental group (4.09+0.21) compared with
the control group (3.98+0.14) of the same age. Morpho-
metric analysis did not show any alterations in the
glomerular area of 30-day-old animals from the experi-
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Table 3 Immunohistochemical

Days a-SM actin Angiotensin II
data for the renal cortex tubu-
lointerstitial compartment of Control Exp Control Exp
rats born to mothers that re-
ceived a normal (Control) or 1 2.22+0.16%* 1.59+0.19%, ** 5.87+£0.35%* 427i042*, Hok
increased sodium intake (Exp) 7 1.72+0.13%* 1.54+0.11%* 5.54+0.59%* 4.74+0.75%%*
during pregnancy” 15 0.64+0.11%* 0.49+0.10 3.79+0.65%* 2.62+0.30

30 0.00 0.00 0.88+0.20 0.57+0.13

* P<0.05 vs. Control of the same age, ** P<0.05 vs. 30-day-old rats of the same group
? Data are expressed as mean+SEM

Table 4 Immunohistochemical

Days 1 7 15 30
data for the glomerular com-
partment of rats born to mothers  ¢-SM actin Control 1.67£0.12%%* 0.7520.08** 0.05+0.02 0.00
that received a normal (Control) Exp 1.40+0.08%* 0.57+0.10%* 0.01+0.01 0.09+0.03
or increased sodium intake Fibronectin Control 2.53+0.06%* 1.8320.10%* 0.74+0.03 0.65+0.08
(Exp) during pregnancy (PCNA Exp 2.10£0.12%, *%* 1.74+0.05%* 0.74+0.04 0.70+0.05
proliferating cell nuclear anti- ~ PCNA Control 7.85+0.29% 4.71£0.54% 1.88+0.31 2.260.22
gen, AIl angiotensin IT)* Exp 4.992+0.59%, ** 3.30+0.18%* 2.33+0.38 2.57+0.70
All Control 0.80+0.08%** 1.07£0.21%%* 0.39+0.06 0.17£0.05
Exp 0.39+0.07* 0.58+0.08%, ** 0.29+0.03 0.14+0.04

* P<0.05 vs. Control of the same age, ** P<0.05 vs. 30-day -old rats of the same group
? Data are expressed as mean+SEM

Fig. 2 Immunolocalization of
proliferating cell nuclear anti-
gen (PCNA) (A and B) and a-
SM-actin (C and D) in renal
cortex from 1- (A and C) and
30-day-old rats (B and D) from
mothers that received a normal
sodium intake (x280). Note that
the number of PCNA-positive
cells in the tubulointerstitial and
glomerular compartments is
higher in A than in B and that
the immunostaining for a-SM-
actin is more intense in C than
in D

mental group (3,772 um?+116) com}z)ared with the control
animals of the same age (3,757 um~+117).

Immunohistochemical analysis

Staining for a-SM-actin in the glomerular and tubuloint-
erstitial compartments of control rats was higher in 1-day-
old animals compared with 30-day-old animals (Tables 3
and 4, Fig. 2C, D). The immunostaining for a-SM-actin
was limited to arterial smooth muscle cells in the renal

cortex of 30-day-old animals (Fig. 2D). One-day-old an-
imals whose mothers received a high salt intake during
pregnancy showed a tendency to a decrease in glomerular
a-SM-actin expression (1.40+0.08) compared with con-
trol animals of the same age (1.67+0.12) (Table 4). In the
tubulointerstitial compartment (Table 3) there was a sig-
nificant reduction in a-SM-actin expression in 1-day-
old animals from the experimental group (1.59+0.19)
compared with 1-day-old animals from the control group
(2.22+0.16) (P<0.05).



Fig. 3 Immunolocalization of angiotensin II (AIl) in renal cortex
from 1- (A), 7- (B), and 30-day-old rats (C) born to mothers that
received a normal sodium intake (x280). The number of the All-
positive cells is higher in A and B than in C

In control animals, glomerular fibronectin expression
was higher in 1-day-old rats than in 30-day-old rats (Ta-
ble 4, Fig. 1C, D). A decrease in glomerular fibronectin
expression was observed in 1-day-old experimental ani-
mals (2.1+0.12) compared with the control animals of the
same age (2.53+0.06) (P<0.05).
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Fig.4 AT1 protein expression in renal cortex of 1-day-old rat
kidneys from mothers that received a normal sodium intake (bands
1-3) or increased sodium intake (bands 4-7) during pregnancy.
Density analysis of 50-kDa bands showed a significant decrease in
the level of AT1 in renal cortex from animals of the experimental
group. * P<0.05 versus control of the same age

The number of PCNA-positive cells per glomerulus
was higher in 1- and 7-day-old control animals than in
30-day-old animals (Table 4, Fig. 2A, B). One-day-
old animals from the experimental group (Table 4) also
had a decrease in the number of PCNA-positive cells
(4.99+0.59) compared with control animals of the same
age (7.85+0.29) (P<0.05).

The number of All-positive cells was higher in the
glomerular and tubulointerstitial compartments of the re-
nal cortex of 1- and 7-day-old animals (Tables 3 and 4,
Fig. 3A-C), while in 30-day-old animals the All-positive
cells were limited to the juxtaglomerular apparatus
(Fig. 3C). The 1- and 7-day-old animals from the experi-
mental group had a lower number of All-positive cells per
glomerulus (0.39+0.07, 0.58+0.08, respectively) compared
with controls aged 1 (0.80+0.080) and 7 days (1.07+0.21)
(P<0.05) (Table 4). One-day-old animals whose mothers
received a higher salt intake during pregnancy also had
a reduced number of All-positive cells in the cortical
tubulointerstitial compartment (4.27 cells/0.245 mm’+
0.42) comgared with controls of the same age (5.87 cells/
0.245 mm~+0.35) (P<0.05) (Table 3).

AT-1 receptor analysis
Our data show that there was a decrease in AT-1 receptor

in renal cortex from the 1-day-old animals of the exper-
imental group ( P <0.05) (Fig. 4).

Table 5 SBP, glomerular area

(GA), number of glomeruli SBP GA NG GFR

(NG) per area measuring (mmHg) (um?) (ml/min per 100 g)
0.245 mm? from renal cortex

and glomerular filtration rate Control 126.2+1.714 3,75711 17 3.978+0.136 0.80+0.07

(GFR) of 30-day-old rats born Exp 137.5+1.890* 3,772+116 4.093+0.211 0.67+0.05*

to mothers that received a nor-
mal (Control) or increased so-

dium intake (Exp) during preg-
nancy”

* P<0.05 vs Control of the same age
? Data are expressed as mean+SEM



Renal function

Thirty-day-old animals whose mothers received an in-
creased salt intake during pregnancy showed a decrease
in glomerular filtration rate (GFR) (0.67 ml/min per
100 g+0.05) compared with controls of the same age
(0.80 ml/min per 100 g+0.07) (P<0.05) (Table 5).

Discussion

Our data showed increased a-SM-actin expression in the
cortical, tubulointerstitial, and glomerular compartments
from 1- and 7-day-old animals, followed by a decrease
during renal development. These results show that me-
sangial cell and interstitial fibroblast activation occurs
during kidney differentiation, as confirmed by the in-
creased expression of fibronectin and PCNA in the renal
cortex from 1- and 7-day-old animals. The activation of
these cells may be at least in part due to an increase in
renal AII production. Rats born from mothers that re-
ceived a high salt intake presented at 1 day of age with a
decrease of a-SM-actin, fibronectin, and PCNA expres-
sion in the renal cortex, as well a reduction in the number
of All-positive cells in glomerular and interstitial com-
partments compared with controls of the same age.

The a-SM-actin isoform is normally expressed by
vascular smooth muscle cells, but interstitial fibroblasts
and mesangial and tubular cells can also express this
protein in a variety of renal diseases [19, 20, 21]. There is
some experimental evidence suggesting that AIl can in-
duce this phenotypic modification of these cells [22, 23].
Chen et al. [23] reported that neonatal losartan treatment
suppressed renal expression of a-SM-actin. The up-reg-
ulation of a-SM-actin synthesis by these cells is fre-
quently associated with increased cell proliferation and
ECM production [19, 24]. It has already been shown that
human and rat fetal mesangial cells express a-SM-actin
[25, 26] and that human fetal mesangial cells change their
expression of this protein in the course of glomerular
development [26]. During kidney development, a large-
scale proliferation has been observed [27]. Therefore,
changes in the renal expression of All in animals born to
mothers that received an increased sodium intake might
affect renal cell proliferation and ECM production during
postnatal development. Our results confirm this hypoth-
esis, i.e., the increased sodium intake during the preg-
nancy provoked reductions of a-SM-actin, fibronectin,
and PCNA in the renal cortex of neonatal rats. These
alterations were related to a decrease in All expression in
the tubulointerstitial and glomerular compartments of the
renal cortex. There was a temporal association suggesting
a possible relationship between these factors. It has also
been demonstrated that AIl has important effects on cell
growth and ECM production [23, 28]. Angiotensin con-
verting enzyme (ACE) inhibition reduced cell prolifera-
tion in medullary tubules in postnatal rats [29] and
treatment of neonates with ATI antagonists suppresses
the renal expression of a-SM-actin [23].
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It has been shown that AIl can act as a growth mod-
ulator of several cell types and tissues and can stimulate
the production of several components of ECM by me-
sangial cells in culture [5]. McCausland et al. [29] found
that angiotensin enzyme inhibition in postnatal rat results
in decreased cell proliferation in the renal outer medulla.
Blocking the AT1 receptor led to abnormal cell-matrix
interactions and matrix assembly during postnatal devel-
opment [23]. The RAS activity is increased in neonatal
rats and the activity of plasma renin and ACE increases
during gestation and is higher in neonates than in adult
rats [30]. The expression of All receptors is also higher in
neonatal rats [10].

Our results also showed that 30-day-old rats born to
mothers that received a higher sodium intake had higher
systolic blood pressures than controls. A decline in GFR
was also observed in 30-day-old animals from this group.
These data demonstrate that disturbances occurring dur-
ing intrauterine life can induce persistent alterations in the
biology of the pups in adult life. It has previously been
reported that a high-salt prenatal diet increases blood
pressure and salt retention in spontaneously hypertensive
rats [31]. Silva et al. [32] and Hazon et al. [33] found that
adult offspring from high-salt dams had higher blood
pressure, an increased renal All content, and an absence
of plasma renin changes in responses to higher salt con-
sumption [32]. We also observed a decrease in expression
of AT-1 receptors in 1-day-old rats born to mothers that
received a higher salt intake compared with controls of
same age. Since kidney development is influenced by the
RAS, possible functional changes in the RAS may occur
in offspring due to the lower AII levels in response to a
high-salt intake of dams during pregnancy. The higher
blood pressure observed in 30-day animals of the exper-
imental group may be consequence of this.

In conclusion, our data show that an increased sodium
intake during pregnancy induces reductions of o-SM-ac-
tin, fibronectin, PCNA, and AII expression in the renal
cortex of neonatal rats, interfering with renal development
and renal function during adult life. There was a temporal
association between the decrease of All expression and
the reduction of a-SM-actin, PCNA, and fibronectin ex-
pression in renal cortex, suggesting a possible relationship
between these findings.
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