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Abstract. The age-dependent differences in basic cardiovascular parameters, geometry and structure
of coronary arteries between Wistar and spontaneously hypertensive rats (SHR) were evaluated. 
SHR of the age 3-, 9-, 17-, and 52-week and age-matched Wistar rats were used. Blood pressure 
(BP) was measured by the plethysmographic method. Animals were perfused with a glutaraldehyde 
fixative under pressure of 90 mmHg (3-week-old) and 120 mmHg (9-, 17-, 52-week-old). Coronary
arteries were processed for electron microscopy. The proportions and cross sectional areas (CSA) 
of extracellular matrix in intima and media, endothelial and muscle cells were determined by point 
counting method. Cardiac hypertrophy and except of 3-week-old rats also BP increase and coronary 
wall hypertrophy was found in all ontogenic periods in SHR compared to Wistar rats. Arterial wall 
hypertrophy was evoked by increase of CSA of medial extracellular matrix and smooth muscle cells. 
In 52-week-old SHR, CSA of muscle cells did not differ from that in 17-week-old SHR but the CSA
of intimal and medial extracellular matrix significantly increased. The CSA of endothelial cells and
CSA of intimal extracellular matrix were increased only in 52-week-old SHR. The independency
between BP and trophicity of individual components of the coronary wall during ontogeny of SHR 
was documented. 
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Introduction

The risk of fatal cardiovascular events is associated with
an adverse structural remodeling of the arteries and myo-
cardium, which is frequently caused by hypertension. It is 
complex with a highly variable phenotype that is influenced
by genetic and environmental components. However, the 
fundamental causes of essential hypertension are still largely 
unknown. Hypertension leads to adverse remodeling in the 
arterial wall mainly observed in large elastic arteries (Olivetti 
et al. 1982). These arteries should no longer be considered

passive conduits, but rather in terms of their active behavioral 
response to the mechanical forces to which they are subjected 
reflecting changing patterns in the structural remodeling of
the vessels (Bouvet et al. 2005). Rat models have long been 
used to study the physiology and pharmacology of cardiovas-
cular function and disease. Data can now be used to better 
define gene-environment interaction and to facilitate the
discovery of new therapeutics. Spontaneously hypertensive 
rats (SHR) represent the animal models mostly used for hu-
man essential hypertension. In adult SHR, elevated pressure 
has been attributed to abnormalities of both blood vessel 
wall and sympathetic nervous system, and also a causal 
connection between vascular hypertrophy, sympathetic 
nervous system activity and sustained hypertension has 
been postulated (Folkow 1982). There is a general agreement
that there are changes in the geometry of the arterial wall, 
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which are associated with established hypertension (Folkow 
1982). However, studies have not determined unequivocally 
if these changes are related to the etiology of hypertension 
or if they simply represent the response of the arterial wall 
to elevated arterial blood pressure (BP) or a combination of 
the two. From several studies in adult SHR with established 
hypertension, it is difficult to distinguish whether the ab-
normalities present are causally linked or simply associated 
(Ashton 2000; Touyz 2005). There is conflicting evidence
concerning the sequence of events in the development of 
hypertension. Two widely held opinions are that structural 
changes are secondary to a rise in BP, and that the rise of BP is 
a consequence of some specific structural changes. Changes
that are present before the elevation of the BP are consider 
primary changes, as compared with secondary changes that 
are subsequent to the elevation of the BP. However, whether 
in both essential hypertension and genetic hypertensive rat 
models, the structural changes precede the increase in BP 
and remain unknown. There are controversal data about
the alterations of the cardiovascular system during the early 
prehypertensive period of ontogenic development. Whether 
pathological changes of the cardiovascular system, which are 
characteristic for adult SHR, are presented in the prehyper-
tensive period of ontogenic development of SHR, or whether 
these changes are as a consequence of BP elevation are shown 
only in a later period of ontogeny. The experiments were
performed on SHR because hypertension develops gradually 
over weeks, making it possible to study structural alterations 
of the arterial wall compared with those of normotensive 
Wistar rats, if any, at normal BP. Besides, SHR have been 
regarded as a model for essential hypertension in humans. 
The purpose of this study was to compare the ontogenic
aspect on the remodeling of the arterial wall in SHR. The
basic functional parameter of the cardiovascular system 
and the geometry of the septal branch of the left descending
coronary artery in SHR and Wistar rats were determined in 
four periods of ontogenic development: at the end of lacta-
tion, at the beginning of sexual activity, in adult, and at the 
later period of development of hypertension. 

Materials and Methods

The experiments were carried out in male Wistar and SHR
housed in a room with a maintained temperature (22 ± 2°C), 
relative humidity (55 ± 10%), and 12 hour light/dark cycle 
(lights on at 6:00 a.m.). The animals had free access to stand-
ard laboratory chow and water. The experimental protocol
for this study was approved by The State Veterinary and Food
Administration of the Slovak Republic and followed the 
recommendation of guidelines for use and care of laboratory 
animals. Four groups (ten animals in each) of Wistar rats of 
the age of 3, 9, 17, and 52 weeks and the age-matched SHR 

were taken for the study. In all groups, the systolic pressure 
(SP) was measured non-invasively in pre-warmed animals 
by the plethysmographic method on the tail artery each week 
from 3 to 9 weeks of age, then at the end of the experimental 
age. Body weight (BW) was recorded at the same time. The
structure of the coronary artery was assessed at 3, 9, 17, and 
52 weeks of age. At the end of the experiment the animals 
were sacrificed by an overdose of anesthesia (Rometar and
Narkamon, 0.1 and 0.25 ml/100 g, respectively) adminis-
trated i.p. The chest was opened, a cannula was placed into
the left ventricle and the cardiovascular system was perfused
at a constant pressure 90 mmHg (3-week-old rats), and 120 
mmHg (the rest of groups) for 10 minutes with a fixative
solution (300 mM glutaraldehyde in 100 mM phosphate 
buffer). The middle part of the septal branch of the left
descending coronary artery was excised and immersed in 
the same fixative overnight, post-fixed with 40 mM OsO4 in 
100 mM phosphate buffer, stained en block with 1% urany-
lacetate, dehydrated by graded alcohol series and propylene 
oxide, and embedded in Durcupan ACM. Semi-thin sections 
were cut perpendicularly to the long axis and stained with 
a methylene blue. Both, the wall thickness (tunica intima 
+ tunica media) and inner circumference were measured 
by light microscopy. The wall thickness was measured at
45° intervals around the circumference of the artery. The
inner diameter, cross sectional area (CSA) (tunica intima 
+ tunica media), and wall thickness /inner diameter ratio 
were evaluated from these data. Sections of approximately 
70 nm thickness were cut on an ultramicrotome (Reichert 
Nova), stained with alkaline lead citrate and examined in 
a transmission electron microscope (Tesla BS 500). Volume 
densities of endothelial cells, smooth muscle cells, extracel-
lular matrix (ECM) between endothelial cells and first layer
of smooth muscle cells (ECM1) and ECM among smooth 
muscle cells (ECM2) of the coronary artery were determined 
by the Weibel point counting method in an electron micros-
copy (Weibel et al. 1966). In short, the grid was placed on the 
respective section randomly and 5000 points were counted. 
Sections from tree blocks from vessels of control and SHR 
were processed in the same way. From the volume densities 
the areas of endothelial cells, smooth muscle cells, and ECM 
were counted. All results are expressed as the mean ± S.E.M. 
Measures were tested for statistical differences with one-way
analysis of variance (ANOVA) and followed by Bonferroni 
test. Value of p < 0.05 was considered significant.

Results

Physiological and somatic parameters

Table 1 summarizes the data about SP, BW, heart weight 
(HW), and relative heart weight (HW/BW). SP measured 
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from 3 to 9 weeks of age (Fig. 1) was increased in SHR 
group from the age of 6 weeks (p < 0.01). SP of 3-week-old 
SHR did not differ from the agematched control Wistar
rats. In the 9-, 17-, and 52-week-old animals, SP, measured 
the day before the end of the experiment, was increased 
in SHR group compared with the age-matched Wistar rats 
(p < 0.01). In 52-week-old SHR continual increasing of SP, 
which was observed from the 6th week of age, was stopped, 
but it was still significantly higher than in age-matched
control Wistar rats. BW in both strains gradually increased 
with the age. Wistar rats are normally heavier than SHRs 
of the same age, in the present series of the experiment. 

HW of SHRs, after perfusion with the glutaraldehyde 
fixative, at the age of 3 and 9 weeks did not differ from 
control Wistar rats in spite of the lower BW. The differ-

ences in this respect were found at the age of 17 and 52 
weeks in SHR. Owing to unequal increase of the BW 
and HW, HW/BW was higher in all SHR groups over the 
control rats. 

Morphological parameters

The individual geometric parameters of the coronary artery
(septal branch of the left descending coronary artery) are
given in Table 2. 

The inner diameter of the coronary artery in 3- and 9-
week-old SHR did not differ from inner diameter in control
Wistar rats of the same age. Significantly increasing of inner
diameter was observed only in 17- and 52-week-old SHR in 
comparison to the age-matched Wistar rats. 

Table 1. Systolic blood pressure (SBP), body weight (BW), heart weight (HW), relative heart weight 
(HW/BW) of control Wistar rats (WR) and spontaneously hypertensive rats (SHR)

Age  
(weeeks) Group SBP  

(mmHg)
BW  
(g)

HW  
(mg) HW/BW

3 
WR  83 ± 1.9  60 ± 0.2  260 ± 20  4.31 ± 0.24
SHR  84.2 ± 1.4  32 ± 1.4**  250 ± 10  7.71 ± 0.15**

9 
WR  107 ± 1.0  230 ± 7.6  1.06 ± 0.05  4.70 ± 0.25
SHR  154 ± 1.4**  190 ± 6.8**  1.08 ± 0.02  5.75 ± 0.12**

17 
WR  114 ± 1.4  423 ± 3.8  1.35 ± 0.03  3.13 ± 0.03
SHR  214 ± 7.0**  324 ± 5.7**  1.59 ± 0.04**  4.91 ± 0.18**

52 
WR  115 ± 3.0  475 ± 19.0  1.48 ± 0.09  3.14 ± 0.09
SHR  190 ± 2.4**  393 ± 10.0**  1.91 ± 0.09**  4.86 ± 0.17**

Data are means ± S.E.M.; ** p < 0.01 vs. corresponding control rats. 

Figure 1. Systolic blood pressure of spontaneously hypertensive rats (SHR) and control Wistar rats (Wistar). The values represent the data
at the end of each week from 3 to 9 weeks of age in control Wistar rats and SHR. Data are means ± S.E.M., ** p < 0.01 vs. corresponding 
control rats. 
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The wall thickness of the coronary artery was the same
during all ontogenic development in control Wistar rats. In 
SHR, wall thickness progressively increased with the age. 
CSA progressively increased with the age in both, SHR and 
control Wistar rats. The values of both wall thickness and
CSA in 3-week-old SHR did not differ from the age-matched
control Wistar rats. The differences in this respect were ob-
served from the age of 9 weeks. 

The wall thickness/inner diameter ratio of SHR group was
significantly increased during the whole ontogenic develop-
ment in comparison to the age-matched controls.

Cellular vs. extracellular component 

We sought to determine which component of the arterial 
wall is responsible for increasing the total mass of the coro-
nary artery. The point-counting method gave a comparison
between cellular and extracellular components of the arte-
rial wall of SHR and Wistar rats. The results summarized

in Table 3 indicate changes in the proportion and areas of 
individual components of the arterial wall during ontogenic 
development. 

The proportion and area of both, endothelial cells and
ECM1 at 3 weeks of the age were the same in SHR as in Wistar 
rats. The proportion of endothelial cells and ECM1 from 9
weeks was lower in SHR group than in Wistar rats. However, 
the area of both parameters at 9- and 17-week-old SHR was 
the same and at 52 weeks it had significantly increased.

The same tendency of 3-week-old animals was found in
both proportion and area of smooth muscle cells. At 9- and 
17-week-old SHR proportion and area of smooth muscle 
cells had increased in comparison to the age matched Wistar 
rats. At 52-weeks SHR showed a decrease of smooth muscle 
cells proportion than in control, however, the area of smooth 
muscle cells had still significantly increased considering the
total area of the arterial wall. 

The proportion of ECM2 was the same between strains
but at 52-weeks SHR was twice higher than in the control. 

Table 3. Proportion (%) and cross sectional areas (µm2) of endothelial cells (EC), smooth muscle cells (SMC), extracellular matrix in tunica 
intima (ECM1), and extracellular matrix in tunica media (ECM2) in septal branch of the left descending coronary artery of control Wistar
rats (WR) and spontaneously hypertensive rats (SHR)

Age  
(weeks) Group

EC SMC ECM1 ECM2

(%) (µm2) (%) (µm2) (%) (µm2) (%) (µm2)

3
WR  12.9 ± 0.7  748 ± 32  66.9 ± 1  3873 ± 164  10 ± 0.6  578 ± 24  10.5 ± 0.5  609 ± 26
SHR  13.1 ± 0.9  770 ± 52  66.3 ± 1  3899 ± 266  10.7 ± 0.5  528 ± 43  10.1 ± 0.8  594 ± 40

9
WR  12.1 ± 0.4  890 ± 55  68.4 ± 0.7  5046 ± 313  8.7 ± 0.4  638 ± 40  10.8 ± 0.4  797 ± 49
SHR  8.4 ± 0.5**  825 ± 32  73.3 ± 0.5**  7220 ± 282**  6.9 ± 0.3**  675 ± 26  11.4 ± 1.4  1125 ± 44**

17
WR  8.5 ± 0.7  664 ± 67  74 ± 1.1  5772 ± 862  6.2 ± 0.4  484 ± 78  10.9 ± 1.3  851 ± 333
SHR  4.6 ± 0.7**  987 ± 155  81.7 ± 1.8**  17730 ± 379**  2.7 ± 0.5**  586 ± 103  11 ± 1.3  2383 ± 277**

52
WR  8.5 ± 0.4  872 ± 55  72.8 ± 0.7  7468 ± 539  6.2 ± 0.3  635 ± 45  12.5 ± 0.7  1281 ± 86
SHR  4.6 ± 0.3**  1315 ± 156*  64.9 ± 1.1**  18610 ± 1249**  5.4 ± 0.3*  1550 ± 147**  25 ± 1**  7170 ± 405**

Data are means ± S.E.M.; * p < 0.05, ** p < 0.01 vs. corresponding control rats.

Table 2. Wall thickness (WT), inner diameter (ID), cross sectional area (CSA), and wall thickness/inner 
diameter ratio (WT/ID) of septal branch of the left descending coronary artery of control Wistar rats
(WR) and spontaneously hypertensive rats (SHR)

Age  
(weeks) Group WT  

(µm)
ID  

(µm)
CSA  

(µm2) WT/ID (10-2)

3 
WR  9.6 ± 0.25  182 ± 6  5790 ± 240  5.34 ± 0.20
SHR  10.7 ± 0.65  161 ± 9  5760 ± 590  6.69 ± 0.48**

9
WR  10.6 ± 0.88  220 ± 11  7660 ± 620  4.86 ± 0.64
SHR  13.8 ± 0.59**  212 ± 5  9800 ± 390**  6.60 ± 0.40*

17
WR  9.3 ± 0.67  250 ± 12  7580 ± 840  3.7 ± 0.23
SHR  20.1 ± 1.25**  321 ± 26**  21630 ±  2410**  6.32 ± 0.71**

52
WR  10.9 ± 0.47  286 ± 12  10260 ± 680  3.92 ± 0.22
SHR  20.3 ± 1.21**  429 ± 14 **  28720 ± 1980**  4.77 ± 0.27**

Data are means ± S.E.M.; * p < 0.05, ** p < 0.01 vs. corresponding control rats. 
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However, the area of ECM2 had significantly increased from
9 weeks in SHR in comparison to the control. 

Discussion

This study was investigated at different ages in the areas of
basic physiological parameters, geometry, and the ultrastruc-
ture of the coronary artery in SHR compared to those of 
Wistar normotensive rats. The findings in the present study
show that in SHR, in which hypertension develops gradually 
over weeks, alteration in the coronary artery wall properties 
precede the development of hypertension. 

In our experiments, we found that BP in 3-week-old 
SHR did not differ from the age matched control Wistar
rats. These data are in a good agreement with the original
description of Okamoto and Aoki (1963), where elevation of 
BP in SHR was detected from only 5 weeks of age. Neverthe-
less, there are some concerns whether the prehypertensive 
period exists in the development of hypertension in SHR, 
mainly because there are authors showing that BP of SHR 
was already significantly higher than the age-matched Wis-
tar-Kyoto rats from birth (Gray 1984). However, the study 
of Lais et al. (1977) in neonatal and young SHR showed that 
systolic and diastolic BP were similar between SHR and the 
controls. We have found that the BP of young SHR became 
higher than age-matched control rats from 6 weeks of age. 
Similar results in the prehypertensive period have also been 
reported earlier from other laboratories (Olivetti et al. 1982; 
Lee 1985; Rizzoni et al. 2000). 

There are possibilities for differences, which have been re-
ported in the literature about BP during the prehypertensive 
period of SHR and control Wistar rats. These differences in
the onset of hypertension might be intrastrains differences
in SHR used by the various investigators (Dmitrieva et al. 
2009) and by different methods of BP measurement. In stud-
ies where the BP of neonatal SHR was reported to be higher 
than age-matched control rats, BP was measured through 
a cannula placed into the carotid artery (Gray 1984). This is
in contrast with the indirect plethysmography methods (Lais 
et al. 1977; Olivetti et al. 1982; Lee, 1985; and this study) or 
direct measurement through the femoral artery (Lais et al. 
1977) where no difference in BP was found between young
SHR and control rats. The differential outcome of the two
measurements might be related to the fact that the tail-cuff
method records systolic BP in the rat tail, whereas in the 
direct measure both systolic and mean arterial pressure 
were recorded at the level of the aortic arch. Alternatively, 
the differences in two variables might also be influenced by
having made these determinations in rats with and without 
anesthesia. 

From the age of 6 weeks SP was remarkably higher in SHR 
group than in control Wistar rats. Continual increasing of 

SP was stopped after 17-weeks in SHR, and SP was dropped
in 52-weeks SHR, but it was still significantly higher in com-
parison to the age-matched normotensive controls. It is in 
good agreement with results in the literature (Marque et al. 
1999). Authors found that the elevated values of SP in SHR 
have a spontaneous tendency to decline after 36 weeks of age.
It might be due to the reduction of cardiac output, which is 
connected with the age and /or gradual heart failure.

The BW in experimental groups was lower during the
entire ontogenic development. Similar results were presented 
by Cunha et al. (1997) at the age of 5 and 12 weeks, Rizzoni 
et al. (2000) in 8 and 12 weeks, Van Gorp et al. (2000) in 
3 and 6 months, and Bezie et al. (1998) in 52-week-old. 
SHR usually have a lower mean BW than Wistar-Kyoto rats 
(Cabassi et al. 1996). Similar lower BW was observed in 4-
week-old rats from dams, which were administrated with 
L-NAME (Gerova et al. 2002). Long-term administration 
of L-NAME evokes hypertension in offspring and adults
(Kristek and Gerova 2004). 

On the other hand, other authors did not find differences
between BW of control Wistar rats and age-matched SHR. 
Mulvany and Halpern (1977) in 21 weeks, and Marque et 
al. (1999) in 3, 9, and 15 months. Expressive differences in
BW of SHR support that individual lines are different from
the original strain of SHR described by Okamoto and Aoki 
(1963). SHR have different uterine environment from control
Wistar-Kyoto rats. Amniotic fluid volume was found to be
lower at days 15–18 of gestation in the SHR compared with 
Wistar-Kyoto rats. Amniotic fluid sodium concentration
was comparable between strains, but potassium was lower 
in the amniotic fluid of SHR dams. Erkadius et al. (1995)
associated these differences with reduced fetal growth dur-
ing the last 2–3 days of gestation. The association between
birth weight and the risk of developing cardiovascular 
disease in adulthood has been reported in populations 
from several countries. Indeed, low birth weight has been 
correlated with an increased risk of coronary artery disease 
and hypertension. 

HW/BW is the determinant of cardiac hypertrophy. The
morphogenesis of the heart and vessels occurs mainly dur-
ing the prenatal period, but it continues partially even after
birth (Zicha and Kunes 1999). In the period shortly after
birth, the heart grows more rapidly than the body so that the 
HW/BW ratio attains its maximum at 4–5 days of postnatal 
life and than declines (Clubb and Bishop 1984). Despite the 
diminished cellular division, the number of cardiomyocytes 
in the heart doubles during the first 3–4 weeks of life (Kunes
et al. 1987). Our results are in good agreement with this ob-
servation. In both groups of rats we found that a decrease of 
HW/BW depended on the age. In SHR group the HW/BW 
ratio was significantly higher in all periods of ontogeny. In
spite of unchanged SP, cardiac hypertrophy was still found 
in 3-week-old SHR. Hypertrophy of myocardium in 9-, 17-, 
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and 52-week-old SHR is probably the result of an increased 
workload of the heart and rise of peripheral resistance and 
increase of BP. Our results suggested that SP is not necessarily 
linked together with cardiac hypertrophy. 

The results of these experiments have documented
a number of differences in the geometry of the coronary
artery from Wistar rats and SHR. 

Our study shows that at the prehypertensive period of 
hypertension development where BP in SHR did not differ
in comparison to the age-matched Wistar rats, the structural 
alterations of blood vessels were already found. 

The increased inner diameter of the coronary artery in the
later period of ontogeny (17 and 52 weeks) was accompanied 
with an increase of BP and arterial wall mass. Keeping mind 
Laplace`s law, the increase of the inner diameter might be 
adaptation mechanism for the elevation of BP. 

The wall thickness of the coronary artery was the same in
control Wistar rats during the entire ontogenic development. 
This measurement showed that the wall thickness from the
age of 3 weeks did not differ in spite of the fact that the BW
increased nearly 8 times. Our results are in agreement with 
González et al. (2002) on basilar arteries at the age of 4 and 
24 weeks. 

Both the wall thickness and CSA of the coronary artery 
in SHR in the prehypertensive period did not differ from the
age-matched control Wistar rats. In this case, term eutrophic 
remodeling is applicable, when the wall thickness/inner di-
ameter ratio was increased and no changes in the net amount 
of the arterial wall mass were found. Our results are agreed 
with the observation of Rizzoni et al. (2000) on mesenteric 
artery, Bund et al. (1991) on femoral artery in 5-week-old 
rats. Lee (1985) did not find any changes on mesenteric
artery, but in the elastic artery he showed an increase of the 
arterial wall mass in 3-week-old SHR in comparison to the 
age-matched Wistar-Kyoto rats.

Changes observed in the coronary artery in the estab-
lished phases of ontogenic development (9-, 17-, and 52-
week-old) were mostly due to an increase in the wall thick-
ness and CSA in the SHR as compared to the age-matched 
Wistar rats. It is probable that changes in the coronary 
artery of SHR were due to a long duration of hypertension. 
A gain in wall material, together with an increase of the 
wall thickness to inner diameter ratio, indicated hyper-
trophic remodeling of the coronary artery in these stages 
of hypertension. It is generally accepted that an increase of 
BP is accompanied by an increase of the arterial wall mass. 
The mechanisms, responsible for increasing wall mass in
SHR, are yet unknown. The sympathetic nervous system,
renin-angiotensin system (RAS), nitric oxide, apoptosis, 
and cellular vs. intercellular components of the arterial 
wall may be considered. 

Hypertrophy of the coronary artery wall during hyperten-
sion could be a result of enhanced activity of the sympathetic 

nervous system, which is known to be present before the 
onset of BP elevation. This overall increase in activation and
sensitivity to the sympathetic nervous system could induce 
hypertrophy of the smooth muscle cells by its growth pro-
moting effect (Bevan 1984). Due to of the observations that
the sympathetic nervous system in young SHR is increased 
and that the sympathetic nervous system exerts a trophic 
effect on the development of blood vessels, it is quite pos-
sible that the structural alterations of the blood vessels are 
secondary to the hyperactive sympathetic nervous system. 
Hyperinnervation of blood vessels has been reported in the 
muscular mesenteric arteries of young and older SHR (Lee 
1985). 

A possible role for the RAS cannot be excluded. Saavedra 
et al. (1992) described an increase in angiotensin-converting 
enzyme in aorta of the prehypertensive SHR compared with 
Wistar-Kyoto rats. Activity of the renal RAS in the SHR is 
greatly increased in the first 2 critical weeks of lactation.
However, SHR pups have significantly higher concentra-
tions of renal renin, more that Wistar-Kyoto pups from 
birth to the beginning of the third postnatal week, as well as 
increased expression of angiotensinogen mRNA, and renal 
angiotensin II type 1 receptor density (Correa et al. 1995). 
The consequence of this up-regulation in renal RAS activity
in SHR pups may be gross changes in renal haemodynamics. 
Harrap et al. (1990) have revealed that the elevated renal 
renin concentration of the SHR is linked to increased renal 
vascular resistance and thus to a reduced renal blood flow
and glomerular filtration rate. These renal abnormalities have
been genetically linked to the development of high BP in the 
SHR and brief angiotensin-1 converting enzyme inhibition, 
which permanently lowers renal vascular resistance (Harrap 
et al. 1990). 

Angiotensin II has a growth-inducing activity on the 
vascular smooth cells in cell cultured and on the large and 
small arteries even at suppressor doses (Boonen et al. 1993). 
Inhibition of RAS is associated with a reduction of wall 
thickness. There is increasing evidence that the vascular
hypertrophic effect of the sympathetic system and of the
RAS may be closely related (Stassen et al. 1997). 

Our results are comparable with the results of Cunha et 
al. (1997) on carotid artery of 12-week-old rats, Kristek et al. 
(1996) on carotid and coronary arteries of 16-week-old rats, 
Bund et al. (1991) on femoral artery of 12- and 24-week-old 
rats, and Clozel et al. (1989) on carotid artery of 14–33-
week-old rats. Lee (1985) found that medial wall thickness 
was mainly due to hyperplasia of smooth muscle cells, but 
later authors corrected this argument (Dickhout and Lee 
2000). Previous results were explained by the methods that 
were used. This is in contrast with our findings. We did not
observe any mitosis of smooth muscle cells and therefore, 
we assume that arterial wall thickening was mainly due to 
hypertrophy. Owens and Schwartz (1982) also found that 
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the increase of the wall mass was due to hypertrophy of the 
smooth muscle cells. 

The question was opened as to which part of the arterial
wall mass was really increased: endothelial cells, smooth 
muscle cells, and/or ECM. Altered vascular smooth muscle 
cells growth/apoptosis, contraction/relaxation, migration 
and differentiation, impaired production and degradation
of ECM and stimulation of inflammatory responses resulted
in vascular remodeling. 

Cellular mechanisms and intracellular signaling events 
implicated in arterial remodeling in hypertension are 
complex. At the electron microscope level, in the intima 
(endothelial cells and ECM) and in the media (smooth 
muscle cells and ECM) neither differed in volume densi-
ties or areas of SHR coronary artery at the prehypertensive 
phase. It corresponded to the re-organization of cellular and 
noncellular material of existing vascular wall called eutrophic 
remodeling. Rummery et al. (2002) showed that endothelial 
cell area, length, width and perimeter of the tail artery were 
not significantly different between SHR and Wistar-Kyoto
rats at 3 weeks of age. Study of Olivetti et al. (1982) revealed 
similar findings to our results in the volume composition of
the smooth muscle cells of the aorta at 21 days after birth.
Lee (1985) found similar CSAs of endothelial and smooth 
muscle cells in the superior mesenteric arteries, but not in 
the large mesenteric arteries, at the prehypertensive stage 
between SHR and Wistar-Kyoto rats. 

In the intima at a later period of ontogenic development in 
SHR, a decrease was found in volume densities of endothelial 
cells and ECM, but there were no changes in the areas of both 
parameters. At the developing phase, an increase of the arte-
rial wall mass was due to hypertrophy of the smooth muscle 
cells. A study by Cuspidi et al. (2003) has revealed a similar 
finding, where in which aging and arterial hypertension are
both associated with an increased prevalence of the carotid 
structural abnormalities, such as intima – media thickening 
or plaques, which are powerful independent predictors of the 
cardiovascular events. Michel et al. (1994) found an increase 
of the intimal space in 24- to 30-month-old normotensive 
rats. In many experimental models, hypertension thickening 
of tunica intima is a consequence of an accumulation of pro-
teins and adjunctive tissues in subendothelial cells and could 
be accompanied by a change of permeability. Permeability 
of intima is changed depending on component substances 
such as histamin, serotonin, bradykinin, and angiotensin II 
(Chobanian 1983). 

The increase of the arterial wall mass in SHR during
ontogenic development was induced preferentially by an 
increase of the tunica media. Analysis of the tunica media 
showed that volume densities and areas of smooth muscle 
cells were increased in SHR to the age of 17 weeks. After
17 weeks, in spite of the increase of the arterial wall mass 
in SHR, the area of the smooth muscle cell did not differ

in comparison to younger SHR, volume densities actually 
decreased. The volume densities of ECM in tunica media to 
the age of 17 weeks did not differ in comparison to the age
matched control Wistar rats. After 17 weeks of age it was in-
creased approximately 2.5-fold as in controls. Areas of ECM 
in tunica media consistently increased. However, the most 
expressive increase was after 17 weeks of age. This means that
the increase of the arterial wall mass after 17 weeks of age was
due to the increased area of ECM. Unfortunately, there are no 
literary data available for comparison with our results, yet, 
they are indirectly supported by Schwartz et al. (1990), who 
showed increase of ECM in the hypertrophy of large arter-
ies in human and animal hypertension. On the other hand, 
Bezie et al. (1998) did not find changes in the area of ECM in
1-year-old aorta between SHR and control rats. We assume 
that differences between results can probably be explained
by the differences in the types of vascular bed and very likely
that the coronary artery was filled during diastole.

In conclusion, the prehypertensive period in SHR was 
accompanied by cardiac hypertrophy and eutrophic remode-
ling of arterial wall, despite unchanged BP. In the later period 
of ontogenic development in SHR we found hypertrophy of 
the coronary artery, which was evoked by an increasing of 
the areas of the smooth muscle cells and ECM to the age of 
17 weeks. After this time, there was solely an increase in the
area of the ECM. 
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