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Abstract Enhanced angiogenesis, or capillary growth,
has a prominent role among the various beneWcial eVects of
exercise training on the myocardium. The aim of the pres-
ent study is to assess if training-induced increases in capil-
larity and vascularization persist after 4 weeks of
detraining. Adult male rats were trained to run on a tread-
mill for 10 weeks at »60% VO2max, which did not induce
cardiac hypertrophy, but increased (P < 0.05) the soleus/
body weight ratio, left ventricle capillarity and von Wille-
brand-positive cell density (n = 6). In another group of

animals (n = 6) subjected to training followed by 4-week
detraining, the soleus/body weight ratio returned to normal,
with only partial reversal of left ventricle capillarity and
von Willebrand-positive cell density. Markers of angio-
genesis (VEGF, KDR/VEGF-R2 and HIF-1� mRNA, studied
by real-time RT-PCR) were upregulated at the end of train-
ing, and returned to baseline value after detraining. Elec-
tron microscopy highlighted some morphological features
in trained hearts (endothelial cell sprouting and bridges and
pericyte detachment), suggestive of endothelial cell proli-
feration and capillary growth that were absent in untrained
and detrained hearts. We conclude that the training-induced
increase in cardiac capillarity and vascularization are
retained for some time upon cessation of the training pro-
gram even in the absence of angiogenic stimuli.
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Abbreviations
VEGF Vascular endothelial growth factor
VEGF-R2 Vascular endothelial growth factor receptor 2
bFGF Basic Wbroblast growth factor
HIF-1 Hypoxia-inducible factor-1

Introduction

Regular practice of moderate aerobic exercise is widely
recognized to be beneWcial for the cardiovascular system
(NIH 1995). Exercise training oVsets many age-related
gene expression changes (Bronikowski et al. 2003; Iemitsu
et al. 2006), upregulates a number of cardioprotective and
anti-oxidant proteins (Powers et al. 2004, Marini et al.
2007), improves contractile function and optimizes energy
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usage (Ventura-Clapier et al. 2007). Moreover, exercise
increases the need for oxygen supply in the cardiac muscle,
which may be met by the induction of neo-angiogenetic and
vascular remodeling processes (White et al. 1998; Brown
2003); these, in turn, may trigger prevention of the adverse
eVects of coronary artery stenosis and occlusion (Schaper
and Ito 1996).

The mechanisms underlying exercise-induced angio-
genesis and vasculogenesis have been extensively reviewed
in Conway et al. (2001), Gustafsson and Kraus (2001), Brown
(2003), Djonov et al. (2003), Helisch and Schaper (2003),
Kutryk and Stewart (2003), Prior et al. (2004), Bloor
(2005) and Yoon et al. (2004). Despite general agreement
about exercise-induced angiogenesis in skeletal muscle,
myocardial angiogenesis is less established, especially after
moderate exercise in post-pubertal animals (Hudlicka et al.
1992; Brown 2003). White et al. (1998) demonstrated in a
swine heart model that capillary growth is limited only to
the early phase of exercise training, and then gives rise to
an increase in density and size of arterioles. By contrast,
Efthimiadou et al. (2006) reported a signiWcant increase in
myocardial angiogenesis at the end of a 2-week intensive
training protocol.

Nevertheless, little attention has been paid to the eVects
of interrupting exercise-training programs, an event which,
in humans, may be produced by an array of causes includ-
ing physical impairment and loss of motivation in pursuing
a Wtness program. For example, 4–8 weeks detraining in
humans caused the endothelin-1 and nitric oxide to return
to basal levels, these being two molecules involved in exer-
cise-regulated signaling towards the vascular endothelium
(Maeda et al. 2001). Furthermore, 2–4 weeks of detraining
in rats regressed a number of cardiomyocyte parameters
associated with aerobic Wtness to pre-training values (Kemi
et al. 2004) However, to the best of our knowledge, the
eVects of detraining on myocardial angiogenesis remain to
be investigated.

To start investigating this issue, we used an in vivo
model whereby rats were moderately trained (10 weeks,
»60% VO2max) (Marini et al. 2007) followed by 4 weeks of
detraining to test the hypothesis whether the cessation of
aerobic training could reverse training-induced myocardial
angiogenesis. The 4-week detraining period was selected
on the basis of the time required for an index of training,
e.g., the soleus muscle/body weight ratio to return to the
baseline value. To estimate the extension of the vascular
network in the left ventricle, we evaluated three parameters:
(1) visual examination of microscopic slides for capillariza-
tion and vascularization followed by semi-quantitative
scoring, (2) manual counting of the capillaries in compara-
ble sections photographed at the same enlargement, and (3)
measurement of the size of the von Willebrand factor-posi-
tive area. Electron microscopy and mRNA expression data

were also considered so as to evaluate ultrastructural
changes and the involvement of angiogenetic mechanisms.

Materials and methods

Animals and training protocol

A total of 24 male albino Sprague-Dawley rats aged
9 weeks were placed in individual cages and fed a standard
diet without limitations; room temperature was kept at
21 § 2°C; 12 h of light was automatically alternated with
12 h of dark. After 1 week of acclimatization, 12 rats were
randomly chosen to run on a six-lane rodent treadmill 1 h a
day, three times a week, at 10% grade slope. The speed was
gradually increased to reach 25 m/min in 5 weeks, which
corresponds to »60% VO2max (WisloV et al. 2001), then
was maintained constant for a further 5 weeks. Control ani-
mals were placed on a non-moving treadmill during the
training sessions. At the end of the 10-week training, six
rats were randomly chosen for being killed immediately
(trained group), while six were caged without exercise for a
further 4 weeks before being killed (detrained group). Six
sedentary rats (control group) were killed at the same time
as the trained rats (at 19 weeks of age) and six at the same
time as the detrained rats (at 23 weeks of age). All the
experimental evaluations were carried out on all animals of
each experimental group.

Animal handling, training protocol and mode of killing
were approved by the Ethical Committee on the Use of
Laboratory Animals of the Health Authority of Milan
(Italy) according to the 86/609/CEE guidelines. Training
was carried out according to the American Physiological
Society guidelines for exercising rodents on treadmills
(American Physiological Society 2006).

Rats were periodically examined by a veterinarian. Food
consumption and body weight were evaluated three times a
week. Their internal organs, examined by a pathologist on
the day they were killed, appeared to be normal and dis-
ease-free.

Killing of the rats and heart conservation

The rats were anesthetized (100 mg/kg ip heparinized
sodium thiopental), weighed and then beheaded. The heart
was removed; the blood was accurately drained before the
heart was weighed on a precision scale. A »3 mm isodia-
metric fragment from the left ventricle apex was set apart for
electron microscopy (see below), while the remaining part
was cut into three pieces of the same size and immediately
frozen in liquid nitrogen, then stored at ¡80°C until use.

The soleus muscles were obtained from both the hind
legs; they were blotted dry and freed of connective tissue
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before being weighed on a precision scale. Left and right
soleus weight was averaged and related to the body
weight.

Light and electron microscopy

The specimen was immediately minced into smaller
(<1 mm3) fragments and quickly Wxed with 2.5% glutaral-
dehyde in 0.1 M phosphate buVer, postWxed with 1% OsO4

in the same buVer, dehydrated with alcohol, and embedded
in araldite. Semithin sections stained with 1% toluidine
blue in distilled water at 60°C were selected on the basis of
criteria supporting cross-sectioning (mainly myoWbril spa-
tial arrangement), taking care of sampling all fragments, in
order to avoid biased selection. A total of 30 identical, non-
overlapping areas per sample, at 800£ magniWcation, were
digitalized and evaluated making use of the Olympus soft
imaging system set up for the Philips CM10 electron micro-
scope. The total surface evaluated per condition was
2.82 mm2. The cardiomyocyte cross-sectional area was
evaluated by assessing the maximum and minimum diame-
ter of all cardiomyocytes in the section area, which were
averaged. The number of capillaries was evaluated follow-
ing the visual identiWcation of endothelial cells. Data were
expressed as number of capillaries/mm2. Thin sections,
stained with uranyl acetate and lead citrate, were observed
with the same electron microscope (Falcieri et al. 2000).

Immunohistochemistry

As stated above, the left ventricle was cut into three pieces
of the same size before freezing. All pieces were sectioned
with random orientation by a cryotome, and four 5 �m-
thick sections/animal, obtained from diVerent fragments,
were chosen with the only criterion of avoiding sections
with freezing defects. For the identiWcation of endothelial
cells, the sections were Wxed in cold 4% paraformaldehyde,
marked with rabbit anti-von Willebrand factor antibody
(Dako, Denmark), followed by incubation with the anti-
rabbit HRP-conjugated antibody and development of the
chromogen reaction with 3,3�diaminobenzidine (DAB).
The slides were assigned conventional numbers, so that the

operator was blind to the training status of the rat. Under
the light microscope, at 250£ magniWcation, 30 non-over-
lapping Welds were randomly selected for each section,
avoiding areas with holes, folds, staining defects or large
vessels. Images were acquired by a three CCD (charge-cou-
pled device) color video camera (KY F55B, JVC Italia,
Segrate MI, Italy) and examined with an image processing
software (Image-Pro Plus, Media Cybernetics, Silver
Spring, MD, USA). A speciWc function of the software
allows the operator to interactively deWne the speciWc
threshold, which permits automatic measurement of the
structures intensely brown-stained, excluding any other
structure less intensely stained in brown (background stain-
ing) or stained with other colors. By means of this system,
for each microscopic Weld evaluated, the area stained with
anti-von Willebrand factor antibody, identiWed by an
intense brown staining and corresponding to the area cov-
ered by the endothelial cells present in the microscope Weld,
was measured and expressed as a percentage of the total
area. The total surface thus evaluated for each condition
was 21.6 mm2.

In the same slides, the number of capillaries was evalu-
ated by three independent investigators, who assigned a
score (ranging from 1 to 3, low to high) to the overall capil-
larity and vascularization. The mean scores obtained by the
three observers were then compared with the ANOVA test.

Gene expression

Total RNA was prepared after Trizol™ (Invitrogen) extrac-
tion from frozen left ventricle tissue and quality controlled,
as previously described (Marini et al. 2007). Real-time
RT-PCR was performed in an ABI PRISM 5700 real-time
thermal cycler using the SYBR Green kit (Qiagen) and by
normalizing to the housekeeping gene RPL13a. The primer
sequences are reported in Table 1. . Primers were chosen
with the help of the AMPLIFY free software; whenever pos-
sible, primers were designed so as to span an exon–exon
junction and they were obtained from PROLIGO (Proligo,
France SAS). Data were analyzed with the 2¡��CT method
(Livak and Schmittgen 2001), taking into account the
eYciency of the real-time PCR reaction (PfaZ 2001).

Table 1 Primer sequence and length of the amplicons of the genes studied with real-time RT-PCR

UniGene Gene name (symbol) Left primer sequence Right primer sequence Amplicon 
length (nt)

Rn 92211 RPL13a GATGAACACCAACCCGTCTC CACCATCCGCTTTTTCTTGT 175

Rn 10852 HIF-1alpha AGCCTGGATCATGATGCTGT ACTGTTTCCTTTTGAGCCGGTA 192

Rn 1923 VEGF ACCAAAGCCAGCACATAGGA TTTCTCCGCTCTGAACAAGG 192

Rn 88869 VEGF-R2/KDR/Flk1 TGGTGTGTGGTCTTTTGGTG GGTACATTTCTGGGGTGGTG 154

Rn 31808 bFGF CTCCAAGCAGAAGAGAGAGGA CCAGGCGTTCAAAGAAGAAA 135
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Statistical analysis

The diVerences among the groups were evaluated by the
ANOVA test followed by the Tukey post-test. Values of
P < 0.05 were considered to be statistically signiWcant.

Results

EVect of training and detraining on body, heart and muscle 
weights and evaluation of cardiac hypertrophy

At the end of training, the rats were leaner than the seden-
tary controls, with an increased soleus-to-body weight
ratio, which shows that training was eVective to increase
the relative skeletal muscle mass (Table 2). Training did
not aVect either the absolute heart weight or the heart-to-
body weight ratio. Furthermore, the cardiomyocyte cross-
sectional area, evaluated from semithin sections at 800£
magniWcation, was the same in the control and the trained
rats, thereby excluding onset of cardiac hypertrophy in this
model. After detraining, both body and heart weights
increased as expected (Hanson 2007), but the heart-to-body
weight ratio and the cardiomyocyte cross-sectional area
remained unchanged. By contrast, the soleus-to-body
weight ratio returned to near the control value.

Capillaries, endothelial cell count and vascularization

To assess cardiac vascularization, we employed three meth-
ods, independent of each other, and applied to a fairly large
number of experimental animals, sections and microscope
Welds. We were conWdent that this choice would allow an
accurate assessment of angiogenesis and vascularization.
First, three trained researchers examined immunostained
(anti-von Willebrand factor antibody) slides, scoring the
amount of stained areas on a 1–3 scale (minimum to maxi-
mum). Whereas sedentary controls received the lowest
score, trained and detrained rats received a medium-to-high
score (Fig. 1a).

Second, the number of capillaries per surface unit, or capil-
lary density, was evaluated in toluidine-blue stained semithin
sections of the left ventricle (Fig. 1b) with the aid of an Olym-
pus imaging software. Representative images of toluidine-
blue stained semithin sections are shown in Fig. 2a–c. The
10-week mild exercise training doubled the capillary density,
whereas detraining returned the density to near control value.

Third, the area occupied by endothelial cells was evalu-
ated in anti-von Willebrand factor antibody-stained slides
and expressed as a percentage of total area (Fig. 1c).
Whereas training doubled this parameter with respect to
sedentary controls, detraining did not have any appreciable
eVects. Representative images of immunohistochemically
stained left ventricle sections are shown in Fig. 2d–f.

The reliability of our assesment of angiogenesis is sup-
ported by the high similarity of the results obtained using
the three methods, although results reported in Fig. 1b were
obtained with semithin sections from the left ventricle apex
and those reported in Fig. 1a and c with sections from the
remaining part of the ventricle.

Electron microscopy 

Evidence of training-related cardiac neoangiogenesis, gath-
ered from light microscopy and immunohistochemistry,
was supported by electron microscopy observations. Thus,
a very common Wnding in left ventricle samples from
trained, but not from untrained or detrained subjects, is a
sort of thin bridge, which appears to divide the capillary
lumina and is presumably suggestive of intussusceptive
growth or sprouting (Fig. 3). Figure 3b, shows a pericyte
detached from the vessel wall, a Wnding which is generally
associated with the vessel hyperdilatation that precedes the
formation of new capillaries (Bergers and Song 2005).

Gene expression

Messenger RNA expression of VEGF, VEGF-R2 and HIF-
1 alpha, evaluated by real-time RT-PCR, was found signiW-
cantly increased in the left ventricle samples of trained rats,

Table 2 Body and heart weight, cardiomyocyte cross-sectional area, heart-to-body and soleus-to-body weight ratio (mean § SD)

* P (trained vs. untrained control) ·0.05
# P (detrained vs detraining control) not signiWcant

Sample Untrained control 
(19 week-old)

Trained 
(19 week-old)

Detrained 
(23 week-old)

Detraining control 
(23 week-old)

Body weight (g) 571.91 § 28.6 541.44 § 29.7* 636.75 § 42.9# 665.0 § 41.8

Heart weight (g) 1.39 § 0.08 1.38 § 0.09 1.55 § 0.19 1.62 § 0.1

Heart weight/body weight £ 1,000 2.46 § 0.08 2.56 § 0.12 2.42 § 0.17 2.44 § 0.15

Cardiomyocyte cross-sectional area (�2) 27.24 § 2.07 27.46 § 2.55 27.21 § 1.62 Not evaluated

Mean soleus weight/body weigh (mg/g) 0.36 § 0.03 0.43 § 0.05* 0.38 § 0.03# 0.34 § 0.04
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whereas detraining reversed such training-induced increase
in gene expression (Fig. 4). On the other hand, bFGF
mRNA expression did not show any signiWcant training-
related changes.

Discussion

In this study, we evaluated some parameters of myocardial
angiogenesis in an in vivo model, whereby moderate exer-
cise training did not induce cardiac hypertrophy, yet
increased the relative skeletal muscle mass. Detraining
restored the latter parameter. We showed that training
increased myocardial angiogenesis concomitantly with
upregulation of VEGF, KDR/VEGF-R2 and HIF-1 alpha.
One month’s detraining partially reversed the eVects
induced on angiogenesis by training, with complete rever-
sal of the mRNA expression of angiogenetic factors.

Angiogenesis and vascular remodeling require the pro-
liferation of endothelial and vascular smooth muscle cells,
together with rearrangements and possibly expansion of the
extracellular matrix. The neoformation of myocardial blood
capillaries in swimming-exercised animals was initially
reported by Ljungqvist and Unge (1973) and related to the
resulting cardiac hypertrophy observed. Since then, con-
Xicting reports have been published (Laughlin and
Tomanek 1987; Hudlicka et al. 1992; White et al. 1998;
Efthimiadou et al. 2006). As discussed by Brown (2003),
such discrepancies may be due to the age of animals and to
the timing of observations; for instance, it appears that
exercise induces cardiac capillary growth, but this is rapidly
followed by vascular remodeling, which leads to an
increase in the number and size of arterioles (White et al.
1998). Thus, reports on exercise-induced angiogenesis,
which focus on capillary density fail to convey the global
picture of exercise-induced increase in cardiac blood
supply.

In an attempt to overcome such limitations, we decided
to employ the three approaches as described: (1) overall
assessment of the status of tissue capillarity and vasculari-
zation; though subjective, this approach is very eVective
when applied by experienced workers blind to the identity
of the slides; (2) evaluation of capillary density in semithin
sections by morphometric analysis, the most widely used
approach (see, for instance, Efthimiadou et al. 2006); since
the training protocol adopted did not induce cardiac hyper-
trophy, the observed increase in myocardial capillary den-
sity corresponds to an increase in the capillary-to-Wber ratio
as well; (3) evaluation of von Willebrand-positive endothe-
lial cells in a semi-automated way by means of an image
processing software. This approach allowed us to quantify
the total vascular surface, including the arteriole area, thus

Fig. 1 Bar graph (mean § SD) showing left ventricle angiogenesis:
a cryosections were immuno-stained with anti-von Willebrand factor
antibody and examined by three investigators who scored the level of
capillarity and vascularization on a scale of 1 (minimum) to 3 (max-
imum). b Capillaries were counted at £800 magniWcation in tolui-
dine blue-stained semithin sections with the aid of an Olympus
imaging software and their number was referred to a 1 mm2 area.
c Immuno-stained (anti-von Willebrand factor antibody) images were
evaluated at £100 magniWcation. The area corresponding to that cov-
ered by the endothelial cells was quantiWed by image analysis and ex-
pressed as a percentage of the total area. ANOVA yielded
P = 0.0002, 0.0002 and <0.0001, respectively. * P < 0.05 (Tukey
post test) versus control
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Fig. 2 Toluidine-blue stained 
semithin sections (a–c) and 
immuno-stained (anti-von 
Willebrand factor antibody) 
cryosections showing 
endothelial cells (d–f). Sections 
from the left ventricles of 
untrained control (a, d), trained 
(b, e), detrained (c, f) rats. 
a–c Bar = 20 �m; d–f 
bar = 100 �m. Arrows in 
a–c indicate endothelial cells

Fig. 3 Transmission electron 
microscopy images of left 
ventricle sections from trained 
rats. Arrows indicate cell bridges 
that partition pre-existing 
capillaries in the process of neo-
angiogenesis. In b, pc = a 
pericyte, caught in the act of 
detaching itself from a dilatating 
capillary, as described to occur 
in vessel remodeling. 
a, d Bar = 2 �m; b, f 
bar = 0.5 �m; c, e bar = 1 �m
123
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accounting not only for neo-angiogenesis (the de novo for-
mation of capillary vessels), but also for transformation of
capillaries into pre-capillary vessels and vascular remodel-
ing by an increase in the diameter of pre-existing arterioles
and venules. All these events have in common an increase
in the number of endothelial cells present in the section to
be examined. Although the sampling criteria did not strictly
follow the methods suggested for stereological estimation
of heart histological sections (Bruel and Nyengaard 2005),
we judged that the chance of falling into the pitfalls of mor-
phometry (Weibel et al. 2007) was minor because of ran-
dom sampling and high number of counting events.

In summary, these approaches indicate that angiogenesis
in the left ventricle does increase following a 10-week mild
exercise training; however, this feature does not appear to
be a permanent modiWcation, becase it is subjected to a
slow and partial reversal. Notably, electron microscopy
lends support to light microscopy observations in showing
training-induced angiogenesis.

It may be worth mentioning that the rats, which entered
the study described here, were 9 weeks of age, i.e., young,
sexually mature animals. Their weight at the end of the
10-week training program (>550 g, Table 2) was higher than
that of rats studied by Efthimiadou et al. (2006) (330–
400 g), which suggests that exercise-induced angiogenesis
is not limited to young animals (Brown 2003). Moreover,
no cardiac hypertrophy was induced in our study, as demon-
strated by the absence of diVerences in the heart-to-body
weight ratio and in the cardiomyocyte diameter between
sedentary and exercised rats. This suggests that an increase

in cardiac blood supply can be obtained with mild training
protocols that do not induce extensive cardiac remodeling,
a datum that may be relevant when diVerent protocols of
exercise-induced cardioprotection are evaluated for appli-
cation in humans.

The eVect of 4 weeks of detraining on the newly formed
capillaries was undoubtedly that of a tendency to reversal,
although the three approaches we adopted gave somewhat
diVerent results, with only the capillary count resulting in a
statistically signiWcant decrease. We believe that this may
be due to an underestimation of the very small capillaries,
bounded by a single endothelial cell, which are diYcult to
distinguish with aspeciWc staining, even if the observation
is made at high magniWcation (800£). This may suggest
that reversal of neo-angiogenesis follows the inverse path-
way of formation, with an initial reduction in their diameter
before disappearing.

Exercise may generate repeated bursts of ischemia and
hypoxia (Brown 2003) and, moreover, deeply aVect the
physical and hemodynamic forces (shear stress, pressure,
stretch and compression). Altogether, these stimuli are
likely to be the initiator events, directly or indirectly trig-
gering the upregulation of a number of growth factors and
of their cognate receptors on the target cells. Vascular
endothelial growth factor (VEGF), and VEGF receptor 2
(KDR/Flk1) appear to be suYcient for the complete exer-
cise-induced angiogenic response (Conway et al. 2001;
Gigante et al. 2004; Bloor 2005). VEGF also upregulates
the expression of matrix metalloproteinases, required for
matrix remodeling and penetration of newly formed vessels

Fig. 4 Real-time RT-PCR: 
expression (mean § SD) of 
some angiogenesis-related genes 
in rat left ventricles. Data were 
normalized to the housekeeping 
gene RPL13a. ANOVA yielded 
P = <0.0001 for all except bFGF 
(NS). * and # indicate P < 0.05 
(Tukey post-test) versus control 
and trained, respectively
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(Wang and Keiser 1998). The role of VEGF in relation to
the exercise-induced modiWcations of skeletal muscles, the
mode of capillary growth (by intussusceptions rather than
sprouting) and the mechanical forces involved have been
thoroughly discussed by Brown and Hudlicka (2003). The
real-time RT-PCR data reported here show that moderate
exercise training upregulated VEGF and VEGF-R2, but not
bFGF, expression. It has been shown that the intramuscular
administration of bFGF increases myocardial angiogenesis
(Efthimiadou et al. 2006); however, the present data sug-
gest that exercise training exerts its angiogenic eVect in the
absence of bFGF upregulation. The Wnding that also HIF-1
alpha expression was increased is indicative of an involve-
ment of hypoxia signaling in exercise-induced VEGF
upregulation (Brown 2003). Thus, it is not surprising that
the upregulation of VEGF signaling subsides upon cessa-
tion of stimulating messages. Long-term maintenance of
the newly acquired vascularization would very likely
require the persistence of positive stimulation.

Moderate exercise training shares some of the signal-
ing pathways (Hearse 1994) and most of the induced
array of antioxidant and protective molecules (Yellon
and Downey 2003; Marini et al. 2007) with other precon-
ditioning stimuli, such as repeated bursts of intense physi-
cal exercise. The results presented here show that, at
variance with such stimuli, moderate exercise training
also induces some anatomical adaptations to the
increased need for oxygen supply, which may be relevant
in providing cardioprotection even at a distant time from
the training sessions. Future work will be devoted to the
evaluation of training-induced cardioprotection in
detrained animals.

The above-mentioned training-induced angiogenic and
vascular remodeling are likely to ameliorate cardiac
blood supply. It is worth noticing that they may be
accomplished by adopting a moderate training protocol,
which does not induce cardiac hypertrophy, and which
are long-lasting. In fact, our data suggest that the exer-
cise-induced modiWcations of myocardial microcircula-
tion persisted, at least in part, for 4 weeks upon cessation
of training, despite the fact that the expression of angio-
genic factors returned to baseline. All animal exercise
protocols derive their interest from the assumption that
training may exert the same eVects on rats and humans.
However, we believe that it would be of little interest to
study the time course of the detraining-induced reversal
of angiogenesis in rats, given the diVerences in rat and
people’s life spans. It has been suggested that in adult-
hood, each rat month is roughly equivalent to 2.5 human
years (Ruth 1935). If this is true, the partial persistence of
training-induced angiogenesis in the rat after 4 weeks of
detraining may contribute to motivating people’s practice
of moderate aerobic training.

Acknowledgments This study was supported by grants from the
Italian Ministry of University and Research (PRIN 2004054720) and
from the Cariplo Foundation (2005 Project).

References

American Physiological Society (2006) Resource book for the design
of animal exercise protocols, February 2006. http://www.the-
aps.org/pa/action/exercise/book.pdf

Bergers G, Song S (2005) The role of pericytes in blood-vessel forma-
tion and maintenance. Neuro Oncol 7:452–464

Bloor CM (2005) Angiogenesis during exercise and training. Angio-
genesis 8:263–271

Bronikowski AM, Carter PA, Morgan TJ, Garland T, Ung N, Pugh TD,
Weindruch R, Prolla TA (2003) Lifelong voluntary exercise in the
mouse prevents age-related alterations in gene expression in the
heart. Physiol Genomics 12:128–138

Brown MD (2003) Exercise and coronary vascular remodelling in the
healthy heart. Exp Physiol 88:645–658

Brown MD, Hudlicka O (2003) Modulation of physiological angio-
genesis in skeletal muscle by mechanical forces: involvement of
VEGF and metalloproteinases. Angiogenesis 6:1–14

Bruel A, Nyengaard JR (2005) Design-based stereological estimation
of the total number of cardiac myocytes in histological sections.
Basic Res Cardiol 100:311–319

Conway EM, Collen D, Carmeliet P (2001) Molecular mechanisms of
blood vessel growth. Cardiovasc Res 49:507–521

Djonov V, Baum O, Burri PH (2003) Vascular remodeling by intuss-
ceptive angiogenesis. Cell Tissue Res 314:107–117

Efthimiadou A, Asimakopoulos B, Nikolettos N, Giatromanolaki A,
Sivridis E, Lialiaris TS, Papachristou DN, Kontoleon E (2006)
The angiogenetic eVect of intramuscular administration of b-FGF
and a-FGF on cardiac muscle: The inXuence of exercise on mus-
cle angiogenesis. J Sports Sci 24:849–854

Falcieri E, Luchetti F, Burattini S, Canonico B, Santi S, Papa S (2000)
Lineage-related sensitivity to apoptosis in human tumor cells
undergoing hyperthermia. Histochem Cell Biol 113:135–144

Gigante B, Tarsitano M, Cimini V, De Falco S, Persico MG (2004)
Placenta growth factor is not required for exercise-induced angi-
ogenesis. Angiogenesis 7:277–284

Gustafsson T, Kraus WE (2001) Exercise-induced angiogenesis-relat-
ed growth and transcription factors in skeletal muscle, and their
modiWcation in muscle pathology. Front Biosci 6:75–89

Hanson A (2007) How old is a rat in human years. Rat Behav Biol.
http://www.ratbehavior.org/rats.html

Hearse DJ (1994) Myocardial ischaemia: can we agree on a deWnition
for the 21st century? Cardiovasc Res 28:1737–144

Helisch A, Schaper S (2003) Arteriogenesis: the development and
growth of collateral arteries. Microcirculation 10:83–97

Hudlicka O, Brown MD, Egginton S (1992) Angiogenesis in skeletal
and cardiac muscle. Physiol Rev 72:369–417

Iemitsu M, Maeda S, Jesmin S, Otsuki T, Miyauchi T (2006) Exercise
training improves aging-induced downregulation of VEGF angio-
genic signaling cascade in hearts. Am J Physiol Heart Circ Phys-
iol 291:H1290–H1298

Kemi OJ, Haram PM, WisloV U, Ellingsen O (2004) Aerobic Wtness is
associated with cardiomyocyte contractile capacity and endothe-
lial function in exercise training and detraining. Circulation
109:2897–904

Kutryk MJB, Stewart DJ (2003) Angiogenesis of the heart. Microsc
Res Tech 60:138–158

Laughlin MH, Tomanek RJ (1987) Myocardial capillarity and maxi-
mal capillarity diVusion capacity in exercise-trained dogs. J Appl
Physiol 63:1481–1486
123

http://www.the-aps.org/pa/action/exercise/book.pdf
http://www.the-aps.org/pa/action/exercise/book.pdf
http://www.ratbehavior.org/rats.html
http://www.ratbehavior.org/rats.html


Histochem Cell Biol (2008) 129:479–487 487
Livak JK, Schmittgen TD (2001) Analysis of relative gene expression
data using real-time quantitative PCR and the 2¡��CT method.
Methods 25:402–408

Ljungqvist A, Unge G (1973) The proliferative activity of the myocar-
dial tissue in various form of experimental cardiac hypertrophy.
Acta Pathol Microbiol Scand Sect A 81:233–240

Maeda S, Miyauchi T, Kakiyama T, Sugawara J, Iemitsu M,
Irukayama-Tomobe Y, Murakami H, Kumagai Y, Kuno S,
Matsuda M (2001) EVects of exercise training of 8 weeks and
detraining on plasma levels of endothelium-derived factors,
endothelin-1 and nitric oxide, in healthy young humans. Life
Sci 69:1005–1016

Marini M, Lapalombella R, Margonato V, Ronchi R, Samaja M, Sca-
pin C, Gorza L, Maraldi T, Carinci P, Ventura C, Veicsteinas A
(2007) Mild exercise training, cardioprotection and stress gene
proWle. Eur J Appl Physiol 99:503–510

National Institutes of Health Physical activity and cardiovascular
health (1995) NIH Consensus Development Conference State-
ment 13:11–22

PfaZ MW (2001) A new mathematical model for relative quantiWca-
tion in real-time RT-PCR. Nucl Acids Res 29:e45

Powers SK, Quindry J, Hamilton K (2004) Aging, exercise, and car-
dioprotection. Ann N Y Acad Sci 1019:462–470

Prior BM, Yang HT, Terjung RL (2004) What makes vessels grow
with exercise training? J Appl Physiol 97:1119–1128

Ruth EB (1935) Metamorphosis of the pubic symphysis. I. The white
rat (Mus norvegicus albinus). Anat Rec 64:1–7

Schaper W, Ito W (1996) Molecular mechanisms of coronary collateral
vessel growth. Circ Res 79:911–919

Ventura-Clapier R, Mettauer B, Bigard X (2007) BeneWcial eVects of
endurance training on cardiac and skeletal muscle energy metab-
olism in heart failure. Cardiovasc Res 73:10–18

Wang H, Keiser JA (1998) Vascular endothelial growth factor upreg-
ulates the expression of matrix metalloproteinases in vascular
smooth muscle: role of Xt-1. Circ Res 83:832–840

Weibel ER, Hsia CCW, Ochs M (2007) How much is there really?
Why stereology is essential in lung morphometry. J Appl Physiol
102:459–467

White FC, Bloor CM, McKirnan MD, Carroll SM (1998) Exercise
training in swine promotes growth of arteriolar bed and capillary
angiogenesis in heart. J Appl Physiol 85:1160–1168

WisloV U, Helgerud J, Kemi OJ, Ellingsen O (2001) Intensity-con-
trolled treadmill running in rats: VO(2 max) and cardiac hypertro-
phy. Am J Physiol Heart Circ Physiol 280:H1301–H1310

Yellon DM, Downey JM (2003) Preconditioning the myocardium:
from cellular physiology to clinical cardiology. Physiol Rev
83:1113–1151

Yoon YS, Johnson IA, Park JS, Diaz L, Losordo DW (2004) Therapeu-
tic myocardial angiogenesis with vascular endothelial growth fac-
tors. Mol Cell Biochem 264:63–74
123


	Partial persistence of exercise-induced myocardial angiogenesis following 4-week detraining in the rat
	Abstract
	Introduction
	Materials and methods
	Animals and training protocol
	Killing of the rats and heart conservation
	Light and electron microscopy
	Immunohistochemistry
	Gene expression
	Statistical analysis

	Results
	EVect of training and detraining on body, heart and muscle weights and evaluation of cardiac hypertrophy
	Capillaries, endothelial cell count and vascularization
	Electron microscopy
	Gene expression

	Discussion
	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [2834.646 2834.646]
>> setpagedevice


