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Summary. Twenty young female Sprague-Dawley rats were randomly 
assigned to 2 groups. Ten animals served as sedentary controls, the 
10 experimental animals were subjected to a training program with grad- 
ually increasing intensity of  18 weeks duration on a motor-driven tread- 
mill. The rats were fixed by retrograde vascular perfusion via the abdomi- 
nal aorta under anesthesia. Two transverse and 2 longitudinal sections 
per animal were selected at random from the left ventricular papillary 
muscles for light and electron microscopic stereological investigation. 
Length density and surface density of myocardial cells and capillaries 
were estimated with correction for partial anisotropy and curvature by 
means of the mathematical model of  a Dimroth Watson orientation 
distribution. Left and right ventricular weight increased by 20% in the 
exercise group (P<0.001), whereas body weight remained unchanged. 
Physical training led to a significant increase of heart muscle fiber cross- 
sectional area by 17% (P < 0.01). The ultrastructural volumetric compo- 
sition of  the myocardial cell cytoplasm by myofibrils, mitochondria, 
and sarcoplasmic matrix remained unchanged. Volume density, length 
density and surface density of capillaries, as well as capillary cross-sec- 
tional area and capillary anisotropy parameters were not significantly 
altered by training. From the data one concludes an increase of the 
3-dimensional capillary-fiber ratio by 19% (P<0.001). Thus physical 
training induces mild absolute biventricular cardiac hypertrophy in 
young female rats, in which capillary proliferation compensates for the 
increase of mean oxygen diffusion distance resulting from fiber thicken- 
ing, by supplying each unit of  fiber length by more units of capillary 
length. 
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Introduction 

Physical training of sufficient intensity and duration induces cardiac hyper- 
trophy in man and experimental animals. Capillary vascularization deserves 
particular interest, as recent evidence shows convincingly that coronary va- 
sodilator reserve is impaired in hearts with hypertrophy induced by chronic 
pressure overload (Holtz etal. 1977; Mueller etal. 1978; O'Keefe etal. 
1978; Breisch etal. 1984), but remains unchanged or is even augmented 
in hearts with hypertrophy induced by physical training (Laughlin et al. 
1978; Spear et al. 1978; Scheuer 1982). With respect to rat myocardium 
quantitative structural studies have been limited to trained male animals, 
using capillary density and capillary-fiber ratio as indicators of capillariza- 
tion (Scheuer and Tipton 1977; Scheuer 1982). However, male rats tend 
not to increase their food intake to cover the energy needs imposed by 
exercise, and their body weights fail to follow the normal growth curve; 
female rats have a compensatory increase in food intake, and their body 
weight follows a normal growth curve (Oscai et al. 1971 ; Scheuer and Tipton 
1977). As heart weight is strongly correlated to body weight, absolute hyper- 
trophy (increased absolute heart muscle mass) is rarely found in trained 
male rats but is easily induced in female rats. Moreover, capillary density 
and capillary-fiber ratio (estimated from transverse sections as number of 
capillary profiles per tissue area and as number of capillary profiles per 
muscle fiber profile) are less than optimal definitions of capillarization, 
because they depend not only on the extent of the capillary bed, but also 
on the three-dimensional capillary arrangement and on the state of muscular 
contraction (Mattfeldt and Mall 1984). Recently stereological methods have 
been developed which allow efficient and practically unbiased estimation 
of more meaningful definitions of capillary characteristics (Weibel 1980; 
Cruz-Orive et al. 1985). These methods are now standard for studies on 
skeletal muscle capillaries (Mathieu et al. 1983) and have been introduced 
by us into heart muscle stereology (Mattfeldt and Mall 1984; Mattfeldt 
et al. 1985). In the present study using these stereological techniques the 
hypothesis is tested, that compensatory capillary proliferation is induced 
in absolute left ventricular hypertrophy in female rats subjected to running 
exercise. This might account for the unchanged or augmented coronary 
vasodilator reserve of these hearts. The intellectual basis of the study is 
rooted in three props: modern quantitative stereology; in the conception 
of the "myocardial synergide" (Doerr 1971 ; Doerr and Rossner 1977) which 
implies that a meaningful evaluation of experimental myocardial changes 
requires the study of both muscular and non-muscular components of the 
myocardium; and in the pioneering studies of Linzbach (1947, 1960) who 
investigated the growth pattern of myocardial cells in the human heart 
and suggested that counting of muscle fiber profiles should be restricted 
to the papillary muscles, where sections of fixed orientation can be obtained 
reproducibly. 
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Methods 

Animal model 

Twenty young female Sprague-Dawley rats were randomly assigned to 2 equal groups. Ten 
animals served as sedentary controls, the i0 experimental animals were subjected to a training 
program of 18 weeks duration on a motor-driven treadmill with exact speed control (without 
slope). In the first 14 weeks duration and speed of running were gradually increased; in 
the last 4 weeks the animals ran 90 min per day at 6 days per week at a constant speed 
of 32 m/min. All rats were kept in single cages and received tap water and standard laboratory 
chow ad libitum. At the end of the training period the animals were fixed by retrograde 
perfusion at a pressure of 120 mm Hg after catheterization of the abdominal aorta. Before 
fixation the vascular system was flushed with a dextran solution (Rheomacrodex) containing 
procain-hydrochloride for 2 min which dilates the coronary arteries and their branches and 
leads to cardiac arrest in diastole. The inferior vena cava was incised to drain the blood 
10 s after starting the dextran infusion. This procedure counteracts the collaps of capillaries 
at low venous pressures. The vascular system was subsequently perfused with 0.2 mol phosphate 
buffer containing 3 % glutaraldehyde for 12 min. The wet weights of the left ventricle (including 
interventricular septum) and of the right ventricle were measured by a precision balance. 

Stereology 

Mammalian myocardium is a tissue built up nearly exclusively by a network of tubular struc- 
tures (muscle fibers and capillaries). Their geometrical properties can be described by the 
following stereological parameters: Vv, volume density per tissue volume; Sv, surface density 
per tissue volume; and Lv, length density per tissue volume. The papillary muscles are particu- 
larly suitable for a comprehensive stereological analysis of all these variables, because only 
here can the axis of anisotropy be detected macroscopically (as in skeletal muscle). Whereas 
the myocardial cells are indeed nearly perfectly parallel cylinders, previous studies have shown 
that this is not true for the myocardial capillary network; the latter is adaequately described 
by the stereological model of a Dimroth-Watson orientation distribution, which allows correc- 
tion of Lv and Sv estimates for partial anisotropy and curvature of capillaries, and provides 
quantification of the degree of parallel orientation in 3D space by dimensionless constants 
(Mattfeldt and Mall 1984). Note that the resulting estimates are "automatically" corrected 
for fixation in heterogeneous phases of the cardiac cycle. 

In practice both left ventricular papillary muscles were temporarily embedded in Agar-Agar 
and allocated randomly to either transverse or longitudinal sectioning. 200 gm thick slices 
were thus cut parallel or perpendicular to the macroscopic muscle axis by means of a Sorvall 
tissue sectioner (Mall et al. 1978; Mattfeldt et al. 1980). From both orientations 2 slices were 
selected for stereological evaluation by random numbers, postfixed in OsO4, dehydrated, and 
definitively embedded in Epon-Araldite. For light microscopic evaluation semithin sections 
of I gm nominal thickness were stained with Toluidin-Blue and examined with phase contrast 
and oil immersion (Fig. 1 and 2). Ultrathin sections from the same blocks were stained with 
lead citrate and uranyl acetate and analyzed with a Zeiss EM 10 electron microscope (Fig. 3). 
Stereological analysis was then performed as a multiple stage sampling procedure at 3 levels 
of final magnification. 

At Stage I (light microscopy, 2 transverse and 2 longitudinal sections per animal, final 
magnification 1,000 × ), systematic subsampling of 10 visual fields per section was performed. 
Volume densities of myocardial cells, capillaries, and interstitial tissue were estimated by point- 
counting. Boundary length of capillary profiles per tissue area, BA (~) (cap/tiss), was estimated 
for transverse (~=0) and longitudinal (~=z~/2) sections with an isotropic test grid (Merz 
1967) from the number of intersection counts per test line length, IL, using BA(Ct)=~/2*IL. 
The number of capillary profiles per tissue area, QA(c~) (cap/tiss), was estimated by using 
the unbiased counting frame (Gundersen 1977). From the ratios BA(O)/BA(Z/2) and QA(O)/ 
QA(~z/2) the anisotropy constants of the capillary surface and length elements, Ks and KL, 
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Fig. 1. Light micrograph of a transverse section of a left ventricular papillary muscle. Capillary 
profiles are easily delineated, whereas muscle cell boundaries cannot be distinguished with 
certainty. Semithin section, Toluidin-Blue. Final magnification x 1,250 

Fig. 2. Light micrograph of a longitudinal section of a left ventricular papillary muscle. Incon- 
spicuous arrangement of capillaries and muscle fibers which show normal sarcomeres and 
intercalated discs. Note partial anisotropy of capillaries: the tubules are cut in turn longitudin- 
ally, obliquely, and nearly transversely. Semithin section, Toluidin-Blue. Final magnification 
x 2,000 
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Fig. 3. Electron micrograph of a transverse section of a left ventricular papillary muscle. A 
capillary with 2 endothelial cells is accompanied by interstitial cells (arrowheads). The arrows 
indicate boundaries between myocardial cells, clearly discernible at the electron microscopic 
level only. Final magnification x 17,000 

of the Dimroth-Watson distribution were calculated as previously described in detail (Mathieu 
et al. 1983; Mattfeldt and Mall 1984). The stereological correction coefficients c(KL.s,0) were 
then calculated for each constant which provided estimates corrected for partial anisotropy: 

Sv (cap/tiss) = c (Ks,0) * BA (0) (cap/tiss) (1), 

Lv (cap/tiss) = C(KL,0) * QA (0)(cap/tiss) (2). 

At Stage H (electron microscopy, 2 transverse and 2 longitudinal ultrathin sections per animal, 
final magnification 4,000 x ) the number of myocardial cell profiles per tissue area was counted 
on 10 systematically selected visual fields per section. Length density of myocardial cells per 
tissue volume, Lv(myoc/tiss), was estimated using equation (2). In agreement with other groups 
we found that electron microscopic resolution is imperative for counting of myocardial cell 
profiles in hearts fixed by vascular perfusion because the width of the intercellular spaces 
lies below the resolution of light microscopy (Fig. 3; Loud et al. 1984). As we found that 
the relative bias due to partial anisotropy was negligible for myocardial cells in the left ventricu- 
lar papillary muscles (<  1%), anisotropy constants are displayed only for capillaries in the 
tables. 

At Stage III  (electron microscopy, 2 transverse ultrathin sections per animal, final magnifi- 
cation 41,460 x ) volume densities of myofibrils, mitochondria, and sarcoplasmic matrix per 
myocardial cell cytoplasmic volume were estimated by point-counting on 30 systematically 
selected visual fields per section. 

Finally estimates of mean " t rue"  cross-sectional areas ~ of capillaries and myocardial 
cells were obtained using the relation 

= Vv/L v (3) 

(Mathieu et al. 1983), and " t rue" ,  3D capillary-fiber ratios were obtained from the ratio 
Lv (cap/tiss)/Lv (myoc/tiss). Note the difference between ~ of capillaries and conventional capil- 
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Table 1. Baseline data 

Parameter Control group Exercise group Level of 
n = 10 n = 10 statistical 
Mean ± SEM Mean_+ SEM significance 

h Body weights 
Initial body weight [g] 115 ± 1 114 + 1 N.S. 
Final body weight [g] 284 ± 5 291 -+ 5 N.S. 

2. Heart weights 
Left ventricle 
(including septum) [mg] 769 ± 21 924 ± 23 P < 0.001 
Right ventricle [nag] 204 ± 5 239 + 6 P < 0.001 
Sum of both ventricles [mg] 973 ± 26 1,163 _+ 27 P < 0.001 

Table 2. Stereological results obtained by light microscopy 

Estimate Control group Exercise group Level of 
n = 10 n = 10 statistical 
Mean ± SEM Mean ± SEM significance 

1. Volume fractions per tissue volume 

Volume density of myocardial cells [%] 

Volume density of capillaries [%] 

Volume density of interstitial tissue [%] 

2. Surface area per tissue volume 

Boundary length of capillary profiles per 
tissue area in transverse sections, 
BA (0) (cap/tiss) [mm/mm 2] 

Boundary length of capillary profiles per 
tissue area in longitudinal sections, 
BA (n/2) (cap/tiss) [ram/ram 2] 

Anisotropy constant of capillary surface 
area elements, Ks 

Correction coefficient c (Ks, 0) 

Surface area of capillaries per tissue 
volume, Sv (cap/tiss) [mm2/mm 3] 

3. Length per tissue volume 

Number of capillary profiles per tissue 
area in transverse sections, QA (0) 
(cap/tiss) [mm- 2] 

Number of capillary profiles per tissue 
area in longitudinal sections, QA (~/2) 
(cap/tiss) [ram- 2] 

Anisotropy constant of capillary axes, KL 
Correction coefficient c (KL, 0) 

Length of capillaries per tissue volume, 
Lv (eap/tiss) [mm/mm a] 

Mean "true" capillary cross-sectional 
area [gm 21 

86.8 ±0.4 86.9 ±0.4 N.S. 

10.6 +_0.4 10.2 +0.5 N.S. 

2.6 -+0.3 2.9 ±0.5 N.S. 

65.7 ___2.2 65.4 ±1.4 N.S. 

45.5 _+1.2 42.7 ±1.5 N.S. 

-3 .7  ±0.9 -6 .1  +2.0 N.S. 

1.038 ±0.011 1.022±0.012 N.S. 

68.2±1.8 66.8 ±1.3 N.S. 

3,515 ±86 3,609 ± 125 N.S. 

687 _+46 643 ±40 N.S. 

+4.8 +0.6 +5.5 _+0.9 N.S. 
1.065+0.014 1.054_+0.011 N.S. 

3,744 +_75  3,803 _+115 N.S. 

28.3 +1.0 26.9 +_1.3 N.S. 
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Estimate Control group Exercise group Level of 
n = 10 n = 10 statistical 
Mean _+ SEM Mean -- SEM significance 

1. Myocardial cells 

Length of myocardial cells per tissue 2,995 _+ 134 2,543 + 78 
volume, Lv (myoc/tiss) [mm/mm 3] 

Mean " t rue"  myocardial cell cross-sect±o- 291 _ 13 340 ,+ 10 
nal area [gm 2] 

3-dimensional capillary-fiber ratio 1.26 _+ 0.04 1.50 _+ 0.04 

2. Ultrastructural volumetry of myocardial eell cytoplasm 

Volume density ofmyofibrils [%] 64.8 _+ 1.9 65.2 ,+ 1.0 

Volume density ofmitochondria [%] 26.5 ,+ 1.1 27.3 + 1.0 

Volumedensityofsarcoplasmicmatrix[%] 8.7 _+1.0 7.5 +0.7 

P<O.01 

P<O.01 

P < 0.001 

N.S. 

N.S. 

N.S. 

lary cross-sectional area which equals merely capillary profile area. Group means were com- 
pared by means of Student's t-test for unpaired data. A result was considered as statistically 
significant if the probability of error, P, was smaller than 0.05. 

Results 

There were no deaths and no signs of cardiac failure in either group. The 
training regimen led to a mild biventricular cardiac hypertrophy in the 
exercised rats with an increase of absolute heart weight by 20% at un- 
changed body weight (Table 1). Light and electron microscopic examination 
disclosed no striking structural abnormalities in the hearts of the control 
and experimental animals. Likewise, careful electron microscopic scrutiny 
of the intercellular spaces did not disclose collapsed capillary lumina, indi- 
cating that fixation by vascular perfusion had probably opened all capillar- 
ies. The stereological results are displayed in Table 2 and 3 and may be 
summarized as follows: hypertrophy is documented by an increase of mean 
cross-sectional area of the myocardial cell by 17% (P<0.01), as estimated 
via equation (3) from a decreased length density at unchanged volume den- 
sity of the myocardial cells. Fiber growth is not accompanied by any alter- 
ations of the volume densities of myofibrils, mitochondria, and sarcoplasmic 
matrix within the myocardial cell cytoplasm. The central finding is the fact 
that volume, surface area, and length of capillaries per tissue volume, as 
well as mean " t rue"  capillary cross-sectional area, and 3D capillary orienta- 
tion pattern remain completely unaltered despite myocardial cell thickening. 
Consequently 3D capillary-fiber ratio is augmented by 19% (P<0.001). 
Thus capillary proliferation is documented which compensates myocardial 
cell thickening by supplying each mm fiber length with more mm capillary 
length. 
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Discussion 

The present study confirms earlier observations that adaptation to a pro- 
longed training program can induce absolute cardiac hypertrophy in young 
female rats (Oscai et al. 1971 ; Schaible and Scheuer 1981). Like many pre- 
vious investigators we found symmetrical hypertrophy of both cardiac ven- 
tricles after training (Hort 1951; Van Liere et al. 1965; Lin et al 1977; Hort 
et al. 1985), indicating that cardiac muscle mass increases due to an en- 
hanced volume load. With respect to intensity we consider our training 
program to be a mild exercise regimen, since speed and duration of running 
were increased gradually in small physiological steps, and hypertrophy in 
the range of 20% within 4.5 months is much less than the high increases 
in heart weight often brought about by experimental sudden severe pressure 
overload. In addition there were no signs of cardiac failure. 

Restriction of the sampling universe to the left ventricular papillary 
muscles might be considered to be a possible limitation of the present study. 
However, it is highly improbable that the growth response of the papillary 
muscle differs appreciably from that of the remaining myocardium for the 
following reasons. Volume load, in general, induces harmonic cardiac hyper- 
trophy with proportionate increase of fiber width and length (Hort 1951 ; 
Linzbach 1960; Lin et al. 1977; Hort et al. 1985). Assuming pure cell growth 
without cell division (Claycomb 1975), myocardial cell length density should, 
at 20% hypertrophy, decrease to 1.2 .2/3 =89% of the control value - this 
is in close agreement with the observed decrease of myocardial cell length 
density to 85% observed in the papillary muscles. Moreover, studies on 
capillarization and ultrastructure in cardiac hypertrophy induced by pres- 
sure overload have provided very similar results in samples from the papil- 
lary muscles as are known to occur in the remaining left ventricular myocar- 
dium (Anversa et al. 1980). Finally, it should be kept in mind that the 
widely acknowledged concept of muscle fiber growth below and above the 
"critical heart weight" - introduced in the pioneering investigations of Linz- 
bach (1947, 1960), later confirmed by others (Astorri et al. 1977) - was 
essentially obtained by morphometric analysis of the papillary muscles. Thus 
the drawback of a limited sampling universe appears to be more than coun- 
terbalanced by the unique opportunity of quantifying 3D capillary geome- 
try. 

For the first time anisotropic stereology has shown unambiguously, 
with exclusion of the possible geometrical biases, that exercise conditioning 
produces capillary proliferation in left ventricular myocardial hypertrophy 
of young female rats after repeated physical exercise. The data offer a possi- 
ble microstructural equivalent to the physiological observation that coro- 
nary vasodilator reserve is impaired in hypertrophy induced by pressure 
overload but not in exercise-induced hypertrophy (Holtz et al. 1977; Laugh- 
lin etal. 1978; Mueller etal. 1978; O'Keefe etal. 1978; Spear etal. 1978; 
Scheuer 1982; Breisch et al. 1984). Coronary vasodilator reserve corresponds 
to the minimal coronary vascular resistance and is measured at maximum 
coronary vasodilation. After complete relaxation of the muscular vessels, 
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capillary resistance will most probably represent a major component of 
total vascular resistance per unit tissue volume. Under this assumption ste- 
reology indeed correctly predicts the different functional behaviour of the 
microcirculation. From the present data one predicts an unchanged coro- 
nary vasodilator reserve in exercise-induced hypertrophy, because length 
density and mean " t rue"  cross-sectional area of capillaries remain un- 
changed. Moreover, the reduced capillary density found in many morpho- 
metric studies on hypertrophy induced by pressure overload (e.g. Breisch 
et al. 1984) correctly anticipates a reduced coronary vasodilator reserve. 
As impaired coronary vasodilator reserve in hypertrophy induced by pres- 
sure overload is associated with increased size of experimental acute myocar- 
dial infarction (Koyanagi et al. 1982), whereas a diminished size of experi- 
mental acute myocardial infarction was observed after physical training 
(McElroy et al. 1978; Tornling 1982), capillary stereology might be a factor 
with respect to tolerance of ischaemia-induced myocardial damage. 

Myocardial capillary proliferation after physical training has been indi- 
cated by enhanced planar capillary-fiber ratios or increased capillary densi- 
ties in a number of studies using various methods of vascular perfusion 
(Leon and Bloor 1968; Bloor and Leon 1970; Tomanek 1970; Bell and 
Rasmussen 1974; McElroy et al. 1978; Anversa et al. 1983). It was shown 
that incorporation of [3H]-thymidine into capillary wall cells is enhanced 
after physical training (Ljungqvist and Unge 1977; Tornling 1982). More- 
over, a recent study provides evidence that endurance exercise stimulates 
capillary growth in the face of hypertension and ventricular hypertrophy 
in spontaneously hypertensive rats (Crisman et al. 1985). In general, prolifer- 
ation of myocardial capillaries and/or capillary endothelial cells can be ob- 
served at a variety of experimental conditions, e.g. chronic hypoxia (Fried- 
man et al. 1973), prolonged application of the powerful coronary vasodilator 
dipyridamole (Tornling etal. 1978; Tornling 1982; Mattfeldt and Mall 
1983), chronic ethanol administration to rats and rabbits (Mall et al. 1980, 
1982), and chronic bradycardial pacing (Wright and Hudlicka, 1981). The 
common denominator of all these studies is an enhancement of myocardial 
blood flow. As each exercise bout leads to a vigorous increase of myocardial 
perfusion (e.g. Pannier and Leusen 1977), the present study confirms the 
well-known hypothesis that increased myocardial blood flow is an important 
stimulus for capillary neoformation in mammalian myocardian (recent re- 
views: Hudlicka 1982; Tornling 1982). Recently the effect of different train- 
ing intensities was compared in a series of studies (Anversa et al. 1982, 
1983, 1985; Loud et al. 1984). These studies indicate that capillary prolifera- 
tion might be limited to mild exercise regimens, whereas strenuous exercise 
fails to evoke capillary neoformation. This discrepancy could be due to 
a nonspecific stress reaction in strenuous regimens and/or to an inability 
of the capillary bed to counterbalancing excessive fiber thickening by com- 
pensatory proliferation. Moreover, several lines of evidence suggest that 
the capacity of capillary neoformation may be limited to young animals 
(Tomanek 1970; Tornling et al. 1978). Thus age, sex and species, as well 
as the specific exercise regimen, must be properly considered when evatuat- 
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ing the capillary proliferative response of the myocardium in training pro- 
grams. 

Muscle fiber growth induced by training was not accompanied by any 
alterations of the volume densities of myofibrils, mitochondria, and sarco- 
plasmic matrix within the myocardial cell cytoplasm. Consequently the mito- 
chondria-to-myofibril volume ratio, a frequently used defining characteristic 
of myocardial cell ultrastructure in investigations on cardiac hypertrophy 
and insufficiency, remained unchanged. This finding confirms the results 
of other authors (Bozner and Meessen 1969) and is in agreement with the 
recent observation that exercise training can normalize the disproportionate 
growth of these organelles in spontaneously hypertensive rats (Crisman and 
Tomanek 1985). Training facilitates a proportional growth of energy-supply- 
ing and energy-consuming organelles. Thus stereological methods support 
the concept of "physiological hypertrophy" by documenting both capillary 
proliferation at the light microscopic level and a completely adaequate 
growth response of the muscle fiber at the ultrastructural level. 
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