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Abstract  D N A  content, ploidy level, cell size and nucle- 
ar number  were investigated in 54 mammal ian  hearts 
f rom nine species. D N A  content was determined bio- 
chemically and ploidy level o f  cells was studied by the 
means o f  Feulgen cytophotometry.  Nuclear  number  was 
calculated by a new method, while cell size was deter- 
mined by using ocular micrometry. In most  mammals  
diploid cell nuclei predominate. Higher ploidy levels 
were found in the human and the pig hearts. The total 
amount  o f  D N A  correlated with the myocardial  weight. 
Eight million heart muscle cell nuclei were found in mice 
(myocardial  weight  160 rag), and 2600 million heart 
muscle cell nuclei in the human heart (myocardial  weight  
210 g), but in the hearts of  horses up to 35 000 million 
heart muscle cell nuclei (myocardial  weight  3.4 kg) were 
found. The number  o f  heart muscle and connective tissue 
cell nuclei was correlated with myocardial  weight. The 
ratio o f  connective tissue cell nuclei to heart muscle cell 
nuclei was between 2:1 and 3:1. In cardiac growth this ra- 
tio shifted towards connective tissue cell nuclei. Increased 
heart weight  corresponds to an increase in cell size. Di- 
ameter between 11 g m  and 18 g m  may  be an opt imum 
for heart muscle cells o f  mammals .  

Key words  Heart muscle cell - Cytophotomet ry  • 
Myocardia l  D N A  content - Nuclear  number  • Mammals  

Introduction 

At the beginning of  the 1950s several authors described 
the cellular structure of  the human myoca rd ium by using 
electron mic roscopy  [7, 29, 33], and a first calculation of  
the absolute number  o f  nuclei was possible using a corn- 
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bination of  cytophotometr ic ,  h is tomorphological  and 
biochemical  methods of  D N A  measurement  [1]. It was 
found that in contrast  to most  o f  the experimental  ani- 
mals studied (cat, dog, bull), in which diploid cell nuclei 
predominated,  the heart muscle cells of  human and pri- 
mate hearts contained polyploid  nuclei [4, 11, 31 ]. 

Normal  heart size depends on myocyte  volume and 
mass, and number  of  cells and nuclei. The aim of  this 
study was to compare  the degree of  polyploidization,  
D N A  content, cell size and nuclei number  o f  the myocar-  
dium in different mammals .  

Materials and methods 

A total of 54 mammalian hearts (6 mice, 7 rats, 6 rabbits, 6 dogs, 
5 sheep, 6 pigs, 6 humans, 5 oxen and 7 horses) were studied. 
Post-mortem examinations were carried out within 24 h of death. 
After weighing (autopsy weigh), the hearts were freed from ves- 
sels, atria, heart valves, tendinous fibres and subepicardial fatty 
tissue [26]. Samples of muscle tissue measuring 3 cm 3 'were stud- 
ied biochemically and cytophotometrically at different sites of 
both ventricles - anterior wall right ventricle (1), posterior wall 
right ventricle (2), pulmonary outflow tract (3), anterior (4) and 
posterior (5) wall of the left ventricle and the septum (6). Because 
of the size of the heart in the mouse, rat and rabbit a method ad- 
justed to the heart weight was used. Ventricles of the rabbits were 
divided into the right and left parts. Small samples were taken 
from both ventricles for histological investigation; the rest of the 
right ventricle and the left ventricle, which was divided into three 
parts, was used for cytophotometric and biochemical investigation. 
Small samples of heart muscle of mouse and rat were taken for 
histological investigation, and the rest of the myocardium for bio- 
chemical and cytophotometric DNA measurement. 

After the fresh weight had been determined, the tissue pieces, 
weighing approximately 1.5 g, were minced, mechanically homo- 
genised and centrifuged. The sediment was washed three to five 
times in 0.25 tool perchloride acid and hydrolysated subsequently 
in 0.5 mol perchloride at 90°C. Following centrifugation of the hy- 
drolysate, the total DNA was found in the precipitate. Quantitative 
DNA determination was done according to the diphenylamine re- 
action [12, 13]: 1 ml hydrolysate + 3 ml diphenylamine reagent 
(1.5 g diphenylamine in 100 ml glacial acetic acid + 1.5 ml con- 
centrated sulphuric acid) were incubated for 17 h at room temper- 
ature. Before use, 20 ml of the diphenylamine reagent was added 
to 1 ml of a freshly prepared acetaldehyde solution (9.8 ml dis- 
tilled water + 0.2 ml acetaldehyde). For controls we used Salm 
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DNA (Carl Roth, Karlsruhe, Germany) with a standard solution 
containing 10 mg DNA in 40 ml 0.5% perchloride acid. For ex- 
tinction measurement of the DNA solutions a spectral photometer 
PQM II (Carl Zeiss, Oberkochen) was used at a wave length of 
595 nm (filter 0). 

To determine the numerical ratio of heart muscle cell nu- 
clei/connective tissue cell nuclei to cell size, conventionally pro- 
cessed paraffin-embedded material in 5-btm sections was used. 
The number  of connective tissue cell nuclei per 100 heart muscle 
cell nuclei was counted. Longitudinally orientated fibres were tak- 
en for analysis. 

Ocular micrometry was used to determine the cell size of heart 
muscle cells at the focal plane of the nucleus. 

Tissue samples with a volume of 0.5 cm 3 were mechanically 
homogenised using an Ultra-Turrax (Janke and Kunkel, Staufen i. 
Br., Germany) in 3 ml of cooled physiological saline solution. A 
few drops of the homogenisate were spread on glass slides. After 
the material had been dried, it was fixed in a Carnoy solution for 
1 h, put into 96% alcohol for 2x15 min and into distilled water for 
5 min. The smear preparations were then stained according to 
Feulgen [15] (hydrolysis in HC1 for 12 min at 60°C0 Schiff 's re- 
agent according to Graumann 1953 [18]). Stained bull spermato- 
zoa were used as control for haploid DNA content. Fifty nuclei per 
sampling area were then measured on a Deeley integrating micro- 
densitometer (Barr and Stroud, Glasgow, Scotland), i.e. a total of 
400 nuclei per heart. Mean values of myocyte ploidy classes dif- 
fered by no more than 3%. To investigate reproducibility we per- 
formed repeated measurements. Five samples of the same site 
were studied (SE _+ 0.05) [21]. 

The absolute number of heart muscle cell nuclei can be ob- 
tained from the values of the total DNA amount in the myocardi- 
um determined by biochemical measurements, the percentage pro- 
portion of the various ploidy classes in the muscle nuclei, the nu- 
merical ratio of connective tissue cell nuclei to heart muscle cell 
nuclei and the pure weight of the myocardium [1, 5]. First of all, 
mean DNA amount of heart cells was determined (taking into ac- 
count the percentage proportion of the various ploidy classes): 

2Cnucleus=NCTcN+N2c+ l.5 N3c+ 2N4c+ 3N6c+4Nsc 
+.../(NcscN+100 HMCN) 

where CTCN = connective tissue cell nucleus; HMCN = heart 
muscle cell nuclei; 2Cnuoleu s = mean DNA amount; NCTCN = num- 
ber of CTCN/100 HMCN = number  of genomes of CTCN/100 
HMCN, because CTCN are diploid; N2c = number  of genomes 
with regard to the percentage of diploid heart muscle cell nuclei; 
1.5N3o = number  of genomes with regard to the percentage of trip- 
loid heart muscle cell nuclei, etc. 

Since 6x10 -12 g DNA are present within a diploid cell nucleus 
[36], it is possible to determine the median DNA amount found in 
the total genomes: 

DNA amountnucleu s =2Cnucleu s x 6x10 ~2 g 

The total number  of cell nuclei is calculated from the ratio of the 
biochemically estimated total amount of DNA in the myocardium 

Table 1 Percentage distribution of the ploidy classes of heart 
muscle cell nuclei in hearts of the different species 

Species 2c 4c 6c 8c 12c 16c 
(%) (%) (%) (%) (%) (%) 

Mouse 89.3 10.3 0.6 - - - 
Rat 97.1 2.6 . . . .  
Rabbit  96.3 3.6 . . . .  
Dog 98.1 1.9 . . . .  
Sheep 96.6 7.5 . . . .  
Pig 77.6 16.8 1.3 2.2 0.2 - 
Human 20.5 56.7 1.1 20 0.7 1.1 
Ox 97.1 2.7 0.2 - - - 
Horse 98.8 1.2 . . . .  

and the total amount of the genome determined on the basis of cy- 
tophotometric measurements: 

Xtotal number of nuclei = total DNA amount/(2qaucleus x 6x 10 -12 g) 

and the ratio of the total number of connective tissue cell nuclei to 
total numer of cell nuclei correlates with the numerical ratio of 

T a b l e 2  Total heart weight (THW), total myocardial weight 
(TMW), biochemically determined DNA concentration (conc) and 
total amount of DNA 

Species No THW TMW DNA conc DNA 
(g) (g) (rag/g) (rag) 

Mouse 1 0.26 0.16 0.91 0.15 
2 0.26 0.17 0.91 0.16 
3 0.26 0.19 0.91 0.17 
4 0.26 0.17 0.91 0.16 
5 0.32 0.20 1.10 0.22 
6 0.32 0.24 1.10 0.26 

Rat 1 0.75 0.48 0.80 0.38 
2 0.76 0.65 1.10 0.71 
3 0.77 0.55 1.17 0.64 
4 0.84 0.60 1.09 0.65 
5 0.87 0.59 1.20 0.71 
6 0.94 0.62 1.11 0.69 
7 1.01 0.65 0.89 0.58 

Rabbit  1 6.74 4.34 0.46 2.00 
2 6.95 5.41 0.47 2.53 
3 7.28 5.19 0.51 2.63 
4 8.00 6.23 0.36 2.25 
5 9.60 5.74 0.38 2.18 
6 11.1 6.44 0.41 2.61 

Dog 1 58.3 41.1 0.53 21.93 
2 81.0 59.7 0.47 28.23 
3 106 83.9 0.41 34.26 
4 124 82.7 0.54 45.00 
5 141 91.0 0.47 42.69 
6 173 110 0.35 38.89 

Sheep 1 158 112 0.34 38.53 
2 160 102 0.31 31.55 
3 185 115 0.33 37.49 
4 250 167 0.30 50.44 
5 257 184 0.35 63.46 

Pig 1 38 24 1.48 35.39 
2 328 208 0.35 71.47 
3 350 205 0.27 54.52 
4 672 511 0.30 151.9 
5 647 455 0.31 138.8 
6 743 458 0.34 156.8 

Human 1 250 143 0.29 41.46 
2 317 222 0.25 54.65 
3 330 150 0.35 51.81 
4 390 172 0.30 52.14 
5 450 212 0.40 85.17 
6 590 389 0.27 104.4 

Ox 1 337 220 0.76 167.3 
2 1751 1196 0.30 355.3 
3 2113 1382 0.36 498.7 
4 2364 1712 0.22 380.9 
5 2743 1901 0.25 483.6 

Horse 1 553 406 1.24 502.1 
2 1508 1270 0.30 382.6 
3 2040 1820 0.31 555.9 
4 2910 2267 0.33 748.2 
5 3232 2353 0.23 544.9 
6 4313 3304 0.24 804.0 
7 4900 3475 0.26 904.9 



Table 3 Size of heart muscle 
cell (LV left ventricle, RV right 
ventricle, sd standard deviation, 
m mean value of cell size in 
heart, M mean value of cell size 
within the species (V variance, 
SD standard deviation) 

Species 1 2 3 4 5 6 7 M V SD 
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Mice LV m 14.0 12.1 11.8 12.7 13.1 13.8 12.9 0.8 -+0.8 
sd +2.9 +2.5 -+2.5 -+2.6  -+2.5 +3.1 

Rat LV m 10.7 11.5 12.5 12.6 12.5 12.3 12.5 12.1 0.5 +0.7 
sd +2.9 +2.2 _+2.3 +2.6 _+2.3 _+2.2 +2.6 

Rabbit RV m 10.9 7.4 13.6 13.6 12.2 12.9 11.7 5.6 _+2.4 
sd _+2.9 +2.0 _+3.4 _+3.7 +3.8 _+2.7 

LV m 10.9 7.3 12.6 13.6 12.1 13.0 11.6 5.3 _+2.3 
sd -+3.0 + 1.9 -+3.4 -+3.3 ___3.7 +2.9 

Dog RV m 16.0 14.1 14.7 14.4 16.1 19.4 15.7 3.9 _+1.9 
sd -+4.2 -+3.2  +3.1 -+3.7  +2.5 +3.6 

LV m 15.4 14.0 14.2 14.2 15.8 18.3 15.3 2.7 +1.6 
sd +3.7 -+3.5  _+3.3 +3.8 _+2.8 _+3.7 

Sheep RV m 10.2 12.2 9.9 11.7 11.6 10.9 1.0 -+1.0 
sd +2.3 _+2.1 -+2.3 +3.0 +2.7 

LV m 12.0 11.5 12.1 12.0 11.5 11.8 ..0.1 _+0.1 
sd _+2.8 _+2.5 _+2.3 _+3.7 +2.6 

Pig RV m 5.2 12.5 12.9 15.0 16.0 14.9 14.3 2.3 -+1.5 
sd _+1.3 -+3.5  _+3.3 -+5.2  -+6.6 -+4.5 

LV m 6.0 13.0 15.7 19.6 16.8 13.0 15.6 7.7 +2.8 
sd _+1.3 _+3.4 _+4.7 _+5.7 _+4.3 _+3.6 

Human RV m 12.1 12.5 13.7 14.3 18.0 17.2 14.6 6.0 _+2.4 
sd _+1.5 _+1.7 _+1.2 +0.8 _+1.9 _+2.0 

LV m 13.6 13.3 14.7 16.1 18.8 19.5 16.0 6.7 _+2.6 
sd _+1.2 -+2.2 +1.4 +2.8 -+0.8 -+2.2 

Ox RV m 7.1 14.8 15.1 15.3 15.2 15.1 0.1 -+0.2 
sd +2.3 _+4.1 +3.3 _+3.1 _+3.0 

LV m 6.7 17.7 15.9 17.7 17.1 17.1 0.7 _+0.8 
sd _+2.5 +3.6 _+3.5 +2.9 _+3.2 

Horse RV m 8.0 14.8 14.9 14.5 12.7 17.7 15.7 14.1 2.6 +1.6 
sd _+1.8 +4.2 +4.2 _+3.2 +3.1 _+4.2 _+3.3 

LV m 6.6 15.9 17.1 17.7 17.8 17.2 16.3 17.0 0.6 _+0.7 
sd _+1.6 _+4.9 _+4.7 _+4.2 _+4.7 _+4.7 _+3.7 

(number of CTNC/100 HMCN) to ((number of CTNC/100 
HMCN)+100 HMCN): 

Ntotal number of CTcN/Ntotal  number of nuclei = N C T C N / ( N c T c N +  1 0 0  H M C N )  

The total number of connective tissue cell nuclei can be calculated 
from: 

Ntotal number of CTCN ---- N C T C N / ( N c T c N +  100HMCN ) X Ntota I number of nuclei 

and the number of heart muscle cell nuclei, from: 

Nnumber of HMCN ---- Ntotal number of nuclei - N total number of CTCN 

Results 

Table  1 presents  the d is t r ibut ion  o f  the p lo idy  classes  of  
the di f ferent  species .  Ca lcu la t ions  were  made  on the ba-  
sis o f  the average  D N A  content .  In mos t  of  the species  
cell  nucle i  wi th  2c D N A  predomina te .  4c D N A  nucle i  
were  found  in 0 . 3 3 - 4 % ,  and sporad ica l ly  in up to 10%. 
In human  m y o c a r d i u m  20.5% 2c DNA,  56.7% 4c D N A  
and h igher  p lo idy  nucle i  cou ld  be found. In hearts  o f  
p igs  77.6% 2c D N A  and 17.8% 4c D N A  nucle i  were  de-  
tected.  As  in the human  m y o c a r d i u m ,  nucle i  of  h igher  
p lo idy  were  observed.  

A u t o p s y  weight ,  p repara t ion  weight ,  b i o c h e m i c a l l y  
es t ima ted  D N A  concent ra t ion  (mean  value  o f  the six 
sites) and total  amount  o f  D N A  (product  o f  m y o c a r d i a l  

weight  mul t ip l i ed  by  the mean  D N A  concent ra t ion)  are 
shown in Table 2. 

We found  a mean  D N A  concent ra t ion  o f  1 mg/g  in 
mice;  in the hearts  of  horses  the mean  D N A  concentra-  
t ion was be tween  0.2 mg/g  and 0.3 mg/g.  For  cor re la t ion  
analys is  we  exc luded  one hear t  each  f rom the groups  o f  
pig, ox and horse  hearts,  as these  were  f rom neonates .  As  
m y o c a r d i a l  we igh t  inc reased  we found  a decrease  in 
D N A  concent ra t ion  [ l og (DNA concent ra t ion)  = -0 .15  
l o g ( m y o c a r d i a l  we igh t ) -0 .12 ;  r = 0.9155; P < 0.001]. 
The  total  amount  of  D N A  corre la tes  with my oca rd i a l  
weight  [ ( l og (DNA amount)  = 0.85 l og (myoca rd i a l  
we igh t ) -0 .12 ;  r = 0.997; P < 0.001)].  

Table  3 shows the cell  size of  hear t  musc le  cells.  De-  
t e rmina t ion  of  the cell  s ize in mice  and rats was poss ib le  
in hear t  musc le  cel ls  o f  the left  ventr ic le  and in all other  
spec ies  both vent r ic les  were  invest igated.  The  cel l  s ize of  
the left  vent r ic le  was, on average,  12.9 g m  (mouse) ,  
16 ~tm (human)  and 17 g m  (horse).  An  increase  in body  
weight  f rom 0.02 kg (mouse)  to 600 kg  (horse)  corre-  
sponds  to an increase  in cel l  s ize o f  4 - 5  gm.  The  hear t  
musc le  cel ls  of  g rowing  m a m m a l s  were  smaller.  In con- 
trast  to the r ight  ventr icle ,  the cel l  s ize o f  the left  ventr i -  
cle is 1 0 - 2 0 %  bigger.  

To ca lcula te  the absolu te  number  o f  heart  musc le  cell  
nucle i  the rat io o f  connec t ive  t issue cell  nucle i /100 hear t  
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Table 4 Numeric ratio of connective tissue cell nuclei 
(CTCN)/100 heart muscle cell nuclei (HMCN), total number of 
connective tissue cell nuclei, total number of heart muscle cell nu- 
clei and total number of cell nuclei (N) 

Species No CTCN/100 CTCN HMCN N 
HMCN xl09 xl09 xl09 

Mouse 1 3.13 0.018 0.006 0.024 
2 2.68 0.019 0.007 0.026 
3 2.92 0.021 0.007 0.028 
4 2.73 0.018 0.007 0.025 
5 2.44 0.024 0.010 0.034 
6 3.21 0.033 0.010 0.043 

Rat 1 3.57 0.050 0.014 0.064 
2 3.14 0.090 0.027 0.117 
3 2.97 0.081 0.027 0.108 
4 3.22 0.084 0.024 0.108 
5 3.24 0.086 0.027 0.113 
6 2.98 0.085 0.029 0.114 
7 3.35 0.074 0.022 0.096 

Rabbit 1 2.38 0.231 0.099 0.330 
2 2.58 0.303 0.113 0.416 
3 2.39 0.313 0.120 0.433 
4 2.43 0.306 0.132 0.438 
5 2.66 0.264 0.097 0.361 
6 2.80 0.317 0.114 0.431 

Dog 1 2.27 2.216 1.002 3.218 
2 1.94 3.113 1.554 4,667 
3 2.36 4.122 1.553 5.675 
4 2.61 5.384 2.050 7,434 
5 2.13 4.174 2.001 6.175 
6 2.57 4.309 1.655 5.964 

Sheep 1 2.42 4.559 1.809 6.368 
2 2.10 3.583 1.609 5.192 
3 2.13 4.171 2.079 6.250 
4 2.08 5.538 2.784 8.322 
5 3.40 8.129 2.326 10.45 

Pig 1 0.81 2.592 2.275 4.867 
2 2.82 8.058 1.153 9.211 
3 1.34 4.503 1.502 6.005 
4 1.3 12.96 3.832 16.79 
5 2.94 15.63 2.322 17.95 
6 2.41 15.12 2.262 17.38 

Human 1 2.73 3.307 1.193 4.500 
2 2.04 3.786 1.826 5.612 
3 2.53 4.892 1.988 6.880 
4 1.93 3.915 2.010 5.925 
5 2.54 6.483 2.598 9.081 
6 1.76 6.160 3.301 9.461 

Ox 1 1.64 16.13 9.909 26.04 
2 2.16 40.18 18.51 58.69 
3 2.39 57.38 24.61 81.99 
4 2.79 47.35 15.96 63.31 
5 2.42 57.41 22.01 79.43 

Horse 1 0.77 33.24 4.942 38.18 
2 2.75 46.58 16.66 62.24 
3 2.9 86.66 23.65 110.3 
4 2.29 84.83 37.79 122.6 
5 2.72 67.25 23.28 90.53 
6 2.82 99.17 34.63 133.8 
7 3.16 113.3 34.93 148.2 

muscle cell nuclei was used (Table 4). The ratio was be- 
tween 2 and 3 (in most of  the rats > 3), and no significant 
difference in the ratio was found between the left and 
right ventricles. In the hearts of neonatal mammals  this 
numerical ratio was higher. The number of  connective 

tissue cell nuclei was used as a reference point for capil- 
lary numbers, showing that the density of  capillaries is 
increased 2-3 times in adult hearts. 

The number of  heart muscle cell nuclei, connective 
tissue cell nuclei and absolute number of  cell nuclei are 
shown in Table 4. A correlation between number of  heart 
muscle cell nuclei and myocardial  weight was found 
[log(number of  heart muscle cells) = 0.85 log(myocar- 
dial weight)-0.98; r = 0.992; P < 0.001] (Fig. 1). The 
number of  connective tissue cell nuclei [log(number of  
connective tissue cell nuclei) = 0.84 log(myocardial 
weight)- l .5 ;  r = 0.992; P < 0.001] and total number of  
cell nuclei [log(total number of  cell nuclei) = 0.84 log 
(myocardial weight)-0.91; r = 0.994; P < 0.001] corre- 
lates with myocardial  weight. 

Discussion 

We examined whether the myocardial  DNA content and 
number of  cell nuclei varies in different mammals.  The 
main finding is the great variability of myocyte ploidy. In 
all species, nuclei with a DNA content higher than 2c 
were found, and on average in mouse hearts 90% of the 
cell nuclei were diploid and 10% tetraploid. In rats only 
2 -8% of cell nuclei were tetrapolid, in agreement with 
other investigations [19, 38]. In rabbits, dogs and oxen, 
hearts contain about 2 -7% tetraploid cells. The percent- 
age of tetraploid cell nuclei in the hearts of  horses is low; 
we found 1-2% 4c DNA nuclei. There were different 
finding in the hearts of  pigs, where besides the diploid 
nuclei (75%) and tetraploid nuclei (20%), 6c (1.6%), 8c 
(2.6%) and 12c DNA (1%) were found. The correlation 
between ploidisation and weight in the human myocardi-  
um agrees with the data of  others [3, 10, 11, 16, 17, 32]. 
Up to the age of 7 years, diploid nuclei predominate in 
human myocardium [1, 2, 14, 28]. At the age of 8 years 
the extent of polyploidy increases, and tetraploid cell nu- 
clei prevail in the myocardium. Similar findings were 
made in pigs. In the heart of the neonatal pig 95% dip- 
loid and 5% tetraploid cell nuclei were found. At 4-5 
months after birth the percentage of 2c DNA decreases 
to 10-15% and cell nuclei with higher ploidy level in- 
crease. 

The factors that causes polyploidisation are unknown; 
various mechanisms have been discussed [30]. Why is 
polyploidisation only found in primates and pigs? In- 
creased functional activity may induce an increase of  
polyploidisation. It has been shown that the intensity of  
metabolism and the rate of  functioning of the cell is de- 
termined by the sum of its nuclei [8] and that replace- 
ment of  cell divisions by polyploidisation may itself be 
favourable for permanently functioning cells, since poly- 
ploidisation does not require the reconstruction of cell 
junctions and extracellular structures [27]. However, in 
the horses studied, all but one of which were working an- 
imals, tetraploid cell nuclei were only 1-2% of the total. 
The ability to establish polyploidy may thus be geneti- 
cally determined. 



Fig. 1 Correlation between 
number of heart muscle cell nu- 
clei and myocardial weight (9 
species; hearts of neonatal 
mammals are marked with a 
circle) 
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Three percent aneuploid cell nuclei were found in 
hearts of pigs. The mechanisms of cell division and poly- 
ploidisation are basically the same in pigs, and incom- 
plete (polyploidising) mitosis prevails in cardiac my- 
ocytes, as in many other mature cells (see [8, 35]). 

With increasing myocardial weight the DNA concen- 
tration decreases. The DNA concentration was higher in 
neonatal hearts, and a lack of proportionality between 
DNA content (cell ploidy) and protein content has been 
detected in neonatal human hearts [14]. However it is 
also found in adult human hearts [9, 10]. A decrease of 
the DNA content in the myocardium of growing children 
and, to a lesser extent, in the myocardium of adults up to 
the 5th decade of life has been reported [23]. Later in life 
the amount of DNA increases slightly and it appears to 
be produced mainly in the interstitium. In the hearts of 
oxen and pigs similar findings have been observed dur- 
ing cardiac growth [34]. In all species the total DNA 
content of the myocardium is closely correlated with the 
weight of the individual heart. 

Many authors have studied the size of the heart mus- 
cle cell [6, 22, 37], the average cell size reported being 
between 11 ~tm and 18 p~m. The structural changes can 
be explained by hypertrophy, and from an increased 
muscle mass in hypertrophied hearts enlargement of the 

individual heart muscle cells must be assumed. In the hu- 
man heart (heart 4), the 20-~tm mean cell size was calcu- 
lated from a myocardial weight of 511 g and body 
weight of 116 kg. However, pigs with a weight of 200 kg 
did not have myocardial weights > 500 g. The size of 
heart muscle cells of one dog (6) exceeded the cell size 
of the other dogs; in this case the causes of the hypertro- 
phy have to be discussed, 

A similar structure of heart muscle cells is found in 
different species [20], and myocardial cell function de- 
pends on the distance of diffusion (critically between 
11 ~tm and 18 ~tm). This does not differ between mice 
and whales, the smallest and the largest mammals [6]. 

An increased muscle mass in hypertrophied hearts is 
accompanied by enlargement of heart muscle cells [24, 
25] and an increase in DNA content [1, 5]. This is brought 
about by increased DNA synthesis leading to polyploidi- 
sation of the nuclei [4]. Our morphological findings point 
to an increased number of heart muscle cell nuclei as 
myocardial weight increases in different species. 

On average we found 8 million heart muscle cell nu- 
clei in mice, 20 million in rats, 100 million in rabbits, 
1500 million in dogs, 2000 million in sheep, 2200 in 
pigs, 2100 million in humans, 20 000 million in oxen 
and up to 40 000 million in horses. 
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The  number  of  connec t ive  t issue cell  nucle i  that are 
d iploid ,  was an average  2.5 t imes  that  o f  hear t  musc le  
cel l  nuclei .  In the hearts  o f  neonates  the number  o f  con- 
nect ive t issue cel l  nucle i  was lower  than in adul t  hearts.  
In  hear ts  of  neonata l  human  infants  dec reased  number  o f  
connect ive  t issue cel l  nucle i  was also found  [1, 2]. La te r  
in life, the numer ica l  ra t io  o f  hear t  musc le  cell  nu- 
c le i /connec t ive  t issue cel l  nucle i  increases .  

In the hear t  o f  horse  (1), a foal,  the number  o f  hear t  
musc le  cel l  nucle i  d id  not  differ  f rom that  in adul t  ani- 
mals .  In the adul t  hear ts  o f  p igs  and oxen the number  of  
hear t  musc le  cell  nucle i  doub le  that  in the neona ta l  
hearts.  It seems  that  the def ini t ive  number  o f  cell  nucle i  
is ach ieved  la ter  in l i fe  in these animals .  

The  cell  s ize o f  hear t  musc le  cel ls  r anged  on average 
be tween  11 g m  and 18 gin.  This  is op t ima l  for funct ion-  
al activity.  Wi th  increas ing  m y o c a r d i a l  weight  we found  
decreas ing  D N A  concent ra t ions  and a d i sp ropor t iona te  
increase  in the total  amount  o f  D N A  and in the number  
of  cells.  
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