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To detect changes in the u l t ras t ruc ture  and dimensions of the blood capi l lar ies  connected 
with functioning of the muscle the rat  diaphragm was frozen during various phases of r e s -  
piration, fixed, and examined in the electron microscope.  In the relaxed muscle  the lumen 
of the capil lar ies  was almost  twice its area  in the contracted muscle,  while the thickness 
of the endothelium was significantly less.  During relaxation of the muscle  the external di- 
amete r  of the capi l lar ies  increases ,  but the a rea  of the endothetium in t r ansve r se  sections 
is unchanged. In the relaxed muscle  the increased blood flow is thus accompanied by im- 
proved conditions for transendothelial  exchange. The resul ts  do not support the hypothesis 
that changes in the lumen of the capil lar ies  take place as a resul t  of swelling and projection 
of the endothelium. 

E X P E R I M E N T A L  ME n2 HOD 

The test  object wars the diaphragmatic muscle  of ra ts .  To study the u l t ras t rue ture  of its blood cap- 
i l laries,  the t issue was f i rs t  f rozen [5]. The diaphragm was frozen rapidly through an incision in the ab- 
dominal wall of a ra t  anesthetized with ether,  during contract ion or relaxation of the diaphragm c o r r e -  
sponding to inspiration o r  expiration. The depth of anesthesia was so controlled that the animal breathed 
regular ly  at a ra te  of 60-64/ra in .  The mater ia l  was fixed success ively  in fo rmo l - suc rose  and a 1% buffered 
solution of osmic acid and then embedded in Araldite.  During embedding and cutting the pieces of t i ssue 
were  so ar ranged that the t r ansve r se  sections would be obtained through the muscle fibers.  Ultrathin sec -  
tions were stained with uranyl  acetate and lead c i t ra te  by Reynold 's  method. 

On examination of the sections in the electron microscope  all capi l lar ies  discovered in the t r ans -  
ve r se  section were  photographed under the same electron-opt ical  magnification. The result ing negatives 
were projected by means of an enlarger  onto paper of uniform density, the outlines of the capi l lar ies  were  
t raced,  the paper was cut arotmd these outlines, and the pieces weighed. The result ing weights were  con- 
verged into square  microns  by comparison with a standard.  The capi l lar ies  during contract ion and re laxa-  
tion of the muscle were compared with re fe rence  to the following pa ramete r s :  the mean a rea  of c ross  
section of the lumen, endothelium, and nucleus. The following mean relat ive dimensions also were com- 
pared: the external d iameter  of the capil lary,  the d iameter  of its lumen, the a rea  and thickness of the en- 
dothelium obtained by reducing the mean area  of the capi l lary ,and its lumen to the a rea  of a c ircle .  

E X P E R I M E N T A L  RESULTS 

The study of the blood capillaries after preliminary freezing of the diaphragm showed that their 
structure was well preserved and differed only a little from that found after the use of the ordinary meth- 
ods of fixation (Fig. 1). 

Comparison of the capillaries of the muscle frozen during contraction or relaxation revealed the 
following morphological differences: the capillaries in the contracted muscle were smaller in size, the 
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Fig. 1. Blood capi l lary  f rom rat  diaphragm after  pre l iminary f reez -  
ing: END) endothelial cell; N) nucleus of endothelial cell; CL) capil-  
lary lumen. 
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Fig. 2. Distribution of blood capi l lar ies  of the ra t  diaphragm by 
area  of lumen (a) and a rea  of endothelium (b) in the contracted 
(1) and relaxed (2) muscle.  Abscissa ,  a rea  (in ~2); ordinate,  num- 
ber  of capi l lar ies  (in %). 
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Fig. 3. Schematic r e p r e s e n t a -  
tion of capi l lar ies  of the dia- 
phram during contract ion (1) 
and relaxation (2). 

endothelial membrane  surrounding their  lumen formed numerous gulf- 
like investigations; the nuclei of the endothelial cells were  i r regu la r  in 
outline, and the nuclear  membrane  formed deep invaginations. During 
relaxation of the muscle  the capi l lary lumen was c i rcu la r  or oval in 
shape and the endothelial membrane  was smooth in outline. The nuclei 
of the endothelial cells were elongated, and their  outlines also were  
smooth. The thickness of the endothelial layer  bounding the capi l lary 
lumen was smal le r  in the relaxed muscle.  

The dimensions of the capi l lar ies  and of their  lumen var ied con- 
siderably.  Histograms of the a rea  of the capil lary lumen showed that 
during contract ion of the muscle  most  capil lar ies  have a lumen of be-  
tween 2 and 7 tt 2, whereas during relaxation the a rea  of the lumen in- 

creased and varied from 5 to 16 p2 for most capillaries (Fig. 2a). The character of the histogram shows 
that the lumen of the capillaries of all sizes was increased. 

The lumen in some capillaries was virtually absent or so small that they could be considered as 
"closed." When the muscle was contracted, 12.7% of the total number of capillaries were of this type, 
compared with 2.16% during relaxation. 
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T A B L E  1 .  P a r a m e t e r s  of B l o o d  C a p i l l a r i e s  o f  R a t  D i a p h r a g m  

d u r i n g  C o n t r a c t i o n  a n d  R e l a x a t i o n  (M • m )  

Charac- 
ter of 
sections 

Sections 
w itho ut 
nuclei 
Sec. with 
nuclei  

State of 

muscle . N ,e 

Contraction 
Relaxation 
Contraction 
Relaxation 

65 
95 

Area of 
lumen (in 
g2) 

6 ,81+ .0 ,47  
1 0 , 4 9 i 0 , 4 4  

3,57+_0,37 
7,69+_0,091 

Area of / E x t e r n a l  IDiameter 
endotheliur~ diameter  Iof lumen 
(in ~ )  | (in tt) I(in/~) 

Thickness 
of endothe- 
l ium (in ~ ) 

4,22• 3,53_+0, 112,72~+0, I I 0,44-0 018 
4,43_+0, ~7 4,o6_+o,osla,~7• 
5,12_+o,28 13,86~o,o91,86+O,lld _ 
5,18--+0,23 4,54+0, 3 2,85+0,14 -- 

A statistical analysis of some parameters of the capillaries in the diaphragm in different functional 
states is given in Table i. When the section passed through the body of an endothelial cell the capillary 
lumen was considerably narrower. Since the relative number of these capillaries varied during contrac- 
tion and relaxation of the muscle, the data for sections through the capillaries with or without nuclei were 
analyzed separately. It is clear from this table that significant differences were found in several parame- 
ters of the capillaries depending on the functional state of the muscle. For instance, during contraction 
and relaxation the area of the lumen of the capillaries, their external and internal diameters, and the thick- 
ness of the endothelium all varied significantly. These changes were similar in direction in sections of 
the capillaries with or without nuclei. The greater increase in area of the lumen of the capillaries with 
nuclei during relaxation of the muscle is explained by the fact that these include both closed and half- 
closed capillaries. The absence of changes in the area of the capillary endothelium during contraction and 
relaxation of the muscle, despite changes in the external and internal diameters of the capillaries under 
these circumstances, is interesting. The histogram (Fig. 2b) shows that this conclusion applies to all 
capillaries studied. 

On the basis of the morphological and statistical analysis of these results the changes taking place 
in the capillaries during contraction and relaxation of the diaphragm can be represented schematically 
(Fig.-3). 

During natural functioning of the diaphragm changes thus take place in the lumen of its capillaries 
and these are synchronized with the phases of its activity. These changes take place chiefly as a result of 
dilatation and constriction of the capillaries but partially through their opening and closing. In view of ob- 
servations showing that during contraction of the muscle the volume of blood flowing through it decreases 
whereas during relaxation it increases [3, 6], the increase in lumen of the capillaries during relaxation of 
the diaphragm and its decrease during contraction can be considered to be connected with the increase and 
decrease in the capillary blood flow. Bearing in mind, in addition, that during relaxation of the muscle the 
thickness of the capillary endothelium is reduced, the conditions for transendothelial exchange can be con- 
sidered to be improved in the relaxed muscle. 

The question naturally arises of the mechanisms of the changes in the capillary lumen. The cause is 
possibly a change in the blood pressure in the capillaries as a result of compression of the intramuscular 
arteries during contraction of the muscle and their dilatation during relaxation [6]. However, the last de- 
crease in pressure caused by compression of the abdominal aorta or by massive blood loss, resulting in 
changes in the diameter of the afferent and drainage vessels, did not cause changes in the lumen of the 
capillaries in the resting muscle [I0]. 

Some investigators nowadays accept that active changes can take place in the lumen not only of ves- 
sels applied with smooth muscle cells, but also of capillaries [I, 7]. The active elements are considered 
to be pericytes [4, 12], and endothelial cells [9, Ii]. No fibrillary structures could be found in the endo- 
thelial cells, although the shape of their nuclei when the lumen was reduced was typical of the cells in a 
state of contraction. 

The absence of changes in the area of the capillary endothelium during changes in the size and lumen 
of the capillaries is also interesting. Since it is very probable that under these circumstances there was 
no change in the volume of the endothelial cells, these results do not support the view that swelling and 
projection of the endothelium is the mechanism responsible for the changes in the lumen of the capillaries 
[2, 8, 131. 
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