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Funct iona l  Fine S truc ture  

by J. R. CASLEY-SMITtt 

Electron Microscope Unit, University of Adelaide, Box 498, A d e l a i d e  ( S o u t h  A u s t r a l i a  5001). 

In recent years the electron microscope, and tracer 
techniques associated with it and interpreted through 
information gained from it, have added immeasurably 
to our understanding of the functioning of the whole 
blood vascular-tissue-lymphatic system. Perhaps the 
most important finding which has emerged is that  
what used to be thought of as three separate systems 
are now becoming increasingly revealed as merely 
three subsystems of a single system: the state of any 
one part can affect all the others. The blood vascular 
system 1-9, the interstitial tissue 3,4,10-12 and the lym- 
phatic system 2,3,13,14 have all been recently reviewed. 
While there are still considerable differences of opinion 
and many investigations waiting to be performed, there 
are substantial areas of agreement. What follows at- 
tempts to present some of these differences, but is of 
necessity brief and somewhat didactic ; more details are 
presented in the reviews. 

Blood vessels 

While a few workers 6 consider that both the small 
pores of PAPPENHEIMER 15 and the large pores are 
represented by continuous chains of vesicles crossing 
the endothelium, most now consider that, in continu- 
ous capillaries, the small pores are the 'close' junctions, 
where there is a gap of ~-~6 nin between the adjacent 
endothelial cells. Recent quantitative work '5 has shown 
that these occupy ~ 7 %  of the intercellular junctions 
and that, using the noimal laws of physics, the dimen- 
sions of these slits can be used in Poiseuille's and Fick's 
equations to yield results for vascular permeabilities 
very close indeed to those obtained by physiologists 
working with whole regions. It  is usually held 2, 3, 6 that 
macromolecules aie transported across the endo- 
theliuln via numerous small vesicles (~-~50 nm dia- 
meter), which are moved randomly by Brownian 
motion: this is diffusion in quanta. There is consider- 
able evidence for this, both from electron microscopical 
tracer experiments and from physiological work with 
whole legs (see reviews and16-1s). It  appears, however, 
that the smaller macromolecutes sometimes pass 
through the junctions and sometimes via the vesicles is. 
The vesicular system is quantitatively quite unim- 
portant for the crystalloids, but accounts for the slow 
leakage of proteins from continuous capillaries. 

Not all blood capillaries are continuous: many, 
especially in the viscera possess holes or 'fenestrae' 
(~50-100 nm diameter), which are predominantly on 
their venous limbs. There is increasing evidence 2-4 
that these permit a considerably greater turn-over of 
both small and macro-molecules through the tissues, 
and also permit most macromolecules which originate 

in such a tissue to pass directly to the blood rather than 
indirectly via the lymphatics. The interrelationships 
of these two systems will be discussed later. While the 
fenestrae and the basement membrane seem to act as 
the large pore system, it is very probable that they 
are far too permeable to control the passage of small 
molecules through the wall of fenestrated capillaries. 
This is likely to be a function of the channels through 
the interstitial tissue 4. A hypothetical analysis by 
INTAGLIETTA and DE PLOMB 12 showed the difference 
between 'tube-capillaries' where the pores in the wall 
controlled small molecular passage, and 'tunnel-capil- 
laries' where the wall was so permeable that this role 
passed to the surrounding tissues. Evidence has since 
been presented indicating that fenestrated capillaries 
are tunnel-capillaries and that in the tissues which 
possess many of them it is the permeability of the 
tissues which is being measured4; quantitative mor- 
phology plus this analysis yields the same values for 
permeability as are obtained by physiologists 4. In- 
jured blood vessels are a special case where vessels 
which are normally tube-capillaries (which term in- 
cludes the post-capillary venules) are temporally made 
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into tunnel-capillares by the opening of many of their 
intercellular junctionsl% When these close again the 
tube-capillary state is resumed once more. However, 
even then there is still an increased permeability to 
macromolecules 17,1s, which is probably due to the 
presence of many large vacuoles (~-~200 nm diameter) 
�9 in the endothelium, rather than to any alteration in the 
small vesicles 19. 

Interstitial tissues 

Relatively little is known about this from a struc- 
tural viewpoint, but it appears that this usually con- 
sists of a relatively course mesh of collagen fibres, 
together with a finer system of fibrils (perhaps proto- 
collagen) all embedded in a gel-sol mixture of muco- 
polysacharide ground substance. It  is now often con- 
sidered that there are actual channels through the 
ground substance. Measurements and calculations from 
physiological data indicate that their mean diameters 
are 60-120 nm in muscle and the intestine 4. It  was 
also suggested that these channels were preferentially 
oriented in relation to the vessels, but much more work 
needs to be done in these areas, especially in relation to 
variation with the site, and with physiological and 
pathological conditions. 

Prelymphatics 

One frequently sees channels of protein, or other 
marker, ending at a lymphatic endothelial junction, 
and it would seem that these are part of the inter- 
stitial system of channels, all over the body. There are 
some specialized tissues where there is no tissue move- 
ment to cause normal lymphatics to function and, thus, 
where they do not exist: the brain, retina and bone 
marrow. In these regions the tissue channels are still 
vital for drainage 2~ and become a tributory system of 
continuous spaces, and potential spcases, reaching from 
the depths of the tissue to outside the boney case. They 
occur in the basement membrane region of the smaller 
vessles and the adventitia of the larger ones, eventually 
draining into the true lymphatics which occur in the 
vascular adventitia outside the skull. Thus instead of 
being only some 10-100 barn long, these systems of 
channels are up to 20 cm. So important are these non- 
endothelialized 'vessels' in the drainage of the brain 
etc. that, while they are similar to and continuous with 
the other interstitial channels in the body, they are 
often called 'prelymphatics'. 

are held open, allowing the raised tissue hydrostatic 
pressure to force fluid etc. into them; How they fill in 
most tissues 2,a under normal condition is, however, 
much more difficult to understand. 

The hydrostatic pressure in the initial lymphatics is 
almost certainly atmospheric or slightly above; the 
tissue hydrostatic pressure is now often held to be 
negative in many tissues. A possible explanation for 
lymphatic filling under these conditions, for which 
there is increasing evidence 2,~,21,22, is that it occurs 
due to raised colloidal osmotic pressure of the proteins 
in the initial lymphatics. It has been shown that the 
slowly diffusing maeromolecules can exert considerable 
pressures even in the presence of very large pores, and 
there is theoretical and experimental evidence that the 
fluid which flows in because of this will cause more 
proteins to enter with it thus replacing those which 
are forced into the collecting lymphatics during tissue 
compression. I t  is suggested that fluid is forced out of 
the junctions, which act as flapvalves and are sealed 
to macromolecules, during tissue compression. (This is 
possible because it is the raised total-tissue-pressure 
which is transmitted to the lymph via the endothelium, 
and this is much greater than the tissue hydrostatic 
pressure.) Thus the remaining lymph becomes con- 
centrated and more fluid, and protein, flows in via the 
newly opened junctions as soon as the compression is 
relaxed, This hypothesis has been attacked 2a because 
it was held that the fluid forced out would merely 
dilute the proteins in the adjacent tissues and so the 
inflowing fluid would be more dilute than normal. This 
suggestion overlooked the facts that there are many 
other junctions (away front the openable ones) through 
which fluid could also leave, and the presence of the 
protein in tissue channels. The walls of these are 
relatively impermeable to protein, but readily so to 
water. Hence the proteins in the channels adjacent to 
the initial lymphatics should retain their normal con- 
centrations inspite of the outrush of small molecules. 

As the lymph passes along the collecting lymphatics, 
the macromolecules are retained by the endothelial 
junctions becoming all closed, although the small 
molecules can wobably exchange quite readily la,14. 
This would cause the concentrated lymph to rapidly be 
diluted again, but the extent of this would no doubt 
depend on the hydrostatic pressure exerted by the 
contracting collecting lymphatic walls, and the relative 
macromolecular concentrations outside the vessels. 
I t  is likely that a considerable exchange of both pro- 

Lymphatics 

A small proportion of the intercellular junctions of 
the initial (terminal, capillary) lymphatics can open 
widely. This is the way that  almost all material enters 
these vessels. There are many connective tissue fibrils 
attached to the endothelium so that during oedema, 
when the tissues are stretched, the initial lymphatics 
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tein and fluid also occurs in the lymph nodes, but some 
controversy exists about the net direction of both of 
these. 

Blood-lymph interrelationships 

In regions with only continuous capillaries, apart  
from protein which is normally lysed in the tissues and 
which may  be up to about a third of that  which leaves 
the blood vessels (vide infra), the remaining protein 
which leaves them is returned via the lymphatic 
system. If this does not function properly considerable 
oedema results. A relatively small amount of fluid is 
also returned, but this amount is still very important  
in avoiding tissue oedema 2,3,2a. 

In regions where there are many  fenestrated capil- 
laries, it is becoming increasingly probable that  there 
is a considerable circulation of plasma proteins, through 
the tissues, which re-enter the blood via the fenestrae on 
the venous side of the circulation% 3,4,12. I t  appears, 
however, that  the lymphatics in this situation still are 
vital for the avoidance of oedema 24. The amount of 
protein they remove may  only amount to about 10- 
30%, but  because this is in a concentrated form the 
mean concentration in the tissues is considerably re- 
duced, and with it the colloidal osmotic pressures and 
tissue hydrostatic pressures. I t  appears that  this reduc- 
tion is essential for the avoidance of a mean positive 
tissue pressure and oedema. 

Evolution 

Primitive ehordates have continuously lined great 
vessels, but the endothelial cells gradually become 
further and further apart  in the smaller vessels, until 
even the basement membranes of the vessels may 
part ly  disappear and the tissue spaces are directly 
continuous with the blood vessels 2,3. The higher ani- 
mals have more continuous endothelial vascular linings, 
until in the elasmobranch the venous intercellular 
junctions in the body wall can still be opened by mus- 
cular movements,  but in the viscera fenestrated capil- 
laries appear, allowing macromolecular uptake there. 
In the teleosts the increased blood hydrostatic pressure 
no longer allows any blood vascular intercellular junc- 
tions to be openable, but  also necessitates a raised 
plasma protein concentration. A separate lymphatic 
system now develops, which is filled by variations in 
the solid tissue pressure, but which propels the lymph 
and discharges it into the blood by  means of the con- 
tractions of muscle in its walls. Thus, aside from part  
of the raised protein circulation through the tissues in 
fenestrated regions, protein is now returned to the 
blood via a separate system of pumps - the initial 
lymphatics, the segments in the collecting lymphatics 
and the lymph hearts, when these exist. 
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Active Contractility of the Lymphangion and Coordination of Lymphangion Chains 

by H. MISLII~ 

(formerly Institute of Physiological Zoology, University of Mainz) CH-6914 Carona (Switzerland). 

A ' lymph drainage capable of compensation' 
(FOLDI 1) is always based on the functional interplay 
between differentiated lymph drainage mechanisms, 
and specially effective importance is shown t o  be 
attached to the vasomotoric lymph drainage 2. The 
initial lymphatics do not show any active contractions 
because of lack of muscle in their walls. The lack of 
that  autorhythm of course does not mean the lacking 
of contractility. First information about open junc- 
tions in the lymphatic capillaries is given by CASLEY- 
SMITH and FLOREY 3. My collaborator SCHIPP 4 ob- 
served in the peripheric lymph vessels intraendothelial 
filaments, which could be interpreted in the sense of a 
contractility of the endothelium. Sct~IPP and SC~I~FER 5 
found no open junctions inspite of experimental lym- 
phostasis. LEAK 6 postulated in his studies on the 
permeability of lymphatic capillaries, that  these small 
vessels are able to open and close the interendothe!ial 
cell joints by active contraction an relaxation of the 
endothelium. The larger musculous lymphatic vessels 

have a pronounced autorhythm. From the morphologi- 
cal point of view, the lymphatic vessel is characterized 
by  its segmentation ; it consists of valve segments with 
central muscle collars and directed multiple innerva- 
tion of the smooth muscles. Physiologically the valve 
segment, we called it lymphangion 7, is an autochtho- 
nous efficiency element with its typical action poten- 
tial s. The in vivo experiments ot SMITH 9 and our own 
in vitro experiments demonstrated that  the single 
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