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Summary. The ultrastructure of rat myocardial capillaries was studied in the course 
of experimental lathyrism. Endothelial cells were hypertrophic, with a sinuous profile of the 
plasma membrane facing the lumen and with a consistent increase of pinocytotic vesicles; 
the nuclei were irregular in shape; ATPase activity was no more demonstrable. Therefore, 
various and well distinct structural endothelial mechanisms seem to be primarily involved, 
causing an alteration of the dynamics of transcellular exchanges and of the permeability 
of the vascular wall. 

Simultaneous treatment with certain flavonoids, (O-(fi-hydroxyethyl)-rutosides and 
Na(+)-epicatechin-2-sulfonate), resulted in a less pronounced alteration and a more rapid 
recovery. The possibility of the existence of a common site of action of lathyrogens and 
flavonoids is raised in the discussion. 
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I t  is known, tha t  in experimental animals, lathyrogenic substances cause 
changes also at the level of the vascular system. Hence, in addit ion to osteo- 
lathyrism and neurolathyrism, processes which have been amply  studied by now 
(Selye, 1957), it is possible to speak of experimental  angiolathyrism. Hithertoe,  
investigation has been focused mainly on the action of these substances on 
collagen fibres, which action is considered to be primordial in causing the changes 
typical of experimental  lathyrism. I t  is generally agreed tha t  lathyrogens (at 
least some of them) inhibit lysyloxidase, an enzyme responsible for the formation 
of cross-linkages between elementary collagen chains (Siegel et al., 1970; 2XTaya- 
ranan et al., 1972). 

Research into angiolathyrism has been largely biochemical and, given the 
above-mentioned pr imary  effect of the lathyrogens, has been devoted to the 
s tudy  of the soluble collagen of the aorta (Hosoda and Iri, 1967; Cetta et al., 
1971, 1972). Histological investigations revealing the existence in the micro- 
vessels of alterations typical  of la thyrism have also been conducted (in the retina : 
Hea th  and Rat te r ,  1966; Paterson and Heath,  1968; Williams, Paterson and 
Heath ,  1968; in the myocard ium:  Gerzeli etal., 1971). 

I n  particular, the histochemical and histoenzymatic  s tudy of the vascular 
membrane  conducted by Gerzeli and co-workers has, by  describing the initial 
stages of cell injury, furnished considerable data  on the functional state of this 
membrane.  These data  have led the authors to believe tha t  harmful  substances 
such as lathyrogens are capable of causing a disturbance of vessel wall dynamics, 
independent  of their effect on collagen fibres. 
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Along wi th  the  des t ruc t ion  of per iey tes  (as demons t rab le  wi th  the  P A S  
react ion) ,  d i s t inc t  morphologica l  a l t e ra t ions  of the  e p i t h e l i u m - - w h i c h  is found  
to be h y p e r t r o p h i e d - - a n d  the  h i s toehemica l  response to  cer ta in  enzymes  have  
been  revea led ;  the  mos t  s ignif icant  changes have  been  observed  in connect ion 
wi th  A T P a s e  (ac t iva ted  by  Na  + with  neu t ra l  pH),  an  enzyme involved  in the  
t r ansep i the l i a l  passage of e lect rolytes .  

These  inves t iga t ions  could be of considerable  value  in t h a t  t h e y  offer an 
in te res t ing  and  easi ly  reproducib le  exper imen ta l  model  in the  form of lesions 
of ind iv idua l  vessel  walls. Using this  model ,  i t  is possible to  t es t  the  possible 
p ro tec t ive  effect of var ious  substances .  F o r  instance,  special emphas is  has  a l r e a dy  
been  p laced  on the  f lavonoids  (Paterson  and  Hea th ,  1968; Gerzeli, 1971; Gerzeli  
st al., 1971 ; Cet ta  et al., 1971, 1972). 

As the  h is tochemical  and  h i s toenzymat ic  s tudies  a l r eady  men t ioned  have  
emphas ized ,  the  s ta te  of the  vascular  m e m b r a n e  and  consequent ly  the  charac- 
ter is t ics  of the  endothe l ium,  we fel t  i t  wor thwhi le  to  unde r t ake  an u l t r a s t rue tu ra l  
morphologica l  s t u d y  of the  capi l lar ies  of t he  r a t  m y o c a r d i u m  for the  purpose  
of iden t i fy ing  the  u l t r a s t ruc tu ra l  sites of ac t ion  of la thyrogens .  

We also fel t  i t  wor thwhi le  to  s t u d y  the  modif ica t ions  resul t ing from the  
concomi tan t  admin i s t r a t i on  of f l a v o n o i d s - - w h i c h  have  a l r eady  been found  to 
have  a beneficial  effect on the  ma in tenance  of vessel  i n t eg r i ty  and pe rmeab i l i t y  
(B6hm, 1968) - -and  the i r  effect on collagen in l a thy r i sm (Cetta et al., 1971, 1972). 

Material and Methods 
24 adult male rats with an initial average weight of ca. 245 g were divided into Lt groups 

of 6 rats each: 
A. Lesion. Administration of fl./~Mminodipropionitrile (IDPN), 25 rag/100 g body weight 

i.p. per day for 7 days. From the 4th to 5th day onward, all IDPN-treated animals exhibited 
a syndrome characterized by motor excitation with circling and ehoreiform movements 
(termed ECC syndrome by Selye, 1957) as well as severe ocular lesions with haziness of the 
cornea and conjunctivitis, accompanied by considerable loss of weight. 

B. Protection. Administration of O-(fi-hydroxyethyl)-rutosides (HR), 50 rag/100 g body 
weight s.c. per day or Na(d-)-epieatechin-2-sulfonate (ES), 5 mg/100g body weight s.c. 
per day 1. 

C. Lesion and Protection. Protective treatment was begun on the 1st experimental day 
and continued till sacrifice. Lesion-producing treatment was administered, in adjunction 
to the former, from the 8th to the 15th experimental day. 

D. Controls. The animals received neither of the substances under examination. 
Half of the animals of each group were sacrificed by decapitation on the 3rd day after 

discontinuation of treatment with IDPN; the remaining half were sacrificed (by decapitation) 
on the 17th day after discontinuation of IDPN treatment. 

Dissection of the animals revealed no visible alterations of the heart or largest vessels. 
Immediately after sacrifice, tissue samples from the left ventricle were fixed in 2.5% glutar- 
aldehyde (buffered with 0.2 M caeodylate buffer to pI-I 7.4) for 3 hrs at 4 ~ C. For the localization 
of adenosine triphosphatase activity (pH 7.4), several samples were incubated for 1 hr at  
37~ according to the technique of Waehstein and Meisel (1957) as modified by White and 
Krivit (1965) in the following mixture: 

20 ml ATP (t25 rag/100 ml) 
20 ml 0.2 M trismaleate buffer (pH 7.2) 
3ml 2% Ph (NOs)2 
5 ml 0.1 M MgSO~ 
2 mt bidistilled It20. 

1 We are indebted to Zyma SA, Nyon, Switzerland, who kindly supplied us with O-(/~-hydr- 
oxyethyl)-rutosides and Na(-}-)-epicatechin-2-sulfonate. 
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All samples were successively post-fixed for 2 hrs in 1% OsO 4 solution, dehydrated and 
embedded in Epon. 

J?rom the embedded tissue samples, ultra-thin sections (ca. 600 A) were obtained. They 
were stained in uranyl acetate and lead citrate acc~ording to the technique of Venable and 
Coggeshall (1965). Microscopic observation was made with the Philips EM300 electron 
microscope and Agfa Gevaert 23056 flat film was used in the photographic stage. 

Results 

The myocardial capillaries observed, exhibited patterns which were rather 
easy to classify. Upon microscopic examination, special attention was given 
to the overall appearance of the endothelial cells, the position of the nucleus, 
the number and orientation of pinocytotie vesicles and the state of the plasma 
and basal membrane. In addition, the sicles and the state of the plasma and 
basal membrane. In addition, the concentration and distribution of ATPase 
reaction products were studied. Hence it was possible to establish for the control 
rats, a sufficiently reliable frame of reference for the subsequent evaluation of the 
various experimental situations. 

In the preparations from the control rats (transverse capillary sections), the 
endothelial cells were rather thin. However, their thickness varied with the area 
observed and was, of course, greater in the vicinity of the nucleus. In the cyto- 
plasm of the endothelial cells, there were numerous evenly distributed vesicles 
rather small in size (400-600 A) facing the lumen and the basal lamina along 
the inner and outer plasma membrane. These are ultrastrueturat patterns at- 
tributable to pinocytosis (Majno, 1965). The basal membrane was found to be 
thin and adherent to the endothelium. I t  generally showed a continuity all 
round the vessel. The inner plasma membrane exhibited a certain degree of 
unevenness due to minute extensions into the lumina of the capillaries (Fig. 1). 

Special emphasis is to be placed on the structure and position of the endothelial 
cell nucleus, whose greater axis was found to be parallel to the cell wall. The 
lumina of the capillaries were generally spacious, since the nuclei bulged inwards 
very little. 

Around the capillaries, perieytes were recognized; some of them were complete 
with nuclei, while others showed but a few lamellae of cytoplasm. In  the sur- 
rounding spaces were distributed bundles of collagen fibres; in addition, single 
fibres could be seen adjacent to the basal membrane. 

The preparations examined for ATPase activity showed numerous preci- 
pitates along the endothelium, which were distributed mainly along the outer 
plasma membrane (Figs. 9, 10). However, the localizability of this reaction product, 
which was rather coarse, was quite limited, as Itoff, 1968, 1969, also observed. 

In  the preparations from the IDPN-treated rats, deviations from the normal 
appearance were observed. These changes were of considerable magnitude, especial- 
ly in the preparations obtained from the animals sacrificed on the 3rd day after 
discontinuation of treatment (Figs. 2, 3). 

On the whole, the endothelium appeared uneven and considerably thickened. 
There was, firstly, a great increase in pinoeygotic processes: numerous small 
vesicles (400-600 A), intermingled with larger ones, occupy a large portion of 
the total section area. 
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Fig. 1. Myocardium of control rat  (•  12000). In  the capillary wall two cross-sectioned 
endothelial cells can be observed; the nucleus is visible in one of them. The endothelium is 
rather thin and even. Pinocytosis is not especially pronounced: small vesicles are evenly 
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The plasma membrane, facing the lumen of the vessel, exhibited a markedly 
sinuous profile, due to digitiform and foliaceous projections of variable length 
and considerable dimensions. On the other hand, the plasma membrane, facing 
the basal membrane, displayed numerous small infoldings which were less promi- 
nent than the former. The basal membrane was still complete and visible along 
the endothelium. The nuclei were irregular in shape, causing the endothelial cell 
to bulge into the lumen, which was, in fact, largely occupied by the cytoplasmic 
extensions and nuclei. 

In  the preparations obtained from the animals sacrificed on the 17th day 
after discontinuation of treatment, the same basic changes were noted. However, 
endothelial thickening was more uniform and a considerable increase in pino- 
eytotic vesicles was noted. In  addition, the infolding of the plasma membrane 
facing the lumen was more pronounced. The continuity of the endothelium was 
interrupted in some areas and extravasally localized red blood cells could be 
seen. In the surrounding spaces, minute bundles of collagen fibres were more 
visible (Fig. 4). 

Cytoplasmatic edges, attributable to pericytes, were found only in the myo- 
cardial samples collected on the 17th day after discontinuation of treatment, 
whereas none were seen in those collected on the 3rd day. 

In all preparations, independent of the time after discontinuation of treatment, 
the endothelium was found to be practically negative for ATPase activity, at 
least as regards the ultrastructural cytochemical demonstrability of this activity. 

In the myocardial preparations from rats subjected simultaneously to the 
action of IDPN and t tR  and sacrificed on the 3rd day after discontinuation of 
treatment with IDPN, the endothelium was somewhat thickened and pinocytosis 
was considerable. Some of the vesicles were larger than usual. On the other hand, 
the irregularity in the profile of the plasma membrane facing the lumen was 
much less pronounced in the preparations from rats treated with IDPN alone; 
small protrusions into the lumen were occasionally noted. The outer boundary 
of the endothelium and the basal membrane appeared identical to the controls. 
The nuclei tended to bulge into the lumen (Figs. 5, 6). 

On the 17th day after discontinuation of IDPN treatment, a distinct tendency 
to normal morphology was noted in the rats protected with HI~. In many of the 
capillaries observed in the sections, the thickness of the endothelium haddecreased. 
Pinocytosis was still considerable and was localized along the plasma membrane 
facing the lumen. Here and there, the plasma membrane facing the basalmembrane 
and the basal membrane itself exhibited sinuous and corresponding profiles. 
The nuclei also tended to recover their normal configuration and appeared flat- 

distributed. The plasma membrane facing the lumen is very even. The nucleus is arranged 
with the greater axis parallel to the vessel wall. On the left of the capillary, a perieyte with 

its nucleus is partially visible 

Fig. 2. Myoeardium of rat trea~ed with IDPN for 8 days and saerified on the 3rd day after 
discontinuation of treatment (• 13 000). The capillary endothelium is infolded and thickened, 
with digitiform and foliaceous projections. The nucleus is also irregular in shape and bulges 

into the lumen 



Fig. 3. Myoeardium of ra t  t reated with I D P N  for 8 days and  sacrifioed on the 3rd day afber 
discontinuation of t r ea tment  ( •  11000). A great  increase in pinocytotie vesicles is seen, 

many  of which are sm~ll in size and intermingled with larger ones 



Fig. 4. Myocardium of ra t  t reated with IDPN for 8 days and sacrificed on the  17th day 
after discontinuation of t rea tment  ( •  16000). The endothelium still appears thickened. The 
presence of numerous pinocytotic vesicles is seen. The folds of the plasma membrane are 

broader. The nucleus is still ra ther  roundish in shape 

:Fig. 5. Myocardium of ra t  t reated with IDPN and ttI~ sacrificed on the  3rd day after dis- 
continuation of IDPN t rea tment  ( •  20000). The thickness of the  endothelium is ra ther  
uniform. Pinocytosis is quite diffuse. The plasma membrane facing the lumen shows only 

few irregularities 

Fig. 6. Myocardium of rat treated with IDPN and HR sacrificed on the 3rd day after dis- 
continuation of IDPN treatment ( • 52000). The presence of pinocytotic vesicles (500-600 A) 
is observed. The vesicles are localized almost exclusively along the plasma membrane facing 

the basal lamina 



Fig. 7. Myocardium of ra t  t reated with IDPN and t t R  sacrificed on the  17th day after 
discontinuation of IDPN t rea tment  ( •  13000). The endothelium displays a ra ther  uniform 
thickness along with a very great  increase in pinocytotic vesicles. The folds of the plasma 
membrane facing the lumen are broader. The nucleus is arranged with its greater axis parallel 

to the vessel wall 

Fig. 8. Myocardium of ra t  t reated with IDP1N and H R  sacrificed on the 17th day after 
discontinuation of I D P N  t rea tment  ( x  16000). The endothelium is practically normal in 
appearance. The pericyte (a cell t ha t  generally disappeared after IDPI~ t reatment)  appears 

intact  and along its plasma membrane pinoeytosis is noted 
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tencd along the vessel wall. Hence the profile of capillary lumen was regular, 
almost identical to that  of the control sections. Pericytes were seen (Figs. 7, 8). How- 
ever, there was no consistent indication of a recovery of ATPase activity (Fig. 11). 

Likewise, the capillaries of the animals treated with I D P N  and ES and 
killed on the 3rd day after discontinuation of t reatment  showed limited altera- 
tions. The changes did not, however, have the extreme appearance of those 
induced by t rea tment  with I D P N  alone. The endothelium had a turgescent 
appearance and showed an irregular profile. Pinocytosis was considerable and 
comparable to that  observed in the I D P N  animals. The vesicles opened parti- 
cularly along the outer profile of the capillary section. The plasma membrane 
facing the b m e n  exhibited some infolding, the prominence of the latter varying 
with the area observed, while the plasma membrane facing the basal membrane 
still had a rather  smooth profile. The nuclei appeared roundish in shape. 

The rats protected with ES and sacrificed on the 17th day after discontinuation 
of I D P N  treatment  showed a tendency to morphological normality in many  
of the capillaries observed. In  certain areas, the endothelium was found to be 
reduced in thickness and less irregular: invaginations and digitations of the plasma 
membrane were more rare. Pinocytosis was still diffuse and even more pronounced : 
the vesicles were small in size and evenly distributed throughout the cell, mainly 
along the outer plasma membrane, but also along the plasma membrane facing 
the Iumen of the vessel. The ~luelei tended, to a certain extent, to become flat. 
Perieytes were occasionally seen. 

Comment 

The reported ultrastructural observations confirm the interest of the study 
of the vascular membrane in the course of experimental lathyrism. 

Previous histochemical and histoenzymatic investigations (Gerzeli, 1971; 
Gerzeli et al., 1971) had already placed emphasis on alterations of the walls of 
the microvessels. These were alterations of the endothelium which did not appear 
to be directly attributable to the wellknown action of lathyrogenic agents on 
collagen (Tanzer, 1965) and on lysyl oxidase (Nayaranan et al., 1972). Proliferation 
and swelling of endothelial cells were previously studied at ultrastructural level 
only in the aorta (Keech, 1960; Simpson et al., 1962). 

The greatest emphasis should now be placed on the considerable hypertrophy 
of the endothelial cells, which is accompanied by a very sinuous profile of the cell 
membrane,  on the consistent increase in pinocy~otic vesicles occurring mostly 
along the plasma membrane facing the basal lamina and on the insufficiently 
demonstrable ATPase activity. This suggests that  various and well-distinct 
structural endothelial mechanisms are primarily involved: they have the effect 
of altering the dynamics of transmembranal exchanges, thereby modifying the 
permeability of the vessel wall as well. 

Studies on the ultrastructural localization of Na-aetivated ATPase activity 
corroborate previous light microscopy histoehemicM and histo-enzymatie data. 
The inhibition of ATPase persists for several days, even after discontinuation 
of I D P N  treatment.  I t  is noteworthy that  this enzyme, as is generally agreed, 
is membrane bound and intervenes in the active transport  of electrolytes. 
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Fig. 9. Myocardium of control rat. t~eaction for localization of ATPase activity after White 
and Krivit,  1965 (•  10000). Precipitates are recognized along the endothelium and are 

distributed prevalently along the plasma membrane facing the basal lamina 
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I n  concomitance and, to certain extent,  in opposition to this process, there 
is an increase in pinocytosis vesicles, which m a y  be linked to the transcellular 
t ransport  of other solutes, macromolecules in particular. 

The possible direct action of lathyrogenic substances on fine structural  and 
metabolic mechanisms offers new research prospects hi therto insufficiently con- 
sidered. I n  fact, most  of the vascular alterations have been studied in larger 
vessels, the aorta  in particular. I n  this case, the very  marked action of lathyrogens 
on the formation of elastin and collagen fibres, and consequently the severe 
injury to the connective tissue coat tends to mask other phenomena,  e.g. the 
changes of the endothelial membrane.  

The second notewor thy  finding of the present s tudy is the marked protective 
action of certain flavonoids. There was a less pronounced thickening and infolding 
of vessel wall, with pinocytotic vesicle proliferation. I n  addition, there was a more 
rapid recovery of normal vessel morphology. 

The suitability of a s tudy on this model of substances possessing a possible 
vasoprotective effect is thus confirmed. The question proves to be of especial 
interest here, since previous studies have provided data  on the beneficial effect 
of flavonoids in the maintenance of vascular integrali ty and permeabil i ty  (B6hm, 
1968); however, it has not  been possible to determine its molecular mechanism 
of action. Since the protective effect of these substances against lathyrism is 
displayed at two clearly different levels at least (viz. formation of collagen fibres, 
integri ty of endothelial membrane),  the existence of a single and common site 
of action of lathyrogens and flavonoids is subject to discussion, with effect on 
more than  one metabolic pathway.  Recent  research has suggested tha t  flavonoids 
counteract  lathyrogens via an effect combining certain metallic ions essential to 
the act ivi ty of these enzymes (Cetta et al., 1971, 1972). 

Hence this ma y  account  for the var ie ty  of effects and possible organ specificity 
of lathyrogens as well as the extensive protective effect of flavonoids, which is 
subject to fur ther  confirmation. 
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