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Introduction 

I n  spite  of m a n y  pa ins tak ing  s tudies  on endothe l ia l  cells in  v i t ro  since LEwIs  
(1921) f irst  r epo r t ed  the  cul ture  of these  e lements  f rom l iver  sinusoids,  the i r  
morpho logy  and  iden t i f ica t ion  have  no t  ye t  been consol ida ted  to  reach a def ini te  
conclusion. 

According  to  mos t  previous  repor t s  ( R I ~ O F F  1922, MAXIMOW 1925, SC~OP- 
]~R 1929, SIL]3ERBWRG 1930, BENEWOLENSKAJA 1930, H]~RZOG and  Sc~IoPP]~ 
1931, L~wIs  1931, Sc~I~x 1935, TSR5 1937, CAMERO~ and  C~AmBE~S 1937, 
MURRAY and  STOUT 1944, W~IT]~ and  PAI~SHLEu 1951) endothe l ia l  cells grew 
in capi l lary- l ike  format ions .  Bu t  o ther  au thors  r epor t ed  t h a t  t h e y  deve loped  
loose re t icu la r  fo rmat ions  (LEwis 1922, NISItIBE 1928--1929) and  r a re ly  fo rmed  
a sheet.  MUI~RAY and  STOUT (1944) considered the  cells in sheets  as a t y p i c a l  
ones, while K~LO]'IN (1957), KHLOPI~ and  C~ISTOVA (1958) r ega rded  endothe l ia l  
cells as h igh ly  special ized e lements  which differed f rom and  never  t r ans fo rmed  
in to  connect ive t i ssue  cells in  v i t ro .  

Judg ing  f rom the  observa t ions  of m a n y  inves t iga tors  there  is a r a the r  common  
belief t h a t  i t  is diff icul t  to  d is t inguish  endothe l ia l  cells f rom f ibroblas t s  in  t issue 
cul ture  and  also t h a t  endothe l ia l  cells m a y  t u r n  into  f ibroblas ts  or  f ibroblas t - l ike  
cells (ALTSC~IUL 1954). 

The presen t  expe r imen t  was u n d e r t a k e n  to  inves t iga te  morphologica l  charac-  
ter is t ics  and  behav ior  of endothe l ia l  cells in t issue culture.  Accordingly ,  a pure  
cul ture  of these  e lements  was indispensable ,  and  therefore,  special  care was 
t a k e n  to get  endothe l ia l  cells wi thou t  any  con t amina t i on  wi th  o ther  cells. 

Material and Methods 
Endothelial cells from the human umbilical vein isolated by the action of trypsin were 

cultivated. Human umbilical cords ligated at both ends in order that the vein would retain 
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blood in its lumen were stored in the ice-box immediately after deliver)-. Cords which had 
been stored for more t han  twelve hours were discarded. 

Isolation o/cells and culture methods. The umbilical vein was exposed at  both  cut ends 
of the cord. A short vinyl  tube was inserted through each opening of the vein and  fixed 
tightly. Ca- und Mg-free balanced salt solution was gently perfused and  then an  0.2 % solu- 
t ion of t rypsin (1:300, National  Biochemical Co.) was employed to fill the vein. The umbilical 
cord ligated at  both  ends was rinsed in a balanced salt solution at  370 C for forty-five minutes. 
The solution in the vein was poured in a tube together with 20--30 ml of balanced salt solu- 
tion perfused through the  vein in order to collect all dissociated cells in its lumen. The solu- 
t ion was centrifuged twice. The superna tan t  was discarded and  a nut r ien t  medium was 
added to the sediment which was pipetted gently. Cells suspended in the fluid medium were 
cul t ivated in slightly slanting test  tubes with narrow coverslips sunk at  the bottom, in flat 
culture tubes and  also in Rose chambers, all in the s ta t ionary state. At  the bot tom of the flat 
tubes cross lines were previously drawn to follow particular cells continuously. Reconsti tuted 
rat- tai l  collagen (BoRNSTEIN 1958) was used as a substrate  for coverslip culture. 

Culture media. Fluid medium consisted of human  umbilical cord serum or horse serum 
20% and YLH 80% with 200#g/ml  of streptomycin.  The YLH medium contained lacto- 
a lbumin hydrolysate 0.5% and  yeast extract  0.1% in HANKS' balanced salt solution. 

Methods o/ observations. The behavior of the cells and their  cytological characteristics 
were studied for cell identification by phase contrast  microscopy and with stained specimens. 

JACOBSON'S s ta in  and  silver n i t ra te  impregnation were usually employed together with 
neutra l  red vital-staining and  Sudan black B stain for lipoid granules. GOMORI'S method 
for alkaline phosphatase was applied with incubations carried out for 2 ~ 4  hours at  a PH 
of 9.0. 

Preparations o/ umbilical cords. In  order to examine the removal of the endothelium 
and  not  of subendothelial  elements, several segments of the umbilical cord of which venous 
endothel ium had been subjected to t rypsin were fixed for sectioning. Deparaffinized sections 
were usually stained by concentrated aldehyde-fuehsin (FuJITA 1959) followed by the Masson- 
Goldner method. Preparat ions of unt rea ted  umbilical cord were prepared as controls. Locali- 
zation of alkaline phosphatase act ivi ty in  the endothclium of the umbilical vein was examined 
histochemieally following GOMORr'S method. Frozen sections fixed with cold acetone were 
incubated for 40--90 minutes  a t  a PH of 9.0. fi-glycerophosphate was used as a substrate.  
The shortest  in terval  between delivery and  fixation of cords was two hom~u. 

Culture o] WHARTON'S ~elly. Explants  cut from the WHAZTO~'S jelly were cultured wi th  
MAXIMOW'S double coverslip and the roller tube methods. Plasma clots were made of equal 
parts  of heparinized cockerel plasma and chicken embryonic extract.  Additional nu t r ien t  
media for roller tube culture consisted of human  ascites fluid 50%, GEY's balanced salt 
solution 45% and chicken embryonic extract  5%. The same media as used for culture of 
endothelial  cells were also employed. 

Results 

Observations on cultured cells 

General characteristics. I n  t h e  e a r l y  s t a g e  of c u l t u r e ,  r o u n d  cells in  w h i c h  t h e  

n u c l e u s  o c c u p i e d  i t s  l a rge  p a r t  were  s c a t t e r e d  or  f o r m e d  c l u m p s  (Fig.  1). A f t e r  

3 - - 4  d a y s  in  c u l t u r e  t h e y  b e c a m e  f i a t  g r a d u a l l y ,  s e n d i n g  f ine  p rocesses  to  a d h e r e  t o  

e a c h  o t h e r  (F ig .2 ) .  I n  t h e  s e c o n d  s tage ,  7 - - 1 4  d a y s  in  cu l t u r e ,  t h e y  t e n d e d  to  

lie c lose ly  a n d  f o r m e d  a n  e p i t h e l i a l  s h e e t  (Figs.  3 a n d  4). S o m e  of t h e s e  f u s e d  to  

f o r m  a l a r g e r  one.  I n  a n o t h e r  p a r t  of t h e  s a m e  cu l t u r e ,  cells b e c a m e  loose fo l lowed  

b y  d i s i n t e g r a t i o n  of t h e  s h e e t  (Figs.  7 - - 9 ) .  M i t o t i c  d i v i s i o n s  were  r a r e l y  o b s e r v e d .  

A f t e r  a b o u t  7 d a y s  m a n y  l ipo id  g r a n u l e s  a n d  v a c u o l e s  a c c u m u l a t e d  a t  t h e  per i -  

n u c l e a r  reg ion .  As  t h i s  t e n d e n c y  p r o c e e d e d ,  t h e  p e r i n u c l e a r  zone  was  c o m p l e t e l y  

f i l led  w i t h  g r a n u l e s  a n d  v a c u o l e s  a f t e r  1 4 - - 2 1  d a y s  a n d  t h e  cells s h o w e d  t h e  t en -  

d e n c y  of d e g e n e r a t i o n  (Figs .  5 a n d  6). T h e r e  we re  n o  m a r k e d  m o r p h o l o g i c a l  d i f fer-  
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ences in the living state between the cells on glass and on collagen films (Figs. 1 
to 6, Figs. 7--9).  Cellular defects in the epithelial sheet became larger. Scattered 
cells did not retain epithelial arrangement as noted in later observations (Fig. 6). 

Fig, I 
Fig. 4 

Yig. 2 Fig, 5 

Fig. 3 Fig. 6 

Figs. 1- -6 .  Serial phase photomicrographs  of endothel ial  cells which appea red  a t  the  same place a f te r  3 
to 21 days  in cul ture  (see text) .  Fig. 1. 3 days  in cul ture .  Spherical  cells become f la t  a n d  e x t e n d  
processes, Fig,  2. 4 days  in  cul ture .  Cells a re  in con tac t  w i th  each  o ther  b y  processes. Fig.  3. ~ (lays 
in cul ture .  Fo rma t ion  of a sheet .  Fig. 4. 13 days  in cul ture .  Per innc lear  e levat ion  decreases.  Fig. 5. 
18 days  in cul ture ,  Lipoid granules  a n d  vacuoles accumula t e  a t  the  per inue lear  region.  Some cells 
show the  t e n d e n c y  to degenera te .  Note  d is in tegra t ion  of a sheet .  Fig. 6.21 a a y s i n  cul ture .  F reed  cells 
w i t h  degenera t ive  appea rance  resemble  l ~ c r o p h a g e s  bu t  do no t  show phagocytos is  of ind ian  ink.  

The  magir i f ieat ion is ind ica ted  b y  the  scale in the  upper  left  of each  f igure  

During the entire stage of culture neither capillary-like nor reticular formations 
of the cells could be observed. 

Cytological [indings. There were great variations in size and shape of the cells. 
In  general they were rectangular, rhombie or oval in shape and had no long, 
slender processes (Figs. 10--12) except at  the initial stage of culture (Figs. 1 and 2). 
The nucleus was oval and contained one or two nucleoli. The perinuclear 
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region contained fine granules which protruded and was moderately refractile. 
Granules often localized at ODe side of the nucleus. The cells gave rise to broad 
membranous expansions where fine fibrillar structures, probably tension striae, 

F i g .  7 F i g .  10 

F i g .  8 F ig .  11 

F i g .  9 F ig ,  12 
F i g s .  7 - - 9 .  Se r i a l  p h a s e  p h o t o m i c r o g r a p h s  of  e n d o t h e l i a l  cells  w h i c h  a p p e a r e d  a t  t h e  s a m e  p lace  a f t e r  9, 
13 a n d  15 d a y s  i n  c u l t u r e  on  c o l l a g e n  f i lm .  S h e e t s  f u s e  i n t o  a l a r g e r  one  ( F i g . 7 ) .  D i s i n t e g r a t i o n  of 

a s h e e t  a t  t h e  p e r i p h e r a l  z o n e  ( F i g . 9 )  

F i g s .  1 0 - - 1 2 .  P h a s e  p h o t o m i c r o g r a p h s  of  d i f f e r e n t  t y p e s  of  e n d o t h e l i a l  cells  a f t e r  5 to  7 d a y s  i n  cul-  
t u r e .  G r a n u l e s  a r e  a t  one  s ide  of  t h e  o v a l  n u c l e u s .  F i g .  10. A cell  a f t e r  7 d a y s  s h o w s  f i l a m e n t o u s  
m i t o c h o n d r i a ,  f i n e  f i b r i l l a r  s t r u c t u r e s  i n  a b r o a d  m e m b r a n o u s  e x p a n s i o n  a n d  i n d e n t e d  e d g e s .  F i g .  11. 
Cel ls  a f t e r  5 d a y s  i n  c n l t m ' e .  N o t e  ce l l u l a r  b r i d g e s  a n d  m i t o c h r o n c h ' i a .  F i g .  12. A cell  a t  t h e  p e r i p h e r y  
of  a s h e e t  a f t e r  5 d a y s .  T h e  m a g n i f i c a t i o n  is  i n d i c a t e d  b y  t h e  sca le  i n  t h e  u p p e r  l e f t  of e a c h  f i g u r e  

were often observed (Fig. 10). Mitochondria were filamentous (Fig. l l ) .  Pino- 
cytosis was frequently observed in many  cells (Fig. 13). Many binucleate cells 
and sometimes multinucleate cells were seen. Round or oval, small or large 
intercellular gaps formed by the cellular bridges often appeared both in the living 
state (Figs. l l  and 13) and in fixed materials (Fig. 14) which were so-called 
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"s t igmata" .  The edges of cells at  the periphery of a sheet as well as those of 
isolated cells were smooth or indented (Figs. 10 and 12). The nucleus was rich 
in fine chromatin and stained deeply with basic dye. The perinuclear, elevated 
region had fine granules and was basophilic, while the thin membranous par t  
was slightly acidophilic (Figs. 18 and 19). The cellular contour was hardly revealed 

Fig .  13, A m o n t a g e  of phase  p h o t o m i c r o g r a p h s  of l i v ing  endothel ia l  cells a r r a n g e d  in  a shee t  a f t e r  
3 d~ys  i n  cult,are on col lagen f i lm.  Not ice  p inocytos is .  The  m a g n i f i c a t i o n  is i nd i ca t ed  b y  the  scale i n  

the  u p p e r  lef t  

by  JACOBSON'S stain, while silver nitrate impregnation demonstrated the mosaic 
of cement lines showing the epithelial arrangement of the cells (Figs. 14 and 15). 
PAS positive materials and alkaline phosphatase could not be demonstrated. 
Granules were neutral red and sudanophilic positive. 

The umbilical vein 

In  a stained section of the control umbilical vein~ (Figs. 22 and 23), the internal 
elastic layer appeared to be in contact with the endothelium; fibroblasts could 
not be found between the two layers. The internal elastic layer was stained 
faintly compared with tha t  of the umbilical artery. The endothelial cells showed 
no alkaline phosphatase activity. 
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Fig.  I Fig.  lS 

Fig.  15 Fig.  19 

Fig.  16 Fig.  20 

Fig .  17 Fig.  21 
Figs.  14--16.  Endothe l ia l  cells on collagen a f te r  6 days  ill culture.  Si lver  n i t r a t e  i m p r e g n a t i o n  followed 
by  Giemsa  s t a in  demons t r a t e s  a mosa ic  of c e m e u t i n g  l ines and  s t i g m a t a  (Figs.  14 and  15). Lines  are 

less m a r k e d  a t  the  pe r iphe ry  (Figs.  15 and  16) 

Figs.  17- -19 .  Endothe l ia l  cells a f t e r  5 days  in  cu l ture  w i thou t  collagen as  ~ subs t ra tc ,  Si lver  n i t r a te ,  
and  JACOBSON'S s ta in .  Not ice  intercel lular  gaps  and  no c e m e n t i n g  l ines (Fig. 17). H i g h e r  magn i f i ca t ion  

(Figs .18 a u d  19). Per inuc lea r  regions  arc basophi i ic  

Figs.  20 a n d  21. Loose re t icu la r  f o r m  of endothel ia l  cells. Fig .  20. Af te r  12 days  in  culture.  Phase  
pho tomic rograph ,  F ig .21 .  Af t e r  10 days  in  cul ture .  JACOBSON'S s ta in .  The m a g n i f i c a t i o n  is ind ica ted  

by  the  scale in  the  uppe r  left  of each f igm'e  
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The preparations of umbilical veins which were trypsinized demonstrated the 
removal of the endothelium (Figs.24 and 25). Although all umbilical veins did 
not show the same degree of desquamation of the endothelium, trypsin appeared 

Fig. 22 

Fig. 23 
Figs. 22 and  23. Sections of umbil ical  veins.  Control. Fig.22.  Oblique section.  Masson-Goldner  stain.  
Fig. 23. Cross section. Concen t ra ted  Aldehyde-Fuchs in ,  5~[asson- G o] dner.  The  magni f i ca t ion  is ind ica ted  

b y  the  scale in the  uppe r  left  of each  f igure 

to have acted homogeneously on the endothelium of different segments of each 
vein. 

Dissociation was considered to be satisfactory when the elastic layer was 
found to be intact  (Fig. 24) or when the underlying tissue was kept intact  in spite 
of obscurity of the elastic layer (Fig.25). 
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Trans/ormation o/"endothelial" cells 

In f r equen t ly  some cells t r ans fo rmed  into f ibroblast- l ike e lements  mos t ly  
in t es t  t ube  cultures.  F o r  example  in cer ta in  series of cul tures  made  from an 
umbi l i ca l  vein, there  were no f ibroblas t - l ike  cells a f te r  2 - - 4  days  in cul ture  bu t  
t h e y  appea red  af ter  l0  and  12 days  (Figs.21 and  20). These cells were spindle- 
shaped  wi th  s lender  processes and  grew in a loose re t icular  form. They  were 

F i g .  24 

F i g .  25 

F i g s .  24 a n d  25. S e c t i o n s  of  u m b i l i c a l  v e i n s  w h i c h  w e r e  t r y p s i n i z e d  s h o w  t h e  r e m o v a l  o f  t h e  e n d o -  
t h e l i u m ,  T h e  i n t e r n a l  e l a s t i c  layer '  i s  i n t a c t  (F ig .  24). T h e  cei ls  i n  F i g s .  1 1 - - 1 6  w e r e  i s o l a t e d  f r o m  t h i s  

v e i n .  T h o u g h  a p a r t  o f  i n t e r n a l  e l a s t i c  l a y e r  is  o b s c u r e  t h e  u n d e r l y i n g  t i s s u e  is i n t a c t  (F ig .  25) 

observed  more  easi ly a t  the  per iphera l  zone of the  cul ture  where d is in tegra t ion  
of a sheet  was remarkable .  There were no defini te  differences in s ta ining pro- 
per t ies  be tween the  "endo the l i a l "  cells and  f ibroblas t - l ike  elements.  

Culture/rom the W~ARTO~'S jelly 

No ou tg rowth  was observed from explan ts  of the  je l ly  t issue bo th  wi th  MAxI- 
-~ow's and  the  ro l ler - tube  methods ,  a l though  compar ison of endothel ia l  cells 
wi th  f ibroblas ts  f rom the  umbi l ica l  cord was expected.  

Discussion 
Umbilical cord as materials used 

I n  order  to  ob ta in  endothe l ia l  cells, previous  authors  cu l t iva ted  the  t issues 
which conta ined  capil lar ies  or sinusoids, or a pa r t  of b lood vessel wall  especial ly 
of g rea t  vessels. The  former  were used  more of ten b y  m a n y  workers.  In  pre- 
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liminary experiments the present author also cultured chicken embryonic liver, 
great vessels, chorio-alantoic membrane as well as vena cava of young rabbits  
and dogs by MAXIMOW'S double coverslip and the roller-tube methods. I t  was 
not possible to distinguish endothelial cells from other cellular elements in cultures 
of blood vessels and of the tissue containing sinusoids or capillaries. 

Subsequently both the endocardial surface of the heart  and the intimal sur- 
face of blood vessels of young animals were curetted and cultured. The endothe- 
lium was peeled off with ease but  it survived only for a short t ime probably due 
to cellular damage caused by mechanical action. Thus, the dissociation technique 
with trypsin was employed in the present experiment. 

The human umbilical cord was useful material  for the present purpose, 
because it is of fetal origin; it is obtained with ease in a fresh condition; further- 
more, the umbilical vein has no tributaries and its lumen has an adequate capa- 
city for trypsinization. The culture of human endothelial cells obtained from 
normal blood vessels has not been reported. BEN~,WOL~NSKAZA (1930) used the 
human liver and MURRAY and STOUT (1944) hemangioendothelioma. 

Identi/ication o/ endothelial cells previously reported 
Although it is generally believed tha t  the cells originating from a culture of 

the heart  tissue are fibroblasts, they must  contain epithelial cells of the endo- 
cardial and epicardial origin. However, they do not show any of the characteris- 
tic morphological features of epithelial cells. 

According to previous reports many  investigators stated tha t  endothelial 
cells grew in capillary formation in vitro. MAXIMOW (1925) and SILB~.RBnRG 
(1930) observed a parallel bundle of endothelial cells which had a direct connec- 
tion with the cut-end of an ar tery in the explant. Sooner or later they migrated 
out and could not be distinguished from fibroblasts. According to B~,~EWOLV,~- 
SKAZA (1930), L]~WIS (1931) and WHIT~ and PARS~LV, Y (1951), a capillary forma- 
tion contained blood cells or fluid, but  it was disorganized mostly within two 
weeks. But  a capillary formation is not necessarily a product of endothelial cells 
since ttUEPER and RUSSELL (1932) and P)~K]~R (1933) observed such a structure 
in the culture of blood cells. 

LEwis (1922) and NISHIBE (1928--1929), who worked at  L]~w~s' laboratory,  
reported endothelial cells arranged in reticular forms. They considered tha t  the 
materials consisted of two kinds of elements; endothelial and liver cells (L]~wm) 
or heart  muscle cells (NIs~IIR~), and that  liver or heart  muscle cells were identified 
with ease, therefore, the rest of the elements in cultures were of endothelial 
origin. There still remains some question whether or not fibroblasts in the liver 
and the heart  were mixed, or whether there were fibroblasts t ransformed from 
cardiac muscle cells. 

MURRAY and STOUT (1944) and Km~orI~r and CmSTOVA (1958) demonstrated 
cell boundaries, i.e. cementing lines, by  silver impregnation in cultures of hem- 
angioendothelioma or vena cava. They did not describe other cells than  those in 
sheets. 

Endothelial cells in the present study 
In  the previous reports as well as in the preliminary observations by  the 

present author, there was no definite way to identify the isolated cells with those 
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of endothe l ia l  origin. I t  was, therefore,  our  f irst  considerat ion to ob ta in  only 
endo the l i a l  cells wi thou t  con tamina t ion  wi th  o ther  cel lular  elements.  

1. Observa t ions  of s ta ined  sections f rom selected segments  of every  umbi l ica l  
ve in  of which endo the l ium was used for cul ture  were made  to check the  r emova l  
of endothe l ia l  cells and  not  of o ther  elements.  

2. W h e n  a defect  of the  subendothe l ia l  t issue was found in section, the  cul- 
tures  f rom t h a t  ma te r i a l  were considered to  be con tamina t ed  wi th  f ibroblasts .  

W h e n  cells fo rmed  a sheet,  si lver impregna t ion  to  reveal  cement ing lines 
was posi t ive .  This  was associa ted  wi th  the  cells of endothe l ia l  origin. Since the  
ma te r i a l s  were careful ly  prepared ,  i so la ted  cells also could be ident i f ied  wi th  
endo the l i a l  e lements .  And  i t  was an in i t ia l  goal  to  de te rmine  whether  some 
morphologica l  character is t ics  in those  cells differed f rom f ibroblasts .  

1. WHA~TO~'S je l ly  was cu l t iva ted  for the  purpose  of compar ing  i so la ted  
endothe l ia l  cells wi th  f ibroblas ts  f rom the  same mater ia l ,  bu t  this  was unsuccessful.  

2. E m b r y o n i c  f ibroblas ts  f rom other  t issues showed no m a r k e d  differences 
f rom those  i so la ted  endothe l ia l  cells which deve loped  a spindle shape. 

3. I-I istochemical demons t r a t i on  of a lkal ine  phospha tase  in the  i sola ted  endo- 
the l ia l  cells, i t  was hoped,  migh t  provide  a me thod  of ident i f icat ion.  Some authors  
d e m o n s t r a t e d  this  enzyme in the  endo the l ium of small  b lood vessels and  capil- 
laries b u t  not  of large vessels (TAKAMATSU 1939; GOMORI 1939, 1941; KABAT 
and  FURTH 1941; LANDOW et al. 1942; HoNJI~  et  al. 1962). The present  au thor  
could  not  demons t r a t e  i t  in the  endothe l ium of large blood vessels of adu l t  r a t r  
(unpubl ished  da ta) ,  nor  in the  present  mater ia ls .  

Summary 
Endo the l i a l  cells of the  h u m a n  umbi l ica l  vein were i sola ted  b y  t ryps in  and  

cul tured.  His to logica l  p repara t ions  of those umbi l ica l  cords were made  to check 
the  r emova l  of the  endo the l ium and  no t  of o ther  tissues. 

The  cells in cu l ture  grew in sheets which were ident i f ied  with  endothel ia l  cells. 
I so l a t ed  cells r a re ly  showed a spindle shape.  F u r t h e r  inves t iga t ion  is needed 
to  d is t inguish  sp ind le -shaped  cells f rom f ibroblas ts  or o ther  cellular elements.  

Iden t i f i ca t ion  of endothe l ia l  cells in the  previous  repor ts  and  mate r i a l s  used 
are  discussed.  
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