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Zur Entwicklung der Gefiisse im Herzmuskel  

Die En twick lnng  der Herzgef/isse wurde  an 379 Wis ta r -  
R a t t e n  beiderlei  Geschlechts  v o m  9. E m b r y o n a l t a g  bis 
zum 6. Lebensmona t  histologisch und mi t  I l i l fe  ro l l  
Tusche-Gela t ine in jekt ionen studier t .  Neu ist die l-le- 
obach tung  yon 3 unterschiedl ichen Phasen der I-terz- 
ern~ihrung: 1. bis zum 12. E m b r y o n a l t a g  durch l) iffu- 
sion, 2. e twa bis zl lm 1.7. E m b r y o n a l t a g  durch eine rein 
venhse Zirkulat ion,  3. danach  koronar.  Der  l[~bergang 
yon dem einen zum anderen Versorgungs typ  erfolgt  nie 
abrupt ,  v ie lmehr  gibt  es stets eillen Zei t raum,  in dem 
altes und neues  Versorgungsprinzip nebeneinander  be- 
stehen. 

13esondere Aufmerksamke i t  wurde  der Per iode der rein 
ven6sen Zirkulat iol l  gewidmet ,  weil  in dieser Zeit der 
grhsste Teil  des herzeigenen Kreislaufs aufgebaut  wird. 
Ausgangs 'punkt  sind die zwischen den Trabeke ln  der  
K a m m e r w a n d  gelegenen Sinusoide. Hie r  bi lden sich am 
13. E m b r y o n a l t a g  an  der Herzbasis  und am K a m m e r -  
sep tum Endokarde ins t i i lpungen  aus, die zum Teil  durch 
die Herzsulze  h indurch  das Myokard  erreichen. Es  han-  
delt  sich um die erstell Anlagen der Kapil laren,  die bald 
m i t  den ersten Herzvenen  in Verb indung  t re ten,  die 
als Knospul lgen aus dem Sinus coronarius hervorgehell .  
So wird die S t rombahn  geschlossen, und das 131ut gelangt  
aus der Kammerh6h le  durch die Sinusoide, Kapi l la ren  
und Venen in den Sinus coronarius.  Ks l iegt  eine sinu- 
soido-venhse Zirkulat ion vor. I n  der Folgezei t  bre i ten  
sieh die Kapi l laren  fiber das ganze I [erz  aus. 1)ie Venen 
entwickeln  sich ausschliesslich auf der Ri~ckseite des 
Herzens  und greifen erst  sp~iter auf die Vordersei te  fiber. 
Die Umges t a l t ung  der s inusoido-venhsen Zirkulat ion in 
die def in i t ive  koronare  beginnt  mi t  der Anlage der Koro-  
narar te r ien  (16. bis 17. Embryona l t ag ) ,  die aus den Sinus 
Valsa lvae  aussprossen. 1)lest t r e ten  zu den vorhandenel l  
Kapi l laren  ill 13eziehung, die sich teilweise zu Arteriolen,  
Arterien,  Venen und Venulen  umwandel l l .  Diese Be- 
obach tung  s teht  im Gegensatz  zu bisherigei1 Mit tei lun-  
gen ~-'~, in denen behaup te t  wird,  dass die Koronar-  
ar ter ien in ganzer  Lhmge Neubildl l l lgen seien. Ausserdem 

wird das Kapi l la r sys tem als Ganzes ulngestal tet .  Die  
Kapil laren werden zahlreicher,  bilden schliesslich ein fein- 
maschiges  Ne tzwerk  und orientieren sich ~Lhnlich wie die 
Muskula tur  in den Karllmerw~inden aussen und innen 
lgngs, ill der  Mitre zirkuliir 4. "Wichtig fiir die Ausbi ldung 
der koronaren  Zirkulat ion ist ferner die Umwand lung  
der Sinusoide. Im  Gegensatz  zu der A n n a h m e  yon Bv'~-- 
~'ET'r ~ verschwinden die Sinusoide nicht.  Sie beha l ten  
stets Verb indung  mi t  dem Kapi l ta rsys tem des 5{yokards. 
Pr~Lnatal sind die Sinllsoide noch verh~ltnism~ssig plump,  
sp~iter schmal  und langgezogen. I n  ihrer  Gesamthe i t  bil-  
den die ehemal igen Sinusoide im erwachsenen Herzel l  
die thebesianischen Gef~isse ( thebesianische Venen, kapil-  
l~ire gef~isslumin~re Anastomosen) .  \ u  ab- 
geschlossen ist  die Ausbi ldung der koronaren S t rombahn  
am E n d e  der 1. Lebenswoche 5. 

Summary .  In  the  developing ra t  hear t  3 periods m a y  
be dis t inguished wi th  regard  to the  nu t r i t ion  of the  
myoca rd ium:  (1) Nut r i t ion  by  diffusion (lip to the  12th 
embryonic  day). (2) Per iod of venous circulat ion in which 
the  blood passes f rom the  ventr ic les  th rough  sinusoids, 
capillaries and veins  to the  corol lary sinus. (3) The  coronary  
circulation,  which s tar ts  wi th  the  fo rmat ion  of coronary  
arteries. By  the  end of t i le first  week of life, the  cardiac 
circulat ing sys tem is fully developed.  
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An Electron Microscopical Demonstrat ion of the Permeabil i ty of Cerebral and Retinal Capillaries 
to Ions 

The  blood-bra in  and blood-ret inal  barr iers  to large 
molecules t lave been known for a long t ime;  only recent ly  
their  s t ruc tura l  bases have  been demons t ra ted  by  the  
electron microscope. T h e y  are no t  caused by  simple lack 

2 6 of per ivascular  spaces ~, nor  by  the  g l ia l - inves tment  - ,  
bu t  by  the  cerebral  and re t inal  vascular  endothel ia l  cells 
being comple te ly  surrounded by  t igh t  junct ions  (zonuale 
occludelltes), which are impermeable  to qui te  small  pro- 
teins (e.g. peroxidase,  mol. wt.  ~43,000) ,  and by  the  
pauc i ty  of small  vesicles in the  cells 5, 6. (Elsewhere, junc-  
t ions often p e r m i t  the  passage of small  proteins,  e.g. 
peroxidase  7,s, and t i le numerous  vesicles slowly car ry  
large molecules across the  cellsg-15.) 

Whi le  the  barriers  p r even t  the  passage of large mole-  
cules, t h e y  are permeable  to small  ones 15. Some workers  
consider  i t  l ikely t h a t  small  molecules mus t  pass th rough  
t i le endothel ia l  cells, which would  impu te  great  t r anspor t  
and regula tory  powers to t h e m  5,6. Ye t  the  endothe l ium 
has l i t t l e  resemblance to cells which ac t ive ly  secrete or 
t r anspor t  mater ia l ,  and vascular  pe rmeabi l i ty  is general ly 
held to be an essential ly passive process~,~,~a,~5, ~7 

To s tudy  this  p rob lem further ,  i t  was decided to 
inves t igate  the  passage of ions th rough  the  cerebral  and 
ret inal  barr iers  using a t echnique  which has p roved  its 
va lue  before - in showing t h a t  ions do pass th rough  
o ther  junct ions  ls-2~ 

Materials and me/hods. \Vistar  ra ts  ( N 2 0 0 g )  were 
anaesthet ized with  N e m b u t a l  and ether.  In t r av i t r eous  
inject ions 21 of 0.05-0.1 mt of Na4Fe(CN)6.10HeO (16.2 g/l, 
plus  NaC1, 4.75 g/l), or of Na2SO ~ (7.75 g/l, plus NaCI, 
4.75 g/l) were given a t  39 ~ 5 and 10 rain before f ixation.  
In t r a theca l  inject ions of 0.1 1ill of one of the  same solu- 
t ions were given, 7 rain before f ixation,  af ter  a small  
por t ion  of the  skull had been careful ly r emoved  from 
over  a cerebral  hemisphere.  The  animals  were f ixed by  
perfusion wi th  fresh 4~o g lu ta ra ldehyde  (pi t  7.2) in 
Caulfield 's  medium.  ~2 a t  20 ~ and 100 m m  t t g  pressure, 
af ter  f lushing-out  wi th  jus t  the  buffer  for 1/2-1 min.  The  
f ixa t ive  also conta ined FeC13 (7.05 g/1, neutra l ized wi th  
0 .1M NaOH)  when the  ferrocyall ide was Used, and BaCle 
(8.75 g/l) when the  sulphate  was injected.  Perfusion was 
cont inued for 15 rain and then  the  tissues were removed,  



846 Speeialia 15.8. 1969 

cu t  i n to  1 m m  a b locks  a n d  p laced  in m o r e  of t he  f i xa t i ve  
a n d  ion m i x t u r e  for  12 h. Con t ro l  m a t e r i a l  was  o b t a i n e d  
u s i n g  t h e  a b o v e  t e c h n i q u e s  b u t  o m i t t i n g  one  or  o t h e r  

of t h e  i on -pa i r s ;  t h i s  w a s  s t a i ned  b y  a d d i n g  0.5~o u r a n y l  
a ce t a t e  to  t h e  d e h y d r a t i n g  a lcohol  (70~o) for  30 min .  
W h e n  t h e  P r u s s i a n  b l u e  r e a c t i o n  w a s  b e i n g  used,  t h e  

Fig. 1. Retinal capillary. Deposits of the Prus- 
sian blue reaction are visible in the lumen and 
in 2 intercellular junctions (J). The endothe- 
lium itself (E) and an external glial cell sh6w 
very little internal detail because the section 
was examined unstained. • 45,000. 

Fig. 2. Cerebral capillary. Again deposits are 
visible in the lumen, a junction, and external 
to the endothelial cells (t:.) amongst the base- 
ment membrane material (BM). A glial cell (G) 
is also shown. Lead stained. • 70,000. 

Yig. 3. Cerebral capillary. A portion of a 
junction is shown between 2 endothelial 
cells (E) ; the lumen is shown (L). The junction 
has one obvious narrowing, indicating a 
zonula oecludens (ZO). A second narrowing 
(arrow) may also indicate one. The deposit 
of Prussian blue is continuous through both 
of these regions. In some places the staining 
of the membranes by the reaction may be 
seen. Unstained. x 250,000. 
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dissec t ing  microscope  was he lpfu l  in  se lect ing t he  bes t  
b locks  for f u r t h e r  s tudy .  These  were  s o m e t i m e s  pos t -  
f ixed in 2% O s m i u m  t e t r o x i d e  for  1 h, before  be ing  
e m b e d d e d  in a ra ld i t e  b y  t he  usua l  t echn iques .  Lead  
c i t r a t e  2a was used  to  s t a in  some of t he  sect ions,  b u t  t h e y  
were  usua l ly  e x a m i n e d  uns t a ined .  Th i s  m a d e  i t  h a r d e r  
to  m a k e  ou t  t h e  de ta i l s  of t h e  cells, b u t  m e a n t  t h a t  t i le  
depos i t s  of p r e c i p i t a t e d  ions were more  easi ly visible,  
a n d  p r e v e n t e d  confus ion  w i t h  s t a in ing  ar te fac ts .  

Results. The  n o r m a l  f ine s t r u c t u r e  of t he  ce rebra l  a n d  
r e t i na l  capi l lar ies  ha s  b e e n  descr ibed  ~a,~,~,2a. These  
f ind ings  were  conf i rmed ;  in  p a r t i c u l a r  i t  was  n o t e d  t h a t  
all t h e  j u n c t i o n s  wh ich  were  suf f ic ien t ly  p e r p e n d i c u l a r  
for t h e  u n i t - m e m b r a n e s  to be  v is ib le  h a d  qu in tup l e -  
l ayered  por t ions .  (This was  sti l l  obse rved  w h e n  a n y  one 
of t h e  ions was used.) T h u s  i t  is v e r y  l ikely t h a t  t he  
endo the l i a l  cells are  s u r r o u n d e d  b y  comple t e  ZOllUlae 
occludentes .  The  m a r k e d  p a u c i t y  of t he  smal l  vesicles 
was also ev iden t .  The  genera l  p r e s e r v a t i o n  of t he  t i ssues  
was  qu i t e  good, in  b o t h  t he  con t ro l  a n d  e x p e r i m e n t a l  
mate r ia l ,  b u t  in  t he  l a t t e r  t h e  absence  of t h e  n o r m a l  
e l ec t ron-s t a ins  a n d  t h e  p resence  of p rec ip i t a t e s  r ende red  
some of t h e  s t r u c t u r e s  invis ible .  

The  l igh t  microscope  showed  n u m e r o u s  vessels in  b o t h  
t he  b r a i n  a n d  t i le  r e t i n a  w i t h  t h e  P rus s i an  b lue  reac t ion .  
The  e lect ron microscope  (Figures 1-3) showed  large 
depos i t s  in  t h e  vessels '  lumens ,  p r e c i p i t a t e d  on  t h e i r  
p l a s m a  m e m b r a n e s ,  in t h e  in te rce l lu la r  junc t ions ,  occa- 
s iona l ly  in  sma l l  vesicles  a t t a c h e d  to  b o t h  p l a s m a  m e m -  
b r a n e s  a n d  ill t h e  cen t r e  of t h e  cells, in  t h e  b a s e m e n t  
m e m b r a n e s ,  in  t h e  genera l  ex t race l lu la r  species b e t w e e n  
t he  glial, n e u r a l  a n d  re t i l la l  ceils, a n d  c o n t a i n e d  in 
' s y n a p t i c '  vesicles a t  n e r v e  endings.  T he  d i s t r i b u t i o n  of 
t h e  2 ions were t he  same,  b u t  t h e  fe r r i - fe r rocyanide  
p rec ip i t a t e s  were  more  dense  and,  as is k n o w n  ~s, ~ were  
also p r e s e n t  in  t h e  a d j a c e n t  cel lular  m e m b r a n e s .  The  
fac t  t h a t  t h i s  s t a in ing  e x t e n d e d  t he  l eng th  of t h e  j u n c t i o n s  
shows t h a t  t he  ions respons ib le  - 13arium ~~ a n d  ferro- 
cyan ide  ~ - were able  to  p e n e t r a t e  b e t w e e n  t h e  cells. 
The  a m o u n t s  of p r ec ip i t a t e s  in  t he  d i f fe ren t  si tes var ied ,  
no  d o u b t  d e p e n d i n g  on  local  concen t r a t i ons ,  d i f fus ion 
ra t e s  a n d  e lapsed t imes ,  etc. 

The  m o s t  s ign i f ican t  f ind ing  was t h e  presence  of 
depos i t s  in m a n y  endo the l i a l  in te rce l lu la r  j u n c t i o n s ;  in  
fact ,  if t h e r e w e r e  depos i t s  in t he  v i c in i t y  of a vessel,  
t h e y  were  a l m o s t  i n v a r i a b l y  found  in all  t h e  junc t ions .  
I t  is especial ly  i m p o r t a n t  t h a t  t he  depos i t s  a p p e a r e d  to 
be  c o n t i n u o u s  r i g h t  t h r o u g h  t i le  zonulae  occ luden tes  
(Figure  3). Also, as all  t h e  j u n c t i o n s  a p p e a r e d  to  possess 
these  zonulae,  a n d  as t h e  depos i t s  f r e q u e n t l y  c o n t i n u e d  
t he  l e n g t h  of t h e  junc t ions ,  i t  was  e v i d e n t  t h a t  ions  were 
p r e s e n t  in t he  zonulae.  

Whi l e  t i le  occas ional  sma l l  vesicles some t imes  c o n t a i n e d  
t he  r eac t ion  p roduc t ,  i t  is l ike ly  t h a t  ves icu la r  t r a n s p o r t  
is far  too  slow to  a c c o u n t  for  t he  m o v e m e n t s  of sma l l  
molecules  across e n d o t h e l i u m  e l s e w h e r e ~ , ~ ,  ~v. I n  t he  
ce rebra l  a n d  r e t i na l  vessels, w i t h  t h e i r  p a u c i t y  of vesicles, 
i t  is even  less l ikely.  

Discussion. I t  is un l ike ly  t h a t  these  resu l t s  are  a r te -  
fac tua l .  T h e  f i r s t  of t he  pa i r s  of ions were non- in ju r ious  
a n d  i so tonic  w i t h  plasma~S,~~ t h e  t i ssues  in  genera l  
a p p e a r e d  no rma l .  Also i n t r a v i t r e o u s  a n d  i n t r a v e n t r i c u l a r  
in jec t ions  of pe rox idase  a n d  fe r r i t in  p r oduce  no  mor-  
phologica l  changes  in t he  r e t i na l  or ce rebra l  vessels, w h i c h  
r e m a i n  i m p e r m e a b l e  to  t h e m  a, ~; in  pa r t i cu la r ,  t h e  re t ina l  
endo the l i a l  j unc t ions ,  un l ike  t h e  ir idic ones, a p p e a r  n o t  
to  be  d i s r u p t e d  b y  h i s t a m i n e  or ocular  pa racen t e s i s  ~4. 

I t  is e v i d e n t  t h a t  ce rebra l  a n d  r e t i na l  ones  m u s t  h a v e  
passages  t h r o u g h  t h e m  large e n o u g h  for  ions to  pass,  

b u t  too  smal l  for pe rox idase  ~. E v e n  in regions where  
pe rox idase  can  pass  t h r o u g h  some p a r t s  of t h e  junc t ions ,  
o the r  p a r t s  are  i m p e r m e a b l e  ~,s. B y  con t ras t ,  a l m o s t  all 
j unc t ions  a p p e a r  to  be  p e r m e a b l e  to  ions  ~s, ~0. I t  is k n o w n  
t h a t  t h e  degree  of t i g h t n e s s  can  v a r y  f rom one p a r t  o f  
t he  cell to  t he  next ,  a n d  f rom si te  to  s i te  in  t he  
b o d y ' ,  ~--s, ~,  ~. A n u m b e r  of r ecen t  s tud ies  i nd i ca t e  t h a t  
zonulae  occ luden tes  m a y  cons is t  of meshes  of f ibri ls  
i m m e r s e d  in mucopo lysaccha r ide .  Va r i a t i ons  in  pe rme-  
ab i l i ty  could r e su l t  f rom s l ight  v a r i a t i o n s  in  t he  n u m b e r s  
and  o r i en t a t i ons  of these  f ibri ls  a n d  in t h e  degree  of 
po lymer iza t ion .  

I t  is concluded,  therefore ,  t h a t  t he  j u n c t i o n s  b e t w e e n  
t he  endo the l i a l  cells of ce rebra l  and  r e t i na l  capi l lar ies  a r e  
p e r m e a b l e  to  ions a n d  p r e s u m a b l y  to o t h e r  sma l l  mole-  
cules. The re  is no  need  to  p o s t u l a t e  t h a t  sma l l  molecules  
h a v e  to  pass  t h r o u g h  t h e  endo the l i a l  cells,  w h i c h  would  
i m p l y  va r ious  spec ia l iza t ions  in  t he i r  functions~% 

Rdsumd. Des in jec t ions  in t r a - th6ca le s  et  i n t r a -v i t r eu se s  
d ' ions  de f e r roeyanurc  et  de su l fa te  darts les r a t s  6tudi6s 
au  microscope  61ectronique, p e r m e t t a n t  de c o n s t a t e r  que  
les jonct io l l s  endoth61iales des va i s s eaux  c6r6braux  e t  
r 6 t i n a u x  son t  perml6able aux  pe t i t e  s mol6cules.  
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