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Zur Entwicklung der Gefisse im Herzmuskel

Die Entwicklung der Herzgefasse wurde an 379 Wistar-
Ratten beiderlei Geschlechts vom 9. Embryonaltag bis
zum 6. Lebensmonat histologisch und mit Ililfe von
Tusche-Gelatineinjektionen  studiert. Neu ist die Be-
obachtung von 3 unterschiedlichen Phasen der Herz-
ernihrung: 1. bis zum 12. Embryonaltag durch Diffu-
sion, 2. ctwa bis zum 17. Embryonaltag durch cine rein
vendse Zirkulation, 3. danach koronar. Der Ubergang
von dem ecinen zum anderen Versorgungstyp crfolgt nie
abrupt, vielmehr gibt es stets cinen Zeitraum, in dem
altes und ncues Versorgungsprinzip ncbeneinander be-
stehen.

Besondere Aufmerksamkeit wurde der Periode der rein
vendsen Zirkulation gewidmet, weil in dieser Zeit der
grosste Teil des herzeigenen Kreislaufs aufgebaut wird.
Ausgangspunkt sind die zwischen den Trabckeln der
Kammerwand gclegenen Sinusoide. Hier bilden sich am
13, Embryonaltag an der Herzbasis und am Kammer-
septum Endokardeinstiilpungen aus, die zum Teil durch

dic Herzsulze hindurch das Myokard erreichen. Es han- -

delt sich um die ersten Anlagen der Kapillaren, die bald
mit den ersten Herzvenen in Verbindung treten, die
als Knospungen aus dem Sinus coronarius hervorgchen.
So wird die Strombahn geschlossen, und das Blut gelangt
aus der Kammerhohle durch die Sinusoide, Kapillaren
und Venen in den Sinus coronarius. s liegt cine sinu-
soido-vendse Zirkulation vor. In der Folgezeit breiten
sich dic Kapillaren iiber das ganze llerz aus. Dic Venen
entwickeln sich ausschliesslich auf der Riickscite des
Herzens und greifen erst spiter auf dic Vorderseite iiber.
Dic Umgestaltung der sinusoido-vendsen Zirkulation in
die definitive koronare beginnt mit der Anlage der Koro-
nararterien (16. bis 17. Embryonaltag), die aus den Sinus
Valsalvae aussprossen. Diesc treten zu den vorhandenen
Kapillaren in Bezichung, die sich tcilweise zu Arteriolen,
Arterien, Venen und Venulen umwandeln. Diese Be-
obachtung steht im Gegensatz zu bisherigen Mitteilun-
gen'-3, in denen behauptet wird, dass dic Koronar-
arterien in ganzer Ladnge Necubildungen scien. Ausserdem
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wird das Kapillarsystem als Ganzes umgestaltet. Die
Kapillaren werden zahlreicher, bilden schliesslich ein fein-
maschiges Netzwerk und orientieren sich dhnlich wie die
Muskulatur in den Kammerwinden aussen und innen
langs, in der Mitte zirkuldr®. Wichtig fiir die Ausbildung
der koronaren Zirkulation ist ferner dic Umwandlung
der Sinusoide. Im Gegensatz zu der Annahme von BEN-
NETT?2 verschwinden die Sinusoide nicht.- Sie behalten
stets Verbindung mit dem Kapillarsystem des Myokards.
Prénatal sind die Sinusoide noch verhaltnismaéssig plump,
spdter schmal und langgezogen. In ihrer Gesamtheit bil-
den die ehemaligen Sinusoide im erwachscenen Herzen
dic thebesianischen Gefdsse (thebesianische Venen, kapil-
lire gefdsslumindre Anastomosen). Weitgehend ab-
geschlossen ist dic Ausbildung der koronaren Strombahn
am Ende der 1. Lebenswoche?.

Summary. In the developing rat heart 3 periods may
be distinguished with regard to the nutrition of the
myocardium: (1) Nutrition by diffusion (up to the 12th
cmbryonic day). (2) Period of venous circulation in which
the blood passes from the ventricles through sinusoids,
capillarics and veins to the coronary sinus. (3) The coronary
circulation, which starts with the formation of coronary
arteries. By the end of the first week of life, the cardiac
circulating system is fully developed.
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An Electron Microscopical Demonstration of the Permeability of Cerebral and Retinal Capillaries

to Ions

The blood-brain and blood-retinal barriers to large
molecules have been known for a long time; only recently
their structural bases have been demonstrated by the
electron microscope. They arc not caused by simple lack
of perivascular spaces?!, nor by the glial-investment?2-§,
but by the cercbral and retinal vascular endothelial cells
being completely surrounded by tight junctions (zonuale
occludentes), which are impermeable to quite small pro-
teins (c.g. peroxidase, mol. wt. ~43,000), and by the
paucity of small vesicles in the cells® 8. (Elsewhere, junc-
tions often permit the passage of small proteins, e.g.
peroxidasc™$8, and the numerous vesicles slowly carry
large molecules across the cells®-15)

While the barriers prevent the passage of large mole-
cules, they are permeable to small ones16, Some workers
consider it likely that small molecules must pass through
the endothelial cclls, which would impute great transport
and rcgulatory powers to them?5: 6, Yet the endothelium
has little resemblance to cells which actively secrete or
transport material, and vascular permeability is generally
held to be an essentially passive process? 12,13,15,17,

To study this problem further, it was decided to
investigate the passage of ions through the cercbral and
retinal barriers using a technique which has proved its
value before — in showing that ions do pass through
other junctions!8-20,

Materials and wmethods. Wistar rats (~200.g) were
anacsthetized with Nembutal and ether. Intravitrcous
injections ! of 0.05-0.1 m1 of Na,Fe(CN)4- 10H,0 (16.2 g/1,
plus. NaCl, 4.75 g/l), or of Na,SO, (7.75 g/l, plus NaCl,
4.75 g/1) were given at 39°C, 5 and 10 min before fixation.
Intrathecal injections of 0.1 ml of one of the same solu-
tions were given, 7 min before fixation, after a small
portion of the skull had been carefully removed from
over a cerebral hemisphere. The animals were {ixed by
perfusion with fresh 49 glutaraldehyde (pll7.2) in
Caulfield’s medium?? at 20°C and 100 mm Hg pressure,
after flushing-out with just the buffer for */,~1 min. The
fixative also contained TFeCl; (7.05 g/l, neutralized with
0.1 M NaOH) when the ferrocyanide was used, and BaCl,
(8.75 g/l) when the sulphate was injected. Perfusion was
continued for 15 min and then the tissues were removed,
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cut into 1 mm? blocks and placed in more of the fixative _ of the ion-pairs; this was stained by adding 0.59%, uranyl
and ion mixture for 12 h. Control material was obtained acetate to the dehydrating alcohol (709%) for 30 min.
using the above techniques but omitting one or other ~When the Prussian blue rcaction was being used, the

Tig. 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 show
very little internal detail because the section
was examined unstained. X 45,000.

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

Tig. 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 occludens (ZO). A second narrowing
(arrow) may also indicate onec. 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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dissecting microscope was helpful in selecting the best
blocks for further study. These were somectimes post-
fixed in 29, Osmium tetroxide for 1h, before being
embedded in araldite by the usual techniques. Iead
citrate2® was used to stain some of the sections, but they
were usually examined unstained. This made it harder
to make out the dectails of the cells, but meant that the
deposits of precipitated ions werc more casily visible,
and prevented confusion with staining artefacts.

Results. 'The normal fine structurce of the cerebral and
retinal capillarics has been described?~%:8:8:24. These
findings were confirmed; in particular it was noted that
all the junctions which were sufficiently perpendicular
for the unit-membranes to be visible had quintuple-
layered portions. (This was still observed when any one
of the ions was used.) Thus it is very likely that the
endothelial cells are surrounded by complete zonulae
occludentes. The marked paucity of the small vesicles
was also evident. The general preservation of the tissues
was quite good, in both the control and experimental
material, but in the latter the absence of the normal
electron-stains and the presence of precipitates rendered
some of the structures invisible.

The light microscope showed numerous vessels in both
the brain and the retina with the Prussian blue reaction.
The electron microscope (Figures 1-3) showed large
deposits in the vessels’ lumens, precipitated on their
plasma membranes, in the intercellular junctions, occa-
sionally in small vesicles attached to both plasma mem-
branes and in the centre of the cells, in the basement
membranes, in the gencral extracellular species between
the glial, ncural and retinal cells, and contained in
‘synaptic’ vesicles at nerve endings. The distribution of
the 2 ions were the same, but the ferri-ferrocyanide
precipitates were more densc and, as is known1# 25 were
also present in the adjacent cellular membranes. The
fact that this staining extended the length of the junctions
shows that the ions responsible — Barium?® and ferro-
cyanide® — were able to penctrate between the cells.
The amounts of precipitates in the different sites varied,
no doubt depending on local concentrations, diffusion
rates and clapsed times, etc.

The most significant finding was the presence of
deposits in many endothelial intercellular junctions; in
fact, if therc were deposits in the vicinity of a vessel,
they were almost invariably found in all the junctions.
It is especially important that the deposits appeared to
be continuous right through the zonulac occludentes
(I'igure 3). Also, as all the junctions appcared to possess
these zonulae, and as the deposits frequently continued
the length of the junctions, it was evident that ions were
present in the zonulae.

‘While the occasional small vesicles sometimes contained
the reaction product, it is likely that vesicular transport
is far too slow to account for the movements of small
molecules across endothelium eclsewhere12:15:17, In the
cercbral and retinal vessels, with their paucity of vesicles,
it is even less likely.

Discusston. It is unlikely that these results arc arte-
factual. The first of the pairs of ions were non-injurious
and isotonic with plasma?®20; the tissucs in general
appeared normal. Also intravitreous and intraventricular
injections of peroxidase and ferritin produce no mor-
phological changes in the retinal or cercbral vessels, which
remain impermeable to them?3:3; in particular, the retinal
endothelial junctions, unlike the iridic ones, appear not
to be disrupted by histamine or ocular paraccntesis?:.

It is evident that cerebral and retinal ones must have
passages through them large enough for ions to pass,
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but too small for peroxidase®. Even in regions where
peroxidase can pass through some parts of the junctions,
other parts are impermeable” 8. By contrast, almost all
junctions appear to be permeable to ions?®: 20, It is known
that the degree of tightness can vary from onc part of
the cell to the next, and from site to site in the
body 468 11,19 A number of recent studies indicate that
zonulae occludentes may consist of meshes of fibrils
immersed in mucopolysaccharide. Variations in perme-
ability could result from slight variations in the numbers
and orientations of these fibrils and in the degree of
polymerization.

It is concluded, thercfore, that the junctions between
the endothelial cells of cercbral and retinal capillaries are:
permeable to ions and presumably to other small mole-
cules. There is no nced to postulate that small molecules
have to pass through the endothelial cells, which would
imply various specializations in their functions?s.

Résumé. Des injections intra-thécales ct intra-vitrceuses
d’ions de ferrocyanurc ct de sulfate dans les rats étudiés
au microscope ¢lectronique, permettant de constater que
les jonctions cndothéliales des vaisscaux cérébraux et
rétinaux sont perméable aux petites molécules.
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