Resumen por el autor, Warren H. Lewis
El endotelio en cultivo de tejidos

Los cultivos fueron hechos del modo corriente utilizando el
medio Locke-Lewis. El higado del embrién de pollo de siete
dias consiste de higado y células endoteliales; cada uno de estos
dos tipos emigra hacia el cubreobjetos de una manera caract-
eristica. El endotelio forma un reticulo laxo de células alar-
gadas mds o menos adherentes entre si por medio de sus
extremos y procesos. Kl cardcter de este reticulo varia con-
siderablemente, pero los procesos celulares no son tan abundantes
como en las células mesenquimatosas multipolares. En la
periferia, y también en una forma de degeneracién, las células
pueden aislarse completamente unas de otras. Estos hechos
indican que el reticulo es adherente en vezde ser sincicial.

En los cultivos jovenes las mitocondrias aparecen principal-
mente en forma de filamentos con un ndmero variable de bas-
tones y granulos. A medida que envejecen dichos cultivos las
mitocondrias tienden a disponerse radialmente a partir del cen-
triolo y centrosfera en vias de erccimiento. También tienden a
fragmentarse en bastones y grianulos. Su cardcter y cantidad
varfan considerablemente. Grinulos y vacuolas que presentan
una marcada afinidad con el rojo neutro (grinulos de degenera-
cion) se acumulan gradualmente en las células y presentan una
tendencia a amontonarse alrededor del centriolo y centrosfera
dilatada. Las células binucleadas son comunes. kFn los cul-
tivos mds viejos, en los cuales los cambios degenerativos son evi-
dentes, los nicleos a menudo se hacen irregulares y llenos de
dentellones, dividiéndose en varios micleos mds pequefios Il
cctoplasma a veces presenta fibrillas longitudinales semejantes
a las de las fibras musculares lisas depués de la fijacion. Di-
chas fibrillas no pueden distinguirse en la edlula viva.

Translation by José IF. Nonidez
Cornell Mediral College, New York
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INTRODUCTION

It is but natural that investigators in the field of tissue cul-
ture should have had and should still have more or less difficulty
in identifying the various types of cells that grow out from ex-
plants of embryonic tissues, Most explants contain several
types of cells that migrate out into the medium, some of which
are comparatively easy to identify.

Nerve fibers from the central nervous system have been ob-
served by Harrison (07, ’10), Ingebritsen ('13), and Levi ('16 a),
and those from the sympathetic system by Lewis and Lewis
(’12 a), and Matsumoto ("20). They are always quite charac-
teristic. Endodermal membranes from the cells lining the ali-
mentary tract and allantois were not at first identified as such
(Lewis and Lewis, "11; Lambert, ’12), but later their origin was
established (Lewis and ILewis, ’12b) and their recognition is
now simple. Ectoderm from the skin (Lambert, '12) and the
amnion (Lewis and Lewis, 12 b) grows out in the form of a
membrane or sheet, as does also the pigmented epithelium from
the retina (Luna, 17, fig. 1; Smith, ’20). In the frog, likewise,
the epithelial cells grow out as membranes (Uhlenhuth, 14,
’15; Matsomoto, ’18). Liver cells form membranes similar
to the endoderm and are easily identified (Lynch, ’21). The thy-
roid-gland cells grow out either as tubules or membranes (Car-
rel and Burrows, 11 a,’11 b). Renal epithelium from the tubules
likewise grows out in the form of membranes or sheets (Lewis
and Tewis, '12 b) and sometimes as tubules (Reinhoff!). Blood-

t Unpublished.
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cells and wandering cells from the spleen (Foot, ’12), bone-
marrow (Erdmann, ’17), lymph nodes (Lewis and Webster,
21 a, 21 b), and thymus (Pappenheimer, '13) seem always to
migrate out as isolated cells and to remain so. Skeletal muscle
has been observed by M. R. Lewis (’15, '19), and Lewis and Lewis
(17 a), and premuscle by Congdon (’15). This tissue is usually
easy to recognize by its elongated multinuclear fibers and pecu-
liar cytoplasm. Heart musele has been studied by Burrows
(10, ’12), Congdon (’15), and more especially by Levi (’16b,
’19). Some of the figures of heart muscle shown by the last-
named investigator correspond to our own unpublished ones,
but this is not the case with those of Burrows and of Congdon,
except possibly Congdon’s figure 5. Smooth muscle resembles
more the ordinary mesenchyme than either skeletal muscle or
heart muscle and has been observed by Lewis and Lewis (17 b)
and by M. R. Lewis ('20 a).

We have been using in a rather loose fashion the terms mes-
enchyme, connective tissue, and fibroblast to designate the reticu-
lar radiating outgrowths in tissue cultures, because we were
not sure of the exact identity of the tissue. I think most in-
vestigators working with tissue cultures have felt, as we do, that
in using thesc terms they were probably dealing with several
types of cells, namely, mesenchyme (including reticulum), fibro-
blasts, and other types of fixed connective-tissue cells, endothe-
lium, and mesothelium. The literature is full of figures of these
mesenchymal tissues, and among them are some which are prob-
ably endothelium. Most explants contain capillaries with
endothelial cells and in many cultures these cells probably mi-
grate out, although they may not be recognized as endothelium.

The present study is devoted to a consideration of the endo-
thelial cells that migrate out from the explants of embryonic
chick liver. It is well known that the liver, after ninety-six
hours of incubation contains but two types of cells, the liver cells
proper and the endothelium of the sinusoids (Minot, 00). It
seemed to offer, therefore, an excellent opportunity for the study
of endothelial outgrowths, as no difficulty should be encoun-
tered in distinguishing the liver-cell membrane from the loose
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reticular outgrowths (Lynch, ’21). I have regarded these retic-
ular outgrowths as endothelium. They differ in character
from the reticular outgrowths of ordinary subcutaneous mesen-
chyme, as can be seen by comparing figures 1 and 2 of subcutane-
ous mesenchyme with figures 3 to 12 of endothelium.

MATERIAL AND METHODS

The explants were all from the livers of chick embryos of five
to ten days’ incubation. The cultures were made in the usual
manner with Locke’s solution (NaCl, 0.9 gram; CaCl,, 0.024
gram; KCI, 0.042 gram; NaHCO;, 0.02 gram; dextrose, 0.5
gram, H,0, 100 cc.), 80 cc., plus chicken bouillon, 20 ce. The
chicken bouillon was made according to the usual bacteriological
method, except that freshly killed chicken was used in the place
of beef. The hydrogen-ion concentration of the solutions varied
from pH 6.4 to pH 7.6, but was usually about pH 6.8 to pH 7.2.

The figures are all from untouched photographs. The cul-
tures from which they were taken were first subjected to a weak
solution of janus green or neutral red, or the two in combination,
until the mitochondria or the granules (and vacuoles) or both
were stained. The cultures were than fixed with iodine vapor
by placing a small flake of pure iodine on the bottom of the
hollow-ground slide. The iodine vapor rapidly tinted the cells
a beautiful yellow-brown. The mitochondria when stained with
janus green became a very dark brown (almost black) and the
neutral red granules beeame a dark red-brown. These colors
are very advantageous for photography.

GENERAL CHARACTERISTICS

The endothelial cells migrate out from the liver explants onto
the cover-glass in the form of a loose reticulum of elongated
cells that are more or less adherent to one another by their ex-
tremities and processes. The character of this reticulum varies
considerably in different cultures and in different regions of the
same culture, as will be seen by comparing figures 3 to 12. Near
the explant and in the middle of the outgrowth the cells are
elongated and slender, while at the periphery, where the crowding
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is less, they tend to flatten out in various directions. This is
often still more marked in the isolated cells near the periphery.
The explanation of this is probably not in a longitudinal polarity
that disappears as the cells move peripheralward, but in the
interplay of surface tension and of the differential adhesiveness
of the cells for each other and for the cover-glass. The cells
have apparently a greater adhesiveness for the cover-glass
than for each other, and at the periphery, where they have more
space, they are drawn out more and more on the cover-glass
by the tension pull of the surface film of the fluid medium which
lies against the cover-glass, until a balance between capillary
attraction and cohesion is reached. Tait (’18) has recently de-
scribed the spreading-out of certain blood-cells on glass as due to
capillary attraction or, in other words, to surface-tension phe-
nomena. The endothelial cells are evidently sticky and semifluid
and are subject to the same physical forces as the blood-cells
described by Tait. There may also be alterations, both local
and general, in the consistency of the eytoplasm, which would
favor the more extensive spreading-out of the cell. The consis-
tency or viscosity of protoplasm is probably a variable char-
acter, as shown by Chambers (17) and Seifriz (’20). The mi-
gration of the cells probably depends on alternating changes
in the consistency of the protoplasm with changes in surface
tension, as suggested by Loeb (’20, ’21) for the amoeboid move-
ments of the blood-cells of Limulus.

In the many cultures examined we have never seen spread-out
endothelial cells from the liver with long, slender, fine-branched
processes such as are shown in figures 1 and 2 from subcutaneous
tissue. Figures 7 and 8 show the slender more elongated type
of cell, and figures 3, 4, 9, and 11, the more common type, which
possesses a broad, thin, lateral expansion. Figures 5 and 6,
a more unusual variety, show the cells forming a somewhat
membranous or sheet-like outgrowth resembling the mesothe-
Jium-like membranes in cultures from the heart and intestine.
They are different, however, and mesothelial membranes have
not been observed in these liver cultures.
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The contrast between the endothelial cells and the liver cells
is always quite marked, as shown in figures 5 and 12. Some-
times the endothelial cells have exceedingly long and slender
processes which extend out from the ends of the cells parallel
to each other and to the long axes of the cells.

It is very difficult to determine whether the reticulum formed
by the endothelial cells is a syncytium or not. In most places
it is impossible to decide between actual fusion and mere adhesion.
Occasionally it is clearly evident that the connections are only
adhesions and that each cell preserves its individuality. This
together with the fact that cells at the periphery readily become
isolated from one another, would lead one to believe that actual
continuity does not exist at any time. Again, under certain
conditjons, cells retract their processes and tend to round up,
losing all connection with neighboring cells; this also would
indicate adhesion and not fusion. The difficulty of determining
the exact status of the exceedingly thin processes that extend
out onto neighboring cells, especially where the cells are closely
packed together, has led us in the past to consider that we were
dealing with a syneytium, but we are inclined now to doubt this,
both for endothelium and mesenchymal reticuli in general.

CELL STRUCTURIER

Miiochondria. In young cultures the mitochondria are mostly
in the form of threads of varying lengths and forms and often
with no definite orientation. In addition there are often rods
and granules (fig. 13). Sometimes, even on the first day, they
may show a more or less radial arrangement about the centriole
region. The conditions of the mitochondria in different cultures
of the same age, and even in different cells of the same culture,
vary so tremendously that it is difficult to give a general descrip-
tion of their appearance (figs. 13 to 20). No two cells are ever
exactly alike. As the culture ages the mitochondria tend to
become more or less radially arranged about the centriole and
enlarging centrosphere (figs. 14, 15) and the threads tend to
break up into rods and granules until finally the cells contain
a large (giant) centrosphere and mitochondrial granules (figs.
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16, 19). 'The process is essentially the same as that already
shown for fibroblasts and mesenchymal cells (W. H. Lewis,
19, 20).

I have before me seventy photographs (at 1450 diameters) of
endothelial cells from this series, which were taken especially for
the mitochondria, and it is difficult to select therefrom a few
that will adequately convey to the reader an idea of the great
variability displayed by these cells. In some cultures varying
numbers of cells, as early as the third day, contained only granu-
lar mitochondria. This condition, however, may be delayed;
some cells, even as late as the tenth day of cultivation, still
showed thread-like, as well as granular and rod-shaped, mito-
chondria. Most of the cells, even up to the tenth day, contained
all three types, granules, rods, and threads, varying in length
thickness, and form. Variations in the amount of mitochondrial
substance were sometimes quite marked. Presumably the mito-
chondrial complex is muech more constant under the normal
conditions within the embryo, and the great variations in the
cultures are to be attributed to the variations in the abnormal
conditions of the cultures. They do not appear to be due to
differences in hydrogen-ion concentration from pH 6.4 to pH 7.6,
nor fo the age of the embryo, since great variations may oceur in
two successive cultures of the same series or even in the same
culture. The most probable factor seems to be in the thickness
of the medium drop and the accompanying evaporation in the
air chamber, with consequent wvariations in the oxygen supply
to the cells, dependent on the thickness of the fluid separating
them from the air in the chamber of the hollow slide.

Grranules and vacuoles. Granules and vacuoles, which have
a marked affinity for neutral red, methylene blue, and brilliant
cresyl blue, gradually accumulate in these cells and vary as
much as they do in the fibroblasts and mesenchyme cells (Lewis
and Lewis, ’15; W. H. Lewis, 19, ’20). The rate at which they
make their appearance varies in different cultures; as do like-
wise the relative proportions and the size of the granules and
vacuoles (figs. 21 to 23). We are still of the opinion that these
granules and vacuoles bear a relation to degenerative changes
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going on within the cells (W. H. Lewis, '19). Recent work has
tended to confirm this view. Murs. Lewis (20 b, '20 ¢) has shown
that the addition of bacillus typhosus to the cultures causes a
very rapid formation of similar vacuoles, and still more recently
she has found that with the absence of dextrose from culture
media vacuolization of the cells is more rapid and extensive than
when dextrose is added. Miss Prigosen (’20, ’21), working in
our laboratory, found that the cells in film preparations of the
subcutaneous tissue of chick embryos showed a rapid accumu-
lation of granules and vacuoles that had a great affinity for
neutral red.

Centriole and centrosphere. The centriole was not observed
in the living cells, but in the fixed material could often be rec-
ognized near the nucleus as a small granule about which the
mitochondria and neutral red granules tended to accumulate,
the former often assuming a more or less radial arrangement.
In older cultures there frequently develops about the centriole
a centrosphere which gradually enlarges (figs. 14, 15, 16, 19,
20, 21). 'This area variesin character;it may be quite homogene-
ous, as in figures 16, 19, 20, or granular, as in figures, 14, 15.
The enlargement of the centrosphere has not been followed in
detail in these cells, but the process seems to be similar to that
previously described for the mesenchyme cells (W. H. Lewis,
19, *20).

Nucleus. The nuclei are oval in form, long and narrow in the
elongated cells, and short and plump in the spread-out flattened
cells. The contour is usually smooth, but not infrequently in
the older cultures it is uneven, being more or less irregular and
indented. This appears to be the first indication of the process
of budding and amitosis which results in the splitting of the
nucleus into several, sometimes four or more, smaller nuclei
(fig. 23). This process seems to take place only in the older
cultures where other degenerative changes are evident. When
a culture shows such changes there are usually many cells thus
affected exhibiting various stages of the process. T have not
actually followed this amitotic division in the living cells, but the
evidence from the fixed material is very conclusive. In addition
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to this degenerative fragmentation of the nueclei, more normal
binucleate cells are not uncommon in cultures of all ages.

Binucleate cells. Macklin (’16) found that binucleate cells
were more numerous in cultures from the hearts of chick embryos
of five days’ than in those of eight days’ incubation and that
they were more numerous in the two-day- than in the one-day-
old cultures. He found, furthermore, that the average binu-
cleate cell was approximately twice as large as the mononucleate,
and that each nucleus was very similar in size, shape, and general
appearance to the nuclei of the mononucleate cell—findings which
my own observations have confirmed. I have further noted
that there is a very decided inerease in the mitochondrial con-
tent. Figure 10 shows a very large binucleate cell—a giant
compared to its neighbors. Each nucleus seems to be as large
as normal, while the c¢ytoplasm is more than twice that of the
largest mononueclear. The mitochondria are of the same general
character (granules and rods) as those in the neighboring cells,
but are almost, if not fully, fourfold in number,

Nucleolus. 'The nucleoli vary in number from one to four
and also vary in position, size, and form. In some of the older
cultures the nucleoli are extruded from the nucleus, usually
from one end (fig. 24). The exact details of this process have
not as yet been carcfully followed. The nueleolus in some way
reaches the end of the nucleus and lies against its membrane,
Disintegration then takes place in this region, the nuclear mem-
brane disappears, a vacuole-like area develops in the adjoining
cytoplasm, and the nucleolus eventually comes to lie within it.

Cytoplasm. In the living cultures both ectoplasm and endo-
plasm appeared homogeneous. In the fixed material the ecto-
plasm was sometimes homogeneous and sometimes striated
(figs. 16 and 17). These striae were not seen in the living cells,
but formed as the cytoplasm coagulated under the influence of
the iodine vapors. 1 do not believe they correspond to preformed
structures. They varied in size and ran out into processes
often to their very tips. This would seem to indicate that the
peculiarity of the ectoplasm which causes it to coagulate into
fibrillae is a molecular thing associated with tension, due to the
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surface tension pull. This striation was similar to, but not so
marked as that seen in the smooth-muscle cells in cultures, and
it suggests that there is an unusual amount of contractile sub-
stance in endothelium which is interesting in connection with

recent physiological work on the contraction of capillaries by
Dale, Krogh, and Hooker.

The endoplasm became very finely granular on coagulation
and in it were embedded most of the mitochondria and granules.
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PLATE 1
BXPLANATION OF FIGURES

1 Culture 708. Subcutaneous tissue, 8-day chick embryo; 2-day culture;
pH 7.6; janus green, iodine. X 146.

2 Same culture. X 480.

3 Culture 667. Endothelium from liver, 7-day chick embryo; 3-day culture;
janus green, iodine. X 146.

4 Same culture. X 480.

5 Culture 666. Endothelium from liver, 5-day chick embryo; 4-day culture;
pH 6.5; janus green, iodine. X 146.

6 Same culture. X 480.
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PLATE 2
EXPLANATION OF FIGURES

7 Culture 681. Endothelium from liver, 8-day chick embryo; 7-day culture;
janus green, iodine. X 146.

8 Same culture. X 480.

9 Culture 636. Endothelium from liver, 10-day chick embryo; 1-day cul-
ture; janus green, neutral red, iodine. X 480.

10 Culture 678. Endothelium from liver, 8-day chick embryo; 4-day cul-
ture; janus green, iodine. X 480.

11 Culture 717. Endothelium from liver, 8-day chick embryo; 6-day cul-
ture; pIl 7.4; janus green, iodine. X 480.

12 Culture683. Endothelium and liver cells from liver, 8-day chick embryo;
6-day culture; pH 6.4; janus green, neutral red, iodine. X 480.
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PLATE 3
EXPLANATION OF FIGURES

13 Culture 636 (same culture as fig. 9). Endothelial cell from mid part of
outgrowth. TLiver, 10-day chick embryo. 1-day culture. Mitochondria,
threads, rods, granules; few neutral red granules. Janusgreen, neutral red,
iodine. X 1450,

14 and 15 Culture 717 (same culture as fig. 11). Endothelial cells from liver,
8-day chick embryo; 6-day culture; pH 7.4 Variations in shape of cells and
arrangement of mitochondria. Janusgreen, iodine. X 1450.
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PLATE 4
EXPLANATION OF FIGURES

16 Culture 613. Endothelial cell from liver, 7-day chick embryo; 5-day cul-
ture. Mitochondrial vesicles, degeneration vacuoles, large centrosphere,
cytoplasmic striae. Janus green, neutral red, iodine. X 1450.

17 Culture 612. Endothelial cell from liver, 9-day chick embryo; 3-day
culture. Marked striation of cytoplasm. Janus green, neutral red, iodine.
X 1030.

18 Culture 716. Endothelial cell from liver, 8-day chick embryo; 6-day
culture; pH 7.4. Branching mitochondria. Janus green, iodine. X 1450.

19 and 20 Culture 666 (same culture as figs. 5 and 6). Endothelial cells from
liver, 5-day chick embryo; 4-day culture. Fig. 19, mitochondrial granules
and vesicles, large centrosphere. Fig. 20, mitochondrial threads, rods,
granules, large centrosphere. Janus green, iodine. X 1450.
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PLATE 5
EXPLANATION OF FIGURES

21 Culture 675. Endothelial cells from liver, 7-day chick embryo; 7-day
culture. Numerous large degeneration vacuoles, mitochondrial granules,
large centrosphere Janus green, iodine. X 480.

22 Culture 694. Endothelial eells from liver, 7-day chick embryo; 7-day
culture. Large vacuoles (dark in figure), pale long mitochondria. Janus
green, neutral red, iodine. X 1450.

23 and 24 Culture 676. Endothelial cells from liver, 6-day chick embryo;
10-day culture; pII 6.6. Fig. 23, fragmentation of nucleus, vacuoles, mitochon-
drial threads, rods, granules. Fig. 24, extrusion of nucleolus. Janus green,
iodine. X 1450.
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