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In vitro Demonstration of an Endothelial

Proliferative Factor Produced by Neural Cell Lines

Abstract. Cultured endothelial cells exhibit a six- to tenfold increase in thymidine la-
beling index in response to a soluble factor elaborated by clonal cell lines of neural origin.
This factor, endothelial proliferation factor, appears to be a unique property of tumor
cells and may mediate the vascularization of these neoplasms.

Neovascularization has long been recog-
nized as necessary for tumor growth and
maintenance. Algire (1) suggested that an
attribute of tumor cells is their capacity to
elicit the continual production of capillary
endothelium in vivo. This concept was
strengthened and extended by the work of
Tannock et al. (2) who showed that the
rate of tumor growth could be directly re-
lated to vascular supply, and of Gimbrone
et al. (3) who showed that in the absence of
neovascularization a tumor becomes re-
stricted in size to a spheroid about 2 to 3
mm in diameter. Folkman and his co-
workers (4) have suggested that tumor
cells elaborate a factor known as tumor
angiogenesis factor (TAF), which stimu-
lates the proliferation of endothelial cells
and thereby the neovascularization of the
tumor. Endothelial cells in the adult have
an extremely low proliferation rate (5),
which suggests the existence of a stimu-
latory factor associated with neoplasms.

Folkman et al. (6), using the in vivo dor-
sal air sac and other in vivo assay tech-
niques, have demonstrated an increase in
vascularity in response to a soluble factor
isolated from animal and human neo-
plasms. The proliferative response is not,
however, restricted to the capillary endo-
thelium but also involves pericytes and sur-
rounding connective tissues. Cavallo et al.
(7) have speculated that this broad mito-
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genic response reflects an impure TAF
fraction containing several mitogenic fac-
tors or, alternatively, is a manifestation of
the wound-healing process. The wound-
healing response is difficult to distinguish
from a specific tumor angiogenic response
in the in vivo assay. These considerations
prompted us to develop an in vitro assay
with cultured human endothelial cells as
the target of the trophic factcr or factors
produced by clonal cell lines of tumor ori-

Table 1. Thymidine labeling index of hu-
man endothelial cells cultured with medium
conditioned by tumor cell lines. Proliferation re-
sponse is given as percentage.

Conditioning medium Response
Controls

Fresh medium .

Amniotic fluid 1.1
Fibroblast conditioned medium 4.5

Glia tumor cells

C6 (A) 98.3
C6 (A) 97.6
C6JDV (B) 92.6
C6JDV (B) 83.3
C6-CRL-107 (C) 25.7
C6-CCL-107 (C) 36.7
C6-CCL-107 Co-culture 28.7
Human astrocytoma primary 30.1

Neuroblastoma tumor cells
NB-41
IMR-32

gin. We now describe the development of
an in vitro tissue culture assay, the use of
which clearly demonstrates a stimulation
of endothelial proliferation in response to a
soluble factor produced by tumor cells. We
have called this factor endothelial prolifer-
ation factor (EPF).

Endothelial cells were obtained from the
umbilical veins of human umbilical cords
at term by the method of Jaffe et al. (8)
with some modification. We cannulated
the umbilical vein using a 16- or 18-gage
trochar needle. After removal of blood
from the vein by flushing with Hanks solu-
tion (Ca and Mg free), collagenase (2 mg/
ml) (Sigma) in Hanks solution was in-
troduced into the vein. The endothelial
cells were dissociated from the wall of the
vein by digestion with collagenase for 20
minutes and flushed free by rinsing with
Hanks solution. The Hanks solution con-
taining the endothelial cells and remaining
red blood cells was centrifuged for 3 to §
minutes and resuspended in a small vol-
ume of F10 medium plus 20 percent fetal
calf serum.

The cells were then plated on glass cover
slips in six well culture dishes (Linbro). Af-
ter 12 to 18 hours the red blood cells were
washed free of the cover slips with Hanks
solution and then 2.0 ml of growth medi-
um, either medium 199 or F10 supple-
mented with 20 percent fetal calf serum
and containing penicillin (50 unit/ml) and
streptomycin (50 pg/ml) (all from Gibco),
was added to each well. These primary cul-
tures of human endothelial cells were the
vehicle for our in vitro assay. Six uniform
cultures from a single umbilical cord al-
lowed each sample to have a control and
five experimental cultures.

Tumor-conditioned medium was tested
for the presence of EPF as follows. After 1
to 3 days in culture, an additional 1.0 ml
of test medium was added to each culture
well. Twenty-four hours later, the cultures
were labeled with [*H]thymidine (0.5 uc/
ml; specific activity > 10 mc/mmole; New
England Nuclear) for 72 hours. After fixa-
tion in either acetic acid and ethanol (1 : 3)
or 10 percent buffered formalin, the cover
slips were coated with NTB-2 nuclear
tracking emulsion (Kodak) and exposed
for 5 days. The exposed cover slips were
developed and stained with toulidine blue
or Giemsa.

Tumor-conditioned media have been ob-
tained from actively growing cultures of
the following cell types:

C6 rat astrocytoma. A clonal cell line
derived from a tumor chemically induced
with N-nitrosomethylurea (9). Three sub-
clones of this tumor have been assayed for
production of EPF: (A) a subclone ob-
tained from J. de Vellis; (B) a subclone ob-
tained from Stephen Pfieffer; (C) a sub-
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clone, C6-CCL-107, obtained from the
American Type Culture Collection.

NB-41. A clonal mouse neuroblastoma
line derived from the transplantable,
mouse C1300 neuroblastoma (Jackson
Laboratories) originally cloned by Au-
gusti-Tocco and Sato (/0), and provided
by J. de Vellis.

IMR-32. A human neuroblastoma line
originally isolated from a 13-month-old
male (/1) and provided by R. Perez-Polo.
This cell line is available from the Ameri-
can Type Culture Collection.

Human astrocytoma. Primary culture of
a human astrocytoma was obtained surgi-
cally at this institution. To prepare condi-
tioned media, 1 x 10°to 2 x 10° cells were
plated into a T-250 Falcon flask (Falcon
Plastics) containing 10 ml of F10 growth
medium plus 10 percent fetal calf serum.
Conditioned medium obtained from such
cultures 48 hours after plating (noncon-
fluent) or from confluent cultures was
tested and found to have a similar effect on
incorporation of [*H]thymidine.

Control conditioned medium was condi-
tioned by a primary culture of human fi-
broblasts obtained from a scar biopsy. The
conditioned medium was that in contact
with any of the aforementioned actively
growing cultures for at least 48 hours. The
fibroblasts used in our studies had a dou-
bling time of 29 hours, as compared to 20
hours for the C6 rat astrocytoma. All con-
ditioned media were fiitered (Millipore,
0.22 pm pore size) to remove any cells be-
fore addition to endothelial cultures.

The proliferative response of the endo-
thelial cells is measured as the thymidine
labeling index (T1), defined as the percent
of labeled cells counted in ten random
fields. All slides were coded by one person
and counted by another to whom the code
was unknown.

Medium conditioned by either of the C6
astrocytoma subclones (A or B) stimulated
the proliferation of the endothelial cells
about 20-fold when compared to that ob-
served in the presence of fibroblast-condi-
tioned medium (Table 1). This response is
seen in Fig. 1 in which nearly all the endo-
thelial cells are labeled and several cells
undergoing mitosis are visible. A similar,
but not as extensive (sixfold) proliferative
response was observed with medium condi-
tioned by astrocytoma subclone C. The
difference in the endothelial proliferation
response elicited by C6 subclones A, B,
and C probably reflects differences in the
percent viability of the endothelial cells
from cord to cord rather than a quan-
titative difference in the production of EPF
by these subclones. The difference in via-
bility of the endothelia results from each
test being done with a separate umbilical
cord. Coculture of endothelial cells with
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the CCL-107 astrocytoma C elicited a
proliferation response in the endothelial
cells quantitively and qualitively similar to
that seen with conditioned media alone.
Thus, we have shown that clonal glial cell
lines derived from chemically induced tu-
mors are capable of inducing a prolifera-
tive response in normal human endothelia.

We then asked whether this property
was unique to clonal glial tumor cells and
expressed only in long-term tissue culture.
Table 1 shows that media conditioned by
the human astrocytoma cells induced a six-
fold increase in endothelial proliferation
over the control. Thus, the production of
EPF is a property retained under culture
conditions and shared by primary and
clonal glial tumor cell cultures. As is
shown below, this property is also shared
by neuroblastoma cells which are of neu-
ronal origin.

Medium conditioned by neuroblastoma
lines NB-41 and IMR-32 elicited a 20-fold
increase in endothelial cell proliferation
(Table 1). We also have data showing that
primary cultures of various human central
nervous system tumors, including men-
ingiomas and medulloblastomas, also elicit
the endothelial proliferative response (12).
Thus, it appears that the production of an
EPF is a general property of tumors of the
nervous system and is expressed in tissue
culture.

A general property of all tumor cells is
the capacity to undergo rapid prolifera-
tion. The endothelial proliferative response
observed by us may result from the release
of a soluble cell mitogen by rapidly prolif-

erating cells, irrespective of origin or de-
gree of malignancy. However, culture
media conditioned by nontransformed
fibroblasts do not elicit the endothelial
proliferative response. Similarly, no stim-
ulation of endothelial proliferation was
seen with media conditioned by peripheral
human lymphocytes, or by cells obtained
by amniocentesis, neither of which are
transformed or malignant. Amniotic
fluid is known to contain a number of
growth factors and to contain antigens
which cross react with surface antigens of
tumor cells. In addition, normal human
placental tissue has been reported (6) to
have low levels of TAF activity. The addi-
tion of amniotic fluid to the endothelial
cultures does not in itself stimulate these
cells to proliferate, thus suggesting that the
production of EPF is a unique property of
tumor cells. Media from primary brain
cultures from newborn mice do not stim-
ulate thymidine incorporation by the endo-
thelia, indicating that the response is not
the result of a neural mitogenic factor.

Physical characterization of the prolifer-
ative factor suggests that a protein moiety
may be responsible for the proliferative re-
sponse. Specifically, the response is abol-
ished by heating to 56°C for 10 minutes
(Table 1) or digestion with Pronase for 1
hour at 37°C, but not by ribonuclease di-
gestion.

Our data suggest that CNS tumors in
primary cultures, as well as clonal cell
lines, elaborate a soluble factor, which we
call endothelial proliferation factor (EPF).
The mitotic index of the endothelium in

Fig. 1. (a) Endothelial cells cultured in the presence of C6 rat astrocytoma conditioned media. This
microscopic field shows the high TI of the endothelia as well as cells in several stages of mitosis.
(b) The thymidine labeling localized directly over the early metaphase chromosomes of an endothe-

lial cell.
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the presence of EPF is 7 percent as com-
pared to 0.1 percent in the control cultures.

Thus, TI reflects the number of cells in-
corporating thymidine for cell division, not
just DNA repair or movement of the cells
into the DNA synthesis period of the cell
cycle. Our in vitro assay system has several
advantages over other bioassay procedures
(3, 6) in that the specific response of one
cell type is measured in the absence of oth-
er cell types, we can screen a large number
of tumors and tumor cell lines for the pro-
duction or content of EPF, and we require
less tumor material.

The production of EPF in vitro by clonal
cell lines, coupled with the in vitro assay,
provides a system for the purification and
characterization of EPF. Neither the EPF
described by us nor the TAF described by
Folkman has been adequately character-
ized. These factors may prove to be identi-
cal; however, we note that our factor dif-
fers from Folkman’s (4, 6) in the follow-
ing ways: (i) it is produced by tissue culture
cells; (ii) it is ribonuclease resistant; (iii) it
is sensitive to proteolytic digestion with
Pronase; and (iv) it stimulates the prolifer-
ation of endothelial cells but not of fibro-
blasts. Cavallo (7) suggests that the non-
specificity of TAF may result from the
lack of a purified factor; this may also con-
tribute to the differences we observe be-
tween TAF as described in vivo and EPF
produced in tissue culture. Neither TAF
nor EPF appears to be species specific as

demonstrated by the increased prolifera-
tive response of human endothelial cells
elicited by tumor cells of both rodent and
human origin. The in vivo effects of EPF
have yet to be determined.
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Production of Globules in Mouse L Cells

Penetrated with Hamster Sperms

Abstract. Globule formation has been observed in long-term cultures of mouse L cells
penetrated with hamster spermatozoa. These numerous, uniform, and spherical struc-
tures are approximately 10 micrometers in diameter when formed, and are positive 1o
stains specific for proteins and nucleic acids. They may be produced either by sperms
within their target cells or by the cells in response to penetration by the spermatozoa.

Active penetration of spermatozoa into
somatic tissues was initially observed by
Kohlbrugge (/) in the female genital epi-
thelia of domestic fowls and mammals. It
was further demonstrated in vitro by Reid
(2), who incubated (in tissue culture) hu-
man sperms with biopsy materials from
the postparturient uterus. Both inter-
cellular and intracellular penetrations were
evident upon examination of the tissues af-
ter short-term culture. Reid also noticed
the formation of vacuoles and the align-
ment of mitochondria around the heads of
sperms within their target cells, thus in-
dicating some form of interaction between
the host cells and the spermatozoa which
penetrated them. Extensive works by
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Bendich et al. (3) have shown that, in
tissue culture, mouse sperms are capable of
penetrating various mammalian cell lines.
Within their target cells, the release of la-
beled DNA from mouse spermatozoa, fol-
lowed by the production of substances im-
munologically specific to the sperm donor,
have also been demonstrated, implying
that protein synthesis might have been ini-
tiated by the spermatozoa as a result of
their entry.

I now report a cellular activity hith-
erto not observed, namely, the production
of globules by a line of mouse fibroblasts
penetrated with spermatozoa from a ham-
ster.

In my experiment, motile spermatozoa,

aseptically extracted from the cauda epi-
didymis of a Syrian hamster, were mixed
with mouse L cells in tissue culture medi-
um (4) supplemented with 0.5 percent fruc-
tose to enhance sperm motility (5). There
were ten sperms to each cell, and the final
density in the mixture was approximately 5
x 10° cells per milliliter. Adhesion of
sperm heads to cells was observed immedi-
ately after mixing, and vigorous vibration
was maintained by the tails for 8 to 12
hours while the heads remained tightly
bound to their target cells. As sperm motil-
ity subsided, the cells settled down and
spread out on microscope slides that were
incubated under standard tissue culture
conditions at 34°C. Most cells were at-
tached with single sperms, but multiple
attachment was not infrequent (Fig. 1).
Within 12 hours after admixture of sperms
and L cells, intracellular location of sperm
heads was evident; and in 48 hours most of
these intracellular sperm heads had al-
ready disappeared in the cytoplasms of
their target cells (Fig. 1). In agreement
with observations by Bendich et al. (3),
each target cell then began to display more
than one nucleus, indicating the arrest of
cell division due to sperm penetration.
From then on, the cells increased both in
size and in nuclear number until, in 8 to 12
days, a population of polynucleates pre-
vailed in which most cells exhibited more
than eight nuclei (Fig. 2). Due to the low
density of plating and the large initial
intercellular distances, it seemed quite un-
likely that these giant cells could have
arisen from the fusion of adjacent cells.
Studies on. their chromosomal numbers re-
vealed a widespread polyploidy among
these giant cells, suggesting endomitosis
might have been the mode of cell growth
subsequent to sperm penetration (6).
Further incubation of the sperm-pene-
trated cells gave rise to numerous spherical
structures hitherto nonexistent in the cul-
ture (Figs. 3 to 5). And, depending on the
state of the host cells before admixture
with spermatozoa, the appearance of these
globules came within 2 to 3 weeks after
sperm entry. These uniform globules can
be seen inside both giant polynucleates and
smaller cells (Fig. 3). They are also visible
around those cells from which they seem to
have been extruded (Fig. 4), and they ap-
pear in aggregates on sites where giant
cells may have disintegrated to yield a
group of mononucleate cells together with
the globules (Fig. 5). The formation of
globules seemed to be a fairly synchronous
activity, with a peak period of about 4 days
during which most cells were associated
with a number of these spherical objects.
The globules average about 10 um in di-
ameter when sparsely attached to glass.
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