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(6-9). However, the use of these cells in 
culture has been complicated because 
the type of cell of origin in vivo is uncer- 
tain and few specialized functions are re- 
tained in vitro. We describe here our in- 
vestigations of a cloned strain of bovine 
fetal aortic endothelial cells that has a fi- 
nite life-span and retains characteristi- 
cally endothelial properties. 

In general, the primary isolation of 
endothelial cells from vascular tissue 
yields cultures that are contaminated by 
small numbers of smooth muscle cells 
and perhaps vascular fibroblasts that, 
upon subcultivation, eventually over- 
grow the endothelial cells (1, 4). To 
avoid this, we isolated clones and veri- 
fied their endothelial identity immuno- 
logically, histochemically, and morpho- 
logically. The primary endothelial cell 
culture was obtained (5) from the thorac- 
ic aorta of a male fetal calf in the sixth 
month of gestation. Collagenase treat- 
ment of the vessel's luminal surface (4), 
followed by gentle scraping with a po- 
liceman, was used to dislodge the endo- 
thelial cells, which were suspended in 
Eagle's minimal essential medium 
(MEM) (10) plus 10 percent fetal calf 
serum (FCS) and inoculated into a 25- 
cm2 tissue culture flask. Clones were de- 
rived from a secondary culture by in- 
oculating cells (suspended in the same 
nutrient medium) into 2-cm2 tissue cul- 
ture wells at a density of one cell per 
well. Although cloning efficiencies were 
low (- I percent) under these condi- 
tions, several clones exhibiting the typi- 
cal "cobblestone" endothelial morphol- 
ogy described by others (4) were ob- 
tained, and one, designated BFA-lc, 
was used for these studies. 

The proliferative life-span of BFA-lc 
cells was determined by subcultivating 
the cultures at weekly intervals by 
trypsinization (0.25 percent trypsin and 
0.09 percent EDTA in phosphate-buf- 
fered saline), determination of popu- 
lation densities with a Coulter counter, 
and inoculation into 75-cm2 plastic tissue 
culture flasks containing 40 ml of Ham's 
F-12 medium (11) plus 20 percent FCS 
without antibiotics. Figure IA shows the 
relation between the cell density at the 
time of subculture (usually after 1 week's 
growth) and the cumulative population- 
doubling level (CPDL) of the culture. 
During most of the life-span of strain 
BFA-lc [phase II in Hayflick's terminol- 
ogy (7)], weekly cell densities were 
1.2 x 105 to 2.3 x 105 cell/cm2. After 
about 70 population doublings (PD's), a 
rapid decrease in subculture cell density 
occurred (phase III). Cultures were con- 
sidered senescent when the inoculation 
cell density did not double after 2 weeks 
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with weekly refeeding. By this defini- 
tion, the proliferative life-span of BFA- 
lc was approximately 80 CPDL. To 
date, weekly refeeding of senescent 
BFA-lc cultures has not resulted in the 
reappearance of rapidly proliferating 
cells. The proliferative life-spans of hu- 
man diploid fibroblast cell lines main- 
tained under similar conditions in this 
laboratory resembled those determined 
previously (6-8). Figure lB shows the ef- 
fects of serial subcultivation on growth 
rate and plateau density of BFA-lc cells. 
As the CPDL of the culture increased, a 
small but progressive decrease in the ini- 
tial growth rate and a significant drop in 
the plateau density were noted. Similar 
results were obtained for cultures of a 
strain cloned from a different fetal calf; 
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Fig. 2. Percentage of unlabeled nuc 
CPDL for endothelial cell clone 
Cells from stock cultures at differer 
were inoculated at densities of 1. 
1.2 x 104 cell/cm2 into petri dishes ( 
glass cover slips. Cultures were inc 
24 hnlur in 5 ml of mendioim- t Al-T lilVtiaI II J J 1111 VI l ululUlll 111 L 11J- 

thymidine (specific activity, 2 Ci/mmole) was 
added (final concentration, 0.1 ,uCi/ml) and 
the cultures were incubated for another 24 
hours. Cover slips were removed, washed 
three times in phosphate-buffered saline, 
fixed in methanol, and autoradiographed ac- 
cording to a standard protocol (14). Slides 
were stained with Papanicolaou hematoxylin 
and examined with a Zeiss compound micro- 
scope (x500) to determine the percentage of 
cells with nuclei containing grains above 
background (five or more silver grains per nu- 
cleus). At least 400 cells in randomly selected 
fields were counted for each cover slip. Each 
symbol represents data from a single cover 
slip: (0) data for strain BFA-lc; ()) data for 
uncloned endothelial cultures at low CPDL. 
Inset: Data for bovine endothelial cells (O and 
0) and data for WI-38 human diploid fibro- 
blasts (1) taken from the results of Cristofalo 
and Sharf (14), replotted, and expressed as a 
function of the logarithm of the percentage of 
unlabeled nuclei versus the percentage of life- 
span completed. 
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phase III cultures, inoculated at a den- 
sity of 104 cell/cm2, reached only 2 x 104 
cell/cm2 (one PD) after 11 days. 

Karyotypic analyses of BFA-lc cul- 
tures with Giemsa-banding techniques 
gave results that were consistent with 
those of other cell systems that exhibit 
senescence in vitro (12). A normal bo- 
vine male karyotype (modal chromo- 
some number, 60) (13) with a low level of 
polyploidy (7 percent) was found in cul- 
tures at CPDL 31; a similar level of poly- 
ploidy (11 percent) was detected in an 
uncloned culture from a different fetal 
calf at CPDL 5. By CPDL 43, chromo- 
somal translocations were detected in 12 
percent of the BFA-lc cells examined, 
and this value increased to 20 percent by 
CPDL 66. As in other models of cellular 
senescence in vitro, this increase in 
chromosomal aberrations accompanied 
the loss of cellular proliferative capacity 
(12). 

? In human diploid fibroblasts, such as 
o WI-38 cells, the progressive decline in 

o cell proliferation as the cultures senesce 
10o is a reflection of a progressive decrease 

() o in the fraction of rapidly dividing cells 
(14, 15). However, unlike WI-38 cells, 

o for which there is a linear relation be- 
tween the logarithm of the percentage of 
noncycling cells and the percentage of 
life-span completed (14), the BFA-lc 
strain had a fairly constant low percent- 
age of noncycling cells until about 65 

/o o percent of its life-span was completed, 
after which the proportion of these cells 
increased dramatically (Fig. 2 and inset). 

o 8 
This difference in culture growth kinetics 
may have been due to the difference be- 
tween an uncloned culture (WI-38, com- :lei versus 

BFA-lc. prised of a great number of "clones" 
it CPDL's with different life-spans) and a cloned 
1 x 104 to culture (BFA-lc), or it may have reflect- 
Containing ed differences in the tissue (lung versus 
ubated for 
hn rs_34] endothelium) or species (human versus 

bovine) of origin. 
Three characteristics identified the 

BFA-lc cells as endothelial. The first 
was the expression by the cultures of 
factor VIII antigen throughout their life- 
spans. Although factor VIII antigen is 
not antihemophilic, it can be detected in 
endothelial cells in vivo and in vitro but 
not in vascular smooth muscle cells or fi- 
broblasts (16). Factor VIII antigen was 
detected by indirect immunofluores- 
cence with rabbit antibody to bovine fac- 
tor VIII antigen at 1:104 dilution and 
with goat antibody to rabbit immuno- 
globulin G-fluorescein isothiocyanate 
conjugate at 1:40 dilution (16). The con- 
jugate was first absorbed against ace- 
tone-treated BFA-lc cells to reduce non- 
specific fluorescence. Cells containing 
factor VIII antigen exhibited bright 
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green-yellow fluorescent granules that 
were absent in control cells stained with 
serum from unimmunized rabbits at 
1:103 dilution. The second endothelial 
characteristic of the BFA-lc cells was 
their absorption of silver nitrate stain at 
cell-cell borders that formed black "ce- 
ment" lines in vivo and in vitro (17, 18) 
throughout the culture life-span. We 
measured more than 200 cells with a cali- 
brated ocular grid and found that the av- 
erage cell attachment area increased 
from approximately 620 /tm2 at CPDL 41 
to 2000 /,m2 at CPDL 80. A similar in- 
crease in size occurs in human diploid fi- 
broblasts as they senesce in vitro (19). 
Even though cell attachment area in- 
creased more than threefold, the typical 
endothelial morphology (close apposi- 
tion of cell borders) was maintained. The 
third identifying characteristic was that 
the cultures were not stimulated to over- 
grow monolayer densities by repeated 
refeeding with fresh medium and serum 
[(5, 20) and Fig. 1B]. Like others (21, 
22), however, we observed the under- 
growth or "sprouting" peculiar to some 
endothelial cultures: islands of factor 
VIII antigen-positive cells appeared be- 
neath the intact cell sheet. In addition, 
we observed that these sprouting cells 
were less obvious with increasing CPDL 
and decreased in number if the culture 
was refed and held at confluency beyond 
2 to 3 weeks. Because a dilution cloning 
procedure was used to isolate strain 
BFA-lc, it is conceivable, but unlikely, 
that it arose from more than one cell. 
However, on the basis of the above cri- 
teria, there is no question that the BFA- 
lc cultures were comprised of endo- 
thelial cells throughout their life-spans. 
We extended our studies to include 15 
endothelial cell strains definitely known 
to be derived from single cells; experi- 
ments with four such clones yielded data 
in close agreement with those presented 
here for BFA-lc cells. 

We have thus demonstrated, in a 
cloned strain of bovine fetal aortic endo- 
thelial cells, a finite life-span in vitro of 
approximately 80 CPDL. Our documen- 
tation of a finite life-span in cloned 
strains is in agreement with more limited 
data from other laboratories (23, 24), our 
data on the finite life-span of mass cul- 
tures of bovine endothelial cells, and the 
observation of a finite life-span of cul- 
tured bovine endothelial cells selected 
by means of a [3H]thymidine labeling 
technique (21). A number of reports on 
human umbilical vein endothelial cells 
and smooth muscle cells isolated from 
human vascular medial tissue also in- 
dicate that these cultures have a finite 
life-span (4, 13, 25). However, Gospoda- 
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rowicz and co-workers (22) reported (i) 
that the life-span of human endothelial 
cell cultures was extended to at least 100 
PD's when fibroblast growth factor 
(FGF) and thrombin were added to the 
culture medium and (ii) that fetal bovine 
endothelial cells cloned in the presence 
of FGF developed into lines that could 
be subcultured for at least 390 PD's if 
FGF were added to the medium. In con- 
trast, in preliminary experiments with 
strain BFA-lc, which was isolated in me- 
dium without added FGF, cultures seed- 
ed at densities from 1 to 104 cell/cm2 did 
not require FGF for proliferation, and 
cultures in phase III were not rescued 
from senescence by the addition of FGF 
(100 ng/ml) to the medium. Under our 
culture conditions, then, added growth 
factors such as FGF were not required 
for the development and propagation of 
endothelial clones. Our observation is 
consistent with the findings of others (21, 
24) and suggests that the culture condi- 
tions used by Gospodarowicz and co- 
workers (22) may have favored a variant 
cell type dependent on FGF and possess- 
ing an infinite life-span. Interestingly, 
continuous bovine cell lines have been 
isolated in a few instances (26), in- 
dicating that bovine cells do possess a 
limited capacity to "transform" under 
certain environmental conditions. In 
general, however, the frequency of such 
spontaneous events is low in bovine cells 
and has not been documented in human 
fibroblast-like cells (6, 8, 9, 15, 27). 

Further exploitation of the endothelial 
cell culture model should be encouraged 
by the facility with which cloned strains 
such as BFA-lc can be isolated. Our 
finding that these cloned strains exhibit 
growth characteristics typical of other 
normal diploid cells in culture (restricted 
proliferation at monolayer densities and 
a finite life-span) affords the opportunity 
for many studies on normal endothelial 
cell proliferation. Finally, the fact that at 
least some specialized endothelial char- 
acteristics are detectable throughout the 
culture life-span will encourage investi- 
gation of specialized functions in a meta- 
bolically active and physiologically im- 
portant cell type in vitro. 

STEPHEN N. MUELLER 
ELIOT M. ROSEN 

ELLIOT M. LEVINE* 
Wistar Institute 
Philadelphia, Pennsylvania 19104 
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