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Abstract The growth of capillary endothelial cells (BCE) is an important regulatory step in the formation of 
capillary blood vessels. In vivo, the proliferation of these cells is stringently controlled. In vitro they can be stimulated by 
polypeptide growth factors, such as acidic fibroblast growth factor (aFGF) and basic fibroblast growth factor (bFGF). 
Since bFGF is synthesized and stored by vascular endothelial cells, this mitogen may play an important role in an 
autocrine growth regulation during angiogenesis. Here, evidence is presented for induction of the  mRNA of bFGF by 
bFGF itself. A similar increase of bFGF mRNA was observed in response to thrombin and after treatment with phorbol 
ester. These results suggest that an autocrine loop may exist that may serve to modulate the mitogenic response in BCE 
under various physiological conditions, (e.g., wound healing and new capillary formation). 
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bFGF and aFGF are potent growth factors for 
capillary endothelial cells (BCE) (Moscatelli et 
al., 1986; Klagsbrun and Shing, 1985; Gospo- 
darowicz, 1984). Furthermore, it has been shown 
that bFGF is angiogenic in vitro and in vivo 
(Gospodarowicz et al., 1979; Thomas et al., 1985; 
Montesano et al., 1986; Sat0 and Rifkin, 1988). 
Not only is bFGF a mitogen for endothelial cells, 
but it is also synthesized by endothelial cells 
(Hannan et al., 1988; Weich et al., 1990). Re- 
cently it has been shown that an antibody spe- 
cific for bFGF inhibits the growth of capillary 
endothelial cells in the presence or absence of 
exogenous bFGF, indicating that this mitogen is 
necessary for in vitro growth of these cells (Mat- 
suzaki et al., 1989). Taken together, these obser- 
vations suggest that endothelial cell prolifera- 
tion might depend on a bFGF mediated autocrine 
loop. 

Growth factors can stimulate the expression 
of other growth factors. For example, vascular 
endothelial cells express genes for both the PDGF 
A-chain and B-chain and PDGF is secreted into 
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the media (DiCorletto and Bowen-Pope, 1983; 
Collins et al., 1985; Kavanaugh et al., 1988). 
The transient expression of the A-chain and 
B-chain is enhanced by TGF-P in vascular endo- 
thelial cells (Starksen et al., 19871, whereas 
thrombin and the phorbol ester 12-o-tetra- 
decanoylphorbol-13-acetate (TPA) stimulate 
B-chain expression, but not A-chain expression 
(Kavanaugh et al., 1988). 

Extensive efforts have been made to deter- 
mine whether or not paracrine or autocrine 
growth stimulation are important regulatory 
mechanisms for cellular transformation and for 
the formation of naturally occurring tumors 
(Sporn and Todaro, 1980; Doolittle et al., 1983; 
Waterfield et al., 1983). It has been shown that 
cellular transformation can be induced by appro- 
priate growth factors by an autocrine mecha- 
nism, whereby one can distinguish between an 
external and an internal autocrine loop (Keating 
and Williams, 1988; Bejcek et al., 1989). Unlike 
PDGF, bFGF and aFGF have no signal peptides, 
making it difficult for them to participate in 
autocrine loops. However, it has been shown 
that cells become transformed if they are trans- 
fected with a construct in which bFGF is linked 
to a signal peptide in order to direct it through 
the secretory pathway (Rogelj et al., 1988). 

\C 1991 Wiley-Liss, Inc. 
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In this report we demonstrate that stimula- 
tion of BCE and BALB 3T3 with exogenous 
bFGF results in a transient increase of the 
mRNA for bFGF. TPA and thrombin also in- 
crease the level of bFGF mRNA. Stimulation of 
bFGF mRNA levels by exogenous bFGF or 
thrombin is maximal after 2 hours, whereas 
TPA treatment leads to a maximum effect 4 
hours after stimulation. The existence of a posi- 
tive autocrine feedback loop may serve as an 
amplification mechanism of the pre-replicative 
phase of BCE proliferation. 

MATERIAL AND METHODS 
Cell Proliferation 

Human recombinant basic fibroblast growth 
factor was a gift from Takeda Industries, Japan; 
bovine thrombin, 12-o-tetra-decanoylphorbol-13- 
acetate (TPA), and cycloheximide (CHI were 
obtained from Sigma. 

Bovine capillary endothelial cells (BCE) ob- 
tained from primary cultures of calf adrenal 
glands (Folkman et al., 1976) were cultured on 
gelatin-coated dishes (1.5% Gibco, Grand Is- 
land, NY) in DMEM (Gibco), 10% calf serum 
(HyClone, Logan, UT), Endothelial Mitogen 25 
Fgiml (Biomedical Technologies Inc., Cam- 
bridge, MA), penicillin G (100 Uiml), and strep- 
tomycin (100 pg/ml) and maintained at 37°C in 
a 10% CO, humidified environment. 

To measure BCE proliferation, cells were 
plated sparsely (1 x lo4 cells per gelatinized 2.1 
cm’ well) in DMEM containing 10% calf serum. 
After overnight attachment, the media were 
changed and the additions were made according 
to the experimental design. Fresh mitogens were 
also added on day 2. The cultures were incu- 
bated for 2 and 4 days and the cell number was 
determined by electronic cell counting. 

For the induction experiments, confluent cul- 
tures at passages 10-14 were made quiescent by 
replacing the media with serum-free DMEM 
containing 2 pg/ml insulin, 5 pg/ml transferrin, 
and 1 mg/ml bovine serum albumin for 24 h 
prior to assay. Quiescent, serum-depleted BALB 
3T3 cells were used as described (Klagsbrun and 
Shing, 1985). Confluent, quiescent cultures of 
capillary endothelial cells were stimulated with 
basic FGF (2.5-5 ng/ml), thrombin (5 units/ 
ml), TPA (100 ng/ml), or cycloheximide (10 
pg/ml) for the indicated times periods, washed 
once with cold phosphate-buffered saline (PBS), 
and used for RNA preparation. 

Northern Blot Analysis 

Total cellular RNA from cultured cells was 
prepared as described (Chirgwin et al., 19791, 
except that the protease digestion step was omit- 
ted. RNA was quantitated spectrophotornetri- 
cally by its absorbance at 260 nm. Ten rnicro- 
grams of total RNA were denatured in 2.2 M 
formaldehyde/50% of formamide (v/v> in the 
presence of ethidiumbromide, and RNA gels were 
prepared by a new surface tension method 
(Rosen et al., 1990). After elektrophoresis, gels 
were photographed and briefly rinsed in H,O. 
RNA was transferred to nitrocellulose mem- 
branes (Schleicher & Schuell, Inc., Keene NH) 
using 10 x SSC (1 x SSC = 0.15 M NaC1/0.015 
M sodium citrate). Following transfer, the posi- 
tion of the ribosomal RNA bands was marked 
under UV-light and the filter baked in a vacuum 
oven at  80°C for 2 h. Hybridization with 32P- 
labeled cDNA probes was performed as previ- 
ously described (Weich et al., 1986). The blots 
were washed at 65°C in 60 mM NaCl/O. 1% SDS/2 
mM EDTA. The bFGF cDNA probe (kindly pro- 
vided by J .  Abraham and J. Fiddes, California 
Biotechnology, Inc.) was a 1.0 kb Nco I fragment 
of the bovine bFGF cDNA clone pJJ11-1 (Abra- 
ham et al., 1986a,b). The cDNA insert contains 
the entire protein coding sequence of bovine 
bFGF, and 580 bp of the 3’-untranslated region. 
The chicken a-tubulin cDNA was kindly pro- 
vided by K. Rosen (Department of Neurology 
Research, Children’s Hospital, Boston, MA). The 
1.3 kb Hind I11 fragment was used as a probe to 
estimate sample loading and integrity of RNA 
samples after reprobing of each blot. Isolated 
cDNA fragments were labeled with 32P using a 
random hexanucleotide priming kit (Boehringer 
Mannheim). Specific activity of the probes was 
0.5-2 x 10’ dpm/pg DNA. Deoxycytidine 5’-[cu- 
3’P] triphosphate ( - 3000 Ciimmol) was ob- 
tained from Amersham Corp. 

For quantification of bFGF mRNA induction 
after Northern blot analysis, blots were exposed 
to Kodak XAR-5 films for 5-17 days at  room 
temperature without using an intensifying 
screen. Under these conditions the development 
of silver grains in the film is proportional to the 
radioactivity over a wide range if not overex- 
posed. The relative autoradiographic signal from 
the bFGF probe was then quantified using a 
Hoefer Scientific GS 300 scanning densitome- 
ter. In each lane, the 7 kb band was scanned 
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three times and the arithmetic mean was used 
to determine the relative autoradiographic sig- 
nal. 

RESULTS 

The effects of adding exogenous bFGF on 
endogenous bFGF synthesis in BCE were mea- 
sured. First, BCE were analyzed for their prolif- 
erative response to bFGF. Cells were plated at 
low density in bFGF-free media, and 24 h later 
the medium was changed to low-serum condi- 
tions. Cells were left unstimulated or were stim- 
ulated with recombinant human bFGF during a 
4-day time period. Under bFGF-free conditions 
the cell number increased l.5-fold, but when the 
bFGF-free media was supplemented with 5 
ng/ml bFGF, a concentration which is sufficient 
for maximal stimulation of BCE growth (Han- 
nan et al., 19881, the cell number increased 
8.5-fold (Fig. 1). Optimal BCE growth was ob- 
tained in media containing 10% bovine serum 
supplemented with endothelial mitogen, a crude 
brain extract containing aFGF and bFGF. Un- 
der these conditions cell growth was linear over 
the indicated time period and cell number in- 
creased more than 12-fold (Fig. 1). 

In order to analyze the induction of bFGF 
mRNA (Fig. 2A), confluent BCE were made 
quiescent by incubation for 24 h in bFGF-free 
media. These conditions have been previously 
shown to be sufficient to allow endothelial cells 
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Fig. 1. Analysis of bovine capillary endothelial cell (BCE) 
proliferation in response to bFGF. 1 x lo4 cells were plated in 
DMEM medium containing 10% calf serum (CS) and incubated 
for 24 h to allow attachment. Medium was replaced by 
DMEM/Z% CS (day 0)  without (-bFGF) or supplemented with 
5 ng/ml bFGF (+bFGF) for the time period indicated. Medium 
was replaced at day 2 and cells were counted at day 2 and 4. To 
determine optimal growth conditions, cells were also cultured 
in 10% CS supplemented with endothelial mitogen (10% 
CS + EM). The data points represent the mean ?SD of an 
experiment done in triplicate. 
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Fig. 2. Northern blot analysis of the effects of bFGF on the 
levels of bFGF mRNA in bovine capillary endothelial cells (BCE) 
and BALB 3T3 cells. (A) BCE were grown in serum-contatning 
medium until confluent and then switched to defined media tor 
24 h as described in "Materials and Methods." RNA was 
isolated from quiescent BCE after stimulation with 2.5 ngiml 
bFGF for 1 to 4 h. Total RNA from cells grown in 10% calf serum 
(late log phase) was also included. (6) Confluent, serum- 
depleted BALB-3T3 cells were treated with 2.5 ngiml bFGF for 2 
h and used for RNA preparation. For Northern blot analysis, 10 
pg of total RNA per lane was fractionated on a 1.2% agarose- 
formaldehyde gel and transferred to nitrocellulose membranes. 
The bFGF transcripts were detected by hybridization to a P- 
labeled 1 kb Nco I bovine cDNA fragment (top panel). AS a 
control for sample loading and RNA integrity, the gel used lor 
blotting is shown after ethidium bromide staining (lower panel). 
Migration of 28 S (5 kb) and 1 8  S (2.1 kb) ribosomal RNA 
markers are indicated. 

to become growth-arrested and to become sensi- 
tive to mitogenic stimulation (Starksen et al., 
1987). After the addition of bFGF, the levels of 
bFGF mRNA were analysed by Northern blot 
hybridization. Addition of the mitogen caused a 
transient increase in expression of bFGF mRNA 
(Fig. 2A). Transcripts were approximately 1.9, 
4.0, and 7.0 kb in size. All these transcripts were 
slightly increased after 0.5 h and peaked after 2 
h with a maximal increase of 2.1-fold relative to 
untreated controls (Figs. 2A). 

The effect of autoinduction was also analyzed 
in mouse 3T3 cells (Fig. 2B). In contrast to 
bovine endothelial cells, these cells constitu- 
tively produce only a very low amount of cell- 
associated bFGF (Iberg et al., 1989). Serum- 
starved mouse 3T3 cells were treated with bFGF 
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Fig. 3. Effect of thrombin (A) and TPA (6) on the levels of bFGF 
mRNA in BCE. Total RNA (10 pg) from quiescent BCE stimu- 
lated with thrombin (5 units/ml) or the phorbol ester TPA (100 
ngiml) over 0-1 1 h was subjected to Northern blot analysis. 
RNA was size fractionated on a 1.2% agarose-formaldehyde gel 
and transferred to nitrocellulose membranes (top panel). To 
control for sample transfer, radiolabeled DNA was stripped and 

for 2 h and the level of bFGF mRNA was anal- 
ysed by Northern blot hybridization. Untreated 
cells exhibited a very low level of bFGF mRNA 
expression. Following 2 h of treatment, the level 
increased 4.3-fold (Fig. 2B). Densitometric scan- 
ning of the bands indicated an even stronger 
induction of bFGF mRNA in mouse 3T3 cells 
than in endothelial cells. 

In order to determine whether or not bFGF 
mRNA levels in BCE are regulated by agents 
other than bFGF, quiescent cells were stimu- 
lated with thrombin or the phorbol ester TPA, 
and bFGF mRNA levels were determined by 
Northern blot hybridization. Thrombin is a po- 
tent mitogen (Chambard et al., 1987) and TPA 
activates protein kinase C. Activation of this 
enzyme by phorbol esters promotes prolifera- 
tion of cells (Dicker and Rozengurt, 1980, Nishi- 
zuka, 1986). Thrombin and TPA increased bFGF 
mRNA levels transiently (Fig. 3A,B). Stimula- 
tion of bFGF mRNA levels by thrombin (Fig. 
3A) was maximal after 2 h (2.4-fold). 

The time course of induction by thrombin was 
almost identical to that induced by bFGF (Fig. 
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the filter reprobed using a chicken a-tubulin cDNA fragment. 
The level of a-tubulin mRNA, initially used for demonstrating 
sample loading and RNA integrity, was modulated by TPA 
treatment (middle panel). Equal sample loading was therefore 
demonstrated by showing ethidium bromide stained gels used 
for RNA blotting (lower panel). Migration of 28 S (5 kb) and 18 
S (2.1 kb) ribosomal RNA markers are indicated. 

4). On the other hand, the time course of TPA 
induction of bFGF mRNA (Fig. 3B) was dif- 
ferent from thrombin (Fig. 41, with the maximal 
effect occurring 4 h after stimulation (2.6-fold). 
The different time courses suggest that TPA 
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Fig. 4. Densitometric analysis of the time course of bFGF 
mRNA induction in BCE. mRNA hybridization bands were quan- 
tified by scanning densitometry of underexposed unenhanced 
autoradiographs. The silver grain density of the 7 kb band 
representing the largest bFCF transcript was compared among 
treatment groups. Data from the treatment groups are ex- 
pressed as percentage of control values. 
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treatment increases bFGF mRNA levels by 
mechanisms different from those induced by 
thrombin or bFGF. The maximal stimulation of 
bFGF mRNA levels was similar for all three 
agents (2.1- to 2.6-fold). In all cases bFGF mRNA 
levels were decreased to near control values 
8-12 h after treatment. 

Studies of bFGF mRNA expression in dif- 
ferent cell types have demonstrated the exist- 
ence of several distinguishable transcripts, of 
which the 4 kb and 7 kb RNAs are the major 
forms (Schweigerer et al., 1987; Kurokawa et 
al., 1987; Sternfeld et al., 1988; Weich et al., 
1990). Neither induction with bFGF (Fig. 2) nor 
treatment with thrombin or TPA (Fig. 3A,B) 
had a selective effect on the induction of the 
different transcripts. All of the transcripts were 
induced equally by bFGF, thrombin and TPA. 

To determine whether or not the induction of 
bFGF expression could be modified by inhibition 
of de novo protein synthesis, the effect of cyclo- 
heximide treatment was analyzed. Quiescent 
BCE in serum-free media were treated with 
cycloheximide 30 min before, as well as during, a 
2-h bFGF treatment. As shown in Figure 5, the 
addition of cycloheximide alone had a positive 
effect, leading to a 3.1-fold increase of bFGF 
mRNA levels after treatment. bFGF alone in- 
creased bFGF mRNA 1.6-fold 2 h after treat- 
ment. No additive effect was observed by treat- 
ment of quiescent BCE with cycloheximide for 
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Fig. 5. Northern blot analysis of the effects of cycloheximide 
on bFGF mRNA levels in BCE. Quiescent BCE were treated for 2 
h with cycloheximide (10 pg/ml) and/or bFGF (2.5 ngiml) as 
indicated. Northern blot analysis for the detection of the bFCF 
mRNA (top panel) was done as described in Figure 1 .  l o  
demonstrate sample loading and RNA integrity, the ethidium 
bromide gel used for RNA blotting is also shown (lower panel). 
Migration of 28 S (5 kb) and 18 S (2.1 kb) ribosomal KNA 
markers are indicated. 

30 min followed by cycloheximide and bFGF 
together for 2 h (Fig. 5). In fact, the increase of 
mRNA after bFGF and cycloheximide treat- 
ment together was lower than the treatment 
with cycloheximide alone (2.1-fold v. 3.1 fold). 

DISCUSSION 

regulation of PDGF A-chain und B-chain genes 
in endothelial cells by growth factors. 

Since capillary endothelial cells synthesize 
bFGF, which remains cell associated (Vlodavsky 
et al., 1987) and since endogenous bFGF acts as 
an autocrine mitogen of endothelial cell growth 

The induction of growth factor mRNA by 
growth factors and other agents has recently 
been reported by several groups (Paulsson et al., 
1987; Starksen et al., 1987, Weich et al., 1987; 
Gay and Winkles, 1990). For example, aFGF 
modulates PDGF gene expression in human en- 
dothelial cells (Gay and Winkles, 1990). The 
addition of aFGF to quiescent cells increased the 
level of PDGF A-chain mRNA, but not PDGF 
B-chain mRNA. PDGF A-chain protein was also 
synthesized and secreted in increased amounts. 
In experiments with microvessel endothelial cells 
using TGF-P, thrombin and TPA as stimulatory 
agents, a transient increase in PDGF A-chain 
and B-chain mRNA was demonstrated (Stark- 
sen et al., 1987; Kavanaugh et al., 1988). Taken 
together these results indicated a differential 

(Schweigerer et al., 19871, we were interested in 
determining whether or not exogenous bFGF 
reguIates endogenous bFGF expression. To iden- 
tify possible regulators of bFGF production, cap- 
illary endothelial cells were treated with bFGF, 
TPA, and thrombin, and bFGF mRNA levels 
were analyzed by Northern blot analysis. It was 
found, that (i) the bFGF mRNA levels could be 
induced by bFGF itself, by thrombin, and by 
TPA; (ii) for each agent the level of the three 
bFGF transcripts was transiently increased with 
a maximum at 2-4 h after stimulation; (iii) the 
degree of bFGF mRNA induction was different 
for the three agents: TPA had the most stimula- 
tory effect followed by thrombin and bFGF; and 
(iv) cycloheximide alone was able to induce bFGF 
mRNA levels, whereas bFGF in combination 
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with cycloheximide did not superinduce the level 
of bFGF mRNA in endothelial cells. 

Unlike the well-known effects of bFGF on 
endothelial cell growth, the effects of thrombin 
and TPA stimulation of protein kinase C on 
endothelial cell growth are not well character- 
ized. Thrombin is a potent mitogen for several 
cell types, such as vascular smooth muscle cells 
(Chambard et al., 1987; Huang and Ives, 1987). 
The mitogenic effects of thrombin on endothe- 
lial cells have not been described. Thrombin 
causes receptor-mediated activation of a phos- 
pholipase C (PLC) leading to the release of IP, 
and diacylglycerol with subsequent activation of 
PKC (Dicker and Rozengurt, 1980; Nishizuka, 
1986). Activation of PKC is important for prolif- 
eration of several cell types, and activation of 
this enzyme by phorbol esters promotes growth 
in many systems (Nishizuka, 1986). However, 
TPA is not always mitogenic. In capillary endo- 
thelial cells TPA inhibits bFGF mitogenic activ- 
ity and cell surface binding by down-regulation 
of bFGF receptors (Doctrow and Folkman, 1988; 
Doctrow, 1989). This result suggests that the 
induction of bFGF mRNA by bFGF and throm- 
bin may be due to mitogenic stimulation, but 
that the induction of mRNA by TPA might be 
independent of growth stimulation. 

To determine whether or not the bFGF effect 
could be abolished by inhibition of protein syn- 
thesis, cells were treated with cycloheximide. 
Cycloheximide induced an  increase of bFGF 
mRNA expression, but by a different mecha- 
nism than bFGF, thrombin, and TPA. Cyclohex- 
imide alone may influence bFGF mRNA stabil- 
ity or prevent transcriptional repression (Lau 
and Nathans, 1987; Almendral et al., 1988). 
bFGF in combination with cycloheximide did 
not superinduce the level of bFGF mRNA in 
endothelial cells, indicating that the effect of 
bFGF on the induction of bFGF mRNA might 
depend on de novo protein synthesis. Our stud- 
ies are consistent with those of Sternfeld (19881, 
who investigated the differential expression of 
the bFGF gene in human foreskin fibroblasts. 
Treatment of fibroblasts with cycloheximide 
alone resulted in an increase of bFGF mRNA 
level (4-fold v. 3.1-fold in our studies), but cells 
treated with cycloheximide before and during 
serum stimulation did not show any additional 
induction of bFGF mRNA. On the other hand, if 
quiescent cells were treated with serum, the 
level of all bFGF mRNA transcripts increased 
up to 10-fold (Sternfeld et al., 1988). 

Our studies demonstrated that growth factors 
can induce their own synthesis. Thus, the mito- 
genic response of cells to a given growth factor 
might be a complex response involving not only 
the exogenous growth factors, but the activity of 
endogenous growth factors as well. Whether or 
not these endogenous growth factors participate 
in autocrine loops needs to be determined. 
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