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SUMMARY 

In order to optimize culture c·onditions of bovine pulmonary endothelia l cells (CPAE), we 
have compared different culture media, supports and extracellular ma trices. Cell biomass was 
estimated by protein assay using Lowry's method. Different constituents including albumin, 
hydrocortisone, insulin, transferrin, triiodo tyronine, Epidermal Growth Factor (EGF) and 
Fibroblast Growth Factor were separately added to Basal Defined Medium (BDM). Among 
them, BDM supplemented with EGF (1 ngfml), hydrocortisone (100 nM), insulin (1 J.lg/ml), 
triiodotyronine (2 nM) and linoleic acid complexed to albumin (10 J.lgfml) a lso named ' syn­
thetic BDM ' appeared to be the best serum-free nutritive medium and showed similar resul ts 
as compared to DMEM supplemented with JO % Fetal Bovine Serum (FBS). 

Severa! supports have then been tested including tissue culture polystyrene (as a 
reference), teflon, polycarbonate or poly(ethylene terephthala te) track-etched membranes. 
Among them, cells cul tivated on surface treated membranes in poly(ethylene terephthalate) 
exhibited the highest protein content with a significant increase in comparison to tissue 
culture polystyrene, probably because cells are fed on the two face instead of one. 

On treated poly(ethylene terephtha late) membranes, cel.ls kept tbeir endothelial morphol­
ogy and ul trastructure. 

Finally, cell biomass on severa! exogenous extracellular matrices was studied. Cells were 
cultivated in 'synthetic BD M ' or DMEM supplemented with 10 % FBS and on poly(ethylene 
terephthalate) membranes. Among fibronectin, matrigel ™ (solubi lized tissue basement mem­
brane), laminin, collagen (type l) and po lylysine ; ma trige! TM appeared t0 be the optimal 
extracellular matrix. 

(1) Correspondence to S. BAATOUT, Laboratory of Experimental Hematology and Onco­
logy, Catholic U niversity of Louvain, 1, rue G. Thérasse, B-5530 Mont-Godinne, Belgium. 
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In conclusion, we demonstrated herewith that bovine pulmonary endothelial cell cultures 
can be optimized in a serum-free medium and on micro po rous membranes with ma trige! ™ 
as an extracellular matrix without alterations of cell morphology. 

Key words : CPAE cells, in vitro mode! , serum-free medium, microporous membranes, 
poly(ethylene terephthalate), extracellular matrix, matrigel. 

INTRODUCTION 

Alterations in the function of endothelial cells play an important rote in the 
development of atherosclerosis (Ross et al., 1974; Ross and GLOMSET, 1976). 
Cultivated endothelial cells provide a powerful approach· with which to study the 
characteristics and function of the endothelium. However, the presence of serum in 
the nutritive medium hampers the precise determination of the effect of various 
components on their function. We have developed a new serum-free, chemically 
defined, Basal Defined Medium (BDM) which considerably increases the secretion 
of monoclonal antibody by hybridoma cells (SCHNErDER, 1989; SCHNErDER and 
LA VOIX, 1990); with a low protein content it also allows the long-term (3 to 4 
weeks) culture of rat hepatocytes (JIN et al., 1989) or intestinal epithelial cells 
(HALLEUX and ScHNEIDER, 1991 ). Equally important is the nature of the support 
upon which cells rest. We have recently reported that the use of poly(ethylene 
terephthalate) microporous membranes improves the culture of various mammalian 
cells (SERGENT-ENGELEN et al. , 1990). Moreover, the deposition of an extracellular 
matrix on the surface of the supports is necessary for the optimal growth of many 
aàherent cells. Severa! kinds of coating have been proposed such as laminin, 
fibronectin, collagen (type 1), polylysine or a solubilized tissue basement membrane 
gel ma trige! TM. These components have been shown to affect the ability of ce lis to 
proliferate (TIMPL et al., 1979; JAFFE, 1980 ; KLEINMAN et al., 1981 ; CHAZOU et al., 
1981 ; MACARAK and HOWARD, 1983). 

Herewith , in order to optimize culture conditions of bovine pulmonary 
endothelial cells (CPAE), we present data about the effects of severa! components 
of the medium, different ~upports and severa! exogenous extracellular matrices on 
the biomass of bovine pulmonary artery endothelial (CPAE) cells. Based on these 
observations, we have developed a cel! culture system using serum-free medium, 
poly(ethylene terephthalate) rnicroporous membranes and matrigel TM as an 
exogenous extracellular matrix to grow and maintain endo thelia l cells under defined 
conditions. 

Abbreviations used : BD M, Basa l Defined Medium ; CPAE, ptùmonary artery endotheba l 
cells; DMEM, Dulbecco's Modified Eagle's Medium ; EGF, Epidermal Growth Fa:ctor ; 
FBS, Feta l Bovine Serum ; FGF, F ibroblast Growth Factor; Hydrocortis, Hydrocortisone; 
Lin ac : alb, linoleic acid complexed to albumin ; 1uPET, membranes in Poly(ethylene 
terephthalate) ; nPC, native Polycarbonate; nPET, native Poty( ethylene terepbtha late) ; PET, 
Poty( ethylene terephthalate); sBDM, synthetic Basal Defined Medium ; T3 , T riiodotyronine; 
TCPS, Tissue Cultme Polystyrene ; tmPET, treated membranes in Poly(ethylene 
terephthalate). 
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MATERIAL AND METHODS 

Cell culture and subculture 

The bovine pulmonary artery endothelial cell strain (CPAE) was obtained from 
the American Type Culture Collection (Rockville, Md). This cell strain has been 
characterized and shown to be endothelial in origin by angiotensin-converting 
enzyme activity, factor VIII related antigen and the presence of Weibel-Palade 
bodies (DEL VEcc mo and SMJTH, 1981 ; DEL VECCHIO and LINCOLN, 1983). CPAE 
cells were maintained in 175-cm2 flasks. For ali experiments, cells were used 
between passages 11 and 20 and cu1tivated under water saturation and 5 % co2 (v/ 
v) in air. CPAE cultures have been passed at a split ratio of 1:3 or 1:2 onto tissue 
culture polystyrene (Nunc, lntermed, Denmark). Daily phase contrast observations 
of morphology were used for assessing the culture state. Cell viability was assessed 
using trypan blue exclusion. 

Culture medium 

Basal Defined Medium (BDM ; Sc HNEIDER, 1989) consists of a 5:5:1 (11/v/v) 
mixture of Iscove's Dulbecco's modified Eagle's, Ham's FI2 and NTCT 135 media. 
To this, 25 mM glucose, 6 mM glutamine, 0.01 % (wfv) Pluronic F68, 50 J.LM 
ethanolamine, 25 mM HEPES, 3 g/1 NaHC03 and 30 J.Lg/ml penicillin and 70 ~tg/ml 
streptomycin were added. Routine culture was ca rried out in BDM supplemented 
with l % Feta l Bovine Serum (Gibco). 

For sorne experiments, BDM was further supplemented with different substan­
ces : linoleic acid complexed to albumin 1 at two different concentrations (lü and 
100 J.Lg/ml, Gibco), insulin (1 J.Lg/ml, G ibco), EGF (10 ng/ml, Gibco), FG F (50 ng/ 
ml, Gibco), transferrin (10 J.Lg/ml, Gibco), triiodotyronine or T3 (2 nM, G ibco), 
hydrocortisone (100 nM, Gibco), trace elements (Mn, M o, Ni, Si, Sn and V) a t the 
concentrations described by M cKEEHAN et al., (1976). ' Synthetic BDM ' (sBDM) 
corresponds to BDM supplemented with insulin, EG F, trace elements, ascorbic 
acid , alpha tocopherol, glucagon, prolactin, somatotropin, dexamethasone and 
linoleic acid complexed to albumin as previously used fo r rat hepatocytes (JIN et 
al. , 1989). Dulbecco's M odified Essentia l Medium (DMEM) supplemented with 
1 0 % FBS was used as reference. · 

Biomass study by protein assay 

Cells were ha rvested with trypsin (2.5 gj l) and EDTA (1.1 g/1) and seeded in 
each culture condition a t an initial concentra tion of 50,000 living cells(cm2. After 
different incuba tion periods at 37° C, cells were washed 3 times with PBS and dis­
solved twice in 1 ml of Na deoxycholate 1 % (w/v) previously adjusted to pH 11 .3 
with NaOH. Cell protein content was determined by the method of LOWRY et al. 
(195 1) with bovine serum albumin as a standard. Results are expressed in 
micrograms per cm2 of growth area. 
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Preparation and coating of flasks 

Cel! cultures were carried out on different supports. For tissue culture 
polystyrene (TCPS), 6-well tissue culture plates (Nunc, Intermed, Denmark; 
growth area of 9.9 cm 2) were used. Polycarbonate and poly(ethylene terephthalate) 
exist as films (native polycarbonate nPC and native poly(ethylene terephthalate) 
nPET), as microporous (poly(ethylene terephthalate) membranes mPET or as 
treated poly(ethylene terephthalate) membranes tmPET. rn and tmPET membranes 
were kindly provided by Whatman s.a. (Louvain-la-Neuve, Belgium). Inserts were 
prepared as previously described (HALLEUX and ScHNEIDER, 1991 ). Teflon flasks 
(Petriperm) were provided by Heraeus (Danau, FRG). 

To assess the effect of exogenous extracellular matrices, culture substrata were 
precoated for 2 h at 37oC with laminin (10 J.lg/ml, Sigmé\.), fibronectin (10 11g/ml, 
Gibco), polylysine (10 J.lg/ml, Sigma), type 1 collagen (30 J.lg/ml, Sigma) or 
matrigel ™ (5 111 diluted 10 times in BDM, Flow Lab. , Brussels, Belgium) and rin­
sed with PBS just before use. 

Scanning electron microscopy 

For ultrastructural studies, monolayers growing on microporous membranes 
were washed twice in PBS, fixed in situ with 2.5 % (w/v) glutaraldehyde in PBS for 
1 h and rinsed twice with PBS, postfixed with osmium tetroxide (2 % w/v in PBS) 
for 1 h and rinsed 3 times with PBS. Samples were dehydrated with acetone in a 
critical point dryer (.Balzers Union, Lichtenstein) and sprayed with gold (Balzers 
SCD040) before examination with a Hitachi S570 scanning electron microscope 
(Hitachi, Tokyo, Japan). 

Statistical analysis 

ANOVA 2 analysis and Newman-Keuls test were used . Results are expressed as 
the mean of 6 experiments ± SEM. 

RESULTS 

Effect of different medium components on CP AE biomass 

The effect of different components classjcally added to nutnt1ve medium on 
CPAE biomass was assessed by detennining the protein content and compared to 
BDM, on one hand, and to DMEM supplemented with 10 % FBS, on the other 
band (Fig. 1). When cells were cultivated in BDM supplementeçl with linoleic acid 
complexed to albumin, biomass was in the same order of magnitude as cells grown 
in the presence of BDM alone. Insulin and transferrin were found to be slightly 
mitogenic since biomass was significantly increased in their p resence (p < 0.05). 
The addition of EGF or FGF to BDM augmented significantly CPAE growth in 
comparison to ceUs cultivated in the presence of BDM supplemented with trans-
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LAA( li) lns Trf FGF EGF sBDM D10%FBS 

Fig. 1. - Influence of different components of the nutritive medium on the biomass of CPAE 
cells cultivated either on tissue culture TCPS or on tmPET. The final concentrations were 
linoleic acid complexed to albumin ( 10 11g/ml : LAAI; 100 11g/ml : LAAII), insulin (lns : 1 11g/ 
ml), transferrin (Trf : 10 11g/ml), FGF (50 ngfml), EGF (1 0 ngfml). Protein content (11gfcm2) 

was measured after 36 h of culture. Synthetic BDM and DMEM 10% FBS are abbreviated 
as sBDM and DIO% FBS, respectively. 

ferrin or insulin (p < 0.05). The highest protein contents were obtained when the 
medium was either sBDM or DMEM supplemented with 10% FBS (p < 0.05). 
DMEM was used as a control because this medium is known to be adequate for 
CPAE culture (GARCIA et al., 1986). 

In a second set of experiments, CPAE cells were cultivated in BDM but for each 
individual test, different components including sorne of the sBDM medium were 
added and a comparison was made with DMEM supplemented with 10 % FBS 
(F ig. 2). Results indicated that there was a significant difference between BDM 
alone and BDM supplemented with either triiodotyronine, trace elements, 
hydrocortisone or linoleic acid complexed to album in (p < 0.05). EGF and insu! in 
gave quantitatively similar results and were shown to be more effective than BDM 
supplemented with either triiodotyronine, trace elements, hydrocortisone or linoleic 
acid complexed to albumin (p < 0.05). Although there was a more importaat dif­
ference than in Fig. 1, the difference between sBDM and DMEM 10% FBS was 
not significant. This difference can be explained by the fact that in Fig. 1, cells were 
at passage 12 and in F ig. 2, they were at passage 15. 
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Fig. 2. - Influence of sorne components including sBDM constituents on the biomass of 
CPAE cells cultivated on TCPS or on tmPET. The final concentrations were hydrocortisone 
(He : 100 nM), linoleic acid complexed to albumin (LAA : 10 llgfml), triiodotyronive or T3 
(2 nM), insulin (lns : 11-!g/ml), EGF (1 ngjml). Protein content (!lg/cm2) was measured after 
36 h of culture. Synthetic BDM and DMEM 10 % FBS are abreviated as sBDM and 
DIO %FBS, respectively. 

Effect of different supports on CPAE growth 

Figs 1 and 2 show that in every situation the cell yield was higher on 
microporous PET membranes than on TCPS dishes. Selective advantages of other 
substrata were investigated (Fig. 3) on CPAE cells at passage 17. Tissue culture 
polystyrene (TCPS) was used as reference. Teflon, polycarbonate (PC) or 
poly(ethylene terephthalate) (PET) in the form of film or microporous membranes 
were tested. Teflon gave the lowest protein content. No significant difference was 
detected when cells were cultivated either on TCPS, PC films or PET membranes. 
However, the PET films gave a significant higher protein content (p < 0.05). 
Tm PET produced the highest CPAE biomass (p < 0.05). These results indicate that 
the use of tmPET considerably increased the protein content. Comparable results 
were observed for sBDM and DMEM sup.plemented with 10 % FBS. 

Effect of different extraceilular matrices on CPAE growth 

To characterize the effect of different extracellular matrix proteins on the 
biomass of CPAE cells, protein assay measurements were performed on cells 
cultivated on fibronectin, matrigel ™ , laminin, type I collagen or polylysine. These 
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nP ET mPET tm PET TCPS 

Fig. 3. - Comparison of CPAE cells biomass after 4 days of culture on different supports 
and either in sBDM or in DMEM supplemented with 10% FBS. The supports were teflon 
membranes, polycarbonate (nPC) or PET (nPET) films, treated and nontreated PET mem­
branes (tmPET or mPET, respectively) and tissue culture polystyrene (TCPS). 

experiments were performed on TCPS (Fig. 4) and on tmPET (Fig. 5) and involved 
both sBDM and DMEM containing 10% FBS. Extracellular matrices without cells 
were shown to exhibit a protein content which never exceeded 5 % of the total 
protein content. 

When cells were cultivated on TCPS (Fig. 4) coated with laminin or matrigel™, 
no significant increase in protein content was detected in comparison to TCPS 
without precoating. A significantly enhanced protein content (p < 0.05) was detec­
ted with polylysine, fibronectin and collagen as compared to TCPS without 
precoating. 

In comparison with noncoated tmPET, no significant increase was observed 
with fibronectin or laminin. In contrast, after precoating of tmPET with collagen 
or polylysine, a significant increase in protein content was observed as compared 
to noncoated tmPET (p < 0.05). The highest yield was recorded with ma trige! ™ 
as an exogenous extracellular matrix (p < 0.05). 



60 

25 

Ë 20 
u 

+:1 c 
Q) -c g 15 
c ·a; -e 
~ 10 
Cil 
:; 
Qj 
u 

g 5 

0 

S. BAATOUT, F. KINARD, CL. REMACLE AND Y.-J. SCHNEIDER 

n sBDM 

~ DMEM 10%FBS 

Control . Matrigel Coll agen Laminin Flbronectin Polylysine 

Fig. 4. - Comparison of CPAE cells biomass after a 36 h culture on TCPS precoated with 
different extracellular matrices and either in sBDM or DMEM supplemented with 10 % FBS. 
The used extracellular matrices were fibronectin (10 j.lg/ml), laminin (10 j.lgjml), type 1 
coll agen (30 llgfml), polylysine (10 j.lgjml) and matrigel TM (dilution : 10 x). 
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Fig. S. - Comparison of CPAE cells biomass after a 36 h culture on tmPET precoated with 
different extracellular matri ces, in either sBDM or DMEM supplemented with 10% FBS. 
The used extracell ula r matrices were fibronectin (10 j.lg/ml), laminin (10 ~tg/ml) , type 1 
coll agen (30 llgfml), polylysine '(1 0 11g/ml) and ma tri gel TM (dilution : 10 x ). 
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Fig. 6. - Phase contrast micrograpbs of CPAE cells cultivated for 
5 days in BDM supplemented witb 1 % FBS on TCPS (A) or 
tm PET (B) . 
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F ig. 7. - Scanning electron micrographs of CPAE cells cultivated 
for 5 days in BDM supplemented with 1 % FBS on tmPET. 
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Morphological and ultrastructural characterizations of CP AE cells on TCPS and on 
treated membranes of poly(ethylene terephthalate) 

Fig. 6 gives representative pictures of CPAE cells after five days of culture in 
BDM containing 1 % FBS on TCPS (Fig. 6a) or tmPET (Fig. 6b). CPAE cells 
covered each substratum showing a confluent layer of cells with a characteristic 
cuboidal configuration. 

Scanning electron microscopy of the surface of a complete CPAE cell 
monolayer grown on tmPET revealed an intimate association of the cells with the 
typical cobblestone appearance after five days of culture (Figs 7a and b) , despite 

_ sorne diversity in the cel! configuration. 

DISCUSSION 

The use of a cel! culture system as an in vitro mode! of the vascular endothelium 
has a number of advantages, such as offering direct access to luminal and 
abluminal fluid for analysis , being highly simplified and limited to a single cel! type 
and having an experimental medium tha t can be defined in terms of the chemical 
and biological composition. However, the factors that simplify the system also rai se 
questions about its relevance to the real in vivo situation. 

We varied severa! aspects of the culture conditions in an attempt to optimize 
CPAE culture. This cell strain is a .well-characterized stra in of bovine pulmonary 
endothelial cells. The effects of different conditions on the biomass of CPAE cells 
were measured by protein quantifica tion (LowRY et al., 1951) . 

In order to optimize cultu re conditions of bovine pulmonary endothelial cell s 
(CPAE), as a first step , the effect of different components of the nutritive medium 
on the biomass of CPAE was studied. Among ali the media tested , a lbumin had 
only a minor effect, which agrees with the observations of DE GROOT et al. (1 983). 
Albumin acts as a binding protein for fatty acid and also as a detoxifying agent 
in a manner similar to that postula ted for transferrin (GUILBERT and IscovE, 1976). 
Hydrocortisone and triodotyronine displayed a slight effect on CPAE cell biomass. 
Hyd rocortisone is known to improve the morphology of RF! cells (a li ne of rat 
ovarian follicular cell s) but does not affect their growth rate while it stimulates the 
epithelial cellline TM4 (HAYASHI et al., 1987). The concentration of insulin required 
fo r stimulation of CPAE growth is high to reach an IGF-1 effect (HAYASHI et al., 
1987). Most of the stimulatory activity of transferrin is presumably related to its 
iron bind ing property . l nsulin and transferrin are known to stimula te severa! cell 
types (BARNES and SATO, 1980). EGF and FGF have been widely used and are 
reported to stimulate growth of a variety of cel! !ines including endothelial cells, 
HeLa and BALB 3T3 cells. 

CPAE cells grow weil in a serum-free synthetic medium . sBDM medium is a 
synthetic nutritive medium originally developed for optimal growth of hybridoma 
cells and monoclonal antibody secretion (ScHNEIDER, 1989 ; SCHNEIDER and LA VOIX, 

1990); it contains mineral cations, vitamins, coenzymes, nucleotide precursors, high 
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concentrations of glucose, amino acids, and antioxidant substances. After addition 
of appropriate hormones and growth factors, it also sustains growth and differen­
tiation of anchorage dependent, polarized mammalian cells such as hepatocytes, 
MDCK, Hep G2 or CHO cells (JIN et al., 1989). 

The use of surface treated microporous membranes m PET as support 
significantly improves the biomass of CPAE cells. Culture on these membranes 
gives better biomass than on tissue culture polystyrene or polycarbonate (SERGENT­
ENGELEN et al. , 1990). These results suggest that the improvement is due, on the 
one hand, to the physicochemical nature of the substratum surface since cel! adhe­
sion and biomass are enhanced on surface-treated PET as compared to the na tive 
polymer and, on the other hand, to the microporosity since for a same surface 
treatment, culture is improved on a microporous membrane as compared to the 
nonporous substratum. The PET membranes are also chemically inert and do not 
adsorb lipophilic solutes. In these culture conditions, CPAE cells expose their apical 
pole to the upper compartment of the insert, whereas their basal pole adheres to 
the PET membrane and is, therefore, in contact with the lower compartment. Such 
a mode! could therefore be appropriate for permeability studies of substances 
through the endothelial layer. 

The substrate upon which cells rest when maintained in tissue culture is impor­
tant for their biomass. The extracellular ma trix provides a natural substraté upon 
which cells can undergo their characteristic changes in morphology occuring at 
mitosis as weil as their differentiation. The endothelial cel! is normally adherent to 
a complex basement membrane extracellular matrix consisting of type IV co llagen, 
laminin, fibronectin , vitronectin , heparan sulfa te proteoglycan, entactin, thrombos­
pondin and von Willebrand factor (KRAMER et al. , 1987). We found that CPAE 
were able to proliferate on diverse extracellular matrices. Fibronectin is abundant 
in both vascular basement membrane and the surrounding interstitium and is a 
major extracellular connective tissue component. The protein content of CPAE cells 
was enhanced when culture occurs on TCPS precoa ted with fibronectin (10 jlgjml) 
and suggests that fibronectin is an important cel! spreading factor. This substrate 
requirement of CPAE has also been found by others (Gow and PEARLSTEIN, 1980). 
Either on surface treated PET membranes or on TCPS, we found an advantage in 
using collagen. Among the various components of the ex tracellular matrix, collagen 
is known to play an important role in promoting cel! attachment, cell migration and 
cell biomass (GOSPODAROWTCZ and LVI, 198 1) . Binding proteins for type 1 collagen 
and laminin have been observed in a bovine aortic endothelia l cell-derived line. A 
larninin precoating either on TCPS or tmPET did not ilnprove CPAE cells biomass. 
Polylysine has been found to improve attachment and clonai growth of human and 
chicken fibroblasts (McKEEHAN et al., 1976). ln our experiments, polylysine gave 
a significant increase in the tota l protein content of CPAE cells. Matrigel™ is a 
so lubilized basement membrane gel extracted from the mouse Engelbreth-Holm­
Swarm sarcoma. Cultures of human endothelial cells can be induced to undergo 
extremely rapid morphological differentiation into capillary-like structmes by 
ma trige! ™. Wh en ce lis were culti vated on treated PET membranes, ma trige! ™ 

• 
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gave the highest protein content whereas precoating of TCPS did not affect CPAE 
cell biomass. 

In light microscopy, the cells formed a continuous monolayer on TCPS and on 
surface treated PET membranes. The ultrastucture was similar on TCPS and on 
treated PET membranes. 

In conclusion, in a synthetic hormono-defined nutritive medium, on treated 
PET membranes precoated with ma trigel™, culture of CPAE cells gave excellent 
results. Moreover, under these conditions, cells keep their endothelial morphology 
and ultrastructure. 
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