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Abstract The aim of the present work was to examiria their immunreactivity towards endothelial markers

and compare the ultrastructure of bovine retinal endotlaed to changes in their fine structure, with the aim of
lial cells (BRECS) in vitro during several passages innaaking it possible to characterize the expected dediffer-
medium selective for endothelial cells. The identity @ntiation in more detail.

the endothelial cells was confirmed immunohistochemi-

cally, up to the tenth passage. Changes in their ultrastrge——

ture in comparison to endothelial cells in vivo occurrdfiaterials and methods

at the onset of culturing and not progressively with re-
peated passages. The cultured BRECs show high m

bolic activity in all passages. While retaining their idemoyine retinal endothelial cells (BRECs) were isolated and cultured
tity as endothelial cells, they modify their lipid metabdsy methods described by Bowman [2], Gitlin and d’Amore [11] and

lism, so that lipids are stored. This change in lipid mébng et al. [33]. Bovine eyes from freshly slaughtered animals

; : ; were kept in Betadine (providone-iodine solution) for 10 min,
tabolism was induced by the medium. washed in sterile water and dissected under sterile conditions. After

. the connective tissue was dissected away, the eyeball was

Key words Endothelial cells - Cell culture - circumferentially incised about 6 mm behind the limbus and the an-

Ultrastructure terior segment removed. The posterior globe was inverted and the

vitreous gel was pulled out. The retina was gently peeled from the
vitreous cavity and transferred into Dulbecco’s modified Eagle’s
- medium (DMEM, Gibco, Grand Island, N.Y., USA) containing 3%
Introduction amphotericin B (Gibco), 600 IU/ml penicillin + 600 pg/ml strepto-

mycin (pen-strep, Gibco). Four retinas were pooled and transferred

Endothelial cells in general control the exchange of su#to & 53-um nylon mesh, then rinsed thoroughly with DMEM con-

; c ; taining 1% amphotericin B and 200 IU/ml penicillin + 200 pg/ml
stances between blood and tissue; in the retina they tomycin (pen-strep). Tissue was scraped off and cut into pieces.

an essential part of the_ blood-retina barrier_- An impafs homogenize the retina, the tissue was pulled up several times
tant pathologic process in the ocular fundus is the formi@eugh an injection syringe with a needle. The suspension was cen-

tion of so-called epiretinal membranes (ERMs), whidffuged at 1200 rpm for 10 min, after which the pellet was resus-

; ; ; nded in 15 ml of an enzyme solution [500 pg/ml collagenase,
are characterized by cellular proliferations of new blod ng/ml pronase. and 200yug/ml DNAaS[‘e | (E%ehringerngann_

vessels into the vitreous or along the retinal surfa¢gim Germany)]. Tubes containing the solution were shaken during
These proliferating vessels modify their tissue specificiitubation for 25 min at 37°C in a water bath. The resultant frag-
and develop a substantial fibrovascular tissue, the epiregnts were trapped on a 53-um nylon mesh, washed with DMEM
inal membrane. and cer&trlguge&gltngzgglrpm c1j‘g)r 10 mlnl. Thetp(cei"et't\k,l\li% fln,?/:ly rg'-
. . : : spended in -131 medium supplemented wi mM sodi-

Bec_ause endOthe!'aI cells are mainly involved in tlﬁ#ﬂ %icarbonate, 10 ng/ml epidermal Fg;Fr)owth factor, 1 pg/ml hydro-
formation of ERMs, it was the aim of the present studyrtisone and 20% platelet-poor horse serum (all chemicals: Sigma-
to investigate the immunological properties of endothekildrich Chemie, Deisenhofen, Germany). The medium contained

al cells in vitro in selective medium over successive pd&t amphotericin B (Gibco), 200 1U/ml penicillin +200 pg/ml strep-
ycin (pen-strep, Gibco) and the cells were seeded onto gelatin-

sages. BOV'.ne ret.mal vasqular endothelial cells (BRECg%IiEted (Gelantine: 300 Bloom, Sigma-Aldrich Chemie) 24-well tis-
have been investigated with respect to potential changgs cuiture plates (Falcon, Heidelberg, Germany) or into 3.5-cm
culture dishes. BRECs were cultured in a humidified atmosphere of

ation and cultures of retinal endothelial cells

M. Sahm - P. Seifer{ (]) 5% CQO, and 20% Q at 37°C. Culture medium was subsequently
Alfried-Krupp-Labor, Department of Ophthalmology, changed twice per week. Confluent cultures were spliced at a ratio
University of Bonn, Sigmund-Freud-Strasse 25, D-53105 Bonn, of 1:2.

Germany Passages were performed by weak digestion after 4-8 days.

Fax: +49-228-2874817 Cells were washed twice with PBS, then incubated for 5-10 s with
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0.5 ml trypsin (0.1% trypsin/0.02% EDTA, Biochrom, Berlin sults

Germany), and the trypsin was removed. When cells becaﬁﬁ

spherical and detached, they were resuspended in MCDB-131 me-

dium and inoculated into new culture dishes. Habitus of isolated bovine retinal endothelial
To examine the BRECs, cell smears were made on slides dgl|ls (BRECS) in vitro

each passage. Slides were stored at —20°C until immunostaining

was performed. With the present method of isolation and culture in
MCDB-131, isolated BRECs were evident 4-8 days after
Isolation and culture of retinal pigment epithelial cells the initial plating. Given a splicing ratio of 1:2, cultures
For preparation of bovine retinal pigment epithelial cells (R rmally become confluent in about 6-8 days. The_ mor-
cellsg), tﬁe anterior segment, vitreopug and ngural retina wérep logy of cultured BRECs depended on the conditions:
moved under sterile conditions. Adherent RPE cells were wasteabblestone phenotype especially in small colonies, and
with DMEM containing 3% amphotericin B, 600 1U/ml peniCi||ine|ongated phenotype in confluent contact-inhibiting

+600 pg/ml streptomycin. RPE cells were removed from Bruch. ; ; i
membrane by gently brushing with a small hairbrush, and It'hionolayers (Fig. 1). The fibroblast-like structure was

eyecup was refilled with DMEM containing 1% amphotericin gnaintained through all passages up to passage 10 (1:2
200 IU/ml penicillin +200 pg/ml streptomycin (all chemicalssplit). Passages were performed by weak digestion to
Gibco) and aspirated. Collection and refilling of the eyecup wafiminate and suppress pericytes. BRECs were the first

repeated three times. The cell suspension was centrifuge i ini
900 rpm for 5 min. The pelleted RPE cells were resuspende oﬁﬂetach from the wells, while cells remaining attached

| . . . .
DMEM supplemented with 10% fetal calf serum (FCS, Sigm 0 t_he SUbStraj[um were prmmpally pe_rlcytes', stained by
Aldrich Chemie) in 6-well tissue culture plates (Falcon). The cefti-smAc antibody and unstained with anti-vWF anti-
were incubated in a humidified atmosphere of 5% @@l 3% Q body and anti-CD31 antibody.
at 37°C.
The cultures of RPE cells maintained in DMEM remained in a

lag phase for 2—-4 weeks after their initiation. Then they star . : - . :
proliferating and with a splicing ratio of 1:2, cultures became cgﬁﬂmunOhIStOChemStry of bovine retinal endothelial

fluent in about 10 days. In order to observe the effect of MCDBells (BRECS) in vitro

131 medium on RPE cells, cells were grown in DMEM, and after

the cells became subconfluent the medium was changedTige immunohistochemical staining revealed specific and

MCDB-131 for at least 8 days. strongly positive labelling of BRECs with anti-vWF
(Fig. 2.). BRECs grown onto slide chambers or onto cov-

Antibodies and immunohistochemical staining erslips showed granular perinuclear staining with vVWF

A standard two-stage indirect immunohistochemical techniqeven when they exhibited fibroblastoid morphology. Up
was applied using anti-von Willebrand factor (VWF)/facto passages 7-10 staining W_'th an_t"VWF_ antibody was
VIl antibody (clone F8/86, DAKO, Glostrup, Denmark), antionly slightly reduced. Labelling with anti-CD31 anti-
Pecam/CD31 antibody (clone 3 E 1D4, DAKO) and anti-smootbody resulted in nonhomogeneous staining. Cells in first
Qilfyscbeé%tgn (j‘g}g’na?goé:rr?ﬁ;h ecfgfhelﬁﬁfoﬂgggarkers’ Uniglhssages were often unlabelled; in intermediate passag-
Ifor immunohistochemical labelling, acetone-fixe'd cell smeaﬁ'?’ a few Cel_IS Wer.e Iocallzed_ labelled, and. most were
were thawed and incubated for 60 min with anti-vWF/factor vilinlabelled. With anti-smAc antibody, BRECs in cell sus-
(diluted 1:40 in PBS/1% BSA, pH 7.4), anti-CD31/Pecam (dilutggension and in monolayers were not stained. Retinal pig-
1:20 in PBS/1% BSA, pH 7.4) or anti-smooth-muscle-actiment epithial cells as negative controls did not stain with

(smAc) antibody (diluted 1:50 in PBS/15 BSA, pH 7.4) at 37°C i ; i i i i
a humid chamber. After washing, samples were incubated wﬁﬂ“ VWF antibody, anti-CD31 antibody, or anti-smActin

biotinylated species-specific secondary antibodies (diluted 1:508RtiPody (Table 1).

PBS/1% BSA, pH 7.4, RPN 1001, 1002, 1004 Amersham, Braun-

schweig) for 60 min at 37°C in a humid chamber. After washing

slides were incubated with streptavidin-biotin-peroxidase corgitrastructure of the BRECs in vitro
plexes (diluted 1:100 in PBS/1% BSA, pH 7.4, RPN 1501, Amers-

ham, Braunschweig). To enhance the staining of horseradish - .
oxidase reaction product, nickel-ammonium sulfate was addegé that the ultrastructure of the cultured endothelial cells

the diaminobenzidine—}®, solution. This technique showed acould be visualized and examined for changes over time,
strong bluish-black reaction product. cell samples were taken from several (2-6) separate

Human umbilical-vein endothelial cells (HUVEC, from Drcyltures in each of passages 1-10 and ana|yzed in the

Neuhaus, Bonn) were used to specify the reaction of antibodi foai : _
The specificity of the antisera employed was tested by omissionlﬁﬁ?nsmlssmn electron microscope. The spectrum of organ

the primary antisera and substitution with normal PBS/1% BSA.€lles in the endothelial cells was the same in all passages,
and no differences in their ultrastructure were detected.
Variations in the density of distribution of the organelles
were present to the same extent in all passages (Figs. 3-6).
For standard transmission electron microscopy (TEM) confluent The cells usually lay side by side, forming a flat sur-
cell cultures were fixed within the polystyrene wells or as cell sugce, although there was a slight degree of overlap. Inter-
pension with Karnovsky's solution in 0.1 M phosphate buffer (pgigitations were rare. The exposed surfaces of the individ-

Electron microscopy

7.3), postfixed in 2% OsQdehydrated in ethanol, and embedde - : g
in Durcupan ACM. Ultrathin sections were stained with uranyl a al cells were also usually flat. Superficial differentiations

etate and lead citrate and examined with a Zeiss EM 109 transiilCh as microspikes, lamellipodia and occasionally indi-
son electron microscope. vidual microvilli were observed. The gap between adja-
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Fig. 1 Confluent culture of bovine retinal endothelial cellglish. Arrowheadtransitional endoplasmic reticului,basel lip-
(BRECSs) in MCDB-131 medium. The cells have a fibroblastoid droplet.Bar 0.5 pm

Egﬁ’;ufjrso;ufhheaﬁzgii%gfi‘ln?m:loseIy packed colonies of endothe %l. 4 BRECs of the 2nd passage, grown in MCDB-131 medium.

Region of the cytoplasm in which an expanded rough endoplasmic
Fig. 2 BRECs of the 1st passage, grown in MCDB-131 mediumeticulum ER) dominatesL lipid droplet,M mitochondrion.Bar
Enzymatic immunostaining with anti-von Willebrand factar-( 0.5 um

rn%vxis()a.a'{ggrrggcﬁﬁ)]n product of the immunostaining is mainly perIJ-:ig. 5 BRECs of the 2nd passage, grown in MCDB-131 medium.

Region of the cytoplasm in which mitochondr)(are particular-
Fig. 3 Confluent primary culture of BRECs (6 days). Part of dy numerousG Golgi apparatud,, lipid dropletBar 0,5 pm
endothelial cell sectioned perpendicular to the plane of the culture
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Fig. 6 BRECs of the 4th passage, grown in MCDB-131 mediurfig. 7 BRECs of the 4th passage, grown in MCDB-131 medium.
The cell organelles are inhomogeneously distributed and predoRefinuclear cytoplasm region, in which mitochondki &nd rough
nantly occupy perinuclear positions. An adjacent cytoplasmic endoplasmic reticulumarowhead are associate@®ar 0.5 um

gion (asterisk contains few organelleérrow, polysomearrow- _. . .
head rough endoplasmic reticulur mitochondrionN nucleus. F19- 8 BRECs of the 8th passage, grown in MCDB-131 medium.
A single sample with dominant smooth endoplasmic reticulum

Bar0.5 um (arrows) in the region near the nucletar 0.5 pm

Table 1 Immunohistological staining of bovine retinal endotheliaimbilical vein endothelial cell$ passagesyWF von Willebrand
cells BREC$ and bovine retinal pigment endothelial ceRPEY factor, ++ strong positive labelling, + positive labelling, +/— punc-
with various antibodies, in different passagéfJYEC human tate labelling, — no labelling)

Cells marker BREC BREC BREC BREC BREC BREC BREC BREC BREC HUVEC RPE
1P 2.P 3.P 4.p 5.P 6.P 7.P 8.P 10.P 2./3.P
Anti-vWF-AB ++ ++ ++ ++ ++ ++ ++ + + ++ -
Anti-smAc-AB - - - - - - - - - - -
Anti-Pecam-AB  — - +/- +/- +/- - - - + -

cent cells was of a constant width, ca. 15 nm, over laitgdy striking: lipid droplets stored as cytoplasmic inclu-
regions of the culture. Junctions in the form of focal cosions, an expansion of the smooth ER and a denser struc-
tacts (adhesion plaques) were present between endothelia of the cytoskeleton. Lipid droplets were present in
cell and polystyrene substrate and between neighboring endothelial cells of all passages (Figs. 3, 4, 9, 10).
cells. In the region of these focal contacts, the intercelluldre distribution density of lipids in the cytoplasm dif-
gap measured about 15 nm in width or was reduced. fered within passages, some cells being nearly full of lip-
In all passages the cells generally contained numeralisiroplets and others containing only small amounts of
organelles. The rough endoplasmic reticulum (ER) wdmem. Smooth ER, a site of lipid synthesis, mainly took
often dilated to form broad cisternae (Fig. 4) and in sortie form of transitional ER. In some cells of an 8th pas-
cases was spread out so that it had an ergastoplasmicage, part of the cytoplasm near the nucleus was domi-
pearance. Smooth and rough ER was usually integratetied by smooth ER (Fig. 8). The intermediate filaments
as transitional ER. In a few cells smooth ER was the pvgere more or less tightly packed in the cells of all pas-
dominant organelle in parts of the cytoplasm. A strikirgages, as was a terminal network just below the plasma-
feature was the presence of insular aggregations of miesnma on all sides of the cell (Fig. 9).
chondria, some of which were closely associated with Pericytes were distinguishable from endothelial cells
rough ER (Fig. 7). Golgi apparatus, polysomes, individan the basis of their intracytoplasmic myofibrils with fo-
al vesicles and groups of vesicles (coated and not coatad)densities.
were abundant (Fig. 5).The spectrum of more or less
common organelles in the cytoplasm of the BRECs in-
cluded vacuoles, phagosomes, multivesicular bodies @wlls used as controls
membrane fragments arranged in twisted stacks.
Certain changes in the cytoplasm of these cells, Rreshly isolated RPE cells did not grow in MCDB-131
comparison with endothelial cells in vivo, were particunedium. RPE cells that had first been cultured in



Fig. 9 BRECs of the 8th passage, grown in MCDB-131 mediurRig. 11 Bovine retinal pigment epithelial cells (RPE cells), which
with distinctly developed subplasmalemmal netwoikrqw- as a control were similarly cultured in MCDB-131 medium, like-
head3. Arrow, rough endoplasmic reticuluni, lipid droplet, wise produced lipid dropletd). ER rough endoplasmic reticu-
M mitochondrionBar 0.5 pm lum, MG melanin granuleM mitochondrionN subplasmalemmal

Fig. 10 BRECs of the 10th passage, grown in MCDB-131 mediur[r11?twork'Bar0'5 Hm

Organelle-rich region of cytoplasm with many coated vesiaes (Fig. 12 RPE cells cultured in DMEM medium. Only a few or (as
rows) and partial associations between mitochondvia dnd rough shown here) no lipid droplets could be fouldR rough endoplas-
endoplasmic reticulunafrowheads. L lipid droplet.Bar 0,5 pm; mic reticulum.Bar 0.5 pm
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DMEM medium and then grown on in MCDB-131 mefunction of the cell [1, 26]. The morphology of endothe-
dium contained many organelles. Their endoplasmic tiel cells is also dependent on the composition of culture
ticulum and mitochondria were particularly well devemedium and on the presence or absence of a polysty-
oped (Fig. 11). Lipid droplets were present in abundaneme-coated substrate [1, 9, 18].
(Fig. 11). In contrast, there were very few or no lipid The BRECs in vitro were characterized by phase-con-
droplets in RPE cells that had grown exclusively inast microscopy, electron microscopy and specific im-
DMEM medium (Fig. 12). Retinal endothelial cells grewnunohistochemistry. For the latter, the endothelium-spe-
poorly in DMEM, with a large number of contaminationsific VWF was the most important marker. This is a car-
by other cells. rier protein for coagulation factor VIII. The protein is
stored in Weibel-Palade bodies in the endothelium of
large vessels and is found in cytoplasmic vesicles associ-
Discussion ated with the rough endoplasmic reticulum and Golgi ap-
paratus in microvessel endothelium [6]. It has been re-
Under the isolation and culture conditions used in tpsrted that the intensity of the labelling with anti-vWF
study, BRECs formed confluent contact-inhibitingntibodies can depend on whether the preparation has
monolayers. The population of the cultured BRECs wheen digested enzymatically and on the enzyme concen-
of the noncloned, mixed type. The exact vascular origmnation and its duration [5]. We have observed no differ-
of the retinal endothelial cells is not known; they magnce in VWF labelling between cells that were enzymati-
have come from arterioles, capillaries, or veins. Tieally treated, mechanically detached from one another or
morphology of these microvascular endothelial celiot treated at all. A second important specific marker for
ranged from cobblestone to elongated phenotype. In earedothelial cells is platelet endothelial cell adhesion
ly colonies the cells were almost cobblestoned, wheraaslecule 1 (Pecam/CD31). Pecaml is a 130-kDa protein
confluent cultures were mainly composed of elongatdatat has dual functional roles. It is expressed on the sur-
closely associated cells with a fibroblast-like morpholéace of various circulating cells and is a major constitu-
gy. This phenomenon is normal for cultures of bovirent of the endothelial cell intercelluar junction. It is not
aortic endothelial cells [16] and is also found for cultur@sesent on nonvascular cells such as fibroblasts, epitheli-
of bovine retinal capillary endothelial cells maintained atn or muscle cells. It has been suggested that Pecam
confluence [4, 28, 29]. In our studies the fibroblast-likgromotes the release of neutrophil granule proteases that
morphology was exhibited in all cultures and was inddissolve the basement membrane and assist the transmi-
pendent of the number of passages and isolation. gration process of leukocytes (for review see [19]). In
The major problem with microvascular cultures fromur experiments labelling of the BRECs grown in vitro
the retina is contamination of endothelial cells by pericyith anti-Pecam antibodies (CD31) gave no convincing
tes or by other cells such as glial and smooth musmsults, which is consistent with the findings of other au-
cells. Several techniques have been used to select efiglors [1]. It seems that endothelial cells in vitro do not
thelial cells. A common technique is to provide nutrexpress the adhesion molecule Pecam to the same extent
tional enviroments that selectively promote growth @fs they do in vivo, as part of the natural tissue.
endothelial cells — for example, MCDB-131 medium. We used anti-smooth-muscle-actin (SmAc) antibodies,
MCDB-131 medium was formulated by Knedler andhich are negative for endothelial cells, to detect con-
Ham [15]; supplemented with epidermal growth factéamination with pericytes and smooth muscle cells. The
and hydrocortisone, it is described as a medium that eami-smooth-muscle-actin antibodies recognize the alpha
be used to support clonal growth of human microvasamooth muscle isoform actin. The antibodies show no
lar endothelial cells [20, 31]. In our study, the use of thisoss-reaction with actin from fibroblasts (according to
medium allowed suppression of the growth of oth#re manufacturers). In the electron microscope the per-
cells, especially that of pericytes, which are equally présytes can be distinguished from endothelial cells by
ent in the retina in vivo in a ratio of 1:1 compared to etheir actin filaments [2].
dothelial cells [17]. The observed aggregation of organelles in the cyto-
As mentioned above, it is known that the endotheligllasm of cultured cells is a manifestation of subdivision
line is not a homogeneous population of cells [5, 8, 28jto various metabolic centres. Its significance for fine-
Endothelial cells of different organs and especially efructural analysis is that individual sections do not re-
venules, arteries and capillaries have different physioldlgct the cytoarchitecture of the cell as a whole. In this
ical functions. This heterogeneity has been documenteper we have allowed for that by examining a corre-
both morphologically [8, 16, 30, 34, 35] and histochenmspondingly large number of samples.
cally [10, 21] in vivo. The amounts and kinds of organelles in the endotheli-
Endothelial cells obtained from different tissues arad cells of all passages in particular, the abundance of ER
grown in vitro also exhibit immunochemical and enzyand mitochondria — indicate that these cells are very ac-
matic differences [12, 14]. Previously, however, endoth@&/e metabolically. It is notable that the character of the
lial cells of differing origins had been found to differ atells changed abruptly soon after they had become estab-
the ultrastructural level [32]. In cultured BRECSs, phendished. Unlike endothelial cells in vivo, which normally
typic diversity is likewise evident in both habitus ando not store lipids, the cultured cells of all passages in
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the present study contain lipid droplets as an extra orffzey are always associated with actin filaments of the
nelle. These droplets are the morphological correlatesobplasmalemmal network by way of certain cytoplas-
an altered lipid metabolism, which is bound to thmic attachment proteins, and the cell cortex is connected
smooth endoplasmic reticulum. In rare cases a dramdjctransmembrane proteins to components of the extra-
increase in the amount of smooth ER was observed. QibHular matrix that has been adsorbed to the petri dish.
erwise, it was impossible to evaluate the smooth ERnce, bundles of actin flaments can bind to the plasma
guantitatively in the samples examined here, becauseniembrane and produce cell locomotion by pulling on the
endothelial cells it does not exist as a separate organelgacellular matrix or on another cell [3].

system; rather, it is present as transitional ER, forming aThese experiments have shown that BRECs cultured
functional unit with the rough ER, a switch that depends selective medium (MCDB-131) are extremely active
on metabolic requirements. A conversion of the metabmetabolically and are immunologically identifiable as
lism towards lipid storage can be regarded as a degeneratothelial cells until the last passage tested. At the
tive process, which possibly produces the foam ceflame time, from the onset of culture conditions there is a
found in cultures that have become too old. Whether digamatic rise in lipid production, which indicates a
generation actually occurs ultimately depends on widdtange in lipid metabolism induced by the medium.
special cell functions are being affected or impaired
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