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Abstract Human umbilical vein endothelial cells
(HUVECS) cultured in vitro are a commonly used
experimental system. When properly differentiated
they acquire the so-called cobblestone phenotype;
thereby mimicking an endothelium in vivo that can be
used to shed light on multiple endothelial-related
processes. In the present paper we report a simple,
flexible, fast and reproducible method for an efficient
isolation of viable HUVECs. The isolation is per-
formed by sequential short trypsinization steps at
room temperature. As umbilical cords are often
damaged during labor, it is noteworthy that this new
method can be applied even to short pieces of cord
with success. In addition, we describe how to culture
HUVECs as valid cobblestone cells in vitro on
different types of extracellular matrix (basement
membrane matrix, fibronectin and gelatin). We also
show how to recognize mature cobblestone HUVECs
by ordinary phase contrast microscopy. Our HUVEC
model is validated as a system that retains important
features inherent to the human umbilical vein endo-
thelium in vivo. Phase contrast microscopy, immuno-
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fluorescence and electron microscopy reveal a tight
cobblestone monolayer. Therein cells show Weibel-
Palade bodies, caveolae and junctional complexes
(comparable to the in vivo situation, as also shown in
this study) and can internalize human low density
lipoprotein. Isolation and culture of HUVECs as
reported in this paper will result in an endothelium-
mimicking experimental model convenient for multi-
ple research goals.
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Introduction

The endothelium forms a continuous cell monolayer
that lines the lumen of blood vessels. By their location
and functionality, vascular endothelial cells play a
critical role as selective barrier for the transit of water,
solutes and cells between blood and underlying
tissues. In addition, endothelial cells fulfill other
pivotal functions as they are involved in the regulation
of the vascular tone and hemostasis and they partic-
ipate in the inflammatory and immune response.
Alterations of the endothelial integrity and function-
ality may lead to disorders related to atherosclerosis,
thrombosis and inflammation (Simionescu and Antohe
2006). The successful culture of endothelial cells
started 4 decades ago, and marked the beginning of the
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modern vascular biology (Nachman and Jaffe 2004).
Human endothelial cells cultured in vitro are a simple
experimental system that allows for the study of
diverse facets of the normal endothelial biology
and mechanisms underlying the vascular pathology
(Striker et al. 1980). Besides for fundamental research,
human umbilical vein endothelial cells (HUVECS) are
often the model system of choice for the bio-pharma-
ceutical industry and preclinical assays since they
have several advantages. HUVECs are primary, non-
immortalized cells of human origin, they are relatively
easy to isolate without contamination of other
cell types and umbilical veins are readily available
(Manconi et al. 2000).

After the post-natal resection of the umbilical cord,
the umbilical vein can be easily cannulated and
the endothelium can be detached by enzymatic
activity. This approach was first used by Maruyama
(Maruyama 1963). However, it was in the 1970's
when it was applied by Jaffe and others to successfully
isolate cells that could be propagated in vitro and
identified as bona fide HUVECs (Gimbrone et al.
1974; Jaffe et al. 1973a, b, 1974). In the last years,
several protocols to isolate this cell type have been
published (Baudin et al. 2007; Bazzoni et al. 2002;
Davis et al. 2007; Laurens and van Hinsbergh 2004;
Marin et al. 2001). In all the referred works relatively
long pieces of umbilical cord were used to isolate
HUVECs, always by collagenase activity at 37 °C.
This practice bears some disadvantages; namely (1)
pieces of umbilical cord available for cell isolation
might be short; (2) incubations of cords in water bath
happen under “semi-sterile” conditions; and (3)
collagenase might carry enzymatic contaminants and
every batch needs to be tested to find out the proper
incubation conditions (time, concentration).

Isolated HUVECs can be propagated using differ-
ent types of endothelial-specific media, supplements
and coatings for the culture vessels (Albelda et al.
1989; Chazov et al. 1981; Clark et al. 1986; Gimbrone
et al. 1974; Jaffe et al. 1973b; Lewis et al. 1973;
Maciag et al. 1981). Confluent HUVECs can differ-
entiate into a monolayer of tightly packed cells, the so-
called cobblestone phenotype, that resembles endo-
thelium morphology in vivo (Smeets et al. 1992).
Coatings as fibronectin and interstitial collagens I and
IIT favor endothelial cell migration and proliferation
(Grant et al. 1990) while basal lamina components, as
laminin and collagen IV, promote endothelial cell
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attachment and differentiation (Grant et al. 1990).
Hereby, it seems that a coating resembling the basal
lamina could be a good starting point to set up a
cobblestone monolayer similar to an endothelium in
vivo (Martins-Green et al. 2008).

In this paper we report an optimized, integral
protocol to isolate HUVECS in a simple and fast way
and to grow them to a versatile cell monolayer that
shows strong similarities with the umbilical vein
endothelium. The isolation method is less demanding
than other previously published ones since it uses
ordinary trypsin and manipulation is performed at
room temperature (RT). Furthermore, a piece of
umbilical cord as short as 10 cm can be used to obtain
an appropriate cobblestone culture. Cells can be easily
propagated and suitably differentiated, as demon-
strated by phase contrast, immuno-fluorescence and
electron microscopy. By thorough, qualitative, obser-
vation of cells we were able to empirically find simple
rules to seed and propagate HUVECs with potential to
acquire a cobblestone phenotype in vitro. This can be
achieved on surfaces coated with basement membrane
matrix, fibronectin or gelatin, following a simple
coating procedure by adsorption. The method that we
present is a flexible, convenient and reproducible
approach to engineer endothelium-mimicking cultures
for diverse experimental purposes.

Materials and methods

HUVEC:s isolation by sequential short
trypsinizations and establishment of primary
cultures

Human umbilical cords (n = 10; from healthy indi-
viduals, at term) were obtained from the Department
of Obstetrics and Gynecology, Diakonessen Hospital,
Utrecht (The Netherlands), with the informed consent
of the parents. Our modified isolation protocol was
based in the pioneering approaches of Maruyama and
Jaffe (Jaffe et al. 1973b; Maruyama 1963). Umbilical
cords were collected in Hanks’ balanced salt solution
(HBSS; PAA) supplemented with 100 U/ml of peni-
cillin and 100 pg/ml of streptomycin (Invitrogen) and
kept at 4 °C until processing. Some current protocols
(including Jaffe’s) (Baudin et al. 2007; Gimbrone et al.
1974, Jaffe et al. 1973b) used fresh umbilical cords. In
our present study cell isolation was carried out
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typically 24 h after birth; however, comparable results
can be obtained when cells are isolated 48 h after birth
(data not shown). This timespan confers more flexi-
bility to the method, as the researchers can plan
isolation in a well-suited moment. Cell isolation was
performed in a laminar flow hood, with the working
area covered with a compress, wearing clean gloves
and lab coat. All reagents and materials used were
sterile. Before beginning, buffers (bottles of 500 ml)
and enzymatic solutions (50 ml/tube) were warmed up
to 37 °C in a water bath. Just before use bottles and
tubes were decontaminated and introduced in the flow
cast. In a Petri dish (@ 145 mm; Greiner-BioOne),
cords were washed by immersion and gentle squeezing
in warm HBSS without Ca®* and Mngr (HBSSf/f;
PAA). A 1-cm long piece of cord at both ends and any
damaged area were resected with a scalpel. Upon
measuring, the length of the remaining “intact” cord
was typically 10-30 cm. The cord was placed in a dry,
clean Petri dish and both ends of the umbilical vein
were cannulated. The free end of the cannulae had
been previously attached to 4-cm long silicon tubes.
These tubes serve as “inlet” and “outlet” to the
umbilical vein lumen and can be connected to syringes
and clamped when necessary. Cannulae were fastened
to the cord using cable ties. Note that the inlet cannula/
silicon tube had been filled up with HBSS-/- prior to
cannulation to avoid injection of air into the vein
lumen. Warm HBSS ™~ was injected to wash remains
of blood out of the lumen. Then we proceeded to
detach the endothelial cells by sequential short
trypsinization. With the outlet-tube clamped, we
injected, via the inlet, enough trypsin—-EDTA (1x,
final concentration 0.05 % (trypsin)-0.022 % (EDTA);
diluted in HBSS ™~ from trypsin-EDTA 10x; #L11-
003, PAA) to distend the lumen of the vein (typically
4-5 ml/10-cm of cord; note that approx. 3 ml stayed in
the cannulae). The inlet-tube was then clamped.
During the incubation (2 min; at RT, in laminar flow
cast), the cord was gently massaged. Then, the
pressure was released (by allowing cell suspension
to flow via the outlet into a syringe), cord was slightly
squeezed and fresh trypsin—-EDTA was injected again
for a 2-min long incubation. The process was repeated
5 times in total. After the last trypsinization, the vein
was perfused once with HBSS ™~ (by applying serial
distensions and pressure releases; via inlet and outlet,
sequentially) to recover remaining cells. The cell
suspension collected after every step was immediately

transferred to one (or eventually several) 50-ml tubes
and kept at RT. After the last recovery, we mixed cells
with fetal calf serum (10 % final concentration; PAA)
to neutralize trypsin. In this way, cells were exposed to
the enzymatic activity for about 10 min, at RT. The
whole procedure, from vein washing to trypsin
neutralization, took less than 15 min. Cells were
centrifuged at 250x g, 5 min. Supernatant was dis-
carded and pellets were carefully re-suspended in
warm endothelial growth medium (EBM-2 plus EGM-
2 supplements; Lonza) with 100 U/ml of penicillin
and 100 pg/ml of streptomycin. All remainders of the
umbilical cords were treated as biohazard according to
institutional rules.

HUVECs were transferred to vessels coated with a
thin layer of non-gelled Matrigel™. Matrigel is a
basement membrane matrix enriched in basal lam-
ina components (Kleinman et al. 1982). As control,
HUVECs from some isolations (n = 2) were cultured
in paralle 1 on other coatings widely used to grow this
cell type: human fibronectin (Baudin et al. 2007;
Laurens and van Hinsbergh 2004) or gelatin, a mixture
of derivatives of skin collagen (Bazzoni et al. 2002;
Marin et al. 2001). Matrigel (BD Biosciences) was
diluted in cold culture medium without serum (final
concentration 100 pg/ml) following the manufac-
turer’s guidelines. Fibronectin from human plasma
(Sigma) was prepared in cold HBSS ™ to coat with
1 pg/em?. Gelatin solution (2 % in H,0, from bovine
skin; Sigma) was warmed up to 37 °C and used
undiluted. To coat the culture vessels we followed a
procedure which did not require any drying step. In all
cases coating solution was added to the culture vessels
(125 ul/cmz) and left for at least 1 h in the cell
incubator to coat by adsorption. Just before cell
seeding, the solution was removed; no washing steps
were required.

Isolated HUVECs were seeded following a “1:1,
cord length:culture surface” rule; for example, cells
isolated from a 10-cm long cord were transferred onto
a 10-cm” culture surface (e.g. one well of a 6-well
plate). Presence of traces of blood and small clusters of
endothelial cells made cell counting unreliable at that
point. Cells were incubated at 37 °C in a 5 % CO,
humidified atmosphere. After 4 h, medium was
refreshed and once again the next day. Traces of
blood and cell debris were washed away by this
procedure. HUVECs (passage 0) were left to grow for
2-3 days in primary culture. In this time -cells
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Fig. 1 Establishment of a tight, mature cobblestone monolayer P HUVECs-p1: subconfluent
assessed by phase contrast microscopy. HUVECs (passage 1,
pl) were seeded at 20,000 cells/cm”® on ordinary polystyrene
culture vessels coated with Matrigel, left to grow and
differentiate for several days and regularly monitored by
phase-contrast microscopy. At “subconfluent” state cells are
spread and divide actively. When the monolayers get confluent,
cells are more compact and stop proliferating by contact
inhibition. In unripe cobblestone cultures (“2-days cobble-
stone”) cell limits are bright. As cobblestone cells mature
(“4-days cobblestone”), cell limits get dark until they become
distinct lines (“7-days cobblestone”). Arrows point out cell
peripheries. Scale bar (applicable to all the panels): 50 pm

propagated, reaching typically ~80 % confluence
(n = 8), or stopped growing (n = 2) (see Results and
Discussion). No microbial contamination was found in
any culture.

Establishment and characterization of the 7-days
cobblestone HUVECs model

Viable primary cultures (those reaching ~80 %
confluency after 2-3 days in culture; derived from
n = 8 cords, see Results and Discussion for further
explanation) were used to seed for experiments to
obtain cobblestone HUVECs. Cells (passage 0) were
trypsinized as follows. Medium was removed, and HUVECs-p1: 4-days cobblestone
cells rinsed twice with HBSS™~ at RT. Trypsin— -

EDTA (0.05-0.022 %, respectively) was added to : o
cover the growth surface and immediately aspirated. '
Cells were then transferred to the cell incubator at
37 °C. After 1 min, cells were detaching as assessed
by phase contrast microscopy. Cells were re-sus-
pended in growth medium (without penicillin/strep-
tomycin) and counted using a hemocytometer.
HUVECs (passage 1) were seeded at 20,000 cells/
cm?® on Matrigel coated culture vessels. Cell growth
and cobblestone maturation were regularly monitored
with a phase contrast microscope (Leica DMIL)
equipped with a CCD camera (Leica EC3) coupled
to a computer with the LAS EZ version 1.5.0 software
(Leica). After ~4 days cells reached 100 % conflu-
ence and started to form a cobblestone layer (see
Results and Discussion). About 7 days later, the
monolayer showed a tight conformation (Fig. 1).
Endothelial growth medium (always without penicil-
lin/streptomycin) was refreshed every 2-3 days and
cells were always cultured at 37 °C in a 5 % CO,
humidified atmosphere under sterile conditions. The
last refreshing was done with medium supplemented
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with extra serum (10 % fetal bovine serum Gold;
PAA), 2 days before cells reached the 7-days cobble-
stone state.

Characterization of the 7-days cobblestone HUVECs
model was done by immuno-fluorescence (n = 2),
transmission and scanning electron microscopy
(n = 2) as well as by functional assays (LDL uptake;
n = 2). For this, cells were cultured on Aclar, a thin
transparent copolymer film that can be easily punched,
engraved with position marks and used for light,
fluorescence and electron microscopy (Jiménez et al.
2010). Aclar can be coated with matrix proteins,
allowing for the growth of many cell lines (Jiménez
et al. 20006), including HUVECs (Jiménez et al. 2010).
Aclar pieces were prepared and attached to 12-well
plates exactly as previously reported (Jiménez et al.
2010). Prior to cell seeding, plates were sterilized by
ultraviolet light and coated with Matrigel, fibronec-
tin or gelatin as specified in the former section.
HUVECs (passage 0) were trypsinized and seeded at
20,000 cells/cm®. When monolayers reached the
7-days cobblestone state cells were imaged by phase
contrast microscopy and immuno-fluorescent labeled,
processed for electron microscopy analysis or used for
LDL-uptake assays as explained in the next sections.

Immuno-fluorescence of HUVECs

HUVECs (7-days cobblestone) were fixed with form-
aldehyde (from paraformaldehyde; Sigma-Aldrich) at
1 % (wt/vol) in 0.2 M HEPES (Merck) buffer, pH 7.2.
The fixative was added 1:1 to the culture medium and
kept 5 min at RT before removing. Then fresh fixative
was added and left for 20 min at RT. After washing
with PBS cells were ready for immuno-labeling.
Samples were blocked, quenched and permeabilized
in one-step incubation with a cocktail containing
0.5 % BSA, 0.045 % cold water fish gelatin, 50 mM
NH,CI and 0.1 % saponin in PBS, for 30 min at RT.
The same cocktail was used to dilute primary and
secondary antibodies as well as DAPI. Cells were
incubated 1 h at RT with 0.5 pg/ml rabbit a-caveolin
(#610059; BD Transduction Laboratories), mouse
o-claudin-5 at 1:100 (#18-7364; Invitrogen), 2 pg/ml
mouse o-VE cadherin/CD144 (#1597; Immunotech)
or mouse o-von Willebrand factor at 1:500 ((Pareti
et al. 1986); a gift from Prof. P. De Groot, Dept.
Hematology, UMCU, Utrecht, The Netherlands).
After washing with PBS, cells were incubated 1 h at

RT with secondary antibodies conjugated with Alexa
Fluor 555 or Alexa Fluor 488 (Molecular Probes)
according to the manufacturer’s guidelines. Negative
controls were carried out omitting the primary
antibody as previously published (Jiménez and Post
2012). HUVECs were washed with PBS before
incubation with 2 pg/ml DAPI (Roche Diagnostics)
in PBS, 5 min at RT. The samples were washed with
PBS and distilled H,O and finally mounted with
Prolong Gold (Molecular Probes). To this end, Aclar
pieces were sandwiched between a glass slide and a
coverslip with cells facing the coverslip. Samples were
left to cure before analysis. Cells were imaged using a
wide-field fluorescence microscope (Provis AX70;
Olympus) equipped with a Nikon DXM1200 digital
camera (Nikon Instruments Europe). Pictures were
captured using the Nikon ATC-1 software (v. 2.63).

Human LDL purification and labeling with Oregon
Green (OG)

Human LDL was isolated from plasma (Bloedbank
Midden Nederland) by density-gradient ultracentrifu-
gation, using KBr solutions (Redgrave et al. 1975).
Samples were centrifuged for 4 h at 4 °C at
190,000x g using a vertical rotor (Sorvall TV-860;
Fisher Scientific) in a Sorvall WX Ultra Series
Ultracentrifuge (Thermo Scientific). LDL fraction in
KBr (1.019-1.063 g/ml) was recovered and desalted
by gel filtration in PBS (pH 8) on a Sephadex G25
column (PD Miditrap G25; GE Healthcare). The
protein content of LDL in PBS was measured by Folin
protein determination assay (Lowry et al. 1951). Next,
LDL was fluorescent-labeled with OG (Oregon
Green® 488 Carboxylic Acid, Succinimidyl Ester
*6-Isomer*; Invitrogen). From this step, care was
taken at any time to avoid exposure of OG(-LDL) to
light. OG was dissolved in dimethylsulfoxide (20 pg/
50 ul) and added to 1 ml of LDL (1 mg/ml), imme-
diately vortexed and incubated for 45 min on an
orbital shaker at 600 RPM, at RT. Unbound label was
inactivated by adding 100 pl of glycine (0.01 M, final
concentration) to the mixture and incubating under
shaking for 15 min. LDL bound to OG (OG-LDL) was
recovered by gel filtration in non-supplemented
endothelial medium (EBM-2; Lonza), buffered with
HEPES (pH 7.2; 25 mM final concentration; Invitro-
gen). Final protein concentration was determined by
Folin assay.
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OG-LDL internalization by HUVECS

Seven-days cobblestone HUVECs were washed with
warm EBM-2-HEPES and incubated with OG-LDL
diluted in EBM-2-HEPES (250 pg protein/ml) for 1,
15 or 30 min at 37 °C (in a stove). After incubation
cells were thoroughly washed to remove unbound/
non-internalized OG-LDL and fixed with 4 % form-
aldehyde in 0.2 M HEPES for at least 30 min (max.
60 min) at RT. Fixative was washed out with PBS and
cells stained with DAPI in PBS. Following washing,
cells (on Aclar) were mounted with Prolong Gold as
explained above. After curing, samples were analyzed
by confocal laser scanning microscopy (LSM 5 Pascal;
Carl Zeiss B.V.) as previously reported (Jiménez et al.
2010).

Electron microscopy of HUVECs

In order to perform high-resolution analysis of
HUVECs by transmission electron microscopy
(TEM) and scanning electron microscopy (SEM),
7-days cobblestone cells were processed following
protocols optimized to obtain an excellent cellular
contrast. To this purpose, cells grown on Aclar were
chemically fixed with aldehydes, post-fixed with
0sO,4, and osmium-impregnated by tannic acid
exactly as reported (Jiménez et al. 2009). For TEM
cells were then dehydrated and embedded in Epon
(Jiménez et al. 2009). After polymerization, Aclar
pieces were removed, Epon blocks trimmed and
60-nm thick sections cut either in parallel or perpen-
dicular to the cell monolayer. Sections were collected
on copper grids coated with Formvar and carbon. TEM
analysis was performed in a Tecnai-12 microscope
(FEI company) as previously described (Jiménez et al.
2006). For SEM cells were dehydrated in alcohol
(Jiménez et al. 2009) and then passed to ethanol:ace-
tone (1:1) mixture (2x) and pure acetone (2x). Aclar
pieces, with HUVECs on, were then transferred to a
critical point drier (CPD 030; Bal-Tec) and dried from
carbon dioxide according the manufacturer’s manual.
Pieces were attached to aluminium stubs using carbon
tabs (Agar Scientific). Samples were sputtered with
platinum/palladium to a thickness of 7 nm in a 208 HR
sputter coater (Cressington Scientific). SEM imaging
(using secondary electrons) was done with a XL30-
FEG microscope (FEI company) operating at an
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acceleration voltage of 5 kV and at a working distance
of ~6 nm.

Immuno-fluorescence and electron microscopy
of umbilical veins

In order to get references to judge our HUVEC
cobblestone model, pieces of two different umbilical
cords were reserved to perform light and electron
microscopy studies. The umbilical vein was cannulat-
ed, gently washed with HBSS and immediately
perfused with fixatives. After a first fixation by
perfusion, cords were cut with a scalpel in 0.5-cm
long pieces that were immersed in fresh fixative.

For immuno-fluorescence analysis the vein was
fixed with 1 % formaldehyde in HEPES for 45 min in
total (15 min perfusion + 30 min immersion) at RT.
After fixation, pieces were cut longitudinally to expose
the endothelium of the vein. A layer of tissue,
containing the intima and (at least part of) the media
could then be easily pulled off from the umbilical cord
using fine forceps. The manipulation of the umbilical
tissue was aided by a stereomicroscope. Tissues were
transferred to a 12-well plate, with endothelium
upwards in the well, always taking care to prevent
drying. Next, tissues were washed with PBS, blocked,
quenched, permeabilized, and incubated with antibod-
ies and DAPI as explained for HUVECs grown on
Aclar. A droplet of Prolong gold was applied on a
coverslip and the umbilical vein, with endothelium
facing coverslip, was mounted on and left to cure
overnight. Next day, samples were analyzed by con-
focal laser scanning microscopy (Jiménez et al. 2010).

For electron microscopy, the fixative was a mixture
of glutaraldehyde and formaldehyde (Jiménez et al.
2009). Fixation with perfused aldehydes was done for
30 min at RT. The subsequent fixation by immersion,
for at least 1 day at 4 °C. After washing out the
aldehydes, the endothelium of the vein was exposed as
just explained and pieces of approx. 2 mm® were
osmicated (Jiménez et al. 2009). After dehydration,
samples were either embedded in Epon and sectioned
for TEM analysis or critical point dried, mounted on
aluminium stubs and sputtered with platinum/palla-
dium as explained for HUVECs for SEM. A difference
was that tissues were mounted on stubs using
conductive carbon cement (Leit-C; Neubauer, Miin-
ster, Germany). Imaging with TEM and SEM was
done as detailed for HUVECs.
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Results and discussion

Sequential short trypsinization is a convenient
and effective approach to harvest viable HUVECs

Trypsin(-EDTA) is a detachment enzyme commonly
used in the cell culture practice. Trypsin (0.2 %) was
used by Maruyama at the very first reported trial to
isolate HUVECs from cannulated human umbilical
veins (Maruyama 1963). Cells were harvested after
45 min of incubation at 37 °C. However, these cells in
culture acquired variable morphologies and were not
unequivocally characterized as HUVECs. Over-tryp-
sinization is detrimental to cell viability as cells lose
their capability to adhere to culture vessels (Anam-
elechi et al. 2009). Furthermore, it can also result in
detachment of other cells underlying the endothelium.
Not surprisingly, scientific community felt that the
cells isolated by Maruyama were mixed cultures, and
mainly fibroblasts (Nachman and Jaffe 2004). Some
years later, Jaffe et al. published the first basic
technique to establish bona fide cultures of HUVECs
(Jaffe et al. 1973b). This method has been literally
followed to culture HUVECS in vitro during the last 4
decades in thousands of studies. In recent years,
technical publications appeared reporting protocols
with modifications to the method (Baudin et al. 2007,
Bazzoni et al. 2002; Davis et al. 2007; Laurens and van
Hinsbergh 2004; Marin et al. 2001). In all of them, as
in Jaffe’s paper, collagenase was the enzyme of choice
to detach cells from the umbilical vein, and incuba-
tions happened at 37 °C (in a water bath). Collagen-
ases carry diverse contaminating proteases and the
optimal work concentration and incubation time is
dependent on the specific type and batch of collage-
nase used to detach cells (Baudin et al. 2007).

Since trypsin is an ordinary enzyme with a highly
reproducible activity, also at RT, we sought for
isolating viable HUVECsS by trypsinization following
a protocol less demanding than the current ones. We
found this by sequential short trypsinizations per-
formed at RT, inside the laminar flow cast. Sequential
incubations (5x, 2 min each) with injected trypsin—
EDTA (0.05-0.022 %, respectively), combined with
umbilical cord squeezing and intraluminal pressure
build up and release, were enough to isolate sufficient
viable vein endothelial cells to start up in vitro primary
cultures (Online Resource 1). The trypsin used for one
umbilical vein had been warmed up to 37 °C before

the first injection and, inside the flow cast, cooled
gradually down to approx. RT during the 10-min
lasting procedure. Cell suspensions were kept at RT
until the last eluate was recovered. Soon after the last
cell recovery trypsin was neutralized, and therefore
cells were exposed not longer than 10 min to the
enzymatic activity. This procedure turned out to be
mild while effective. All the umbilical cords used
(n = 10) rendered cells able to attach to culture
vessels coated with a thin layer of basement membrane
matrix (Online Resource 1; “4 h after isolation,
Matrigel”). Upon spreading cells acquired the long
polygonal shape which characterizes non-confluent
HUVECsS in primary culture (Gimbrone et al. 1974;
Jaffe et al. 1973b) (Online Resource 1; “40 h after
isolation, Matrigel”).

The diameter of the lumen of at term umbilical
veins varies from 3.1 mm at the proximal (placental)
end to 2.3 mm at the distal (fetal) end (Li et al. 2006).
Assuming an average diameter of 2.7 mm and a
straight course of the vein, a 10-cm long segment of
umbilical cord contains ~ 8.5 cm? of endothelial vein
surface. An umbilical vein endothelial cell in vivo
has an approximate “diameter” of 15 pm (Online
Resource 3; panels b and c¢) and covers a surface of
~ 180 pm?. According to this, a 10-cm long cord can
yield about 4.5 x 10° cells. Jaffe and others reported
variable isolation efficiencies, from 0.3 x 10° to
1.5 x 10° cells for 20-30-cm long cords (Baudin
et al. 2007; Jaffe et al. 1973b); hence, referred to a
10-cm long cord, the efficiency of isolation ranged
from 3 to 11 % at best. After re-suspending harvested,
pelleted cells in growth medium we tried to count
them with a hemocytometer. Phase contrast micros-
copy showed single and clustered cells, as well as
traces of blood cells. This made counting of the
HUVECs unreliable. Therefore, we looked for an
empirical rule to seed HUVECs. Based on the
calculated endothelial vein surface and on reported
isolation efficiencies, we judged that all the endothe-
lial cells from a 10-cm long cord should fit on a 10-cm?
growth surface. Bearing this in mind, we seeded
isolated cells in culture vessels following a “1:1,
umbilical cord length:culture vessel surface” rule.
Four h after isolation, cell medium was refreshed. In
all cases (n = 10) we found attached cells (Online
Resource 1; “4 h after isolation, Matrigel”). Cells
were spreading and covered ~30 % of the surface
(20-40 %). The “diameter” of spread cells was
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estimated to be, on average, 30 pum (i.e. a cell covers a
surface of ~700 umz). This means that, for our
method, the efficiency of isolation of initially viable
HUVEC:s (i.e. with ability to attach to culture vessels)
ranges from 5 to 10 %, and therefore it is comparable
to that from current protocols. Prolonged sequential
trypsinization (more times, or longer incubations)
increased cell harvest, but it is discouraged since it was
paired to a high risk of culture contamination with long
spindle-shaped cells (probably smooth muscle cells;
data not shown).

The 2-3 days following isolation were crucial for
the primary cultures. The lag phase during which cells
“recovered” varied among isolations. In most cases,
as soon as 20 h after harvesting, cells were widely
spread and actively dividing. In 2 cases it seemed that
cell growth stopped and cells were discarded. The
other 8 cases progressed to cell densities of about
80 % confluency (70-90 %). As stated above, these
cells showed a characteristic long polygonal shape
(Online Resource 1; “40 h after isolation, Matrigel”)
and were considered to be viable HUVECs.

The differentiation of HUVECS into a mature
cobblestone monolayer can be assessed
by ordinary phase contrast microscopy

Viable primary cultures (n = 8) were used to obtain
cobblestone monolayers on Matrigel, in all cases with
success. Cells were seeded at 20,000 cells/cm? and
monitored by phase contrast microscopy at different
stages. In subconfluent cultures mitotic figures were
easily found, and HUVECs were very spread (Fig. 1;
“subconfluent”). After 4 days the monolayer reached
100 % confluence and cells, remarkably smaller,
started to show a cobblestone appearance. In no case
we observed contamination with smooth muscle-like
or fibroblast-like cells. The first days, the limits of
single cells appeared bright under phase contrast
(Fig. 1; “2-days cobblestone”). This changed gradu-
ally and after a couple of days, cell limits begun to
appear dark while cell organelles seemed to accumu-
late around the nuclei (Fig. 1; “4-days cobblestone”).
Some days later, the dark cellular limits became
clearly patent and organelles seemed to be highly
concentrated in the peri-nuclear area (Fig. 1; “7-days
cobblestone™). This latter phenotype of the cell—cell
contact area resembled a mature, tight-cobblestone
state (Smeets et al. 1992), which was confirmed by
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further characterization (see below). Therefore, simple
monitoring of HUVECs by phase contrast microscopy
can indicate when the cobblestone monolayer has
reached the mature state. Prolonged culture periods did
not affect the aspect of the cobblestone monolayer but
were associated to appearance of “sprout” cells that
acted as overgrowth foci. Overgrowth in long-term
HUVECs cultures is a known phenomenon (Smeets
et al. 1992) that should be avoided.

The 7-days cobblestone HUVECs model shows
important characteristics of the human umbilical
vein endothelium in vivo

The continuous endothelium of the blood vessels is a
monolayer where cells show a cobblestone appear-
ance. One of the most important functions of the
endothelium is to separate blood from underlying
tissues and to act as selective filter for water, solutes
and cells. Cell-cell junctions (tight junctions and
adherens junctions) are responsible for the mainte-
nance of the integrity of the endothelium (Dejana
2004) and therefore pivotal for a functional barrier.
The selective transport of plasma proteins into the
subendothelial space is mainly mediated by caveolae,
plasma membrane invaginations coated with caveo-
lins (Lebbink et al. 2010). In addition, endothelial cells
are also involved in hemostasis since they produce and
secrete von Willebrand factor (vWF) (Wagner et al.
1982), which is stored in the endothelial-specific
Weibel-Palade bodies (Weibel and Palade 1964).

We characterized our 7-days cobblestone HUVECs
model (established on Matrigel) using different
approaches. Cells seeded on Aclar formed a 7-days
cobblestone monolayer (Online Resource 2; “Matri-
gel”) similar to the one obtained on ordinary culture
plastic (Fig. 1; “7-days cobblestone”). Then, the
expression of VWF, caveolin and junctional proteins
(VE-cadherin as component of adherens junctions and
claudin-5 as component of tight junctions (Dejana
2004)) was studied by immuno-fluorescence. vVWF
was found in all the cells as punctate structures,
frequently clustered (Fig. 2). Caveolin was very
abundant and present uniformly from the nuclear
region to near the junctional area (Fig.2). VE-
cadherin and claudin-5 were localized at the cell—cell
contact areas, and formed a continuous band following
the cell limits (Fig. 2). In negative controls, where the
primary antibody had been omitted, no fluorescent
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Fig. 2 Characterization of 7-days cobblestone HUVECs by
immuno-fluorescence. Cells (passage 1) were seeded at
20,000 cells/cm? on Aclar coated with Matrigel. When cells
reached the 7-days cobblestone state, they were fixed and
immuno-labeled. Nuclei were counterstained with DAPI. Cells
express endothelial markers. VWF is found in discrete

signal was detected (data not shown). Once low
resolution microscopy showed that 7-days cobble-
stone HUVECs express important endothelial markers
we switched to high resolution studies for a better
unequivocal characterization of our model. Transmis-
sion electron microscopy (Fig. 3 c—j) gave clear
evidences of the presence of the endothelial specific
Weibel-Palade bodies (Fig. 3c, e, white asterisks),
well-formed tight junctions (Fig. 3g, arrow and inset)
and adherens junctions (Fig. 3f, arrow) and multitude
of caveolae with diverse morphological manifesta-
tions (Fig. 3c, g, circled in black; Fig. 3i). We
observed other ultrastructural details described for
HUVECs in culture (Elgjo et al. 1975; Jaffe et al.
1973a) as a prominent Golgi (Fig. 3j) and intermediate

Caveolin

Cla_udin-5

cytoplasmic structures and caveolin is present from the nuclear
to the cellcell contact area. Labeling for VE-cadherin
(component of the adherens junctions) and claudin-5 (part of
the tight junctions) is well defined at the cell periphery as
expected for a tight cobblestone monolayer. Asterisks mark the
same cell. Scale bar (applicable to all the panels): 30 pm

filaments (Fig. 3h, squared in white). As expected, all
the referred features were also observed by TEM in
endothelial cells of the umbilical vein in situ (Online
Resource 3; see figure legend for explanation).
Inclusions of glycogen were another characteristic of
the endothelium in vivo (Online Resource 3; panel i,
circled in white) that was observed in cultured
HUVEC:s (Fig. 3c, e, circled in white). We also found,
in vivo and in vitro, structures resembling the recently
described secretory pods (Valentijn et al. 2010)
(Fig. 3j and Online Resource 3, panel i; black
asterisks). The intima in vivo (i.e. the endothelium)
was separated from the media (i.e. smooth muscle
cells) by a prominent elastica interna (Online
Resource 3; panel d). Similarly, HUVECsS in culture

@ Springer
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Fig. 3 Characterization of 7-days cobblestone HUVECs by
electron microscopy. HUVECs (passage 1) were seeded at
20,000 cells/cm? on Aclar coated with Matrigel. Upon reaching
the 7-days cobblestone state, cells were fixed and processed for
SEM or TEM. a, b Scanning electron microscopy reveals a tight
cell monolayer with well-defined cell limits. Pores (detail at
inset in b) are found in the plasma membrane. Arrows point the
same cell in the cobblestone. c¢—j Transmission electron
microscopy of thin sections cut either in parallel (c¢) or
perpendicular (d-j) to the cell monolayer shows diverse features
associated to the umbilical vein endothelium in vivo; namely:

reposed on a well-developed extracellular matrix
(ECM; clearly visible in Fig. 3e). Based on previous
reports this extracellular matrix might be formed by
fibronectin, basement membrane collagens and lam-
inin (Jaffe et al. 1976; Jaffe and Mosher 1978; Levene
et al. 1988).

@ Springer

Weibel-Palade bodies (c, e, white asterisks), caveolae (¢, g,
black circle; i), adherens junctions (f, arrow), tight junctions
(g, arrow and inset), intermediate filaments (h, white square),
Golgi complex (j), and glycogen inclusions (¢, e, white circle).
Structures resembling secretory pods, recently described for
HUVECsS in culture (Valentijn et al. 2010), are also present
(j, black asterisk). HUVECs lie on a well-developed extracel-
lular matrix (e, ECM). In d, a panoramic of a complete cell is
shown; therein, as in c, arrows point cell limits. Scale bars:
a50 um; b 10 um; ¢ 1 pm; d 2 pm; e, g, j 500 nm; f 100 nm;
h, i 200 nm

Scanning electron microscopy has revealed that
intact endothelial cells of the umbilical vein are
elongated in the direction of the blood flow (Akers
et al. 1977). Fluid shear stress is responsible for the
organization of the actin cytoskeleton and therefore
for the endothelial cell shape (Franke et al. 1984). For
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our study, umbilical veins were collected after birth
and kept at 4 °C for 24 h before fixation. Not
surprisingly, scanning electron micrographs of the
endothelium in vivo showed non-elongated polygonal
cells (Online Resource 3; panels b and c) probably due
to the cytoskeleton disassembly under static condi-
tions. In the umbilical vein, endothelial cells were not
tightly packed (Online Resource 3; panels b and c),
which could be explained by the disorganization of the
junctional complexes observed by confocal laser
scanning microscopy (Online Resource 3; panel a).
Interestingly, this loose disposition of cells in the
monolayer can explain the rapid penetration of trypsin
under the endothelium and thus the relatively fast cell
detachment. SEM of 7-days cobblestone HUVECs
revealed tightly packed polygonal cells, with a distinct
cellular limit and a protruding nuclear area (Fig. 3a,
b). These observations could be easily related to those
from phase contrast microscopy (Online Resource 2;
“Matrigel”). The plasma membrane was decorated
with pores (Fig. 3b, inset) and showed several short
microvilli (Fig. 3b). The pores are likely the opening
of the secretory pods to the luminal space (Valentijn
et al. 2010). Pores were also observed in the endothe-
lium in vivo (Online Resource 3; panels b and c) and
were similar to those found on the surface of the
coronary artery endothelium (Reichlin et al. 2005). A
difference between endothelial cells in situ and
HUVEGC:s in vitro was the cell size. As stated above,
cells in the vein were small, with a “diameter” of
~15 pm (Online Resource 3; panel b). In contrast,
cobblestone HUVECs in culture had a “diameter” of
approx. 40 pm (Fig. 3a). Accordingly, TEM of cells
sectioned perpendicularly to the monolayer showed a
more extensive spreading of HUVECs (Fig. 3d) as
compared to the endothelial cells in situ (Online
Resource 3; panel d). This observation was not
unexpected. The area occupied by a single HUVEC
in culture increases with the population doubling times
(Hasegawa et al. 1988; Kiyonaga et al. 2001) and our
HUVECs had proliferated before forming the
cobblestone.

Following the low and high resolution character-
ization we performed functional assays with the
7-days cobblestone HUVECs model. A well-estab-
lished function of endothelium in vivo is the transcel-
lular transport of lipoproteins (Vasile et al. 1983).
Seven-days cobblestone HUVECs were incubated
with low-density lipoprotein tagged with fluorescent

Oregon Green (OG-LDL) for different times (1, 15 or
30 min). After thorough washing, cells were fixed and
processed for visualization with confocal laser scan-
ning microscope. As soon as 1 min after addition, cells
had already internalized OG-LDL, that appeared in
punctate structures in the cytoplasm (Online Resource
4; “1' OG-LDL”). These distinct structures disap-
peared gradually concomitant with the appearance of a
diffuse labeling (Online Resource 4; “15" OG-LDL”,
“30' OG-LDL”). The diffuse labeling was visible in
the most basal optical slice of the stacks. Our results
indicate that the 7-days cobblestone HUVECsS are able
to internalize LDL that can move across the cells via
transcytosis. The exact mechanism of transport
remains to be elucidated.

The 7-days cobblestone HUVECs model can be
established on different extracellular matrices

Endothelial cells in vivo lie on a basal lamina.
Laminin, collagen type IV, entactins and heparan
sulfate, important constituents of the lamina, are also
the main components of soluble extracts of basement
membrane (Kleinman et al. 1982), commercially
available as, for example, Matrigel (BD Biosciences)
or Geltrex (Invitrogen). Applied as thick, gelled
coating, Matrigel acts as 3D matrix in which endo-
thelial cells form capillary-like structures (Lawley and
Kubota 1989). Used as thin, non-gelled coating,
Matrigel supports the formation of an endothelial cell
monolayer (Martins-Green et al. 2008). By virtue of its
composition, we judged Matrigel (applied as thin
coating) to be a good starting point to set up
endothelial cobblestone cultures. Indeed, the results
presented so far in this paper have shown that
HUVECs can be isolated and properly differentiated
on Matrigel.

Adhesion to Matrigel is probably mediated by
receptors, expressed by HUVECs, which bind laminin
and collagen (Albelda et al. 1989). However,
HUVECs also express receptors for collagens and
fibronectin (Albelda et al. 1989). Not surprisingly,
fibronectin and gelatin (i.e. a mixture of collagen
derivatives) have been routinely used as coating to
grow HUVECSs on (Baudin et al. 2007; Laurens and
van Hinsbergh 2004; Marin et al. 2001). We aimed to
compare the isolation and differentiation of HUVECs
(from n = 2 different cords) in parallel on Matrigel,
fibronectin and gelatin. In all cases, coating solutions

@ Springer
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were applied following the same protocol and left to
coat by adsorption. All coatings allowed for estab-
lishment of primary HUVECs. Soon after isolation
attached cells were found on all matrices, although
cells seemed to be more spread on fibronectin (Online
Resource 1; “4 h after isolation”). About 2 days later,
cells had acquired a similar elongated-polygonal
morphology on all substrates (Online Resource 1;
“40 h after isolation”). These results are in agreement
with previous observations on primary HUVECs
seeded on different coatings (Macarak and Howard
1983). Passage 0 HUVECs were sub-cultured (20,000
cells/cm?) on Aclar coated with the corresponding
matrix and left to differentiate into a cobblestone
morphology. In all cases cells reached confluence and
formed a cobblestone monolayer following a similar
timing. HUVECsSs formed a mature 7-days cobblestone
monolayer not only on Matrigel, but also on fibronec-
tin and gelatin, as judged by phase contrast micros-
copy (Online Resource 2). As detailed for Matrigel,
immuno-fluorescence for vWEF, caveolin, VE-cad-
herin and claudin-5, as well as electron microscopy
validated 7-days cobblestones on fibronectin and
gelatin as endothelium-mimicking monolayers (data
not shown). It is, however, important to mention that
cultures on gelatin showed “sprout” cells already in
the early cobblestone. These cells triggered an exten-
sive overgrowth in 7-days cobblestone cultures.
Therefore, although valid, mature cobblestone cells
can be established on basement membrane, fibronectin
and gelatin matrices, in our view Matrigel and
fibronectin offer a higher chance to get a successful
culture. Since fibronectin is relatively expensive,
Matrigel might become a very good alternative for
culture of HUVECsS.

Conclusions

In the present study we have shown that: (1) viable
endothelial cells from human umbilical veins can be
easily and efficiently harvested by sequential short
trypsinization; (2) HUVECs, isolated following our
protocol and cultured for 7-days as cobblestone on
basement membrane matrix, fibronectin or gelatin,
form a mature tight cell monolayer that mimics the
human umbilical vein endothelium in vivo; and (3) the
morphology of the 7-days cobblestone HUVECs
model is so characteristic that can be used as criterion

@ Springer

to determine, by ordinary phase contrast microscopy,
when a cobblestone monolayer becomes mature.

Acknowledgments We thank B. de Haan for technical
assistance, E. G. van Donselaar for valuable discussions about
cell culture on Matrigel, E. Korkmaz and C. T. Schneijdenberg
for instruction on critical point drying and J. D. Meeldijk and W.
H. Muller for instruction on the use of XL30-FEG. This work
was funded by Cyttron Consortium II (LSH framework:
FES0908).

Open Access This article is distributed under the terms of the
Creative Commons Attribution License which permits any use,
distribution, and reproduction in any medium, provided the
original author(s) and the source are credited.

References

Akers CK, Dardik I, Dardik H, Wodka M (1977) Computational
methods comparing the surface properties of the inner
walls of isolated human veins and synthetic biomaterials.
J Colloid Interface Sci 59:461

Albelda SM, Daise M, Levine EM, Buck CA (1989) Identifi-
cation and characterization of cell-substratum adhesion
receptors on cultured human endothelial cells. J Clin Invest
83:1992-2002

Anamelechi CC, Clermont EC, Novak MT, Reichert WM
(2009) Dynamic seeding of perfusing human umbilical
vein endothelial cells (HUVECs) onto dual-function cell
adhesion ligands: Arg-Gly-Asp (RGD)-streptavidin and
biotinylated fibronectin. Langmuir 25:5725-5730

Baudin B, Bruneel A, Bosselut N, Vaubourdolle M (2007) A
protocol for isolation and culture of human umbilical vein
endothelial cells. Nat Protoc 2:481-485

Bazzoni G, Lampugnani MG, Martinez-Estrada OM, Dejana E
(2002) Analysis of intercellular adhesion molecules in
endothelial cells. In: Fleming TP (ed) Cell-Cell interac-
tions. Practical approach, 2nd edn. Oxford University
Press, New York, pp 37-46

Chazov EI, Alexeev AV, Antonov AS, Koteliansky VE, Leytin
VL, Lyubimova EV, Repin VS, Sviridov DD, Torchilin
VP, Smirnov VN (1981) Endothelial cell culture on fibrillar
collagen: model to study platelet adhesion and liposome
targeting to intercellular collagen matrix. Proc Natl Acad
Sci USA 78:5603-5607

Clark RA, Folkvord JM, Nielsen LD (1986) Either exogenous or
endogenous fibronectin can promote adherence of human
endothelial cells. J Cell Sci 82:263-280

Davis J, Crampton S, Hughes C (2007) Isolation of Human
Umbilical Vein Endothelial Cells (HUVEC). J Vis Exp
(3):e183. doi: 10.3791/183

Dejana E (2004) Endothelial cell—cell junctions: happy together.
Nat Rev Mol Cell Biol 5:261-270

Elgjo RF, Henriksen T, Evensen SA (1975) Ultrastructural
identification of umbilical cord vein endothelium in situ
and in culture. Cell Tissue Res 162:49-59


http://dx.doi.org/10.3791/183

Cytotechnology (2013) 65:1-14

13

Franke RP, Grafe M, Schnittler H, Seiffge D, Mittermayer C,
Drenckhahn D (1984) Induction of human vascular endo-
thelial stress fibres by fluid shear stress. Nature 307:648—
649

Gimbrone MA Jr, Cotran RS, Folkman J (1974) Human vascular
endothelial cells in culture. Growth and DNA synthesis.
J Cell Biol 60:673-684

Grant DS, Kleinman HK, Martin GR (1990) The role of base-
ment membranes in vascular development. Ann N 'Y Acad
Sci 588:61-72

Hasegawa N, Yamamoto M, Imamura T, Mitsui Y, Yamamoto
K (1988) Evaluation of long-term cultured endothelial cells
as a model system for studying vascular ageing. Mech
Ageing Dev 46:111-123

Jaffe EA, Mosher DF (1978) Synthesis of fibronectin by cul-
tured human endothelial cells. J Exp Med 147:1779-1791

Jaffe EA, Hoyer LW, Nachman RL (1973a) Synthesis of anti-
hemophilic factor antigen by cultured human endothelial
cells. J Clin Invest 52:2757-2764

Jaffe EA, Nachman RL, Becker CG, Minick CR (1973b) Culture
of human endothelial cells derived from umbilical veins.
Identification by morphologic and immunologic criteria.
J Clin Invest 52:2745-2756

Jaffe EA, Hoyer LW, Nachman RL (1974) Synthesis of von
Willebrand factor by cultured human endothelial cells.
Proc Natl Acad Sci USA 71:1906-1909

Jaffe EA, Minick CR, Adelman B, Becker CG, Nachman R
(1976) Synthesis of basement membrane collagen by cul-
tured human endothelial cells. J Exp Med 144:209-225

Jiménez N, Post JA (2012) A novel approach for intracellular 3D
immuno-labeling for electron tomography. Traffic. doi:
10.1111/j.1600-0854.2012.01363.x

Jiménez N, Humbel BM, van Donselaar E, Verkleij AJ, Burger
KN (2006) Aclar discs: a versatile substrate for routine
high-pressure freezing of mammalian cell monolayers.
J Microsc 221:216-223

Jiménez N, Vocking K, van Donselaar EG, Humbel BM, Post
JA, Verkleij AJ (2009) Tannic acid-mediated osmium
impregnation after freeze-substitution: a strategy to
enhance membrane contrast for electron tomography.
J Struct Biol 166:103-106

Jiménez N, Van Donselaar EG, De Winter DA, Vocking K,
Verkleij AJ, Post JA (2010) Gridded Aclar: preparation
methods and use for correlative light and electron
microscopy of cell monolayers, by TEM and FIB-SEM.
J Microsc 237:208-220

Kiyonaga H, Doi Y, Karasaki Y, Arashidani K, Itoh H, Fujimoto
S (2001) Expressions of endothelin-1, fibronectin, and
interleukin-lalpha of human umbilical vein endothelial
cells under prolonged culture. Med Electron Microsc
34:41-53

Kleinman HK, McGarvey ML, Liotta LA, Robey PG, Try-
ggvason K, Martin GR (1982) Isolation and characteriza-
tion of type IV procollagen, laminin, and heparan sulfate
proteoglycan from the EHS sarcoma. Biochemistry 21:
6188-6193

Laurens N, van Hinsbergh VW (2004) Isolation, purification and
culture of human micro- and macrovascular endothelial
cells. In: Augustin H (ed) Methods in endothelial cell
biology. Springer Lab Manual, Springer, Berlin, Heidel-
berg, pp 3-13

Lawley TJ, Kubota Y (1989) Induction of morphologic differ-
entiation of endothelial cells in culture. J Invest Dermatol
93:59S-61S

Lebbink MN, Jiménez N, Vocking K, Hekking LH, Verkleij AJ,
Post JA (2010) Spiral coating of the endothelial caveolar
membranes as revealed by electron tomography and tem-
plate matching. Traffic 11:138—150

Levene CI, Bartlet CP, Heale G (1988) Identification of the
connective tissues synthesized by the venous and arterial
endothelia of the human umbilical cord: a comparative
study. Br J Exp Pathol 69:177-188

Lewis LJ, Hoak JC, Maca RD, Fry GL (1973) Replication of
human endothelial cells in culture. Science 181:453—454

Li WC, Ruan XZ, Zhang HM, Zeng YJ (2006) Biomechanical
properties of different segments of human umbilical cord
vein and its value for clinical application. J Biomed Mater
Res B Appl Biomater 76:93-97

Lowry OH, Rosebrough NJ, Farr AL, Randall RJ (1951) Protein
measurement with the Folin phenol reagent. J Biol Chem
193:265-275

Macarak EJ, Howard PS (1983) Adhesion of endothelial cells to
extracellular matrix proteins. J Cell Physiol 116:76-86

Maciag T, Hoover GA, Stemerman MB, Weinstein R (1981)
Serial propagation of human endothelial cells in vitro.
J Cell Biol 91:420-426

Manconi F, Markham R, Fraser IS (2000) Culturing endothelial
cells of microvascular origin. Methods Cell Sci 22:89-99

Marin V, Kaplanski G, Gres S, Farnarier C, Bongrand P (2001)
Endothelial cell culture: protocol to obtain and cultivate
human umbilical endothelial cells. J Immunol Methods
254:183-190

Martins-Green M, Petreaca M, Yao M (2008) An assay system
for in vitro detection of permeability in human “endothe-
lium”. Methods Enzymol 443:137-153

Maruyama Y (1963) The human endothelial cell in tissue cul-
ture. Z Zellforsch Mikrosk Anat 60:69-79

Nachman RL, Jaffe EA (2004) Endothelial cell culture: begin-
nings of modern vascular biology. J Clin Invest 114:1037—
1040

Pareti FI, Fujimura Y, Dent JA, Holland LZ, Zimmerman TS,
Ruggeri ZM (1986) Isolation and characterization of a
collagen binding domain in human von Willebrand factor.
J Biol Chem 261:15310-15315

Redgrave TG, Roberts DC, West CE (1975) Separation of
plasma lipoproteins by density-gradient ultracentrifuga-
tion. Anal Biochem 65:42-49

Reichlin T, Wild A, Durrenberger M, Daniels AU, Aebi U,
Hunziker PR, Stolz M (2005) Investigating native coronary
artery endothelium in situ and in cell culture by scanning
force microscopy. J Struct Biol 152:52-63

Simionescu M, Antohe F (2006) Functional ultrastructure of the
vascular endothelium: changes in various pathologies.
Handb Exp Pharmacol 176:41-69

Smeets EF, von Asmuth EJ, van der Linden CJ, Leeuwenberg
JF, Buurman WA (1992) A comparison of substrates for
human umbilical vein endothelial cell culture. Biotech
Histochem 67:241-250

Striker GE, Harlan JM, Schwartz SM (1980) Human endothelial
cells in vitro. Methods Cell Biol 21A:135-151

Valentijn KM, van Driel LF, Mourik MJ, Hendriks GJ,
Arends TJ, Koster AJ, Valentijn JA (2010) Multigranular

@ Springer


http://dx.doi.org/10.1111/j.1600-0854.2012.01363.x

14

Cytotechnology (2013) 65:1-14

exocytosis of Weibel-Palade bodies in vascular endothelial
cells. Blood 116:1807-1816

Vasile E, Simionescu M, Simionescu N (1983) Visualization of
the binding, endocytosis, and transcytosis of low-density
lipoprotein in the arterial endothelium in situ. J Cell Biol
96:1677-1689

@ Springer

Wagner DD, Olmsted JB, Marder VJ (1982) Immunolocaliza-
tion of von Willebrand protein in Weibel-Palade bodies of
human endothelial cells. J Cell Biol 95:355-360

Weibel ER, Palade GE (1964) New cytoplasmic components in
arterial endothelia. J Cell Biol 23:101-112



	A new, rapid and reproducible method to obtain high quality endothelium in vitro
	Abstract
	Introduction
	Materials and methods
	HUVECs isolation by sequential short trypsinizations and establishment of primary cultures
	Establishment and characterization of the 7-days cobblestone HUVECs model
	Immuno-fluorescence of HUVECs
	Human LDL purification and labeling with Oregon Green (OG)
	OG-LDL internalization by HUVECS
	Electron microscopy of HUVECs
	Immuno-fluorescence and electron microscopy of umbilical veins

	Results and discussion
	Sequential short trypsinization is a convenient and effective approach to harvest viable HUVECs
	The differentiation of HUVECs into a mature cobblestone monolayer can be assessed by ordinary phase contrast microscopy
	The 7-days cobblestone HUVECs model shows important characteristics of the human umbilical vein endothelium in vivo
	The 7-days cobblestone HUVECs model can be established on different extracellular matrices

	Conclusions
	Acknowledgments
	References


