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Abstract Angiogenesis in situ includes coordinated in-
teractions of various microvascular cell types, i.e., endo-
thelial cells, pericytes and perivascular fibroblasts. To
study the cellular interactions of microvascular cells in
vitro, we have developed a microcarrier-based cocultiva-
tion system. The technical details of this method include
seeding of endothelial cells on unstained cytodex-3 mi-
crocarriers and seeding of pericytes, fibroblasts or vascu-
lar smooth muscle cells on microcarriers which have
been labeled by trypan blue staining. A mixture of both
unstained and trypan blue-stained microcarriers was sub-
sequently embedded in a three-dimensional fibrin clot.
The growth characteristics of each cell type could be
conveniently observed since the majority of cells left
their supporting microcarriers in a horizontal direction to
migrate into the transparent fibrin matrix. As differently
stained microcarriers were randomly arranged in the fi-
brin matrix, the characteristic patterns of the microcarri-
ers allowed location of particular points of interest at dif-
ferent developmental stages, facilitating the observation
of cellular growth over the course of time. One further
advantage of this microcarrier-based system is the possi-
bility of reliably quantifying capillary growth by deter-
mination of average numbers of capillary-like formations
per microcarrier. Thus, this model allows convenient
evaluation of the effects of non-endothelial cells on an-
giogenesis in vitro. By using this coculture system, we
demonstrate that endothelial capillary-like structures in
vitro do not become stabilized by contacting vascular
smooth muscle cells or pericytes during the initial stages
of capillary formation.
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Introduction

Angiogenesis, the development of new capillaries from a
preexisting microvascular network, is important for vari-
ous physiological and pathological conditions such as or-
gan development, tumor growth or the proliferative reti-
nopathy in diabetes mellitus (Yanoff 1966; Paweletz and
Knierim 1989; Blood and Zetter 1990; Bicknell and Har-
ris 1991; Klagsbrun and D’Amore 1991; Folkman and
Shing 1992; Fidler and Ellis 1994).

Investigation of the basic mechanisms of capillary de-
velopment requires appropriate in vitro systems. In the
living organism, angiogenesis occurs within the intersti-
tial extracellular matrix and this may be the reason why
two-dimensional models which have been frequently
used as convenient in vitro assay systems do not appro-
priately reproduce in situ conditions (Madri et al. 1988;
Montesano etal. 1991; Williams 1993; Nehls et al.
1994). For example, transforming growth factor-3 (TGF-
) was reported to inhibit endothelial proliferation in two
dimensional systems, whereas in a three-dimensional
system TGF-3 appeared ineffective (Madri et al. 1988).
As a consequence of these limitations, three-dimensional
systems have been developed. In the most commonly
used of these in vitro systems, endothelial cells are
grown on the surfaces of fibrin or collagen gels (Monte-
sano etal. 1987, 1993; Pepper etal. 1990; Williams
1993). Following stimulation by angiogenic factors, the
cells can be induced to invade the underlying matrix and
to differentiate into capillary-like structures. Although
these systems represented a major step forward in angio-
genesis research, it soon became clear that the quantifi-
cation of capillary-like sprouts in three-dimensional ma-
trices is difficult. Moreover, due to the complexity of
three-dimensional systems it is almost impossible to
safely identify particular cell types in three-dimensional
cocultures.

We recently developed a microcarrier-based in vitro
assay (Nehls and Drenckhahn 1995) which allows rapid
and reliable quantification of capillary growth in three
dimensions. According to this method, endothelial cells
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are grown on microcarriers which subsequently are em-
bedded in fibrin. Following stimulation by angiogenic
factors such as basic fibroblast growth factor (bFGEF;
Klagsbrun and D’ Amore 1991) and vascular endothelial
growth factor (VEGF; Ferrara and Henzel 1989; Go-
spodarowicz etal. 1989; Plate etal. 1992), or by
morphogenic factors such as fibronectin, we observed
endothelial cells assembling to multicellular capillaries,
which radiated from microcarriers in a spoke-like fash-
ion to invade the surrounding fibrin gel. This model al-
lowed us to conveniently quantify capillary-like struc-
tures by counting the numbers of capillary-like structures
per microcarrier. Since a single fibrin gel contains hun-
dreds of microcarriers, a sufficient number of random
samples is available in this assay for a reliable statistical
evaluation. Only recently, we found that the mechanical
properties of fibrin clots are decisive for capillary mor-
phogenesis. The mechanical properties of fibrin clots, in
turn, are dependent on several chemical parameters of
the polymerization milieu. Fibrin clots which have been
polymerized at pH 7.6 are more malleable than the more
rigid fibrin gels polymerized at pH 7.2. Interestingly,
spontaneous and bFGF/VEGEF-stimulated capillary for-
mation occurred in malleable gels, but not in the rigid
gels. A preliminary account of this work will be presented
in abstract form (Nehls and Herrmann 1995, in press).

In previous studies, we and others found some prelim-
inary evidence supporting the hypothesis that microvas-
cular pericytes evolve from perivascular fibroblasts dur-
ing the process of neovascularization (Cliff 1963; Nak-
ayasu 1988; Archer and Gardiner 1981; Rhodin and Fuji-
ta 1989; Diaz-Flores et al. 1991; Nehls and Drenckhahn
1991; Nehls et al. 1992; Stingl and Rhodin 1994; for re-
view see Nehls and Drenckhahn 1993). There is increas-
ing evidence that pericytes play an early role during an-
giogenesis (Verhoeven and Buyssens 1988; Wakui 1988;
Schlingemann et al. 1991). For example, we detected
pericytes accompanying early endothelial sprouts during
angiogenesis in the rat mesentery (Nehls et al. 1992). We
thus became interested in studying the differentiation
and the function of periendothelial cells during capillary
formation in vitro. The first approach was to cultivate en-
dothelial cells together with other cell types on the sur-
face of fibrin gels. These gels were then dissected and
the cell-coated fragments were reembedded in a second
fibrin gel. By using this technique, we found that neither
fibroblasts, pericytes nor vascular smooth muscle cells
were capable of modulating the morphological differen-
tiation of endothelial cells during the initial phase of
sprout formation (Nehls et al. 1994), indicating that un-
known factors not included in our in vitro model might
regulate the coordinated growth of these cells in situ.
However, although this cocultivation method allowed us
to look at the differentiation of capillary-like structures
in general, due to the complexity of the growth response
it was not possible to safely distinguish endothelial from
non-endothelial cells or to follow individual cells over
the course of time. In our search for an improved coculti-
vation system, we found it most advantageous to grow
distinct types of vascular cells on differently stained mi-

crocarriers which were then embedded in fibrin matrices.
We wish to describe here the details of this novel coculti-
vation method. We think that this simple technique will
markedly facilitate the investigation of cellular interac-
tions in three-dimensional environments in vitro.

Materials and methods
Materials

Bovine fibrinogen (>95% protein clottable), bovine thrombin, try-
pan blue, cytodex-3 microcarriers and the antibodies to smooth
muscle a-actin and von Willebrand antigen were from Sigma, De-
isenhofen, Germany. Dulbecco’s modified Eagle medium (DME),
and newborn calf serum (NCS) were from Gibco, Eggenstein,
Germany. VEGF (human, recombinant) was kindly provided by
Dr. Werner Risau, Bad Nauheim, Germany. Fluorescent Dil-ace-
tylated low-density lipoprotein (Dil-Ac-LDL) was from Paesel and
Lorei, Frankfurt am Main, Germany. Aprotinin (Trasylol) was
from Bayer, Munich, Germany. Collagenase A from Clostridium
histolyticum (>0.15 U/mg) and bovine bFGF were purchased from
Bocehringer, Mannheim, Germany.

Isolation of endothelial cells

Calf pulmonary arteries were obtained from a local slaughter-
house, ligated at one end and washed twice with sterile phosphate-
buffered saline (PBS, 140 mM NaCl, 10 mM phosphate, pH 7.4).
Arteries were then filled with collagenase A (0.1% w/v in PBS)
and incubated for 10-15 min at 37° C to detach endothelial cells
from the intima layer. The isolated endothelial cells were then cen-
trifuged at 400xg for 5 min, washed twice in PBS, resuspended in
DME supplemented with 20% NCS and seeded in culture flasks
(Greiner, Frickenhausen, Germany) coated with gelatine. Endothe-
lial cells were characterized according to staining for von Wille-
brand antigen, uptake of Dil-Ac-LDL and absence of staining for
smooth muscle a-actin. Only cell cultures from passages 4-7 con-
taining >98% endothelial cells were used for the experiments.

Isolation of pericytes, fibroblasts and vascular smooth muscle cells

Pericytes were isolated from bovine retinas, fibroblasts from the
avascular centers of bovine corneas and vascular smooth muscle
cells from bovine pulmonary arteries as described (Nehls and
Drenckhahn 1994). The cells were characterized by immunostain-
ing using antibodies to smooth muscle-type c-actin and von Wille-
brand factor. All cell types were negative for von Willebrand fac-
tor. Smooth muscle cells and, after some passages, pericytes were
positive for a-actin, whereas fibroblasts were negative.

Microcarrier cell culture

Gelatine-coated cytodex-3 microcarriers (MCs) were prepared ac-
cording to the recommendations of the supplier. Freshly auto-
claved MCs were suspended in DME+20% NCS and endothelial
cells or periendothelial cell types were added to a final concentra-
tion of approximately 30 cells/MC. For the coculture experiments,
the MCs to be coated with periendothelial cells were stained with
trypan blue (0.5 mg/ml in PBS) for 30 min at 37° C prior to cell
seeding, whereas endothelial cells were grown on unstained MCs.
The cells were allowed to attach to the MCs during a 4-h incuba-
tion at 37° C. The MCs were then suspended in a larger volume of
medium and cultivated for 2—4 days at 37° C in a 5% CO, atmo-
sphere. MCs were gently agitated to prevent aggregation of indi-
vidual MCs.



Preparation of fibrin gels and coculture of cells

Fibrin gels were prepared as described (Nehls et al. 1994), with
some modifications. Briefly, bovine fibrinogen, dissolved in PBS,
was extensively dialyzed against PBS, pH 7.4 and non-soluble ma-
terial was removed by filtration through 0.2-um filters. To prevent
excess fibrinolysis by fibrin-embedded cells, aprotinin (Trasylol)
was added to the fibrinogen solution and to growth media at 200
U/ml. In order to obtain malleable fibrin gels which would pro-
mote capillary morphogenesis (Nehls and Herrmann 1995, in
press), we adjusted the pH of the fibrinogen solution in some ex-
periments to pH 7.6 before polymerization was induced by addi-
tion of thrombin. Immediately following polymerization, physio-
logical pH values were restored in these gels by repeated washes
with PBS. For the experiments which required bFGF and VEGF,
the respective component was added to the fibrinogen solution at
the desired concentration (20 ng/ml bFGF; 50 ng/ml VEGF) prior
to polymerization. The fibrinogen solution (1.5 mg/ml) was trans-
ferred to 35-mm culture dishes. Cell-coated microcarriers were
added to the fibrinogen solution at a density of approximately 150
MCs/ml, and clotting was induced by addition of thrombin (0.6
U/ml). After clotting was complete, gels were equilibrated with
DME (pH 7.4; supplemented with 10% NCS) and, following 60
min incubation, fresh medium was added to the fibrin matrices.
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For coculture experiments, unstained MCs coated with endothelial
cells were mixed 1:1 with trypan blue-stained MCs which had
been coated with either fibroblasts, pericytes or smooth muscle
cells.

Fig. 1a-d Morphological differentiation of distinct vascular cell
types monocultivated in fibrin clots. Cells were grown on micro-
carriers (MC), which were subsequently embedded in fibrin, and
photographs were taken at 48 h (a, b, d) or 96 h (¢). The formation
of capillary-like structures by endothelial cells is highly dependent
on the mechanical properties of the surrounding fibrin gel: rigid
gels, polymerized at pH 7.2, support migration of cells but do not
promote development of capillary-like formations (a), whereas
malleable gels, polymerized at pH 7.6, inhibit cell migration and
simultaneously stimulate capillary-like morphogenesis (b; arrows
indicate capillary-like structures invading the fibrin matrix). Per-
icytes (c), embedded in fibrin, develop into highly branched struc-
tures, whereas vascular smooth muscle cells (d) exhibit elongated
capillary-like cellular processes (arrow). Bars: a, b 150 pm; ¢, d
200 pm
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Fig. 2a-c Coculture of endo-
thelial cells and vascular
smooth muscle cells in a fibrin
gel (polymerization at pH 7.4).
Endothelial cells were seeded
on unstained microcarriers and
smooth muscle cells were seed-
ed on microcarriers stained by
trypan blue. Both carrier types
were embedded in fibrin, and
24 h after polymerization, the
smooth muscle cells display
cellular processes protruding
into the fibrin matrix (arrow in
a). Endothelial celis, in com-
parison, show lower migratory
activity (arrowhead in a). After
4 days, the smooth muscle cells
have developed into a network
of interdigitating cellular pro-
cesses (arrow in b), which,
however, is not used by endo-
thelial cells as a template for
cell migration. Endothelial
cells preferably grow as clus-
ters of cells surrounding indi-
vidual microcarriers (b, c).
Bars: a, b 500 pm; ¢ 280 pm




Results

Morphological differentiation
of monocultivated vascular cells in fibrin clots

Endothelial cells were isolated from bovine pulmonary
arteries and grown to confluence on cytodex-3 microcar-
riers. Cell-coated MCs were suspended in a solution of
bovine fibrinogen which was induced to polymerize by
the addition of thrombin. During the process of polymer-
ization, endothelial cells appeared to degranulate their
Weibel-Palade bodies, as indicated by the emergence of
pericellular granular material. Approximately 12 h after
the addition of thrombin, the cells began to migrate into
the surrounding fibrin matrix. In the absence of stimula-
tors of angiogenesis, the endothelial cells migrated in an
incoherent manner and only rarely assembled into multi-
cellular capillary-like structures. On addition of both
bFGF and VEGEF to fibrin gels of intermediate rigidity
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(polymerized at pH 7.4), a marked increase in capillary-
like formation occurred (Nehls and Drenckhahn 1995).
This increase appeared to be largely due to enhanced
proliferation of endothelial cells. In contrast, spontane-
ous capillary formation was observed in malleable fibrin
gels which were created by polymerization at pH 7.6,
whereas rigid gels which were polymerized at pH 7.2
stimulated only the migration of cells but not capillary
morphogenesis (Fig. 1a, b). The angiomorphogenic ef-
fects of bFGF and VEGF appeared to be completely de-
pendent on the mechanical properties of the extraceliular
matrix; in rigid gels bFGF/VEGF stimulated solely the

Fig. 3a, b, a*, b* Contact of pericytes (p) with endothelial-de-
rived capillary-like structures (arrows) in malleable gels (polymer-
ization at pH 7.6). The cells were photographed at 48 h after fibrin
polymerization (a, b), and the same microcarriers were photo-
graphed 2 days later (a*, b*), by which time capillary-like struc-
tares were no longer detectable. The pericytes obviously did not
stabilize these early endothelial capillaries. Bar 150 pm



464

Fig. 4a—c Three examples of the formation of capillary-like struc-
tures (arrows) in cocultures of endothelial cells (ec) and pericytes
(p) in fibrin gels (polymerization at pH 7.6). At more advanced
stages of cell growth (6-10 days), capillary-like structures were
occasionally observed in regions where endothelial cells and per-
icytes established close contacts, suggesting that both cell types
participated in the formation of capillary-like sprouts. In all three
examples, due to migratory activity, pericytes are also found at
some distance from microcarriers. Bar 150 pm

proliferation and the migration of endothelial cells but
not the association of cells into multicellular structures,
whereas in malleable gels the formation of impressive
capillary-like networks was observed (not shown).
Fibroblasts displayed the most rapid migration into fi-
brin clots (not shown). Vascular smooth muscle cells had
an intermediate invasion capacity and pericytes migrated
quite slowly into the fibrin matrix. Smooth muscle cells
usually acquired an elongated, capillary-like morpholo-
gy, whereas pericytes showed a bizarre, multiply
branched appearance (Fig. 1c,d). It was obvious that

these cell types acquired morphologies in our three-di-
mensional system which were remarkably different from
cell shapes in two-dimensional systems and closely re-
sembled cell shapes in vivo.

Morphological differentiation
in cocultivation experiments

To study the interactions of different vascular cell types,
we seeded fibroblasts, pericytes or vascular smooth mus-
cle cells on MCs. To distinguish these MCs from those
covered with endothelial cells, the MCs supporting non-
endothelial cells were labeled by trypan blue staining. It
was confirmed in control experiments that cell growth
was not affected by trypan blue staining (not shown).

Endothelial, and in each case one type of non-endo-
thelial MC (e.g., pericytes, vascular smooth muscle cells
or fibroblasts), were pooled and a mixture of both was
embedded in fibrin. Since blue and white MCs were
found in characteristic random arrangements in the fibrin
matrix, we were able to easily locate individual MCs of
interest at different stages of development.

In cocultivation experiments, we could detect coordi-
nated, capillary-like growth of endothelial cells and non-
endothelial cells only on some occasions. In general, we
did not observe fibroblasts, pericytes or vascular smooth
muscle cells stimulating the development of endothelial
capillary-like structures during the early stages of capil-
lary formation. The elongated cellular processes of vas-
cular smooth muscle cells obviously were not used by
endothelial cells as guidance structures for migration and
capillary morphogenesis (Fig. 2). When spontaneously
developing capillary-like formations in malleable gels
(after polymerization at pH 7.6) came into contact with
pericytes, the pericytes did not lead to further elongation
of these sprouts and, furthermore, pericytes did not show
any tendency to occupy their physiological position on
the outside of the nascent capillary (Fig. 3). However, in



advanced stages of cell growth, we occasionally ob-
served capillary-like endothelial formations which devel-
oped in close contact with pericytes (Fig. 4). We have
not yet investigated whether these structures included
cell-cell contacts between endothelial cells and pericytes.
The formation of cell-cell contacts and the development
of bicellular capillaries (comprising endothelial cells and
pericytes) was not stimulated by addition of bFGF/
VEGF to cocultures.

Discussion

The effects of periendothelial cells (fibroblasts, pericy-
tes, vascular smooth muscle cells) on capillary formation
can broadly be attributed to two different mechanisms.
First, periendothelial cells may produce humoral factors
which may stimulate or inhibit endothelial growth and
capillary differentiation. Montesano et al. (1993) provid-
ed one example of this mechanism by showing that fi-
broblasts can secrete factors which paracrinely stimulate
endothelial cells to develop into capillary-like structures.
These results appear to conflict with our data since we
could not find an increase in formation of capillary-like
structures by cocultivating endothelial cells with fibro-
blasts. However, Montesano et al. (1993) offered an ex-
planation for this discrepancy. From several fibroblast
subtypes under investigation, only one line (Swiss 3T3)
was suited to stimulate in vitro angiogenesis by soluble
factors. Thus, this mechanism apparently cannot be gen-
eralized and appears to require specialized types of cells
or selected growth conditions.

The second mechanism for the modulation of endo-
thelial differentiation by periendothelial cells requires
cell-cell contacts. Microvascular pericytes were de-
scribed as inhibiting the proliferation of endothelial cells
in vitro (Orlidge and D’ Amore 1987). TGF- was identi-
fied as the responsible mediator for this effect and both
the inhibitory effect and the conversion of latent TGF-[3
to active TGF-3 appeared to require cell-cell contacts be-
tween pericytes and endothelial cells (Antonelli-Orlidge
et al. 1989; Dennis and Rifkin 1991). In other studies it
was shown that TGF-§ modulates the morphological dif-
ferentiation of endothelial cells in vitro (Madri et al.
1988; Pepper et al. 1990). In a recent study on angiogen-
esis in the rat mesentery, we observed that endothelial
sprouts in situ tend to differentiate in close contacts with
pericyte-like cells, which were often seen even to pre-
cede outgrowing endothelial cells (Nehls et al. 1992).
Thus, it appears reasonable to assume that pericytes have
arole in the regulation of capillary morphogenesis.

In this study, we described a microcarrier-based co-
cultivation system which markedly facilitates the obser-
vation of cellular interactions in three-dimensional matri-
ces in vitro. So far, it was only infrequently that we ob-
served coordinated growth of endothelial cells and per-
icytes in our three-dimensional system: several factors
might interfere with intercellular signaling, which most
likely is required for the formation of complete capillar-
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ies comprising both endothelial cells and pericytes. It ap-
pears conceivable, for instance, that the cells were over-
stimulated by serum-derived growth factors. Therefore it
seems important to develop a serum-free cocultivation
system in which subtle cellular signals will not be
drowned by the noise of serum-derived factors.

In conclusion, we are presenting a novel cocultivation
system which allows investigation of cellular interactions
in three-dimensional matrices. We think that the techni-
cal simplicity of this model in conjunction with other ad-
vantages, i.e., convenient quantification of angiogenesis
and easy identification of cell types, will facilitate the in-
vestigation of cellular interactions of distinct microvas-
cular cell types.

Acknowledgements We gratefully acknowledge the excellent
technical assistance by R. Herrmann. We thank Dr. W. Risau for
generously providing VEGE. This study was supported by the
Deutsche Forschungsgemeinschaft, Sonderforschungsbereich 355
“Pathophysiologie der Herzinsuffizienz”.

References

Antonelli-Orlidge A, Saunders KB, Smith SR, D’Amore PA
(1989) An activated form of transforming growth factor B is
produced by cocultures of endothelial cells and pericytes. Proc
Natl Acad Sci USA 86:4544-4548

Archer DB, Gardiner TA (1981) Electron microscopic features of
experimental choroidal neovascularization. Am J Ophthalmol
91:433-457

Bicknell RB, Harris AL (1991) Novel growth regulatory factors
and tumour angiogenesis. Eur J Cancer 27:781-785

Blood C, Zetter BR (1990) Tumor interactions with the vascula-
ture: angiogenesis and tumor metastasis. Biochim Biophys
Acta 1032:89-118

Cliff WJ (1963) Observations on healing tissue: a combined light
and electron microscopic investigation. Philos Trans R Soc
Lond [Biol] 246:305-325

Dennis PA, Rifkin DB (1991) Cellular activation of latent trans-
forming growth factor B requires binding to the cation-inde-
pendent mannose 6-phosphate/insulin-like growth factor type
II receptor. Proc Natl Acad Sci USA 88:580-584

Diaz-Flores L, Gutiérrez R, Varela H, Rancel N, Valladares F
(1991) Microvascular pericytes: a review of their morphologi-
cal and functional characteristics. Histol Histopathol 6:
269-286

Ferrara N, Henzel WJ (1989) Pituitary follicular cells secrete a
novel heparin-binding growth factor specific for vascular en-
dothelial cells. Biochem Biophys Res Commun 161:851-855

Fidler 17, Ellis LM (1994) The implications of angiogenesis for the
biology and therapy of cancer metastasis. Cell 79:185-188

Folkman J, Shing Y (1992) Angiogenesis (review). J Biol Chem
267:10931-10934

Gospodarowicz D, Abraham JA, Schilling J (1989) Isolation and
characterization of a vascular endothelial cell mitogen pro-
duced by pituitary-derived follicular stellate cells. Proc Natl
Acad Sci USA 86:7311-7315

Klagsbrun M, D’Amore PA (1991) Regulators of angiogenesis.
Annu Rev Physiol 53:217-239

Madri JA, Pratt BM, Tucker AM (1988) Phenotypic modulation of
endothelial cells by transforming growth factor B depends up-
on the composition and organization of the extracellular ma-
trix. J Cell Biol 106:1375-1384

Montesano R, Pepper MS, Vassalli JD, Orci L (1987) Phorbol es-
ter induces cultured endothelial cells to invade a fibrin matrix
in the presence of fibrinolytic inhibitors. J Cell Physiol
132:509-516



466

Montesano R, Matsumoto K, Nakamura T, Orci L (1991) Identifi-
cation of a fibroblast-derived epithelial morphogen as hepato-
cyte growth factor. Cell 67:901-908

Montesano R, Pepper MS, Orci L (1993) Paracrine induction of
angiogenesis in vitro by Swiss 3T3 fibroblasts. J Cell Sci
105:1013-1024

Nakayasu K (1988) Origin of pericytes in neovascularization of rat
cornea. Jpn J Ophthalmol 32:105-112

Nehls V, Drenckhahn D (1991) Heterogeneity of microvascular
pericytes for smooth muscle type alpha-actin. J Cell Biol
113:147-154

Nehls V, Drenckhahn D (1993) The versatility of microvascular
pericytes: from mesenchyme to smooth muscle? Histochemis-
try 99:1-12

Nehls V, Drenckhahn D (1995) A novel, microcarrier-based in vit-
ro-assay for rapid and reliable quantification of three-dimen-
sional cell migration and angiogenesis. Microvasc Res (in
press)

Nehls V, Herrmann R (1995) The mechanical properties of fibrin
clots determine capillary morphogenesis and the migration of
endothelial cells and vascular smooth muscle cells (abstract).
Ann Anat (in press)

Nehls V, Denzer K, Drenckhahn D (1992) Pericyte involvement in
capillary sprouting during angiogenesis in situ. Cell Tissue
Res 270:469-474

Nehls V, Schuchardt E, Drenckhahn D (1994) The effect of fibro-
blasts, vascular smooth muscle cells, and pericytes, on sprout
formation of endothelial cells in a fibrin gel angiogenesis
system. Microvasc Res 48:349-363

Orlidge A, D’ Amore PA (1987) Inhibition of capillary endothelial
cell growth by pericytes and smooth muscle cells. J Cell Biol
105:1455-1462

Paweletz N, Knierim M (1989) Tumor-related angiogenesis. Crit
Rev Oncol Hematol 9:197-242

Pepper MS, Belin D, Montesano R, Orci L, Vassalli JD (1990)
Transforming growth factor-beta 1 modulates basic fibroblast
growth factor-induced proteolytic and angiogenic properties of
endothelial cells in vitro. J Cell Biol 111:743-755

Plate KH, Breier G, Weich HA, Risau W (1992) Vascular endothe-
lial growth factor is a potential tumour angiogenesis factor in
human gliomas in vivo. Nature 359:845-848

Rhodin JAG, Fujita H (1989) Capillary growth in the mesentery of
normal young rats. Intravital video and electron microscope
analysis. J Submicrosc Cytol Pathol 21:1-34

Schlingemann RO, Rietveld FIR, Kwaspen F, Van DeKerkhof
PCM, DeWaal RMW, Ruiter DJ (1991) Differential expression
of markers for endothelial cells, pericytes, and basal lamina in
the microvasculature of tumors and granulation tissue. Am J
Pathol 138:1335-1347

Stingl J, Rhodin JAG (1994) Early postnatal growth of skeletal
muscle blood vessels of the rat. Cell Tissue Res 275:419-434

Verhoeven D, Buyssens N (1988) Desmin positive stellate cells as-
sociated with angiogenesis in a tumour and non-tumour
system. Virchows Arch [B] Cell Pathol 54:263-272

Wakui S (1988) Two- and three-dimensional ultrastructural obser-
vations of two cell angiogenesis in human granulation tissue.
Virchows Arch [B] Cell Pathol 56:127-139

Williams S (1993) Angiogenesis in three-dimensional cultures.
Lab Invest 69:491-493

Yanoff M (1966) Diabetic retinopathy. N Engl J Med 274:
1344-1349



