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Temporal expression of the matrix metalloproteinase MMP-2
correlates with fibronectin immunoreactivity during the
development of the vascular system in the chick embryo
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ABSTRACT

In this study we have examined in the chick embryo chorioallantoic membrane (ChAM) the expression of
the matrix metalloproteinase 2 (MMP-2) and have correlated this parameter with the expansion of the
ChAM vasculature and with the expression of 3 extracellular matrix components (fibronectin, laminin and
type IV collagen), which differentially modulate angiogenesis. In the early phases of ChAM development,
between d 6 and d 8 of incubation, when the increase of the ChAM vasculature is maximal, higher values of
MMP-2 and, respectively, of fibronectin immunoreactive area, are detectable. These results indicate that
MMP-2 activity and fibronectin expression are 2 strictly related components of angiogenesis occurring in

vivo.
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INTRODUCTION

The chick embryo chorioallantoic membrane (ChAM)
is an extraembryonic membrane which serves as a gas
exchange surface (Romanoff, 1960) and its function is
supported by an extensive capillary network. ChAM
is formed on d 4 of incubation, when undifferentiated
blood vessels are scattered in its mesoderm. They
grow very rapidly until d 8, thus originating a network
of capillaries that migrate to occupy an area beneath
the chorion and mediate gas exchange with the outer
environment. Rapid capillary proliferation continues
until d 11; thereafter, the endothelial cell mitotic
index declines rapidly, and the vascular system attains
its final arrangement on d 18, just before hatching
(Ausprunk et al. 1974). Extensive angiogenesis with
the formation of new vessels from preexisting ones
takes place during the development of this vascular
system, which is partly mediated by basic fibroblast
growth factor (FGF2) (Ribatti et al. 1995, 19974,
1998).

Angiogenesis is influenced by both growth factors
and adhesion proteins associated with the extra-
cellular matrix (ECM) and is characterised by vascular
cell migration, proliferation and differentiation. An
essential step in angiogenetic processes is the pro-
teolysis of ECM components (Aznavoorian et al.
1993). The matrix metalloproteinases (MMPs) are a
large family of enzymes with specific and selective
activities in many components of the ECM (Matrisian,
1992). They have been classified into subgroups based
on substrate preference. Gelatinase A (MMP-2, or
72 kDa gelatinase) is able to degrade several ECM
proteins including denaturated collagens (gelatin),
type IV collagen and fibronectin.

In this report we have examined the expression of
MMP-2 in the developing ChAM and we have
correlated its expression with a quantitative evalu-
ation of the expansion of the vascular system and of
the expression of 3 ECM components (fibronectin,
laminin and type IV collagen), which differentially
modulate the angiogenetic processes.
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MATERIALS AND METHODS
Animals

Fertilised White Leghorn chicken eggs were incubated
under conditions of constant humidity at a tem-
perature of 37°C. On d 3 of incubation, a square
window was opened in the egg shell after removal of
2-3 ml of albumen so as to detach the developing
ChAM from the shell. The window was sealed with a
glass of the same dimensions and the eggs were
returned to the incubator. Atd 6, 8, 10, 12, 14, 16 and
18 of incubation 10 ChAMs from each stage and from
different eggs were processed for morphometric
measurements, immunohistochemistry and metallo-
proteinase activity.

Morphometric measurements of the expansion of the
ChAM vasculature

Morphometric measurements of the ChAM vascu-
lature were made using a Zeiss stereomicroscope SR
equipped with the MC 63 Camera System (Zeiss,
Oberkochen, Germany) and a computerised image
analysis system (AutoCad 12, Autodesk, Sausalito,
CA, USA) according to a previously described method
(Ribatti, 1995). Briefly, on transparent sheets covering
the photographic reconstructions of the ChAMs from
different specimens for each stage studied at x 30 final
magnification, the outlines of the vasculature were
drawn and separately entered into an image processing
system manually via a digitiser. Finally, the computer
reconstructions were processed by a filling algorithm
in order to recreate the areas.

Antibodies and immunohistochemistry

The murine monoclonal antibodies (MAbs) used in
this study were: (1) MAb L8271 against laminin
(Sigma, St Louis, MO); (2) MAb F 7387 against
fibronectin (Sigma); (3) Mab 2D3/49 against type IV
collagen (Biogenesis, Bournemouth, UK). A 3-layer
biotin-avidin-peroxidase system was used as described
previously (Ribatti et al. 1998). Briefly, 8 pm acetone-
fixed cyostat sections were depleted of their en-
dogenous peroxidase by 7.5 % H,0,, and sequentially
incubated with: (1) primary antibodies; (2) biotin-
labelled swine antirabbit IgG (Vector, Burlingame,
CA); (3) streptavidin-peroxidase conjugate (Vector).
The reaction was performed in 0.05 M acetate buffer
pH 5.1 with 0.02 % 3-amino-9-ethylcarbazole grade I1
(Sigma Chemical., Co.), and 0.05% H,O,. Sections

were then washed in the same buffer, counterstained
in Gill’s haematoxylin (grade II, Polyscience,
Warrington, PA) and mounted in buffered glycerin. In
negative controls, primary antibodies were replaced
by an unrelated monoclonal IgG1 produced by the
P3X63/Ag8 mouse secretory myeloma (Vacca et al.
1995). Antibodies were used as purified ascites fluid
protein, 10 pg/ml in PBS and supplemented with 1%
bovine serum albumin.

Quantitation of the area occupied by the extracellular
matrix components immunoreactive to fibronectin,
laminin and type IV collagen

A morphometric method of ‘point counting’ with
slight modifications for measuring areas of tissue
components was used (Elias & Hyde, 1983; Ribatti
et al. 1997b). Briefly, 4-6x250 fields (area
12.5 x 1072 mm? per field) per section, covering almost
the whole section of each of 2 sections per sample,
were examined with a Leitz Dialux photomicroscope
(Leitz, Wetzlar, Germany) and photographed. Fibro-
nectin, laminin and type IV collagen staining outlines,
drawn on transparent sheets placed on each picture,
were separately entered into a computer image
analysis system (AutoCad 12) via a digitiser. Com-
puter reconstructions were processed by a filling
algorithm to calculate the area covered by each
staining, which was also rated as a percentage of the
field’s reference area. Means + 1 standard deviation
(s.D.) were calculated per section, per sample, and per
group of samples.

Metalloproteinase activity in the developing ChAM

Extracts of ChAM were examined by gelatin zymo-
graphy in order to identify MMP-2 activity at d 6, 8,
10, 12, 14, 16 and 18 of incubation. Extracts were
solubilised at 4 °C in 0.1 M phosphate, 0.2% Triton
X-100, pH 7.3, and subsequently analysed by gelatin
zymography, performed to visualise the MMP-2
activity present in the samples according to Albini et
al. (1987). 5 pg of protein were applied to 7.5 % SDS-
PAGE gels copolymerised with type A gelatin from
porcine skin (Sigma) at a final concentration of
0.6 mg/ml. After electrophoresis, gels were washed in
2.5% Triton X100 for 1 h to remove SDS, incubated
for 18 h at 37 °C in collagenase buffer and stained in
0.1% Coomassie brilliant blue. The gelatinolytic
activity was visualised as a transparent band against a
blue background and quantified by computerised
image analysis of the band.
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RESULTS

Morphometric measurements of the ChAM
vasculature

On d 6 of incubation, the vascularised area of the
ChAM was 5.54+2.2cm?; on d 8, 26.2+3.8 cm?; on
d 10, 46.7+4.4cm?; ond 12, 55.4+7.2 cm?; on d 14,
62.6+6.1 cm?; on d 16, 66.2+8.1 cm?; and ond 18,
68.2+7.4 cm®.

Immunohistochemistry and areas of staining of
fibronectin, laminin and type IV collagen

The Table shows each separate area as an absolute
value. The fibronectin area underwent increment
between d 6 and d 8 of incubation and immuno-
reactivity was intense at the base of the chorion, in the
extracellular matrix and along the surface of the
primitive blood vessels (Fig. 1A4); thereafter, it

Table. Area occupied by stromal components in ChAM
during chick embryo development

Area occupied by

D Fibronectin Laminin Type IV collagen
6 1.340.1* 0.5+0.2 —
8 2.1+0.6 1+0.3 —

10 0.9+0.3 1.4+0.2 0.8+0.3

12 0.3+0.2 1.54+0.3 1.840.5

14 0.240.1 1.6+0.4 2.6+0.7

16 — 1.7+£0.3 3.440.6

18 — 1.74+0.5 3.6+0.5

* Data are expressed as mean +1 s.p. The area is given as
mm?x 1072,

declined and was not detectable beginning from d 16.
The laminin area underwent increment between d 6
and d 10 of incubation, when staining for laminin was
more intense in the capillaries located beneath the
chorion (Fig. 1 B); thereafter, it did not alter. Type IV
collagen was detectable starting from d 10, when
staining was present in the chorion and along the
abluminal surface of endothelial cells (Fig. 1C);
thereafter, increased until d 16.

Metalloproteinase activity in the developing ChAM

Extracts of ChAM were examined by gelatin zymo-
graphy in order to identify metalloproteinases present
in the ChAM from embryos between d 6 and d 18 of
incubation. A metalloproteinase of 72 kDa (MMP-2)
was detected and the levels of this enzyme decreased
progressively from d 6 to d 12 of incubation, and then
did not appear to change significantly (Fig. 2).

DISCUSSION

This report shows that in the developing ChAM
vasculature fibronectin expression, measured as fibro-
nectin area, is highly correlated with angiogenesis,
measured as vascularised area, and with metallo-
proteinase-2 activity, measured by gelatin zymo-
graphy.

Fibronectin area underwent a significant increment
between d 6 andd 8 of incubation; thereafter, it
progressively declined and was not detectable as from
d 16. A close relationship between fibronectin over-
expression and angiogenesis has been demonstrated in
vivo (Mayer et al. 1981; Sariola et al. 1984; Risau &

Fig. 1. ECM immunohistochemistry. (4) Fibronectin immunoreactivity at d 6 of incubation is intense in the chorion (ch), in the extracellular
matrix and along the surface of the primitive blood vessels (arrowhead). (B) Laminin and (C) type IV collagen immunoreactivity at d 10 of
incubation are detectable in the chorion (ch) and in the capillaries located beneath the chorion. 4,C, x250; B, x400.
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Fig. 2. Metalloproteinase activity as detected by gelatin zymography atd 6, 8, 10, 12, 14, 16 and 18 of incubation. Equal amounts of protein
extract from each of the indicated d were analysed by SDS-PAGE zymography as described in Materials and Methods. (4) Note the white
bands against a dark background with an apparent Mr equal to 62000 corresponding to activated MMP-2 (lane 1 = 6 d; lane 2 = 8 d; lane
3=10d;lane 4 =12d; lane 5= 14d; lane 6 = 16 d; lane 7 = 18 d. (B) Quantitation of MMP-2 activity by computerised image analysis

of the band. Values are the mean +s.D. for n = 10 experiments.

Lemmon, 1988). Thus in the developing wing bud,
capillaries grow within a fibronectin-rich matrix;
during brain development capillary sprouts invading
the neuroectoderm, migrate in a fibronectin-rich
matrix (Risau & Lemmon, 1988) and capillaries which
invade the developing chick lung express fibronectin
(Chen et al. 1986). Moreover, in ChAM fibronectin
overexpression in extracellular matrix parallels the
vasoproliferative processes induced by an angiogenic
stimulus (Ribatti et al. 19975).

Laminin expression, in contrast, gradually
increased from d 5to d 18. Laminin immunoreactivity
is present during all stages of vessel formation in
ChAM development, consistent with its role both in
the early formation and in later differentiation of
the subendothelial basement membrane (Risau &
Lemmon, 1988; Ribatti et al. 1996).

Type IV collagen immunoreactivity was not evident
in the ChAM until d 10 of development. Type IV
collagen appears in the later stages of ChAM vascular
development concomitantly with the terminal differen-
tiation of endothelial cells and maturation of base-
ment membrane. The appearance of type IV collagen
results in a progressive decrease of the proliferative

rate of the microvascular endothelial cells and
correlates with the formation of a lumen, a gradual
reduction in endothelial migration, the establishment
of cell polarity and the acquisition of a differentiated
endothelial phenotype (Form et al. 1986; Nicosia &
Madri, 1987).

The maximal increment in the expansion of the
ChAM surface area takes place between d 6 and d 8 of
incubation, when the area increases 4.76 fold. Our
quantitative data are in accord with those of other
authors (Burton & Palmer, 1989; De Fouw et al.
1989). This expansion is sustained by the formation of
new vessels by an angiogenetic process. Schlatter et al.
(1997), by means of morphometric analysis, have
shown that in this early phase of ChAM angiogenesis,
from d 5 to d 7, the principal mechanism of capillary
growth is sprouting. On d 7, the extension of the
capillary network over the surface of the egg has
nearly reached its maximum (Burton & Palmer, 1992)
while, between d 9 and d 13 of incubation, there is a
vascular histodifferentiation and, between d 14 and
d 18, maturation of the ChAM microvasculature was
completed (Shumko et al. 1988).

An essential first step of angiogenesis is the secretion
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of matrix metalloproteinases (MMP) (Mignatti &
Rifkin, 1996), allowing the endothelial cells to migrate
through the connective tissue stroma. Microvascular
endothelial cells produce MMPs in vivo and in vitro
and their production is increased in reponse to
angiogenic agents (Pepper et al. 1996). Here we have
shown that the proteolytic capacity of ChAM tissues,
in term of MMP-2 secretion, decreased progressively
from d 6 to d 12, and then did not appear to change
significantly over time. This proteolytic activity
parallels an increase of the levels of fibronectin present
in ChAM extracellular matrix, which undergoes
increment between d 6 and d 8 of incubation and
thereafter declines. MMP-2 degrades types IV, V, VII
and X collagens as well as fibronectin (Mignatti &
Rifkin, 1996).

Other proteolytic systems are involved in the ChAM
angiogenetic process, such as the plasminogen
activator-plasmin complex (Pepper et al. 1996). Iruela-
Arispe et al. (1995) have determined the levels of
active plasmin during ChAM development and have
observed a peak of this enzyme between d 7 and d 15
of development.

Although a requirement for MMP activity has been
demonstrated in several in vivo assays for studying
angiogenesis, there is as yet no definitive evidence that
the plasminogen activator-plasmin complex is
required for angiogenesis in the in vivo settings
(Pepper et al. 1996). Karelina et al. (1995) have shown
in fetal skin that MMP-2 and MMP-9 are the principal
degrading enzymes found in both early microvessels
developing from undifferentiated mesoderm and in
microvessels involved in elongation and sprout for-
mation from preexisting vessels.

The importance of MMP-2 in angiogenetic pro-
cesses in ChAM vasculature has been further shown
by Brooks et al. (1996), who have demonstrated a
colocalisation of MMP-2 and integrin a g, on the
surface of ChAM newforming vessels.

In summary, our data show the relationship
occurring between MMP-2 activity and fibronectin
expression during the early phases of angiogenetic
processes taking place in ChAM, when the expansion
of its vasculature is maximal. Moreover, the evalu-
ation of these 2 parameters might be useful in studying
the response of ChAM vasculature to an exogenous
angiogenic stimuli.
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