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Chapter 1
General introduction



• Endometriosls and Its pathogenesis
Endometriosis is the presence of tissue with epithelial and stromal characteristics of
endometrium outside the uterine cavity. Endometriosis commonly affects the pelvic
peritoneum close to the ovaries, including the uterosacral ligaments, the ovarian
fossa peritoneum, and the peritoneum of the cul-de-sac (Janssen and Rüssel, 1986;
Jenkins et al., 1986). The ectopic endometrial tissue responds to ovarian steroids
similar to eutopic endometrium: endometriosis is linked to the reproductive years,
responds to hormonal therapy and its productive activity resumes if, after the end of
pharmaceutical suppression, ovarian activity resumes and the lesions are stimulated
again by ovarian steroids.
The characteristic signs and symptoms associated with endometriosis are dys-
menorrhea, dyspareunia, chronic pelvic pain and impaired fertility. Confirmation of
the diagnosis of endometriosis requires visualization of endometriotic lesions at
laparoscopy or laparotomy with subsequent histological examination. Accordingly,
endometriosis is diagnosed in 45-50% of patients with chronic pelvic pain as well as
in asymptomatic fertile and infertile women (Balasch et al., 1996).
The pathogenesis of endometriosis is still poorly understood. Several theories on its
pathogenesis have been proposed, but as yet, two main concepts can be discerned.
The fransptantarion or imp/antarion f/ieory described by Sampson (1927) presumes
retrograde transportation of viable endometrial cells through the fallopian tubes
during menstruation, adhesion of these cells onto the peritoneum, with subsequent
implantation and proliferation. The anatomic distribution of endometriotic lesions
supports this theory. Sites closest to the tuba] fimbriae and dependent portions of the
pelvis are usually affected (Jenkins et al., 1986). Also, the presence of viable endome-
trial cells has been demonstrated in peritoneal fluid of women with patent tubes
(Badawy et al., 1984; Bartosik et al., 1986; Kruitwagen et al., 1991; van der Linden et
al., 1995a). Using in vitro models, the adhesion of endometrial tissue to human
amnion or peritoneum has been studied. The results strongly suggest that adhesion
of endometrial fragments does not occur when the mesothelium is intact (Van der
Linden et al., 1996; Groothuis et al., 1998; Groothuis et al., 1999; Koks et al., 1999).
Witz and coworkers (1999), on the other hand, demonstrated that endometrial stro-
mal cells are able to attach to the intact mesothelium, but adhesion of epithelial cells
was not observed. The mechanisms of adhesion of the endometrial cells to the peri-
toneal lining are still subject to debate.
Levander and Normann (1955) introduced the induction fheory for endometriosis. In
a rabbit model of endometriosis they observed degeneration of rabbit endometrial
implants, with cyst formation and differentiation characteristics of endometrial epi-
thelium in the surrounding connective tissue. They concluded that dying endome-
trial tissue releases specific substances activating undifferentiated mesenchyme to
develop into endometrium tissue. These experiments were confirmed several years

12 later by Merrill (1966), who implanted millipore filters containing fragments of endo-
metrium subperitoneally in the rabbit. Endometrium-like epithelial glands and stro-
ma were observed in the connective tissue adjacent to the implants. Recently, Ohtake
and coworkers (1999) concluded that endometriotic lesions indeed are able to arise
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through a process of metaplasia from ovarian surface epithelial cells in the presence
of endometrial stromal cells and estradiol.
At present, the implantation theory is widely accepted, although metaplasia may
constitute an additional explanation. In both theories retrograde menstruation and
adhesion of shed endometrial cells to the peritoneal lining are essential elements.
However, retrograde menstruation occurs in most, if not all, women with patent
tubes and is much more prevalent than endometriosis, suggesting that in itself it is
not sufficient to cause the disease. The sheer volume and/or the tissue properties of
regurgitated menstrual debris have been suggested to determine whether endome-
triosis will develop or not (Evers et al., 1998). On the other hand, various recent stu-
dies have suggested a crucial role of the peritoneal environment in the establishment
and maintenance of endometriosis (Oral et al., 1996; Koninckx et al., 1998; Küpker et
al., 1998).
It is still not clear what occurs between retrograde seeding of endometrial cells and
the clinical recognition of endometriotic lesions. Implantation requires, in addition
to adhesion, also invasion of endometrial cells and from that stage onwards these
cells will depend on the formation of new blood vessels, angiogenesis, for further out-
growth and development into an endometriotic lesion. The critical tissue volume that
should be reached before clinical recognition of the implant constitutes at the same
time the volume beyond which further growth is impossible without neovasculariza-
tion.

• Invasion
Three steps can be distinguished in the complex process of invasion (Figure 1):
attachment, degradation, and migration (reviewed by Stetler-Stevenson et al., 1993a;
1993b and Curran and Murray 1999; 2000).
Several specific cell surface-associated molecules that modulate cell-matrix and cell-
cell affac/imenf have been identified and characterized (Table 1). These include the
integrins, the cadherins, the laminin-binding protein, the immunoglobulin (Ig)

ECM

attachment degredatkjn migration

Figure 1 Invasion. Following detachment from their point of origin, cells attach to and degrade (he base-
ment membrane (BM) and extracellular matrix (ECM). Subsequently, the cells migrate through the ECM
by continuous steps of attachment and degradation.
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superfamily, and CD 44 (Stetler-Stevenson et al., 1993a). The integrins are a large
family of cell adhesion receptors, consisting of an a and a ß subunit. To date, 24ctß
heterodimers formed by 8 different ß and 18 a subunits are known. Eighteen types of
integrins recognize and bind to matrix proteins while others have cell surface pro-
teins as their counter-receptors (Ivaska and Heino, 2000). The integrins provide
anchorage for cells to the ECM and are involved in directed invasion and motility of
cells (Curran and Murray, 2000). Cadherins mediate cell-cell binding, inhibiting the
ability of cells to escape from their primary site to initiate invasion. Therefore, cad-
herins can act as invasion suppressor molecules (Stetler-Stevenson et al., 1993b).

Table 1 Molecules Involved in invasion
Adhesion Proteolysis

stimulators inhibitors

Integrins Serine proteinases Serine proleinases inhibitors

uroJtifiasr-fype p/os/m'nogen ocf luofor ptoi/mnogen acflunfor /n/iibi/or

Cadherins /«jue-fypejrfawmnogCTiacfiwifor a-2-anfiptasmi'n

/V-caaVierm MetaUoproteinases (MMPs) Metalloproteinases inhibitors

P-rndTiCTiH oo/tagemwes fissu« in/i/Mrors o/MMP

sfromWysires

Laminin-binding protein getorinoses general protease inhibitors

/m>mbraw-fypeiWMP a- / anrifnyu/n

Ig superfamily offer MMft a-2

N-CAM

V'CAAf-i Cysteine prt>n-iud>t->

rnr/jc/MiMj ß and /-

CD 44
Aspartic proteinases

The degradafj'on of extracellular matrix (ECM) proteins can be affected by serine pro-
teinases. matrix metalloproteinases (MMPs), cysteine proteinases and aspartic pro-
teinases (Table 1) (EUenrieder et al., 1999; Curran and Murray, 1999). The serine pro-
teinases. urokinase- and tissue-type plasminogen activators, convert plasminogen to
plasmin, which catalyzes degradation of ECM proteins (Andreasen et al., 2000). The
MMPs constitute a related family of proteolytic zinc enzymes. To date, 19 MMPs have
been identified and according to structure and substrate specificity they can be divi-
ded into subgroups of collagenases, stromelysins, gelatinases, membrane-type
MMPs and other MMPs. MMPs degrade extracellular matrix components, such as
collagens, proteoglycans, fibronectin and laminin as well as basement membrane

14 components. Since MMPs are destructive enzymes, their expression and activation is
highly regulated in normal tissues via local tissue factors, including tissue inhibitors
of MMPs (TIMPs), plasminogen activator inhibitor (PAI-1) and general protease inhi-
bitors such as a-2 macroglobulin and ot-1 antitrypsin. MMP expression is regulated
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by multiple extracellular factors, including cytokines, growth factors, and interac-
tions with adjacent cells and ECM (Hulboy et al., 1997; Osteen et al., 1999;
Westermarck and Kähäri, 1999; Curran and Murray, 1999; 2000; Johansson et al.,
2000).
Cell migration involves attachment of the leading edge, cell contraction, and detach-
ment of the trailing edge. Complex, coordinated interactions between proteinases
and adhesion molecules take place in order to facilitate migration of cells through the
ECM (Friedl and Bröcker, 2000).

Invasive potential of endometrial cells
The human endometrium is an unique adult tissue that undergoes growth, differen-
tiation, tissue breakdown and repair during a single menstrual cycle. Integrins are
expressed in endometrium and some show cyclic variation (Van der Linden et al.,
1994; 1995b). The precise pattern, however, has to be elucidated (Starzinsky-Powitz et
al., 1999). Expression of E-cadherin has been demonstrated in endometrial epithelial
gland cells and does not vary throughout the menstrual cycle (Van der Linden et al.,
1994; 1995b; Gaetje et al., 1997).
The MMP expression in endometrium is upregulated locally by cytokines and growth
factors, e.g., TNF-a, IL- la, IL-6, insulin-like growth factor-II, epidermal growth factor
and platelet derived growth factor (Singer et al. 1999; Osteen et al., 1999).
Systemically, MMP expression in endometrium is influenced by hormones: estradiol,
relaxin and serotonin induce, whereas progesterone and glucocorticoids inhibit the
MMP expression (Hulboy et al., 1997; Osteen et al., 1999). During menstruation,
when the vast majority of tissue breakdown occurs, several MMPs are highly expres-
sed. In general, MMP concentrations decline to low or undetectable values during the
remainder of the menstrual cycle (Hulboy et al., 1997).
In endometriosis, the cellular mechanisms required for establishment of ectopic
endometrial growth represent invasive events and involve extensive degradation of
the extracellular matrix. In antegradely shed menstrual endometrium various inte-
grins, MMPs and TIMPs are expressed. It was suggested that these menstrual cells,
after having been shed retrogradely and after adherence to the submesothelial layer,
use their own MMP activity to invade the extracellular matrix, resulting in the deve-
lopment of endometriotic lesions (Koks et al., 2000a; 2000b).
The concentration of aminoterminal propeptide of type III procollagen in peritoneal
fluid is increased in patients with early endometriotic lesions as compared to women
without the disease. This increased concentration originates from degradation of col-
lagen fibers in extracellular matrix, indicating that the early lesion is an active stage
of endometriosis, invading the extracellular matrix (Spuijbroek et al., 1992).
Using athymic nude mice as recipients of human endometrial tissue, it was demon-
strated that estrogen treatment of endometrium maintains secretion of MMPs and
promotes establishment of ectopic peritoneal lesions (Bruner et al., 1997). In con- 15
trast, suppressing metalloproteinase secretion with progesterone treatment, or block-
ing enzyme activity with TIMP-1, inhibited the formation of ectopic lesions (Bruner
et al., 1997). These observations suggest an active role of MMPs in the development



of ectopic endometriotic lesions. Moreover, in women with endometriosis theTIMP-
1 concentrations were significantly lower in peritoneal fluid and sera compared with
disease-free women (Sharpe-Timms et al., 1998). Apparently, a disbalance in the con-
centrations of MMPs and TIMPs, in favour of MMPs, is needed for the endometrial
cells to invade the extracellular matrix and to develop into an endometriotic lesion.
At the cellular level, Gaetje and coworkers (1995) provided evidence that cells from
peritoneal endometriotic lesions express an invasive phenotype in an in vitro colla-
gen gel invasion assay. In a follow-up study these in vitro invasive endometriotic cells
were found to be epithelial cells lacking E-cadherin. E-cadherin acts as an invasion
suppressor molecule in carcinomas, probably by keeping the epithelial cells attached
to each other in their primary tissue. In contrast to endometriotic cells, the few euto-
pic endometrial cells that were invasive in vitro did not express E-cadherin or cyto-
keratin, indicating that these cells were either endometrial stromal cells or fibroblasts
(Gaetje et al. 1997). The results of these studies are in line with the idea that endome-
triosis cells and carcinoma cells share molecular mechanisms of invasion and meta-
stasis that are related to the absence of E-cadherin. In metastasizing carcinoma cells,
either the E-cadherin gene or genes of associated proteins are often mutated.
However, this has not been found in endometriotic tissue so far (Starzinsky-Powitz et
al. 1999). The deregulation of the E-cadherin system could also be under influence of
the peritoneal environment. In fact, the invasive capacity of endometriotic cells, but
not eutopic endometrial cells, was considerably enhanced by addition of peritoneal
fluid to the culture medium. These findings suggest that also the peritoneal fluid
might contribute to the invasive step in the pathogenesis of endometriosis
(Starzinski-Powitz et al., 1998).

• Angiogenesls
The vascular system conveys to every tissue the blood components that are required
for cell life. In humans more than 50 kilometres of vessels are lined by a monolayer of
endothelial cells, the endothelial surface area covering more than 1000 square met-
res. Ninety per cent of this surface concerns the microcirculation. Under normal con-
ditions endothelial cells seldomly divide, and their turnover is very low, measured in
years (Le Querrec et al., 1993). In an adult vessel presumably only 0.01% of the cells
participate actively in the cell division cycle (Hanahan and Folkman, 1996).
Quiescent endothelial cells can be stimulated to divide rapidly in conditions when
new vessels must be formed. During embryogenesis angioblasts differentiate from
mesoderm in situ and assemble into capillaries; this process is termed vasculogene-
sis. Later, new capillary blood vessels predominantly arise from pre-existing vessels
in a process called angiogenesis, although vasculogenesis may also occur (Le Querrec
et al., 1993; Carmeliet, 2000). There are at least two different types of angiogenesis:

16 sprouting of capillaries from pre-existing vessels, and non-sprouting angiogenesis
(Folkman, 1985; Risau, 1997; Jain et al., 1997; Carmeliet, 2000; Griffioen and Molema,
2000).
Sprouting angiogenesis develops through a series of sequential steps (Figure 2): (1) an
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angiogenic stimulus arises from a particular tissue; (2) vasodilation and increase in
vascular permeability; (3) local degradation of the basement membrane at the side of
a small venule closest to the angiogenic stimulus resulting from the action of colla-
genase and plasminogen activator secreted by the endothelial cells; (4) migration of
endothelial cells towards the angiogenic stimulus; (5) proliferation of endothelial
cells in the midsection of the sprout; (6) lumen formation in the endothelial sprout;
(7) formation of branches and loops by confluence/anastomoses of sprouts to permit
blood flow; (8) investment of the vessel with pericytes; and (9) formation of basement
membrane around the immature vessel.

activation migration proliferation tube formation

Figure 2 Sprouting angiogenesis. An angiogenic stimulus (AS) arise from a given tissue and activates en-
dothelial cells (EC) to secrete proteolytic enzymes. Degradation of the basement membrane (BM) is fol-
lowed by migration and proliferation of endothelial cells, tube formation in the endothelial sprout and
finally maturation of the vessel (Griffioen et al., 1998).

Non-sprouting angiogenesis can occur by proliferation of endothelial cells inside a
vessel, producing a wide lumen that can be divided by transcapillary pillars of perien-
dothelial cells (intussusception) or by transendothelial cell bridges, which then split
into individual capillaries (Patan et al., 1996; 1997; Risau, 1997; Carmeliet, 2000).
In the adult, physiological angiogenesis only occurs under special circumstances.
Exceptions are seen in the female reproductive system, where angiogenesis is found
in the follicle, the corpus luteum, the endometrium and the placenta. Angiogenesis
also occurs as part of the body's repair processes, e.g. in the healing of wounds and
fractures (Klagsbrun and D'Amore, 1991). Many diseases are characterized by angio-

Table 2 Examples of the occurrence of angiogenesis

Physiological angiogenesis

female reproductive cycle

/ormarion o/f/ie corpus /ufeMm
o/

und repair

Pathological angiogenesis

cancer
diabetic retinopathy
arthritis
psoriasis
atherosclerosis
hemangioma



genesis, e.g. diabetic retinopathy, psoriasis, hemangiomas and arthritis (Table 2). In
physiological conditions angiogenesis subsides or is turned off once the process is
completed. In nonmalignant processes, angiogenesis is prolonged, although still self-
limiting. By contrast, tumor angiogenesis is not self-limiting (Folkman, 1985).

Angiogenesis has been suspected to be an essential component of tumor growth and
metastasis. In the early 1970s it became clear that one or more diffusible factors are
released from the tumor to nearby endothelial cells, which then divide and form new

: capillary sprouts. In the absence of neovascularization solid tumors stop growing
when they are 2-3 mm in size. Every increase in tumor cell population has to be pre-
ceded by an increase in new capillaries that converge upon the tumor (Folkman,
1971). The formation of metastases is dependent on angiogenesis at two stages of the
metastatic cascade. First, the new blood vessels provide a gateway for tumor cells to
enter the circulation and to metastasize to distant sites. Second, metastatic tumor
cells must again undergo neovascularization if a metastasis is to grow to a clinically
detectable size (Folkman and Shing, 1992; Folkman, 1995). In some patients, meta-
stases develop many years after resection of the primary neoplasm. The sudden con-
version of quiescent cells to actively dividing cells could occur by a progression in cell
cycle from GO to G1. The end of tumor dormancy may be explained by a sudden con-
version of a subset of tumor cells to a clone with the angiogenic phenotype: the so-
called 'angiogenic switch' (Fidler and Ellis, 1994).
Capillary blood vessels consist of endothelial cells and pericytes, and these two cell
types have the genetic potential to form tubes, branches and whole capillary net-
works. Specific angiogenic molecules can initiate this process, and specific inhibito-
ry molecules can stop it. The first angiogenic factor was isolated from Walker 256 car-
cinoma grown in rats by Folkman and coworkers (1971). Angiogenic factors are secre-
ted by tumor cells, but can also be mobilized from extracellular matrix or released by
macrophages attracted to the tumor (Folkman, 1995). The search for angiogenesis
inhibitors was stimulated by the concept of anti-angiogenic therapy. The first to be
identified were endogenous molecules, such as angiostatic steroids and platelet fac-
tor 4 (Folkman, 1992). Since angiogenic factors and inhibitors have been discovered
recently (Table 3), the elucidation of their precise actions and interactions is only
beginning to be uncovered (reviewed by Carmeliet, 2000). The same goes for non-vas-
cular cells, such as macrophages and mast cells, which may modulate the angiogenic
response (Folkman and Shing, 1992; Carmeliet, 2000). Angiogenesis involves extensi-
ve interplay between cells, soluble factors and extracellular matrix components.
Some angiogenic peptides (e.g. acidic fibroblast growth factor |aFGF], basic FGF, vas-
cular endothelial growth factor IVEGF)) stimulate vascular endothelial cells directly
to either migrate or proliferate or to form tubes or a combination of these, while
others (tumor necrosis factor-a |TNF-a) and transforming growth factor-ß |TGF-ßl)

i8 act indirectly by mobilizing host cells (macrophages, mast cells, lymphocytes) that
release endothelial cell growth factors. The activity of these factors is counter-balan-
ced by endogenous inhibitors of angiogenesis (Fan et al., 1995). This balance of
angiogenesis inhibitors and inducers governs the angiogenic switch. Either reducing
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the inhibitor concentration or increasing the activator levels may change the balan-
ce and activate the switch, leading to the growth of new blood vessels (Hanahan and
Folkman, 1996).

Table 3 Molecules involved in angiogenesis

Stimulators Inhibitors

nitric oxide (NO) Hndoslatin
plaielei endothelial cell adhesion molecule AngioMalin
(PECAM) Vasoslatin
vascular endothelial (VKJ-cadherin tissue inhibitor of metalloproteinase (TIMP)
angiopoietin (Ang) 1; Ang 2; He 2 platelet factor (PF)-4
matrix metalloproteinase (MMP) thrombospondin (TSP)-1; TSP-2
plasminogen activator (PA) metallospondin (METH-1)
fibroblast growth factor (FGF) interferon (INF)-Y: INF-ß
vascular endothelial growth factor (VF.GF) tissue factor pathway inhibitor (TFPI)
VEGF receptor (VF.GFR) vascular endothelial growth inhibitor (VF.GII

insulin-like growth factor (IGF)-l interleukin (ILJ-4; 1L-12
placental growth factor (P1.GF) Inhibitor of DNA binding/differentiation (Id)l; Id3
platelet-derived growth factor (PDGF) PEX (fragment of MMP2)
transforming growth factor (TGF)-ßl interferon-inducible protein (IP)-10
tumor necrosis factor (TNF) a soluble neuropilin (sNP) -1
integrins 0 ^ 3 , 0 ^ 3
hepatocyte growth factor (HGF)

hypoxia-inducible transcription factor (HIF)-la
interleukin (IL)-8
cyclooxygenase (COX)-2

CXC chemokines

Angiogenesis in the normal endometrlum
In the healthy adult angiogenesis is rare, apart from the female reproductive system
where angiogenesis occurs in the follicle, corpus luteum and endometrium. Under
these physiological circumstances angiogenesis is highly regulated, with subsequent
periods in which it is turned on followed by periods in which it is completely inhibi-
ted. In the female reproductive tract, defects in angiogenesis have been suggested as
a putative cause of some disorders such as luteal phase defects, endometriosis, preg-
nancy loss, preeclampsia and cancer (Findlay, 1986; Klagsbrun and D'Amore, 1991;
Folkman and Shing, 1992; Gordon et al., 1995). Angiogenesis in the human uterus is
mandatory to support the reconstruction of the endometrium after menstruation
and to provide a vascularized, receptive endometrium for implantation and placen- 19
tation (Tony et al., 1996). Although endometrium tissue is easily obtainable, making
it possible to study physiologic angiogenesis on a large scale, it is still not clear by
which mechanism vascular growth in the endometrium is controlled or when exact-



ly new blood vessel formation occurs during the menstrual cycle (Rogers, 1996).
In endometrium, much attention has been paid to the expression of VEGF, one of the
well-characterized angiogenic factors. VEGF mRNA expression was seen in glandular
epithelium throughout the menstrual cycle with an increase in the secretory phase
culminating in very intense hybridization signal in menstrual tissue (Charnock-Jones
et al., 1993; Torry et al., 1996). Shifren and coworkers (1996) found increasing mRNA
expression from early proliferative, mid proliferative, late proliferative to secretory
endometrium. In stroma the VEGF mRNA expression disappeared during the secre-
tory phase (Charnock-Jones et al., 1993). Likewise, VEGF-like-immunoreactivity
could be detected in glandular epithelial cells throughout the menstrual cycle, and in
the stroma only in the proliferative phase (Li et al., 1994; Shifren et al., 1996). On the
other hand, recently Donnez and coworkers (1998), evaluating the VEGF protein
immunohistochemically, did not detect significant variations in VEGF content of
glandular epithelium or stroma throughout the menstrual cycle. Also no significant
differences were found in VEGF secretion by explant, glandular epithelial or stromal
cell cultures throughout the menstrual cycle (Gargett et al., 1999). Since endometrial
growth and function are controlled mainly by sex steroids, the influence of these ste-
roids on VEGF expression has been studied. Estradiol stimulated an increase in
mRNA encoding VEGF in endometrial carcinoma cell lines (Charnock-Jones et al.,
1993) and in cultured stromal cells (Huang et al., 1998). Treatment of isolated endo-
metrial cells with estradiol, medroxyprogesterone acetate, or a combination of these,
increased VEGF mRNA expression significantly (Shifren et al., 1996). In primates it
has been shown that VEGF protein and VEGF mRNA expression levels in endometri-
um depend on the steroidal milieu. In response to treatment with a progesterone
antagonist VEGF production was inhibited (Greb et al., 1997).
An additional stimulator of VEGF expression is hypoxia (Smith, 1997; 1998). During
the (pre) menstrual phase of the cycle both production and release of endothelins by
endometrial cells are increased (Ohbuchi et al., 1995). Besides, a very intense staining
of Angiotensin (ANG) II has been found around the endometrial blood vessels in the
late secretory phase (Ahmed et al., 1995). These potent vasoconstrictors act on the
spiral arterioles in the endometrium, resulting in reduction of oxygen tension in this
tissue (Smith, 1998). The endometrial epithelial and stromal cells respond to this
hypoxic state by producing increasing levels of VEGF (Popovici et al., 1999; Sharkey et
al., 2000).
Other growth factors that have been studied are aFGF, bFGF, TGF-ß and ANG II.
Ferriani and coworkers (1993) detected aFGF- and bFGF-like immunoreactivity in
endometrium throughout the menstrual cycle. Using Northern blotting and densito-
metric scanning of autoradiograms, Casslen and coworkers (1998) found TGF-ß
mRNA to be higher in mid and late secretory and menstrual phases than in the pro-
liferative phase. A significant increase was obtained after stimulation with estradiol

20 and progesterone in vitro. Furthermore, TGF-ßl is able to stimulate endometrial stro-
mal cells to increase their extracellular concentration of the urokinase plasminogen
activatorplasminogen activator inhibitor 1 complex, which stimulates endothelial
cell migration (Sandberg et al., 1998). ANG II is not only a vasoconstrictor, but may
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also act as an angiogenic growth factor. It has been demonstrated that ANG II-like-
immunoreactivity in human endometrium undergoes cyclic changes. Staining was
located in the glandular epithelium and stroma in the early proliferative phase and
the staining intensified around the blood vessels in the late secretory phase (Ahmed
et al.. 1995; Li and Ahmed, 1996).
Lately, some studies have been published on inhibitors of angiogenesis in endome-
trium. Thrombospondin-1 (TSP-1) was expressed at high levels in the functional layer
of the endometrium. The peak of expression occurred during the secretory phase and
was coincident with the cessation of capillary growth. TSP-1 mRNA and protein were
upregulated by progesterone and the increased levels were sufficient to inhibit the
migration of endothelial cells (Iruela-Arispe et al., 1996). When female mice were
chronically treated with AGM-1470, a highly selective, potent and nontoxic inhibitor
of angiogenesis, inhibition of endometrial maturation was observed (Klauber et al.,
1997).
Bioassays have been applied as well to study endometrial angiogenesis. Using a
three-dimensional collagen matrix/bovine aortic endothelial cell assay to demon-
strate production of an endothelial migratory signal by human endometrium. it was
shown that two significant peaks of migratory signal occur, one during the early pro-
liferative phase and one during the mid-late proliferative phase. There was a signifi-
cant drop in the early-mid-proliferative phase of the cycle (Rogers et al., 1992).
However, significant peaks of endometrial endothelial cell proliferation could not be
identified nor a correlation with endometrial endothelial cell migratory signal pro-
duction (Goodger and Rogers, 1994). Furthermore, it was observed that endothelial
cell proliferation nearly always appeared inside existing endometrial vessels, rather
than in vascular sprouts (Rogers et al., 1998). Also, endothelial cell integrin a^ß,
expression, a marker associated with sprouting angiogenesis, did not significantly
correlate with the proliferation index and showed no difference across the cycle (Hii
and Rogers, 1998). Because of these observations, Rogers and «workers (1998) sug-
gested that angiogenesis is occurring continuously throughout the menstrual cycle
and that endometrial angiogenesis proceeds by elongation and intussusception rath-
er than sprout formation.
Endometrial angiogenesis has also been studied using the in vivo chick embryo cho-
rioallantoic membrane (CAM) bioassay. In a study to improve quantitative assess-
ment of angiogenesis by the CAM assay, endometrial slices of 9 patients - cycle day
was not mentioned - were placed on the CAM as a negative control; five did not
respond and four gave a response of 0.1-1.0 (arbitrary units from 0-4), indicating a
very low angiogenic level (Splawinski et al., 1988). A modified CAM assay was used to
measure the angiogenic activity of suspensions of endometrial cells. The reactions on
the CAM were assessed as having either a positive or a negative angiogenic response.
In contrast to the study of Splawinski and coworkers (1988), significantly more posi-
tive reactions were seen with endometrial suspensions as compared to medium only. 21
There were no differences between the phases (Peek et al., 1995).



Angiogenesis and endometriosis
Angiogenesis may play an important role in the pathophysiology of endometriosis. At
laparoscopy most of the typical endometriotic lesions are surrounded by a hypervas-
cularized area and extrapelvic endometriosis, though rare, is predominantly found in
well-vascularized sites such as lung, skin and muscle (Oosterlynck et al., 1993;
Gordon et al., 1995). Moreover, increased endothelial cell proliferation in eutopic en-
dometrium of endometriotic patients (Wingfield et al., 1995), and increased angioge-
nesis in endometrial explants (Nisolle et al., 1993) have been found.
Besides the importance of the growth factors expressed by the explants, the perito-
neal fluid of women with endometriosis has been shown to contain angiogenic as
well as other growth factors, which may contribute to the proliferation of the ectopic
endometrium (Ramey and Archer, 1993). To support the hypothesis that local factors
are important for the development of endometriosis the presence of angiogenic fac-
tors in peritoneal fluid was investigated using the CAM assay (Oosterlynck et al.,
1993). A positive angiogenic reaction in 58.3% of the peritoneal fluid samples from
women with endometriosis and only in 12.5% of the women without endometriosis
was demonstrated. This observation has been confirmed by Taylor and coworkers
(1997) using an in vitro model of endothelial cell proliferation. An increase of the in-
flux of macrophages and their activation, as well as their release of active substances
into the peritoneal fluid of women with endometriosis, had already been demonstra-
ted (Halme et al., 1983; 1987; Dunselman et al., 1988). Therefore, Oosterlynck (1993)
and Taylor (1997) both hypothesized that the angiogenic factors could originate from
peritoneal macrophages. Indeed, it has been shown that the angiogenic activity in
supernatants collected from macrophage cultures, was significantly higher from cells
taken from women with endometriosis, as compared to women without the disease
(Smith, 1997). A wide range of macrophage products with angiogenic activity
(Sunderkötter et al., 1994), including TGF-ß (Oosterlynck et al., 1994; Küpker et al.,
1998), TNF-a (Eisermann et al., 1988; Taketani et al., 1992; Overton et al., 1996), IL-1
(Fakih et al., 1987; Mori et al., 1992; Taketani et al., 1992), IL-5 and IL-6 (Koyama et al.,
1993), IL-8 (Ryan et al., 1995; Arid et al., 1996; Taylor et al., 1997; Gazvani et al., 1998;
Iwabe et al., 1998) and VEGF (Me Laren et al., 1996a; Shifren et al., 1996; Taylor et al.,
1997; Küpker et al., 1998) has been found in higher concentrations in the peritoneal
cavity of endometriotic patients as compared to control women.
It has been demonstrated that the concentration of VEGF in the peritoneal fluid of
women with endometriosis, was significantly higher in the proliferative phase than in
the secretory phase. At this phase of the cycle the increased angiogenic activity may
help the implant to become revascularized and to subsequently proliferate (McLaren
et al., 1996a). Furthermore, McLaren and coworkers (1996b) demonstrated that acti-
vated macrophages are a major source of VEGF in endometriosis patients. They
found a limited expression of VEGF in ectopic tissue and suggested that VEGF in the

22 peritoneal cavity of women with endometriosis, is not derived from ectopic endome-
trium but rather from activated peritoneal fluid macrophages. In contrast, Shifren
and colleagues (1996) showed that, similar to its localization in eutopic endometri-
um, VEGF was expressed in glandular epithelium of endometriotic lesions. They con-
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eluded that both endometriosis implants and peritoneal macrophages are likely
sources of VEGF found in peritoneal fluid.
Retrogradely shed endometrial cells may also be a source of angiogenic factors.
Menstruation is characterized by constriction of the spiral arterioles, which results in
distal ischemia in those parts that are shed at menstruation (Smith, 1997). Indeed,
VEGF mRNA expression was seen in greatest intensity of hybridization in menstrual
glandular epithelium (Charnock-Jones et al., 1993; Torry et al., 1996). When this
menstrual tissue reaches the peritoneal cavity, it may be an additional source of the
increased peritoneal fluid concentration of VEGF in the proliferative phase of the
menstrual cycle. Furthermore, when this retrogradely shed menstrual tissue adheres
to the peritoneal lining it may also be able, because of its increased content of angio-
genic factors, to induce its own blood supply for further outgrowth, independent of
the peritoneal environment.

Angiogenesis assays
Many disciplines of medicine and biology are concerned with angiogenesis and a
vast variety of procedures have been used to study angiogenesis. To investigate fac-
tors that influence angiogenesis and to gain a more fundamental understanding of
the cellular processes involved in the generation of capillaries, a number of in vivo
and in vitro assays of angiogenesis have been developed (Table 4) (Auerbach et al.,
1991; Knighton et al., 1991; Cockerill et al., 1995; Jain et al., 1997). A few models will
only be briefly discussed. The chick embryo CAM angiogenesis assay, which was used
in the studies described in this thesis, will be discussed in detail in the following sec-
tion.

Table 4 Examples of angiogenesis assays

In vivo models In vitro models

corneal assay endothelial migration j
chorioallantoic membrane (CAM) assay endothelial proliferation j
hamster cheek pouch enzyme production j
subcutaneous disc/sponge rube formation <
dorsal skin chamber i
dorsal air sac |
yolk sac

Bbnentum and other mesenteries

In vivo assays of angiogenesis
— Rabbit corneal assay
The induction of an angiogenic reaction in the cornea has to be considered as the
most convincing demonstration of true neovascularization, since the cornea is nor-
mally completely avascular. After 7 days, the angiogenic response is quantified on a 0
to 4 scale. Advances in image analysis have improved the capacity to quantitate this



corneal model. This model is expensive and only a small number of samples can be
tested at the same time.
— Disc angiogenesis assay
Polyvinyl alcohol sponges impregnated with angiogenic factors are introduced sub-
cutaneously in the experimental animals and evaluated for penetration by host-deri-
ved blood vessels.
— Hamster cheek pouch
Xenogeneic grafts can grow in this pouch without eliciting an immune response. The
blood vessel growth is observed through a transparent chamber.
— Dorsal skin chamber
A transparent window is inserted in the skin, through which angiogenesis resulting
from an implant can be monitored. Using an in vivo assay, one must be aware that
any procedure, tissue or substance, which invokes an inflammatory response in the
assay system could cause angiogenesis. To control for this, careful daily inspection of
the assay site with histological examination is mandatory to detect inflammation.

In vitro assays of angiogenesis
The cellular activities of angiogenesis include migration, proliferation and tube for-
mation, which can be assayed in vitro. The ideal cell type to be used for in vitro assays
is the venular capillary endothelium or the small venular endothelium. Usually,
human umbilical vein endothelial cells (HUVECs) are seeded onto collagen or
Matrigel. Counting the cells that migrate preferentially toward a stimulus may well be
the most reliable measure of a direct response of endothelial cells to angiogenic fac-
tors. Proliferation of endothelial cells, after culture in the presence of test factors, can
be determined by cell counts, DNA incorporation, or staining techniques. Tube for-
mation can be affected by adding a variety of substrates after confluence of endothe-
lial cells is established.
The advantages of in vitro models include the ability to control the experimental
variables, the easy monitoring of events and the relatively low costs. However, any
molecule promoting or inhibiting endothelial cell movement, proliferation or diffe-
rentiation in vitro may not necessarily evoke angiogenesis in vivo.

• The chick embryo chorioallantoic membrane (CAM)
In birds, the development of the embryo cannot occur without the mediation of tem-
porary appendages that persist until the transition to independent existence occurs.
These appendages are the extraembryonic membranes. They consist of the yolk sac,
the amnion, the chorion, and the allantois. The functions of the membranes are the
vital ones of nourishment, protection, respiration, and the segregation of waste pro-
ducts. The chorion and the allantois form the chorioallantois, an extension that

24 encloses the albumen, known as the albumen sac. It is formed on day 4 of incubation,
when the outer mesodermal layer of the allantois fuses with the mesodermal lining
of the chorion. The chorionic ectoderm (CE) and the allantoic endoderm (AE) are also
incorporated into the new membrane, which is thus composed of three germ layers.
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By day 12 or 13 the chorioallantois lines the entire shell membrane and its expansion
is complete. The chorioallantois exerts the function of a lung during embryonic life.
The capillary network is situated directly beneath the shell membranes, as close as
possible to the source of oxygen. This proximity to the external atmosphere, together
with its large surface area and its rich capillary network makes the chorioallantois
extremely well adapted to its respiratory function (Romanoff, 1960).

Transplantation
The first record of tumor implantation in the fertile egg was by Rous and Murphy
(1911), who tried to implant chicken sarcoma in the developing chick embryo. They
injected a minute portion of tumor into the chick embryo. However, at the end of the
experiment they observed that the tumor was growing into the CAM with dilated
blood vessels converging to and coursing over the tumor mass. Apparently, during
the injection part of the tissue had fastened onto the membranes and started to grow.
In subsequent studies Murphy (1912; 1914) inoculated tumors of foreign species on
purpose into the CAM and observed that these tumor tissues grew actively in the
chick embryo CAM until the onset of a refractory period, which started after day 18 of
incubation, as the time of hatching approached. Later it became clear that the alloim-
mune responsiveness exists as late as day 17-18 of chick embryo development. After
18 days of incubation the antibody output improves considerably and grafted cells
will be rejected from then onwards (Seto, 1971). Thus, the developing chick embryo
has no defense against the growth of heterologous tissue, and it will supply blood ves-
sels and connective tissue for the growth of these tumors. Also human cells, malig-
nant as well as normal, were frequently able to survive and even to multiply on the
CAM (Hurst et al., 1939). Karnofsky and coworkers (1952) explanted 71 human
tumors, freshly obtained by biopsy to the CAM. In general, these tumors grew very
poorly, and only in a few cases evidence for cell survival and mitotic activity was
obtained. It was observed that small fragments of tissue, 1 -2 mm, in diameter, placed
on the CAM of the eight-day embryo, caused the maximum effect on the embryo
about three days later.
Since Rous and Murphy (1911) introduced chorioallantoic grafting it has been wide-
ly applied. Their method for exposing the CAM is called the classical artificial air sac
technique. They made a window in the shell at day 8 or later and by applying suction
to the air space, the CAM dropped away from the shell membrane, resulting in trau-
ma in the part of the membrane under the shell. Zwilling (1959) modified their graf-
ting technique to make it more effective and to eliminate some uncertainties, inclu-
ding non-specific membrane reactions. Instead of making a window at day 8 or later,
a window was made at day 3, before the CAM is formed. Now a clean untraumatized
membrane is available for use. With this technique, however, the membrane is too
intact for consistent incorporation of tissue and deliberate superficial laceration, for
example with a sharp steel needle, to assure a good take is required (Zwilling, 1959). 25
The techniques of heterologous transplantation of tumor tissue onto the CAM are
simple and mortality due to the inoculation procedure itself is small. However, results
vary depending upon the tumor used. Even in the same experiment, divergent results



are sometimes observed. When the tumor has been accepted, the fragment is found
in the mesenchyme of the CAM after a few days and its vascular bed contains nucle-
ated red blood cells of the chick embryo. The architecture of the inoculated tissue is
usually maintained. The CAM has mainly been used for cancer research and the
search for therapeutic possibilities. For example, a decrease in expected weight of
tumor nodules on the CAM after application of a drug in the yolk sac, can be used as
a measure of therapeutic response. With the appearance of many continuous lines of
human cells, of normal as well as cancerous origin, the work with cell suspensions
has been introduced in the cancer research laboratory to study their biological diffe-
rences (Leighton, 1964).
Decennia later the CAM became a subject of renewed interest as an inexpensive and
readily available substrate for assaying the invasive, metastatic and angiogenic
potential of neoplastic cells (Scher et al., 1976; Armstrong et al., 1982). At this time,
with the use of electron microscopy, it was possible to obtain more detailed informa-
tion about the anatomy of the CAM, particularly the chorionic surface and chorionic
blood sinuses. Furthermore, one could compare the two different methods for expo-
sing the CAM: the classical air sac technique (Rous and Murphy, 1911) or the Zwilling
technique (Zwilling, 1959), which does not involve dropping of the membrane and
would eliminate the possibility of traumatic damage of the chorion. Electron micro-
scopic examination showed that at day 10 of incubation the chorionic epithelium of
the Zwilling CAM is a continuous double layer of cells with a superficial sheet of flat
peridermal cells and a basal cell layer. The epithelial layer rests on a thin basement
membrane directly above the underlying blood sinus, which is lined by endothelial
cells. Dropped CAMs show severely damaged chorionic epithelial cells, but the base-
ment membrane is complete and resistant to mechanical disruption. If the CAM ser-
ves as a substrate for assaying invasive potential of cells then it is reasonable to expo-
se every inoculum to the same barrier. The dropped CAM presents a far too hete-
rogeneous surface (Armstrong et al., 1982; McCormick et al., 1984).

Invasion
The CAM is a readily accessible tissue, which allows analysis of invasiveness prior to
tumor formation. The cells inoculated onto the CAM can be directly observed, unlike
studies with animal models (Scher et al., 1976). Advantages of the CAM as a model
system for the study of invasion include: (a) embryos can be obtained that are patho-
gen free; (b) until day 18 of incubation, the embryo is immunological incompetent;
and (c) the ability of tumor cells to traverse the CE and establish contact with the
mesenchymal layer can be used as a convenient and easily scored end point for inva-
sion.
A modified Zwilling technique was introduced by Armstrong and coworkers (1982).
They gently traumatized the CAM by laying a 1-cm-wide strip of sterile ether-extrac-

26 ted lens tissue onto the surface of the CE and then removing it immediately. With this
technique the periderm was disrupted, but the basal cell layer was left intact. They
showed that the untraumatized CE is a impenetrable barrier to cells of invasive tumor
lines and that tumor cells but also some normal cells are able to gain access to the
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mesoderm when placed on the traumatized CAM (Armstrong et al., 1982). Schroyens
and coworkers (1989) used two cell lines, of which the invasive and non-invasive
character was documented in another system, in the CAM model to test for similar
behaviour. Their results suggested that the traumatized CAM is a good model to dif-
ferentiate between invasive and non-invasive epithelial cells.

Angiogenesls
Although the reactions of the CAM to tissue grafts had been described, the events lead-
ing to revascularization of such implants and the role played by the host and/or graft
blood vessels in the reestablishment of a blood supply were less well understood.
Therefore, Ausprunk and coworkers (1975) studied the neovascularization of hetero-
logous tumor implants by in vivo stereomicroscopy and in histologic sections. The
tissues underwent necrosis of central parenchymal cells during the first 2 days and
the original graft blood vessels slowly degenerated. The regions of the grafts closest to
the CAM mesoderm and its blood vessels remained viable even though most grafts
were never revascularized. The small CAM blood vessels, which were increased in
number near the graft margin, occasionally penetrated a short distance into the graft.
Further experiments showed that tumor growth could be divided into an initial avas-
cular phase, followed by a vascular phase. Tumor implants, although surrounded by
vessels, only grew until they were penetrated by newly formed vessels. The onset of
this required angiogenesis occurred after 72 hours. The vascular response was graded
as 0 (no difference in vessel pattern), 1+ (convergence of a few vessels toward the
tumour implant) or 2+ (an increased density and length of vessels converging toward
the implant). Changes in the vasculature of the CAM in response to tumors were not
grossly observable until after the 10th day of incubation. The CAM endothelium has
a high mitotic rate until day 10 of incubation (Ausprunk et al., 1974), thus the angio-
genic reaction might be masked by the normally high activity of growing vessels.
Therefore, to detect the altered pattern of the CAM vessels in response to a graft, the
experiment should be started at day 10 or 11 of incubation (Knighton et al., 1977).
In addition to studying tumor grafts, Folkman and coworkers (1985) also examined
the effect of isolated angiogenic factors by placing them on coverslips, permitting the
test substances to dry and then laying the coverslips onto the CAM. The test substan-
ces can also be dissolved in methyl cellulose, which is then dried to make disks and
placed onto the CAM. This method has been applied to study angiogenesis inducers
as well as inhibitors (Folkman, 1985). Subsequently, different carrier materials have
been introduced, including Millipore filter discs, Elvax polymer pellets, Thermanox
tissue culture coverslips, glass fiber prefilters and collagen gel (Barnhill and Ryan,
1983; Dusseau et al., 1986; Wilting et al., 1991; Oosterlynck et al., 1993, Ngyuen et al.,
1994). With all these application materials, it is difficult to apply a standard amount
of a certain factor onto the CAM. Dissolved substances can be applied in standard
amounts within a silicon ring, which was placed onto the CAM (Le Noble et al., 1993). 27
When angiogenic substances are tested, a vasoproliferative response will be recogni-
zable 72-96 hours after implantation: the response takes the form of increased vessel
density around the implant, with the vessels radially converging towards the centre,
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like spokes in a wheel. When anti-angiogenic substances are tested, then vessels
become less dense around the implant after about 72-96 hours, and eventually dis-
appear (Ribatti et al., 1996).
Quantitation of this assay was initially done by scoring the extent of vascularization
on a graded scale of 0-4 (Vu et al., 1985). However, this method makes it very difficult
to compare results with the aid of statistical analysis. Several investigators have tried
to develop a more objective method of quantitation. Jacob and coworkers (Jakob and
Voss, 1984; Voss et al., 1984) quantitated the vascular response by using automatic
image analysis. The application of stereological principles to the analysis of microcir-
culation, on the other hand, represents a useful tool for obtaining quantitative infor-
mation (Schmid-Schoenbein et al., 1977). Therefore, several stereological techniques
have been described to quantitate the angiogenic response in the CAM (Barnhill and
Ryan 1983; Harris-Hooker et al., 1983; Dusseau et al., 1986). A Vascular Density Index
(VDI) was calculated by counting the number of intercepts of vessels with concentric
circles of a grid, which was placed over the formalin fixed CAM, or over a photograph
of the excised membranes. The VDI obtained in this way is an estimate of arteriolar
and venular number and length (Dusseau et al., 1988). However, Strick and coworkers
(1991), comparing different morphometric measurements of vascularity, concluded
that VDI is a function of vessel length rather than number of vessels. Splawinski and
coworkers (1988) attempted to quantitate angiogenesis by measuring total incorpo-
ration of tritiated thymidine to cells in the CAM. Angiogenesis is the formation of new
vessels, but sometimes it is difficult to distinguish the new from the existing vessels.
Nguyen and coworkers (1994) dealt with that problem by counting only the vessels,
that grew vertically from the surface of the CAM into a collagen gel. None of all these
methods has yet been fully validated.
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The implantation theory on the pathogenesis of endometriosis includes retrograde
transportation of viable endometrial cells during menstruation, adhesion of these
cells onto the peritoneum, with subsequent implantation and proliferation. Research
has been focussed so far on identifying viable endometrial cells in peritoneal fluid
and adhesive potential of endometrial cells to the peritoneal lining. It is still not clear
which events occur between adhesion and clinical recognition of endometriotic
lesions. We hypothesize that, following adhesion, endometrial cells invade and from
that stage onwards induce angiogenesis for further outgrowth and development into
an endometriotic lesion.
From cancer research we have learned that the chick embryo chorioallantoic mem-
brane (CAM) model can be used to study the invasive and angiogenic potential of
neoplastic cells. Besides, the CAM supplies blood vessels and connective tissue for
the establishment and further outgrowth of tumor nodules. In the present study the
chick embryo CAM model will be used to address several aims concerning the early
events in the pathogenesis of endometriosis.

The first aim of the present study is to investigate the invasive potential of endome-
trial cells. The invasiveness of endometrial cells from different origins, e.g. an endo-
metrial carcinoma cell line, antegradely shed menstrual effluent and cyclic endome-
trium (glands and stroma) is studied and described in chapter 3.
The second aim is to investigate whether, in analogy to tumor formation, endome-
triosis-like lesions can be formed in the CAM model after grafting of fresh human
endometrial fragments. If such is the case, these lesions have to be characterized and
the steps prior to lesion development studied. The experiments regarding this aim
are presented in chapter 4.
The third aim is to determine the angiogenic potential of endometrium tissue. First,
an accurate, objective method of quantitating the angiogenic response had to be
developed, which is described in chapter 5, before the angiogenic activity of endo-
metrium in different stages of the menstrual cycle can be compared. This is discuss-
ed in chapter 6.
The fourth aim is to assess the angiogenic activity of peritoneal fluid from women
with minimal to mild endometriosis. In an attempt to identify angiogenic factors in
the peritoneal fluid, that might contribute to the development or maintenance of
endometriosis, the relationship between the angiogenic activity and the concentra-
tion of some macrophage- derived angiogenic factors is investigated and dealt with in
chapter 7.
Finally, the results of the studies described in this thesis are discussed in chapter 8.
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Abstract
Although the pathogenesis of endometriosis is still largely unknown, we hypothesi-
zed that after attachment to the peritoneal lining endometrial cells invade to develop
into an endometriotic lesion. Suspensions were explanted onto the chick embryo
chorioallantoic membrane (CAM) to study the invasive potential of endometrial cells.
Suspensions of ECC-1 endometrium carcinoma cells were used to validate the model.
Furthermore, suspensions containing menstrual effluent cells, or glandular structu-
res and/or stromal cells obtained from endometrial biopsies were used. The explants
including the surrounding CAM were excised at daily intervals up to 7 days after
explantation and analyzed using immunohistochemistry.
ECC-1 cells were invasive and could be found in the mesenchymal layer at 5 days
after explantation. This observation validated the CAM model to study invasion.
Menstrual effluent cells were seen on top of the epithelial lining, but not in the
mesenchymal layer of the CAM. Endometrial stromal cells were seen invading the
epithelial lining within 1 day and were later consistently found in the mesenchymal
layer of the CAM at a distance and separated from the explant. Only occasionally epi-
thelial glandular structures, and never single epithelial cells, were seen within the
epithelial layer or in contact with the mesenchymal layer.
In conclusion, both endometrial epithelial glandular structures and stromal cells, but
not single epithelial or shed menstrual cells, are invasive in the CAM model. We sug-
gest that the presence of a sufficiently large number of viable intact glandular struc-
tures surrounded by stromal cells in the peritoneal cavity is required for the develop-
ment of endometriosis.

Invasive potential of human endometrial cells



• Introduction
Endometriosis is the presence of functional endometrial tissue in ectopic locations
outside the uterine cavity. The transplantation or implantation theory on the patho-
genesis of endometriosis as firstly described by Sampson (1927) presumes retrograde
shedding of viable endometrial cells during menstruation and their subsequent
implantation and proliferation. Implantation requires attachment and invasion of
cells. In a collagen gel invasion assay to assess invasive potential of endometrial cells,
only endometrial stromal cells or fibroblasts were shown to be invasive (Gaetje et al.,
1997). In contrast, endometrial epithelial cells were not invasive in this in vitro assay.
However, endometriotic lesions consist of both stromal cells and epithelial glands.
Therefore, we hypothesize that the invasive potential of stromal as well as epithelial
cells is a prerequisite for the development of peritoneal endometriosis.
The chick embryo chorioallantoic membrane (CAM) invasion model has been used
for studying the ability of different, mostly neoplastic, types of cells to cross the CAM
epithelial lining and invade the mesenchymal layer (Sher et al., 1976). In a related
study (Maas et al., 2001), we have grafted endometrial fragments of 1.5 x 2 mm, obtai-
ned from endometrium at different phases of the menstrual cycle onto the CAM.
Three days after grafting, we observed endometriosis-like lesions, containing human
endometrial glands and stromal cells, in the mesenchymal layer of the CAM. From
observations at regular time intervals, it appeared that these lesions resulted from the
invasion of endometrial epithelial structures and stromal cells. In the present study
we used suspensions of ECC-1 cells, an established epithelial cell line derived from an
adenocarcinoma of human endometrial origin, to investigate the feasibility of the
CAM model and the methods, which were applied to study invasion of endometrial
cells. Ideally, retrogradely shed menstrual endometrial tissue should be used to learn
more about the invasive step in the early pathogenesis of endometriosis. However, for
practical reasons this tissue is hard to obtain in sufficient amounts. Therefore, we
investigated the invasiveness of antegradely shed menstrual effluent cells and of
endometrial glandular structures and stromal cells isolated from proliferative and
secretory endometrial biopsies in the in vivo CAM invasion assay.

• Material and methods

Tissue
ECC-1 cells were cultured in phenol red-free Dulbecco's modified Eagle's medium
(DMEM)/Ham's F12 (Life Technologies BV, Breda, The Netherlands) supplemented
with 5% dextran-coated charcoal stripped fetal calf serum, L-glutamine, 100 U/ml
penicillin and 100 g/mL streptomycin and Gibco Media Supplement A (Life
Technologies). After reaching confluency, the ECC-1 cells were scraped off mechani-
cally with a rubber policeman, centrifuged and the pellet was resuspended in medi- 43
urn. Cell suspensions from three different ECC-1 cell cultures were used for the expe-
riments.
Female volunteers (n=6) collected menstrual fluid with the use of a menstrual cup



(Koks et al., 1997) for 2 to 3 hours during the first, second or third day of their men-
strual period. After collection, the menstrual effluent was transferred immediately to
the laboratory in a sterile plastic tube. The effluent (5-10 ml) was diluted with com-
plete medium consisting of DMEM/Ham's F12 supplemented with 10% fetal calf
serum, L-glutamine, penicillin, and streptomycin and mixed with a pasteur pipet
until a homogeneous suspension was achieved. This suspension was layered on a
Ficoll-Paque gradient (Sigma-Aidrich Chemie BV, Zwijndrecht, the Netherlands) and
centrifuged at 2500 rpm for 5 minutes, to remove red blood cells. The interphase con-
taining endometrial and inflammatory cells was collected and passed through a 30-
ul polyamide filter (Stokvis & Smits, IJmuiden, the Netherlands). The endometrial
fragments resting on this filter were washed into complete medium, centrifuged and
the pellet was resuspended.
Samples of endometrial tissue were collected on different days of the menstrual cycle
using a Probet endometrial sampling device (Gynetics, Oisterwijk, Netherlands) from
7 patients with regular menstrual cycles undergoing laparoscopic surgery during fer-
tility investigations. The endometrium was rinsed once in complete medium and
subsequently minced into small pieces. The suspension was centrifuged, and the
medium was replaced with medium containing 0.25% collagenase I (ICN
Biomedicals BV, Zoetermeer, the Netherlands). The tissue was digested for 30-45
minutes at 37°C and subsequently filtered through a 400-um stainless-steel sieve
(Sigma-Aldrich Chemie BV), a 100-um nylon filter (Micronic, Lelystad, the
Netherlands), and a 30-um polyamide filter (Stokvis & Smits). The endometrial frag-
ments, consisting of epithelial glandular structures and associated stromal cells were
retained from the 100- and 30-um filters. The cells in the filtrate were pelleted and the
red blood cells were removed using a Ficoll-Paque gradient (Sigma-Aldrich Chemie
BV), in order to obtain a stromal cell fraction. The endometrial fragments were sub-
jected to an additional digestion with 0.25% collagenase for 1.5 hours and filtered
again through a 30-um filter to remove the dissociated stromal cells. Both this frac-
tion of purified glandular structures and the stromal cell fraction were centrifuged
and the pellet was resuspended in complete medium. Due to these manipulations,
the glandular fraction has become a mixture of both epithelial glandular structures
and single epithelial cells. In the experiments these stromal cell and glandular frac-
tions were used combined as well as separately.
The use of human tissue for this study was approved by the institutional review board
of the Maastricht university hospital and all women participating in this study signed
a written informed consent.

Chick embryo chorioallantoic membrane (CAM) model
Fertile eggs of Lohman-selected White Leghorns were incubated for 3 days at 37°C,
55% relative air humidity, while being rotated hourly. At day 3 of incubation, a rec-

44 tangular window (1 cm x 1.5 cm) was made in the eggshell. Two milliliters of albumen
were withdrawn, using a 21 G needle, through the large blunt edge of the egg. The
window was covered with Scotch tape to prevent dehydration. The eggs were placed
back in the incubator without rotation until day 10 of incubation.

Invasive potential of human endometrial cells



The CAM is an impenetrable barrier to invasive cells unless it has first been trauma-
tized by removing the upper peridermal part of the double epithelial layer, leaving the
basal cell layer intact. Therefore, just before explantation a small portion of the CAM
was gently traumatized by laying a 1-cm-wide strip of sterile ether-extracted lens tis-
sue onto the surface of the epithelium and then removing it immediately (Armstrong
et al., 1982; Maas et al., 2001). Subsequently, 25 - 40 pi of the cell suspensions was
explanted onto the CAM. Following the explantation, the window was covered again
and the egg placed back in the incubator. At the end of the experiment the explant
including the surrounding CAM was excised, fixed in 3.7% buffered formaldehyde
and embedded in paraffin. If sufficient tissue was available, experiments were ended
at 24 hour intervals up to 7 days, otherwise at 4 days after explantation. Parallel series
of paraffin sections (4 um) were cut throughout the site of explantation and either
stained with hematoxylin and eosin (HE) for histological evaluation or stored for
immunohistochemical analysis.

Immunohistochemistry
Paraffin-embedded sections were deparaffinized and rehydrated. Endogenous
peroxidase activity was blocked by incubation with 0.3% hydrogen peroxide in
methanol for 20 min. The sections were rinsed in PBS and subsequently digested in
0.1% pepsin in 0.1N HC1 for 30 min. After rinsing again in PBS, sections were incuba-
ted overnight at 4°C with a 1:100 dilution of the primary mouse monoclonal antibo-
dy against vimentin (Organon Teknika, Boxtel, Netherlands) or pan-cytokeratin
(Clone MNF 116, DAKO, Glostrup, Denmark). After a PBS rinse, sections were expo-
sed to biotinylated rabbit anti-mouse secondary antibody for one hour, rinsed and
further exposed to avidin-biotinylated peroxidase complex for 30 min. Antibody bind-
ing was visualized using 3'-3-diaminobenzidine yielding a brown reaction. Sections
were washed and counterstained with diluted hematoxylin, washed, dehydrated and
mounted for light microscopy.

• Results
ECC-1 cell suspensions from three different cell cultures were explanted on 18 CAMs.
As from day 3 direct contact of the ECC-1 cells with the mesenchymal layer of the
CAM was visible. These areas of direct contact alternated with islands of chorionic
epithelium (Figure LA). At day 5 and day 6 clusters of ECC-1 cells were found in the
mesenchymal layer of the CAM. These invading cells were cytokeratin-positive
(Figure IB).
Suspensions of menstrual effluent cells, collected from 6 women, were explanted
onto 65 CAMs. In spite of extensive observations both at regular time intervals up to
7 days and in series of parallel sections throughout the site of explantation, in none
of these CAMs invasion was seen. The menstrual cells were invariably seen on top of 45
the epithelial lining. The thickened chorionic epithelium remained intact and menst-
rual effluent cells could not be found within this epithelial lining or in the mesen-
chymal layer (Figure 2).
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Figure 1 (A) Three days after grafting: areas of direct contact of the ECC-1 cells (E) with the mesenchymal
layer (M) alternate with islands of chorionic epithelium (CE) of the CAM (hematoxylin and eosin; Bar =115
urn). (B) Five days after grafting: clusters of cytokeratin- positive ECC-1 cells (E) were found in the mesen-
chymal layer (M) of the CAM (cytokeratin; Bar = 40 urn).

Figure 2 Four days after grafting, menstrual effluent cells (ME) are found on top of the intact thickened
chorionic epithelial lining (CE) of the CAM. M, mesenchymal layer (hematoxylin and eosin; Bar = 80 urn).
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From five women endometrial tissue was biopsied during the proliferative phase,
from two women during the secretory phase. Suspensions containing stromal cells
and/or glandular structures were explanted on 39 CAMs. Staining showed cytokera-
tin-positive as well as vimentin-positive cells in the fraction of purified glandular
structures, whereas cytokeratin-positive cells were not found in the stromal cell frac-
tion. Endometrial cells from 5 out of 7 women invaded the epithelial lining and endo-
metrial stromal cells were found in the mesenchymal layer of the CAM at a distance
and separated from the explant. After 24 hours, cytokeratin-positive epithelial glan-
dular structures as well as clusters of vimentin-positive stromal cells were seen in the
thickened chorionic epithelium. They were sometimes found in direct contact with
the mesenchymal layer of the CAM (Figure 3A, 3B). After four days, vimentin-positi-
ve cells invaded the mesenchymal layer through an opening in the epithelial lining
(Figure 3C). In addition, clusters of vimentin-positive cells could be found in the
mesenchymal layer. These clusters were vascularized by CAM vessels, which contain-
ed nucleated chick erythrocytes (Figure 3D).

i Invasive potential of human endometrial cells



Figure 3 Twenty-four hours after grafting: (A) endometrial glandular structure invades the epithelial lining
and is in contact with the mesenchymal layer (hematoxylin and eosin (HE); Bar = 40 um), (B) clusters of
stromal cells and glandular structures are found within the epithelial lining and in direct contact with the
mesenchymal layer (vimentin: Bar = 83 urn). Four days after grafting: (C) invasion of endometrial stromal
cells through an opening in the epithelial lining into the mesenchymal layer (HE; Bar = 55 um). (D) vas-
cularization of cluster of endometrial stromal cells in the mesenchymal layer of CAM; CAM vessels con-
lain nucleated chick erythrocytes (HE; Bar = 40 um). CE, chorionic epithelium; G, endometrial glandular
structure; M, mesenchymal layer; S, stromal cells; V, CAM vessel.

• Discussion
To test the validity of the CAM model and the methods which were applied, we
explanted cell suspensions of ECC-1, an established epithelial cell line derived from
an adenocarcinoma of human endometrial origin, onto the CAM. After 5 days, clus-
ters of cytokeratin-positive ECC-1 cells could be found inside the mesenchymal layer
of the CAM. Obviously, when endometrial cells do have invasive potential, invasion
into the CAM can be observed after explantation of cell suspensions. This supports
the validity of this model in our hands to study the invasion of endometrial cells.
Ideally, retrogradely shed menstrual endometrium should be used to study the role of
invasion in the early pathogenesis of endometriosis. The presence of viable endome-
trial tissue in peritoneal fluid in the early follicular phase of the cycle of women with
patent tubes has been demonstrated (Kruitwagen et al., 1991). This endometrial tis-
sue is occasionally recognized as glandular structures, but in most cases as single
cells (Van der Linden et al., 1995). However, this material is difficult to obtain in suf-
ficiently large amounts for the use as in our experiments. Therefore, in the present
study, we used endometrial tissue isolated from antegradely shed menstrual effluent.
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This tissue also contains single cells, clusters of cells and glandular structures with
attached stromal cells (Koks et al., 1997). It has been demonstrated that these endo-
metrial cells adhere easily to the basement membrane and extracellular matrix of
amnion and peritoneum (Koks et al., 1999). Furthermore, these cells express several
matrix metalloproteinases, enzymes that degrade matrix components and therefore
are potentially involved in invasion (Koks et al., 2000). In the present study, invasion
was not observed when we explanted cell suspensions of antegradely shed menstru-
al effluent onto the CAM. An explanation for the inability of these cells to invade the
CAM might be that the cells are not viable enough as compared to the retrogradely
shed menstrual cells that are exposed to peritoneal environmental factors, such as
hormones and growth factors. Alternatively, the structural architecture of the ante-
gradely shed menstrual tissue may differ from the endometrial tissue in the perito-
neal fluid. In an earlier study we could demonstrate that after 5 days of culture of cells
obtained from antegradely shed menstrual effluent, vimentin- and cytokeratin-posi-
tive cells were identified in 10 out of 17 cases. This proved the viability of menstrual
effluent cells (Koks et al. 1997). However, a substantial part of the antegradely shed
menstrual effluent was apparently necrotic, which might be an explanation for the
inability of the menstrual cells in our study to invade the CAM. Therefore, we prepa-
red suspensions of stromal and epithelial fractions from more viable cyclic endome-
trial tissue, which was obtained with the use of a Probet sampling device. The stromal
cells were invasive and were able to survive by induction of angiogenesis. This was
demonstrated by the finding of clusters of human endometrial stromal cells within
»K«. ™.~>«..j.j»..>j J.»JV. ^/-.iiv. cj\xvi, wiin.li weie vascuianzea Dy chick embryo CAM

vessels. We reported previously that human endometrium contained factors, which
induced angiogenesis in this model (Maas et al., 1999). Furthermore, we did not
observe invasion of single cytokeratin-positive epithelial cells, only invasion of intact
epithelial glandular structures surrounded by stromal cells was sporadically obser-
ved. It was not possible to obtain suspensions of glandular structures, containing
only epithelial cells. Apparently, stromal cells are always associated with intact epi-
thelial structures.
Earlier, an in vitro collagen invasion assay was used to assess the invasive potential of
endometrial cells (Gaetje et al., 1997). In this in vitro assay only vimentin-positive
cells were invasive and not epithelial cells, which is in agreement with the present
findings using an in vivo assay. In contrast to our study, only single cells were used
and therefore information on the invasive potential of intact epithelial glandular
structures in vitro was not obtained. We observed that exactly these epithelial cells, as
part of an intact glandular structure surrounded by stromal cells, were invasive in the
in vivo CAM model. Therefore, the structural organization of the tissue is apparently
an important factor in facilitating invasive behaviour.
In this study we have demonstrated that both endometrial stromal cells and epithe-

48 lial glandular structures, but not single epithelial or menstrual effluent cells, are inva-
sive in the in vivo CAM invasion model. Normally, the endometrial tissue, which
reaches the abdominal cavity, is modulated by factors in the peritoneal fluid, result-
ing in single cells rather than glandular structures (Van der Linden et al., 1995).

Invasive potential of human endometrial cells



Therefore, under these conditions the chance that invasion of epithelial glandular
structures and stromal cells into the peritoneal lining occurs and peritoneal endo-
metriotic lesions develop is small. We suggest that number, viability and structural
integrity of endometrial glandular structures surrounded by stromal cells in the peri-
toneal cavity are important factors in the development of endometriosis.
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tangular window (1 cm x 1.5 cm) was made in the eggshell. Two milliliters of albumen
were withdrawn, using a 21 G needle, through the large blunt edge of the egg. The
window was covered with Scotch tape to prevent dehydration. The eggs were
replaced in the incubator without rotation until day 10 of incubation. The CAM is an
impenetrable barrier to invasive cells unless it has first been traumatized by removing
the upper peridermal part of the double epithelial layer, leaving the basal cell layer
intact. Therefore, just before explantation a small portion of the CAM was gently trau-
matized by laying a 1 -cm-wide strip of sterile ether-extracted lens tissue onto the sur-
face of the epithelium and then removing it immediately (Armstrong et al., 1982).
Subsequently, the dissected fragments were explanted onto the CAM within 2 h after
obtaining the tissue. On each CAM only one fragment was layered. Following the
explantation the window was covered again and the egg was placed back in the incu-
bator. At 24, 48 or 72 hours after explantation the graft including the surrounding
CAM was excised, fixed in 3.7% buffered formalin and embedded in paraffin. Paraffin
sections (4 urn) were cut and either stained with hematoxylin and eosin (HE) for his-
tological evaluation or stored for later immunohistochemical and in situ hybridiza-
tion analysis.

Immunohistochemistry
Paraffin sections were deparaffinized by incubation with xylene for 2x5 min and rehy-
drated in a graded alcohol series. Endogenous peroxidase activity was blocked by
incubation with 0.3% hydrogen peroxide in methanol for 20 min. The sections were
rinsed in phosphate-buffered saline (PBS) and subsequently digested in 0.1% pepsin
in 0.1 N HC1 for 30 min. After rinsing again in PBS, sections were incubated overnight
at 4°C with a 1:100 dilution of the primary antibody to vimentin (Organon Teknika,
Boxtel, Netherlands) or to pan-cytokeratin (Clone MNF 116, DAKO, Glostrup,
Denmark). After a PBS rinse, sections were exposed to biotinylated rabbit anti-mouse
secondary antibody for one hour, rinsed and further exposed to avidin-biotinylated
peroxidase complex for 30 min. Antibody binding was visualized using 3'- 3-diami-
nobenzidine. Sections were washed and counterstained with hematoxylin, washed,
dehydrated and mounted for light microscopy.

In situ hybridization
The in situ hybridization procedure was performed as described in detail by Jansen
and coworkers (1998). In short, sections were pretreated with IM sodium thiocyana-
te at 80°C for 10 min and digested with 4mg/ml pepsin in 0.2N HC1 at 37°C. The dig-
oxygenin-labeled DNA probe, used for the in situ hybridization analysis, hybridizes
to the (peri)centromeric regions of human chromosome 1 (pUC1.77,1.77kb), but not
to chicken chromosome 1. The probe was dissolved in hybridization buffer, contain-
ing 60% formamide, 2xSSC pH 7.0, 10% dextran sulphate, 0.2 mg/ml herring sperm

54 DNA and yeast tRNA as carrier DNA and RNA, respectively. The final probe concen-
tration was 0.4 ng/ml. Ten microliters of hybridization mixture were added to the
slides under a coverslip. Samples were then denaturated in a moist chamber at 75°C
for 3 min. Hybridization was allowed overnight at 37°C. Samples were washed twice
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for 5 min in 2xSSC/0.05% Ttoeen20 buffer pH 7.0, at 42°C, twice for 5 min in
0.01xSSC/0.05% Tween20 buffer pH 7.0, at 60°C, and once in 4xSSC/0.05% Tween20
buffer for 5 min at room temperature. The digoxygenin-labeled probe was detected
in subsequent incubations with mouse anti-digoxine IgG (1:2000; Sigma, St Louis,
MO, USA), horse radish peroxidase conjugated rabbit anti-mouse IgG (1:80; DAKO),
and finally with TRITC-labeled tyramide, diluted 1:100 in PBS/imidazol containing
0.001% hydrogen peroxide. Nuclei were counterstained with 4-,6-diaminodino-2-
phenylindole (DAPI; Sigma; 1.25 ng/ml), diluted in glycerol containing 2.3% 1,4-dia-
zobicyclo-(2.2.2)-octane (DABCO; Sigma). Nuclei were examined with a Leica micro-
scope (Leica, Cambridge, UK) equipped for fluorescence with DAPI and rhodamine
filter sets.

Scanning Electron Microscopy
Membranes were processed for electron microscopic analysis to check if the basal
epithelial cell layer was still intact after removing the peridermal layer. Membranes
were fixed in 2.5% glutaraldehyde in phosphate buffer (pH 7.4). The membranes were
dehydrated in alcohol. The samples were critical-point-dried, sputtered with gold,
and studied under a Philips 505 scanning electron microscope (Philips, Eindhoven,
The Netherlands).

> Results
The CAM consists of an outer chorionic epithelium (CE) of ectodermal cells, a meso-
dermal layer consisting of loose connective tissue and blood vessels and an inner
allantoic epithelium (AE) of endodermal cells. The CE is a continuous double layer of
cells with a superficial sheet of flat peridermal cells and a basal cell layer, which is an
impenetrable barrier to invasive cells. We, therefore, removed the upper peridermal
part, leaving the basal epithelial cell layer intact (Figure 1). Endometrial fragments,
consisting of glands and stroma, were grafted onto the CAM (Figure 2). Already after
24 hours, endometrial stroma and occasionally intact glands were found in direct
contact with the mesenchymal layer of the CAM (Figure 3A, 3B). After 48 hours both
stromal cells and intact epithelial glands surrounded by stromal cells invaded across
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Figure 1 Scanning electron micrograph of the partly traumatized chorionic epithelium of the CAM: the
superficial sheet of flat periderma] cells (PD) has been removed exposing the basal epithelial cell layer (BL)
(Bar= 11 urn).



Figure 2 I.iglu micrograph of a cross section of the CAM containing an endometrial fragment (E) of cycle
day 7, that consists of glands (G) and stromal cells (S). CE, chorionic epithelium; M, mesenchymal layer;
AE, allantoic epithelium (cytokeratin; Bar = 160 |jm).

the epithelial layer into the mesenchymal layer (Figure 3C, 3D). Invasion of single
cytokeratin positive cells was not observed. We observed after three days of incuba-
tion, endometriosis-like lesions, which consisted of dilated glands and stromal cells
in the mesenchymal layer at a distance from the original graft (Figure 3E). In each dis-
tant lesion we observed at least one dilated gland. The vital lesions appeared to recei-
ve their blood supply from CAM vessels, which contain nucleated chick erythrocytes.
This is illustrated in figure 3F, which shows a branch from a CAM vessel penetrating
the endometriosis-like lesion. Furthermore, cross-sections of CAM vessels can be
seen inside the lesion.
Figure 4 presents the (immuno)histochemical and in situ hybridization analysis of
the endometriosis-like lesions observed 72 hours after grafting. The centre of the
lesions consists of vimentin positive cells (Figure 4B). Furthermore, intense staining
of the gland-like structures with human pan-cytokeratin antibody was observed
(Figure 4C). In both vimentin positive and cytokeratin positive cells ISH-signals were
found for human chromosome 1 (Figure 4D); no signals were observed in the rest of
the CAM.
Endometrial fragments were explanted onto 59 CAMs. By means of extensive obser-
vations both at regular time intervals and in series of parallel sections throughout the
site of explantation, endometriosis-like lesions could be found after grafting of endo-
metrium obtained from 9 out of 15 women. Although lesions could not be found after
grafting of endometrial fragments at several CAMs from 6 women, we observed inva-
sion of endometrial cells obtained from 2 of these women into the mesenchymal
layer. Therefore, endometrial fragments from only 4 (cycle day 5,10,12 and 22) out of
15 women showed neither invasion nor formation of a distant lesion after grafting
onto the CAM. During laparoscopy, some endometriotic lesions were observed in 3
patients. The endometrial cells obtained from these three patients were invasive in

56 this CAM model, and endometriosis-like lesions were found after grafting of endo-
metrium of two of these women.
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Figure 3 Development of endometriosis-like lesion after grafting of an endometriai fragment onto the
CAM. (A) 24 hours after grafting: direct contact endometriai glands and stromal cells with mesenchymal
layer (hematoxylin and eosin (HE); Bar = 55 um). (B) Staining of endometriai gland, which is in direct con-
tact with mesenchymal layer, with pan-cytokeratin antibody (Bar = 40 um). (C) 48 hours after grafting:
invasion of endometriai glands and stromal cells across the epithelial layer into the mesenchymal layer
(HE: Bar = 80 (im). (D) Invasion of vimentin positive stromal cells (vimentin; Bar = 80 um). (E) 72 hours
after grafting: lesion in mesenchymal layer of CAM. containing glands and stromal cells (HE; Bar = 80 urn).
(F) Branch of CAM vessel, containing nucleated chick erythrocytes. penetrates the lesion and in the lesion
CAM vessels can be observed (HE; Bar = 80 urn). CE, chorionic epithelium; E, endometriai fragment; G,
endometriai gland; M, mesenchymal layer; S, stromal cells; V, CAM vessel.
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Figure 4 (A) Endometriosis-like lesion in mesenchymal layer (M) of the CAM at a distance from the ori-
ginal endometrial graft (E), containing dilated glands (G) and stromal cells (S). CE, chorionic epithelium;
V. CAM vessel (hematoxylin and eosin; Bar = 275 um). (B) Staining of stromal cells with vimentin antibo-
dy (Bar = 80 urn). (C) Staining of glandular epithelial cells with pan-cytokeratin antibody (Bar = 80 urn).
(D) Fluorescence in situ hybridization using probe for human chromosome 1 (red); signal is visible in
nuclei of both stromal and epithelial cells (Bar = 80 urn).
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• Discussion
The chick umbryo CAM has been used to study tumor transplantation and invasion
since the first description of successful transplantation of heterologous tumors to the
CAM was published (Murphy, 1912). With the aid of scanning electron microscopy it
became clear that the CAM is an impenetrable barrier to neoplastic cells unless it has
first been traumatized by removing the upper peridermal part of the double layer of
chorionic epithelium (McCormick et al., 1984). The basal cell layer of this epithelium
is resistant to mechanical damage and can be used to distinguish invasive from non-
invasive cells (Schroyens et al., 1989). Using this CAM model, we demonstrated in the
present study that both endometrial stromal and epithelial cells are invasive.
Invasion of single cytokeratin positive epithelial cells could not be observed, only
invasion of intact endometrial glands has been seen. These invading glands were sur-
rounded by vimentin positive cells, indicating that these cells were either endome-
trial stromal cells or fibroblasts. Using a collagen gel invasion assay to assess the inva-
sive potential of endometrial cells, Gaetje and coworkers (1997) concluded that only
vimentin positive cells were invasive in vitro and not epithelial cells. An explanation
for the discrepancy between their findings and ours may be that in their study endo-
metrial biopsies were digested and the cells were cultured. They plated single cells
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onto the collagen gels, excluding the possibility to study the invasive potential of
intact fragments consisting of stroma and glands. It appears that for epithelial cells
the mutual contact, leaving the glandular structure intact, as well as contact with sur-
rounding stromal cells is a prerequisite for invasive potential.
Endometriosis-like lesions could be found in the mesenchymal layer already 72
hours after grafting of endometrial fragments onto the CAM. These lesions in the
chick embryo CAM consist of both endometrial stromal and epithelial cells, as was
demonstrated by the positive staining for vimentin and cytokeratin, respectively. In
addition, some staining of CAM epithelium as well as some mesenchymal cells was
seen occasionally. Therefore, we applied FISH-analysis using a probe specific for
human chromosome 1 to make a positive distinction between chick embryo and
human cells. We demonstrated clearly that the lesions in the chick embryo CAM are
of human origin. Occasionally vessels, containing nucleated chick erythrocytes,
could be observed in the lesions. Apparently, the CAM blood vessels branch and
penetrate the endometriosis-like lesions.
Recently, Ohtake and coworkers (1999) concluded that endometriotic lesions arise
through a process of metaplasia from ovarian surface epithelial cells. Their study was
based on the induction theory, which has been introduced by Levander and
Normann (1955) and further developed by Merrill (1966). According to this theory,
the endometrial fragments should produce or release factors, which activate the
chick embryo chorionic epithelium to form glandular structures in the mesenchymal
layer. We demonstrated that the epithelial lining of the glands in the endometriosis-
like lesions is of human origin, which is not consistent with the induction theory.
We experienced that lesions and site of invasion could not always be found. This ei-
ther means that we failed to obtain an appropriate section of the very small lesion or
that die endometrial cells were not invasive. Also Leighton (1964) already described
that his results varied depending on the tumor used and even in the same experi-
ment, divergent results were sometimes observed.
Fragments used in this study may not be truly representative of the in vivo situation.
Therefore, it may also be relevant to use endometrial tissue isolated from menstrual
effluent or cell suspensions. Based on the findings of the present study, we hypothe-
size that presence of intact glandular structures with stromal components is required
for the invasive potential of endometrial cells and the formation of endometriosis-
like lesions.
In conclusion, three days after grafting of endometrial fragments, endometriosis-like
lesions, consisting of human endometrial glands and stromal cells, are detected in
the mesenchymal layer of the CAM. These lesions result from the invasion of intact
human epithelial structures surrounded by human endometrial stromal cells.
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Abstract
The chick embryo chorioallantoic membrane (CAM) is an established in vivo angio-
genesis assay. The aim of our study was to assess the angiogenic properties of endo-
metrium and to quantitate the vascular response in an accurate way. Samples of pro-
liferative endometrium (n=17) and control mouse skin tissue (n=8) were explanted
onto the CAM at day 10 of incubation. Additional controls consisted of normal unma-
nipulated CAM (n=12). Four days after grafting, photographs of the explant and the
surrounding area were taken /n oi>o to measure the vascular density index (VDI). The
VDI is a stereological estimate of vessel number and length, which was obtained by
counting the intersections of vessels with a circular grid superimposed on a compu-
terized image. Endometrium caused a significant increase in VDI as compared to
both unmanipulated CAM (p<0.001) and skin tissue as a control (p<0.007). The intra-
observer variability was 5.2%. This study demonstrates that the CAM assay is a suita-
ble model to assess the angiogenic properties of endometrium. Furthermore, it
allows detailed quantitation of the vascular response in an objective and reproduci-
ble way. Our findings suggest the CAM to be a promising model to study the role of
angiogenesis in both normal human endometrium and diseases involving the endo-
metrium.
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• introduction
Angiogenesis is the process of generating new capillary blood vessels (Folkman,
1985). In the adult, under physiological conditions, angiogenesis is rare, apart from
the female reproductive system where angiogenesis occurs in the ripening follicle,
the corpus luteum and the endometrium. Under these normal circumstances angio-
genesis is self-limiting, in contrast to pathological angiogenesis, e.g. in cancer, proli-
ferative diabetic retinopathy and peripheral vascular disease (Findlay, 1986; Klags-
brun and D'Amore, 1991; Gordon et al., 1995). In the female reproductive tract, de-
fects in angiogenesis may contribute to a variety of disorders such as luteal phase de-
fects, endometriosis, pregnancy loss, preeclampsia, and cancer (Gordon et al., 1995).
Klauber and co-workers (1997) hypothesized that inhibitors of angiogenesis may be
effective in treating pathologic reproductive disorders such as endometriosis.
Angiogenesis has been studied predominantly using two in-vivo assays: the rabbit
corneal assay and the chick embryo chorioallantoic membrane (CAM) assay. At the
cellular level different steps of angiogenesis, including migration and proliferation of
endothelial cells, enzyme production and tube formation, can be assayed in vitro
(Auerbach et al., 1991; Cockerill et al., 1995; Knighton et al., 1991). An in-vitro assay
has been used to investigate the production of endothelial cell migratory factors by
cultured endometrial explants obtained at different stages of the menstrual cycle
(Rogers et al., 1992). A subsequent study used immunohistochemical techniques to
evaluate endothelial cell proliferation in a similar set of endometrial biopsies
(Goodger and Rogers, 1994). Reynolds and co-workers (1992) reported on the induc-
tion of a neovascular response in the CAM assay by uterus tissue. However, only two
studies has been published with respect to normal human endometrium and the
CAM assay (Splawinsky et al., 1988; Peek et al., 1995). In the study of Splawinsky
(1988), 9 endometrial samples - cycle day not mentioned - were placed on the CAM
as a negative control; five gave a response of 0 and four gave a response of 0.1-1.0
(arbitrary units from 0 to 4). Peek and co-workers (1995) aliquoted suspensions of
endometrium into the eggs. The reactions on the CAM were assessed as having either
a positive or a negative angiogenic response. Significantly more positive responses
were seen with endometrial suspensions compared to medium only, no comparisons
were made to other tissues. The purpose of the present study was to determine
whether the CAM assay is a suitable model to assess the angiogenic properties of
human endometrial fragments and to develop an accurate and reproducible means
of quantitating the angiogenic response.

• Material and methods

Tissue
Endometrium obtained at cycle day 10 and 12 was collected from volunteers with an 65
ovulatory cycle using a Probet endometrial sampling device (Gynetics, Oisterwijk,
Netherlands). The study was approved by the institutional review board of the acade-
misch ziekenhuis Maastricht and all women included in this study signed a written



informed consent. Endometrium was placed in sterile saline and stripped of blood
with a fine forceps. Endometrium was cut into portions of 1.5 x 2 mm and explanted
onto the CAM within 2 h after removal of the tissue (n=17). Control skin tissue was
harvested from a mouse and processed similarly prior to explantation (n=8).

Chick embryo chorioallantoic membrane (CAM) model
Fertile eggs of Lohman-selected White Leghorns were incubated for 3 days at 37° C,
55% relative air humidity, while being rotated hourly. At day 3 of incubation, a rec-
tangular window (1 cm x 1.5 cm) was made in the eggshell. Two milliliters of albumen
were withdrawn, using a 21 G needle, through the large blunt edge of the egg. The
window was covered with Scotch tape to prevent dehydration (Le Noble et al., 1993).
The eggs were replaced in the incubator without rotation until day 10 when test
materials, either proliferative endometrium or mouse skin, were placed on the CAM.
Additional controls consisted of normal unmanipulated CAM (n=12). During further
incubation for 4 days, the developing vasculature of the CAM was observed once
daily under a stereomicroscope. At the same time the CAM was checked for signs of
inflammation, such as opacification. To prevent infection, instruments were sterili-
zed and all manipulations were performed within a sterile laminar flow hood. At day
14, color photographs of the area involved were taken through a microscope.
Subsequently the CAM was excised and fixed with 3.7% buffered formaldehyde.
Paraffin sections were cut and stained with hematoxylin and eosin for histological
evaluation.

Analysis of angiogenesis
The CAM was photographed /n ewo using a Wild M8 stereomicroscope equipped with
a Nikon F301 camera, on Kodak 64 ASA color-slide film. A Quantimet 570 image pro-
cessing and analysis system (Leica, Cambridge) displayed the slide on a color image
monitor using a COHU, high performance color CCD camera. The green channel was
selected to obtain the best image. After checking for correct set-up (position, magni-
fication, focus), four images per slide were displayed and stored on disc. In a compu-
terized image analysis system, a collage of the four images was made to obtain one
representative image of each slide with an optimal resolution.
The vascular density index (VDI) was calculated as an estimate of the overall vascu-
lar response to the various explants. A grid containing concentric circles was super-
imposed on the image. The first circle was 2 mm in diameter and the subsequent cir-
cles were 0.25 mm apart. The number of vessels, arterioles and venules, which inter-
sected the first five circles were counted (47.124 mm total circumference). The vessels
were counted at a x 42 final magnification. This technique allows quantitation of ves-
sels as small as 10-15 urn in diameter. Only vessels with a clearly defined vascular wall
were counted. Using a computerized image analysis system it was possible to count

66 each image of the in-vivo situation twice under identical circumstances. The average
of the counts was taken as the vascular density index for that particular CAM. The dif-
ference between the two counts was used to assess the intra-observer variability.
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Statistics
Descriptive statistics (mean ± 95% confidence interval, median and percentiles) were
calculated for each experimental group and then compared using the non-parame-
tric Mann-Whitney U-test. Data are presented as box plots showing 10th and 90th
percentiles, 25th and 75th percentiles, medians and outliers.
To assess the intra-observer variability we calculated variability by dividing the SD of
the paired differences by the overall mean VDI. A visual representation of the level of
variability was obtained by plotting the difference between the two counts against the
corresponding mean, according to Bland and Altman (1986) and Brennan and Silman
(1992).

i Results
An Z/i ofo photograph of the 14-day unmanipulated CAM is presented in Figure 1.

Figure 1 Normal unmanipulated CAM at day 14 of incubation

The angiogenic response of the CAM was characterized by numerous vessels conver-
ging on the endometrium explant, as can be seen in Figure 2. This figure shows the
computerized image with the superimposed circular grid for determining the VDI.
Angiogenesis was less pronounced when mouse skin was placed on the CAM.
The median, the 10th, 25th, 75th and 90th percentiles and the p-values are shown in
Figure 3. The VDI of the CAM with proliferative endometrium (256.9 ± 25.1) was sig-
nificantly greater than the VDI of mouse skin (201.4 ± 12.9, P<0.007) which in turn
was significantly greater than the VDI of the normal, unmanipulated CAM (153.0 ±
10.5, P< 0.001).
In the intra-observer variability study we calculated a mean difference of the two
counts of -3.7 with a standard deviation of 11.0, resulting in limits of agreement
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Figure 2 Computerized image of the vascular pattern of the CAM at day 14; endometrium explant with the
superimposed circular grid.
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Figure 3 Effects of proliferative endometrium and mouse skin control explants on vascular density in the
CAM angiogenesis assay as compared to unmanipulated CAM.

(mean ± 2SD) of -25.8 and 18.4 (Figure 4). As shown in Figure 4 the level of precision
is not related to the mean VDI, since higher average counts do not result in larger dif-
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ferences. The intra- observer variability, calculated by dividing the SO of the paired
differences (11.0) by the overall mean VDI (211.2), was 5.2%.
Histoksgkaiiy. the directional pattern of the newly formed vessels surrounding the
endometriuni explains was obvious. 1 lowever, neither penetration of the ĈAM vessels
into the endometrtum nor invasion of the endornetrium into the CAM was observed,
the epithelial lining remained intact. Evidence for an inflammatory response in any
of the cultures was lacking.
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Figure 4 Intra-observer variability. Difference in VDI plotted against the mean VDI of two counts by one
observer (according to Bland and Altman, 1986).

> Discussion
In the present study we have assessed the suitability of the chick embryo chorioal-
lantoic membrane assay to quantitate the angiogenic properties of human endome-
trium. Grafting of tissue onto the CAM is a procedure that has been used by embryo-
logists for more than 50 years. Since the early chick embryo lacks a mature immune
system xenografts from mammalian species are able to become established and
grow. The model has been used widely to study tumor angiogenesis (Folkman et al.,
1979), but the CAM assay has some limitations and problems. An explant may cause
a mechanical effect, inflammation may occur, and quantitating the response is very
difficult (Auerbach et al., 1991; Knighton et al., 1991). In the present study we have
tried to minimize these problems. To estimate the effect of physical forces we have
used portions of skin tissue similar in size and weight as negative controls. Skin
samples have been applied previously as control tissue in a study on cancer-induced 69
angiogenesis, and these explants appeared not to stimulate the directional pattern of
neovascularization in the CAM (Petruzelli et al., 1993). We have demonstrated that
skin tissue has some influence on the CAM as compared to unmanipulated CAM, but



this effect is significantly less than that of endometrium. The angiogenic properties of
proliferative endometrium therefore are not due to a mechanical effect alone.
Angiogenesis is associated with inflammation. Any tissue which invokes an inflam-
matory response in the CAM assay may cause angiogenesis indirectly (Knighton et
al., 1991). In these experiments signs of inflammation were not observed.
Quantitation of angiogenesis using the CAM assay has been attempted by scoring the
extent of vascularization on a graded scale of 0-4 (Vu et al., 1985). Jacob and Voss
(1984; Voss et al., 1984) quantitated the vascular response in the CAM by using auto-
matic image analysis. The reproducibility of their measurements was about 12%. The
application of stereological principles to the analysis of microcirculation represents a
useful tool for obtaining quantitative information (Schmid-Schoenbein et al., 1977).
Several stereological techniques have been described to quantitate an angiogenic
response in the CAM (Harris-Hooker et al., 1983; Dusseau et al., 1986; Dusseau and
Hutchins 1988; 1993). A vascular density index was calculated by counting the num-
ber of intercepts of vessels with concentric circles of a grid, which was placed over the
formalin-fixed CAM, or over a photograph of the excised membranes. The VDI obtai-
ned in this way is an estimate of arteriolar and venular number and length (Dusseau
and Hutchins, 1988). In the present study we have improved on this method of quan-
titation. The circular grid was placed over a photograph, which was made /« ow>. So,
we were able to obtain the VDI in an in vivo situation, thus preventing blood draining
out of the vessels after excision, and artifacts of formalin fixation, such as shrinkage
and tissue distortion. Using a computerized image analysis system to count the ves-
sels, our intra-observer variability of 5.2% compared favorably to those obtained by
previous investigators.

When proliferative endometrium is explanted onto the CAM, there is a significant
increase in the VDI compared to skin tissue. Although it has been postulated earlier
in the literature that uterus tissue may induce a neovascular response in the chick
embryo CAM assay, the present study provides direct evidence that endometrial frag-
ments, obtained in the proliferative phase, do induce angiogenesis in this model. We
decided to standardize tissue collection to be performed on day 10-12 of the proli-
ferative phase of the cycle, in order to prevent cyclic endometrial effects to affect the
results. The morphology of the epithelial lining of the CAM remained intact. The ves-
sels surrounding the endometrium explant, though increased in number, did not
penetrate into the endometrium. Neither were endometrial cells found to invade the
CAM. We hypothesize endometrial fragments to release soluble angiogenic factors
that induce local formation of new vessels in the surroundings of the fragment.
In conclusion, the CAM assay is a suitable model for investigating angiogenic pro-
perties of human endometrium. Our method allows for reliable and reproducible
quantitation of the angiogenic response. It offers possibilities for studying menstrual
cycle dependent changes in angiogenic properties of endometrium and it allows for

70 investigating peritoneal changes in response to endometrial seeding in a model
mimicking the early phases of the development of endometriosis.
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Abstract
The timing and mechanisms of new blood vessel formation in the endometrium
during the menstrual cycle are still largely unknown. In the present study we used the
chick embryo chorioallantoic membrane (CAM) as an in vivo assay for angiogenesis
to assess the angiogenic potential of endometrium obtained at different stages of the
menstrual cycle. Endometrial fragments were explanted onto the CAM and after 4
days of incubation colour slides of the treated area were taken in ovo through a
microscope for computerized image analysis. The vascular density index (VDI), a ste-
reological estimate of vessel number and length, was obtained by counting the inter-
sections of vessels with five concentric circles of a circular grid superimposed on the
computerized image. Endometrial tissue, independent of the stage of the menstrual
cycle, caused a significant increase in VDI as compared to the negative controls.
There was a significant difference in angiogenic response between the stages of the
menstrual cycle (P=0.01). The VDIs of the early proliferative, early secretory and late
secretory stage were significantly higher than the VDI of the late proliferative phase.
Using the CAM in vivo angiogenesis assay we demonstrated that human endometri-
um has angiogenic potential throughout the menstrual cycle. Besides, this increased
angiogenic activity showed a cyclic variation. Elongation of existing vessels during
the early proliferative phase as well as growth and coiling of the spiral vessels during
the secretory phase may demand for higher angiogenic activity than outgrowth and
maintenance of vessels during the late proliferative phase.
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i introduction
Angiogenesis is a fundamental process of generating new capillary blood vessels
(Folkman, 1985). In the healthy human adult angiogenesis is rare, apart from the
female reproductive system where angiogenesis occurs in the ovarian follicle, corpus
luteum and uterine endometrium (Findlay, 1986; Gordon et al., 1995). Under these
physiological circumstances angiogenesis is highly regulated, which means being
turned on for brief periods and then completely inhibited (Folkman and Shing, 1992).
Some diseases, e.g. cancer, proliferative diabetic retinopathy and peripheral vascular
disease, are driven by persistent unregulated angiogenesis (FGagsbrun and D'Amore,
1991; Folkman and Shing, 1992). In the female reproductive tract, defects in angioge-
nesis have been suggested to be involved in such disorders as luteal phase defects,
endometriosis, pregnancy loss, preeclampsia and cancer (Gordon et al., 1995). Before
investigating these pathological conditions, we first have to obtain a better under-
standing of normal endometrial angiogenesis. Angiogenesis in the human uterus is
required to support the reconstruction of endometrium after the menstrual period
and to provide a vascularized, receptive endometrium for implantation and placen-
tation three weeks later (Torry et al., 1996). It is not clear, however, which mecha-
nisms control vascular growth in the endometrium and at which stage of the men-
strual cycle new blood vessel formation occurs (Rogers, 1996). There are two different
types of angiogenesis: sprouting of capillaries from pre-existing vessels, and non-
sprouting angiogenesis or intussusception (Folkman, 1985; Risau, 1997; Jain et al.,
1997). Sprouting angiogenesis is a multistep process involving degradation of the
basement membrane, invasion in stroma, endothelial cell proliferation and migra-
tion, and tube formation. Non-sprouting angiogenesis, or intussusceptive capillary
growth, can occur by proliferation of endothelial cells inside a vessel, producing a
wide lumen that can be split by transcapillary pillars, or fusion and splitting of capil-
laries (Risau, 1997; Jain et al., 1997). These processes are controlled by an angiogenic
switch mechanism, which is triggered by a change in the balance of inducers and
inhibitors of angiogenesis (Hanahan and Folkman, 1996). Thus, either an increase in
activator concentration, or a reduction in inhibitor levels may lead to new vessel
growth.

The purpose of this study is to determine whether human endometrial fragments
obtained at different stages of the menstrual cycle are able to induce angiogenesis.
The chick embryo chorioallantoic membrane (CAM), which is an established model
for studying angiogenesis (Auerbach et al., 1991; Knighton et al., 1991; Cockerill et al.,
1995), was used to assess the angiogenic potential of endometrium. This in vivo
angiogenesis model permits detailed quantitation of the vascular response in an
objective and reproducible way (Maas et al., 1999), allowing comparison of the angio-
genic activity in different stages of the menstrual cycle.
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* Material and methods

Tissue
Endometrium was collected using a Probet endometrial sampling device (Gynetics,
Oisterwijk, Netherlands) from 22 volunteers with a regular ovulatory cycle. The study
was approved by the institutional review board of the university hospital Maastricht
and all women included in this study have signed a written informed consent.
Endometrium was placed in sterile saline and stripped of blood clots with a fine for-
ceps. Subsequently the endometrial tissue was carefully sectioned into uniform frag-
ments of 1.5 x 2 mm with the aid of a dissecting microscope and explanted at random
onto the CAM, within 2 h after obtaining the tissue. Each CAM contained only one
fragment. Endometrial fragments were explanted on 3 to 11 CAMs, depending on the
amount of available tissue, which ultimately resulted in a total of 158 CAMs.
Mouse skin tissue was used as a negative tissue control (Petruzelli et al., 1993; Maas
et al.,1999) and processed similarly prior to explantation (8 CAMs). In addition, frag-
ments of 1.5% agarose gel (12 CAMs) similar in size to the endometrial explants were
used as negative controls. Similar fragments of low melting point agarose gel contai-
ning 10 ng TGF-ßl (3 CAMs), a well known angiogenic factor, were used as positive
controls (Yang and Moses, 1990). Additional controls consisted of normal unmani-
pulated CAM (12 CAMs).

Chick embryo chorioallantoic membrane (CAM) model
The assay and method of quantitation used have been described previously (Maas et
al., 1999). In short, fertilized eggs were incubated for 3 days at 37°C, 55% relative air
humidity. At day 3 of incubation a rectangular window was made in the eggshell. The
window was covered with Scotch tape to prevent dehydration. The eggs were retur-
ned to the incubator until day 10 when test materials were placed on the CAM.
During further incubation for 4 days the developing vasculature of the CAM was
observed each day under a stereomicroscope. At day 14 colour slides of the treated
area were taken through a microscope. Subsequently the CAM was excised and fixed
with 3.7% buffered formalin. Paraffin sections were cut and stained with hematoxylin
and eosin for histological evaluation.

Analysis
Each of 193 CAMs was photographed in ovo. The Quantimet 570 image processing
and analysis system (Leica, Cambridge, UK) displayed the slide on a monitor. The
vascular density index (VDI) was calculated as an estimate of the overall vascular
response to the various explants. A grid containing concentric circles was superim-
posed on the computerized image. The innermost circle was 2 mm in diameter and
the others were 0.25 mm apart. The number of intersections between the vessels and

76 the first five circles was determined (47.124 mm total circumference). Quantitation
was done at a standardized 42x final magnification. Using a computerized image ana-
lysis system it was possible to count each image of the in vivo situation twice under
identical circumstances. The average of the two counts was taken as the VDI for that
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particular CAM. The difference between the two counts was used to assess the intra-
observer variability. We calculated a mean difference of the two counts of 0.07 with a
standard deviation of 13.6. The mean VDI of all observations (n=386) was 266.2. The
intra-observer variation was 13.6/266.2 x 100 = 5.1%.

Statistics
The median VDI was determined for each of the 22 endometrial samples. These
median VDIs were divided into 4 menstrual cycle stages, based on the number of days
since the onset of the last menstrual period: early proliferative, containing endome-
trium of cycle day 2, 4, 5, 6 and 7 (6 patients); late proliferative, containing cycle day
8, 9, 10, 11,12 and 14 endometrium (7 patients); early secretory, containing endome-
trium of cycle day 15, 16, 18 and 21 (4 patients) and late secretory, containing cycle
day 22, 23, 26 and 27 (5 patients). Data are presented as box plots showing 10th and
90th percentiles, the 25th and 75th percentiles, medians and outliers. The Kruskal-
Wallis analysis of variance was used to compare the different stages of the menstrual
cycle. The non-parametric Mann-Whitney U-test was used to compare the late pro-
liferative stage with each of the other stages and to compare the controls with each
other and with each of the menstrual stages. P < 0.05 was considered to reflect statis-
tical significance.

• Results
An in ovo photograph of the 14-day unmanipulated CAM is presented in figure 1A.
The orderly arrangement of the vessels with the ladder-like interdigitation is charac-
teristic. Figure IB shows the angiogenic response of the CAM to an endometrium
explant: increased density and length of vessels radially converging toward the
explant. Figure 1C shows the computerized image with the superimposed circular
grid for determining the VDI.
Figure 2 shows the median VDI with its 10th, 25th, 75th and 90th percentiles of each
endometrial sample (n=22). The medians were used to determine the angiogenic
properties of endometrium in four different stages of the menstrual cycle. These data
are presented together with the controls in figure 3. The VDIs of the CAMs containing
the negative controls were comparable (P=0.78), the VDI increased significantly when
TGF-ß, an angiogenic factor, was added to the agarose gel (P=0.004). The VDI of the
CAM containing endometrium, independent of the stage of the menstrual cycle, was
significantly greater than the VDI of the normal unmanipulated CAM (P<0.001), the
CAM containing explants of agarose gel (P<0.0008) and the CAM containing mouse
skin (P<0.004).
There was a significant difference in angiogenic response between the stages of the
menstrual cycle (P=0.01). The VDIs of the early proliferative, early secretory and late
secretory stage did not differ significantly and were similar to the response induced 77
by TGF-ß. The VDIs of these three stages were significantly higher than the VDI of the
late proliferative stage (as compared to early proliferative, P=0.046; early secretory,
P=0.02; and late secretory, P=0.005).



Figure 1 (A) Normal unmanipulated CAM at day 14 of incubation, (B) Vascular pattern of the CAM at day
14 containing endometrium explanl of cycle day 7, (C) Computerized image of the vascular pattern of the
CAM at day 14; endometrium explant of cycle day 6 with the superimposed circular grid, (D) Light micro-
graph of a longitudinal section of the CAM at day 14 containing endometrium explant (e) of cycle day 12.
The epithelial lining of the CAM (ep) is uninterrupted and there is a clear directional pattern of the blood
vessels (v) in the mesenchymal layer (m) of the CAM towards the endometrium explant (hematoxyiin and
eosin; Bar = 375 urn).
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Figure 2 Data of each of the 22 endometrial samples presented as box plots showing medians, 10th, 25th,
75th and 90th percentiles. The number of CAMs (n) is shown above each box plot.
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Figure 3 Effects of endometrium from different phases of the menstrual cycle and control explants on vas-
cular density in the CAM angiogenesis assay. Data are presented as box plots showing medians, 10th, 25th,
75th and 90th percentiles and outliers. There is a significant difference in VDI between the stages of the
menstrual cycle (P=0.01).

Morphologically, we observed a clear directional growth pattern of the newly formed
vessels towards the endometrium explants. Neither penetration of the vessels into
the endometrium nor invasion of the endometrium into the CAM was observed. The
explants consisted of viable endometrial stromal as well as glandular cells. Most of
the viable stromal cells could be found at the periphery of the explant tissue, along
the epithelial lining of the CAM (Figure ID). These observations were similar in all
experimental groups.

• Discussion
In a previous study (Maas et al., 1999) we demonstrated the CAM assay to be a suit-
able model for investigating angiogenic properties of endometrium and the vascular
response has been shown to be quantifiable in an objective and reproducible way.
The results of the present study, using the same in vivo CAM angiogenesis assay and
method of quantitation, provide direct evidence that endometrial fragments, obtain-
ed at different phases of the menstrual cycle, have angiogenic potential. The VDI is
significantly increased in the early proliferative, early secretory and late secretory
phase as compared to the late proliferative phase. Using fragments of mouse skin and
agarose gel as controls we rule out the possibility that the increase in VDI is due to a
mechanical effect alone. Moreover, the significant increase in VDI when TGF-ß is
added to the agarose gel, supports the validity of this method. 79
Given the physiological and pathological importance of angiogenesis, much effort
has been devoted to the isolation, characterization, and purification of factors that
can either stimulate or inhibit angiogenesis (Klagsbrun and D'Amore, 1991). As for



endometrium, most attention has been paid to vascular endothelial growth factor
(VEGF) (Charnock-Jones et al., 1993; Li et al., 1994; Torry et al., 1996; Shifren et al.,
1996; Donnez et al., 1998; Gargett et al., 1999). Since endometrial growth and function
is controlled by sex steroids, the influence of these steroids on VEGF expression has
been studied (Charnock-Jones et al., 1993; Shifren et al., 1996; Greb et al., 1997;
Huang et al., 1998). From these studies, it has not become clear whether VEGF regu-
lates endometrial angiogenesis throughout the menstrual cycle, nor how steroids
affect this process.
According to the hypothesis that changes in the balance of inducers and inhibitors of
angiogenesis may activate the angiogenic switch (Hanahan and Folkman, 1996). It is
highly unlikely that only one factor is responsible for the angiogenic potential of a
specific tissue. Therefore, we reasoned that, in addition to studying individual angio-
genic factors, the overall angiogenic activity of endometrium should be studied in a
bioassay. Rogers and coworkers (1992) used an in vitro angiogenesis bioassay to
demonstrate production of an endothelial migratory signal by cultured human endo-
metrial explants. The authors showed that two significant peaks of migratory signal
occur, one during early proliferative phase and one during mid-late proliferative
phase. There was a significant drop in early-mid proliferative phase. However, no
increase of endometrial endothelial cell proliferation across the menstrual cycle
could be identified in a subsequent immunohistochemical study (Goodger and
Rogers, 1994). Therefore, Rogers and coworkers (1998) suggested that endometrial
angiogenesis occurs by elongation and intussusception rather than sprout formation.
In the present study we quantitated the angiogenic response by using a standardized
stereological technique to obtain the VDI (Harris-Hooker et al., 1983; Dusseau et al.,
1988; Maas et al., 1999). The VDI obtained in this way has been considered a function
of both vessel number and length (Dusseau et al., 1988). However, Strick and cowor-
kers (1991), comparing different morphometric measurements of vascularity, con-
cluded that VDI is a function of vessel length rather than number of vessels. By assess-
ing the VDI in an in vivo bioassay as a measure of endometrial angiogenesis we took
into account the possibility that elongation of existing vessels, which is the non-
sprouting type of angiogenesis (Risau 1997), may be of importance in this process. We
found a cyclic variation in angiogenic potential of human endometrium, with a nadir
in the late proliferative phase and significantly higher levels in the other phases.
These findings correspond with other reports in which increased expression of VEGF
mRNA was found in the secretory endometrium as compared to proliferative endo-
metrium. Maximum levels of VEGF mRNA expression in the glands and VEGF immu-
nostaining in the stroma were found in the menstrual phase (Charnock-Jones et al.,
1993; Shifren et al., 1996; Torry et al., 1996; Gargett et al., 1999). During the (pre)men-
strual phase of the cycle both production and release of endothelins by endometrial
cells are increased (Ohbuchi et al., 1995). These potent vasoconstrictors act on the

8o spiral arterioles in the endometrium, resulting in reduction of oxygen tension in this
tissue (Smith, 1998). The endometrial stromal cells respond to this hypoxic state by
producing increasing levels of VEGF (Popovici et al., 1999). The increase in VEGF le-
vels in the early proliferative endometrium may be responsible for elongation of the
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existing vessels, essential for tissue reconstruction in this phase of the cycle. In the
secretory phase, the high angiogenic potential of endometrium may be necessary for
both elongation and coiling of the spiral arterioles. The role of VEGF in these proces-
ses is still not clear. During the late proliferative phase angiogenesis is mainly requi-
red for further outgrowth and maintenance of the vasculature. Evidently, for this
event the angiogenic potential does not need to be as high as for elongation and coi-
ling of the vessels in the other phases of the menstrual cycle.
In the present study we have focussed on normal endometrial angiogenesis.
Moreover, this model offers possibilities for studying angiogenesis dependent disor-
ders, such as endometriosis. The appearance of the blood vessels radiating towards
the endometrial fragment on the CAM, as demonstrated in this study, resembles the
typical endometriotic lesions surrounded by an hypervascularized area seen at lapa-
roscopy. It has to be elucidated if endometrial fragments, that reach the peritoneal
cavity during menstruation, are angiogenic and able to induce their own blood sup-
ply for further development into an endometriotic lesion.
In conclusion, human endometrium is angiogenic throughout the menstrual cycle.
This increased angiogenic potential shows a cyclic variation, which is in accordance
with the physiological changes of endometrium as well as endometrial vasculature
during the cycle.
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Abstract
The objective of this study was to assess the angiogenic activity of peritoneal fluid
from women with minimal to mild endometriosis and to investigate the relationship
between this angiogenic activity and the concentration of some macrophage-derived
angiogenic factors or clinical variables, such as phase of menstrual cycle, type of
lesion and revised American Society for Reproductive Medicine classification.
Peritoneal fluid from 52 female volunteers with laparoscopic findings of minimal to
mild endometriosis was collected at the start of laparoscopy. A standard amount of
peritoneal fluid was applied to the chick embryo chorioallantoic membrane assay.
The angiogenic response was assessed by determining the vascular density index.
Eighty-five percent of the peritoneal fluid samples induced angiogenesis in the chick
embryo chorioallantoic membrane bioassay. Tumor necrosis factor-a and total pro-
tein were significantly related to the vascular density index, whereas interleukin-lß,
interleukin-8 and the clinical variables appeared to not affect the angiogenic respon-
se. The results confirm previous findings of peritoneal fluid angiogenic activity in
women with minimal to mild endometriosis and indicate involvement of tumor
necrosis factor-a.

Angiogenic activity of PF in endometriosis



i introduction
Endometriosis is the presence of endometrial tissue in ectopic locations outside the
uterine cavity. Various theories on the pathogenesis of endometriosis have been
advanced. The transplantation or implantation theory described by Sampson (1940)
remains the most widely accepted. It presumes retrograde transportation of viable
endometrial cells during menstruation, adhesion of these cells onto the peritoneum,
and subsequent implantation and proliferation. It can be hypothesized that in endo-
metriosis, further outgrowth of adhering endometrial fragments will depend on
generation of new capillary blood vessels, as in tumor growth and metastasis
(Folkman, 1985; 1994). This hypothesis is supported by the observation that the
endometriotic lesions are surrounded by neovascularization (Nisolle et al., 1993).
Furthermore, the peritoneal fluid of women with endometriosis is more angiogenic
than that from women without endometriosis (Oosterlynck et al., 1993; Taylor et al.,
1997). In women with mild endometriosis, increased numbers and activation of pel-
vic macrophages have been found (Halme et al., 1983; 1987; Dunselman et al., 1988).
These activated macrophages can induce angiogenesis by release of proteases,
growth factors and other monokines (Polverini et al., 1977; Sunderkötter et al., 1994).

Earlier studies have shown that concentrations of interleukin (IL)-lß, IL-8, and tumor
necrosis factor (TNF)-ot are significantly higher in women with minimal to mild
endometriosis than in women without endometriosis. Therefore, it has been hypo-
thesized that these important macrophage-derived angiogenic factors contribute to
the development of endometriosis by promoting neovascularization (Fakih et al.,
1987; Eisermann et al., 1988; Taketani et al., 1992; Mori et al., 1992; Ryan et al., 1995;
Arid et al., 1996; Overton et al., 1996; Gazvani et al., 1998; Iwabe et al., 1998). Indeed,
these factors can induce angiogenesis in the cornea bioassay (Leibovich et al., 1987;
Fräter-Schröderetal., 1987; Kochetal., 1992; Sunderkötter et al., 1994), but their con-
tribution to the angiogenic properties of peritoneal fluid from women with endome-
triosis has never been established.
We used the chick embryo chorioallantoic membrane (CAM) assay to investigate the
angiogenic activity of peritoneal fluid in women with minimal to mild endometriosis.
We also investigated the association between this induced angiogenic response and
the concentration of IL-lß, IL-8, TNF-a and total protein. Furthermore, we wanted to
see whether angiogenesis is related only to the development of endometriosis, or also
to the maintenance and progression of the disease; we therefore investigated the
association between such clinical variables as phase of menstrual cycle (secretory vs
proliferative), revised American Society for Reproductive Medicine (rASRM) classifi-
cation of endometriosis, and type of lesion (black vs non-black), and angiogenic acti-
vity.
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i Material and methods

Patients
Fifty-two patients undergoing laparoscopy for evaluation of infertility (n=49) or steri-
lization (n=3), all of whom had stages I or II pelvic endometriosis according to the
revised ASRM classification (ASRM, 1997), were recruited for the study. Infertility was
defined as > 12 months of delay in conception. None of the women had been receiv-
ing hormonal medication for > 2 months before the surgical procedure or had been
pregnant or breast feeding in the previous 6 months. The study was approved by the
Institutional Review Board of the Hospital de Santa Maria in Lisbon, Portugal, and
informed consent was obtained from the patients.
Phase of the menstrual cycle was determined on the basis of the last menstrual
period, ovarian findings during laparoscopy, histologic phase pattern of the endome-
trium (Noyes et al., 1950), and the date of the menstrual period after surgery.
Peritoneal endometriotic lesions were classified as black or nonblack according to
their macroscopic morphology by using the criteria of Jansen and Russell (Jansen and
Russell, 1986).

Peritoneal fluid collection
All visible peritoneal fluid was aspirated from the anterior and posterior cul-de-sac
via a second puncture using a 2 mm metal cannula, before any internal manipulation
and with the patient still supine. The volume of the peritoneal fluid was recorded, and
it was transferred to chilled sterile plastic tubes and kept in ice until arrival to the
laboratory. It was then centrifuged at 300 g for 15 minutes; the supernatant was remo-
ved and divided into aliquots and frozen at -70°C. Patients whose samples were con-
taminated with blood from puncture sites were excluded. Protein concentration was
determined for each sample by the modified Lowry protein assay (Lowry et al., 1951).

Cytokine assays
Cytokines were quantitatively measured in a blinded fashion by using commercially
available enzyme immunoassay kits. The assays were performed according to the
manufacturer's instructions, and none of the kits had measurable cross-reactivity
with other relevant cytokines. Innotest hTNF-a® (Innogenetics NV, Gent, Belgium)
was used to measure TNF-a concentrations. Its sensitivity is 4 pg/ml and intraassay
and interassay variations of 6.3% and <10% were found. The detection limit of the IL-
lß kit (Quantitine HS®, R&D Systems, Abingdon, United Kingdom) was 0.1 pg/ml and
the intraassay and interassay variations 10%-12% for values < lpg/ml and <10% for
values > 1 pg/ml. The IL-8 kit (Quantitine®, R&D Systems) is sensitive to 10 pg/ml,
and the intraassay and interassay variations were 7.1% and <10%, respectively.

88 Chick embryo chorioallantoic membrane model
Fertilized eggs of Lohman-selected White Leghorns were incubated for 3 days at 37°C
in 55% relative air humidity and were rotated hourly (Maas et al., 1999). At day 3 of
incubation, a rectangular window (1 cm x 1.5 cm) was made in the eggshell. Two mil-
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liliters of albumen was withdrawn by using a needle inserted through the large blunt
edge of the egg. The window and the hole were covered with Scotch tape to prevent
evaporation. The eggs were returned to the incubator. At day 10, a silicon ring with an
inner diameter of 10 mm was placed on the CAM. To avoid bacterial contamination,
peritoneal fluid was filtered through a 0.20-um Minisart filter (Sartorius AG,
Göttingen, Germany), and 65ul of peritoneal fluid was subsequently applied inside
the ring. Depending on the available amount, each batch of peritoneal fluid was
applied to 4-6 CAMs. As a negative control, saline (0.9% NaCl) was applied inside the
ring (n=6); additional controls consisted of untreated CAMs (n=6).

Analysis of angiogenesis
At day 14, the area inside the ring was photographed in ovo by using a Wild M8 ste-
reomicroscope equipped with a Nikon F301 camera (Nikon, Tokyo, Japan), on Kodak
64 ASA color-slide film (Kodak Ltd., Harrow, UK). The slide was displayed on a moni-
tor by using a COHU, high performance color CCD camera (Cohu Inc., Electronic
Division, San Diego, CA). A grid containing concentric circles was superimposed on
this computerized image. The first and innermost circle was 3 mm in diameter, and
the others were 0.75 mm apart. The vascular density index (VDI) was obtained by
counting the number of intercepts between the vessels and the first five circles, at a
final magnification of xl4. The VDI is an estimate of the overall vascular response to
the peritoneal fluid inside the ring. The researcher who did the counting was blinded
to the experimental status of the group. To assess intraobserver variability 12 ran-
domly chosen images were counted twice and variation was calculated by dividing
the SD of the paired differences by the overall mean VDI of the 24 counts. We calcula-
ted a mean difference of the two counts of 11 with a standard deviation of 21.3. The
resulting intraobserver variation was 5.3% (21.3/401.3 x 100).

Statistical Analysis
The median VDI and interquartile ranges (25% and 75% percentiles) were calculated
for each experimental group. A nonparametric Mann-Whitney U-test was used to
compare each of the 52 peritoneal fluid samples with saline and the unmanipulated
CAM.
Two separate multivariable linear regression analyses were performed in which the
median VDI was the dependent variable. The first analysis focussed on the substan-
ces measured in peritoneal fluid (IL-lß, IL-8, TNF-a and protein). The second was
restricted to the clinical variables: revised ASRM score, phase of menstrual cycle
(secretory vs proliferative), and type of lesion (black vs non-black). The IL-8 and IL-
lß concentrations showed skewed distributions and were entered into the analysis
after log transformation. In the first analysis, the independent variables were entered
as continuous variables. The variables in the second analysis were modeled as
dummy variables by using two dummies to represent three revised ASRM categories 89
(scores of 1-3,4 or 5, and 6-15). Model assumptions were checked by inspecting resi-
duals and normal plots. Two-sided P-values < 0.05 were considered statistically signi-
ficant. All analyses were performed by using SPSS software, version 8.0 (SPSS, Inc.,
Chicago, IL).



• Results
An in ovo photograph of the 14-day CAM containing a silicon ring is presented in
figure 1. The orderly arrangement of the microvessels with ladder-like interdigitation
of the arterioles and venules is characteristic of the CAM. Figure 2 shows the angio-
genic response of the CAM to peritoneal fluid from a patient with endometriosis;
increased density and length of vessels can be seen.
The VDI (median and interquartile ranges [25%, 75% percentiles]) of the untreated

i
Figure 1 Normal unmanipulaicd chick embryo chorioallantoic membrane at day 14. The silicon ring has
an inner diameter of 10 mm (original magnification, x6).

90

CAM (305, [295, 320]) was similar to that of the CAM on which saline was applied
(310, [301, 323]; P=0.72). Of the 52 peritoneal fluid samples, 8 had aVDI (range of the
median VDI, 298.5 - 362) similar to that obtained after applying saline onto the CAM
and that of an untreated CAM. Forty-four (85%) peritoneal fluid samples induced a
significantly increased vascular response in the CAM assay. The median VDI of these
44 samples ranged from 341.5 to 481.
The overall level ofIL-lß ranged from 0.1-8.7 pg/ml, of IL-8 from 1.5-133.3 pg/ml, of
TNF-ct from 1.6-17 pg/ml and of protein from 34-75 pg/ml. The first multivariable
linear regression analysis focussed on the measurements of these substances in peri-
toneal fluid. In 35 of the 52 samples, all values were available. Table 1 shows the
regression coefficients, 95% CIs, and P values for TNF-a, IL-lß, IL-8 and total protein
in the analysis of these 35 samples. The concentrations of these factors are plotted
against the VDI in figure 3. Interleukin-8 and IL-lß appeared to be virtually unrelated
to VDI (P=0.85 and P=0.67, respectively). Removal of the IL-8 and IL-lß from the
model hardly changed the coefficients for TNF-a and protein. Therefore, the final
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Figure 2 Angiogenic response in chick embryo chorioaiiantoic membrane assay of peritoneal fluid from a
woman with endometriosis. The silicon ring has an inner diameter of 10 mm (original magnification, x6).

Table 1 Multivariable linear regression analysis of laboratory values, with
median vascular density index as the dependent variable.

Compound

TNF-a (pg/mL)

Protein (ug/mL)

IL-lß (pg/mL)

IL-8 (pg/mL)

coefficient

3,46

1,82

-2,38

-1,35

95% Cl

0.18 to 6.73

0.62 to 3.01

-13.78 to 9.01

-15.90 to 13.19

P value

0,039

0,004

0,673

0.851

model included TNF-a and protein only; both of these substances were significantly
related to the VDI (P=0.039 and P=0.004, respectively). In the second analysis of all 52
samples, none of the clinical variables -revised ASRM score, phase of menstrual cycle,
and type of lesion- were significantly related to the VDI (Table 2).



! A
500 j
450 !

300

2S0
P=0.004

30 40 50 60 70 80
Total protein (pg/mL)

450 I

400 j

350 j

300 |
I

250 ••-

• • ' *
I • •

P=0.039

2 4 6 8 10 12 14 16 18

TNF-a (pg/mL)

550

500
C

450 j
j

4(10 .

350

.100

250

•

) 1

•
• •

• *
• 1 % *

' • . *

P=0.851

2 3 4 5 6
Log (11.-8 Ipg/mLI)

V
D

I

550

500

450

400

350

300

250
3

• • 1 •*

P=0.673

- 2 - 1 0 1 2

LogdL-Iß Ipg/mLI)

Figure 3 Relation between the concentration of total protein (A), tumor necrosis factor (TNF)-a (B), inter-
leukin (1D-8 (C), and interleukin (ll.)-lß (D) in peritoneal fluid of 35 women with minimal to mild endo-
metriosis and the induced angiogenic response in the chick embryo chorioallantoic membrane model
(vascular density index I VDI]).

Table 2 Multivariable linear regression analysis of clinical variables, with
median vascular density index as the dependent variable. '

Clinical variables coefficient

Rev. ASRM score ' 6,13

Rev. ASRM score * -11,68

Type of lesion 2,29

Phase of cycle -1,02

95% a
-18.24 to 30.49

-46.64 to 23.28

-22.38 to 26.97

-25.89 to 23.84

P value

0,615

0,505

0,852

0,934

Noli': ASKM American Society lor Reproductive Medicine.
"l\vo dummy variables were used to represent three revised ASRM categories (score 1-3, 4 or 5, and 6-15)

92 • Discussion
Various recent studies have suggested a determining role of the peritoneal environ-
ment in the establishment and maintenance of endometriosis (Oral et al., 1996;
Koninckx et al., 1998; Küpker et al., 1998). In particular, it has been suggested that
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superficial endometrial implants are regulated by peritoneal fluid factors (Koninckx
et al., 1998). The peritoneal fluid of women with endometriosis has been shown to
contain angiogenic and other growth factors, which may contribute to the prolifera-
tion of the ectopic endometrium (Ramey and Archer, 1993). To support the hypothe-
sis that local factors are important for the development of endometriosis,
Oosterlynck et al. (1993) investigated the presence of angiogenic factors in peritone-
al fluid by using the CAM bioassay. They reported a positive angiogenic reaction
induced by 58.3% of the peritoneal fluid samples from women with endometriosis
and 12.5% of the samples obtained from women without endometriosis. This obser-
vation was confirmed by Taylor et al. (1997) using an in vitro model of endothelial cell
proliferation. Both studies were in agreement with the hypothesis that the angioge-
nic factors could originate from peritoneal macrophages. Oosterlynck et al. (1993)
suggested that TNF-ct is a potent macrophage-derived angiogenic factor.

Many investigators have attempted to identify angiogenic factors in the peritoneal
fluid that might contribute to the development of endometriosis. However, the com-
plex process of angiogenesis is controlled by an angiogenic switch mechanism, which
is triggered by a change in the balance of inducers and inhibitors of angiogenesis
(Hanahan and Folkman, 1996). Thus, either an increase in activator concentration or
a reduction in inhibitor levels may lead to new vessel growth. Finding a significantly
higher level of a given angiogenic factor in peritoneal fluid of women with endome-
triosis than in women without endometriosis is, in our opinion, insufficient eviden-
ce for the involvement of this factor in the pathogenesis of endometriosis. Therefore,
we believed that a bioassay should be used to assess the overall angiogenic activity of
peritoneal fluid. Subsequently, the association between this angiogenic activity and
individual angiogenic factors in the peritoneal fluid should be studied.
In our study, we used the CAM assay, an established bioassay for studying angioge-
nesis (Auerbach et al., 1991; Knighton et al., 1991; Cockerill et al., 1995; Maas et al.,
1999). We demonstrated that the concentration of total protein and TNF-a in the
peritoneal fluid was significantly related to die induced angiogenic response in the
bioassay. According to the angiogenic switch mechanism, these results suggest that
an increase in level of angiogenic proteins, including TNF-a, rather than a reduction
in level of inhibitors leads to neovascularization. Furthermore, we demonstrated that
although IL-lß and IL-8 were found in increased amounts in the peritoneal fluid of
women with endometriosis in other studies, they do not appear to be responsible for
the angiogenic response occurring in endometriosis.
Other macrophage-derived factors may be related to the induced angiogenic activity.
However, a polyclonal antibody to murine TNF-a can completely neutralize the
angiogenic activity in conditioned medium of peritoneal macrophages. This neutra-
lization of activity was demonstrated in the cornea and CAM assay (Leibovich et al.,
1987). Because of these findings and the demonstrated association of TNF-a with 93
angiogenic activity in patients with endometriosis in the current study, we suggest
that this factor might be an important target for therapeutical interventions in endo-
metriosis.
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In agreement with the studies of Oosterlynck et al. (1993) and Taylor et al. (1997) we
found no relation between angiogenic response in the CAM bioassay and phase of
the menstrual cycle, revised ASRM score, or type of endometriotic lesion. Apparently,
angiogenesis contributes not only to the onset but also to the maintenance of endo-
metriosis. Nisolle et al. (1993) observed higher vascularization and mitotic activity in
red lesions than in black lesions. Therefore, we expected to find higher angiogenic
activity in peritoneal fluid when active, nonblack lesions were present. Clearly, when
endometriotic lesions are present, there is already a disbalance of angiogenic and
angiostatic factors in the peritoneal fluid independent of type of lesions or severity of
the disease.
In conclusion, our results clearly confirm previous findings of peritoneal fluid angio-
genic activity in the peritoneal fluid of women with minimal to mild endometriosis.
Moreover, our data indicate involvement of the macrophage-derived angiogenic fac-
tor TNF-a. Further studies are needed to elucidate whether TNF-a is the primary
determining factor of the increased angiogenic activity of peritoneal fluid in endo-
metriosis patients. If this hypothesis is confirmed, blocking angiogenesis (e.g., by
anti-TNF-a therapy) may lead to novel approaches for the medical management of
endometriosis.
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Chapter 8
General discussion



The initial phase of endometriosis development, according to the transplantation
theory, consists of retrograde seeding of viable endometrial fragments, adhesion of
these fragments to the mesothelial lining of the peritoneal cavity, invasion and sub-
sequent rescue of the re-proliferating tissue by angiogenesis from the host tissue. In
this thesis the latter two phases, invasion and angiogenesis, were studied. It was
demonstrated that endometrial stromal cells and intact glandular structures were
invasive. Moreover, endometrial fragments induced an angiogenic response in the
CAM model. Before dealing with the major conclusions from this work, the experi-
mental approach to reach these conclusions is discussed.

• The chick embryo chorloallantoic membrane
The chick embryo chorioallantoic membrane (CAM) was evaluated as a model to
study both the invasive character and angiogenic potential of human endometrium.
So far, the CAM has mainly been used for assaying these events for several types of
neoplasms. We first tested the validity of the CAM model and the methods which
were applied for the studies with endometrial tissue. Suspensions of ECC-1 cells, an
established epithelial cell line derived from an adenocarcinoma of human endome-
trial origin, were explanted onto the CAM. The ability of cells to traverse the chorio-
nic epithelium (CE) and to establish contact with the mesenchymal layer was used as
an end point for invasion. Indeed, after 5 days clusters of endometrial ECC-1 cells
could be found inside the mesenchymal layer of the CAM. This confirmed the validi-
ty of this model to study the invasive potential of endometrial cells after explantation
of cell suspensions.
Furthermore, we have assessed the suitability of the CAM assay to quantitate an
angiogenic response. Quantitation of this angiogenesis assay was initially done by
subjectively scoring the extent of vascularization on a graded scale (Vu et al., 1985).
However, with this method it is very difficult to compare results with the aid of statis-
tical analysis. Therefore, a vascular density index (VDI), an objective estimate of ves-
sel number and length, is used for the in vivo CAM situation. A computerized image
analysis system was applied to count the vessels. Our intra-observer variability of
5.2% compared favorably to those obtained by previous investigators. The CAM assay
appeared to be a suitable model for investigating the angiogenic potential of endo-
metrium and our method allows reliable and reproducible quantitation of the angio-
genic response.

• Invasion
The CAM invasion assay was used to obtain more insight in the events that occur
after the adhesion of endometrial cells to the peritoneum. Preferably, retrogradely
shed menstrual tissue should be used for these experimental studies, but this mate-
rial is difficult to obtain in sufficiently large amounts for use in experiments as ours,

loo Therefore, we used endometrial tissue isolated from antegradely shed menstrual
effluent. Various integrins (Koks et al., 2000a) and matrix metalloproteinases (MMPs)
(Koks et al., 2000b) are expressed in this menstrual endometrium tissue. These inte-
grins have been shown to be involved in adhesion of epithelial cells to extracellular
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matrix components and the MMPs might contribute to the potential of endometrial
cells to invade by degrading the extracellular matrix. In our study invasion could not
be observed when cell suspensions of antegradely shed menstrual effluent were
explanted onto the CAM. Likewise, invasion of single cytokeratin-positive epithelial
cells obtained from biopsied cyclic endometrium did not occur. In contrast, stromal
cells and intact epithelial glandular structures were invasive. An explanation for the
inability of the menstrual cells to invade the CAM might be that the antegradely shed
cells are not viable enough anymore. In an earlier study it was demonstrated that
after 5 days of culture of cells, obtained from antegradely shed menstrual effluent,
vimentin- and cytokeratin-positive cells were identified in 10 out of 17 cases. This
proved the viability of a part of the menstrual effluent cells (Koks et al., 1997). On the
other hand, a substantial part of the antegradely shed menstrual effluent is appa-
rently non-viable, and therefore unable to invade the CAM. In vivo, the shed menst-
rual cells that reach the abdominal cavity may preserve their viability, and are presu-
mably exposed to peritoneal environmental factors, such as hormones and growth
factors.
Besides viability, the structural architecture of the antegradely shed menstrual tissue
may differ from the endometrial tissue in the peritoneal fluid that adheres to the peri-
toneum, invades and develops into an endometriotic lesion. Endometrial tissue,
which reaches the abdominal cavity, is presumably degraded by factors in the perito-
neal fluid, resulting in single cells rather than glandular structures (Van der Linden et
al., 1995). It has been demonstrated (Van der Linden et al., 1998) that single endome-
trial cells, in contrast to endometrial fragments, do not adhere to amniotic membra-
nes and do not show expression of cell adhesion molecules. In the present study it is
confirmed that single epithelial cells are not invasive.
Our findings in the in vivo CAM assay are also in agreement with the results of Gaetje
and coworkers (1997), who used an in vitro collagen invasion assay. The finding that
intact glandular structures are invasive, strongly suggests that the structural organi-
zation of the tissue is not only a critical factor in facilitating adhesive but also in inva-
sive behaviour. To substantiate these proposed explanations, endometrial fragments
obtained from different phases of the menstrual cycle were explanted onto the CAM.
These fragments of 1.5 x 2 mm consist of a large number of viable glands and stromal
cells. Again invasion of both stromal cells and intact endometrial glands into the
mesenchymal layer was observed, but never invasion of single epithelial cells.
Moreover, three days after explantation, endometriosis-like lesions, which consisted
of human endometrial glands and stromal cells, were observed in the mesenchymal
layer of the chick embryo CAM. Thus, when a sufficient amount of viable, intact glan-
dular structures and/or stromal cells adhere to the peritoneal lining, invasion occurs
and endometriotic lesions develop.

• Anglogenesis 101
In our invasion experiments CAM vessels, containing nucleated chick erythrocytes,
were occasionally observed in the endometriosis-like lesions. It seems that after inva-
sion, in order to be able to survive and even proliferate, endometrial cells receive new



blood supply from the surrounding host tissue. It has been postulated previously that
angiogenesis, the formation of new blood vessels, may play a critical role in the
pathogenesis of endometriosis. For instance, at laparoscopy it is often observed that
most of the typical endometriotic lesions are surrounded by a hypervascularized
area. Furthermore, the peritoneal fluid from women with endometriosis is more
angiogenic than from women without the disease. This has been observed in both the
CAM angiogenesis assay and an in vitro model of endothelial cell proliferation
(Oosterlynck et al., 1993; Taylor et al., 1997). However, the origin of the increased con-
centration of angiogenic factors in the peritoneal fluid is still not clear. Macrophages
and endometriosis implants are both suggested to be likely sources. We demonstra-
ted, using the CAM angiogenesis assay, that human endometrium itself is angiogenic
throughout the menstrual cycle. This angiogenic potential shows a cyclic variation
with a nadir in the late proliferative phase and significantly higher levels in the other
phases. Our findings are in agreement with other studies, which report maximum
levels ofVEGF mRNA expression in the glands and VEGF immunostaining in the stro-
ma in the late secretory and menstrual phase (Charnock-Jones et al., 1993; Shifren et
al., 1996; Torry et al., 1996; Gargett et al. 1999). When this highly angiogenic endome-
trium tissue reaches the peritoneal cavity during menstruation, it is an additional
source of the angiogenic factors, besides those produced by activated macrophages,
in the peritoneal fluid. If these endometrial fragments adhere to the peritoneal lining
and invade, they may be well able to induce their own blood supply from existing
peritoneal host vessels.
Many investigators have attempted to identify angiogenic factors in the peritoneal
fluid, which might contribute to the development of endometriosis. However, either
an increase in concentration of angiogenic factors, or a reduction in inhibitor levels
may lead to new vessel growth. Finding a significantly increased level of a given
angiogenic factor in peritoneal fluid of women with endometriosis as compared to
women without endometriosis is, in our opinion, insufficient evidence for the invol-
vement of this factor in the pathogenesis of endometriosis. A bioassay has to be used
to assess the overall angiogenic activity of peritoneal fluid, and subsequently the
association between this activity and individual angiogenic and/or angiostatic fac-
tors in the peritoneal fluid can be studied. Accordingly, the concentration of TNF-ot in
the peritoneal fluid was demonstrated to be significantly related to the induced
angiogenic response in the CAM bioassay. Furthermore, IL-lß and IL-8, although
found in increased concentrations in the peritoneal fluid of women with endome-
triosis in other studies, do not appear to be responsible for the angiogenic response
occurring in endometriosis. Obviously, also other factors, presumably macrophage-
derived, might be related to the induced angiogenic activity. It has been demonstra-
ted in the CAM assay however that a polyclonal antibody to murine TNF-a can com-
pletely neutralize the angiogenic activity in conditioned medium of peritoneal

102 macrophages (Leibovich et al., 1987). Considering this finding and the demonstrated
association of TNF-a with the angiogenic activity in patients with endometriosis in
the present study, we suggest that this factor might be a relevant target for future the-
rapeutical interventions in endometriosis.

I General discussion



The results of the present study contribute to refining the transplantation theory and,
consequently, to a better understanding of the pathogenesis of endometriosis. Under
normal conditions retrogradely shed menstrual tissue fragments are degraded into
single cells. If this mechanism fails or when the amount of regurgitated tissue is too
large, a considerable number of viable endometrial fragments may remain to adhere
to the peritoneum. Contact between fragments and the submesothelial layer is esta-
blished, either by the presence of a pre-existing lesion in the peritoneal lining, or by
active damaging of the mesothelium by the endometrial cells. Subsequently, intact
glandular structures surrounded by stromal cells invade the extracellular matrix.
These invading cells induce angiogenesis, and, therefore, provide their own blood
supply for further outgrowth and development into a clinically recognizable endo-
metriotic lesion. The peritoneal environment may support these events by providing
hormones, growth and angiogenic factors to preserve the viability of the regurgitated
endometrial cells and to allow maintenance and progression of the established endo-
metriotic lesions.

• Future perspectives
A model has been established which can be used to study the events that mimic the
early pathogenesis of endometriosis, including invasion of endometrial cells, angio-
genesis, and the establishment of endometriosis-like lesions. This provides several
interesting opportunities for future studies.
In contrast to stromal cells and epithelial glands from biopsied cyclic endometrium,
antegradely shed endometrial cells did not invade in this in vivo CAM model. This has
to be confirmed in an in vitro collagen invasion assay. Starzinski-Powitz and cowor-
kers (1998) showed that the invasive capacity of endometriotic cells, but not eutopic
endometrial cells, was considerably enhanced by adding of peritoneal fluid to the
culture medium. It will be interesting to find out whether menstrua] cells will beco-
me invasive after addition of peritoneal fluid onto the CAM. Another possibility is to
culture the menstrual cells in medium with peritoneal fluid before grafting it onto the
CAM. When the cells become invasive, gene products can be identified, which are
associated with the invasive properties. In addition, the invasive capacity of men-
strual cells from women with versus without endometriosis has to be compared.
We demonstrated that the endometriosis-like lesions in the CAM consist of human
endometrial glands and stromal cells. These lesions, the vasculature and the sur-
rounding area have to be characterized more thoroughly.
Since the development of new blood vessels is a prerequisite for further outgrowth of
the invaded cells, studies on blocking angiogenesis are of therapeutical importance.
Most of the potential anti-angiogenic therapies have focussed on tumor angiogene-
sis, but they may also be useful for treatment of endometriosis. In our study angioge-
nesis induced by endometrium tissue showed a similar cyclic pattern as VEGF mRNA
expression in the glands and VEGF immunostaining in the stroma. Furthermore, the 103
angiogenic response in the CAM induced by peritoneal fluid of patients with endo-
metriosis was significantly related to the concentration of TNF-ot in that fluid. There-
fore, VEGF and TNF-a may be important targets for anti-angiogenic therapy in endo-
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metriosis. Control of the bioavailability ofVEGF may be achieved by capture ofVEGF
by soluble receptors, or specific neutralizing anti-VEGF antibodies (McLaren, 2000).
Anti-TNF-a antibodies have already been proven to be effective in the treatment of
angiogenesis-dependent diseases, such as rheumatoid arthritis and Crohn's disease
(Camussi and Lupia, 1998; Mikula, 1999). The efficacy of these approaches in endo-
metriosis related angiogenesis remains to be established.
Angiogenesis shares many functional characteristics with invasion, including the
requirement for expression of the invasive phenotype and associated attachment and
proteolytic activity. Integrins and matrix metalloproteinases may therefore be poten-
tial targets for pharmacological interventions. A monoclonal antibody to integrin
o\,ß3 disrupts ongoing angiogenesis on the CAM (Brooks et al., 1994). It has been
demonstrated that blocking of metalloproteinase activity with TIMP-1 inhibited the
formation of endometriotic lesions in athymic nude mice (Bruner et al., 1997). It
would be interesting to find out whether a n t i - a ^ antibody or TIMP prevent invasion
of endometrial cells and/or the angiogenic response to endometrium in the CAM
assay.
Another approach may be gene therapy or immunotherapy. Gene therapy is a con-
cept of correcting the symptoms of disease by the delivery of genes whose expression
limits the impact of the disease. In immunotherapy immune effector cells are used to
direct their cytolytic activity specifically towards the harmful cells. It is possible to tar-
get the endometriotic cells directly, or, alternatively, the vasculature in the endome-
triotic lesions. The most significant problem is that the gene or the immune effector
cell must be delivered to the right place to correct the disorder without causing side-
effects in other parts of the body. Therefore, in order to target the endometriotic cells
or the endothelial cells of the newly formed vessels in the endometriotic lesion, cell
specific antigens have to be identified.

i General discussion
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• summary
Endometriosis is the presence of tissue with epithelial and stromal characteristics of
endometrium outside the uterine cavity. The implantation theory on the pathogene-
sis of endometriosis is widely accepted. It presumes retrograde transportation of via-
ble endometrial cells during menstruation, adhesion of these cells onto the perito-
neum, with subsequent implantation and proliferation. Research has been focussed,
so far, on identifying viable endometrial cells in peritoneal fluid and adhesive poten-
tial of endometrial cells to the peritoneal lining. It is still not clear what occurs
between retrograde seeding of endometrial cells and the clinical recognition of endo-
metriotic lesions.
Implantation may require, besides adhesion, also invasion of endometrial cells and
from that stage onwards these cells will depend on the formation of new blood ves-
sels, angiogenesis, for further outgrowth and development into an endometriotic
lesion.

In chapter 1 the current concepts on invasion and angiogenesis, in general as well as
with regard to normal endometrium and endometriosis, are described. Because both
invasion and angiogenesis are studied with the chick embryo chorioallantoic mem-
brane (CAM), this model is explained in detail, including its history and applications.
The aims of this thesis are stated in chapter 2:
- to assess the invasive and angiogenic potential of endometrial cells;
- to investigate whether endometriosis-like lesions can be formed in the CAM model;
- to assess the angiogenic activity of peritoneal fluid of patients with endometriosis

and to identify an associated angiogenic factor.

In chapter 3 the invasive potential of endometrial cells is studied using the CAM mo-
del. Suspensions of endometrium carcinoma (ECC-1) cells, menstrual effluent cells,
or glandular structures and/ or stromal cells obtained from endometrial biopsies
were explanted onto the CAM. The explants including the surrounding CAM were
excised at daily intervals and analyzed using immunohistochemistry. ECC-1 cells
were invasive and could be found in the mesenchymal layer at 5 days after explanta-
tion, which validated the CAM model and our methods to study invasion. Both endo-
metrial epithelial glandular structures and stromal cells, but not single epithelial or
shed menstrual cells, were invasive in the CAM model. We suggest that number, via-
bility and structural integrity of endometrial glandular structures surrounded by stro-
mal cells in the peritoneal cavity are important factors in the development of endo-
metriosis.

In chapter 4 endometrial fragments, consisting of glands and stromal cells, are ex-
planted onto the CAM. The grafts including the surrounding CAM were excised at 24,
48 or 72 hours after explantation, fixed and embedded in paraffin for immunohisto- 109
chemistry and in situ hybridization (ISH). After 24 hours of incubation, direct contact
between endometrial stromal as well as epithelial cells of the explant and the mesen-
chymal layer of the CAM was observed. Invasion of both stromal cells and intact



endometrial glands into the mesenchymal layer was observed after 48 hours. At 72
hours, endometriosis-like lesions, which consisted of dilated glands and stromal
cells, were observed in the mesenchymal layer. In the lesions the epithelial and stro-
mal cells showed ISH-signals specific for human chromosome 1, confirming their
human origin. In conclusion, after 3 days of incubation, endometriosis-like lesions
consisting of human endometrial glands and stromal cells, are found in the mesen-
chymal layer of the CAM. These lesions apparently result from the invasion of intact
human epithelial structures and stromal cells.

In chapter 5 an objective method of quantitation of the vascular response of the CAM
to endometrium tissue is developed. Samples of proliferative endometrium and con-
trol mouse skin tissue were explanted onto the CAM. Additional controls consisted of
normal unmanipulated CAM. Four days after grafting, photographs of the explant
and the surrounding area were taken in ovo to measure the vascular density index
(VDI). The VDI is a stereological estimate of vessel number and length, which was
obtained by counting the intersections of vessels with a circular grid superimposed
on a computerized image. Endometrium tissue caused a significant increase in VDI
as compared to the controls. The intra-observer variability was 5.2%. This study
demonstrates that the CAM assay is a suitable model to assess the angiogenic pro-
perties of endometrium. Furthermore, our method allows detailed quantitation of
the vascular response in an objective and reproducible way.

In chapter 6 the method, as described in chapter five, is used to assess the angioge-
nic potential of endometrium obtained at different phases of the menstrual cycle.
Endometrium tissue, independent of the phase of the menstrual cycle, caused a sig-
nificant increase in VDI as compared to the negative controls. There was a significant
difference in angiogenic response between the phases of the menstrual cycle. The
VDIs of the early proliferative, early secretory and late secretory phase were signifi-
cantly higher than the VDI of the late proliferative phase. Evidently, human endome-
trium is angiogenic throughout the menstrual cycle and shows cyclic variation. It was
suggested that elongation of existing vessels during the early proliferative phase as
well as growth and coiling of the spiral vessels during the secretory phase may
demand for higher angiogenic activity than outgrowth and maintenance of vessels
during the late proliferative phase.

In chapter 7 the angiogenic activity of peritonea] fluid from 52 women with minimal
to mild endometriosis is determined. Subsequently, the relationship between this
angiogenic activity and the concentration of some angiogenic factors or clinical
variables, such as phase of menstrual cycle, type of lesion and rASRM classification of
endometriosis was investigated. Eighty-five percent of the peritoneal fluid samples

no induced angiogenesis in the CAM bioassay. TNF-a and total protein were significant-
ly related to the VDI, whereas IL-lß, IL-8 and the clinical variables appeared not to
affect the angiogenic response. This study clearly confirms previous findings of peri-
toneal fluid angiogenic activity in women with minimal to mild endometriosis and
indicates the involvement of TNF-a.

i Summary



In chapter 8 the results of the studies are discussed and some future perspectives are
given. It has been demonstrated that endometrial cells have invasive as well as angio-
genic potential, moreover, we have been able to establish endometriosis-like lesions
in the CAM model. Future research should be focussed on the identification of gene
products, which are associated with the invasive properties. Furthermore, since the
development of new blood vessels is a prerequisite for further outgrowth of the inva-
ded cells into an endometriotic lesion, studies on blocking angiogenesis are of thera-
peutical importance. Another approach may be gene therapy or immunotherapy, for
which first specific endometriotic and/or endothelial cell markers have to be identi-
fied.

in
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> Samenvatting
Endometriose is de aanwezigheid van endometrium epitheel- en stromacellen bui-
ten de baarmoederholte. De meest geaccepteerde theorie om de pathogenese van
endometriose te verklaren is de implantatietheorie. Deze theorie veronderstelt retro-
grade menstruatie van vitale endometriumcellen via de tubae naar de buikholte,
hechting van deze cellen aan het peritoneum gevolgd door implantatie en prolifera-
tie. Tot nu toe is onderzoek gericht geweest op de identificatie van endometriumcel-
len in peritoneumvloeistof en het vermögen van endometriumcellen zieh te hechten
aan het peritoneum. Het is echter niet duidelijk welke stappen er plaatsvinden tussen
het moment van aanhechting en de aanwezigheid van endometriosehaarden.
Voorafgaande aan implantatie moet adhesie en invasie van endometriumcellen heb-
ben plaatsgevonden. Deze geinvadeerde cellen zullen voor de ontwikkeling tot een
endometriosehaard afhankelijk zijn van de vorming van nieuwe vaten, een proces dat
angiogenese wordt genoemd.

In hoofdstuk 1 worden de huidige inzichten ten aanzien van invasie en angiogenese
beschreven, zowel in het algemeen als gerelateerd aan endometrium en endometrio-
se. Invasie en angiogenese kunnen beide bestudeerd worden met behulp van het
chorio-allantois membraan (CAM) van het kippenembryo. Het CAM-model wordt
uitgebreid besproken, waarbij wordt ingegaan op ontwikkelingen en actuele toepas-
singen.
In hoofdstuk 2 worden de doelstellingen van dit proefschrift uiteengezet:
- bestuderen van de invasieve en angiogene eigenschappen van endometriumcellen;
- onderzoeken of endometriose-achtige haarden gevormd kunnen worden in het

CAM;
- bepalen van de angiogene activiteit in peritoneumvloeistof van vrouwen met endo-

metriose en de hiervoor verantwoordelijke angiogene factoren identificeren.

In hoofdstuk 3 worden met behulp van het CAM-model de invasieve eigenschappen
van endometriumcellen bestudeerd. Hiervoor werden op het CAM suspensies aan-
gebracht van endometrium carcinoomcellen (ECC-1), van cellen uit menstruatie-
vocht en van klierbuizen en/of stromale cellen, verkregen van endometriumbiopten.
Na incubatie werd dit gebied uitgesneden en met behulp van immunohistochemie
geanalyseerd. ECC-1 cellen invadeerden het CAM, wat de geschiktheid van dit model
voor het bestuderen van invasie bevestigde. Intacte klierbuizen en stromale cellen
bleken invasief, in tegenstelling tot cellen uit menstruatievocht en losse epitheelcel-
len. We veronderstellen dat het aantal, de vitaliteit en het intact zijn van door stro-
male cellen omgeven klierbuizen in de peritoneumvloeistof, belangrijke factoren zijn
in de pathogenese van endometriose.

In hoofdstuk 4 hebben we derhalve endometriumfragmenten, bestaand uit grote 113
aantallen klierbuizen en stromale cellen, op het CAM geplaatst. Dit gedeelte van het
CAM werd 24, 48 of 72 uur later uitgesneden, gefixeerd en ingebed in paraffine voor
immunohistochemie en in situ hybridisatie (ISH). Na 24 uur bestond er direct con-



tact tussen zowel stromale als epitheliale cellen van het endometriumfragment met
de mesenchymale laag van het CAM. Na 48 uur vond er invasie in het mesenchym
plaats van stromale cellen en intacte klierbuizen. Na 72 uur troffen we endometrio-
se-achtige haarden aan in de mesenchymale laag van het CAM. Deze haarden bevat-
ten verwijde epitheliale buizen en stromale cellen, die positieve ISH-signalen lieten
zien voor humaan chromosoom 1. Dit bevestigde de humane afkomst van deze haar-
den in het CAM. Drie dagen na het aanbrengen van endometriumfragmenten op het
CAM worden er dus endometriose-achtige haarden, bestaande uit humane klierbui-
zen en stromale cellen, aangetroffen in het mesenchym. Deze haarden ontstaan naar
alle waarschijnlijkheid door invasie van intacte humane klierbuisstructuren en stro-
male cellen.

In hoofdstuk 5 worden de door ons ontwikkelde objectieve kwantificatie van de
angiogene reactie op endometriumweefsel beschreven. Fragmenten van proliferatief
endometrium en - als controlemateriaal - stukjes huid van een muis werden op het
CAM gelegd. Vier dagen na het opbrengen van het weefsel werden er dia's gemaakt in
ovo van het gebied random het weefsel. De dia werd ingelezen in de computer waar-
na er een grid met concentrische cirkels over de ingelezen dia werd geplaatst. Het
aantal doorkruisingen van de bloedvaten met de binnenste vijf cirkels werd geteld.
Op deze manier werd de Vascular Density Index (VDI) verkregen, een maat voor het
aantal en de lengte van de vaten. Endometrium induceerde een significante stijging
van de VDI. De intra-observer variabiliteit was slechts 5.2%. We toonden aan dat het
CAM een bruikbaar model is om de angiogene eigenschappen van endometrium-
weefsel te bestuderen. Onze methode maakt het mogelijk de angiogene reactie op
een objectieve en reproduceerbare manier te bepalen.

In hoofdstuk 6 hebben we deze methode gebruikt om de angiogene eigenschappen
te bepalen van endometriumweefsel verkregen in verschallende fases van de men-
struele cyclus. Endometrium, onafhankelijk van de dag waarop weefsel is afgeno-
men, induceerde een significante stijging van de VDI in vergelijking tot de negatieve
controles. De VDI's van de vroeg-proliferatieve, vroeg-secretoire en laat-secretoire
fase waren significant hoger dan de VDI van de laat-proliferatieve fase. Hieruit volgt
dat humaan endometrium angiogeen is gedurende de gehele cyclus en dat de mate
van angiogenese bovendien een cyclische variatie vertoont. We veronderstellen dat
verlenging van bestaande vaten tijdens de vroeg-proliferatieve fase en groei en draai-
ing van de spiraalarterien tijdens de secretoire fase meer angiogene activiteit vergt
dan uitgroei en handhaving van vaten tijdens de laat-proliferatieve fase.

In hoofdstuk 7 is de angiogene activiteit van peritoneumvloeistof van vrouwen met
minimale tot milde endometriose bepaald. Vervolgens is de correlatie onderzocht

114 van deze angiogene activiteit met de concentratie van enkele angiogene factoren als-
mede met klinische variabelen, zoals fase van de menstruele cyclus, type laesie en
rASRM classificatie. Van de onderzochte peritoneumvloeistofmonsters induceerde
85% angiogenese in het CAM. TNF-a en totaal eiwit correleerden significant met de
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VDI, terwijl IL-lß, IL-8 en de klinische variabelen geen invloed hadden op de angio-
gene reactie. Deze Studie bevestigt eerder aangetoonde angiogene activiteit van peri-
toneumvloeistof van vrouwen met endometriose en geeft bovendien een aanwijzing
dat TNF-a hiervoor medeverantwoordelijk is.

In hoofdstuk 8 worden de resultaten van de studies bediscussieerd en worden voor-
stellen gedaan voor toekomstig onderzoek. We hebben aangetoond dat endometri-
umcellen tot invasie in Staat zijn en angiogenese kunnen induceren. Bovendien bleek
het mogelijk endometriose-achtige haarden in het CAM te laten ontwikkelen.
Toekomstig onderzoek zou zieh onder andere kunnen richten op de identificatie van
genproducten die geassocieerd zijn met het invasieve gedrag. Omdat geinvadeerde
cellen voor verdere groei en ontwikkeling afhankelijk zijn van de vorming van nieu-
we bloedvaten, zullen studies gericht op het remmen van angiogenese van belang
zijn voor toekomstige therapeutische mogelijkheden. Voor behandelingsmogelijkhe-
den, zoals gen- en immunotherapie, dienen speeifieke endometriose- en/of endo-
theelcelmarkers geidentificeerd te worden.
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Endometriosis is a common gynecological disorder, characterized by the

presence of endometrial tissue outside the uterine cavity. The signs and

symptoms associated with endometriosis are dysmenorrhea, dyspareu-

nia, chronic pelvic pain and impaired fertility. Although several theories

exist regarding the pathogenesis of endometriosis. the transplantation

theory is the most widely accepted. It presumes retrograde transportation

of viable endometrial cells during menstruation, adhesion of these cells

onto the peritoneum, invasion and subsequent rescue of the reprolifera-

ting tissue by angiogenesis from the host tissue. In this thesis the latter

two phases, invasion and angiogenesis, were studied using the chick

embryo chorioallantoic membrane (CAM) model.

The results of this study contribute to refining the transplantation theory.

A model has been established which can be used to investigate the events

that mimic the early pathogenesis of endometriosis, providing interesting

opportunities for future studies.




