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Introduction

In the mare, like in other mammalian species, soon after ovu-
lation, a complex process of luteinization leads to corpus
luteum (CL) formation in response to luteotropins. The CL is
a transient endocrine gland that evolves from the luteinization
of the remnants of the ovulated follicle, namely the theca and
the granulosa cells (Ginther 1992). The luteinizing process is
necessary for the production of progesterone (P4) (Murphy
2000). The physiologic mechanisms that regulate luteal func-
tion in the mare are rather complex and not very well under-

stood. Maternal functions of the ovarian luteal structure can
be ascribed to its importance on the synthesis of P4 that ena-
bles the establishment and maintenance of early gestation in
this species.

Formation of the corpus luteum

It is rather documented that the luteinizing hormone (LH) and
prostaglandin (PG) E2 are the main luteotrophic hormones
(Juengel and Niswender 1999, Skarzynski et al. 2001) (Fig 1.).
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Summary

Like in other mammalian species, in the mare, in every ovarian cycle, a complex process of luteinization leads to corpus luteum (CL) forma-
tion. The CL produces progesterone (P4), a required hormone for establishment and maintenance of early pregnancy. Luteal angiogenesis
in the mare, necessary for the CL formation, is followed by vascular regression during tissue involution, coordinated with the development
and regression of non-vascular tissue (steroidogenic cells included). These processes might be regulated by several factors, still not comple-
tely understood. This work reviews some of our studies on this field in the mare. In the equine CL, tumour necrosis factor (TNFα) and nitric
oxide (NO) may stimulate the production of angiogenic factor(s) and prostaglandin (PG) E2, necessary for vascular and non-vascular deve-
lopment during the early luteal phase. Increased microvascularization is accompanied by the synthesis of P4, rise in P4 receptor number and
an increase in the number of large luteal cells. This suggests the importance of large luteal cells in the auto/paracrine regulation of P4 syn-
thesis in the equine CL. However, when angiogenesis is complete, long term exposure to progestagens appears to inhibit the proliferati-
ve/angiogenic activity. PGF2α may also induce luteal (including vascular) regression of the equine CL. Moreover, NO and P4 dependent
process of inhibition of angiogenic factor(s) production might be preparing the CL for functional and structural regression. Oppositely to the
early luteal phase, during late luteal phase NO and cytokines may induce several processes leading to the regression of equine CL. Besides,
caspase-3, the effector enzyme of apoptosis, might also play an important role during luteal tissue involution. Nevertheless, further studies
are needed to elucidate the mechanisms and the relationship between the dichotomy of loss of function and/or luteal involution in the mare.
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Einige Aspekte bezüglich der Regulation der lutealen Funktion und Luteolyse in equinen Corpora lutea

Im equinen Ovar können, wie bei anderen Säugetieren, innerhalb jedes Zyklus Luteinisierungsvorgänge mit Ausbildung eines Corpus
luteum (CL) beobachtet werden, welches das für die Herstellung und Erhaltung der frühen Trächtigkeit essentielle Hormon Progesteron (P4)
synthetisiert. Die luteale Angiogenese im Rahmen der Gelbkörperentwicklung sowie die darauf folgende Gefäßregression zum Zeitpunkt
der Gewebeinvolution verlaufen parallel mit der Entwicklung und der Regression des nichtvaskulären Gewebes (inklusive der steroidhor-
monbildenden Zellen). Diese, vermutlich durch zahlreiche Faktoren regulierte Abläufe sind bis zum heutigen Zeitpunkt nicht vollständig
geklärt. Die vorliegende Arbeit liefert einen Überblick über eigene Studien bei Stuten hinsichtlich dieser Thematik. Im equinen CL wird die
Produktion von angiogenen Faktoren und Prostaglandin (PG) E2, welche für die vaskuläre und nichtvaskuläre Entwicklung während der
Gelbkörperanbildung von Bedeutung sind, möglicherweise durch den Tumor Nekrose Faktor α (TNFα) und Stickoxid (NO) stimuliert. Die
ansteigende Mikrovaskularisierung verläuft parallel zu der Synthese von P4, einer Zunahme der Anzahl P4-Rezeptoren sowie großer Lutein-
zellen. Diese Befunde lassen vermuten, dass die großen Luteinzellen für die autokrine/parakrine Regulation der P4-Synthese im equinen CL
von Bedeutung sind. Nach Abschluss der Angiogenese im Gelbkörper scheint eine Langzeiteinwirkung von Progestagenen die proliferati-
ve/angiogene Aktivität zu hemmen. PGF2α induziert vermutlich die luteale (und vaskuläre) Regression im equinen CL. Darüber hinaus
bereitet möglicherweise eine NO- und P4-abhängige Inhibition der Produktion angiogener Faktoren den Gelbkörper auf die funktionelle
und strukturelle Regression vor. Im Gegensatz zur frühen Lutealphase induzieren NO und Zytokine in der späten Lutealphase eventuell eini-
ge Abläufe, die zur Regression des equinen CL führen. Zusätzlich könnte auch die Caspase-3, das Effektor-Enzym der Apoptose, eine
bedeutende Rolle während der lutealen Regression spielen. Dennoch sind weiterführende Studien nötig, um die Mechanismen und die
Zusammenhänge der Dichotomie des lutealen Funktionsverlusts und/oder der lutealen Involution bei der Stute zu verstehen.
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Luteal tissue formation is characterized by the differentiation
and growth of large and small luteal cells (Roberto da Costa
et al. 2005), and proliferation of non luteal cells such as
immune cells and fibroblasts (Lei et al. 1991, Broadley et al.
1994, Lawler et al. 1999). In each ovarian cycle, besides cel-
lular proliferation and remodelling of extracellular matrix
(Goldberg et al. 1996, Curry and Osteen 2001), changes in
luteal vascularity take place (Tamanini and De Ambrogi 2004). 

In most species, luteal steroid producing cells are small luteal
cells or large luteal cells, which can be distinguished on the
basis of morphological and biochemical criteria (van Niekerk
et al. 1975, Lei et al. 1991). As previously described in the
woman and cow (van Niekerk et al. 1975, Lei et al. 1991),
also in the mare, large luteal cells present a light colour while
small luteal cells are dark (Roberto da Costa et al. 2005). In
contrast to other species, in the mare, small luteal cells are not
of thecal origin (van Niekerk et al. 1975, Ginther 1992). Prior
to ovulation, theca cells initiate their degenerative process and
are replaced by fibroblasts (Ginther 1992). However, granulo-

sa cells undergo luteinization and secretory activity soon after
(Ginther 1992). It is possible that small luteal cells are in fact
precursors of large luteal cells (van Niekerk et al. 1975, Lei et
al. 1991, Gregoraszczuk 1996).

The CL undergoes a fast physiologic growth, which is follo-
wed by a regression process characterized by changes and
cell death (apoptosis) of both vascular and steroidogenic cells
(Stouffer et al. 2001, Davis et al. 2003, Al-zi´abi et al. 2003,
Ferreira-Dias et al. 2006a). Also in the mare, blood vessel
growth and regression are coordinated with the development
and regression of non-vascular tissue (steroidogenic cells
included) (Ferreira-Dias et al. 2006a, Roberto da Costa et al.
2005). Throughout the luteinization process, during the equi-
ne CL formation, microvascularization is increased in early
and mid-luteal phases (Ferreira-Dias et al. 2006a). This
increment on angiogenesis is necessary for the formation and
growth of the equine CL, which is accompanied by an incre-
ase in P4 synthesis from a very early stage of the luteal struc-
ture (Ferreira-Dias and Mateus 2003, Ferreira-Dias et al.
2006a, Roberto da Costa et al. 2005) (Fig. 1.).

Physiological mechanisms of regulation of CL formation

The physiological processes of CL formation might be regu-
lated by many different factors, still not completely under-
stood (Fig. 1). In a recent study carried out in our laborato-
ries, the effect of the cytokine tumor necrosis factor (TNFα)
and a nitric oxide (NO) donor, Spermine NONOate, on equi-
ne luteal explant production of angiogenic factor(s) was eva-
luated (Costa et al. 2006). It was observed that conditioned
culture medium by early luteal tissue in the presence of TNFα
or Spermine NONOate stimulated in vitro endothelial cell
proliferation (Costa et al. 2006). Therefore, in the mare’s ear-
ly-luteal phase CL, it appears that TNFα stimulates the pro-
duction of angiogenic factor(s) (Costa et al. 2006) and also
of P4 and prostaglandin (PGE2) E2 (unpublished data),
necessary for both luteal angiogenesis and non-vascular
development (Fig. 2). Furthermore, NO may also play a role
on vascular growth of the equine CL during early-luteal deve-
lopment (Costa et al. 2006), when vascular development is
more intense (Ferreira-Dias et al. 2006a) (Fig. 2). 

In the mare, even though the pulsatile pattern of P4 throug-
hout the luteal phase is well established (Ginther 1992), the
factors regulating P4 synthesis and its actions on the corpus
luteum (CL) itself are not fully understood. The hormone P4
has been shown to act as a luteotrophin on the bovine CL
mediated by oxytocin (OT) and/or prostaglandins (Skarzynski
and Okuda 1999, Skarzynski et al. 2001, Kotwica et al.
2004), maintaining the synthesis of this steroid in the bovine
ovary (Skarzynski and Okuda 1999, Skarzynski et al. 2001,
Kotwica et al. 2004). Thus, as an autocrine factor, P4 exerts
its action by a P4 receptor-dependent mechanism, suppres-

Fig 1 Hypothetical model of the regulation of equine CL develop-
ment (see text for the details).
Hypothetisches Modell zur Regulation der Entwicklung equiner Gelb-
körper (detaillierte Beschreibung: vgl. Text).

Fig 2 Effects of tumor necrosis factor-a (TNFα; 10 ng/ml), a donor
of nitric oxide (NONOate; 10-5M), progesterone (10-5M), an anta-
gonist of P4 (Onapristone; 10-5M) and LH (10 ng/ml) on proge-
sterone (a) and prostaglandin E2 (b) secretion by equine corpora
lutea from early luteal phase in vitro. For the details please see Fer-
reira-Dias et al. 2007, Costa et al. 2006 (adapted).
Auswirkung des Tumor Nekrose Faktor-α (TNFα; 10 ng/ml), eines
Stickoxid-Donors (NONOate; 10-5M), von Progesteron (10-5M),
eines P4-Antagonisten (Onapristone; 10-5M) sowie von LH (10
ng/ml) auf die Progesteron- (a) und Prostaglandin E2- (b) Sekretion
des equinen Gelbkörpers in der frühen Lutealphase in vitro. Eine
detaillierte Beschreibung erfolgt in Ferreira-Dias et al. 2007 und
Costa et al. 2006.
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sing the onset of apoptosis in the CL in several species (Rue-
da et al. 2000, Okuda et al. 2004). In the mare, plasma P4
increases simultaneously with a rise in both P4 receptor num-
ber, and large luteal cells PCNA expression and proliferation
in the mid-luteal phase CL (Roberto da Costa et al. 2005).
The presence of P4 receptors in the mare’s CL suggests the
importance of the autocrine regulation of the CL by ovarian
steroids in this species (Fig. 1). Besides, large luteal cells
might play an important role on most regulation or synthesis
of P4 in equine luteal structures.

Progesterone, besides being the major hormone produced
in the luteal tissue, also regulates prostaglandin synthesis by
the bovine CL (Skarzynski and Okuda 1999, Skarzynski et
al. 2001). The synthesis of prostaglandins in the newly for-
med CL may play important physiological roles such as cel-
lular differentiation, intercellular communication and regu-
lation of blood flow (Wiltbank and Ottobre 2003), that have
not yet been clearly understood, especially in the mare.
Therefore, in a recent study we examined whether P4 and its

precursor pregnenolone may affect the synthesis of the lute-
otrophic PGE2 in the equine luteal tissue (Ferreira-Dias et
al. 2006b). Mare’s early and mid-luteal phases CL were
able to release PGE2 in vitro (Fig 2), as previously reported
for equine dispersed luteal cells (Watson and Sertich 1990).
There was a significant increase in the production of this
eicosanoid from early-luteal phase to mid- luteal phase CL.
Although there was a tendency for an increase in PGE2
secretion in equine luteal tissues treated with pregnenolone,
there were no significant differences in PGE2 release
among all treatments (Ferreira-Dias et al. 2006b)(Fig. 2).
These results may suggest a lack of P4 effect on prosta-
glandin secretion, in disagreement with what has been
shown in bovine CL cells and tissue (Skarzynski and Okuda
1999). Another explanation might be the modulation of
PG-converting enzymes activity (Watson et al. 1979, Beaver
and Murdoch 1992, Asselin and Fortier 2000, Madore et
al. 2003), the mechanism by which P4 could switch, in the
equine CL, from production of luteotrophic PGE2 to luteo-

lytic PGF2α, or vice versa. However, further studies are nee-
ded to clarify this hypothesis.

Luteolysis

Loss of luteal function and/or luteal tissue involution

In the absence of pregnancy, the endocrine function the CL
has prepared for, up to the mid-luteal phase, is no longer
needed. The CL undergoes a process of functional and struc-
tural regression which mechanisms are far from being under-
stood. The process of luteolysis is generally defined as loss of
CL function and the subsequent involution of the luteal tissue.
However, some authors consider functional and structural
components of luteolysis as a continuum with loss of function,
necessary for structural involution to proceed (Endo et al.
1993). In general, this dichotomy of loss of luteal function
and/or luteal tissue involution is species specific. Whenever
pregnancy fails to establish, luteolysis allows for the resump-
tion of a new ovarian cycle. The CL drops its synthesis of P4,
that is followed by structural regression of the CL (McCracken
et al. 1999, Niswender et al. 2000, Okuda et al. 2004). 

Mechanisms of regulation of luteolysis

In the mare, luteal tissue formation is followed by a decrease
in plasma P4 concentrations, a fall in P4 receptors in the CL,
and vascular and non-vascular regression during tissue invo-
lution (Roberto da Costa et al. 2005, Ferreira-Dias et al.
2006a). Luteal vascular regression in the mare is coordinated
with the regression of non-vascular tissue and might be regu-
lated by many different factors (Ferreira-Dias et al. 2006a).
Also in the mare, luteolysis depends on prostaglandin F2α
(PGF2α) pulsatile release by the endometrium (Ginther
1992). Among many others, NO (Vega et al. 2000, Skar-
zynski et al. 2003), prostaglandin F2α (McCracken et al.
1972, 1999), and cytokines including TNFα (Friedman et al.
2000, Skarzynski et al. 2003) have been pointed out as lute-
olytic factors/mediators in several species (Fig. 3). 

In a recent work, conditioned culture medium from mare’s
late-luteal phase CL treated with PGF2α was able to inhibit
in vitro endothelial cell proliferation (Ferreira-Dias et al.
2006a). Therefore, this hormone may also play a role on
vascular regression of the CL during late-luteal phase in the
mare (Ferreira-Dias et al. 2006a) (Fig.3). Besides this, luteal
involution appears to be accompanied by a fall in P4 pro-
duction (Ferreira-Dias et al. 2006a) (Fig.3).

In the mare, even though P4 might play an autocrine role on
its synthesis in the early CL (Roberto da Costa et al. 2005), in
the mid-luteal phase CL, when angiogenesis is complete,
long term exposure to progestagens appears to inhibit the
angiogenic activity (Ferreira-Dias et al. 2006b). This apparent
long-lasting inhibitory effects of P4 and its precursor pregne-
nolone on angiogenic factor(s) production by equine mid-
luteal phase CL, might be preparing the CL for functional and
structural regression. This might be also a NO mediated pro-
cess (Ferreira-Dias et al. 2006b)(Fig.3). Even though NO may
play a role on vascular growth of the equine CL during early-
luteal development (Costa et al. 2006), it appears to have an

Fig 3 Hypothetical model of the structural and functional regres-
sion of equine CL (see text for the details).
Hypothetisches Modell zur strukturellen und funktionellen Regression
des equinen Gelbkörpers (detaillierte Beschreibung: vgl. Text).
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opposite effect during mid-luteal phase CL (Ferreira-Dias et
al. 2006b). Therefore, NO angiogenic and/or anti-angioge-
nic properties in the mare’s CL need to be further investiga-
ted (Fig. 3).

Apoptosis and luteolysis

Apoptosis is involved in the process of structural involution of
luteal tissue in many species (Rueda et al. 1997, Okuda et al.
2004, Skarzynski et al. 2005). In the mare, besides apopto-
sis, non-apoptotic changes might be also involved in luteoly-
sis (Al-Zi`abi et al. 2002). Since steroidogenic impairment
precedes CL structural involution in several species, the
objective of a recent study was to evaluate the relationship
between P4 secretion and caspase-3 activity. This was asses-
sed by caspase-3 expression and cleavage of its endogenous
substrate poly ADP ribose polymerase (PARP), in equine cyclic
luteal structures (Ferreira-Dias et al. 2007). Active caspase-3
expression was doubled in all luteal structures when compa-
red to early luteal phase CL (Ferreira-Dias et al. 2007). This
increase in caspase-3 activity was expressed in large luteal
cells (Ferreira-Dias et al. 2007)(Fig. 4), where the presence of

P4 receptors has been reported (Roberto da Costa et al.
2005). Consistently, PARP was markedly degraded from ear-
ly-luteal phase CL to corpora albicans. The decrease in P4
from mid to late-luteal phase CL was simultaneous with no
further increases in apoptosis (Ferreira-Dias et al. 2007). This
study suggests that caspase-3, might play an important role
during luteal tissue involution in the mare, even though its
relationship with P4 remains to be clarified.

Conclusions

Luteal formation in the equine ovary is a very complex physio-
logical process that involves changes in microvascularization,
steroidogenic tissue, and endocrine function, mainly on P4
production (Fig. 1). In the mare, it appears that the cytokine
TNFα, NO and PGE2 are necessary for both luteal angioge-
nesis and non-vascular development. During the formation of
early luteal structures in the equine ovary, P4 may play also an
autocrine regulation of the CL (Fig. 1.). However, P4, cytoki-

nes and NO might have opposite roles during luteal regres-
sion, that still remain to be clarified (Fig. 3). Cell proliferation
reaches its maximum expression in the mid luteal phase, when
apoptosis starts to prevail, leading to luteal regression. Howe-
ver, further studies are needed to elucidate the mechanisms of
luteal formation and the relationship between the dichotomy
of loss of function and/or luteal involution in the mare.
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