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ABSTRACT
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The ovary undergoes cyclic changes in follicular growth and luteogenesis due
to the action of gonadotropins and steroids. The ovary and especially the
corpus luteum has an exteremely high blood flow. There is a gap in our
knowledge about the physiological role of the high blood flow of the corpus
luteum.
The production of lactate, progesterone and cyclic AMP of follicles and
corpora lutea incubated in vitro was analyzed and related to the tissue
content of ATP to elucidate possible connections between oxygen and substrate
levels and energy consumption, steroid output and LH responsiveness in vitro.
It was also considered of interest to investigate if the oxygen tensions
needed for ATP and progesterone production of the follicle and the corpus
luteum differed. A corpus luteum model using adult pseudopregnant rats was
developed and characterized according to criteria for identification of
corpora lutea as well as levels of plasma steroids and gonadotropins. In
vitro progesterone production was compared to plasma progesterone levels. The
absolute blood flow of corpora lutea of different ages and the response to
injection of hCG, noradrenaline and antidiuretic hormone was investigated
with the microsphere technique. Relative blood flow changes of follicles and
corpora lutea during follicular growth and luteogenesis in vivo were studied
by injecting radiolabelled microspheres to anaesthetized immature rats at
different time periods after injection of an ovulatory dose of pregnant mare
serum gonadotropin. This approach was chosen to investigate the possible
relation between follicular/luteal blood flow, steroid output and morphology
in relation to the endogenous gonadotropin surge, ovulation and luteogenesis.
Hormonal stimulation by injection of hCG and noradrenaline increased total
ovarian blood flow but no evidence was found for a parallelism between
luteotropism and blood flow. The increasing effect of hCG on ovarian blood
flow was partly due to a shunting of blood from the uterus towards the ovary.
The antidiuretic hormone potently decreased ovarian and uterine blood flow by
80-90% while blood flow of some other organs (e.g. kidney and spleen) were
hardly affected. The corpus luteum of pseudopregnancy was found to produce
15“ 20 times more progesterone in vitro as compared to the preovulatory
follicle. The steroidogenesis and energy production of corpora lutea was
found to be more sensitive to decreases in oxygen tension in terms of tissue
ATP levels and LH responsiveness of progesterone production while the
follicle could compensate by increasing glycolysis. A parallelism between
follicular/luteal blood flow and progesterone production in vivo was found.
It was shown that the formation, growth and progesterone production of the
corpus luteum was accompanied by an increase in blood flow as well as
vascularization
as
seen
under the light microscope. The endogenous
gonadotropin surge did not change follicular blood flow due to
the
development of a follicular oedema. We hypothesize that the corpus luteum
function in vivo and in vitro is dependent on higher energy levels than the
preovulatory follicle and that the transformation of the follicle to a corpus
luteum is supported by a high nutritive blood flow possibly to support a high
demand for energy-rich substrates.
Key
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follicle, corpus luteum, blood
luteinizing hormone, noradrenaline, antidiuretic hormone.
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INTRODUCTION
OVARIAN BLOOD FLOW AND ENERGY METABOLISM: WHY STUDY THEM ?
Follicular growth, ovulation and corpus luteum formation and regression keep
the ovarian compartments constantly changing as regards growth rate and
steroidogenesis. Thus, the vascularization and the delivery of nutrients to
the ovarian cells may be supposed to change cyclically in relation to
follicular growth, ovulation and corpus luteum (CL) formation. The blood
flow of the ovary and especially its luteal compartment is extremely high
(Niswender et al. 1976). The precise role of the high CL blood flow remains
unknown. It has been proposed that compartmental growth and steroidogenesis
set up a high demand for nutrients, gonadotropins and precursors (Niswender
et al. 1976 ). The magnitude of blood flow has e.g. been proppsed to play a
role in selection of the dominant follicle (Zeleznik et al. I98 I) and in
supporting CL formation and maintenance (Ellinwood et al. 1978). It has been
proposed that vascular effects by hormones can regulate the CL life span. A
decrease in CL blood flow mediated by prostaglandin F
has been proposed to
induce luteolysis by decreasing total luteal blood flow (Pharriss et al.
I97 O) or decreasing the functional capillary blood flow in the CL of the
guinea-pig (Wehrenberg et al. 1978). It has also been shown that a reduction
of ovarian blood flow in pseudopregnant rabbits leads to a decreased
progesterone (P) production (Janson et al. I98 I). The rest of
the
Introduction will discuss the hormonal regulation of follicular and CL
function of the rat and the possible mode of coupling between ovarian blood
flow and metabolism will be dealt with more thoroughly in the General
Discussion section in relation to data presented in this thesis.
GONADOTROPIC CONTROL OF THE OVARY
As a classical view the control of ovarian cells is due to distant organorgan interactions by feedback/feedforward mechanisms involving a complex
interplay between the
brain
and
pituitary,
the
ovary
and
the
uterine/placenta/embryonic unit (for review see Savard et al. 1965; McKerns
1969 ; Edqvist & Stabenfeldt I98 O; Rothchild 1981; Goodman & Hodgen 1983;
Levasseur
1983;
Basu 1985). Hypophyseal gonadotropins (FSH, LH and
prolactin) regulate the release of fertilizable ova and CL formation thus
determining the length of the sexual cycle (Rothçhild I98 I). The regulatory
"biological clock" is situated in the hypothalamus and the cyclicity is thus
controlled by internal and external stimuli converging by means of releasing
hormones via vascular connections towards the gonadotropin-secreting cells
of the anterior hypophysis (reviewed by Knobil I98 O).
The ovary being the target organ is in various ways dependent on the
gonadotropic support for growth and metabolism since hypophysectomy leads to
ovarian atrophy (Evans et al. 193*0* It Is assumed that gonadotropins, as
"first messengers", exert their effects by binding to specific cell surface
receptors in their target cells (Anderson et al. 1979)• Receptor binding of
gonadotropins leads to changes in the levels of intracellular "second
messengers", the most widely accepted system being the cyclic AMP system
(Selstam 1975; Catt & Dufau 1976). Gonadotropins support the production of
steroid hormones via different ovarian cell types (theca cells, granulosa
cells, luteal cells and stromal cells) by increasing their cyclic AMP
production,
general cell metabolism, secretion of non-steroidal cell
products, induction of
heterologous
receptors
and
stimulation
of
steroidogenesis (reviewed by Marsh 1976 and Hsueh et al. 1984). Ovarian
steroids exert local effects on neighboring ovarian cells and regulate
growth in secondary sex organs such as the mammary gland and the female
urogenital organs. Steroidal hormones are thought to act via binding to
cytosolic and nuclear receptors that in turn increase cellular protein
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synthesis by changing the transcription of the genome (Gorski et al. I9 8 6 ).
The steroid hormones also act as internal messengers related to the
regulation of the cyclicity by binding to neuronal cells of the brain
(Labrie et al. I98 O).
Estrogens secreted from the growing follicle and progesterone (P) secreted
from the corpus luteum (CL) prepare the uterine endometrium for reception
and implantation of fertilized ova. The follicle is ovulated by the
endogenous gonadotropin surge. As the follicle is transformed to a CL,
steroid production is mainly shifted towards P, which is absolutely
necessary
for the early implantation and development of the embryo
(Nalbandov 1964).

LOCAL MODULATION OF GONADOTROPIC ACTION
The action of gonadotropins on ovarian cells involves complex and partly
unknown regulatory mechanisms. Other ”second messenger”-systems such as
polyphosphoinositol pathways (Davis et al. I98 I; Cuatrecasas I98 6 ) and
prostaglandins may apart from the cyclic AMP system regulate the activity of
the target cell. Furthermore, the effects of gonadotropins may be modulated
by neuronal transmitter substances and local autocrine and paracrine
mechanisms. An increasing awareness of the role of local regulatory
mechanisms in ovarian granulosa (Hsueh et al. 1984; Adashi et al. 1985î
Hsueh & Jones 1982; Tonetta & diZerega I9 8 6 ; Hsueh I9 8 6 ) and luteal cells
(Khan-Dawood & Dawood I9 8 6 ) as well as the testis (Sharpe 1984; Sharpe I9 8 6 )
has recently been extensively reviewed. The basic control mechanisms exerted
by gonadotropins are thus thought to be modulated at a local cellular level.
Locally produced substances such as steroid hormones, prostaglandins, and
peptide hormones may, by "closed loops" modulate/regulate, in an accessory
manner the activity of the secreting cell itself (autocrine action), cells
in the near vicinity (paracrine regulation) as well as vascular smooth
muscle
and endothelial cells. The female reproductive tract has an
adrenergic innervation (Sjöberg 1967; Burden 1978) and catecholamines have
been postulated to play some role in the ovulatory process (Bahr et al.
1973 ). Furthermore, the production of P and cyclic AMP can be increased in
response to catecholamines bound to specific adenylate cyclase-coupled
receptor sites (Norjavaara 1984).
FOLLICULAR CONTROL
In the adult rat ovulation takes place every 4-5 day period if pregnancy or
pseudopregnancy is not induced (Long & Evans 1922). The ovulating rat
follicle would have been induced to grow some 19-20 days earlier, thus being
exposed to two or thrèe consecutive gonadotropin surges (Nequin et al. 1979;
Richards I98 O). Follicular growth may rely on basal FSH levels since growth
towards ovulation proceeds without exposure to the FSH surges (Matsuzono et
al. 1986 ). Most of the follicles recruited 19 days before ovulation go into
atresia but the action of some unknown factor(s) rescue a defined number of
follicles from atresia (Hirshfield & Midgley 1978 a; Osman I985 ) making them
able to ovulate and to form healthy CL. Although it is not presently known
why some follicles go into atresia while others ovulate, follicular E
formation is thought to play a pivotal role in supporting the growth and
gonadotropic responsiveness of follicles destined to ovulate (Hsueh et al.
1984; Tonetta & diZerega 1986 ).
As a follicle grows towards the point of ovulation the oocyte grows and the
surrounding granulosa cells divide mitotically. The theca layer is built up
and differentiated around the granulosa layer, by the action of basal levels
of LH. Theca cells secrete an increasing amount of androgens during
follicular growth. These androgens are vital since they may be the main
precursors for aromatization and E formation by the granulosa cells
(Erickson et al. I98 5 )• The quantity of E formed by the FSH-stimulated
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granulosa cells are thought to be of vital importance to avoid follicular
atresia. If the aromatase activity of granulosa cells is insufficient thecainterstitial androgens may instead
induce follicular atresia (Jia et al.
1985 ). E and FSH act synergistically in building up FSH responsiveness by
increasing the number of granulosa cells by mitotic division as well as
increasing the responsiveness of the cyclic AMP-aromatase system (Dorrington
et al. 1975; Hillier et al. I98 O a; Richards I98 O). This picture builds the
basis for the two-cell, two-gonadotropin hypothesis, which thus offers a
molecular and cellular basis for explaining the synergistic effects of LH,
FSH and E in stimulating the growth ofthe preovulatory
follicle (Bjersing
1978; Liu & Hsueh I9 8 6 ) . It has also been proposed that the granulosa cell
may itself support its own E production by shuttling P precursor produced in
the granulosa cells to the theca cell layer where P could be converted into
androstenedione and thereafter androstenedione may diffuse back to the
granulosa layer to be aromatized (Liu & Hsueh I9 8 6 ; Fortune I9 8 6 ). When
ovulation is approaching the increasing concentration of E together with the
increased FSH responsiveness increase the concentration of LH receptors in
preovulatory follicles (Zeleznik et al. 1974; Nimrod et al. 1977; Rajaniemi
et al. 1977; Uilenbroek & Richards 1979; Kessel et al. 1985)• The
acquisition of LH receptors may be cyclic AMP-dependent, since the process
of acquiring LH receptors of granulosa cells was increased by cyclic AMP
(Sanders & Midgley 1983) • LH has also been reported to increase its own
receptor population in cultured granulosa cells of the immature rat (Jia &
Hsueh 1984). As follicular E production increases the follicle becomes more
responsive to FSH and LH in terms of adenylate cyclase (AC) activity
(Nordenström et al. I9 8 5 ) and cyclic AMP production (Nilsson et al. 1977)Since the granulosa layer of the follicle is avascular, the follicular fluid
is a filtrate that may maintain a higher level of gonadotropins, steroids
and regulatory peptides than the blood (McNatty et al. 1975) and this may
increase the opportunities for local regulatory mechanisms to act upon
granulosa cells (Hsueh I9 8 6 ).
Ovulation of a follicle does not guarantee normal CL development and
function. Endocrine and cellular changes during follicular development can
affect the subsequent CL. It has been proposed by McNatty (1979) that the
development of a normal CL would be dependent on a preovulatory follicle
meeting the following criteria; 1) an adequate number of granulosa cells
prior to ovulation, 2) granulosa cells being able to synthesize adequate
amounts of progesterone and 3) an adequate number of LH receptors on the
theca and granulosa cells. It has been suggested that the microenvironment
of the preovulatory follicle would be more important for a normal CL
development than the characteristics of the LH surge (McNeilly et al. I98 I).
A high concentration of estrogens and gonadotropins in the follicular fluid
would stimulate the mitotic activity and thus the number of granulosa cells
forming the subsequent CL as well as the P production by granulosa cells
(McNatty & Sawers 1975)• An inadequate number of granulosa cells would
reduce the number of cells forming the CL and thus its P secretion. Also, a
low FSH to LH ratio during the preovulatory period of monkeys has been shown
to depress CL function and shorten the luteal phase (diZerega & Hodgen
1981).
EFFECT OF THE OVULATORY GONADOTROPIN SURGE
The sudden increase in follicular E production releases the endogenous
gonadotropin surge (Knobil I98 O). The LH part of the gonadotropin surge
seems to be responsible for several changes in the biochemistry and
morphology leading to ovulation of the preovulatory follicle. LH decreases
the mitotic activity of the granulosa cells and thereby sets the number of
granulosa cells to form the CL (Hirshfield & Midgley 1978 a). The
steroidogenic pattern of the preovulatory follicle changes after the LH
surge so that E production declines in favour of P production (Katz &
Armstrong 1976; Hillensjö et al. 1977). It has been proposed that this would
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be due to an inhibition of 17ct-hydroxylase, C-17,20 -lyase and the microsomal
cytochrome P-^50 enzyme activity by LH (Katz & Armstrong 1976; Suzuki L
Tamaoki 1983; Uilenbroek I98 5 ). This inhibitory action of E production could
be overcome by the addition of testosterone to incubation media of isolated
follicles incubated after the endogenous gonadotropin surge, indicating that
the aromatase enzyme activity was not depressed after the gonadotropin surge
(Hillensjö et al. 1977)- During 2-3 h before ovulation total follicular
steroidogenesis is depressed (Uilenbroek I98 5 ) maybe due to a refractoriness
induced by the endogenous LH surge (Ahrén et al. I98 O). The decrease in
follicular E production seen later during the preovulatory period seems to
be irreversible since C-17,20 -lyase does not recover during the luteal phase
of the rat leading to predominantly P production.
The gonadotropin surge induces a decrease in tensile strength of the
follicular wall leading to the expulsion of the ovum. The degradation of the
follicular wall involves biochemical changes. After the LH surge, PGE
and
PGF
production by homogenates of rat ovaries increase (Brown & Poyser
1984^. A physiological role for prostaglandins in ovulation has been
proposed since indomethacin blocked follicular rupture in adult rats
(Tsafriri et al. 1972) and superovulation was inhibited by an antiserum to
cyclooxygenase (Satoh et al. I98 I b). The inhibition of ovulation by
indomethacin does not involve inhibition of follicular steroid production
Grinwich et al. 1972). Furthermore, the lipooxygenase enzyme activity
increases immediately before ovulation and after the LH surge (Reich et al.
1985 b). The prostaglandins have been proposed to be involved in the
induction of proteolytic enzyme activity necessary for the weakening of the
follicular wall prior to ovulation (Parr 1975; Satoh et al. 1985)Gonadotropins have also been shown to increase the production of plasminogen
activators. This leads to a conversion of plasminogen to active plasmin,
which could degrade the connective tissue of the follicular wall (Wang &
Leung 1983 ; Reich et al. I985 a; Ny et al. I9 8 5 ). However, inhibition of the
plasminogen activators did not block ovulation in PMSG-primed immature rats
suggesting that plasminogen may have an intermediary role in the ovulatory
process (Espey et al. I9 8 5 )• Collagenolytic enzymes can also be activated
during the preovulatory period (Reich et al. I985 c; Curry jr. et al. I985 )
and this has been shown to occur without the activation of prostaglandin
production (Curry jr. et al. I9 8 6 ). The follicular wall shows signs of acute
inflammation during the preovulatory period and many of the substances
mentioned above can act as inflammatory mediators potentially affecting
tensile strength of the follicular wall as well as capillary permeability
and follicular blood flow. This has led to the hypothesis that ovulation may
be the result of an inflammatory process (Espey I98 O). This inflammatory
reaction is seen by the development of preovulatory redness and an oedema of
the follicular wall prior to ovulation (Bjersing & Cajander 197*0 as well as
a disorganized microcirculation (Bassett 19**3; Burr et al. 1951)*
Steroids may also play as yet unclarified roles in the process of ovulation
since injection of testosterone (Mori et al. 1977 a) or P antisera (Mori et
al. 1977 b) to PMSG-primed immature rats reduced the number of ovulations.
It has recently been reported that the injection of a monoclonal antibody to
estradiol-17^ into cycling adult rats on the morning of diestrus 2 could
totally block ovulation (Fajer et al. I9 8 6 ).
The preovulatory increase in LH remains elevated for about 8-10 h (Bauminger
et al. 1978 ) and this time is enough to release the follicle fron
luteinizing inhibitory influences. Apart from altering steroidogenesis and
weakening the follicular wall biochemical and morphological changes related
to the transition of the follicle into a CL ("luteinization") can be
detected. Biochemically, luteinization can be said to start first, with an
increase in LH levels. During the 2-3 days of luteinization in the rat.
marked changes in follicular morphology and vascularization take place
(Bassett 19^3)* There is morphological evidence that both the theca and
granulosa layers of the ovulated follicle build up the growing CL of the rat
(Bassett 19*+9; Pederson 1951; Malone 1957)* There is also biochemical
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evidence that theca cells build up a P-secreting part of the CL since
luteinized theca cells of the rat produced P (Richards et al. I9 8 6 )« As the
follicle is ovulated, the metamorphosis of CL vascularization begins. The
granulosa cell layer of the preovulatory follicle is avascular while the
mature rat CL has a blood flow of around 2000 ml/100g/min (Pang & Behrman
1979 î Norjavaara et al. I987 ). The process of CL vascularization seems to
parallel or slightly precede the process of morphological luteinization
(Bassett 19^3)« The number of luteal cells building up a rat CL was defined
at the moment of ovulation. One CL has been calculated to contain around
35OOOO luteal cells. The growth of the CL during early pregnancy was found
to be due to hypertrophy of luteal and endothelial cells (Meyer & Bruce
1979 . I98 O). In the study by Meyer & Bruce (1980) the increase in CL weight
during early CL growth could not explain the increase in P production. The
ingrowth of a dense capillary perfusion of the CL seems to guarantee a rich
exchange of metabolites over the capillary membranes. During CL growth of
the pregnant rat before placentation no change was seen in the relative
percentages of CL volume occupied by luteal cells (about 85 %) and vascular
space (about 13 %) although the absolute volume of vessel space increased
considerably during CL
growth probably as
a result of hypertrophy of
endothelial cells (Meyer & Bruce I98 O). As a
comparison, the exchange of
steroids over luteal cell membranes was calculated to be 50 times higher as
compared to the Leydig cell of the rat (Meyer & Bruce 1984) and the
functional area of smooth endoplasmic reticular and mitochondrial membranes
was found to be considerably higher in luteal cells (Meyer & Bruce 1984).
The larger luteal blood vessels were characterized as ”sinusoids" (with an
appearance analogous to liver sinusoids) with diameters around 15-40 pm
(Bassett 1943) supporting a dense irregular capillary vascularization with
capillary diameters of 5~15 pm (paper VII). The CL does not contain arterio
venous shunts of any significance since the rabbit (Ellinwood et al. 1978)
and rat ovary (Selstam et al. 1985) only shunts about 1-3 % of 15 pm
microspheres into the venous circulation. Virtually no connective tissue can
be detected between luteal capillaries and surrounding luteal tissue
(Bassett 1943). Luteal cells vary in diameter between I8 -3O pm (Wilkinson et
al. 1976 ). The effective diffusional distance from CL cells to the capillary
space has been shown to be around 0.42 pm in perfusion-fixed CL of 16-days
pregnant rats (Dharmarajan et al. I985 ) and 60 % of the total luteal cell
area has been found to face capillaries. This will enhance the exchange of
various substances over the capillary membrane of the CL (Dharmarajan et al.
1985 ). There are evidence that the rapid CL vascularization is a vital event
during its early growth. The vascularization of the CL may be regulated by
angiogenic factors intrinsically produced by granulosa-luteal cells of the
ovary (Gospodarowicz & Thakral 1978; Redmer et al. 1985; Gospodarowicz et
al. 1985 ; Gospodarowicz et al. 1986; Koos I986 ) analogous to what has been
found for angiogenic factors secreted by cancer cells (Folkman 1975; Vallee
et al. 1985)* As proposed by Koos (1986) these,factors may be necessary for
the formation of a normal follicular and luteal vascular system. Such a
mechanism may very well be operative in vivo since Geade et al. (1985) found
that the early vascularization of the CL of the adult rat during the es trous
cycle involved a stimulation of endothelial mitotic activity, as seen autoradiographically, by the incorporation of H-thymidine into the vessels of
newly formed CL. In the study by Koos (I986 ), no effect by LH or FSH was
seen on the production of endothelial-cell proliferative activity by
granulosa cells. The CL may thus be pre-programmed, by some yet unknown
mechanism, to regulate its own rapid vascularization. This mechanism may be
set into actionalreadyduring the follicular phase by the endogenous LH
surge. Interestingly, the fibroblast growth factor has been shown to be
possibly identical with the corpus luteum angiogenic factor (Baird et al.
1986 ). This finding may open the field for future experiments regarding the
mechanism of vascularization of the early CL.
Apart from an increase in vascularization the luteinization process involves
a marked hypertrophy of luteal cells and some cellular organelles increase
markedly
during theluteinization process (Enders 1962). The
smooth
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endoplasmic reticulum which is responsible for microsomal steroid production
becomes larger and during luteinization the mitochondria change from being
rod-shaped with parallel cristae to become more ovoid, larger and with
tubular cristae (Björkman 1962; Bjersing I9 6 7 ). These changes could be a
part in the increased steroidogenic potential of the luteal cell (Björkman
1962; Bjersing I96 7 ).

CORPUS LUTEUM REGULATION
As soon as the ovum is released the follicle is transformed to become the
CL. The life span of the CL is ephemeral and consists schematically of a
rising, plateau and declining phase as regards the P production. During this
time P secretion transforms the E-primed uterine endometrium to a glandular,
secretory one functionally fitted for the retention and implantation of the
fertilized ovum. Depending on the type of species and if exposed to
placental luteotropic hormones the CL life span will either be prolonged for
a part of or for the whole gestational period. If mating and subsequent
pseudopregnancy or pregnancy does not occur a decline in P production by the
process of luteolysis will occur (Rothchild I98 I). The regulation of the CL
has long been one of the most enigmatic questions within reproductive
physiology. There seems to be vast inter-species
differences in the
regulation of the CL. This offers difficulties in interpreting the meaning
of experimental results obtained in animal models. The current view on CL
regulation is given in several reviews by Jones & Wentz (1976, human),
Rothchild (1981 , various species and rat), Keyes et al. (1983. various
species and rabbit), Goodman &. Hodgen (I9 8 3 . primates), Moudgal (1984,
primates), Khan-Dawood & Dawood (I9 8 6 , various species and domestic animals)
and Smith (1986 , general review, domestic species). The present Introduction
will focus on what is known about the regulation
of the CL of the
pseudopregnant rat. Some aspects regarding support ofthe CL during
pregnancy will also be presented.
Some endocrine glands relying on hypophyseal activation (e.g. classically
ACTH/adrenal
cortex,
TSH/thyroid) have their hormonal synthesis and
secretion determined by negative feedback loops to the pituitary that in
turn controls physiological levels of their hormonal output. In sharp
contrast, such a relationship cannot be demonstrated between the CL P
production and its hypophyseal luteotropic componentssuch as LH
and
prolactin. No single hypophyseal hormone has
been
shown
to
vary
simultaneously with the levels of P and thus no main stimulatory luteotropin
has been identified. The preovulatory LH exposure to a ”healthy follicle”
brings about the formation of a CL that in the rat can secrete P for 2-3
days without the support from hypophyseal hormones. This ability to secrete
P independent of extrinsic hormones (e.g. after hypophysectomy the ovulatory
day) is known as CL autonomy (Rothchild I98 I) and is
probably due to
cellular and metabolic changes initiated by the LH release during the
preovulatory period.
THE LUTEOTROPIC COMPLEX OF THE RAT CORPUS LUTEUM
There are multiple substances that have been shown to act as primary or
secondary luteotropins. Prolactin and LH are the main primary luteotropins
detected in the rat. Prostaglandin E and catecholamines have been proposed
to be accessory luteotropins. During 4-5 day estrous cycles female rats do
not develop a functional CL, although some P is secreted (de Greef & vein der
Schoot 1979 ) but
the amount of P secreted by non-functional CL is
insufficient to support a decidual reaction. If cervical stimulation or
mating takes place during the proestrous phase, the rat corpus luteum is
rescued and turned into a functional structure (Freeman et al. 1974; Gunnet
& Freeman I98 3 ). There are evidence that prolactin secreted already during
the estrous part of the rat estrous cycle may rescue
the CL from the
luteolytic effects of early diestrous LH exposure (Sanchez-Criado et al.
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1986), but the most critical event in rescuing the CL from demise may be the
exposure to prolactin on the morning of the third day after cervical
stimulation.
Prolactin exposure transforms the CL into a functional
structure (Smith et al. 1975; Day et al. I98 O). Little is known about the
mechanism of action of prolactin on its target cells (Kelly et al. 1984). No
acute stimulation by the rat luteal cyclic AMP system can be registered upon
prolactin exposure to the CL in vitvo (Mason et al. 1973; Herlitz et al.
1974). Prolactin infusion to anaesthetized adult rats did not acutely change
the levels of P and 20a-0H-P during pro-estrus, diestrus or pseudopregnancy
(Yoshinaga et al. I9 6 7 ). Prolactin can exert multiple luteotropic actions on
the CL. Prolactin can inhibit the activity of the P-metabolizing enzyme 20ahydroxysteroid dehydrogenase, thereby increasing the output of P (Armstrong
et al. 1975; Lahav et al. 1977» Jones & Hsueh I98 I). Furthermore, prolactin
has been found to be necessary for the induction of LH binding sites of rat
CL during pseudopregnancy (Gibori & Richards 1978) and to increase LH
responsiveness of the cyclic AMP system of rat CL (Tesone et al. 1984).
Prolactin in itself cannot stimulate P production of perifused rat luteal
cells but a potentiation of LH- and dibutyryl- cyclic AMP stimulated P
production by rat luteal cells was seen in vitro (Shiota & Wiest 1979)Serum factors have repeatedly been shown to potentiate the stimulatory
effect of prolactin on P production in vitro (Alexander & Crisp 1985; Menon
et al. 1985 )• It has also been proposed that prolactin could increase the
uptake of lipoprotein-bound steroid precursors into the luteal cells of pigs
(Murphy & Rajkumar 1985) and rats (Murphy et al. 1985; Menon et al. 1985;
Rajkumar et al. 1985 )» Menon et al. (I98 5 ) have shown that both low and high
density lipoproteins can potentiate the stimulatory effect by prolactin on
the P production of rat luteal cells. Prolactin may also act in a
synergistic manner with E in stimulating AC responsiveness and P production
of the CL from cycling and pregnant rats (Day & Birnbaumer I98 O; Gibori &
Richards 1978; Gibori & Keyes I98 O) and this synergistic effect has been
proposed to be dependent on functional E receptors of the rat CL (Basuray et
al. 1983 ) although no precise mechanism whereby E and prolactin synergism
has been presented. E has also been shown to have its own prolactinindependent effects on the P production of the CL. The stimulatory effect of
LH on the rabbit CL has been shown to be mediated by E synthesized in the
interstitial gland (Keyes & Nalbandov 1967; Keyes et al. I9 8 3 ) and it has
been shown that E can maintain the P production of rabbit CL by regulating
lipoprotein utilization (McLean & Miller I98 6 ). E receptors were shown to
exist in CL of pregnant rats by Richards (1974) and intraluteal aromatase
activity has been discovered (Elbaum & Keyes 1976). It was shown that E
could maintain the P production of hypophysectomized pregnant rats, as
suggested by the author synergistically with rat placental lactogen or a
putative rat chorionic gonadotropin (Gibori et al. 1977)» A role for
intraluteal estrogen in mediating the luteotropic effect of LH during
pregnancy (Gibori et al. 1978) and pseudopregnancy (Garris et al. 1982) has
been presented. One luteotropic effect of E during pregnancy was to increase
the activity of 3ß-hydroxysteroid dehydrogenase and P production during day
12-18 of pregnancy (Rodway & Rothchild I9 8 I) and increasing the uptake of
cholesterol substrate by increasing HDL binding sites and P production of CL
in vivo (Gibori et al. 1984 a) and in vitro (Khan et al. 1985)» Another
possibility is that endogenous cholesterol synthesis by rat CL is stimulated
by E (Azhar et al. 1985)LH is known as the main stimulatory luteotropin in most species. In the
rat
the
role of LH
is critical during day 7(8)-11 of pregnancy
and
pseudopregnancy, since injection of LH-antiserum during
this
period
depressed plasma P levels to castration levels (Akaka et al. 1977; Rothchild
I98 I). Armstrong et al. (1964) showed that LH injected in vivo as well as
exposed directly to luteal slices from heavily luteinized ovaries of the rat
increased P production in vitro and it was shown that the uptake of LH
increased many-fold after ovulation in this type of luteal ovary (Lee & Ryan
I97 I). This occured inparallel with changes in plasma P levels (Lee et al.
I975 ). An increase in
DI-hCG binding has been shown to occur in whole rat
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ovaries during pregnancy (Siebers et al. 1977) as well as the diestrous part
of the estrous cycle of the rat (Solano et al. I98 O). LH can increase the
formation of cyclic AMP of superluteinized rat ovaries (Mason et al. 1973)
as well as isolated corpora lutea incubated in vitvo (Herlitz et al. 197^4)
and this effect may be mediated by the activation of adenylate cyclase (AC)
coupled to the LH receptor (Hunzicker-Dunn & Birnbaumer 1976). The affinity
of the LH receptor for its physiological agonist is probably regulated by
the binding of guanyl nucleotides to N proteins of the AC system (Mcllroy &
Stewart 1986 ) and the activity of the cyclic AMP forming catalytic site of
the adenylate cyclase is probably modulated via the N proteins
situated
between receptor and catalytic site (Birnbaumer et al. 19Ö5 b). The main
effect of LH as a stimulatory luteotropin is to stimulate the P production
of the CL via activation of the cyclic AMP system (Marsh 1975; Marsh 1976;
Catt & Dufau 1976; Ling & Marsh 1977)- The precise role of LH as a
luteotropin in the rat is not clear. P levels during pseudopregnancy
(Bartosik L Szarkowski 1973) and pregnancy (Pepe & Rothchild 1974) are
reasonably parallel to the levels of hCG binding (Lee et al. 1975; Siebers
et al. I977 ) as well as AC sensitivity (Hunzicker-Dunn &. Birnbaumer 1976).
Plasma LH concentration is however, lowest during pseudopregnancy when P
levels are high (Welschen et al. 1975) and exogenous injection of LH/hCG to
adult pseudopregnant rats increases basal AC activity (Norjavaara et al.
1987 ). LH injected to adult rats
increases plasma P levels
during
pseudopregnancy, only to a slight degree (Yoshinaga et al. 1967; Norjavaara
et al. 1987 ) and tissue P concentration of ovaries from the adult
pseudopregnant rat was increased 200 min after the injection of 50 IU hCG
(Norjavaara et al. 1987 )* These observations support the hypothesis by
Rothchild (I98 I) that the CL of the rat produces P at a maximal rate in
vivo. This may explain the small increase in P production after exogenous
LH/hCG injection. This bears on the proposal that the rat CL may have a high
degree of intrinsic regulation. Thus the rat CL may be critically LH
dependent only during a short period between day 8-11 of pseudopregnancy
(Rothchild I98 I). Endogenous LH levels during therat luteal phase
are low
(Welschen et al. 1975)- This may serve a physiological role, since the
exposure to a high LH/hCG activity leads to a desensitization and loss of
responsiveness of the LH-cyclic AMP system (Conti et al. 1976) due to
receptor occupancy and receptor loss (Conti et al. 1977)* If doses of hCG
are sufficiently high, an irreversible CL demise with luteolysis and a new
ovulation will occur (Hunzicker-Dunn et al. 1979)• Desensitization has also
been reported after LH injection (Khan et al. I98 O). The meaning of
desensitization to CL physiology, if any has not been elucidated yet.
The rat is dependent on a functional CL throughout pregnancy.
It is well
known that the rat placenta may secrete luteotropic substances and a
decidual lutropin has been characterized (Jayatilak et al. 1985)• Until day
10-11 of pregnancy the rat CL is critically dependent on prolactin and LH.
At the beginning of placentation rat pregnancy can however, be maintained in
hypophysectomized rats (Astwood & Greep 1938). It has been proposed
(Waynforth 1971) that the growth of the rat CL during the last 10-11 days of
pregnancy may be due to the secretion of a placental protein. This substance
has been physiologically and physicochemically characterized as a 25 OOO5 OOOO M.W. heat-labile protein. This protein could support the decidual
reaction of pseudopregnant rats as well as pregnancy,
after hypophysectomy
(Linkie & Niswender 1973)* The rat placenta has been proposed to secrete a
placental lactogen responsible for a luteotropic action as well as the
termination of prolactin surges (de la Llosa-Hermier et al. 1983; Tonkowicz
& Voogt 1983; Tonkowicz & Voogt 1985; Yogev & Terkel 1985)« It has been
assumed that rat placental lactogen could exert its effects via binding to
CL prolactin receptors (Tabarelli et al. I982 ). It has however, been
questioned whether the effect of rat placental lactogen would be to prolong
the CL phase by inhibiting the luteolvtic process since some anti-luteolytic
substance other than placental lactogen was secreted from the fetoplacental
unit already on day 10 of pregnancy at a time when placental lactogen was
found to be barely detectable (Malison et al. I98 2 ) . Other luteotropic

15
substances
secreted
by
fetoplacental structures may be uterine or
intraluteally produced PGE^^ (Weems et al. 1979 and reviewed by Basu 1985) or
a putative rat chorionic gonadotropin. Such a peptide, showing crossreactivity with human chorionic gonadotropin has been extracted from rat
placentae (Wide & Hobson 1978). It is not known if rat placental lactogen is
identical to decidual lutropin. Decidual lutropin has been shown to possess
prolactin-like activity and to act in concert with LH in maintaining P
production in the rat (Jayatilak et al. 1984), by increasing LH receptors
and LH-responsive AC (Gibori et al. 1984 b). The decidual luteotropin has
been identified and partially characterized as a prolactin-like protein with
a M.W. of 23500 (Jayatilak et al. 1985).
The reproductive tract has been shown to be innervated by adrenergic nerves
(Sjöberg 1967; Burden 1978) and catecholamines have been proposed as
secondary luteotropic substances (Norjavaara et al. 1982; Keyes et al. 1983;
Hsueh et al. 1984). The rat ovary has been shown to possess nervous
innervation of its interstitial part and predominantly around blood vessels
(Lawrence & Burden 1976; Gibson et al. 1984; Selstam et al. I985 a).
Denervation induced a decrease in 3ß“hydroxysteroid dehydrogenase activity
of the rat interstitial gland during mid-pregnancy suggesting a connection
between neuronal factors and ovarian steroidogenesis (Burden & Lawrence
1977). Such a connection is not unlikely since noradrenaline amplifies the
hCG-stimulated androgen production of theca-interstitial cells of the rat
(Dyer & Erickson 1985). The rat ovary has been shown to develop a
noradrenergic innervation during puberty (Morimoto et al. 1982; Ben-Jonathan
et al. 1984). The noradrenergic nerves have been proposed to take part in
the ovulatory process (Bahr et al. 1973)« Adrenergic ß-agonists have also
been proposed to play a role by stimulating ovarian P production. It was
shown by Weiss et al. (1982) that neural stimulation could increase ovarian
P concentration of diestrous adult rats. This effect was reversed by the ßblocker propranolol suggesting a specific effect. During the luteinization
of the follicle the rat CL develops a catecholamine-sensitive AC (HunzickerDunn & Birnbaumer 1976; Selstam et al. 1987). The rat CL has been shown to
possess ß-receptors probably of ß -subtype and with a maximal concentration
in 2-day-old CL of immature PMSG-ovulated rats (Norjavaara et al. 1984).
Noradrenaline injection in vivo can increase the concentration of cyclic AMP
of the CL of PMSG-ovulated rats (Norjavaara et al. I9 8 3 ). Catecholamines can
also increase cyclic AMP and progesterone production during in vitro
incubation of granulosa cells (Adashi & Hsueh 1981; Kliachko & Zor I98 I), in
pieces of superluteinized rat ovaries (Ratner et al. I98 O) and in isolated
corpora lutea from PMSG-primed immature rats (Norjavaara et al. 1982). The
CL response to catecholamines is partly due to the LH exposition during the
preovulatory period. LH exposure leads to a heterologous formation of
catecholamine responsiveness (Selstam et al. 1987). LH and catecholamines
act
via
different
receptors since a ß-blocker did not affect LH
responsiveness (Norjavaara et al. 1982). Some kind of interdependency
between the adenylate cyclase coupled to ß-and LH-receptors however, exists
since hCG injection can
transiently desensitize adrenaline-sensitive
AC
(Harwood et
al. I98 Oa). The physiological role of catecholamines in CL
physiology remains to be elucidated but som luteotropic action during the
early luteal phase may be of significance since the catecholamine response
of P and cyclic AMP as well as AC responsiveness is maximal at that time
(Norjavaara 1984). No ingrowth of nerve endings has however been reported
for the early CL and partial denervation does not change noradrenaline
levels of the rat CL (Selstam et al. 1985 b). To rule out catecholamines
released from nerves as a physiological luteotropin one must study the
effect of complete denervation on the metabolism of the rat ovary.
Rothchild (I98 I) has postulated that the P production of the rat CL may go
on autonomously, e.g. without the support of exogenous hormones. P is
supposed to
stimulate its own production and simultaneously but
not
indefinitely depress PGF production while at the same time increasing the
potential of the CL to måfée PGF . Rothchild (198 I) has proposed that both P

16
and PGF
production are mutually opposing each other and extrinsic
luteotropins or luteolysins have been proposed to act via changing the
balance between P and intraluteal prostaglandins.

THE LUTEOLYTIC COMPLEX OF THE RAT CORPUS LUTEUM
The mechanism whereby the P secretion of the CL is ended is not fully
elucidated. For the rat, two possible mediators, namely PGF
and LHRH-like
peptides/proteins have been discussed. Estrogens have also been discussed as
possible luteolytic
factors in the human (Gore et al. 1973)» primates
(Karsch et al. 1973; Auletta et al. 1976), bovine (Williams & Marsh 1978)
and hamster (Greenwald 1986).

It is a classic finding that hysterectomy of the guinea-pig extends the
length of the CL phase (Loeb et al. 1923)* It was speculated that the
uterine endometrium during the end of the CL phase would secrete some
substance(s) that could affect the life-span of the ipsilateral CL (Barley
et al. 1966; Anderson 1968; Clemens et al. I968 ). The uterine luteolytic
substance was proposed to be PGF
(reviewed by Horton &. Poyser 1976) since
it was shown that injection of PGF
to pseudopregnant rats decreased
ovarian concentration of P while 20a-0H-£awas increased (Pharriss et al.
1969 ). Behrman et al. (1971) found that PGF
decreased cholesterol esterase
activity and in vitro P production
of superiuteinized rat ovaries.In that
study it was shown that
the effect of PGF
was inhibitory to the
stimulatory effect of LH and prolactin. It was
shown that PGF20t could
depress cyclic AMP accumulation of isolated corpora lutea from pregnant rats
(Lahav et al. 1976) and cyclic AMP and progesterone production of isolated
luteal
cells
(Hall & Robinson 1979i Dorflinger et al. 1983)• One
antigonadotropic effect of PGF2a was found to be a decreasing action on the
uptake of iodinated hCG (Hichens et al. 197*0 and decreasing plasma P levels
(Behrman & Hichens 1976; Behrman et al. 1979)* The decrease in P was found
within 30 min and further studies showed that at 2 h after p0F
injection
no loss of LH receptors was measured (Grinwich et al. 1976 a;. But, at
longer times after PGF
injection LH receptors were significantly decreased
(Grinwich et al. 1976 a^ and
the P and cyclic
AMPaccumulation ofluteal
slices in response to LH was markedly depressed while the
productionof 20aOH-P increased (Grinwich et al. 1976 b). PGF2(X pretreatment did not change
the concentration of prolactin and FSH binding sites of superiuteinized rat
ovaries (Torjesen & Aaakvaag 1977)» p^F2a may exert *ts action via specific
receptors on luteal cells since whole ovaries from mature and immature rats
(Muller et al. I98 I;) as well as membranes extracted from superiuteinized
rat ovaries (Wright et al. 1979) have been shown to possess specific binding
sites for PGF . PGF
may exert its luteolytic effect also by inhibiting
the effect o? proiactin on luteal cells. PGF
increases, antagonistic to
prolactin, the activity of 20a-0H-steroid dehydrogenase of rat corpora lutea
of pregnancy (Strauss III & Starabaugh 197**;) eind pseudopregnancy (Doebler et
al. 1981 ) as well as isolated CL of the immature PMSG-treated rat (Lamprecht
et al. 1975 ). Thus, the injection of PGF2a decreases the plasma P
concentration while 20a-0H-P levels increase (Torjesen & Aakvaag 1977; Lau
et al. 1979 ) änd LH levels also increase (Popkin et al. I98 O). Prolactin has
been proposed to prevent the luteolytic effect by LH itself (Sanchez-Criado
& Rothchild 1986 ) by the suppression of intraluteal prostaglandin production
(Ueda et al. 1985 )- As early as 1973. Demers et al. (1973) showed that the
CL itself could secrete PG's and the production of PGF2£X was increased by LH
in vitro. The production of PG's was shown to be enhanced by PMSG-hCG
treatment of immature rats (Satoh et al. I98 I a). Luteolysis by PG's
secreted from the CL itself as well as the uterus is thus a possible
luteolytic mechanism since uterine PGF
of pseudopregnant rats increases in
relation to luteolysis in pseudopregnan? rats (Doebler et al. 198 I). PGF2CC
injection leads to a decrease in the cyclic AMP response to LH (Sender Baum
& Ahrén 1986 ) and adrenaline (Ahrén et al. 1983)• The cellular mechanism
behind the action of PGF2a has thus been shown to consist of an inhibitory

17
effect of the AC (Khan & Rosberg 1979) by a modifying effect on the Nßcomponent of the enzyme (Torjesen & Aakvaag I986 ). The inhibitory effect of
PGF2a on luteal cell responsiveness may involve an increase in intracellular
calcium levels (Brambaifa et al. 1984) by an increase in phosphoinositide
breakdown induced by PGF
(Behrman et al. 1985; Leung et al. I98 6 ). A
similar mechanism has also been proposed for the luteolytic effect of LHRHlike peptides in the ovary.
In 1976 it was found that potent analogues to the gonadotropin releasing
hormone (GnRH) could exert antigonadotropic effects on the rat ovary since a
GnRH agonist decreased hCG-induced ovarian and uterine weight augmentation
(Rippel & Johnson 1976). It was later shown that GnRH or its agonists had
specific receptor sites and that P production of luteal cells could be
inhibited (Clayton et al. 1979; Harwood et al. I98 O b). GnRH injections
could also induce luteolysis and abortion in pregnant rats by decreasing the
P production of CL (Beattie 1979; Bex & Corbin I98 I). Further studies showed
that
GnRH
and
its
agonists
could decrease the P production of
hypophysectomized prolactin-injected rats (Macdonald et al. I98 O) and it was
shown that GnRH could decrease plasma P levels and the prolactin-dependent
formation of LH receptors in ovaries from hypophysectomized immature rats
induced to ovulate with FSH and LH/hCG injection (Jones & Hsueh I98 O).
Ovarian GnRH receptors were measured during different reproductive states of
the rat (Reeves et al. 1982) and found not to vary dramatically during the
estrous cycle, pregnancy and lactation. Pieper et al. (I98 I) found that
follicular tissue contains a higher concentration of GnRH binding sites than
luteal tissue and that GnRH itself increased its receptor population in
granulosa-luteal tissue. One of the cellular mechanisms of the luteolytic
effect of GnRH has been shown to be by decreasing the cyclic AMP (Massicotte
et al. I98 I) and P response ofrat luteal cells to LH exposure (Richardson
et al. 1984; Maruo et al. 1985)* It has been proposed that the effect of
GnRH
is
calcium-dependent
since increased calcium levels in media
potentiated the inhibitory effect of GnRH on LH-sensitive cyclic AMP
production (Ranta et al. 1983)* It has been proposed that both PGF2a
GnRH like material may exert their anti-gonadotropic actions via activation
of the phosphatidylinositol-calcium system, since both FGF2(X
GnRH
activate this system (Leung 1985; Minegishi & Leung 1985 )» Endogenous levels
of hypothalamic native GnRH is too low to explain the biological effects
found. However, GnRH-like material can be isolated from rat ovaries (Aten et
al. 1986 ) and a physiological role in follicular atresia of the rat has been
proposed (Birnbaumer et al. I985 a).
STEROID HORMONE BIOSYNTHESIS
Early studies by Savard et al. (1965) showed that bovine CL could sythesize
endogenous cholesterol and that the enzymatic steps leading to the formation
of cholesterol couid be increased by LH. Savard et al. (I9 6 5 ) proposed that
the increased cholesterol formation occured via an increase in cyclic AMP.
Another effect of LH on the CL would be to deplete endogenous cholesterol
stores (Armstrong I9 68 ). Armstrong (I968 ) doubted that endogenously produced
cholesterol could contribute in any substantial degree to P production of
the rat CL both basally and as a response to LH stimulation. Armstrong
suggested that endogenous cholesterol would be the main substrate and
further experiments showed that LH increased cholesterol esterase activity
of luteal tissue obtained from superluteinized rat ovaries and this was
proposed to explain the decreased levels of cholesterol esters after LH
stimulation and the increased amount of cholesterol available for the
mitochondrial side-chain cleavage enzyme (Behrman & Armstrong 1969; Behrman
et al. 1971)* Cholesterol has also been shown to be introduced into
endocrine cells via uptake mediated by lipoprotein receptors on the luteal
cell surface analogous to what has been found for the adrenal gland (Brown
et al. 1979 )* A lot of evidence promotes an integrated view, whereby the
ovarian target cells take up cholesterol bound to lipoproteins, degrade
endogenous cholesterol esters as well as synthesize their own cholesterol
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(Strauss III et al. I98 I). It was shown by Christie et al. (1979) that
pharmacological reduction of blood cholesterol levels decreased P production
by luteal cells obtained from immature rats bearing heavily luteinized
ovaries. The decrease in exogenous cholesterol could be partly overcome by a
compensatory increase in de novo synthesis of cholesterol. It has been shown
that lipoproteins stimulate the production of P by granulosa
cells
(Schreiber et al. 198O) and luteal cells (Azhar & Menon I98 I) and also that
hCG increased the uptake of lipoprotein-bound cholesterol into luteal cells
of the rat (Azhar & Menon I98 I). High density lipoprotein (HDL) has been
found to be the main lipoprotein bound to luteal cells of rat ovaries while
LDL has been demonstrated to bind to a lesser extent (Christie et al. I98 I ;
Wiest et al. 1983) • Both LDL and HDL have however, been demonstrated to
potentiate the acute stimulatory effect by LH on P production by luteal
cells of the rat (Bruot et al. 1982) although HDL was found to be 5 times as
effective as LDL. In vivo pretreatment of rats with hCG has been shown to
increase both LDL an HDL receptors (Hwang & Menon I98 3 ) but the mechanism of
uptake of cholesterol from LDL was shown not to be by internalization of the
entire lipoprotein molecule (Reaven et al. I986 ). The CL of the rat has thus
been proposed to be dependent on exogenous cholesterol as a precursor (Kim &
Greenwald I9 8 6 ). Lipoproteins have also been shown to stimulate the
cytochrome P-450 enzyme level of bovine granulosa cells (Funkenstein et al.
1984). Since the granulosa layer of the follicle is avascular lipoproteins
are not presented to granulosa cells in vivo. It was proposed that
lipoproteins could act as a stimulatory factor on the P-450 levels of the CL
during its vascularization (Funkenstein et al. 1984).
By
mechanisms largely unknown, cholesterol is taken up into luteal
mitochondria and converted to pregnenolone via the action of cholesterol
side-chain cleavage enzyme (C
side-chain cleavage enzyme), which is
dependent on NADPH and oxygen (Suïimovici & Boyd I9 6 8 ). This enzyme is
coupled to the cytochrome P-450 enzyme (Hall I9 8 5 ) • The process of CL
formation in rats has been found to be parallel to an increase in
cholesterol ester hydrolase and cytochrome P-450 enzyme levels as well as an
increased dependency on exogenous cholesterol (Leaver & Boyd I98 I). During
the preovulatory period cholesterol side-chain cleavage cytochrome P-450
activity was diffusely detected in the ovarian theca-interstitial cells and
the granulosa cells of follicles destined to ovulate. After ovulation the
ovarian content of cytochrome P-450 enzyme was increased 47 times suggesting
a coupling to the steroidogenesis of the CL (Zlotkin et al. I986 ).
The activation af cholesterol esterase by LH was found to involve a cyclic
AMP-dependent mechanism (Boyd et al. 1975)• The P production by luteal cells
was found to be highly dependent on the side-chain cleavage enzyme since
inhibition with aminogluthetimide markedly depressed P production (McNamara
et al. I98 O). Rat ovarian mitochondria can convert pregnenolone into P and
2O0C-OH-P since it possesses 3ß~hydroxy-steroid-dehydrogenase, delta 5“6/4-5
isomerase and 20a-hydroxy steroid dehydrogenase enzymes (Sulimovici & Boyd
1968 ). The stimulatory effect by LH on P production is thought to be via a
cyclic AMP-mediated stimulation of the 3ß-hydroxy-steroid dehydrogenase
enzyme as a rate-limiting step (Savard 1973ï Marsh 1976). P can probably be
synthesized by the same enzyme systems situated in the cytosol. There are
indications that the transition of a follicle into a CL involves changes in
P production by the follicle from mainly being situated in the microsomal
fraction to involve both the mitochondrial and microsomal parts of the CL
(Dimino et al. 1979)- The formation of estrogen involves further enzymatic
steps involving aromatase (for reference see Armstrong & Dorrington 1977)-
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AIM OF THE STUDY
The specific aims were:

1. To characterize a CL model with physiological ovulations, using adult
pseudopregnant rats and to measure basal blood flow of the CL at different
times during pseudopregnancy.

2. To investigate if the partial pressure of oxygen, concentration of
glucose and amino acids in vitro could affect P production and LH
responsiveness and to compare the CL with the preovulatory follicle in this
respect, by measuring ATP and lactate levels as well as P production during
hypoxic conditions.

3. To investigate the acute effects of hormones on the blood flow of the CL.

4. To investigate
vascular bed.

the

acute

effects

of

hormones

on the utero-ovarian

5. To investigate changes in blood flow, P production and follicular/CL
morphology during the periovulatory period of the rat.
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ANIMALS, MATERIALS AND METHODS
ANIMALS
The rats used in the present study were supplied by ALAB (Sollentuna,
Sweden) and were from the Spraque-Dawley strain. Mature female rats (250-300
g b.w.) were purchased at 3“*l months of age and allowed to acclimatize for 2
weeks before induction of pseudopregnancy, by mating with vasectomized
sterile male rats. Immature rats (70-100 g b.w.) were purchased when 20 days
old. Follicular development, ovulation and corpus luteum formation was
induced by the subcutaneous injection of k or 6 IU Pregnant Mare Serum
Gonadotropin (PMSG purchased from Sigma Co., St Louis, U.S.A.) on their 26th
day of post natal life. The rats were kept at the local animal house under
controlled environmental conditions (20-23 C, 40-60# humidity). The light
period was running between 0500 h and 1900 h except in paper VII, where
lights were on between l800 h and 0600 h to induce daytime ovulations. Rats
were given free access to standard diet pellets (Type R3 from Ewos Co.,
Södertälje, Sweden) and tap water.
RAT MODELS
Two rat models were utilized: The immature rat induced to ovulate with
and the sterile-mated adult pseudopregnant rat model.

PMSG

Immature rat ovulatory model
Injection of Pregnant Mare Serum Gonadotropin (PMSG) to prepubertal rats is
known to induce follicular growth due to the FSH biopotency of PMSG
(Legault-Demare & Clauser 1961; Ying & Meyer 1969). 4 or 6 IU (paper VII and
II respectively) of PMSG in 0.2 ml saline was injected s.c. to 26-day-old
female rats at O8 OO-O9 OO h (paper II) or 2000-2100 h (paper VII) . This
treatment induces an endogenous gonadotropin surge 5 *1“ 56 h later (Hillensjö
et al. 197*0. At 6*1-66 hours after PMSG injection a range of 5“13 oocytes
are ovulated and postovulatory
CL growth is initiated.
The rats were
sacrificed in a guillotine (paper II) or by exsanguination (paper VII) and
the ovaries were cut out and handled at room temperature in a Petri dish
with
saline,
trimmed
off
extraneous
fat
and
examined under a
stereomicroscope. Follicles or corpora lutea were identified and dissected
free using either fine injection syringes or forceps and iridectomy
scissors. For the dissection
of follicles, injection
syringes
were
preferred. The largest follicles (diameter >*100 pm), presumed to be destined
to ovulate, were dissected free and isolated *J8-62 hours after PMSG
injection (paper II). In paper VII follicles or corpora lutea were dissected
*15“106 h after PMSG injection. The *♦ IU PMSG dose caused 5“H
ovulations
while 6 IU gave a slightly higher number of ovulations.
Gonadotropin and steroid patterns of the immature rat induced to ovulate
with PMSG (Sasamoto & Johke 1975; Bauminger et al. 1978; Taya & Greenwald
1981; Kimura et al. 1983; Wilson et al. I9 8 5 ) is comparable to the adult
cycling rat (Barraclough et
al. 1971; Smith et al. 1975ÎWelschen et al.
1975; Nequin et al. 1979). although short luteal phases have been observed
for low doses of PMSG (Sawamoto & Sasamoto 1973; Norjavaara 198*0. When
mated, the PMSG-treated rat can carry a full-time pregnancy and give birth
to an apparently normal offspring (Nuti et al. 1975)•
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Adult pseudopregnant rat model

In order to establish physiologically induced ovulations and to make
absolute blood flow measurements with radioactive microspheres reliable, a
corpus luteum model using mature female rats was characterized. Rats with 4or
day estrous cycles (3-4 /cage) were mated with vasectomized sterile
male rats (1/cage) according to Long & Evans (1922) and Bartosik &
Szarkowski (1973)* By the mating-induced release of prolactin, the non
functional CL of the estrous cycle is transferred to a CL of pseudopregnancy
(Gunnet & Freeman 1983 )* Day 1 of pseudopregnancy (day 1 of CL age) is
defined on the morning of the estrous day when a characteristic vaginal plug
is found upon examination (Long & Evans 1922) . This type of CL has a
functional life span of II-I5 days (CL age range in days) and a mean
survival time between ovulations of 290+26 h (mean +SEM) as judged from 6
rats (n=25 pseudopregnancy cycles) continuously undergoing vaginal smears
and induction of pseudopregnancy by mating for 2 month periods.
Rats were sacrificed either by decapitation (paper I and II), overdose of
sodium pentobarbital (paper III-VI) or exsanguination (paper VII). The
ovaries were rapidly excised and placed in ice-chilled Hepes-MEM buffer or
in saline at room-temperature. Thereafter, the ovaries were dissected free
from extraneous tissue. Identification and dissection of the latest batch of
CL of the adult pseudopregnant rat required some further practicing as
opposed to the PMSG model since the newly formed CL had to be differentiated
from the regressed CL of earlier estrous cycles. Before dissecting the new
batch of CL of the adult pseudopregnant rat, the date for mating and vaginal
plug formation need to be known. By close morphological description using
the stereomicroscope and in vitro incubations of CL to prove P production
(paper I), morphological criteria to differentiate the new from old ones
evolved. The following identification criteria were used:
Early luteal phase CL (1-3 days): The new CL had more loose structure,
presence of a distinct vascular network around the ovulatory point, which
usually could be discerned and had a slightly paler appearance. Mean wet
weight of one CL was at day 2 of pseudopregnancy 0.84 + 0.04 mg (mean + SEM)
and the number of CL per rat was I3 .6 + 0.04.
Mid-luteal phase CL (4-6 days): The new CL were generally larger and more
reddish in appearance. CL wet weight was at day 6 of pseudopregnancy 1.45 ±
0.40 mg and the number of CL per rat was I3 .8 + 0.40.
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Late luteal phase CL (9“1** days): The new CL were larger in size, had a
slightly more reddish appearance and a few larger vessels over the surface.
CL wet weight was, at day 11 of pseudopregnancy I .58 + 0.14 mg and the
number of CL per rat was 1*1.3 + 1*7*
Also older CL could be discerned, but were not used in this study. With our
nomenclature the term "remaining ovary" was defined as the ovarian tissue
left after extirpation of the new corpora lutea of pseudopregnancy. The
remaining ovary consists of CL from earlier estrous cycles, follicles of
different stages and stromal tissue. The accuracy of identification of CL
was checked by the incubation of CL of different ages and the comparison of
in vivo plasma P and in vitro P production (paper I), showing a similar
pattern. The plasma levels of P, 20a-0H-P, FSH and LH during pseudopregnancy
are depicted in Fig. 1.
CHEMICALS, HORMONES AND DRUGS

Chemicals, enzymes and reagents
Acetic anhydride,
adenosine-3 ’*5’-monophosphoric
acid
(cyclic
AMP),
adenosine-5’”triphosphate (ATP), creatine phosphate, creatine phosphokinase,
dodecyl sodium sulphate, Freund's complete and
incomplete
adjuvant,
hydrazine
hydrate,
L(+)lactic
acid,
L(+)lactic acid dehydrogenase,
imidazole, nicotineamide adenine dinucleotide (NAD+), 4-Pregnene-3,20-dione
(progesterone),
20oc-hydroxy-4-pregnen-3”One
(20a-dihydroprogesterone),
sodium ethylenediamine tetracetic acid (Na-EDTA) and triethylamine were
purchased from Sigma Co, U.S.A.. Bovine serum albumine (BSA), firefly
luciferase, guanosine-5f-triphosphate (GTP) and D-luciferin were obtained
from Boehringer-Mannheim Co, FRG. Acetone, ammonium sulphate, L-ascorbic
acid, boric acid, diethyl ether, Folin-Ciocalteus pholin reagent, L-glutamic
acid, perchloric acid, sodium acetate, trichloroacetic acid and Tris
(hydroxymethyl)-aminomethan were all purchased from Merck Co (Darmstadt,
FRG). Human y-globulin was obtained from Kabi Co., Stockholm, Sweden. 4pregnan-lla-ol-3,20-dione-hemisuccinate:BSA and
*J-pregnen-20a-ol-3”One-3”
carboxymethyloxime:BSA were purchased from Steraloids Inc., U.S.A.. Heparin
was purchased from Lövens läkemedel, Malmö, Sweden. Scintillationcocktails
(Safe Fluor
and Ria Luma) were obtained from Lumac Inc., Titusville, FI.,
U.S.A.. Water was chromatographically purified before use. Oxygen and
nitrogen was purchased from AGA, Stockholm, Sweden.
Radiolabelled compounds
3H-Progesterone (107*3 Ci/mmol), 3H-20oc-dihydroproge|terone (50 Ci/mmol),
cyclic
adenosine
3 ’»5 ’-monophosphoric
acid,
(
1^
2 1-o-succinyl
(iodotyrosine methyl ester) = (
I-ScAMP-TME), and
Ce-radiolabelled
microspheres (diameter I5 + 0.6 jam; specific activity 10 mCi/g) was
purchased from New England Nuclear (NEN) Research Products (Boston, Ma,
U.S.A.) . Adenosine 5 ’”(<*” P) triphosphate ((3 P-ATP) 1 Ci/ml) and (8- H)Adenosine 3 ’» 5 ’“Cyclic phosphate ( H-cyclic AMP 23.k Ci/mmol) was obtained
from Amersham Int., Amersham, UK.
Gonadotropins and peptide hormones
Bovine LH (NIH-LH-B9) was provided by the National Institues of Health,
Bethesda, U.S.A.. Pregnant Mare Serum Gonadotropin (PMSG) and antidiuretic
hormone (ADH
= Arg -vasopressin) was obtained from Sigma Co. HumanChorionic
Gonadotropin
(hCG) was obtained from Leo Co., Helsingborg, Sweden.
Adrenergic agonists
1-noradrenaline bitartrate was purchased from Apoteksbolaget (Stockholm,
Sweden) and 1-adrenaline bitartrate from ACO Co. (Stockholm, Sweden).
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Anaesthetic agent
Sodium pentobarbital
(Stockholm, Sweden).

(Mebumal

vet. ) 60 mg/ml was purchased from ACO Co.

Chromatographic resins
Dowex AG 50 W - X4 200-400 mesh hydrogen form was obtained from Bio Rad,
Richmond, Calif., U.S.A.. Chromatographic alumina, neutral was purchased
from Sigma Co. Protein A-Sepharose CL-4B from Pharmacia Co, Uppsala, Sweden.
Incubation media and incubation procedures
Follicles or CL were incubated in an enriched Eagle's minimum essential
medium (Eagle-MEM, cat. no. 072-1100) from Gibco Europe, buffered at pH 7.4
with 10 mM Hepes (Sigma Co.). In paper I media were modified to be either
free from glucose or amino acids or both by composing media according to the
manufacturers declaration made by Gibco Europe. In paper II a modified KRBG
buffer (Krebs & Hanseleit, 1932) with a calcium concentration of 1.25 mM and
D-glucose (Mallinckrodt, St. Louis, Miss., U.S.A.) added to a 5*5 mM
concentration and buffered at pH 7*4, was used. The constituents were
purchased from Merck and Sigma companies. Follicles or CL were preincubated
for 30 min in the same incubation medium as used for the following
incubation (I-3 hrs). Media were gassed for 1 min before every preincubation
and incubation using different oxygen-nitrogen mixtures. 0 tension was pre
set with a Beckman oxygen monitor. Incubations were performed at 37 C in a
gyratory water bath.
Measuring equipment
Body weights and organ wet weights were measured on scales from Mettler and
Cahn companies. Oxygen tension in gasses was measured with an oxygen monitor
from Beckman Co. ß- and y-radiation was monitored with counters from LKB
(Stockholm, Sweden). Optical density was measured with a
Zeiss PM
2 DL
Spectrophotometer (Oberkochen, GDR). Light emission insamples for
ATP
analyses were determined in a Packard scintillation counter mod. 3310.
PREPARATION OF MEMBRANE FRACTIONS FROM CORPORA LUTEA AND
AND THE DETERMINATION OF ADENYLATE CYCLASE ACTIVITY

REMAINING

OVARIES

CL and remaining ovaries from one rat were collected. The different
compartments were separately homogenized in 2.0 ml ice-chilled Tris-sucrose
buffer (27% sucrose, 1 mmol Na-EDTA, 10 mM Tris at pH 7-5)- The CL were
homogenized in a Dounce homogenizer (I5 strokes with the tight pestle) and
the remaining ovary with a polytron (two 20 sec bursts at medium setting).
Washing was performed with 0 .5 ml ice-chilled Tris-sucrose buffer. The
homogenates obtained were centrifuged for 5 min at I60 x g and the
supernatants were removed and centrifuged for 40 min at 10000 x g.
The
resulting pellets were resuspended in 7OO jil Tris-sucrose buffer and stored
at -80 C until AC and protein concentration was determined. The AC activity
in membranes from CL and remaining ovaries was determined according to
Birnbaumer et al. (1976) and Salomon et al. (1974) with modifications
according to Khan & Rosberg (1979)* GTP concentration was 50 pM (final
concentration). AC activity was expressed as pmol cAMP formed/mg protein
of
the membrane fraction/min or ratio over the control.
DETERMINATION OF PROTEIN CONCENTRATION IN HOMOGENATES
Membrane fractions and homogenates were precipitated overnight in 2.0 ml
ice-cold 10# trichloroacetic acid and thereafter centrifuged. The protein
precipitate was redissolved in 5 OO pi of 1 M NaOH and 100 pi aliquants were
taken for determination of protein content according to Lowry et al. (1951).
using BSA as standard.
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DETERMINATION OF CYCLIC AMP IN INCUBATION MEDIA

Cyclic AMP in incubation media was determined within 2 weeks from the
experimental day using RIA at femtomole sensitivity according to Harper &
Brooker (1975) and Steiner (1979)- Cyclic AMP was serially diluted in assay
buffer (50 mM Na Ac pH 4.75) and used as standard. 50 Ml of standard was
aliquoted in duplicate into assay tubes. 4 pi sample or plain incubation
buffer (blanks in triplicate) followed by 46 pi assay buffer was aliquoted
into assay tubes. Standards, blanks and samples were acetylated by adding 10
|il of a mixture 2 volumes acetic anhydride : 5 volumes triethylamine, each
addition followed by an immediate mixing. Thereafter, I50 pi tracer solution
(containig 10000 cpm (
I)-ScAMP-TME) based on assay buffer was added. This
was followed by the addition of 100 pi antiserum complex (specific antiserum
in 1:50000 dilution obtained from Dr. Gary Brooker, Georgetown Univ.,
Washinton DC, U.S.A.) containing 30 mg/ml BSA in assay buffer. After mixing,
the samples were incubated for at least 10 hrs at 4 C. The proteins were
precipitated with 3OO pi saturated ammonium sulphate (immediate mixing for
each sample), and all tubes centrifuged at 2000 rpm and 4 C for 20 min. 400
pi of the supernatant was taken for determination of radioactivity in a ycounter (LKB, Bromma, Sweden) and cyclic AMP concentration per ml incubation
medium was calculated according to Rodbard & Lewald (1970). Blanks were
close to 0 fmole and the assay sensitivity was in agreement with Harper &
Brooker (1975)»
DETERMINATION OF TISSUE ATP CONCENTRATION
After a I-3 hour incubation period, follicles or CL were homogenized in a
Dounce homogenizer (I5 strokes with the tight pestle) in 500 pi of a
solution containing 100 mM K OH and 2 mM Na-EDTA. Thereafter, the homogenate
was diluted with 2.0 ml 25 mM Hepes buffer (pH 7 .5 ) and ATPase activity
removed by heat inactivation (60 C for 10 min). Samples were frozen at -80 C
until ATP analysis, which was performed using the firefly luciferinluciferase bioluminiscence assay according to Lyman & de Vincenzo (I96 7 ) and
Idahl (1981 ). The reagent contains 25 mM Hepes buffer at pH 7*5, 10 mM Mg
S0^, 2 mM EDTA, 26 pM D-luciferin and O.O5 # BSA. Purified firefly luciferase
is added to yield about 100000 counts per 0.1 min in the presence of 1 pmol
ATP. The reagent was stored in 10 ml aliquants at -80 C. Analysis was
performed by the addition of samples (5 or 10 pi) and standards (0, 2 and 4
pmol) to 75 Ml of the reagent. Samples were analyzed in triplicate.
Bioluminiscence was determined in the refrigerated sample changer of a
Packard Tri-Carb Liquid Scintillation Spectrometer (model 3310). At least 30
min was allowed to elapse before automatic recording of the luminiscence was
started (preset time 0.1 min, discriminator setting 30-400, gain 100# and
coincidence off). ATP concentration was calculated against blanks and
standards and expressed as pmol/follicle or pmol/mg CL wet weight.
DETERMINATION OF LACTIC ACID IN INCUBATION MEDIA

Lactic acid in incubation media was analyzed enzymatically using L(+)lactic
acid dehydrogenase as described by Lundholm et al, (1963)- L(+)lactic acid
was dissolved and diluted in incubation media and used as standard. To 300
pi of the blanks (300 pi plain incubation media each), standards and
samples, 100 pi perchloric acid (12 %, v/v) was added and the assay tubes
were centrifuged for 10 min at I5OO x g. Thereafter, 300 pi of the
supernatant was mixed with 1 ml of a buffer solution (pH 10) containing O .5
M NaHCO , 63 mM L-glutamate, 0.4 M hydrazine hydrate and M.6 mM NAD4. This
was follåwed by the addition of 50 pi of a solution containing L(+)lactic
acid dehydrogenase (l400 IU/ml) in ammonium sulphate (2.1 M). After mixing,
the standards and samples were incubated at 37 C for 20 min and thereafter
they were placed on ice. The optical density was recorded using a photometer
at 338 nm and lactic acid concentration calculated.
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DETERMINATION OF PROGESTERONE AND 20a-DIHYDR0PR0GESTER0NE

The concentrations of progesterone or 20a-dihydroprogesterone in plasma (see
Fig. 4), tissue extracts or incubation media were determined using RIA
according to Abraham et al. (1969) and Orczyk et al. (1979)* 25 ni portions
of plasma were aliquoted into glass tubes and 1 ml deionized water was
added. 2000 dpm H-progesterone or H-20a-dihydroprogesterone was added to
separate tubes for monitoring of the extraction recovery. The samples were
extracted with 10 ml diethyl ether and the ether phase was separated from
the water phase by freezing. The ether phase was evaporated under a stream
of nitrogen and the extract diluted with 1 ml ether:acetone (1:1, v/v) and
50 pi of that extract was dispensed into assay tubes and evaporated. Hormone
concentrations in tissue extracts and media were analyzed by direct RIA,
omitting the ether extraction step.
The extracts were incubated for 10-14 hrs at 4°C with 200 pi antiserum in
1:17000 dilution and containing 1500 dpm 3H-Progesterone. After incubation
proteins were precipitated with 200 pi saturated ammonium sulfate and all
tubes were centrifuged for 20 min at 1500 rpm. 200 pi aliquots of the
supernatant were pipetted into polyethylene vials and 3 ®1 scintillation
fluid (Safe Fluor) was added. Thereafter ß-radiation was measured for 5 ®in
in an automatic well scintillation counter. Hormone concentrations in
samples were calculated against the standard curve, using the logit-log plot
according to Rodbard & Lewald (1970) and Cekan (1976) with corrections for
assay blanks and procedural losses. The assay sensitivity was 5 Pg and
between assay variation using long term follow up on a plasma pool was
around 15#. Antiserum for progesterone determinations was at the beginning
of the study obtained from Dr. Lars-Eric Edquist, Swedish University of
Agricultural Sciences, Uppsala, Sweden and this was characterized and used
in the majority of the progesterone analyses in the present thesis. The
antiserum was raised against 4-pregnen-lla-ol-3.20-dione hemisuccinate:BSA
and raised in sheep. The antiserum was serially diluted and was found to
bind 50# of added 3H-progesterone at a working dilution of 1:17 000 (Fig.
2). Parallelism testing showed excellent parallelism for extracted plasma
(Fig. 3) indicating a specificity for progesterone. Cross reactivity testing
for several steroids (Table 1) indicated an acceptable degree of cross
reactivity although for 5<*-pregnan-3,20-dione a 14.5# cross reactivity was
seen. Since the level of 5<x-pregnan-3,20-dione in plasma from pseudopregnant
rats was around 15 ng/ml plasma (Olofsson et al., to be published) the cross
reactivity of this steroid only marginally influenced on the values obtained
for progesterone.
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Fig. 3- Parallelism testing of the progesterone antiserum using standard
(cold P) tested against ether-extracted plasma obtained from pseudopregnant
rats.

During recent years we have produced and characterized polyclonal antisera
for progesterone and 20a-dihydroprogesterone: 5 rabbits were immunized with
4-pregnan-20a-ol-3”One-3“Carboxymethyloxime:BSA and 3 rabbits were immunized
with 4-pregnen-lla-ol-3,20-dione hemisuccinate:BSA. By using a special type
of double cannula 1 mg of the immunogen was diluted in 1 ml saline and mixed
with 1 ml Freund's complete adjuvant. The resulting emulsion was injected at
multiple injection sites intradermally three times to each rabbit, with
intervals of two weeks between the injections. At 2 weeks after the last
injection the titre of the antiserum was assessed for its binding of Hprogesterone or
H-20a-dihydroprogesterone at different dilutions. One
rabbit from each group, showing the highest titre, was given 1 mg immunogen
in 1 ml Freund's incomplete adjuvant as a booster and 30-40 ml plasma from
each rabbit was collected 2 weeks later. The sera were purified by affinity
column chromatography using Protein A-Sepharose CL-4B. With this method
polyclonal IgG is selectivelly separated from other plasma proteins. Table 1
shows the binding characteristics and cross reactivities for the antiserums
used in the present study.
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Parallelism could readily be demonstrated for the different antiserums and
sensitivity at working dilution was around 5~10 Pg* These antiserums were
used for hormone analyses in the analytic flow chart referred to above, see
Fig. 4.

Table

1

Antibody

Progesterone
(Edquist)

Immunogen

4-pregnen-lla 4-pregnen-lla 4-pregnan-20a 4-pregnan-20a
-ol-3,20-ol-3,20ol-3“one-3-ol-3-one
dione hemisuc- dione hemisuc- carboxyme-3-thyrocinate:BSA
cinate:BSA
thylpxime:BSA globulin

Species
injected

Progesterone
(Umeå)

20a-dihydroprogesterone
(Umeå)

20a-dihydroprogesterone
(Miles Yeda)

Sheep

Rabbit

Rabbit

Rabbit

1:17 000

1:10 000

1:4 000

1:100

100

0.31#

< 0.5

0.23
< 0.1

100
< 0.1

100

0.20

0.26

0.19
0.04

<

8.0

0.11

0.37
0.15

n.d.

Protein A
purification
Working dilu
tion (50#
bound)
Cross reac
tivity (#)
Progesterone
100
20a-dihydroproges terone
1.3
Estradiol-170 < 0 .1
Tes tosterone
0.07
Androstenedion n.d.
Cortisol
n.d.
5a-pregnan3,20-dione
14.5
17a-hydroxyproges terone
4.0
Pregnenolone
n.d.
Table 1. Characterization
dihydroprogesterone.

of

antiserums

<

<

for

<

0.1
0.1

0.1

0.1
0.1
n.d.
<

<

0.1

< 0.5
< 0.5
n.d.
progesterone

and

20a-

DETERMINATION OF PLASMA FSH AND LH CONCENTRATION
Plasma levels of FSH and LH was determined with radioimmunoassay using assay
kits for rat gonadotropins kindly provided by Dr A. F. Parlow, National
Institute of Arthritis, Diabetes, Digestive & Kidney Disease (NIADDK) within
the National Hormone and Pituitary Program, Baltimore, MD, U.S.A. The
antiserums were obtained by immunizing rabbits with highly purified rat FSH
or LH. Reference preparations were pure rat FSH and LH. Rat FSH and LH
antigens were radioiodinated with the Chloramine-T method (Hunter
&
Greenwood 1962). For the separation of free suid bound hormone a double
antibody solid phase technique was used with anti-rabbit lg G coupled
cellulose as the second antibody.
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BLOOD FLOW DETERMINATIONS WITH RADIOACTIVE MICROSPHERES

The labelled microsphere technique is a well-known technique for the
measurement of regional organ blood flow (Heymann et al. 1977; Damber
1978;)» The advantage is that both total and regional blood flow as well as
cardiac output can be calculated during a short time period. Technical
circumstances and a small body weight for immature rats made it necessary to
use two different methods:
A. Immature rats (paper VII)
Due to a small body weight (7O-IOO g) absolute blood flow measurements,
using a reference flow technique was considered inappropriate for immature
rats. Instead, a blood flow index technique where organ blood flow was
related to kidney blood flow was used. Immature rats were anaesthetized with
sodium pentobarbital (40 mg/kg body weight) given intraperitoneally. The rat
was placed in a supine position on a 40 C heating pad and blood flow to
various organs was measured using radioactive
Ce-labelled microspheres
with a diameter of I5 + 0.6 pm. The right common carotid artery was
cannulated with a PE-5 0 catheter, the tip of which was advanced into the
ascending aorta. A mechanically mixed suspension of approximately 200005 OOOO microspheres in 1 ml O.I5 M Na Cl was flushed into the aorta over a 30
s period. Thereafter, an arterial blood sample was taken for progesterone
determination. One minute after the infusion of microspheres, the rat was
sacrificed by exsanguination. Both ovaries were excised and follicles
presumed to be destined to ovulate or CL were dissected free under a
stereomicroscope. The Fallopian tube, kidneys, uterus, spleen and samples
from the liver and small intestine were also taken. All organ samples were
weighed and counted separately in a y-counter set to cover the main gamma
energy peak of
Ce. Blood flow to the different organs and tissues were
expressed as flow indices :
Blood flow index= Cpm

/Weight
:Cpm. .,
/Weight.
,
org'
& org ^ kidney'
& kidney

where Cpm
=radioactivity in counts per minute in the organ counted and
Weight
=wefght in mg for the organ counted upon. When blood flow indices
of foîïfcles or corpora lutea were calculated ”Weight
” was expressed as
number of follicles or corpora lutea since some follicles and early corpora
lutea were accidentally punctured during dissection. This lead to a larger
variance in the estimations when blood flow indices of follicles and corpora
lutea were related to wet weight rather than number, although there was no
significant difference in results. Cpm, .,
=Counts per minute in the kidney
and Weight, ._
=weight in mg for the kianlÿ.
The blood iioweïndex method for calculation of blood flow changes in the
immature rat ovary has previously been shown to give reproducible results
with an acceptable degree of variance (Damber et al. I98 I). The calculated
precision according to Buckberg et al. (1971) varied between + 5“15 % ?or
follicles and CL respectively. Distribution of microspheres between paired
organs was highly correlated, indicating an even side distribution of
microspheres.
B. Adult pseudopregnant rats (paper III-VI)
Blood flow measurements in adult rats
fulfills
the
methodological
requirements made by Heymann et al. (1977) • When using adult rats (body
weight 250-325 g) a reference flow technique for the calculation of absolute
organ blood flow could be utilized (Malik et al. 1976). Anaesthesia was
induced by an intraperitoneal injection of 5”10 mg ofQsodium pentobarbital.
The rats were placed in a supine position on a 40 C thermostat-regulated
heating pad. Blood flow was determined with radioactive microspheres
(Rudolph & Heymann, I967 ), basically as described by Damber (1978). The
right carotid and tail arteries were cannulated with plastic PE-50 catheters
(Intramedic, Parsippany, New Jersey, USA) and the axillary arteries were
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cannulated with PE-10 catheters (Fig. 5). These catheters were pre-filled
with a heparin solution (500 IU/ml saline) and a total of approximately 250
IU heparin per rat was infused. The left axillary arterial catheter was
connected to a transducer for continuous recording of arterial blood
pressure (pressure transducer mod. 267 A with amplifier mod. 311 A, Sanborn
Co., USA). The pressure transducer was placed at the heart level. In paper
IV-VI 1-noradrenalin (20 |JM) or ADH (10 pM, paper V and VI) dissolved in
vehicle (0.1 mg ascorbic acid/ml saline) was infused at a rate of 0.1 ml/min
via the right axillary artery. 50 IU hCG or 10 Mg LH (paper III and VI)
diluted in 1 ml saline was administered intra-arterially to anaesthetized
rats via the carotid catheter (20 min group) or intraperitoneally to
«pjnscious rats (200 min and 2*4 hour groups). Microspheres labelled with
Ce (15 + 0.6 Mm diameter) were suspended in a small glass bottle and
vigorously shaken. 1 ml of the
microsphere
suspension
(containing
approximately 200000 microspheres) was aspirated and injected via the right
carotid catheter. Microspheres were continuously infused during 30 sec and
the catheter was flushed with a small volume
of saline immediately
afterward. A reference sample was aspirated from the tail artery at a
constant rate (0.1 ml/min) from 15 sec before until 15 sec after the
microsphere infusion. Total preparation
time
for
the
blood
flow
determination was approximately 50 min.
Ratswere sacrificed with an
overdose of sodium pentobarbital and the ovaries
and other organs were
extirpated and CL and remaining ovaries were dissected free (see Dissection
procedure), and thereafter all organs were weighed and y-radiation counted.
Blood flow (Forg* ml/min) was calculated as follows:
Figure

5
OVARIAN BLOOD FLOW,
m l/m in .i Fofg

IN JEC TIO N OF SPHERES
Total radioactivity N tot (cpm p«r m in J ^ O ''

-V
INFUSIO N OF H O R M O N E S \*

■
ARTERIAL BLOOD PRESSURE,
mm Hg
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Fig. 5. Experimental set-up for the determination of regional blood
flow,
cardiac output and mean arterial blood pressure in adult pseudopregnant rats
using the microsphere method with a reference flow technique.
F
s Q ' x N
/ N „ , where
org
ref
org' ref
Q
=rate of withdrawal
ofthe reference
sample (ml/min), Norß.a
total
ra§ioactivity (cpm) ofthe organ
countedand Nre^= radioactivity (cpm) of
the reference sample.
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Cardiac output (CO) was calculated according to the following formula:
c°= Qref X Ntot/Nref where
N

= total radioactivity (cpm) infused to each rat

Fractional perfusion
calculated as:
FP

org

(FP
or^

expressed as percent of CO) to each organ was

=F
xl00/C0
org

Vascular resistance (VR) was calculated according to the formula:
VR=Arterial blood pressure (mm Hg)/Organ blood flow (ml/100g/min)
Using VR units the actual peripheral resistance (PRU) is not measured. VR is
calculated from the arterial blood pressure registered in the central
circulation while PRU takes into account the pressure in the capillary bed
itself. Methodological studies on the luteal rabbit ovary (Ahren et al.
197*0 and the luteal rat ovary (Pang & Behrman, 1979; Selstam et al. I985 a)
have shown that arterio-venous shunts of physiological significance do not
exist, this being a prerequisite for accurate capillary blood
flow
measurements using I5 pm microspheres. The surgical preparation of the rat
before blood flow measurement involves no direct manipulation of the ovary.
This is an important factor, since manipulative procedures associated with
direct measurements have per se been shown for the rabbit to induce an
increase in ovarian blood flow (Janson & Selstam 1975)• Only rats with a
stable mean arterial blood pressure during microsphere infusion were
included.
Distribution
of microspheres to paired organs was highly
correlated (kidneys r = 0.97» adrenals r = 0.89, CL r = 0.93) and the
precision of blood flow measurements was calculated at a 95# confidence
level (Buckberg et al. 1971)«
LIGHT MICROSCOPY
Ovaries of immature anaesthetized rats were perfusion fixed (paper VII). The
aorta was cannulated and ligated above and below the ovarian arteries.
Immediately after ligation, heparinized saline was introduced and then
perfusion with fixative (2 % glutaraldehyde in 0.1 M cacodylate buffer
supplemented with 0.1 M sucrose, pH 7*3; total osmolality 5 IO mOsm, vehicle
osmolality 300 mOsm) was started and the vena cava or ovarian veins were
opened. Perfusion fixation was performed for ten minutes with a hydrostatic
pressure of I50 cm H20. After fixation the ovaries were excised and immersed
in the same fixative? After 2-4 days follicles or CL were cut in thin slices
and then rinsed and kept in 0.1 M sodium cacodylate buffer with 0.1 M
sucrose at 4 C, followed by postfixation for one hour at 4 C in 1 % 0s0^.
The material was then rapidly dehydrated and embedded in Epon. Thick
sections (about 1 pm) of the Epon embedded material were stained with 0.1 %
alcaline toluidine blue and used for light microscopy.
STATISTICS

Values
are
expressed
as mean + SEM. Comparison between different
experimental groups was performed by analysis of variance followed by
Student-Neuman-Keul's
multiple range test (paper IV). The effect of
noradrenaline was in paper IV tested with Students t-test (Woolf I9 6 8 ). In
the other studies comparison between groups was performed using MannWhitney's U-test (Siegel 1956). Correlation was calculated with Spearman's
rank correlation coefficient (Siegel 1956). A p < O.O5 was considered as
significant.
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RESULTS AND COMMENTS
In vitro studies on the substrate dependency of isolated CL from the adult
pseudopregnant
rat and isolated follicles obtained from PMSG-treated
immature rats: Effect of deprivation of oxygen, glucose and amino acids on
progesterone (P) production and LH responsiveness in vitro and the relation
to tissue ATP and the accumulation of cyclic AMP and lactic acid into
incubation media (paper I and II):

The CL incubated in vitro has a considerable degree of glycolysis (Armstrong
1968 ) and the metabolism of glucose by superluteinized ovaries has been
estimated to account for 20 % of the oxygen consumption (Flint & Denton
1969 ), while lipids account for about 50 % (Flint & Denton 1970). The
steroidogenesis of luteal mitochondria has been shown to be sensitive to
energy charge (Dimino et al, 1979)* Exposure of follicles to metabolic
inhibitors or hypoxia in vitro induces a blockage of ovum maturation and
ovulation (Zeilmaker & Verhamme 197*0* Other studies performed in vitro have
shown that a maximum activity of follicular steroid and cyclic AMP
production is related to the levels of ATP (Caron et al, 1975» Dimino &
Berman 1979)* These observations suggest that the growth and steroidogenesis
of follicles and CL are related to the metabolism of substrates. In this
study, isolated CL from the adult pseudopregnant rat were incubated in vitro
and production of P was measured with and without LH. The influence of
different oxygen
tensions as well as different concentrations of glucose
and amino acids was tested. Tissue ATP and lactic acid accumulation in
incubation media was measured and the results for the CL were compared to
the preovulatory follicle incubated at different
oxygen tensionsin vitro.
Follicular progesterone, lactic acid and cyclic
AMP production was compa
to tissue ATP levels, during LH stimulation.
When incubating 6-day-old CL (paper I) at different oxygen tensions in the
gas phase (100, 13, 6 and about 0 kPa), lactic acid levels increased,
indicating an increased glycolysis. The increase in luteal glycolysis was
seen parallel to a decrease in luteal ATP levels, indicating a state of
hypoxia. At the same time basal P production decreased and the LH response
was lost at 6 and 0 kPa 0 tension. The increase in glycolysis could not
compensate for a decrease in oxygen tension. When the amount of amino acids
or glucose was decreased, while the 02 tension was held at 100 kPa, no
effect was seen on basal P production or the LH response. When both glucose
and amino acids were omitted from incubation media basal P production was
unchanged, but the LH response was insignificant and the ATP levels were
markedly reduced. LH (1 |jg/ml) could significantly stimulate in vitro P
production of preovulatory follicles dissected before the
endogenous
gonadotropin surge (paper II), at all oxygen tensions tested. At 100 versus
13 and 6 kPa oxygen tension no difference was seen in LH-sensitive P
production probably due to an increased anaerobic glycolysis as measured by
a 40 % increase in lactic acid accumulation. At 6 versus 0 kPa oxygen
tension a further increase in lactic acid accumulation was seen but now P
accumulation in incubation media dropped indicating that P production could
not be sustained despite a further increase in lactic acid production.
Lactic acid accumulation in incubation media was stimulated by 1 pg/ml LH at
all oxygen tensions tested, except at 0 kPa, where no difference compared to
control was seen. Follicular ATP levels and the accumulation of cyclic AMP
in incubation media was analyzed at 13, 6 and 0 kPa oxygen tension. Tissue
ATP showed a 50 % decrease when 6 and 0 kPa 0 tension was compared and the
accumulation of cyclic AMP in incubation media was reduced with about 60 %.
This could explain the decreased LH response seen at 0 kPa oxygen tension.
The CL seems to be more oxygen dependent than the preovulatory follicle,
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since at oxygen tensions near physiological levels CL P production was
decreased while follicular P production and LH response was unaffected. An
increase in follicular glycolysis could compensate for a decrease in oxygen
tension. Such a compensation did not exist for the CL since at 6 and 0 kPa
02 tension the LH response was lost.
The mature 6-day-old CL has a P production about 15-20 times higher than the
preovulatory follicle stimulated with LH in vitro. During a step-wise
decrease in oxygen tension the basal P production of the CL decreased and
the LH responsiveness was lost at higher oxygen tensions as compared to the
preovulatory follicle. Furthermore follicular ATP levels did not decrease
until oxygen tension was lower than 6 kPa. This indicates that the P
production of the mature CL may be more dependent on energy levels (ATP and
possibly other co-factors) than the follicle. This assumption is supported
by Dimino et al. (I98 O), showing that the steroidogenesis of isolated
mitochondria, are in the same way as whole corpora lutea (present study)
dependent on a high energy charge. The exposure of follicles to LH in vitro
increased the P production as well as the energy demand (Dimino et al.
1979)* This effect is mimicked in vivo by the endogenous gonadotropin surge
and indicates an increase in follicular metabolism of substrates (paper II).
Follicular ATP levels in vivo were in the present study (paper II) found to
decrease in relation to the endogenous gonadotropin surge. This may indicate
that
the energy consumption of preovulatory follicles was increased
analogous to the findings by Goff & Major (1975). who found that follicular
ATP levels of rabbits induced to ovulate with hCG was decreased during the
preovulatory phase. The mechanism behind these findings may be that the
cyclic AMP system as well as the steroidogenic pathways of the CL is
dependent on a higher supply of ATP (Brennan et al. 1983; Robinson &
Stevenson 1971; Jones & Wentz 1976) than the preovulatory follicle. The high
blood flow of the CL in vivo (Norjavaara et al. I9 8 7 ) may fulfill a high net
transport
of
substrates,
to
support
energy
production
and
CL
steroidogenesis.
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Effect of human chorionic gonadotropin (HCG) and luteinizing hormone (LH) on
blood flow and vascular resistance in the luteal ovary of the adult
pseudopreffnant rat (paper III):

In vivo LH and hCG injection has classically been shown to acutely induce an
increase in total ovarian blood flow (i.e. Ellis I96 I; Wurtman 1964). There
were no studies dealing with the possible acute effect of LH/hCG injection
on the blood flow of one of the main ovarian compartments, namely the CL.
The aim of the present study was to characterize the effect of in vivo
administration of hCG and LH on luteal blood flow
in
the
adult
pseudopregnant rat.
Vehicle, 50 IU hCG or 10 pg LH was administered intra-arterially (20 min) or
intraperitoneally (200 and 24 hr group) and blood flow was measured on
anaesthetized rats bearing 2-, 6- and 11-day-old CL. hCG induced an increase
in ovarian blood flow at all luteal ages tested. The increasing blood flow
was redistributed towards the remaining ovary where a decrease in vascular
resistance and an increase in blood flow was registered. The .blood flow of
2-, 6- and 11-day-old CL was not significantly changed 20 min after hormone
injection, but at 6 and 11 days of pseudopregnancy the percentage of ovarian
blood flow distributed to the CL was significantly reduced at this time. For
rats, bearing 6-day-old CL ovarian blood flow was measured at 200 min and 24
hrs after hCG injection. At 200 min the blood flow of the remaining ovary
was further increased compared to 20 min,
while CL blood flow was
significantly reduced. At 24 hours after hCG injection ovarian blood flow
had returned to control levels and no redistribution was seen. The P content
of the remaining ovary at day 6 of pseudopregnancy increased significantly
at 20 and 200 min after hCG injection. The P content of CL was increased
significantly at 200 min and P levels decreased significantly at 24 hrs
after hCG injection for 6-day-old CL.
The AC of CL and corresponding remaining
ovaries
of
day
6
of
pseudopregnancy, responded to maximally stimulating concentrations of LH,
hCG and adrenaline. In saline pre-treated controls, the stimulatory effects
of LH, hCG and adrenaline on the AC activity in CL were considerably more
pronounced compared to the remaining ovary. The hCG-treatment caused a
homologous desensitization to LH/hCG stimulation. A partial heterologous
desensitization to adrenaline was seen. The desensitization of the CL
adenylate cyclase was at 20 and 200 min mainly due to an increased basal
activity, probably due to receptor occupancy by hCG (Conti et al, 1977)« The
hCG-treatment also induced homologous desensitization in the remaining
ovary. The desensitization seen 24 h after hCG injection was probably due to
a loss of LH receptors and was not causally related to changes in ovarian
blood flow.
It was confirmed that LH/hCG acutely increase ovarian blood flow, but the
increase was exclusively localized to the remaining ovary. A redistribution
of ovarian blood flow towards the remaining ovary parallel to an increase in
its progesterone content was seen. The mechanism behind these findings
require further investigations. These findings, however, render vascular
mechanisms unlikely as a part of the acute stimulatory effects of LH/hCG on
the metabolism of the CL. Desensitization of the rat CL by hCG injection did
not affect CL blood flow.
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Effect of noradrenaline (NA) and antidiuretic hormone (APE) infusions on
blood flow and vascular resistance in the corpus luteum and remaining ovary
of the adult pseudopregnant rat (papers IV and V):
It has been shown that catecholamines can increase CL metabolism in vitro by
increasing the cyclic AMP and progesterone production (Selstam et al. 1984).
It has also been shown that in vivo infusion of noradrenaline (NA) can
increase the cyclic AMP concentration in CL of the immature rat (Norjavaara
et al. 1983 ) and noradrenaline is the catecholamine that has been found in
highest concentration in the rat CL. The aim of the present study was to
evaluate whether NA infusion could influence the in vivo microcirculation of
the CL and the remaining ovary and to establish if CL blood flow varies
during pseudopregnancy.
Vehicle (saline with 0.1 mg/ml ascorbic acid), NA (2 nmoles/min) or ADH (1
nmole/min) was infused into anaesthetized rats and blood flow parameters
were measured at 2 min or 20 min after the start of vehicle, NA or ADH
infusion. The relationship between arterial blood pressure and blood flow of
6-day-old CL of vehicle-infused rats was linear with a
correlation
coefficient (r ) of O.8 3 » indicating a lack of autoregulation of blood flow
of the CL. CL bïood flow of vehicle-injected rats was highest at day 6 of
pseudopregnancy due to a significantly lower vascular resistance. NA and ADH
was shown to induce a sustained increase in mean arterial blood pressure
both at 2 and 20 min after the start of infusion as compared with control
rats (data not shown). When NA was infused for 2 min no significant change
in luteal blood flow was seen and the vascular resistances of 2-, 6- and 11day-old CL showed increases in mean values which were significant for 6-dayold CL only. When the infusion period of NA was extended to 20 min the CL
blood flow was for 2-, 6- and 11-day-old CL doubled compared to the control.
This was due to a decreased vascular resistance. The same pattern was seen
for the remaining ovary. Thus, NA infusion is hereby demonstrated to have a
biphasic effect on the vascular resistance of the CL with an initial
moderate vasoconstriction (2 min), as seen for the mid-luteal CL, followed
by a vasodilatation (20 min) and an increase in CL blood flow for all luteal
ages. To find out if the increase in CL blood flow seen on a 20 min NA
infusion was sustained the infusion was discontinued for 5
and blood
flow measured. For 6-days pseudopregnant rats the blood flow of the CL and
remaining ovary returned to control levels. To test another vasopressive
drug, which under in vitro conditions does not influence CL steroidogenesis
(Mukhopadhyay et al. 1984), ADH was administered in a continuous infusion.
ADH infusion caused a marked increase in CL vascular resistance and a 85 -9 O
% decrease in CL blood flow while mean arterial blood pressure was
increased.
These studies show that NA administered as a continuous infusion can
influence CL blood flow with an initial vasoconstriction followed by a
pronounced vasodilatation and a blood flow increase. We believe that the
initial vasoconstriction may be a-adrenoreceptor mediated and that the
vasodilatation seen on longer infusion times could be due to a diminishing
a-effect
which
might
be attenuated by a superimposed ß-adrenergic
vasodilatory effect, as described for the human ovary perfused in vitro
(Varga et al. 1979). A component of ß-adrenergic metabolic vasodilatation
due to a stimulation of CL metabolism of substrate by NA in a 20 min
infusion cannot be excluded although if such would be the case one would
have expected to see a more pronounced increase in blood flow for 2-day-old
CL since ß-adrenergic receptor concentration as well as cyclic AMP and P
responses to catecholamines in vitro are maximal at that time (Norjavaara
1984). Thus the increase in ovarian blood flow upon a 20 min noradrenaline
infusion appears to be a vasomotor response although very marked in the
vascular bed of the ovary. Paper III, IV and V shows an increased basal
blood flow between day 2 and 6. At day 11 some variation was registered,
probably due to a variation in the length of the luteal phase. CL of the
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earlier cycles had a much lower blood flow than new CL (paper IV, Results).
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Effect of human chorionic gonadotropin (hCG), noradrenaline (NA) and
antidiuTetic hormone (ADH) on cardiac output (CO), ovarian blood flow (OBF),
ovarian fractional perfusion (OFP) and uterine blood flow in the adult
pseudopregnant rat (paper VI):
Earlier studies disclosed effects of both NA (paper IV and V) and hCG (paper
III) on ovarian microcirculatory parameters. The aim of the present study
was to compare the effects of NA, ADH and hCG on the regional blood flow of
the mid-luteal ovary in relation to effects on regional ovarian blood flow
and uterine blood flow.
Vehicle, NA, ADH or hCG were administered according to Methodological
considerations section and cardiac output (CO), ovarian blood flow (OBF),
ovarian fractional perfusion (OFP) as well as uterine blood flow was
measured with
the
microsphere
technique
in
anaesthetized
6-days
pseudopregnant rats. The injection of 50 IU hCG 20 min before blood flow
measurement induced an increase in OBF and OFP for all luteal ages tested.
At 200 min after hCG injection a further pronounced increase in OBF and OFP
was seen. The increase in OFP was accompanied by a decrease in uterine blood
flow, which was significant both at 20 and 200 min after hCG injection. hCG
injection did not significantly alter CO or mean arterial blood pressure. NA
given in a 2 min infusion was shown not to affect CO but mean arterial blood
pressure was increased. OBF, OFP as well as uterine blood flow was
significantly reduced. At 20 min of NA infusion both mean arterial blood
pressure, CO and OBF was increased. When OFP was measured, a significant
effect of NA was seen, while uterine blood flow was unchanged. The changes
induced by a 20 min NA infusion were restored 5
after discontinuing the
infusion. ADH markedly decreased utero-ovarian blood flow with about 85“90 %
while blood flow to some non-reproductive organs (kidney, spleen) was
decreased about 15 %•
Both LH/hCG and NA have been shown to have luteotropic actions in vivo and
in vitro. Both types of hormones have been shown to markedly increase OBF
and OFP. Uterine blood flow is sensitive to injections of both hCG and NA.
HCG injection induces a decrease in uterine blood flow which may be due to a
vascular ”steal effect” by the ovary, which at that time has a decreased
vascular resistance. This may be due to the vascular anatomy of the uteroovarian vascular bed which is supplied by the common utero-ovarian artery.
As the vascular resistance of the ovary was decreased a shunting of blood
away from the uterus may occur. NA, however, induces acute vasoconstriction
while a longer NA infusion leaves UBF unaffected. ADH, known to not
influence ovarian cyclic AMP and P production in vivo, markedly decreased
utero-ovarian blood flow possibly by a potent vasoconstrictive effect on the
common utero-ovarian artery.

37
Changes in blood flow, progestérone and vascular appearance in follicles and
corpora lutea after induced ovulation in the immature PMSG-treated rat
(paper VII):
It is a classic finding that growing follicles of the rat near the time of
ovulation macroscopically shows signs of hyperaemia (Zondek et al. 19*45;
Burr et al. 1951) and light microscopic studies have shown that capillaries
in the theca layer are dilated during the preovulatory period (Bassett 19*431
Burr et al. 1951) • These vessels are thought to have an increased
permeability due to the release of inflammatory mediators (Espey I98 O). An
oedema of the follicular wall has also been reported prior to ovulation
(Bjersing & Cajander 197*4). These changes are thought to be due to the LH
part of the endogenous gonadotropin surge. It is not known whether the
endogenous LH surge increases the blood flow of the preovulatory follicle in
a similar way as exogenously injected LH/hCG for the whole ovary (Wurtman
196*4). Furthermore, the relation between CL blood flow and P production has
been a matter of debate (Niswender et al. 1976). In this study, blood flow
changes of follicles, CL, oviduct and uterus as well as plasma P and
follicular/luteal light microscopy was investigated at different time
intervals in relation to PMSG-induced ovulation and luteogenesis.

Blood flow indexes in preovulatory follicles was highest on day 28 but, mean
follicular blood flow indices did not change significantly during the
preovulatory period (13-21 h day 29). The lowest blood flow index was found
in young corpora lutea on day 30. Between day 30 and 31 there was a marked
increase in luteal blood flow.
Changes in blood flow index of uterus and Fallopian tube showed a similar
pattern as compared to follicles/CL but the increase in oviductal blood flow
preceded the increase in uterine blood flow seen during the luteal phase.,
suggesting a functional role for blood flow changes in supporting the
metabolism of substrates in the oocyte during its transport through the
oviduct and uterus. Plasma progesterone concentration changed temporally
with an increase to *43.5±6.0 ng/ml at 1000 h day 29, preceding ovulation.
After ovulation plasma progesterone decreased to a minimum of 12.8+2.1 ng/ml
at 1300h day 31» The increase in blood flow index of CL and plasma
progesterone showed a significant correlation between 2100 h day 29 and I3OO
h day 31 (r =0.52, p<0.03). Light microscopy showed a dilatation of
follicular capillaries and an interstitial oedema *4 h before ovulation. Day
30 at 1000 h i.e. 19 h after ovulation the granulosa layer of the CL showed
an increase in vascularization which was further pronounced at *48 h after
ovulation, with loss of the central cavity and an abundance of capillary
vessels as well as larger thin-walled vessels.
The present study shows that the preovulatory hyperaemia of the rat follicle
as observed after the endogenous gonadotropin surge and close to ovulation
is not accompanied by significant changes in follicular blood flow. This may
be due to the appearance of an oedema in the wall of the preovulatory
follicle. The luteal phase shows an increased luteal blood flow and plasma P
parallel to the microscopic ingrowth of vessels as seen under the light
microscope. These findings promote a picture with a possible cause-effect
relationship between ovarian blood flow and progesterone production, as
proposed by Niswender et al. (1976). Follicular blood flow did not increase
after the endogenous gonadotropin surge, at least not within our measurement
intervals.
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GENERAL DISCUSSION

FUNCTIONAL ROLE OF LUTEAL BLOOD FLOW
The present study shows that the basal blood flow of the CL increases after
ovulation (paper VII) and during CL growth. Basal blood flow of the CL is
maximal around mid-pseudopregnancy of the adult rat (paper III, IV and V)
and decreases towards the end of the CL phase. During the ultra-short life
span (1-2 days) of the non-functional rat CL of the cycle no increase in
total ovarian blood flow can be registered (Garris & Curry 1983)• During the
estrous cycle of the guinea-pig (Hossain et al, 1979) and the ewe (Mattner &
Thorburn 1969; Niswender et al, 1975) a functional CL is developed and total
ovarian blood flow is maximal during the mid-luteal phase of the guinea-pig,
coincident with maximal plasma P levels (Hossain et al, 1979)* In the rat,
the CL of the cycle is transformed to a functional CL by mating and
prolactin exposure (Smith et al, 1975)- During its growth, the CL receives
an increasing percentage of the total ovarian blood flow (Abdul-Karim &
Bruce 1973; Pang & Behrman 1979; paper III). During day 1-10 of pregnancy in
the rat, CL blood flow and P levels are similar to the pseudopregnant state.
However, beginning at the time of decidualization, and proceeding during day
13-20 of pregnancy of the rat (Bruce & Dimmitt 1977; Bruce et al. 1984), the
CL grows and blood flow as well as P production increases in parallel,
probably by the release of uterine/fetoplacental factors (Gibori & Kraicer
1972; Levasseur 1983; Basu 1985)-

LUTEAL BLOOD FLOW AND METABOLISM
From the studies mentioned above it is apparent that the vascularization of
the ovary changes in relation to the actual reproductive state and ovarian
blood flow is maximal during the CL phase. The blood flow of the CL is very
high (Abdul-Karim & Bruce 1973; Norjavaara et al. 1987) and the functional
significance of this is not known. We hypothesize, that the high level of
blood flow guarantee a high exposure of the CL to gonadotropins and/or
precursors for energy generation, such as glucose and oxygen or hormonal
precursors, such as cholesterol. As seen for the in vitro studies (paper I)
CL production of P basallyas well as during LH stimulation is maximal at a
period when basal blood
flow of the CL (paper III, IV and V) as well as
plasma P levels (paper III) are maximal. The increase in CL blood flow is
seen parallel to an increase
in CL P production (Hashimoto et al. I9 6 8 ;
Bartosik & Szarkowski 1973i Pang
& Behrman 1979i Garris & Curry
1983;
Norjavaara et al. I98 7 ). In some studies, a mathematical correlation has
been found between blood flow of the luteal ovary and plasma P levels
(Niswender et al. 1975;
Ford & Chenault I98 I). A significant correlation
between the increase in CL blood flow and plasma P levels was seen in the
present study (paper VII). The physiological significance of the increasing
CL blood flow may be to guarantee a high supply of some as yet un-identified
substance(s) critical for P production. This is supported by Janson et al.
(1981 ) performing experiments
on pseudopregnant rabbits,
where
they
decreased the blood flow of the rabbit CL. They found a decrease in ovarian
P production upon flow reduction. A similar result has been reported by Sogn
et al. (1984) for in yftro-perfused luteal ovaries obtained from PMSGtreated immature rats. They found that the ovarian P secretion into
perfusion media was positively correlated with the flow of perfusate. There
is thus reason to believe that there is a connection between
CL
vascularization and P production both during the growth phase of the CL as
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well as at any particular moment of a functional CL. Ovarian cells take up
and consume a multitude of biochemical substrates as sources of precursors
within cellular energy production. The delivery of substrates to the ovary
is potentially high in the first place since ovarian blood flow is around
1000-2000 ml/100g/min as compared to for instance the diaphragm (paper III),
having a blood flow around 50 ml/100g/min. There is a need for a continuous
support of lipoprotein-derived or endogenously synthesized cholesterol as a
precursor (Brown et al. 1979ï Strauss III et al. I98 I) in steroid synthesis.
To support cellular growth and steroidogenesis a continuous supply of ATP,
derived from the oxidative phosphorylation in mitochondria as well as
coenzymes is necessary (Dimino et al. 1979)* ATP may exert multiple effects
in luteal cells but precisely what substrates that may be critical for the
ATP production of the CL is not known. Oxygen supply is a basic prerequisite
for metabolism and mitochondrial ATP production (Racker 197*0 • It has been
demonstrated that basal P production of CL as well as the response to LH
stimulation was attenuated when isolated CL were incubated at physiological
oxygen tensions in vitro (paper I). A step-wise decrease in oxygen tension
was shown to simultaneously decrease CL ATP levels while lactic acid
accumulation was increased (paper I). When comparing the CL response pattern
to the follicle it was found that follicles (paper II) were less sensitive
to decreases in oxygen tension than CL. The basal P production and the LH
response was for the follicle attenuated at an oxygen tension below 6 kPa, a
probably subphysiological level. The follicle could, in sharp contrast to
the CL, compensate hypoxia and this compensation apparently involved an
increased lactic acid production. These results as well as the results
recently presented by Feiertag &. Koos (I9 86 ) for granulosa cells incubated
at different oxygen tensions may indicate that the follicular P production
is less sensitive to decreases in oxygen tension than the CL. One
explanation may be that the CL requires more energy to support a P
production 15-20 times higher than the LH-stimulated preovulatory follicle
(paper I and II). Thus, it seems as if the transition of a follicle into a
CL increases the oxygen dependency in vitro. The attenuating effect of
hypoxia on follicular and CL P production and LH responsiveness wereboth
accompanied by decreases in ATP levels. The presence of oxygen support for
ATP production in the CL may therefore be necessary for metabolic processes
related to steroid synthesis and gonadotropic responsiveness. The presence
of oxygen is necessary for the cholesterol side-chain cleavage (Savard 1973)
and the mitochondrial cytochrome P-^50 enzyme is oxygen dependent (Hall
1985 ). It does not seem probable that LH acts by increasing oxygen
consumption of the CL, since the injection of LH in vivo left the oxygen
consumption of slices from superluteinized rat ovaries incubated in vitro
unaffected (Channing & Villee I9 6 6 ; Flint & Denton 1969) at circumstances
when P accumulation was increased. FSH has been shown to increase the oxygen
consumption of prepubertal rat ovaries (Foreman 1969). Such studies lack for
the CL. Oocyte maturation in vitro does not proceed under anaerobic
conditions (Rondell & Wright 1957; Zeilmaker & Verhamme 197*0 ‘ as suggested
by the authors (Zeilmaker & Verhamme 197*0 to be due to low ATP levels.
Several studies have shown that gonadotropins can increase the uptake of
glucose and amino acids into ovarian cells. Studies have mostly been made on
the isolated follicle and its respective compartments and prepubertal or
heavily luteinized rat ovaries. It has been shown that LH increases the
glycolysis of prepubertal rat ovaries (Ahrén et al. 1973). isolated
follicles (Nilsson 197**; Liebermann et al. 1975)» as well as cumulus and
granulosa cells (Billig et al. 1983) • This effect by LH was confirmed in the
present study (paper II) for isolated follicles incubated in vitro. Lactic
acid has been considered as an important substrate for the growing and
maturing oocyte (Billig et al. 1983) since the oocyte lacks enzymes
necessary for metabolism of glucose. Preovulatory follicles also have a high
concentration of lactic acid in vivo (Zeilmaker et al. 1977). FSH can also
increase lactic acid production in cumulus and granulosa cells incubated in
vitro (Billig et al. 1983; Hillier et al. 1985)• Uptake studies have been
performed in vitro after gonadotropin exposition in vivo and in vitro in
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rats bearing luteal ovaries. It has been shown that LH injected in vivo
increases the uptake of glucose by heavily luteinized rat ovaries (Armstrong
& Greep 1962; Channing & Villee I9 6 6 ; Flint & Denton 1969)* The same
treatment induces an increase in ovarian glycolysis, as measured by an
increase in lactic acid accumulation in vitro (Armstrong 1963; Channing &
Villee 19 66 ; Flint & Denton I9 69 ). LH also increases the rate of glycolysis
in vitro of isolated CL obtained from PMSG-treated immature rats (Herlitz
1974). The increase in in vitro glycolysis induced by LH injected in vivo
was not due to an increased glycogenolysis, since glycogen stores of the
superluteinized rat ovary are negligible (Armstrong 1963; Channing & Villee
1966 ; Flint & Denton 1969)* The present study (paper I) also shows that
glycogen stores of the CL are probably small or absent, since no lactic acid
was detected in media devoid of glucose. Armstrong (1963) showed that most
of the glucose taken up into lutali cells was converted to lactic acid and
only 14 % was transferred to
C02. The physiological significance of the
LH-induced increase in glucose uptake as a necessary metabolic support has
been questioned (Armstrong I968 ). It has been proposed that an increase in
glycolysis and lactic acid production by LH could support the citric acid
cycle by producing NAD*, increase the electron transport into mitochondria
or being a putative vasodilator in vivo (Armstrong 1963)- There are however,
doubts if the increase in glycolysis represents a support to luteal
steroidogenesis since CL exposed to a maximally stimulating LH concentration
in vitro, produces increasing amounts of progesterone without significantly
stimulating lactic acid production (Channing & Villee I9 6 6 ; Armstrong I9 6 8 ).
The glucose metabolism explained about 10 % of total ATP production in the
CL (Flint & Denton 1969) and explained less than 30 % of the oxygen uptake
in vitro. When added in vitro, LH has also been found to increase the
glucose uptake of prepubertal rat ovaries (Ahrén et al, 1973)• An insulin
dependent uptake of luteal glucose may also exist, although not tested.
Ovarian cells of the rat have been shown to possess receptors for insulin
(Ladenheim et al, 1984) and insulin administered to ovarian cells in vitro
increases progesterone production by a cyclic AMP-independent mechanism
(Ladenheim et al, 1984; O'Shaugnessy & Wathes I985 )• Furthermore, alloxandiabetic rats were found to have a severely depressed CL function since
plasma P was markedly reduced (Garris et al, 1984). Insulin / insulin-like
growth factors may stimulate ovarian steroid production by an increased
glucose uptake or just by a general anabolic action.
Injection of FSH in vivo to prepubertal rats has been found to increase the
uptake of the non-metabolizable amino acid a-aminoisobutyric acid (AIB) and
proline in vitro (Ahrén & Kostyo 1963; Ahrén et al, 1967; Selstam & Nilsson
1974). This was shown to be due to an increased transport of amino acids
into ovarian cells, since blocking protein synthesis with puromycin did not
abolish the stimulatory effect of FSH on amino acid uptake (Ahren &
Rubinstein I9 6 5 ). FSH can also increase the incorporation of H-proline into
follicular proteins (Ahrén et al, 1973) • Also LH has this ability (Nilsson &
Selstam 1975). Reel & Gorski (1968 a, I968 b) found that both FSH and LH can
increase the incorporation of
H-cytidine into
RNA of prepubertal rat
ovaries. LH was also found to increase the incorporation of H-valine and
H-leucine into proteins of prepubertal rat ovaries (Reel & Gorski I968 b).
However, these authors did not detect any effect of FSH on incorporation of
3H-valine and H-leucine into structural proteins. LH injected in vivo has
also been shown to increase the uptake of AIB and cycloleucine in vitro in
isolated corpora lutea (Herlitz 1974). No effect of LH on the incorporation
of phenylalanine into structural proteins was however, registered in that
study (Herlitz 1974). Since mitochondria can
utilize amino acids as
substrates of metabolism it is proposed that amino acids are a physiological
substrate of energy metabolism in luteal tissue. Flint & Denton (1970)
estimated amino acid metabolism to consume to about 2 0 -3 0 % of the oxygen
consumption of superluteinized ovaries in vitro. We found that the presence
of either glucose or amino acids were necessary to promote the LH response.
Thus amino acids could compensate for a lack of glucose and vise versa. A
lack of both glucose and amino acids while oxygen tension was 100 kPa made
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the LH response insignificant while basal P production was not affected.
Again, ATP levels were markedly reduced when the LH response was lost (paper

I).
Lipids have been proposed as the main substrate of metabolism of ovarian
cells since the metabolism of fatty acids are thought to consume to 50-60 %
of the oxygen taken up by the superovulated rat ovary in vitro (Flint &
Denton 1970).

The presence of different
substrates
is
essential
for
oxidative
phosphorylation and ATP production to proceed normally. It has been proposed
that the levels of ATP in luteal cells are vital for the responsiveness to
LH in terms of cyclic AMP accumulation (Brennan et al. 1983)• It was shown
that basal P production as well as the response to LH (as measured by CL P
production), was decreased at low ATP levels both when oxygen tension was
decreased as well as when amino acids and glucose were deleted from the
incubation medium (paper I). ATP may thus serve a vital role in supporting
basal P production and LH responsiveness in the CL. Mitochondria can
metabolize a multitude of substrates and it has been proposed that
mitochondria can alter the energy equilibrium between the cytochrome chain
and enzymes involved in steroid production (Robinson & Stevenson 1971)* Such
an enzymatic step is the intra-mitochondrial cholesterol side-chain cleavage
(CSCC) depending on the presence of NADPH and oxygen (Sulimovici & Boyd
I960). The activity of CSCC can be stimulated by LH (Robinson et al. 1975)
as well as ATP directly although the enhancement of steroidogenesis by ATP
and hCG was found not to be additive (Stevenson et al. 1985) • The
stimulatory effect of ATP on CSCC can possibly be supported by the
phosphorylation of ADP catalyzed by the creatine kinase enzyme system within
the ovary (Naumoff & Stevenson 1985)* The NADPH and oxygen taken up into the
mitochondria of steroidogenic cells is coupled to cytochrome P-^5 0 . which
catalyzes the CSCC reaction consuming two electrons, a H+ and 0 (Hall 1985;
Hanukoglu & Hanukoglu I986 ). During follicular growth and the LH-induced
transfer of a follicle into a CL the mitochondrial cytochrome P-^50, the
respiratory chain enzymes as well as steroidogenesis increase manyfold and
in a parallel fashion (Cooper & Thomas 1970; Naumoff & Stevenson I98 I;
Zlotkin et al. I986 ). The exposure of a growing follicle to LH induces
changes in mitochondrial density (Dimino et al. 1976) and make mitochondria
able to convert pregnenolone to P (Dimino & Berman 1979)• The increase by LH
on luteal steroidogenesis is mediated by an activation of the cyclic AMP
system leading to an activation of protein kinase (Caron et al. 1975) and an
increased phosphorylation of microsomal proteins (Darbon et al. 1980, I98 I).
If the mitochondrial CSCC-system is reconstituted protein kinase can
directly stimulate its activity. Using intact mitochondria the activated
protein kinase enzyme cannot stimulate the CSCC enzyme activity (Downing &
Dimino 1979*. Inaba & Wiest I98 5 ). It was therefore suggested that the
activated protein kinase could increase the uptake of cholesterol into
luteal mitochondria and the access to cholesterol was theorized to be more
important than the protein kinase-mediated activation of the mitochondrial
cytochrome P-450 system of the rat (Inaba & Wiest I985 )• Further evidence
for the possible dependency of luteal steroidogenesis upon oxygen and ATP
regeneration is that when mitochondrial steroidogenesis was inhibited by
aminoglutethimide, steroidogenesis and oxygen consumption fell in parallel
while ATP synthesis increased (Dimino et al. 198O). There may be a local
coupling between steroidogenesis
and
ATP
regeneration
within
the
mitochondrion. This coupling may be especially prominent within the corpus
luteum, since ATP-stimulated CSCC-activity and plasma progesterone rose in
parallel as the follicle was transferred to a CL (Klinken & Stevenson 1977)-
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BLOOD FLOW DURING THE PERIOVULATORY PERIOD
The
growing
follicle
undergoes
profound
changes in morphological
vascularization with a preovulatory increase in thecal vascularization
(Bassett 19^3; Burr & Davies 1951)* The process of luteinization of the
ovarian postovulatory
CL parallels the increase in CL vascularization
(Pederson 1951). as seen under the light microscope.
The present study (paper VII) shows that luteinization and CL formation
involves structural and functional changes. During the preovulatory period
follicular blood flow index is constant. Even 19 h after ovulation the blood
flow and vascularization of the CL is not increased while P levels are still
low. 2^-48 h after ovulation CL blood flow increases in parallel with plasma
P levels and during this time CL vascularization was prominent. Histological
evidence speaks in favour of an increased follicular/luteal energy demand
during luteinization
and CL formation since there is growth of luteal
mitochondria (Björkman 1962; Dimino et al. 1979) and smooth endoplasmic
reticulum (Björkman 1962) concomitant with an increase in CL vascularization
during early CL growth (Meyer & Bruce I98 O). Thesemorphological
findings
may be related to metabolic changes discussed in the section before.
There are but few publications concerning the microcirculation of the
growing follicle. No direct measurements of the absolute blood flow of the
growing rat follicule has been made earlier and hence little is known about
the role of vascular dynamics in follicular growth and atresia. The
follicular granulosa layer is avascular and therefore dependent on diffusion
of substrates, metabolites and androgen precursors with vessels
situated
within
the
theca
layer
(Bjersing
1978). The increase in thecal
vascularization during the preovulatory period was further investigated by
Bassett (19^3) by in vivo capillaroscopy and light microscopy. Bassett
described a disorganized capillary circulation of the follicular wall prior
to ovulation. Some studies have shown a decrease in total ovarian blood flow
prior to ovulation (e.g. Bindon I969 ) while anotherstudy indicated that the
endogenous gonadotropin surge at first increased the relative follicular
blood flow and 4-8 hours before ovulation relative blood flow of the
follicular wall decreased (Murdoch et al. I983 )• The present study showed
(paper VII) that follicular blood flow index did not change significantly
during the preovulatory period. Thus, no increase in follicular blood flow
could be registered after the endogenous gonadotropin surge (paper VII). The
lack of increase in follicular blood flow index could be explained by the
development of a preovulatory follicular oedema as earlier demonstrated in
the rabbit by Bjersing & Cajander (197*0* This oedema may abrogate an
expected gonadotropin-induced increase in the blood flow of the follicular
wall prior to ovulation. These changes, observed under the light microscope,
support the hypothesis by Espey (I98 O), that the follicular wall is inflamed
prior to ovulation. Similar findings have been published for the testis
exposed to hCG (Bergh et al. I98 6 ) as well as for inflammatory reactions in
other organs (Movat 1985). The theca layer of the dominant monkey follicle
has a more abundant vascularization and prominent
I-hCG labelling than
non-dominant follicles, as seen morphologically (Zeleznik et al. I98 I). It
was proposed that follicular vascularization may distribute the gonadotropic
support towards the dominant follicle. This effect on the ovarian follicle
may be mediated by the LH-induced release of histamine (Schmidt et al. I9 86 )
leading to a higher blood flow in follicles destined to ovulate. Other
paracrine mechanisms may also affect follicular function maybe via effects
on follicular blood flow. A follicle regulatory protein has been partially
characterized (Ono et al. I9 8 6 ). This protein is supposed to suppress the
activity of follicular aromatase activity, thereby taking part in the
selection of follicles destined to ovulate. Follicle regulatory protein may
function as an atretic signal and one possible mechanism could be through a
decreasing action on blood flow of follicles. Another interesting finding is
that the blood flow of the oviduct and uterus changed in relation to
ovulation and CL formation. This also points towards vascular dynamics as
important for survival of the ovum during its transport.
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HORMONAL EFFECTS ON THE BLOOD FLOW OF THE CORPUS LUTEUM

It is thought that
regulation of ovarian blood flow may be a target for
regulatory mechanisms related to the effect of gonadotropins (Niswender et
al. 1976 ) and locally active substances (ref. Khan-Dawood & Dawood I9 8 6 ).
Several possible mediators for changes in ovarian blood flow have been
tested in vivo. It is a classic finding that injection of urine from
pregnant women induces hyperaemia of the rat ovary. This
reaction was
formerly used as a 2 hour test for pregnancy (Zondek et al. 1945)• It was
later shown that this reaction was due to the placental hCG excreted in the
urine and LH was shown to mimick the hyperaemic effect of hCG (Sturgis &
Politou 1951)* Ellis (I96 I) could show that different doses of LH increased
the ovarian content of radio-iodinated albumin during the hyperaemic
response in the immature rat. Wurtman (1964) showed that the ovarian
hyperaemia in the rat is specifically induced by LH but not FSH, prolactin,
serotonin, noradrenaline or adrenaline. In that study, LH increased ovarian
fractional perfusionand histamine
administration mimickedthe hyperaemic
response induced by LH (Wurtman 1964). It was shown by Szego & Gitin (1964)
that LH induces histamine depletion during the hyperaemic response. Piacsek
& Huth (I97 I) showed that pretreatment with antihistamines could entirely
block the hyperaemia induced by LH and histamine was postulated to mediate
the hyperaemic effect induced by LH in the rat (Piacsek & Huth 1971)* It has
been proposed that histamine release may also mediate follicular growth
(Jones et al. 1976) and ovulation
(Schmidt et al.
1986; Krishna et al.I98 6
and it has been shown by Krishna & Terranova (1985) that ovarian mast cells
degranulate in relation to the proestrous endogenous gonadotropin surge of
the hamster. Studies with radioactive microspheres have shown that LH/hCG
treatment in rabbits induces ovarian vasodilatation and an increase in
ovarian blood flow (Janson 1975; Blasco et al. 1975; Wu et al. 1977) as well
as ovarian fractional perfusion (Blasco et al. 1975)* Eee & Novy (1978)
found that the ability of LH to increase ovarian blood flow was decreased by
pretreatment with indomethacin rendering
prostaglandins
as
possible
mediators of the LH effect. They also discussed cyclic AMP and P as possible
mediators, since plasma P increased after LH injection and at the same time
as the increase in ovarian blood flow. LH has also been reported to increase
the blood flow of the rat ovary during the estrous cycle (Varga et al. I985
b) and pregnancy (Bruce & Dimmitt 1977)« Apart from registering the effect
of exogenously administrated LH/hCG on ovarian blood flow few studies have
been performed showing the significance of endogenously secreted LH in the
regulation of ovarian blood flow. It has however, been shown that immunoneutralization of LH, using infusion of antibodies into sheep during the
luteal phase of the estrous cycle decreased ovarian blood flow and plasma
progesterone concomitantly (Niswender et al. 1976). A similar decrease in
ovarian blood flow was reported by Bindon (I96 9 ) after hypophysectomy of
mice. That effect could be reversed by the administration of PMSG. It was
confirmed (paper III) that hCG injection acutely increased total ovarian
blood flow of the adult pseudopregnant rat at all
CL ages tested. Already
min after the hCG injection basal
AC activity in vitro in membranes
from
isolated CL was increased. Blood flow of the CL after an acute hCG injection
was however, unchanged. After hCG injection the blood flow and P content of
the remaining ovary was increased while at 200 min after hCG the CL blood
flow was unexpectedly decreased at a time when basal AC activity in vitro
was maximal (paper III). The last observation makes it unlikely that the
stimulatory effect of LH on the CL in vivo would involve a component of
blood flow increase. This is supported by the finding that blood flow of the
CL was not significantly decreased 24 h after hCG injection when the AC
system was desensitized and P content of the CL reduced. It was also
demonstrated (paper VI) that the increase of ovarian blood flow by LH
decreased uterine blood flow. Such an effect may be due to an "ovarian
steal” effect versus the uterus due to a decreased ovarian vascular
resistance. To our knowledge, no study has demonstrated effects of prolactin
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on the blood flow of the rat ovary. As regards FSH, one study (Cons & Kragt
197*0 has indicated that it may modify ovarian circulation in hCG-primed
adult rats by causing leukocyte accumulation and a possible reduction in
ovarian blood flow, but no studies on the possible effect of FSH alone on
ovarian blood flow have been performed.
Since catecholamines exert stimulatory effects on the production of cyclic
AMP and P in vitro of the CL (Norjavaara 1984) it was considered of interest
to study the effect of a catecholamine on the blood flow of the CL. Since
noradrenaline has been found to be the endogenous catecholamine having the
highest
concentration
within the CL noradrenaline was infused into
anaesthetized rats. Acutely (2 min) a vasoconstriction of the mid-luteal CL
was registered
(paperIV).At 2 and 11 days of CL age no significant effect
of noradrenaline on vascular resistance was seen. The acute vasoconstriction
is probably an a-receptor mediated one. Another study demonstrated that
noradrenaline can increase the vascular resistance of rat ovaries during the
es trous cycle
(Varga et al, 1967)* Noradrenaline has also been shown to
increase vascular resistance in ovaries of the
pregnant
guinea-pig
(Mårtensson & Carter 1982) and sheep (Phernetton & Rankin 1978) and the
human ovary of the menstrual cycle perfused in vitro (Varga et al, 1979)* On
a longer infusion time (20 min) the vascular resistance of the remaining
ovary and CL decreased and blood flow was increased about twofold (paper V).
This effect is probably not due to a secondary increase in the release of
hypophyseal LH
since it was shownthat
intra-venous
infusion
of
noradrenaline did not increase plasma concentrations of LH and prolactin
(Blake 1976). When the 20 min noradrenaline infusion was discontinued for 5
min ovarian blood flow decreased to control levels. These findings speak
against the increase in ovarian blood flow by noradrenaline infusion as
secondary to an increased metabolism of substrates in the CL: Firstly, the
blood flow increase is confined to both the CL
as well
as the remaining
ovary. Vascular effects of noradrenaline are probably an effect of ßmediated vasodilatation of larger blood vessels situated in the interstitial
part of the ovary. Smooth muscle elements could not be detected in blood
vessels of the rat CL (Unsicker 1974). It therefore seems unlikely that the
vessels of the CL itself could constrict
in response to exposure of
vasoactive agents. The absence of smooth muscles may also explain the fact
that the CL cannot autoregulate its blood flow (paper IV). Secondly, the
discontinuation of the noradrenaline infusion would not have been expected
to reduce blood flow to control levels so fast if a metabolic stimulation
was to be considered as the prime event. Thirdly, CL of the immature PMSGovulated rat have a higher concentration of ß-receptors (Norjavaara et al.
1984) and a higher responsiveness to catecholamines in terms of P and cyclic
AMP production during the early luteal phase than later on (Norjavaara et
al. 1982 ). An increase in CL blood flow due to noradrenaline stimulation
infusion ought to show a similar age-dependent increase with a maximal
effect on young CL. Thus, the increased blood flow induced by a 20 minute
noradrenaline infusion may rather be due to an attenuation of the a-mediated
acute vasoconstriction by a ß-effect on the stromal vessels of the ovary.
Fenoterol, a ß-agonist, has been shown to decrease ovarian vascular
resistance (Varga et al. 1979)» There may be effects on ovarian blood flow
exerted by neurones since an innervation, predominantly around interstitial
blood vessels, has been observed
in the rat ovary (Burden 1978). Neurones
surrounding the circumference
of the follicle as well as the CL have been
described and especially neurones lying close to interstitial vessels
supporting the CL have been observed (Unsicker 1974). No neurones have
however at present been demonstrated to penetratethe glandular structure of
the CL of the rat at any time during pregnancy or estrous cycle (Unsicker
1974).
Steroids, especially P have been considered as possible regulators of
ovarian blood flow since blood flow has been shown to be higher in the
luteal ovary (Niswender et al. 1975î Ford & Chenault I98 I). In paper III it
was shown that the increased ovarian blood flow by hCG was very marked for
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the remaining ovary while the CL blood flow hardly changed at all. The
increased blood flow of the remaining ovary was paralleled by an increase in
tissue P levels. This may point towards a local vasodilatory effect of
locally produced P in the remaining ovary. The increase in ovarian blood
flow after hCG injection into rabbits is seen concomitant with an increase
in plasma P (Lee & Novy 1978). Speaking against P as a mediator of an
increased ovarian blood flow was the finding by Bruce et al. (I98 O) that
there was no relation between ovarian P production and ovarian blood flow.
The finding that a doubling in P production by the non-extirpated ovary in
unilaterally ovariectomized pregnant rats did not change its blood flow
(Meyer & Bruce 1982) speaks against P as a regulator of ovarian blood flow.
Prostaglandins have attracted interest as local regulators in the ovary
especially in the preovulatory follicle and the CL. Exogenously administered
PGF
has been shown to induce luteolysis in several species by decreasing P
production via multiple mechanisms (Behrman et al. 1979) such as decreasing
CL blood flow, decreasing gonadotropin uptake and acutely blocking AC
activation. An increase in the activity of
the
20a-hydroxysteroiddehydrogenase enzyme (Pharriss & Wyngarden 1969; Horton & Poyser 1976) by
PGF
has been proposed as the physiological luteolytic signal in the
pseuaopregnant rat (Khan 1979) • PGF
has been hypothesized to exert its
luteolytic effect by decreasing ovarian26lood flow (Pharriss 1970; McCracken
et al. 1971; Batta & Martini 1975) but, data are inconclusive. Nett &
Niswender (1981) found that luteal blood flow of pregnant ewes decreased
before plasma P and luteal tissue P concentration, thereby supporting the
hypothesis by McCracken et al. (1971)» that PGF
may induce luteolysis by
decreasing luteal blood flow. However, during physiological regression of CL
both in adult pseudopregnant rats (Pang & Behrman 1979) and immature rats
induced to ovulate with PMSG (Damber et al. I98 I), the decline in P levels
was found to precede the fall in luteal blood
flow.
Studies
on
pseudopregnant rabbits are inconclusive since Novy & Cook (1973) found that
PGF
induced a moderate but significant decrease in CL blood flow, while a
small but non-significant effect was seen by Bruce & Hillier (1974) and
Janson et al. (1975)» Since Bruce & Hillier (1974) found that the fall in
plasma P preceded the decline in CL blood flow they found a PG-induced
vasoconstriction unlikely as the sole luteolytic stimulus. Similar results
have been published for the rat (Pang & Behrman I98 I). Interestingly, PGF
has been shown to increase the blood flow of the non-luteal part of tåe
ovary in rabbits (Novy & Cook 1973; Bruce & Hillier 1974; Janson et al.
1975 ) and rats (Pang & Behrman I98 I) leaving the luteal part unaffected. The
same pattern of blood flow distribution within the ovary was also observed
after hCG injection (paper III) and prostaglandin F
may therefore be a
mediator to the hCG effect. P G F ^ may also induce sßunting of ovarian blood
flow away from the CL (Wehrenberg et al. 1978). Some yet unknown role for
PGF2a via modulation of CL blood flow or vascular permeability during the
luteolytic process cannot be excluded although, PG-induced changes in CL
blood flow may not be the only cause of luteolysis (Damber et al. 198 I)..
EFFECT OF VASOACTIVE SUBSTANCES ON UTERO-OVARIAN BLOOD FLOW
The vasoactive substances noradrenaline and ADH were found to have different
vascular effects as regards the utero-ovarian vascular bed. Utero-ovarian
blood flow was acutely decreased by the infusion of noradrenaline (paper
VI). At longer infusion times ovarian blood flow and fractional perfusion
was increased. This vascular response with an initial vasoconstriction which
is later on attenuated or reversed is a well-known reaction seen also in
other organs (Neil 1978). At 20 min of noradrenaline infusion uterine blood
flow had returned to control levels. Thus, the response of the uterine
vascular bed resembles the extragonadal organs where a 20 min noradrenaline
infusion did not change the vascular resistance (paper V).
ADH infusion induced a marked decrease in utero-ovarian blood flow by
increasing the utero-ovarian vascular resistance. This effect (paper V and
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VI) involves a 85 % reduction of utero-ovarian blood flow while other organs
tested showed only a 15 % reduction. This finding confirms Varga et al.
(1985 a) who found that ADH exposure decreased utero-ovarian venous outflow
from the rat ovary. Infusion of ADH may be utilized as as a vasoactive
pharmacological treatment for certain hemorrhagic emergencies within human
obstetrics. ADH has since long been used as a therapeutic agent in the
treatment of acute bleeding oesophageal varices (Freeman et al. 1982). Such
a pharmacological treatment of obstetric bleeding may very well work since
human pregnant myométrial arteries exposed to ADH in vitro reacts with
vasoconstriction (Maigaard et al. I986 ). Another finding is that ADH could
be used to test the effect of blood flow reductions of the blood flow and
metabolism of the CL in vivo.

SUMMARY AND CONCLUSIONS

During the formation of a CL a rapid vascularization takes place. We have
found that basal blood flow of therat CL increases after
ovulation to
maximal
values
of around
2000
ml/100 g CL/min seen
during mid
pseudopregnancy and the mature CL could not autoregulate its blood flow.
Since the role of
the high CL blood flow is not known the present study
investigated the role of substrate metabolism and blood flow in supporting
energy production as measured with ATP as well as steroidogenesis measured
by P production in the CL of the rat. Special emphasis was laid on studying
the effect of substrate metabolism on the LH response in vitro.
It was shown that the CL is sensitive to decreases in substrates in vitro.
Reduction of the oxygen
tension as well as the combined decrease of glucose
and amino acids in incubation media decreased the basal P production and
abrogated the LH response. When P production of the-CL and the follicle was
tested
at the same oxygen tensions
it was shown that the follicle by
increasing its rate of glycolysis could sustain its P production and LH
responsiveness at lower oxygen tensions than the CL. It was concluded that a
P synthesis by the CL about 15 times higher than the follicle was more
dependent on oxygen tensions and ATP levels. The CL could not compensate
hypoxia by increasing glycolysis.
The luteotropic hormones LH/hCG and noradrenaline were tested for their
effect
on CL blood flow. hCG acutely increases ovarian blood flow and
decreased uterine blood flow. No increase in the blood flow of the CL was
observed and on a longer exposure to hCG and the CL blood flow decreased
even at a time when luteal P content was increased. Desensitization of the
luteal
AC system did not decrease
CL blood flow. Noradrenaline acutely
increased the vascular resistance of the whole ovary as well as the CL but
on a 20 min infusion total ovarian blood flow increased twice but the
increase in CL blood flow was of the same magnitude regardless CL age. These
effects are probably mediated via effects on a- and ß-receptors of vessels
in the interstitial tissue. These findings speak against a blood flow
increase as a mediator of acute luteotropic hormonal action.
Antidiuretic hormone (ADH) increased the vascular resistance of the uteroovarian vascular bed and decreased blood flow with about 85 %• ADH is
proposed as a therapeutic agent for the treatment of acute obstetric
haemorrhage and ADH could also be used experimentally for the further
investigations on the role of CL blood flow in vivo
Blood flow and morphological vascularization of follicles/CL changed rapidly
during the periovulatory period parallel to plasma P levels suggesting an
interdependence. Moreover, blood flow increases of the oviduct and uterus
were temporally related to ovulation and ovum transport.
We hypothesize that a high blood flow of the CL is needed for a sufficient
support of substrate for energy production and steroid metabolism.
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HISTORICAL NOTES
To recall a relatively short era of reproductive physiology a historical
review seems to be appropriate as a primer of perspectives. Regnier de Graaf
(1641-1673 ) was first to thoroughly consider the functional anatomy and
physiology of the human reproductive tract in two papers published in I668
and I672 (translation by Jocelyn & Setchell 1972). De Graaf described the
Graafian follicle (”egg"), as analogous to the avian egg, and that it
differentiated into a corpus luteum (otherwise known as "globule"). It was
also noted that, from the number of corpora lutea (CL) the number of fetuses
in utero could be predicted. De Graaf coined the female gonad with a well
known term of "ovary" (before called female testicles). He also pointed out
that the ovaries were indispensable for the reproductive process in all
species. However, he incorrectly suggested that the function of the CL was
to harbor the "egg". When the CL grew, it then mechanically expelled the
"egg". De Graaf also made a note on the rich vascularization of the CL.
Marcello Malphigi (1628-1694), the italian anatomist, coined the term of
"globules" to be the corpus luteum. Ernst von Baer was, in 1827, the first
to visualize and describe the dynamic process of ovum formation, ovulation,
ovum transport and development of the fetus, by using the light microscope
invented by Leeuwenhoek (I632 -I7 2 3 ). Thereby, it was proposed that the ovum,
a microscopic structure not detected by de Graaf, was the fundamental female
counterpart in reproduction.
In practice, a lot of experience about the internal secretion of hormonal
substances from the gonads in human and animal species was available, since
the effects of castration were more or less common cognizance (Best & Taylor
I95 O). By classical castration/substitution experiments, a first glimpse of
the biochemical and hormonal events involved in biological homeostasis and
the regulation of the internal environment as envisaged by Claude Bernard
(I812 -I8 7 8 ) emerged (reviewed by Davson I98 O). It was in the middle of the
19 th century that it was experimentally
shown
by
Berthold,
that
reimplantation of the testis into caponized cockerels prevented the atrophy
of the chick comb. It was thereby evident that the testis secreted some
blood-borne factor that could stimulate the growth of the chick comb. Until
the middle of the 20th century that observation was utilized as a bioassay,
since androgens dose-dependently increased the growth of the chick comb. The
interstitial cells of the testis were later described by Leydig in I85 O
(Tähkä 1986 ) and it was speculated that these cells were the site of
production of a factor (testosterone) that was supposed to act analogous to
a putative hormonal factor secreted from the islets of Langerhans of the
pancreas (insulin). By 1899, insulin was supposed to reverse the development
of diabetes mellitus in pancreatectomized dogs. Adrenaline was the first
substance of internal secretion to be isolated, purified and characterized
by Takamine and Aldrich (Best & Taylor 1950)• The term "hormone" (Greek, to
excite) was founded by Bayliss and Starling in I903 by their discovery of
secretin.
Until the end of the 19th century very little was known about the endocrine
functions of the ovary. In 1899 Rubinstein and Halban called attention on
the ovary as a possible internal secretory organ. It was however, still
assumed that the main role of the CL was either to exert pressure supposed
to be necessary for expulsion of the egg, contribute to the formation of the
egg or alternatively being the producer of an imagined "female seminal
fluid" or just simply being filling material of a postovulatory follicular
scar.
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In I9 OO, Gustav Born (1851-1900) on his death bed, proposed a new hypothesis
upon the function of the CL as an internal secretory organ necessary for the
attachment of fertilized eggs to the endometrium. First to experimentally
test
this
hypothesis was Born’s pupil Ludwig Fraenkel (I87 O-I95 I).
practicing gynecologist and obstetrician in Breslau, who in 19OI found that
bilateral oophorectomy up to seven days post coitum or electrocauterization
of CL, prevented pregnancy in the rabbit. That effect was found to be
reversed by injection of an extract of CL from swine (Fraenkel 1903; Simmer
1971)* Fraenkel hypothesized the dual function of the ovary, namely to
harbor and release ova and to support the implantation of the ovum into the
uterus. Fraenkel pointed out the indispensability of the CL and its
production of some, at that time, unknown progestational hormonal substance.
The knowledge about cyclic changes during the female reproductive cycle was
increased considerably by Stockard and Papanicolaou (I9 1 7 ). who described
cyclic changes.in the cytologic appearance of the vaginal epithelium of the
guinea pig. These findings were further substantiated in the classic studies
by Long & Evans (1922), on the estrous cycle of the rat. Their results made
it evident that the sexual cycle is indeed, characterized by specific events
such as
regular release of fertilizable ova as well as hormonally induced
changes in the growth and morphology of the ovary, uterus, the vaginal
epithelium as well as in sexual behaviour. At that time the ovary was
considered as the ”master" hormonal regulator of these cyclic changes since
cyclicity completely vanished after bilateral ovariectomy.
It was already in 1925 (Evans 1925) described that parenterally administered
bovine hypophyseal extracts could stimulate general body growth as well as
ovarian follicular growth. However, in 1927 Zondek and Aschheim (Zondek
1927 , Aschheim 1927) and Smith (1927) found that hypophyseal factors could
function as directors of ovarian cyclicity, since extracts of the anterior
pituitary gland could stimulate follicular growth in immature mice. These
findings led to the revolutionary concept of hypophyseal hormones as masters
in timing of cyclic reproductive changes (ref. Genell 1932). Results by
Friedman (1929) indicated that factors in urine from pregnant women could
induce ovulation in the rabbit. Furthermore, Pencharz & Long (1933)
demonstrated that hypophysectomy in rats before the 10 th day of pregnancy
led to abortion, indicating a role of the hypophysis in supporting pregnancy
in the rat. Evidence for two different hypophyseal gonadotropins were
provided by Foster et al. (1937)- The anovulatory effect of hypophysectomy
was reversed by the ovulatory effect of follicle stimulating hormone (FSH)
and luteinizing hormone (LH) substitution leading to CL formation in the
rabbit. This suggested synergism between FSH and LH, giving implications
that FSH and LH were in fact two biochemically and functionally different
hormones, but acting in concert to regulate follicular growth, ovulation and
luteogenesis in a cyclic manner.
Allen and Corner (1930) showed that the injection of an oil extract of CL
from swine could maintain pregnancy in oophorectomized rabbits and Allen
(I93 O) and Wintersteiner & Allen (193*0 were the first to isolate and purify
progesterone (P), the main progestational hormone produced by the CL and
they also differentiated P from estrogens. During the 19*10’s and 1950's
biochemical endocrinology grew immensely due to the fact that both LH and
FSH could be highly purified (Li 19*^9) and confirmed to be, without doubt,
two different hormones but as earlier pointed out by Fevold et al. (1931)
functionally synergistic in promoting follicular growth, ovulation and CL
formation (Lostroh & Johnson I9 6 6 ). Earlier studies had shown that ovulation
was inhibited during luteal phase and pregnancy but the finding that
progesterone in itself inhibited ovulation (Makepiece et al. 1937 ) led to
further insight and as a practical consequence the birth control pill was
discovered (reviewed by Pincus 1965 ).
The

evolution

of

ideas

within

the

field

of

reproductive

biology and
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especially regarding the function of the endocrine cell itself was until the
early 60*s hampering rapid, sensitive, accurate and specific m e t h o d s f o r the
analysis of hormones in biological matter. Since the methods available had
insufficient sensitivity further studies on reproductive endocrinology of
small animals e.g.
the rat were precluded. The combined use of specific
antiserums (Yalow & Berson 1959) and radiolabelling of tracers
(Hunter &
Greenwood 1962) increased the sensitivity for the radioimmunoassay (RIA) of
hormonal substances. RIA techniques have thereafter been widely used for
many different hormones and substances and since detection sensitivity has
increased hormonal
events insmaller animals
such as rodents, could be
investigated
in vivo and in vitro (Yalow 1959. 1985)• During recent years a
vast increase in the knowledge within reproductive endocrinology has taken
place,
mostly due to the introduction of
new methodology such as separation
techniques,
tissue culture
techniques,electron
microscopy,
computer
technology leading
to deeper knowledge in the general biology and regulation
of the endocrine cells as well as an apprehension of a higher degree of
complexity regarding regulatory mechanisms.
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