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ABSTRACT
INFLUENCE OF ENERGY BALANCE ON CONCENTRATIONS

OF LH RECEPTORS AND CHOLESTEROL
IN BOVINE LUTEAL CELLS

By
Trudy Lynn Hughes

Energy balance can affect function of bovine corpora
lutea (CL). My objective was to determine the effect of
energy balance on concentration of receptors for luteinizing
hormone (LH) and metabolism of cholesterol in bovine CL.
Holstein heifers were fed diets to gain (Control, n=7) or
maintain (Restricted, n=7) body weight. On day 12 after the
second synchronized estrus, CL were removed. Diet did not
affect serum concentration of progesterone, basal or LH-
stimulated production of progesterone in vitro, or initial
concentration of cholesterol in CL. Loss of body weight was
associated positively with increased concentration of
esterified cholesterol in CL. Compared with Controls, CL
weighed less and concentration of LH receptors tended to be
greater in luteal cells of Restricted heifers. Based on the
change in cholesterol concentration during incubation, de novo
synthesis of cholesterol was highest in CL of Control heifers.
Based on correlation analysis, luteal cells of Controls used

newly synthesized cholesterol for steroidogenesis. In



contrast, luteal cells of Restricted heifers appeared to use
esterified cholesterol for steroidogenesis.

Objectives of Experiment II were to determine the effect
of negative energy balance on: 1) activity of luteal HMG-CoA
reductase, 2) incorporation of ‘H-cholesterol into
progesterone by CL, and 3) the effect of concentration of
acetate, glucose or ketones on luteal steroidogenesis. The
experimental design was similar to Experiment I except
Restricted animals lost weight. Compared with Controls,
concentration of progesterone in serum tended to be reduced
and CL weighed 49% less in Restricted heifers. Diet did not
affect luteal production of progesterone in vitro, or activity
of HMG-CoA reductase in CL. However, de novo synthesis of
cholesterol appeared to be higher in CL of Controls.
Concentration of receptors for LH and esterified cholesterol
increased, and incorporation of 3H-cholesterol into
progesterone decreased in luteal cells of Restricted animals.
Acetate and glucose did not consistently affect
steroidogenesis. Ketones increased 1luteal production of
progesterone only in Controls.

The most dramatic effects of dietary energy restriction
on bovine CL were: reduced 1luteal weight, increased
concentration of receptors for LH, and increased concentration

of esterified cholesterol.
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INTRODUCTION

The CL is the primary source of progesterone in the serum
of non-pregnant cattle. Concentration of progesterone in
serum must be of sufficient magnitude during the estrous cycle
preceding insemination for a successful conception to occur
(Folman et al,. 1973; Corah et al., 1974; Carstairs et al.,
1980; Kimura et al., 1987; Mee et al., 1987). 1In beef or
dairy heifers with normal luteal function, treatments which
increased the concentration of progesterone in serum after
insemination do not affect pregnancy rates (Sreenan and
Diskin, 1983; Garret et al., 1987; Stewart et al., 1987).
However, in ewes or cows with subnormal 1luteal function,
treatments which increased the concentration of progesterone
in serum after insemination improved pregnancy rates (Kittok
et al., 1983; Sreenan and Diskin, 1983; Thatcher et al.,
1987) . Thus, concentration of progesterone in serum
immediately following insemination also affects pregnancy
rate. Finally, presence of a CL, or an exogenous source of
progesterone, is necessary in the first 200 days of gestation
to maintain pregnancy (Johnson and Erb, 1962; Estergreen et
al., 1967; Chew et al., 1979; Pimental et al. 1986).

In the majority of dairy cows a period of negative energy

balance occurs during the first third of lactation. Negative
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energy balance occurs primarily because energy intake does not
fully supply the energy required for lactation (Bauman and
Currie, 1980; Youdan and King, 1977; Villa-Godoy et al.,
1988) . In lactating dairy cows, negative energy balance
postpartum is associated with reduced luteal function (Villa-
.Godoy et al., 1988). As previously described, luteal function
which is below normal 1levels can reduce conception and
pregnancy rates in cattle. Since the majority of dairy cattle
experience negative energy balance during the first third of
lactation and during this time dairy managers desire cattle to
conceive, the relationship between negative energy balance and
reduced luteal function in cattle is economically important.

There are conflicting results between reports regarding
the relationship between milk production and reproductive
performance and reports regarding the relationship between
energy balance and reproductive performance (Hillers et al.,
1984; Villa-Godoy et al., 1988; Butler and Smith, 1989).
The conflicts may in part be due to the different measures of
reproductive performance used and that yield of milk is not
always highly predictive of energy balance. But in general,
as more body condition is lost or more milk is produced, there
are increased days to first service and decreased first
service conception rates (Faust et al., 1988; Butler and
Smith, 1989). Indeed, as milk production by dairy cows
increased 1500 kg (33%) between 1951 and 1973, first service
conception rate declined from 66% to 50% (Butler and Smith,

1989). Thus, negative energy balance may interfere with the
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dairy industry’s goal of a 12 to 13 month calving interval.

To investigate the relationship between negative energy
balance and luteal function numerous studies have used heifers
fed diets of different energy content as a model (Hill et al.,
1970; Gombe and Hansel, 1973; Apgar et al., 1975; Spitzer
et al., 1978; 1Imakawa et al., 1983; Harrison and Randel,
1986; Villa-Godoy et al., 1990). Diet did not affect
concentration of progesterone in luteal tissue (Apgar et al.,
1975; Imakawa et al., 1983; Harrison and Randel, 1986).
However, restricted energy intake was associated with
decreased weight of CL in all but one of these reports
(Imakawa et al., 1983). Restricted energy intake was also
associated with decreased concentration of progesterone in
serum in some (Hill et al., 1970; Gombe and Hansel, 1973;
Apgar et al., 1975; 1Imakawa et al., 1983; Villa-Godoy et
al., 1990) but not all (Spitzer et al., 1978; Harrison and
Randel, 1986) studies. Variation in results among these
reports is apparently due to the difference in degree of
energy balance achieved between treatment groups within a
study. Imakawa et al. (1983) .demonstrated that the
concentration of progesterone in serum is highest in heifers
gaining weight, intermediate for heifers maintaining body
weight and 1lowest in heifers 1losing weight. In fact,
concentration of progesterone in serum during the luteal phase
of the estrous cycle is correlated positively with change in
body weight of heifers (Imakawa et al., 1986b).

Negative energy balance reduced basal production of
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progesterone by 1luteal cells of heifers in moderate body
condition (Villa-Godoy et al., 1990). 1In addition, reduced
energy intake decreased the ability of 1luteal tissue to
synthesize progesterone in response to LH in vitro (Apgar et
al., 1975; Imakawa et al., 1983; Villa-Godoy et al., 1990).
Thus, reduced concentration of progesterone in serum of
animals in negative energy balance may result from reduced
weight of CL combined with reduced function of luteal cells.
However, the mechanisms by which energy balance affects weight
or function of CL are not well understood. It is of interest
to understand the mechanisms by which energy balance alters
luteal function since reduced concentration of progesterone in
serum negatively affects reproductive performance. Therefore,
the overall objective of this research was to investigate
several mechanisms by which energy balance may alter luteal
function.

A review of normal luteal development and function is
presented to demonstrate aspects of luteal function which may
be affected by energy balance and to establish the rationale
for specific research objectives addressed in this
dissertation. A model of development and function of bovine
luteal tissue is included as a guide to the review (Figure 1).
Information discussed is primarily from research conducted
with cattle. However, when information from cattle was absent

or limited, information from other species was included.



Figure 1. Control points in development and function of
bovine luteal tissue. Factors which influence production
of progesterone from a 1luteal cell are depicted.
Luteinizing hormone (LH) stimulates 1luteinization,
hyperplasia, and hypertrophy of cells from the ovulatory
follicle. The number and type of luteal cells which
develop during luteinization can affect subsequent luteal
function. 1In addition, LH stimulates de novo production
of cholesterol, uptake of serum lipoproteins, hydrolysis
of esterified cholesterol and conversion of cholesterol
into progesterone in 1luteal cells. Abbreviations
include: acyl coenzyme A transferase (ACAT), cholesterol
esterified to fatty acids (CE), cholesterol ester
hydrolase (CEH), cholesterol side chain cleavage enzyme
system (C,..), hydroxymethylglutaryl-coenzyme A reductase
(HMG-CoA reductase; the enzyme that catalyzes the rate
limiting step in production of cholesterol).
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REVIEW OF THE LITERATURE

Luteinizing Hormone is the Primary Luteotropin in Cattle

Luteinizing hormone is the primary luteotropin in cattle.
LH is necessary for development of CL, maintenance of luteal
cell morphology, and production of progesterone (Gospodarowicz
and Gospodarowicz, 1972,1975; Hansel et al., 1973; Hoffman
et al., 1974; O’Shaughnessy and Wathes, 1985a; Fairchild and
Pate, 1987; Poff et al., 1988).

Passive immunization of heifers against LH from day 2 to
day 6 postestrous (day 0 = day of estrus) reduced 1luteal
weight and reduced the number of large luteal cells observed
histologically in CL removed on day 11 (Snook et al., 1969).
Conversely, administration of LH to ewes from day 5 to day 10
of an estrous cycle increased the weight of CL and increased
the ratio of large to small luteal cells in CL collected on
day 10 (Farin et al., 1985). In addition, number of receptors
for LH in luteal tissue are correlated positively with weight
of CL in ewes and heifers (Diekman et al., 1978; Spicer et
al., 1981). Thus, change in concentration of LH in serum or
change in number of receptors for LH in luteal tissue may
influence development of CL. Energy balance may affect the
positive relationship between LH and development of CL.

Effects of energy balance on concentration of LH in serum will

7



8
be described (Concentration of LH in Blood). The effect of
energy balance on number of receptors for LH on luteal cells
has not been determined.

Mechanism of LH Action

LH increases steroidogenic function of luteal tissue by;
1) increased uptake of cholesterol associated with serum
lipoproteins, 2) increased de novo cholesterol synthesis, 3)
increased hydrolysis of esterified cholesterol stored within
luteal tissue, 4) increased transport of cholesterol from
various cellular locations to the inner mitochondrial membrane
for the cholesterol side chain cleavage enzyme system (C,.),
and 5) increased activity of C,... The mechanism by which LH
exerts these effects is generally accepted to be a cascade of
events that begins when LH binds to its receptor in the plasma
membrane (Rao et al., 1983).

After binding to its receptor, LH activates membrane
bound adenylate <cyclase and stimulates intracellular
production of adenosine 3’,5’-cyclic phosphate (cAMP; Ling
and Marsh, 1977; Williams et al., 1978; May and Schomberg,
1984; Budnik and Mukhopadhyay, 1987; Smith, 1986). Acting
as a second messenger, CAMP activates cAMP dependent protein
kinase (Menon, 1973; Azhar and Menon; 1975; Caron et al.,
1975; Darbon et al., 1976; Ling and Marsh, 1977). As a
result of LH-stimulated kinase activity, a variety of specific
cell proteins are phosphorylated in luteal cells (Darbon et
al., 1980). LH-stimulated phosphorylation increases the

activity of enzymes in luteal cells such as cholesterol ester



9
hydrolase (CEH; Bisgaier et al., 1979) and side chain
cleavage cytochrome P-450 (P-450,.; Caron et al., 1975;
Williams et al., 1978).

In addition to phosphorylation of specific proteins, LH
increases the concentration of a variety of proteins in
ovarian tissue (Landefeld et al., 1979; Mittre et al., 1990).
Some proteins that increase after LH stimulation are involved
in steroidogenesis. Specifically, LH increased the
concentration of receptors for lipoproteins (Savion et al.,
198la; Hwang and Menon, 1983; Golos et al., 1986; Ghosh and
Menon, 1987) and increased the concentration of enzymes in the
steroidogenic cascade (Savion et al., 1982; Funkenstein et
al., 1983, 1984; Goldring et al., 1987; Rodgers et al.,
1987a) .

Response of luteal cells to LH requires receptors for LH.
Decreased number or affinity of receptors for LH on luteal
cells could explain the reduced response to LH noted in luteal
cells from animals in negative energy balance (Apgar et al.,
1975; Imakawa et al., 1983; Villa-Godoy et al., 1990).
Similarly, change in activity of adenylate cyclase, or change
in any other of the intracellular systems affected by LH could
change the luteal response to LH. However, it is not known if
energy balance affects the number or affinity of receptors for
LH, or if energy balance affects any of the intracellular

processes which are affected by LH.
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Concentration of LH in Blood

Concentration of LH in blood fluctuates in a pulsatile
pattern. Frequency and amplitude of the pulses of LH varies
with stage of the estrous cycle (Rahe et al., 1980; Walters
et al., 1984). From day 4 postestrus to day 11 postestrus,
frequency of pulses of LH detected in plasma declined over 50%
(Rahe et al., 1980; Walters et al., 1984) while amplitude of
pulses remained unchanged (Walters et al., 1984) or increased
(Rahe et al., 1980). Concentration of progesterone in ovarian
venous plasma also fluctuates in a pulsatile manner
concomitant with pulses of LH. Over 93% of pulses of LH are
followed within 10 min by a pulse of progesterone in plasma
(Walters et al., 1984; Proknor et al., 1986). The close
association between pulses of LH and progesterone reflects the
stimulatory action of LH on secretion of progesterone.

Compared with —controls, restricted energy intake
increased (Gombe and Hansel, 1973), did not change (Hill et
al., 1970; Spitzer et al., 1978; McCann and Hansel, 1986),
or decreased (Apgar et al, 1975; Richards et al., 1989) mean
concentration of LH in plasma in heifers. One explanation for
differences among studies may be that the difference in energy
intake between groups of heifers was greater in some studies
than in others (Apgar et al., 1975). Also, restricted energy
intake may not result in negative energy balance, particularly
if animals are fed as a group. In addition, frequency of
sampling blood in these studies was 12 h or less. Therefore,

frequency of sampling was inadequate to detect differences in
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the pulsatile pattern of LH between energy balance groups
(McCann et al., 1986).

When blood sampling was frequent (12 to 20 min
intervals), Imakawa et al. (1986b) found energy balance affects
the concentration of LH in blood of cattle. However, the
effect of energy balance on concentration of LH was dependent
on the stage of the estrous cycle. During the luteal phase of
the estrous cycle there was no consistent relationship between
change in body weight and concentration of LH in serum
(Imakawa et al., 1986b). Additionally, other researchers have
found energy balance did not affect mean concentration or the
pulsatile pattern of release of LH on day 11 postestrus in
heifers (Harrison and Randel, 1986; Villa-Godoy et al.,
1990). Thus, it appears that energy balance does not affect
concentration of LH in serum during the period of maximal
luteal function. 1In contrast, during the follicular phase of
the estrous cycle there was a positive relationship between
body weight change and both mean concentration of LH in serum
and amplitude of pulses of LH (Imakawa et al., 1986b).
Reduced concentration of LH during the periovulatory period in
animals in negative energy balance may set the stage for
diminished luteal development as described below (Smith et

al., 1986).

Periovulatory Events and Luteal Development
Two or three days before estrus, the ovulatory follicle

of a cow is the largest follicle on either ovary (Dufour et
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al., 1972; Ginther et al., 1989). As luteinization of the
ovulatory follicle occurs, the major end product of
steroidogenesis within this follicle shifts from estradiol-17f
to progesterone (Henderson and Moon 1979; Channing, 1980;
Ireland and Roche, 1982; Murdoch and Dunn, 1982; Dielman and
Blankenstein, 1985) . Concurrent with this shift 1in
steroidogenesis and following ovulation, receptors for
follicle stimulating hormone (FSH) on granulosa cells are lost
or reduced (Ireland and Roche, 1982), while number of
receptors for LH on luteinized cells are increased (Diekman et
al., 1978; Spicer et al., 1981; Roser and Evans, 1983;
Garverick et al., 1985).

Soon after ovulation, thin walled capillaries from the
theca interna penetrate the basement membrane into the layers
of granulosa cells (Balboni, 1983). Between 24 to 48 h after
ovulation the basement membrane disappears and the distinction
between the cells of the infolded theca interna and granulosa
layers is 1lost (Donaldson and Hansel, 1965). Extensive
vascularization of the CL (Koos and LeMarie, 1983) and
hypertrophy and hyperplasia of luteal cells continues until
approximately day 9 when size of CL and concentration of
progesterone in serum are maximal (Bartol et al., 1981;
Spicer et al., 1981; Wise et al., 1982; Garverick et al.,
1985; Ginther et al., 1989). During the luteal phase of the
estrous cycle, concentration of progesterone in serum is
correlated positively both with weight of CL (Diekman et al.,

1978; Spicer et al., 1981; Garverick et al., 1985) and blood
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flow to the CL (Niswender et al., 1976; Wise et al., 1982).
Concurrent with the morphological development of the Cl after
ovulation, the concentrations of receptors for LH (Spicer et
al., 1981), adenylate cyclase (Garverick et al., 1985),
hydroxymethylglutaryl—-coenzyme A reductase (HMG—-CoA reductase;
Rodgers et al., 1987a), and P-450,. (Rodgers et al., 1986Db)
increase several fold in luteal cells.

Since negative energy balance reduced weight of CL,
negative energy balance must have interfered with development
of CL. However, factors that control growth and development
of bovine CL are not fully understood. Thus, the mechanisms
by which negative energy balance reduced weight of CL can only
be speculated. Vascular development of the CL is one factor
affecting luteal growth and development which may be sensitive
to energy balance.

Blood flow to the ovary bearing the CL increases 2 three
fold between ovulation and time of maximal luteal development
in ewes and cows (Niswender et al., 1976; Wise et al., 1982).
It is unclear whether increased blood flow to the ovary
bearing the CL is a cause or effect of increased 1luteal
function. However, the mean ovarian capillary blood flow in
the ovulatory ovary was 65% greater in ewes which subsequently
demonstrated normal luteal function compared with ewes which
developed abnormal CL (Brown et‘al., 1988) .

What controls vascular development of the CL? A variety
of factors which are angiogenic are found in ovarian tissue

(Koos and LeMarie, 1983; Gospodarowicz et al., 1985; Redmer
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et al., 1988; Koos, 1989). There 1is speculation that
histamine derived from mast cells promotes the vascularization
of the newly developing CL. Indeed, histamine can induce
angiogenesis, vasodilation and can increase vascular
permeability (Tharp, 1989). In addition, the release of
histamine from mast cells appears to be controlled by
gonadotropins.

Concentration of mast cells increases in thecal cells as
follicles grow in size (Nakamura et al., 1987). Mast cells in
the ovary degranulate and concentration of histamine in the
ovary rises coincident with the gonadotropic surge in hamsters
(Krishna and Terranova, 1985). Perhaps because of increased
histamine release, increased concentration of LH in serum at
estrus 1is associated with increased vascularity of the
ovulatory follicle in rats (Terranova and Byrd, 1986).
Treatment of ewes prior to ovulation with diphenhydramine, an
antihistamine, reduced thecal hyperemia, decreased weight of
follicular fluid and depressed subsequent 1luteal function
(Halterman and Murdoch, 1986). As a result of the positive
relationship between LH and vascular development of the
ovulatory follicle, the periovulatory concentration of LH may
affect development and function of the CL. Concentration of
LH in serum is decreased during the periovulatory period in
animals during negative energy balance (Imakawa et al.,
1986b) . Decreased concentration of LH in serum may interfere
with vascularization of the ovulatory follicle and development

of the CL. It is not known if energy balance affects the
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vascular development of the ovulatory follicle.

Small versus Large Luteal Cells

Energy balance may alter the type of steroidogenic cells
which develop in the CL, and as a result, luteal function may
be affected. Steroidogenic cells comprising the CL may be
classified into two types based on morphology, and functional
differences (Table 1). Anatomical features can be used to
distinguish Type I (small) from Type II (large) luteal cells.
In ovine and bovine CL, large luteal cells are characterized
by: light chromatin pattern of large spherical nuclei;
extensively folded plasma membrane; abundant large

mitochondria with tubular cristae or small mitochondria with

lamelliform or tubular cristae; lipid bodies present in
peripheral areas of the cell; isolated stacks of rough
endoplasmic reticulum; extensive smooth endoplasmic

reticulum; and numerous membrane bound secretory granules.
Small 1luteal cells (Type I) are characterized by: less
infolding of the plasma membrane but with some microvillar
projections; convoluted nuclei with dense chromatin and
occasionally nucleoli; numerous lipid droplets; absence of
secretory granules; abundant endoplasmic reticulum which is
predominantly smooth; and mitochondria of uniform size with
tubular cristae (Priedkalans and Weber, 1968a and b; Koos and
Hansel, 1981; Rao et al., 1983; Farin et al., 1986). Small
luteal cells originate from thecal cells of follicles, whereas

large luteal cells originate from granulosa cells of follicles
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Table 1. Characteristics of Steroidogenic Cells Within the

Bovine CL
Characteristics Type II Type I Reference
Cells Cells
Cell diameter 38.4 17.2 0O’ Shea et
(Hm) al., 1989
Cell Volume 29.6 2.7 O’ Shea et
(x 103umd) al., 1989
Progesterone 2.65 .14 Koos and
pg/cell/h Hansel,
1981
LH Stimulated Pro- 3.90 1.48 Koos and
gesterone Hansel,
pg/cell/h 1981
LH Receptors per 3.1 33.3 Fitz et
Cell (x 10%° al., 1982
Cell #/CL on Day 51 392 O’ Shea et
12 Postestrus al., 1989
(x 109)
Cytoplasmic Volume Priedkalns
Density and Weber,
1968a
(%) Mitochondria 19.6 11.8
(%) Lipid Droplet 4.6 8.8

®Data determined from ovine luteal cells.
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(Alila and Hansel, 1984).

Type of tissue preparation and criteria used to classify
cells affects the results of studies on the cellular
composition of CL. For example, using dispersed ovine luteal
cells classified based on size, Schwall et al. (1986)
determined that the ratio of small to large 1luteal cells
decreased during the estrous cycle. These results conflict
with the trend reported in the morphometric analysis by Farin
et al. (1986). Similarly, conflicts exist between studies
using sliced CL and dispersed luteal cells in cattle. For
example, morphometric analysis of day 12 bovine CL indicated
that the ratio of small to large 1luteal cells was 7.6:1
(O’Shea et al., 1989) similar to the ratio of Type I to Type
ITI 1luteal cells noted by Farin et al.(1986) in ovine CL.
However, in preparations of dispersed 1luteal tissue with
bovine luteal cells classified based on size, the ratio of
small to large luteal cells was 24.4:1 (Rodgers et al., 1988).

Discrepancies between studies appear due to differences
in type of tissue preparation and in type of cell
classification. Dispersion of 1luteal tissue can cause
selective loss of large luteal cells (0’Shea et al., 1989).
In addition, there are several reports that tissue dispersion
reduces viability of large cells compared to small cells
(Ursely and Leymarie, 1979, Fitz et al., 1982; Hoyer et al.,
1984; O’Shaughnessy and Wathes, 1985a). Classifying luteal
cells based on size alone does not discriminate well between

type of luteal cells. Farin et al. (1986) noted that diameter
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of Type II cells on day 4 (21.5 um) is similar to diameter of
small cells. Consequently, Type II cells may be misclassified
as small luteal cells on day 4. As a result of the poor
ability to discriminate between Type I and Type II 1luteal
cells on size alone, luteal cells classified only by their
size may not accurately reflect the type of cells which are
present. Because of the problems with tissue dispersion and
discrimination between types of luteal cells based on their
size, morphometric analysis of luteal cells in tissue slices
gives the most reliable information regarding the cellular
composition of the CL. Thus, in the discussion of development
of 1luteal cells morphometric data of CL were used
preferentially.

Composition of steroidogenic cells in the CL varies with
the age of the CL. Using morphometric analysis of cell types
in ovine CL, Farin et al. (1986) found the number of Type I
(small) luteal cells increased three fold between day 4 and 12
postestrus. Meanwhile, size of Type I cells remained
constant. In contrast to Type I cells, number of Type II
(large) luteal cells did not change between day 4 and 12
postestrus. However, during the same period diameter of Type
II cells increased by 50% (Farin et al., 1986). Morphometric
analysis of bovine luteal tissue throughout the estrous cycle
has not been conducted. However, Donaldson and Hansel (1965)
conducted a histological study of bovine luteal slices.
Though number of large and small luteal cells were not

reported, mitotic activity was found from ovulation to day 4
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postestrus in Type II cells and from ovulation to day 7
postestrus in Type I cells. Thus, it seems reasonable to
expect that increased number of small 1luteal cells and
increased size of large luteal cells noted in ovine CL during
the estrous cycle also occurs in bovine CL during an estrous
cycle.

Large luteal cells secrete more progesterone per cell
than do small cells from cattle and sheep (Table 1). However,
small cells are more responsive to stimulation by LH than are
large cells (stimulation is expressed as the ratio between
progesterone produced with LH versus basal secretion: Ursely
and Leymarie, 1978; Koos and Hansel, 1981; Fitz et al.,
1982; Hoyer et al, 1984; Rodgers et al., 1985). Thus,
changes in the population of luteal cells may have important
implications for function and regulation of CL. For example,
as CL become older the ratio of small to large cells increases
in CL (Farin et al., 1986). Meanwhile, basal secretion of
progesterone declines and secretion of progesterone in
response to stimulation by LH increases in bovine luteal cells
(% increase over basal; Milvae and Hansel, 1983; Rodgers et
al., 1988).

The effects of negative energy balance on number and size
of steroidogenic cells present in CL have not been determined
in tissue examined morphometrically. However, in dispersed
luteal tissue, negative energy balance increased the ratio of
small to large luteal cells compared with tissue from heifers

in positive energy balance (Villa-Godoy et al., 1990). The
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authors suggested negative energy balance either interfered
with the early mitotic activity in granulosa-lutein cells or
hypertrophy of cells during luteinization. Since, on a per
cell basis, large cells produce more progesterone than do
small cells but are less responsive to stimulation by LH, one
would predict that negative energy balance would result in
decreased basal production of progesterone and increased
responsiveness to LH stimulation. 1Indeed, luteal cells from
moderately conditioned animals in negative energy balance
produced less progesterone than did cells from animals in
positive energy balance (Villa-Godoy et al., 1990). However,
LH did not stimulate production of progesterone in 1luteal
cells from heifers in negative energy balance (Villa-Godoy et
al., 1990). There are two possible reasons why energy balance
affects the ability of LH to stimulate production of
progesterone: 1) energy balance affects number of receptors
for LH on luteal cells, or 2) energy balance changes the

intracellular events involved in production of progesterone.

Cholesterol Metabolism: A Key Event in Steroidogenesis
Cholesterol is required in luteal cells to maintain the
integrity of plasma membranes and to serve as the precursor
for progesterone. Bovine CL on day 11 postestrus contain
approximately 34.9 uMol of cholesterol (Hafs and Armstrong,
1968), yet secrete 4.8 uMol of progesterone per h into the
ovarian vein (Wise et al., 1982). Thus, a source of

cholesterol is necessary to maintain 1luteal function.
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Cholesterol in ovarian cells is from low density (LDL) or high
density lipoproteins (HDL) in blood, or from de novo synthesis
in luteal cells. A premise of this thesis is that energy
balance affects the availability and use of cholesterol in
luteal tissue. Change in availability and use of cholesterol
in luteal cells could alter the ability of luteal cells to
produce progesterone.

Cholesterol Delivered to Tissues by Lipoproteins

It has been suggested that cholesterol delivered by
lipoproteins in blood may supply approximately 80% of the
cholesterol used for adrenal and ovarian steroidogenesis in a
variety of animal species (reviewed by Strauss et al.. 1981);
Gwynne and Strauss, 1982). There are four lines of evidence
which support this suggestion. 1) Introduction of
radiolabelled cholesterol in vivo produced steroids of high
specific activity. 2) Reduction in concentration of
cholesterol in blood by pharmacological intervention,
increased de novo cholesterol synthesis by the adrenal gland
and ovary but also reduced production of steroids by these
tissues. 3) Rates of de novo cholesterol synthesis in
ovarian tissue determined in vitro were not sufficient to meet
steroid production rates calculated in vivo. 4) Presence of
lipoproteins in tissue culture media stimulated steroid
production.

Most of the results listed above were from studies of
animals other than cattle. But, elevated concentration of

cholesterol in serum increased the concentration of
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progesterone in serum of cows and heifers (Talavera et al.,
1985; Williams, 1989). In addition, presence of lipoproteins
in media can increase production of progesterone in bovine
luteal cells in tissue culture (see Lipoproteins and
Steroidogenesis in Luteal Cells). Thus, while the actual
contribution of lipoprotein derived cholesterol to production
of progesterone by bovine CL is not known, a role for
lipoprotein derived cholesterol in bovine luteal
steroidogenesis is 1likely. The physiological status of
animals can affect the concentration of lipoproteins in blood,
and the metabolism of lipoproteins by tissue. Therefore, it
is important to review the role of 1lipoproteins in
steroidogenesis and the effect of energy balance on
lipoproteins.
Lipoproteins in Blood of Ruminants

Ruminants normally receive diets comprised only of plant
products. Thus cholesterol in blood of ruminants is derived
from endogenous biosynthesis (Nestle et al., 1978). Synthesis
of cholesterol in ruminants occurs primarily in the small
intestine and secondarily in the liver (Noble, 1981; Grummer
and Carrol, 1988; Stranberg and Tilves, 1988). Cholesterol
is transported in blood in association with proteins
(apolipoproteins) and other lipids. The complexes of proteins
and lipids are called lipoproteins. Lipoprotein complexes can
be differentiated by their weight, hydrated density, chemical

composition and site of origin (Table 2).

The amount and type of lipid in a lipoprotein molecule
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and the associated apolipoproteins determines the structure
and physiological function of a lipoprotein (Puppione, 1978;
Schaefer et al., 1978; Gwynne and Strauss, 1982). The type
of apolipoprotein present varies among classes of
lipoproteins. For example, LDL particles contain primarily
ApoB apolipoprotein. 1In contrast, HDL particles do not have
ApoB, but instead primarily contain ApoA-I and II, and ApoC-
II. Different apolipoproteins have different functions. For
example, there are receptors for ApoB on plasma membranes for
binding LDL. Subsequent to binding of LDL to receptors lipids
in LDL are transferred to cells. In contrast, ApoA-1 and
ApoC-I1 activate enzyme systems involved in 1lipolysis and
transfer of lipids between lipoproteins (lectin:cholesterol
acyl transferase, ApoA-I; lipoprotein lipase, ApoC-II. Brown
and Goldstein, 1986; Schaefer et al., 1978). As a result of
functional differences between apoliporoteins, the type of
apolipopoproteins present affects the use of the lipoprotein
by tissue. Thus, the total concentration of a particular
lipid in blood is not highly informative. For example, over
75% of the cholesterol in plasma is associated with the HDL
fraction in cattle, whereas in humans, 75% of the cholesterol
in plasma is associated with the LDL fraction. Composition of
the major 1lipoprotein classes in humans and cattle is
presented (Table 2) to demonstrate the variation among species
in relative abundance and characteristics of lipoproteins in

blood.
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Lipoproteins and Steroidogenesis in Luteal Cells

During a 2 h incubation, addition of bLDL or bHDL did not
increase basal or LH induced synthesis of progesterone in
bovine 1luteal tissue (Condon and Pate, 1981). Inhibiting
cholesterol biosynthesis also did not alter synthesis of
progesterone in bovine 1luteal tissue in a 2 h incubation
(Armstrong et al., 1970). Thus, it appears bovine ovarian
tissue depends on cholesterol stored within the tissue for
steroidogenic substrate in short term incubations. 1In fact,
free sterol concentration in homogenates of bovine CL
decreased during a 1 h incubation, and 30 to 50% of the loss
could be accounted for as progesterone synthesized (Hafs and
Armstrong, 1968).

The duration of incubation of luteal cells affects the
contribution of endogenous cholesterol to steroidogenesis.
Specifically, cholesterol stored within bovine luteal cells is
not sufficient to maintain steroidogenesis in vitro for more
than a few hours. During incubations 1longer than 20 h,
addition of whole calf serum to media increased progesterone
secreted from bovine luteal cells two to three fold compared
with luteal cells cultured without serum (Pate and Condon,
1982; Rodgers et al., 1987a). Cholesterol carried by
lipoproteins is apparently the factor in serum that stimulates
progesterone secretion. Addition of lipoprotein deficient
serum (LPDS) produced 50% 1less progesterone than cells
cultured with complete serum (0O’Shaughnessy and Wathes,

1985b) . In addition, bovine LDL (bLDL), DbHDL or 25-0OH
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cholesterol added to media with LPDS restored basal production
of progesterone to concentrations observed with whole serum
(0’ Shaughnessy and Wathes, 1985b; Rodgers et al., 1987a).
The ability of LH or dbcAMP to stimulate secretion of
progesterone is also highest in long term cultures containing
either serum, DbDLDL or bHDL (Pate and Condon, 1982;
0’ Shaughnessy and Wathes, 1985b; Pate et al., 1987). Thus,
lipoproteins contribute significantly to steroidogenesis when
cells are cultured 2 20 h.

Both bLDL and bHDL caused concentration dependent
increases in basal production of progesterone (O’Shaughnessy
and Wathes, 1985b). Maximal production of progesterone
achieved did not differ between cultures receiving bLDL or
bHDL. However, more HDL (116 ug cholesterol/ml) than LDL (58
Mg cholesterol/ml) was required to achieve the maximal
production rate. Similarly, maximal dbcAMP stimulated
production of progesterone was acheived with LDL at 232 ug
cholesterol/ml and HDL at 174 pg cholesterol/ml. But, the EDs,
for maximal dbcAMP-stimulated production of progesterone was
13 pg bLDL cholesterol/ml and 46 Mg DbHDL cholesterol/ml
(0’ Shaughnessy and Wathes, 1985b). Thus, bovine luteal cells
are more sensitive to cholesterol transported in LDL than in
HDL. However, cholesterol in blood of cattle is primarily
associated with HDL (Raphael et al., 1973). As a result, the
relative importance of cholesterol derived from LDL versus HDL
is not clear. As described below, energy balance may affect

the concentration of LDL in blood. In addition, energy
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balance may affect the ability of luteal tissue to metabolize
LDL. Thus, it is possible that energy balance may affect
luteal function by altering the availability of cholesterol
derived from LDL. The relationship between energy balance and
LDL metabolism is reviewed.

Relationship between Cholesterol in Blood and Luteal
Function

Compared with low fat diets normally fed to ruminants,
diets high in fat (7 to 10% ether extract on a dry matter
basis) increased the concentration of cholesterol in blood of
ruminants over 70% (Nestle et al., 1978; Talavera et al.,
1985; Williams et al., 1989). 1In particular, supplementary
dietary fat preferentially increased LDL associated
cholesterol in heifers and cows (Storry et al., 1980; Park et
al., 1983). 1In addition to increasing the concentration of
LDL in blood, a high fat diet increased the concentration of
progesterone in serum during diestrus in Holstein heifers
(Talavera et al., 1985) and improved the ability of exogenous
gonadotropin releasing hormone to induce CL of normal duration
and function in postpartum cattle (Williams, 1989). The
positive association between concentration of LDL in serum and
luteal function in vivo is consistent with the positive
association between the concentration of LDL and function of
luteal cells in vitro. Therefore, independent of energy
balance, availability of LDL cholesterol may affect production
of progesterone in cows.

The effect of energy balance on concentration of
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cholesterol in blood has not been addressed directly.
However, during a 4-day fast the concentration of HDL
cholesterol increased while the concentration of LDL
cholesterol decreased (Brumby et al., 1975). Thus, it appears
that energy balance may differentially affect the
concentration of LDL and HDL cholesterol in blood. Since
bovine 1luteal tissue is most sensitive to LDL, reduced
concentration of cholesterol associated with LDL in blood may
diminish 1luteal function in cattle during negative energy
balance.

Metabolism of Low Density Liporoteins in Ovarian
Tissue

Catabolism of LDL occurs by receptor dependent and
receptor independent pathways (Chait, 1983). Receptor
mediated uptake of LDL accounted for at least 65% of LDL
degraded by rat ovarian tissue (Carew et al., 1982). The
receptor that binds LDL recognizes ApoB-100, the major
apolipoprotein of LDL or VLDL in most species including cattle
or ApoE present in VLDL and a subclass of HDL of human and
rats (Schaefer et al., 1978; Eisenberg, 1984; Cordle et al.,
1985; Bradley and Gianturco, 1986; Brown and Goldstein,
1986) . However, ApoE is not a constituent of lipoproteins of
cows (Cordle et al., 1985). Thus, the ‘LDL’ receptor binds
only LDL in cattle.

Receptors with high affinity and specificity for LDL
occur in a variety of bovine tissues (Kovanen et al., 1979).

In cattle, the concentration of receptors for LDL in a tissue
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is associated positively with the steroidogenic activity of
that tissue. The highest concentration of LDL receptors are
found in CL and adrenal glands of cattle (Kovanen et al.,
1979). In addition, the concentration of messenger
ribonucleic acid (mRNA) for LDL receptor was higher in active
CL than in ovarian follicles and was undetectable in
regressing bovine CL (Rodgers et al., 1987b).

After LDL binds to its receptor, the plasma membrane
containing the LDL/receptor complex invaginates and is
internalized to form endocytic vesicles. After endocytic
vesicles fuse with cytoplasmic lysosomes, LDL is dissociated
from receptors and receptors recycle to the cell surface or
are degraded with LDL. Degradation of 1lipoproteins by
lysosomal proteases and esterases releases unesterified
cholesterol and amino acids into the cell (Gwynne and Strauss,
1982; Brown and Goldstein, 1986) and the concentration of
free and esterified cholesterol increases in cells (Veldhuis
et al., 1986; Aviram et al, 1988; Rinninger and Pittman,
1988). Following metabolism of LDL particles, increased
intracellular concentration of cholesterol causes increased
activity of acyl CoA transferase (ACAT), and reduced activity
of HMG-CoA reductase (Kreiger et al., 1978; Chang and
Limanek, 1980; Goldstein and Brown, 1984; Suckling and
Stange, 1985; Brown and Goldstein, 1986; Aviram et al.,
1988; Pate and Condon, 1989). It is interesting to note that
the rate of degradation of LDL is positively correlated with

the production of progesterone in luteinized porcine granulosa
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cells (r=.88; Veldhuis and Gwynne, 1985a).

Hormones which increase steroidogenesis regulate the
concentration of receptors for LDL in steroidogenic tissue
(reviewed by Gwynne and Strauss, 1982). For example, ACTH and
dbcAMP increased concentration of receptors for LDL, increased
internalization and degradation of LDL and increased the
concentration of esterified and unesterified cholesterol in
bovine adrenal cells (Kovanen et al., 1979; Hotta and Baird,
1987) . Similarly, human chorionic gonadotropin (hCG) and
analogs of cAMP increased the production of progesterone and
concentration of receptors for LDL in luteinized human and
bovine granulosa cells, and CL of humans and rats (Carr et
al., 1981; Savion et al., 1981la; Hwang and Menon, 1983;
Soto et al., 1985; Golos et al., 1986).

In a negative feedback loop, concentration of receptors
for LDL is also modulated by concentration of cholesterol in
tissue. When the endogenous concentration of cholesterol was
increased, LDL receptor synthesis decreased in luteinized
porcine and human granulosa cells (Veldhuis et al., 1985b;
Golos et al., 1986). When de novo cholesterol synthesis was
blocked by compactin, hCG-stimulated LDL receptor synthesis
increased in luteinized human granulosa (Golos et al., 1986).
Addition of gonadotropins reduced the concentration of
cholesterol in steroidogenic tissue (Flint et al., 1973;
Balasubramaniam et al., 1977; Schuler et al., 1978; Ascoli
and Freeman, 1985; Rajendran et al., 1985; Brody and Black,

1988) . Reduced intracellular concentration of cholesterol may
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in part explain the ability of gonadotropins to increase the
concentration of receptors for LDL in tissue. However,
gonadotropin-stimulated increase in LDL receptor synthesis is
not entirely due to reduced cellular concentration of
cholesterol. Human chorionic gonadotropin increased LDL
receptor synthesis in luteinized human granulosa cells even
when intracellular cholesterol stores were replenished by 25-
OH cholesterol (Golos et al., 1986). Thus, intracellular
concentration of cholesterol and gonadotropins have
independent and interactive actions which modulate
concentration of receptors for LDL.

In addition to gonadotropins such as hCG, metabolic
hormones can influence the binding of LDL to steroidogenic
tissue. 1Insulin and insulin-like growth factor I increased
binding and degradation of LDL particles and increased
production of progesterone by luteinized porcine granulosa
cells (Veldhuis et al., 1986, 1987). There are no reports on
the effect of energy balance on number of receptors for LDL in
ovarian tissue. However, negative energy balance reduced the
concentration of insulin (Villa-Godoy et al., 1990) and
insulin like growth factor I (Brier et al., 1988; Rutter et
al., 1989) in serum of cattle. Extrapolating from the
positive effect of insulin and insulin like growth factor I on
number of LDL receptors in porcine ovarian tissue, negative
energy balance may reduce the concentration of receptors for
LDL on bovine CL. If this reduction in receptors for LDL

occurs, the tissue concentration of cholesterol might decrease
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and impair steroidogenesis of luteal cells.

Esterified Cholesterol and Steroidogenesis

Cholesterol within steroidogenic tissue is esterified to
fatty acids (esterified cholesterol) or is unesterified (free
cholesterol; Strauss et al., 1981 for review). From 80 to
94% of the free cholesterol within fibroblasts, hepatocytes
(Lange and Ramos, 1983) and luteinized granulosa cells (Lange
et al., 1988) is associated with the plasma membrane, while
the majority of esterified cholesterol is in lipid droplets
within the cytoplasm (Strauss et al., 1981). Within tissue,
there is interchange between the two pools of cholesterol. An
enzyme in the endoplasmic reticulum, ACAT, esterifies free
cholesterol to fatty acids, while cytosolic cholesterol ester
hydrolase (CEH) hydrolyzes stored cholesterol esters to free
cholesterol (Tuckey and Stevenson, 1980; Strauss et al.,
1981; Suckling and Stange, 1985; Nichikawa et al., 1988).
The percent of cholesterol in tissue which is esterified
varies among species, tissues, and physiological states as
described below.

The contribution of esterified cholesterol to
steroidogenesis in bovine 1luteal tissue is not clear. In
luteal tissue of cows only 10 to 23% of total cholesterol is
esterified (Hafs and Armstrong, 1968). In addition, the
concentration of free cholesterol decreased during a one hour
incubation of bovine luteal tissue. Thirty to 50% of free
cholesterol lost during the incubation was accounted for

production of progesterone. Incubation did not affect the
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concentration of cholesterol esters (Hafs and Armstrong,
1968). Thus, esterified cholesterol may not contribute to
steroidogenesis in short term incubations. However,
esterified cholesterol may contribute to bovine 1luteal
steroidogenesis in vivo. Activity of CEH in bovine and ovine
luteal tissue is stimulated by LH and cAMP (Bisgaier et al.,
1979; Caffrey et al., 1979). 1In addition, between day 2 to
14 postestrus CEH activity increased in ovine luteal tissue
and was <correlated positively with concentration of
progesterone in serum (Caffrey et al., 1979). Indeed, the
concentration of cholesterol esters in bovine luteal tissue
reached the nadir during maximal production of progesterone
(Hafs and Armstrong, 1968).

Compared with CL collected from day 2 to day 11
postestrus, the concentration of cholesterol esters was higher
in bovine CL collected from day 18 to 20 postestrus (Hafs and
Armstrong, 1968). By day 18 postestrus, concentration of
progesterone in serum and ability of luteal cells to secrete
progesterone are reduced (Armstrong and Black, 1966; Spicer
et al., 1981; Milvae and Hansel, 1983; Rodgers et al.,
1988) . Thus, the concentration of cholesterol esters in
bovine luteal tissue is associated negatively with production
of progesterone. What causes increased concentration of
esterified cholesterol in luteal tissue during reduced luteal
function? Activity of CEH affects ability of tissue to
mobilize esterified cholesterol for steroidogenesis. However,

activity of CEH in ovine luteal tissue actually continues to
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increase during luteolysis (Caffrey et al., 1979). Thus,
activity of CEH does not explain the increase in concentration
of esterified cholesterol late in the estrous cycle. It seems
most probable that accumulation of cholesterol esters during
luteolysis is due to decreased concentration and activity of
components of the C,.. enzyme system noted in regressing bovine
CL (Rodgers et al., 1986b, 1987b). Conversion of cholesterol
to pregnenolone by C,.. is the rate limiting step in steroid
biosynthesis (Strauss et al., 1981 for review). Decreased
activity of the C,.. system can result in a build up of free
cholesterol in the cytosol. Increased concentration of free
cholesterol stimulates esterification of cholesterol in luteal
cells (Strauss et al., 1981). Thus, the concentration of
cholesterol esters in CL may be an indicator of activity of
the C,.. enzyme system in bovine luteal tissue. It is not
known if energy balance affects the concentration of
cholesterol esters in luteal tissue.
De Novo Cholesterol Synthesis

Importance of De novo Cholesterol Synthesis in
Luteal Tissue

Cholesterol derived from serum lipoproteins appears to
make a significant contribution to bovine luteal
steroidogenesis. There are several pieces of evidence which
lead me to suggest that de novo cholesterol synthesis may also
be an significant contributor to production of progesterone by
bovine CL. 1In addition, there are several factors in the de

novo synthesis of cholesterol which may be affected by energy



35
balance. Thus, a discussion of de novo synthesis of
cholesterol is important to this review of literature.

As mentioned earlier, bovine 1luteal cells depend on
endogenous cholesterol for steroid production in short term
cultures. However, when bovine cells are cultured longer than
20 h without exogenous cholesterol, de novo cholesterol
synthesis contributes to the production of progesterone (Pate
and Condon, 1989). O0’Shaughnessy and Wathes (1985b) cultured
bovine luteal cells with compactin and without lipoproteins
for 48 h. Compactin blocked cholesterol synthesis and reduced
basal and dbcAMP induced production of progesterone by 28% and
50% respectively. Thus, de novo synthesis of cholesterol
contributed to production of progesterone by bovine 1luteal
cells in vitro. Since lipoproteins in serum are available to
CL in cattle, the contribution of de novo cholesterol
synthesis to production of progesterone in vivo is not known.

Based on circumstantial evidence, it appears that de novo
synthesis of cholesterol is important to bovine 1luteal
steroidogenesis in vivo. For example, HMG-CoA reductase
catalyzes the rate limiting step in synthesis of cholesterol.
There is a positive relationship between the concentration of
HMG-CoA reductase and production of progesterone by luteal
tissue. Indeed, the concentration of HMG-CoA reductase in
luteal tissue is highest during peak luteal function in cows
(Rodgers et al., 1987a).

The proportion of total cholesterol which is esterified

may also indicate how important endogenously synthesized
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cholesterol is to steroidogenesis. A high proportion of
esterified cholesterol in tissue is consistent with dependence
on lipoprotein-derived cholesterol for steroidogenesis.
Steroidogenesis in adrenal glands and ovaries of rats is
dependent on cholesterol derived from high density serum
lipoproteins (Anderson and Dietschy, 1978; Schuler et al.,
1979, 1981; Swann and Bruce, 1986; Azhar et al., 1988).
During maximal 1luteal function over 60% of cholesterol in
luteal tissue of rats is esterified and the activity of HMG-
CoA reductase is at a nadir (Schuler et al., 1979; Azhar et
al., 1984, 1988). Normal human adrenal tissue utilizes
primarily lipoprotein derived cholesterol for steroidogenesis
(Gwynne and Strauss, 1982) and contains 14 fold more
esterified than free cholesterol (Lehoux et al., 1984). 1In
contrast to ovarian tissue, placental tissue of rats uses
cholesterol primarily from de novo synthesis for
steroidogenesis (Gibori et al., 1988). Unlike luteal tissue,
cholesterol esters comprise less than 20% of the total
cholesterol in placental tissue of rats (Gibori et al., 1988).
Additionally, a cell 1line derived from a human adrenal
carcinoma is dependent on de novo cholesterol synthesis for
production of steroids and the concentration of free
cholesterol was 4.5 fold greater than the concentration of
cholesterol esters in these cells (Lehoux et al., 1984).
Thus, usually when cholesterol in a tissue is predominantly
non-esterified that tissue depends on de novo cholesterol

synthesis for steroid precursor. Interestingly, approximately
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80% of cholesterol is not esterified in bovine luteal tissue
(Hafs and Armstrong, 1968).

The importance of de novo synthesis of cholesterol in
steroid synthesis in the bovine CL is certainly unclear. But,
based on in vitro studies and the circumstantial evidence
outlined above, de novo cholesterol may have a role in steroid
production in bovine CL. As described in the following
sections, de novo synthesis of cholesterol offers several
control points which may be affected by energy balance of an
animal. Thus de novo cholesterol synthesis may be a mechanism
by which energy balance can influence luteal function.

Activity of HMG-CoA Reductase

HMG-CoA reductase, the enzyme which catalyzes the rate
limiting step of cholesterol biosynthesis, converts HMG-CoA
to mevalonate by two successive NADPH dependent reductions.
Activity of HMG-CoA reductase within cells is controlled by
phosphorylation state of the enzyme, and concentration of the
enzyme.

Phosphorylation reduces the activity of HMG-CoA
reductase. Phosphorylation of HMG-CoA reductase is catalyzed
by HMG-CoA reductase kinase. HMG-CoA reductase kinase kinase
catalyzes phosphorylation of HMG-CoA reductase kinase. In
contrast to HMG-CoA reductase, HMG-CoA reductase kinase is
active when it 1is phosphorylated (Beg et al., 1980;
Ingebritsen and Gibson, 1980).

Phosphatases within cells can dephosphorylate proteins,

and as a result can inactivate HMG-CoA reductase kinase and
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activate HMG-CoA reductase (Beg et al., 1980; Ingebritsen et
al., 1983). Protein phosphatase—-2c accounts for 60-70% of the
dephosphorylating activity in homegenates of liver homogenates
(Ingebritsen et al., 1983). However, HMG-CoA reductase is a
transmembrane protein of the endoplasmic reticulum (Goldstein
and Brown, 1984; Liscum et al., 1985). Protein phosphatase-1
(pp—-1) is the only protein phosphatase which is associated
with the microsomal fraction. Thus, Ingebrisen et al. (1983)
and Cohen (1989) suggested pp-1 plays a major role in
regulating the phosphorylation of HMG-CoA reductase in vivo.
Indeed, Feingold et al. (1983) demonstrated phosphatase
activity of microsomes from liver can increase activity of
HMG-CoA reductase in liver over 2 fold.

Amount of HMG-CoA reductase which is unphosphorylated
(active) varies between types of tissues and is affected by
the energy balance of the animal. In intestinal cells of rats
and humans approximately 80 to 85% of HMG-CoA reductase
present is in the active form (Field et al., 1982; Gebhard et
al., 1985), but in hepatocytes only 12 to 25% of HMG-CoA
reductase is in the active form (Brown et al., 1979; Edwards
et al., 1980; Kliensik et al., 1980; Angelin et al., 1984).
The active form of HMG-CoA reductase accounts for only 20 to
40% of the enzyme present in luteal tissue of rats and rabbits
((Azhar et al., 1984, 1985, 1988; McLean and Miller, 1988).

State of phosphorylation appears to be one mechanism by
which energy balance can rapidly affect the activity of HMG-

CoA reductase and control the rate of de novo cholesterol
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synthesis. Insulin and glucagon are believed to affect
phosphorylation of HMG-CoA reductase in skeletal muscle, liver
and adipose tissue by altering the activity of pp-1 (Cohen,
1989). For example, insulin reduced but glucagon increased
the amount of HMG-CoA reductase which is phosphorylated in
liver tissue of rats (Beg et al., 1980; Ingebritsen and
Gibson, 1980; Zammit and Easom et al., 1987). Negative
energy balance reduced the concentration of insulin in blood
of cattle (de Boer et al., 1985; Harrison and Randel, 1986;
Villa-Godoy et al., 1990). Decreased concentration of insulin
could reduce the activity of pp—-1. Decreased activity of pp-1
could subsequently reduce HMG-CoA reductase activity in luteal
tissue. It is not known if insulin or glucagon control
activity of HMG-CoA reductase in luteal cells. However, if
the relationship between insulin and glucagon and activity of
HMG-CoA reductase in luteal tissue is similar to the
relationship in liver, negative energy balance would reduce de

novo cholesterol synthesis in luteal tissue.
Concentration of HMG-CoA Reductase in Ovarian Tissue
Changes in metabolic status or —changes in the
concentration of insulin in blood can rapidly phosphorylate
and thus decrease the activity of HMG-CoA reductase in
hepatocytes (Zammit and Easom, 1987). However, long term (>2
h) regulation of HMG-CoA reductase activity in liver appears
to be due primarily to change in total amount of enzyme
present rather than change in the phosphorylation state of the

enzyme (Brown et al., 1979; Kleinsek et al., 1980; Arebalo
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et al., 1981; Popjak et al., 1985). Similar to the liver,
the long term regulation of HMG-CoA reductase activity in
ovaries appears to be through change in enzyme concentration.

Acute effects of gonadotropins on level of
phosphorylation of HMG-CoA reductase in ovarian tissue have
not been investigated. However, administration of hCG and LH
increased HMG-CoA reductase activity within rat CL by 2 to 4
h (Schuler et al., 1981; Azhar et al., 1984). The increased
activity noted at 4 hours was due to increased amount of
enzyme present while ratio of active to inactive enzyme
remained constant (Azhar et al., 1984). Similarly, changes in
activity of HMG-CoA reductase in 1luteal tissue during
pregnancy in rats or rabbits are due to changes in total
enzyme present rather than changes in phosphorylation of the
enzyme (Azhar et al., 1988; McLlean and Miller, 1988).

The quantity of HMG-CoA reductase, rather than its level
of activation, is also the most likely mechanism by which
activity of HMG-CoA reductase is altered in bovine luteal
tissue. Concentration of HMG-CoA reductase in bovine luteal
tissue during the estrous cycle reflects the steroidogenic
activity of the tissue. Peak concentration of HMG-CoA
reductase is coincident with maximal luteal development and
peak concentration of progesterone in serum (Spicer et al.,
1981; Rodgers et al., 1987a). Conversion of radiolabelled
acetate into cholesterol is a marker of activity of HMG-CoA
reductase. Incorporation of acetate into sterols and

cholesterol is highest in bovine CL which are actively
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secreting progesterone (Armstrong and Black, 1966). Increased
concentration of enzyme may be the mechanism by which LH
stimulates HMG-CoA reductase activity and incorporation of
acetate into cholesterol and progesterone in bovine luteal
tissue (Savard et al., 1965; Armstrong and Black, 1968).
Both dbcAMP and LH increased the synthesis and concentration
of total HMG-CoA reductase in luteinized bovine granulosa
cells and freshly isolated bovine luteal cells (Savion et al.,
1982; Rodgers et al., 1987a). Inhibition of protein
synthesis blocked the stimulatory effect of LH on the
incorporation of acetate into progesterone (Savard et al.,
1965). Increased synthesis of HMG-CoA reductase after dbcAMP-
stimulation appears to be a response to reduced concentration
of cholesterol within 1luteal cells following gonadotpic
stimulation. When the use of cholesterol by P-450,.. was
blocked, dbcAMP did not stimulate synthesis of HMG-CoA
reductase (Rodgers et al., 1987a).

Food deprivation reduced the concentration of HMG-CoA
reductase by 90% in hepatocytes of rats (Brown et al., 1979;
Zammit and Easom, 1987). The negative effect of fasting on
the concentration of HMG-CoA reductase in liver is believed to
be mediated by the low concentration of insulin in serum
(Zammit and Easom, 1987). The effect of insulin on activity
of HMG-CoA reductase in bovine ovarian tissue has not been
determined. However, exposure of luteinized porcine granulosa
cells to insulin increased total HMG-CoA reductase activity by

70% (Veldhuis et al., 1986). Similarly, insulin increased
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total HMG-CoA reductase activity in human fibroblasts (Brown
et al., 1974). Therefore it is possible that the reduced
concentration of insulin in serum noted during negative energy
balance may result in reduced concentration of HMG-CoA
reductase in bovine luteal tissue. If de novo synthesis of
cholesterol is an important factor in 1luteal cell
steroidogenesis, reduced concentration of HMG-CoA reductase
could result in reduced luteal function.
Source of Acetyl-CoA for Cholesterol Synthesis

Substrate availability may affect the production of
cholesterol for use in steroidogenesis. The production of
acetoacetyl-CoA from two molecules of acetyl-CoA in the
cytosol is an early step in the synthesis of cholesterol.
There are many potential sources of acetyl-CoA in the cytosol
of gonadal cells. Acetyl-CoA may be derived from acetate
delivered by blood and activated by acetyl—-CoA synthase in the
cytosol. In addition, metabolism of glucose and various amino
acids, oxidation of fatty acids, and conversion of 3-
hydroxybutyrate and acetoacetate by the sequential action of
3-ketoacid CoA-transferase and acetoacetyl-CoA thiolase can
yeild acetyl-CoA.

Acetate (Savard and Casey, 1964; Savard et al., 1965;
Armstrong and Black, 1968; Armstrong et al., 1970; Pate and
Condon, 1989) and glucose (Armstrong and Black, 1966) are
incorporated into cholesterol and progesterone in ovarian
tissue of rats and luteal tissue of cows (Flint and Denton,

1969; Anderson and Dietschy, 1979). 1In addition, the fatty
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acid octonate can be incorporated into cholesterol in a
variety of tissues of rats, including ovaries (Anderson and
Dietschy, 1979). However, a role for free fatty acids in the
production of progesterone in cattle has not been reported.
A variety of tissues in ruminants including muscle, heart and
kidney utilize ketones for production of acetyl-CoA (Bell,
1981; Bruss, 1989). Thus, there is a possibility that
ketones may be used for precursors of ovarian steroids.

The relative importance of various precursors to de novo
synthesis of cholesterol within bovine luteal tissue is not
clear. However, there 1is evidence that some of these
substrates may make a larger contribution to synthesis of
cholesterol than do others. Acetate, a major product of
carbohydrate fermentation in the rumen, may be an important
source of acetyl-CoA in bovine CL. Approximately 70% of
radioactively labeled acetate taken up by luteal tissue of
rats is converted to fatty acids, steroids or sterols (Flint
and Denton, 1969). The majority of radioactively 1labelled
acetate metabolized by bovine luteal tissue is also converted
to fatty acids, triglycerides, cholesterol or progesterone
(Armstrong and Black, 1966; Armstrong et al., 1970). In
fact, cholesterol and progesterone accounted for 90% of the
total counts incorporated from labelled acetate (Armstrong et
al., 1970). In contrast to acetate, production of fatty
acids, sterols and steroids from glucose accounted for only
0.9% of the glucose taken up by the ovary (Flint and Denton,

1969) . In cattle, 44% of the glucose that was incorporated by
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tissue was converted to lipids (Armstrong and Black, 1966).
However, similar to luteal tissue of rats, more glucose is
metabolized to CO, than is converted to 1lipids in 1luteal
tissue of cattle (Armstrong and Black, 1966). Bauman and
Davis (1975) estimated the mammary gland of ruminants
incorporates 125-fold more acetate than glucose into fatty
acids. Therefore, If precursors for cholesterol synthesis in
steroidogenic tissue are used similar to precursors for fatty
acid synthesis in the mammary gland, acetate, not glucose, is
the primary precursor for acetyl-CoA (Ingle et al., 1972).

Though acetate may be more important than glucose in
supplying acetyl-CoA subunits for synthesis of cholesterol,
glucose may play an important role in bovine luteal function.
Gonadotropins affect the uptake and use of glucose by gonadal
tissue. In luteal tissue of rats, LH stimulated the activity
of enzymes involved in glycolysis including hexokinase and
phosphofructokinase. 1In addition, LH increased the activity
of enzymes in the pentose phosphate pathway, including
glucose-6 phosphate dehydrogenase and 6-phosphogluconate
dehydrogenase (Flint and Denton, 1969). Similarly, LH
stimulated glucose uptake and glycolysis in luteal tissue of
cows (Armstrong and Black, 1966; Armstrong et al., 1970). It
is interesting to note that glucose uptake was higher in
bovine CL actively synthesizing progesterone than 1in
regressing CL (Armstrong and Black, 1966).

Obviously, the quantitative importance of glucose and

acetate to ovarian steroidogenesis is not known. But both
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compounds can be used by ovarian tissue to synthesize steroids
and the concentration of both in serum are affected by energy
balance. Following a one day fast, concentration of acetate
in blood of cows declined from 1.55 mM to .38 mM (Lomax and
Baird, 1983). Though less dramatic, concentration of glucose
in blood is reduced in animals which are underfed, falling
from 4.2 to 3.6 mM in plasma of starved heifers (McCann and
Hansel, 1986) and from 3.0 to 2.7 mM in plasma of underfed
lactating cows (de Boer et al., 1985). Reduced concentration
of substrates used for de novo cholesterol synthesis may
influence the production of progesterone. Therefore, during
negative energy balance, reduced concentration of glucose or
acetate may reduce luteal function.

Concentration of ketones in blood increase during
negative energy balance. Specifically, concentration of
acetoacetate increased from .03 to .15 mM in blood of non-
lactating cows during a 6 day fast (Lomax and Baird, 1983) and
from .28 mM to .49 mM in plasma of underfed lactating cattle
(de Boer et al., 1985). 1In addition, 3-hydroxybutyrate which
ranged between .27 mM (Bruss, 1989) to .99 mM (Hart et al.,
1978) in plasma of dry cows increased to .88 mM in blood
(Lomax and Baird, 1983) to 1.52 mM in plasma (de Boer et al.,
1985) of underfed non-lactating or lactating cows,
respectively. If ketones are used for synthesis of
cholesterol by ruminant luteal tissue, increased concentration
of ketones in blood may in part compensate for decreased

concentration of acetate and glucose during negative energy
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balance.

Metabolism of glucose, fatty acids and ketones produce
acetyl-CoA in mitochondria. Acetyl-CoA must be in the cytosol
to be used in the synthesis of cholesterol. Thus, acetyl-CoA
from metabolism of glucose, fatty acids or ketones must be
transferred out of the mitochondrion for use in synthesis of
cholesterol. Acetyl-CoA is transferred across mitochondrial
membranes as citrate. Citrate must then be cleaved by ATP-
citrate lyase in the cytosol to yeild oxalacetate and acetyl-
CoA (Bartley, 1989; Bruss, 1989). Energy balance may affect
the activity of citrate lyase. The concentration of citrate
increased in a variety of tissues of rats either when
concentration of insulin was low, or following a 48 h fast
(Parmeggiani and Bowman, 1963). A high concentration of
citrate in tissue is consistent with reduced ability of tissue
to metabolize citrate. Conversely, following a 4 h infusion
of glucose, citrate lyase activity in 1liver of dry cows
increased 1.5 fold (Bartley, 1989). Thus, it is possible that
energy balance may affect precursor availability and may also
affect the ability of tissue to utilize acetyl-CoA generated
in the mitochondria for synthesis of cholesterol. Regardless
of energy balance, the activity of citrate lyase in ovarian
tissue has not been determined.

Cholesterol Side Chain Cleavage (C,..) and Steroidogenesis

The cholesterol side chain cleavage enzyme system (C,..)
catalyzes the rate limiting step of steroid biosynthesis, the

conversion of cholesterol to pregnenolone in the mitochondrion
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(Strauss et al., 1981 for review). The three components of
the C,.. enzyme system which participate in the oxidative
cleavage of cholesterol include; P-450,., present on the inner
mitochondrial membrane (Farkash et al., 1986), adrenodoxin, a
non-heme iron containing protein, and adrenodoxin reductase.
In addition to a source of cholesterol, molecular oxygen and
NADPH are required for the reaction (McIntosh et al., 1971;
Uzgiris et al., 1971; Caron et al., 1975; Funkenstein et
al., 1983; Hall, 1984). Activity or amount of any of these
components may affect activity of C,.. and thus synthesis of
progesterone. There are many possible ways energy balance may
affect the activity of the C,.. enzyme system in bovine luteal
tissue. For example, energy balance may affect the
concentration of reducing equivalents in luteal tissue. 1In
addition, energy balance may affect the type of luteal cells
present in the CL, and thus alter the concentration of C,. in
luteal tissue. Energy balance may also affect the
intracellular and intramitochondrial transpogt of cholesterol.
The effect of energy bafance on the C,.. enzyme system and the
conversion of cholesterol to pregnenolone, has not been
investigated.
Source of Reducing Equivalents for C,.

There are many possible sources of NADPH reducing
equivalents in mitochondria of luteal cells. For example,
production of NADPH from a variety of «citric acid
intermediates including succinate, malate and isocitrate can

support C,. activity in mitochondria from bovine CL (Uzgiris
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et al., 1971). In addition, glucose metabolized in the
pentose phosphate pathway may serve as a source of NADPH.

Glucose may supply reducing equivalents for cholesterol
biosynthesis much in the same way glucose supplies NADPH for
fatty acid biosynthesis in the mammary gland of ruminants
(Bauman and Davis, 1975; Chaiyabutr et al., 1980). Addition
of glucose to media increased incorporation of acetate into
fatty acids 3 fold in adipose tissue of ruminants (Ingle et
al., 1972). Similarly, addition of glucose increased
incorporation of acetate into steroid in rat luteal tissue
(Flint and Denton, 1969). Energy balance may affect the
availability of NADPH from metabolism of glucose in the
pentose pathway. Approximately 17% of glucose metabolized by
the mammary gland of lactating goats is via the pentose
phosphate pathway, and accounts for as much as 34% of the
NADPH used in fatty acid synthesis (Chaiyabutr et al., 1980).
However, following a 48 h fast there was an 8 fold increase in
the percent of glucose metabolized to CO, and only 1.2% of the
glucose used was metabolized by the pentose phosphate pathway
(Chaiyabutr et al., 1980).

As mentioned earlier, restricted feeding heifers (McCann
and Hansel, 1986) and lactating cows (de Boer et al., 1985)
reduced the concentration of glucose in plasma. In addition,
negative energy balance reduced the concentration of insulin
in serum of cattle. 1Insulin stimulated glucose uptake in a
variety of tissues in ruminants including muscle (Hay et al.,

1984), fat (Vernon et al., 1985), and bovine granulosa cells
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(Allen et al., 1981). As a result of reduced concentration of
glucose and insulin in blood, negative energy balance may
reduce uptake of glucose by luteal cells. Since glucose may
be an important source of NADPH to luteal cells, reduced
uptake of glucose could limit cholesterol synthesis in luteal
cells. The effect of energy balance on glucose uptake by
bovine luteal cells is not known.
Content and Activity of P-450,,. and Adrenodoxin

The concentrations of P-450,.. and adrenodoxin are low in
bovine granulosa cells, but 1luteinization increases the
concentrations 12 to 15 fold, respectively (Funkenstein et
al., 1983; Rodgers et al., 1986b). Maximal concentrations of
proteins and mRNA for P-450,.. and adrenodoxin are concomitant
with peak luteal function and then concentrations decline
dramatically during the late luteal phase of cows (Rodgers et
al., 1986b; Rodgers et al., 1987b). Thus, concentration of
the components of the C,.. enzyme in luteal cells is associated
positively with maximal production of progesterone.

Concentration of P-450,.. in luteal cells is affected by
the type of luteal cell. Contentration of P-450,.. is higher
in large than in small luteal cells of rats (Gibori et al.,
1988). Similarly, concentration of P-450,.. was higher in
large luteal cells compared with small luteal cells in cattle
(Rodgers et al., 1986a). Rodgers et al. (1986a) suggested
that the increased concentration of P-450,. in large luteal
cells is due to increased cytoplasmic volume occupied by

mitochondria in large 1luteal cells (Priedkalns and Weber,
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1968a) . Increased concentration of P-450,. may in part
account for the higher production of progesterone per cell in
large luteal cells compared with small luteal cells. Negative
energy balance reduced the ratio of large 1luteal cells to
small luteal cells in heifers (Villa-Godoy et al., 1990).
Thus, negative energy balance may reduce the concentration of
P-450,.. in CL, and thereby reduce the production of
progesterone by luteal cells.

Gonadotropins affect activity of the C,.. enzyme system.
Addition of hCG to rat 1luteal cells and luteinized porcine
granulosa cells, and addition of LH, cAMP or dbcAMP to bovine
luteal tissue increased incorporation of cholesterol into
progesterone in these tissues (Mason and Savard, 1964; Hall
and Koritz, 1965; Savard et al., 1965; Armstrong and Black,
1968; Tan and Robinson, 1977; Azhar and Menon, 1981; Lino
et al., 1985; O’Shaughnessy et al., 1990). Gonadotropins
increase C,. activity in part by increasing the concentration
of the the various components of the C(,. system in
steroidogenic tissue. Gonadotropins and analogs of CcAMP
increased the synthesis and activity of P-450,.. concomitant
with increased production of progesterone by luteinized bovine
granulosa cells (Funkenstein et al., 1983, 1984). Similarly,
hCG, FSH and cAMP increased the concentration of P-450,., P-
450,.. mMRNA, adrenodoxin and adrenodoxin reductase in rat
luteal tissue (Trzeciak et al., 1986; Goldring et al., 1987).
Luteal cells from animals in negative energy balance were less

responsive to stimulation by LH (Villa-Godoy et al., 1990).



51
Though the mechanism by which negative energy balance reduced
LH-stimulated luteal function is not known, it is possible
that negative energy balance may reduce the concentration of
receptors for LH on luteal cells. As a result of reduced
ability to respond to LH, the concentration of P-450,. in
luteal tissue may be reduced. The effect of energy balance on
the concentration of receptor for LH and the activity of the
C.,.c €nzyme system has not been reported.
Transport of Cholesterol to C,.

Biosynthesis of steroid requires the transport of
cholesterol to the mitochondrion and transport across the
outer and inner mitochondrial membranes to reach the C,.
enzyme system. The rate of steroid synthesis may be limited
by the rate of transport of cholesterol to mitochondria and
across mitochondrial membranes.

The majority of free cholesterol within cells is found in
the plasma membrane (Lange and Ramos, 1983; Lange et al.,
1988). The concentration of free cholesterol in the plasma
membrane can affect steroidogenesis. For example, increasing
the concentration of cholesterol in the plasma membrane
increased basal and ACTH stimulated steroid production in
adrenal cells (Iida et al., 1987). Cholesterol from
intracellular cholesterol esters can also be wused in
steroidogenesis. However, the majority of cholesterol
mobilized from cholesterol esters is first transported to the
plasma membrane before it is used to produce progesterone

(Nagy and Freeman, 1990). Cholesterol in the plasma membrane
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does not appear to be the preferred substrate for
steroidogenesis, however. Lange and coworkers (1988)
differentially 1labelled cholesterol in 1luteinized rat
granulosa cells to distinguish cholesterol associated with the
plasma membrane and newly synthesized cholesterol in the
cytosol. Following stimulation by gonadotropins, newly
synthesized cholesterol was used preferentially over plasma
membrane cholesterol in the production of progesterone (Lange
et al., 1988).

Newly synthesized cholesterol may be used preferentially
for steroid synthesis because cholesterol in the plasma
membrane must first be transferred to the cytosol for uptake
by mitochondria. The rate of transfer of cholesterol from the
plasma membrane to mitochondria in steroidogenic tissue is
controlled by hormones. Addition of ACTH or dbcAMP stimulated
production of pregnenolone in adrenal cells and stimulated
cholesterol transfer from the plasma membrane to mitochondria
(Hall, 1985; Privalle et al., 1987; Iida et al., 1989).
Similarly, dbcAMP reduced the concentration of cholesterol in
the plasma membrane in MA-10 Leydig cells (a progesterone
secreting tumor cell 1line) and increased production of
progesterone reciprocally (Freeman, 1987, 1989). Hormonally
controlled transfer of cholesterol to the mitochondria appears
to require the cytoskeletal network. Compounds which
interfere with the cytoskeleton decreased ACTH induced
transport of cholesterol to mitochondria and decreased

production of pregnenolone in adrenal cells (Hall, 1984,
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1985). In addition, compounds which disrupt the network of
microfilaments or microtubules of the cytoplasmic skeleton
decreased the ability of hCG and dbcAMP to: stimulate
incorporation of cholesterol esters into progesterone;
decrease concentration of cholesterol in the plasma membrane;
increase production of progesterone in MA-10 cells (Nagy and
Freeman, 1990). Cytochalasin B, an inhibitor of microfilament
function, decreased the ability of LH or dbcAMP to stimulate
progestin synthesis in bovine luteal cells and slices of ovine
luteal tissue (Williams and Marsh, 1979; Silavin et al.,
1980) . Gonadotropins seem to promote intracellular transport
of cholesterol by altering the conformation of the
cytoskeleton. Addition of ACTH or cAMP decreased the
phosphorylation of myosin, increased polymerization of actin,
and increased phosphorylation of proteins associated with the
cytoskeleton of adrenal cells (Hall, 1985). These effects are
associated with the contraction of the microfilament network
and increased transport of compounds in cells (Means and
Chafouleas, 1982; Goshima et al., 1984).

To determine if transport of cholesterol across
mitochondrial membrane limits steroidogenesis, researchers
have used 25-0H cholesterol, a compound which freely diffuses
into the mitochondrion. Addition of 25-OH cholesterol
increased production of steroids in adrenal tissue of rats,
granulosa and luteal cells of hamsters, luteinized granulosa
cells of pigs, and luteal cells of cows (Silavan and Strauss,

1983; Lino et al., 1985; Rodgers et al., 1987a; 1Iida et
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al., 1989). Thus, it appears that transport of cholesterol
across mitochondrial membranes limits the rate of
steroidogenesis in bovine luteal tissue.

Transport of cholesterol from the outer to the inner
mitochondrial membrane is sensitive to hormones. Addition of
ACTH to adrenal cells and addition of hCG to luteinized rat
ovaries increased the transport of cholesterol from outer to
inner mitochondrial membranes (Hall, 1985; Ghosh et al.,
1987; Privalle et al., 1987). Hormonally stimulated
increased intramitochondrial transport of cholesterol is
mediated by newly synthesized proteins. Exposure of animals
to cycloheximide prior to ACTH, hCG, or LH blocked protein
synthesis, increased the accumulation of cholesterol in the
outer mitochondrial membrane, decreased C,. activity and
reduced production of progestins (Pederson and Brownie, 1983;
Silavan and Strauss, 1983; Ghosh et al.,1987; Privalle et
al., 1987).

Treatment with ACTH, hCG or LH induced synthesis of a
variety of proteins in adrenal cortical cells and ovarian
cells (Landefeld et al., 1979; DuBois et al., 1981la, 1981b;
Trzeciak et al., 1986; Gibori et al., 1988; Yanagibashi et
al., 1988; Mittre et al., 1990). Some of these proteins
demonstrate the ability to facilitate transport of cholesterol
from outer to inner mitochondrial membranes. For example,
sterol carrier protein 2 (SCP2) participates in the microsomal
conversion of lanosterol to cholesterol and intracellular

transfer of cholesterol from outer to inner mitochondrial
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membranes in hepatocytes (Scallen and Vahouny, 1985). Sterol
carrier protein 2 has been isolated from adrenocortical and
luteal cells of rats (Trzeciak et al., 1987; Gibori et al.,
1988). In steroidogenic cells, the majority of SCP2 is
located in mitochondria (Gibori et al., 1988). Thus, the
major role of SCP2 in steroidogenic tissue may be in
intramitochondrial transport of cholesterol. Treatment with
ACTH or dbcAMP increased synthesis of SCP2 in adrenal cells 3-
4 fold (Trzeciak et al., 1987). Addition of SCP2 to isolated
adrenal mitochondria increased incorporation of cholesterol
into pregnenolone in a dose dependent fashion (Scallen and
Vahouny, 1985). Similarly, estradiol increased mitochondrial
SCP2 in rat luteal cells 3 fold and stimulated the production
of progestins (Gibori et al., 1988). Thus, cholesterol
transport is another factor of steroidogenic function which is
under hormonal control and may be modulated to control luteal

function.

Summary of the Relationship between Energy Balance and Bovine
Luteal Cell Function

Negative energy balance is associated with reduced
concentration of progesterone in serum of cows and heifers.
The majority of dairy cattle experience negative energy
balance early in lactation. This period of negative energy
balance coincides with the period in which animals must
conceive in order to achieve a 12 to 13 month calving

interval. Reduced concentration of progesterone in serum may
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reduce ability to achieve and maintain pregnancy. Therefore,
it is important to understand the mechanisms by which negative
energy balance reduces the concentration of progesterone in
serum of cattle in order to alleviate this limitation and to
achieve reproductive goals in dairy herds.

Change in development of CL is one mechanism by which
negative energy balance may reduce concentration of
progesterone in serum. For example, negative energy balance
can reduce the weight of CL in cattle. The cause for reduced
weight of CL in animals in negative energy balance has not
been determined. However, it is possible that reduced weight
of CL is caused by decreased concentration of LH in serum
during the periovulatory period in heifers in negative energy
balance. LH is associated positively with hypertrophy and
hyperplasia of luteal cells and vascular development of luteal
tissue. As a result of reduced concentration of LH in
serumduring the periovulatory period, growth and development
of the CL may then be inhibited during negative energy
balance.

Energy balance of cattle may also affect luteal function
by changing the proportion of large 1luteal cells in CL.
Negative energy balance appears to reduce the ratio of large
to small 1luteal cells. Compared with 1luteal cells from
heifers in positive energy balance, negative energy balance
reduced basal and LH-stimulated production of progesterone in
vitro. Reduced basal production of progesterone is consistent

with the reduced ratio of large to small luteal cells from
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animals in negative energy balance. However, reduced ability
of LH to stimulate production of progesterone is inconsistent
with a reduced ratio of large to small luteal cells. Compared
with large 1luteal cells, small luteal cells have a higher
concentration of receptors of LH and are normally more
responsive to stimulation by LH. It is possible that the
concentration of receptors for LH on small luteal cells is
reduced during negative energy balance. However, the effect
of energy balance on concentration of receptors for LH has not
been determined.

Metabolism of cholesterol is central to production of
progesterone by luteal tissue. Cholesterol in bovine 1luteal
tissue is derived from lipoproteins in blood and de novo
synthesis in luteal tissue. Negative energy balance may
reduce concentration of cholesterol in luteal tissue from
either source. Low density lipoprotein may be the preferred
carrier for delivery of cholesterol to bovine steroidogenic
tissue. There is some evidence that restricted energy intake
decreases the concentration of LDL in blood of ruminants. 1In
addition, decreased concentration of insulin and insulin like
growth factor I in blood of cattle during negative energy
balance may reduce the concentration of receptors for LDL on
luteal tissue. As a result of reduced concentration of LDL in
blood and reduced concentration of receptors for LDL on luteal
cells during negative energy balance, the concentration of
cholesterol in luteal tissue may be reduced. Negative energy

balance may also reduce de novo synthesis of cholesterol in
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luteal cells. There are several ways negative energy balance
may affect activity of HMG-CoA reductase in luteal tissue.
These possibilities include decreased precursor availability
in blood, decreased uptake of precursors from blood by luteal
cells, and decreased activity of HMG-CoA reductase in luteal
cells.

Negative energy balance may decrease convertion of
cholesterol into progesterone by the C,. enzyme system in
luteal cells. Conversion of cholesterol to progesterone is
affected by transport of cholesterol to the inner
mitochondrial membrane, concentration of reducing equivalents
and 0,, and activity of the components of the C,.. enzyme
complex. Negative energy balance may reduce intracellular
transport of cholesterol, reduce concentration of reducing
equivalents and reduce activity of the C,.. enzyme system in
luteal cells. It is, therefore, of interest to evaluate the
effect of energy balance of the ability of luteal cells to
convert cellular cholesterol to progesterone.

Clearly, energy balance may affect luteal function by a
variety of mechanisms. For this thesis I focused primarily on
the effect of energy balance on; 1) concentration of
receptors for LH on luteal cells, 2) concentration of free and
esterified cholesterol in luteal cells, 3) total activity of
HMG-CoA reductase in CL, 4) and ability of luteal cells to

convert cholesterol into progésterone.



EXPERIMENT I: INFLUENCE OF RESTRICTED ENERGY INTAKE ON
CONCENTRATION OF RECEPTORS FOR LH AND METABOLISM OF
CHOLESTEROL IN BOVINE LUTEAL CELLS

Rationale and Objectives for Experiment I

Compared with 1luteal cells from animals in positive
energy balance, negative energy balance reduced basal and LH-
stimulated production of progesterone by bovine luteal cells
(Villa-Godoy et al., 1990). Negative energy balance also
reduced weight of CL and reduced the proportion of 1luteal
cells that are large in bovine CL (Villa-Godoy et al., 1990).
Luteinizing hormone is the primary luteotropin in cattle and
affects both development and function of CL. In the simplest
scenario, energy balance may affect 1luteal production of
progesterone by altering the number of receptors for LH on
luteal tissue. My first objective was to determine the effect
of energy balance on the number of receptors for LH on bovine
luteal cells.

Cholesterol is required for production of progesterone.
Increased availability of cholesterol enhances bovine luteal
production of progesterone in vivo and in vitro. Therefore,
factors which influence the concentration of cholesterol in
luteal tissue <could also affect the production of
progesterone. Energy balance may alter both luteal uptake of

lipoprotein derived cholesterol and de novo synthesis of

59
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cholesterol by luteal tissue. Thus, my second objective was
to determine if energy balance affects the concentration of
cholesterol in luteal cells.

Energy balance may affect luteal function by altering
several steps in the conversion of cholesterol to
progesterone. My third objective was to determine the acute
effect of energy balance on metabolism of cholesterol in

bovine luteal cells in vitro.

Materials and Methods

Materials

The following reagents were used; cholesterol esterase
(from Candida cylindracea), cholesterol oxidase (from Nocardia
erthropolis), horseradish peroxidase (grade 1), Triton X-100,
Boehringer Mannheim Biochemicals (Indianapolis, IN) ;
penicillin-G, streptomycin sulfate, cholesterol (Sigma grade),
cholesteryl oleate (Sigma grade), p-hydroxyphenylacetic acid,
taurocholic acid (sodium salt), deoxyribonuclease 1 type II
(DNase 1), minimum essential media with non-essential amino
acids and Hank’s salts (MEM), N-2-hydroxyethyl-piperazine-N’-
2-ethanesulfonic acid (HEPES), trypan blue, bovine serum
albumin fraction V (BSA), Sigma (St. Louis, MO); isopropyl
alcohol (high purity solvent), American Burdick and Jackson
(Muskegon, MI); methanol (HPLC grade) Fisher Scientific
(Fairlawn, NJ); chloroform, J.T. Baker Inc. (Phillipsburg,
NJ); collagenase type IV, Worthington Biochemical Corporation

(Freehold, NJ); phenol reagent, Harleco (Gibbstown, NJ);
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prostaglandin F,, (PGF; Lutylase®), The Upjohn Company,
(Kalamazoo, MI); xylazine hydrochloride (Rompun®) Mobay
Corporation (Shawnee, KS); 25 cm? tissue culture flasks,
Corning Glass Works (Corning, NY); 12 x 75 mm borosilicate
tubes, VWR Scientific Inc. (San Francisco, CA); 12 x 75 mm
sterile polypropylene tubes, Falcon (Oxnard, CA). Others are
as cited in text.

Animals

Sixteen postpubertal Holstein heifers were assigned
randomly to one of two diets (Table 3). A three week period
in which all heifers were fed the Control diet was used to
acclimate heifers to group housing (4 pens with 4
heifers/pen). During this 3-week period, heifers received 2
injections of PGF spaced eleven days apart to synchronize
estrous cycles. Feed was offered to pens of heifers once
daily at 1100 h. The Control diet was designed to supply
enough energy for maintenance and growth of heifers in a pen,
while the Restricted diet was designed to restrict energy
intake below requirements for maintenance of heifers in a pen.
Otherwise, the diets met National Research Council (NRC, 1978)
requirements for protein, vitamins and minerals for
maintenance (Restricted) or maintenance plus growth (Control).
Amount of feed offered each pen was based on the body weight
of heifers in the pen and desired energy intake for those
heifers.

One to three days after observation of the first

synchronized estrus (estrus=day 0), the Restricted diet was
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Table 3. Feed Offered Per Heifer"

Dietary components

Diet Week Corn Soy Wheat Vitamin
fed® silage bean straw mineral NEM® NEG*®
(kg) meal (kg) mix® (Mcal) (Mcal)
(kqg) (kg)
Control 1l to 6 5.67 .70 - .09 6.24 2.42
Restricted 1l to 3 .95 1.40 1.00 .11 5.15 -

3 to 6 .64 1.41 - .11 3.65 -

*Data represent amount of feed offered on a dry matter basis to an average heifer
weighing 350 kg. Heifers were feed in groups of four, and pens were bedded with
straw. Thus, actual dry matter intake of a heifer could not be determined.

PWeek relative to first synchronized estrus. Week 1 = Week following synchronized
estrus. In addition, all heifers received the Control diet for three weeks before

first synchronized estrus.

°Vitamin mineral mix composition per kg: limestone, .375 kg;
.281 kg; selenium 200 (200 ppm), .143 kg; calcium sulfate,
vitamin A; 35.71 KIU vitamin D; 3.99 KIU vitamin E.

°Net energy for maintenance

*Net energy for gain

trace mineral salt,
.009 kg; 177.4 KIU
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offered heifers in two of the four pens. All heifers were
weighed on two consecutive days each week and amount of feed
offered was adjusted according to changes in body weight.

Estrous behavior and concentration of progesterone in
serum were used to monitor luteal function and length of
estrous cycles. Heifers were observed three times daily for
estrous behavior. Jugular blood was sampled daily starting on
the day after the first synchronized estrus to determine the
concentration of progesterone in serum. Estrous behavior and
concentration of progesterone in serum were also used to
determine 1length of estrous cycles following estrous
synchronization. A normal estrous cycle was defined as one
with an inter—-estrous interval of 17 to 25 days, progesterone
in serum 21 ng/ml for 213 days, and ended with detection of
standing estrus (King, 1984).

Tissue

Heifers were tranquilized with xylazine hydrochloride
(1 mg/100 1b body weight iv) on day 11, 12, or 13 postestrus
(12.1 + .1 day) of the second or third estrous cycle following
estrous synchronization. Upon collection per vaginum, CL were
rinsed with and then stored in ice cold Hank’s balanced salt
solution (HBSS with 20 mM HEPES, .1% BSA, 100 U penicillin
G/ml, 100 ug/ml streptomycin sulfate, pH 7.25) and transported
immediately to the laboratory. After adherent connective
tissue was removed, CL were weighed and then dissociated as
described previously (Villa-Godoy et al., 1990). The final

cell preparation (cell yield = 63 * 4 x 10° cells/gm tissue)
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was diluted with MEM to 1 x 10° cells/ml as determined via
hemacytometer. Cell viability was estimated by exclusion of
trypan blue and ranged from 90 to 95% among CL. Aliquots of
cells were collected to determine initial concentration of
progesterone, protein (Lowry et al., 1951), or cholesterol and
for radioreceptor assays for LH. Cells saved for receptor
analysis were suspended in 20% glycerol-MEM (vol:vol) frozen
in a dry ice and methanol bath and stored at -70°C until
assayed.

To examine luteal function and cholesterol metabolism,
cells (1 x 10° per polypropylene tube) were incubated for 2 h
at 37°C in a shaking water bath with 0 or 100 ng NIH-LH-B8 in
20 M1 phosphate buffered saline (PBS). Following incubation,
cells and media were separated by centrifugation at 800 x g.
Media was saved for determination of progesterone, and cells
were saved for determination of progesterone or cholesterol.
Cells for determination of progesterone were suspended in 2 ml
PBS. Cells and media were then stored at -20°C until
analyzed.

Validation of LH Binding Assay

In our laboratory, assays to determine number and
equilibrium association constants (K,) of binding sites for
hCG have been validated for homogenized luteal tissue (Spicer
et al., 1981) but not for dispersed luteal cells. To validate
radioreceptor assays for dispersed luteal cells, a pool of
dissociated cells was prepared from CL of nonpregnant heifers.

In addition, a pool of homogenized luteal tissue was prepared
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from CL collected from nonpregnant cattle at slaughter as
described previously (Spicer et al., 1981). All tissue for
radioreceptor assay validation was stored frozen in 20%
glycerol-PBS at -70°C until day of use. To test for
specificity of binding sites in luteal cells to '**I-hCG,
luteal cells were incubated with !2°I-hCG in the presence of
unlabeled hCG. To determine if the number of cells which were
incubated affected binding of !?I-hCG, .2 x 10°to 6 x 10°
cells were incubated with !2*I-hCG (20,000 cpm). To estimate
effects of luteal tissue preparation and number of luteal
cells on K, and numbers of unoccupied binding sites, Scatchard
analyses were performed with 5 mg luteal homogenates, .25 x
10¢ luteal cells and 1 x 10° luteal cells (Smith and Sestili,
1980). Specific data are reported in Appendix 1. But,
salient results were that assays for LH receptors on luteal
cells demonstrated saturable binding of high specificity and
affinity for hCG. 1In addition, type of tissue preparation and
number of luteal cells did not affect estimates of K, or
number of receptors for LH.

Procedure for LH Binding Assay

Human chorionic gonadotropin (hCG, CR-121; 13450 IU/mg)
was radioiodinated as described previously (Spicer et al.,
1981) . Specific activity of !?°I-hCG was estimated by
incorporation of iodine into the mass of hormone (Ireland and
Roche, 1982) and with autocompetition curves as by Spicer et
al. (1981). Autocompetition curves were conducted with

increasing amounts of unlabelled hCG (.1 to 100 ng/tube) or
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1257-hCcG (.02 x 10° to 1.5 x 10° cpm) with 1 x 10° cells/tube.
Results from the two types of analyses of specific activity
were similar and averaged 92.2 cpm/pg hCG. Maximal specific
binding (Spicer et al., 1981) to luteal tissue was 16% in
frozen, pooled luteal homogenates. Calculations of specific
activity and total radioactivity added in saturation analysis
were corrected for maximal specific binding (counts per minute
corrected, cpm..) .

Binding assays were conducted in polypropylene tubes
coated with PBS-5% BSA to reduce non-specific adsorption of
125T-hCG. Frozen luteal tissue homogenates or dispersed luteal
cells were thawed rapidly and rinsed three times with PBS.
After each rinse, tubes were centrifuged at 2200 x g for 5 min
at 4°C. Except for some procedures noted in the assay
validation, luteal homogenates (5mg) or luteal cells (5.0 £ .3
x 10° cells) were suspended in 100 pl PBS. To distinguish
specific versus non-specific binding, luteal homogenates and
cells were incubated with 100ul !?*I-hCG at 25°C for 24 h in a
shaking water bath in the presence or absence of excess LH
(NIAMMD-LH-B4; 40 ng/20 pl PBS). To construct saturation
curves, dispersed luteal cells from animals on experiment were
incubated with 4 different concentrations of ?*I-hCG (3 to 13
x 10° cpm.,.) in quadruplicate either with or without excess
LH. Final incubation volume was 220 pl. After incubation, 1
ml PBS at 4°C was added and tubes were centrifuged at 2200 x
g for 15 min at 4°C. Supernatants were discarded and pellets

were suspended in 1 ml PBS and the process repeated. The
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final precipitate was counted in a gamma counter (counting
efficiency = 83.2%). Scatchard plots constructed from
saturation curves were used to estimate number and affinity of
binding sites for LH in cells.

Quantification of Cholesterol

Luteal cells (1 x 10°) were transferred to 12 x 75 mm
borosilicate tubes and suspended in 2 ml chloroform:methanol
(1:2, vol:vol). Tissue was sonicated for 10 x 1 sec bursts
with a Branson® Sonifer Cell Disrupter (Ultrasonic Inc.,
Plainview, NY). Samples were centrifuged for 15 min at 800 x
g and the supernatants were removed. Pellets were retained
and analyzed for protein content. Solvents in supernatants
were evaporated under nitrogen and the residue was resuspended
in 500 Ml isopropanol. Samples were then assayed for total
cholesterol (unesterified and esterified cholesterol) or
unesterified (free) cholesterol (Heider and Boyett, 1978).
Concentration of esterified cholesterol was calculated as the
difference between total and free cholesterol. The intraassay
coefficients of variation were 6.4% and 6.7% and interassay
coefficients of variation were 8.9% and 12.0% for total and
free cholesterol, respectively.

Some changes in published methodology of Heider and
Boyett (1978) were necessary. Amount of cholesterol ester
hydrolase was increased to .16 U/ml and Triton X-100 (.016%)
substituted for Carbowax-600 (personal recommendation, John
Heider). Concentration of sodium taurocholate was increased

to 16 mM to achieve parallel regression 1lines between
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cholesterol and cholesterol oleate versus relative
fluorescence. With these changes, the results from this assay
were consistent. In addition, I determined that the number of
luteal cells extracted (.25 x 10® to 1.0 x 10%) did not affect
estimates of concentration of cholesterol in 1luteal cells.
Concentration of cholesterol in a pool of dispersed bovine
luteal cells, averaged 6.0 Hg/10° cells or 3 mg/gm dissociated
cells. In the standard pool, 10° 1luteal cells weighed
approximately 2 mg and contained 200 pg protein. Unesterified
cholesterol accounted for 80% of total cholesterol present.
These data agree closely with data from thin layer
chromatography of extracts of bovine CL (Hafs and Armstrong,
1968) .

Radioimmunocassay of Progesterone

Serum, collected after centrifugation of blood samples,
was stored at -20°C until assayed for concentration of
progesterone. Luteal cells, suspended in 2 ml PBS, were
frozen and thawed 6 times to rupture plasma membranes.
Concentration of progesterone in serum, media or cells was
determined as described previously (Spicer et al., 1981),
except cellular preparations were extracted twice.
Coefficients of variation for assays of serum, media or cells
were determined from pools of serum, media or cells.
Coefficients of variation for these pools averaged 9.8% within

and 12.1% between assays.
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Statistical Analyses

Body weights at the beginning of the experiment, on the
day of estrus at the beginning of cycle 2 and on the day of
lutectomy were determined from weekly body weights. Daily
change in body weight was determined for the first and second
estrous cycle. To examine changes in luteal function in vivo
during the first estrous cycle following estrus
synchronization, area under the profile of progesterone in
serum was calculated during the entire estrous cycle. To
determine the effect of diet on luteal function during estrous
cycle 1 and estrous cycle 2, area under the profile of of
progesterone in serum was calculated for the first eleven days
of cycle 1 and cycle 2.

One way analysis of variance was used to test for effect
of diet on number and affinity of receptors for LH, weight of
CL, length of estrous cycles and luteal function during the
first estrous cycle. Differences between dietary groups were
examined by Student’s t tests. Split plot analysis of
variance with time as the subplot was used to examine effect
of diet and diet by time interactions on body weights.
Similarly, split plot analysis of variance with estrous cycle
as the subplot was used to examine the effect of diet and diet
by cycle interactions on luteal function during estrous cycles
1l and 2. Split plot analyses of variance with incubation as
the subplot was used to examine effect of diet and diet by
incubation interaction on concentration of cholesterol in

tissue and concentration of progesterone in tissue and media
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(Gill, 1978b). For split plot analyses with significant
interaction between diet and incubation, conditional
comparisons of periods within treatments, treatments within
periods and treatment trends between specified periods were
examined with Bonferroni t tests (Gill, 1986). To determine
if change in body weight during the entire experiment, or
during cycle 1 or 2 affected variables of interest, change in
body weight was used as a covariate in some analyses.

Degree of association among variables of interest within
a dietary group was determined with Pearson correlation
coefficients. Regression analysis was used to determine if
the relationship between number of receptors for LH and weight
of CL, or weight of CL and the concentration of progesterone
in serum during estrous cycle 2 were affected by diet.

There was unequal variance between treatment means for
length of estrous cycle 1 and between treatment means for
concentration of free and total cholesterol. 1In these cases
unequal variance could not be removed by conventional
transformations of data (Hartley’s Fmax test; Gill, 1978a).
Contrasts of untransformed data regarding estrous cycle length
were made using the modified f statistic of Brown and Forsythe
(Gill, 1978a). Contrasts of untransformed data involving
concentrations of free and total cholesterol were made
following alterations in the test statistics as suggested by
Gill (1986).

Data analyses were performed with mainframe SAS (1985a

and b).
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Results

Animals

One Control animal was deleted from the experiment after
it contracted a respiratory disease. Immediately following
estrous synchronization, four heifers had aberrant cycles.
One heifer fed the Restricted diet had a cycle of 29 days.
Concentrations of progesterone in serum from this heifer were
<0.5 ng/ml for the first 15 days following synchronization.
These 15 days were excluded from analyses of data. A normal
luteal phase followed this 15 day period. This luteal phase
was regarded as part of estrous cycle 1 for this animal. The
rest of the data from this animal are included in analyses.
Two Control and one Restricted animal had short estrous cycles
of 10 to 12 days following estrous synchronization. 1In the
two Control animals the subsequent estrous cycle was normal
and was included in analyses as cycle 1 for these animals.
Lutectomies of these two heifers were performed during the
third estrous cycle after synchronization. The Restricted
heifer had concentration of progesterone in serum indicative
of normal luteal function during the experiment. However,
this heifer was not observed in estrus. This animal was
deleted from the experiment as day of the estrous cycle could
not be determined accurately. As a result of deletions of
animals, there were 7 heifers in each dietary group. Average
length of the estrous cycle before lutectomy in Restricted
heifers (22.4 + 1.3 days) was more variable (P<.01) and tended

(PS.10) to be longer than in Control heifers (20.1 + .3 days).
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Body Weight

Initial body weights did not differ between treatment
groups (Figure 2). However, diet affected change in body
weight during the experiment. Body weight of Control heifers
increased (P<.05) during cycle 1 and cycle 2. In contrast,
body weight of Restricted heifers did not change during the
experiment. Weight change varied between estrous cycles and
among animals in the Restricted group (Table 4), but heifers
either lost weight (5/7 heifers), or gained less than .06
kg/day during the experiment. Change in body weight can be
used as an approximation of energy balance. Using this
approximation, Control heifers were in positive energy balance
and Restricted heifers maintained energy balance.

Concentration of Progesterone in Serum

Area under the profile of progesterone in serum was
numerically less in Restricted heifers than in Control heifers
during estrous cycle 2 (Table 5). However, there was no
significant effect of diet, cycle or diet by cycle interaction
on the area under the profile of progesterone. As noted
previously, change in body weight varied among animals in a
treatment group and between estrous cycles. Change in body
weight during the experiment was used as a covariate to
account for this variation. During cycle 1, change in body
weight accounted for a significant (P<.03) amount of the
variation in the profile of progesterone. The correlation
between change in body weight .and the profile of progesterone

during estrous cycle 1 tended (P=.07) to be positive (r=.493).
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400 Body Weight (kg)

Initial Middle  Final initial Middle  Final
Stage of Experiment

Figure 2. Effect of diet on body weights of heifers. Body
weight at first synchronized estrus (Initial), at the
beginning of cycle 2 (Middle), and at lutectomy (Final).
Weights of Control heifers are represented by open bars.
Weights of Restricted heifers are represented by hatched
bars. Data are presented as means (+ pooled SEM).
sbcBars with different superscripts differ (P<.05).
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Table 4. Effect of Diet on Changes in Body Weight During
Estrous Cycle 1 and 2.

Change of Body Weight

Diet Estrous Mean® Range
Cycle (kg/day) (kg/day)
Control 1 .61° .23 to .98
2 1.01° .12 to 1.45
Restricted 1 -.06 -.65 to .46
2 .38 -.17 to 1.04

°Pooled standard error of the mean = + .19 kg.

'‘Change is different from zero (PS.05).
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In addition, change in body weight during estrous cycles 1 and
2 was correlated positively with the profile of progesterone
during estrous cycle 2 in Restricted heifers (r = .75, Ps.05),
but not in Control heifers.

Weight of CL

Weight of CL in Restricted animals (4.96 gm) tended
(P<.08) to be less than weight of CL in Control animals (6.16
gm; SEM = # .44 gm). Change in body weight during estrous
cycle 1 and 2 and change in body weight during cycle 2 did not
affect weight of CL. Independent of dietary treatment, there
was a significant positive linear relationship between weight
of CL and the area under the profile of progesterone during
estrous cycle 2 (P<.04). The correlation between weight of CL
and the profile of progesterone in serum during estrous cycle
2 was r=.677 (P<.008).

Binding Sites for LH

Change in body weight did not affect the number or
affinity of receptors for LH on bovine luteal cells (Table 6).
However, diet tended to affect affinity and number of
receptors for LH on luteal cells. Specifically, the
Restricted diet tended (PS.08) to reduce the affinity and
tended (P<.10) to increase the concentration of receptors for
LH in 1luteal cells. Diet also affected the 1linear
relationship between the concentration of receptors for LH and
the weight of CL (P<.001). The concentration of receptors for
LH on luteal cells was correlated positively (r=.772, P<.04)

with weight of CL in Control animals, but not with weight of
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Table 6. Effect of Diet on Affinity Constants (K,) and
Numbers of Unoccupied Binding Sites for *?°I-hCG on Dispersed
Luteal Cells

Diet Affinity Constant® Number of Binding Sites®
(x10%°M?) (fMol/mg protein)

Control 2.32 20.62

Restricted 1.51 31.76

®Means within the column differ (P<.08), SEM = +.3

PMeans within the column differ (P<.10), SEM = #4.39,
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CL in Restricted animals (r=-.477, P2.2).

Steroidogenic Function of Luteal Cells

Diet and change in body weight did not affect initial
concentration of progesterone in tissue or concentration of
progesterone in cells or media following incubation with 0 ng
(Basal) or 100 ng LH (Stimulated; Figure 3). Progesterone
increased (P<.05) during the 2 h Basal incubation, but was
higher (P<£.0l1) when LH was present in the media.
Concentration of receptors for LH on luteal cells was
correlated positively with LH-stimulated concentration of
progesterone in vitro in Restricted (r=.942, Ps.002), and
Control heifers (r=.883, P<.009).

Luteal Cell Cholesterol Metabolism

Diet and incubation did not affect concentration of
esterified cholesterol in luteal cells (Figure 4). However,
change in body weight during cycle 2 affected concentration of
esterified cholesterol in 1luteal cells (PS.05). Change in
body weight was correlated negatively with initial
concentration of cholesterol esters (r=-.623, P<.02). In
addition, the correlation between initial concentration of
cholesterol esters and the area under the profile of
progesterone during estrous cycle 2 tended to be negative (r=-
.482, P<.08).

Diet did not affect the initial concentration of free or
total cholesterol in 1luteal cells. However, there were
significant interactions between diet and incubation on the

concentration of free (P<.04) and total (PS.10) cholesterol in
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Progesterone (ng/mg protein)

oF -

Incubation

Figure 3. Effect of diet on concentration of progesterone in
luteal cells and incubation media before incubation
(Initial), and following a 2 h incubation with 0 ng LH

(Basal), or with 100 ng LH (Stimulated). Data are
presented as means (+ pooled SEM). Control animals are
represented by open bars. Restricted animals are

represented by hatched bars. ®°Means within a diet with
different superscripts differ (P<.01).
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luteal cells. In luteal cells of Restricted heifers, there
was no difference in the initial concentration of free or
total cholesterol in luteal cells among Initial, Basal and LH-
stimulated incubations. But, in luteal cells of Control
heifers, the concentration of free (Ps.01) and the
concentration of total (P<.02) cholesterol increased between
Initial and Basal incubations (Figure 5). In addition, luteal
cells of Control heifers had lower concentrations of free and
total cholesterol after incubation with 100 ng LH than in
those incubated without LH (Ps<.02).

Interrelationships among concentration of free or
esterified cholesterol, concentration of progesterone in
vitro, and concentration of receptors for LH were examined by
correlation (Table 7). 1In Restricted heifers, concentration
of progesterone following incubation was correlated positively
with Initial concentration of cholesterol esters and the loss
of esterified cholesterol between Initial and Basal
incubations. Similarly, LH-stimulated concentration of
progesterone was correlated positively with loss of esterified
cholesterol between Initial and LH-stimulated incubations. 1In
luteal cells of Restricted heifers incubated with LH, the
concentration of receptors for LH tended (P<£.10) to be
correlated positively with loss of esterified cholesterol.

In contrast to Restricted heifers in 1luteal cells of
Control heifers, LH-stimulated concentration of progesterone
was correlated positively (P<.01) with the difference in

concentration of free cholesterol between Basal and
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Figure 4. Effect of diet on concentration of free
(unesterified), esterified and total (esterified and
unesterified) cholesterocl in 1luteal cells. Values

represent means (+SE) of 1Initial concentration of
cholesterol and concentration of cholesterol following a
2 h incubation with 0 ng LH (Basal), and with 100 ng LH
(Stimulated). Control animals are represented by open
bars, Restricted animals are represented by hatched bars.
®*wWithin type of cholesterol and treatment group, bars
with different superscripts differ (P<.02).
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Figure 5. Effect of diet on changes in concentration of free
(unesterified) and total (esterified and unesterified)
cholesterol in luteal cells. This figure is used to
illustrate the effect of diet on the concentration of
free and total cholesterol gained (+) or lost (-) between
incubations. Incubations (Initial, Basal, Stimulated)
are as described in Figure 4. Values represent the
difference between incubations within treatments (+
standard error of the difference; SED). Control animals
are represented by open bars. Restricted animals are
represented by hatched bars. ‘Mean is different from 0
(P<.02).
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Figure 5.
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LH-stimulated incubations. Furthermore, in luteal cells of
Control animals incubated with LH, concentration of LH
receptors tended (P<.10) to be correlated positively with the
difference in concentration of free cholesterol between Basal

and LH-stimulated incubations.

Discussion

Low or maintenance energy diets offered for several weeks
can block estrous cyclicity of heifers (Imakawa et al., 1983;
Imakawa et al., 1984). A maintenance energy diet can
negatively affect 1luteal function long before the animals
become anestrous. For example, the concentration of
progesterone in serum was reduced during the first estrous
cycle that heifers were offered a diet which maintained body
weight rather than one that increased body weight (Imakawa et
al., 1983). Thus, relative to diets which promote body weight
gain, diets which only provide enough energy to maintain body
weight can reduce 1luteal function in heifers. Since the
Restricted diet maintained body weight of heifers in
Experiment I, it is not <clear why this diet did not
significantly reduce the concentration of progesterone in
serum. However, consistent with results reported regarding
beef heifers (Imakawa et al., 1986b), change in body weight
was correlated positively with area under the curve of
progesterone. Therefore, it appears that the severity of
energy restriction that a heifers experiences determines

whether luteal function is reduced.
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Restricted dietary energy intake reduced weight of CL in
heifers, consistent with previous reports (Hill et al., 1970;
Gombe and Hansel, 1973; Apgar et al., 1975; Harrison and
Randel, 1986; Villa-Godoy et al., 1990). Independent of
diet, there was a positive linear relationship between weight
of CL and concentration of progesterone in serum which was
similar to previous reports (Diekman et al., 1978; Spicer et
al. 1981). 1In the current experiment the degree of energy
restriction was not sufficient to reduce the concentration of
progesterone in serum. However, since the Restricted diet
reduced weight of CL, I suggest reduced luteal development is
one mechanism by which negative energy balance may reduce
concentration of progesterone in serum.

How energy balance affects the weight of CL is not clear.
Increased luteal binding sites for LH has been associated
positively with growth and function of CL in ewes and heifers
(Diekman et al., 1978; Spicer et al., 1981) and in Control
heifers in the current esperiment. However, there was no
significant relationship between number of receptors for LH
and weight of CL in Restricted heifers. Indeed, CL from
Restricted heifers tended to weigh 1less but have more
receptors for LH. There are at least three possible reasons
for lack of association between concentration of receptors for
LH and weight of CL in Restricted heifers. 1) A cause and
effect relationship does not actually exist between these two
variables. 2) Luteotropic compounds not quantified in this

experiment such as insulin-like growth factor I or insulin may
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be required for the full 1luteotropic action of LH to be
demonstrated (May and Schomberg, 1981; 0’ Shaughnessy and
Wathes, 1985a; Harrison and Randel, 1986; Veldhuis et al.,
1986; Schams et al., 1988; Marua et al., 1988). The
concentration of insulin-like growth factor I and insulin are
lower during negative energy balance thus resulting in sub-
optimal conditions for CL development (Harrison and Randel,
1986; Brier et al., 1988; Villa-Godoy et al., 1990). 3)
Restricted energy intake decreased the concentration of LH in
serum during the periovulatory period of early luteal
development. Reduced concentration of LH in serum during the
periovulatory period could inhibit subsequent hypertrophy and
hyperplasia of luteal cells (Snook et al., 1969; Farin et
al., 1985, 1986).

In previous reports negative energy balance reduced
(Apgar et al., 1975) or blocked (Imakawa et al., 1983; Villa-
Godoy et al., 1990) LH-stimulated production of progesterone
in vitro. In contrast, luteal cells from heifers maintaining
energy balance were as responsive to stimulation by LH as
luteal cells from heifers gaining weight (Imakawa et al.,
1983). 1In the present experiment, Restricted animals were at
or near energy balance. Therefore, it is not unexpected that
the LH-induced increase of progesterone in cells and media did
not differ between Control and Restricted heifers.

Energy balance may affect the number of receptors for LH
by affecting the composition of luteal cells in CL. Villa-

Godoy et al. (1990) reported negative energy balance increased
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the proportion of small luteal cells in bovine CL. Small
luteal cells have a higher concentration of receptors for LH
and are more responsive to stimulation by LH than are large
luteal cells (Fitz et al., 1982). Increased concentration of
receptors for LH in CL in Restricted heifers is consistent
with increased proportion of small 1luteal cells in CL of
energy deficient heifers. Despite increased proportion of
small luteal cells however, negative energy balance reduced
LH-induced 1luteal function in vitro (Villa-Godoy et al.,
1990). It is possible negative energy balance reduced
intracellular events (eg. availability of ATP, NADPH, C,.)
necessary for LH-stimulated production of progesterone and
thus overcame the positive effect increased concentration of
LH receptors.

Our second and third objectives were to determine the
effect of energy intake on concentration and metabolism of
cholesterol in luteal cells. My premise was restricted energy
intake could reduce availability and uptake of LDL cholesterol
and de novo synthesis of cholesterol in 1luteal cells.
However, diet and change in body weight did not affect the
initial concentration of cholesterol in luteal tissue. Change
in body weight did affect the composition of the cholesterol
within 1luteal tissue. Specifically, the concentration of
esterified cholesterol within the CL was correlated negatively
with change in body weight. Increased concentration of
cholesterol esters in tissue may indicate decreased ability of

luteal tissue to utilize cholesterol for production of
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progesterone. For example, increased concentration of
cholesterol esters in luteal tissue occurs concomitant with
decreased activity of C,.. in bovine luteal tissue (Rodgers et
al., 1986b). In addition, high concentrations of cholesterol
esters are associated with decreased luteal function in cows
(Hafs and Armstrong, 1968) and tended to be correlated
negatively with concentrations of progesterone in serum in the
current experiment. Thus, increased concentration of
esterified cholesterol in animals losing weight may be an
important indicator of compromised luteal function in vivo.
Alternatively, increased 1initial concentration of
cholesterol esters in CL from animals losing body weight may
also reflect a change in the luteal cell population. Though
not examined in this experiment, increased number of small
luteal cells could increase concentration of esterified
cholesterol in luteal cells of animals losing weight. The
cytoplasmic volume occupied by lipid vesicles is larger in
small than in large cells (Priedkalns and Weber, 1968a). The
majority of cholesterol in the cytoplasm is esterified to
fatty acids (Strauss et al., 1981). Therefore, increased
concentration of cholesterol esters in 1luteal cells of
Restricted heifers is consistent with an increased proportion
of small luteal cells.
In 1luteal cells of Restricted heifers there was a
positive relationship between initial concentration of
cholesterol esters and concentration of progesterone following

incubation. Apparently cholesterol esters were used for
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synthesis of progesterone during incubation. Use of
esterified cholesterol in steroidogenesis in luteal tissue of
ruminants has been reported previously. The activity of
cholesterol esterase in luteal tissue is stimulated by LH and
is correlated positively with concentration of progesterone in
serum during diestrus in ewes (Caffrey et al., 1979).
Similarly, the concentration of cholesterol esters is lowest
in luteal tissue of heifers during maximal production of
progesterone (Hafs and Armstrong, 1968). Thus, cholesterol
esters may be used in 1luteal steroidogenesis by growing
heifers as well as in Restricted fed animals. There was no
evidence that Restricted energy intake impaired mobilization
of cholesterol esters or use of cholesterol for
steroidogenesis in luteal cells.

Concentration of cholesterol increased during the 2 h
incubation in 1luteal cells of Control but not Restricted
heifers. Since the production of progesterone by luteal cells
did not differ between treatment groups, it appears that
restricted energy intake reduced de novo synthesis of
cholesterol in luteal cells. Lange et al. (1988) reported
that newly synthesized cholesterol is used preferentially over
esterified cholesterol in steroidogenesis. Thus, reduced
ability to synthesize cholesterol may ultimately interfere
with optimal steroidogenesis.

The mechanism by which energy balance affected synthesis
of cholesterol can not be determined. However, restricted

energy intake may reduce activity of HMG-CoA reductase [the
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enzyme which catalyzes the rate limiting step in synthesis of
cholesterol (Luskey, 1988)]. In addition, restricted energy
intake may reduce availabilty of precursors for synthesis of
cholesterol. Negative energy balance reduced activity of HMG-
CoA reductase in liver of rats (Dietschy and Brown, 1974).
Insulin is responsible for the stimulatory effect of positive
energy balance on activity of HMG-CoA reductase activity in
liver (Zammit and Easom, 1987). As previously mentioned,
insulin can stimulate production of progesterone in luteal
tissue. The effect of energy balance and insulin on the
activity of HMG-CoA reductase in bovine luteal tissue is not
known, however. Acetate and glucose are used in production of
progesterone by bovine luteal tissue (Savard and Casey, 1964;
Savard et al., 1965; Armstrong and Black, 1966, 1968;
Armstrong et al., 1970; Pate and Condon, 1989) .
Concentration of acetate (Lomax and Baird, 1983) and glucose
(de Boer et al., 1985; McCann and Hansel, 1986) in blood are
reduced during restricted energy intake in cattle. Whether
reduced concentration of acetate and glucose in blood during
negative energy balance affects 1luteal synthesis of
cholesterol has not been examined.

Heifers maintaining body weight represent an intermediate
step between positive to negative energy balance. I believe
changes in luteal function noted in heifers in maintaining
body weight are indicative of changes which eventually impair
luteal function of animals in negative energy balance. 1In the

present study, we found no evidence that restricted energy
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intake reduced the concentration of receptors for LH on luteal
tissue. There was evidence that restricted energy intake may
actually increase receptors for LH on luteal cells. However,
restriced energy intake reduced the amount of cholesterol
synthesized within CL. In addition, in animals losing body
weight concentration of esterified cholesterol in 1luteal
tissue increased and may indicate reduced ability of CL to
mobilize cholesterol esters for steroidogensis. Whether the
effects of restricted energy intake on 1luteal cholesterol
metabolism are exacerbated and result in reduced 1luteal
function in animals during negative energy balance remains to
be tested. In addition, it seems 1likely that reduced
concentration of progesterone in serum of animals during

negative energy balance results from reduced weight of CL.



EXPERIMENT II: INFLUENCE OF NEGATIVE ENERGY BALANCE ON
HMG-CoA REDUCTASE ACTIVITY, AND CHOLESTEROL METABOLISM IN
BOVINE LUTEAL TISSUE.

Introduction

In Experiment I, CL tended to weigh less in heifers
maintaining body weight compared with heifers gaining body
weight. However, diets that maintained body weight did not
affect basal or LH-stimulated 1luteal function in vitro
(Imakaﬁa et al., 1983; Experiment I). Diets which cause
negative energy balance reduced weight of CL, reduced the
concentration of progesterone in serum, and reduced or blocked
the ability of LH to stimulate luteal tissue (Apgar et al.,
1974; Imakawa et al., 1983; Villa-Godoy et al., 1990).
Thus, in heifers maintaing body weight the magnitude of luteal
function is intermediate between animals in positive and
negative energy balance. Indeed, the concentration of
progesterone in serum is correlated positively with change in
body weight of heifers (Imakawa et al., 1986b; Experiment I).
Compared with gaining body weight, maintaining or losing body
weight increased concentration of esterified cholesterol and
reduced endogenous synthesis of cholesterol in bovine CL
(Experiment 1I). I suggested that negative energy balance
would exacerbate these changes in cholesterol metabolism, and

I suggested that these changes would eventually reduce luteal

94
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function. Thus, one goal of Experiment II was to test these
hypotheses.

Reduction in synthesis of cholesterol by luteal cells may
decrease production of progesterone. Thus, the mechanism by
which energy balance affects synthesis of cholesterol in
luteal cells is of interest. Energy balance could affect de
novo synthesis of cholesterol in luteal cells by affecting:
1) the activity of HMG-CoA reductase, 2) the conversion of
cholesterol into progesterone [reduced conversion of
cholesterol to steroids reduces the de novo production of
cholesterol by feedback inhibition (Rodgers et al., 1987a;
Luskey 1988)]1, or 3) the concentration of metabolites which
are used in cholesterol synthesis in luteal cells.

The objectives of the second experiment were to determine
the effect of negative energy balance on the activity of HMG-
CoA reductase and conversion of radiolabelled cholesterol into
progesterone in bovine luteal cells. An additional objective
was to determine the effect of metabolites for de novo
cholesterol synthesis on production of progesterone in luteal

cells from animals in positive and negative energy balance.

Materials and Methods

Materials

Materials were the same as for Experiment I with the
following exceptions and additions. Minimum essential media
with nonessential amino acids and .25 mg/ml glucose (MEM),

Specialty Media, Inc. (Lavallette, NJ) ; R-(-)-3-
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hydroxybutyric acid, sodium salt, Aldrich Chemical Company,
Inc. (Milwaukee, WI); acetonitrile (Chrom AR), ethyl ether,
Mallinkrodt (Paris, KY); sodium acetate, acetoacetic acid
lithium, a-D[+]-glucose, Sigma (St. Louis, MO); (1,2,6,7-
Hlcholesterol, 93.8 Ci/mMol, Dupont (Wilmington, DE);
{1,2,6,7-*H)progesterone, 85 Ci/mMol, Amersham (Arlington
Heights, IL); NIH-LH B4, National Institute of Arthritis,
Metabolism and Digestive Diseases (Bethesda, MD); soda-lime
scintillation vials, Safety-Solve Counting Cocktail, Research
Products International Corporation (Mount Prospect, IL).

Animals

Estrous cycles of 12 Holstein heifers were synchronized
with two injections of PGF spaced 11 days apart. To determine
the day of estrus, heifers were observed for estrous behavior
three times daily. Estrus was defined as the day a heifer
stood to be mounted (day 0). Heifers were assigned randomly to
one of two diets (Table 8) to begin on day 0 of the first
synchronized estrous cycle. The Control diet was designed to
promote body weight gain (LWG) of .6 kg/day (NEM + NEG). The
Restricted diet was designed to provide energy intake below
maintenance requirements (70% NEM). NRC formulas (NRC, 1988)
were used to determine the amount of energy that was required
in diets to achieve these goals (NEM= .086BW'’°kg;
NEG=(.045BW'"°kg) (LWGx1.119) + LWG). Otherwise, diets met NRC
recommendations for protein, vitamins and minerals for
maintenance plus growth (Control diet) or for maintenance

(Restricted diet). To control and monitor dietary intake,
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Table 8. Composition of Diets*

Treatment Group

Item Control Restricted

Ingredients, %

Corn Silage 86.0 None
Protein, Vitamin, Mineral Mix® 14.0 43.0
Alfalfa Hay, ground -< 57.0
Dry Matter Intake 17.8 6.6
(kg/day/325 kg heifer)
Energy Balance +3.4 -2.0

(NEM?, MCal/day/325 kg heifer)

‘Dry matter basis.

®Protein, mineral, vitamin mix composition: soybean meal, 91.4%; calcium
sulfate, .87%; copper sulfate, .02%; dicalcium phosphate, 2.96%; ferrous
sulfate, .09%; limestone, .28%; manganese oxide, .01%; magnesium oxide,
.76%; potassium chloride, .15%; selenium 200 ppm, .95%; trace mineral
salt, 1.88%; 13.9 KIU vitamin A/kg; 1.98 KIU vitamin D/kg; 256 IU vitamin
E/kg.

°In addition to diet fed at 0600h, Control heifers received .8 kg ground
alfalfa hay at 1800 daily.

“Net energy for maintenance.
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heifers were moved to an indoor facility, housed and fed in
individual pens beginning on day 0 or day 1 postestrus of the
first synchronized estrous cycle. Orts were weighed and
discarded daily and new feed was offered at 0900. Body weight
of heifers was determined on two consecutive days each week.
Change in body weight each week was used to adjust the total
amount of feed offered each heifer. To monitor length of
estrous cycles, heifers were moved to a group pen twice daily
for 30 min, and observed for estrous behavior. There was no
access to feed or water during these periods. To monitor
luteal function in vivo, jugular blood was sampled at 0600
daily and samples were allowed to clot. After centrifugation
serum was collected and stored at -20°C for determination of
concentration of progesterone.
Tissue
On day 10, 11 or 12 (10.7 * .2, SEM) of the second

estrous cycle following synchronization, heifers were
tranquilized with =xylazine hydrochloride (1 mg/100 1lb BW,
i.v.). Upon collection per vaginum, CL were rinsed and then
stored in HBSS and transported to the lab as described for
experiment I. After adherent connective tissue was removed,
CL were weighed, quartered and .5 mm slices were obtained
using a Stadie Riggs hand microtome. Slices weighing
approximately 500 mg were placed in 20% glycerol MEM
(vol:vol)and stored at -70°C for determination of total number
of receptors for LH per CL (Spicer et al., 1981). Slices

weighing 200 to 400 mg were placed in cryovials and stored in
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liquid nitrogen for determination of HMG Co-A reductase
activity. The remaining tissue slices were dispersed
enzymatically as described previously (Villa-Godoy et al.,
1990). The final preparation of dispersed luteal.cells was
diluted with MEM (250,000 cells/ml). Aliquots of cells or
cells and media were collected to determine initial
concentration of progesterone, cholesterol, protein (Lowry et
al., 1951) and receptors for LH in luteal cells as described
in Experiment I.

Luteal Function In Vitro

For analyses of luteal function and cholesterol
metabolism, glucose was added to MEM to a final concentration
of 1 mg/ml. Cells were incubated for 2 hours at 37°C in a
shaking water bath with 0 ng (Basal) or 100 ng (Stimulated)
LH. Following incubation, test tubes were centrifuged (10 min
at 800 x g). Media and cells were then placed in separate
polypropylene tubes, frozen and stored at -20°C until assayed
for progesterone or cholesterol.

To determine the effect of negative energy balance on
ability of 1luteal cells to convert cholesterol into
progesterone, cells were incubated with 1.4 uCi *H-cholesterol
in 20 pl ethanol of ethanol alone in MEM. After 2 h, cells
and media were separated and stored as described above. To
determine the amount of radioactivity from *H-cholesterol that
was incorporated into steroids, extracts from cells and media
incubated with ?H-cholesterol were subjected to high

performance 1liquid chromatography (HPLC). Counts of
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radioactivity which co-eluted with progesterone during HPLC
was defined as incorporation of 3H-cholesterol 1label into
progesterone. Specific activity of progesterone which was
produced during incubation was also determined. Specific
activity was defined as the radioactivity which co-eluted with
progesterone during HPLC/production of progesterone during 2
h incubation with 20 Ml ethanol.

To determine the effect of metabolites for cholesterol
synthesis on production of progesterone, cells were incubated
in .25 mg/ml glucose MEM. Metabolites were added separately
to achieve final concentration as listed: acetate (0, .05,
.10 mg/ml); glucose (.25, .50, 1.00 mg/ml); acetoacetate and
3-hydroxybutyrate (1:10, wt:wt; 0, .02, .10 mg/ml). After 2
h, cells with media were frozen and stored at =-20°C until
analyzed for concentration of progesterone.

Radioimmunocassay of Progesterone

Concentration of progesterone was determined in serunm,
media and cells as described previously (Spicer et al., 1981,
as modified for cells in Experiment 1). To determine the
within and between assay coefficients of variation, pooled
samples of <cells, media or serum with 1low and high
concentration of progesterone were included in assays.
Coefficients of variation of samples with a high concentration
of progesterone averaged 4.9% within and 10.5% among assays.
Coefficients of variation of samples with a low concentration

of progesterone averaged 5.2% within and 11.8% among assays.
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LH Binding Assay

Human chorionic gonadotropin (hCG, CR-121; 13,450 IU/mg)
was radioiodinated as described previously (Spicer et al.,
1981). Specific activity of !?*I-hCG was 113 cpm/pg and
maximum specific binding to fresh luteal homogenates was 43%.
Number of binding sites in 1luteal cells were determined by
Scatchard plots constructed from four point saturation curves
using 2.5 x 10° luteal cells as described in Experiment 1I.
Number of binding sites per CL were determined by Scatchard
plots constructed from four point saturation curves using 2.5
mg luteal homogenates as described by Spicer et al. (1981).

Concentration of Cholesterol in Luteal Cells

Concentration of total cholesterol, unesterified
cholesterol, and esterified cholesterol were determined in
pellets of 2.5 x 10° luteal cells as described in Experiment
I. Intraassay coefficients of variation were 6.5 and 6.8% and
interassay coefficients of variation were 2.5 and 8.9% for
total and free cholesterol, respectively.

HMG-CoA Reductase Activity

Cryovials containing luteal slices were transferred from
liquid nitrogen and shipped on dry ice to Dr. Salman Azhar
(Veterans Administration Medical Center, Palo Alto CA). Dr.
Azhar determined the total activity of HMG-CoA reductase in
the microsomal fraction of luteal tissue (Azhar et al., 1984).
Data were expressed as picomole [!C]-mevalonic acid producede

min~lemg™! microsomal protein.
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HPLC of Incubated Luteal Cells

Cells and media incubated with ‘H-cholesterol were
extracted 3 times with 10 ml ether. Following centrifugation
(2 min, 250 x g), the aqueous phase was frozen and the
supernatant was collected, dried wunder nitrogen, and
resuspended in 200 M1 acetonitrile. For separation of
compounds, 150 M1 of the reconstituted sample was injected
onto a 3.9 x 150 mm C-18 column held at 50°C (puBondapak;
Millipore Corporation, Waters Chromatography Division,
Milford, MA). The sample was eluted with a gradient flow as
follows: 0 to 3.6 min, 30% acetonitrile; 3.6 to 15.6 min,
80% acetonitrile; 17 to 35 min, 100% acetonitrile. Flow rate
was 2 ml/min and fractions were collected into scintillation
vials at one minute intervals for 35 min, except for fractions
that co-eluted with progesterone (4:30-5:30; min:sec),
cholesterol (13:45-16:00), and cholesteryl oleate (28:30-
30:30) standards. The resulting 33 fractions were dried,
resuspended in 6 ml counting cocktail (counting efficiency of
cocktail= 54.7%) and counted (Isocap 300, TM Analytic, Elk
Grove Village, IL; counting efficiency of counter = 53.1%).
Radioactive counts that are reported in fractions from samples
were corrected for efficiency of recovery of cpm added to
incubations (93% + 2.33%, SEM). In addition, cpm in fractions
were corrected for impurities in the 3*H-cholesterol
preparation used in incubations (as described in Appendix 2).
Validation of separation of cholesterol and progesterone by

HPLC is described in Appendix 2.
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Statistical Analyses

To describe 1luteal function in wvivo, area under the
profile of progesterone in serum was calculated for all of
estrous cycle 1 and for day 1 to day 10 postestrus of estrous
cycle 1 and 2. Split plot analysis of variance with estrous
cycle as the subplot was used to examine the effect of diet on
the profile of progesterone from day 1 to day 10 of estrous
cycle 1 and 2. One way analysis of variance was used to
examine the effect of diet on body weight, weight of CL,
length of estrous cycle, number and affinity of receptors for
LH, activity of HMG-CoA reductase, and area under the profile
of progesterone in serum. Split plot analysis of variance
with incubation (Initial, Basal, and Stimulated) as the
subplot was used to examine the effect of diet or presence of
LH on concentrations of cholesterol and progesterone in
dispersed luteal cells and/or media. When a significant main
effect or interaction was detected specific contrasts were
examined with Student’s t tests (Gill, 1986). Split-split
plot analysis of variance (Gill, 1988) was used to determine
main effects and interactions of diet, concentration of
metabolite, and concentration of LH on production of
progesterone. Production of progesterone was defined as the
concentration of progesterone in samples following incubation
minus the concentration of progesterone before incubation
(Initial). When a significant main effect of metabolite was
detected, Dunnet’s test was used to examine differences

between the lowest and higher concentrations of a particular
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metabolite. A posteriori contrasts were examined with
Scheffe’s test (Gill, 1986).

It became obvious during analysis of samples, that the
preparation of JH-cholesterol used was not homogeneous.
Specifically, during HPLC, cpm from 3H-cholesterol did not
elute in one peak (See Appendix II, Figure 15 for details).
Thus it became necessary to determine if cpm in fractions of
samples were due to impurities in 3H-cholesterol, or due to
incorporation of 3H-cholesterol into different compounds. To
accomplish this, HPLC data from samples were compared with
data from 3H-cholesterol alone. Counts in each fraction were
expressed as a % of total cpm recovered in all fractions.
Percent of total cpm in fractions collected from samples were
contrasted with percent of total cpm in fractions collected
from 20ul 3H-cholesterol. Differences between samples and 3H-
cholesterol were examined with Dunnet’s test. When there was
a significant difference (P<.05) between cpm from samples and
cpm from 3H-cholesterol, data were analyzed further. First,
cpm due to impurities in 3H-cholesterol were subtracted from
cpm in fractions of cell and media extracts. Data which were
corrected for background were then used to examine effect of
diet on incorporation of *H-cholesterol into compounds eluting
in fractions. These data were analyzed with split plot
analysis of variance with fraction as the subplot.

Some radioactivity co-eluted with compounds which could
not be identified (Appendix II). Level of absorbance can be

used to estimate the concentration of compounds eluting during
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HPLC. It was of interest to determine if diet affected the
concentration of these unidentified compounds. To accomplish
this, the absorbance profiles for samples of cells and media
were corrected for extraction efficiency (cpm recovered/cpm
added) and number of cells in the original sample. Split plot
analysis with elution time as the subplot was then used to
examine if diet affected the profile of absorbance of samples.

Analyses were performed with mainframe SAS (1985b) using
the GLM option for unbalanced data. In some cases Pearson
correlation coefficients were determined between variables of

interest using the CORR option of SAS (1985a).

Results

Animals

One heifer was not observed in estrus after being placed
on the Restricted diet. This heifer lost 37 kg between day 0
and day 21 of the experiment. Based on concentration of
progesterone in serum, this animal demonstrated a normal
luteal phase following the first synchronized estrus.
However, following 1luteal regression, this heifer became
anovulatory. The concentration of progesterone remained
€ 0.2 ng/ml for 18 days, there were no palpable luteal
structures on either ovary, and no detected estrous behavior
in this heifer. Data from this animal were not included in
analyses. Thus, there were six heifers in the Control group
and five in the Restricted group.

Initial body weights did not differ between heifers
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assigned to the two diets and averaged 336 * 2.9 kg (* SEM).
Body weight of Control heifers increased (Ps<.0l1), whereas
Restricted heifers 1lost body weight (P<.01) during the
experiment (+19.33 versus -33.80 + 5.03 kg, SEM). Average
daily change in body weight was +.67 kg in Control heifers,
and -1.068 in Restricted heifers (+.175, SEM).

Diet did not affect the length of estrous cycle 1 (20.3
+ 1.16 days, * SEM) or the profile of progesterone in serum
during estrous cycle 1 (Table 9; P=.15). However, diet and
estrous cycle number interacted to affect the profile of
progesterone in serum during the first 10 days of estrous
.cycle 1 and cycle 2 (P£.05). The profile of progesterone in
serum during estrous cycle 2 tended to be higher in Control
heifers than in Restricted heifers (PS.10). In addition, the
trend in the profile of progesterone in serum between estrous
cycle 1 and estrous cycle 2 increased in Control heifers but
decreased in Restricted heifers (P<.05).

Binding Sites for LH

Affinity of binding sites for LH did not differ between
treatment groups (Table 10). Concentration of binding sites
for LH in luteal cells of Restricted hiefers was higher than
in cells from Control heifers (P<.02). But, total number of
binding sites for LH per CL tended to be higher in Control
heifers than in Restricted heifers (P<.10). This is probably
because luteal weight in Control heifers was greater (P<.01)

than in Restricted heifers (Table 9).
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Table 9. Effect of Diet on Concentration of Progesterone in
Serum and Weight of CL.

Concentration of Progesterone in Serum'

Treatment Estrous Cycle 1 Estrous Estrous CL

Group (Entire Cycle)® Cycle 1 Cycle 2 Weight*
(Day 1 to (Day 1 to (gm)
Day 10)¢ Day 10)

Control 35.5 11.68 13.50 5.91
Restricted 51.0 14.91 9.81 3.06

*Data are expressed as area under the profile of progesterone in serum
(ngeml-leday) .

PWithin the column, SEM = + 7.67.

°For area under the profile of progesterone in serum between day 1 to day
10 in estrous cycle 1 and 2 there was a treatment by time interaction
(P<£.05). During cycle 2, area under the profile of progesterone tended
(PS.10) to be less in Restricted animals than in Controls. In addition
diet affected the trend in area under the profile of progesterone between
cycle 1 and cycle 2 (P<.05). Pooled SEM during cycle 1 and 2 = + 1,586.

¢ Means within the column differ (P<.01), SEM = + ,598.



108

Table 10. Effect of Diet on Affinity Constants (K,) and
Numbers of Unoccupied Binding Sites for !?*I-hCG on Dispersed
Luteal Cells or in Homogenates of Luteal Tissue.

Number of Binding Sites

Treatment Affinity Constant® Dispersed Luteal CL®

Group (x10'°M™1) Cells® (pMol/CL)
(fMol/mg protein)

Control 1.99 22.09 6.77

Restricted 2.42 39.49 4.39

2SEM = +,298.
PMeans within the column differ (P<.02), SEM = + 4.30.

°Number of binding sites per CL were estimated by determining the
concentration of receptors per mg protein in luteal homogenates.
The concentration of receptors per mg protein was then multiplied
by the concentration of protein per mg luteal homogenate and weight
of CL. Within the column SEM = * ,96.
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Steroidogenic Function of Luteal Cells

There was no effect of diet or diet by incubation
(Initial, Basal, Stimulated) interaction on concentration of
progesterone in luteal cells or media. Data from the two
treatment groups were therefore combined (Figure 6). There
was a main effect of incubation (P<.0001) on concentration of
progesterone. During the 2 h incubation with 0 ng LH (Basal),
concentration of progesterone in media and cells increased
36%. Addition of LH (Stimulated) did not further increase the
production of progesterone by incubated cells. It was of
interest to determine if the lack of stimulation by LH on
concentration of progesterone was due to the preparation of
LH, or due to problems with the incubation. To determine if
the preparation of LH was a problem, I tested the ability of
LH from Experiment I and Experiment II to compete for binding
with !?°I-hCG on luteal cells in a radioreceptor assay. The
preparation of LH from Experiment I, depressed binding of #°I-
hCG on luteal cells by 78%. However, the preparation of LH
from Experiment II depressed binding of !?°I-hCG on 1luteal
cells by only 22%. As the preparations of LH were prepared
the same way in both experiments, it appeared the LH used in
Experiment II was less potent than that used in Experiment I.
Since LH did not cause a significant increase in production of
progesterone, data from cultures receiving LH were excluded
from other analyses.

There was no effect of diet or diet by incubation

interaction on concentration of free cholesterol (Figure 7).
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Figure 6. Concentration of progesterone in luteal cells and
media before incubation (Initial) and following a 2 h
incubation with 0 ng LH (Basal) or with 100 ng LH
(Stimulated). There was no significant effect of diet or
diet by incubation interaction, thus data represent
pooled means (+SEM). “Bars with different superscripts
differ (P<.001).
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However, incubation affected the concentration of free
cholesterol (P<.002). In both treatment groups, concentration
of free cholesterol increased during the 2 h incubation
(Ps.05).

Diet and incubation interacted (Ps.001) to affect
concentration of esterified cholesterol in 1luteal cells.
Initial concentration of esterified cholesterol in luteal
cells of Restricted heifers was 3.5 fold greater (P<.02) than
in luteal cells of Control heifers. The concentration of
cholesterol esters increased during incubation of luteal cells
from Control heifers (P<.05) and decreased during incubation
of 1luteal cells of Restricted heifers (P<.0l1). Since diet
affected the concentration of esterified cholesterol in luteal
cells as was predicted, it was of interest to determine if the
concentration of esterified cholesterol was related to other
aspects of 1luteal function in Restricted animals. In
Restricted animals, the initial concentration of esterified
cholesterol esters was correlated negatively with the initial
concentration of progesterone in luteal cells (r=-.88, P<.05),
and with the concentration of progesterone in media and cells
following the 2 h incubation (r=-.94, P<.02).

Diet and incubation interacted (P<.07) to affect the
concentration of total cholesterol in 1luteal cells. The
initial concentration of total cholesterol tended (P<.10) to
be higher in 1luteal cells of Restricted than in Control
animals. However, concentration of free and esterified

cholesterol increased during incubation in luteal cells of
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Control heifers. As a result, the concentration of total
cholesterol increased during incubation in luteal cells of
Control heifers (P<.001). 1In contrast, concentration of free
cholesterol increased and concentration of esterified
cholesterol decreased during incubation so there was no net
change in concentration of total cholesterol in luteal cells
from Restricted heifers during incubation. Thus, there was
net synthesis of cholesterol during the incubation in luteal
cells of Control heifers, but not in 1luteal cells of
Restricted heifers.

HMG-CoA Reductase Activity

Diet did not affect activity of HMG-CoA reductase 1in
luteal tissue. Activity of HMG-CoA reductase (nMol mevalonic
acid producedeminlemg™! microsomal protein) in luteal cells
averaged 2.75 in Control heifers and 3.09 in Restricted
heifers (+ .26, SEM). Activity of HMG-CoA reductase was not
correlated with concentration of progesterone in serum, or
concentration of progesterone in media or cells after
incubation.

Incorporation of Labelled Cholesterol into Progesterone

Fractions 6 to 12 from cells and fractions 21 to 33 for
both cells and media had significantly higher cpm than did
background cpm from *H-cholesterol standard (Figure 8). There
were several fractions which contained cpm that did not co-
elute with standards tested (Figure 8, A and B; Appendix II)
and demonstrated significant absorbance (Figure 8, C and D).

Thus, these fractions contain unidentified compounds. Diet
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Figure 7. Effect of diet on concentration of free
(unesterified), esterified, and total (esterified and
unesterified) and cholesterol in luteal cells. Values
represent means (+ SEM) of Initial concentration of
cholesterol and concentration of cholesterol following a
2 h incubation with 0 ng LH (Basal, 2 h). Control
animals are represented by open bars, Restricted animals
are represented by hatched bars. Between treatment
groups, the 1Initial concentration of @esterified
cholesterol was higher in luteal cells of Restricted
animals (P<.02). “"Within treatment group and type of
cholesterol, bars with different superscripts differ
(Ps.05) .
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Figure 7.
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did not affect radioactivity which coeluted with these
unidentified compounds or the profiles of absorbance at 194
and 242 nm. Thus, the absorbance profiles of an extract of
cells (C) and media (D) of only one heifer (Control, animal 3)
is shown for illustration.

In fractions collected from media, diet did not affect
the amount of radioactivity in fractions. In fractions from
samples of cells, there was a significant interaction between
diet and fraction number. Controls had more (P<.05)
radioactivity in fraction 6 (co—eluting with progesterone
standard) and a tendency (P<.10) for more radioactivity in
fraction 30 (co—-eluting with cholesteryl oleate standard) than
did samples from Restricted heifers (Table 11). Diet did not
affect the specific activity of progesterone produced in
luteal cells during incubation (Table 11).

Addition of Metabolites to .25 mg/ml Glucose MEM

There was no significant effect of diet or interaction
between diet and concentration of acetate or glucose on
production of progesterone by bovine luteal cells.
Concentration of acetate and glucose in media affected
production of progesterone by 1luteal cells. Relative to
cultures receiving .05 mg/ml acetate, .10 mg/ml acetate
increased production of progesterone by luteal cells (P<.05).
Relative to cultures receiving .50 mg/ml glucose, 1.00 mg/ml
glucose tended to increase production of progesterone by
luteal cells (P<..10).

There was an interaction between diet and concentration
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Figure 8. Effect of diet on the HPLC elution profile of
extracted cells or media. Background counts from 3H-
cholesterol were subtracted from radioactivity reported
in fractions from cells (A) or media (B). Time that the
fraction was collected is indicated on the x axis.
Arrows at retention times for progesterone, cholesterol
and cholesteryl oleate are included as markers for these
compounds. Points represent means of Control (—*-) or
Restricted (-a-) animals (+ or — SE). Only points with
cpm significantly (P<.05) above background cpm from 3H-
cholesterol are graphed. Absorption profiles of an
extract of cells (C) or media (D) at 194 and 242 nm of
one heifer (Control, Animal 3) are displayed for
comparison.
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Table 11. Effect of Diet on Incorporation of *H-Cholesterol
into Progesterone and Cholesteryl Oleate

Incorporated Radioactivity
(cpm/10¢ cells)

Treatment Progesterone* Cholesterol Specific Activity of
Group (Fraction 6) Oleate® Progesterone Formed
(Fraction 30) During Incubation®

(cpm/ng)

Control 2307 + 282¢ 1981 + 288 36.1 £ 5.2

Restricted 1546 + 160 1352 + 78 24.5 £ 5.2

*Means within the column differ (P<.05).
PMeans within the column tend to differ (P<.10).
‘Data are expressed as treatment means (* SE).

‘Means within the column do not differ (P<.18)
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Figure 9. Effect of diet and concentration of acetate,
glucose and ketones on production of progesterone
following a 2 h incubation with 0 ng LH. Ketones are a
mixture of acetoacetate and 3-hydroxybutyrate (1:10,
wt:wt) . Data from Control animals are represented by
open bars, data from Restricted animals are represented
by hatched bars. Concentration of progesterone in cells
prior to incubation have been subtracted. Data are
expressed as pooled means (+SED). *P"Within acetate and
ketones, means with no common superscripts vary (Ps<.05).
Within glucose, means with no common superscripts tend to
differ (P<.10).
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Figure 9.
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of ketones (acetoacetate and 3-hydroxybutyrate; 1:10, wt:wt)
on the production of progesterone by bovine luteal cells. 1In
luteal cells of Control heifers addition of .10 mg/ml ketones
increased production of progesterone relative to when no
ketones were present (P<.05; Figure 9). However, in luteal
cells of Restricted animals dose of ketones did not affect

production of progesterone.

Discussion

The Restricted diet reduced body weight and caused
negative energy balance in heifers. Therefore, we could
examine the effect of negative energy balance on 1luteal
development and function, concentration of LH receptors and
metabolism of cholesterol in bovine luteal cells. Consistent
with results in previous studies (Hill et al., 1970; Gombe
and Hansel, 1973; Apgar et al., 1975; Harrison and Randel,
1986; Villa-Godoy et al., 1990), compared with CL of heifers
gaining body weight, loss of body weight profoundly decreased
(50%) weight of CL in heifers. However, the Restricted diet
reduced concentration of progesterone in serum only 27% during
the second estrous cycle. Thus, the magnitude of reduction in
concentration of progesterone in serum was less than the
magnitude of reduction in weight of CL in Restricted heifers.

It is not clear why the magnitude of reduction in weight
of CL was greater than the magnitude in reduction in the
concentration of progesterone in serum in Restricted animals.

It is possible that negative energy balance may have increased
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total blood volume or decreased the clearance rate of
progesterone in blood which could increase concentration of
progesterone in blood. Another possible explanation is that
the concentration of receptors for LH on luteal cells is
increased in Restricted heifers compared with Control heifers
and increased concentration of receptors for LH offset the
negative effect of reduced luteal weight. LH is the primary
luteotropin in cattle (Hansel et al., 1973; Hoffman et al.,
1974); Fairchild and Pate, 1987; Poff et al., 1988).
Concentration of receptors for LH on CL are correlated
positively with concentration of progesterone in cattle
(Spicer et al., 1981; Garverick et al., 1985). In Experiment
I there was no negative effect of short term restriction on
LH-stimulated luteal response in vitro. Response of luteal
tissue to LH-stimulation in vivo is also a function of
concentration of LH in blood. Though not determined in the
current experiment, concentration of LH in blood during the
luteal phase was not reduced by negative energy balance in
cattle in previous studies (Harrison and Randel, 1986;
Imakawa et al., 1986b; Villa-Godoy et al., 1990). Thus,
during short term negative energy balance, increased
concentration of receptors for LH in 1luteal cells may, in
part, offset the negative effect of reduced weight of CL on
concentration of progesterone in serum.

In contrast to short term energy restriction in
Experiment 1 and 2, long term negative energy balance reduced

or blocked LH-stimulated 1luteal function (Imakawa et al.,
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1986b; Villa-Godoy et al., 1990). Thus, the positive effect
of negative energy balance might have on concentration of
receptors for LH would not result in improved luteal function
during long term energy balance.

Initial concentration of esterified cholesterol was
highest in luteal cells from Restricted heifers. Cholesterol
stored esterified to fatty acids in bovine luteal cells may
normally contribute to production of progesterone.
Cholesterol ester hydrolase liberates cholesterol from fatty
acid esters. Luteotropic compounds, including LH and cAMP,
stimulated activity of CEH in CL of cattle and ewes (Biasgaier
et al., 1979; Caffrey et al., 1979). Indeed, concentration
of CEH 1is correlated positively with concentration of
progesterone in ewes during maximal luteal function (Caffrey
et al., 1979). 1In addition, the concentration of esterified
cholesterol in CL is at the nadir during maximal 1luteal
function in cattle (Hafs and Armstrong, 1968). 1In contrast,
concentration of esterified cholesterol is highest in tissues
which have reduced steroidogenesis such as bovine 1luteal
tissue collected during late diestrus (Hafs and Armstrong,
1968) and adrenal tissue from aged rats (Popewell and Azhar,
1987). Thus, while esterified cholesterol can serve as a
source of cholesterol for steroidogenesis, increased
concentration of esterified cholesterol can indicate reduced
steroid production. This would explain why the initial
concentration of cholesterol esters was correlated negatively

with the initial concentration of progesterone in luteal cells
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and with production of progesterone during incubation of
luteal cells from Restricted animals.

Increased concentration of cholesterol esters in luteal
cells of Restricted fed heifers does not appear to be a result
of a loss of CEH activity. If luteal cells of Restricted
animals lacked CEH activity, the concentration of cholesterol
esters in 1luteal cells would not have declined during
incubation of cells. Indeed, it appears that cholesterol
esters were hydrolyzed during incubation and increased
concentration of free cholesterol in 1luteal <cells of
Restricted animals. It is likely that increased concentration
of esterified cholesterol in 1luteal cells of Restricted
heifers is due to decreased ability of luteal cells to convert
unesterified cholesterol into progesterone. When the delivery
of cholesterol to the mitochondrion is reduced or activity of
Cscc is blocked, the concentration of esterified cholesterol
increases in cells (Flint et al., 1973; Schuler et al., 1981;
Azhar et al., 1984; Suckling and Stange, 1985). Indeed,
compared with positive energy balance, negative energy balance
decreased luteal incorporation of 3H-cholesterol in
progesterone. Thus, it appears negative energy balance
compromised the ability to convert <cholesterol into
progesterone.

During incubation the concentration of total cholesterol
increased in luteal cells from Control but not Restricted
animals. However, diet did not affect production of

progesterone during incubation. Thus, 1luteal cells from
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Controls appeared to synthesize more cholesterol de novo than
did cells from Restricted animals. Diet did not affect total
HMG-CoA reductase activity (active and inactive forms) in
luteal tissue. Thus, ability of 1luteal cells from Control
heifers to produce more cholesterol during a 2 h incubation
cannot be explained by change in total activity of HMG-CoA
reductase. It is possible that concentration of active form
of HMG-CoA reductase (unphosphorylated; Ingebritsen and
Gibson, 1980) was higher in luteal cells of Control than in
Restricted heifers. Approximately 20 to 40% of HMG-CoA
reductase present in luteal tissue of rats (Azhar et al.,
1984, 1985, 1988) and rabbits (McLean and Miller, 1988) is the
unphosphorylated (active) form. Food deprivation reduced the
active state of HMG-CoA reductase in liver of rats (Brown et
al., 1979; Zammit and Easom, 1987). Therefore, energy
restriction may decrease concentration of active HMG-CoA
reductase in luteal tissue. However, level of activation is
usually a short term method to alter 1level of HMG-CoA
reductase activity (Beg et al., 1980). Total enzyme present,
rather than its level of phosphorylation, is the primary
mechanism by which activity of HMG-CoA reductase is altered by
long term dietary or hormonal changes in liver (Kleinsek et
al., 1978; Brown et al., 1979, Arebalo et al., 1981;
Angelin et al., 1984; Popjak et al., 1985) or ovarian tissue
(Azhar et al., 1984, 1985, 1988; McLean and Miller, 1988).
Duration of dietary restriction in Experiment II lasted

several weeks, which is a long term change in diet in regards
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to HMG-CoA reductase. Thus, it does not seem probable that
reduced concentration of unphosphorylated HMG-CoA reductase in
luteal tissue is the cause of reduced de novo cholesterol
synthesis in Restricted heifers.

In this study, total activity of HMG-CoA reductase
averaged 2.90 nMol mevalonic acid producedemin lemg™?
microsomal protein in luteal tissue. This value is four fold
higher than total activity reported in bovine luteal tissue
collected from an abattoir (Rodgers et al., 1987a). Methods
used to assay HMG-CoA reductase activity appeared similar
between studies (Azhar et al., 1984, in Experiment II; Rainey
et al., 1986, in Rodgers et al, 1987a). Thus, the exact cause
of the discrepancy between studies cannot be determined.
However, the half-life of membrane bound HMG-CoA reductase is
1 to 2 h (Luskey, 1988) and concentration of HMG—-CoA reductase
in bovine CL varies with age of the CL (Rodgers et al.,
1987a) . Thus, compared with results from Experiment II, total
activity of HMG-CoA reductase reported by Rodgers et al.
(1987a) may be lower because the enzyme was degraded during
transport of tissue to the lab or because of inaccurate
estimation of age of CL.

Interestingly, concentration of total HMG-CoA reductase
activity in bovine luteal tissue reported in Experiment II is
two to ten fold higher than concentration of total enzyme
activity reported for luteal tissue of humans (Carr et al.,
1981) and pregnant (Azhar et al., 1988) or pseudopregnant

(Schuler et al., 1979, 1981) rats. Luteal tissue of rats and
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humans depend on lipoproteins in serum for approximately 80%
of the cholesterol for steroidogenesis (Gwynne and Strauss,
1982 for review). Lipoproteins also increase production of
progesterone by bovine CL in vivo and in vitro (Pate and
Condon, 1982; 0’ Shaughnessy and Wathes, 1985b; Talvera et
al., 1985; Pate et al., 1987; Rodgers et al., 1987a;
Williams, 1989). However, greater activity of HMG-CoA
reductase in bovine than in human and rat luteal tissue may
indicate that steroidogenesis in bovine luteal tissue is more
dependent upon de novo synthesis of cholesterol to than is
luteal tissue of rats or humans. The importance of de novo
synthesis of cholesterol to steroidogenesis in bovine CL needs
more thorough investigation to better understand the basic
control of bovine luteal function.

I hypothesized that reduced concentration of acetate and
glucose in blood might reduce de novo cholesterol synthesis,
and production of progesterone during negative energy balance.
Concentrations of glucose and acetate added to media were
representative of concentrations in blood of cattle during
different levels of energy balance ((Lomax and Baird, 1983;
de Boer et al., 1985; Harrison and Randel, 1986; McCann and
Hansel, 1986). However, there was no consistent relationship
between either concentration of acetate or concentration of
glucose and luteal production of progesterone in vitro to
support this hypothesis. Apparently the endogenous
concentration of acetate and glucose was adequate to supply

the steroidogenic needs of 1luteal tissue in Control and
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Restricted heifers in vitro. Also, negative energy balance
did not reduce luteal function in vitro. Thus, it is not
surprising that increased acetate and glucose did not improve
luteal function in Restricted animals.

The highest dose of ketones increased production of
progesterone in luteal cells from Control animals. Experiment
II was not designed to distinquish whether ketones increased
substrate for cholesterol biosynthesis or increased energy
production from the citric acid cycle (McGarry and Foster,
1980; Bruss, 1989). Utilization of ketones for production of
energy or cholesterol has not been previously demonstrated in
ovarian tissue. However, muscle, heart and kidney of
ruminants use ketones to produce acetyl-CoA for energy (Bell,
1981; Bruss, 1989). Thus, use of ketones for energy
production in luteal tissue is plausible. It is also possible
that ketones may provide substrate for de novo cholesterol
synthesis in ruminant ovarian tissue. For de novo synthesis
of cholesterol, acetyl-CoA generated in the mitochondria from
ketone metabolism must condense with oxalacetate to form
citrate to be transferred out of the mitochondrion. Citrate
is then cleaved by ATP-dependent citrate lyase in the cytosol
to free acetyl-CoA. Activity of citrate 1lyase is low in
mammary gland (Bauman and Davis, 1975), liver and adipose
tissue of cows (Hanson and Ballard, 1967). However,
metabolism of glucose also produces acetyl-CoA in the
mitochondrion, yet carbon from glucose (Armstrong and Black,

1966) is incorporated into cholesterol and progesterone in
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ovarian tissue of cows. Thus, citrate lyase activity has been
indirectly demonstrated in bovine ovarian tissue.

Why did ketones increase production of progesterone in
luteal cells of Control but not Restricted heifers?
Concentration of ketones in blood of cattle increase several
fold during energy restriction (Lomax and Baird, 1983; de
Boer et al., 1985). Ketones are rapidly transported through
cell membranes (Bruss, 1989). Thus, concentration of ketones
in luteal cells of animals in negative energy balance are
probably higher than in cells from the Control group. Thus,
the positive effects of ketones on in vitro luteal function
noted in Control heifers may have already been maximized in
Restricted heifers.

In conclusion, negative energy balance reduced
concentration of progesterone in blood similar to previous
reports. This reduction was in part due to reduced weight of
CL in Restricted animals. In contrast to previous reports
with heifers fed a diet restricted in energy for more than two
estrous cycles (Apgar et al., 1975; 1Imakawa et al., 1983;
Villa-Godoy et al., 1990), we found no evidence that negative
energy balance for 1.5 estrous cycles reduced basal or LH-
induced production of progesterone per luteal cell.

It appears that luteal cells of Restricted animals were
able to mobilize their increased stores of esterified
cholesterol for production of progesterone in vitro. Perhaps
the ability of luteal tissue to mobilize cholesterol esters or

utilize free cholesterol for production of progesterone is
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reduced in animals fed a diet restricted in energy for more
than two estrous cycles. Increased initial concentration of
esterified cholesterol and decreased incorporation of labeled
cholesterol in progesterone in luteal tissue of Restricted
heifers are consistent with this suggestion. The ability of
restricted energy intake to reduce conversion of cholesterol
into progesteone warrants further investigation in heifers

that have been underfed for more than two estrous cycles.



GENERAL DISCUSSION

When energy intake is restricted at or below the
requirement for maintenance, heifers demonstrate estrous
cycles of normal duration for 25 to 30 weeks (Imakawa et al.,
1983) .. After this time, estrous cycles stop abruptly in most
heifers (Imakawa et al., 1983; Imakawa et al., 1986a;
Richards et al., 1989). However, preceeding the abrupt
transition to the anestrous condition, luteal function is
compromised in heifers. For example, the concentration of
progesterone in serum was reduced in heifers as early as the
first cycle following energy restriction (Hill et al., 1970;
Imakawa et al., 1983). The ability of negative energy balance
to reduce luteal function in cattle (Hill et al., 1970; Gombe
and Hansel, 1973; 1Imakawa et al., 1983; Villa-Godoy et al.,
1988, 1990) is consistent with the metabolic fuel hypothesis
of reproductive function: "changes in reproductive status are
signaled by changes in the general availability of metabolic
fuels™ (Schneider and Wade, 1989). The mechanisms by which
availability of metabolic fuels affects reproductive function
appear to include effects on the hypothalamic-pituitary axis
and possibly direct effects on the ovary.

Luteinizing hormone controls development and function of

bovine CL. During negative energy balance, reduced
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concentration of glucose and insulin in serum may reduce
secretion of LH (for review, Butler and Smith, 1989). Indeed,
when the duration and severity of energy restriction has
caused anovulation, the concentration of LH in serum is
reduced (Imakawa et al., 1984; Richards et al., 1989).
However, when underfed heifers are still demonstrating estrous
cycles, the effect of negative energy balance on the
concentration of LH in serum is dependent on the stage of the
estrous cycle. For example, during the luteal phase of the
estrous cycle, negative energy balance does not reduce the
basal concentration of LH in serum or the pulsatile pattern of
secretion of LH (Harrison and Randel, 1986; Imakawa et al.,
1986b; Richards et al., 1989; Villa-Godoy et al., 1990).
Thus, reduced concentration of progesterone in serum induced
by negative energy balance, is not due to reduced
concentration of LH in serum during the luteal phase. In
contrast, during the follicular phase of the estrous cycle,
negative energy balance reduces the mean concentration of LH
in serum and reduces the amplitude of LH pulses (Imakawa et
al., 1986b).

Reduced concentration of LH during the periovulatory
period may limit early luteal development (Snook et al., 1969;
Farin et al., 1985). Insulin and insulin like growth factor
I also stimulate differntiation, mitosis and function of
bovine luteal cells (Allen et al., 1981; Mauro et al., 1988;
May and Schomberg, 1981; Savion et al, 1981b; O0’Shaughnessy

and Wathes, 1985a; Poff et al. 1988). Thus, reduced
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concentration of insulin and insulin like growth factor I in
serum during negative energy balance may also limit luteal
development. Restricted 1luteal development early in the
estrous cycle can reduce weight of mature CL. In fact,
restricted energy intake consistently reduces weight of bovine
CL (Hill et al., 1970; Gombe and Hansel; 1973; Apgar et al.,
1975; Spitzer et al., 1978; Harrison and Randel, 1986;
Villa-Godoy et al., 1990; Experiment I, II).

Weight of CL is correlated positively with concentration
of progesterone in serum in cattle (Spicer et al., 1981;
Garverick et al., 1985; Experiment I). Thus, reduced weight
of CL may be a mechanism by which negative energy balance
reduces the concentration of progesterone in serum. However,
I found that negative energy balance increased concentration
of receptors for LH on luteal cells. In addition, the
concentration of progesterone in serum was not dramatically
reduced in Restricted heifers. Thus, when the period of
energy restriction was 1.5 estrous cycles, it appears that
increased concentration of receptors for LH offsets the effect
of reduced weight of CL in Restricted heifers.

Negative energy balance can reduce basal (Villa-Godoy et
al., 1990) and LH-stimulated production of progesterone by
luteal cells of heifers (Apgar et al., 1975; Imakawa et al.,
1983; Villa-Godoy et al., 1990). However, I found restrcited
energy intake did not reduce basal or LH-stimulated production
of progesterone in either Experiment I or II. Severity of

negative energy balance achieved in Experiment II did not
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differ from degree of negative energy balance achieved by
Villa-Godoy et al. (1990). Therefore, I suggest duration of
energy restriction is important to elicit adverse effects of
negative energy balance on basal and LH-stimulated production
of progesterone.

Perhaps in the transition to anovultation, heifers with
inadequate energy intake experience reduced luteal function
due to a cascade of events. The first event in this cascade
is reduced weight of CL. The next step in the cascade could
be reduced ability of luteal cells to convert cholesterol to
progesterone. When conversion of cholesterol to progesterone
is blocked, the concentration of esterified cholesterol
increases in cells. Negative energy balance was associated
with increased concentration of esterified cholesterol in
luteal tissue. Importantly, concentration of esterified
cholesterol was correlated negatively with concentration of
progesterone in serum (Experiment I), and Initial and Basal
concentration of progesterone in luteal cells (Experiment II).
Thus, decreased incorporation of cholesterol into progesterone
may be an important step in the reduction of luteal cell
function during negative energy balance.

What reduced conversion of free cholesterol to
progesterone in CL of Restricted animals? One possibility is
that the concentration of the components of the C,. enzyme
system in mitochondria are reduced in 1luteal cells of
Restricted heifers. Large 1luteal cells have a higher

concentration of mitochondria than do small 1luteal cells
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(Priedkalns and Weber, 1968a; Kenny et al., 1989). 1In fact,
concentration of C,.. is higher in large luteal cells than in
small 1luteal cells (Rodgers et al., 1986a; Gibori et al,
1988) . Decreased number of large luteal cells in CL could
decrease concentration of C,.. in CL. Indeed the ratio of
large to small luteal cells was less in CL of heifers in
negative energy balance compared with CL of heifers in
positive energy balance (Villa-Godoy et al. (1990).

In addition to change in proportion of large 1luteal
cells, problems with development of luteal cells in Restricted
animals could affect the concentration of mitochondria in
luteal cells. The concentration of mitochondria increased in
large ovine 1luteal cells between day 4 to day 16 of the
estrous cycle (Kenny et al., 1989). Since negative energy
balance reduced the mature weight of CL, negative energy
balance might have also interfered with mitochondrial
development in large 1luteal cells. Thus, negative energy
balance may reduce the concentration of C,.. in CL.

Since restricted energy intake did not reduce luteal
function in vitro in either Experiment I or II, the mechanism
by which long term negative energy balance reduces basal and
LH-stimulated luteal’function was not determined. However,
the effect of restricted energy intake on receptors for LH and
cholesterol metabolism are intriguing. I believe these
results provide insight into the fine control of 1luteal
function, and how CL adapt to meet metabolic challenges.

Future research questions may include: How does negative
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energy balance reduce weight of CL? What is the effect of
long term negative energy balance on conversion of cholesterol
into progesterone by luteal cells? What is the long term
effect of negative energy balance on the concentration of
mitochondria and activity of the C,.. enzyme system in luteal

cells?



SUMMARY AND CONCLUSIONS

Weight of CL was reduced in heifers that were
maintaining body weight and in heifers that were losing body
weight. Thus, energy restriction impaired development of
luteal tissue. However, the concentration of progesterone in
serum was only slightly reduced in heifers losing body weight.
It appeared that increased concentration of receptors for LH
on luteal cells in part offset the negative effect of reduced
luteal weight on concentration of progesterone in serum in
Restricted heifers.

My original objective was to determine the mechanism by
which negative energy balance reduced basal and LH-stimulated
production of progesterone from luteal cells in vitro. The
premise for this objective was that negative energy balance
reduced basal and LH-stimulated production of progesterone
(Villa-Godoy et al., 1990). I was interested in detecting the
initial effects of negative energy balance on luteal function.
Restricted energy intake can reduce the concentration of
progesterone by the second estrous cycle. Thus, I chose to
lutectomize heifers in the second estrous cycle following
energy restriction. However, energy balance did not affect
basal or LH-stimulated production of progesterone in

Experiment I or II. It appears that the difference between
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results of Experiment I and II and Villa-Godoy et al. (1990)
is due to the shorter duration of energy restriction before
lutectomy in Experiment I and II.

The duration of Experiment I and II precluded detection
of an effect of dietary energy restriction on luteal
production of progesterone. However, in addition to reduced
weight of CL the initial effects of dietary energy restriction
on luteal function were present. Specifically, dietary energy
restriction affected cholesterol metabolism in luteal cells in
Experiment I and 1II. The concentration of esterified
cholesterol in luteal cells from Restricted animals was higher
than in luteal cells of Control animals. In Experiment I,
mobilization of these cholesterol esters was associated with
production of progesterone in luteal cells of Restricted
animals. I suggest increased duration or severity of negative
energy balance would reduce the ability of luteal tissue from
Restricted animals to utilize esterified cholesterol esters
for steroidogenesis. Data consistent with this suggestion
were the observations that initial concentration of
cholesterol esters in luteal tissue of Restricted heifers was
correlated negatively with concentration of progesterone in
serum in Experiment I, and Initial and Basal concentration of
progesterone in luteal cells in Experiment II.

Increased concentration of esterified cholesterol in
luteal cells of Restricted heifers could be caused by reduced
ability of 1luteal <cells to convert cholesterol into

progesterone. Indeed, incorporation of cholesterol into
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progesterone by luteal cells was reduced in Restricted fed
animals in Experiment II.

De novo synthesis of cholesterol in 1luteal cells of
Control animals was higher than in luteal cells of Restricted
animals. The reason for this is not clear. Diet did not
affect the concentration of HMG-CoA reductase activity in
luteal tissue of heifers. Thus, HMG-CoA reductase can not be
used to explain the difference in de novo synthesis of
cholesterol between Control and Restricted heifers.

My initial hypothesis was that negative energy balance
would the concentration of cholesterol in tissue and thereby
limit ability of luteal cells to produce progesterone. My
data do not support for this hypothesis since initial
concentration of cholesterol in luteal tissue did not differ
between diets. Thus, I rejected this hypothesis. Instead,
based on cholesterol metabolism in luteal cells, I hypothesize
that long term negative energy balance affects luteal function
by reducing the activity of the C,.. enzyme system in luteal
cells.

Large luteal cells have a higher concentration of C,.
than do small luteal cells (Rodgers et al., 1986a). Long term
negative energy balance reduced CL weight and number of large
luteal cells present (Villa-Godoy et al., 1990). Thus,
negative energy balance may have reduced luteal content and
concentration of C,_.. In addition, the concentration of
mitochondria in large luteal cells increases almost two fold

as the CL matures (Kenny et al., 1989). Factors which affect



140
development of large luteal cells, and also size of CL may
also affect development of mitochondria in large luteal cells.
Thus, negative energy balance may reduce the concentration of
Cscc in luteal cells by reducing the number and development of
large luteal cells.

In conclusion, the most dramatic effect of restricted
energy intake was reduced weight of CL. In addition,
restricted energy intake changed some aspects of cholesterol
metabolism. During long term energy restriction the changes
in cholesterol metabolism may be exacerbated and subsequently

limit production of progesterone by luteal tissue.



APPENDICES



APPENDIX 1: VALIDATION OF LH BINDING ASSAY

Assays to determine number and equilibrium association
constants (K,) of binding sites for hCG have been validated in
our laboratory for homogenized luteal tissue (Spicer et al.,
1981) but not with dispersed luteal cells . Specificity of
binding sites in 1luteal cells to !?°I-hCG was tested by
competition with unlabeled hCG. To determine if number of
cells incubated affected binding of !*®I-hCG, .2 x 10® to 6 x
10¢ cells were incubated with '?2°I-hCG (20,000 cpm). Scatchard
analyses (Smith and Sestili, 1980) with 5 mg 1luteal
homogenates, .25 x 10® and 1 x 10° luteal cells were used to
examine effects of type of tissue and number of luteal cells
on estimates of K, and numbers of unoccupied binding sites.

To validate radioreceptor assays for dispersed luteal
cells, a pool of dissociated cells was prepared from CL of
nonpregnant heifers. In addition, a pool of homogenized
luteal tissue was prepared as described previously (Spicer et
al., 1981) from CL collected from nonpregnant cattle at
slaughter. All cells and homogenates used to validate the
radioreceptor assay were stored frozen in 20% glycerol-PBS at
=70°C until day of use.

Specificity of binding sites on luteal cells to hCG was

demonstrated because addition of unlabelled hCG inhibited
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binding of !'?°I-hCG (5 x 10* cpm,,) to luteal cells (Figure 10).
In addition, specific binding of !?°I-hCG was saturable (Figure
11). The percent of specific binding of !?®I-hCG increased
linearly (Gill, 1978a) as number of incubated cells increased
from .2 x 10° to 1 x 10° cells (Figure 12). Similarly,
incubation of .25 x 10° or 1 x 10° cells did not affect
estimation of concentration of numbers of binding sites for LH
determined from four point saturation curves (33.2 versus 32.2
fMol/mg protein, respectively).

Luteal cells (0.5 x 10°, or luteal homogenates (5 mg)
were incubated with increasing concentrations of !?°I-hCG (.2
x 10%pm.,. to 25 x 10%pm.,.) in the presence (background
binding) or absence (total binding) of 40 pug LH and Scatchard
analyses were performed (Figure 13). Type of tissue
preparation did not affect estimation of K, (2.3 versus 2.6 x
10! cells and homogenates, respectively). Estimated
concentration of binding sites were not different between the
two tissue preparations (31.3 versus 32.1 fMol/pg protein,
homogenates and luteal cells respectively). In addition,
concentration of binding sites and affinity of binding sites
determined with luteal cells are similar to values determined
with homogenized bovine CL collected during mid-diestrus (Rao

et al., 1979).
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Figure 10. Displacement of !*°I-hCG (5 x 10‘cpm..) by
increasing dose of hCG. Specific binding is listed as a
percent of maximum. Determinations were done in

triplicate with .25 x 10° cells/tube at each point.
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Figure 11. Specific binding of !?*I-hCG to 1 x 10° luteal
cells. Specific binding (SB, *) = total binding (TB, ®)
minus nonspecific binding (NSB, +).
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Figure 12. Effect of the number of luteal cells on percent
specific binding of !**I-hCG. Amount of !*I-hCG (25,000
cpm) per tube was constant.
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Figure 13. Estimation by Scatchard analysis of the number of
unoccupied binding sites for LH in luteal homogenates (5
mg; A), and dispersed luteal cells (.5 x 10° cells; B).
R, represents the X axis intercept. K, represnts the
inverse of the slope.
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Figure 13.
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APPENDIX 2: VALIDATION OF SEPARATION OF STEROIDS BY HPLC

Standard solutions of 17-a hydroxyprogesterone,
progesterone, 5 a-dihydroxyprogesteroneprogestins, cholesterol
and cholesteryl oleate were prepared separately and in
combination in acetonitrile. Standard solutions were used to
determine retention times of the compounds and degree of
separation of compounds. Solutions of standards with
increasing concentrations were used to determine the
sensitivity of the method and to allow quantification. Linear
regression lines for the concentration of standard and
absorbance of standards were constructed for each standard
using Maxima® software (Waters, Division of -Millipore,
Milford, MA). Results are presented in Table 12.
Absorbance of each standard was recorded at wavelengths
determined to give maximum absorbance (Waters Programmable 994
photodiode array detector) of purified <cholesterol,
cholesteryl oleate (242 nanometers, nm) or progesterone (194
nm) by spectral analysis. Regression lines constructed for
these compounds were linear (r’= ,999). Sensitivity to detect
compounds of interest were: 25 ng progesterone (A); 50 ng
cholesterol (B); 25 ng cholesterol oleate (C). Retention
times determined with each standard injected individually

were: 17-a hydroxyprogesterone, 4.21 min; progesterone, 4.96
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min; S5a-dihydroxyprogesterone, 5.28 min; cholesterol, 14.69
min; cholesterol oleate, 29.43 min. Absorbance profiles at
194 nm (A) and 242 (B) and retention times of a mix containing
500 ng each of 17-0 hydroxyprogesterone, progesterone, 5 O-
dihydroxyprogesterone, cholesterol and cholesteryl oleate are
shown in Figure 14.

Counts per minute in fractions after injection of 3*H-
progesterone or *H-cholesterol and retention times of standard
preparations were compared. While over 95% of *H-progesterone
coeluted with progesterone standard, only 88% of JH-
cholesterol coeluted with cholesterol standard (mean of four
determinations; Figure 15). Counts per minute which did not
coelute with cholesterol standard were assumed to be
impurities present in the original preparation of ?3H-
cholesterol. Counts per minute calculated to be a result of
impurities in 3H-cholesterol were subtracted from cpm in
fractions from samples to remove background prior to
statistical analyses of data as described in Materials and

Methods and Statistical Analyses for Experiment II.
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Figure 14. Absorbance profiles at 194 (A) and 242 (B) nm and
retention times of a variety of steroids. The absorbance
profile of a mixture containing 500 ng each of 17-a
hydroxyprogesterone, progesterone, S5a-
dihydroxyprogesterone, cholesterol and cholesteryl oleate
in 20 ul acetonitrile is shown in A and B. Absorbance
following an injection of 20 Ml acetonitrile is included
as a blank.
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Figure 15. Counts per minute in fractions eluting following
injection of 1.4 uCi [1,2,6,7-H]cholesterol. Bars
represent the mean of 4 determinations.
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