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ABSTRACT
THE EFFECT OF INSULIN AND INSULIN-LIKE GROWTH FACTOR I
ON BOVINE CORPORA LUTEA
By
Alan Dale Ealy

To determine the effect of 1low insulin on serum
progesterone in heifers maintaining energy balance, sixteen
Holstein heifers were assigned to isocaloric diets of 100% hay
or 90% corn silage:10% soybean meal (CS). Jugular blood was
sampled to quantify insulin and progesterone in serum. Area
of insulin profiles was less in heifers fed hay than in
heifers fed CS. Diet did not affect concentrations of
progesterone. Thus, 1low postprandial concentrations of
insulin do not affect serum concentrations of progesterone.

To determine effects of IGF-I on basal and
LH-induced secretion of progesterone and number of luteal
cells, corpora lutea were collected from ten Holstein heifers
at d5 or dl1l0 postestrus. Corpora lutea were incubated for
24h with IH (0, .1 or 1 ng) and IGF-I (0 or 500 ng). At d5
and d10 postestrus, media concentrations of progesterone and
DNA content of cultures increased with 1 ng LH compared with
basal and .1 ng LH. However, 500 ng IGF-I did not affect
progesterone secretion or DNA content from luteal cells at d5
or dl0 postestrus. Hence, secretion of progesterone and

luteal cell numbers were not affected by IGF-I.
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INTRODUCTION

Fertility is the ability of females to produce offspring
(Hensyl, 1987). Fertility is determined in dairy cows by
detection of estrus, conception and survival of embryos.
Interestingly, the previous determinants of fertility in dairy
cows are correlated positively with decreased serum
concentrations of progesterone (Rosenberg et al., 1977; Erb
et al., 1976; Folman et al., 1973; Hill et al., 1970).
Therefore, it is important to investigate luteal development
and function.

Serum concentrations of progesterone are decreased in
negative energy balance (NEB) heifers compared with positive
energy balance (PEB) heifers (Villa-Godoy et al., 1990;
Harrison and Randel, 1986). Negative energy balance occurs
when calories needed to support body functions exceed calories
ingested. During NEB, body fat is mobilized, causing
decreased body weight (Villa-Godoy et al., 1989). During PEB,
calories ingested exceed calories needed to support body
functions. Thus, nutrients are stored and body weight
increases (Villa-Godoy et al., 1989).

During NEB in heifers, serum concentrations of

progesterone and lutyeal weight are decreased (Villa-Godoy et
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al., 1990; Harrison and Randel, 1986). Eighty-one to 92% of
dairy cows experience NEB during early lactation (Villa-Godoy
et al., 1989; Reid et al., 1966). Because of the high
preveance of NEB and its negative effects on 1luteal
development and function, defining mechanisms of NEB induced
retarted luteal function are merited.

During NEB in heifers, decreased serum concentrations of
progesterone and decreased luteal weight are associated with
decreased postprandial concentrations of insulin (Villa-Godoy
et al., 1990; Harrison and Randel, 1986). Exogenous insulin
increased luteal content of progesterone and luteal weight in
NEB but not PEB heifers (Harrison and Randel, 1986).
Therefore, reduced luteal development and function may be due
to low postprandial secretion of insulin, but these data were
confounded by NEB.

Serum concentrations of IGF-I are less during early
lactation than during late lactation (Ronge and Blum, 1988).
Since a majority of dairy cattle experience NEB during early
lactation, decreased serum concentrations of IGF-I are
coincident with decreased luteal development and function.
Insulin-like growth factor I increases basal secretion of
progesterone from cultured bovine luteal cells (McArdle and
Holtorf, 1989). But, IGF-I did not affect basal or LH-induced
secretion of progesterone from bovine luteal cells in other

studies (Leavitt and Condon, 1989; Schams et al., 1988).
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These disceptancies may be due to differences in dose of IGF-
I.

Knowledge of development and function of corpora lutea
and effects of insulin and IGF-I on bovine corpora lutea are
presented in this review of literature. Current knowledge
does not answer several questions. Does low postprandial
concentrations of insulin decrease serum concentrations of
progesterone in heifers maintaining energy balance? Also,
does IGF-I increase basal and LH-induced secretion of
progesterone and number of cells from cultured bovine luteal

cells? These questions will be addressed in this thesis.



REVIEW OF LITERATURE

DEVELOPMENT AND FUNCTION OF CORPORA LUTEA

FUNCTION OF CORPORA LUTEA

Length of the bovine estrous cycle averages 21d. One
corpus luteum develops from cells of each ovulated follicle
and is maintained for an average of 17d (Kaltenbach and Dunn,
1980). Progesterone is secreted from corpora 1lutea.
Immunoneutralization of progesterone caused precocious estrus
and ovulation in heifers (Roche, 1976). Therefore, secretion
of progesterone from corpora lutea maintains length of estrous
cycle in cattle.

In cattle, if pregnancy is not recognized by the uterus
from d16 to d18 postestrus, uterine secretion of prostaglandin
F,, (PGF,,) increases (Kaltenbach and Dunn, 1980). In
combination with estradiol, PGF,, decreases secretion of
progesterone from corpora lutea, causing luteal regression
(Kaltenbach and Dunn, 1980). If pregnancy is recognized by
the uterus during this time, uterine secretion of PGF,, is not
increased and corpora 1lutea are maintained throughout
pregnancy (Jainuden and Hafez, 1980). Thus, secretion of
progesterone from corpora lutea also maintains pregnancy in
cattle.

A putative mechanism for maintenance of estrous cycle

length and pregnancy by the secretion of progesterone is by
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inhibition of ovulation. A peri-ovulatory increase in serum
concentrations of LH is essential for ovulation in cattle
(Kaltenbach and Dunn, 1980). In ovariectomized heifers,
administration of progesterone decreases frequency of LH
pulses (Price and Webb, 1988). Consequently, spontaneous
ovulation is inhibited by 1luteal secretion of progesterone

(Price and Webb, 1988).

DEVELOPMENT AND MAINTENANCE OF CORPORA LUTEA

The preovulatory surge of LH causes ovulation and
initiates differentiation of granulosal and thecal cells into
luteal cells (Donaldson and Hansel, 1965). During ovulation,
cytologic changes and vascularization of follicular tissue are
characteristic of luteinization (Donaldson and Hansel, 1965).

After ovulation, luteal weight in cattle (Ireland et al.,

1973) and sheep (Farin et al., 1986; Schwall et al., 1986;
Parry et al., 1980) and steroidogenic cell numbers in sheep
(Farin et al., 1986; Schwall et al., 1986; Parry et al., 1980)
increase until d8 to di12 postestrus.

Luteinizing hormone maintains secretion of progesterone
from corpora 1lutea. Hypophysectomy in ewes (Kaltenbach et
al., 1968) or immunoneutralization of LH in heifers (Hoffman
et al., 1974) causes 1luteal regression. Exogenous LH
maintains serum concentrations of progesterone in
hypophysectomized ewes (Kaltenbach et al., 1968) .

Additionally, LH maintains epithelial morphology
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(Gospodarowicz and Gospodarowicz, 1974) and increases
secretion of progesterone (Rodgers et al., 1988) from cultured
bovine luteal cells.

Luteinizing hormone may mediate decreased secretion of
progesterone during NEB since concentrations of LH in serum
are decreased in NEB cows (Rutter and Manns, 1987). However,
in other studies, serum concentrations of LH did not differ
between NEB and PEB heifers (Villa-Godoy et al., 1990; Knutson
and Allrich, 1988). Thus, factors other than LH also mediate

decreased luteal function during NEB.

BOVINE LUTEAL CELLS IN VITRO

In vitro, bovine 1luteal cells collected at 2d5
postestrus respond to LH (Rodgers et al., 1988). In addition,
LH maintained epithelial morphology of cultured bovine luteal
cells (Gospodarowicz and Gospodarowicz, 1974). At d8 to dl2
postestrus, basal and LH-induced secretion of progesterone
from bovine luteal cells decrease with increased duration of
culture (Pate and Condon, 1982). Also, luteal cells collected
at d8 to dl12 postestrus are responsive to LH from 0 to 48h and
from 5 to 7d in culture but not between 3 to 4d in culture
(Pate and Condon, 1982). Conversely, basal secretion of
progesterone from bovine luteal cells collected at d2 to d4
postestrus is maintained for up to 54 in culture (McArdle and
Holtorf, 1989). McArdle and Holtorf (1989) purified 1luteal

cells to remove red blood cells and cellular debris. It is
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not known whether sustained secretion of progesterone from
cultured bovine luteal cells is dependent on corpora lutea age
or purity of cell preparation. Investigation of basal and
LH-induced secretion of progesterone from non-purified bovine
luteal cells is limited to luteal cells collected at 2> ds

postestrus and cultured for 0 to 48h or 5 to 7d4d.

SUMMARY

Secretion of progesterone from corpora lutea maintains
length of the estrous cycle and pregnancy in cattle
(Kaltenbach and Dunn, 1980; Jainuden and Hafez, 1980).
Decreased concentrations of progesterone and luteal weight
during NEB are not due only to decreased concentrations of LH
(Villa-Godoy et al., 1990; Knutson and Allrich, 1988).
Additional mediators of decreased 1luteal development and
function during NEB are not defined.

In vitro, bovine luteal cells are responsive to LH from
0 to 48h and 5 to 7d in culture (Pate and Condon, 1982).
Also, bovine luteal cells from corpora lutea 2 d5 postestrus
respond to LH in culture (Rodger et al., 1988). Thus several

constraints preside when investigating luteal development and

function jin vitro.



INSULIN

STRUCTURE AND GENERAL FUNCTION

In the early 20th century, the Islets of Langerhans were
determined to secrete a product that prevented diabetes (Orci
et al., 1988). 1In 1921, the protein was isolated and named
insulin, from the latin "insulae" (islands) (Orci et al.,
1988).

Insulin consists of two polypeptide chains connected by
disulfide bonds and labelled as A and B chains (Orci et al.,
1988). 1Insulin is a glucoregulatory hormone which increases
glucose, amino acid and lipid uptake into adipose, muscle and
hepatic tissues (Froesch et al., 1986). Insulin also has
stimulatory effects on ovarian tissue (Adashi et al., 1988a;

Maruo et al., 1988).

CONTROL OF INSULIN SECRETION

Glucose stimulates secretion of insulin from beta cells
of the Islets of Langerhans in nonruminants (Orci et al.,
1988) and ruminants (Manns and Boda, 1967). But, most glucose
is metabolized during ruminal digestion so butyrate,
propionate and acetate are main ruminal products used for
calories. In sheep, acetate does not affect secretion of
insulin (Manns and Boda, 1967). But, propionate and butyrate

increases beta cell secretion of insulin (Brockman and
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Laarveld, 1986) and increases serum concentrations of insulin
(Trenkle, 1971; Manns and Boda, 1967).

Serum concentrations of insulin can be altered by
qualatative nature of diet. Diet affects the molar proportion
of volatile fatty acids from rumen digestion. For example,
grain diets increase rumen production of propionate and
butyrate, but hay diets decrease propionate and butyrate
production from the rumen (Trenkle, 1971). Production of
acetate is not affected by diet (Trenkle, 1971). In cattle
(McAtee and Trenkle, 1971) and sheep (Trenkle, 1971)
postprandial concentrations of insulin increase with feeding
grain and hay but does not increase with feeding only hay.
Consequently, diets with high starch increase postprandial
concentrations of insulin. Whereas, diets with high fiber and
low starch do not increase postprandial insulin.

In NEB heifers, postprandial concentrations of insulin
are decreased compared with PEB heifers (Villa-Godoy et al.,
1990; Harrison and Randel, 1986). Likewise, serum
concentrations of insulin are lower during early lactation
than during late lactation (Smith et al., 1976; Koprowski and
Tucker, 1973). Consequently, insulin secretion is altered by

NEB.



ACTION OF INSULIN
Effects of Insulin

Insulin increases uptake of glucose, lipids and/or amino
acids in every tissue investigated to date. However, actions
of insulin have been studied mostly in adipose, skeletal
muscle and hepatic tissues.

Insulin increases number of intracellular and membrane
bound transporters for glucose in adipose and muscle tissue
(Simpson and Cushman, 1986). In adipocytes, synthesis of
fatty acids from glucose (Jungas, 1975; Simpson and Cushman,
1986) and acetate (Brockman and Laarveld, 1986) are increased
by insulin. In skeletal muscle, insulin increases uptake of
amino acids and reduces protein breakdown (Fukagawa et al.,
1985). Insulin also increased glycogen synthesis in
hepatocytes (Brockman and Laarveld, 1986). Consequently,
insulin facilitates transfer and storage of nutrients and
precursors from blood into tissues in adipose, muscle and
hepatic tissues.

Mechanism of insulin action

Insulin acts by binding to receptors on target cells
(Carpentier, 1989; Czech, 1985). Receptors for insulin are
protein complexes with two extracellular (a) and two
transmembrane () subunits. Membrane receptors are arranged
in a B-a-a-f configuration by disulfide bonds (Carpentier,
1989; Czech, 1985). Insulin binds to alpha subunits of

receptors, causing phosphorylation of tyrosine and methionine

10
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residues on beta subunits (Czech et al., 1988; Czech, 1985).
After binding, insulin and receptor are internalized, insulin
is degraded and receptors are either recycled or degraded
(Carpentier, 1989).

Tyrosine kinase action and hormone-receptor
internalization provide post-receptor mechanisms for actions
of insulin (Carpentier, 1989; Caro et al., 1988). During
insulin binding, various enzymes, including glycogen synthase
(Sheorain et al., 1982), pyruvate dehydrogenase (Hughes et
al., 1980) and acetyl CoA carboxylase (Witters, 1981) are
phosphorylated-dephosphorylated to active forms. Tyrosine
kinase action may be one of the kinase promotors involved with
enzyme activation (Carpentier, 1989; Czech et al., 1988;
Czech, 1985), but only coincidental evidence supports this
hypothesis. 1Internalization of insulin-receptor complex is
not essential for acute intracellular responses (Carpentier,
1989). However, with large doses of insulin, receptor
internalization increases and causes decreased number of
membrane insulin receptors (Carpentier, 1989).
Internalization of receptors may reduce sensitivity of tissues
to insulin, but it is not certain whether internalization of
receptors occurs in vivo in response to endogenous
concentrations of insulin.

Several intracellular compounds are associated with
actions of insulin (e.g. decreased cAMP, calcium influx),

suggesting involvement of second messengers (Saltiel and
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Cuatrecass, 1988; Cheng and Larner, 1985). But, there is no
evidence that these compounds are endogenous post-receptor

mediators for actions of insulin.

EFFECTS OF INSULIN ON OVARIAN CELLS

Diabetes in humans is associated with decreased
fertility. For example, exogenous insulin, given to
diabetics, increases fertility (Poretsky and Kalin, 1987).
In addition, hyperinsulinemia is associated with polycystic
ovarian disease in humans (Poretsky and Kalin, 1987). Thus
both, 1low and high concentrations of insulin decrease
fertility.
Granulosal-thecal cells

Receptors for insulin are in human ovarian tissue
(Poretsky et al., 1988) and porcine granulosal cells (Rein and
Schomberg, 1982). Insulin increases basal and LH- or
follicle-stimulating hormone- (FSH) induced secretion of
progesterone from cultured porcine granulosal cells (Veldhuis
and Kolp, 1985; May and Schomberg, 1981; Channing et al.,
1976). Insulin also increases LH-induced secretion of
androgens from rat thecal cells (Cara and Rosenfield, 1988;
Magoffin and Erickson, 1988). Insulin, therefore, increases
steroidogenesis in granulosal and thecal cells.

Positive steroidogenic effects of insulin on granulosal
cells are caused by multiple actions of insulin. Insulin

increases numbers of receptors for LH from porcine granulosal
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cells (Maruo et al., 1988) and rat leydig cells (Charreau et
al., 1978). Insulin also increases number of cultured bovine
and ovine granulosal cells (Peluso and Hirshel, 1987) and
sustained morphology of porcine granulosal cells (May and
Schomberg, 1981; Channing et al., 1976). Therefore, insulin
is both steroidogenic and mitotic in cultured granulosal
cells.
Luteal cells

Receptors for insulin are in rat luteal cells (Ladenheim
et al., 1984). Insulin increases basal (0'Shaughnessy and
Wathes, 1985) and LH-induced (Leavitt and Condon, 1989; Poff
et al., 1988; O'Shaughnessy and Wathes, 1985) secretion of
progesterone from cultured bovine luteal cells. Mechanisms
for luteotropic actions of insulin have not been determined.

In vivo, decreased postprandial secretion of insulin is
coincident with decreased serum concentrations of progesterone
in NEB heifers compared with PEB heifers (Villa-Godoy et al.,
1990; Harrison and Randel, 1986). In addition, exogenous
insulin increases 1luteal weight and 1luteal content of
progesterone in NEB, but not PEB, heifers (Harrison and
Randel, 1986). Therefore, postprandial concentrations of
insulin may stimulate serum concentrations of progesterone jin
vivo. However, it is not certain why postprandial insulin
affects luteal development and function during NEB, but not
PEB. Perhaps exogenous insulin is therapeutic only during

NEB.



SUMMARY

Insulin is a glucoregulatory hormone and increases uptake
of nutrients and precursors into adipose, muscle and liver.
Serum concentrations of insulin are controlled positively by
propionate and butyrate absorbed from the rumen (Trenkle,
1971; Manns and Boda, 1967). Serum concentrations of insulin
are low during NEB (Villa-Godoy et al., 1990; Harrison and
Randel, 1986) and early lactation’ (Koprowski and Tucker, 1973)
compared with PEB or later lactation. Consequently,
concentrations of insulin are dependent on diet and
metabolic/physiologic state.

Insulin also increases basal and LH- or FSH-induced
secretion progesterone from cultured granulosal (Veldhuis and
Kolp, 1985; May and Schomberg, 1981; Channing et al.,1976) and
luteal cells (Leavitt and Condon, 1989; Poff et al., 1988;
O'Shaunessy and Whathes, 1985). In vivo, exogenous insulin
increases 1luteal function in NEB, but not PEB, heifers
(Harrison and Randel, 1986). It is not known whether insulin
affects luteal development or function during PEB or if

insulin is therapeutic only during NEB.

14



INSULIN-LIKE GROWTH FACTOR I

STRUCTURE AND GENERAL FUNCTION

Insulin-like growth factor I is named for its
hypoglycemic effects (Froesch et al., 1986). Because IGF-I
"mediates" effects of growth hormone (GH) on bone growth
(Salmon and Daughaday, 1957), IGF-I is also been termed
somatomedin-C. Insulin-like growth factor I is a 7.5
kilodalton (kd) protein (Rechler, 1989) that consists of four
domains (A,B,C,D) arranged B-C-A-D from the amino terminus
(Baxter, 1988). Amino acid sequence of the A and B domains of
IGF-I are 40% homologous to the A and B chains of insulin,
respectively (Baxter, 1988), which may explain some of the

insulin-like actions of IGF-I.

CONTROL OF INSULIN-LIKE GROWTH FACTOR I SECRETION

In this review, IGF-I will be called somatomedin activity
when quantified by biocassay and will be called IGF-I when
quantified by RIA.

Growth hormone regulates hepatic secretion of IGF-I.
Exogenous GH increases hepatic content and serum
concentrations of IGF-I in rats and sheep (Clemmons, 1989;
Davis, 1989). Pituitary secretion of GH is regulated by
negative feedback of IGF-I on somatotropes (Clemmons, 1989;

Mathews et al., 1988; Phillips, 1986; Tannenbaum et al.,

15
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1983). Therefore IGF-I, in addition to GH, controls secretion
of IGF-I from liver.

During certain metabolic/physiologic states, GH appears
to have less influence on concentrations of IGF-I in serun.
Serum concentrations of GH increases during early lactation
compared with late lactation (Koprowski and Tucker, 1973).
But serum concentrations of IGF-I (Ronge and Blum, 1988) and
somatomedin activity (Falconer et al., 1980) decrease during
early versus late lactation. Malnutrition or diabetes in
humans also increases concentrations of GH but somatomedin
activity decreases (Winter et al., 1979; Grant et al., 1973).
Number of GH receptors are decreased in hepatocytes from
diabetic rats (Maes et al., 1983), suggesting a mechanism for
decreased GH-induced secretion of IGF-I in hepatocytes during
diabetes and other metabolic/physiologic states.

Ninety percent of serum IGF-I is derived from liver
(Baxter, 1988; Scott et al., 1985). All serum IGF-I is bound
to binding proteins (Baxter, 1988). Most IGF-I in serum is
bound to 150 kd binding proteins (Baxter and Martin, 1987;
Furnanetto, 1980). However some IGF-I is complexed to 34 kd
binding proteins (Baxter, 1988). Both binding proteins are
produced by hepatocytes (Baxter, 1988; Scott et al., 1985;
Walton and Etherton, 1989). Secretion of the 150 kd, but not
the 34kd, species is stimulated by GH in hepatocytes (Baxter,
1988) . Production and release of both binding proteins is

independent of IGF-I production and release and does not
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affect secretion of IGF-I (Baxter, 1988; Schwander et al.,
1983). Binding proteins for IGF-I decrease rate of IGF-I
clearance from blood (Cascieri et al., 1988; Hodgkinson et
al., 1987). Consequently, binding proteins facilitate

retention of IGF-I in blood.

ACTIONS OF INSULIN-LIKE GROWTH FACTOR 1

Effects of IGF-1

Most actions of IGF-I mimic actions of insulin or promote
growth. In adipose tissue, IGF-I increases numbers of glucose
transporters (Zapf et al., 1978), increases glucose conversion
to fatty acids, increases 1lipid synthesis and decreases
lipolysis (Froesch et al., 1986). However, 50- to 100-fold
more IGF-I (moles) than insulin is needed to stimulate
insulin-like responses in adipocytes. Insulin-like growth
factor I also causes differentiation of preadipocytes to
adipocytes (Smith et al., 1988). Increased serum
concentrations of GH do not accelerate body weight gain in
rats until serum concentrations of IGF-I increases after two
weeks of age (Mathews et al., 1988). In addition, IGF-I
increases cell replication in cultured smooth muscle (Froesch
et al., 1986), satellite cells (Dodson et al., 1985) and chick
fibroblasts (Zapf et al., 1978). Therefore, IGF-I causes
insulin-like effects in adipose tissue and mitosis in muscle
and conceptus.

Both the 150 and 34 kd binding proteins inhibit IGF-I
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action in adipocytes, chondrocytes and uterine endothelium
(Walton et al., 1989; Ritvos et al., 1988; Rutanen et al.,
1988). But, IGF-I-induced fibroblastic growth increases with
addition of 34 kd binding proteins (Blum et al., 1989; Elgin
et al., 1987). Although not defined, inhibitory/stimulatory
effects of binding proteins for IGF-I on actions of IGF-I may
be tissue dependent.
Mechanism of IGF-I action

Both serum and tissue IGF-I bind to-type -I and-II-IGF

receptors and insulin receptors (Czech et al., 1983; Rechler

and Nissley, 1985). Type I IGF receptors bind IGF-I with
highest affinity but also bind IGF-II and jinsulin with 50 to
100 times less affinity than IGF-I (Rechler, 1989; Rechler and
_“yissley,'géss; Czech et al., 1983). .Structure of type I IGF
receptors, liké rééeptors for insulin, have four subunits,
arranged in a f-a-a-f configuration and linked by disulfide
bonds (Rechler and Nissley, 1985; Czech et al., 1983). Type
I IGF receptors also have tyrosine kinase activity on their
beta subunits like receptors for insulin (Rechler, 1989;
Jacobs et al., 1983; Zick et al., 1984). Consequently,
although not defined, post-receptor mechanisms of type I IGF
receptors may be similar to mechanisms of insulin receptors.
Type II IGF receptors bind IGF-I and IGF-II with high
affinity (Rechler, 1989; Rechler and Nissley, 1985; Czech et
al., 1983) but have no detectable affinity for insulin

(Rechler and Nissley, 1985). Type II IGF receptors are single
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polypeptide chains (Rechler, 1989; Czech et al., 1983).
Post-receptor mechanisms of type II receptors are not defined.

Receptors for insulin also bind IGF-I and IGF-II with 50
to 100 times less affinity than insulin (Rechler and Nissley,
1985). Therefore, observed insulin-like effects of IGF-I may
be due in part to binding of IGF-I to insulin receptors
(Froesh et al., 1986; Zapf et al., 1978). Likewise, growth
promoting effects of insulin may be due in part to binding of

insulin to type I IGF receptors (Fukagawa et al., 1985).

EFFECTS OF INSULIN-LIKE GROWTH FACTOR I ON OVARIAN TISSUE

Granulosal-thecal cells

Insulin-like growth factor I increases basal (Schams et
al., 1988) and FSH-induced secretion of progesterone (Maruo et
al., 1988; Adashi et al., 1988a) from cultured rat and ovine
granulosal cells. Luteinizing hormone-induced secretion of
androgens from rat thecal cells in vitro are also increased by
IGF-I (Cara and Rosenfield, 1988). Thus, IGF-I, like insulin,
stimulates steroidogenesis from cultured granulosal and thecal
cells.

Type I IGF receptors are in rat and ovine granulosal

cells( (Monget et al., 1989. Adashi al., 19855?)
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receptprgwig“gwipgmjyggggnggval. 1988) and increases number
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of LH but not FSH receptors in rat grgpg}osal cells (Adashi et

al., 1988b). Adenylate cyclase activity is also increased
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with IGF-I in rat granulosal cells (Adashi et al., 1988a). In

swine granulosal cells, IGF-I increases  _low _ density

lipoprotein (LDL) v_:_'gqggggwrs, LDL internalization and

subsequent cellular content of cholesterel. (Veldhuis et al.,
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1987). Aromatase act:.vity, ‘1nduced by FSH, is also.increased
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by IGF-I in human granulosal cells (Erlckson et al., 1989).

Consequently, positive steroidogenic effects of IGF-I in
granulosal cells are well defined in vitro.

Ovarian production of IGF-I has also been observed.
Messenger RNA for IGF-I is present in rat and porcine
granulosal cells (Hernandez et al., 1989; Mondschein and
Hammond, 1988). Granulosal cell secretion of IGF-I is
increased by GH (Hsu and Hammond, 1987a; Davoren and Hsueh,
1986) estradiol, FSH and LH (Hsu and Hammond, 1987b).
Immunoneutralization of IGF-I from porcine granulosal cells
decrease FSH-induced secretion of progesterone in the presence
and absence of exogenous IGF-I (Mondschein et al., 1989).
Consequently, IGF-I also has autocrine/paracrine modes of
action on secretion of progesterone from cultured granulosal
cells.

Luteal cells

In 48h cultures of bovine luteal cells collected at d2 to
d4 postestrus, IGF-I increases basal secretion of progesterone
(McArdle and Holtorf, 1989). However IGF-I does not affect
basal or LH-induced secretion of progesterone from bovine

luteal cells cultured for 4h (Schams et al., 1988) or 8d
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(Leavitt and Condon, 1989). These bovine luteal cells are
derived from corpora lutea at d8 to dl2 postestrus. Therefore

age of corpora lutea may affect IGF-I action.

SUMMARY

Hepatic secretion and subsequent serum concentrations of
IGF-I are regulated mainly by GH (Clemmons, 1989; Davis,
1989). Serum concentrations of IGF-I decrease with diabetes
although serum concentrations of GH are increased (Winter et
al., 1979; Grant et al., 1973); most 1likely because of
decreased number of hepatic GH receptors (Maes et al., 1983).
Serum concentrations of IGF-I (Ronge and Blum, 1988) and
somatomedin activity (Falconer et al., 1980) are lower during
early compared with late lactation. Therefore decreased
concentrations of IGF-I are coincident with NEB in cattle.

Structure of IGF-I is similar to insulin (Baxter, 1988)
and IGF-I cross-reacts with receptors for insulin (Rechler,
1989; Rechler and Nissey, 1985). Basal and FSH-induced
secretion of progesterone from granulosal cells is increased
with IGF-I (Adashi et al., 1988a; Maruo et al., 1988; Schams
et al., 1988). Purified bovine luteal cells collected at d2
to d4 postestrus increase basal secretion of progesterone in
response to IGF-I (McArdle and Holtorf, 1989). However,
IGF-I does not affect basal or LH-induced secretion of
progesterone from bovine luteal cells collected at d8 to dil2

postestrus (Leavitt and Condon, 1989; Schams, et al., 1988).
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Hence, steroidogenic effects of IGF-I jin vitro may be
dependent on age of corpora lutea and/or purity of luteal cell

preparations.



GENERAL SUMMARY

After parturition, 81 to 92% of dairy cows experience NEB
(Villa-Godoy et al., 1989; Reid et al., 1966). Serum
concentrations of progesterone and luteal weight are decreased
in NEB heifers compared with PEB heifers (Villa-Godoy et al.,
1990; Harrison and Randel, 1986). Therefore, the
coincidiental observations of decreased luteal development and
function with infertility of dairy cows during NEB raises the
question of whether decreased 1luteal function causes
infertility of dairy cows.

After ovulation in sheep and cattle, serum concentrations
of progesterone (Villa-Godoy et al., 1990), luteal weight
(Ireland et al., 1973) and numbers of steroidogenic cells
(Farin et al., 1986) increase. Corpora lutea are comprised of
two steroidogenic cell types (Alila and Hansel, 1984), which
differ in morphology (O'Shea et al., 1979), number (Schwall et
al., 1986) and basal and LH-induced secretion of progesterone
(Fitz et al., 1982).

Decreased serum concentrations of progesterone and
decreased 1luteal weight are coincident with decreased
postprandial concentrations of insulin in NEB heifers
(Villa-Godoy et al., 1990; Harrison and Randel, 1986). In
NEB, but not PEB heifers, exogenous insulin increases luteal
content of progesterone and luteal weight (Harrison and

Randel, 1986). However, it is not known whether postprandial
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insulin affects luteal development and function during PEB or
if exogenous insulin affects corpora lutea only during NEB.
The first objective of this thesis was to determine effects of
postprandial concentrations of insulin on serum concentrations
of progesterone in heifers maintaining energy balance.

In early lactation, serum concentrations of IGF-I were
decreased compared with later lactation (Ronge and Blum,
1988). Therefore, decreased serum concentrations of IGF-I are
coincident with decreased 1luteal development and function
during NEB. Basal secretion of progesterone is increased
with IGF-I from bovine luteal cells cultured at d2 to d4
postestrus (McArdle and Holtorf, 1989). But, basal or
LH-induced secretion of progesterone from bovine luteal cells
cultured at d8 to dl2 postestrus, is not affected by IGF-I
(Leavitt and Condon, 1989; Schams et al., 1985). Therefore,
corpora lutea age may affect IGF-I actions on cultured bovine
luteal cells. Also, increases in number of bovine 1luteal
cells are associated positively with duration of culture
(0'Shaughnessy and Wathes, 1985). Since IGF-I stimulates
mitotic activity in other tissues, IGF-I may also increase
number of 1luteal cells during culture. The second set of
objectives were to determine the effects of IGF-I on 1) basal
and LH-induced secretion of progesterone, 2) number of cells
after culture and 3) steroidogenic and mitotic response of
cultured bovine corpora 1lutea at different stages of

development.



EXPERIMENT I:
POSTPRANDIAL INSULIN DOES NOT AFFECT SERUM

CONCENTRATIONS OF PROGESTERONE IN HEIFERS.

INTRODUCTION

Decreased concentrations of progesterone in cattle are
associated with decreased rate of conception (Erb et al.,
1976; Folman et al., 1973) and decreased embryo survival (Hill
et al., 1970). In NEB heifers, decreased postprandial
concentrations of insulin are coincident with decreased serum
concentrations of progesterone (Villa-Godoy et al., 1990).

Positive steroidogenic effects of insulin have been
demonstrated in granulosal (Lino et al., 1985; Veldhuis and
Kolp, 1985; May and Schomberg, 1981) and luteal cells (Leavitt
and Condon, 1989; O'Shaunessy and Wathes, 1985) in vitro.
Administration of insulin also alleviates secondary amenorrhea
in diabetic women (Poretsky and Kalin, 1987). Decreased serum
concentrations of progesterone and decreased luteal weight are
coincident with decreased postprandial concentrations of
insulin in NEB heifers (Villa-Godoy et al., 1990; Harrison and
Randel, 1986). In NEB but not PEB heifers, exogenous insulin
increased 1luteal weight and luteal content of progesterone
(Harrison and Randel, 1986). It is not known whether
postprandial secretion of insulin is luteotropic in cattle

during PEB. My objective was to determine the effect of low
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postprandial concentrations of insulin on serum concentrations

of progesterone in heifers maintaining energy balance.

METHODS

Sixteen postpubertal Holstein heifers were blocked
according to body weight and assigned to a diet of 100% hay or
90% corn silage:10% soybean meal (CS). Both diets were
formulated to support 0.45 kg body weight gain/d (NRC, 1978)
and were presented to heifers at 0700 and 1900h daily.

Each heifer was fed the same diet for the duration of the
experiment (44 days) which included a 21d adjustment period
and a 23d experimental period (d0 to d422). Heifers were
weighed on two consecutive days every two weeks throughout the
experiment. The adjustment period was included to allow
ruminal acclimation to diets. Prostaglandin F2 alpha' (25
mg) was injected intramuscularly 13 and 3d before d0O to
synchronize estrus for d0 in all heifers. After PGF, , estrus
of heifers was judged to be synchronized if serum
concentrations of progesterone were below 1.0 ng/ml for at
least three days. From 21 to 8 days before dO heifers were
housed and fed in groups (n=8) and from 7 days before and
throughout the experimental period heifers were housed and fed
in individual stalls.

During the experimental period (d0 to d22), feed offered
and orts were measured to determine daily intake of diet.

Oorts were discarded immediately before the subsequent meal.
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Daily consumption and nutritive estimates of diets (NRC, 1978)
were used to estimate caloric intake. Heifers that lost body
weight or failed to consume calories required for maintenance
were excluded from all analyses.

A cannula was inserted into a jugular vein of each heifer
on the last day of the adjustment period. Oon 40, 7, 14 and
21 blood was sampled every 20 min from 0500h to 1300h to
determine basal (2h preprandial) and postprandial (6h)
concentrations of insulin in serum. Jugular blood was also
sampled daily at 0630h and 1830h from d0 to d22 and hourly
from 0800 to 1200 h on d7 and dl4 to quantify progesterone in
serum. Blood was allowed to clot at room temperature (12 to
20 C) and then was stored at 4 C overnight. Serum was
harvested by centrifugation (2000 rpm for 25 min) and stored
at -20 C until analyzed.

A previously validated double antibody radioimmunoassay
(RIA) was used to quantify insulin in serum (Villa-Godoy et
al., 1990). The intra-assay coefficient of variation from
several dilutions of standard sera for the insulin RIA was
5.7%. Progesterone was also quantified by RIA (Spicer et
al., 1981). Mean extraction efficiency was 93.0 + 1.3%.
Intra and interassay coefficients of variation were 9.3 and
12.3% for standard sera, respectively.

Data were examined by split plot analysis of variance
with repeated measurements (Gill, 1986) and specific contrasts

were by Bonferroni's T test.



RESULTS

One heifer fed CS lost weight during the experimental
period and was excluded from analysis. Mean body weight
(Figure 1) of heifers fed hay (n=8) or CS (n=7) did not change
throughout the adjustment or experimental periods. Based on
estimates of caloric requirements for heifers (NRC, 1978),
feed consumed by heifers on both diets satisfied or exceeded
maintenance requirements for energy (data not shown).

Basal concentrations of insulin (2h preprandial) at do
and dl14 in heifers fed hay were less (P<.05) than in heifers
fed CS (Figure 2). In heifers fed hay, area of periprandial
serum insulin profiles (2h before to 6h after feeding) were
decreased (P<.05) at 40, 7, 14 and 21 compared with heifers
fed CS (Figure 2). Concentrations of insulin from feeding to
6h after feeding increased (P<.05) in heifers fed CS but not
in heifers fed hay on d7, 14 and 21 (Figure 2).
Consequently, we examined the association of low (hay diet) or
increased (CS diet) postprandial concentrations of insulin on
secretion of progesterone in heifers maintaining energy
balance. Heifers will now be classified as heifers with low
insulin (hay diet) or normal insulin (CS diet).

Based on patterns of progesterone in serum (Figure 3),
estrus was synchronized in all heifers within a period of 34
(d0 to d2). Total area of progesterone from d0 to d22, mean
concentrations of progesterone from dO to d22, peak

concentrations of progesterone and interval from nadir to peak
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progesterone did not differ in heifers with low or normal
insulin (Figure 3). Within 5h after feeding, when differences
in concentrations of insulin were |greatest, mean
concentrations of progesterone on d7 or dl14 were not different

between heifers with low or normal insulin (Figure 4).
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Figure 1. Body weight of heifers fed hay (&——®) or corn
silage (0—0). Heifers were weighed on two consecutive days
every other week during the experiment. Pooled standard error

was 2.8 kg.
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Figure 2. Effect of diet on serum concentrations of insulin
in heifers from 2h before to 6h after feeding. Jugular blood
was sampled every 20 min in heifers fed hay (——) or corn
silage (0——0). Concentrations of insulin were measured on
do, 7, 14 and 21. Arrow indicates presentation of feed.
Pooled standard error of insulin area was 25.97 ngeml '.min"

of serum.
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Figure 3. Effect of postprandial insulin on serum
concentrations of progesterone. Blood was sampled twice daily
from d0 to d22 in heifers with low (6——@) or normal (0—0)

insulin. Pooled standard error was .16 ng/ml of serum.
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Figure 3. Effect of postprandial insulin on serum
concentrations of progesterone. Blood was sampled twice daily
from d0 to d22 in heifers with low (6——@) or normal (0—0)

insulin. Pooled standard error was .16 ng/ml of serum.
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Figure 4. The acute effect of postprandial insulin with
progesterone in heifers. Jugular blood was sampled hourly for
the first 5h after feeding. Serum concentrations of
progesterone in heifers with low (&——@) or normal (0—0)
insulin were compared with serum concentrations of insulin in
heifers with low (® - -@) or normal (O- - -0) insulin. Pooled
standard error was .36 ng/ml for progesterone and .35 ng/ml

for insulin.
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DISCUSSION

Calories ingested were adequate for maintenance (NRC,
1978) . Furthermore, body weight of heifers fed diets of hay or
CS did not decrease during the trial. Therefore heifers were
at energy balance, which allowed us to determine effects of
insulin on serum concentrations of progesterone without
confounding by NEB.

Diets clearly affected postprandial concentrations of
insulin in heifers. In ruminants, secretion of insulin is
controlled primarily by propionate and butyrate, not by
glucose or acetate (Trenkle, 1971; Manns and Boda, 1967).
Ruminal digestion of diets high in starch (CS diet) produce
more propionate and butyrate. Conversely, diets with high
fiber and low starch (hay diet) produce less propionate and
butyrate (Trenkle, 1971; Manns and Boda, 1967). In addition,
it took longer for heifers to consume a hay diet than a CS
diet, which may also affect patterns of serum concentrations
of insulin.

Insulin increases secretion of progesterone from
granulosal (Lino et al., 1985; Veldhuis and Kolp, 1985; May
and Schomberg, 1981) and luteal cells (Leavitt and Condon,
1989; O'Shaunessy and Wathes, 1985) in vitro and in corpora
lutea jin vivo (Harrison and Randel, 1986). Receptors for
insulin are present in rat luteal tissue (Ladenheim et al.,
1984). Additionally, diabetes in humans decreases fertility

and exogenous insulin is therapeutic (Poretsky and Kalin,
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1987) . Thus, there is evidence that insulin is gonadotropic.
But, in the present study, normal postprandial concentrations
of insulin had no effect on serum concentrations of
progesterone.

Decreased postprandial concentrations of insulin are
coincident with decreased serum concentrations of
progesterone in NEB heifers (Villa-Godoy et al., 1990;
Harrison and Randel, 1986). In NEB but not PEB heifers,
exogenous insulin increases luteal weight and luteal content
Qimpf23?§§?§999“Lﬂarrison and Randel, 1986). From my data,
reduced postprandial concentrations of insulin did not alter
luteal development or function in heifers in energy
lzaj.anc_:e_. However, in previous studies of heifers in NEB,
serum concentrations of progesterone were not decreased until
2two estrous cycles after inducing NEB (Villa-Godoy et al.,
1990; Harrison and Randel, 1986). Consequently, if 1low
postprandial insulin is necessary for reduced 1luteal
development and/or function, absence of increased postprandial
insulin for one estrous cycle may not be of sufficient
duration to detect effects.

In summary, all heifers fed hay or CS maintained energy
balance during the experiment. Heifers fed CS, but not
heifers fed hay, had increased postprandial concentrations of
insulin. But absence of postprandial insulin did not affect

secretion of progesterone during one estrous cycle or within

5h after feeding. I conclude that 1low postprandial
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concentrations of insulin during energy balance are adequate
for sustained secretion of progesterone in heifers maintaining
energy balance. An implication of these data is that low
postprandial insulin may not mediate adverse effects of NEB on

secretion of progesterone.



EXPERIMENT II:
THE EFFECT OF INSULIN-LIKE GROWTH FACTOR I ON SECRETION OF

PROGESTERONE FROM BOVINE LUTEAL CELLS

INTRODUCTION

Serum concentrations of IGF-I are lower during early
lactation compared with later lactation in dairy cows (Ronge
and Blum, 1988; Falconer et al., 1980). During early
lactation, 81 to 92% of dairy cows are in negative energy
balance (Villa-Godoy et al., 1989; Reid et al., 1966), which
is associated with decreased serum concentrations of
progesterone and luteal weight (Villa-Godoy et al., 1990;
Harrison and Randel, 1986). Therefore, decreased serum
concentrations of IGF-I coincide with decreased 1luteal
development and function during NEB.

Perhaps IGF-I affects luteal development and function.
Insulin-like growth factor I increases basal secretion of
progesterone from cultured bovine luteal cells (McArdle and
Holtorf, 1989) in one study but not others (Leavitt and
Condon, 1989 ;Schams et al., 1988). Detection of positive
steroidogenic effects of IGF-I may be dependent on dose of
IGF-1I administered. Also, since IGF-I effects were not
observed until after 48h of culture (McArdle and Holtorf,
1989), duration of culture may also affect detection of IGF-I
effects from bovine luteal cells.

Increases in bovine luteal cell numbers are associated
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positively with duration of culture (O'Shaughnessy and Wathes,
1985). Insulin-like growth factor I increases replication of
cells from smooth muscle cells (Froesch et al., 1986),
satellite cells (Dodson et al., 1985) and embryonic chick
fibroblasts (Zapf et al., 1978). Mitotic activity of cultured
bovine luteal cells may also be stimulated by IGF-I. our
objectives were to determine effects of IGF-I on basal and
LH-induced secretion of progesterone and number of bovine

luteal cells during culture.

MATERIALS AND METHODS
Ten postpubertal Holstein heifers were fed corn silage
and hay to gain .6 kg body weight daily (NRC, 1978). Body
weights were measured weekly. Heifers were observed for
estrus three times daily. Estrus was determined by two
observations of a heifer standing to be mounted by another

heifer within a 30 min detection peroid.
on d5 (n=5) or dl0 (n=5) postestrus (estrus=d0), Luteal
tissue was removed and dissociated enzymatically as described
previously (Villa-Godoy et al., 1990). Following
dissociation, cells were washed and centrifuged four times
with Hams F12 media? containing 25 mM Hepes?, 14 mM sodium
bicarbonate?, .1 g/L streptomycin sulfate? and .07 g/L
potassium penicillin? (pH 7.35). Viability of cells was
estimated by exclusion of trypan blue. Media (1 ml Hams F12)

containing 5 x 10° cells were placed in 24 well-plates® and
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incubated at 37 C in 95% oxygen: 5% carbon dioxide for 24h.
Before culture, some plated cells and media were harvested,
centrifuged (5 min at 1000 rpm), media were aspirated and
cellé were resuspended with .05 M phosphate buffered saline
containing 2.0 M sodium chloride? and .003 M EDTA? (PBS-EDTA;
pH 7.35) and stored at -20 C until DNA was quantified. These
cells were used to estimate content of DNA before culture.

Immediately before culturing, cells and media were
treated with LH* (0, .1 or 1 ng) and IGF-I° (0 or 500 ng).
Luteinizing hormone was solubilized in Hanks buffered saline
solution (pH 7.0), frozen on dry ice and stored at -70 C until
use. One ng LH increased secretion of progesterone from
bovine luteal cells in preliminary experiments and was used in
this experiment to determine effects of IGF-I on LH-induced
secretion of progesterone. Treatment of cells and media with
.1 ng LH was also included to determine if any synergistic or
additive effects between LH and IGF-I occur when the dose of
LH does not stimulate secretion of progesterone.

Insulin-like growth factor I was reconstituted with 10 mM
sodium acetate? (pH 5.5) and frozen at =-70 C until use.
Treatment with 500 ng IGF-I was chosen because it is between
the range of doses used in previous experiments (Leavitt and
Condon, 1989; McArdle and Holtorf, 1989; Schams et al., 1988).
Also, 500 ng IGF-I increased FSH-induced secretion of
progesterone from cultured granulosal cells (Maruo et al.,

1988).
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After 24h, cells and media were collected and centrifuged
(5 min at 1000 rpm). Media were aspirated and stored at -20
C until progesterone and DNA were quantified. Cells were
resuspended with PBS-EDTA and stored at =20 C until DNA was
quantified.

Quantification of progesterone and DNA: Progesterone in
media was quantified as described previously (Spicer et al.,
1981). Efficiency of progesterone extraction averaged 94.1%.
Intra and interassay coefficients of variation were 5.9 and
14.6% from pooled media, respectively. Quantification of DNA
in cells and media were described previously (Labarca and
Paigen, 1980). Intra and interassay coefficients of variation
were 5.4 and 10.9% from pooled cells and 7.7 and 5.9% from
pooled media, respectively.

Statistical analysis: Data were examined by split-plot
analysis of variance with repeat measurements (Gill, 1986).

Specific contrasts were by Bonferroni's T test.

RESULTS
All heifers gained body weight before 1lutectomy.
Viability of cells was >92.0% following dissociation and
>86.0% after 24h of culture. Cell viability after 24h was not
affected by age of corpora lutea or by presence of LH or
IGF-I.
Percent DNA recovered after 24h did not differ between

luteal cells cultured at 45 (82.1 * 12.8%) and d10 (95.8 %
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6.77%) postestrus. In luteal cells collected at d5 and d1l0
postestrus, 1 ng LH increased (P<.05) percent DNA after 24h
compared with basal or .1 ng LH (Figure 5). Percent DNA after
24h did not differ between basal and .1 ng LH at either day
postestrus. Percent DNA at 24h was not affected by IGF-I and
there were no interactions of IGF-I with LH or day postestrus
(Figure 5).

Concentrations of progesterone in media from luteal cells
collected on d5 postestrus did not differ from that of luteal
cells collected on d10 postestrus. In luteal cells collected
on d5 and dl10 postestrus, 1 ng LH increased (P<.01l)
concentrations of progesterone in media compared with basal or
.1 ng LH (Figure 6). Basal concentrations of progesterone in
media did not differ from .1 ng LH at either day postestrus.

Insulin-like growth factor I did not affect basal or ILH-
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induced concentrations of progesterone in media from luteal
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cells cultured at d5 or d10_ postestrus (Figure 6).
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Figure 5. Effect of LH and IGF-I on DNA in media and cells at
24h. DNA was expressed as percent of DNA in cells before

culture. Pooled standard error was 1.78%.
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Figure 6. Effect of LH and IGF-I on secretion of progesterone
from bovine luteal cells cultured at d5 or dl0 postestrus.

Pooled standard error was .26 ng/ug DNA.
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DISCUSSION

In this experiment, heifers gained body weight before
lutectomy, so data were not confounded by NEB. After 48h of
culture, positive steroidogenic effects of IGF-I from bovine
luteal cells have been observed (McArdle and Holtorf, 1989).
In our experiment, basal and LH-induced secretion of
progesterone from 24h cultures of bovine luteal cells were not
affected by IGF-I. Consequently, longer durations of culture
may be needed to observe effects of IGF-I on basal or
LH-induced secretion of progesterone. However, a known
luteotropin, LH, increased secretion of progesterone from
bovine luteal cells cultured for 24h. Therefore, positive
steroidogenic effects of IGF-I should have been observed, if
present, in our experiment. McArdle and Holtorf (1989)
administered 20 fold more moles of IGF-I to cultured bovine
luteal cells than in our experiment. Thus dose of IGF-I may
effect detection of IGF-I effects on basal and LH-induced
secretion of progesterone from bovine luteal cells.

' Number of cells in culture did were not affected by IGF-I
in our experiment. Duration of culture may not have been
adequate for detection of IGF-I effects on mitotic activity
since 48 to 96h of culture are needed to observe a 2 fold
increase in number of luteal cells (0'Shaugnessy and Wathes,
1985). However, LH, but not IGF-I, increased maintenance of

luteal cell numbers after 24h of culture. Thus IGF-I does not
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affect maintenance of 1luteal cell numbers after 24h of
culture.

In summary, LH increased secretion of progesterone from
luteal cells collected on d5 and d10 postestrus. Also, LH
increased maintenance of luteal cell numbers. But, IGF-I did
not affect basal or LH-induced secretion of progesterone or
maintenance of luteal cell numbers at either day postestrus.
Perhaps greater doses of IGF-I are needed to detect effects of
IGF-I on steroidogenic and mitotic activity in bovine luteal
cells. In conclusion, 500 ng of IGF-I does not increase basal
or LH-induced secretion of progesterone or number of cells

from cultured bovine luteal cells.



FOOTNOTES

Lutylase, (25 mg); Upjohn Co., Kalamazoo, Michigan
Sigma Chemical Company; St. Louis, Missuori.
Costar; Cambridge, Massachusetts

NIH-bLH4; NIH, Beltsville, Maryland

IMCERA; Terre Haute, Indiana
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SUMMARY AND CONCLUSIONS

In the first experiment, low postprandial concentrations
of insulin had no effect of serum concentrations of
progesterone in heifers maintaining energy Dbalance.
Conversely, during NEB, 1low postprandial insulin was
coincident with decreased serum concentrations of progesterone
and luteal weight (Villa-Godoy et al., 1990; Harrison and
Randel, 1986). Additionally, exogenous insulin increased
luteal content of progesterone and luteal weight in NEB but
not PEB heifers (Harrison and Randel, 1986). However, low
postprandial insulin was not associated with decreased serum
concentrations of progesterone until after the second estrous
cycle that heifers experienced NEB (Villa-Godoy et al.,
1990). Therefore , it is not known whether low postprandial
insulin decreased luteal function only during NEB or if low
postprandial insulin must exist for 2 two estrous cycles to
decrease luteal function.

In the second.experiment IGF-I did not affect basal or
LH-induced secretion of progesterone or number of cells from
24h cultures of bovine luteal cells collected on d5 or dilo0
postestrus. However, 20 fold more (moles) IGF-I increased

basal secretion of progesterone from bovine 1luteal cells
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(McArdle and Holtorf, 1989). Thus, ,Iﬁf:zm“eff%23§ on

steroidogenesis of bovine luteal cells. may.be.dependent.on

dose of IGF:E: Bovine luteal cells double in number from 48

to 96h of culture (O'Shaunessy and Wathes, 1985). Therfore,
my culture duration may have been inadequate to detect mitotic

activity of IGF-I on bovine luteal cells.



LIST OF REFERENCES

Adashi EY, CE Resnick, ER Hernandez, JV May, M Knecht, ME
Svoboda, JJ VanWyk. 1988a. Insulin-like growth factor I as
an amplifier of follicle-stimulating hormone action: Studies
on mechanism(s) and site(s) of action in cultured rat
granulosa cells. Endocrinology 122:1583-1591.

Adashi EY, CE Resnick, ER Hernandez, ME Svoboda, JJ VanWyk.
1988b. Characterization and regulation of a specific cell
membrane receptor for somatomedin C/insulin-like growth
factor I in cultured rat granulosa cells. Endocrinology
122:194-201.

Alila HW and W Hansel. 1984. Origin of different cell types
in the bovine corpus luteum as characterized by specific
monoclonal antibodies. Biol. Reprod. 31:1015-1025.

Baxter RC. 1988. The insulin-like growth factors and their
binding proteins. Comp. Biochem. Physiol. 91:229-235.

Baxter RC and JL Martin. 1987. Binding proteins for
insulin-like growth factors in adult rat serum, comparison
with other human and rat binding proteins. Biochenmn.
Biophys. Res. Commun. 147:408-415.

Blum WF, EW Jenne, F Reppin, K Kietzmann, MB Ranke, JR
Bierich. 1989. 1Insulin-like growth factor I (IGF-I) binding

protein complex is a better mitogen than free IGF-I.
Endocrinology 125:766-772.

Brockman RP and B Laarveld. 1986. Hormonal regulation of
metabolism in ruminants: A review. Liv. Prod. Sci.
14:313-334.

Cara JF and RL Rosenfield. 1988. 1Insulin-like growth factor
I and insulin potentiate 1luteinizing hormone induced
androgen synthesis by rat ovarian thecal-interstitial cells.
Endocrinology 123:733-739.

55



56

Caro JF, SM Raju, MK Sinha, ID Goldfine, GL Dohm. 1988.
Heterogeneity of human liver, muscle, and adipose tissue
insulin receptor. Biomed. Biophys. Res. Commun.
151:123-129.

Carpentier JL. 1989. The cell biology of the insulin
receptor. Diabetologia 32:627-635.

Cascieri MA, R Saperstein, NS Hayes, BG Green, GG Chiccho, J
Applebaum, ML Bayne. 1988. Serum half-life and biological
activity of mutants of human insulin-like growth factor I
which do not bind to serum binding proteins. Endocrinology
123:373-381.

Channing CP, V Tsai, D Saciir. 1976. Role of insulin,
thyroxin, and cortisol in 1luteinization of porcine
granulosa cells grown in chemically defined media. Biol.
Reprod. 15:235-247.

Charreau EH, JC Calvo, M Tesone, LB deSouza Valle, JL
Baranao. 1978. Insulin regulation of leydig cell luteinizing
hormone receptors. J. Biol. Chem. 253:2504-2506.

Cheng K and J Larner. 1985. Intracellular mediators of
insulin action. Ann. Rev. Physiol. 47:405-424.

Clemmons DR. 1989. Structural and functional analysis of
insulin-like growth factors. British Med. Bul. 45:465-480.

Czech MP, JK Klarlund, KA Yagaloff, AP Bradford, RE Lewis.
1988. Insulin receptor signaling: Activation of multiple
serine kinases. J. Biol. Chem. 263:11017-11020.

Czech MP. 1985. The nature and regulation of the insulin
receptor: Structure and function. Ann. Rev. Physiol.
47:357-381.

Czech MP, CL Oppenheimer, J Massague. 1983. Interactions
among receptor structures for insulin and peptide growth
factors. Fed. Proc. 42:2598-2601.

Davis SL. 1989. Recent concepts in regulation of growth by
GH and IGF. J. Anim. Sci. 66 (Suppl. 3):84-97.

Davis JS, HW Alila, LA West, RA Corradino, LL Weakland, W
Hansel. 1989. Second messenger systems and progesterone
secretion in the small cells of the bovine corpus luteum:
Effects of gonadotropins and prostaglandin F2a. J. Steroid
Biochem. 32:643-649.



57

Davoren JB and AJW Hsueh. 1986. Growth hormone increases
ovarian levels of immunoreactive somatomedin C/insulin-like
growth factor I in vivo. Endocrinology 118:888-890.

Dodson MV, RE Allen, KL Hossner. 1985. Ovine somatomedins,
multiplication stimulating activity and insulin promote
skeletal muscle satellite cell proliferation in vitro.
Endocrinology 117:2357-2370.

Donaldson L and W Hansel. 1965. Histological study of bovine
corpora lutea. J. Dairy Sci. 48:905-909.

Elgin RG, WH Busby Jr., DR Clemmons. 1987. An insulin-like
growth factor (IGF) binding protein enhances the biologic
response to IGF-I. Proc. Nat. Acad. Sci. USA 84:3254-3258.

Erb RE, HA Garverick, RD Randel, BL Brown, CJ Callahan.

1976. Profiles of reproductive hormones associated with
fertile and nonfertile inseminations of dairy cows.
Theriogenology 5:227-241.

Erickson GF, VG Garzo, DA Magoffin. 1989. Insulin-like
growth factor I regulates aromatase activity in human
granulosa and granulosa 1luteal cells. J. Clin. Endo.
Metab.69:716-724.

Falconer J, JM Forbes, JA Bines, JHB Roy, IC Hart. 1980.
Somatomedin-like activity in cattle: The effect of breed,
lactation and time of day. J. Endocr. 86:183-188.

Farin CE, CL Moeller, HR Sawyer, F Gamboni, GD Niswender.
1986. Morphometric analysis of cell types in the ovine
corpus luteum throughout the estrous cycle. Biol. Reprod.
35:1299-1308.

Fitz TA, MH Mayan, HR Sawyer, GD Niswender. 1982.
Characterization of two steroidogenic cell types in the
ovine corpus luteum. Biol. Reprod. 27:703-711.

Folman Y, M Rosenberg, Z Herz, M Davidson. 1973. The
relation between plasma progesterone concentrations and
conception in post-partum dairy cows maintained on two levels
of nutrition. J Reprod. Fert. 34:267-278.

Froesch ER, C Schmid, I Zangger, E Schoenle, E Eigenmann, J
Zapf. 1986. Effects of IGF/somatomedins on growth and
differentiation of muscle and bone. J. Anim. Sci. 63 (Suppl.
2):57-75.



58

Fukagawa NK, KL Minaker, JW Rowe. 198S5. Insulin-mediated
reduction of whole body protein breakdown: Dose-response
effects on leucine metabolism in postabsorptive man. J.
Clin. Invest. 76:2306-3211.

Furlanetto RW. 1980. The somatomedin C binding protein:
Evidence for a heterologous subunit structure. J. Clin. Endo.

Gill, JL. 1986. Repeated measurement: Sensitive tests for
experiments with few animals. J. Anim. Sci. 63:943-954.

Gospodarowicz D and F Gospodarowicz. 1974. The
morphological transformation and inhibition of growth of
bovine luteal cells in tissue culture induced by

luteinizing hormone and dibutyryl cylcic AMP. Endocrinology
96:458-467.

Grant DB, J Hambley, D Becker. 1973. Reduced sulphation
factor in undernourished children. Arch. Dis. Child.
48:596-600.

Hammond JM, K Yoshida, JD Veldhuis, MM Rechler, AB Knight.
1983. Intrafollicular role of somatomedins: Comparison with
effects of insulin. Factors Regulating Ovarian Function. GS
Greenwald and PF Terranova eds. Raven press, New York.

Harrison IM and RD Randel. 1986. Influence of insulin and
energy intake on ovulation rate, LH and progesterone in beef
heifers. J. Anim. Sci. 63:1228-1235.

Hensyl WR, Ed. 1987. Webster's new world/Stedman's concise
medical dictionary. Simon and Schuster, Inc., NY.

Hernandez ER, CT Roberts Jr., D LeRoith, EY Adashi. 1989.
Rat ovarian insulin-like growth factor I (IGF-I) gene
expression is granulosa cell-selective: 5'-untranslated mRNA
varian representation and hormonal regulation. Endocrinology
125:572-574.

Hill JR, DR Lamond, DM Hendricks, JF Dickey, GD Niswender.
1970. The effects of undernutrition on ovarian function and
fertility in beef heifers. Biol. Reprod. 2:78-84.

Hodgkinson SC, SR Davis, BD Burleigh, HV Henderson, PD
Gluckman. 1987. Metabolic clearance rate of insulin-like
growth factor I in fed and starved sheep. J. Endocr.
115:233-240.

Hoffman B, D Schams, R Bopp, ML Ender, T Gimenez, H Karg.
1974. Luteotropic factors in the cow: Evidence for LH rather
than prolactin. J. Reprod. Fert. 40:77-85.



59

Hoyer PB, TA Fitz, GD Niswender. 1984. Hormone-independent
activation of adenylate cyclase in large steroidogenic ovine
luteal cells does not result in increased progesterone
secretion. Endocrinology 114:604-608.

Hsu CJ and JM Hammond. 1987a. Concomitant effects of growth
hormone on secretion of insulin-like growth factor I and
progesterone by cultured porcine granulosa cells.
Endocrinology 121:1343-1348.

Hsu CJ and JM Hammond. 1987b. Gonadotropins and estradiol
stimulate immunoreactive insulin-like growth factor 1I
production by porcine granulosa cells in vitro. Endocrinology
120:198-207.

Hughes WA, RW Brownsey, RM Denton. 1980. Studies on the
incorporation of [3P] phosphate into pyruvate dehydrogenase
in intact rat fat cells. Biochem. J. 192:469-481.

Ireland JJ, RL Murphee, PB Coulson. 1973. Accuracy of
predicting stages of bovine estrous cycle by gross appearance
of the corpus luteum. J. Dairy Sci. 63:155-160.

Jacobs S, FC Kull, HS Earp, M Svoboda, JJ VanWyk. 1983.
Somatomedin-C stimulates the phosphorylation of the B-subunit
of its own receptor. J. Biol. Chem. 258:9581-9584.

Jainudeen MR and ESE Hafez. 1980. in: Reproduction in farm
animals. 4th edition. ESE Hafez, ed. Lea and Febiger, Phil.
PA. Pg. 248.

Jungas RL. 1975. Effects of insulin and proinsulin E.
Metabolic effects on adipose tissue in vitro. Handb. Exp.
Pharmacol. 7:371-412.

Kaltenbach CC and TG Dunn. 1980. in: Reproduction in farm
animals. 4th edition. ESE Hafez ed. Lea and Febiger, Phil.
PA. Pg. 90.

Kaltenback CC, JW Graber, GD Niswender, AV Nalbandov. 1968.
Luteotropic properties of some pituitary hormones in
nonpregnant or pregnant hypophysectomized ewes. Endocrinology
82:818-824.

Koprowski JA and HA Tucker. 1973. Bovine serum growth
hormone, corticoids and insulin during lactation.
Endocrinology 93:645-651.

Knutson RJ and RD Allrich. 1988. Influence of nutrition on
serum concentrations of progesterone, luteinizing hormone and
estrous behavior in dairy heifers. J. Animal Sci. 66:90-97.



60

Labarca C and K Paigen. 1980. A simple, rapid and sensitive
DNA assay procedure. Anal. Biochem. 102:344-352.

Ladenheim RG, M Tesone, EH Charreau. 1984. Insulin action
and characterization of insulin receptors in rat 1luteal
cells. Endocrinology 115:752-756.

Leavitt KC and WA Condon. 1989. Differential effects of
insulin-like growth factors and insulin on progesterone
production in a defined bovine luteal cell culture system.
Biol. Reprod. 40 (Suppl. 1):135.

Lino J, S Baranao, JM Hammond. 1985. Multihormone regulation
of steroidogenesis in cultured porcine granulosa cells:
studies in serum-free media. Endocrinology 116:2143-2151.

Maes M, JM Ketelslegers, LE Underwood. 1983. Low plasma
somatomedin-C in streptozotocin-induced diabetes mellitus:
Correlation with changes in somatogenic and lactogenic liver
binding sites. Diabetes 32:1060-1069.

Magoffin DA and GF Erickson. 1988. An improved method for
primary culture of ovarian androgen-producing cells in
serum-free medium: Effect of 1lipoproteins, insulin, and
insulin-like growth factor I. In Vitro Cell. Dev. Biol.
24:862-870.

Manns JG and JM Boda. 1967. Insulin release by acetate,
propionate, and glucose in lambs and adult sheep. Am. J.
Physiol. 212:747-755.

Maruo T, M Hayashi, H Matsuo, Y Ueda, H Morikawa, H
Mochizuki. 1988. Comparison of the faciltative roles of
insulin and insulin-like growth factor I in the functional
differentiation of granulosa cells:in vitro studies with the
porcine model. Acta Endocr. 117:230-240.

Mathews LS, RE Hammer, RL Brinster, RD Palmiter. 1988.
Expression of insulin-like growth factor I in transgenic mice
with elevated levels of growth hormone is correlated with
growth. Endocrinology 123:433-437.

May JV and DW Schomberg. 1981. Granulosa cell
differentiation in vitro: effect of insulin on growth and
functional integrity. Biol. Reprod. 25:421-431.

McArdle CA and AP Holtorf. 1989. Oxytocin and progesterone
release from bovine corpus luteal cells in culture: Effects
of insulin-like growth factor I, insulin, and prostaglandins.
Endocrinology 124:1278-1286.



61

McAtee JW and A Trenkle. 1971. Metabolic regulation of
plasma insulin levels in cattle. J. Anim. Sci. 33:438-442.

Mondschein JS, SF Canning, DQ Miller, JM Hammond. 1989.
Insulin-like growth factors (IGFs) as autocrine/paracrine
regulators of granulosa cell differentiation and growth:
Studies with a neutralizing monoclonal antibody to IGF-I.
Biol. Reprod. 40:79-85.

Mondschein JS and JM Hammond. 1988. Growth factors regulate
immunoreactive insulin-like growth factor I production by
cultured porcine granulosa cells. Endocrinology 123:463-468.

Monget P, D Monniaux, P Durand. 1989. Localization,
characterization, and quantification of insulin-like growth
factor I binding sites in the ewe ovary. Endocrinology
125:2486-2493.

National research council. 1978. Nutrient requirements of
dairy cattle. National academy of sciences. Washington,
D.c. L]

Orci L, JD Vassalli, A. Perrelet. 1988. The insulin factory.
Scientific America, Sept. pp. 85-94.

O'Shaughnessy PJ and DC Wathes. 1985. Characteristics of
bovine 1luteal cells in culture: morphology, proliferation
and progesterone secretion in different media and effects of
LH, dibutyryl cyclic AMP, antioxidants and insulin. J.
Endocr. 104:355-361.

Parry DM, DL Willcox, GD Thorburn. 1980. Ultrastructural and
cytochemical study of the bovine corpus luteum. J. Reprod.
Fert. 60:349-357.

Pate JL and WA Condon. 1982. Effects of serum and
lipoproteins on steroidogenesis in cultured bovine corpora
lutea. Mol. Cel. Endocr. 28:551-562.

Peluso JJ and MD Hirschel. 1987. Role of gonadotropins and
insulin in controlling steroidogenesis and growth of antral
follicles in perfusion culture. Theriogenology 28:503-512.

Phillips LS. 1986. Nutrition, somatomedins, and the brain.
Metabolism 35:78-87.

Plata-Salaman CR. 1989. Growth factors, feeding regulation
and the nervous system. Life Sciences 45:1207-1217.

Poff JP, DL Fairchild, WA Condon. 1988. Effects of
antibodies and medium supplements on steroidogenesis in
cultured cow luteal cells. J. Reprod. Fert. 82:135-143.



62

Poretsky L, G Bhargava, MF Kalin, SA Wolf. 1988. Regulation
of insulin receptors in the human ovary: In vitro studies.
J. Clin. Endocr. Metab. 67:774-778.

Poretsky L and MF Kalin. 1987. The gonadotropic function of
insulin. Endocr. Rev. 8:132-141.

Price CA and R Webb. 1988. Steroid control of gonadotropin
secretion and ovarian function in heifers. Endocrinology
122:2222-2231.

Rechler MM. 1989. Molecular insights into insulin-like
growth factor biology. J. Anim. Sci. 66 (Suppl. 3):76-83.

Rechler MM and SP Nissley. 1985. The nature and regulation
of the receptors for insulin-like growth factors. Ann. Rev.
Physiol. 47:425-442.

Reid JT, PW Moe, HF Tyrrel. 1966. Energy and protein
requirements of milk production. J. Dairy Sci. 49:215-221.

Rein MS and DW Schomberg. 1982. Characterization of insulin
receptors on porcine granulosa cells. Biol. Reprod. 26
(Suppl. 1):113.

Ritvos O, RJ Jalkanen, AM Suikkari, R Voutilainen, H Bohn,
EM Rutanen. 1988. 1Insulin-like growth factor (IGF) binding
protein from human decidua inhibits the binding and biological
action of IGF-I in cultured choriocarcinoma cells.
Endocrinology 122:2150-2157.

Roche JF. 1976. Calving rate of cows following insemination
after 12-day treatment with silastic coils impregnated with
progesterone. J. Anim. Sci. 43:164.

Rodgers RJ, MD Mitchell, ER Simpson. 1988. Secretion of
progesterone and prostaglandins by cells of bovine corpora
lutea from three stages of the 1luteal phase. J. Endocr.
118:121-126.

Rosenberg M, Z Herz, M Davidson, Y Folman. 1977. Seasonal
variations in postpartum plasma progesterone levels and
conception in primiparous and multiparous dairy cows. J.
Reprod. Fert. 51:363-367.

Ronge H and JW Blum. 1988. Somatomedin C and other hormones
in dairy cows around parturition, in newborn calves and in
milk. J. Amer. Physiol. Anim. Nutr. 60:168-176.



63

Rutanen EM, F Pekonen, T Makinen. 1988. Soluble 34K binding
protein inhibits the binding of insulin-like growth factor I
to its cell receptors in human secretory phase endometrium:
Evidence for autocrine/paracrine regulation of growth factor
action. J. Clin. Endocr. Metab. 66:173-180.

Rutter IM and JG Manns. 1987. Hypoglycemia alters pulsatile
luteinizing hormone secretion in the postpartum beef cow. J.
Anim. Sci. 64:479-488.

Salmon WD Jr. and WH Daughaday. 1957. A hormonally
controlled serum factor which stimulates sulfate
incorporation by cartilage in vitro. J. Lab. Clin. Med.
49:825-831.

Salteil, AR and P Cuatrecasas. 1988. In search of a second
messenger for insulin. Am. J. Physiol. 255:C1-Cl1l.

Schams D, R Koll, CH Li. 1988. Insulin-like growth factor I
stimulates oxytocin and progesterone production by bovine
granulosa cells in culture. J. Endocr. 116:97-100.

Schwander J, C Hauri, J Zapf, ER Froesch. 1983. Synethesis
and secretion of insuin-like growth factor and its binding
protein by the perfused rat liver:Dependence on growth hormone
status. Endocrinology 113:297- .

Scott CD, JL Martin, RC Baxter. 1985. Rat hepatocyte
insulin-like growth factor I and binding protein: effect of
growth hormone jin vitro and jin vivo. Endocrinology
116:1102-1107.

Sheorain VS, BS Khatra, TR Soderling. 1982. Hormonal

regulation of skeletal muscle glycogen synthase through
covalent phosphorylation. Fed. Proc. 41:2618-2622.

Simpson IA and SW Cushman. 1986. Hormonal regulation of
mammalian glucose transport. Ann. Rev. Biochem.
55:1059-1089.

Smith PJ, LS Wise, R Berkowitz, C Wan CS Rubin. 1988.
Insulin-like growth factor I is an essential regulator of the
differentiation of 3T3-Ll1 adipocytes. J. Biol. Chen.
263:9402-9408.

Smith RD, W Hansel, CE Coppock. 1976. Plasma growth hormone
and insulin during early lactation in cows fed silage based
diets. J. Dairy Sci. 59:248-254.



64

Spicer LY, JJ Ireland, JF Roche. 1981. Changes in serum LH,
progesterone, and specific binding of 125I-hCG to luteal cells
during regression and development of bovine corpora lutea.
Biol. Reprod. 25:832-841.

Tannenbaum GS, HJ Guyda, BI Posner. 1983. Insulin-like
growth factors: A role in growth hormone negative feedback and
body weight regqulation via brain. Science 220:77-79.

Trenkle A. 1971. Effects of short-chain fatty acids,
feeding, fasting and type of diet on plasma insulin 1levles in
sheep. J. Nutr. 100:1323-1330.

Ursely J and P Leymarie. 1979. Varying response to
luteinizing hormone of two luteal cell types isolated from
bovine corpus luteum. J. Endocr. 83:303-310.

Veldhuis JD, JE Nestler, JF Strauss. 1987. The insulin-like
growth factor, somatomedin-C, modulates low density
lipoprotein metabolism by swine granulosa cells.
Endocrinology 121:340-346.

Veldhuis JD and LA Kolp. 1985. Mechanisms subserving
insulin's differentiating actions on progestin biosynthesis
by ovarian cells: studies with cultured swine granulosa
cells. Endocrinology 116:651-659.

Villa-Godoy A, TL Hughes, RS Emery, LT Chapin, RL Fogwell.
1989. Association between energy balance and luteal function
in lactating dairy cows. J. Dairy Sci. 71:1063-1072.

Villa-Godoy A, TL Hughes, RS Emery, WJ Enright, AD Ealy, SA
Zinn, RL Fogwell. 1990. Energy balance and body condition
influence 1luteal function in Holstein heifers. Dom. Anim.
Endocr. 7:135-148.

Walton PE and TD Etherton. 1989. Effects of porcine growth
hormone and insulin-like growth factor I (IGF-I) on
immunoreactive IGF-binding protein concentration in pigs. J.
Endocr. 120:153-160.

Walton PE, R Gopinath, TD Etherton. 1989. Porcineinsulin-like
growth factor (IGF) binding protein blochkstion on porcine
adipose tissue. Fed. Proc. 190:315-319

Winter RJ, LS Phillips, MN Klein. 1979. Somatomedin activity
and diabetic control in children with insulin-dependent
diabetes. Diabetes 28:952-954.

Witters LA. 1981. 1Insulin stimulates the phosphorylation of
acetyl CoA carboxylase. Biochem. Biophys. Res. Commun.
100:872-878.



65

Zapf J, E Schoenle, ER Froesch. 1978. 1Insulin-like growth
factors I and II: Some boilogical actions and receptor
binding characteristics of two purified constituents of
nonsuppressible insulin-like activity of human serum. Eur. J.
Biochem. 87:285-291.

Zick Y, N Sasaki, RW Rees-Jones, G Grunberger, SP Nissley,
MM Rechler. 1984. 1Insulin-like growth factor I (IGF-I)
stimulates tyrosine kinase activity in purified receptors
from a rat liver cell line. Biochem. Biopys. Res. Commun.
119:6-13.



