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Two studies were conducted to determine the in vitro

metabolic and hormonal effects on glucose 6-phosphate

dehydrogenase activity (G6PD) in bovine mammary explants.

Study I was conducted to determine the effects of

palmitoyl CoA (5 and 25 uM), acetate (1 and 10 mM),

spermidine (0.4 mM) and putrescine (0.4 mM) on bovine

mammary G6PD activity in vitro and whether these effects

were dependent upon stage of lactation. Treatment of

early lactation explants with 5 uM palmitoyl CoA or 1 mM

acetate significantly reduced (P < .05) G6PD activity

compared with 25 uM palmitoyl CoA or 10 mM acetate and was

significantly less (P < .01) than control values.

Addition of acetate in combination with 5 uM palmitoyl CoA

significantly reversed G6PD inhibition (P < .05 for 1 mM

and P < .01 for 10 mM). Addition of either 1 or 10 mM

acetate in combination with 25 uM palmitoyl CoA failed to



reverse G6PD inhibition. Spermidine (0.4 mM) significantly

reversed (P < .05) palmitoyl CoA-induced inhibition at 5

gM, but not at 25 uM palmitoyl CoA. Spermidine also

reversed G6PD inhibition by acetate after 120 min of

incubation. Putrescine (0.4 mM) significantly decreased (P

< .05) G6PD activity compared to explants treated with

spermidine alone. Control values for G6PD activity were

significantly higher (P < .01) in early lactation than mid-

lactation explants. No statistical difference was found

between any treatments in explants from mid-lactation cows.

It is concluded that palmitoyl CoA and acetate will inhibit

G6PD activity in early lactation, but not mid-lactation

explants; and addition of spermidine will reverse this

inhibition.

Study II was conducted to determine the in vitro

effect of estradiol on early lactation (32-56 d postpartum)

bovine mammary G6PD activity. Mammary explants were

incubated with 0, 10, 50, 100 or 500 ng /ml estradiol for

12, 24, 36, 40, 48, 60 or 72 h. From split plot analysis

of variance it is concluded that there were no significant

differences (P > .1) in enzyme activity due to level of

estradiol, animal, or treat x time interaction. Variation

in ene activity due to the time of incubation were

significant (P < .05). It is concluded that estradiol did

not stimulate bovine mammary G6PD in vitro.
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IN VITRO HORMONAL AND METABOLIC CONTROL OF BOVINE
MAMMARY GLUCOSE 6-PHOSPHATE DEHYDROGENASE ACTIVITY

INTRODUCTION

The mammary gland is an organ which has a high rate of

metabolism; a cow producing 45.4 kg milk daily secretes

approximately 1.45 kg protein, 1.91 kg lactose and 1.68 kg

milkfat. In order to synthesize and secrete nutrients in

these quantities, plus maintain a high basal cellular

metabolism, it is important that energy and reducing

equivalents be available in sufficient quantities to

maintain this level of production. Understanding how the

mammary gland orchestrates the use of energy and reducing

equivalents in normal metabolism make them important areas

of research, especially in those areas concerned with

understanding interactive factors which control or

their production.

The bovine mammary gland uses acetate, produced as a

product of rumen fermentation, primarily for de novo fatty

acid synthesis and energy. Approximately 50% of the milk

fatty acids are derived from de novo synthesis and the

remainder from the breakdown of triacylglycerols, derived

from adipose tissue and dietary sources. Fatty acids

derived from sources outside the mammary gland are 16

carbon or greater in length, while 20-25% of the de novo

synthesized fatty acids are 16 carbon fatty acids.

modify
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Glucose 6-phosphate dehydrogenase (G6PD) is the rate-

limiting enzyme of the pentose phosphate pathway. This

pathway, which catalyzes a series of reactions converting

glucose 6-phosphate to ribose 5-phosphate, is important in

regenerating the reducing equivalent, NADPH from NADP.

NADPH is primarily utilized in the biosynthesis of fatty

acids. Because G6PD activity is important in regenerating

NADPH for de novo fatty acid synthesis, an understanding

of how the mammary gland regulates enzyme activity relative

to the level of substrate for de novo fatty acid synthesis

and level of long chain fatty acids (extracellular or

intracellular source) would be useful. This information

could aid in developing ways to avoid or treat metabolic

disorders related to depressed milk fat or ketosis.

Regulation of G6PD activity involves a hormonal as

well as a metabolic control level. In rat uterine tissue,

estradiol will stimulate and progesterone inhibit

synthesis of glucose 6-phosphate dehydrogenase. Mammary

control of metabolism in lactating dairy cows by estradiol

has received little attention. Therefore, our research

objectives were to study the in vitro hormonal and

metabolic control of bovine mammary glucose 6-phosphate

dehydrogenase in explants from lactating animals.
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LITERATURE REVIEW

HORMONAL CONTROL OF MAMMARY FUNCTION

Hormonal control of mammary development and function

has been reviewed extensively (Baldwin and Louis, 1975;

Bauman and Currie, 1980; Collier et al., 1984; Cowie, et

al., 1980; DeLouis et al., 1980; Forsyth, 1983; Knight,

1984; Tucker, 1981; Walker, 1984). Mammary cell

proliferation during gestation and subsequent lactation has

been described as exponential (Knight, 1984), linear

(Tucker, 1981) or peaking at midgestation (Wilde et al.,

1986) in ruminants and biphasic in non-ruminants (Joshi et

al., 1986). Low levels of cellular proliferation occur

concurrently with cellular differentiation during lactation

(Joshi et al., 1986; Knight, 1984; Tucker, 1981; Wilde et

al., 1986). Hormonal control by ovarian and adrenal

steroids have been correlated with increased mammary

epithelial cell formation and differentiation (DeLouis et

al., 1980). Serum levels of progesterone, estrogen and

glucocorticoids have been measured during the last month of

gestation in cattle (Smith et al., 1973b). Serum

progesterone levels remain high until 2 days prepartum,

then drop 92% by the day of parturition (The mammary gland

develops the ability to metabolize progesterone near

parturition (Stewart, 1983). The physiological function, if

any, of these metabolites has not been determined). Serum
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glucocorticoid levels remain low until 1 day prepartum,

increase by 2.5 fold on the day of parturition, then fall

to prepartum levels by 0.5 day after parturition. Serum

estradiol levels increase linearly from 26 days prepartum

until 5 days prepartum. From 5 until 2 days prepartum

estradiol levels double, then decrease 80-85% by 1 day

postpartum and continue to decrease until 9 days

postpartum. Serum estrone levels parallel changes in

estradiol levels except that they are 8-fold higher. Much

of the increase in both estrogens may be of placental

(Ainsworth and Ryan, 1966) or mammary origin (Maule-Walker

et al., 1983; Walker, 1984).

Hormonal induction of lactation in nonpregnant cows by

injection of progesterone and estradiol, with or without a

glucocorticoid, has given variable and subaverage milk

production (Erb, et al., 1973; Erb, et al. 1976a; Fleming

et al., 1986; Head et al., 1980; Paape et al., 1973; Sawyer

et al., 1986; Smith and Schanbacher, 1973; Smith et al.,

1973a; Willett et al., 1976). The variability and induced

production level was directly related to the ovarian

activity of the animal at the initiation of hormone

treatments (Erb et al., 1973; Erb, et al., 1976a; Erb et

al., 1976b; Smith and Schanbacher, 1973; Smith et al.,

1973a) with best results occurring when injections were

given from 0-8 days post-estrus or with injection of

cortisol (Head et al., 1980; Paape et al, 1973). Injection
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of estradiol and progesterone into lactating animals

suppressed milk production by 72% (Mollett et al., 1976).

Initiation of lactogenesis is correlated with the

surge in prolactin which occurs at parturition (Tucker,

1981). Serum prolactin levels in lactating dairy cows

(Koprowski and Tucker, 1973; McMurtry et al., 1975; Peters

et al., 1981) was correlated with the milking stimulus.

Stimulation at milking caused a large prolactin release

until 8 weeks of lactation, then gradually decreased until

essentially no prolactin was released by 32 weeks

postpartum. Increased serum prolactin levels were

correlated with increased photoperiod (Koprowski and

Tucker, 1973; Peters et al., 1981) and high and low ambient

temperature (McMurtry et al., 1975). Cold temperatures

will block (heifers) or reduce (lactating animals) light-

induced prolactin release, but not milking-induced

prolactin release (Peters et al., 1981) suggesting an

effect of temperature only on basal prolactin levels.

Interestingly, prolactin released in response to the

milking stimulus was lower during the summmer months than

the winter (Koprowski and Tucker, 1973).

Hormonal control of milk synthesis by prolactin,

growth hormone and insulin have been reviewed (Baldwin and

Louis, 1975; Bauman and Currie, 1980; Collier, et al.,

1984). In general, insulin directs nutrients, such as

glucose and fatty acids, towards storage in adipose tissue,

while growth hormone and prolactin indirectly or directly



6

coordinate movement of nutrients, such as glucose, amino

acids and fatty acids, into the mammary gland. In

addition to overseeing these events, prolactin also is

involved with ion transport in the mammary gland. In vivo

infusion of insulin plus glucose for two hours then glucose

infusion for 2 hours in lactating, non-pregnant cows showed

no effect of insulin on glucose uptake and only moderate

amino acid uptake by the mammary gland (Laarveld et al.,

1981).

Thyroxine and triiodothyronine were measured in

heifers of high and low genetic milk production potential

(Bitman et al., 1984). Serum levels of prolactin and

triiodothyronine were not different between groups.

Thyroxine levels were significantly higher in low-producing

than in high-producing heifers, suggesting a negative

relationship. Serum thyroxine and triiodothyronine showed

diurnal variation, being lower in the morning and higher

during the afternoon. Serum levels of thyroxine were

inversely correlated with milk production as lactation

progressed, while serum levels of triiodothyronine were not

changed (Akasha et al., 1987).

The mammary gland of ruminants has been found to

secrete (synthesis ?) estrogen and prostaglandin F2a during

late gestation (Maule-Walker et al., 1983; Walker, 1984).

Mammary vein secretion of estrogens parallels carotid vein

levels. Prostaglandin F2a is secreted by the mammary
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gland into the plasma until the time of parturition.

Secretion is then redirected into the milk and away from

the general circulation. Walker (1984) suggested that the

initiation of lactogenesis in goats was due to removal of

an inhibitor, prostaglandin F2a, not withdrawal of

progesterone, which has been suggested as the force

responsible for initiation of lactation (Tucker, 1981).

Intramammary treatment with a synthetic analogue of

prostaglandin will delay onset of lactation. Conversely,

mammary treatment with a blocker of prostaglandin

synthesis, indomethacin, will initially stimulate milk

secretion, then suppress it. Treatment of goats with

bromocriptine and Cloprostenol, the latter a prostaglandin

analogue, did not initiate lactation in goats, suggesting

that prostaglandin, as well as progesterone, withdrawal is

required to initiate lactogenesis. They propose that

estradiol secretion by the goat mammary gland is correlated

with the directional change of prostaglandin secretion from

the plasma toward the lumen of the alveoli.

Organ Culture

The large number of hormones involved with increased

mammary division and differentiation has made separation of

individual or combined effects difficult in vivo. Organ

cultures of mammary tissue offers many advantages for

delineating the hormonal control of mammary cellular

division and differentiation (Forsyth and Jones, 1976;

Owens et al., 1973). In general, cultured mammary tissue
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responds maximally to combinations of insulin, an adrenal

steroid and prolactin (Collier et al., 1977; Djiane et al.,

1975; Durwood et al.,1986; Forsyth and Jones, 1976; Mehta

and Banerjee, 1975; Taketani and Oka, 1986) while in vivo

priming by ovarian hormones, but generally not in vitro

incubation, increase mammary cell division (Haeuptle et

al., 1983; Mehta and Banerjee, 1975; Suard et al., 1983;

Yang et al., 1980). Bolander and Topper (1980) found that

replacement therapy of estrogen or prolactin to

ovariectomized rats restored the mammary gland's ability to

synthesize lactose and casein. If, however, mammary tissue

from ovariectomized rats was placed in culture and treated

with estrogen or prolactin, the tissue was unable to

synthesize casein or lactose. The reason appeared to

involve a loss of responsiveness to prolactin which could

not be explained by changes in prolactin receptors

(Bolander and Topper, 1981).

Djiane et al. (1975) found that insulin, prolactin

and cortisol were required for maximum in vitro secretory

activity of heifer mammary tissue. Incubation with growth

hormone instead of prolactin gave results which were

inferior to prolactin. Mehta and Banerjee (1975) also

found that lobulo-alveolar growth of the entire thoracic

mammary gland from immature mice in vitro required a

minimum of insulin, prolactin and aldosterone. In vivo

priming by estradiol and progesterone were required for
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lobulo-alveolar growth. Estradiol plus progesterone in

vitro could replace aldosterone in stimulation of mammary

protein and DNA synthesis, but did not stimulate additional

increase in RNA synthesis above that provided by insulin

and prolactin.

Cellular function, as measured by glucose-6-phosphate

dehydrogenase activity, was found to be maintained by

cortisol and stimulated by prolactin and insulin in organ

culture (Forsyth and Jones, 1976). These changes could be

produced even if the cells were treated with colchicine to

inhibit cell division. However, synthesis of other

cellular proteins such as casein and lactalbumin were

inhibited if mammary mitotic divisions were blocked by

treatment with cytosine arabinoside.

Oka et al. (1974) found that mouse mammary cells were

responsive to insulin during pregnancy and lactation but

not in virgin or postlactational mice. This responsiveness

is correlated to differentiation of mammary cells. Mouse

mammary glucose-6-phosphate dehydrogenase activity in

explants taken from midlactation animals initially was very

high but declined at a steady rate to almost zero by 72

hours in culture. Incubation with insulin slowed the

decrease in enzyme activity. Glucose-6-phosphate

dehydrogenase responsiveness to insulin in virgin,

midpregnant and postlactational explants required 24-48

hours in culture before an increase was noted.

Ray et al.(1986) found that absolute or various
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combined levels of prolactin, insulin and cortisol

necessary for maximal stimulation of casein and lactalbumin

were dependent upon the physiological state of the animal,

length of time in culture and relative hormone levels.

Neither casein or lactalbumin was stimulated maximally by

the same hormone or set of hormone combinations when tested

at physiological levels, suggesting that regulation is not

coordinated.

Taketani and Oka (1986) studied the hormonal

requirements of lactating mouse mammary epithelial cells

for lactalbumin and casein synthesis. Casein synthesis

required insulin, prolactin, 3 uM cortisol and 5% fetal

bovine serum (10% was inhibitory). Similar requirements

were necessary for lactalbumin synthesis except that 100

fold less cortisol was necessary for maximal response.

Maximal binding of prolactin was found in the presence of

insulin and high or low concentrations of cortisol.

Bhattacharjee and Vonderhaar (1984) found that

triiodothyronine stimulated in vitro lactalbumin, but not

casein, synthesis and secretion in mouse mammary tissue.

Collier et al. (1977) found that bovine mammary

explants taken from cows 30-40 days prepartum responded

maximally to acetate incorportation into fatty acids when

cultured with insulin, cortisol and prolactin.

Prolactin-stimulated fatty acid synthesis in

pseudopregnant rabbit mammary explants required insulin and
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was inhibited by progesterone at pharmacological doses (5

pg/m1 media), but not at physiological doses (5 ng/ml)

(Falconer and Martyn, 1985). Estradiol alone or with

progesterone had no effect on prolactin stimulation of

fatty acid synthesis.

Withdrawal of progesterone implants in ovariectomized

pregnant rats (Loizzi, 1985) shifted the pool of free

tubulin into microtubule formation, which is involved in

intracellular protein transport and exocytosis. Estradiol

implants did not block this shift when progesterone was

withdrawn.

Steroids and Prolactin Control of Mammary Physiology

Prolactin control

Akers et al. (1981b) found that periparturient

prolactin was necessary for complete differentiation of

bovine mammary epithelium. Elimination of periparturient

prolactin reduced milk production and biosynthesis of fatty

acids and lactose but did not decrease cell numbers at 10

days postpartum (Akers et al., 1981a). Reduced milk

production was reversed as lactation progressed in animals

which had suppressed periparturient prolactin. Prolactin

binding sites are increased in bovine mammary membranes

taken during lactation compared to 5 days prepartum (Kazmer

et al., 1986), but demonstrate no stage of lactation

changes.

Rabbit mammary cells, grown on two- or three-

dimensional collagen surfaces, showed that maximum
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functional differentiation required prolactin (Haeuptle et

al., 1983; Suard et al.,1983). Maximal cell division

required prolactin and progesterone. Other hormones such

as estradiol, dexamethasone, insulin and triiodothyronine

had little apparent effect on cell numbers or

differentiation.

Progesterone or prolactin stimulated growth of mammary

cells from mature virgin mice 2 to 4 fold over controls

(Imagawa et al., 1985). Progesterone, corticosterone and

aldosterone synergized with prolactin to stimulate growth 3

to 17 fold over controls. Estradiol did not stimulate

growth or synergize with progesterone, prolactin or low

levels of insulin. Mammary cells from midpregnant mice were

less responsive to stimulation by progesterone or prolactin

(maximum stimulation was 2 fold). An in vivo mechanism was

suggested where estrogen stimulated prolactin release from

the pituitary (Leong et al., 1983) and also stimulated

synthesis of progesterone receptors. Increased prolactin

bound to and stimulated up-regulation of its own receptors.

Increased prolactin binding, combined with progesterone

binding its own receptors, lead to mammary cell

proliferation.

Prolactin increased, while growth hormone had little

effect on lactalbumin synthesis and secretion in

nonlactating pregnant bovine mammary explants (Goodman et

al., 1983). Incubation with prolactin and cortisol
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increased lactalbumin secretion to a greater level than

prolactin alone. Progesterone alone increased lactalbumin

secretion but inhibited prolactin-induced secretion.

Estradiol alone or in combination with prolactin increased

lactalbumin secretion. This synergism was reversed when

co-incubated with progesterone. It should be noted that

the basal incubation media contained triiodothryonine which

may enhance the effects of prolactin and estradiol on

mammary gland.

Casein

secretion

and fat synthesis and

the

alpha-lactalbumin

in explants from lactating bovine mammary tissue

(Gertler et al., 1983) were increased when incubated with

bovine prolactin or human growth hormone but not when

incubated with ovine or bovine growth hormone. Prolactin

can also stimulate casein mRNA in non-ruminant mammary

tissue (Houdebine, 1976). This stimulation can be blocked

by progesterone.

Bolander (1984) found that treatment of virgin mice

with progesterone or prolactin for two weeks in vivo

increased the sensitivity of mice mammary explants to

stimulation of lactose synthetase activity similar to that

found in pregnant mice. Estradiol or tetraiodothyronine

had no effect. Maintenance of this responsiveness required

a combination of prolactin, cortisol and insulin.

Estrogen and prolactin have been shown to stimulate

prolactin receptors in rat livers (Posner et al., 1974).

Therefore the effects of estradiol, progesterone and
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prolactin on rat mammary and liver prolactin receptor level

from virgin, pregnant and lactating animals was studied

(Hayden et al., 1979). Prolactin binding in mammary tissue

from virgin animals was increased by estradiol and

prolactin. Progesterone reduced estrogen stimulation of

prolactin receptors. Mammary prolactin binding was

inversely correlated with liver binding (i.e. low during

gestation, increased during lactation then decreased again

after weaning). Maintenance of prolactin receptors during

lactation required ovarian, pituitary, thyroid and adrenal

hormones.

Bohnet et al. (1977) found that estradiol decreased

prolactin receptor levels in the mammary gland while

prolactin stimulated an increase in its own receptor level.

Increased serum prolactin levels at the end of gestation

were partially due to ovarian secretions.

The postpartum increase of mammary prolactin receptors

from pseudopregnant or late pregnant rabbits required the

surge of prolactin at parturition (Djiane and Durant,

1977). This increase could be blocked by progesterone.

Estrogen control

Inhibition of uterine growth by progesterone-induced

inhibition of the estrogen receptor (Hsueh et al., 1975)

suggested that the mammary gland may also be influenced by

ovarian hormones in a similar manner. The importance of

estrogen receptors in controlling mammary function was
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demonstrated when a rat mammary tumor regressed only after

co-incubation with uterine supernatant containing estrogen

receptors (McGuire et al., 1972) .

Localization of mammary estradiol binding using

autoradiographic techniques found low radioactivity over

rat epithelial cells and ducts from mammary tissue taken

from pregnant rats at 7-13 days of gestation while high

radioactivity was found over the nuclei of rat and mouse

epithelial cells taken during lactation (Sar and Stumpf,

1976). Hunt and Muldoon (1977) found that mouse mammary

estrogen receptors went from undetectable to maximum adult

levels at puberty. Estrogen receptors increased during

early pregnancy, plateaued during midpregnancy, rose again

during late pregnancy and fell after parturition. These

changes were not depressed by ovariectomy.

Leung et al (1976) found that rat mammary estrogen

receptors increased from mid to late gestation, remained at

this level until mid-lactation, increased until weaning,

then returned to mid-gestation levels by 4 days post-

lactation. The receptor dissociation constants (Kd)(x 10

-10 M) increased from 1.04 during the first week of

lactation to 1.85 during the last week, doubled to 3.67

during the first week post-lactation and decreased to 1.03

by 2-3 weeks post-lactation.

Muldoon (1978) found that estrogen binding increased

during gestation in direct proportion to increased levels

of mammary tissue. The estrogen receptor is found as a 4S
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complex in virgin tissue and early pregnancy, then

gradually shifts to an 8S complex in mid and late

pregnancy. They suggested that the 4S form is a more

efficient complex for inducing a estrogen-stimulated

response while the 8S form acts as a "storage" form. The

8S form is also found during lactation (Hunt and Muldoon,

1977).

Estrogen receptors in mammary tissue from virgin and

late gestation mice (Muldoon, 1981) were stimulated to form

nuclear complexes when given estrogen, and to a greater

extent, prolactin. This shift was inhibited by treatment

with CB-154, also known as bromocryptine, a compound which

inhibits prolactin release from the pituitary.

High affinity estrogen binding sites were found in

lactating rat mammary tissue (Bohnet et al., 1977; Shyamala

and Nandi, 1972). Estrogen binding sites increased (Bohnet

et al., 1977) rapidly for the first 2 days postpartum then

gradually declined over the course of lactation.

Administration of bromocryptine had no effect on estrogen

receptor levels. Incubation of lactating rat mammary

tissue explants in culture showed low levels of estrogen

binding compared with uterine tissue (Leung and Sasaki,

1973). Incubation with prolactin increased estrogen

receptors slightly and progesterone inhibited binding (no

data given). Mohla et al. (1981) also found that rat

mammary estrogen and progesterone receptor levels were
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significantly lower than uterine tissue during lactation.

Mammary and uterine estrogen receptors increased during

lactation, while mammary progesterone receptors decreased.

In addition, uterine, but not mammary estrogen and

progesterone receptors, were significantly increased when

estrogen injections were given for 3 days beginning 1 day

postpartum.

Measurement at 1, 10 and 21 days of lactation (Hsueh

et al., 1973) demonstrated that nuclear receptor-estrogen

complexes increased slightly during the lactation period

whereas cytoplasmic receptors increased significantly and

were several fold higher by the end of lactation. This

increase was not changed if the animals were ovariectomized

on day 1 of lactation. Injection of estradiol caused a

marked increase in nuclear receptor levels, suggesting that

low endogenous estrogen levels are responsible for the high

cytoplasmic and low nuclear estrogen binding capacity.

Haslam et al. (1984) could find no difference between

cytoplasmic or nuclear estrogen receptors from lactating

rat mammary tissue and receptors taken from virgin mammary

tissue, which could explain the unresponsiveness of

estrogen on lactating mammary tissue. Gaubert et al.

(1986) and Shyamala et al. (1986) found that the estrogen

receptor in lactating mouse mammary tissue had a reduced

ability to bind to DNA compared with the estrogen receptor

from nulliparous mice. The receptor from lactating mice

appears to be associated with an unknown factor(s) which
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makes it unresponsive to estradiol (Shyamala et al., 1986)

and hence may explain the seeming unresponsiveness of the

mammary gland to estrogen in vitro. Others have suggested

that the effects of estrogen on mammary tissue are indirect

through a protein synthesized by the uterus (Sirbasku and

Leland, 1982) or through stimulation of cell types other

than epithelial cells, such as adipocytes (Shyamala and

Ferenczy, 1984 and 1986).

Progesterone control

Progesterone receptors are located primarily on

nonsecretory mammary epithelial cells (Haslam and

Shyamala, 1979a; Haslam and Shyamala, 1981), but adipose

and connective tissue also contain high affinity

progesterone and estradiol receptors which do not change at

different physiological states of the animal (Haslam and

Shyamala, 1981).

Progesterone receptor levels in mammary tissue are

inversely proportional to the secretory activity of the

mammary gland (Capuco et al., 1982; Haslam and Shyamala,

1979b; Wiehle and Witliff, 1983). An exception may be

rabbit mammary tissue in which no changes in progesterone

or estrogen receptor levels were found during gestation or

lactation (Kelley et al., 1983).

Progesterone receptors in the bovine mammary gland

also decrease after parturition by 77% compared to

prepartum levels (Capuco et al., 1982). The postpartum
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decrease was due to decreased amounts in two of the three

binding protein fractions which were characterized based

upon their isoelectric points.

Progesterone receptors were increased by estrogen

alone (Haslam and Shyamala, 1979a; Muldoon, 1981) or with

prolactin, but not by prolactin alone (Muldoon, 1981) in

virgin animals. Nuclear progesterone receptors (Muldoon,

1981) from late gestation were decreased by prolactin while

estrogen only slightly increased these receptors.

Progesterone receptors were examined in mammary tissue from

ovariectomized animals (Haslam and Shyamala, 1980).

Estrogen stimulated progesterone receptors while

progesterone partially blocked increases in its own

receptor. Decreases in progesterone receptor levels

occurred in two phases. The first decrease was completed

by day twelve of gestation and was due to progesterone

inhibition of the estrogen-stimulated increase. The second

occurred after parturition when the tissue became

insensitive to estrogen-stimulated increases of the

progesterone receptor. This decrease was related to the

secretory state of the mammary tissue, but the actual

mechanism remains to be determined. Estradiol had no

mitogenic effect on rat mammary cells grown on a collagen

matrix (Edery et al., 1984a and 1984b), but stimulated the

synthesis of progesterone receptors. Progesterone plus

prolactin caused cell proliferation, which correlated with

increased progesterone receptors.
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Glucocorticoid control

Glucocorticoids act as mediators in increasing protein

synthesis in mammary tissue. Quirk et al. (1986b)

demonstrated that the action of glucocorticoids on

lactalbumin synthesis in midpregnant rat mammary explants

follows a biphasic pattern of increased synthesis which is

maximum at 3-10 nM RU26988, a synthetic glucocorticoid,

then decreased to control levels at 300 nM. Taketani and

Oka (1986) found similar results for casein synthesis and,

in addition, demonstrated that lactalbumin synthesis

required 100 fold less cortisol than casein for maximum

response. The biphasic response of glucocorticoids on

lactalbumin synthesis is due to the presence of two classes

of adrenal glucocorticoid receptors found in rat and mouse

mammary tissue (Quirk, et al., 1986a). Binding to the Type

II receptors acts to inhibit further synthesis of

lactalbumin at the higher hormone levels and may reflect

turn-on and turn-off sites in the nucleus for

glucocorticoid action on protein synthesis.

Triiodothyronine can overcome glucocorticoid-induced

inhibition of lactalbumin, but not casein in vitro

(Bhattecharjee and Vonderhaar, 1984). Maintenance of

glucocorticoid receptors in primary cultures of mouse

mammary epithelial cells was dependent on incubation with

cortisol and prolactin (Schneider and Shyamala, 1985).

Lactating bovine mammary tissue possessed more
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glucocorticoid receptors (Capuco and Tucker, 1980; Gorewit

and Tucker, 1976) than tissue from virgin, one-month

prepartum or dry mammary tissue. Progesterone inhibited

glucocorticoid binding while estrogen had no effect (Capuco

and Tucker, 1980). Progesterone cross-reacts with the

glucocorticoid receptor at 69% of the level of

dexamethasone (Schneider and Shyamala, 1985). Competition

of progesterone with the glucocorticoid receptor may be

reduced during lactation due to sequestering of endogenous

progesterone into the secreted milk or binding to its own

receptor (There is apparent disagreement regarding whether

progesterone receptors are absent during lactation in

ruminant mammary tissue as is the case in nonruminant

tissue. See the discussion section (Capuco and Tucker,

1980) for related comments).

Glucocorticoid binding in rabbit mammary tissue peaks

during mid-gestation, decreases to parturition, then peaks

again during early lactation (Kelley et al., 1983).

Summary

Considerable variation in mammary response to

prolactin, estrogen, progesterone and glucocorticoids is

evident in the literature. Response is related to the

physiological state of the animal (virgin, pregnant or

lactating), relative levels of hormones alone or in

combination with each other, in vivo or in vitro

measurements and specie of animal studied. It seems that
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the mechanisms and requirements responsible for cellular

division are unique and independent from the requirements

for cellular differentiation. Most available information

is derived from non-ruminant mammary tissue and therefore

extrapolation to ruminant mammary function requires a

certain degree of caution. While a consensus of opinion

is not possible at this time, several generalized

relationships and comments are in order.

Mammary development after puberty and during gestation

requires progesterone or a combination of progesterone plus

prolactin for cellular division and estrogen for synthesis

of progesterone receptors. Estrogen as well as estrogen

receptor levels increase during gestation which appear to

be directly related to increased mammary mass. As

parturition approaches, estrogen stimulates an increase in

prolactin receptor synthesis as well as increased prolactin

secretion. Near parturition, serum progesterone levels and

mammary receptors decrease. Prolactin appears to decrease

progesterone receptors. Glucocorticoid binding is low

during gestation and high during lactation. Because

circulating levels of glucocorticoids are low during

lactation, the physiological relevence of the increased

receptor levels remains to be seen. Estrogen receptors

appear to be high at parturition and early lactation, then

decrease, but there is no consensus on this point. The

physiological need for increased prolactin receptors during

lactation compared with late gestation is interesting
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considering that prolactin is not needed for normal mammary

function in ruminants after lactogenesis is established.

MAMMARY FATTY ACID SYNTHESIS

The mammary gland is a specialized organ which

controls the synthesis and secretion of over 400 different

species of fats and lipids (Christie, 1979a). Mammary

control of fatty acid synthesis and secretion has been

extensively reviewed (Bell, 1979; Bloch, 1977; Christie,

1979a and 1979b; Moore and Christie, 1979; Patton and

Jensen, 1975; Vernon, 1980; Vernon and Flint, 1983; Vernon

and Flint, 1984). Most animal species studied to date

secrete triglycerides as the primary lipid class in milk

(Christie, 1979a; Dils, 1986). In ruminants this amounts to

97-98% of the total lipids, of which the predominant

classes of fatty acids attached to the triglyceride are

long chain fatty acids (C:16 and C:18:1) and the short

chain fatty acid, acetate (Dils, 1986). In vitro synthesis

of fatty acids in bovine mammary slices also incorporate

over 70% of the synthesized mammary fatty acids into

triglycerides (Bauman et al., 1973).

The capacity for bovine mammary fatty acid synthesis

is acquired during late gestation and increases

dramatically at parturition (Kinsella, 1975; Kinsella and
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Heald, 1972; Mellenberger et al., 1973; Short et al.,

1977). Fatty acid synthesis from acetate incorporation in

bovine mammary tissue (Mellenberger et al., 1973) increased

over 20 fold from thirty days prepartum to forty days

postpartum. The activity of most enzymes involved with

fatty acid synthesis also increased during this time

period, with acetyl-CoA carboxylase and acetyl-CoA

synthetase most closely parallelling lipogenic capacity of

the tissue. Short et al. (1977) also found that glycerol

3-phosphate palmitoyltransferase, fatty acid synthetase,

phosphatidate phosphatase and acyl-CoA synthetase increased

during late gestation and early lactation in a coordinated

manner, suggesting a relation between fatty acid synthesis

and fatty acid esterification to glycerolipid. During late

gestation, long chain fatty acids (palmitic and myristic)

were predominantly synthesized, then decreased between two

and seven days prepartum at the same time as short chain

fatty acid synthesis increased (Kinsella, 1975; Kinsella

and Heald, 1972). Triglyceride formation increased from

20% of the total lipids synthesized during late gestation

to 87% twenty days postpartum (Kinsella, 1975).

Fatty Acid Synthesis and Uptake

De novo fatty acid synthesis is primarily controlled

by two enzymes, acetyl CoA carboxylase and fatty acid

synthetase. Acetyl CoA carboxylase (Bloch, 1977; Moore and

Christie, 1979; Vernon and Flint, 1983) catalyzes the

conversion of acetyl CoA to malonyl CoA, a three-carbon
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fatty acid. Fatty acid synthetase is a complex of seven

enzymes whose collective function are elongation of the

newly synthesized fatty acid chain by addition of

successive malonyl CoA molecules to one of two primers,

acetyl CoA or butyryl CoA (Ahrens and Luick, 1964; Bloch,

1977; Moore and Christie, 1979; Palmquist et al., 1969;

Smith, 1980), with CO2 released as part of the reaction.

Acyl thioester hydrolase(s) are associated with the fatty

acid synthetase complex and determine fatty acid chain

length by terminating synthesis (Knudsen, 1975).

Glucose is the primary substrate for mammary fatty

acid synthesis in non-ruminants while ruminants primarily

utilize acetate or, to a lesser extent, BOH-butyrate

(Ahrens and Luick, 1964; Bines and Brown, 1968; Hardwick,

1966; Moore and Christie, 1979; Palmquist et al., 1969;

Torok et al., 1986; Vernon and Flint, 1983). Palmquist et

al. (1969) determined that in ruminants 50% of the four-

carbon atoms

fatty acids

contributes,

at the methyl terminal end of milk C4-C12

were from butyrate, but that butyrate

at most, 8% of the total milk fatty acid

carbons. Others have also suggested that butyrate makes a

minor contribution to milk fatty acids (Ahrens and Luick,

1964; Bines and Brown, 1968). Maximum conversion of

acetate to fatty acids and CO2 in ruminant mammary tissue

required glucose (Balmain et al., 1952; Bauman et al.,

1970; Bauman et al., 1972; Bauman et al., 1973a,b;
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Forsberg, 1984). Incubation of bovine or sheep mammary

slices with acetate and glucose or acetate and glycerol

stimulated fatty acids synthesis to a greater degree than

acetate alone (Balmain et al., 1952; Bauman et al., 1970;

Bauman et al., 1972; Bauman et al., 1973a,b). Addition of

glucose primarily stimulated increased C16 synthesis and

decreased C4 synthesis by the mammary gland (Bauman et al.,

1972). However, for reasons not entirely clear, fatty acid

synthesis was less when acetate and glycerol were incubated

together than when acetate and glucose were incubated

together. Insulin had no effect and acetate was not

converted to glycerol. Forsberg et al. (1985a) determined

that glucose was used primarily for lactose and glycerol

synthesis and NADPH regeneration for lipogenesis. Little

glucose was converted to fatty acids and acetate increased

glucose oxidation in a positive manner. Contrary to other

research (Hardwick, 1966; Hardwick et al., 1963; Moore and

Christie, 1979), Forsberg et al. (1985a and 1985b) and

Torok et al. (1986) suggested that the ATP-citrate lyase

reaction is operative in lactating bovine mammary tissue.

It is not expressed due to the high metabolic drain of

glucose into metabolic products and ATP-citrate lyase

inhibition by increased levels of acetate (Forsberg et al.,

1985a,b) or inhibition of glycolysis at some point prior to

pyruvate and lactate formation (Torok et al., 1986).

Milk fatty acid composition is a mixture of short and

medium chain fatty acids derived from de novo synthesis and
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long chain fatty acids, hydrolyzed from plasma

triacylglycerols and actively taken up by the mammary

gland. Palmquist et al. (1969) estimated that 40% of the

milk palmitate and all of the C18 fatty acids were from

sources outside of the mammary gland. Palmquist and Mattos

(1978) fed radiolabelled linoleic acid to lactating dairy

cows and determined that 76% of the radiolabelled linoleic

acid absorbed by the gut was taken up by the mammary gland.

They also determined that 44% of the milk fat was of

dietary origin. Annison (1983) found that approximately

50% of the long chain fatty acids secreted in milk are

derived from break down of plasma triacylglycerols. The

mammary gland possesses the ability to selectively

transport fatty acids across its membranes (C16 > C18 >

C18:1 > C14) (Kinsella, 1970). Removal of long chain fatty

acids from their site of synthesis is necessary to prevent

inhibition of de novo fatty acid synthesis; milk proteins

may act as carriers for removal of fatty acids (Hibbitt,

1966). Addition of bovine serum albumin, which had been

treated to remove endogenous fatty acids, to lactating

bovine mammary homogenate fractions stimulated fatty acid

synthesis while treatment with potassium oleate or

potassium oleate plus defatted albumin inhibited synthesis.

Treatment with casein or alpha-lactalbumin stimulated fatty

acid synthesis. Another milk protein, p-lactoglobulin, has

the ability to bind long chain fatty acids (C16 > C18 >
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C18:1 > C18:2) (Spector and Fletcher, 1970).

The major class of lipids found in ruminant milk are

triacylglycerols (Christie, 1979a), which require a readily

available source of glycerol. Injection of labelled

glycerol into the pudic artery of a lactating dairy cow was

followed in milk constituents (Wood et al., 1958a).

Labelled glycerol was initially incorporated into lactose

and casein (peaked by two hours after injection, then

declined) then was found in the fatty acid and glyceride-

glycerol fraction of the milk (maximum levels by three

hours after injection and remained elevated until at least

seven hours after injection). Injection of labelled

glucose into a lactating dairy cow found that approximately

17% of the milk fat glycerol was labelled (Wood et al.,

1958b). The primary substrate for bovine mammary de novo

glycerol synthesis is glucose, not acetate, propionate or

butyrate (Luick, 1961). Luick and Kleiber (1961) injected

U-C14 glucose intravenously into lactating cows and

measured labelled glycerol in the milk. They estimated

that more than 70% of the milk glycerol carbon was derived

from plasma glucose (this figure should be viewed with

caution because it does not distinguish between glycerol

formed from glucose in the liver and that synthesized de

novo in the mammary gland). It has been estimated that 50-

60% of the glycerol utilized for milk triacylglycerol

synthesis comes from the hydrolysis of plasma

triacylglycerol (Bauman and Davis, 1974). This calculation
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is based on the assumptions that plasma triacylglycerol

hydrolysis is the only external source of glycerol and that

the mammary gland utilizes 100% of all the glycerol

liberated during the hydrolysis. Infusion of labelled

glycerol into lactating sheep found little net uptake of

glycerol by the mammary gland, yet the venous specific

activity of the labelled glycerol dropped to about 70% of

the arterial level and milk triacylglycerol contained

labelled glycerol (West et al., 1972). It would appear,

therefore, that the mammary gland synthesizes approximately

20-50% of the glycerol needed for milk triacylglycerol

synthesis.

Conversion of glycerol to glycerol-3-phosphate, then

phosphatidic acid, was the prefered route for triglyceride

synthesis in the goat or cow (Askew et al., 1971a;

Bickerstaffe and Annison, 1971; Kinsella, 1976) while

glycerol-3-phosphate or 1-monoglyceride was equally

effective in the sow (Bickerstaffe and Annison, 1971).

Dispersed cells or subcellular fractions from goat mammary

tissue were not able to incorporate de novo synthesized

fatty acids or labelled palmitic acid into

monoacylglycerols formed from hexadecylglycerol (Hansen et

al., 1986), suggesting that the monoacylglycerol pathway

for triacylglycerol synthesis does not exist in goat

mammary epithelial cells. Addition of glycerol 3-

phosphate to goat mammary tissue can stimulate
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esterification of fatty acids and overcome inhibition of

triglyceride synthesis by ATP (Hansen et al., 1984a,b).

Acyltransferases are enzymes whose function are to add

activated fatty acids to the glycerol backbone.

Acyltransferases are located primarily in rough endoplasmic

reticulum of milk- secreting epithelial cells (Valivullah

et al., 1986) which means that very little incorporation of

long-chain fatty acyl CoA into triglycerides occurs on the

developing cytoplasmic lipid droplet. Palmityl CoA

glycerolphosphate acyltransferase, the major mammary fatty

acid transferase, preferentially adds palmitoyl CoA to the

developing triglyceride destined for secretion in milk

(Gross and Kinsella, 1974; Kinsella and Gross, 1973).

Palmitoyl CoA (long chain fatty acids in general) are

selectively added to the sn-1 and 2 position of the newly

synthesized triglyceride while short chain fatty acids are

preferentially added onto the sn-3 position (Marshall and

Knudsen, 1977b). In vitro fatty acyl-CoA chain length

specificity for lactating bovine mammary 1-

acylglycerolphosphate acyltransferase was C16 > C14 > C12 >

C10 > C8 (Marshall and Knudsen, 1977a). Askew et al.

(1971b) demonstrated that priority of esterification for

glyceride synthesis was C16 > C18:1 > C18:0 > C18:2. In

addition, stearic acid complimented esterification of

palmitic and oleic acids to the glycerol-3-phosphate

backbone while linoleic acid inhibited esterification of

palmitic, oleic and stearic acids. Oleic acid, the
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principle unsaturated fatty acid of the bovine mammary

gland is formed by the enzyme, stearyl desaturase

(Kinsella, 1972). Its activity was correlated with mammary

triglyceride synthesis and was absent in non-lactating

animals.

Fatty acids can be oxidized for energy metabolism in

mammary tissue (Annison and Linzell, 1964; Dimenna and

Emery,1980; Torok et al., 1986). Annison and Linzell

(1964) found that in the lactating goat mammary gland, 21-

33% of the mammary CO2 was from acetate and that 29-69% of

the acetate taken up by the mammary gland (as measured by

differences between arterial and venous levels four hours

after infusion) was oxidized. Mammary CO2 from glucose was

29-49% of the total and 16-34% of the glucose taken up by

the mammary gland was oxidized. The mammary gland utilized

15-41% of the total acetate and 60-85% of the total glucose

used by the whole animal. This left 17-45% of the acetate

available for fatty acid synthesis and 79-95% of the

remaining glucose was utilized in the synthesis of glycerol

and lactose. Dimenna and Emery (1980) demonstrated in

mammary tissue slices of lactating cows that fatty acid

oxidation decreased as chain length increased with acetate

being oxidized to a greater extent than palmitic acid,

possibly due to restriction by beta-oxidation enzymes.

Acetate inhibited palmitate oxidation but not

esterification, suggesting substrate competition for
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available CoA, or malonyl-CoA inhibition of carnitine

palmitoyl transferase, the enzyme responsible for transfer

of palmitoyl CoA into the mitochondria for oxidation.

Glucose inhibited palmitate oxidation and stimulated

esterification. Low levels of palmitoyl CoA would appear

to favor glyceride synthesis over oxidation since the

apparent Km for palmitoyl CoA for glycerol-3-phosphate

acyltransferase is lower than that for carnitine palmitoyl

transferase. It was suggested that glucose diverts

palmitate from oxidation to glycerolipid synthesis. It was

estimated that 6-10% of the oxidative metabolism of the

mammary gland is supplied by long chain fatty acids

(Dimenna and Emery, 1980). Tissue peroxisomes oxidize long

chain fatty acids to medium and short chain fatty acids,

which are preferred substrates for mitochondrial oxidation

(Masters and Crane, 1985). Their role in mammary

metabolism remains to be elucidated.

Long chain fatty acids function primarily as

substrates for triacylglycerol synthesis. In addition, long

chain fatty acids (C14 and C16) have been shown to act as

inducers for cellular differentiation, but not cellular

division, in a rat mammary carcinoma cell line (Dulbecco et

al., 1980).

Metabolic Control of Fatty Acid Synthesis

Factors affecting changes in quantity and composition

of milk fat in lactating dairy cows has been reviewed

(Christie, 1979b). In general, factors which affect total
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milk lipid output are stage of lactation (decreases during

lactation), number of lactations (decreases with increasing

number) and dietary roughage intake relative to concentrate

intake (low forage intake is correlated with decreased

quantity of milk fat due to impaired uptake of

triglycerides (Annison and Bickerstaffe, 1974)). Factors

which affect milk composition are season of the year (milk

fat in summer has a higher proportion of unsaturated long

chain fatty acids than winter) and dietary fat composition

(i.e. feeding unsaturated fatty acids increases the level

of unsaturated fatty acids in milk or feeding long chain

saturated fatty acids will generally decrease the amount of

short chain milk fatty acids).

It has been reported that milk protein concentration

increased 0.015 percentage units per megacalorie of

increased daily energy intake (Emery, 1978); however,

dietary supplementation of protected fats (tallows, etc.)

increased milk fat percent and concentration and decreased

milk protein percent and concentration (Palmquist and

Moser, 1981; Smith et al., 1978). This relationship has

been described as y = -0.0602 - 0.0377x where y = milk

protein change from control and x = supplemental fat in the

diet (lb/day) (Palmquist, 1987). Causes for decreased

synthesis of milk protein are unknown, but may be related

to decreased plasma insulin and glucose levels (Palmquist

and Moser, 1981). Increased dietary fat intake decreased
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de novo synthesis of short and medium chain length fatty

acids (Moore and Steele, 1968; Palmquist and Jenkins, 1980;

Smith et al., 1978; Storry et al., 1973) and increased milk

long-chain fatty acid content by increased transfer of

plasma fatty acids to milk (Moore and Steele, 1968;

Palmquist and Jenkins, 1980; Smith et al., 1978).

Bovine ketosis, a metabolic disorder involving

relationships between glucogenic and lipogenic nutrient

intake and metabolism, has been extensively reviewed

(Baird, 1981 and 1982; Bell, 1979; Littledike et al., 1981;

Kronfeld, 1971 and 1982; Vernon, 1980). The disorder is

characterized by decreased plasma levels of glucose,

increased mobilization of fatty acids for energy needs and

incomplete oxidation of fatty acids to ketone bodies which

impairs the animal's ability to maintain normal metabolic

functions (Baird, 1977; Kronfeld, 1971; Radloff et al.,

1966). These changes lead to decreased appetite and milk

production. The decreased plasma glucose and increased

ketone body production may result from depleted

oxaloacetate levels in the liver (Baird, 1981; Littledike

et al., 1981). Hormonal changes associated with ketosis

(specifically free fatty acid and glucose levels because

ketone levels are not affected hormonally) include

increased plasma levels of growth hormone and decreased

insulin and glucagon secretion which result in increased

plasma levels of free fatty acids (de Boer et al., 1985;

Brockman, 1979; Radloff and Schultz, 1966) and glucose
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levels (Radloff and Schultz, 1966). ACTH and

glucocorticoids also increase free fatty acid and glucose

levels (Radloff and Schultz, 1966). The majority of

studies on ketosis have been directed toward liver and

rumen interactions, but it is of interest to note that the

mammary gland and kidney can use ketone bodies for fatty

acid synthesis and metabolism as measured by carbon dioxide

production (Bergman, 1971; Williamson, 1981). This suggests

that the problem may be due to production of ketone bodies

in quantities greater than the mammary gland's ability to

adapt to this source of energy. Mammary nutrient uptake

may also be affected during ketosis. Glucose uptake by

isolated acini from lactating rat mammary glands was

inhibited by acetoacetate (Robinson and Williamson, 1977).

Glycerol acted similarly to insulin to overcome

acetoacetate inhibition of glucose uptake. Acetoacetate

stimulated cellular citrate concentration which inhibits

glucose utilization by blocking glycolysis. Mammary

concentrations of nicotinamide coenzyme levels were

significantly lower in animals with spontaneous clinical

symptoms of acetonaemia than after the animals had

recovered from the disorder (Kronfeld and Raggi, 1964).

The ratio of the reduced form to the oxidized form of

pyridine nucleotide did not change. Feeding of nicotinic

acid to lactating dairy cows with clinical and subclinical

ketosis had a beneficial effect on reversing the disorder
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(Dufva et al., 1983; Fronk and Schultz, 1979; Waterman et

al., 1972).

Hormonal Control of Mammary Fatty Acid Synthesis

Fatty acid synthesis increased four fold in explants

from 60-day pregnant goats when treated with insulin and

cortisol, while explants taken from 120-day pregnant goats

showed even greater stimulation (Forsyth and Turvey, 1984).

Hypophysectomy at 60 days of gestation or treatment with

bromocriptine from day 60 until 120 of gestation did not

affect explant fatty acid synthesis. Addition of prolactin

with insulin and cortisol to 60- or 120-day pregnant

explants increased fatty acid synthesis. Pre-incubation

with estrogen and progesterone for two days had no apparent

effect on fatty synthesis in cultured explants.

Infusion of insulin and glucose or glucose alone for 2

hours in lactating non-pregnant cows showed no diffence in

mammary uptake of glucose, acetate, hydroxybutyrate or

triglycerides (Laarveld et al., 1981; Laarveld et al.,

1985).

Fatty acid synthesis (acetate incorporation into fatty

acids) in explants from mid-pregnant mice (Wang et al.,

1972) and mid-pregnant and 5-day lactating rats (Hallowes

et al., 1973) showed an absolute requirement for insulin;

maximum stimulation occurred when insulin was given with

cortisol and either prolactin or growth hormone. In

addition, a higher dose of growth hormone was required to

achieve the same level of fatty acid synthesis than with
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prolactin. If explants were incubated with only insulin

and cortisol, the pattern of synthesized fatty acids was

similar to that found in mouse adipose tissue, while

addition of prolactin or growth hormone stimulated fatty

acid synthesis similar to that found in the mouse mammary

gland. Stimulation of fatty acid synthesis required RNA

synthesis and possibly DNA synthesis. Extracellular

calcium (5-10 pM) was required by prolactin to stimulate

acetate incorporation into fatty acids, RNA synthesis and

casein synthesis in mid-pregnant mouse mammary explants

(Cameron and Rillema, 1983). Addition of the calcium

ionophore, A23187, was unable to mimic the actions of

prolactin.

Fatty acid synthetase activity in mid-pregnant (Speake

et al., 1975) and psuedo-pregnant rabbit mammary glands

(Strong et al., 1972) was dependent upon the presence of

insulin, prolactin and cortisol which increased the amount

of enzyme present in the tissue by decreasing degradation

and increasing the half-life by eight hours (from 15-21 to

23-29 hours) (Speake et al., 1975). Synthesis of short and

long chain fatty acids was stimulated in proportions

similar to in vivo fatty acid synthesis (Strong et al.,

1972). Treatment of mammary explants from eleven-day

pseudopregnant rabbits ( Martyn and Falconer, 1985) with

prolactin significantly stimulated fatty acid synthesis

enzyme activities, such as acetyl CoA carboxylase, fatty
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acid synthetase, glucose-6-phosphate dehydrogenase and

glycerolipid synthesis. Treatment with progesterone at

near physiological levels inhibited only acetyl CoA

carboxylase while increased progesterone levels inhibited

glycerolipid synthesis, fatty acid synthetase and acetyl

CoA carboxylase, but not glucose-6-phosphate dehydrogenase

or 6-phosphogluconate dehydrogenase. In vivo mammary

intraductal injection of prolactin stimulated enzymes of

fatty acid synthesis and intraductal injection of

progesterone (10 mg/day) with prolactin had no effect on

prolactin's induction of enzyme activity, but significantly

inhibited acetate incorportation into fatty acids when

given at the dose of 80 mg/day. In a related study

(Falconer and Martyn, 1985), interactions between

progesterone and either insulin, corticosterone or

estradiol on pseudopregnant rabbit mammary explant fatty

acid synthesis were examined. Increasing levels of

progesterone (up to 5 pg/ml media) inhibited fatty acid

synthesis at all levels of insulin and at low levels of

corticosterone. Increased levels of corticosterone in the

media (0.1-1 ,ug /ml media) required higher levels of

progesterone to inhibit fatty acid synthesis. Incubation

of progesterone with increasing levels of estradiol had no

effect on fatty acid synthesis.

An interesting hypothesis regarding the effect of

prolactin on mammary fat synthesis was proposed by Kidwell

et al. (1982). Their results suggest that unsaturated
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fatty acids will stimulate normal and neoplastic rat and

human mammary cell division. The source of these fatty

acids are adipocytes adjacent to mammary epithelial cells.

Prolactin stimulates epithelial cells to release a

factor which stimulates fatty acid release from adipocytes

as well as stimulate fatty acid uptake by mammary

epithelial cells. They suggest that cell division is a

function of the degree of membrane unsaturation and hence

uptake of unsaturated fatty acids stimulates cell division.

Summary

The elements necessary for mammary fatty acid

synthesis appears to be present prepartum, but only becomes

fully functional after progesterone levels decrease and

prolactin levels increase. Final differentiation of

mammary cells, by prolactin, into milk secreting cells

requires removal of the antagonistic effects of

progesterone. Ruminant fatty acid synthesis requires a

readily available supply of short chain fatty acids and

glucose. Acetate is utilized for de novo fatty acid

synthesis and mammary energy metabolism. Glucose is used

for glycerol, lactose and NADPH2 regeneration. Mammary

fatty acid and triacylglycerol synthesis appear to function

in a coordinated manner. The controlling factor is

triacylglycerol synthesis or, more specifically, removal

rate of free fatty acid from the cellular cytoplasm by

attachment to the developing triacylglycerol or to a
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carrier protein. Mammary relationships between protein and

lipid synthesis and secretion should be pursued. It would

be of interest to determine how the mammary gland

orchestrates the flow of de novo- synthesized fatty acids

and those of dietary origin towards mammary energy or milk

fat.

Changes in mammary fatty acid synthesis and secretion

appear to be related to dietary fatty acid composition and

to the intramammary availability of glucose. Decreases in

mammary glucose uptake lead to increased metabolic

disorders and decreased milk fat. Interactions between

adipose tissue and the liver in the quantities and types of

fatty acids supplied to the mammary gland should be

pursued.

Mammary fatty acid synthesis in vitro requires

prolactin, insulin and a glucocorticoid. The interactions

between prolactin-induced mammary fatty acid uptake and

synthesis with dietary calcium and other mammary cell types

should be pursued. Fatty acids as intercellular mediators

or messengers regulating cell division and differentiation

should also be studied.

GLUCOSE 6-PHOSPHATE DEHYDROGENASE ACTIVITY

Glucose 6-phosphate dehydrogenase (G6PD) is the rate

limiting enzyme of the pentose phosphate pathway
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(Bonsignore and De Flora, 1972; Levy, 1979). This pathway

regenerates reducing equivalents in the form of NADPH used

for fatty acid and steroid biosynthesis and ribose 5-

phosphate sugars for DNA and RNA synthesis (Bonsignore and

De Flora, 1972; Levy, 1979).

The primary source of NADPH in non-ruminant mammary

tissue is through the pentose phosphate pathway (Smith et

al., 1983). Rat mammary G6PD activity was found to

increase parallel to lipogenic needs while no change was

found in adipose enzyme activity for the same time periods

(McLean et al., 1972). Metabolism of radiolabelled glucose

through the pentose phosphate pathway in rat mammary tissue

was evaluated (Katz and Wals, 1972). Approximately 10-20%

of the metabolized glucose was converted into lactose, 20-

30% through the pentose pathway and the remainder through

the Embden-Meyerhof pathway. About 80-100% of the NADPH

required for fatty acid synthesis could be provided by the

pentose phosphate pathway.

Rat mammary, but not adipose (Bartley et al., 1966;

Cubero et al., 1983), G6PD appears to be influenced by

stage of gestation and lactation (Baldwin and Milligan,

1966; Barker and Ludwick, 1967; Bartley et al., 1966; Glock

and McLean, 1953; Martins et al., 1985; Richards and Hilf,

1972). G6PD activity was low in virgin and weaned mammary

tissue, increased at parturition, peaked near the end of

lactation then decreased at weaning. Changes in enzyme
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activity during lactation have been attributed to increased

enzyme (Emery and Baldwin, 1967) or isoenzyme synthesis

(Grigor, 1984; Richards and Hilf, 1972). The predominant

isoenzyme specie, which increased as stage of lactation

increased, was a more oxidized form of G6PD (Grigor, 1984).

It was suggested that the change in oxidation state

rendered the enzyme more susceptible to degradation by the

cell.

Rat liver and placental tissue was inhibited by

steroids such as dehydroepiandrosterone, pregnenolone,

epiandrosterone, cortisol, estradiol, estriol, progesterone

and progesterone metabolites (Altmann and Robertson, 1970;

Oertel and Benes, 1972). Rat mammary G6PD also appears to

be influenced by hormone levels (Baldwin and Martin, 1968;

Barker and Ludwick, 1967; Deshpande et al., 1978; Deshpande

and Mitchell, 1980; Greenbaum et al., 1978; Korsrud and

Baldwin, 1969 and 1972a,b). Ovariectomy two days after

parturition decreased rat mammary G6PD activity at day

fifteen of lactation compared with intact animals (Barker

and Ludwick, 1967). Enzyme activity could be restored by

replacement therapy with estradiol or progesterone.

Ovariectomy prevented the decrease in mammary G6PD activity

at day twenty of lactation, suggesting an ovarian influence

on mammary involution. Mammary G6PD activity decreased in

ovariectomized virgin rats and activity was not restored by

replacement therapy with estradiol or progesterone

(Deshpande et al., 1978). Administration of tamoxifen, an
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anti-estrogen compound, decreased mammary G6PD activity.

In vitro addition of insulin to rat mammary cells

increased lipid synthesis and glucose oxidized through the

pentose phosphate pathway while progesterone and

corticosterone were inhibitory (Greenbaum et al., 1978).

Estradiol alone had no effect on 1-14C-glucose oxidation

while progesterone decreased glucose oxidation by 40%.

Progesterone and estradiol together decreased glucose

oxidation 70% compared with progesterone given alone.

Administration of estradiol for three weeks to intact rats

increased mammary epithelial cell G6PD activity 10 fold

(Hilf et al., 1966).

Rat mammary G6PD activity was measured in animals that

had been hypophysectomized on day one of lactation, then

given prolactin and/or cortisol for two days (Baldwin and

Martin, 1968). G6PD activity increased in animals which

were given prolactin and cortisol together, but not

individually. These changes were correlated with increased

RNA levels. Prolactin or cortisol were needed to maintain

or increase rat mammary G6PD in hypophysectomized (Korsrud

and Baldwin, 1969; Korsrud and Baldwin, 1972a) or

adrenalectomized lactating animals (Korsrud and Baldwin,

1969; Korsrud and Baldwin, 1972b). Adrenalectomy decreased

G6PD activity and adrenalectomy plus ovariectomy had no

further effect. Replacement therapy of estradiol to

adrenalectomized-ovariectomized lactating rats decreased
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enzyme activity and increased pup mortality from 0% to 42%

(Korsrud and Baldwin, 1972b). Enzyme activity could be

restored by injection of cortisol. Administration of

prolactin or bromocryptine to intact or ovariectomized-

adrenalectomized mature virgin rats had no effect on

mammary G6PD or 6-phosphogluconate dehydrogenase (PGD)

activities measured 10 days after initiation of treatments

(Deshpande and Mitchell, 1980). Treatment of

hypophysectomized animals with TSH or T3 significantly

increased both enzymes, while treatment with TSH plus

prolactin significantly inhibited the TSH-induced increase.

Administration of TRH to ovariectomized-adrenalectomized

animals significantly increased both enzymes, but had no

effect on intact animals. Insulin and prolactin were

necessary for maximum in vitro stimulation of mammary G6PD

activity (Rivera and Cummins, 1971) which occurred after 48

hours in culture.

Ruminant mammary NADPH is produced through the pentose

phosphate pathway, and in addition, isocitrate

dehydrogenase has been suggested to play an important role

in formation of reducing equivalents (Smith et al., 1983).

Black et al. (1957) found that 50-65% of the radiolabelled

glucose infused into intact lactating dairy cows was

metabolized through the pentose phosphate pathway in the

mammary gland. In the perfused bovine mammary gland,

approximately 23-30% of the labelled glucose was

metabolized through the pentose phosphate pathway (Wood et
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al., 1965) while 10% was metabolized through the Embden-

Meyerhof pathway and 60-70% was converted into lactose.

Ruminants appear to have the ability to convert triose

phosphates back to glucose and hence can recycle products

formed through the pentose phosphate pathway back through

G6PD (Smith et al., 1983). The purpose may be to increase

glucose utilization efficiency and act as a glucose sparing

agent to make it available for other reactions.

Formation of NADPH from isocitrate dehydrogenase has

been suggested as an alternative source of reducing

equivalents in ruminant mammary tissue because isocitrate

dehydrogenase activity is 15-30 fold higher than G6PD

activity (Baldwin, 1966; Bauman et al., 1970; Mellenberger

et al.,1973; Opstvedt et al., 1967; Shirley et al., 1973)

and because considerable fatty acid synthesis from acetate

can occur in the absence of glucose (Bauman, et al., 1970).

Sheep mammary isocitrate dehydrogenase activity was several

fold higher than G6PD activity (Gumaa et al., 1973), but

G6PD activity (pentose phosphate pathway) was sufficient to

provide all the necessary reducing equivalents for fatty

acid synthesis and changes in G6PD activity were directly

related to changes in mammary lipogenesis. Mathematical

modeling of substrate availability and metabolism in the

lactating bovine mammary gland suggests that 42% of the

reducing equivalents used in fatty acid synthesis comes

from the pentose phosphate pathway and the remainder from
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isocitrate dehydrogenase (Waghorn and Baldwin, 1984).

Isocitrate and glucose 6-phosphate dehydrogenases provide

essentially all of the NADPH in ruminant mammary tissue

because they lack malate dehydrogenase (Moore and Christie,

1979).

The effect of stage of gestation and lactation on

ruminant mammary G6PD has been studied (Baldwin, 1966;

McLean, 1958; Mellenberger et al., 1973; Shirley et al.,

1973). G6PD activity in Holstein heifer mammary tissue

increased 18 fold at fourteen days postpartum compared with

either 180 or 260 days of gestation (Shirley et al., 1973).

Activity of PGD increased 40 fold for the same time

periods. Tissue and serum levels of prolactin,

progesterone, cortisol, corticosterone and growth hormone

were measured, but no direct effect by any hormone on G6PD

activity was established. Mammary G6PD and PGD activity,

pooled from several breeds of multiparous dairy cows,

increased from 20 nmoles/min/mg protein prepartum to 28 and

41 nmoles/min/mg protein at +7 and +40 days postpartum,

respectively (Mellenberger et al., 1973). Levels of PGD

changed more dramatically and were higher than G6PD

activity for comparable time periods. In contrast, mammary

G6PD and PGD activity in primiparous Holstein heifers

measured at -14, 0, +3, +10 and +35 days from parturition,

did not change from one sampling time to another (Baldwin,

1966). McLean (1958) found no change in sheep mammary

G6PD activity from day 1 to 30 postpartum.
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The effect of dietary changes upon bovine mammary and

adipose G6PD activity levels has been studied (Baldwin et

al., 1969; Opstvedt et al., 1967; Zanartu et al., 1983).

Diet does have an effect on adipose, but not mammary enzyme

levels. Activity of PGD, although 2-3 fold greater than

G6PD, was not affected by diet. Similar results were found

in rat mammary G6PD activity (Hilf et al., 1966).

Summary

Glucose-6-phosphate dehydrogenase is an important

enzyme in non-ruminant and ruminant mammary tissue for

regenerating NADPH. Ruminant and non-ruminant mammary

epithelial enzyme activity appears to increase during the

periparturient period and into early lactation. Adipose

G6PD activity is, in general, inversely related to mammary

G6PD activity. Diet appears to play a role in regulating

adipose tissue G6PD, but has little effect on mammary

epithelial enzyme activity. Conversely, mammary epithelial

enzyme activity is very responsive to hormonal control in

non-ruminants, while virtually nothing is known about

hormonal control in ruminant mammary epithelial cells.

Cortisol, insulin and prolactin will maintain or stimulate

enzyme activity while estradiol and progesterone can either

stimulate, inhibit or have no effect, depending upon the

physiological state of the animal and treatment protocol

(i.e. what organs have been removed, how long the

treatment(s) were administered and whether they were given
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alone or together). Prolactin and either cortisol or an

ovarian steroid appear to inhibit the stimulatory

properties of TSH, TRH and T3.

Approximately 40% of the NADPH synthesized in the

ruminant mammary gland is produced through the pentose

phosphate pathway; therefore, additional information

regarding hormonal control and the relationship between

isocitrate dehydrogenase control would be useful in

understanding how the mammary gland controls milk

synthesis.

POLYAMINES

Polyamines are ubiquitous cellular compounds involved

with division and differentiation of cells (Janne, et al.,

1978; Pegg et al., 1981; Pegg and McCann, 1982; Tabor and

Tabor, 1976, 1984). The three polyamines, in order of

synthesis within the pathway, are putrescine, spermidine

and spermine. Eukaryotic organisms primarily have high

cellular concentrations of spermidine but little putrescine

or spermine. Prokaryotic organisms contain higher

concentrations of putrescine than spermidine and lack

spermine.

Increased cellular polyamine levels either preceed or

increase simultaneously with increased RNA, DNA or protein

concentrations (Tabor and Tabor, 1976). Polyamines bind to
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the phosphate groups of DNA, tRNA, mRNA and rRNA to

structurally stabilize and increase the translation

accuracy of protein synthesis (Tabor and Tabor, 1984). They

also stabilize synthesized enzymes and increase the number

of specific protein mRNA copies (Tabor and Tabor, 1984).

Polyamines appear to be constituents of ribosomes and have

been shown to stimulate in vitro mRNA translation (Kramer

et al., 1979). Removal of endogenous polyamines from

cellular ribosomes resulted in loss of translational

ability. Activation of protein synthesis in rabbit

reticulocyte ribosomes which had been dialyzed to remove

any attached polyamines absolutely required Mg++ (Konecki,

et al., 1975; Salden and Bloemendal, 1976). Addition of

spermidine increased protein synthesis 2-fold over Mg++

alone and lowered the [Mg++] required for initiation of

protein synthesis (Konecki, et al., 1975). Polyamines are

also involved with stimulating aminoacyl-tRNA synthetase

activity and are involved with protein elongation (Tabor

and Tabor, 1976).

Polyamines are important mediators of protein

phosphorylation through control of protein kinases (Ahmed

et al., 1986; Leiderman et al, 1985). Polyamines stimulate

Mg++ - requiring protein kinases and inhibit kinases which

require Ca++ (Ahmed et al., 1986). Polyamines also

stimulate chromatin and non-histone acidic (but not basic)

protein substrate phosphorylation. These reactions are
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primarily due to cationic charge interactions and not

necessarily conformational changes (Ahmed et al., 1986).

Polyamines may alter the conformation of an enzyme's

substrate to facilitate phosphorylation which increases the

Vmax, but does not change the apparent Km (Ahmed et al,

1986). Two different polyamine-responsive protein kinases

were isolated from mouse mammary tissue which could

phosphorylate casein in the absence of cAMP and cGMP

(Leiderman et al.,1985). The protein kinase with the

greater enzyme activity used both ATP and GTP as a

phosphate donor, while the kinase with the lesser activity

used only ATP as a phosphate donor. Kinase activity varied

according to the reproductive state of the animal; it was

low in virgin and primiparous animals, increased during

pregnancy and peaked during lactation. Insulin,

cortisol and prolactin was necessary for maintenance of

protein kinase activity, prolactin being the most

important.

The rate-controlling reaction of polyamine synthesis

is conversion of ornithine to putrescine by ornithine

decarboxylase (ODC). Increased ODC activity was seen when

cells are rapidly proliferating or increasing protein

synthesis (Tabor and Tabor, 1976, 1984). This occurs

during liver regeneration, after exposure to cold or other

stresses, in cancerous growths, and when feeding high amino

acid diets. Synthesis of ODC is very rapid, yet the half-

life of ODC is quite short, in the range of 10-30 minutes.
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This short half-life probably is a control mechanism to

prevent over-production of substrate. There appears to be

a mechanism for conversion of spermidine back to putrescine

(Pegg et al., 1981). Addition of carbon tetrachloride

(which stimulates liver spermidine acetylase) plus acetyl

CoA, growth hormone, thioacetamide or performance of a

partial hepatectomy will all stimulate conversion of

spermidine to putrescine. Conversion to putrescine is

stimulated by exposure to toxic agents, fasting or by

excess spermidine and may be a form of protection from

cell damage or to prevent cellular levels from exceeding

certain limits (Pegg and McCann, 1982). Addition of

putrescine (pM range) to mouse fibroblast cultures caused

the disappearance of ODC activity while transformed cells

were less responsive to inhibition (Pegg et al., 1981).

This situation is found when cell monolayers reach

confluence and may reflect a mechanism for controlling

tissue growth.

Another major enzyme in polyamine synthesis is S-

adenosylmethionine decarboxylase (SAD), which catalyzes the

conversion of putrescine to spermidine. Spermidine

concentration increased 3 fold, due to increased SAD

activity, in mouse mammary explants after 48 hours of

culture in the presence of insulin, prolactin and

cortisol (Oka and Perry, 1974c). In midlactation rats

which were starved for 24 hours, then refed (Brosnan et



52

al., 1982), mammary ODC and SAD activity were depressed,

while ODC activity was depressed to a greater extent. No

difference was noted in liver ODC activity. After 2.5

hours of refeeding following starvation for 24 hours,

mammary ODC activity was still depressed while SAD activity

had returned to control levels. Liver enzyme activity for

both enzymes was elevated compared to controls. After 5

hours of refeeding, mammary ODC activity had returned to

control values and SAD activity had increased to a greater

level than at 2.5 hours refeeding in both liver and mammary

gland. Prolactin deficiency decreased ODC activity and

milk production and prevented ODC activity from returning

to control values after 5 hours refeeding. Injection of

streptozotocin, which creates an insulin deficiency, 2.5

hours before the rats were killed decreased mammary ODC and

SAD activity and prevented the increased SAD activity seen

after 2.5 hours of refeeding.

The mammary gland is a useful model for study of

polyamine functions because of rapid cellular divisions

preceeding initiation of lactogenesis and the high rate of

protein synthesis associated with milk synthesis (Oka and

Perry, 1983; Oka et al., 1981; Rillema and Waters, 1986).

Mammary polyamine concentrations begin to rise

prepartum at the same time as cellular proliferation is

initiated and reaches maximum levels during lactation (Oka,

1974; Oka et al., 1981; Russell and McVicker, 1972). During

this same time period, key enzymes in polyamine synthesis
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increase (Oka et al., 1981). Putrescine is rapidly

converted to spermidine and therefore remains at low levels

except during the early stages of pregnancy (Russell and

McVicker, 1972). Mammary arginase activity, which

increases spermidine levels, increased during gestation and

lactation (Oka and Perry, 1974a). The ratio of spermidine

to spermine is a reflection of cellular biosynthetic

activity. Usually the ratio is 1, but during lactation it

increased to around 10 (Russell and McVicker,1972).

Increased spermidine levels stimulate mammary glucose 6-

phosphate dehydrogenase, a key enzyme in cellular

biosynthetic activity (Oka and Perry, 1974b). Mouse

mammary explants taken from mid-pregnant or mature virgin

animals possesses a system for uptake of all polyamines

(Kano and Oka, 1976). This transport system is time and

energy dependent. Spermidine uptake by midpregnant mouse

explants was stimulated by addition of insulin or prolactin

to the incubation media with no effect on the apparent Km

of transport. Insulin alone increased the Vm for

spermidine influx and inhibited putrescine efflux.

Addition of prolactin plus insulin increased spermidine Vm

to a greater extent than insulin alone, but increased

spermidine influx was not seen until after a 9-12 hour lag,

suggesting that prolactin and insulin work through

different mechanisms of action. Cellular spermidine was

not converted to other polyamines while putrescine and



54

spermine were rapidly converted to spermidine, independent

of hormone treatment. Polyamine synthesis and control

in mouse mammary explants is under hormonal control by

insulin, prolactin and cortisol ( Oka, 1974; Oka and Perry,

1974c; Oka et al., 1981). Spermidine can be substituted

for cortisol in stimulating synthesis of cellular proteins

such as casein and lactalbumin (Oka, 1974), though the

response is not 100%. Polyamine synthesis, through

increased ODC activity, is stimulated in tissues other than

the mammary gland by growth hormone (Russell, 1970;

Nicholson et al., 1976; Nicholson et al., 1977),

testosterone (Moulton and Leonard, 1969), estrogen (Cohen

et al., 1970) and LH/hCG (Kobayashi et al., 1971).

Polyamines are also involved with triglyceride

synthesis in adipose tissue (Jamdar, 1978). Spermidine and

spermine stimulated both sn-glycerol-3-phosphate

acyltransferase and diglyceride acyltransferase activity,

while putrescine had no effect on either.

PALMITOYL COENZYME A EFFECTS ON METABOLISM

Long chain fatty acyl CoA's, particularly palmitoyl

CoA, inhibit a wide range of enzymes, primarily those

involved with fatty acid synthesis and energy metabolism

(Danis et al., 1985; Hardie, 1985; Kawaguchi and Bloch,

1974; Taketa and Pogell, 1966). Long chain fatty acid
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plasma levels increase in fasted or obese animals and may

be important regulators of fatty acid synthesis (Brady et

al., 1985; Numa, 1985) or sources of readily available

energy (Masters and Crane, 1985; Numa, 1985).

Palmitoyl CoA inhibited G6PD activity in yeast and rat

liver (Taketa and Pogell, 1966). Pal_mitoyl CoA demonstrated

reversible competitive inhibition with respect to yeast

glucose 6-phosphate while rat liver G6PD inhibition was

non-reversible. Palmitoyl CoA demonstrated non-competitive

inhibition kinetics with respect to NADPH. Palmitoyl CoA

also apparently dissociated yeast G6PD from the active

tetrameric enzyme to inactive dimers (Kawaguchi and Bloch,

1974). Addition of polyamines (spermine > spermidine >

putrescine) will reverse this inhibitory state (Mita and

Yasumasu, 1979 and 1983).
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ABSTRACT

A study was conducted to determine the effects of

palmitoyl CoA, acetate, spermidine and putrescine on bovine

mammary glucose 6-phosphate dehydrogenase (G6PD) activity in

vitro and whether these effects were dependent upon stage of

lactation. Addition of palmitoyl CoA or acetate to

incubation media containing early lactation explants

significantly reduced (P<.01) G6PD activity compared with

control values. Treatment of early lactation explants with

5 pM palmitoyl CoA or 1 mM acetate significantly reduced

(P<.05) G6PD activity compared with 25 pM palmitoyl CoA or

10 mM acetate. Spermidine (0.4 mM) significantly reversed

(P<.05) palmitoyl CoA-induced inhibition at 5 pM, but not at

25 pM palmitoyl CoA. Spermidine also reversed G6PD

inhibition by acetate after 120 min of incubation.

Putrescine (0.4 mM) significantly decreased (P<.05) G6PD

activity compared to explants treated with spermidine

alone. Addition of acetate in combination with 5 pM

palmitoyl CoA significantly reversed G6PD inhibition (P<0.05

for 1 mM and P<0.01 for 10 mM). Addition of either 1 or 10

mM acetate in combination with 25 pM palmitoyl CoA failed to

reverse G6PD inhibition. Control values for G6PD activity

were significantly higher (P<0.01) in early lactation than

mid-lactation explants. No statistical difference was found

between any treatments in explants from mid-lactation

cows. We conclude that palmitoyl CoA and acetate will

inhibit G6PD activity in early lactation, but not mid-
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lactation explants; and addition of spermidine will reverse

this inhibition.

INTRODUCTION

Glucose 6-phosphate dehydrogenase (EC 1.1.1.49) (G6PD)

is the rate-limiting enzyme of the pentose phosphate pathway

(Bonsignore and DeFlora, 1972; Levy, 1979). Its functions

are to provide reducing equivalents in the form of NADPH for

biosynthetic reactions such as fatty acid and steroid

synthesis and to provide ribose 5-phosphate sugars for RNA

and DNA synthesis. Reports of relative importance and

levels of G6PD (pentose phosphate pathway) in ruminant

mammary tissue have been quite variable with respect to

stage of lactation and gestation (Baldwin, 1966; Baldwin et

al., 1969; Bauman et al., 1970; Black et al., 1957; Gumaa et

al., 1973; Mellenberger et al., 1973; Opstvedt et al., 1967;

Shirley et al., 1973; Zanartu et al., 1983), yet are

considerably lower than non-ruminant values (Moore and

Christie, 1979; Munday and Williamson, 1983; Richards and

Hilf, 1972; Short et al., 1977).

In ruminants, mammary secretion of fatty acids is

primarily in the form of triacylglycerides, of which

palmitic acid (C:16) is the primary fatty acid (Christie,

1979a; Christie, 1979b; Moore and Christie, 1979; Vernon and

Flint, 1983). Palmitic acid can be derived from mammary

uptake of plasma free fatty acids (Kinsella, 1970; Kinsella,

1975) or synthesized within the tissue from acetate (Smith,
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1980). Palmitoyl CoA is the activated form of palmitic acid

which is attached to the glycerolphosphate backbone for

formation of triglycerides.

Polyamines, such as spermidine and putrescine, are

compounds whose function are to promote cellular division

and differentiation (Oka et al., 1981; Pegg and McCann,

1982). Specifically they are involved with protein

synthesis and can mimic the effects of glucocorticoids (Oka

and Perry, 1974).

Palmitoyl CoA can act as an inhibitor of enzymes

involved with fatty acid synthesis such as acetyl CoA

carboxylase (Bloch, 1977) and G6PD (Kawaguchi and Bloch,

1974; Taketa and Pogell, 1966). Inhibition of G6PD by

palmitoyl CoA could be part of a negative feedback control

in regulating fatty acid synthesis. It also has been

reported that polyamines such as spermidine, spermine and to

a lesser extent putrescine could prevent or reverse

palmitoyl CoA-induced inhibition (Mita and Yasumasu, 1979;

Mita and Yasumasu, 1983). This suggests that the control of

fatty acid synthesis through G6PD may involve polyamines.

The objective of this study was to determine if

palmitoyl CoA would decrease bovine mammary explant G6PD

activity in vitro and if spermidine would reverse this

inhibition. The effect of stage of lactation upon these

parameters was also determined. Based upon initial studies

in our laboratory, the effects of acetate on mammary explant

G6PD were examined.



60

MATERIALS AND METHODS

Animals

Lactating Holstein dairy cows were selected for mammary

biopsy from the Oregon State University herd. The cows

selected were in their second or greater lactation, had no

history of mastitis during their current lactation, and were

assigned to two stage-of-lactation groups. Cows selected

for the early lactation group (n=2) were 33-38 days

postpartum and the mid-lactation group (n=4) ranged from 96-

128 days postpartum. Mammary biopsies (approximately 3-5 g)

were removed under aseptic conditions (Mellenberger et al.,

1973) using a local anesthetic. Milk production was

monitored before and after surgery; in general, milk

production decreased for one or two milkings before

returning to pre-surgery levels.

Materials

M-199 media with Hank's salts and L-glutamine, without

bicarbonate, HEPES buffer, bovine insulin, hydrocortisone,

Penicillin G, Amphotericin B (Fungizone), palmitoyl CoA,

spermidine (phosphate salt), putrescine dihydrochloride,

Tris-base, glycerol, 13-nicotinamide adenine dinucleotide

phosphate, glucose 6-phosphate and 6-phosphogluconate were

purchased from Sigma Chemical Company (St. Louis, MO).

Sodium bicarbonate, sodium acetate, KC1, MgC12 6H20, 2-

mercaptoethanol were purchased from VWR Scientific (Akron,

Ohio). Streptomycin was purchased from Grand Island
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Biological Company (Grand Island, New York). Prolactin

(NIH-bPrl-B-1) was a gift from the National Hormone and

Pituitary Program.

Tissue Incubation

Explant preparation and incubation protocol were based

upon the procedures of Collier et al. (1977) and Goodman et

al. (1983) with minor modifications. Media for transporting

the biopsy and subsequent incubation periods contained the

following materials: M-199 media with Hank's salts and L-

glutamine without bicarbonate, 4.167 mM sodium bicarbonate,

20 mM HEPES, bovine insulin (5 pg/ml); hydrocortisone (5

pg/ml); prolactin (1 pg /ml); Penicillin G (100 units/ml);

Streptomycin (100 units/ml); and Amphotericin B (Fungizone)

(2.5 pg /mi).

Upon removal of the biopsy, mammary tissue was placed

in ice-cold media and transported to the laboratory on ice

(approx. 10 min) where it was diced into 1-2 mm 3 explants,

washed 5-7 times in ice-cold media and placed upon lens

paper rafts (Collier et al., 1977). The raft and explants

(approx. 10-30 mg wet weight) were then placed in incubation

wells (Falcon 24-well Multiwell tissue culture plate, VWR

Scientific, Akron, Ohio) containing 1 ml media and placed in

a humidified Modular Incubation Chamber (Billups-Rothenberg,

Del Mar, California), gassed with 95% 02 :5% CO
2

and

incubated for 1.5 2 hr at 37° C. After this equilibration

period, the following treatment or treatment combinations
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were given: 5 pM palmitoyl CoA alone or in combination with

1 mM acetate, 10 mM acetate or 0.4 mM spermidine; 25 pM

palmitoyl CoA alone or in combination with 1 mM acetate, 10

mM acetate or 0.4 mM spermidine; and 1 mM acetate, 10 mM

acetate, 0.4 mM spermidine or 0.4 mM putrescine given

alone. A 10 Ill aliquot of each treatment stock solution

gave the desired final concentration in 1 ml incubation

media. At 30, 60 or 120 min after addition of the

treatments, duplicate wells of each treatment were removed,

frozen on dry ice and stored until assayed for G6PD activity

and protein content.

Enzyme and Protein Assays

Homogenization buffer consisted of 0.052 M Trisbase,

0.1 M KC1, 7.2 mM MgC12 6H20, 10 mM 2mercaptoethanol and

20% glycerol, pH = 7.4. Assay buffer consisted of 0.0466 M

Trisbase, and 7.14 mM MgC12 6H20, pH = 7.4. Frozen

explants were prepared for enzyme assay by homogenization

(Tekmar Tissumizer, Model SDT, setting 30, Tekmar Co.,

Cincinnati, Ohio) in 1.5 ml cold homogenization buffer for

two bursts of 15 sec each with a 15 sec rest between.

Homogenates were centrifuged at 85,000 x g for 35 min in a

Beckman Ultracentrifuge (Model L5-50B, Palo Alto,

California). After centrifugation, samples were kept on ice

and immediately assayed for G6PD activity.

G6PD activity was determined as described by Smith and

Barker (1974) with 1 enzyme unit equal to the amount of
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activity that reduces 1 pM NADP+ /min. Briefly, the assay

consists of simultaneously running two cuvettes in which one

cuvette measures combined NADPH formation from both glucose

6-phosphate dehydrogenase and 6-phosphogluconate

dehydrogenase while the second cuvette measures only 6-

phosphogluconate dehydrogenase activity. The difference

between the two slopes represents G6PD activity/ml. The

reaction mixture for cuvette one contained 2.7 ml assay

buffer, 50 pl NADP+ (11.1 mM), 50 p1 solution containing

glucose 6-phosphate (41.8 mM) plus 6-phosphogluconate (22.9

mM) and 200 it supernatant containing the enzyme. The other

cuvette contained identical elements except for glucose 6-

phosphate. The change in formation of NADPH from NADP
+

was

measured spectrophotometrically (Model DU, Beckman

Instruments, Palo Alto, California) at 340 nm. Protein

determination was by the method of Lowry et al. (1951).

Enzyme activity was expressed per mg protein.

Statistical analysis (Steel and Torrie, 1980) was

carried out by a square-root transformation of the data

(average of duplicate samples for each time period per

treatment) then analyzed by split-plot analysis of variance

with treatments within stage of lactation as factor A and

incubation time periods as factor B. Treatment means were

summed over all time periods and consisted of six values for

early lactation explants and 8 values for mid-lactation

explants. Orthogonal contrasts were performed to determine

differences between treatments. Differences between early
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and midlactation control means were determined by Student's

t-test.

RESULTS

Treatment G6PD activity means from early lactation

explants are listed in Table I-1. Treatments and animal

variation were significant (P<0.05) in early lactation,

while time of incubation was not (P>0.1) as analyzed by

split plot analysis of variance. Control values for G6PD

activity were significantly (P<0.01) higher in early

lactation explants than in explants taken from mid-lactation

cows (7.4 ± 1.2 vs. 3.6 ± 0.46 pmoles /min x mg (x10-3),

respectively; mean ± SEM). Treatment G6PD activity means

from mid-lactation explants are listed in Table 1-2.

Analysis by split plot analysis of variation for differences

in enzyme levels at mid-lactation were non-significant

(P>0.1) for treatment and time of incubation effects, but

were significant (P<.005) for differences in animal

variation.

Early Lactation Effects

A table of orthogonal contrasts is listed in Table 1-3.

Palmitoyl CoA and acetate significantly (P<0.01) decreased

G6PD activity during early lactation. Mammary G6PD activity

was significantly decreased (P<0.05) when treated with 5 pM

palmitoyl CoA or 1 mM acetate when compared with 25 pM

palmitoyl CoA or 10 mM acetate. Addition of spermidine
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significantly reversed (P<0.05) palmitoyl CoA-induced

inhibition of G6PD activity when treated with 5 pM but not

25 pM of palmitoyl CoA. Putrescine alone significantly

reduced (P<0.05) enzyme activity while spermidine alone had

no effect. The addition of acetate to palmitoyl CoA (5 TIM)

significantly increased (P<0.05 for 1 mM acetate and P<0.01

for 10 mM acetate) G6PD activity compared with each given

alone. Neither of the two acetate levels, when combined

with the higher level of palmitoyl CoA (25 pM), affected the

depressed G6PD activity.

Mid-lactation Effects

Orthogonal contrasts of the same treatments and

treatment combinations as in early lactation, demonstrated

no significant (P>0.1) differences between any of the

treatments.

Early Lactation

In mammary

DISCUSSION

explants from early lactation cows,

palmitoyl CoA decreased G6PD activity while spermidine

reversed the inhibition, in agreement with changes in yeast

G6PD activity (Mita and Yasumasu 1979, 1983). Contrary to

.previous studies (Kawaguchi and Bloch, 1974) however, we

found that 5 pM palmitoyl CoA caused a greater inhibition of

G6PD activity than 25 pM palmitoyl CoA. Addition of 0.4 mM

spermidine to the incubation media prevented G6PD inhibition
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by 5 pM palmitoyl CoA, but not 25 pM palmitoyl CoA. The

reason for this may be due to ionic interaction between

spermidine and palmitoyl CoA, which prevents binding of

palmitoyl CoA with the enzyme active site, leading to

decreased activity.

Similar to the effects of palmitoyl CoA, acetate (1 mM,

but not 10 mM) also significantly reduced G6PD activity.

Addition of spermidine prevented G6PD inhibition by 10 mM

acetate. These data suggest that polyamine regulation of

protein synthesis (Oka et al., 1981; Pegg and McCann, 1982)

has a permissive effect on fatty acid synthesis by

preventing negative feedback on G6PD activity and hence

decreased NADPH formation. These data are surprising

considering that maximum mammary fatty acid synthesis occurs

at 10 mM acetate (Bauman et al., 1973; Forsberg et al.,

1984).

A control point in the formation of triglycerides is

the formation of phosphatidic acid from lysophosphatidic

acid (Kinsella and Gross, 1973; Gross and Kinsella, 1974).

The enzyme which catalyzes this reaction is L- a -glycerol-

phosphate acyl transferase which preferentially adds long

chain fatty acids to the sn-2 position of triglycerides.

The concentration of palmitoyl CoA which gives the maximum

glycerol phosphate acyl transferase velocity is

approximately 3-5 pM and maximum velocity decreases to

around 10% at 25 pM palmitoyl CoA (Marshall and Knudsen,

1977). At palmitoyl CoA levels near the maximum velocity of
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this enzyme, a continuous supply of glycerol is needed to

prevent a build-up of long chain fatty acids. Excess build-

up of long chain fatty acids can inhibit glycerolphosphate

acyl transferase (Gross and Kinsella, 1974; Hibbitt, 1966).

Glycerol can be taken up from the blood as a by-product

of plasma lipoprotein lipase cleavage of fatty acids or it

can be synthesized from glycolysis via glyceraldehyde 3-

phosphate (Hansen et al., 1986; Kinsella and Gross, 1973).

A significant amount of glycerolphosphate is synthesized

within the mammary gland (Forsberg et al., 1984). Our data

suggests that in a situation where maximum utilization of

glycerol is occurring (3-5 pM palmitoyl CoA), it would be

advantageous to reduce glucose 6-phosphate drain through the

pentose phosphate pathway and direct it through glycolysis

for glycerophosphate synthesis. Addition of increasing

levels of acetate stimulates fatty acid synthesis and the

need for NADPH subsequently overrides the inhibitory effect

of 5 pM palmitoyl CoA. The coordinated effect may be that

stimulation of glycerolphosphate acyl transferase and

subsequent removal of long chain free fatty acids by

attachment to the glycerol backbone acts to inhibit G6PD

activity in the presence of only 5 pM palmitoyl CoA (Gross

and Kinsella, 1974; Hibbitt, 1966), but G6PD levels return

to normal when increasing acetate levels are given in

combination with 5 pM palmitoyl CoA to stimulate de novo

fatty acid synthesis. This suggests that the cell has the

ability to control glucose utilization for glycerol or NADPH
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production. At higher palmitoyl CoA levels the activity of

glycerolphosphate acyl transferase is decreased (Marshall

and Knudsen, 1977), and long chain fatty acyl CoA buildup

could act as a direct negative feedback signal on G6PD

levels. This direct effect cannot be overcome regardless of

acetate level. Palmitoyl CoA is known to inhibit both

acetyl CoA carboxylase (rate-limiting step in fatty acid

synthesis) and G6PD (Bloch, 1977). Regardless of whether

palmitoyl CoA acts directly on G6PD or on fatty acid

synthesis to reduce utilization of NADPH, the end result

will be decreased G6PD activity in the mammary gland.

The data also suggest a coordinated effect between de

novo fatty acyl synthesis and palmitoyl CoA levels in

control of G6PD activity. Acetate (fatty acid synthesis)

alone is inhibitory, but addition of 5 pM palmitoyl CoA to.

10 mM acetate totally abolishes G6PD inhibition. Our data

suggest that maximum activation of glycerolphosphate acyl

transferase activity by palmitoyl CoA and high fatty acid

synthesis results in maximum G6PD activity. This may be due

to the removal of free long-chain fatty acids by attachment

to the glycerolphosphate backbone (Gross and Kinsella, 1974;

Hibbitt, 1966) and by an increased need for NADPH to drive

de novo fatty acid synthesis.

These results may contribute towards understanding the

relationship of long chain fatty acids and NADPH synthesis

in the development of fatty acid related metabolic

disorders, such as bovine ketosis (Kronfeld and Raggi, 1964;
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Kronfeld, 1982; Tombropoulos and Kleiber, 1961).

Mid-Lactation

Contrary to results found in early lactation explants,

no statistical differences were found between any treatments

in explants from mid-lactation. It is possible that because

the nutritional status of the cow has reached a point where

food intake is equal to or greater than mammary gland needs,

the uptake of long-chain fatty acids more closely matches an

optimal balance with cellular de novo fatty acid

synthesis. This may also reflect changes in how the cell

controls G6PD activity. Another possibility, though unknown

at present, is that at mid-lactation a different population

of G6PD isoenzymes are present than in early lactation,

similar to the situation found in rat mammary gland (Grigor,

1984; Richards and Hilf, 1972). This might explain

differences in utilization and control from mid-lactation

explants versus early lactation explants.

In early lactation explants and, to a smaller extent,

mid-lactation explants, addition of putrescine significantly

decreased G6PD activity compared with control values or

explants treated with spermidine. The reason for this

decrease is unknown and requires further investigation.

We conclude that palmitoyl CoA and acetate will inhibit

G6PD activity in bovine mammary explants from cows in early

lactation, but not mid-lactation. The level of inhibition

was greater after addition of 5 pM palmitoyl CoA or 1 mM
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acetate than 25 pM palmitoyl CoA or 10 mM acetate. We also

conclude that treatment with spermidine will reverse

palmitoyl CoA or acetate inhibition. Our data also suggest

that reversal of palmitoyl CoAinduced G6PD inhibition (5

pM, but not 25 pM palmitoyl CoA) by addition of acetate may

play a role in control of fatty acid and triglyceride

synthesis in early lactation bovine explants.
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Table I-1. Bovine mammary explant glucose 6-phosphate
dehydrogenase activity of cows in early
lactation. Activity for each treatment is
averaged over all incubation times (mean ±
s.e.m.) and is computed from actual values.

Treatment Units/mg pcotein
(x10-')

% Control

Control 7.4 ± 1.2 100

Palmitoyl CoA (4.97 pM) 5.2 ± 0.6 70

Palmitoyl CoA (24.85 pM) 6.0 ± 0.7 81

Acetate (1 mM) 5.4 ± 1.2 73

Acetate (10 mM) 6.3 ± 1.2 85

Spermidine (S) (0.4 mM) 7.0 ± 0.9 95

S (0.4 mM) + Palmitoyl CoA (4.97 pM) 6.7 ± 1.1 91

S (0.4 mM) + Palmitoyl CoA (24.85 pM) 6.4 ± 1.3 87

S (0.4 mM) + Acetate (1 mM) 5.9 ± 1.4* 80

S (0.4 mM) + Acetate (10 mM) 7.3 ± 3.6* 99

Putrescine (0.4 mM) 5.4 + 0.9 73

Palmitoyl CoA (4.97 pM) + Acetate (1 mM) 6.6 ± 1.2 89

Palmitoyl CoA (4.97 pM) + Acetate (10 mM) 7.5 ± 1.1 102

Palmitoyl CoA (24.85 pM) + Acetate (1 mM) 6.1 ± 1.0 83

Palmitoyl CoA (24.85 LM) + Acetate (10 mM) 5.9 ± 0.7 80

* These treatments were averaged for the +120 min
incubation period only.
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Table 1-2. Bovine mammary explant glucose 6-phosphate
dehydrogenase activity of cows in mid-
lactation. Activity for each treatment is
averaged over all incubation times (mean ±
s.e.m.) and is computed from actual values.

Treatment Units/mg Kotein
(x10-)

% Control

Control

Palmitoyl CoA (5 LIM)

Palmitoyl CiA (25 pM)

3.6 ± 0.46

3.6 ± 0.34

3.6 ± 0.59

100

100

100

Acetate (1 mM) 3.7 ± 0.45 103

Acetate (10 mM) 3.3 ± 0.38 92

Spermidine (S) (0.4 mM) 3.6 ± 0.38 100

S (0.4 mM) + Palmitoyl CoA (5 11M) 3.6 ± 0.25 100

S (0.4 mM) + Palmitoyl CoA (25 pM) 3.6 ± 0.31 100

S (0.4 mM) + Acetate (1 mM) 3.3 ± 0.38 92

S (0.4 mM) + Acetate (10 mM) 4.0 ± 0.46 111

Putrescine (0.4 mM) 3.1 ± 0.21 86

Palmitoyl CoA (5 11M) + Acetate (1 mM) 3.5 ± 0.39 97

Palmitoyl CoA (5 11M) + Acetate (10 mM) 3.4 ± 0.52 94

Palmitoyl CoA (25 pM) + Acetate (1 mM) 3.6 ± 0.47 100

Palmitoyl CoA (25 pM) + Acetate (10 mM) 3.9 ± 0.62 108

Orthogonal contrasts identical to those used for early
lactation explants were all non-significant (P>0.1).
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Table 1-3. Table of orthogonal contrasts for differences
between in vitro early lactation bovine mammary
glucose 6-phosphate dehydrogenase activity when

treated alone or in combination with 5 or 25 pM
palmitoyl CoA (P5 or P25), 1 or 10 mM acetate
(Al or A10), spermidine (S) and putrescine.

Contrast F -value P -value

Control vs (P5 + P25 + Al + A10)/4 64.5 .01

Spermidine vs Putrescine 6.9 .025

P5 vs (P5/S + S)/2 8.5 .025

P25 vs (P25/S + S)/2 1.3 NS

(P5 + P25)/2 vs (Al + A10)/2 <1 NS

(P5 + A1)/2 vs (P25 + A10)/2 8.8 .025

(P25 + A10)/2 vs P25/A10 <1 NS

(P25 + A1)/2 vs P25/A1 <1 NS

(P5 + A10)/2 vs P5 /A10 10.0 .01

(P5 + Al)/2 vs P5/A1 5.6 .05

MSE = .000049; 6 observations/mean
F value (1,12 df) P(.05) = 4.75; P(.025) = 6.55;
P(.01) = 9.65
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ABSTRACT

A study was conducted to determine the in vitro effect

of estradiol on bovine mammary G6PD activity. Mammary

tissue from lactating dairy cows (32-56 d postpartum) was

surgically removed, diced and incubated on lens paper rafts

over M-199 media supplemented with 10 mM sodium

bicarbonate, 20 mM HEPES, insulin (5 pg/ml), cortisol (5

pg/ml media), prolactin (1 pg/ml media) and antibiotics.
0

Explants were cultured at 37 C in an atmosphere of 95%

air: 5% CO with or without 10, 50, 100 or 500 ng/ml
2

estradiol for 12, 24, 36,40, 48, 60 or 72 hr. Explants

were removed and frozen until analyzed for G6PD activity.

Mean enzyme activities, averaged over all time periods, for

the following treatments: 0, 10, 50, 100 and 500 ng/ml

estradiol are 4 +/- .77, 6.38 +/- 1.2, 3.2 +/- 1.1, 5.2 +/-

.96 and 3.5 +/- .85 pmoles/min x mg tissue (x10 -5),

respectively. Data was analyzed by split plot analysis of

variance using least squares solution to handle missing

data. There were no significant differences (P > 0.1) in

G6PD activity due to level of estradiol, treatment x

incubation time interaction or animal. Variation in enzyme

activity due to the time of incubation was significant (P <

0.05). We conclude that estradiol did not stimulate

lactating bovine mammary G6PD in vitro.

INTRODUCTION
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Glucose 6-phosphate dehydrogenase (G6PD) is the rate

limiting enzyme of the pentose phosphate pathway

(Bonsignore and De Flora, 1972; Levy, 1979). This pathway

provides reducing equivalents in the form of NADPH used for

fatty acid and steroid biosynthesis and ribose 5-phosphate

sugars for DNA and RNA synthesis (Bonsignore and De Flora,

1972; Levy, 1979).

Estradiol has been shown to increase synthesis and

decrease degradation of rat uterine G6PD (Barker et al.,

1981; Keran and Barker, 1976; Moulton and Barker, 1971;

Scott and Lisi, 1960; Smith and Barker, 1974; Smith and

Barker, 1977). Rat mammary G6PD also appears to be

influenced by ovarian hormone levels, though with variable

effects (Baldwin and Martin, 1968; Barker and Ludwick,

1967; Deshpande et al., 1978; Korsrud and Baldwin, 1972).

Ovariectomy two days after parturition decreased rat

mammary G6PD activity at day 15 of lactation compared with

intact animals (Barker and Ludwick, 1976). Enzyme activity

could be restored by replacement therapy of estradiol or

progesterone. Rat mammary G6PD significantly decreased in

virgin rats which had been ovariectomized (Deshpande et

al., 1978), and administration of estradiol or progesterone

did not restore G6PD activity. The apparent contradiction

in ability of estradiol to restore G6PD activity may be due

to differences between virgin and lactating mammary tissue.

Administration of estradiol for 3 weeks to intact rats

increased mammary epithelial cell G6PD activity by 10 fold
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(Hilf et al., 1966). Adrenalectomy of lactating rats on

day 5 of lactation significantly decreased G6PD activity by

day 15 of lactation (Korsrud and Baldwin, 1972 a,b) while

replacement therapy with cortisol returned enzyme activity

to control levels. Ovariectomy of adrenalectomized rats

did not decrease activity compared with adrenalectomized

animals (Korsrud and Baldwin, 1972 a,b). Cortisol

replacement therapy in ovariectomized-adrenalectomized (A-

0) animals returned G6PD activity to control levels while

replacement with estradiol significantly decreased enzyme

activity below A-0 levels and increased pup mortality.

Injection of estradiol and progesterone into

nonpregnant cows will induce lactation, but at reduced

rates compared with projected milk yields (Erb et al.,

1976; Fleming et al., 1986; Head et al., 1980; Paape et

al., 1973; Sawyer et al., 1986; Smith and Schanbacher,

1973). Variability of success was related to the stage of

estrous cycle when injections were given (Erb et al., 1976;

Head et al., 1980; Paape et al., 1973; Smith and

Schanbacher, 1973). Injection of estradiol and progesterone

into lactating cows suppressed milk production by 72%

(Mollett et al., 1976).

The effects of estradiol on ruminant mammary G6PD are

not known. Ruminant mammary G6PD was found to increase at

parturition in heifers (Shirley et al., 1973) and cows

(Mellenberger et al., 1973) and is important in providing
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NADPH for lipogenesis (Smith et al., 1983). Because G6PD

activity is highly responsive to estrogen treatment in

uterine tissue, our objective was to determine if bovine

mammary G6PD activity was equally responsive to in vitro

estradiol treatment and therefore could be used to

determine the effects of estrogens on mammary activity.

MATERIALS AND METHODS

Animals

Lactating Holstein dairy cows were selected for

mammary biopsy from the Oregon State University herd. The

cows selected were in their second or greater lactation and

had no history of mastitis during their current lactation.

Cows selected were in early lactation (32-56 days

postpartum, n = 6). Mammary biopsies (approximately 3-5 g)

were removed under aseptic conditions (Mellenberger et al.,

1973) using a local anesthetic. Milk production was

monitored before and after surgery; in general, milk

production decreased for one or two milkings before

returning to pre-surgery levels.

Materials

M-199 media with Hank's salts and L-glutamine, without

bicarbonate, HEPES buffer, bovine insulin, cortisol,

Penicillin G, Amphotericin B (Fungizone), Tris-base,

glycerol, B-nicotinamide adenine dinucleotide phosphate,

glucose 6-phosphate and 6-phosphogluconate were purchased

from Sigma Chemical Company (St. Louis, MO). Sodium
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bicarbonate, KCl, MgC1 * 6H 0, 2-mercaptoethanol were
2 2

purchased from VWR Scientific (Akron, OH). Streptomycin

was purchased from Grand Island Biological Company (Grand

Island, New York). Prolactin (NIH-bPrl-B-1) was a gift from

the National Hormone and Pituitary Program.

Tissue Incubation

Explant preparation and incubation protocol were based

upon the procedures of Collier et al. (1977) and Goodman et

al. (1983) with minor modifications. Media for

transporting the biopsy and subsequent incubation periods

contained the following materials: M-199 media with Hank's

salts and L-glutamine without bicarbonate, 10 mM sodium

bicarbonate, 20 mM HEPES, bovine insulin (5 ug /ml media);

cortisol (5 pg/ml media); prolactin (1 pg/ml media);

Penicillin G (100 units/ml media); Streptomycin (100

units/ml media); and Amphotericin B (Fungizone) (2.5 pg/ml

media).

Upon removal of the biopsy, mammary tissue was placed

in ice-cold media and transported to the laboratory on ice
3

(approx. 10 min) where it was diced into 1-2 mm explants,

washed 5-7 times in ice-cold media and placed upon lens

paper rafts (Collier et al., 1977). The raft and explants

(approx. 10-30 mg wet weight) were then placed in

incubation wells (Falcon 24-well Multiwell tissue culture

plate, VWR Scientific, Akron, OH) containing 1 ml media and

incubated in an atmosphere of 95% air: 5% CO . Treatment
2
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stock solutions consisted of 10, 50, 100 or 500 ng/ml

estradiol diluted with incubation media from a stock

solution of 1000 ng/ml estradiol made up in ethanol. A 10

pl aliquot of each treatment stock solution gave the

desired final concentration in 1 ml incubation media.

Treatments were removed at either 12 or 24 hr intervals.

The number of treatments examined per biopsy and the

intervals between removal of each treatment depended on the

amount of available tissue from each biopsy. Generally,

sufficient tissue was available to incubate 80-90 wells.

Duplicate wells of each treatment were removed, frozen on

dry ice and stored until assayed for G6PD activity. Media

was changed after 48 h in culture. Enzyme activity was

expressed on a units/mg tissue basis. This would prevent

biased results (elevated divisor term) due to general

stimulation of protein synthesis by estradiol. The mean

enzyme activity for the duplicate wells was used in the

statistical analysis.

Enzyme Assays

Homogenization buffer consisted of 0.052 M Tris-base,

0.1 M KC1, 7.2 mM MgC1 * 6H 0, 10 mM 2-mercaptoethanol and
2 2

20% glycerol, pH = 7.4. Assay buffer consisted of 0.0466 M

Tris-base and 7.14 mM MgCl * 6H 0, pH = 7.4. Frozen
2 2

explants were prepared for enzyme assay by homogenization

(Tekmar Tissumizer, Model SDT, setting 30, Tekmar Co.,

Cincinnati, Ohio) in 1.5 ml cold homogenization buffer for

2 bursts of 15 sec each with a 15 sec rest between.
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Homogenates were centrifuged at 85,000 x g for 35 min in a

Beckman Ultra-centrifuge (Model L5-50B, Palo Alto, Calif.).

After centrifugation, samples were kept on ice and

immediately assayed for G6PD activity.

G6PD activity was determined as described by Smith and

Barker (1974) with 1 enzyme unit equal to the amount of

activity that reduces 1 AIM NADP /min. Briefly, the assay

consisted of simultaneously running two cuvettes in which

one cuvette measured NADPH formation from both glucose 6-

phosphate and 6-phosphogluconate dehydrogenases while the

second cuvette measured NADPH formation from 6-

phosphogluconate dehydrogenase alone. When plotted over

time, the difference between the two slopes represented

G6PD activity/ml. The reaction mixture for cuvette one

contained 2.7 ml assay buffer, 50 pl NADP (11.1 mM), 50 pl

solution containing glucose 6-phosphate (41.8 mM) plus 6-

phosphogluconate (22.9 mM) and 200 pl supernatant

containing the enzyme. The other cuvette contained

identical elements except glucose 6-phosphate was

eliminated. The change in formation of NADPH from NADP

was measured spectrophotometrically (Model DU, Beckman

Instruments, Palo Alto, Calif.) at 340 nm. Enzyme activity

was expressed as per mg frozen tissue weight. The enzyme

assay was tested by conducting an experiment using

ovariectomized rats which had been given estradiol alone or

in combination with progesterone for up to 96 hr in vivo.
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Our results agree with those obtained by Smith and Barker

(1974) which demonstrated that estradiol stimulated and

progesterone inhibited uterine G6PD activity.

Statistical analysis was by split plot analysis of

variance (Steel and Torrie, 1980) using least squares

solution as a method for handling missing data. Treatment

effects were analyzed as factor A and incubation time as

factor B. When appropriate, differences between treatment

means was determined by Dunnett's multiple mean test.

RESULTS

Mean G6PD activities at various incubation time

intervals and estradiol levels pooled for all animals are

shown in Figure 1. Control G6PD activity decreased 74%

after 12 h in culture, then remained at constant levels for

the remainder of the incubation times. Mean G6PD

activities for all treatment levels of estradiol, averaged

over all incubation time periods, is given in Table 11-2.

Treatment means were not significantly different from each

other (P > .1).

Split plot analysis of variance using least squares

solution determined that sources of variation due to

differences between animals, treatment level and treatment

x time interaction were not significantly different (P >

0.1; MSE = 1.135 for treatment and animal effects and

0.0378 for the interaction). Variations due to time of
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incubation were significant (P < .05; F = 2.95; MSE =

.0378).

DISCUSSION

The purpose of this study was to determine the in

vitro effect of estradiol on bovine mammary G6PD. Our data

are in general agreement with research in other areas of

mammary physiology which suggest that addition of estradiol

to mammary tissue in vitro has little or no effect on

mammary cell division (Mehta and Banerjee, 1975; Shyamala

and Ferenczy, 1982; Yang et al., 1980), fatty acid

synthesis (Falconer and Martyn, 1985; Shamay et al., 1987),

glucose metabolism (Shyamala and Ferenczy, 1982) or in

vitro concentrations of insulin, cortisol or prolactin

required for half-maximal stimulation of lactose synthetase

and casein synthesis (Bolander, 1984).

Several reasons may be involved in the failure of

estradiol to stimulate G6PD activity in vitro. The first

is that in vivo priming by estrogen may be required for in

vitro activity (Keran and Barker, 1976; Mehta and Banerjee,

1975). Stimulation of rat uterine tissue in organ culture

required prior, in vivo, injection of estradiol to

stimulate G6PD activity (Keran and Barker, 1976). In vivo

injections of estradiol and progesterone were required for

in vitro growth promotion of rat mammary tissue by insulin,

prolactin and aldosterone (Mehta and Banerjee, 1975). It
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has also been suggested that the in vivo effects of

estradiol are mediated indirectly through release of a

uterine protein which has a direct effect on the mammary

gland (Sirbasku and Leland, 1982). In vitro culture of

mammary tissue breaks this interaction, hence no response

to estradiol. Our results demonstrated a wide variability

of in vitro responses to estradiol between cows (results

not shown) which suggests that in vivo hormonal levels at

the time of biopsy may influence the in vitro response of

G6PD to estradiol.

Another reason may be that mammary tissue from

lactating animals has decreased sensitivity or reduced

ability to respond to estradiol. The prepartum effect of

estradiol on mammary tissue appears to be mediated

indirectly through stimulation of prolactin release and

progesterone receptor levels (Imagawa et al., 1985).

Lactating mammary tissue appears to be unable to respond to

estradiol in such areas as increased glucose oxidation, DNA

synthesis and increased progesterone receptors (Shyamala

and Ferenczy, 1982). Further evidence for loss of mammary

responsiveness to estradiol has been shown by Shyamala et

al. (1986) who determined that the estrogen receptor in

lactating mammary tissue does not have the ability to bind

to chromatin. They suggested that a cytoplasmic inhibitor

is responsible for decreased binding.

These results suggest an interesting problem of how to

explain the in vivo decrease in milk secretion which
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results when estradiol is given to lactating cows (Mollett

et al., 1976) if the estradiol receptor is nonfunctional.

It is possible that decreased milk secretion by estradiol

is mediated through other mammary cell types, specifically

inhibition of myoepithelial cells (Soloff, 1982). In

addition, it becomes more difficult to explain the in

vitro selective inhibition of milk component synthesis in

bovine lactating mammary explants incubated for 72-96 h

with 30 AM/1 estradiol (Shamay et al., 1987). Casein

synthesis and lactalbumin secretion were inhibited 25 and

46%, respectively, compared with control levels (incubated

with insulin, cortisol and prolactin only) while having no

effect on fatty acid synthesis. A common feature of

estradiol and other steroid hormones, which caused

inhibition in their culture system, was that they all lack

an 11A-hydroxyl group.

In addition to its effect on epithelial and

myoepithelial cells, estradiol has been shown to have an

effect on adipocytes (Shyamala and Ferenczy, 1984 and

1986). It is conceivable that the wide variablity in

results between animals could be related to the amount of

adipose tissue in the explants. Results from our laboratory

suggest that long chain fatty acids will inhibit G6PD

activity in culture (Young et al., 1987). Estradiol may

stimulate adipocytes to release long chain fatty acids or

other compounds which modify epithelial G6PD activity.
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A final area which may be involved with our results is

that the static incubation system which we used may limit

expression of G6PD stimulation by estradiol as suggested by

work with pituitary cultures (Lumpkin et al., 1987).

Comparison of arginine vasopressin stimulation of TSH

release from cultured rat pituitary cells incubated in a

static media versus perfusion system demonstrated a 25-40%

and 200-650% increase at comparable vasopressin levels,

respectively. The latter increased in a dose responsive

manner. However, correction of TSH release with respect to

incubation time and number of cells in each culture system

gives results which are not extremely different.

It is of interest to comment on the drastic decrease

in G6PD activity between 0 and 12 h of culture. In order

to eliminate or minimize this decrease, all aspects of the

incubation protocol were changed, tested or scrutinized.

The culture system which we are using gives optimal results

and as such we are unable to overcome the drastic decrease.

Comparison of in vitro G6PD activity in mammary tissue from

lactating mice, rabbits and cows (data not shown) showed

that mammary tissue from the cow was the most susceptible

to an in vitro decrease of G6PD activity. We feel that our

culture system was adequate to detect estradiol-induced

changes in G6PD activity, if they existed. Therefore, we

conclude that in vitro addition of estradiol to lactating

bovine mammary explants does not stimulate G6PD activity.
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Table II-1. Table of glucose 6-phosphate dehydrogenase
activity means (units/mg tissue) in explants treated with
different levels of estradiol. Means are computed from
values summed over all incubation time periods.

Estradiol level Mean +/- S.E.M.(x10 -5) (n)

Control 4.01 +/- 0.77 (27)
10 ng/ml 6.38 +/- 1.19 (12)
50 ng/ml 3.19 +/- 1.11 (9)

100 ng/ml 5.24 +/- 0.96 (18)
500 ng/ml 3.50 +/- 0.85 (6)

Treatments are not significantly different from each other
(P > 0.1) (MSE = 1.135).
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Figure II-1. In vitro mean bovine mammary glucose 6-

phosphate dehydrogenase activity for control, 10 and 100

ng/ml estradiol alone or averaged over 10, 50, 100 and 500
ng/ml estradiol (All) at various incubation time intervals.
SEM bars overlap between control and any level of estradiol
for all incubation time periods. The pooled SEM was
0.1489.
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SUMMARY

At the completion of any research project it is

important to suggest areas where future research might be

profitable. An area of mammary metabolic control which

should be considered is that of cellular protein and lipid

synthesis interactions.

The interaction between fatty acid synthesis and

protein synthesis may be mediated through polyamines.

Polyamines are involved with protein synthesis and our

research suggests that polyamines can overcome or prevent

palmitoyl CoA-induced glucose 6-phosphate dehydrogenase

inhibition. Information on changes in polyamine levels in

ruminant mammary tissue is practically non-existent.

Therefore, it would be of interest to determine if changes

in mammary polyamine content relative to stage of

gestation and lactation are correlated with protein and

lipid synthesis. The practical application of these results

is suggested by research which has demonstrated that

feeding a diet supplemented with tallow will increase milk

fat content but decrease milk protein content. The

cellular mechanism for this action is unknown at the

present time.

Mammary control of NADPH production is important for

biosynthetic mechanisms. Our study has focused upon one

enzyme which is involved with NADPH production. Isocitrate

dehydrogenase is also important in ruminant mammary tissue;
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an understanding of metabolic and hormonal

control of its activity could be important.

The literature has suggested that extra- and intra-

cellular glycerol levels can have an effect on fatty acid

synthesis by increasing precursor uptake during periods of

high plasma ketone levels and by modification of enzyme

activity relative to availability of glucose and acetate

for lipid synthesis. Understanding the role of glycerol in

normal cellular metabolism could lead to new ways to treat

metabolic disorders such as ketosis.

Our results from incubation of lactating mammary

tissue with or without estradiol demonstrated a wide

variability in G6PD activity. Limited information on

hormonal control of fatty acid synthesis in ruminants is

available; therefore, a useful area to look at is the

effect of stage of the estrous cycle on G6PD activity and

the ability of endogenous estradiol to stimulate activity.

It was surprising to find that information regarding

the effect of estrogens on a cellular basis in ruminant

mammary tissue is lacking. Specifically, we were unable to

find a single reference which had measured mammary estrogen

receptors in ruminant tissue. Almost all references which

dealt with the effects of estrogen on mammary tissue were

found in papers whose purpose was to induce lactation in

non-pregnant animals. Injection of estradiol during

lactation lead to decreased milk secretion. The
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differential response of estrogens on prepartum compared

with postpartum mammary tissue is unknown, though many

theories are being tested in rat models. Based upon work

with rodent models, mammary carcinoma cell lines and

indirect observations with induced lactation in ruminants,

it appears that the following areas of research would be

useful to understand the effects of estrogens

tissue.

The first priority is to determine the levels

on mammary

of

mammary estrogen receptors during gestation and lactation

and to correlate these with plasma estrogen levels. The

second priority is to determine if the estrogen receptor is

functional during the different physiological states of the

animal. Research in rodents suggests that the estrogen

receptor in lactating mammary tissue does not have the

ability to bind to chromatin.

If the principle effects of estrogens are to

stimulate, directly or indirectly, cell division, then

estrogens may decrease milk secretion during lactation by

converting secretory cells to non-secretory cells as an

initial step in cell division. This may be accomplished

through changes in myoepithelial cells. There is evidence

from rat mammary tissue to suggest that estrogens are

correlated with decreased smooth muscle levels in

myoepithelial cells and therefore function by inhibiting

cell contraction.

Another possibility may be that estradiol is having an
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effect on other cell type(s) in the mammary gland (i.e.

adipocytes) rather than epithelial cells. Establishment

of a mammary primary cell culture system could lead to

experiments in which co-incubation of mammary cells with

other cell types could define relationships between all

mammary cell populations.

Finally, the in vitro effects of estradiol may require

in vivo priming. Research has suggested that the effects of

estradiol on mammary tissue are mediated through release of

a uterine protein, stimulation of progesterone receptors or

release of prolactin. Future studies may find in vivo

estrogen treatment a practical means for determining in

vitro effects.

The mammary gland is an important organ in the study

of hormonal and metabolic control of cell division,

metabolism and biosynthetic reactions. The possibilities

for future research with this organ are seemingly

limitless.
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APPENDIX I

I. TISSUE CULTURE

A. Media preparation

The following will make one liter incubation media:

1. Media 199 with Hank's salts and with L-glutamine
(powder).

2. HEPES = 20 mM
* 3. NaHCO3 = 4.167 mM (0.35 g) or 10 mM (0.84 g/l).

4. Penicillin G = 100,000 Units (100 U/ml media)
5. Streptomycin = 100,000 Units (100 U/ml media)
6. Amphotericin B (Fungizone) = 2.5 mg (2.5 pg/ml

media)
7. Insulin = 5 mg (1 mg/0.5 ml of 5 mM HC1)
8. Hydrocortisone (Cortisol) = 5 mg (1 mg/0.2 ml

anhydrous ethanol)
9. Prolactin = 1 mg (1 mg/0.5 ml of 10 mM NaOH).

** 10. Na Acetate = 10 mM

Sterilize by filtration through a bottle top filter
(Falcon, .22 micron pore size).

* According to the literature, M-199 media used with HEPES
does not require a high level of NaHCO3 as a buffering
agent. My observation was that it allowed the pH to fall
into the area of 6.7 to 6.9. In short-term cultures, up to
8 hr, this decrease appears to have no effect on glucose 6-
phosphate dehydrogenase activity from control samples and
the lower level of bicarbonate suggested in the
instructions from Sigma is sufficient. For long-term
cultures, 1-5 days, this is a problem and requires the
higher level. Another problem is that anytime that the
media containing the higher bicarbonate level (> .35 g/1)
is removed from an atmosphere containing 5% CO2, the pH
becomes basic very quickly, therefore speed is of the
essence when putting explants into culture because the
media is exposed to normal atmosphere.
** In short-term cultures, acetate has an effect on
glucose 6-phosphate dehydrogenase activity and was
therefore left out. It would be of interest to determine
the effects of long-term culture with acetate on enzyme
activity.

B. TISSUE CULTURE

1. Siliconized lens paper raft protocol
a. Cut the lens paper to fit in the incubation

well using a # 8 cork hole bore.
b. Suspend the rafts in ethyl ether for 30 min.
c. Remove ether by aspiration.
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d. Repeat this 3 times.
e. Repeat procedures b,c and d using 95% ethanol.
f. Remove ethanol by aspiration.
g. Wash with distilled water 4 times for 15 min

intervals.
h. Dry at 37°C.
i. Siliconize by submerging the rafts in silicon

solution (Prosil-28: water, 1:100) for 10 min.
j. Remove silicon solution by aspiration.
k. Repeat step #7.
1. Dry paper at 37°C.
m. Place rafts in a covered petri dish and heat

at 150°C for 1 hour in a dry oven (Note: be
careful not to burn the rafts).

2. Explant preparation
a. The biopsy is removed from the animal and

transported on ice back to the laboratory in a
container containing sterile incubation media.

b. The biopsy is place on plexiglass over ice and
minced into cubes 1-2 mm using scissors and 2
crossed scalpels.

c. Place explants in 15 ml conical tubes and wash
with ice cold incubation media until the
supernatant is clear (approx. 5 times).

d. Fill incubation wells (Falcon 24-well
Multiwell tissue culture plate, VWR
Scientific, Akron, OH) with 1 ml incubation
media (be careful of pH changes).

e. Place approximately 30-40 mg explants on a
lens paper raft and supend over the 1 ml
incubation media.

f. Place in incubator at 37°C and a 95% Air: 5%
CO2 atmosphere. It should be noted that
short-term cultures appear to give equal or
slightly better results when gassed with 95%
02: 5% CO2, but control values in long-term
cultures gassed with 95% 02: 5% CO2 are not
maintained; therefore we stayed with 95% Air:
5% CO2 atmosphere for long-term cultures. This
appears to be a unique feature of ruminant
mammary tissue.

g. After a 1.5 hr equilibration period,
treatments are added in 10 pl aliquots (Amount
of incubation media initially added is reduced
so that total incubation volume after addition
of treatments equals 1 ml.
Note: For long-term cultures, the

equilibration period consists of the time in
the incubator in which loaded plates are
placed until all plates have been prepared,
then the treatments are added and incubation
begins.
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h. Samples are frozen on dry ice and stored
frozen until assayed.

II. ENZYME ASSAYS

A. STOCK SOLUTIONS

1. Homogenization buffer

0.052 M Tris-base = 6.32 g
0.1 M KC1 . 7.46 g
7.2 mM MgCl2 * 6H20 = 1.464 g
20% glycerol = 158.3 ml
Make up to 1 liter with dH2O, Add 0.711 ml 2-
mercaptoethanol (10 mM), pH to 7.4 with
concentrated HC1.

Note: the original protocol was for 0.04 M Tris-base which
worked out to 6.32 g for the Eastman Co. product. At some
point I began to use the Sigma Tris-base, which has a
slightly different formula weight. I had completed several
biopsies before catching the discrepancy and decided to
continue, hence the 0.052 Tris-base.

2. Assay buffer

0.0466 M Tris-base = 5.643 g
7.14 mM MgC12 * 6H20 = 1.452 g
Make up to 1 liter with dH2O, pH to 7.4 with
concentrated HC1.

Note: The original protocol called for 0.0357 M Tris-base
(see Note on homogenization buffer).

3. NADP+

85 mg/10 ml dH 0
2

4. Glucose 6-phosphate (G6P) + 6-phosphogluconate
(6-PG)

118 mg glucose 6-phosphate + 78.4 mg 6-
phosphogluconate/10 ml dH2O

5. 6-phosphogluconate (6-PG)

78.4 mg/10 ml dH 0
2

B. TISSUE HOMOGENIZATION
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The stock solutions, excluding homogenization buffer, and
assay buffer need to be at room temperature for the enzyme
assays.

1. Homogenization
a. Add frozen explants to 1.5 ml homogenization

buffer.
b. Homogenize using the Tekmar Tissumizer, Model

SDT, setting 30, for 2 bursts of 15 sec each
with a 15 sec rest between bursts. Samples
should be kept on ice during this procedure
(buffer should be kept at 4°C until used).
Note: do not homogenize in the same tubes used
for centrifugation.

2. Ultracentrifugation
a. Centrifuge at 30,000 RPM (81,400 x g) for 35

min @ 4°C.

C. SPECTROPHOTOMETER SET-UP
1. Select correct wavelength of light (340 nM).
2. Rotate the lamp selector to Vis (visible light).
3. Set lamp selector control to Vis.
4. Turn on power for automatic cuvette changer and

offset on/off control.
5. Turn power on and allow to warm-up.
6. Set spectrophotometer to zero absorbance, then

place cuvette(s) containing buffer into cuvette
compartment and push cuvette selector button 1.

7. Adjust slit width until the digital readout
indicator is at 0.00.

8. Press cuvette selector button 2. Set this
cuvette (containing buffer) to zero absorbance
by turning "offset 2" control.

9. Repeat #8 for cuvettes 3 and 4 (if needed) using
offset control 3 and 4, respectively.

10. To run an enzyme kinetic assay, place cuvettes
in chamber, push "auto" cuvette selector plus
the cuvette selector for each cuvette in the
chamber.
Remember to keep cuvettes in the same order in
which they were zeroed.

11. To stop, push the "off" cuvette selector on the
cuvette positioner when the cuvette holder is
reading either cell 2 or 3. This allows for
easy removal of the cuvette holder.

12. Remove cuvettes, clean, refill and repeat
steps #10 and 11.

D. DUAL CUVETTE ENZYME ASSAY SYSTEM

1. Assay protocol
The assay consists of simultaneously running two

cuvettes in which one cuvette measures combined NADPH
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formation from both glucose 6-phosphate and 6-

phosphogluconate dehydrogenases while the second cuvette
measures only 6-phosphogluconate dehydrogenase activity.
The difference between the two slopes represents glucose
6-phosphate dehydrogenase activity.

a. Cuvette #1

2.70 ml Assay buffer
0.05 ml NADP+ stock solution
0.05 ml G6P + 6-PG stock solution
0.20 ml enzyme supernatant from tissue

samples
3.00 ml Total incubation

b. Cuvette #2

2.70 ml Assay buffer
0.05 ml NADP+ stock solution
0.05 ml 6-PG stock solution
0.20 ml enzyme supernatant from tissue

samples
3.00 ml Total incubation

Note: buffer volume is inversely varied with enzyme
supernatant to keep total volume at 3 ml.

2. Calculations

a. Calculate the slope of Cuvette's #1 and 2.
This is the change in 0.D./min from the
linear part of the slope.

b. Subtract the two slopes from one another.
The difference is the activity of G6PD.

c. G6PD activity / ml supernatant is calculated
by dividing the slope by 2.07. This is the
condensed version of the formulate which
includes the extinction coefficient of NADPH,
the formula is as follows:

slope x total incubation volume

extinction coefficient x sample volume

jimoles/
min/ml

total incubation volume = 3 ml
extinction coefficient = 6.21 x 106 moles
sample volume (current experiment) = 0.2 ml

d. Soluble protein was determined by the Lowry
method. G6PD activity (units/ml = umoles/
min/ml) is then divided by mg protein (or mg
frozen tissue) to give Units/mg protein, which
is the reported value.
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APPENDIX II

A. ENZYME ASSAY DEVELOPMENT

1. The experimental objectives of the data presented in
Tables A-1 thru A-10 were to determine the effects of
varied mammary tissue to homogenization buffer ratios,
time, sample volume, cofactor level and substrate levels on
bovine mammary glucose 6-phosphate dehydrogenase activity
in vitro and to optimize the assay system. Data from each
individual experiment were generated using a single tissue
source and stock solutions were NADP = 8.5 mg/ml; glucose
6-phosphate = 11.8 mg/ml and 6-phosphogluconate was 7.84
mg/ml. Standard assay, as described in Appendix I, was
used. One enzyme unit is defined as formation of 1
gmole/min NADPH from NADP+.

Table A-1. Changes in bovine mammary glucose 6-phosphate
dehydrogenase activity due to altering the conditions of
the enzyme assay: sample volume and sample weight per
volume of homogenization buffer.

Gram tissue/ml buffer Sample volume Enzyme units/g tissue
(ml) (mean +/- SEM)

0.22 .1 7.07 +/- .11

0.41 .1 5.97 +/- .08
0.21 .1 4.97 +/- .12

0.21 .1 4.85 +/- .19
0.21 .05 4.9 +/- .26
0.21 .2 4.39 +/- .09
0.21 .2 3.93 +/- .1

Overall mean 5.15 +/- .4

Table A-2. Changes in bovine mammary glucose 6-phosphate
dehydrogenase activity due to altering the conditions of
the enzyme assay: sample volume and sample weight per
volume of homogenization buffer.

Gram tissue/ml buffer Sample volume
(ml)

Enzyme units/g tissue
(mean +/- SEM)

.34 .05 7.62 +/- .16

.34 .1 7.28 +/- .1

.34 .2 5.5 +/- .34

.27 .05 6.47 +/- .355

.27 .1 6.17 +/- .2

.27 .2 6.45 +/- .85

.27 .5 3.86 +/- .14
Overall mean 6.19 +/- .47

All tissue from one cow which had not been lactating for 45
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days due to low production and antibiotic withdrawal.

Summary of Table A-1 and A-2: Enzyme activity decreased
with higher sample volumes and activity was higher when
homogenized with reduced volume of homogenization buffer
(i.e higher concentration).

Table A-3. Changes in bovine mammary glucose 6-phosphate
dehydrogenase activity, over time, due to altering the
conditions of the enzyme assay: sample volume and sample
weight per volume of homogenization buffer.

Gram tissue/ml buffer Time Sample vol
(min) (ml)

Enzyme units/g
tissue

.34 0 .1 2.13

.18 0 .1 2.3

.34 6 .1 2.06

.18 6 .1 2.7

.34 15 .05 2.13

.34 15 .025 2.56

.34 25 .05 2.66

.34 25 .025 3.13

.34 30 .1 1.99

.18 30 .1 1.95

.34 36 .1 1.74

.18 36 .1 2.15

.34 41 .05 2.2

.34 41 .025 2.4

.34 48 .05 2.17

.34 48 .025 2.49

.34 54 .05 1.85

.34 54 .025 2.49

.34 61 .1 1.78

.18 61 .1 1.85

.34 67 .1 1.74

.18 67 .1 2.01

.34 73 .05 1.35

.34 73 .025 1.85

.34 88 .1 1.3

.18 88 .1 1.54

.34 94 .1 1.42

.18 94 .1 1.8

.34 118 .1 1.39

.18 118 .1 1.54

.34 122 .1 1.35

.18 122 .1 1.41

Summary: a) Volume of homogenization buffer per gram tissue
makes very little difference on enzyme activity; b) enzyme
activity decreased with time, and c) smaller sample sizes
give higher enzyme activities.
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Figure A-1. Polynomial regression lines of the changes in
bovine mammary glucose 6-phosphate dehydrogenase activity,
over time, for the data listed in Table A-3.
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Table A-4. Changes in bovine mammary glucose 6-phosphate
dehydrogenase activity, over time, due to altering the
conditions of the enzyme assay: sample volume and sample
weight per volume of homogenization buffer.

Gram tissue/ml buffer Time Sample volume
(min) (ml)

Enzyme units
/ml

.32 0 .1 .356

.18 0 .1 .109

.18 8 .1 .115

.32 14 .1 .266

.32 24 .05 .471

.32 24 .025 .604

.32 30 .05 .423

.32 30 .025 .556

.32 35 .1 .205

.18 35 .1 .13

.32 41 .1 .302

.18 41 .1 .105

.32 47 .05 .374

.32 53 .05 .393

.32 53 .025 .604

.32 60 .05 .35

.32 60 .025 .495

.18 66 .1 .079

.32 72 .1 .133

.18 72 .1 .106

.32 80 .05 .411

.32 80 .025 .507

.32 87 .05 .350

.32 87 .025 .495

.32 93 .1 .211

.18 93 .1 .079

.32 101 .1 .308

.18 101 .1 .119

.32 107 .05 .35

.32 107 .025 .387

.32 115 .1 .272

.18 115 .1 .121

.32 121 .1 .22

.18 121 .1 .103

Summary: The results are the same as in Table A-3 except
that enzyme activity was slightly higher with the lower
volume of homogenization buffer (i.e. higher concentration
)

The objective of the next several tables was to
determine if the differences found in Table A-3 and A-4
were due to limitation of NADP and/or substrate (glucose 6-
phosphate) level.
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Figure A-2. Polynomial regression lines of the changes in
bovine mammary glucose 6-phosphate dehydrogenase activity,
over time, for the data listed in Table A-4.
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Table A-5. Changes in bovine mammary glucose 6-phosphate
dehydrogenase activity, over time, due to altering the
conditions of the enzyme assay: altered NADP level. All of
the data for this experiment were from one tissue source
and homogenized at 0.25 g/ml homogenization buffer. Stock
solution of NADP was 8.5 mg/ml (10

Time Sample vol
(min) (ml)

mM).

NADP
(ml)

Enzyme units/ml

0 .1 .1 .537
0 .05 .1 .628
7 .025 .1 .516
7 .1 .05 .453

14 .1 .075 .411
14 .05 .075 .411
20 .025 .075 .459
20 .1 .05 .405
35 .1 .1 .362
35 .05 .1 .374
41 .025 .1 .426
41 .1 .05 .399
48 .1 .075 .338
48 .05 .075 .507
56 .025 .075 .483
56 .1 .05 .362
62 .1 .1 .314
62 .05 .1 .362
69 .025 .1 .362
69 .1 .05 .338
75 .1 .075 .302
75 .05 .075 .35
81 .025 .075 .4831
81 .1 .05 .393
87 .1 .1 .302
87 .05 .1 .399
94 .025 .1 .483
94 .1 .05 .314

100 .1 .075 .344
100 .05 .075 .411

Summary: NADP level in the assay does not appear to be a
limiting factor and differences appear to be due to sample
volume more than cofactor level.

Table A-6. Changes in bovine mammary glucose 6-phosphate
dehydrogenase activity, over time, due to altering the
conditions of the enzyme assay: varied sample and
substrate volume (glucose 6-phosphate) with NADP level
fixed at 0.05 ml. Tissue was from a single source and
homogenized to give 0.36 g/ml homogenization buffer.
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Figure A-3. Polynomial regression lines of the changes in
bovine mammary glucose 6-phosphate dehydrogenase activity,
over time, for the data listed in Table A-5. The first
letter of the legend signifies the sample volume (A = 0.1,
B = 0.05 and C = 0.025 ml) and the second letter is the
substrate volume (A = 0.1 and B = 0.075 ml).
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Figure A-4. Polynomial regression lines of the changes in
bovine mammary glucose 6-phosphate dehydrogenase activity,
over time, for the data listed in Table A-6. The first
letter of the legend signifies the sample volume (A = .1, B
= 0.05 and C = 0.025 ml) and the second letter is the
substrate volume (A = 0.1 and B = 0.2 ml).
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Time
(min)

Sample volume
(ml)

Substrate volume
(ml)

Enzyme unit/ml

0 .1 .1 .688
0 .05 .1 .858
9 .025 .1 1.201
9 .1 .2 .7

16 .05 .2 .75
16 .025 .2 .918
23 .1 .1 .785
23 .05 .1 .725
30 .025 .1 1.208
30 .1 .2 .815
37 .05 .2 .785
37 .025 .2 1.16
44 .1 .1 .876
44 .05 .1 .918
60 .025 .1 1.111
60 .1 .2 .809
67 .05 .2 .858
67 .025 .2 1.063
74 .1 .1 .731
74 .05 .1 .87
80 .025 .1 1.208
80 .1 .2 .827
88 .05 .2 .749
88 .025 .2 .966

Summary: Substrate volume does not appear to be a limiting
factor in our assay system.

Table A-7. Changes in bovine mammary glucose 6-phosphate
dehydrogenase activity, over time, due to altering the
conditions of the enzyme assay: varied sample and substrate
volume (glucose 6-phosphate) with NADP level fixed at 0.05
ml. Tissue, from a different cow than that of Table A-6,
was homogenized at a concentration of 0.27 g /ml
homogenization buffer.

Time
(min)

Sample vol
(ml)

Substrate vol Enzyme units/ml
(ml)

8 .1 .1 .393
8 .1 .05 .604

13 .05 .1 .362
13 .05 .05 .519
22 .025 .1 .725
22 .025 .05 .773
29 .1 .1 .35
29
34

.1

.05
.05
.1

.495

.435
34 .05 .05 .58
41 .025 .1 .725
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Figure A-5. Polynomial regression lines of the changes in
bovine mammary glucose 6-phosphate dehydrogenase activity,
over time, for the data listed in Table A-7. The first
letter of the legend signifies the sample volume (A = 0.1,
B = 0.05 and C = 0.025 ml) and the second letter is the
substrate volume (A = 0.1 and B = 0.05 ml).
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41 .025 .05 .676
47 .1 .1 .465
47 .1 .05 .55
54 .05 .1 .616
54 .05 .05 .713
60 .025 .1 .749
60 .025 .05 .797
67 .1 .1 .302
67 .1 .05 .592
74 .05 .1 .737
74 .05 .05 .664
80 .025 .1 .701
80 .025 .05 .701
87 .1 .1 .544
87 .1 .05 .537

Summary: The effect of varied substrate volume on enzyme
activity was dependent upon the level of sample volume
used (i.e. the greater the sample volume, the greater the
differences between varied substrate volume. The lowest
level of sample volume demonstrated no differences in
enzyme activity over time when the two substrate levels
were compared).

Table A-8. Changes in bovine mammary glucose 6-phosphate
dehydrogenase activity, over time, due to altering the
conditions of the enzyme assay: varied sample and
substrate volume (glucose 6-phosphate) with NADP level
fixed at 0.05 ml. Tissue, from the same cow as that of
Table A-7, was homogenized at a concentration of 0.24 g/ml
homogenization buffer.

Time
(min)

Sample vol
(ml)

Substrate
(ml)

vol Enzyme units/ml

0 .1 .1 .556
0 .1 .05 .701
7 .05 .1 .507
7 .05 .05 .471

14 .025 .1 .58
14 .025 .05 .628
20 .1 .1 .664
20 .1 .05 .616
27 .05 .1 .556
27 .05 .05 .628
33 .025 .1 .725
33 .025 .05 .749
40 .1 .1 .592
40 .1 .05 .64
47 .05 .1 .701
47 .05 .05 .604
59 .025 .1 .725
59 .025 .05 .725
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Figure A-6. Polynomial regression lines of the changes in
bovine mammary glucose 6-phosphate dehydrogenase activity,
over time, for the data listed in Table A-8. The first
letter of the legend signifies the sample volume (A = 0.1,
B = 0.05 and C = 0.025 ml) and the second letter is the
substrate volume (A = 0.1 and B = 0.05 ml).
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Summary: Differences in enzyme activity were due to sample
volume variations, not to varied substrate levels.

2. If enzyme activity is independent of other
intracellular modifiers, then correction for different
sample volumes should result in essentially the same value
from a given sample. However, different sample volumes of
bovine mammary tissue, from the same source, gave parallel,
but not equal levels of activity over time. The greater
the sample volume, the less the enzyme activity. These
differences could not be accounted for by limitations in
NADP and glucose 6-phosphate levels in the assay protocol.
After a telephone conversation with Dr. Schimerlik, he
suggested that the best explanation for the results which I
am getting is that an endogenous inhibitor of glucose 6-
phosphate dehydrogenase is present in bovine mammary
tissue. Based upon this information, we decided that
partial purification of the enzyme may remove any
endogenous inhibitor. Therefore, to determine the effects
of time, sample and substrate levels on partially purified
bovine mammary glucose 6-phosphate dehydrogenase we used
the following procedure.

Glucose 6-phosphate dehydrogenase isolation procedure
using DEAE cellulose column.

Activation of DEAE cellulose.

1. Soak 15 volumes/gram DEAE in 0.5 N HC1 for 30 min.
2. Filter or decant off the supernatant and wash ppt

until effluent is pH = 4.0.
3. Suspend DEAE in 15 volumes/gram of 0.5 N NaOH,

incubate for 30 min at room temperature, filter then
wash until effluent is pH = 8.0.

4. Equilibrate in 0.25 M NaHPO4 - 7 mM 2-mercaptoethanol
(250 ml phosphate buffer + 1.45 g NaC1 (pH=6.3) for
30 min.
The phosphate buffer consisted of:

2.692 g NaH2PO4*H20
8.176 g Na2HPO4*7H20
0.4053 ml of a 0.25 M stock solution of Na2-EDTA
0.5 ml 2-mercaptoethanol
5.842 g NaC1
Make to 1 liter, pH to 6.3

5. Dilute 10 fold with d1120.
6. Decant supernatant to remove fines.
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7. Repeat equilibration procedure.
8. Add 0.03% toluene as preservative.
9. Store DEAE in 0.025 M phosphate buffer at 4°C.

Column preparation:

1. Using a 30 ml syringe with a piece of flannel placed
in the bottom, load activated DEAE (diluted 1:4 with
buffer) to a volume of 10 ml.

2. Wash column 3 X (15 ml each) with cold diluted buffer.
3. Pour on diluted (1:4) supernatant from tissue sample

which has previously been homogenized and centrifuged.
4. Collect the eluent and pour on column again.
5. Wash column with 15 ml diluted buffer.
6. Wash column four times with 5 ml 0.25 M NaHPO4

buffer.
Using this procedure 72% of the original amount of enzyme
could be accounted for in the second and third wash of step
# 6. Also step 4 and 5 might be eliminated if the enzyme
sticks to the column the first pass.

Table A-9. Changes in isolated bovine mammary glucose 6-
phosphate dehydrogenase activity, over time, due to
altering the conditions of the enzyme assay: varied sample
and substrate volume (glucose 6-phosphate) with NADP level
fixed at 0.05 ml. The partially purified enzyme was from
the pooled volume of the second and third wash using the
procedure described above.

Time Sample vol Substrate vol Mean enzyme unit/ml
(min) (ml) (ml)

0 .1 .05 .489
0 .2 .05 .519

10 .1 .1 .519
10 .1 .2 .498
31 .1 .05 .643
31 .2 .05 .672
39 .1 .1 .622
39 .1 .2 .562
61 .1 .05 .676
61 .2 .05 .59
70 .1 .1 .903
70 .1 .2 .701
95 .1 .05 .704
95 .2 .05 .74

102 .1 .1 .589
102 .1 .2 .490
115 .2 .05 .725

Summary: Enzyme activity no longer decreased over time and
there was little differences between sample and substrate
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Figure A-7. Polynomial regression lines of the changes in
isolated bovine mammary glucose 6-phosphate dehydrogenase
activity, over time, for the data listed in Table A-9. The
first letter of the legend signifies the sample volume (A =
0.1 and B = 0.2 ml) and the second letter is the substrate
volume (A = 0.05, B = 0.1 and C = 0.2 ml).

144/siiNn 3ViAZN3
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volumes with respect to enzyme level.

Table A-10. Changes in isolated bovine mammary glucose
6-phosphate dehydrogenase activity, over time, due to
altering the conditions of the enzyme assay: varied sample
and substrate volume (glucose 6-phosphate) with NADP level
fixed at 0.05 ml. The partially purified enzyme was from
the pooled volume of the second and third wash using the
procedure described above.

Time Sample vol
(min) (ml)

Substrate vol
(ml)

Enzyme units/ml

0 .1 .05 .507
0 .2 .05 .513
9 .1 .05 .531

18 .1 .1 .556
18 .1 .2 .516
31 .1 .05 .435
31 .2 .05 .533
39 .1 .1 .405
39 .1 .2 .362
59 .1 .05 .423
59 .2 .05 .512
66 .1 .1 .435
66 .1 .2 .447
88 .1 .05 .419
88 .1 .05 .544
98 .1 .1 .429
98 .1 .2 .399

110 .1 .05 .471
110 .2 .05 .544

Conclusions: 1) The best combination of sample and
substrate volumes for obtaining constant enzyme activity
over time using the isolated enzyme is .2 ml sample and .05
ml substrate. I also determined that addition of 20% (as
high as 40% in some literature) glycerol to the
homogenization buffer helped to reduce the decrease in
enzyme activity, over time, from approximately 30% to 2-3%
(data not shown). This appears to give a favorable
combination for optimal enzyme assay under procedures where
the enzyme is not isolated.

This data seemed to confirm the presence of an endogenous
inhibitor and lead to the experiments using palmitoyl CoA
and acetate; which will be discussed in the next section.

2. As a final experiment to verify that our system was
working correctly we reproduced an experiment by Swanson
and Barker (Endocrinology 112:459, 1983) which was designed
to determine the effects of estrogen and progesterone on
rat uterine glucose 6-phosphate dehydrogenase activity.
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Figure A-8. Polynomial regression lines of the changes in
isolated bovine mammary glucose 6-phosphate dehydrogenase
activity, over time, for the data listed in Table A-10.
The first letter of the legend signifies the sample volume
(A = 0.1 and B = 0.2 ml) and the second letter is the
substrate volume (A = 0.05, B = 0.1 and C = 0.2 ml).
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A total of 56 rats were ovariectomized at approximately 21
days of age using a mid-dorsal incision (anesthesia was 10
mg/kg xylazine (Rompun) + 30 mg/kg ketamine mixed together.
Dosage was .03 ml IM.) Treatments were started 18 days
later. Estradiol was given as a 0.5 ml IV (26 x 1/2 " g

needle) of a 10 ug/ml stock solution of estradiol in a 5%
EtOH- Saline solution. Progesterone was given as a 0.1 ml
SQ dose of a 20 mg progesterone/ml corn oil stock solution.

Table A-11. Table of means for rat uterine glucose 6-
phosphate dehydrogenase activity. Animals were treated
with estradiol (5 pg daily IV), progesterone (2 mg daily
SQ) or in combination for up to 96 hr.

TREATMENT LENGTH OF TIME (hr)

Control 0

Estradiol 24
Estradiol 48
Estradiol 72
Estradiol 96
Estradiol + Progesterone 24
Estradiol + Progesterone 48
Estradiol + Progesterone 72
Progesterone 72
Saline 72
Estradiol (IP) 72

ENZYME ACTIVITY/UTERI

.10 +/- .014

.39 +/- .056
1.11 +/- .159
1.90 +/- .075
2.17 +/- .463
.41 +/- .022

1.17 +/- .103
1.20 +/- .205
.26 +/- .045
.13 +/- .040

2.41 +/- .395

Table A-12. Table of contrasts and level of probability of
significance for differences in mean rat uterine glucose 6-
phosphate dehydrogenase activity for different treatments.
The treatments are control (C), estrogen (E) or
progesterone (P) given alone or together for 24, 48, 72 or
96 hr in vivo.

Contrasts Probability level

C vs. E 24 .014
E 24 vs E 48 .005
E 48 vs E 72 .022
E 72 vs E 96 .004
C vs E+P 24 .095
E+P 24 vs E+P 48 .002
E+P 48 vs E+P 72 .560
C vs P .474
P vs Saline .540
E 24 vs E+P 24 .390
E 48 vs E+P 48 .600
E 72 vs E+P 72 .025
E 72 vs E(IP) 72 .006
E+P 72 vs P .000
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These results correspond with similar results obtained by
Swanson and Barker (1983) and therefore are used as one
proof of the validity of our enzyme assay.

B. INCUBATION PROTOCOL DEVELOPMENT

1. Length of pre-incubation and incubation period.

a) Length was determined by pre-incubating mammary tissue
(42 d postpartum) for 45, 90 135 and 180 min, then adding
10 mM acetate or 0.4 mM spermidine and incubating for 30,
60 or 120 min. We conclude that changes in enzyme activity
due to the shock of explant preparation were stabilized by
approximately 90 min of preincubation and we therefore used
this length of time as our equilibration period.

b) Specie differences on changes in enzyme activity
compared with length of incubation.

Table A-13. Changes in rabbit mammary glucose 6-phosphate
dehydrogenase activity after various times in culture.

Incubation time Activity/mg tissue
(hr)

0 .0123
After explant formation .00825
After washing explants .0046

1 .018
2 .0115
3 .0175
4 .0146

Table A-14. Changes in mouse (1 day postpartum) mammary
glucose 6-phosphate dehydrogenase activity after various
times in culture.

Incubation time Activity/mg tissue
(hr)

0 .008
1 .0134
2 .0122
3 .0111
4 .016
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3) Bovine - see #2.

Table A-15. Changes in bovine mammary glucose 6-phosphate
dehydrogenase activity due to the addition of HEPES to the
incubation media (Mean x 10 -4).

Incubation time Enzyme activity/mg tissue
(min) Control 20 mM HEPES

0 4.6 4.6
60 2.3 3.9

120 2.8 2.4

In addition, a 3 day experiment was conducted to determine
the effects of addition of 20, 35 or 50 mM HEPES to
incubation media on bovine mammary glucose 6-phosphate
dehydrogenase activity. Our conclusion was that levels
greater than 20 mM HEPES were detrimental to enzyme
activity; therefore, we used this as our maximum level.

In an effort to stabilize the pH, we increased the level of
sodium bicarbonate to 10 or 15 mM. Both gave acceptable
results, but 10 mM gave better results regardless of the
atmosphere used in testing the differences; therefore, we
settled on 10 mM as part of our incubation media.

d) Effects of atmosphere on short or long-term cultures.

Results from data generated from 3 different bovine mammary
biopsies are all conclusive that there are little if any
differences in changes of enzyme activity for an atmosphere
of 95% oxygen: 5% carbon dioxide compared with 95% air: 5%
carbon dioxide for up to 5-6 hr in culture. When
incubation time exceeds this amount of time, then it is
absolutely necessary to provide an atmosphere of 95% air:
5% carbon dioxide because by 24 hr of culture, bovine
mammary enzyme activity in explants cultured in 95% oxygen
were either 0 or decreased 10-20 fold compared with
explants cultured in 95% air.

2. Bovine mammary enzyme activity decreased linearly over
time, while rabbit and mouse enzyme did not change over the
same time periods. It was suggested to us that fatty acids
may act as inhibitors of enzyme activity. We had already
suspected an endogenous inhibitor was present; therefore,
to determine if fatty acids are acting as inhibitors of
mammary glucose 6-phosphate dehydrogenase activity the
following assay was tested:

a) Homogenize mammary tissue sample and centrifuge at
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100,000 x g.
b) Add supernatant to 0.5% deoxycholate + 0.5% triton X-

100 (Start with 10% solution and dilute to 0.5%. Also
incubate in absence of NADP).

c) Incubate at 37°C and assay for enzyme activity over
time.

Table A-16. Changes in bovine mammary glucose 6-phosphate
dehydrogenase activity after treatment with 0.5%
deoxycholate + 0.5% Triton X-100. Decreased enzyme
activity is correlated with enzyme inhibition by fatty
acids.

Incubation time
(min)

Enzyme activity/ml

0 .52
15 .187
30 .169
45 .184
60 .161
90 .0725

120 0

150 0

180 0

Conclusion: Fatty acids are inactivating this enzyme.

3. Based upon the above information and a review of the
literature (such as it may be) we decided to determine the
effects of palmitoyl CoA, acetate and polyamines on glucose
6-phosphate dehydrogenase activity. The following dose
response data is given for palmitoyl CoA, acetate,
spermidine and putrescine.

Table A-17. Mean bovine glucose 6-phosphate dehydrogenase
activity (expressed as % control) after treatment with
various levels of spermidine.

Incubation time Dose (mM)
(min) 0 0.04 0.4 4 40

30 100% 97.5 76 103.5 57.5

60 100% 76 190.5 107.2 104

120 100% 122 143 84 142

Average 100% 98.5 137 98 101

Enzyme activity for 30 min control value = .00412 units/mg
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protein; 60 min control value = .00304 units/mg protein;
and 120 min control value = .003 units/mg protein.

Table A-18. Mean bovine glucose 6-phosphate dehydrogenase
activity (expressed as % control) after treatment with
various levels of putrescine.

Incubation time
(min)

30

60

120

Average

Dose (mM)
0 0.04 0.4 4 40

100% 81 121 70 100

100% 134 115.5 84 165

100% 120 131 131 101.5

100% 111 122 95 122

Control values for 30, 60 and 120 min are the same as
spermidine dose response controls.

Table A-19. Mean bovine glucose 6-phosphate dehydrogenase
activity (expressed as % control) after treatment with
various levels of palmitoyl Coenzyme A.

Incubation time Dose (pg/ml, approx.= pM)
(min) 0 0.5 5 25 50

30 100% 91 54 94 102

60 100% 77.5 86 104 100.5

120 100% 61 97 87 90

Average 100% 76 79 95 98

Enzyme control values for 30 min = .00655 units/mg protein;
60 min = .00608 units/mg protein; and 120 min .00612
units/mg protein.

Table A-20. Mean bovine glucose 6-phosphate dehydrogenase
activity (expressed as % control) after treatment with
various levels of acetate.

Incubation time Dose (mM)
(min) 0 0.1 1 10 100

30 100% 81.5 62 76 87

60 100% 78 85.5 82 94

120 100% 82 97 91 66



152

Average 100% 80 82 83 82

Control values for 30,60 and 120 min are the same as
control values for palmitoyl coenzyme A dose response
curves.

Table A-21. Mean bovine glucose 6-phosphate dehydrogenase
activity after treatment with various levels of acetate.

Incubation time (min) Dose (mM)
0 0.1 10

0 4.6 4.6 4.6
30 3.39 4.44 3.6
60 2.3 2.74 4.16
90 2.75 3.09 2.29

120 2.81 5.0 0.76

Enzyme activity x 10-4. Cow was 143 d postpartum.

Summary: Based upon the above dose response curves we
determined that 0.4 mM spermidine and 0.4 and 40 mM
putrescine gave the highest average bovine mammary glucose
6-phosphate dehydrogenase activity (0.4 mM was used in our
treatments). Acetate also appeared to decrease enzyme
activity by 20% (in one dose response all levels of acetate
inhibited equally; while in the other 10 mM acetate
inhibited enzyme activity by 120 min incubation);
therefore, we chose 1 and 10 mM for our treatments. The two
lower levels of palmitoyl coenzyme A inhibited enzyme
activity by 20-25%, while the two higher levels did not
appear to inhibit activity; therefore, we chose 5 and 25 pM
palmitoyl coenzyme A for our treatments.

4. Specie effects of palmitoyl CoA, spermidine and
putrescine on glucose 6-phosphate dehydrogenase activity.

a. Mammary explants from three lactating mice (Exp.
1; lactating 17-18 day) and two lactating mice (Exp. 2;
lactating 15-16 d) were incubated using the same protocol
as the bovine explants with 0, 5, 10 and 25 pg/ml media
palmitoyl CoA alone or in combination with 0.4 mM
spermidine or putrescine (free base). Values for explants
treated with spermidine and/or putrescine are not shown
because the free base form of the polyamines was extremely
hydroscopic and changed the pH of the media to greater than
pH 8. This decreased enzyme activity, and it is my feeling
that the decrease is due to the pH change and not the
treatment. Because of this problem, we changed to the salt
form of the polyamines (which does not change the pH and is
not hydroscopic) for subsequent experiments.
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Experiment 1.

Table A-22. Mean mammary glucose 6-phosphate dehydrogenase
activity for mice treated with various levels of palmitoyl
coenzyme A. Mice had been lactating for 17-18 days and
values are averaged over all time periods (30, 60 and 120
min of incubation).

Treatment Mean enzyme activity (units/mg protein)

Control .3
5 pM palmitoyl CoA .23
10 AM palmitoyl CoA .26
25 AM palmitoyl CoA .22

Animal effects were significant, all other sources of
variation were not significantly different at P < .05.

Experiment 2.

Table A-23. Mean mammary glucose 6-phosphate dehydrogenase
activity from mice treated with palmitoyl coenzyme A. Mice
had been lactating for 15-16 days and values are averaged
over all time periods (30, 60 and 120 min of incubation).

Treatment Mean enzyme activity (units/mg wet tissue)

Control .0018
25 pM palmitoyl CoA .002

All sources of variation were not significantly different
at P < 0.05.

b) Kinetics study using mouse mammary tissue ( day 2
postpartum) on the effects of palmitoyl coenzyme A and
glucose 6-phosphate dehydrogenase activity. Substrate and
cofactor were made according to the same procedure as
described above. Concentration was 57.8 mg tissue/ml
homogenization buffer.

Table A-24. Inhibition kinetics of palmitoyl coenzyme A on
mouse mammary glucose 6-phosphate dehydrogenase activity.

Glu 6-phosphate
(ml)

NADP
(ml)

Palm CoA
(PM)

Enzyme units/mg protein

.05 .05 0 42.1

.1 .05 0 37.6

.2 .05 0 36.8

.05 .1 0 39.2

.1 .1 0 41.4

.05 .05 7.5/20 Al 39.4

.1 .05 7.5/20 Al 46.3
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.2 .05 7.5/20 pl 38.5

.05 .05 7.5/200 Al 44.0

.05 .1 7.5/200 A1 43.3

.05 .05 75.0/200 pl 29.9

.05 .1 75.0/200 p1 36.1

.1 .1 75.0/200 Al 37.6

.2 .1 7.5/200 Al 52.9

Conclusion: Palmitoyl Coenzyme A inhibits mouse mammary
glucose 6-phosphate dehydrogenase activity in a non-
competitive manner.

In conclusion, bovine mammary glucose 6-phosphate
dehydrogenase appears to be less stable in culture than
rabbit or mouse enzyme. This appears to be correlated with
the type of atmosphere and basic physiological differences
based upon response to palmitoyl Coenzyme A. The best
results which we could obtain for our culture protocol
required adding 10 mM sodium bicarbonate to our original
media, adding a maximum of 20 mM HEPES (I almost think this
could be eliminated totally), pre-incubating the tissue a
maximum of 90 minutes and using 95% air: 5% carbon dioxide
for long-term cultures (> 6 hr).


