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ABSTRACT

Open, mid- (78-109d) and late- (126-147d) gestating, lactating (7-

35d post partum) and weaning (42-56d post partum) ewes were fitted with

catheters in the femoral artery and femoral, portal, hepatic and

mesenteric veins tomeasure net fluxes of glucose, ketones, free fatty

acids (FFA), insulin and glucagon across portal-drained viscera (PDV),

liver (HEP) and hindquarter tissues. All gestating ewes were

singleparous and subsequently, all lactating ewes nursed a single lamb.

Blood flow across splanchnic tissues was calculated by measuring down

stream dilution of para-aminohippurate (PAH). Hindquarter flow was

measured by infusing PAH into the femoral artery and measuring jugular-

femoral vein differences. Net fluxes were found by multiplying

venoarterial differences by tissue blood flows. Arterial concentrations

of glucose decreased from 55 in open ewes to 45, 46 and 46 mg/dl in mid-

and late-gestation and lactation, respectively, then returned to control

values in weaning ewes without changes in tissue flux. Arterial

concentrations of FFA increased from 173 in open ewes to 313, 384 and

223 /jM in mid- and late-gestation and lactation undoubtedly due to

increased PDV release from 3 in open ewes to 28, 31 and 14 umol/min and

hindquarter release from 7 in open ewes to 44, 29 and 20 pmol/min and

despite increased HEP uptake from 36 in open ewes to 93, 102 and 53

jumol/min, respectively. FFA concentrations in the artery decreased from

173 in open ewes to 101 luM in weaning ewes due to decreased PDV release

from 3 in open ewes to -8 pmol/min and despite decreased HEP uptake from



36 in open ewes to 13 ;jmo1/min. Arterial concentration of aceteacetate

increased in lactation and weaning from 29 in open ewes to 47 and 37 pM

perhaps due to increased PDV production from 44 in open ewes to 61 and

62 pmol/min, respectively. Arterial concentration of 3-hydroxybutyrate

increased from 563 in open ewes to 739, 836, 963 and 1118 pM in mid- and

late-gestation, lactation and weaning, respectively, due to increased

HEP release in mid- and late-gestation from 226 in open ewes to 362 and

557 pmol/min and increased PDV release in lactation and weaning from 270

in open ewes to 343 and 412 jumol/min and despite increased hindquarter

uptake in lactation and weaning from -110 in open ewes to -268 and -197

iumol/min, respectively. Arterial concentration of insulin decreased from

72 in open ewes to 45, 32, 19 and 33 uU/ml in mid- and late-gestation,

lactation and weaning due to decreased PDV production from 29 in open

ewes to 15, 16, 7 and 22 juU/min, respectively. Arterial concentration

of glucagon increased from 195 in open ewes to 260 pg/ml in late

gestation due to increased PDV production from 4.2 in open ewes to 5.3

jug\h. Insulin to glucagon ratio decreased from 9.4 in open ewes to

6.5, 2.7, 2.1 and 3.5 in mid- and late-gestation, lactation and weaning

primarily due to decreased insulin concentrations concomitant with

relatively unchanged glucagon concentrations. Glucose and insulin

decreased concomitantly in mid- and late-gestation and lactation

favoring increased PDV and hindquarter FFA release and hepatic uptake

and subsequent increased hepatic ketogenesis resulting in increased

ketone concentrations. Therefore, FFA and ketones may be used as

alternate energy fuels sparing glucose for increased utero-placental-

fetal and mammary tissue utilization.
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"...we must recognize that our divisions into sciences are not a
part of nature; they exist only in the mind which, by reason of its
infirmity, is forced to create categories of bodies and of phenomena, so
as to understand them better by studying their characteristics or
properties from special points of view. It follows that the same body
may be studied chemically or physically, but in nature there is really
neither chemistry or physics, nor zoology, nor physiology, nor
pathology; there are only bodies to be classified or phenomena to be
known and mastered."

Claude Bernard 1856
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CHAPTER I

INTRODUCTION

Homeostasis and Homeorhesis

"La vie est une fonction chimique," was first suggested during the

eighteenth century by Lavoisier, the famous French chemist and founder

of the science of nutrition (111). To a nutritionist, the chemical

processes of life involve various metabolic reactions which convert

ingested foodstuffs into nutrients which are absorbed and partitioned

for use in maintenance and growth of body tissue as well as formation of

body reserves (17).

The partitioning of absorbed nutrients can be categorized into two

types of hormonal regulation, homeostasis and homeorhesis (17).

Homeostatic regulation refers to body metabolism needed to maintain

physiological equilibrium. Examples of homeostasis include the

maintenance of constant body temperature as well as post-prandial

partitioning of nutrients. Homeorhetic regulation refers to changes in

metabolism of various tissues in order to support a new physiological

state. Examples of homeorhesis include metabolic changes which occur

during gestation and lactation.

Since both gestation and lactation are necessary for the

continuation of the species, the body must partition an increased amount

of nutrients toward the utero-placental-fetal and mammary tissues to

meet increased metabolic demands. However, if the body cannot adapt to



the new changes in metabolism, metabolic disorders may develop. An

important, as well as deleterious, metabolic disorder, known as ketosis

can occur, especially in ruminants.

Ketosis refers to an abnormal increase in ketone bodies, i.e.

acetone, acetoacetate and 3-hydroxybutyrate, in the blood. Domestic

ruminants are particularly susceptible to ketosis undoubtedly due to a

dependence upon hepatic gluconeogenesis for a source of glucose as well

as the high degree of genetic selection based upon increased

productivity, i.e. milk production in the dairy cow and number of

offspring in the ewe. (8). Therefore, a prolonged energy deficit

concomitant with an elevated hepatic influx of ketone precursors and

subsequent overproduction of ketone bodies (25) results in impaired

hepatic gluconeogenesis (116,170) and is believed to be the major cause

of ruminant ketosis. Ketosis in sheep is also referred to as ovine

pregnancy toxemia and occurs peri-parturient in multiparous ewes. In

cows the condition is known as acetonemia or spontaneous bovine ketosis

and occurs during peak lactation. The incidence of ketosis in both

species is believed to be between 2-15 % (7).

Both conditions are characterized by hypoglycemia, hyperketonemia,

and inappetence (8,14,19,89). Other biochemical changes include

elevated plasma concentrations of free fatty acids (12,15,60,140),

decreased Kreb's cycle intermediates (12) and lowered plasma

concentrations of insulin (48,140). Successful treatment of ketotic

animals can be accomplished in several ways such as intravenous

injection of glucose (58), oral drenching with propylene glycol (2,58)

as well as intramuscular injection of glucocorticoids (9,58).



Homeostatic and homeorhetic regulation affect not only the

partitioning of nutrients but also the formation and utilization of body

reserves. Body reserves include lipid, stored in adipose tissue, and

glycogen, stored in liver and skeletal muscle, from which the metabolic

fuels, i.e. free fatty acids, ketone bodies and glucose, are derived and

utilized to fire the chemical processes of life. The release of

metabolites from body reserves is regulated by interactions of the

pancreatic hormones, insulin and glucagon, upon hepatic and adipose

tissue. As a result of either homeostasis or homeorhesis, insulin and

glucagon concentrations, and perhaps more importantly the insulin to

glucagon ratio (32), vary and therefore finely regulate body

metaboli sm.

Insulin and glucagon serve as the primary hormonal regulators of

intermediary energy metabolism, particularly during gestation and

lactation. Insulin promotes lipogenesis, glycolysis and glycogenesis

but inhibits hepatic ketogenesis (33,96). On the other hand, glucagon

promotes lipolysis, gluconeogenesis, glycogenolysis and hepatic

ketogenesis. The primary target tissues of insulin are skeletal muscle

and adipose whereas those of glucagon are liver (36). Therefore,

changes in the insulin to glucagon ratio determine the degree of

anabolism or catabolism predominating in the animal. For example, an

elevated insulin to glucagon ratio would favor an anabolic state while a

lowered insulin to glucagon ratio would favor a catabolic state. Since

insulin favors growth promotion (109,150), a high insulin to glucagon

ratio would be desirable in growing animals. Low insulin to glucagon

ratio are evident during late pregnancy (143), lactation (71), fasting



(70) and clinical ketosis (31). Arterial insulin concentrations were

found to be lower during late pregnancy (30,55,56,73,143,166,168) and

lactation (37,39,79,105,162,168) concomitant with relatively no

significant changes in glucagon concentrations (71,143). Circulating

concentrations of insulin were found to be higher in low producing than

in high producing dairy cows (63).

Since insulin concentrations exhibit greater changes during

homeorhetic conditions compared to glucagon, the hypothesis for

developing this study is that the changes in circulating insulin

followed by changes in the insulin to glucagon ratio will result in an

alteration of glucose, FFA and ketone body metabolism in such a way as

to favor nutrient partitioning, i.e. glucose, toward the fetus and

mammary gland during gestation and lactation, respectively.



CHAPTER II

LITERATURE REVIEW

G1ucose Metabolism durinq Pregnancy and Lactation

Exogenous insulin infused into the uterine artery of gestating

sheep increased umbilical as well as fetal uptake and utilization of

glucose (47,125,150). Also, the secretion of insulin by the fetus is

suggested to be partly responsible for umbilical glucose uptake (130).

However, placental uptake of glucose is believed to be insensitive to

variations in maternal insulin concentrations (66) despite specific

binding of insulin to placental membranes (132).

During lactation, the nonruminant mammary gland becomes highly

sensitive to insulin and relatively insensitive to glucagon (136) thus

enhancing extraction of glucose from the circulation by the mammary

gland (79). This does not appear to be true during lactation in the

ruminant. Insulin does not influence glucose extraction by the bovine

mammary gland (95) nor does it alter the metabolism of acetate, 3-

hydroxybutyrate or triacylglycerides by direct effects on the mammary

gland (16,94). Therefore, the low insulin concentrations evident during

late gestation and early lactation and thus a low insulin to glucagon

ratio, enhance mobilization of body reserves, particularly glucose,

free fatty acids and ketone bodies needed to supplement the increased

energy needs of the utero-placental-fetal and mammary tissues (162,166).

Ruminants absorb little or no carbohydrate from the



gastrointestinal tract and depend largely upon hepatic gluconeogenesis

for provision of glucose (102). Also, the kidneys can function to

provide additional glucose for the animal. In the normal fed open and

pregnant sheep, renal gluconeogenesis can provide 10 % of the whole-

body glucose, while in fasted and hypoglycemic sheep, the kidneys can

produce up to 15 % (83,84). Propionate and amino acids serve as the

main precursors of glucose. The splanchnic tissue uses glucose for

maintenance and energy but no significant hepatic glucose utilization

has been reported in ruminants (26). Approximately 46-50 % of the

propionate absorbed via the portal system is converted to glucose

(27,155) and this accounts for 20-40 % of the ruminant's total glucose

production (27). Also amino acid precursors of glucose account for an

additional 20-40 % of the glucose production via gluconeogenesis in

adult ruminants (27).

In the dairy cow, carbohydrate metabolism is more or less

precarious during both physiological states (10). Although a greater

percentage of ruminal propionate is diverted toward hepatic

gluconeogenesis (155,176) and hepatic glucose production (39), the

activities of several hepatic gluconeogenic enzymes increase (107,152)

and blood glucose concentrations decrease (22,25,30,41,119,143,158,166)

during gestation.

Therefore, during gestation, less glucose is available to the dam

to meet increased energy needs, perhaps due to the increased glucose

utilization by the utero-placental-fetal tissues. Although no

significant uptake of fructose or pyruvate by the pregnant uterus

occurs, the uptake of glucose by the uterus does increase during



gestation (119). Of the total glucose production rate of pregnant ewes,

32 % was taken up by the uterus (67). Of the total uterine glucose

uptake, 28-31 % was utilized by the fetus while 64-72 % was utilized by

the utero-placental tissues (41,67). Uterine glucose uptake increases

even further depending on the number of viable fetuses carried by the

dam (133). By day 125 of gestation in multiparous ewes, only 51 % of

the uterine glucose uptake was utilized by the utero-placental tissue

(133). In pregnant cows, 33 % of the uterine glucose uptake was

transferred directly to the fetus while 50 % appeared to be metabolized

anaerobically by the utero-placental tissue to lactate, the majority of

which was utilized by the fetus (44). Fetal glucose uptake was reported

to be directly related to the glucose concentration between maternal

arterial blood and fetal umbilical arterial blood (77) while the

involvement of insulin in glucose extraction by the utero-placental-

fetal tissue appears somewhat controversial (47,66,125,130,150).

Although glucose production and uterine glucose uptake increased

during late gestation, the uterine glucose/oxygen quotient was only 0.76

during the last three weeks of gestation suggesting that substrates

other than glucose were used for uterine oxidative metabolism (119).

During lactation, sheep must provide more glucose than during

gestation (23). Glucose is the primary metabolite utilized by the

mammary gland (3) and hypoglycemia is the primary cause of hypogalactia

(92). Of the total glucose entering the circulation, 60-85 % is

utilized by the mammary gland of lactating goats (3). Gluconeogenesis

from propionate increases during early lactation in both sheep (176)

and "dairy cows (1). Glucose turnover increases three-fold in peak



lactating ewes (23) while glucose synthesis increases two-fold (39) and

mammary gland oxidation of glucose increases four-fold in lactating

goats (3). Lactating rats also have an elevated hepatic glucose

production (37).

Seventeen percent of the glucose taken up by sheep (122) and 25 %

of the glucose taken up by goat (3) mammary gland was oxidized which

contributed to 20 and 39 % of the mammary C02, respectively. Extraction

by the mammary gland of glucose entering the circulation is

approximately ICQ % in high producing dairy cows but only 40 % in low

producing dairy cows (91). The remaining carbon taken up via the

mammary gland may be metabolized to form lactose (40,57,86,122),

citrate (40) and triacylglycerides (40,57,86). Also, glucose can enter

the pentose phosphate shunt (PPS) and form reducing equivalents needed

for fatty acid synthesis (57). In the goat mammary gland, the flux of

glucose-6-phosphate through the PPS was sufficient to account for 34 %

of the reduced NADP required for lipogenesis (40). However, glucose

taken up by the mammary gland is used primarily to form milk lactose.

Glucose can provide 71-85 % of the carbon needed for mammary gland

lactose formation (86,122).

Although hepatic glucose production is elevated during lactation,

arterial glucose concentrations are lower during peak lactation than

either late lactation (54) or in nonlactating (79) animals. Since blood

glucose concentrations are lowered during lactation, less glucose is

available to nonlactating tissue due to the partitioning of glucose

toward the lactating mammary gland. The peripheral tissue of lactating

sheep utilized less glucose due to a fall in activity of key glycolytic
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enzymes of skeletal muscle (167). Therefore alternate energy

metabolites, i.e. FFA and ketone bodies, might play a significant role

during lactation and possibly gestation.

FFA and Acetate Metabolism during Pregnancy and Lactation

Free fatty acids comprise less than 5 % of the total fatty acids

present in plasma yet are known to be metabolically the most active of

the plasma lipids. Plasma FFA arise primarily from hormone sensitive

lipase activated lipolysis of adipose tissue triacylglycerides and to a

certain extent from lipoprotein lipase action upon chylomicrons and very

low density lipoproteins during tissue FFA uptake and subsequent re-

esterification (108).

Free fatty acids can serve as oxidizable substrates for the

skeletal muscle (128), heart, liver and kidney cortex (59) but

apparently not for the gravid uterus (128). In ruminants, FFA are not a

major source of energy for the fed pregnant ewe but contribute

significantly to muscle respiratory C02 in fasted pregnant ewes (128).

The adipose tissue of ruminants is the predominant site of fatty acid

synthesis with the perirenal and omental fat pads exhibiting the highest

amount of activity (75).

During the last third of gestation there is a switch from net lipid

accumulation to net lipid mobilization accompanied by a decline in

capacity for lipid synthesis (168). Hormonal conditions favoring lipid

mobilization (157), i.e. low insulin to glucagon ratio, are evident

during late gestation (143). Plasma levels of FFA are elevated during

gestation with respect to nonpregnant animals (39,134,143,168). Since



FFA are not utilized significantly by either skeletal muscle or gravid

uterus, perhaps fetal utilization might explain the elevated plasma FFA

levels during gestation. Placental transfer of FFA occurs in primates

(129) as well as in rabbits (50) however, the sheep placenta is

relatively impermeable to transfer of FFA to the fetus (76,121). Plasma

FFA concentrations of sheep were ten times greater in the maternal

circulation relative to that found in the fetal circulation. However,

despite this concentration gradient, the ovine placenta is permeable to

palmitic acid but not linoleic acid (121). Fetal plasma is

comparatively low in linoleic acid compared to maternal plasma

(121,159). Of the total FFA found in the plasma of late gestating ewes,

palmitic acid comprises 20 % (173) while linoleic acid accounts for only

2.4 % (120). The placenta can synthesize arachidonic acid from the

small amount of maternal linoleic acid for subsequent transfer to the

fetus (43,50,148).

A portion of the circulating FFA can be metabolized by the liver to

form acetate (145,173). Maternal acetate transfer to the fetal

circulation occurs, depending upon the maternal acetate concentration

and the placental concentration gradient for acetate, a could

conceivably account for 7 % of the daily total carbon transferred to the

ovine fetus (42).

Therefore, during gestation, substantial evidence indicates that

only a minute quantity of maternal circulating FFA are utilized directly

by the utero-placental-fetal tissues and skeletal muscle. Instead, the

majority of FFA are perhaps metabolized by the liver to form acetate and

ketone bodies (19,145,173).
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The net lipid mobilization observed during late gestation continues

through early lactation (115,168). Plasma FFA concentrations are

elevated during early lactation in sheep (134) and cows (115). High

producing dairy cows have higher plasma FFA concentrations than low

producing dairy cows (63). Although neither gestation nor lactation

alters the basal rate of adipose tissue lipolysis (163), plasma FFA

elevation caused by net lipid release is undoubtedly due to an almost

complete disappearance of fatty acid re-esterification in the adipose

tissue (115). Lactation results in a loss of lipid from adipocytes as

evidenced by their diminished mean cell volume (163). Concomitant with

decreased lipogenic activity of adipose tissue during lactation is an

increased mammary gland lipogenesis (164,165). Also during lactation, a

higher proportion of short and medium chain milk fatty acids are

produced by the ruminant mammary gland (165).

Free fatty acid uptake by the mammary gland appears negligible (18)

except during energy restriction (4,91), and perhaps the increased

supply of FFA is converted to other blood metabolites, i.e. acetate,

triacylglycerides and ketone bodies, from which the mammary gland can

synthesize milk fatty acids (45,62,87,98,104,108,145,173). Mammary

gland uptake of acetate, triacylglycerides and FFA accounts for 25, 60

and 4 % of milk fatty acid carbon, respectively (85). Acetate is

utilized for synthesis of milk fatty acids of chain length up to C-16

(156). Lactogenesis results in increased activity of enzymes associated

with acetate incorporation into milk fatty acids (114). In the fed,

nongestating, nonlactating ewe, circulating acetate is largely a product

of rumen fermentation and is primarily oxidized to C02 in the gut and

11



muscle, perhaps accounting for 30-40 % of their oxidative metabolism

(129). In lactating animals, muscle extraction of acetate is depressed

thus sparing acetate for mammary gland utilization (126).

Paradoxically, during late gestation and early lactation there

exists an increased supply of FFA yet there is little direct utilization

of FFA by the tissues responsible for increasing the body's energy

demands, i.e. utero-placental-fetal and mammary tissue. This is

resolved by the fact that during gestation and lactation, FFA are

converted to acetate and more importantly ketone bodies which function

to conserve glucose.

Ketone Body Metabolism during Pregnancy and Lactation

Free fatty acids serve as precursors for production of the ketone

bodies, acetoacetate, acetone and 3-hydroxybutyrate, by the liver

(53,81,110,115,145). Hepatic extraction of FFA is a nearly constant (10

%) proportion of the FFA transported to the liver regardless of the

physiological state (81). In normal fed sheep, hepatic ketogenesis

could explain 30 % of the liver FFA uptake while in ketotic sheep,

ketone body production by the liver could have been the product of 80 %

of hepatic FFA uptake (81). Two pathways have been proposed for the

formation of acetoacetate in the liver (Figure 1). The first is a

simple deacylation of acetoacetyl-CoA to form acetoacetate. The second

involves the condensation of acetoacetyl-CoA with acetyl-CoA to form 3-

hydroxy-3-methylglutayrl-CoA (HMG-CoA) followed by lyase action upon

HMG-CoA thus forming acetyl-CoA and free acetoacetate (99,108).

Acetoacetate continually undergoes spontaneous decarboxylation to yield
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acetone (Figure 2). The body is unable to oxidize acetone, consequently

it is eliminated eventually via the lungs and urine. Biochemically,

acetoacetate and 3-hydroxybutyrate are the most important ketone bodies

due to their presence in the blood and effect upon the body's energy

metabolism. Iji vivo. acetoacetate and 3-hydroxybutyrate are in

equilibrium with each other dependent upon the redox potential, i.e.

NADH+:NAD (Figure 2). Depending upon the ratio of NADH+:NAD,

acetoacetate and 3-hydroxybutyrate can interconvert in the presence of

3-hydroxybutyrate dehydrogenase found in various tissues including the

liver. The ratio of 3-hydroxybutyrate:acetoacetate fluctuates between

1:1 in nonruminants and 10:1 in ruminants (108,171).

In nonruminants, the liver appears to be the only source of ketone

bodies found in the blood (108). In ruminants, two major sites of

ketogenesis exist, the liver (81) and rumen epithelium (13,38,99).

Ketone body production in the liver is referred to as hepatic

ketogenesis while ketone body production by rumen epithelium is referred

to as alimentary ketogenesis. In a normal fed ruminant, ketone bodies

derived from the two ketogenic sites will have an alimentary to hepatic

ketogenesis ratio of approximately 3:2 (24,81). Thus in the fed state,

the primary source of ketone bodies is from rumen epithelium (81,137).

Alimentary ketogenesis is the result of butyrate absorption from rumen

microbial fermentation and subsequent metabolism by rumen epithelium

(5,6,51,144). Ketone body concentration in portal blood exceeds that of

peripheral blood which is indicative of alimentary ketogenesis (5). The

rumen epithelium contains the following enzymes involved in ketone

body-formation: 1) 3-hydroxy-3-methylglutaryl-CoA synthetase and lyase
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(13,38); 2) 3-oxoacid-CoA transferase (38); 3) acetoacetyl-CoA thiolase

(13); 4) acetoacetyl-CoA deacylase (13,38); and 5) 3-hydroxybutyrate

dehydrogenase (171). Acetoacetate can either be released from rumen

epithelium into the blood or converted to and released as 3-

hydroxybutyrate by the epithelium due to the presence of 3-

hydroxybutyrate dehydrogenase (99).

Hepatic ketogenesis becomes the primary source of ketone bodies

during physiological perturbations characterized by FFA mobilization,

i.e. pregnancy, lactation and fasting (81,137). During pregnancy and

lactation, when carbohydrate shortages occur, ketone bodies become the

preferred oxidizable energy metabolites over both FFA and glucose

(78,108,139).

Although the liver possesses the enzymes necessary for ketone body

formation, it is unable to oxidize ketone bodies due to the absence of

essential acetoacetate activating enzymes, i.e. 3-oxoacid-CoA

transferase or acetoacetyl-CoA synthetase (108,175).

However, most extrahepatic tissues possess the capability of ketone

body utilization since acetoacetate activating enzymes are present

(108,175). Ketones can be utilized in the heart (103), kidney (172),

skeletal muscle (103,128,138), placenta (49), uterus (127,128) and

lactating mammary gland (64) in both ruminants and non-ruminants.

Oxidation of ketone bodies occurs in both human (123) and rat (65)

brain. In the sheep however, ketone bodies are not oxidized by the

brain, which relies primarily upon glucose as as energy source (103).

Ketone body oxidation can account for 60 % of the total oxygen

consumption of the heart and skeletal muscle (103). In the skeletal

16



muscle of the sheep hindlimb, ketone body oxidation can account for 18 %

of the oxygen utilization and 20 % of the C02 production (128). During

fasting, the sheep hindlimb oxidation of ketone bodies increases

approximately two-fold (128), while during ketosis, there is a decreased

capacity of the sheep kidney and heart to utilize ketone bodies (161).

Therefore, during times of increased energy demands, i.e. pregnancy

and lactation, concomitant with lowered blood glucose and

insul in.-glucagon ratio and elevated FFA mobilization, overall

ketogenesis increases and ketone bodies function to conserve glucose

needed for utero-placental-fetal and mammary tissues.

During late gestation, blood ketones become significantly elevated

(90,160). The increased blood ketones could perhaps be an alternate

energy source for the utero-placental-fetal tissues in times of

hypoglycemia. The placenta (49,147) and uterus (127) are capable of

oxidizing ketones. Of the 3-hydroxybutyrate taken up by the uterus of

pregnant sheep, 64 % was oxidized and accounted for 12 % of the uterine

oxygen consumption while no apparent uterine oxidation of acetoacetate

occurred (127). The sheep placenta has a relatively low activity of the

acetoacetate activating enzyme, 3-oxoacid-CoA transferase (49). During

moderate hyperketonemia in the ewe, the net uterine uptake of 3-

hydroxybutyrate increases 2.5-fold (41). Between the third and fourth

months of ovine gestation, pi acental 3-hydroxybutyrate dehydrogenase

activity increases, perhaps contributing to increased 3-hydroxybutyrate

levels in the blood (49).

Both the rat (141) and human (142) placenta are permeable to ketone

bodies, especially 3-hydroxybutyrate, suggesting ketone body transfer to
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and utilization by the fetus for fatty acid and cholesterol synthesis in

utero. However, in the sheep, there is no apparent maternal transfer of

ketone bodies to the fetus and therefore, ketone bodies cannot be

utilized as a prenatal energy source by the ovine fetus (118). During

maternal starvation in the rat, ketone bodies may enhance j_n utero and

neonatal life by restricting cell replication thus preserving fetal

tissue stores of protein and lipid (146).

Following parturition, plasma concentrations of 3-hydroxybutyrate

are higher in lactating than in non-lactating animals (39).

Concentrations of 3-hydroxybutyrate are greater in high producing dairy

cows than in low producing dairy cows (63). In lactating sheep,

skeletal muscle oxidation of 3-hydroxybutyrate accounts for 17 % of the

muscle oxygen uptake which is similar to that found in nonlactating

sheep suggesting no increased utilization of ketone bodies by peripheral

tissues during lactation (126). On the other hand, mammary gland uptake

of ketone bodies is significant during lactation (28) and is directed

primarily for milk fat synthesis (46,104,135). 3-hydroxybutyrate can

contribute to all milk fatty acids by contributing the first four carbon

atoms but is used primarily for synthesis of C4-C12 milk fatty acids and

to a lesser extent C12-C18 acids (151). Thirty and ninety-five percent

of the 3-hydroxybutyrate utilized for milk fat synthesis in ruminants

and nonruminants, respectively, is first split into two carbon units

prior to milk fat incorporation (104,151). The mammary gland of sheep

extracts 42-53 % of the circulating 3-hydroxybutyrate (85,126) which

can supply 3-13 % of the carbon required for milk fat synthesis

(85,106,124). Therefore, a deficiency of 3-hydroxybutyrate would not
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appear to be a causative factor in depression of milk fat production

(124).

In fasted or ketotic cows, mammary uptake of 3-hydroxybutyrate

increases concomitant with a mammary net release of acetoacetate into

the circulation. Although the mammary gland utilizes 3-hydroxybutyrate

for milk fat synthesis, little oxidation occurs due to the low activity

of the acetoacetate activating enzyme, 3-oxoacid-CoA transferase (46).

Although theoretically, if all the 3-hydroxybutyrate taken up by the

mammary gland were oxidized, it could conceivably explain 42 % of the

mammary oxygen consumption (149). Also, ketogenesis is virtually

nonexistent in the mammary gland since essentially no activities of the

ketone body forming enzymes, i.e. 3-hydroxy-3-methylglutaryl-CoA

synthetase or acetoacetyl-CoA deacylase, are present (13).

Consequently, the objectives of this study were to establish base

line concentration and net flux values of glucose, FFA, acetoacetate, 3-

hydroxybutyrate, insulin and glucagon during gestation, lactation and

weaning in singleparous ewes for future comparison in a similar study

to be performed on multiparous ewes.
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CHAPTER III

MATERIALS AND METHODS

Effects of pregnancy, lactation and weaning upon various metabolite

concentrations and net fluxes were studied in ewes of various breeds,

i.e. Dorset, Finn cross, Hampshire, Rambouillet and Suffolk, weighing

between 50-70 kg. All gestating ewes were singleparous, consequently

all lactating ewes were nursing a single lamb. Five treatment groups

were studied as follows: 1) control, nongestating, nonlactating ewes;

2) mid-gestating ewes, (78-109 d); 3) late-gestating ewes, (126-147 d);

4) lactating ewes, (7-35 d post-partum); and 5) weaning ewes, (42-56 d

post-partum). Gestation was divided into mid- and late- periods due to

the difference in tissue growth between these two times. In mid-

gestation, the predominant weight gain of the ewe is due to

uterine/placental growth (93,168) while during late-gestation, maternal

weight gain is due to increased fetal growth (49,168). Ewes were

assumed to be pregnant until verified by ultrasound. The animals were

housed in individual 1.8 x 3.0 m pens at approximately 19-25 degrees C

with constant lighting. The sheep were fed commercially prepared

alfalfa pellets according to National Research Council (NRC)

recommendations in two aliquots daily at 0800 and 1700 hours. All

sheep were accustomed to being handled by laboratory personnel,

therefore restraint was not necessary during the experiments. All

animals were surgically prepared as described by Katz and Bergman (82)
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and Yelverton et al. (178) and allowed to recover at least 10 days prior

to any sampling. Chronic indwelling catheters were placed so that their

tips resided in the following five locations: 1) caudal vena cava; 2)

caudal aorta; 3) common mesenteric vein; 4) hepatic vein; and 5)

portal vein. Blood sampled from the caudal vena cava and aorta

catheters was used to measure metabolite fluxes across the hindquarters.

Also, blood sampled from the aorta catheter was used to determine

arterial concentration of various metabolites. Blood sampled from the

hepatic and portal veins was used to measure liver and portal-drained

viscera metabolite fluxes, respectively. Finally, the common mesenteric

vein was used for infusion of para-aminohippuric acid (PAH) (Eastman

Kodak Co., Rochester, N. Y.) in order to determine the whole blood flow

rate.

On experimental days, PAH was infused (1.5% at 0.764 ml/min)

into the common mesenteric vein and allowed to equilibrate for a one

hour period prior to taking the initial sample. At the end of the

equilibration period, 15 ml blood samples were taken simultaneously from

the four remaining catheter sites at six consecutive 30 min intervals.

Blood was then analyzed for packed cell volume as well as concentrations

of glucose, ketone bodies, (i.e. acetoacetate and 3-hydroxybutyrate),

and PAH. Plasma was analyzed for FFA, insulin and glucagon.

Plasma glucose was analyzed enzymatically with a glucose diagnostic

kit No. 510 (Sigma Chemical Co., St. Louis, Mo.) which is based on the

Somogyi deproteinization method for determination of blood glucose

(153). The exact procedure is detailed in Appendix I.

"Plasma free fatty acids were analyzed enzymatically with a WAKO
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NEFA-C kit (WAKO Pure Chemical Industries, Ltd., Osaka, Japan). The

detailed procedure is found in Appendix II.

Ketone bodies, i.e. acetoacetate and 3-hydroxybutyrate, in the

blood were enzymatical1y determined based upon the method described by

Williamson, et al. (174) and detailed in Appendix III and IV,

respectively.

Insulin and glucagon were determined using a double antibody

radioimmunoassay (RIA) technique (177). Intra-assay errors of greater

than 5 % were not accepted. Interassay errors, measured by a pooled ewe

sample, were always less than 10 % and usually less than 7 %. So as to

distinguish between pancreatic and gut glucagon, rabbit anti-glucagon

antibody (R. H. Linger, University of Texas Health Science Center,

Dallas, Tx.) was used as the first-antibody in the glucagon RIA due to

its high specificity for pancreatic glucagon. Detailed steps for both

insulin and glucagon RIA's are found in Appendix V and VI, respectively.

PAH was determined as described by Katz and Bergman (80) and the

detailed procedure is found in Appendix VII.

Calculations

Whole blood flow rates through the portal-drained viscera and liver

were calculated by the indicator-dilution method using the equation:

PAH

F = I

PAH PAH

Ca - Cv

PAH
where F equals the whole blood flow through the tissue in 1/min, I is
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PAH
the infusion rate of PAH optical density (OD) units/min and Ca and

are the PAH OD units/1 in the arterial input and venous drain.

Portal and hepatic vein flows were measured directly and hepatic

arterial flow calculated from the difference between the two. Plasma

flows were obtained by subtracting that portion of the flow represented

by the packed cell volume. Net fluxes of glucose, FFA, acetoacetate, 3-

hydroxybutyrate, insulin and glucagon across the portal-drained viscera,

liver and hindquarters were calculated using the following equations:

Portal-drained viscera flux = PF x (Cp - Ca)

Hepatic flux = PF x (Ch - Cp) + AF x (Ch - Ca)

Rump flux = RF X (Ca - Cv)

where PF, AF and RF are the whole blood or plasma flow rates (1/min) in

the portal vein, hepatic artery and the caudal aorta, respectively.

Also, Cp, Ca, Ch and Cv are the concentrations of either glucose

(mg/dl), FFA (pm/l), insulin (pU/ml) or glucagon (pg/ml) in the plasma

or acetoacetate (pM/1) or 3-hydroxybutyrate (pM/l) in whole blood. A

positive flux indicates net release and a negative flux indicates net

uptake of a metabolite by a specific tissue.

Extraction ratios for each metabolite and each tissue were also

calculated. Extraction ratios are that fraction of the metabolite

presented to the tissue, i.e. tissue flow multiplied by the

concentration in the arterial input, that is taken up by the tissue,

i.e. net flux.
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Statistical Analysis

Data was analyzed by a two-way analysis of variance to determine

the significance of difference of the aforementioned various energy

metabolite and glucoregulatory hormone concentrations and net fluxes

between control ewes and either gestating, lactating or weaning ewes.
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CHAPTER IV

RESULTS

Whole Blood Flow

Whole blood flow rates for the portal and hepatic veins and rump as

well as portal to hepatic vein blood flow ratio are shown in Table 1.

Portal vein blood flow ranged from 1.8 to 2.2 1/min while hepatic vein

blood flow ranged from 2.4 to 2.7 1/min. No significant differences in

portal and hepatic blood flows were noticed between open and either

gestating, lactating or weaning ewes. Caudal vena cava whole blood,

which represents hindquarter or rump flow, ranged from 1.4 to 1.8 1/min

and is in agreement with previously published data (70,143). Only

during lactation did rump blood flow tend to increase (P<.1) by 22 %

compared with controls. Portal to hepatic vein blood flow ratio ranged

from 76 to 83 % and is in close aggreement with previous research done

on fed open (69,80) and pregnant (143) as well as fasted (70) animals.

Portal to hepatic vein ratio did tend to show a statistically

significant increase (P>.05 but P<.1) during lactation and weaned states

by 7 and 9 %, respectively, however, physiological significance appears

rather doubtful since these values are comparable to previously reported

normal physiological ranges (11,26,69,70).

Glucose

Arterial plasma concentration of glucose in controls was 55 mg/dl

and "decreased significantly by 18, 16 and 16 % during mid- and late-
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gestation and lactation, respectively (Table 2). Arterial

concentration returned to control values during the weaned state.

Portal-drained viscera (PDV) net fluxes remained unchanged in controls

and during gestation and lactation indicating a net release of glucose.

However, during weaned condition, PDV net flux decreased significantly

by 148 % indicating a state of net uptake. Liver net flux, an

indication of hepatic gluconeogenesis, remained unchanged during

gestation, lactation and weaned states compared to controls. Glucose

release from the liver ranged from 34 to 41 mmol/hr which is indicative

of normal hepatic gluconeogenesis in fed sheep (26). Hindquarter net

flux always showed a net uptake of glucose from the blood and ranged

from 2.7 to 10.5 mmol/hr. Only during lactation did hindquarter uptake

of glucose increase significantly by four-fold compared to controls.

Free Fatty Acids

Arterial plasma concentrations of FFA increased significantly from

173 pM in controls by 80, 122 and 29 % during mid- and late-gestation

and lactation, respectively, and decreased significantly by 58 % during

the weaned state (Table 3). Portal-drained viscera net flux,

indicative of omental lipolysis, in the controls was 3.4 umol/min which

was not different than zero, but increased significantly by eight- and

nine-fold during mid- and late-gestation, respectively. Portal-drained

viscera net flux during lactation was four-fold higher than control,

however statistical significance was only P>.1. Furthermore, PDV net

flux went from a net release of FFA in controls to a net uptake during

the weaned state, however statistical significance was only at the P>.1
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level. Liver net flux was always indicative of hepatic removal of FFA

from the blood. Liver net flux in controls was 35.6 pmol/min and,

during mid- and late-gestation, uptake of FFA increased by 2.6- and 2.9-

fold, respectively. Liver net flux remained elevated during lactation

but returned to control values in the weaned state. Hepatic extraction

of FFA was 11 % in control sheep. During mid-gestation this increased

significantly to 16 % . Hindquarter net flux always showed a net

release of FFA into the circulation, indicative of rump lipolysis.

Control values for hindquarter net flux was 7.2 umol/min and this

increased by six- and four-fold during mid- and late-gestation,

respectively. Free fatty acid release by the hindquarter remained

elevated during lactation, however statistical significance was only at

the P>.1 level. During the weaned state, hindquarter net flux of FFA

returned to values similar to the control.

Acetoacetate

Concentrations of acetoacetate in arterial blood was 29.2 uM in

controls and changed little during mid- and late-gestation but increased

by 61 and 27 % during lactation and weaned states, respectively (Table

4). Portal-drained viscera net flux in controls showed a net production

of acetoacetate at a rate of 43.5 umol/min, indicative of alimentary

ketogenesis. Production of acetoacetate tended to decrease (P>.1)

during mid-gestation and decreased significantly by 23 % during late-

gestation. During lactation and weaned states, PDV production of

acetoacetate increased significantly by 40 and 44 % , respectively.

The liver net flux always indicated a net removal of acetoacetate
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from the circulation. Liver net flux of control animals was -42.2

ijmol/min and a similar rate was observed during mid-gestation. However,

during late-gestation, liver removal of acetoacetate from blood

decreased by 32 % . Liver uptake of acetoacetate increased by 64 and 63

% during lactation and weaned states, respectively.

Like the liver, the hindquarters were always removing acetoacetate

from the blood. Control animal hindquarters were taking up acetoacetate

at a rate of 5.7 pmol/min and rates were similar during mid- and late-

gestation as well as weaned states. However, there was a significant

increase in hindquarter uptake of acetoacetate by 65 % during lactation.

The hindquarter extraction ratio ranged from 9 to 13 % in controls and

during mid-gestation, lactation and weaned, however a significant

decrease in hindquarter extraction occurred during late-gestation when

extraction was reduced by 70 % .

3-hydroxybutyrate

Arterial blood concentration of 3-hydroxybutyrate was 563 pM in

control animals and increased by 32, 48, 71 and 99 % during mid- and

late-gestation, lactation and weaned states, respectively (Table 5).

Portal-drained viscera net flux always showed a net release of 3-

hydroxybutyrate, again an indication of alimentary ketogenesis. Portal-

drained viscera release of 3-hydroxybutyrate in controls was 270

umol/min and fluxes were similar during mid- and late-gestation.

However, significant increases in PDV release of 3-hydroxybutyrate of 27

and 53 % were observed during lactation and weaned states, respectively.

Liver net flux always showed hepatic production of 3-hydroxybutyrate,
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indicative of hepatic ketogenesis. The liver was producing 3-

hydroxybutyrate at a rate of 266 pmol/min in controls and tended (P>.1)

to increase during mid-gestation to a new hepatic production rate of 362

pmol/min, an increase of 36 %. During late-gestation, liver net flux

increased even further by 109 % to 557 pmol/min. Again, during

lactation, hepatic production tended (P>.1) to be elevated with a net

flux 26 % higher than that of controls. During weaned states, liver

production of 3-hydroxybutyrate returned to rates similar to that of

controls.

The hindquarters were always removing 3-hydroxybutyrate from the

circulation. Hindquarter net flux was similar between controls and mid-

and late-gestating animals, ranging from -91 to -140 pmol/min.

Hindquarter uptake of 3-hydroxybutyrate increased by 44 and 79 % during

lactation and weaned states, respectively. Hindquarter extraction ratio

was similar between controls and mid-gestating, lactating and weaning

animal ranging from 13 to 15 %. Similar to observations for

acetoacetate, there was a 54 % decrease in hindquarter extraction to 6 %

during late-gestation.

Insulin

Arterial plasma concentration of insulin was 71.9 pU/ml in control

animals and decreased during mid- and late-gestation, lactation and

weaned states by 38, 55, 73 and 55 %, respectively (Table 6). Portal-

drained viscera net release, an indication of pancreatic insulin

production, was 29.2 mU/min in control sheep. Pancreatic production

decreased by 48, 46, 77 and 25 % during mid- and late-gestation.

34



TA
BL

E 
6
.
 

In
su

li
n 

ar
te
ri
al
 
co
nc
en
tr
at
io
ns
 a

nd
 
ne

t 
fl
ux
es
 i
n 
op
en
, 
ge
st
at
in
g,
 l
ac
ta
ti
ng
 a

nd
 
we
an
in
g 
ew

es
1
.
2

P
h
y
s
i
o
l
o
g
i
c
a
l

s
t
a
t
e
 

E
x
p

O
b
s

P
o
r
t
a
l
-
d
r
a
i
n
e
d

A
r
t
e
r
y
 

v
i
s
c
e
r
a

L
i
v
e
r

H
e
p
a
t
i
c

e
x
t
r
a
c
t
i
o
n

r
a
t
i
o
 

H
i
n
d
q
u
a
r
t
e
r
s

C
O
c
n

O
p
e
n

M
i
d

G
e
s
t
a
t
i
o
n

L
a
t
e

G
e
s
t
a
t
i
o
n

L
a
c
t
a
t
i
o
n

W
e
a
n
e
d

8 6

3
8

3
4

4
2

5
4

2
4

p
U
/
m
l

7
1
.
9
 
±
 
6
.
8

4
4
.
8
 ±
 
4
.
2
*
*

rn
li
/m
i 
n

2
9
.
2
 ±
 
3
.
1
 

-
1
2
.
3
 ±
 
2
.
3

1
5
.
2
 ±
 
1
.
8
*
*

3
2
.
3
 ±
 
3
.
6
*
*
 

1
5
.
7
 
±
 
2
.
0
*
*

-
9
.
2
 ±
 
1
.
4

■
6.

2 
± 

1
.3

**

1
9

.3
 

± 
1
.2

**
 

6
.8

 
± 

0
.8

**
 

-4
.9

 
± 

0
.8

**

3
2

.7
 

± 
4
.4

**
 

2
1

.9
 

± 
5

.1
* 

-9
.2

 
± 

2
.6

m
U

/m
in

0
.0

7
 

± 
0
.0

1
 

-1
.9

 
± 

1
.5

0
.1

0
 

± 
0

.0
2

0
.1

0
 

± 
0

.0
2

-0
.1

 
± 

0
.5

•1
.6

 
± 

0
.8

0
.1

1
 

± 
0

.0
2

 
-0

.1
 

± 
0

.5

0
.1

1
 

± 
0
.0

3
 

-0
.4

 
± 

1
.3

1 M
ea

ns
 

± 
SE

M
.

"S
ta

ti
s
ti
c
a
lly

 d
if
fe

re
n

t 
fro

m
 o

pe
n 

ew
es

, 
*P

<.
05

, 
**

P
<.

01
.



lactation and weaning sheep, respectively. The hepatic net flux always

showed the liver to be removing insulin from the circulation. The liver

of control animals was removing insulin from the blood at a rate of 12.3

mU/min. There was a tendency (P>.1) for hepatic removal of insulin to

decline during mid-gestation and weaned states. During late-gestation

and lactation, a significant decrease in hepatic uptake of insulin by 50

and 60 % was observed, respectively. However, hepatic extraction ratio

remained unchanged between controls and the various aforementioned

physiological states and ranged from 7 to 11 %. The hindquarters were

always removing insulin from the blood but at rates so small that the

net flux values were not significantly different from zero.

Glucagon

Arterial plasma concentration of glucagon was 195 pg/ml in control

animals and remained the same during mid-gestating, lactating and

weaning animals (Table 7). During late-gestation a significant

increase occured when the arterial concentration of glucagon increased

by 25 % over the control value. Portal-drained viscera net flux, which

refers to pancreatic as well as alimentary glucagon production, showed

similar production rates between controls and the various different

physiological states except during late-gestation and weaned states when

significant increases were observed. The liver net flux always

presented a negative rate indicating constant removal of glucagon from

the blood. Livers of control animals were removing glucagon from the

circulation at a rate of 1 to 2 pg/hr. Liver removal of glucagon

increased significantly by 52 and 67 % during lactation and weaned
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states, respectively. The hindquarters were always removing glucagon

from the blood at rates ranging from 0.4 to 1.0 ng/hr. Finally, insulin

to glucagon ratio in control animals was 9.4. The ratio decreased

significantly by 31, 71, 78 and 63 % during mid- and late-gestation,

lactation and weaned states, respectively.
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CHAPTER V

DISCUSSION

61ucose Metabolism

Arterial concentrations and net fluxes of glucose indicate normal

metabolism occurring in open ewes. Similar concentrations and rates of

hepatic gluconeogenesis were evident in results found by other

laboratories (20,70,81). Arterial concentrations of glucose decreased

in mid- and late-gestation and lactation without changes in rates of

hepatic gluconeogenesis. Other researchers found similar decreases in

arterial concentrations of glucose in pregnant (26,158) and lactating

(79) compared to nonpregnant, nonlactating animals. However simultaneous

measurements of hepatic gluconeogenesis were not determined in these

reports.

Since hepatic ^ novo production of glucose remained relatively

constant between the various physiological states and since renal

gluconeogenesis remains the same between fed, open and pregnant sheep

(83,84), the decreases in arterial concentrations of glucose observed

must have been due to increased glucose utilization by some tissues.

However, no significant hindquarter uptake of glucose was observed in

either mid- or late-gestation. Although neither uterine or umbilical

fluxes were measured directly, uptake of glucose by these tissues in

both mid- and late-gestation may have increased. During mid-gestation,

the decreased arterial concentration of glucose is perhaps due to
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increased utilization by the uterus since in the first two months of

gestation, the major part of the ewes weight increase is due to uterine

growth (168). However, during late-gestation, when fetal growth

accounts for the major portion of the maternal weight gain (168), the

decreased arterial concentration of glucose is perhaps due to increased

utilization by the utero-placental-fetal tissues. The ovine placenta

has an increased rate of glucose utilization compared to the fetus. The

utero-placental tissue takes up one-third of the maternally produced

glucose of which only 33 % is directed to the fetal tissue (67).

The decrease in arterial glucose concentration during lactation may

be due partially to an increase in mammary gland utilization of glucose.

Other studies have reported that the mammary gland increases its

oxidation (3) and utilization (39) of glucose during lactation.

Although mammary venoarterial differences were not measured during this

study, the increase in glucose uptake by the hindquarters observed

during lactation is perhaps indicative of an increased mammary gland

utilization of glucose. The above speculation is contingent upon

whether or not the hindquarter catheter tips were located in such a way

as to be a measure of mammary blood flow. In addition, the utilization

of glucose by peripheral tissues of sheep decreases during lactation

(167) thus increasing availability of glucose for milk synthesis by the

mammary gland.

During weaning, arterial glucose concentration rose to near control

values probably since demands for glucose by the utero-placental-fetal

and mammary tissues decreased.

"Although the insulin to glucagon ratio decreased during both
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gestation and lactation, a condition which favors increased hepatic

gluconeogenesis, glucose production by the liver remained the same in

pregnant and lactating ewes. These results contradict previous reports

which indicated an increased liver production of glucose during

gestation (21,26,39,154) and lactation (39) perhaps due to an increase

in the activity of liver gluconeogenic enzymes (107,152).

FFA Metabolism

Arterial concentrations and net fluxes of FFA similar to those

reported here in open ewes have been demonstrated (70,81,97,143). This

indicates normal rates of omental and hindquarter lipolysis and hepatic

utilization were occurring in open animals. However, during mid- and

late-gestation, arterial FFA concentrations were elevated due to

increased omental and hindquarter lipolysis and despite a concentration

dependent increased hepatic extraction. Other researchers have noted

similar increases in arterial concentrations of FFA during mid- (166)

and late-gestation (30,39,134,166,168) as well as similar hepatic

extraction ratios (70,81).

The increased FFA release from the PDV and hindquarter can be

explained by the decreased insulin to glucagon ratio evident during both

mid- and late-gestation which favors a condition of fat mobilization vs

re-esterification.

Although there is no apparent placental transfer of FFA to the

sheep fetus (76) or uterine FFA oxidation (128), FFA have been reported

to be the principle energy substrates of muscle during rest (78) as well

as exercise (29). If this is true for the gestating ewe, FFA could
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spare glucose for preferential use by the developing utero-placental-

fetal tissues.

Also, the increases in FFA taken up by the liver could be utilized

for the production of ketone bodies, again due to the lower insulin to

glucagon ratio during gestation which enhances glucagon's ketogenic

action upon the liver due to alleviation of malonyl-CoA inhibition of

carnitine acyltransferase I (112,113). The increased arterial

concentration of FFA, evident during gestation, resulted in an increase

in concentration dependent hepatic uptake of FFA and subsequent

elevated hepatic ketogenesis.

Arterial concentration of FFA remained elevated during lactation

compared to controls, but was somewhat lower than in gestating animals.

Similar observations have been reported by Chaiyabuti et al. (39). The

arterial plasma level of FFA remained elevated due to four- and 2.9-fold

increases in omental and hindquarter lipolysis, respectively, and

despite a 47 % increase in hepatic uptake compared to controls.

Although these increases were not statistically significant on an

individual tissue basis, it seems apparent that there was some degree of

physiological significance when looking at the whole body. Furthermore,

fat mobilization during lactation appears to be due to a complete

disappearance of re-esterification (115) in light of the low insulin to

glucagon ratio. Since the mammary gland extracts neglible amounts of

FFA, glucose availability for milk secreting tissue could by enhanced by

extra mammary tissue utilization of FFA thus sparing glucose for milk

synthesis (18).

-After weaning, the ewe's arterial concentration of FFA fell 42 %
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below control values. Although no statistical significant net fluxes

were observed during the weaning state, the decreased FFA concentration

can perhaps be attributed to a 49 % decrease in hindquarter lipolysis

and more importantly, a PDV net uptake rather than a net release of FFA.

Since PDV represents a measure of omental metabolism and since the

omental fat pads are the most active tissue with respect to lipogenesis

(75), it seems reasonable to suggest that during the weaning state, the

body is replenishing lost fat reserves mobilized during lactation as

well as gestation.

Ketone Body Metabolism

Control animals had arterial concentrations and net fluxes of

acetoacetate and 3-hydroxybutyrate similar to open, fed ewes as

previously reported (70,81,137,143). Arterial concentrations of

acetoacetate remained the same throughout gestation, however PDV

production and subsequent hepatic uptake decreased significantly during

late-gestation. The decreased PDV production of acetoacetate might be

due to underfeeding, however feed requirements were adjusted to meet the

increased energy demands of gestation. The decrease in hepatic

extraction is concentration dependent. In other words, the liver takes

up nearly all the acetoacetate produced by the PDV which agrees with

work reported by Heitmann et al. (70). Concomitant with increases or

decreases in PDV acetoacetate production are subsequent increases or

decreases in hepatic uptake. Since the activity of 3-oxoacid CoA

transferase is non-existent in the ruminant liver (175), the apparent

hepatic utilization of acetoacetate seems paradoxical. Perhaps what is
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occurring is a conversion of acetoacetate to 3-hydroxybutyrate due to

the presence of 3-hydroxybutyrate dehydrogenase in the liver (88) and

dependent upon the redox potential (108).

Hindquarter extraction ratio is in agreement with previously

published values (70,78) except during late-gestation when a significant

69 % decrease was observed. The decrease in acetoacetate extraction

suggests a shunting of the ketone body away from the hindquarter and

towards the utero-placental tissue. Although little oxidation of

acetoacetate occurs in the pregnant uterus (127), the placental activity

of 3-hydroxybutyrate dehydrogenase increases during late-gestation (49)

and therefore acetoacetate could convert to 3-hydroxybutyrate for

oxidation by the placenta (49,147) as well as the uterus (127).

During lactation, arterial concentration of acetoacetate increased

by 61 % perhaps due in part to increased PDV production. One factor

which could have elevated PDV production of acetoacetate is 3-

hydroxybutyrate. Infusion of 3-hydroxybutyrate into normal sheep

resulted in an increase in PDV release of acetoacetate (68). Also, the

mammary gland could possibly have contributed to the increased arterial

acetoacetate since mammary release of acetoacetate has been demonstrated

during ketosis (91). During lactation in this study, both arterial

concentration and PDV production of 3-hydroxybutyrate were elevated.

The liver removed all of the acetoacetate produced by the PDV thus

favoring the theory that the mammary gland contributes to increased

arterial acetoacetate.

The increased hindquarters utilization of acetoacetate during

lactation could also be an indication of increased mammary utilization,
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again, dependent upon hindquarter catheter location being a measure of

mammary blood flow. The mammary gland has been shown to take up

acetoacetate, however it utilizes 3-hydroxybutyrate to a much greater

extent (91).

During weaning, arterial concentration of acetoacetate remained

elevated, although 21 % less than during lactation, despite increased

PDV release and subsequent complete hepatic removal. Again, arterial

concentration and PDV production of 3-hydroxybutyrate were elevated

which could explain the elevated PDV release of acetoacetate. However,

the reason for an increase in arterial acetoacetate remains unknown. 3-

hydroxybutyrate arterial concentration and net fluxes in control animals

were also similar to values published by others (70) and are indicative

of normal ketone body metabolism occurring in open sheep. Portal-

drained viscera production of 3-hydroxybutyrate remained unchanged

during pregnancy however, arterial concentrations rose significantly.

These changes are due to increased hepatic release of 3-hydroxybutyrate

during mid- and late-gestation of 36 and 109 % , respectively.

Increased hepatic uptake of FFA combined with hepatic uptake and

possible conversion of acetoacetate to 3-hydroxybutyrate during mid- and

late-gestation appear sufficient to explain the increased arterial 3-

hydroxybutyrate resulting from elevated hepatic ketogenesis. The

lowered insulin to glucagon ratio during both phases of gestation favors

glucagon's action promoting hepatic but not alimentary (32) ketogenesis.

Also, like the acetoacetate results, hindquarter extraction of 3-

hydroxybutyrate decreased during late-gestation by 54 % suggesting a

redirection of the ketone for use by the utero-placental tissue. Both
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uterus and placenta oxidize 3-hydroxybutyrate in significant quantities

(49,127,147).

The increased arterial concentration of 3-hydroxybutyrate during

lactation appears to be primarily due to increased alimentary

ketogenesis since hepatic uptake of FFA and subsequent ketone production

by the liver decreased during this time. Other researchers (39) have

reported increases in 3-hydroxybutyrate during lactation.

The 1.4-fold increase in hindquarter uptake of 3-hydroxybutyrate

during lactation not only indicates increased rump skeletal muscle

utilization but also suggests an increased mammary removal from the

circulation for milk fat synthesis, again, depending upon catheter tip

location. The cow mammary gland synthesizes milk fatty acids from 3-

hydroxybutyrate (85,104,106,124,151) which is taken up by the gland at a

rate eight-fold greater than acetoacetate (91).

The further increase in 3-hydroxybutyrate arterial concentration

evident during weaning appears to be due to a more substantial increase

in alimentary ketogenesis, again, perhaps due to overfeeding. Since the

energy demands of gestation and lactation are no longer taxing the body

during weaning, perhaps glucose is becoming the preferred energy

substrate over FFA and ketone bodies. Although the hindquarters are

taking up a significant amount of 3-hydroxybutyrate, the increased

uptake is merely concentration dependent. If the weaned phase of this

study had been carried on for a longer period of time, perhaps when

mammary involution became complete, a more gradual return to control

values might have become evident.
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Insulin and G1ucagon Metabolism

Open ewes apparently exhibited normal concentrations and fluxes of

insulin and glucagon since values reported in this study are in

agreement with earlier findings (70). Arterial insulin concentrations

decreased during mid-gestation with a further decline during late-

gestation. The decreased arterial concentrations of insulin during mid-

and late-gestation were due to 48 and 46 % declines in pancreatic

production, respectively. Decreases in arterial concentrations of

insulin during gestation have also been reported elsewhere (30,166,168).

Hepatic extraction values remained unchanged throughout the study

and agree closely with values published by Brockman and Bergman (34).

Although the liver removed significantly less insulin from the

circulation during late-gestation and lactation compared to control

values, the hepatic removal of insulin throughout all phases of the

study are within ranges reported by Brockman and Bergman (34). Also, it

might be possible that the decreased hepatic uptake of insulin evident

during late-gestation is related to insulin resistance noted during this

period (100,101) which is characterized by a decreased sensitivity of

the liver and peripheral tissues to insulin. Perhaps the decrease in

sensitivity to insulin of the hepatic and peripheral tissue is due to

the presence of the conceptus. The increased insulin resistance would

enhance hepatic ketogenesis and peripheral lipolysis which are both

evident during late-gestation. Insulin has a direct anti-ketogenic

effect upon the liver of rats (96) and sheep (33) which would be

eliminated by a decrease in hepatic insulin sensitivity. The increased

lipolysis by the hindquarter and omental fat pads during gestation may
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have been due to a fall in serum progesterone resulting in a decrease in

adipocyte insulin receptors concomitant with a lowered serum insulin

(56). Furthermore, the lipolytic effects of glucagon upon adipose

tissue are more evident in the absence of insulin.

Umbilical and placental V-A differences were not measured directly

in this study. However, since insulin promotes umbilical glucose

extraction (47) without affecting placental transfer to the fetus (66),

it appears that the decreased arterial insulin evident during gestation

was actually a favorable condition promoting fetal development by

reducing extra-utero-placental-fetal tissue glucose utilization.

The further decline in arterial concentration of insulin during

lactation was undoubtedly due to a significant reduction in pancreatic

production. Similar changes in arterial concentration, pancreatic

output, and hepatic uptake have been reported in lactating animals

(39,79,105,162,168). In lactating rats, decreased pancreatic insulin

production was observed and explained in part by a decrease in Ca+2

content of the islet cells (74).

Insulin appears to have no direct effect upon mammary ketone or

glucose metabolism (66,94). Therefore, the lowered insulin observed

during lactation is actually advantageous to the mammary gland, enabling

it to more favorably compete with insulin-dependent tissues for

available nutrients. The lowered insulin during lactation also promotes

FFA mobilization from adipose tissue stores and thus is ultimately

responsible for the increased FFA levels prevalent during this period.

During weaning, arterial insulin remained lower than in controls,

however the concentration began to rise due to an increase in PDV
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production. Hepatic uptake returned to normal showing an uptake of

approximately 50 % of the insulin released by the pancreas. Insulin

concentrations were shown to return to normal values 95-135 days

following lactation (168). If the weaning phase of this study had been

carried out for a longer period of time, perhaps insulin levels would

have returned to control values.

Arterial concentrations of glucagon for the most part remained

relatively stable throughout this study, except for a significant

increase noted during late-gestation. This increase could be attributed

to an increased PDV release of glucagon. Therefore, during late-

gestation, the rise in glucagon concomitant with lowered insulin

concentration is probably responsible for the increased lipolysis and

subsequent hepatic ketogenesis.

Arterial concentration of glucagon returned to normal values during

lactation due to a two-fold increase in liver uptake combined with a

slight decrease in PDV release. In cows, glucagon concentration

remained the same throughout lactation (71) while in rats, glucagon was

shown to have no effect upon mammary lipogenesis (136). Thus glucagon

appears to have a relatively passive role during lactation.

Portal-drained viscera production of glucagon increased during

weaning, however hepatic uptake increased thus maintaining normal

arterial concentrations.

Hepatic extraction of glucagon throughout the study was

approximately 7 % which is the same as that reported by Brockman et al.

(35).
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Conclusion

In conclusion, due to decreased pancreatic production of insulin

during gestation and lactation, the insulin to glucagon ratio was

lowered to a level which allowed glucagon to exert its lipolytic and

ketogenic effects which resulted in increased FFA and ketone body

concentrations in the blood. Also, since glucagon concentrations and

net fluxes for the most part showed little change throughout this study,

the influence of glucagon upon changes in lipolysis and ketogenesis

depend primarily upon insulin concentrations as evidenced by the insulin

to glucagon ratio. It was during times of low insulin and low insulin

to glucagon ratio that major changes in concentration and fluxes of

glucose, FFA and ketone bodies occurred. Furthermore, since glucose

concentrations were lowered during gestation and lactation, the elevated

FFA and ketone body concentrations in the circulation may serve to spare

glucose for increased fetal and mammary tissue utilization.

Therefore, it appears that glucagon plays a relatively passive role

during gestation and lactation while insulin activates the major changes

in metabolism primarily due to its absence.
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Glucose Analysis

Sigma Chemical Co. #510 enzymatic colorimetric i_n vitro
determination for whole blood, plasma or serum is based upon the
following coupled enzymatic reactions:

glucose oxidase
1) glucose + 2 H20 + 02 > gluconic acid + 2 H202

peroxidase
2) H202 + o-Dianisidine > oxidized o-Dianisidine

(colorless) (brown color)

The intensity of the brown color is measured at 450 nm and is
proportional to the original glucose concentration.

Reagents

A) PGO enzyme, stock # 510-6 (preweighed capsules).

—contains glucose oxidase, peroxidase, and buffer salts.
—one capsule is diluted with H20 to 100 ml, and stored in an
amber bottle at 0-5 degrees C.

B) o-Dianisidine Dihydrochloride, stock # 510-50.

—preweighed vial is diluted with H20 to 20 ml and stored at
0-5 degrees C.

--1.6 ml of this is added to 100 ml of PGO enzyme solution.

C) Glucose Standard Solution, stock # 535-100.

--consists of a solution of beta-D-glucose, 100 mg/dl in benzoic
acid, 0.1 % and stored at 0-5 degrees C.

D) Barium Hydroxide Solution, stock # 14-3, 0.3N.

E) Zinc Sulfate Solution, stock # 14-4, ZnS04 * 7H20, 5%.
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Specimen Col lection and Preparation

Blood should be collected in a container with suitable

anticoagulant. Immediately after sample is collected, pipette 0.2 ml
blood in test tube containing 1.8 ml of distilled H20, then vortex. To
each tube add 1 ml barium hydroxide, vortex, then add 1 ml zinc sulfate
and vortex again. Blank and standard are prepared in a similar manner
except 0.2 ml of distilled H20 and 0.2 ml of glucose standard are used,
respectively, in place of the blood. Tubes are then centrifuged at 3g
for 15 min at 0-5 degrees C.

Analysis

Prepare unknown, blank, and standard tubes in duplicate as follows:

To each tube add 0.25 ml of supernatant from the respective
centrifuged unknown, blank, and standard tubes followed by 2.5 ml of
PGO/color solution and vortex. Incubate all tubes at 37 degrees C for
30 min in a waterbath or at room temperature for 45 min.

Avoid direct exposure to sunlight or bright daylight. Following
incubation, remove all tubes from the waterbath, if necessary, and read
at 450 nm. Readings should be completed within 30 min.

Galculation

absorbance unknown

Blood Glucose (mg/dl) = X 100
absorbance standard
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Free Fatty Acid Analysis

NEFA - C kit from WAKO and is based upon the following reactions:

A) FFA are activated to CoA ester by acyl CoA synthetase (ACS)

ACS

R-COOH + ATP + CoA > acyl-CoA + AMP + PP

B) Acyl-CoA is oxidized by acyl CoA oxidase (ACOD) to produce
hydrogen peroxide

ACOD

acyl-CoA + 02 > 2,3 trans-enoyl-CoA + H202

C) Hydrogen peroxide is acted on by peroxidase (POD) in the presence
of 3-methyl-N-ethyl-N-beta-hydroxyethyl-aniline (MEHA) and 4-
aminoantipyrine (AAP) to form a product with purple color which is
measured colorimetrically at 550 nm.

2 H202 + MEHA + AAP > purple quinone product + 4 H20

Reagents

A) Color Reagent "A", each vial contains:

acyl-CoA synthetase
ascorbate oxidase

CoA
ATP

4 aminoantipyrine

B) Diluent for color reagent "A", bottle contain

phosphate buffer, pH 6.9 (0.05 M)
magnesium chloride
surfactant

stabi1izers

s:

72



C) Color Reagent "B". each vial contains:

acyl-CoA oxidase
peroxidase
MEHA

D) Diluent for color reagent "B". bottle contains:

phenoxyethanol
surfactant

E) NEFA standard, each vial contains aqueous solution with:

oleic acid (1.0 mM)
surfactant

stabi1izers

Procedure

A) Preparation of standards:

1) Dilute the standard provided (1000 ueq/1) with distilled
H20 to provide 125, 250, and 500 peq/1 standards.
Validation tests show distilled H20 is an acceptable
di1uent.

B) Preparation of reagents:

1) Mix color reagent "A" by adding 10 ml of the specific "A"
diluent to each vial. Gently invert the vial until
contents are completely dissolved and then combine with
13.3 ml of distilled H20.

2) Mix color reagent "B" by adding 20 ml of the specific "B"
diluent per vial. Gently invert until contents are
dissolved then combine with 33.3 ml distilled H20.

3) Solutions should be stored between 2-8 degrees C and are
stable for 5 days. Do not freeze solutions or expose them
to direct sunlight.

C) Assay

1) Assay each sample and standard in duplicate.

2) Add .4 ml distilled H20 to each tube.
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3) Add .1 ml of serum, plasma, or standard to each tube,
followed by .35 ml of the combined reagent "A" plus H20
mix. Vortex, and refrigerate for up to 60 min if
necessary.

4) Incubate tubes in a waterbath at 37 degrees C for exactly
20 min.

5) Following incubation add 0.8 ml of the combined reagent
"B" plus H20 mix to each tube, vortex, and incubate a
second time at 37 degrees C for exactly 20 min.

6) Remove tubes from waterbath, allow to equilibrate at room
temperature for 5 min, then record the OD at 550 nm using
a blank prepared with reagents as zero.

(volume in ml)

tube standard plasma reagent"A"+H20 reagent"B"+H20

blank --

std in peq/1
125 .025

250

500

1000

unknown — 0.10

0.35

0.35

0.80

0.80

Comments

1)

2)

3)

' 4)

Do not mix reagents and supplies from test kits bearing
different lot numbers.

The assay is sensitive to heparin and plasma samples using
heparin as an anticoagulant are unsuitable.

Samples which are hemolyzed
results.

may yield inaccurate

Ascorbic acid interferes so ascorbate oxidase is automatically
included in reagent "A" mixture in the WAKO kit.
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Acetoacetate Analysis

Treatment of Blood

1) Mix equal volumes of whole blood and 1 M HC104 immediately
after sampling.

2) Centrifuge at 3g for approximately 15 min.

3) Neutralize excess HC104 with KOH so that the final pH is
between 6 and 8.

4) Centrifuge off the potassium perchlorate formed at aproximately
3g for 15 min then pour off the supernatant.

5) Samples must be analyzed the same day as sampling.

Reagents

1) Phosphate buffer (pH 6.8, 0.1 M)

1.36 g KH2P04 —> ICQ ml

1.74 g K2HP04 —> 100 ml

Mix equal volumes of each solution, check pH and add one or
the other to balance pH.

2) NADH (approx. ImM)
(Boehringer Mannheim, grade II, 98 % pure, disodium salt,
cat # 128023)

.005 g —> 6 ml H20

Make up on day of use.

3) 3-hydroxybutyrate dehydrogenase
(Boehringer Mannheim, grade II, 5mg/ml, cat # 127841)

4) Acetoacetate standards
(Sigma Chemical Co., lithium salt, 90-95 % pure, cat # A-
8509, stock solution 1.5 mM)

0.01620 g —> 100 ml H20 (Make up on day of use.)
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Dilute to the following concentrations for the working
standards: 0.15; 0.09; 0.075; 0.045; and 0.0225 mM.

Use 2 zero concentration standards as blanks.

The standards must be taken through the entire
procedure as small amounts of perchlorate will
affect enzyme activity. Pipette into conical
centrifuge tubes:

1 ml standard and 1 ml 1 M HC104.

Neutralize to pH 6-8.

Centrifuge at 3g for 15 min.

Standard dilutions:

A) 0.15 —> 2 ml of 1.5 mM + 18 ml H20

B) 0.09 —> 12 ml of A + 8 ml H20

C) 0.075 —> 4 ml of A + 4 ml H20

D) 0.045 —> 10 ml of B + 10 ml H20

E) 0.0225 -> 10 ml of D + 10 ml H20

Assay Procedure

Pipette into 12 x 75 mm culture tubes:

buffer - 0.5 ml

sample/standard - 1.0 ml for fed sheep, (0.5 ml + 0.5 ml H20
for fasted sheep)

NADH - 0.05 ml

read El at 340 nm

add 0.005 ml 3-hydroxybutyrate dehydrogenase and incubate at
room temperature for approximately 20 min.

read E2 at 340 nm
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Important:

NADH win "go off" slowly at room temperature but at about the same
rate in ail samples. The zero concentration acetoacetate standards can
be used as a control for this. Pipette the NADH into all of the
cuvettes at known time intervals, i.e. 15-60 s. Then read El in all
cuvettes at the same timed intervals. Add enzyme at same time
intervals. Incubate. Read E2 at same timed intervals.

Calculations

Calculate El - E2 for all standards, samples and
blank:

change in E of standard - change in E of blank

change in E of sample - change in E of blank

Plot a standard curve of change in E of standard vs concentration,

Read the concentration of the samples from the curve.

Multiply by appropriate dilution factors.
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3-Hydroxybutyrate Analysis

Treatment of Blood

1) Mix equal volumes of whole blood and 1 M HC104 immediately
after sampling.

2) Centrifuge at 3g for approximately 15 min.

3) Neutralize excess HC104 with KOH so that the final pH is
between 6 and 8.

4) Centrifuge off the potassium perchlorate formed at
approximately 3g for 15 min then pour off the supernatant.

5) Samples may be stored at -20 degrees C for at least one
week.

Reagents

1) Tris-HCl buffer (pH 8.5, 0.1 M)

2.42 g tris > "50 ml H20

pH > 8.5 with 1 M HCl

final volume —> 200 ml

2) Hydrazine-tris buffer (burnt bacon buffer)
(make up on day of use)

2.5 ml hydrazine hydrate

0.05 g EDTA

12.5 ml 1 M HCl

volume —> 50 ml with tris-HCl buffer

check pH "8.5
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3) NAD+ ('14 mM)
(Boehringer Mannheim, grade II, free acid, 98 % pure, cat #
127990)

0.03 g —> 3 ml

4) 3-hydroxybutyrate dehydrogenase
(Boehringer Mannheim, 5 mg/ml, cat # 127841)

5) 3-hydroxybutyrate standards (DL-3-hydroxybutyric acid)
(Sigma Chemical Co., cat # H-6501, sodium salt, 98 % pure,
stock solution 2 mM)

0.0656 g —> 250 ml H20

Working standards:

2.0; 1.6; 1.2; 0.8; and 0.4 mM.

the standards must go through the whole procedure and are
treated as described in the acetoacetate assay.

Standards:

2.0 = 100 % —> 20 ml 2.0 mM + 0 ml H20

1.6 = 80 % —> 16 ml 2.0 mM + 4 ml H20

1.2 = 60 % —> 12 ml 2.0 mM + 8 ml H20

0.8 = 40 % —> 8 ml 2.0 mM + 12 ml H20

Assay Procedure

Pipette into culture tubes:

sample or standard 0.25 ml - fed 0.1 ml -fasted

H20 0.75 ml - fed 0.9 ml - fasted

buffer 0.5 ml

NAD+ 0.05 ml

Read El at 340 nm

add 0.005 ml 3-hydroxybutyrate dehydrogenase and incubate at room
temperature for about 45 min.

Read E2 at 340 nm
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Important:

NAD+ and hydrazine form a complex which absorbs at 340 nm.
Therefore, a slow constant increase in absorbance occurs. This is
similar to the acetoacetate assay but in reverse. So pipette the NAD+
and enzyme and take the absorbance readings at timed intervals as
described for the acetoacetate assay.

Calculation

Same as for acetoacetate, except change in E is calculated from E2
minus El.

82



APPENDIX 5



Insulin Analysis

Reagents

1) NaH2P04 * H20
Fisher Scientific Co.

2) NaCl
Fisher Scientific Co.

3) Disodium ethylene diamine tetraacetate (EDTA)
Fisher Scientific Co.

4) Merthiolate (thimerosal)
Sigma Chemical Co.

5) 5 M NaOH
100 g —> 500 ml H20

6) Bovine serum albumin (BSA) RIA grade
Sigma Chemical Co.

7) Guinea pig serum (GPS)
Research Products International (RPI)

8) Bovine pancreatic crystalline insulin
Sigma Chemical Co.

9) Guinea pig anti-bovine insulin (1st antibody)
Miles Laboratories, Inc.

10) 1251-insulin
Amersham Corporation

11) Goat anti-guinea pig IgG (2nd antibody)
RPI

12) Borosilicate culture tubes 12 x 75 mm
Fisher Scientific Co.
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Reagent Preparation (for 3 assays of 123 tubes each)

1) Phosphate buffered saline (PBS-EDTA)

Dissolve in SOOtnl double distilled (DD) H20:

1.38 g NaH2P04 * H20

8.77 g NaCl

9.30 g EDTA * 2 H20 disodiutti salt

Adjust pH to 7.6 with 5 M NaOH

Add 100 mg thimerosal and bring to 1000 ml in a
volumetric flask and store at 2-4 degrees C.

2) 1 % BSA-PBS

Add 1 % BSA to cold PBS in a beaker and allow to dissolve
(this takes approx. 2-3 hr.) while kept at 2-4 degrees C.
After BSA is dissolved, readjust pH to 7.6 using 5 M
NaOH. Bring to desired amount in volumetric flask and
store at 2-4 degrees C.

Note: a total of 350 ml is needed. 250 ml can be made on
day 1, this is enough to set up assays and dilute
labeled insulin. On day 3, mix 100 ml to dilute 2nd
anti body.

3) 0.25 % GPS-1 % BSA-PBS-EDTA

Add 250 pi GPS to 1 % BSA-PBS and bring to 100 ml in a
volumetric flask.

4) 1st antibody

Reconstitute lyophilized guinea pig anti-bovine insulin
according to manufacturers instructions.

Use 1 ml cold DD H20 and then add 9 ml 1 % BSA-PBS-EDTA
to give a 1/10 dilution. This solution is then frozen in
0.15 ml aliquots. (use polystyrene tubes).

A 1/8000 dilution is used for the assay. To obtain this
dilution, 0.05 ml of the 1/10 dilution is diluted to 40
ml using 1 % BSA-0.25 % GPS-PBS-EDTA.
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5) Insulin standards

78.43 tng of bovine insulin (Sigma # 15500) was diluted in
500 ml of 1 % BSA-PBS-EDTA (at room temperature with 1-2
hr stirring) to yield a 4 U/ml solution. Our insulin lot
contained 25.5 U/mg therefore, 78.43 mg = 2000 U.

1 ml of this 4 U/ml solution was then diluted to 100 ml
in 1 % BSA-PBS-EDTA to give a 40 mU/ml solution. The 40
mU/ml solution was frozen in 0.5 ml aliquots using liquid
nitrogen and stored at -20 degrees C for future use.

To prepare standard solution, 0.2 ml of the 40 mU/ml
solution was diluted to 4 ml using 1 % BSA-PBS-EDTA to
give a 2 mU/ml solution. The following dilutions of the
2 mU/ml solution are then used to give solutions utilized
for a standard curve;

Standard 2 mU/ml solution BSA-PBS-

200 pU/ml 1.0 ml 9.0 ml
120 0.6 9.4

80 0.4 9.6

40 0.2 9.8

20 0.1 9.9
12 0.06 9.94

8 0.04 9.96

4 0.02 9.98

1 0.005 9.995

200 Ml of these solutions is then used

6) Labelled insulin

Labelled insulin is diluted with 1 % BSA-PBS-EDTA to
give a solution containing enough 1251-insulin so that
approximately 10,000 cpm are in a 100 jjI sample.

7) 2nd antibody

RPI antibody is thawed and diluted 1/80 using 1 % BSA-
PBS. Currently, RPI antibody is frozen in 1 ml aliquots
which can be diluted to 80 ml. This would provide enough
2nd antibody for 3 assays plus some left over which could
be quick frozen and thawed prior to reuse.
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8) Guinea pig serum (GPS)

Guinea pig serum should be frozen in 400 ul aliquots.

Procedures

Day 1 - add plasma/standards, diluent and 1st antibody

Day 2 - add 1251-insulin

Day 3 - add 2nd antibody

Day 5 - centrifuge, pour off and count precipitate.

Day 1

Label culture tubes. Usually, 3 assays are run containing 123
tubes each. Currently, the centrifuge can hold 120 tubes (the
3 total tubes are not centrifuged) and a standard curve is
prepared for each centrifuge load.

Mix 1 % BSA with PBS-EDTA before use (usually the night
before) and have its pH at 7.6.

Thaw an aliquot each of 1st antibody, insulin standard
solution and guinea pig serum. Prepare insulin standard
solutions, GPS-BSA-PBS-EDTA (100 ml is sufficient for 3
assays) and 1st antibody as previously described.

Dispense BSA-PBS-EDTA and GPS-BSA-PBS into tubes as needed,
standard solutions and plasma samples. Add 1st antibody to
all but total and non-specific binding tubes. Vortex tubes
and incubate 24 hr at 2-4 degrees C.

Day 2

Prepare labelled insulin and add 100 pi to all tubes, vortex,
and incubate 24 hr at 2-4 degrees C.

Day 3

Prepare^ 2nd antibody and add 200 pi to all but total tubes,
vortex and incubate 48 hr at 2-4 degrees C.
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Day 5

Centrifuge at 3g for 30-35 min (do not centrifuge or decant
total tubes).
Pour off supernatant into waste bottle (quickly and gently)
and place upside down on Kimwipes in a foil lined box for at
least 15 min.

Wipe out the top half of each tube with a Kimwipe on a wooden
applicator stick and count for one minute.
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tube

#

Assay Protocol Using 400 yl Samples

(volumes in pi)

plasma _ _
or std PBS a GPS PBS c GPS 1st Ab 1251 2nd Ab

1-3

total

4-6

N.S.

7-9

B 0

500

400

100

100

100

200

std

10-12 1 200 200
II II II II

13-15 4 " 11 II II II II

16-18 8 " if II II II II

19-21 12 " 11 II It It II

22-24 20 " 11 II II II II

25-27 40 II II It II II

28-30 80 " II II II II II

31-33 120 " II II II II II

34-36 200 " II II II II II

37-39 pool
calf 400 --

II II II II

40-42 pool
cow " II II II II

43-44 un
J

1 known " II II II II

122-123 400 100 100 100 200
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If plasma samples average greater than 20 pU/ml then the following
protocol using 200 jul samples could be used with good confidence in
results:

Assay Protocol Using 200 jjl Samples

(volumes in pi)

tube plasma _
# or std PBS c GPS 1st Ab 1251 2nd Ab

1-3

total

4-6

100

N.S. -- 400 —

11
200

7-9

B 0 -- 300 100 11 II

std

10-12 1 200 100
II II II

13-15 5 200 II II II II

16-18 10 200
11 II II II

19-21 20 200 M II II II

22-24 40 200
11 II II II

25-27 80 200
11 II II II

28-30 120 200
II II II II

31-33 200 200 II II II II

34-36 pool
calf " II II II II

37-39 pool
cow " II II II II

40-41 un

known "
1

1
1

II

1
1
1

11

1
1

II

j
II

1

1

L22-123

1

" 200

1

1

100

1

\

100

oo
1-H

1

200
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Points to Remember:

Keep all reagents and tubes on ice and cold as much as possible.

Calculate volumes of reagents needed before hand and mix
accordingly to avoid wastes.

Keep frozen reagents in a non-frost free freezer.

BSA-PBS-EDTA should not be kept more than 4 weeks at 2-4 degrees C.

GPS-BSA-PBS-EDTA should not be saved and used again after more than
2 or 3 days.

Use "scrupulously" cleaned glass ware.

"Precision" pipetting is essential.

Pipette solutions directly to the bottom of culture tubes as much
as possible.

Centrifuge using at least 1.5g in a refrigerated centrifuge (2-4
degrees C).
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APPENDIX 6



Glucagon Analysis

Reagents

1) Glycine
(Fisher Scientific Co. # G-46)

2) Disodium Ethylenediamine Tetraacetate (NaZEDTA)
(Fisher Scientific Co. # 5-311)

3) Merthiolate (thimerosal)
(Sigma Chemical Co. # T5152)

4) 3 M NaOH

5) 10 M NaOH

6) Borosilicate Culture Tubes 12 x 75
(Fisher Scientific Co. # 14 962 lOB)

7) Bovine Serum Albumin (BSA) RIA grade
(Sigma Chemical Co. A 7888)

8) Benzamidine Hydrochloride
(Sigma Chemical Co. # B6506)

9) Normal Rabbit Serum (NRS)
(Miles Laboratories, Inc. # 64-291; 50 ml lyophilized)

10) Crystalline Beef-Pork Glucagon
(Eli Lilly Co. 500 mg)

11) 30 K Rabbit Anti-Glucagon Antibody (1st Ab) 25 jjI
(Roger H. Unger, Dept. of Internal Med., University of
Texas, Health Science Center at Dallas, 5323 Harry Hines
Blvd., Dallas, Tx. 75235)

12) 125I-G1ucagon
(Cambridge Medical Diagnostics, Co. # 120,
10 pCi, stable for 10 weeks)

13) Goat Anti-Rabbit IgG (2nd Ab)
(Research Products International,
RPT # 500090, 10 ml)

14) 0.02 N HCl
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15) Polyethylene Glycol
(Sigma Chemical Co., P2139)

Reagent Preparation

1) 0.2 M glycine-merthiolate

dissolve in ~ 900 ml double distilled (DO) H20:

15 g glycine

0.1 g thimerosal

adjust pH to 8.8 with 3 M NaOH

final volume —> 1000 ml with DO H20

store at 2-4 degrees C.

2) 0.05 M EDTA-glycine-merthiolate

dissolve in ~ 900 ml 0.2 M glycine-merthiolate:

18.6 g Na2EDTA

adjust pH to 8.8 with 10 M NaOH

final volume —> 1000 ml with 0.2 M glycine-merthiolate in
a volumetric flask store at 2-4 degrees C.

3) 1 % BSA-glycine-merthiolate

dissolve 1 g BSA in 100 ml 0.2 M glycine-merthoilate, check
pH (should not change)

use cold buffer in a beaker with a stirring magnet

4) 0.1 M benzamidine-1 % BSA-0.2 M glycine-merthiolate

prepare 1 % BSA-glycine-merthiolate as in # 3 and add 1.566
g benzamidine hydrochloride

check pH, adjust to 8.8 with "75 pil 3 M NaOH

5) 0.25 % normal rabbit serum (NRS)-EDTA-glycine-merthiolate

dilute 250 ul NRS to 100 ml in 0.05 M EDTA-glycine-
merthiolate

mix immediately before use and store at 2-4 degrees C.
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6) rabbit anti-glucagon antibody (1st Ab)

the 30 K is shipped iyophiiized with a recommended final
culture tube dilution of 1:100,000

to reconstitute Ab with this volume and titer:

remove stopper (after tapping lightly to dislodge any Ab
on the stopper) and add 5 ml of cold 1 % BSA-glycine-
merthiolate, replace the stopper, mix by gentle
inversion, let solution sit (@ 2-4 degrees C) for 1 hr,
inverting it every 10-15 min, this gives a 1:200 dilution

transfer this solution to a cold 15 ml centrifuge tube
(on ice), wash the original tube with 5 ml 1 % BSA-
glycine-merthiolate and add to the original 5 ml to give
a 1:400 dilution

this solution should be frozen and stored in 500 pi
aliquots, using liquid nitrogen and 12 x 75 mm
polypropylene culture tubes.

for the assay, use a 1:50 dilution of the 1:400 solution
for the working solution, thaw 1 500 yl aliquot/123 tube
assay and dilute to 25 ml using 0.25 % NRS-EDTA-glycine-
merthiolate

mix immediately before use and keep at 2-4 degrees C.

7) glucagon standard solution

weigh out 10 mg crystalline glucagon; dissolve in 20 ml 0.02
N HCl to give a solution of 0.5 mg/ml, the optical density
of this solution should be 1.055 @ 278 nm (Harris et al.
1979),

if the OD is not 1.055, then correct the dilution to give an
equivalent final concentration assuming that:

0.5 mg/ml x mg/ml

1.055 OD actual OD

dilute 1 ml of the 0.5 mg/ml solution to 100 ml in 1 % BSA-
glycine-merthiolate to give a 5 mg/pl solution

dilute 0.5 ml of this 5 mg/pl solution to 500 ml using 1 %
BSA-glycine-merthiolate to give a 0.005 ng/pl solution
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quick freeze this solution in 2.2 ml aliquots (1.917
ml/standard curve/assay are used)

standard solution is used at this dilution,thaw immediately
before use and keep at 2-4 degrees C.

8) labelled glucagon

reconstitute using 5.0 ml benzamidine-BSA-glycine-
merthiolate and dilute such that ICQ pi contains 8000 cpm

9) goat anti-rabbit IgG (2nd Ab)

thaw the 10 ml received from RPI and quick freeze in 1 ml
aliquots

one 1 ml aliquot is diluted to 60 ml using 0.2 M glycine-
merthiolate

store at 2-4 degrees C.

10) normal rabbit serum (NRS)

should be frozen in 1 ml aliquots

11) polyethylene glycol (PEG)

make up a 6 % solution

store at 2-4 degrees C.

Procedure

Day 1 — add buffer, standard, plasma and 1st Ab, incubate 12 hr

Day 1 + 12 hr -- add labelled glucagon, incubate 48 hr

Day 3 — add 2nd Ab and PEG, incubate 1 hr, centrifuge,
pour off, count precipitant

make sure there are adequate quantities of all reagents
before beginning

mix buffers needed before beginning, usually 12-24 hr before
hand
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Day 1

Thaw; 3 500 aliquots 1st Ab

3 2.1 ml aliquots standard solution

1 aliquot NRS (at least 250 m"! )

3 1 ml aliquots of pooled plasma needed

samples (42/assay)

Prepare 100 ml 0.25 % NRS-EDTA-glycine-merthiolate and use to
dilute 1st Ab as previously described (1.5 ml 1st Ab —> 75 ml
NRS-buffer)

Dispense 1 % BSA-glycine-merthiolate, standard solution, plasma
and 1st Ab as needed, vortex tubes and incubate 12 hr at 2-4
degrees C.

Day 1 + 12 hr

Prepare labelled glucagon, add 100 pi to all tubes, vortex,
incubate 48 hr at 2-4 degrees C.

Day 3

Prepare 2nd Ab and 6 % PEG, mix together the necessary volume
needed as follows:

5 parts cold 6 % PEG

2 parts 2nd Ab

Add 1 ml of 2nd Ab/PEG mixture to all but total tubes, incubate
at room temperature for 1 hr, centrifuge at 3g for 40 min (do
not centrifuge or decant total tubes)

Pour off supernatant into a waste bottle (quickly/gently) and
place upside down on Kimwipes in a foil lined box for 15 min

Wipe out the top 1/2 of each tube with a Kimwipe on a wooden
applicator stick and count for 1 min

dispose of tubes ASAP
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Points to Remember

Keep reagents and assay tubes on ice and cold as much as
practical/possible

Keep frozen reagents in a conventional freezer (non-frost free)

Do not use buffer with BSA stored longer than 4 weeks

Use scrupulously cleaned glassware
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Assay Protocol

(volumes in pi)

* std/ 1st
tube # BSA-gly-mer piasma Ab

1-3 total ..

4-6 N.S. 600 -- --

7-9 B 0 400 -- 200
10-12 5 399 1

11

13-15 15 397 3
tl

16-18 25 395 5
II

19-21 50 390 10
II

22-24 100 380 20
II

25-27 200 360 40
II

28-30 400 320 80
II

31-33 800 240 160
II

34-36 1600 80 320
II

37-39 pool
ewe 100 300

II

40-42
1

1

unknown
1

1

II

1

1

11

1
1

II

1
1

1

122-123

I

1

unknown

11 1—» 10--  1o

1

300

1

200

2nd Ab/
1251 PEG

100

1000

100 1000

standard = 0.005 ng/ml

Unknown concentrations from this standard curve will be the
concentration per 300 pi plasma, so a dilution factor of 3.3333
should be used to give the concentration per ml.

B1ood Collection

Blood should be collected in tubes containing benzamidine
hydrochloride at a final concentration of 0.03 M and Na2EDTA at a
final concentration of 1.2 mg/ml

Prepare tubes by adding 50 pi of the following benzamidine-EDTA-
saline solution per 3 ml of blood sampled:

dissolve in 1 ml of 0.9 % saline:

0.2347 g benzamidine hydrochloride

0.06 g Na2EDTA
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Para-aminohippuric Acid Analysis

Reagents for Fi1trate

1) 20 % trichloracetic acid (TCA)

2) Distilled H20

Method for Filtrate

1) Pipette 1 ml of blood or standard into 15 ml centrifuge tubes
containing 5 ml H20.

2) Pipette 5 ml of blood or standard mixture into second 15 ml
centrifuge tube containing 5 ml 20 % TCA.

3) Let stand 60 min or overnight (can be left at this stage -
refrigerated)

4) Filter through Whatman # 4 filter paper into 16 x 150 mm
glass culture tubes.

5) Add boiling chip to each culture tube and place a marble
on top of each tube.

6) Boil over low heat in water bath for 30 min after fine
bubbles appear in each tube.

7) Cool at room temperature - remove marbles when cool.

8) Standards from 1.5 % PAH infusion solution are made along with
this using same method as for blood filtrate.

-- Make up a 1:500 dilution for sheep from 1.5 % infusion
solution; 1:100 for dog from 0.25 % infusion solution
(considered 10:10 dilution).

-- From this dilution make up standard dilution: 20 % =
2:10; 40 % = 4:10; 60 % = 6:10; 80 % = 8:10; and 100 %
= 10:10 (stock dilution). Be sure to run this through
the blood filtrate precedure (not necessary to boil).

-- Blank mixed with 1/2 distilled H20 and 1/2 TCA (20 %).
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Reagents for Analysis

1) 1.2 N HCl (1:10 dilution of 12.4 N HC1 close enough).

2) NaN02 (100 mg —> 100 ml H20) freshly made up
on day of analysis.

3) Ammonium sulfate (500 mg ---> 100 ml H20) made up within a
month.

4) Coupling reagent (N-1 Naphthylethylenediamine dihydrochloride)
( 100 mg —> 100 ml H20) store in a brown bottle in
refrigerator indefinitely.

Analysis

1) Pipette 1 ml of filtrate into test tubes (in duplicate).

Pipette 1 ml of standards into test tubes (in duplicate).

Pipette 1 ml of blank into test tubes (in duplicate).

2) Add 0.2 ml of 1.2 N HCl to all tubes, mix well.

Start time clock and add to all tubes:

— 0.1 ml NaN02, mix well.

— 0.1 ml ammonium sulfamate - within 3-5 min, mix well.

-- 0.1 ml coupling reagent - within 3-5 min, mix well.

Wait 10 min for color development.

Read on spectrophotometer at 540 nm.

PAH Stock Solution

1) 44.9 g PAH powder (Eastman Kodak Corp., Rochester, N. Y.)
(yields 1.5 % solution of sodium salt.)

10.5 g NaOH

500 ml physiological sterile saline (PPS)

Dissolve each reagent in PPS separately. Then add NaOH
solution to PAH and stir. May have to heat gently to fully
dissolve. Filter through Whatman # 4 filter paper. Titrate
filtrate to pH 7.4 with 1 N HCl or 4 M NaOH. Bring final
volume to 500 ml.
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2) Store frozen in 75 ml or 150 ml aliquots until needed.

3) For 1.5 % PAH infusion solution, thaw 75 ml or 150 ml aliquots
and bring to 500 ml or 1000 ml in a volumetric flask with
PPS, respectively.
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