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ABSTRACT

The free fraction of cortisol in circulation is that which is biologically
available to cells. In swine, more than 60% of cortisol is bound to its carrier
glycoprotein, porcine corticosteroid-binding globulin (pCBG). The Free Cortisol
Index (FCI), which is the ratio of total cortisol to CBG concentrations, has been
shown in humans to correlate well with free cortisol. In experiment one, the
relationship between plasma free cortisol and the free cortisol index (FCI) was
evaluated in 8-wk old pigs over a 24 h period and in response to the
administration of saline (n = 4) and ACTH (n = 4). A high (P < 0.001) correlation
was found between actual free cortisol and the FCI in both saline (r = 0.73) and
ACTH (r = 0.85) treated pigs. A diurnal rhythm was apparent for total cortisol,
free cortisol, percent free cortisol, pCBG and FCI with higher values for total
cortisol and the FCI occurring in the morning compared to lower pCBG values at
that time. For the variables of total cortisol (P < 0.05), free cortisol (P < 0.05),
and FCI (P < 0.01), values were elevated during the four hours following
administration of ACTH. Concentrations of pCBG differed (P < 0.001) over time
and were higher (P < 0.01) for ACTH treated pigs over the 24 h period. In the
second study, changes in plasma cortisol, pCBG and the FCI were examined in
pigs in response to adrenal stimulation or suppression. Twenty-four 8-wk old
pigs allotted in equal numbers, were administered ACTH, dexamethasone, or
saline, and blood samples collected every 15 min over a 6 h period. In pigs

treated with ACTH, the FClI increased (P < 0.001) in a fashion similar to that of



total cortisol, while pCBG values remained stable. In dexamethasone treated
pigs, both FCI and total cortisol decreased (P < 0.001) with a subsequent
elevation in pCBG concentrations. The results of these two studies affirm the
contention that FCI is a suitable estimate of free cortisol in swine, and that a
better illustration of the temporal relationships between plasma total cortisol and

pCBG may be assessed by the measurement of both.
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CHAPTER|
INTRODUCTION

A circadian pattern of total cortisol in a diurnal rhythm is present in many
species including man, horse, and pig. For the pig this rhythm is characterized
by peak amounts of circulating cortisol expressed in the morning with reduced
levels during the afternoon and early evening. Cortisol exists in the bloodstream
in biologically active and inactive forms. The active form consists of cortisol that
is “free” or unbound and that which is loosely bound to albumin, thus allowing it
to be biologically available to the cell. The majority of circulating cortisol is tightly
bound to its specific carrier glycoprotein, corticosteroid-binding globulin (CBG).
The percentage of CBG-bound cortisol in circulation varies among species from
65% for swine (Kattesh et al., 1990) to more than 90% for humans (Siiteri, 1982).
Since cortisol that is bound to CBG is deemed inactive, CBG not only transports
but also modulates cortisol availability within the circulation.

A diurnal rhythm for CBG has been reported in both humans and rats. In
humans, CBG binding capacity for cortisol paralleled oscillations for the diurnal
rhythm of total plasma cortisol with a lag time of approximately four hours (Angeli
et al., 1978). No lag time between oscillations of corticosterone and CBG were
observed in the circadian pattern of CBG in rats (Hsu et al., 1988).

During stressful situations, cortisol levels can increase while CBG levels
may increase or decrease, leaving the free cortisol fractions to be inadequately

represented. There are a number of techniques for measuring free cortisol,
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including equilibrium dialysis and gel filtration, yet these methods are costly and
time consuming. The free cortisol index (FCI), a ratio of circulating total plasma
cortisol to CBG, has been demonstrated to be a reliable and easy to use
measure of plasma free cortisol. The objectives of this study were to examine the
relationship between the FCI and actual levels of circulating free cortisol over a
24 h period, and to document the changes in plasma total cortisol, pCBG and

FCI in pigs over a 6-h period in response to adrenal stimulation or suppression.



CHAPTER I
REVIEW OF LITERATURE

The Stress Response

Selye first introduced the theory of physiological stress in 1950, when he
defined stress as any nonspecific response of the body to any demand (stressor)
placed upon it. Moberg (2000) expanded on this definition by defining four
biological defenses to stress: behavioral, autonomic nervous system,
neuroendocrine and, immune responses. These four responses affect virtually
all physiological systems in the body.

When an animal perceives a situation as stressful, the hypothalamus is
stimulated through a series of neural pathways, humoral substances, and local
mediators to release corticotrophin-releasing hormone (CRH) (Buckingham et al.,
1997). Transported by the hypothalamic-hypophyseal portal system, CRH enters
the pituitary gland activating corticotrope cells to release adrenocorticotropic
hormone (ACTH) into the general circulation. From the bloodstream, ACTH
stimulates the zona fasciculata of the cortical region in the adrenal gland to
increase production and release of cortisol (von Borell, 1995). Cortisol then
travels through the blood to various effector tissues and organs including, but not
limited to, muscle, adipose and the liver (as reviewed by Munck et al., 1984).
Plasma cortisol levels may remain elevated during the initial stress response, but

can decline if the stressor persists for long periods of time (Hauger et al., 1990).



Role of Cortisol

Cortisol, a glucocorticoid, has various roles to help maintain homeostasis.
Through a primary role to aid metabolism, cortisol has mostly an anabolic effect
on the liver, while in other tissues such as muscle and adipose tissue, cortisol is
catabolic and anti-anabolic (Baxter and Rousseau, 1979). In the liver, cortisol
increases glucose production through activation of gluconeogenic enzymes (P-
enolpyruvate carboxykinase and glucose-6-phosphatase). These enzymes
effectively increase gluconeogenesis during periods of starvation or diabetes. In
individuals with adrenal corticosteroid deficiencies, cortisol replacement therapy
aids in maintaining the release of gluconeogenic enzymes and amino acids from
skeletal muscle during the fasting state (Exton, 1979). Cortisol mobilizes energy
during fasting periods by stimulating lipolysis and promoting the lipolytic effect of
epinephrine to increase production of lactate (Baxter and Rousseau, 1979).
Glycerol and lactate released from adipose tissue contribute to gluconeogenesis
to provide an alternative energy source for glucose (Baxter and Rousseau,
1979). Cortisol also decreases protein synthesis in muscle by inducing the

breakdown of protein and nucleic acids (Exton, 1979).

Immunosuppressive and Anti-inflammatory Actions of Cortisol

Cortisol has a profound, mostly negative affect on immunosuppressive
and inflammatory responses. Mediated primarily on cell movement and
availability at sites of inflammation, cortisol decreases neutrophil accumulation.

Cortisol is an effective vasoconstrictor of capillary beds, which slows cells and

4



fluid from migrating into areas of inflammation (Fauci, 1979). However, in the
presence of cortisol, movement of neutrophils out of bone marrow is increased
(Fauci, 1979). Cortisol’'s effect on monocytes is more sensitive than its effect on
neutrophils. Exposure of monocytes to cortisol results in their redistribution out
of circulation and into tissues along with inhibition of their functional capabilities
of phagocytosis and destruction of pathogens (Fauci, 1979).

Many pro-inflammatory cytokines, including several interleukins (IL-1, IL-2,
IL-3, IL-6, IL-8, and IL-12), tumor necrosis factor and interferon-y, are inhibited by
cortisol. Cortisol activates a negative feedback response by stimulating the
production of anti-inflammatory cytokines, such as IL-10, IL-4, and transforming
growth factor to suppress inflammation (Elenkov and Chrousos, 2002).
Expression and activity of proteolytic enzymes elastase and collagenase are
inhibited by cortisol resulting in reduced degradation of connective tissue at sites

of inflammation (Goulding and Flower, 1997).

Glucocorticoid Effect on Organ Maturation

Increased plasma cortisol levels have been associated with normal organ
maturation in the mammalian fetus (Baxter and Rousseau, 1979), and can
induce specialized functions, which acts as a catalyst for terminal events in
differentiation. These events can include the onset of labor in sheep due to
activation of placental enzymes resulting that contribute to the initiation of uterine
contractions (reviewed by Ballard, 1979). In the fetal rabbit, cortisol helps to
enhance digestive functions and decrease absorption of intact proteins in the
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intestine (Ballard, 1979). Studies indicate that administration of cortisol
accelerates this process and, conversely, deficiencies during development may
retard maturation (Ballard, 1979). Maternal and fetal plasma cortisol
concentrations in swine increase sharply two days prior to parturition and then
decrease the following day (First and Bosc, 1979). Randall (1983) observed an
increase in fetal plasma cortisol concentrations in swine from 16 to 6 days
prepartum, which then rapidly increased during the last 8 hours prior to delivery.
Maternal cortisol concentrations increased slightly during the four days prior to
parturition. In a later study, plasma total cortisol, percent free and free cortisol
concentrations in fetal pigs were greater on day 110 compared to day 110 of
gestation (Kattesh et al., 1997). Maternal free cortisol levels were two to three
times greater on days 110 to 112 compared to that estimated prior to day 105 of
gestation (Kattesh et al., 1997). Studies in the fetal lamb, rat and rabbit indicated
that cortisol helps to accelerate the appearance of surfactant in lung tissue,
which aids in reducing the surface tension of the alveoli during expiration

(Ballard, 1979).

Distribution of Cortisol within the Circulation

Cortisol exists in the bloodstream in biologically active and inactive forms
(Westphal, 1983; Hammond, 1990). The active form consists of cortisol that is
“free” or unbound and that which is loosely bound to albumin, thus allowing it to

be biologically available to the cell. The inactive form of cortisol is tightly bound to



its specific carrier glycoprotein, corticosteroid-binding globulin (CBG), which has
one binding site per molecule (Ballard, 1979).

Total plasma cortisol concentrations vary among species from 0.01 to 0.05
MM in ewes, dogs and cows; 0.05 to 0.2 uM for horses; 0.1 to 0.4 yM for humans;
and 0.5 to 0.7 uM for old world primates and 1.5 to 5.5 uM for new world
primates (reviewed by Gayrard et al., 1996). Research by Rafai and Fodor
(1980) determined that plasma cortisol concentrations in 50-day-old-pigs ranged
from 20.2 to 39.2 ng/ml, and 130 day old pigs had a less variable range of 27.8 to
39.2 ng/ml. The majority of circulating cortisol is bound to CBG. This percentage
varies among species, from 65% for swine (Kattesh et al., 1990) to more than
90% for humans (Siiteri et al., 1982). The availability of unbound cortisol is
influenced by the distribution of its binding proteins, CBG and albumin. In
humans, CBG and albumin concentrations average 0.71 uM and 550 uM,
respectively (Ballard, 1979). Although albumin is in greater concentration and
has up to 20 binding sites per molecule, its binding affinity for cortisol (0.5 x 10*
L/mol) is considerably less than that of CBG (3.0 x 107 L/mol) (Ballard, 1979).

Plasma cortisol concentration and its distribution among protein- bound
and unbound forms exhibit significant changes in the pre- and post-partum
animal. Plasma cortisol binding capacity in the sheep fetus rose steadily from day
15 (23.6 ng/ml) to term (86.5 ng/ml) and decreased rapidly to less than 15 ng/ml
by 5 days after birth (Berdusco et al., 1995). Corticosteroid binding capacity in

the rat increased by more than 97% from day 6 to day 90 after birth (Viau et al.,



1996). In a study reported by Kattesh et al. (1990), total cortisol and percent
unbound cortisol were higher in pigs at birth and steadily decreased in a linear
fashion over a 42 day sampling period. The percentage of CBG-bound cortisol
was lowest on days 3 through 21 compared to that measured on day 42, but
actual CBG-bound cortisol decreased after day 1 postpartum and remained
unchanged. The authors concluded that by day 28 of age the majority of
circulating cortisol in the pig has shifted from unbound and albumin bound to
CBG bound. While total cortisol levels are relatively similar in 50 to 130 day old
pigs, a significant age-related increase in CBG concentration has been reported
to occur in pigs between 21 and 84 days of age (Roberts et al., 2003).

In a recent study, postnatal gene expression of hepatic CBG mRNA in the
pig increased from day 3 to day 40. The authors concluded that because this
increase was unrelated to plasma CBG concentrations, actual circulating CBG
levels may be determined by factors such as metabolic clearance, transfer to

extra-vascular spaces, and/or post-translation modifications (Heo et al., 2003).

Corticosteroid-binding globulin (CBG)

Corticosteroid-binding globulin (CBG) is a monomeric glycoprotein,
produced in the liver, having a molecular weight of ~ 50 to 60 kDa with one
corticosteroid binding site per molecule (Mickelson et al., 1982; Westphal, 1983;).
Two electrophoretic variants of CBG have been isolated in many species
including the human (Mickelson et al., 1982), rabbit (Seralini et al., 1990), rat (Al
and Bassett, 1995) and pig (Roberts et al., 2003). Removal of sialic acid by
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neuroaminidase, or the removal of the carbohydrate by glycosylation did not
eliminate the doublet band (Mickelson et al., 1982). Mickelson et al. (1982)
suggested that the doublet was due to differences in heterogeneity that exist in
the protein makeup of the molecule. Research by Ali and Bassett (1995)
supported the idea that variations in either the sugar or protein moieties of the
molecule were responsible for the doublet. Differences could also be due to
variation in post-translation processing of the protein sequence, conformation, or
a combination of both (Ali and Bassett, 1995). The electrophoretic variants may
also be explained by modifications to CBG mRNA causing the structure of CBG
to differ according to its tissue source (Ali and Bassett, 1995). This theory is
supported by the presence of tissue specific CBG variants found in various
glucocorticoid and progesterone target organs such as the pituitary (De Kloet et
al., 1975; Koch et al., 1976), kidney (Feldman et al., 1973), muscle (Mayer et al.,
1975), and lungs (Giannopoulos, 1976).

Although CBG is primarily produced in the liver, CBG mRNA has been
isolated from spleen and ovary in adult rabbits (Seralini et al., 1990), and lung,
kidney and testis from the rhesus monkey (Hammond et al., 1987). In swine,
liver, lung, kidney and adrenal gland were tested in post-partum pigs on day 3
and day 40 (Heo et al., 2003). Results indicated that only the liver expressed
CBG mRNA in 40-day-old pigs. While glucocorticoids are a major regulator of
CBG, other factors including estrogen (Bonte et al., 1999), pregnancy (Bertherat

et al., 2002), and anti-epileptic drugs (Coolens et al., 1987) cause an increase in



CBG concentrations. Hyperthyroidism, liver cirrhosis, and renal diseases reduce

CBG concentrations (Coolens et al., 1987).

Function of CBG

It is believed that the primary function of CBG is to act as a reservoir to
replenish the free fraction of cortisol. Under this hypothesis, bound cortisol
remains unavailable to tissues. This hypothesis is supported by the work of
Mendel (1992) reporting that the plasma concentration of free hormone and not
protein-bound hormone is the limiting factor for intracellular hormone
concentrations. Mendel reasoned that without the circulatory binding proteins
such as CBG, steroid hormones like cortisol would readily leave the circulation
and move into cell membranes due to their natural lipophilic properties.

CBG may also serve in the intracellular transport of cortisol. Kuhn (1988)
isolated CBG within cells of various target tissues including liver, kidney, uterus,
pituitary gland and fat. Extraction of radiolabeled CBG indicated no degradation
resulted following its recruitment from circulation. Internalization of CBG by
target cells may further aid cortisol transport through protection against cellular
metabolism and thus insure delivery to nuclear receptors (Kuhn, 1988).

Acting as a reservoir, CBG can store cortisol in the plasma for release at
specified target sites, such as those experiencing inflammation or tissue damage.
Mammalian CBG is a member of the serine protease inhibitor (SERPIN)
superfamily. The common characteristic of SERPIN’s is that they are cleaved by

serine proteases secreted by activated neutrophils at sites of inflammation
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(Hammond et al., 1991). By cleaving CBG at sites of inflammation, local
concentrations of cortisol can become greater than that available in the general
circulation (Breuner and Orchinik, 2002). It has been shown through in vitro
studies that the addition of elastase results in the release of more than 80% of
CBG-bound cortisol (Hammond et al., 1990). Bartalena et al. (1993)
demonstrated that the main mediator of the acute phase inflammatory response,
IL-6, had an inhibitory dose and time effect on CBG synthesis by hepatic cells in
culture. This in vitro study suggests that IL-6 may help to reduce the

biosynthesis of CBG during inflammation.

Diurnal Variation of Cortisol

A diurnal variation of total cortisol in a circadian pattern has been
demonstrated in many species including man (Weitzman et al., 1971), horse
(Bottoms et al., 1972) and pig (Whipp et al., 1970). These patterns closely follow
the sleep/wake or locomotor activity rhythm, and arise differently depending on
whether the species is diurnal or nocturnal. In diurnal species this pattern is
characterized by peak total cortisol in the morning, decreasing through the day,
and reaching a nadir in later afternoon. Conversely, nocturnal animals display
peak cortisol levels in early evening that decrease through the night to their
lowest levels toward morning (Edwards et al., 2001). In rats, plasma
corticosterone (the maijor circulating glucocorticoid) is low at birth and gradually
increases over time to establish a circadian rhythm by 4 weeks of age
(Takahashi et al., 1979). Pigs have initially high levels of cortisol at birth that
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decrease over the developing weeks, establishing a circadian rhythm by 8 weeks
of age (Evans et al., 1988). This pattern is characterized by peak amounts of
cortisol expressed in the morning and reduced levels during the afternoon and
early evening (Whipp et al., 1970; Bottoms et al., 1972).

The circadian rhythm of cortisol in swine is altered due to many factors
including photoperiod and environment. The average morning total cortisol
concentration in hogs following a 14 hour exposure to natural light was higher
than that measured in hogs following exposure to 10 hours of natural light, or 9 or
15 hours of artificial light (Barnett et al., 1981b). Research conducted by Griffith
and Minton (1991) concluded that a circadian rhythm of a morning increase and
afternoon decrease in plasma cortisol levels existed in pigs regardless of
exposure to a constant light or dark photoperiod.

Moving gilts from one pen to another resulted in animals exhibiting peak
cortisol concentrations within 0.5 hour following relocation (Becker et al., 1985).
The peak response quickly diminished and cortisol levels returned to normal
circadian rhythm within 2 hours after transport (Becker et al., 1985). In barrows
restrained by immobilization for 20 minutes, a 2-3 fold increase in total cortisol
was observed by the end of restraint. Once restraint was removed, cortisol levels
continued to increase to peak values 40 minutes after the onset of restraint, and
quickly returned to baseline levels within 20 minutes of the peak (Klemcke et al.,

1989).
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Chronic stress has been shown to totally disrupt circadian rhythms. In
pubertal rats, 5 minutes of immobilization for 5 days disrupted the circadian
rhythm of corticosterone (Paris and Ramaley, 1974). By day 5 of immobilization,
daily rhythm was no longer evident due to elevated corticosterone levels in both
the morning and evening (Paris and Ramaley, 1974). Janssens et al. (1995)
documented that tether housing of gilts for 11 weeks resulted in an increase in
evening but not morning plasma cortisol concentrations. Morning cortisol
concentrations for tether-housed gilts were not elevated and did not change
throughout the experiment, resulting in a flattened diurnal pattern. Pigs raised in
barren pen environments with little room exhibited a blunted cortisol diurnal
rhythm at 22 weeks of age compared to that of pigs housed in larger,
environmentally enriched pens (de Jong et al., 2000).

Abrupt environment alterations, resulting in an acute stress response, can
also influence cortisol circadian rhythm. Moving pigs from individual pens to a
group pen for 8 days disrupted circadian rhythm, but only on the day of transfer.
During the day of transfer to the group pen, the cortisol concentration was
significantly higher compared to the other days. Movement back to individual
pens resulted in a non-significant increase in cortisol concentration (Barnett et
al.,, 1981a). Kattesh et al. (1995) compared total and percent unbound cortisol in
gilts housed in fixed versus moveable-sided stalls, the latter permitting gilts to
turn completely around. Gilts housed in fixed-sided stalls had higher total cortisol

for the first 8 hours of the 14- day treatment period and a higher percentage of

13



unbound cortisol for the first 4 days of treatment. The authors concluded that
restricting the movement of gilts, which had previously been allowed to turn
around, can elicit a short-term stress response that disrupts the diurnal variation
of cortisol release.

A circadian rhythm has also been observed for free cortisol. The circadian
rhythm of salivary cortisol, which is considered free cortisol, was examined in
neonatal pigs (Gallagher et al., 2002). A circadian rhythm was evident in female
pigs from day 6 and male pigs from day 10. When a stressor consisting of 4
hours of isolation was examined in pigs from 12 to 24 weeks of age, the
amplitude of the free cortisol circadian rhythm was increased in barrows but not
in gilts (Ruis et al., 1997). The increase in barrows may be attributed to
castration that occurred 2 to 4 days after birth, and may have significantly
influenced the hypothalamic-pituitary-adrenal (HPA) axis. It was also noted that
the free cortisol rhythm was unstable, and maximum values shifted in all pigs
when the stressor was applied in the morning than compared to evening
isolation. The authors concluded that this was most likely due to basal cortisol

levels already being elevated during the morning (Ruis et al., 1997).

Diurnal Variation of CBG

Diurnal variation of plasma CBG concentration has been observed in
humans (Angeli et al., 1978) and rats (Calvano et al., 1984). In humans, CBG
binding capacity for cortisol paralleled oscillations for the diurnal pattern of total

plasma cortisol with a lag time of approximately 4 hours (Angeli et al., 1978).
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Conversely, maximum CBG levels in the rat occurred at the beginning of the dark
period with lowest concentrations at the end of the dark period and beginning of
the light period (Hsu et al., 1988). There was no lag time between oscillations of
corticosterone and CBG concentrations. The authors concluded that fluctuations
in CBG concentrations were due to a decrease in the binding protein’s
concentration. When endogenous corticosteroids were removed as a result of
adrenalectomy, CBG levels remained similar to the nocturnal peaks observed in
non-adrenalectomized rats indicating a direct relationship between corticosterone
and its binding protein (Hsu et al., 1988). The authors concluded that this

relationship helps to decrease the availability of corticosterone to target cells.

ACTH Stimulation/Dexamethasone Suppression

Adrenocorticotrophic hormone (ACTH) and dexamethasone can be used
to stimulate or suppress adrenal response. Parrott et al. (1989) reported finding
a significant increase in plasma cortisol concentration within 30 minutes of an
intravenous administration of ACTH (50 to 200 1U, 250 ug/ml) in pre-pubertal
pigs. Plasma cortisol exhibited a maximum increase 75 minutes post injection
and a 230% increase over baseline levels. Plasma cortisol concentrations in 3-
month-old Holstein calves administered ACTH (0.6 IU per kg BW) reached
maximal levels at 40 minutes following injection and remained elevated for 3
hours (Negréao et al., 2004).

In contrast to the stimulatory effects of ACTH, dexamethasone will

suppress the adrenal response. In rats given dexamethasone 90 minutes prior to
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acute restraint, corticosterone was 80% less compared to that in rats not given
dexamethasone prior to restraint. In subsequent challenges, dexamethasone
administered to rats prior to the administration of CRH was able to block the
induced corticosterone secretion. The authors suggested that dexamethasone is
able to inhibit the HPA axis by blocking the glucocorticoid receptors primarily in
the pituitary (Cole et al., 2000).

Plasma concentrations of CBG are also influenced by administration of
ACTH or dexamethasone. CBG levels were measured in 2-month-old rats
injected over a 13 day period with saline, ACTH or a single injection of ACTH on
day 13. Rats administered ACTH daily had significantly lower CBG
concentrations compared to the saline or single ACTH injected animals. The
authors concluded that the decrease in CBG concentration was the result of
sustained adrenal stimulation by ACTH resulting in increased corticosterone
levels (Armario et al., 1994). Zhao et al. (1997) observed that in rats treated with
dexamethasone for five days, serum CBG, hepatic and renal CBG mRNA was

significantly higher than that incontrol rats.

Free Cortisol Index (FCI)

As stated previously, the free fraction of cortisol is that which is biologically
available to the cells. There are a number of techniques for measuring free
cortisol including equilibrium dialysis and gel filtration, yet these methods are
costly and time consuming. Due to these constraints, many researchers choose

to measure total cortisol concentration instead. However, by measuring total
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cortisol, it is difficult to determine how much free cortisol is readily available to
cells. Since 60 to 90% of circulating cortisol is bound to CBG, free cortisol is
greatly affected by the availability of CBG (Dhillo et al., 2002). Situations such as
stress can cause total cortisol levels to increase while CBG levels may increase
or decrease, leaving the free fraction of cortisol to be misrepresented (le Roux et
al., 2002 and 2003).

Coolens et al. (1987) devised a formula for the measurement of free
cortisol, based on total cortisol, CBG and albumin concentrations and their
affinity constants. However, due to the difficulty in performing this calculation, it
is seldom used. The free cortisol index (FCI), the ratio of plasma total cortisol to
CBG concentration, may serve as an alternative for measuring actual free
cortisol. The only requirements for its determination are having a means to
quantify total cortisol and CBG. Le Roux et al. (2002) observed a high correlation
(R=0.90) between the FCI and free cortisol obtained through the steady-state gel
filtration, as well as a correlation of 0.98 between the FCI and free cortisol values
obtained using the more complex calculation formulated by Coolens et al. (1987).
In a recently conducted experiment in humans, a similarly high correlation (R*=
0.82) was found between the FCI and plasma free cortisol determined using an
ultrafiltration assay (Lewis et al., 2003). The authors concluded that the FCI
could be useful in assessing adrenal function for situations where CBG values

are not stable.
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CHAPTER I
MATERIALS AND METHODS

Animals and Housing

Animals used in both experiments were housed at the Johnson Animal
Research and Teaching Unit (JARTU). Pigs (Premier x QMax 100) were weaned
at 25 days of age, and housed in raised pens (2.44 m x 2.44 m) with slotted
floors. Animals were given ad libtum access to a commercial diet (3.315 kcal/kg
of ME, 18% CP, 1.15% lysine; as fed basis) and water. Atrtificial lights were
provided 13 h, starting at 0630 h. A red light source was activated during the
dark period to aid in blood sampling. After catherization, pigs were placed in
individual 0.61 m x 1.22 m pens with ad libitum access to feed and water. The
University of Tennessee Animal Care and Use Committee approved these

studies.

Experimental Design

Catheterization: Pigs were fitted with an indwelling catheter according to
the procedure of Carroll et al. (1998). Briefly, animals were anesthetized using
halothane administered with oxygen via a facemask attached to a closed circuit
anesthesia machine. The jugular vein was located using a 21-ga access needle,
and a guide wire was inserted through the access needle into the jugular vein.
The access needle was removed, leaving the guide wire inside the jugular vein.

A polyurethane catheter (Global Veterinary Products, New Buffalo, MI) was
18



inserted over the guide wire into the jugular vein approximately 7 to 8 cm in depth
and the guide wire removed. The catheter was secured at the site of insertion
using tissue adhesive sutures placed on either side of the catheter collar. A 20
cm extension was attached to the catheter and routed to the dorsal surface of the
neck and secured with flexible bandaging tape. An additional 90 cm long
extension was attached to the existing catheter/extension to allow remote access
for the collection of blood samples without disturbing the pigs. The entire
catheterization process took approximately 20 min per animal.

Blood Collection: Immediately prior to collection of each blood sample, 2 ml of
blood was drawn from the catheter and discarded. A blood sample (5 ml) was
collected in a heparinized syringe (Li-Heparin LH/4.5ml, Sarstedt Monovette,
Newton, NC), and the catheter was flushed with 2.5 ml of 0.9% NaCl followed by
0.5 ml of heparinized saline (50 IU/ml in 0.9% NaCl). Samples were centrifuged
at 1520 x g for 15 min, the plasma allocated to 2- 1.5 ml vials (Wheaton, Millville,
NJ) and stored at -20°C.

Experiment 1. Eight 8-wk old female pigs (12.7 + 1.8 kg BW) from two litters
were catheterized and placed individually in 0.61 m x 1.22 m pens. Blood
samples were collected over a 24-h period beginning approximately 5 h post
insertion of the catheter (1730 h). Following the fourth hourly blood sampling
(2030 h), four of the eight pigs were administered ACTH (1 1U/kg BW, 10 IU/ml in
0.9% NaCl) and the remaining pigs administered saline (2.5 ml 0.9% NaCl) via

the catheter. Samples were then collected at 30 min intervals for 4 h and then

19



hourly samples resumed for the remainder of the 24 h period. A total of 29 blood
samples were collected per animal. Hematocrit values were determined on
samples collected at 1730, 0230, and 1730 h.

Experiment 2: Twenty-four 8-wk old female pigs selected from 8 litters were
assigned to 2 replicate groups of twelve pigs, with 3 pigs per litter receiving one
of three treatments. Three days prior to initiation of the experiment, pigs from
group one (15.7 + 2.4 kg) and group two (22.2 + 2.8 kg) were placed in individual
0.61 m x 1.22 m pens. On the morning of the experiment, each pig was fitted
with a catheter, returned to its pen and assigned to one of three treatments;
ACTH (1 IU/kg BW, 10 IU/ml in 0.9% NaCl), dexamethasone (40 ug/kg BW, 500
Mg/ml 5% ethanol 0.9% NaCl solution), or saline (2.5 ml 0.9% NaCl). Blood
sampling began at 1430 h, a minimum of 4 h after the catheter was inserted.
Blood samples were collected over a 6-h period every 15 min, beginning at —1 h.
Treatments were administered via the catheter immediately following the O h
blood sampling. A total of 25 samples were collected per animal. Hematocrit
values were determined on samples collected at the beginning (-1.0 h) and end

of the experiment (5.0 h).

Plasma Analysis

Cortisol. Plasma total cortisol concentration was determined by
radioimmunoassay as reported previously (Scroggs et al., 2002). Cross-reactivity
as listed by the manufacturer was less than 0.10% for dexamethasone. Intra- and
inter- assay CV were 3.6 and 13.5% for low (110 nmol/L), 4.4 and 15.7% for
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medium (325 nmol/L), and 3.3 and 12.2 % for high (772 nmol/L) cortisol
standards.

Corticosteroid-Binding Globulin. The concentration of porcine corticosteroid-
binding globulin (pCBG) in plasma was measured by a direct ELISA as described
by Roberts et al. (2003). Intra- and inter assay CV of a pooled pig plasma
sample was 18 and 20%, respectively.

Free Cortisol Index. The free cortisol index was calculated using the ratio of
plasma total cortisol to pCBG concentration (Le Roux et al., 2002, 2003).
Percent Free Cortisol. Percent free cortisol was determined using an
ultrafiltration assay previously validated by Lewis et al. (2003). Radiolabeled
cortisol (0.2uCi of °H, NEN products, Boston MA) in ethanol was placed into
tubes (12 x 75 mm) and allowed to dry. Unknown plasma samples (1 ml) were
added to each tube, vortexed, and incubated in a 39°C water bath for 30 min.
Duplicate fractions (40 ul) of the mixture were pipetted into vials, and 4 ml of
scintillation fluid (Ultima gold XP, Packard) was added for determination of total
radioactivity. Two 400 yl samples of the plasma containing the radiolabeled
cortisol were placed in ultrafiltration devices (Ultrafree-MC 10,000 NMWL filter
unit, Millipore, Billerica MA) preconditioned with assay buffer (0.05 mol/L of PBS,
0.1% Tween-20 and 0.1% gelatin), and centrifuged (16,110 x g, Eppendorf
centrifuge 5415C) for 30 min at room temperature. Two 40 pl aliquots of the
ultrafiltrate were pippetted into vials, scintillation fluid added, and all vials

transferred to a liquid scintillation counter (Packard tri-carb, 2900TR beta
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counter) for measurement of radioactivity. Percent free cortisol was calculated as
the ratio of ultrafiltrate to total radioactivity.

Free Cortisol. The concentration of free cortisol was calculated using the product
of percent free cortisol and total cortisol (nmol/L). The concentration of free

cortisol was expressed in nmol/L.

Statistical Analysis

Data were analyzed using the MIXED procedure of SAS (SAS Inc., v9.0
Cary, NC) for a completely randomized design. Repeated measures were
utilized for indication of differences due to time. The fixed effects of treatment
(ACTH, dexamethasone, and saline), time, and treatment x time interaction were
used to analyze for differences in total plasma cortisol, pCBG, percent free
cortisol, free cortisol, and FCI. Random effects were pig within treatment. The
mean of samples taken prior to treatment administration was used as a baseline
value when analyzing for differences over time. Data were represented as least
squares means with standard errors, and significant differences were separated
using Fisher’s Least Significant Difference test.

A regression analysis with log transformation, due to unequal variances,

was used to estimate the correlation of free cortisol (hmol/L) and FCI.
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CHAPTER IV
RESULTS

Experiment One

Blood samples were successfully collected from seven of the eight pigs
at each of the designated sampling times. The catheter in one of the control pigs
lost patency but was reinserted, resulting in missed samples from 2200 to 2330
h. Hematocrit values measured on samples collected at the beginning and end of

the experiment were not different (P > 0.10).

Plasma Total Cortisol

The fluctuation in cortisol concentration for saline (control) and ACTH
treated pigs over the 24 h sampling period is illustrated in Figure 1. Mean
plasma total cortisol concentration prior to treatment was similar (P > 0.10) for
saline (94.8 + 19.4 nmol/L) and ACTH (116.3 + 19.4 nmol/L) treated pigs.
Cortisol values for saline treated pigs decreased (P < 0.001) to 51.2 + 16.9
nmol/L at 2030 h and oscillated (P < 0.001) above and below this concentration
throughout the remainder of the experiment. Plasma cortisol concentration in
pigs administered ACTH was elevated (P < 0.001) from baseline at 1 h and
returned to baseline within 4 h (Table 1). Cortisol values for ACTH treated pigs
were lower (P < 0.001) than baseline beginning 5 h post injection and remained
low for the remainder of the 24 h sampling period. Although statistically not

different, total cortisol for saline treated pigs was higher than that measured for
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Figure 1. Changes in plasma total cortisol concentrations (nmol/L) in pigs sampled over 24 h
following administration of adrenocorticotrophin (o; 1 IU/kg BW) or saline (e; 0.9% NaCl). Each
point represents the mean value (+ S.E., n = 4). Treatment was administered immediately following
2030 h sample (vertical dotted line). Horizontal dotted line indicates treatment differences (P < 0.05)
during the first 4 h following administration of treatment. Statistically significant differences (P <
0.001) were also noted for time and treatment x time interaction.
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Table 1. Least squares means + S.E. for plasma total cortisol (nmol/L) in pigs
prior to (1730 - 2030 h) and following (beginning 2100 h) administration of saline
(n=4)or ACTH (n = 4) over a 24 h period. Time presented as a range
represents the mean of hourly samples. The P-value column refers to treatment
effects.

Time (h) Saline ACTH P-value
1730 — 2030 98.6 + 16.9° 116.3 + 16.9 0.47
2100 64.2 + 1692 1475+ 16.9 % 0.003
2130 60.3 + 16.92 180.0 + 16.9 @ 0.001
2200 63.1+18.4°2 172.1 + 16.9 ° 0.0004
2230 70.8+18.4° 124.8 + 16.9 ™ 0.04
2300 67.9 +18.4° 153.7 + 16.9 @ 0.003
2330 56.2 + 18.4° 137.9 + 16.9 ° 0.004
2400 97.4+16.9° 122.5+16.9 ™ 0.31
0030 68.1 +16.9°2 102.1+16.9°¢ 0.17
0130 - 1730 55.4 +16.9° 51.7 +16.9 ¢ 0.88

abed Means with uncommon superscripts within a column differ (P< 0.01).
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ACTH treated pigs at 0430, 0730, and 0830 h. Cortisol concentration in both

control and ACTH treated pigs exhibited a nadir at 1630 h.

Plasma pCBG Concentration

Mean plasma concentration of pCBG was similar (P > 0.10) among saline
(6.7 + 0.8 mg/L) and ACTH (8.7 + 0.8 mg/L) treated pigs prior to treatment
administration (Figure 2). For saline treated pigs, pCBG values were lower (P <
0.01) than baseline values at 0730 and 0830 h (4.6 and 4.9 + 0.8 mg/L,
respectively) and were similar to baseline for the remainder of the 24 h period.
Pigs administered ACTH exhibited a lower (P < 0.001) pCBG concentration at
0330 h (6.7 + 0.8 mg/L) that returned to baseline by 0930 h and remained
unchanged for the remainder of the experiment. At 0230 h, pCBG for ACTH
treated pigs (9.0 + 0.8 mg/L) was greater (P < 0.01) than that measured for the
control pigs (6.7 + 0.8 mg/L). The pCBG for both saline and ACTH pigs
decreased (P < 0.01) over the 24 h time period (Table 2). The lowest
concentration of pCBG was observed at 0730 h in both control and ACTH

animals.

Percent Free Cortisol

Mean percent free cortisol for saline (19.0 + 0.7 %) and ACTH treated
(19.2 + 0.7 %) pigs were similar (P > 0.10) prior to treatment administration
(Figure 3). No treatment or treatment by time (P > 0.10) effects were noted

(Table 3). Regardless of treatment, percent free cortisol fluctuated (P < 0.001)
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Figure 2. Changes in plasma pCBG (mg/L) in pigs sampled over 24 h following administration of
adrenocorticotrophin (o; 1 IU/kg BW) or saline (e; 0.9% NaCl). Each point represents the mean value (+
S.E., n =4). Treatment was administered immediately following 2030 h sample (vertical dotted line).
Statistically significant differences were noted for time (P < 0.001) and treatment x time (P < 0.01).
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Table 2. Least squares means + S.E. for plasma pCBG (mg/L) in pigs prior to
(1730 — 2030 h) and following (beginning at 2030 h) administration of saline (n =
4) or ACTH (n = 4) over a 24 h period. Time presented as a range represents
the mean of hourly samples. The P — value column refers to treatment effects.

Time (h) Saline ACTH P-value
1730 — 2030 6.7+ 0.8 *° 8.7+0.8" 0.14
2100 8.0+0.8°2 10.2+0.82 0.10
2130 7.8+0.8°2 9.8+0.8°2 0.15
2200 8.1+0.9°2 9.4 +0.8% 0.30
2230 8.0+0.9°2 9.5+0.8% 0.26
2300 7.7+09°% 95+0.82 0.17
2330 78+09%® 94+08% 0.23
2400 6.2+0.8° 7.3+0.8% 0.37
0030 56+0.8° 7.7+08¢ 0.12
0130 - 1730 57+0.8° 7.0+0.8¢ 0.29

2b.¢d Means with uncommon superscripts within a column differ (P < 0.01).
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Figure 3. Changes in percent free cortisol (%) in pigs sampled over 24 h following administration of
adrenocorticotrophin (o; 1 IlU/kg BW) or saline (e; 0.9% NaCl). Each point represents the mean
value (+ S.E., n =4). Treatment was administered immediately following 2030 h sample (vertical
dotted line). Statistically significant differences (P < 0.001) were noted for time.
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Table 3. Least squares means + S.E. for percent free cortisol (%) in pigs prior to
(1730 — 2030 h) and following (beginning at 2100 h) administration of saline (n =
4) or ACTH (n = 4) over a 24 h period. Time presented as a range represents
the mean hourly samples. The P — value column refers to treatment effects.

Time (h) Saline ACTH P-value
1730 — 2030 19.0+2.1° 20.7+21%® 0.58
2100 16.9+2.1° 214+21%® 0.14
2130 20.8+2.1° 257+21° 0.11
2200 156 +2.4° 15.0+2.1° 0.85
2230 18.0+2.4° 153+2.1° 0.41
2300 157 +24° 220+21% 0.06
2330 21.7+24° 19.4+21°2 0.26
2400 19.2+2.1° 21.7+21%® 0.39
0030 235+2.1° 21.7+21%® 0.54
0130 - 1730 216+21° 224+21%® 0.79

3P Means with uncommon superscripts within a column differ (P < 0.01).
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over the 24 h period. Morning peak values (0630 and 0730 h) were observed in
both saline and ACTH treated pigs. However, the actual percentage of free
cortisol in saline pigs was higher than that in ACTH pigs during the morning

peaks (26.9 vs. 19.8 + 2.5%).

Plasma Free Cortisol

Mean plasma free cortisol (total cortisol x percent free cortisol) was similar (P >
0.10) for the two groups of pigs prior to treatment (18.2 and 22.4 + 3.1 nmol/L for
control and ACTH pigs, respectively; Figure 4). Following administration of
treatment, free cortisol for control pigs fluctuated within baseline with intermittent
values that were lower (P < 0.001) than baseline over the 24 h. Free cortisol in
ACTH treated pigs fluctuated in a similar fashion with higher (P < 0.001) values
at 2100 and 2130 h, which subsequently fell below (P < 0.001) baseline values at
0130 h and remained low thereafter (Table 4). Both treatment groups exhibited

their lowest (P < 0.05) concentrations of free cortisol at 1630 h.

Free Cortisol Index (FCI)

Mean FCI (total cortisol/pCBG) values were similar (P > 0.10) for control (15.1 +
2.6 nmol/mg) and ACTH (13.7 + 2.6 nmol/mg) pigs prior to treatment
administration (Figure 5). FCI for control pigs fluctuated from 4.5 t0 21.9 + 2.5
nmol/g over the 24 h, with lower (P < 0.001) values persisting for three hours
following the administration of saline and again during the late afternoon and

evening hours. The FCI for ACTH treated pigs increased (P < 0.001) by 175%
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Figure 4. Changes in plasma free cortisol (nmol/L) in pigs sampled over 24 h following
administration of adrenocorticotrophin (o; 1 IU/kg BW) or saline (e; 0.9% NaCl). Each point
represents the mean value (+ S.E., n =4 ). Treatment was administered immediately
following 2030 h sample (vertical dotted line). Horizontal dotted line indicates differences (P
< 0.05) between treatment groups for the first 4 h following administration of treatment.
Statistically significant differences (P < 0.001) were noted for time and treatment x time
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Table 4. Least squares means + S.E. for plasma free cortisol (nmol/L) in pigs
prior to (1730 — 2030 h) and following (beginning at 2100 h) administration of
saline (n =4) or ACTH (n = 4) over a 24 h period. Time presented as a range
represents the mean of hourly samples. The P-value column refers to treatment
effects.

Time (h) Saline ACTH P-value
1730 — 2030 18.1+3.8°2 21.7 + 3.8 ¢ 0.49
2100 9.6 +3.8° 31.0+3.8" < 0.001
2130 11.6 +3.8°2 46.2 +3.8° < 0.001
2200 13.6 +4.2° 25.6 + 3.8 b 0.04
2230 14.1+4.2° 18.8+3.8% 0.42
2300 9.3+4.2° 33.4+38° 0.0002
2330 124 +4.2° 27.3+3.8"° 0.14
2400 18.6 + 3.8°2 26.3 + 3.8 > 0.17
0030 16.3+3.8° 22.8 + 3.8 0.24
0130 - 1730 12.2+3.8°2 11.6+3.8° 0.91

ab.ede Means with uncommon superscripts within a column differ (P < 0.01).
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Figure 5. Changes in FCI (nmol/mg) in pigs sampled over 24 h following administration of adrenocorticotrophin
(o; 1 1U/kg BW) or saline (e; 0.9% NaCl). Each point represents the mean value (+ S.E., n = 4). Treatment was
administered immediately following 2030 h sample (vertical dotted line). Horizontal dotted line indicates
differences (P < 0.01) among treatment groups 4 h following treatment administration. Statistically significant
differences (P < 0.001) were noted for time.
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compared to that for saline treated pigs over the 4 h period following injections
(Table 5). The FCI in pigs given ACTH was lower (P < 0.01) than baseline from
0130 to 0230 h and from 1130 to 1730 h. Saline treated pigs exhibited peaks in
FCl at 0430 h and 0730 to 0830 h, while the FCI for ACTH treated pig’s remained

low during these same time periods.

Relationships Among Total Cortisol, Free Cortisol, pCBG and FCI

A high correlation (P< 0.001) was found between FCI and free cortisol in
saline (r = 0.78; Figure 6) and ACTH (r = 0.83; Figure 7) treated pigs. Plasma
total cortisol was not correlated (P > 0.10) with pCBG concentration in either
saline or ACTH pigs during the pre-treatment period (1730 — 2030 h). During the
4 h following injections (2100 — 0030 h), a positive correlation (r = 0.67; P <
0.001) existed between plasma total cortisol and pCBG in pigs administered
ACTH, while no such relationship was found in saline treated pigs. During the
early morning through afternoon hours (0130 — 1730 h) a negative correlation (r =
-0.48; P < 0.001) between cortisol and pCBG was evident in ACTH treated pigs
but not in saline treated pigs. A similar relationship (r = -0.38; P < 0.001) was
found during this same period between plasma free cortisol and pCBG in ACTH
treated pigs due to plasma total cortisol values being lower than baseline values

and pCBG slightly increasing during this same time.
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Table 5. Least squares means + S.E. for free cortisol index (nmol/mg) in pigs
prior to (1730 — 2030 h) and following (beginning at 2100 h) administration of
saline (n =4) or ACTH (n = 4) over a 24 h period. Time presented as a range
represents the mean of hourly samples. The P-value column refers to treatment
effects.

Time (h) Saline ACTH P-value
1730 — 2030 15.1 +2.22 13.7+22% 0.64
2100 74+22° 14.4+22° 0.03
2130 78+22°¢ 18.8+2.2°2 0.002
2200 75+24° 184 +2.2° 0.002
2230 88+24"% 13.1+22% 0.20
2300 7.9+24° 16.2+2.2° 0.02
2330 71+24° 14.6+2.2° 0.03
2400 17.1+2.2° 16.7 +2.2°2 0.90
0030 12.7 + 2.2 3¢ 13.1+22% 0.89
0130 - 1730 10.6 +2.2°° 78+22° 0.36

ab¢ Means with uncommon superscripts within a column differ (P < 0.01).
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Figure 6. Relationship between the calculated free cortisol index (total
cortisol/pCBG) and free cortisol for saline (0.9% NaCl) treated pigs (n = 4).
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Figure 7. Relationship between the calculated free cortisol index (total
cortisol/pCBG) and free cortisol for adrenocorticotropin (11U/kg BW) treated pigs

(n=4).
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Experiment Two

One saline treated pig in the first replicate died during recovery following
catheterization. During the second replication, the catheter of a control pig lost
patency one hour after sampling began. Preliminary analysis indicated there was
no effect due to replicate for any of the variables measured; hence, data from
both replicates were combined. Hematocrit values for all treatment groups were

similar among pigs as well as over the sampling period.

Plasma Total Cortisol

Mean plasma total cortisol concentrations were similar (P > 0.10) between
saline (77.3 + 11.0 nmol/L), ACTH (77.6 + 9.5 nmol/L), and dexamethasone
(93.5 + 9.5 nmol/L) treated animals prior to treatment administration (Figure 8).
Plasma total cortisol in saline treated pigs decreased (P < 0.001) from baseline
values beginning at 0.5 h (52.7 + 12.5 nmol/L) and remained low for the
remainder of the experiment. Pigs administered ACTH exhibited a greater (P <
0.001) cortisol concentration compared to baseline by 0.25 h (213.8+ 10.9
nmol/L), which continued until 2.75 h (101.67 + 10.9 nmol/L). At 3 h following
ACTH injection, plasma total cortisol values returned to baseline and were lower
(P < 0.001) than baseline by 3.75 h (45.7 + 10.9 nmol/L) where they persisted for
the remainder of the experiment. In the dexamethasone treated group, plasma
cortisol values were lower (P < 0.001) than baseline at 0.5 h (54.5 + 10.9 nmol/L)

and remained suppressed for the duration of the experiment.
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Figure 8. Changes in plasma total cortisol (nmol/L) in pigs following
administration of adrenocorticotrophin (ACTH; 1 1U/kg BW), saline (control; 0.9%
NaCl), or dexamethasone (Dex; 40 ug/kg BW). Treatment was administered
immediately following O h sample. Each point represents the mean value (+ SE, n
=7 - 8). Statistically significant differences (P < 0.001) were observed due to
time, treatment, and time x treatment.



Plasma pCBG Concentration

Mean plasma pCBG concentrations were similar (P > 0.10) among
treatment groups prior to administration of saline (9.9 + 1.6 mg/L), ACTH (13.0 +
1.3 mg/L) or dexamethasone (9.3 + 1.3 mg/L) (Figure 9). No differences (P >
0.05) were observed due to treatment or time. The pCBG concentrations for
saline treated pigs remained similar to baseline values throughout the course of
the experiment. In ACTH pigs, pCBG concentrations were lower (P < 0.001)
than the mean baseline value from 1.75 to 3.25 h post-treatment, and were
similar to the baseline value for the rest of the experiment. The concentration of
pCBG in dexamethasone treated pigs was elevated (P < 0.05) by 1 h post-
injection (13.6 + 1.5 mg/L) and remained elevated until 4.5 h (13.0 + 1.5 mg/L),
before returning to baseline by 4.75 h. At the end of the experiment (5 h) pCBG
for ACTH treated pigs was greater (P < 0.05) than that of the dexamethasone or

saline treatment groups.

Free Cortisol Index

Dexamethasone treated pigs had a higher (P < 0.05) FCI baseline value
(10.9 + 1.1 nmol/mg) compared to the saline and ACTH treatment groups (9.5
and 6.7 + 1.1 nmol/mg, respectively) (Figure 10). FCI decreased (P < 0.001) in
saline treated pigs at 0.5 h (6.0 + 1.8 nmol/mg) and remained low for the
remainder of the experiment. Following administration of ACTH, FCI increased
(P <0.001) at 0.25 h to 20.8 + 1.9 nmol/mg and remained elevated until 2.75 h.
At 3 h post ACTH injection, FCI returned to baseline and was lower (P < 0.001)
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Figure 9. Changes in pCBG concentrations (mg/L) in pigs following
administration of adrenocorticotrophin (ACTH; 1 1U/kg BW), saline (control; 0.9%
NaCl), or dexamethasone (Dex; 40 ug/kg BW). Treatment was administered
immediately following 0 h sample. Each point represents the mean value (+ SE, n
=7 - 8). Statistically significant differences (P < 0.05) were observed due to
time x treatment.
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Figure 10. Changes in FCI (nmol/mg) in pigs following administration of
adrenocorticotrophin (ACTH; 1 IU/kg BW), saline (control; 0.9% NaCl), or
dexamethasone (Dex; 40 ug/kg BW). Treatment was administered immediately
following 0 h sample. Each point represents the mean value (+ SE, n =7 — 8).
Statistically significant differences (P < 0.001) were observed for treatment, time
and treatment x time.



at 0.25 h to 20.8 + 1.9 nmol/mg and remained elevated until 2.75 h. At 3 h post
ACTH injection, FCI returned to baseline and was lower (P < 0.001) from 3.75 to
5 h compared to baseline values. In pigs administered dexamethasone, FCI
increased (P < 0.001) to 14.5 + 1.6 nmol/mg within 15 min of treatment
administration. However, by 0.5 h the FCI decreased (P <0.001)to 5.5+ 1.6
nmol/mg and remained lower (P < 0.001) than baseline as well as the saline or
ACTH treatment group values at similar sampling times for the remainder of the
experiment.
Relationships Among Plasma Total Cortisol and Plasma pCBG

No relationship was found between plasma total cortisol and pCBG for
any of the groups, prior to treatment administration. A positive relationship (r =
0.27) was observed between plasma cortisol and pCBG for the ACTH treated
pigs for samples collected from 0.25 to 3.0 h. An inverse (P < 0.05) relationship
was observed between plasma cortisol and pCBG for saline (r = - 0.36) and
dexamethasone (r = - 0.19) treated pigs for all samples collected following

treatment administration.

44



CHAPTER YV
DISCUSSION AND IMPLICATIONS

The results from the present studies affirm our contention that FCl is a
suitable estimate of free cortisol in swine. A better illustration of the temporal
relationships between plasma total cortisol and pCBG may be assessed by the
measurement of both along with the calculation of the FCI.

Initial plasma total cortisol values for the 24 h study were elevated and
may be a result of the pigs not receiving an acclimation period from being moved
from the group pen into their individual pens, as was not the case for pigs in
experiment 2. The diurnal pattern for plasma cortisol was evident in the present
study with a morning peak occurring at 0730 - 0830 h and an afternoon trough at
1630 h. Whipp et al. (1970) reported a morning peak in 12 - 24 wk old pigs at
0800 h and a trough at 1600 h, while Bottoms et al. (1972) observed a morning
peak at 1000 h and a trough at 1400 h in adult pigs. Higher cortisol values in the
morning have been associated with the awakening response in diurnal animals
(Edwards et al., 2001). Values for the afternoon trough were similar to those
reported by Bottoms et al. (1972) and Whipp et al. (1970). The concentration of
cortisol is typically in humans lower in the afternoon in response to the onset of
the sleep cycle (Czeisler, 1995).

Plasma pCBG concentrations for pigs in the present study were similar to
those reported previously (Roberts et al., 2003). Hematocrit values did not
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change over the 24 h period suggesting that the decrease in pCBG
concentration, as well as that of total cortisol, was not a result of changes in
plasma volume but rather actual physiological changes in total cortisol and pCBG
concentration within the circulation. A diurnal pattern was observed for pCBG
over the 24 h period with higher concentrations observed during 2100 to 2330 h
and lower values evident through the rest of the morning and afternoon.
Compared to previous studies, pCBG values in the present study did not parallel
oscillations of cortisol as observed in female rats (Hsu et al., 1988), nor was
there a lag time detected between the two plasma constituents similar to that
observed in humans (Angeli et al., 1978).

The percentage of free cortisol as determined by a ligand-binding assay
did follow a circadian pattern like that of cortisol, increasing through the night
hours before a gradual decrease through the afternoon hours. This is consistent
with studies by Edwards et al. (2001) who observed an increase in free cortisol
within 30 min of awakening in humans. In our study, the afternoon trough (1630
h) that was observed for plasma total cortisol was also present for percent free
cortisol. Actual free cortisol in circulation, that which is biologically available for
uptake by cells (Hammond, 1990), is the product of plasma total cortisol and
percent free cortisol. The diurnal pattern of plasma free cortisol in our study is
similar to that measured in saliva of 8 d old pigs, as documented by Gallagher et
al. (2002), where a gradual decrease was observed from morning to afternoon

and evening. Ruis et al. (1997) measured salivary cortisol every 4 h over a 24 h
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period in 12 to 25 wk old pigs. Their results indicated that the circadian rhythm of
salivary cortisol oscillated in a bell shape with peak values present shortly after
1200 h. The amplitude of the curve decreased as pigs aged from 12 wks to 24
wks. Results from our study illustrated an oscillating pattern. Free cortisol values
oscillated during the morning hours to reach a peak value and then began to
decrease through the late morning and early afternoon, but not at a constant
decline.

The FCI, a ratio of circulating total cortisol to CBG, has been
demonstrated to be a reliable and easy to use estimate of plasma free cortisol in
humans (Lewis et al., 2003). A circadian pattern was observed in FCI, with
elevated values observed during 0730 to 0830 h when pCBG was low and total
cortisol concentration was high. While in the afternoon, when both plasma pCBG
and cortisol were reduced, the FCI was at its lowest value. The inability to detect
a relationship between plasma total cortisol and pCBG concentrations for control
pigs may be due to the fact that FCI does not take into consideration the amount
of cortisol that is loosely bound to albumin. Previous research in our laboratory
has indicated that concentrations of pCBG do not peak until 12 weeks of age in
swine and remain constant over the next 3 months (Roberts et al., 2003). The
pigs used in the present study were 8 weeks old and therefore may not have
reached the peak of pCBG concentrations observed previously.

Injection of ACTH temporarily interrupted the circadian rhythm of plasma

cortisol for 4 h before returning to values similar to control pigs. A previous study
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in 8 wk old pigs showed that following an ACTH injection, plasma cortisol
reached peak concentrations at 1 h and returned to baseline values within 2 h
post injection (Manteuffel et al., 2002). While in calves, plasma cortisol values
reached peak activity at 40 min post ACTH injection and remained elevated for 5
h (Nagrao et al., 2004). The administration of ACTH at 2030 h, resulting in
elevated plasma cortisol values from 2100 to 0030 h, appeared to have
suppressed the morning cortisol peak, but the afternoon trough was similar to
that in the control pigs. Gilts that were tether housed had an increase in plasma
cortisol in the evening but did not have a morning peak, resulting in a suppressed
diurnal rhythm (de Jong et al., 2000). Afternoon concentrations of plasma total
cortisol and percent free cortisol were elevated in gilts following restraint (Kattesh
et al., 1995). This restraint temporarily interrupted the diurnal rhythm of total
cortisol for four days before returning to a pre-restraint rhythm.

In the 24 h study, pCBG values for ACTH treated pigs fluctuated over time
in a similar fashion as that of the control pigs. Armario et al. (1994) reported a
similar finding that CBG values did not change in rats given a single injection of
ACTH. The positive correlation between plasma total cortisol and pCBG
observed following ACTH administration in our study was probably a result of
increasing plasma total cortisol values and stable pCBG concentrations. The
negative correlation in the ACTH treated pigs between total cortisol and pCBG
over the 5 h following treatment, suggests a delayed effect of the elevated

cortisol immediately following treatment administration on circulating pCBG
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concentrations. Fleshner et al. (1995) reported that corticosterone
concentrations were elevated immediately following inescapable tail shock, while
CBG values were not decreased until 6.5 h following tail shock. However, the
authors concluded that the reduced CBG values were due to an increase in CBG
clearance and not by corticosterone itself.

Following injection of ACTH, percent free cortisol remained similar to that
in control pigs. However, actual free cortisol (percent free x total cortisol) was
elevated for 4 h following ACTH injection. This was due to plasma total cortisol
being elevated, while pCBG concentrations remained constant during the 4 h
following injection. Total cortisol and actual free cortisol decreased over the
remainder of the 24 h period. At 0230 h, cortisol values in the ACTH pigs were
lowest while pCBG values were at their highest concentrations, resulting in a low
FCI. Percent free cortisol remained stable over the 24 h relative to the amount of
total and actual free cortisol in circulation. Excess cortisol may have bound to
albumin and then shifted to CBG later, or been excreted. This shift of cortisol
from unbound and albumin-bound to CBG bound has been documented in pigs
from time of birth to 6 wks of age (Kattesh et al., 1990).

The FCI was elevated for 4 h following administration of ACTH due to
elevated plasma total cortisol and stable pCBG values. Once the FCI peaked in
pigs administered ACTH, it then fell below baseline concentrations for 2 h before
returning to values similar to the saline treated pigs. However, the FClin ACTH

treated pigs did not increase similar to that of the control pigs during the morning
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hours. Our laboratory proposed that a decrease in CBG synthesis,
corresponding to increasing cortisol levels, would effectively increase the
clearance rate and thereby lower circulating cortisol concentrations (Behrens, et
al., 1993). This is evident in the ACTH treated pigs where the concentration of
plasma total cortisol, pCBG, and free cortisol fell below baseline values after
increasing in response to ACTH. In a recent study, the FCI in pigs following 7 d
of heat and social stress was not different compared to d 0 due to a simultaneous
decrease in plasma total cortisol and pCBG concentrations (Heo et al., 2005).
Our results indicate that when pCBG concentrations remain relatively stable over
a 24 h period, the FCI will change according to fluctuations in total cortisol.

A closer assessment of the relationship between plasma total cortisol,
pCBG and FCI was performed over a shorter time period in the second
experiment. The plasma total cortisol pattern for saline treated pigs in the 6 h
study decreased in a fashion similar those in the first study with respect to the
time of day that they were sampled. In the second experiment, plasma total
cortisol was elevated from the baseline value within 15 min of ACTH injection
and returned to pre-injection levels 3 h post injection. This response was similar
to that observed for ACTH-treated pigs in the 24 h study and previous studies in
pre-pubertal pigs (Parrott et al., 1989) and 3 month-old Holsteins (Negrao et al.,
2004). However, in the second experiment, the magnitude of total cortisol
concentration following ACTH was greater. In the first experiment the ACTH was

filtered, which may have decreased its actual concentration. Parrott et al. (1989)
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concluded there was no difference in the plasma cortisol response as a result of
differing doses of ACTH administered to pigs ranging in weight from 30 to 40 kg.
The maximum value of 65 nmol/L was observed at 75 min following injection of
200 IU of ACTH. However, the 50, 100, and 200 IU concentrations of ACTH in
their study were much greater than that used in our two experiments. The
authors concluded that the failure to show a differential response to various
ACTH doses may be due to adrenal insensitivity in 100 to 160 day old pigs.

In pigs administered dexamethasone, plasma total cortisol was
suppressed for a longer period of time compared to the elevated cortisol levels
following the administration of ACTH. This extended effect of dexamethasone on
circulating cortisol concentration has been attributed to its antagonistic effect on
glucocorticoid receptors within the pituitary gland (Cole et al., 2000). The spike in
total cortisol immediately following the administration of dexamethasone was
unexpected. No such spike was noted in previous studies examining the effects
of dexamethasone on total cortisol within the circulation since samples were
collected hours or days after dexamethasone treatment (Smith and Hammond,
1992; Zhao et al., 1997; and Lopes et al., 2004). A possible explanation for the
transient increase of cortisol in our study may be as a result of the alcohol that
was used to dissolve the dexamethasone. Jenkins and coworkers (1968)
observed an increase in plasma cortisol within 30 min of an intravenous infusion

of ethanol.
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Concentrations of pCBG in the second experiment were similar to those
previously reported by Roberts et al. (2003), as well as those measured in the
first experiment. As a corticosteroid agonist, dexamethasone has less than 0.1 %
binding affinity to CBG compared with cortisol and therefore dexamethasone
should not interfere with cortisol binding to CBG (De Kloet et al., 1975). The
increase in pCBG concentrations observed following dexamethasone treatment
was most likely a result of decreasing cortisol concentration (Feldman et al.,
1979).

In the second study pCBG decreased 1.75 to 3.25 h following ACTH
injection. While the effects of ACTH on plasma total cortisol were almost
immediate, pCBG levels did not reach their lowest values until 2 h post injection
before rising to pre-injection levels. The delay between the onset of changes for
plasma total cortisol and pCBG in the present study could reflect the affect of
glucocorticoids have on CBG production rates as well as circulating CBG
concentrations (Feldman et al., 1979). Behrens et al. (1993) observed a
decrease in CBG binding capacity in gilts administered hydrocortisone acetate
twice daily over a 10 d period. The authors suggested that the decrease in CBG
binding capacity, an indirect measure of CBG concentration, may aid in
maintaining stable free cortisol levels within the circulation.

Pigs administered dexamethasone exhibited elevated plasma pCBG,
while corresponding plasma total cortisol concentration was reduced. Gilts

administered dexamethasone every 12 h from d 13 to 22 of pregnancy had a
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similar CBG binding capacity to that of saline injected gilts (Madej et al., 1997).
The authors concluded that the dose of dexamethasone may have been too low
to elicit a response. Dexamethasone treatment has been reported to increase
plasma CBG concentrations within the ovine fetus (Berdusco et al., 1993) and in
liver and kidney of the immature mouse (Zhao et al., 1997). Conversely, adult
rats (Kawai et al., 1972), sheep (Berdusco et al., 1993), and adult mouse (Zhao
et al., 1997) had decreased levels of CBG when challenged with
dexamethasone. It was concluded that glucocorticoids’ effect on CBG may be
specific to the stage of development within a particular animal (Zhao et al., 1997).
No relationship between total or free cortisol and CBG was observed in adult
guinea pigs (Fujieda et al., 1982). The authors concluded CBG may have a
minor role in the distribution of plasma cortisol in guinea pigs due to a low affinity
for cortisol relative to humans or pigs. In our study, the effect of dexamethasone
on pCBG concentration was a gradual increase compared to the immediate
suppression of plasma cortisol. In that CBG helps determine plasma cortisol
concentrations relative to its production (Bright and Darmaun, 1995; Bright,
1995), a decrease in circulating cortisol would prompt an increase in CBG to
maintain physiological concentrations of glucocorticoids.

The significance of the observed plasma cortisol-CBG relationship
reported here and in previous studies may reside in the calculation of the FCI. In
the second experiment, the FCI increased following the administration of ACTH

resulting from an increase in total cortisol and a decrease in pCBG
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concentrations. In the dexamethasone treatment group, the FCI decreased as a
result of a suppression of total cortisol and an increase in pCBG. An increase in
CBG synthesis corresponding with decreased cortisol levels may increase
cortisol conservation by binding as much cortisol as possible (Kawai et al., 1972).
Since 60% of total cortisol is bound to pCBG in the pig (Kattesh et al., 1990), the
amount of cortisol that is available to cells may be misrepresented if the
concentration of pCBG is not taken into consideration along with that of total
cortisol. The FCI can provide a better understanding of assessing temporal
changes in the adrenal response in animals than by measuring total plasma

cortisol alone.

Implications

To our knowledge this is the first experiment to measure plasma total
cortisol, pCBG, percent cortisol, plasma free cortisol and FCI over a 24 h period.
It is also the first experiment to indicate the relationship between plasma cortisol
and pCBG in swine immediately following acute stimulation or suppression of the
adrenal gland. By factoring in CBG values through the application of the FCI, a
more accurate portrayal of the availability of circulating cortisol is possible. The
calculation of the FCl illustrates the amount of free cortisol available to cells
without employing time consuming and expensive analytical procedures for the

actual measure of free cortisol.
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