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INTRODUCTION

The interest in stress and shock associated with modern livestock pro-
duction and the ultimate influence upon meat animal carcass value and muscle
characteristics has resulted in an expanding knowledge of the conditions
designated as (PSS) porcine stress syndrome and PSE (pale, soft exudative)
pork. As our body of knowledge grows, it becomes obvious that an interrela-
tionship of physiological and biological parameters influence stress and/or
shock adaptation in swine.

The experimental objectives of this study may be summarized as fol-
lows:

1. To study the effect of alpha and beta adrenergic blockade upon

adrenal activity in relation to stress.

2. To study the influence of stress upon energy and mineral metabo-

lism.

3. To determine the composite effect of the above two influences upon

carcass qualitative characteristics.



LITERATURE REVIEW

Stress and Shock

The complexity of the "syndrome' reported in this dissertation merits
introductory comments within the literature review. The interrelated
physiological and biochemical mechanisms involved make a segmental presen-
tation of the literature or data a difficult task, as well as an oversimpli-
fied expression of the conditions embodied in the study of stress and/or
shock.

Selye (1949) defined stress as any harmful condition resulti
the inability of an organism to maintain an adequate internal environment.
Dietzman et al. (1967) defined shock as the inability of the circulatory
system to meet the needs for oxygen and nutrients. The designation of PSS
or porcine stress syndrome was given to a "syndrome" existing in swine dis-
playing characteristics and manifestations of stress observed in humans as
well as rats and mice undergoing various ramifications of shock (Topel
et al., 1968). Sicuteri et al. (1970) stated that shock is often confused
with causes that may or may not necessarily provoke it. Shock is a syn-
drome conditioned by a hypoxic damage of the capillaries. The causes of
this condition are multiple as the term "syndrome" indicates.

According to Sicuteri et al. (1970), all medical researchers agree

that shock is a single pathologic state detefmined by different causes. A
single pathologic condition usually has a single pathogenesis i.e., hypoxia
of intensity and duration that will not directly kill the animal but will
cause organic d;mage to the capillaries. These authors suggest the

etiology of shock as follows: 1) hematogenic shock (hemorrhage),



2) dynamic shock (cardiac insufficiency), and 3) autogenic shock (burns,
necrosis, trauma, and antigen-antibody reactions). Shock is reversible but
if prolonged becomes irreversible.

Block et al. (1966) defined shock as a catastrophic derangement of the
entire circulatory system. In early medicine, shock had been attributed to
a combination of cardiac failure and peripheral vascular collapse, and its
treatment consisted of the application of cardiac stimulants. Crile (1899)
and Cannon (1923 and 1934) directed thinking to possible toxic origin of
shock in which some noxious substance induced vasodilation and capillary
damage which ﬁrogressed to an extent where pooling and trapping of blood no
longer permitted adequate perfusionm.

Blalock (1942) applied techniques for the direct measurement of blood
volume and demonstrated that most forms of shock were associated with an
appreciable loss in blood volume. He assumed that reduction in cardiac out-
put was secondary to a reduction in venous return and was the initiating
factor in shock. Later studies implicated other "primary' factors such as
distribution of blood (Folkow, 1962; Longerbeam et al., 1962; Gourzis and
Nickerson, 1965); individual organ blood flow and function (Selkurt, 1946;

Selkurt et al., 1947; Baez et al., 1951; Lillehei, 1957; Rayner et al.,

1960; Frank et al., 1962); destruction changes in the microcirculation
(Zweifach, 1958; Hinshaw et al., 1962; Lillehei et al., 1962); and change
in blood volume and vascular capacitance (Nelson et al., 1947; Lewis and
Mellander, 1962). The effect of bacterial toxins as a "primary" factor of
shock was given attention by Fine (1954), Weil et al. (1956), and Visscher
(L¥58), metaboliic acidusis (fuchavee, 155

lytic lysozymes, and the results of visceral ischemia were also studied



(Selkurt, 1959; Lillehei, 1960). Attention was also given to the role of
cardiac failure in sustaining shock (Wiggers and Werle, 1942; Sarnoff
et al., 1954; Guyton and Crowell, 1961; Bing and Ramos, 1962).

Block et al. (1966) summarizes shock as a progressive circulatory fail-
ure in which the cardiac output is insufficient to meet tissue requirements
for nutrition, oxygenation, or waste disposal: the major initialing and
sustaining mechanisms are decreased cardiac output, increased systemic
peripheral resistance, and decreased effective circulatory blood volume,
each of which feeds back either directly or through the sympathetic nervous
system to perpetuate the shock cycle; this results in increased adrenergic
activity stimulated by baroceptor-monitored hypotension. The response to
this activity is a selective reduction of blood flow to the splanchnic vis-
cera and to the skin. This produces the clinical signs of shock - pale,
cold, moist skin, slow capillary filling, and oliguria. Hypotension is a
secondary, not a primary, manifestation of shock. - Prolonged reduction of
blood to vital visceral areas leads to several potentially lethal changes
including metabolic acidosis, parenchymal cell destruction with the release
of vasoactive, proteolytic, and toxic substances from disrupted lysosomes,
progressive loss of capillary integrity with extracellular fluid shifts,

ileakage of plasma, and stagnation and pooling of blood (Block, 1966).

Circulation
Lillehei et al. (1964) stated that hemodynamic disturbances resulting
from shock due to hemorrhage or endotoxin vasopressors intensity the vis-

ceral vasoconstriction, ischemia, and loss of capillary integrity charac-



teristics of severe shock. The hemodynamics of shock appear to be similar
in man and animals although the visceral organ which suffers the greatest
injury varies among the species. The importance of the intestine lies in
the susceptibility of its arterioles and venules to the vasoconstriction
occurring during shock, the massive amount of tissue destruction alone
resulting from the anoxia being enough to cause the death of the animal.
Prolonged vasoconstriction accompanying shock causes enough cellular
damage alone, due to mechanical limitation of blood flow and attendant stag-
nant anoxia, to result in irreversible shock. This is the oldest theory
for the explanation of irreversible shock (Malcolm, 1905; Bainbridge and
Trevan, 1917; Erlanger and Gasser, 1919; Cannon, 1923; Freeman, 1933).
More recent suggestions propose that slugged blood forms resulting in
intravascular aggregation, agglutination, and thrombis and, thus, initiate

the state of irreversible shock (Kinsely et al., 1945; Heimbecker and

Bigelow, 1950; McKay et al., 1955; Gelin, 1956; Hardaway and Johnson, 1963).
Events leading to the irreversible state are initiated with the spasm
which affects both venules and arterioles and results in an ischemic capil-
lary bed. As the shock is prolonged, the continued ischemia results in
relaxation or loss of tone of the precapillary sphincters (resistance ves-
sels). This relation is probably a consequence of ischemia and local
acidosis in the surrounding tissues (Lillehei et al., 1964). Further work
reported by Lillehei et al. (1964) showed that the postcapillary sphincters
(capacitance vessels) on the venous side are more resistant to anoxia and
acidosis of shock and maintain their tone even while the resistance vessels
are tailing. As a result, bliood Degims Lo Lill lhe capillialy bLeds, and &

shift from ischemic to stagnant anoxia occurs. Thus, an increasing share



of the blood volume is sequestered from the active circulation and causes
an increase in the hydrostatic pressure within the congested bed. The
inevitable result is a forcing of plasma into the tissues where it is lost
from the active circulation. Additional investigation by these authors
indicated that the heart is able to function completely with a good output
if it is provided with adequate venous return and a reduced peripheral
resistance, even after prolonged shock and in the face of necrotic bowel
and other visceral damage.

Block et al. (1966) stated that hypotension occurs in shock as a
consequence of reduced cardiac output and diminished circulatory blood vol-
ume and despite an increased peripheral resistance. The state of reduced
perfusion before blood pressure falls has been called '"compensated shock"
while hypotensive shock is referred to as ''decompensated shock". 1In gen-
eral, shock is a low cardiac output, high peripheral resistance state of
circulatory failure.

Wiggers (1947), Guyton and Crowell (1961), Crowell and Guyton (1962),
and Braunwald (1965) all demonstrated the major component in many forms of
shock to be left ventricular failure and its consequence is reduced cardiac
output. During shock, the heart attempts to perform its work while its
nutrient requirements exceed the supply. Prolonged restriction of micro-
circulatory inflow and outflow renders the capillary bed ischemic with
resultant local acidosis (Lewis and Mellander, 1962).

Dietzman et al. (1967), in an extended summary of the treatment of
shock, stated that flow or cardiac output is dependent on adequate venous
recurn and on myocardi&l muscular contraction or Lile iuvtivpic Luillion of

the heart. The central venous pressure is a measure of venous return and



the ability of the heart to handle this return. Systemic or peripheral
resistance is governed by the pre and postcapillary arterioles and venules,
which are under the influence of the sympathetic ncrveus system, and by the
viscosity of the blood.

In hemorrhagic shock, a decrease in blood volume causes a reduction in
venous return and central venous pressure and a consequent decrease in car-
diac output and blood pressure. This decrease in pressure activates the
carotid and aortic baroreceptors which in turn stimulate the sympathetic
nervous system. The resultant outpouring of epinephrine and norepinephrine
from the adrenergic nerve endings and the adrenal medulla pfoduces vasocon-
striction and increases peripheral resistance; thus blood pressure is
increased (Dietzman et al., 1967).

In cardiogenic shock, primary '"pump failure" due to a decrease in the
inotropic function of the heart reduces cardiac output and stimulates the
baroreceptors to activate the sympathetic nervous system. The blood volume
initially remains unchanged, and the rise in central venous pressure mirrors
the degree of cardiac failure. Yet in cardiac failure, stagnation in under-
perfused areas of viscera and skin eventually reduce the effective circula-
tory blood volume and causes further sympathetic response.

Thus, a decrease in cardiac output due to an absolute volume reduc-
tion, as in hemorrhagic and endotoxin shock, and that due to a reduction in
the inotropic function of the heart caused by myocardial damage, as in car-
diogenic shock, activate the same baroreceptor mechanisms. Consequently,
the peripheral microcirculatory disturbances which result are identical for
three causes of shock. LI the ilnequiiable tedistributicn of hlend flow to

the viscera and skin is prolonged or intense enough, death may occur from



the effect of ischemia in these areas. Redistribution of blood flow to all
tissue beds by the reduction of vasoconstriction increases survival.

All three forms¢ hemorrhagic, endotoxin, and cardiogenic forms of
shock, are associated with a fall in blood pressure, cardiac output, and
splanchnic blood flow and a rise in peripheral resistance and circulating
catecholamines. The overall picture in all three forms of shock is one of
peripheral vasoconstriction and reduced tissue perfusion due to arteriolar
and venular constriction. Because of the difference in action of norepi-
nephrine and epinephrine on various organs, the effects of norepinephrine
have been attributed to alpha receptors and those of epinephrine to beta
receptors. The corresponding neurohumoral effects restrict blood flow in
the skin, bowel, liver, kidney, and lung and permits preferential perfusion
of the heart, brain, and muscle. Although this inequitable redistribution
of blood flow is initially lifesaving, its perpetuation by the use of vaso-
pressor agents does not improve survival.

Theoretically survival should be improved by the reestablishment of
equitable blood flow to all tissues. Practically, this can be accomplished
by the administration of vasodilating agents in combination with volume
replacement. By increasing venous return to the heart with volume
expanders, organ blood flow can be improved.

Cardiogenic, hemorrhagic, and endotoxin forms of shock in man are
characterized by reduced organ perfusion and vasoconstriction. Clinically,
these changes are expressed as a reduction in urinary output due to renal

ischemia and pale, cool extremities due to reduced skin perfusion. Patients
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increased total peripheral resistance. The central venous pressure is



lowered in hemorrhagic shock; in cardiogenic shock, it is either normal or
slightly elevated. The blood pressure may be either normal or reduced,
which reflects the dependence of this reading on both the cardiogenic out-
put and the magnitude of peripheral vasoconstriction. In endotoxin shock,
cardiac output is often normal or elevated in contrast to the reduced car-
diac output seen in animal experiments. This discrepancy is related to the
diverse effects of the gram negative bacteria.

The circulatory changes in shock, although induced by various means,
comprisc the symptoms of decreased cardiac output and increased peripheral
resistance. These symptoms have persisted to the present time with the
recent addition of intravascular coagulation as a component of hemodynamic
change (Wilson et al., 1967; Hirshfeld and Fell, 1969). Blood pooling and
perfusion also accompanies shock in a majority of cases (Perlroth and
Harrison, 1969; Armstrong, 1970). Once the shock syndrome develops, phys-
iologic compensatory mechanisms are activated. These includeﬁEE;mulation
of baroreceptor reflexes and the recruitment of the extravascular fluids
into the vascular compartment. The regulation of cardiovascular perform-
ance is altered, as is distribution of blood flow, in order to favor the
brain and heart. With progression of the lesion and failure to restore nor-
mal circulatory dynamics, hypotension deepens, metabolic acidosis occurs,
and frequently arterial hypoxemia is found (Peretz et al., 1965; Neaverson,
1966). Death due to shock has been attributed to pulmonary lesions, dis-
seminated intravascular coagulation, and disturbance of the normal clotting
response associated with a coagulation defect (Hardaway et al., 1967).

Lesh aud Roithe (1:)9 lovarion of vacrular wolume in

v

response to sympathetic nerve excitation and to flow and pressure changes.
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They summarized their work stating that no conclusive evidence was found to
substantiate that neurogenic vasoconstriction in skeletal muscle was respon-
sible for translocating functionally important amounts of blood to the cen-
tral circulation.

Carlo (1970) stated that the primary factor involved in the patho-
genesis of the irreversible state of the peripheral circulatory insuffi-
ciency is an endotoxemia due to the loss of the detoxifying function of the
reticulo-endothelial system consequent to a prolonged ischemic damage by
sympathetic overactivity. The data supporting this hypothesis is derived
from observing that the liver and spleen are able to extract and detoxify
endotoxin. Thus, the detoxification is a function of the reticulo-
endothelial cells since these are the only cells common to both organs.

The function involved by the reticulo-endothelial system of both organs is
presumably concerned with the extraction of a vascular toxin, which is
vasoactive because it cannot act upon a denervated tissue. Various vaso-
active substances such as histamine, serotonin, catecholamines, etc. can be
identified in the blood of dying animals subjected to stress or shock. How-
ever, these compounds cannot be implicated in the genesis of the peripheral
circulatory insufficiency because the reticulo-endothelial system is not
known to be capable of clearing any of them.

Hemodynamics are also influenced by vasoactive compounds designated as
kinins. Roch e Silva (1970) proposed evidence of the participation of the
kinin system in the etiology of different manifestations of shock based on
the following: 1) activation of proteolytic or esterolytic enzymes in many
kinds ot shock, 2) variations oL Cthe bradykiniogen content of plaséa fui-

lewing the injection of proteases, animal venoms or in different kinds of
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shock, 3) detection of free kinins in the blood under shock-like conditions,
4) activation of kinin-systems in in vitro conditions produced by tissue
trauma or the action of shock-producing agents i.e., trypsin, animal venoms,
and cellulose sulfate, and 5) by the use of inhibitors of the kininogenin-
kininogen system. Berry et al. (1970) reported that when anesthetized dogs
were bled to produce hypotension, kinins appeared in the circulation equiv-
alent to l-4ng/ml bradykinin. When the blood pressure was restored, this
output was reversed.

Armstrong (1970) stated that the intrinsic potential of serum for pro-
ducing vasodilator substances such as kinins is very great during the mani-
festations of shock. According to Armstrong and Stewart (1960), Armstrong
et al. (1966), and Armstrong (1969), the very high kinin-forming potential
of body fluid and tissues is in sharp contrast with the minute concentra-
tions of kinins required fcr biological effects. A small fraction of the
total potential is sufficient to produce any of the pathological changes
attributed to kinins-vasodilation and an increase in capillary permeability.

Another component of the plasma capable of producing vasodilation

—

increases in the capillaries and a fall of blood pressure is the anaphyla-
toxin system. This appears to operate maig&y by means of histamine .which
is released from the tissues (Hahn and Oberdorf, 1950; Roch e Silva et al.,
1951; Hahn et al., 1954; Roch e Silva, 1954; Dias da Silva and Lepow, 1965;
Dias da Silva and Lepow, 1967).

Various chemical factors have been reported as placing a controiling
influence upon circulation (Dale, 1929). Armstrong (1970) suggested that
kinin-rforming systems oI the human Serum Or plasma aiso produce vasuvdilaiol,

hypotensive substances - polypeptides. Schauer et al. (1970) demonstrated
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the adaptive histamine formation in endotoxin shock, further substantiating
the variability of contributing factors to shock induced changes in hemody-
namic mechanisms in contemporary research. Schneider (1970) demonstrated
that intravascular coagulation or fibrinolysis can cause or be caused by
circulatory shock.

In cardiogenic shock, Hinshaw et al. (1961) demonstrated vasoactive
amines, and Lefer et al. (1967) showed that peptides are released into the
circulation; the clotting mechanism is altered (Crowell and Read, 1955;
Hardaway et al., 1967).

Selkurt (1970) reported the so-called "irreversible phase" of shock
involving generalized failure of circulation in the posttransfusion phase,
inclusive of several parameters: fluid loss or shifts between compartments,
peripheral circulatory failure, and myocardial failure. Increasing evi-
dence is accumulating of release of vasoactive agents from specific sites
e.g. intestine and pancreas, which might have a depressing effect on the
heart or have a deleterious action on the peripheral circulation. Lefer
(1970) stated that a myocardial depressant factor has been found in the
plasma of cats and dogs in postoligemic shock. The myocardial depressant
factor (MDF) appears to be a peptide or glycopeptide with a molecular
weight of 800-lﬁ00. The hydrolytic enzymes (proteases), which are thought
to catalyze the formation of MDF, originate from the ishemic splanchnic
region, probably in large part from the pancreas. MDF depresse§ the myo-
cardium in isolated cardiac tissue and in the intact animal. High plasma
MDF activity is associated with short survival times in shock. Accumula-

tion or MVYF 1n the piasma may De prevented Dy pretreatment with high couceun-
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trations of glucocorticoids, protease inhibitors, pancreatomy, or hemo-

dialysis.

Stress, Shock, and the Adrenal Gland

Adrenal medulla hormones

The integration of various components of shock; hemodynamics, neural-
humoral factors, metabolic parameters, and envirommental influences, have
been either suggested or reviewed in detail in the previous section. This
portion of the literature review will deal with the primary endocrinologi-
cal ramifications of the adrenal gland involvement in stress and shock.

Topel (1968a) reported that little literature was available involving
stress and/or shock in domestic meat animals. Krogh (1929), Zweifach
(1968), and Baez and Orkin (1963) concluded that the regulation of micro-
circulation is partially influenced by neurohormonal events mediated through
the interaction of blood borrn principles and agents arising locally in the
tissues.

Current concepts of local regulation of blood flow postulate a balance
between vasodilator and vasoconstrictor factors (Zweifach, 1961; Baez and
Orkin, 1963). Dilators such as histamine (Shayer, 1963) and acetycholine
(Bean and Sidky, 1958), kinins such as bradykinin (Hilton, 1962), constric-
tors and dilators such as catecholamines (Zweifach, 1961), posterior pitu-
itary hormones such as vasopressin (Bartelstone and Nasmyth, 1963), and the
adrenal cortex hormones such as 17-hydroxycorticosteroids (Sechzer et al.,
1960) are some of the important substances associated with vascular

homeostasis.
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The action of catecholamines in an effector cell is thought to be
exerted through one or the other of two types of receptive mechanisms or
receptors referred to as & and & (Ahlquist, 1948). The e receptor is
associated with most excitatory functions such as vasoconstriction, and the
A adrenotropic receptors are associated with inhibitory functions such as
vasodilation (Youmans, 1967).

Norepinephrine functions by intra-arterial constriction of muscle
blood vessels in all effective doses (Folkow and Uvnas, 1948; Barcroft and
Knozett, 1949; Cabbold and Voss, 1953; Celander, 1953; Whelan, 1954).
Intravenous norepinephrine constrictor action may be overcome by the rise
in blood pressure; if this is prevented (Cabbold and Voss, 1953) or obvi-
ated, the muscle vessels constrict.

Epinephrine causes vasodilation in skeletal muscle, and when a mixture
of epinephrine and norepinephrine are injected directly into the arterial
blood supply of the muscle, it appears that minimal effective doses act on
/3 receptors only, and epinephrine is much more potent than nonepinephrine
(Youmans, 1967). The metabolic, calorigenic, and vasodilation effects of
epinephrine are greater than norepinephrine.

With larger intra-arterial doses of epinephrine or norepinephrine, the
effect on the o¢ receptors in skeletal muscle becomes more and more promi-
nent and tends to override the effect on A& receptors. Therefore, on skel-
etal muscle, epinephrine is a good vasodilator while norepinephrine is
poor vasodilator, and at higher doses, it may produce an overall vasocon-
strictor action while similar doses of eéiﬁephrine produce vasodilation

(Youmans, 1567). Tue i cct of moet dnses of norepinephrine is to pro-

cr
(@]

duce an increase or decrease in peripheral resistance. Thus, a given dose
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of norepinephrine may produce a greater rise in blood pressure than that
produced by the same dose of epinephrine but probably would produce a les-
ser increase in blood flow in skeletal muscle (Barcroft and Knozett, 1949;
Van Harreveld et al., 1952; Lanier et al., 1953; Barcroft, 1962).

It appears that muscular fatigue from stress in an adrenal insufficient
animal is not due to an impaired musculature or myoneural junction but to a
circulatory collapse (Ramey and Goldstein, 1957). When an animal is
stressed, epinephrine release produces a shift of blood flow from the
splanchnic area to the working muscle (Ramey et al., 1951). 1In the absence
of adrenal cortical steroids, the threshold for epinephrine and norepine-
phrine action is greatly raised, and, therefore, when an adrenal insuffi-
cient animal is stressed, splanchnic engorgement occurs due to the abnormal
shift of blood from the splanchnic region to the skeletal muscle, and a
vascular collapse occurs (Ramey and Goldstein, 1957).

It appears that the adrenal insufficient animal attempts to compensate
for the lack of effective effector-organ response to sympathetic stimula-
tion by increased activity within the system (Sheehan, 1948). The high
titer of constrictor materials released ultimately acts to destroy the
responsiveness of the small blood vessels. Administration of steroids up
to a certain point will protect the effector organs against these effects
(Fritz and Levine, 1951; Ramey and Goldstein, 1957), but even the intact
animal with a functional adrenal cortex finally succumbs to excessive sym-
pathetic bombardment (Overman and Wong, 1947; Wiggers et al., 1948  Topel

t al., 1968b).
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metabolic activity are those which derive their energy from anaerobic gly-
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colysis and are, therefore, highly influenced by the action of epinephrine
(white fibers) in contrast to red fibers which don't store as much eiergy
and need blood to bring energy to them as well as oxygen. Cooper et al.
(1969) showed that stress prone pigs have considerably fewer red fibers
than stress-resistant pigs which indicates abnormal characteristics in both
metabolic and micro-circulatory function.

According to Youmans (1967), any influences of the autonomic nervous
system on skeletal muscular activity must be exerted either 1) through
influences on the blood vessels in skeletal muscle, 2) through influences
on the blood flow related to alterations in pressure, 3) by altering trans-
mission of excitation at the motor endplates, or 4) by affecting contrac-
tility of muscle fibers. Cannon (1929) emphasized that mass discharge of
the sympathoadrenal system occurs in certain situations which lead to large
changes in the internal environment.

As early as 1904, Elliot stated that the sympathetic axons cannot
excite the peripheral tissue except in the presence and perhaps through the
agency of adrenaline or its immediate precursor secreted by the sympathetic
paraganglia. Adrenaline might then be the chemical stimulus liberated on
each occasion when the impulse arrives at the periphery. Considerable
quantity of the catecholamines is stored in the terminations of the axons
of adrenergic neurons and in chromaffin cells of the adrenal medulla
(Youmans, 1967).

The adrenergic transmitter is released to exert an influence in cells
of effector organs, as mentioned previously. The most important effector
organs, accoraing to Youmans (1967), include smooth muscie, cardiac muscle,

the cardiac conducting system, and secretory cells in various glands.
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Norepinephrine and epinephrine act through two types of receptors, previ-
ously referred to as & and &, and this is especially true in smooth muscle
(Youmans, 1967). The basis for the two receptor mechanisms is as follows:
1) Catecholamines cause opposite effects in smooth muscle in different loca-
tions, 2) removal of a chemical group from or addition of a radical to the
epinephrine molecule may alter potency greatly with regard to some effec-
tors while altering its potency little in other effectors, and 3) specific
agents may block effects on smooth muscle in certain sites and not block
effects on smooth muscle in other sites (Youmans, 1967). The % receptors
are sensitive to the action of epinephrine and are blocked by drugs such as
phenoxybenzamine. ;9 receptors are also sensitive to epinephrine, but this
response is blocked most effectively by drugs such as dichloriso-proterenol
and propanolol (Youmans, 19€7).

Stimulation of the sympathetic nerve which terminates in the smooth
muscle of the arterioles of skeletal muscle or the injection of epinephrine
into the artery which supplies a muscle will result in an increase in ampli-
tude of contraction of the muscle in response to supramaximal stimulation
of its motor nerve if the muscle is in a state of fatigue as a result of
previous prolonged stimulation or if the blood supply to the muscle is
impaired or both. However, the absence of fatigue of the muscle and in the
absence of impairment of the blood supply to the muscle, sympathetic nerve
stimulus, splanchnic nerve stimulus, or injection of epinephrine has less
effect on amplitude of the contraction of muscle in response to single

supramaximal stimuli applied to the motor mnerve (Youmans, 1967).

_____ mitanttlor arntd

1

vitv invnlves three problems:

1) the ways by which they can influence blood flow in muscle, 2) the ways
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by which they can affect transmission of excitation at the motor endplate,
and 3) the ways by which they can influence the contraction of the muscle.

Specific catecholamine influences have been recognized by Dietzman
et al. (1967) in the case of hemorrhagic shock. A decrease in blood volume
causes a reduction in venous return and central venous pressure and a con-
sequent decrease in cardiac output and blood pressure. This decrease in
pressure activates the carotid and aortic baroreceptors which in turn stim-
ulate the sympathetic nervous system. The resultant outpouring of epineph-
rine and norepinephrine from the adrenergic nerve endings and the adrenal
medulla produces vasoconstriction and increases peripheral resistance, thus,
blood pressure is increased. Both norepinephrine and epinephrine cause
cardioacceleration. The sympathoadrenal stress response is greatest in the
vasoactive, adrenergically sensitive viscera and skin. The & receptors
in these areas are sensitive to the outpouring of catecholamines from the
adrenal medulla and sympathetic nerve endings and respond by vasoconstric-
tion.

Dietzman et al. (1967) and Novelli et al. (1970) both reported splanch-
nic vasoconstriction leading to preferential circulation to the heart,
brain, and lungs induced primarily by catecholamines and probably histamine
and kinins as well. Berk et al. (1967) reported that intravenous infusions
of epinephrine in dogs in amounts capable of producing shock and yet within
endogenous secretory limits cause highly significant increases in the por-
tal vein flow, oxygen pressure, and the femoral vein oxygen pressure. These
biological changes are thought to be caused by the opening of multiple

rioveonous chunte in these areac with eninephrine causing the opening in

the pulmonary area.
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The opening of these arteriovencus shunts is thought to set off a
hemodynamic chain of events resul.ing in shock. Similar hemodynamic
changes occur in shock of various causes all having in common elevated
epinephrine blood levels. These findings refute in part the commonly
accepted vasoconstrictor theory of shock. Instead of excessive vasocon-
striction due to epinephrine which causes the detrimental effects of late
shock, it is suggested that the opening of multiple arteriovenous shunts
sets off a hemodynamic reaction that is primarily responsible.

The literature involving adrenalectomized animals is very expansive.
Fritz and Levine (1951) adrenalectomized rats and subjected them to physi-
cal stress. The adrenalectomized animals died of circulatory failure in
response to stresses to whi:ch the normal rats adjusted. Blood vessels of
the adrenalectomized rats bzcame refractory to repeated applications of
norepinephrine, while those of normal controls retained their sensitivity.
Responsiveness to norepinephrine was restored by the topical application of
cortical steroids which appear necessary to allow blood vessels to respond
regularly and repeatedly tc minute amounts of epinephrine and, at the same
time, to prevent the toxic effects upon blood vessels of large amounts of
norepinephrine.

Since the time of Erlanger and Gasser (1919), it has been repeatedly
confirmed that the continuous intravenous infusions of epinephrine at
relatively high rates causes an irreversible shock in dogs. Noxious effects
of epinephrine upon the cardiovascular system are determined by the level
of plasma epinephrine in arterial blood. This depends not only upon the
tate ol eplacpurincg infusicn unon the rate anf ite removal from the

circulation which is known to proceed rapidly (Jones and Blake, 1958).
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Fukuda et al. (1967) induced epinephrine shock by epinephrine infusion and
observed an inability to maintain the initial stationary level of plasma
epinephrine leading to a progressive rise of epinephrine up to as much as
300-400 mg/l. Administration of glucocorticoids markedly potentiated the
epinephrine removing capacity of the liver, while adrenalectomy reduced it.

Frankenhauser et al. (1961) compared epinephrine and norepinephrine
administration with regards to mental and physiological responses. Epineph-
rine responses surpassed norepinephrine influence when heart rate, arterial
pressure, and urinary catecholamine excretion were observed. The results
were interpreted to indicate that an increased alertness accompanying the
emotional changes produced by the catecholamines may act to counterbalance
other unfavorable effects on performance.

Jersild and Thomas (1931) examined the effects of subcutaneous injec-
tions of adrenaline hydrochloride and found a slight improvement in motor
tasks. Landis (1935) investigated the influence of subcutaneous injections
of adrenaline on complex muscular activity and found no impairment in speed
or accuracy. Basowitz et al. (1956) found that motor performance was
slightly impaired during prolonged intravenous adrenaline infusion at a low
dose level, whereas performance in other types of tasks was not affected.

Data provided by studies of performance in other types of stress situa-
tions are similarly contradictive. The problem is highly complex, and
stress may both aid and interfere with performance depending upon a number
of factors such as degree and nature of the stress, the type of performance,
as well as the various personality traits of the subject (Lazarus et al.,

1552Z; Sieinberyg, 1553).



21

Gellhorn (1943) stated that the adrenal medulla as part of the sympa-
thetic nervous system is intimately connected with specific emotional |
expression. Another characteristic of the sympathetic nervous system is
the variation in levels of integration represented by structural and func-
tional components involving the cerebral cortices, midbrain, and hypothal-
mus as well as the peripheral effector components (Elmadjian et al., 1958).
These authors studying normal and psychiatric patients in experimental and
life situations support the hypothesis that active aggressive emotional
displays are related to increased excretion of norepinephrine, whereas
tense, anxious, but passive, emotional displays are related to increased
excretion of épinephrine in association with normal excretion of norepineph-
rine.

Yamori et al. (1970) found norepinephrine concentrations in lower
brainstem, and the hypothalmus of genetically hypertensive rats are signif-
icantly lower than in control rats. These authors suggested that catechol-
amine mechanisms in the central nervous system may play an important role
in the regulation of blood pressure and genetic hypertension in the rat.

von Euler (1964) suggested quantitation of stress by catecholamine
analysis. He based this possibility on the observation of gravitational
stress and exposure to cold which are mainly associated with an increase in
the norepinephrine excretion, indicating the importance of this hormone in
circulatory and temperature controlling homeostatic mechanisms. Mental
stress involving aggressive reactions is also associated with an increase

in the norepinephrine excretion. The types of emotional stress which are
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are regularly accompanied by an increase in the epinephrine excretion.
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Thus, the possibility of obtaining a graded response from the adrenal
medulla suggests that mental stress situations may be quantitatively evalu-
ated by urine catecholamine analysis.

Hyperfunction of the adrenal cortex is termed Cushing's syndrome in
man. Characteristics of this abnormality are hyperglycemia and muscular
weakness. Muscular weakness, in addition to low blood pressure, impaired
appetite, gastrointestinal upsets, and discoloration of the skin and even-
tual death are symptoms of Addison's disease or hypofunction of the adre-

nal cortex (Turner, 1960).

Adrenal cortical hormones

Circulating 17-hydroxycorticosteroids (17-OHCS) levels have been impli-
cated in progressive muscular dystrophy (PMD) where there is a signifi-
cant decrease in urinary (17-OHCS) indicating an inadequate formation and
excretion of hydrocortisone. A single test injection of ACTH showed varia-
tions in the functional state of the adrenal cortex in different groups of
patients with PMD suggesting that only some individuals have adequate
reserves of adrenal 17-0HCS. Multiple injections of ACTH frequently
revealed a secondary type of adrenocortical insufficiency. Several indi-
viduals were also found to have an insufficiency of potential reserves
indicating a disturbance of adrenocortical function. Cases of PMD have
revealed impairment of hormone formation by the adrenal cortex (Shagal and
Shraiberg, 1964).

The secretions of the adrenal cortex play an undisputed role in the
defense of the organism against all sorts of noxious agents (Swingle and

Remington, 1944). Adrenalectomy renders an animal much more susceptible to
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a variety of traumatic procedures, as well as to the injection of endoge-
nous or exogenous toxins, all factors which in the end have a damaging
effect upon the peripheral vascular system. The adrenalectomized animal,
when submitted to these noxious agents, eventually dies from circulatory
failure, which can be attributed to a collapse of the peripheral circulation
(Wyman and Tum Suden, 1939; Selye, 1950; Halpern and Wood, 1950a,b).

Treatment with whole cortical extracts or with desoxycorticosteroid
(Swingle and Remington, 1944) restores to the adrenalectomized animals at
least part of their natural resistance to various forms of stress. Halpern
et al. (1952) reported that in hemorrhagic shock induced in adrenalecto-
mized rats by repeated and graded hemorrhage, cortisone and, to a lesser
extent, desoxycorticosterone each produce a definite protective effect.
Desoxycorticosterone cannot maintain either the blood pressure or the body
temperature as well as cortisone does.

These researchers also reported that in histamine shock, desoxycorti-
costerone does not modify the high sensitivity of adrenalectomized mice to
histamine, whereas cortisone increases this tolerance about five times and
adrenaline ten times. None of these three hormones can alone restore the
natural resistance to histamine in the adrenalectomized animal. Thus, cor-
tisone and, to a lesser extent, desoxycérticosterone enhance the resistance
of anipg}; to traumatic and toxic injuries by improving the ability of the
small vessels to respond to the exogenous and endogenous vasoactive agents.

Studies by Ramey et al. (1951) lead to the conclusion that the pres-
ence of adrenocortical hormones were essential to provide a "permissive"

action for the pressor eifect oi caiechclamincs. The eoffectiveness of glu-

cocorticoids have been evaluated by their inhibitory effect upon their
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induction of histamine forming activity in the liver, the ''shock organ' in
dogs by Fukuda and Fukuda (1969). The mechanisms of the anti-shock effect
of glucocorticoids in adrenalectomized animals might differ depending upon
the animal species, just as the mechanism of shock itself differs.

Houck and Gladner (1970) proposed mechanisms for the ameliorative
effects of corticosteroids in shock. These are as follows: 1) cortisol
induces the synthesis of at least three proteolytic and one collagenolytic
enzyme which appears in the extracellular compartment of rat skin, 2) the
proteases digest fibrin and can activate plasminogen, 3) the proteases
destroy bradykinin very rapidly, 4) the collagenases release products of
collagenolysis which can be degraded to free amino acids which in turn are
powerful inducers of liver glyconeogenesis and, hence, can provide reserve
energy to the host, and 5) therefore, steroid induced enzymes might be
important in restoring the microcirculatory blood flow (via fibrinolysis
and the destruction of bradykinin) and for providing extra energy (via the
collagenolysis and consequent liver glyconeogenesis) to the patient in
shock.

Lefer and Verrier (1970) supported the significance of corticosteroids
in the regulation of circulatory function and that in their absence there
is circulatory collapse. The predominant feature of this collapse is
impairment of myocardial function. Physiologic concentrations of corti-
costeroids are effective in preventing or reversing the circulatory col-
lapse observed in adrenocortiqﬁl insufficiency.

Circulatory shock is characterized by markedly elevated secretiocus- of

corticosternids with reduced cataholism of steroids. In general. pharma-

cologic concentrations of glucocorticoid administration prior to shock
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increase survival and tend to normalize circulatory function in hemorrhagic,
endotoxin, snake venom, anaphylactic, and surgical shock. The mechanism of
the glucocorticoid protective action in shock appears to be related to
lysosomal membrane stabilization and prevention of kinin formation (Lefer
and Verrier, 1970).

Thus, corticosteroids exert prominent effects on the cardiovascular
system (Gross, 1960; Gross, 1961). The circulatory effects of the corti-
costeroids have been under investigation since 1849 when Addison recognized
that cardiovascular collapse was a prominent feature of adrenal insuffi-
ciency. The cardiovascular effects of corticosteroids are of considerable
interest because hypotension is a prominent feature in adrenocortical insuf-
ficiency, and hypertension occurs in hypersecretion of adrenal corti-
costeroids.

Altura (1966) designed experiments to evaluate further the proposed
role of "intrinsic histamine" and glucocorticoids in the local regulation
of blood flow. Various pure synthetic glucocorticoids, even when given in
large doses, did not constrict any of the muscular components of the capil-
lary beds. These steroids, however, enhanced vascular reactivity to vari-
ous constrictors while suppressing histamine and bradykinin-induced vasodi-
lation., Furthermore, these steroids were able to restore microvascular
responsiveness to constrictor materials whose peripheral actions had been
suppressed or absent in animals depleted of their mast cells. These find-
ings reinforce the hypothesis that glucocorticoids may function as regu-
lators of local blood flow via their modulation of wvascular smooth muscle

reanoneivanage tn other endngenans humaral acents.
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Motsay et al. (1970) reported a prime factor causing mortality from
septic and cardiogenic shock is stagnant microcirculation which is not
always corrected by administration of fluids and is often worsened by the
use of vasopressors. Massive doses of corticosteroids, but not a physiologi-
cal dose, would counteract the lethal effects of large doses of epinephrine
on the cardiovascular system. Epinephrine and norepinephrine are vitally
supplied in the body's rather nonspecific response to trauma, sepsis, or
cardiac damage. Their effect is principally on the microcirculation of the
viscera and skin and characterized by an initial ischemia due to arteriolar
and venular constriction, followed in a greater or lesser time by stagna-
tion in which arteriolar tone is lost but venular constriction remains.
Accompanying this stagnant phase is increased capillary permeability lead-
ing to further fluid loss and aggregation which may be followed by intravas-
cular thrombosis and coagulation defects. Massive doses of corticosteroids
such as methylprednisolone given to animals or man in shock can apparently
prevent these changes from occurring if given before terminal shock devel-
oped.

Lillehei et al. (1964) reported that pretreatment with hydrocortisone
in large doses protects the cell against the pernicious effects of prolonged
ischemia. The hemodynamic disturbances resulting from epinephrine injec-
tion in the dog closely resembie conditions of hemorrhagic and endotoxin
shock. The noxious effects of epinephrine can be blocked by pretreatment
with phenoxybenzamine or other adrenergic blocking agents and hydrocorti-

sone.
¥

- A

Liilenel et ai. (i563) state that hydrocortisone ie an effective drug

to use alone, in contrast to phenoxybenzamine, although results are
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improved if it is combined with fluid therapy. The need for fluid therapy
becomes more acute as the time between the onset of the shock and the ini-
tiation of treatment is increased. Giving hydrocortisone alone in the face
of hypotension will not cause any further hypotension; the blood pressure
often rises almost immediately after its administration. The effect of
large doses appears to be a gradual reduction in individual organ and total
peripheral resistance with restoration of cardiac output and restoration of
more normal fluid to the bowel and other visceral organs. Plasma volume
losses are curtailed, catecholamine levels decrease, venous return and car-
diac output increase, and urine flow is restored.

Lillehei et al. (1964) reported that administration of hydrocortisone
results in no depression of blood pressure or other vital signs in contrast
to phenoxybenzamine. Rather there is often an elevation of pressure after
hydrocortisone administration even before additional plasma or blood is
given. Phenoxybenzamine is likely to cause a further blood pressure fall
as the size of the vascular space is increased by the adrenergic blockade.
A combination of hydrocortisone, phenoxybenzamine, and plasma may be the
best regime of all.

Block et al. (1966) reported that administration of steroids such as
corticosteroids show a doge response and have an effect on regional blood
fiow in the shocked dug resembling the pattern observed with & adrenergic
blockade (Lillehei et al., 1964).

Massive doses of corticosteroid have little or no relation to the
physiological effects of adrenal glucocorticoids but are pharmacological
agents capable of lowering peripheral resistance, particularly within the

viscera (Moses et al., 1965). The primary beneficial effects of glucocorti-
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coids in shock may rest as much on their ability to maintain the integrity
of cell membranes and subcellular particles, mitochondria, and lysosomes as
upon their ability to influence the dynamics of the circulation (Lillehei

t al., 1964).

Perlroth and Harrison (1969) reported that corticosteroids are specific
for the treatment of shock when it is due to adrenal insufficiency. Topel
(1968b) reported that adrenal cortical steroids are associated with stress ._
adaptation. It is only when an animal is stressed that survival depends on
the presence of the cortical steroids, and their influence on stress adapta-
tion is associated with circulatory homeostasis. It appears that muscular
fatigue from stress in an adrenal insufficient animal is not due to an
impaired musculature or myoneural junction but to a circulatory collapse
(Ramey and Goldstein, 1957). When an animal is stressed, epinephrine pro-
duces 8 shift of blood flow from the splanchnic area to the working muscle
(Ramey et al., 1951). 1In the absence of adrenal cortical steroids, the
threshold for epinephrine and norepinephrine action is greatly raised, and
therefore, when an adrenal insufficient animal is stressed, splanchnic
engorgement occurs due to the abnormal shift of blood from the splanchnic
region to the skeletal muscle, and a vascular collapse occurs (Ramey and
Goldstein, 1957).

It appears that the adrenal insufficient animal attempts to compensate
for the lack of effective effictor-organ response to sympathetic stimula-
tion by increased activity within this system (Sheehan, 1948). The high

titre of constrictor materials released ultimately acts to destroy the

aaaaaaaaaaaa 222 2f tho omall bhland wescele. Administration of steroids up

to a certain point will protect the effector organs against these influ-
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ences (Fritz and Levine, 1951; Ramey et al., 1951), but even the intact
animal with a functional adrenal cortex finally succumbs to excessive sym-
pathetic bombardment (Overman and Wong, 1947; Wiggers et al., 1948; Topel
et al., 1968). Further addition of steroids at this point is virtually
useless in preventing death (Lewis and Freytag, 1951; Topel et al., 1968).

Shayer (1963) indicated that increased output of glucocorticoids dur-
ing stress balances the effects of increased rate of induced histamine by
affecting potentiation of pressor effects by adrenal steroids. This is
characteristic of corticoid-epinephrine interaction in all stressful situa-
tions (Ramey and Goldstein, 1957). The signs reported for the porcine
stress syndrome (Topel et al., 1968) show evidence of circulatory disorder,
and it appears that pigs undergoing this syndrome lack the ability to
secrete adrenal glucocorticoids during stress (Topel, 1968b). Therefore,
these individuals have difficulty removing or metabolizing lactic acid due
to a circulatory disorder.

Ludvigsen (1957) stated hypofunction of the thyroid and adrenal cortex
as the cause of muscular changes similar to those of PSE pork. Observa-
tions of stress susceptible and control pigs before and after a ten-minute
stress period led to the conclusion that a reduced level of thyroid hormone
in the blood and a lowered ACTH content of the anterior pituatary gland
contributed to the incidence of PSE musculature.

Henry et al. (1958) and Judge et al. (1966, 1968) indicated a defi-
ciency of glucocorticoids in stress susceptible animals. Mean values of
17-ketosteroids found in 24-hour urine samples tended to be lower, plasma
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17-0HCS levels from pigs possessing severe PSE muscle 3.3 ug per 100 ml
lower than the dark, firm and dry grouﬁ. Ludvigsen (1968) reported exoge-
nous administration of synthetic cortical steroids (nordisolone) allowed
stress susceptible pigs to adapt to heat exposure.

Nichols and Tyler (1967) reported exogenously administered glucocor-
ticoids can suppress ACTH release and cortisol synthesis, and when given in
sufficiently large doses, cortisol synthesis may be blocked. Marple (1968)
reported the blocking of cortisol synthesis with prednisolone, substanti-
ating Nichols and Tyler (1967).

No significant correlation was found between adrenal weight and plasma
17-0HCS levels (Topel et al., 1967) or porcine muscle morphology or muscle
pH (Addis et al., 1965). Marple (1968) found plasma 17-OHCS levels signifi-
cantly correlated with adrenal weights of the control group.

Cassens et al. (1965) observed the adrenocortical lipid content of the
zona reticularis and found that adrenal glands from stress prone pigs
possessed a greater concentration of lipid masses. Cassens et al. (1965)
suggested that the increased lipid masses may represent a degenerative
change in the adrenal cortex and thus provide a reason for the apparent
reduction of urinary 17-OHCS concentration of the stress prone pig. These

authors also indicated that the reported changes in the zona reticularis

may be associated with a rapid post-mortem pH decline in muscle.

Glenn et al. (1961) and White et al. (1968) concluded that hydrocorti-
sone influences the metabolism of glucose at a level at which pyruvate or
lactate plays a predominant role and that hydrocortisone markedly influ-

enced Lie Couversion ©

en. Altura (1966) found that glu-

cocorticoids (cortisone, prednisolone, or dexamethasone), when administered
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systemically to normal rats, produced no observable changes in the diame-
ters of the muscular microvessels over a period of two hours. However,
glucocorticoids increased the vascular reactivity to constrictor cathehola-
mines, while histamine induced vasodilation was suppressed. It was con-
cluded that glucocorticoids function in the local regulacion of blood fiow
via the response of vascular smooth muscle to other endogenous humoral
agents.

Glucocorticoids are also believed to function by moderating the
actions of the intrinsic dilator, histamine, which has been suggested as
being responsible for the control of microcirculatory dilation rather than
carbon dioxide, oxygen deficiency, lactic acid, and pH changes (Shagal and

Shraiberg, 1964).

Analysis of cortisol

Soffer et al. (1961) defined corticoids as steroids present in the
adrenal cortex possessing 21 carbon atoms and three or more oxygen atoms.
Murphy (1967a) reported that chemical analysis of adrenal venous blood
showed that glucocorticoids, cortisol, and corticosterone are quantita-
tively the most important steroids. This author stated that unconjugated
plasma cortisol (hydrocortisone) was a useful measure in peripheral blood
of adrenocortical activity.

Murphy (1967a) further reported that two-thirds of the corticoids were
unconjugated, and one-third were conjugated to glucuronides and sulfates.
The unconjugated corticoids, which are usually measured, comprise a frac-

tion nine-tenths of which are bound to serum proteins (corticosteroid-
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binding globulin-CBG and transcortin-and albumin) and an unbound or native
or one-tenth ultrafiltrable fraction.

Most techniques involve: 1) solvent extraction of plasma, 2) purifica-
tion of the crude extract, and 3) identification and quantitative determina-
tion. Both protein-bound and unbound forms are measured since all the
extraction procedures employed remove the steroids from the proteins
(Murphy, 1967a).

Extraction of cortisol and corticosterone is accomplished with an
organic solvent and then followed by further purification (Murphy, 1967a).
Braunsberg and James (1961) concluded that for cortisol and cortisone,
methylene chloride and ethyl acetate are the solvents of choice and that
chloroform may be equally satisfactory. Murphy (1967b) reported that heat
and alcohol could also be used to destroy fhé:binding proteins that may
otherwise act in the same way as the assay protein.

The competitive protein-binding analysis consists of two parts: first,
the deproteinization of the plasma - to remove or destroy the CBG present,
and, secondly, the quantitation of the corticosteroids in the deproteinized
plasma. This is accomplished by equilibrating the deproteinized plasma
with a solution containing CBG saturated with radioactive cortisol, then
separating and counting the protein-bound fraction. The unlabeled cortisol
competes with the tracer cortisol for the binding sites on the CBG mole-
cules, displacing some of them, so that the amount of radiocortisol in the
portein-bound fraction is inversely proportional to the amount of unlabeled
cortisol added in the sample (Murphy, 1967a).

saturated with the tracer steroid. Since the steroid bound to the CBG is
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in dynamic equilibrium with the unbound steroid, the steroid of the sample
displaces a portion of the'tracer, and the measured percentage of tracer
bound to the CBG falls proportionately. The protein-bound and unbound frac-
tions are then separated, and the distribution of the tracer is determined.
The steroid of the sample is quantitated by comparing its displacement of
tracer with that caused by known amounts of the same steroid (Murphy,
1967b).

The quantitation step involves two parts (Murphy, 1967b). Equilibra-
tion with tracer and assay of protein involves sample steroid displacement
of tracexr from the aésay protein in proportion to the amount present. This
is accomplished at room temperature followed by cooling to 10°C or lower-
binding capacity varies with temperature.

The second part of the quantitation step involves separation of pro-
tein-bound and unbound steroids allowing one or both fractions to be
counted. This can be accomplished by dialysis, electrophoresis, gel fil-
tration, ion exchange resins, protein precipitation, and adsorption of the
unbound fraction to insoluble particles such as the aluminum silicates -
Fuller's Earth and Lloyd's reagent, the magnesium silicate - Florisil, and
coated charcoal.

Fuller's Earth, coated charcoal, and Lloyd's reagent were found suit-
able for separating protein-bound and unbound cortisol (Murphy, 1967b).
This author found Florisil and coated charcoal suitable for separating pro-
tein-bound and unbound ccrticosterone. Uptake by the silicates was some-
what decreased at higher temperatures with greater sensitivity seen with

CBC. TFor 21l four adaorhentes | there was an inecrease in the amount of
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3H-cortisol bound by the adsorbent as the temperature increased. CBG is
known to bind steroids more avidly af lower temperatures (Murphy, 1967b).

Longer shaking time increased the uptake by the adsorbents. If the
samples were allowed to stand for various lengths of time over a ten-minute
period after shaking, there was no change in the amount taken up by
Florisil, which quickly settles to the bottom of the test tube. There was
a significant change observed with Fuller's Earth, Lloyd's reagent, and
especially cocated charcoal, which remained suspended until centrifuged.
After centrifugation, no further change occurred (Murphy, 1967b).

In the assay, standards were included with every group of sagples so
that differences in adsorbent uptake from one run to another did not offset
the results obtained. Murphy (1967b) found for any given plasma concentra-
tion, under fixed conditions of shaking, the greater the amount of adsorb-
ent added, the greater the amount of steroid taken up by it. This author
found Fuller's Earth used with 3H cortisol as a tracer provided a system
with increased specificity for cortisol.

According to Murphy (1967b), the steroid of the sample is quantitated
by comparing its displacement of tracer with that caused by known amounts
of the same steroid. If the percentage of bound tracer is plotted against
the amount of steroid added, a curve may be drawn. If the reciprocal of
the percent bound steroid is used, g straight line relationship is obtained
over the usable range. Since the time required to count the protein-bound
fraction to a preset number of counts is proportional to the reciprocal of
the percent bound steroid, it is more convenient to plot the time required

cunt ve_ the amount of steroid added, since no calcula-
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tions are necessary. The data presented in this dissertation was obtained
by plotting activity as time to 10,000 counts vs. steroid concentration.

Murphy et al. (1963) and Murphy (1967a) found a definite diurnal varia-
tion in cortical steroids, as was also reported by Weiss et al. (1970).

All of these authors reported higher circulatory levels during morning sam-
ple collection comprising the time period of 6:00 A.M. to 9:00 A.M., fol-
lowed by a decline in basal levels as the time of day progressed.

Seal and Doe (1963) and Lindner (1964) investigated plasma corticoid
binding in a variety of species and suggest that plasma level and biologi-
cal half-life of cortisol in different species are directly related to
binding capacity. Mlynaryk et al. (1962) reported that although plasma
corticoid levels tend to be low, urinary 17-OHCS and cortisol production
rates are significantly elevated in obese as compared with normal subjects.

Murphy et al. (1963) indicated that neither hemolysis nor heparin
impaired the specificity of the protein-binding assay technique.

Murphy (1967a) stated that urine collections are cumbersome to handle
and often incomplete. Metabolic excretion is altered in hepatic and renal
disease and in obesity. In contrast, blood samples measure the active hor-
mones and are more easily collected. This logical reasoning, to a major
degree, influenced the decision of analyzing cortisol and epinephrine in
the study reported in this dissertation through the technique of blood col-

lection and plasma assay.

Alpha (&) and Beta (&) Blockade
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Norepinephrine has been attributed to react with «f receptors resulting in
vasoconstriction, iris dilation, pilomotor contraction, and intestinal
relaxation. B8 receptors are held responsible for vasodilation in muscle,
increased myocardial contractile force, and bronchial relaxation (Dietzman
et al., 1967). The sympathoadrenal stress response is greatest in the
vasoactive, adrenergically sensitive viscera and skin, and the & receptors
in these areas are sensitive to the outpouring of catecholamines.

Theoretically, survival should be improved by the reestablishment of
equitable blood flow to all tissues. Practically, this can be accomplished
by the administration of vasodilating agents in combination with volume
replacement. Reduction of vasoconstriction can be accomplished by: reduc-
tion of the effects of sympathetic nerve stimulation (% adrenergic block-
ade with phenoxybenzamine), &7 adrenergic stimulation with isoproterenol,
an undefined mechanism with massive doses of adrenal corticosteroids, and
saturation of the sympathetic nervous system with epinephrine, which
reduces the vasoconstrictive response of sympathetic stimulation (Dietzman
et al., 1967).

Pharmacological blockade of sympathetic vasoconstriction lowers total
peripheral resistance, redistributes blood to ischemic viscera, and
increases vascular capacitance (Lillehei et al., 1965; Vick et al., 1965).
The catecholamines reinforce the action of locally released neurotrans-
mitters. o block effects can be summarized as follows: 1) long periods
of relatively complete blocking-phenoxybenzamine, 2) significant blockade
but usually partial and transient-phentolamine, tolazoline, and azopetine,
3) short acting partial blockade-piperoxan, and 4) no significant blockade

in man-ergot alkoloids (Block et al., 1966).
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Phenoxybenzamine produces specific and persistent blockade of
receptors which are found in greatest concentration in visceral and cutane-
ous vascular smooth muscle. Even when used in much larger doses than
required to exert a maximum blocking effect, phenoxybenzamine still pro-
duces no inhibition of the inotropic cardiac response to catecholamines
although it completely blocks their peripheral effects. Conversely
receptor agents have little blocking effect on adrenergic vasoconstriction
but have pronounced cardiac activity (Block et al., 1966).

¢ adrenergic blockade is effective on both the arteriolar and venular
sides of the microcirculation. The small venules of the body are poten-
tially the major capacitance vessels. During the phase of stagnant micro-
circulatory anoxia associated with sustained sympathetic vasoconstriction,
there appears to be increased capacitance in the dilated acidotic engorged
capillary beds of the microcirculation rather than in venules that are con-
stricted (Lewis and Mellander, 1962). Along with producing arteriolar
relaxation, phenoxybenzamine induces loss of venular tone, thus reducing
capillary hydrostatic pressure and enlarging the venular capacitance.
Therefore, phenoxybenzamine administration needs to be accomplished with
volume replacement.

Phenoxybenzamine is a moderately potent antihistamine and anti-
serotonin (Nickerson, 1963), blocks the release of ferritin from the liver,
and may suppress the release of vasoactive agents (Baez et al., 1958). It
plays some role in maintaining integrity of the phagocyte system which may
be impaired in shock (Smuddy et al., 1958) and appears to block some of the
direct cellular toxic eifects of gram-negative bacterial endotoxins

(Gourzis et al., 1961). Following phenoxybenzamine administration, the
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oliguric or anuria subject in shock usually shows improved renal perfusion
of urine flow (Nickerson, 1963), part of which is due to improved splanch-
nic blood flow, but part may be due to a central nervous system mechanism
(Davies et al., 1965). Phenoxybenzamine given to patients suffering from
cardiogenic shock and acute pulmonary edema and to dogs with induced pulmo-
nary edema improves pulmonary perfusion and may relieve the edema
(Sukhnandan and Thal, 1965).

Phenoxybenzamine without volume replacement can lead to percipitous
decline, and death may follow the onset of the blockade. These deaths are
characterized by very low cardiac output, severe hypotension, seizures, and
respiratory arrests apparently related to poor cerebral perfusion and are
not typical of usual forms of shock death (Eckenhoff and Cooperman, 1965).
Pretreatment with phenoxybenzamine one to five hours in advance reduces the
incidence of shock death but makes rats more susceptible to acute traumatic
death.

Catecholamine shock can be produced clinically with infusions for 90-
120 minutes. Phenoxybenzamine blockade before pressor infusion in dogs
blocks the vasoconstriction effect of catecholamines and prevents the
characteristic hypertension and visceral ischemic changes. Administration
of =zteroids (corticosteroid) shows a dose response and has an effect on
regional blood flow in the shocked dog resembling the pattern seen with e
adrenergic blockade (Lillehei et al., 1964).

Bave et al. (1966) studied the deleterious effects of prolonged sym-
pathetic activity or vasoconstriction in dogs and have suggested the use of
vasodilator agents in shock. When phenoxybenzamine was given during hemor-

rhagic shock, 55 percent of the volume bled out was returned to maintain
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the same blood pressure thus giving a quantitative estimate of the
increased vascular space. Cardiac output and oxygen consumption increased
with the added volume, but improved distribution of flow to the mesenteric
circulation did not occur and mesenteric oxygen consumption decreased, sug-
gesting decreased capillary blood flow. Giving phenoxybenzamine, after a
period of shock and return of shed blood, decreased vascular resistance but
at the expense of marked decreazses in cardiac output and regional flow.

According to Perlroth and Harrison (1969), there is a decrease in
blood flow during shock conditions, therefore, agents which lower peripheral
resistance and increase flcw are desirable. ¢ adrenergic blocking agents
such as phenoxybenzamine and phentolamine have been used for treatment of
septic and other forms of shock (Wilson et al., 1964; Nickerson, 1965;
Anderson et al., 1967; Hardaway et al., 1967).

Wilson et al. (1964) studied the use of dibenzyline (Phenoxybenzamine
HCL) in humans. Many studies, presented earlier, substantiate that reflex
sympathetic vasoconstriction in shock brings about a redistribution of cir-
culation in such a way as to maintain flow preferentially to the heart and
brain, While this adjustment is an important adaptation for immediate sur-
vival, prolonged vasoconstriction in the remainder of the body, if con-
tinued for long periods of time, may cause serious consequences.
Dibenzyline, an < receptor blocking agent which abolishes the arteriolar
and venous constrictor effects of l-norepinephrine, is a particularly valu-
able agent for abrogating this vasoconstriction. Remington et al. (1950),

Baez et al. (1958), and Nickerson and Carter (1959) have shown that pre-

treatment of animals with this agent protects against various forms of

otherwise fatal experimental shock. Many animal studies and a limited
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clinical experience by Nickerson and Gourzis (1962) have substantiated this
work. A more extended study by Wilson et al. (1964) involving a larger
number of humans confirmed the results observed in animals and on a limited
number of clinical cases previously studied.

According to Kayaalp and Kiran (1966), the o adrenergic blocking
agents, phentclamine and phenoxybenzamine, reduced or abolished the pressor
response to propranolol (a @ blocking agent). It did not produce any
pressor response in spinal dogs or in dogs whose adrenal glands were
excluded from circulation.

The A blocking agent, propranolol HCL (Inderal), is employed in clin-
ical trials. To explain the difference in action of norepinephrine and
epinephrine on different sympathetic effector organs, of and A receptors
have been postulated to exist. No structure or specific cellular component
has so far been identified which might be considered the adrenergic receptor
site; it is by the behavior of the effector organ in response to sympatho-
memetric amines which determines the presence of the of or @& receptors.
Thus, a A block would diminish heart rate, heart automaticity, and myocard-
ial contractility and may possibly induce bronchospasm. 1In the intestines,
stimulation of both of and /& receptors inhibits smooth muscle contraction
(Copeland, 1967).

<X blockade can be accomplished with ergot alkaloids, phenoxybenzyline
(Dibenzyline), etc. Propranolol can induce ,8 blockade at about 1/10 the
dose required with pronethelol with no side effects of lightheadedness,
slight incoordination, nausea, or vomiting at the effective dose. Copeland
(L907) rfurther reported that inderal produces a rall in heart rate, a

decrease in cardiac output, a decrease in resting stroke volume, a decrease
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in ventricular diastolic and systolic volume, and, therefore, a change in
tension of the myocardial wall with oxygen consumption falling by 25 per-
cent. Exercised subjects show a significant decrease in heart rate and
systolic blood pressure after propranolol. The most harmful effect of
Inderal is intensification of heart failure due to loss of sympathetic sup-
port to the failing myocardium.

Propranolol was introduced by Black et al. (1964) as a potent beta

adrenergic receptor blocking agent. Long-term treatment caused reductions
of blood pressure in hypertensive and normotensive patients (Prichard and
Gillam, 1964; Gillman and Prichard, 1965). These authors attributed this
effect of propranolol to interference with the function of the sympathetic
nerves to the heart. However, propranolol given intra-arterial produced a
sustained vasoconstriction in the perfused hind limb of the dog (Nakano and
Kusakari (1965 and 1966).

Kayaalp and Kiran (1966) reported that propranolol induced a transient
vasodilation by a sustained vasoconstriction in the denervated autoperfused
hind limbs of dogs. These authors also found the & adrenergic blocking
agents, phentolamine and phenoxybenzamine, reduced or abolished the pressor
response to propranolol. They proposed that such results suggest that the
pressor response to propranolol is due to the release of catecholamines
from the adrenal medulla, which may be related to a reflex activation.
Another possibility is that the release of catecholamines by propranolol
may have a connection with the central nervous system and require an intact
sympathetic flow to the adrenal medulla.

Propranoclol has been shown to block the inotropic and chronotropic

responses produced by the intravenous administration of isoprenaline,
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adrenaline, and noradrenaline in anesthetized dogs (Shanks, 1966). The
vasodepressor action of isoprenaline was abolished and the pressor response
to adrenaline potentiated. The latter effects were attributed to blockade
of the peripheral vasodilator actions of isoprenaline and adrenalinme which
occur to a large extent in the vascular bed of skeletal muscle (Whelan,
1952; Bowman, 1959; Green and Kepchar, 1959; Whelan and de 1la Lande, 1963).
Shanks (1967) found intra-arterial infused propranolol produced a

transient vasodilation which was dose dependent. Propranolol was found to
be at least ten times more effective than its (+) isomer in abolishing the
vasodilator action of isoprenaline. - Propranolol also blocked the vasodila-
tion produced by adrenaline and potentiated its vasoconstriction effect.
The vasodilation in response to adrenaline and noradrenaline after phenoxy-
benzamine treatment was inhibited by propranolol.

Black et al. (1964) showed that propranolol produced a decrease in

externally measured indices of myocardial mechanical effort and, conse-
quantly, a fall in myocardial oxygen demands. Propranol produced different
changes in myocardial arteriovenous oxygen extraction depending upon
whether the coronary circulation was normal or diseased. /3 adrenergic
blockade caused a decline in cardiac filling pressures and volumes at the
dose level of 5 mg in humans (Wolfson and Gorlin, 1969), presumably by
decreasing venous return.

It is now well established that propranolol decreases many of the
measurable external parameters of myocardial effort such as heart rate,
cardiac output, and external left ventricular work. Concomitant with these

changes, coronary flow and myocardial oxygen consumption have been shown in

man to be reduced below control values (Wolfson et al., 1966).
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Berne (1958) has shown a biphasic change in coronary flow when norepi-
nephrine and epinephrine are infused directly into coronary arteries in
dogs. An initial decrease followed by a prolonged increase in coronary
blood flow was seen, the latter phase being associated with an increased
arterial-venous oxygen difference. Similar results were found using iso-
proterenol, both phases being abolished by ,8 blockade.

Hypertension has long been ascribed to increased peripheral resistance
(Page and McCubbin, 1956); therefore, its treatment has been primarily
directed toward blood pressure reduction by decreasing vascular resistance.
A adrenergic receptor stimulation results in peripheral vasodilation, and
/A adrenergic inhibition also reduces cardiac output (Ulrych et al., 1968),
another hemodynamic variable directly affecting arterial pressure.

Elevated arterial pressure in hypotension has been ascribed to
increased peripheral resistance since cardiac output is normal (Freis,
1960). Since A adrenergic receptor stimulation produces peripheral vaso-
dilation, increased heart rate, and myocardial contractility, inhibition of
O receptors should, therefore, increase vascular resistance and decrease
cardiac output. Ulrych et al. (1968) infused intravenously the & blocking
agent, propranolol, into six normal subjects and 21 hypertensive patients.
Arterial pressure was not reduced, but cardiac output fell by approximately
20 percent in both groups. Nevertheless, beta adrenergic inhibition seemed
to have different effects on the two groups; propranolol produced a greater
inhibition of chronotropic activity in hypertensive patients and greater
inhibition of stroke volume in the normotensive individuals whose pretreat-

ment heart rate was slower than that of the hypertensive patients.
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Berk (1970) concluded that ,8 blockade with propranolol is effective
in the treatment of hyperdynamic shock in man, such as septic shock. Cohn
(1966) reported that isoproterenol is a potent inotropic agent which pro-
duces vasodilation rather than vasoconstriction. 1t alleviates the shock
condition by increasing heart rate and cardiac output and reduces periph-
eral vascular resistance.

Kern et al. (1968) reported significant depressions in ventricular
contractility of dogs at pH 7.1 and pH 6.8, but the depressions were pre-
ceded by transient positive inotropic changes. Dogs pretreated with pro-
pranolol showed no positive effects, and their final decreases in left ven-
tricular function were more severe. THAM infusions returned pH to control
levels and increased contractility in all dogs. Therefore, acute lactate
acidosis affects ventricular function through: 1) direct depression,

2) catecholamine release, and 3) reduction of ventricular responsiveness to

catecholamines.

Metabolic Parameters, PQ,, and pH Associated
with Stress and Shock

Metabolic substances can also influence the micro-circulatory bed of
skeletal muscle. Anoxia increases the CO2 tension, lactate levels, H+, and
ATP concentrations, and these chemical components have been reported as the
local determinants eliciting skeletal muscle vasodilation during exercise
(Best and Taylor, 1961; Nahas and Payart, 1967; Skinner and Powell, 1967).
Anoxia and high blood lactate values lead to adrenal cortical activation
(Stickney and Van Liere, 1953; Topel, 1968a), and under these circumstances,
an increase in adrenal steroids is necessary for circulatory homeostasis

and to maintain life (Thorn et al., 1945). The adrenal insufficient animal
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is more susceptible to anoxia (Thorn et al., 1945), and a very high content
of lactic acid develops in the plasma and muscle after exercise (Marple

et al., 1969) resulting in death for extreme individuals. Death from acute
anoxia or acidosis reveals that the fall in blood pressure may be due to

the diminished constrictor action of various hormones, the absence of ade-
quate oxygen, or a low blood pH. Also, epinephrine and probably norepineph-
rine don't have a normal pressor effect (Shurtshin et al., 1948; Van Loos
et al., 1948; Nahas and Payart, 1967).

Lillehei et al. (1964) observed that there is always a lowering of

blood pH as shock progresses although these authors stated that this shift
does not appear to have prognostic significance. These researchers did
suggest that events leading to the irreversible state are initiated with
the spasm which affects both venules and arterioles and results in an
ischemic capillary bed. As the shock is prolonged, the continued ischemia
results in relaxation or loss of tone of the precapillary sphincters
{resistance vessels). This relaxation is probably a consequence of
ischemia and local acidosis in the surrounding tissues.

Payart and Nahas (1966) studied the calorigenic and metabolic effects
of norepinephrine and epinephrine in young Beagles. Both norepinephrine
and epinephrine increased oxygen consumption to the same extent at normal
pH. During hypercapnic acidosis, this calorigenic effect of epinephrine
and norepinephrine‘was inhibited. Hyperglycemia responses to catecholamine
infusion were not chénged by acidosis. An increase in H+ concentration
exerts antagonistic effects on catecholamines stimulating their release and

at the same time inhibiting their metabolic effects.
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Schumer and Sperling (1968) defined shock as a molecular disease pro-
posing that the metabolic derangements associated with shock revolve around
anaerobic metabolism, which produces increased amounts of lactate, amino
acids, fatty acids, and phosphoric acids. Metabolic acidemia produces
lysosome membrane disruption with the outpouring of the lytic enzymes
causing death of the cell. Associated with this anaerobic metabolism is a
decreased production of the energy component ATP. This causes a derange-
ment of protein synthesis and cell membrane pump function. These authors
further propose that the derangement of protein synthesis reduces the
ability of the organism to combat shock, and the cell membrane pump func-
tion derangement produces cellular edema and mitochondrial edema.

According to Wilkens et al. (1970), the ability of the microvascular
system to respond to the ever changing metabolic needs of the various tis-
sues is a fundamental requirement for maintaining homeostasis. Vasodila-
tion following a lowering of blood pH has been demonstrated early in scien-
tific investigation and confirmed by many (Krogh, 1929; Fleisch et al.,
1932; Kester et al., 1952; Zsoter et al., 1961; Molnar et al., 1962). It
has been substantiated that muscular activity is accompanied by a decreased
pH of the effluent venous blood (Kontos and Patterson, 1964; Ross et al.,
1964; Rudko and Haddy, 1965; Kontos et al., 1966). Evidence suggests that
a decrease in the pH of the blood and tissue fluids, such as occur during
increased metabolic activity or during under perfusion (Frey, 1930; Kontos
et al., 1965; Kilburn, 1966; Kontos et al., 1966; Bergan et al., 1967), may

represent a stimulus capable of activating the major biological systems

concerned with blood coagulation, fibrinolysis, and kinin formation.
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The potential significance of such pH mediated release of kinins must
be viewed in light of the potent pharmacologic properties of kinins. Nano-
gram quantities of these potent polypeptides suffice to effect a promounced
degree of vasodilation and a proportionate increase of blood flow in a
variety of vascular beds (Fox et al., 1961; Maxwell et al., 1962; Paldino
et al., 1962; Kontos et al., 1964). All these considerations and the
important fact that kinins are rapidly destroyed by kininases (Erdos,
1963), present in both plasma and tissue fluids, have suggested the possi-
bility that a pl-mediated release of kinin might very well represent a
decisive link within a metabolically controlled biochemical mechanism or

peripheral vascular autoregulation. Wilkins et al. (1970) state that kinins

may play a secondary role wherein tissue hypoxia, produced by extensive
hemorrhage or a great variety of other causes, may act as the initiating
event followed by the activation of the kinin and related biochemical sys-
tems.

The increase in lactate and pyruvate content of arterial blood during
experimental and clinical states of shock and the extent to which such
increases serve as measures of oxygen deficit and irreversible injury were
investigated by Weil and Abdelmonen (1970). Induced hemorrhagic shock in
the rat during a four-hour bleeding period saw oxygen consumption decrease
40 percent, pH change from 7.39 to 7.08, an increase in lactate from
0.80 mM to 6.60 mM, and a pyruvate increase from 0.07 mM to 0.18 mM. Analy-
sis of the data showed lactate to serve as a sensitive predictor in clini-

cal cases for survival i.e., as lactate increased from 2.1 mM to 8.0 mM,

the estimated probability of survival decreased from 90 to ten percent.
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Experimentally, the reduction in oxygen consumption during shock is
predictably related to survival (Crowell and Smith, 1964). According to
Huckabee (1958), Broder and Weil (1964), and Peretz et al. (1965), current
techniques of gas collection for measurement under controlled conditions
prior to the onset of shock are rarely available; the measure itself is
technically difficult, and, therefore, investigators have sought indirect
measures of oxygen consumption or oxygen deficit i.e,, lactate and pyruvate.
Huckabee (1958b) and Schumer (1968) stated that circulatory anoxia accounts
for the accumulation of lactate and in part for the progressive acidosis
characteristic of shock-aerobic oxidation in the TCA cycle is blocked. The
oxidation of NADH2 to NAD is controlled by the lack of oxygen. The buildup
of NAD in the presence of LDH shifts the equilibrium to the reaction favor-
ing lactate accumulation.

Measurement of the maximum ability of the circulatory system to trans-
port oxygen during a period of hypotension shows that oxygen becomes "flow
limited", and only approximately 50 percent of the body needs are met at a
hypotensive pressure of 30 mm Hg (Crowell, 1970). This author proposed
that the decreased metabolism associated with hypotension is, therefore,
related to inadequate oxygen supply and not due to decreased demand. The
destruction of the body tissues is related to the internal distribution of
this inadequate supply of oxygen and varies from specie to specie, as well
as from other factors such as the experimental method of producing shock.

After producing irreversible shock (Crowell, 1970), pathological
lesions were observed in the heart, lungs, liver, kidney, and other areas.
While the heart showed the most extensive damage, it is clear that differ-

ent experimental methods of producing shock may alter the '"target organ'.
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Hypotension is a condition of total body ischemia and hypoxia (Crowell,
1970). This author further stated that tissues are damaged, some exten-
sively and sufficiently to be fatal. Death from the damage wmay be immedi-
ate or delayed. The declining pressure may be due to cardiac damage, fluid
loss, or both, but death may be caused by either (Crowell, 1970).

Rothe (1968) stated that although oxygen deficits in certain vital
tissues may be crucial to ultimate survival, cumulative total oxygen defi-
cet is not an adequate measure of this deficiency. With regard to smooth
muscle, Detar and Bohr (1968) observed that oxygen tension is an important
determinant of contractile tension developed by isolated helical strips of
rabbit aorta. A decrease in oxygen pressure below 10 mm Hg causes the con-
tractile response of epinephrine to diminish linearly. The immediate
dependence of contractile tension on the partial pressure of oxygen is
explained on the assumption that oxygen plays a metabolic role within the
mitochondria of the smooth muscle cells as the final electron acceptor in

the respiratory chein,

~Influence of pH and Lactate on Muscle Characteristics

A positive correlation has been shown to exist between water holding
capacity, muscle color intensity, and pH (Bate-Smith, 1948; Lawrie, 1958;
Briskey, 1959; Wismer-Pedersen, 1959; Briskey et al., 1960; Judge et al.,
1968). These researchers determined that dark, firm muscle was higher in
pH and lower in free water than pale, soft muscle. Briskey and Wismer-
Pedersen (1961) observed continuous pH and temperature changes during post-
mortem chilling. Carcasses that had a rapid. significant pH decrease to

5.1, 1% hours post-mortem possessed pale, exudative, soft tissue. In con-
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trast, rapid chilling of the muscle before 45 minutes post-mortem prevented
the development of PSE muscle.

Sayre et al. (1964) concluded that onset of rigor mortis was important
in the development of PSE muscle. When onset of rigor mortis occurred at
pH values below 5.9 with temperatures above 35°C, the M. longissimus became
pale and watery. However, if onset of rigor mortis occurred when pH values
remained above pH 6.0, then the muscle was dark and firm.

Wismer-Pedersen and Briskey (1961) concluded the difference in rate of
pH fall was due to a difference in rate of anaerobic glycolysis as illus-
trated by glycogen and lactic acid determinations. Gunther and Schweiger
(1966) reported it was not always possible to associate lactate values and
muscle pH at the same post-mortem time. A positive correlation was infre-
quently found, thus the authors concluded that lactic acid produced by
post-mortem glycolysis may not be the only compound responsible for decreas-
ing the pH values in muscle. |

Kastenschmidt and Briskey (1966) concluded that higher levels of lac-
tic acid in muscles having a rapid rate of post-mortem glycolysis supported
the concept of an oxygen debt prior to death. It was observed that the
accumulation of lactate in muscle undergoing rapid glycolysis was nearly
complete within 30 minutes post-mortem, while lactate continued to be pro-

duced for 180 minutes after death in muscle with slow glycolysis.

Muscle Color and Associated Metabolites
The color observed in muscle tissue is due in part to a protein pig-
ment designated as myoglobin. Schweigert (1956) described myoglobin as a

conjugated protein that contains a heme moeity (iron containing porphyrin
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gel) attached to the protein, globin. Its function in the live animal is
to accept oxygen from the hemoglobin of the blood for use in oxidative
energy yielding reactions in the cell. This author found concentration to
vary between and within muscles. The heme portion gives rise to the color
of myoglobin, although the attachment to the protein (globin) or other con-
stituents, which are in themselves colorless, modifies the color consider-
ably.

Hart (1961) described a method which measured the extinction value of
the meat extract. This author stated that the color difference observed by
the eye between the meat of different species of animals, between different
muscle groups of the same animal, and those between degenerated and normal
muscle tissue can in this manner be indicated by a definite number.

The brightness reflected from the surface of muscle to a mechanical
observation and recording apparatus has been the underlying principle of
color measurement methods developed and employed by Lohse and Pfau (1964),
Schroder et al. (1965), and Steinhauf et al. (1966).

Haas and Bratzler (1965) determined oxygenation rates by use of
Munsell disk colorimetry and by the Gardner automatic color difference
meter. From the data obtained, recommendations can be made for the time to
read color as a prediction of total color change due to oxygenation.

Briskey (1959) classified hams into four groups: 1) pale, two-toned,
2) two-toned, 3) normal, and 4) dark. He concluded the individual ham mus-
cles may be distinguished from one another on the basis of physical and
chemical characteristics. The light muscles may be distinguished from the
adjacent dark muscle in the following ways: lower pH, greater water

release, and lower myoglobin content. Briskey et al. (1960), in a study of
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ham musculature, found the muscles which exhibited relatively high ultimate
pH values showed lower initial glycogen accumulations and greater myoglobin
concentrations.

Albertson (1963) stated 'muscular degeneration' (MD) was thought to be
hereditary, leading to a deterioration in meat color and quality in Danish
Landrace pigs. Further work resulted in the thought that (MD) is mainly
due to low myoglobin concentration which causes nervous tension and inten-
sified glycolysis, which lead to post-mortem changes in meat quality. It
is suggested that the term "muscular degeneration' should be replaced by
"myoglobin disease'. However, Marple (1968) supports the work of Briskey

t al. (1960) reporting that PSE muscle color can develop and have normal

myoglobin concentrations. ,

Wismer-Pedersen (1959) subjectively scored loins for color after they
were first grouped on hematin content; then each group was split into sub-
groups of loins with loose water-weight in mg/g of meat - (LW) numbers
below and above 460, respectively. Loins with LW numbers below 460
obtained color scores of 2.5-3.0 (desirable red color) irrespective of the
pigment concentration. For loins with LW numbers above 460, the average
color score for the two groups with low hematin concentration was about 1.5
(pale color). It was concluded that meat with normal water holding capac-
ity may have desirable color even at lower pigment concentration.

Hamm (1960) suggested that meat color may be influenced by muscle
hydration and the structure of the muscle. He stated that the higher the

muscle is hydrated, the more 'close' is the structure and the lower is the

rate of diffusion of oxygen to the intracellular proteins.
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McLaughlin and Goldspink (1963) and Goldspink and McLaughlin (1964)
showed that holding sarcoplasmic protein extracts above 30°C caused consid-
erable precipitation. The amount of protein precipitated and color
observed proved to be an inverse relationship. From their observations,
they concluded that the combined effects of high temperature and low pH
caused sarcoplasmic protein precipitation and thereby masking of the color
of muscle myoglobin,

Energy Metabolism in Relation to Stress
and Shock Conditions

Glenn et al. (1963) reported that adrenocortical steroids alter the
rates of metabolism of amino acids, proteins, and fat primarily by exerting
inhibitory effects on glucose metabolism. Their anti-inflammatory, general
metabolic, and direct effects on adipose tissue appear to be directly
related to inhibition of glucose metabolism. Generally direct effects of
adrenocortical steroids on cells are inhibitory and appear to be related to
their ability to alter rates of synthesis of high energy compounds for syn-
thetic purposes. Secondary metabolic effects of exogenously administered
adrenocortical steroids can be prevented by administration of glucose.

This indirectly influences amino acid metabolism, fat metabolism, increased
plasma triglyceride synthesis, and increased carbon dioxide production.
Primary effects i.e., increased plasma and urinary glucose and glycogen
concentrations are accelerated or markedly inhanced by glucose injection.

Youmans (1967) reported that fatigue would be brought about when there
is exhaustion of substrates needed for the chemical reactions concerned
with muscular contraction. As a result of accumulation of metabolites dur-

ing fatigue, fatigue itself is accentuated when blood supply is restricted.
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According to White et al. (1968), glucose acts as the initial precursor of
major energy metabolic pathways leading to energy rich compounds composed
of high energy phosphates. Metabolites of these various pathways accumu-
late in the ultimate form of lactate and pyruvate, thus providing H+ ions.
Biological buffering systems, especially via carbonate, normally neutralize
the excess acids, however, excess metabolites will accumulate during exer-
cise, fatigue, and stress.

Glenn et al. (1961) reported the injection of glucose or lactate mark-
edly influenced the glycemic response of hydrocortisone. The increases in
muscle glycogen synthesis after hydrocortisone injections were less than
those that occur in the liver and did not occur unless large amounts of
glucose were also injected. It was found in adrenalectomized fasted rats
that hydrocortisone increased the production or availability of lactic acid
and that lactic acid administered alone led to an increase in net glycogen
synthesis. Glenn et al. (1961) and White et al. (;968) concluded that
hydrocortisone influences the metabolism of glucose at a level at which
pyruvate or lactate plays a predominant role and that hydrocortisone mark-
edly influenced the conversion of lactate to glycogen.

Dhar et al. (1967) and Dutta and Dhar (1968) reported that severity of
anaphylactic shock is altered by varying the level of glucose in the blood.
It was shown that when hypoglycemia was induced by injection of insulin
before physical challenge, systemic anaphylatic shock was potentiated in
rats, mice, guinea pigs, and rabbits. Dhar (1970) reported that when ani-
mals were made hyperglycemic either by alloxan pretreatment or by hypertonic
glucose infusion, the systemic anaphylatic shock was markedly reduced in

the rat, mouse, and rabbit. Glucose infusion either abolished or reduced
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the degree to which blood pressure decreased during anaphylatic shock in
dogs (Dhar, 1970). This researcher proposed: 1) anaphylatic shock is
potentiated by hypoglycaemia and prevented by hyperglycemia. However,

there is a species variation, 2) the mechanism of protective effect is

still obscure though reduced resistance to histamine might be a contributing
factor, 3) hypoglycemia is associated with antigenic sensitization. 4
adrenergic blockade which also produces hypoglycemia may be an associated
factor, 4) antigenic sensitization produces hypoglycemia after ten days in
rats and mice. In the guinea pig, the rabbit, and dog, under similar con-
ditions, hypoglycemia occurs 20 days after injection of an antigen.

Scrutton and Utter (1968) reported with reference to the liver that
regulation of the glycolytic flux by substrate availability and metabolic
effectors may be the primary control mechanism since the observed flux is
considerably lower than the maximal catalytic capacities of the unique gly-
colytic enzymes of this organ.

Schumer (1968) hypothesized a specific location of the energy pathway
block in shock. According to this author, proteins and fats can enter the
energy production pathway at strategic steps but must pass through the gly-
colytic and oxidative cycles for oxidation releasing energy which is then
absorbed by coenzymes. These coenzymes carry the energy to respiratory
enzyme pathways for incorporation in the high-energy phosphate boﬂds of
adenosine triphosphate. The disadvantages in this system are its oxygen
dependency and a common metabolic pathway. An anoxic block to the common
metabolic pathway theoretically dooms any protracted energy formation. The
role of anaerobiosis in decreasing energy formation is now well accepted.

However, the localization and extent of the anoxia block in shock condi-
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tions have not been established. Schumer (1968) stated that the first oxi-
dative reaction occurring in the energy pathways is at the pyruvate-acetyl
CoA step. This reaction allows entrance of trioses in the oxidative TCA
cycle in the mitochondrion. Therefore, any inhibitory effect of anoxia

should occur here.

Mineral Parameters Associated with Stress and Shock

Lillehei et al. (1964) stated there are quite marked shifts in electro-
lytes during hemorrhagic shock experiments. Serum potassium elevations are
striking. Furthermore, these researchers found that corrections of the
electrolyte imbalance and/or plasma pH drop that always accompanies shock
does not change the physiological status of the individual involved.
Skinner and Powell (1967) reported that K+, as well as other metabolites
discussed earlier, acts as a local determinant eliciting skeletal muscle
vasodilation during exercise,

Sicuteri et al. (1970) reported the most important chemical mediators
in myocardial infarction to be 5-hydroxytryptamine, bradykinin, and potas-
sium. 5-hydroxytryptamine does not possess pain producing capacity but is
able to sensitize pain receptors to the action of kinins, potassium, and
other pain mediators for a long period (Sicuteri et al., 1965; Sicuteri,
1967). These authors reported that serotonin is derived from the degrada-
tion of blood platelets, concentrates just below the coronary occlusion,
and sensitizes pain receptors to the action of kinins and potassium.

The local effects of ions on cardiac muscle appear important. Perhaps
equally important but less well recognized is the ionic ability to alter

the contractile state of vascular smooth muscle (Daugherty et al., 1967).
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These authors reported that of the major monovalent cations in blood,
potassium seems to possess the greatest vasoactivity. A slight increase in
potassium concentration of the -blood perfusing vascular beds, except per-
haps the hepatic system, produces dilation. Increasing blood potassium to
high levels produces pronounced constriction of large arteries - lower lev-
els result in dilation limited to mainly small vessels just proximal to the
capillaries. Thus, small increases in blood potassium lower total resis-
tance to flow by dilating small vessels, whereas greater elevations raise
total resistance because large arteries constrict proportionately greater
than small vessels dilate.

These authors further confirmed H+ to be vasoactive as increases in
hydrogen ion concentration results in dilation, and a decrease in concentra-
tion leads to constriction with the arterioles acting as the primary site
of H+ effect. No vasoactive sodium effects were observed in this study.

Lefer and Verrier (1970) discussed adrenal gland function in relation
to shock with an emphasis on corticosteroids and mineralocorticoids. These
authors reported that corticosteroids are of great importance in the regu-
lation of circulatory function, and in their absence, there is circulatory
collapse., The predominant feature of the collapse is impairment of myocar-
dial function. Physiologic concentrations of corticosteroids are effective
in preventing or reversing the circulatory collapse observed in adrenocorti-
cal insufficiency. The relative effectiveness of mineralocorticoids versus
glucocorticnids in protecting the circulatory system in adrenal insuffi-
ciency has not been conclusively established. Mineralocorticoids exert
modest inotropic ertects in 1solated cardiac tissue; glucocoriicusicivids

are less effective. In general, pharmacologic concentrations of glucocorti-
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coids administered prior to shock increase survival and tend to normalize
circulatory function in various forms of shock. Mineralocorticoids do not
protect individuals in shock as well as glucocorticoids. Thus, while thys-
iologic concentrations of mineralocorticoids and glucocorticoids can main-
tain a normal level of circulatory function and compensate entirely for the
steroid deficit of adrenal insufficiency, in shock states, pharmacologic
effects of glucocorticoids are needed to prevent or moderate the sequelae
of the shock state. Mineralocorticoids alone are generally ineffective in
preventing shock.

Bohstedt and Grummer (1954) reported a range of 314 to 336 mg percent
sodium in pig serum. Widdowson and McCance (1956) reported normal values
for serum sodium and potassium of the pig to be 331t10 mg percent and
23,4t2.1 mg percent, respectively. Widdowson and McCance (1950) determined
adult swine serum sodium levels to be in the range of 135 to 152 meq/liter;
adult chloride levels ranged from 99 to 114 meq/liter. Ullrey et al.
(1967) found swine that were five months of age to possess 337 mg/l00 ml of
serum sodium and serum potassium was determined to be 19.7 mg/100 ml. ’
Weiss et al. (1971) reported 91 kg weight swine to possess 328.8%9.49 mg/
100 ml serum sodium, 39.5f2.45 mg/100 ml serum potassium, and 344.2t11.6 mg /
100 ml serum chloride,

Hormonal Characteristics of Swine and Their
Association with Stress Susceptibility

Research on the response of swine to various stressors has led to the

use of terms '"stressor susceptible" and "stressor resistant" (Judge et al.,

10687; Tudge et al. 10AR: Tonel et al.. 1968). An

—— — Y

acute, shocklike, often fatal condition in stress-prone swine has been
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described by Topel et al. (1968) and was attributed to an acidosis condi-
tion. Similar responses to mild stressors have been described by Ludvigsen
(1953 and '1957) who attributed the shock conditions to circulatory insuffi-
ciency and hyperthermia. These stress prone animals, suggested to possess
insufficient levels of adrenal glucocorticoids, often yield carcasses exhib-
iting pale, soft, exudative (PSE) musculature (Ludvigsen, 1957; Henry

1., 1958; Judge et al., 1968). Such carcasses have been shown to have

et
high levels of muscle lactate at death and to undergo a rapid rate of post-
mortem anaerobic glycolysis (Forrest et al., 1968).

Marple et al. (1969) injected 100 mg prednisolone daily for ten days
resulting in atrophy of the adrenal gland. The animals were stressed 48
hours after receiving the last prednisolone injection and then sacrificed.
Susceptibility to stress was increased in the adrenal insufficient pigs
determined by their inability to withstand five minutes of physical exer-
cise before slaughter. Plasma lactate levels were increased significantly
due to the efféct of the.physical exercise, and blood pH at death was sig-
nificantly decreased among the stressed, adrenal insufficient group.
Initial lactate content of the M. longissimus was significantly lower in
the control_groupi however, no significant difference was obtained among
24-hour muscle lactate values. The glycogen content of the M. longissimus
was significantly increased because of prednisolone injections, but the
level of initial muscle glycogen did not appear to influence the ultimate
amount of lactate produced by post-mortem anaerobic glycolysis. No signif-
icant differences were noted among treatments when M. longissimus pH values
11y, Low levels of nlasma 17-0HCS

. - L. e m cam e m e~ -~ on oS -~
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per se did not serve to increase the rate of post-mortem anaerobic glycol-
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ysis. These authors proposed that the partial adrenal insufficient swine
studied may be unable to adequately remove high levels of lactate from the
blood and muscle during exhaustive exercise.

Forrest et al. (1968) reported that '"stress susceptible" animals
(genetic strain known to have poor heat tolerance) with anesthesia showed
significant increases in heart and respiration rates during the first ten
minutes of exposure to a warm environment. Further exposure resulted in
marked reductions in heart rate and sharp declines in respiration rate.
and pH dropped sharply

Venous blood PCO, increased significantly while PO

2 2

in "stress-susceptible'" animals. Immediately after exsanguination, the
skeletal musculature had a low pH and high degree of myolactosis. Esoph-
agial temperature and cardiac outputs increased initially in the 'stress
susceptible" animals; subsequently, however, the cardiac.outputs as well as
aortic pressure fell., The "stress resistant" animals (genetic strain known
to have good heat tolerance) showed the capacity to maintain physiological
homeostasis during exposure to a warm environment.

Judge et al. (1968) reported on pigs incapable of maintaining physio-
logical hemeostasis. When these individuals were subjected to even mild

stressors, low PO, levels were found in the blood, high levels of lactate

2
in blood and muscle and thus, were categorized as stress-susceptible. Mean
values of 17-ketosteroids and 17 OHCS tended to be lower, PBI (protein

bound iodine) higher, and thyroid 1311 uptake lower in stress susceptible
than in stress resistant pigs. Additionally, the PBI levels were more vari-

able in stress susceptible pigs upon their exposure to a warm environment.

™ bmen Acinmnn tod that theoe rr\igg may have snme deoree of adrenal
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insufficiency accompanied by some failure of circulating thyroid hormone to
stimulate oxidative metabolism in their straited musculature.

Sybesma and Eckelenboom (1969) reported that very muscular pigs i.e.,
Pié%rains, seem to be highly sensitive to sudden changes in their environ-
ment. After intemsive exercise, heat development occurs in the musculature
and is followed by stiffness of the muscle; this will subsequently lead to
death. These authors support the hypothesis of Sybesma and van Logtestyn
(1966) that this heat explosion might be due to uncoupling of the oxidative-
phosphorylation mechanism in muscle. This hyperthermia is often the main
cause of death, according to these authors, since the heart is primarily
affected. They suggested the name '"malignant hyperthermia syndrome' for
the phenomenon.

Steinhauf et al. (1969a) measured 17-0OHCS, heart rate, eosinophils,
leukocytes, and LDH activity as indicators of stress, as well as post-
mortem muscle characteristics. Relation between characters of suscepti-
bility to stress and those of meat quality were found in a few cases.
Moreover, the phenotypic correlation between characteristics of suscepti-
bility to stress and those of fattening yield and carcass composition
revealed no distinct relations. These authors stated that Selye's theory
of the general adaption syndrome does not suffice to explain the lack of
adaptation capacity in pigs.

Whipp et al. (1970) measured hydrocortisone concentrations in periph
eral blood of swine. Diurnal changes were observed. Minimal concentra-
tions occurred at 4:00 P.M. (0.6 ug/100 ml) and maximum concentrations at

- ~ -~ - - , o~ ’ IR NN L) v - . -—
D:UU A.M. (2.4 »g/i00 ml). Weiss ci 0) also ieporie
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"production diseases' and

(1970) stated that the increasing incidence of
the growing interest in the use of swine in biomedical reséarch indicate a
need for more information about endocrine, physiological, and biological
systems in swine.

Steinhauf et al. (1969b) reported that it is possible to determine the
course of reaction to stress by means of repeated blood collection from
indwelling catheters. Typical daily rhythms of the examined characters
were found. There were considerable fluctuations in the level of the
examined criteria between the animals as well as between the different
times of investigation. Intensity and kind of reaction to stress are
largely independent of intensity and kind of stressor. The rather low
capacity of the axis "adrenohypophysis-cortex of the suprarenal gland" in

pigs to endure stress cannot be considered the sole cause for the high sus-

ceptibility of pigs to environmental influences.
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METHODS AND MATERIALS

Experimental Design

Thirty-six swine were managed and fed ad libitum under similar condi-
tions at the Iowa State University Swine Breeding farm. Eighteen individ-
uals were from a fat strain of inbred Poland Chinas (Figure 1) with no his-
tory of stress susceptibility or death loss due to the porcine stress syn-
drome. The remaining 18 were muscular pigs (Figure 1) from sire-dam matings
or litters in which a high incidence of stress susceptibility and frequent
shock-like death loss occurred. Characteristic muscular, ear, and tail
tremors were frequently observed in these pigs, with severe stress resulting
in a distinct blotching of the skin, impaired breathing, and inhibition of
mobility. These parameters were similar to those reported by Topel et al.
(1968) and Weiss et al. (1970). At 95 kg 1£ve weight, each pig was iso-

lated into a single pen and catheterized.

Catheterization
One-half hour prior to catheterization, three ml of the tranquilizer,

Sparine, were administered to each pig. A Becton and Dickinson (Rutherford,
New Jersey) medical grade vinyl .058 ID x .080 0.D. catheter was then
inserted into the anterior vena cava at a point directly below the setting
of the ear with the aid of a 12 ga. stainless steel needle (Figure 2). Suf-
ficient catheter tubing was forced into the anterior vena cava so that the
distal internal end was imbedded in the heart. The needle was then removed
leaving the catheter '"seated" within the circulatory system. The exterior
end ol lue caineter was thaon fittc adanter (Clay

Adams size C-7542) and closed with a two-way stainless steel stopcock



(Becton and Dickinson MS09). The completed adapter-stopcock catheter was
then flushed with physiological saline and closed. Sufficient external
catheter tubing was allocated to facilitate taping of the terminal end on
the dorsal midline midway between the shoulders (Figure 2). A local injec-

tion of three ml of antibiotic was administered at the site of catheteriza-

tion.

Sample Collection

Blood collection via the catheter at 7:30 A.M. and 4:00 P.M. followed
catheterization for two days to obtain basal nonstressed samples. Ten ml
blood samples were collected for cortisol, epinephrine, glucose, lactate,
and electrolyte analysis.

The blood was immediately centrifuged at 500 G for 20 minutes in a
refrigerated centrifuge (4°C). The plasma was pipetted into screw top
glass storage tubes and maintained at -12°%C until assayed.

The prescribed times of blood collection and order of sample acquisi-
tion were strictly adhered to since diurnal and sampling technique varia-
tion were reported by Murphy et al. (1963), Murphy (1967a), and again by
Weiss et al. (1970). The swine used in this study developed an accustom to
the researcher's presence, and blood samples were frequently obtained from
the pigs while they remained in a reclining position. The pigs showed lit-

tle concern for the person collecting the blood sample.

Administration of the Adrenergic Blocking Agent
The third day after catheterization, the pigs were administered their
-~

respective treatments. A total oI 1Z individuails, six fiom cach st

received 50 mg per animal of the o block, phenoxybenzamine, 45 minutes
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prior to administered stress. Twelve individuals, six from each strain,
received 1.5 mg per animal of the & block, propranolol HCl, 20 minutes
prior to administration of stress. Twelve swine, six from each strain,
received no adrenergic blockade and were designated 'within-strain" con-
trols. All infusions were made via the catheter into the venous blood sup-
ply. The phenoxybenzamine was diluted to a volume of 500 ml with physio-
logical saline and the propranoclol HCl to a volume of 250 ml with physio-
logical saline prior to venous infusion. A 20-minute infusion time was
allocated to allow circulatory adjustment to the added exogenous fluid.

A five-minute duration of physical stress was administered to each
animal after which blood samples were obtained by following the procedure
described earlier. The animals were then sacrificed and an additional
blood sample was collected during exsanguination. Both the 'stress' and
post-mortem blood samples were centrifuged and stored as previously indi-
cated. All glassware and storage tubes were washed with concentrated sul-

furic acid and rinsed copiously with deionized water.

Blood pH Determination
Blood pH was determined at each bleeding time, This analysis involved
the use of a Corning Blood pH Meter where the temperature of the blood sam-
ple was stabilized at 37°C. A KCl reference electrode was used. The blood
sample was collected in a 10 cc syringe to prevent exposure to oxygen, and

the pH was determined within three minutes after the sample was collected.

M. longissimus Collection

A muscle samplie Ior initial pn aud colur was recwoved £iom the

M. longissimus on the left side of the carcass perpendicular to the verte-
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bral column at the ninth rib of the unscalded carcass immediately after the
animal ceased struggling. A liver sample was obtained at the same time by
entering the abdominal cavity. Both samples were immersed in liquid nitro-
gen and then stored in plastic freezing bags at -12°C for further analysis.
The carcasses were then handled according to conventional processing
procedure and placed in a 2°C cooler. A sample of the M. longissimus was
also taken at three and 24 hours bost-mortem for muscle pH and color analy-

sis.

Determination of Tissue pH and Color

Muscle pH was determined with a Beckman Zeromatic pH meter on a muscle
slurry consisting of 10 gm of M. longissimus homogenized in 100 ml deion-
ized water.,

M. longissimus color value, a measure of muscle lightness, was deter-
mined with a Photovolt 610 Photovolt Reflection Meter. The color intensity
was measured as the percent light reflected from the fresh cut muscle sur-
face without allowing the sample to undergo normal oxygenation. The reflec-
tometer was standardized by using an enamel plate with a standard reflec-

tance of 72.5 percent based on magnesium oxide reflectance.

Tissue Sample Preparation
The muscle and liver tissues used in lactate analysis were further fro-
zen in liquid nitrogen, 'chipped" into smaller pieces while still frozen,
and pulverized for one minute in a Waring Blender which was chilled in liq-
uid nitrogen prior to use. The resulting pulverized samples were placed in
X . - L. . - - - - ~ . -vrson R ]
Ireezer bags ana witnout thawllg were piaced 1l a Lleeseli &l ~is U o ullidl

analyzed.
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Plasma Cortisol (Hydrocortisone) Assay
Cortisol was determined on the plasma obtained from the first ten ml
volume of blood withdrawn at each sample collection time. The procedure
used coincides with the method reported by Whipp and Lyon (1970). Modifi-
cation of the assay involved the replacement of the scintillation medium,
Bray's solution, with a solution consisting of five gm PPO, 100 cc Biosol

#3, and one liter toluene.

Plasma Epinephrine Assay

Epinephrine was determined on the plasma obtained from the second
ten ml volume of blood withdrawn at each sample collection time. The anal-
ysis was a modification of the trihydroxyindole fluorometric reaction pub-
lished by Valori et al. (1970).

In the trihydroxyindole (THI) reaction, epinephrine and norepinephrine
are oxidized to adrenochrome and noradrenochrome, which are rearranged in
alkali to the strongly fluorescent THI derivatives, adrenolutine and nor-
adrenolutine. The fluorescence of the lutines is then stabilized.by the
addition of an antioxidant which stabilizes the fluorophors and maintains
their fluorescence. Ten percent 2,3,-dimercaptopropanol (BAL) in a 25 per-
cent formaldehyde solution was found to be the most beneficial antioxidant
by Valori et al. (1970).

The analytical procedure used to obtain the data presented in this
dissertation was derived with the use of a Turner Model 111 Fluorometer
equipped with a T5 Blue Lamp with maximum light emission of 400-520 mu.

The activation filter was a Primary Filter 405 with 405 mu passage, and the

secondary filter was a Wratten No. 8 Sharp Cut Series with light passage
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of 510 mp. The high sensitivity door was used with a sensitivity setting
of 3X.

Standards encompassing the sample epinephrine range were made up in
0.01N HCl with Sigma No. E-4250 L-Epinephrine. Standards were run simul-
taneously with the samples with the difference in volume between standard
volume and plasma volume within the procedure accounted for with deionized
distilled water.

All glassware including the cuvettes were washed with concentrated HCl
and rinsed seven-eight times with deionized distilled water. No soap of
any form was allowed to come in contact with the glassware.

Two and four-tenths ml of clear nonhemolyzed plasma were pipetted into
a ten ml test tube. Six-tenths ml of 2/3 M borate, pH 7.0, was added to
the test tube to serve as a buffer and to bring the contents to three ml
total volume. After addition of 0.15 ml 0.002 percent CuClz'ZHZO, to serve
as a metallic catalyst in fluorescence intensity of adrenolutine, oxida-
tion was performed by adding 0.15 ml of 0.25 percent K3Fe(CN)6. After
three minutes, the oxidation was stopped with 0.15 ml of ten percent BAL in
a 25 percent formaldehyde solution. This was followed after 20 seconds by
addition of 0.6 ml of 10N NaOH to cause molecular rearrangement of adreno-
chrome to the strongly fluorescent THI derivative, adrenolutine.

Precision of the assay is critically dependent upon timing of the vari-
ous component additions, order of addition, and accuracy of the volumes
pipetted. Standard curves using concentration gradient increases of 1, 2,
3, 4X etc. of L-Epinephrine in 0.0lN HCl provided a linear response of

riuorescence to couceiniiaticon. At nc time werse samnles with partial hemol-
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ysis contamination found to undergo satisfactory molecular rearrangement or

the development of fluorescence.

Glucose Analysis
The plasma samples were analyzed for glucose using the procedures pre-
sented by Hill and Kessler (1961) and Robin and Saifer (1965) as modified

for the Auto Analyzer.

Lactic Acid Determination

Tissue lactic acid content was determined by a modified enzymatic pro-
cedure of Hohorst (1962). The M. longissimus sample taken at death, three-
and 24-hour post-mortem, and the at death liver samples were deproteinized
by adding 7.25 ml of 6.0 percent perchloric acid to 1.0 gm of tissue with
vigorous stirring. The samples were centrifuged at 18,000 G for ten min-
utes. The supernate was decanted and neutralized in an ice bath by adding
5.0 M potassium carbonate solution in the presence of methyl orange indica-
tor. The sample solution was then centrifuged at 500 G for ten minutes.
The supernate was decanted and brought to ten ml volume with glass-dis-
tiiled, deionized water, and a 1.0 ml aliquot was then diluted to 10.0 ml
with deionized water.

The diluted muscle and liver tissue and ten-fold deionized water
diluted plasma samples were analyzed for lactic acid concentration with the
use of an Auto Analyzer. The lactic acid determination was adopted from
the procedures of Hochella and Weinhouse (1965), Sigma Chemical Company
(1965), and Minaire (1967) and modified for the Auto Analyzer as described

n

by Yechnicon Corpuiaiivin {1565z, L) and Pe
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tigrew (1969).
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Mineral Analysis
Plasma samples were analyzed for sodium, potassium, and chloride with
an Auto Analyzer according to the procedures published by Technicon Auto

Analyzer Methodology (1965a and 1965b).

Statistical Analysis
The data was analyzed by the Least Squares Analysis of Variance method
published by Harvey (1960). 1In addition, the swine used in this study were
separated by strain, and correlations were determined for the various phys-
iological parameters and then tested for significance at (P ¢ .05) and

(P<€ .01l) levels (Snedecor and Cochran, 1967).
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RESULTS AND DISCUSSION

Diurnal Influence on Biological Parameters
Tabular values presented in this section include the Least Squares
means for diurnal effects when mean values for both strains are combined.
The figures, placed in the Appendix, show the individual genotype influ-

ences from stress prone and fat strain Poland China swine.

Cortisol and epinephrine levels

Table 1 shows Least Squares means for cortisol and epinephrine levels
determined on plasma from blood samples acquired at 7:30 A.M. and 4:00 P.M.
during the two-day basal observation period. No major diurnal influence
was obtained for cortisol and epinephrine when both stress prone and fat
strain Poland China swine values were analyzed simultaneously (Table 1).

Figures 4 and 5 reveal a trend of higher plasma cortisol in morning
samples and higher epinephrine levels in the afternoon when the two strains
are analyzed separately. The influence of strain on the cortisol response
is depicted in Figure 4 showing a significant (P ¢.05) strain difference.
The diurnal effect on secretory levels of cortisol was also reported by

Murphy et al. (1963), Murphy (1967a), and Steinhauf et al. (1969a). Whipp

—

et al. (1970) measured hydrocortisone concentrations in peripheral blood of
swine and observed minimal concentrations at 4:00 P.M. and maximum concen-
trations at 8:00 A.M. Weiss et al. (1970) reported similar results for
cortisol on blood samples obtained from swine at 8:00 A.M., 4:30 P.M., and
midnight.

The significant (P <.05) strain effect ou vouitiscl shiained on the

swine used in this study revealed stress prone swine cortisol both in the
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morning and afternoon exceeded cortisol levels of the fat strain Poland
China swine. Weiss et al. (1971) reported strain differences for adreno-
cortical secretion indicating lean strain swine possessed higher circulating
levels of 17-0OHCS than fat strain pigs. Known genotype of swine, there-
fore, is of major importance in conducting swine physiology research.

Figure 5 shows basal epinephrine values at the two sampling times.

The epinephrine strain influence presented in Figure 5 shows higher values
from the afternoon samples than for the samples collected in the morning.
This suggests that cortisol and epinephrine levels fluctuate in opposite
directions, at least under the conditions in which these pigs were main-
tained and rested samples collected. White et al. (1968) indicated that
epinephrine mobilizes energy reserves such as fatty acids as well as initi-
ates glucose mobilization, while adrenal glucocorticoids potentiate the
storage or deposition of energy. The opposite diurnal influence on elevated
cortisol and epinephrine levels (Table 1) agree with the physiological
mechanism expressed by White et al. (1968).

A significantly (P ¢.05) higher basal level of plasma epinephrine was
obtained for the fat strain Poland China pigs when compared to the stress
prone swine (Figure 5). The significant (P ¢.0l) strain effect on circu-
lating glucose (Figure 6) would indicate greater mobilization of glucose in
the stress prone swine, and, therefore, epinephrine in these stress prone
individuals may be more rapidly degraded, accounting for the lower circula-
tory concentrations of the hormone. Selection for maximum muscle develop-
ment and minimum fat deposition in swine has apparently shifted the meta-

bolic and endocrine interrelalivuahiips of growth ond biological function.
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Table 1, Least squares means for plasma cortisol, epinephrine, and glucose
during basal, non-stress observations

No. of Cortisol Epinephrine Glucose**
observations Time ug % ng/ml mg %
72 A.M. 2.98 11.93 101.33

72 P.M. 2.82 12.10 161.94

SE +0.23 +0.54 ‘ +15.68

**Significant (P <.01) diurnal influence.

Plasma glucose

A significant (P ¢.0l1) diurnal effect upon circulating glucose is
shown in Table 1. Morning samples reflect lower levels than afternoon sam-
ples.

Figure 6 shows a significant (P €.0l) strain effect for plasma glucose
with stress prone pigs having higher levels of circulating glucose than the
fat strain Poland China swine. This would indicate the energy mobilizing
effect of epinephrine and the possible greater epinephrine degradation in
response to greater glucose mobilization when stress prone swine are com-
pared with fat strain Poland China pigs. The lower circulatory cortisol i}
levels for the fat strain Poland China pigs (Figure 4), higher plasma epi-
nephrine levels (Figure 5), and lower circulatory glucose (Figure 6) indi-
cate less energy mobilization and greater energy deposition than in the
stress prone pigs. These results would justify the increased deposition of

adipose tissue in the fat strain Poland China swine (Figure 1) and is sup~
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ported by the data of Weiss et al. (1971) in a comparative study of fat
strain and lean strain swine.

The high standard error for diurnal plasma glucose (Table 1) accounts
for the significant (P <.0l) animal variation shown in Appendix Table 17.
Also, the elevated glucose level from afternocon sampling times (Table 1)
exceeds the values from the strain afternoon glucose data (Figure 6) due to
one animal in each strain possessing extremely high levels of P.M. plasma

glucose.

Plasma lactate and blood pH

No major diurnal influence was observed for plasma lactate and blood
pH during the basal non-stress observation (Table 2). Figure 7 reveals no
major strain difference in plasma lactate when samples were collected under
non-stressed conditions from stress prone and fat strain swine.

Monitoring plasma lactate is important since high lactate levels lead
to adrenal cortical activation (Stickney and Van Liere, 1953; Topel, 1968a).
In studies of induced hemorrhagic shock, Weil and Abdelmonen (1970) showed
lactate to serve as a sensitive predictor in clinical cases of shock for
survival. Observation of basal non-stress lactate concentration, therefore,
becomes important in experimentation designed to study stress and shock.

Table 2 does not indicate a diurnal influence on plasma pH, and this
would appear logical since no major diurnal effect was shown for plasma
lactate, a primary source of H+. However, Figure 8 shows a significant
(P<.0l) strain effect with the fat strain Poland China swine possessing
lower blood pH than the stress prone pigs. This response may appear

unusual at first until close observation of the data is encountered. 1In
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this study, blood pH was measured accurately to 0.001 units and thus very
small deviations can be monitored critically. The actual values in Figure 8
of 7.404 for the fat strain Poland Chinas versus 7.456 for the stress prone
swine from the morning collection reveal small but significant (P .0l) dif-
ferences. These differences probably have limited, if any, physiological
significance during the basal non-stress observation period studied.

Table 2. Least squares means for plasma lactate and blood pH during basal
non-stress observation

No. of Lactate
observations Time mg % pH
72 AM, 16.78 7.438
72 P.M. 17.55 7.435
SE +1.57 +0.005

Plasma, sodium, potassium, and chloride levels

Least Squares means for plasma sodium, potassium, and chloride during
non-stress basal observation are shown in Table 3. No major diurnal effect
was observed for these three circulating electrolytes. Figures 10 and 11
ind;cate a significant (P .0l) effect of strain on plasma potassium and
chloride. Figure 10 indicates that basal values from stress prone swine
for plasma potassium were lower than for fat strain Poland Chinas, espe-
cially for the P.M. collection time.

The observation of electrolytes and especially potassium in the study
OI sStress and Shock nas beeun subslaiitiated

Sicuteri et al. (1965), Daugherty et al. (1967), Sicuteri (1967), Skinner
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and Powell (1967), and Sicuteri et al. (1970). These authors attribute the
greatest vasoactivity of all the major monovalent cations in the blood to
potassium. Moreover, potassium is cited as a pain mediator and a local
determinant eliciting skeletal muscle vasodilation during exercise by these
researchers.

Table 3. Least squares means for plasma sodium, potassium, and chloride
during basal non-stress observation

No. of Sodium Potassium Chloride
observations Time meq/1 meq/1 meq/1
72 A.M. 134.18 4.28 96.94

72 P.M. 134.99 4.33 96.33

SE +1.14 +0.05 +0.59

The significant (P <.0l) strain difference for plasma glucose and
potassium and significant (P ¢.05) strain influence upon circulating corti-
sol and eﬁinephrine levels further substantiates statements of Weiss et al.
(1970) and Weiss et al. (1971) that the influence of genotype on physiologi-
cal parameters is of major importance and cannot be overlooked in the study
of biological science. Steinhauf et al. (1969b) reported that there were
considerable fluctuations in the level of examined cortisol, glucose, and
lactate between the animals as well as between the different times of
investigation. The significant interactions and standard error magnitudes
presented in the data obtained from this study further substantiate the

’ -
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Influence of Adrenergic Blocking Agents

Antemortem observations

The stress prone swine used in this study, which received phenoxybenza-
mine, all suffered from exhaustion after being subjected to physical stress.
One of the six <& block treated stress prone pigs withstood five minutes of
physical stress, two individuals collapsed after four minutes, and one indi-
vidual collapsed after three minutes, two and one-half minutes, and one and
one-half minutes of stress, respectively. The physical exhaustion was
characterized by irregular deep and forceful respiratiom, tail an&.ear
tremors, blotching of the léteral and ventral skin areas, abnormal vocaliza-
tion, and inability to remain stationary upon the individual's feet. These
conditions were observed to a minor degree in the stress prone control
swine, while only increased respiration rate was observed in the fat strain
Poland China controls administered the /3 block and then stressed five min-
utes.

Topel et al. (1968a) and Weiss et al. (1970) reported cutaneous blotch-
ing, impairment of respiration, muscular tremors, and traumatic collapse in
describing the characteristics of the porcine stress syndrome.

The peripheral blood pooling effect of phenoxybenzamine was reported
by Block et al. (1966). These authors found o receptors present to the
greatest extent in visceral and cutaneous smooth muscle. Lewis and
Mellander (1962) reported that along with producing arteriolar relaxation,
phenoxybenzamine induced loss of venular tone, thus reducing capillary

hydrostatic pressure and enlarging the venular capacitance. Prolonged
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bolic acidosis as well as stagnation and pooling of blood (Block et al.,
1966; Perlroth and Harrison, 1969; Armstrong, 1970).

The physical collapse and traumatic-like response of the phenoxybenza-
mine treated stress prone swine used in this study responded similarly to
rats studied by Eckenhoff and Cooperman (1965). These researchers found
that pretreatment with phenoxybenzamine one to five hours in advance of
shock reduced the incidence of shock death but made rats more susceptible
to acute traumatic death.

The phenoxybenzamine treated fat strain Poland China swine exhibited
minimal signs of physiological discomfort in response to five minutes of
physical stress. These individuals displayed an increased but regular res-
piration rate but none of the trauma-like responses shown by the stress
prone swine after & block treatment and stress.

None of the & block (Inderal) treated stress prone swine collapsed
due to administration of physical stress for a duration of five minutes.
These individuals revealed indications of fatigue similar to those of an
athlete or laborer after strenuous physical work but by no means presented
indication of collapse. Respiration was deep but not irregular nor neces-
sarily rapid., Cutaneous blotching was observed only to a minimal degree.
The fat strain Poland China swine administered Inderal and then stressed
for five minutes withstood the physical exercise with no apparent impair-
ment physiologically other than an observed increase in respiration rate.

These physical observations agree with work by Block et al. (1966)
when he reported that propranolol produced a decrease in externally
measured 1ndicies of myocardial wechanical effort and, concegueontly, 2 f£all

in myocardial oxygen demand. Copeland (1967) reported that Inderal pro-
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duced a fall in heart rate, a decrease in cardiac output, a decrease in
resting stroke volume, a decrease in ventricular diastolic and systolic
volume, and, therefore, a change in tension of the myocardial wall with
oxygen consumption falling by 25 percent. Ulrych et al. (1968) and Wolfson
and Gorlin (1969) also found /3 blockade reduced cardiac output and periph-
eral vasodilation. The less drastic observed physiological changes noted
in the «3 block treated stress pronme and fat strain Poland China pigs in
comparison to the <«f block treated pigs can be explained by the findings of
these authors.

Another subjective observation on the swine used in this study
revealed the stress prone individuals to exhibit hypertensive characteris-
tics, especially when compared with the activity of the fat strain Poland
China pigs. Hypertension has long been ascribed to increased peripheral
resistance (Page and McCubbin, 1956), therefore, its treatment has been
primarily directed toward blood pressure reduction by decreasing vascular
resistance. The & block treated pigs, especially the stress prone indi-
viduals used in this study, exhibited less subjective indication of hyper-

tension than did the control or o block treated stress prone swine.

Cortisol relationships

Data presented in Table 4 are Least Squares means for plasma cortisol
and epinephrine obtained after administration of adrenmergic blocking agents
and a five-minute period of physical stress.

No major strain difference was observed for cortisol levels after
stress in this portion of the study due primarily to the magnitude of varia-

tion between animals within and between strains. The high cortisol stan-
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Table 4, Least squares means for plasma cortisol and epinephrine after
pre-stress adrenergic blockade administration and five-minute
physical stress

Cortisol Epinephrine®
Group ng % ng/ml
Stress prone controls 7.15 5.60
Stress prone <« block 7.52 7.30
Stress prone A block 6.12 7.66
Fat strain P.C. controls 5.16 11.24
Fat strain P.C. <« block 7.98 8.17
Fat strain P.C. & block 7.13 8.73
SE +1.39 +1.17

*Significant (P ¢ .05) strain influence.

dard error (Table 4) reflects substantial animal variation which corre-
sponds to the data presented by Weiss et al. (1970).

Observation of Figure 4 reveals the significant (P ¢.0l) effect of
stress on cortisol elevation for all three treatments, control, &« and .3
blockade. Significantly (P <.0l) higher levels of circulating cortisol
occurred in all three treatments when stressed values were compared with
non-stress basal cortisol levels in both strains. This observed increased
adrenal cortical activity agrees in part with data from individual swine
reported by Judge et al. (1968), Topel (1968b), Marple et al. (1969), and
Weiss et al. (1970). These researchers also reported a variation in adre-
nocortical response to stress since some individual pigs secreted their
maximum but lower cortical steroid levels when stress was induced. Geno-
type of the swine studied appeared to influence the level of cortical activ-
ity, nigh, imtermediaic, oi 10w, ior the individuzl swine etudied. The

animal variation revealed in this study agrees with these reports.
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Epinephrine relationships

A significant (P ¢.05) influence of strain upon plasma epinephrine
levels after stress for all treatmen:s is shown in Table 4. The fat strain
Poland China swine poss2ssed higher circulatory levels than did the stress
prone swine. Theses results agree with Yamori et al. (1970) who found nor-
epinephrine concentration in lower brainstem and hypothalmus of genetically
hypertensive rats significantly lower than in control rats. These authors
suggested that catecholamine mechanisms in the central nervous system may
play an important role in the regulation of blood pressure and genetic
hypertension. von Euler (1964) reaffirmed earlier proposals that emotional
stresses which are mainly characterized by apprehension, anxiety, pain, or
general discomfort are regulariy accompanied by an increase in the epineph-
rine excretion.

The significant (P ¢.05) influence of strain on epinephrine levels in
response to stress follows the findings of a significant (P ¢.05) strain
influence on diurnal epinephrine levels indicated earlier for the swine
used in this study. Results shown in Figure 5 show significant (P <.01)
declines in circulating epinephrine when stressed versus non-stressed lev-
els are compared for each strain within each treatment group. The stressed
samples obtained in this study were acquired after a five-minute stress
period or the physical collapse of the individual pig, whichever came first.
Such collection procedure may allow sufficient time for the initial secre-
tory burst of epinephrine, in response to induced stress, to be degraded.

Jones and Blake (1958) reported the rate of epinephrine removal from the

A kA vrAver wanid
C COC very rapic.
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Observation of Figures 6 and 7 show marked elevation of plasma glucose
and lactate for all treatments in response to stress. This would indicate
major energy mobilization induced by epinephrine potentiation (Crowell and
Guyton, 1962). The reduced epinephrine levels observed in response to
stress, in the presence of elevated plasma glucose and lactate, indicate
major amounts of epinephrine are probably removed rapidly from the circula-
tory system. The physiological interrelationship of cortisol and epineph-
rine levels during stress conditions is further supported in this study.
During stress, cortisol levels increased (Figure 4), and epinephrine levels
decreased (Figure 5). This supports the work of Ramey et al. (1951) when
he reported that adrenocortical hormones were essential to provide a "per-
missive" action for the pressor effect of catecholamines. According to
Ramey and Goldstein (1957), in the absence of adrenal cortical steroids,
the threshold for epinephrine and norepinephrine action is greatly raised.
The data from swine used for this dissertation would indicate adrenocorti-
cal potentiation of adrenal medullary hormones occurs in response to
induced physical stress.

Epinephrine acts to induce the cutaneous blotching observed in the
stress prone swine used in this study. Ramey et al. (1951) reported that
under stressed conditions, epinephrine release produces a shift of blood
flow from the splanchnic area to the working muscle and periphery.

Dietzman et al. (1967) reported that the sympathoadrenal stress response is
greatest in the vasoactive, adrenergically sensitive viscera and skin;
these results would indicate in part the physiological justification for

the cutaneovus liaicial and venitrla
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Shanks (1967) reported that propranolol blocked the vasodilation pro-
duced by adrenaline and potentiated the epinephrine vasoconstriction effect.
The effect of propranolol on reduction of adverse physiological response to
stress associated with epinephrine induced energy metabolism on swine used
in this study has been previously indicated. Research by Block et al.
(1966), Copeland (1967), Ulrych et al. (1968), and Wolfson and Gorlin

(1969) substantiates these observations.

Glucose relationships

Least Squares means for plasma glucose and lactate and blood pH after
pre-stress adrenergic blockade followed by five minutes of physical stress

are shown in Table 5.

Table 5. Least squares means for plasma glucose and lactate and blood pH
after pre-stress adrenergic blockade and five-minute physical

stress
Glucose Lactate

Group mg 7%%% mg %¥* pH¥*
Stress prone controls 157.83 170.50 7.184
Stress prone =« block 164.90 263.00 7.055
Stress prone 4 block 159.18 205.17 7.179
Fat strain P.C. controls 105.50 60.98 7.321
Fat strain P.C. « block 126.10 54.50 7.390
Fat strain P.C. & block 106.43 46.50 7.375
SE +10.01 +18.38 +0.040

**Significant (P ¢.01) strain influence.
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A significant (P ¢.0l) strain effect on circulating plasma glucose was
obtained from samples collected after adrenergic blockade and induced
stress. The stress prone swine had the highest levels of plasma glucose.
This agrees with the significantly (P <.05) lower circulating epinephrine
levels for the stress prone swine in response to induced physical stress.
These individuals apparently utilize their epinephrine secretion very
rapidly to enhance the glucose mobilization seen in Table 5 and Figure 6.
In addition, the elevated cortisol levels in response to stress (Figure 4)
potentiate this physiological reaction.

Figure 6 reveals a significant (P <.0l) elevation of circulating glu-
cose for both strains and each treatment when after-stress samples were
compared with basal pre-stress plasma glucose concentrations. This agrees
with the work of Crowell and Guyton (1962). White et al. (1968) also
stated that glucose acts as the initial substrate for major energy metabolic
pathways leading to energy rich compound synthesis. Exercise or stress
increases energy utilization and glucose mobilization as a result of
epinephrine induced potentiation. This justifies the elevated glucose lev-
els and reduced epinephrine levels observed in this study in response to
stress.

Table 5 shows w block treated pigs in both strains possessed higher
levels of circulating glucose than the respective within-strain control and
/3 block treated swine in response to physical stress. The suggested
reduced rate of blood flow as a result of Inderal infusion, as well as less
readily apparent expression of excitement, hypertension, or exhaustion in
A5 block treated pigs, Would suggesi a iower ievel ol eueigy wmobiliizatios.

The excited, hypertensive, fatigued <f block treated pigs would be expected
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to have higher circulatory glucose as the pigs respond io viscera'l and
cutaneous vasoconstriction and attempt to synthesize high energy compounds

to replace those utilized in response to the induced stress.

Lactate relationships

A significant (P <.0l) strain effect on plasma lactate was obtained in
this study (Table 5). The stress prone swine possessed significantly
greater amounts of circulatory lactate for all three treatments than the
fat strain Poland China pigs under similar conditions. These results agree
with the significant (P <.01) effect of strain on plasma glucose since lac-
tate is one of the primary metabolites of glucose (White et al., 1968).
Figure 7 reveals a significant stress effect upon circulating lactate for
both stress prone (P {.0l) and fat strain Poland China swine (P £.05). All
three treatments showed significant (P{ .0l) plasma lactate elevation after
stress when compared to basal pre-stress levels.

Glenn et al. (1961) and White et al. (1968) reported that adrenal glu-
cocorticoids, especially hydrocortisone, influence the conversion of lac-
tate to glycogen. Figure 4 shows evidence of such biochemical activity
since fat strain Poland China swine in both the & and /& block treatment
groups secreted higher levels of cortisol in response to stress than did
the respective stress prone « and & blockade pigs. It would appear that
genetic selection for muscling in swine has altered adrenal cortical
response to stress and thus implies the importance of known genotype in
swine physiology research. Table 5 and Figure 7 both show significantly
lower (P <.0l) levels of plasma lactate in response to stress for the fat

strain Poland China pigs than for the stress prone swine.
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Figure 4 depicts significant (P < .0l) adrenal cortical activity in
response to induced stress. However, the <&« block treated stress prone
swine show less cortisol elevation upon induced stress than the stress
prone control or stress prone A block pigs. Figure 7 reveals the <« block
stress prone swine to have the greatest elevation in plasma lactate in
response to stress. These data agree with the concepts of Stickney and Van
Liere (1953) and Topel (1968a) in reports that anoxia and high blood lac-

tate lead to adrenal cortical activation. According to Thorn et al. (1945),

under these circumstances, an increase in adrenal steroids is necessary for
circulatory homeostasis and to maintain life.

The high plasma lactate values of the & block stress prone swine
would suggest the existance of an anoxic condition. Huckabee (1958a),
Broder and Weil (1964), and Peretz et al. (1965) reported that lactate is a
satisfactory indirect measurement of oxygen consumption or deficit. Con-
firmation of such a condition appeared realistic upon subjective observa-
tion of the = block stress prone individuals, five of which collapsed from
the induced stress and all six exhibiting deep, irregular forced respira-
tion. The rapid, deep but rhythmic breathing of the control and/é block
stress prone swine indicate a similar but less severe condition, and Fig-
ure 7, presenting plasma lactate values, would suggest this. The exhibi~
tion of only minor respiration increase in the fat strain Poland China
swine and thus a decided less anoxic condition is confirmed by the signifi-
cantly (P <.0l) lower stress elevations of plasma lactate for the control,
=« and 3 block treatments shown in Figure 7. The summary statement of

...... + -
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the reduction of oxygen consumption during shock as well as the increase in
blood lactate are related to physiological damage and survival.

Huckabee (1958b) and Schumer (1968) stated that circulatory anoxia
accounts for the accumulation of lactate and, in part, for the progressive
acidosis characteristics of shock. Schumer and Sperling (1968) stated
metabolic acidemia produces lysosome membrane disruption with the outpour-
ing of the lytic enzymes causing death of the cell. According to Wilkens
et al. (1970), the ability of the microvascular system to respond to the

ever changing metabolic needs of the various tissues is a fundamental

requirement for maintaining homeostasis.

pH relationships

Table 5 shows a significant (P .0l) effect of strain on blood pH with
the stress prone swine of all treatments responding to a five-minute dura-
tion of physical stress with a lower blood pH than the respective fat
strain pigs. Figure 8 shows no major difference in stressed blood pH ver-
sus basal pH for the fat strain Poland China swine. Such data would indi-
cate little if any incidence of acidosis occurring in these pigs, which is
further substantiated by plasma lactate values given in Table 5 and Fig-
ure 7.

However, the stress prone pigs show a definite acidosis condition with
the low pH values presented in Table 5 and a significant (P ¢.0l) drop in
stressed versus basal pre-stress pH values shown in Figure 8. The « block
stress prone pigs (Figure 8) show a much greater pH drop due to stress than
the stress prone control or ,& block pigs. These data agree with the lac-

- .. - 10 e S R N S S -~ . J
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physiological reason for the catastrophic, traumatic responses observed in
the of block stress prone swine when subjected to physical stress: circu-
latory acidosis.

Vasodilation following a decrease in blood pH has been demonstrated
early in scientific investigation and confirmed by many (Krogh, 1929;
Fleisch et al., 1932; Kester et al., 1952; Zsoter et al., 1961; Molnar
et al., 1962. Lillehei et al. (1964) observed there is always a lowering
of blood pH as shock progresses. Marple (1968) reported that a very high
content of lactic acid develops in the plasma and muscle after exercise
resulting in death for extreme individuals. Death from acute anoxia or
acidosis reveals that the fall in blood pressure may be due to the dimin-
ished constrictor action of various hormones, the absence of adequate oxy-
gen, or a low blood pH. Also, epinephrine and norepinephrine probably lack
their normal pressor effect (Shurtshin et al., 1948; Van Loos et al., 1948;
Nahas and Payart, 1967). Observation of the & block stress prone pigs in
this study reflect the consensus of these authors. The stress prone ey
block pigs possessed low epinephrine levels after stress, extremely high
plasma lactate, an indirect indicator of inadequate oxygen supply, and very

low blood pH in response to induced physical stress.

Sodium, potassium, and chloride

Least Squares means for plasma sodium, potassium, and chloride after
pre-stress adrenergic blockade and five minutes of physical stress are
shown in Table 6.

Table 6 reveals a significant (P <.05) influence of strain on plasma

sodium with the stress prone swine possessing the higher levels. No major
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Table 6. Least squares means for plasma sodium, potassium, and chloride
after pre-stress adrenergic blockade and five-minute physical

stress
Sodium Potassium Chloride
Group meq /1% meq/1%* meq/1

Stress prone controls 134.83 4.57 98.38
Stress prone < block 141,92 5.41 102.93
Stress prone .4 block 138.87 5.32 98.52
Fat strain P.C. controls 135.45 3.92 107.42
Fat strain P.C. ¥ block 126.18 3.16 96.10
Fat strain P.C. 48 block 130.20 4.20 90.80
SE +4.06 +0.32 +4.49

#*Significant (P« .05) strain influence.

**Significant (P<.0l) strain influence,

strain or treatment differences for plasma chloride were determined

(Table 6). The variability in directionality of the graphs in Figures 9 and
11, especially for the < block stress prone and fat strain Poland China
swine, exemplify the significant animal variation observed within treatment
group and strain in this study. Strain effects on plasma ion concentration
were also reported by Weiss et al. (1971), and stress influence was indi-

cated by Weiss et al. (1970). Many of the ionic shifts are not fully under-

stood, which is the case for sodium and chloride observed in this study.
Plasma potassium data is also presented in Table 6., A significant

(P <.01) strain influence was observed. Similar results were reported by

Weiss et al. (1971). Table 6 and Figure 10 show the stress prone swine to

possess higher levels of plasma potassium than the fat strain Poland China

swine alicr siiess. The Wajor TESPOnsC o troatment was cheerved in the e

block group with a substantial increase of plasma potassium after stress
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for the stress prone swine and a similar decrease for the <f block fat
strain Poland China pigs. A substantial increase in plasma potassium con-
centration was also observed from 4 blocked stress prone swine when
stressed versus non-stressed levels were compared (Figure 10).

Lillehei et al. (1964) stated that there are marked shifts in electro-
lytes during hemorrhagic shock. Serum potassium elevations were the most
striking. Skinner and Powell (1967) reported that potassium as well as
other metabolites acts as a local determinant eliciting skeletal muscle

t al. (1967) reported potassium

vasodilation during exercise. Daugherty
to possess the greatest vasoactivity of the major monovalent cations in
blood. The previously described relationships for plasma cortisol, epineph-
rine, glucose, lactate, and blood pH with respect to the adrenergic block-
ade and physical stress administration are confirmed by these authors'

findings in view of the plasma potassium data obtained in this study.

M. 1ongissimus.Characteristics

Table 7 presents Least Squares means for M., longissimus lactate, pH,
and color zero, three, and 24 hours post-mortem.

A significant (P<.0l) strain influence on M. longissimus lactate was
obtained. The stress prone swine possessed higher levels of muscle lactate
at each observation time and in each treatment group when compared to the
fat strain Poland China pigs (Table 7 and Figure 12). These data are con-
sistent with the physiological and biochemical results discussed previously
when stress prone swine were observed to have higher levels of plasma glu-
cose, lactate and potassium, and lower blood pH than the fat strain pigs.

Kastenschmidt and Briskey (1966) concluded that higher levels of lactate in
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Table 7. Least squares means for M. longissimus lactate, pH, and color O,
3, and 24 hours post-mortem

Lactate
mg % #%2 pH** Color¥*

Stress prone O hr.

Control 3.3 6.37 13.8

< block 3.4 6.28 13.0

4 block 3.2 6.37 12.5
Stress prone 3 hr.

Control 5.9 5.96 15.5

« block 5.4 5.99 16.2

S block 5.5 5.90 14.4
Stress prone 24 hr.

Control 7.4 5.47 21.3

< block 7.0 5.52 20.7

4 block 7.6 5.46 22.0
Fat strain P.C. O hr.

Control 2.8 6.64 13.2

o block 3.4 6.54 12.7

A block 2.7 6.74 14.2
Fat strain P.C. 3 hr.

Controcl 3.9 6.24 13.1

o block 4.6 5.94 16.2

A block 3.7 6.39 14.5
Fat strain P.C. 24 hr.

Control 6.6 5.47 21.1

4 block 6.3 5.40 20.8

& block 6.4 5.64 19.6

8significant (P <.0l)

strain influence.

**Significant (P<.0l) time influence.
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in muscle result from a rapid rate of post-mortem glycolysis and is associ-
ated with an oxygen debt prior to death.

Bate-Smith (1948), Lawrie (1958), Briskey (1959), Wismer-Pedersen
(1959), Briskey et al. (1960), and Judge et al. (1968) determined dark,
firm muscle was higher in pH and lower in free water ihan pale, soft muscle.
Briskey and Wismer-Pedersen (1961) and Sayre et al. (1964) determined that
a rapid significant decrease of muscle pH to 5.1 one and one-half hours
post-mortem yielded pale, soft and exudative pork.

M. longissimus lactate, pH, and color (Table 7) values show a signifi-
cant (P <.0l) time influence. The lactate and pH values complement each
other since pH is a measure of H+ concentration, primarily supplied by lac-
tate. No major strain differences were observed for color and pH. The
general increase in M. longissimus lactate content and reciprocal pH
decline with advance in time post-mortem conform to earlier research
(Lawrie, 1958; Briskey, 1959; Wismer-Pedersen, 1959; Briskey et al., 1960;
Judge et al., 1968; Weiss et al., 1970; Weiss et al., 1971).

Table 7 reflects no major strain influence on muscle color for the
swine used in this study. However, a significant (P ¢.0l) time effect was
determined with a lightening effect occurring with advance in time post-
mortem. These data agree with those of Weiss et al. (1970) and Weiss et al.
(1971). However, Weiss et al. (1971) in a comparison of lean and fat
strain pigs found a significant strain influence on muscle color with lean
strain pigs possessing lighter muscle color than fat strain pigs. Adre-

nergic blockade in this study may have influenced muscle color in contrast

et al, (1971).
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The data presented in this dissertation reveal that normal, acceptable
muscle quality based on color, pH, and lactate evaluation can be produced
from genetically based stress prone swine as well as from genetically
selected fat strain pigs. However, within the ham musculature of the
stress prone swine used in this study, frequent occurrence of microcircula-
tory hemorrhage was observed in the form of 'blood spots'. The adverse
implications for processing and economic losses as well as physiological

significance of this observaticn may be of major importance (Figure 3).

Liver Lactate Levels
Table 8 and Figure 15 reveal a significant (P <.05) effect of strain
on ten-minute post-mortem liver lactate concentration. The stress prone
swine possessed higher levels of liver lactate for all treatments when com-
pared with the fat strain Poland China pigs. This analysis was conducted
since the liver is a primary site of lactate conversion to glycogen (White
et al., 1968). The data substantiate the plasma and M. longissimus lactate

data previously presented and discussed.

Table 8. Least squares means for ten-minute post-mortem liver

Control o block /< block

Strain¥* mg % mg % mg %
Stress prone 1.4 1.3 1.3
Fat strain P.C. 1.1 0.9 1.1

*Significant (P <.05) strain influence.
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ASSOCIATION OF PHYSIOLOGICAL PARAMETERS

Correlation Coefficients between Basal Values
Epinephrine
Table 9 presents correlation coefficients between stress prone and fat
strain Poland China swine for basal plasma epinephrine and basal plasma

cortisol, glucose, lactate, potassium, and blood pH.

Table 9. Correlation coefficients between plasma epinephrine and basal
plasma cortisol, glucose, lactate, potassium, and blood pH

Stress prone Fat strain P.C.
Epinephrine A.M. vs, cortisol A.M, -0.028 -0.396
glucose A.M. 0.105 -0.066
lactate A.M. -0.306 -0.070
blood pH A.M. 0.000 0.351
potassium A.M. -0.455 0.207
Epinephrine P.M. vs. cortisol P.M. -0.413 -0.597%*
glucose P.M. 0.132 0.342
lactate P.M. -0.413 -0.334
blood pH P.M. 0.119 -0.490%
potassium P.M. ~-0.453 0.160

*Significant (P <.05).

**Significant (P £.01).

The decidedly lower cortisol and higher epinephrine levels from P.M.
samples for both strains (Figures 4 and 5) account for the negative epineph-
rine versus cortisol correlations of -0.413 for the stress prone strain and
significant (P<.0l) -0.597 correlation for the fat strain Poland China
swine. The correlation coefficients for basal epinephrine versus basal lac-

tate and glucose reveal no major differences.
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The significant (P €.05) negative correlation (-0.490) between epineph-
rine and blood pH values from samples collected in late afternoon for the
fat strain Poland China pigs appears to be associated with the negative
epinephrine versus lactate correlation (-0.334) obtained on samples col-
lected during the same time period for the fat strain of swine. The sig-
nificant negative correlation (~0.597) for epinephrine versus cortisol
values from afternoon samples may indicate an inverse function for these
substances on blood pH and thus the lactate is not converted to glycogen as
rapidly when cortisol levels are lower. It is also possible that within
the fat strain Poland China swine, the buffer system may not react rapidly
under non-stress conditions to counteract the rise in H+.

Basal plasma epinephrine versus plasma potassium for the stress prone
swine approached significance (-0.455 morning collection and -0.453 after-
noon collection). These relationships reflect results in earlier research
(Lillehei et al. (1964) and Block et al. (1966)) that revealed potassium
variability in hypertensive individuals as well as potassium concentration
change in response to stress. The data reported in this dissertation would
further substantiate the importance of genotype and selection pressure on
altering physiological function and biological mechanisms. The importance
of potassium in nerve and muscle membrane potantials indicates critical con-

sideration is needed in the evaluation of neuromuscular and physiological

function.
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Cortisol
Correlation coefficients between stress prone and fat strain Poland
China swine for basal plasma cortisol versus basal plasma glucose, lactate,

potassium, and blood pH are shown in Table 10.

Table 10, Correlation coefficients between basal plasma cortisol and basal
plasma glucose, lactate, potassium, and blood pH

Stress prone Fat strain P.C.

Cortisol A.,M. vs. glucose A.M. 0.190 0.237

lactate A.M. 0.000 0.026

pH A.M. 0.136 0.230

potassium A.M. 0.014 -0.310
Cortisol P.M. vs. glucose P.M. -0.160 -0.314

lactate P.M. 0.076 -0.127

pH P.M. 0.001 0.494%*

potassium P.M. 0.084 -0.234

*Significant (P <.05).

The diurnal cortisol influence Figure 4 is revealed in the correlation
coefficients presented in Table 10. Figure 4 shows both strains of swine
to have lower cortisol levels at the afternoon collection time, while Fig-
ure 6 shows no major diurnal effect on plasma glucose. These data result
in the negative afternoon cortisol versus glucose correlations in Table 10.
The cortisol versus lactate correlations (Table 10) reveal no major rela-
tionships in this study.

The significant correlation (P {.05) for fat strain Poland China pigs
between afternoon cortisol versus blood pH values can be associated with

. - . . . OOV R d
the fat sirain coirelation of { £.127) for ofterncon cortienl versus lac-

4
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tate. As plasma cortisol declines, lactate increases causing a fall in
blood pH, and a positive cortisol~blood pH relationship is established.

The negative correlations for cortisol versus plasma potassium for the
fat strain Poland China swine during both morning and afternoon sample col-
lection and the low but positive values for the stress prone line again
suggest the importance of known genotype in physiology research. These
data also reflect the diurnal cortisol and potassium shifts shown in Fig-

ures 4 and 10.

Blood pH
Within strain correlation coefficients are shown in Table 11 for basal
blood pH and basal glucose, lactate, and potassium.

Table 11. Correlation coefficients between basal blood pH and basal plasma
glucose, lactate, and potassium

Stress prone Fat strain P.C.
pH A.M. vs. glucose A.M. 0.094 0.419
lactate A.M. -0.573% 0.335
potassium A.M. -0.249 -0.612%*
pH P.M, vs. glucose P.M, -0,187 -0.280
lactate P.M. -0.020 0.347
potassium P.M. -0.153 0.095

*Significant (P ¢.05).

**Significant (P ¢.0l).
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The negative correlations for blood pl versus plasma lactate at both
sample collection times for the stress prone swine reveal a decline in pH
as lactate increases which suggests plasma lactate changes are of sufficient
magnitude in relation to pH to denote the variation. A positive relation-
ship for the fat strain Poland China swine for the same parameters and time
periods was obtained.

The opposite signs for correlations between strains in blood pH and
plasma glucose concentration (Table 11) for both collection times indicates
the importance of genotype and diurnal effects on monitoring physiological
changes in swine. The genotype and diurnal influence is further exempli-
fied in Table 11 when blood pH and plasma potassium are correlated. Fat
strain Poland China swine showed a significant (P .0l) negative correlation
(-0.612) between morning blood pH and plasma potassium but a low, positive
correlation (0.095) for the afternoon relationship. Both morning and after-
noon correlations of blood pH and plasma potassium for stress prone swine
were negative and of low magnitude.

Correlation Coefficients between Basal Values
and Post-Stress Parameters

Epinephrine

Table 12 presents within strain correlation coefficients for basal
morning and post-stress epinephrine levels and post-stress cortisol, glu-
cose, lactate, pH, potassium, and epinephrine values,

The epinephrine versus cortisol correlations in Table 12 reflect a low
relationship between the diurnal elevation of epinephrine secretion within
strain and cCOortisol decline when sampies are colilecied Lu ihe woiining and

afternoon (Figures 4 and 5). Figure 5 also shows epinephrine levels to
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Table 12, Correlation coefficients between basal morning and post-stress
plasma epinephrine and post-stress cortisol, glucose, lactate,
pH, potassium, and epinephrine

Stress Fat strain

prone P.C.
Epinephrine A.M. vs. post-stress cortisol -0.244 0.109
post-stress glucose 0.049 0.175
post-stress lactate 0.158 -0.338
post-stress pH -0.193 0.378
post-stress potassium -0.100 -0.576%*
post-stress epinephrine 0.020 -0.162
Epinephrine post-stress vs. post-stress cortisol -0.239 -0.026
post-stress glucose -0.203 -0.243
post-stress lactate 0.181 0.262
post-stress pH -0.256 0.023
post-stress potassium 0.218 0.167

*Significant (P <.05).

decline after physical stress which substantiates the negative correlation
coefficients (Table 12) for post-stress epinephrine versus post-stress cor-
tisol since cortisol levels increased in response to stress (Figure 4).
Epinephrine is known to mobilize glucose and thus positive and possi-
bly significant relationships between post-stress epinephrine levels and
plasma glucose levels after stress may have been expected. Figure 5 shows
epinephrine levels were lower after stress, and Figure 6 shows glucose lev-
els increased in response to stress, therefore, negative correlations as
seen in Table 12 are realistic. This relationship and the data presented
in Figures 5 and 6 would indicate epinephrine secretion, in response to
induced stress, did potentiate glucose mobilization, however, due to the

rapid degradation of epinephrine and the coliection procedure Ioliowiug
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stress, the levels of epinephrine determined were actually lower than basal
levels.

Figures 5 and 10 show fat strain Poland China plasma potassium concen-
tration to decrease in the control and of block pigs as the result of
induced stress and morning epinephrine levels to remain high thus resulting
in the significant (P €.05) correlation shown in Table 12, Strain as well

as treatment appear to influence this correlation.

Cortisol

Within strain correlation coefficients for morning and post-stress
cortisol and post-stress epinephrine, glucose, lactate, potassium, cortisol,
and blood pH are shown in Table 13.

No major relationship between cortisol and post-stress plasma epineph-
rine, glucose, lactate, blood pH, and potassium level is shown in Table 13.
Table 13. Correlation coefficients between morning and post-stress corti-

sol and post-stress epinephrine, glucose, lactate, potassium,
cortisol, and blood pH

Stress Fat strain
prone P.C.
Cortisol A.M. vs. post~stress epinephrine -0.196 0.139
post-stress glucose -0.386 -0.308
post-stress lactate 0.115 -0.193
post-stress pH -0.230 -0.103
post~stress potassium 0.165 0.371
post-stress cortisol 0.744%% 0.109
Cortisol post-stress vs. post-stress glucose 0.077 0.311
post-stress lactate -0.097 -0.192
post-stress pH 0.124 0.150
post-stress potassium 0.139 0.143

**Significant (P <.0l).
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It might be expected that since high lactate and, therefore, low pH poten-
tiate cortisol secretion major importance may have been observed for these
relationships. The individual pig variability observed throughout the data
presented in this study is reflected by no major within strain importance
for these parameters.

Potassium is also a stimulant for cortisol secretion, and the positive
post-stress plasma potassium versus morning and post-stress cortisol corre-
lations (Table 13) reflect this physiological influence of potassium.

The significant (P ¢ .0l) positive correlation (0.744) for stress prone
swine morning cortisol levels versus post-stress cortisol levels is a
reflection of the treatment-stress response shown in Figure 4. The animal
variation, especially in adrenocorticoid release, has been frequently pre-
sented in this dissertation. Apparently not all pigs have the same secre-
tion potential of adrenal cortical hormones, as is further exemplified by
the positive but low correlation (0.109) in Table 13 for the fat strain
Poland China basal morning cortisol level versus the post-stress cortisol
concentration, Individual pigs which secreted less during basal sample
collection secreted less cortisol upon induced stress. This observation

was reported earlier by Topel (1968a) and Weiss et al. (1970).

Glucose

Table 14 reveals within strain correlation coefficients for morning
and post-stress glucose and cortisol, epinephrine, lactate, potassium, and
pH values.

The non-significant correlations for basal glucose versus post-stress

cortisol are shown in Table l4. These values suggest that cortisol levels
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Table 14. Correlation coefficients between morning and post-stress glucose
and post-stress cortisol, epinephrine, lactate, potassium, and

pH
Stress Fat strain
prone P.C.
Glucose A.M. vs. post-stress cortisol 0.316 0.051
post-stress epinephrine 0.205 -0.376
post-stress lactate 0.169 -0.276
post-stress pH ~0.144 0.083
post-stress potassium 0.087 0.445
Glucose post-stress vs. post-stress lactate 0.689%* 0.432
post-stress pH ~0.704%% -0.475%
post~stress potassium 0.676%* -0.601%%*

*Significant (P ¢.05).

**Significant (P ¢.0l).

are not highly associated with specific glucose levels in the blood, but
positive relationships exist. Non-stress cortisol levels in stress prone
swine are more highly related to cortisol levels after stress than the fat
strain pigs. This may be associated with the higher levels of both corti-
sol and glucose in the blood of stress prone pigs.

Table 14 shows post-stress lactate values and basal glucose values to
have a positive correlation for the stress prone pigs and, as a result, a
negative correlation between basal glucose and post-stress blood pH. The
lower basal glucose and the significantly lower (P ¢.0l) rise in plasma
lactate in response to stress resulted in a higher blood pH for the fat
strain Poland China pigs and explains the respective fat strain swine cor-

relations presented in Table 14 for blood glucose, lactate, and pH.
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Increased plasma glucose in response to induced stress would result in
increased plasma lactate and lower blood pH as shown in Figures 6, 7, and 8.
Thus, the significant correlations for glucose levels after stress with
post-stress lactate and pH (Table 14) are expected. The magnitude of the
stress prone swine response to stress (Figures 7 and 8) justifies the sig-
nificant effects presented in Table 14,

The significant (P £.0l) correlations for glucose after stress and
post-stress potassium indicate that the stress prone swine possess high
circulating potassium in response to stress. This is shown in Figure 10
and would indicate a physiological abnormality since higher potassium lev-
els are normally found within the cell and lower levels outside the cell.
Some form of membrane or tissue change apparently occurred within the
stress prone swine used in this study when subjected to stress. In con-
trast, a significant (P€.0l) negative correlation between after stress glu-
cose and post-stress potassium values for the fat strain swine was obtained.

Within strain correlation coefficients for basal morning and post-
stress lactate and cortisol, epinephrine, glucose, pH, and potassium are
shown in Table 15.

No major relationship is shown within strain (Table 15) for basal,
morning lactate values when correlated with cortisol or glucose levels from
samples collected after stress.

The positive correlation for the stress prone swine for basal morning
lactate values versus post-stress potassium levels and the positive, sig-
nificant (P €.01) relationship (0.628) between lactate and potassium (post-

stress values) confowm Lu the discussicn prosonted on glucege and potaseinm

0

relationships. The stress prone swine appear to undergo an abnormal tissue
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Table 15, Correlation coefficients between morning and post-stress lactate
and post-stress cortisol, epinephrine, glucose, pH, and potas~-

sium
Stress Fat strain
prone P.C.
Lactate A.M. vs. post-stress cortisol 0.087 0.146
post-stress epinephrine -0.310 -0.171
post-stress glucose -0.014 -0.008
post-stress pH -0.261 -0.321
post-stress potassium 0.258 -0.019
Lactate post-stress vs. post-stress pH -0.766%% 0.072
post-stress potassium 0.628%* -0.002

**Significant (P<.0l).

degradation in response to induced stress resulting in a potassium increase
in the circulatory system. Since glucose and lactate also increase with
induced stress, the respective correlations are positive. The fat strain
Poland China swine do not seem to undergo a similar physiological relation-
ship between post-stress potassium and glucose and lactate post-stress
(Tables 14 and 15).

A significant (P ¢ .0l) negative correlation (-0.766) for the stress
prone swine (Table 15) was determined between lactate values obtainéd after
stress and post-stress blood pH levels. Less dramatic plasma lactate and
blood pH changes were observed for the fat strain Poland China swine, and
no significant correlations between plasma lactate and blood pH were deter-

mined.
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CONCLUSIONS

Genetic and diurnal influences are important considerations as well as
animal variation in establishing and comparing biological parameters
and exogenous treatment effects.

Diurnal plasma parameters revealed glucose levels were significantly
higher (P ¢.01) in the afternoon for simaltaneous strain analysis.
Stress prone swine glucose values were significantly higher (P ¢.0l) in
the afternoon in contrast to no major elevation for the fat strain
swine. Novdiurnal variation was obtained for plasma cortisol, epineph-
rine, potassium, chloride, lactate, or blood pH. The fat strain swine
possessed significantly higher (P <.0l) plasma potassium for both A.M.
and P.M. sample collections. The fat strain swine also exhibited a
significantly higher (P¢ .05) epinephrine level for morning and after-
noon collection and a significantly lower (P .05) cortisol level for
the same collection period. The stress prone swine possessed higher
chloride levels than the fat strain for both A.M. and P.M. samples.
Five minutes of induced physical stress increased plasma cortisol in
both strains (significant P € .0l) and resulted in a significant (P <.0l)
reduction in plasma epinephrine. Plasma glucose in response to induced
stress increased significantly (P < .0l); plasma lactate also revealed a
significant (P <.0l1) increase. Strain influence showed stress prone
swine glucose and lactate increases to be significant at the (P{ .0l)
level, and fat strain Poland China swine glucose and lactate increased
significantly (P £.05) in response to induced stress. The stress prone

swine responded to stress with a significant (P <.0l) decline in whole
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blood pH, while blood pH remained relatively stable in the fat strain
Poland China pigs. The stress prone swine possessed significantly
higher (P <.05) sodium and (P <.0l) potassium aftgr stress than did the
fat strain swine. No major strain or treatment effect was observed for
plasma chloride.

Treatment with phenoxybenzamine and pi 'pranolol in relation to non-
treated controls within each strain prior to induced stress resulted in
the following characteristics after five minutes of induced physical
exercise: phenoxybenzamine treated stress prone swine exhibited cuta-
neous blotching, tail and ear tremors, forced deep and irregular respi-
ration, abnormal vocalization, hypertension, physical collapse, high
plasma glucose, reduced plasma cortisol elevation, reduced plasma epi-
nephrine, very high plasma lactate, substantial blood pH decline, and
high plasma potassium. The phenoxybenzamine treated fat strain Poland
China swine revealed minor cutaneous blotching and increase in respira-
tion rate, no physical collapse, less magnitude in elevations of plasma
cortisol, glucose and lactate, epinephrine and potassium, and a rela-
tively stable blood pH. The propranolol treated stress prone swine
exhibited an increased respiration rate, elevated plasma cortisol, glu-
cose, lactate, and potassium but to a lesser degree than the phenoxy-
benzamine treated pigs. Also, a decline in plasma epinephrine and
blood pH was observed but again to a lesser degree than the phenoxyben-
zamine treated stress prone swine. The propranolol treated fat strain
swine exhibited no adverse physical appearances, displayed a minor

increase iLun iéspiration in cnee to etress; had an elevation in

plasma, cortisol, epinephrine, glucose, and lactate but of less magni-
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tude than the phenoxybenzamine treated pigs. A relatively stable
plasma potassium level and blood pH was observed.

The phenoxybenzamine stress prone swine exhibited chracteristics of
anoxic acidosis and traumatic death with conditions simulating those of
hypertensive microcirculatory failure leading to the onset of a shock-
like syndrome.

Stress prone swine possessed significantly higher (P <€ .05) concentra-
tion of lactate in the post-mortem liver.

A significant (P ¢.0l) time influence was observed in all M. longissimus
tissue as lactate concentration, pH, and color were observed at zero,
three, and 24 hours post-mortem.

The stress prcne swine carcasses exhibited M. longissimus muscle with
significantly higher (P< .0l) concentration of lactate., Ham muscdla-
ture with frequent occurrence of hemorrhage in the small vessels was

observed in the carcasses of the stress prone swine.
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Figure 1. Fat strain Poland China and stress prone swine

a. DPosterior view fat strain
Poland China

b. Dorsal view fat strain
Poland China

c., Side view fat strain
Poland China

d. Posterior view stress
prone pig

e. Dorsal view stress prone
Pig

f. Side view stress prone
pig
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Figure 2. Catheterization

a.

b.

Restraint of tranquilized
pig for catheterization

Position of needle and
vinyl tubing for cathe-
terization

Needle removed, catheter
imbedded within the
venous circulation, and
catheter tubing extending
from cutaneous puncture
laterally along the
shoulder to the dorsal
midline for termination
between the two shoulders

Angle of needle with
directionality toward the
point of the opposite
shoulder., Needle punc-
ture approximately 1 cm
away from the ventral
midline
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Figure 3. Microcirculatory hemorrhage of the rear leg musculature

a. Biceps femoris revealing microcirculatory hemorrhage

b. Cross section of rear leg musculature revealing microcirculatory hemor-
rhage
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Figure 4,

blockade for plasma cortisol

Period 1.00
2.00
3.00
4.00
5.00
6.00
7.00

8.00

nwnn

]

A.M. plasma cortisol?
P.M. plasma cortisol
basal non-stress A.M.
plasma cortisol after
of each strainP

basal non-stress A.M.
phenoxybenzamine
plasma cortisol after five minutes of
blockade treated swine

basal non-stress A.M. plasma cortisol
pranolol

plasma cortisol after five minutes of
blockade treated swine

plasma cortisol
five minutes of

plasma cortisol

Diurnal basal non-stress, basal A.M., and stress response as influenced by adrenergic

of control groups
physical stress within control groups

for swine designated to receive
physical stress within <( adrenal
for swine designated to receive pro-

physical stress within /4 adrenal

85ignificant (P <.05) diurnal strain effect.

bSignificant (P<.01l) physical stress effect.
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Figure 5. Diurnal basal non-stress, basal A.M., and stress response as influenced by adrenergic
blockade for plasma epinephrine

Period 1.00
2.00
3.00
4.00
5.00
6.00
7.00

8.00

AM. plasma epinephrinea

P.M. plasma epinephrinea

basal non-stress A.M. plasma epinephrine
plasma epinephrine after five minutes of
groups of each strain

basal non-stress A.M. plasma epinephrine
phenoxybenzamine

plasma epinephrine after five minutes of
blockade treated swine

basal non-stress A.M., plasma epinephrine
propranoloel

plasma epinephrine after five minutes of
blockade treated swine

of control groups
physical stress within control

for swine designated to receive
physical stress within «f adrenal
for swine designated to receive

physical stress within @ adrenal

aSignificant (P ¢.05) diurnal strain effect.

bSignificant (P¢ .01) physical stress effect.
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Figure 6.

blockade for plasma glucose

Period 1.00

3.00
4.00

5.00

6.00

7.00

8.00

= A.M. plasma glucosea
2.00 =

P.M. plasma glucose

basal non-stress A.M. plasma glucose
plasma glucose after five minutes of
of each strainb

basal non-stress A.M. plasma glucose
phenoxybenzamine

plasma glucose after five minutes of
blockade treated swine

basal non-stress A.M. plasma glucose
pranolol

plasma glucose after five minutes of
blockade treated swine

Diurnal basal non-stress, basal A.M., and stress response as influenced by adrenergic

of control groups
physical stress within control groups

for swine designated to receive
physical stress within €/ adrenal
for swine designated to receive pro-

physical stress within (3 adrenal

aSignificant (P €.01) diurnal strain effect.

bSignificant (P <.01) physical stress effect.
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Figure 7.

blockade for plasma lactate

Period 1.00
2.00
3.00
4,00
5.00
6.00
7.00

8.00

A.M. plasma lactate

P.M. plasma lactate

basal non-stress A.M. plasma lactate
plasma lactate after five minutes of
of each strain?sP»¢

basal non-stress A.M, plasma lactate
phenoxybenzamine

plasma lactate after five minutes of
blockade treated swine@:°:€

basal non-stress A.M. plasma lactate
pranolol

plasma lactate after five minutes of
blockade treated swine2»P»€

Diurnal basal non-stress, basal A.M., and stress response as influenced by adrenergic

of control groups
physical stress within control groups

for swine designated to receive
physical stress within ef adrenal
for swine designated to receive pro-

physical stress within & adrenal

aSignificant (P €.01) physical stress effect.

bSi-gnificant (P €.05) physical stress effect for fat strain P.C.

cSignificant (P € .01) physical stress effect for stress prone swine.
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Figur2 8. Diurnal basal non-stress, basal A.M., and
blockade for blood pH

Period 1.00
2.00
3.00
4.00

5.00

6.00

noun unn

A.M, blood pHa

P.M. blood pH?

basal non-stress A.M. blood
blood pH after five minutes
strain ,

basal non-stress A.M. blood
mine

blood pH after five minutes
treated swine

= basal non-stress A.M. blood

blood pH after five minutes
treated swine

stress response as influenced by adrenergic

pH
of

pH
of

pH
of

of control groups
physical stress within control groups of each

for swine designated to receive phenoxybenza-
physical stress within ef adrenal blockade

for swine designated to receive propranolol
physical stress within .9 adrenal blockade

8Significant (P €.0l) diurnal effect.

bSignificant (P €.01) physical stress effect for stress prone strain.
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Figure 9. Diurnal basal non-stress, basal A.M., and stress response as influenced by adrenergic
blockade for plasma sodium

Period 1.00 = A,M. plasma sodium

2.00 = P.M. plasma sodium

3.00 = basal non-stress A.M. plasma sodium of control groups

4,00 = plasma sodium after five minutes of physical stress within control groups of
each strain

5.00 = basal non-stress A.M. plasma sodium for swine designated to receive phenoxy-

benzamine

6.00 = plasma sodium after five minutes of physical stress within o adrenal block-
ade treated swine

7.00 = basal non-stress A.M. plasma sodium for swine designated to receive pro-
pranolol

8.00 = plasma sodium after five minutes of physical stress within & adrenal block-
ade treated swine
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Figure 10. Diurnal basal non-stress, basal A.M., and stress response as influenced by adrenergic
blockade for plasma potassium

Period 1.00
2.00
3.00
4.00
5.00
6.00
7.00

8.00

nnu

A.M, plasma potassiuma

P.M. plasma potassium

basal non-stress A.M, plasma potassium
plasma potassium after five minutes of
groups of each strain

basal non-stress A.M. plasma potassium
phenoxybenzamine

plasma potassium after five minutes of
blockade treated swine

basal non-stress A.M. plasma potassium
pranolol

plasma potassium after five minutes of
blockade treated swine

of control groups
physical stress within control

for swine designated to receive
physical stress within ef adrenal
for swine designated to receive pro-

physical stress within «* adrenal

aSignificant (P €.01) diurnal strain effect.
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Figurz 11, Diurnal basal non-stress, basal A.M., and stress response as influenced by adrenergic
blockade for plasma chloride

Period 1.00
2.00
3.00
4,00
5.00
6.00
7.00

8.00

= A.M. plasma chloride

]

P.M. plasma chloride

basal non-stress A.M. plasma chloride
plasma chloride after five minutes of
of each strain

basal non-stress A.M. plasma chloride
phenoxybenzamine

plasma chloride after five minutes of
blockade treated swine

basal non-stress A.M. plasma chloride
pranolol

plasma chloride after five minutes of
blockade treated swine

of control groups
physical stress within control groups

for swine designated to receive
physical stress within « adrenal
for swine designated to receive pro-

physical stress within 4 adrenal

aSignificant (P £.01) diurnal strain effect.
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Figure 12. Composite zero, three, and 24 hour post-mortem M. longissimus
lactate

Period 1.00 = control swine
2.00 & adrenergic blockade swine
3.00 = A adrenergic blockade swine

Figure 13. Composite zero, three, and 24 hour post-mortem M. longissimus
pH

Period 1.00 = control swine
2.00 < adrenergic blockade swine
3.00 = .8 adrenergic blockade swine
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il
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Figure 14. Composite zero, three, and 24 hour post-mortem M, longissimus
color

control swine
o adrenergic blockade swine
/3 adrenergic blockade swine

Period 1.00
2.00
3.00

It

Figure 15, Ten minute post-mortem liver lactate®

Period 1.00 = control swine
2.00 « adrenergic blockade swine
3.00 = @ adrenergic blockade swine

aSignificant (P ¢.05) strain effect.
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Table 16. Selected least squares analysis of variance table presenting mean squares for plasma

cortisol, plasma epinephrine, plasma lactate, and blood pH

Siource Cortisol d.f. Epinephrine Lactate pH

Total 135

Total reduction 185.27 7 3109.06 6342.23 1042.68
Correction term 1 1191.74 1 19400.16 40898.46 1 7235.44
Group 1 47.24% 1 1544 ,68%% 742.43 1 0. 13%%
Treatiment 2 2.27 2 109.04 712.36 2 0.01
Group x treatment 2 25.18 2 60.48 1025.21 2 0.01
Animals 3 9.09%% 30 35.01%% 288.92 30 0.00
Time 1 0.86 1 0.83 8.47 1 0.00
Remainder 2.43 98 14.57 138.46 95 0.00

*Significant (P €.05).

**Significant (P < .0l).
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Table 17. Selected least squares analysis of variance table presenting mean squares for plasma glu-
cose, plasma sodium, plasma potassium, and plasma chloride

Jource d.f. Glucose d.f. Sodium d.f. Potassium d.f. Chloride

Total 142 140 139 140

Total reduction 7 437846 .44 7 362480.30 7 368.64 7 187019.61
Correction term 1 2458963.70 1 2534224 .74 1 2577.83 1 1306584.10
Group 1 70776.15%% 1 238.49 1 1.77 1 1006.77
Treatment 2 99467 .82%% 2 1.23 2 0.28 2 64.41
Group x treatment 2 101513.31%% 2 199.57 2 0.32 2 132.50
Animals 30 3197.70%* 30 245.04%% 30 0.20 30 29.87
Time 1 129455.91%* 1 35.51 1 0.07 1 13.52
Remainder 105 21524 .17 103 56.22 -102 0.14 103 23.55

*%Significant (P .01l).
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Table 18, Selected least squares analysis of variance table presenting mean squares for stressed
plasma cortisol, stressed plasma epinephrine, stressed plasma lactate, and stressed blood

pH
Stressed Stressed Stressed
plasma plasma plasma Stressed

Source d.f. cortisol d.f. epinephrine d.f. lactate d.f blood pH
Total 36 33 34 36
Total reduction 6 286.45 6 376.57 6 18326.08 6 315.51
Correction term 1 1687.02 1 2156.08 1 982642.68 1 1892.52
Group 1 0.27 1 52.23% 1 30116.23%% 1 0.45%%
Trealment 2 8.07 2 1.37 2 989.86 2 0.01
Group X treatment 2 7.65 2 19.05 2 207.29 2 0.03
Remainder 30 11.68 27 7.39 28 920.58 30 0.01

*Significant (P ¢.05).

**Significant (P ¢.01).
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Table 19.

Selected least squares analysis of variance table presenting mean squares for stressed

plasma glucose, stressed plasma sodium, stressed plasma potassium, and stressed plasma

chloride
Stressed Stressed Stressed Stressed
plasma plasma plasma plasma
ource d.f. glucose d.f. sodium d.f. potassium d.f, chloride
Total 35 35 34 34
Total reduction 6 113152.02 6 106170.89 6 118.26 6 55919.87
Corre:tion term 1 650630.32 1 630938.82 1 652.89 1 325859.28
Group 1 20034 .59%%* 1 547 .55% 1 14.93%% 1 28.09
Treatnent 2 663.51 2 3.44 2 0.96 2 205.64
Group X treatment 2 177.16 2 193,22 2 1.77 2 258.53
Remaiader 29 601.47 29 99.13 28 0.62 28 121.26

*Significant (P ¢ .05).

**Significant (P ¢.01).
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Table 20. Selected least squares analysis of variance table presenting mean squares for M. longis-
simus lactate, M. longissimus pH, M. longissimus color, and liver lactate

M. longis-

M. longis-

Simus simus simus Liver

Source d.f. lactate d. pH d.f color Source d.f. lactate
Total 108 108 108 Total 36
Total reduction 8 370.18 489.26 8 3787.5i/ Total reduction 6 9.17
Correction term 1 2687.02 1 3894.84 1 29087.75 Correction term 1 54.27
Group 1 28.73%% 1 1.03 1 13.51 Group 1 0.49%
Treatament 2 1.27 2 0.23 2 2.38 Treatment 2 0.10
Group X treatment 2 D.51 2 0.18 2 6.73 Group x treatment 2 0.02
Animals 30 1,38% 30 0.61%% 30 7.67 Remainder 30 0.08
Time 2 121.06%% 2 8.67%% 2 590, 89%* ‘
Remainder 70 0.84 70 0.04 70 5.65

*Significant (P <.05).

**Significant (P< .0L1).
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lable 21. Correlation coefficients between 0, 3, and 24 hour post-mortem
M. longissimus lactate and stress pH, epinephrine, cortisol,
glucose, lactate, and potassium
Stress Fat strain
prone P.C.

0 hr. lactate vs. after.stress blood pH ~-0.215 -0.231
after stress epinephrine 0.019 =-0.090

after stress cortisol 0.392 0.417

after stress glucose 0.119 0.418

after stress lactate 0.234 0.045
after stress potassium 0.144 -0.486%

3 hr. lactate vs. after stress blood pH ~-0.336 -0.388
after stress epinephrine 0.050 -0.018

after stress cortisol 0.383 0.332

after stress glucose 0.407 0.451

after stress lactate 0.362 0.178

after stress potassium 0.420 -0.486

24 hr. lactate vs. after stress blood pH 0.025 6.359
after stress epinephrine -0.138 0.344

after stress cortisol 0.041 0.311

after stress glucose 0.284 -0.351

after stress lactate -0.062 -0.393

after stress potassium 0.245 -0.003

*Significant (P <.05).
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Table 22. Correlation coefficients between 0, 3, and 24 hour post-mortem
M. longissimus pH and stress pH, epinephrine, cortisol, glucose,
lactate, and potassium

Stress Fat strain
prone P.C.
0 hr. pH vs. after stress blood pH 0.292 0.357
after stress epinephrine -0.096 0.064
after stress cortisol -0.095 -0.237
after stress glucose -0.326 ~-0.488%
after stress lactate -0.244 -0.464
after stress potassium =0.247 0.584*
3 hr. pH vs. after stress blood pH 0.203 0.250
after stress epinephrine -0.395 -0.062
after stress cortisol -0.354 -0.454
after stress glucose -0.381 -0.493%
after stress lactate -0.297 -0.279
after stress potassium -0.362 0.519%
24 hr. pH vs. after stress blood pH 0.269 -0.461
after stress epinephrine 0.305 -0.149
after stress cortisol -0.166 0.276
after stress glucose -0.387 0.025
after stress lactate -0.020 -0.099
after stress potassium -0.344 0.309

*Significant (P <.05).



Table 23.
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Correlation coefficients between 0, 3, and 24 hour post-mortem

M. longissimus color and stress pH, epinephrine, cortisol, glu-
cose, lactate, and potassium

Stress Fat strain
prone P.C.
0 hr. color vs. after stress blood pH -0.007 ~0.138
after stress epinephrine 0.220 -0.344
after stress cortisol 0.260 -0.116
after stress glucose 0.266 ~0.389

after stress lactate 0.112 ~0.697%*
after stress potassium 0.004 0.353
3 hr. color vs. after stress blood pH -0.575% ~0.071
after stress epinephrine -0.150 -0.155
after stress cortisol 0.291 0.420
after stress glucose 0.471%* -0.407
after stress lactate 0.490* 0.076
after stress potassium 0.522* ~-0.200
24 hr, color vs. after stress blocd pH -0.354 -0.074
after stress epinephrine -0.036 -0.203
after stress cortisol 0.434 -0.416
after stress glucose 0.507* 0.019
after stress lactate 0.216 -0.098
after stress potassium 0.568% 0.068

*Significant (P ¢.05).

#*Significant (P ¢.OL).
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