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Investigators have suggested that opiate peptide hor-

mones released during exercise stress may play an important

role in athletic performance or perceived effort. Their

enzymatic inactivation in the periphery is of considerable

interest since the opiate peptides may be regulated by

enkephalin hydrolyzing enzyme (EHA). In this study, the

relationship between maximal aerobic capacity (VO2max) and

EHA activity was examined in two distinct fitness groups.

When the metabolic capacity was evaluated in whole blood,

the unfit subjects metabolized the peptides significantly

faster than their fit counterparts. Since the total

enzyme activity of the two groups is similar, the differ-

ence in metabolism must result from circulating factors in

the trained athletes, which slow the rate of peptide inac-

tivation.
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CHAPTER I

INTRODUCTION

The normal individual is exposed to both physical and

emotional stress throughout life. These stresses vary in

their level of intensity from mild to severe. In recent

years, investigators from a number of disciplines have

observed a relationship between stress and an increase in

the threshold for pain in those individuals subjected to

severe physical and emotional stress (Grau, Hyson, Mair,

Madden, & Barchas, 1981; Hokfelt, Ljungdahl, Terenius, Elde,

& Nilsson, 1977; Jaffe & Martin, 1975; Lewis, Tordoff,

Sherman, & Liebeskind, 1982; Snyder, 1978). This reduction

in perceived pain is sometimes referred to as "stress

analgesia." Many similar and related observations includ-

ing changes in mood and the perception of effort have been

reported during strenuous exerscise (Markoff, Ryan, & Young,

1982). These observations suggested that exercise stress

may be able to produce a similar form of "stress analgesia".

The recent discovery of internally produced hormones

and neurotransmitters which behave physiologically like the

therapeutic agents opium and morphine (Hughes, 1975) has

led investigators to suggest that these "endogenous opiates"

are perhaps involved in the body's response to stress

1
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(Hexum, Hanbauer, Govoni, Yang, & Costa, 1980; Mains,

Eipper, & Ling, 1977; Viveros, Diliberto, Hazum, & Chang,

1979). The ability of these compounds to alter the

individual's psychological state (Greist, Klein, Eischens,

Faris, Gurman, & Morgan, 1979; Markoff et al., 1982;

Morgan, Roberts, Brand, & Feinerman, 1979), to modify pain

(Hokfelt et al., 1977) and to alter the perception of

effort is consistent with their participation in the

response to stressors such as exercise.

Investigators have reported increases in circulating

opiates in various forms of experimental stress (Carr,

Bullen, Skrinar, Arnold, Rosenblatt, Beitens, Martin, &

McArthur, 1981; Farrell, Gates, Maksud, & Morgan, 1982;

Fraioli, Moretti, Paolucci, Alicicco, Crescenzi, &

Fortunio, 1979; Grau et al., 1981; Lewis et al., 1982;

Rossier, French, Rivier, Ling, Guillemin, & Bloom, 1977).

These circulating opiates are thought to be primarily

of pituitary and adrenal origin. These two organs are, of

course, important components of physiologic responses to

stress (Cox, Opheim, Teschmacher, & Goldstein, 1975;

Hughes, 1975; Mains et al., 1977; Rossier et al., 1977;

Teschmacher, Opheim, Cox, & Goldstein, 1975). Measurement

of increased -endorphin (one of the endogenous opiates)

during exercise stress supports the hypothesis that opiates

are involved in this response (Carr et al., 1981; Colt,

Wardlaw, & Frantz, 1981; Farrell et al., 1982; Fraioli
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et al., 1979). The increases in opiate activity during

exercise may help to explain the anecdotal reports concern-

ing the ability of athletes to dissociate from the pain of

an injury during competition. This may also account for

the popularly described "runner's high."

Stresses may take several forms including emotional

stresses associated with athletic competition and physical

stresses associated with the actual athletic performance.

These stresses are known to activate the sympathetic

nervous system (Cannon & de la Paz, 1911; Howard, Blyth, &

Thorton, 1966; Pierce, Kupprat, & Harry, 1976). The stimu-

lation of the sympathetic nervous system elicits a unique

endocrine response, mediated by the release of the

catecholamine hormones (epinephrine, norepinephrine, and

dopamine) (Bortz, Angwin, Mef ford, Boarder, Noyce, &

Barachas, 1981; Hartley, Mason, Hogan, Jones, Kotchen,

Mougey, Wherry, Pennington, & Ricketts, 1972a; Pierce

et al., 1976; Taylor, Schoeman, Esfandiary, & Russell,

1971; Von Euler & Hellner, 1952). These important neuro-

hormones are released from sympathetic nerve endings

within such structures as the heart and blood vessels,

escaping in varying degrees into the circulation. They

are, under certain circumstances, also released by the

adrenal medulla directly into the circulation (Haggendahl,

Hartley, & Saltin, 1970). The adrenal medulla secretes

primarily epinephrine and smaller amounts of norepinephrine
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and dopamine. By comparison the sympathetic nerve endings

in heart and blood vessels secrete almost exclusely nor-

epinephrine (Haggendahl et al., 1970).

The sympathetic response to exercise stress varies

both quantitatively and qualitatively, with both increasing

intensity and duration. The initial stages of exercise

are characterized largely by increases in circulating

norepinephrine (Haggendahl et al., 1970) suggesting a

primary involvement of sympathetic nerves. On the other

hand, the end stages of exhaustive exercise are character-

ized by dramatic increases in both epinephrine and nor-

epinephrine indicating activation of the adrenal medulla as

well. In summary, the close integration of these neuro-

endocrine systems (adrenal, pituitary, and sympathetic

nerves) responding to stress, strongly suggest that the

catecholamines and opiates are all part of the same general

response to stress.

Increases in circulating hormones may result from many

different physiologic and pathologic processes. However,

during exercise, increasing hormonal activities are likely

to result from more specific physiologic mechanisms

(Hartley et al., 1972a). Known mechanisms operative during

exercise include

(1) Changes in hormone secretion

(2) Changes in fluid distribution (i.e., hemo-

concentration)
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(3) Changes in hormone degradation and excretion due

to

(a) reduced hepatic and renal blood flow

(b) impaired enzymatic destruction of hormones

in blood and other tissues.

Of these possibilities, this investigation is largely

devoted to the role of impaired enzymatic degradation of

opiates in blood.

In this regard, one class of circulating endogenous

opiate peptides, called enkephalins, are rapidly degraded

by circulating peptidases (Jaskowski & Caffrey, 1983).

Structural similarities between known inhibitors of enke-

phalin degradation and catecholamines led investigators to

examine the ability of catecholamines to inhibit the

enkephalin peptidases (Blumberg, Vogel, & Alstein, 1981;

Caffrey & Hodges, 1982a; Fournie-Zaluski, Perdrisot, Gacel,

Swertz, Roques, & Schwartz, 1979). Results of several

experiments clearly indicate that catecholamines do inhibit

the peptidases with norepinephrine and dopamine being the

most powerful peptidase inhibitors (Caffrey & Hodges,

1982a). In conclusion, one could suggest that opiate-like

effects observed during extreme exercise stress may occur,

in part, from increases in enkephalin concentration within

the blood. Furthermore, since the catecholamines also

accumulate rapidly during exercise, they may facilitate the
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rising concentration of enkephalins by blocking their

enzymatic inactivation.

Statement of Problem

The investigation was divided into two parts: (Ia)

to characterize the enkephalin hydrolyzing activity (EHA)

in human blood, and (Ib) to determine if this activity is

modified as a result of acute and chronic exercise.

Once the enzyme activity is adequately characterized

part II focused on the measurement of EHA in trained and

untrained young men before and after an acute treadmill

exercise stress.

Hypotheses

(1) There will be an impairment in EHA following

acute exercise stress.

(2) As a result of chronic strenuous exercise, trained

individuals, at rest, will have an increased EHA compared

to untrained individuals.

(3) The trained and untrained individuals will have a

similar impairment in EHA following acute exercise stress.

Limitations

The experimental procedures used in this study repre-

sent in vitro measurements of in vivo events and are

therefore indirect measures of enkephalin degradation in

the experimental subjects. Since circulating opiates are
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very short-lived, it is not practical to estimate these

parameters directly in human subjects.

Delimitations

(1) Investigated two discrete groups of young (ages

ranged from 21 to 32 years) male subjects (N=9 in each

group) with different maximal aerobic capacities.

(2) The enkephalin hydrolyzing enzyme activity (EHA)

and metabolic capacity was determined in pre-exercise and

post-exercise venous blood samples.

Definition of Terms

Enkephalin Hydrolyzing Enzyme: A protein which

rapidly inactivates the pentapeptide enkephalin, by

hydrolyzing the tyrosyl-glycyl bond, releasing free

tyrosine and the inactive C-terminal tetrapeptide.

Enkephalin Hydrolyzing Activity (EHA): The measure-

ment of radiolabelled tyrosine upon hydrolysis of the

tyrosyl-glycyl bond of the pentapeptide, enkephalin.

Maximal Aerobic Capacity (VO max): Maximal oxygen

uptake due to increasing workload which causes a plateau

in oxygen uptake. The fit subjects (YO2 max) were defined

as > 58 ml/kg.min~1 and unfit subjects (9O 2max) < 46

ml/kg.min~ .
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CHAPTER II

REVIEW OF LITERATURE

The term "stress" will be used here to refer to any

of a number of demands placed on the body (Selye, 1970).

The organism's normal reaction to stress includes several

characteristic physiological responses. Although not

completely understood, this complex response varies in

degree according to the intensity of the stress (Selye,

1970). As the number and intensity of the applied stresses

increase, the physiologic responses include the development

of a form of analgesia (Bodnar, Kelly, Brutus, Glusman,

1979). Recent evidence suggests that this analgesic

response may be mediated by endogenous opiates released

from both the central and peripheral nervous systems

(Clement-Jones, Lowry, Rees, & Besser, 1980; Hughes, 1975).

This phenomenon is often termed "stress-induced analgesia"

and is used to describe the reduction in perceived pain

and the altered emotional state that occurs during severe

stress. Heavy physical exercise represents one common form

of stress (Amir, Brown, & Amit, 1979). Endogenous opiates

are normally released during exercise stress and may

explain the physiologic basis of the often reported

11
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dissociative behavior ("runner's high") observed during

high intensity exercise.

General Stress Response

Regardless of the stimulus, the general stress

response includes a common series of physiological events.

This sequence of events was described in 1946 by Selye as

part of the General Adaptation Syndrome (G.A.S.). The

G.A.S. is the collection of systemic reactions which

follows continued exposure to stress. The G.A.S. has been

divided into three stages identified as follows: (1) the

alarm reaction, (2) the stage of resistance, and (3) the

stage of exhaustion (Figure 1).

In Figure 1, the progress of time is indicated along

the abscissa and the ability to respond to stress, the

level of resistance, is shown along the ordinate. When

initially exposed to a stress as indicated by the solid

line, the level of resistance declines (stage of shock).

Shortly afterward, the organism begins to respond to the

threat by increasing the level of resistance above normal

(stage of counter-shock). This increased level of resis-

tance is maintained until the stress is removed or the

stage of exhaustion ensues. If exhaustion occurs, the

level of resistance may decline below normal. With

multiple or repeated stresses (dashed line) the decline

during the shock stage will be more severe and may be
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ALARM REACTION

stage of resistance stage of exhaustion

STAGES OF THE G.A .S.

Fig. 1--A graphical representation of the general
adaptation syndrome as described by Selye (1946).
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followed by an impaired response during counter shock,

when the overall capacity to respond is exceeded. The

organism is unable to maintain the adaptation to stress

and resistance declines gradually over time. If allowed to

continue, total exhaustion will occur eventually leading to

death of the organism.

(1) The alarm reaction consists of the combined

systemic responses produced by sudden exposure to stimuli

to which the organism is not adapted (Selye, 1946). The

alarm reaction is divided into two phases. These two

phases are labelled "shock" and "counter-shock". During

the first phase, shock, the physiologic systems are

depressed but then begin to recover during the second

phase, counter-shock.

(2) The stage of resistance is characterized by the

adaptation to stress and the sum of physiologic costs

needed to maintain those adaptations to continued stimuli.

Resistance is characterized by an increased tolerance to

one type of stress or stressor and may be accompanied by a

decreased tolerance to other types of stressors.

(3) The stage of exhaustion represents the time at

which the accumulated sum of physiologic costs due to

continued exposure to stress exceed physiological reserves.

The original adaptations to these stimuli, though initially

adequate, can no longer be maintained. When the intensity

or duration of the stress exceeds the body's ability to
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cope, the stage of exhaustion begins and the response to

the stress is lost. If the stress continues death will

ensue (Selye, 1946).

In early investigations into the G.A.S., Selye found

that "diverse nocuous agents" produced characteristic

endocrine responses in rats. The initial response included

an increased secretion of adrenocorticotropic hormone

(ACTH) followed by a resultant increase in the circulating

adrenal cortical hormones such as cortisol (Tepperman,

1980). The exact mechanism for the release of ACTH is

not clear but certainly involves neuroendocrine mechanisms

(Williams, 1974). Furthermore, stress is known to activate

the sympathetic nervous system and release such adrenal

medullary hormones as epinephrine and norepinephrine, via

hypothalamic pathways (Selye, 1970). In addition, stress

increases the release of gonadotropins from the pituitary

which in turn increase the levels of circulating gonadal

hormones (Martin, 1976). As reviewed by Williams (1974),

stress increases the release of growth hormone, thyroid-

stimulating hormone and vasopressin from the pituitary.

Hormonal responses to these alarm signals are physiologi-

cally useful adaptive responses which vary in magnitude

depending on the type of imposed stress. These completed

studies identify the involvement of the endocrine system

in the mammalian response to stress. As a result of these

studies, it was felt that further evaluation of the
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endocrine responses to physiologic stressors such as

exercise might add useful information to our understanding

of both exercise and stress.

Exercise Stress and the Endocrine System

Physical exercise of sufficient intensity and duration

elicits all the characteristic manifestations of the G.A.S.

In a similar fashion to Selye's description of the G.A.S.,

Edington and Edgerton (1976) have proposed a five-stage

endocrine response to exercise. These stages include:

(1) preactivity, (2) initial activity, (3) sustained

activity, (4) exhaustion, and (5) recovery.

(1) Preactivity: When one is preparing for an

athletic competition or for a health-related exercise pro-

gram, there is an anticipatory period prior to the activity.

During this time the individual perceives that he or she

will soon be required to move from the resting steady state

to a higher level of energy expenditure. Naturally, the

degree of anticipation prior to an exercise bout varies

from one individual to another as well as from one circum-

stance to another (Selye, 1970). In general, during the

preactivity (anticipation) phase, one observes an increased

secretion of ACTH, cortisol, epinephrine and norepinephrine,

all indicating the start of the general stress reaction

(Edington & Edgerton, 1976). Physiological correlates of

stress such as increased heart rates, have been found
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during the anticipatory stage in both ski jumpers (Imhof,

Blatler, Fuccella, & Turri, 1969) and runners (Howard,

Blyth, & Thorton, 1966). Nowacki, Schmid, and Weist

(1969) even found increased plasma catecholamine levels
in a coxswain (who shares only the stress and not the work

of his teammates) before a race. Therefore, during the

preactivity stage, the body is primed for the initial

phase of the stress response.

(2) Initial Activity: During the initial activity

stage of exercise, the body is reacting to rapidly increas-

ing metabolic demand. During this initial stage, cortisol

secretion is continued. In one study (Hartley, Mason,

Hogan, Jones, Kotchen, Mougey, Wherry, Pennington, &

Ricketts, 1972a) plasma cortisol concentrations increased

prior to the start of exercise and remained high throughout

the work. These investigators had exercised seven male

subjects at a moderate work intensity (an average of 73%

of maximal oxygen uptake, i.e. 73% VO2max). Venous blood

samples were drawn before, during and following the exer-

cise. Their findings were similar to those of Sutton,

Young, Lazarus, Hickie, and Maksuytis (1969) who subjected

14 healthy male volunteers to progressive work on a bicycle

ergometer at a constant pedal speed (10 km.br~1 ). This

workload produced exhaustion in approximately 30 minutes.

Venous blood samples were taken during the exercise and

during an 120 minute recovery period. In both



18

investigations, the pattern of plasma cortisol during exer-

cise was such that cortisol levels plateaued after the

initial onset of exercise and gradually rose as the exer-

cise load increased.

Epinephrine and norepinephrine are also involved in

the hormonal response to exercise. Von Euler and Hellner

(1952) found that physical exertion was accompanied by

increased excretion of catecholamines in the urine which

correlated with the degree of physical exertion. In one

series of experiments using four groups of subjects,

muscular work was performed and oxygen consumption was

measured. In the first group, the urine was collected for

1 to 2 hours and the actual duration of muscular exercise

varied from 5 to 70 minutes. The second and third groups

consisted of students engaged in general athletics and

running. Urine samples in these groups were collected for

a similar time period (2 to 2 hours). The fourth group

consisted of students engaged in a 10 kilometer ski run

competition. Von Euler and Hellner found a correlation

between the degree of "stress" involved in the work and

the urinary excretion of catecholamines. Moderate work

caused an insignificant rise in the catecholamine excretion

while maximal work induced a high hormone output. This

study provided important and new findings in the area of

stress and the hormonal response to exercise. However, due

to the lack of sensitive methodology, these investigators
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were forced to use large urine samples representing inte-

grated measures over substantial time intervals. As a

result, they were unable to document the specific workloads,

at which epinephrine and norepinephrine increased and

decreased. The development of more sensitive techniques

aided Hartley et al. (1972a) 20 years later, to character-

ize the catecholamine response to exercise. In these

investigations, a venous cannula was inserted into the

antecubital vein and blood was drawn in specific time

sequences and at known workloads. The results showed that

during the initial stages of exercise, norepinephrine (rest

2 Pg/l to exhaustion 4.4 ig/1) and epinephrine (rest 0.2

Pg/1 to exhaustion 0.5 pg/1) do change and these changes

persist during the adaptation stages. Although the

responses were similar to those reported by Von Euler and

Hellner (1952) Hartley's group (1972a) was able to describe

more precisely the positive relationship between workload

and circulating catecholamines.

(3) Sustained Activity or Adaptation Stage: During

the adaptation stage (i.e. steady state), cortisol secre-

tion into the plasma diminishes because of the absence of

changes in the level of activity (Edington et al., 1976).

However, if the workload continues to increase as indicated

by increasing heart rate and YO2 (i.e. a progressive load

exercise test), an important distinction between epineph-

rine (E) and norepinephrine (NE) arises. As work increases,
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E and NE continue to be secreted into the plasma with an

emphasis of epinephrine in the earlier stages (Von Euler &

Hellner, 1952). According to Hartley et al. (1972a), plasma

catecholamine levels are elevated only during heavy work

and E rises several fold more than NE. However, NE provides

a much larger absolute increase. Haggendahl, Hartley, and

Saltin (1970), found the blood NE concentration is directly

related to the relative workloads of their subjects. At

rest NE values ranged from 0.1 to 0.8 ig/l, and a slight

increase above the resting value was observed during work-

loads demanding up to ' 75% of the individual's VO2max.

Above this level there was a marked increase in NE, ranging

from 4.0 to 11.2 pg/l. Above 70% YO2max epinephrine also
increases significantly from 0.3 ig/l at rest to 0.8 ig/l

at exhaustion.

(4) Exhaustion Stage: Plasma epinephrine continues

to increase even during the exhaustion phase of exercise

(Hartley et al., 1972a). Plasma NE shows very little change

during exercise with a marked increase prior to exhaustion

(Haggendahl et al., 1970). Plasma cortisol begins to

increase significantly during the exhaustive phase (16

g/100 ml to 21 pg/100 ml) and rises further 30 to 60

minutes post exhaustion (32 pg/100 ml) (Sutton et al.,

1969). During a very stressful and prolonged exercise

bout, such as marathon running, Newmark, Himathongkam,

Martin, Cooper, and Rose (1976), found adrenocortical
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hyperactivity. The study consisted of seven highly condi-

tioned male volunteers with blood samples obtained prior to

and immediately after completion of the Boston Marathon (26

miles, 385 yards). Plasma cortisol was measured before

and after the run in order to evaluate the response of the

adrenal cortex to physical exertion. Plasma cortisol

levels significantly increase following the stress of the

marathon run (rest 5.1 pg/100 ml to post 15.2 pg/100 ml).

The increase in adrenocortical activity presumed an increase

in ACTH secretion. However, a decrease in the metabolic

clearance rate of cortisol without an increase in cortisol

production is possible. Also fluid loss during strenuous

exercise reduces plasma volume, concentrating some intra-

vascular constituents as indicated by the increased

osmolarity of the blood. The degree of hemoconcentration

was not utilized to standardize these blood samples.

However, the increasing cortisol values from pre- to post-

exercise does strongly suggest increasing involvement of

the adrenal cortex during the exhaustion phase of exercise.

The events surrounding exhaustion are difficult to

characterize and interpret since there are many different

definitions of exhaustion and diverse explanations for its

cause. However, it would appear that as the organism

approaches exhaustion, the hormones related to psychogenic

and metabolic stress (ACTH, cortisol, and epinehprine),

increase into recovery; whereas, those involved in
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physical peripheral vascular stress (in this case norepi-

nephrine) reach maximum at exhaustion and decline during

recovery.

(5) Recovery Phase: The recovery phase, whether due

to voluntary or involuntary cessation of the activity, is

the final stage of the Edington and Edgerton (1976)

exercise model. During this stage the individual begins

to return to the resting steady state. The post-exercise

levels of the hormones are high (Sutton et al., 1969),

and they remain elevated for some time until degradation

or clearance has been completed. Sympathetic stimulation

ceases to a great extent and the heart rate begins its

return to normal. Cortisol continues to rise during early

recovery (Hartley et al., 1972a&b; Sutton et al., 1969)

decreasing only in the later stages of recovery. Catecho-

lamines decrease during recovery with epinephrine (0.7 0.2

at exhaustion and recovery 0.2 0.1 pg/1) and norepineph-

rine (4.2 0.5 ig/1) at exhaustion declining to 2.7 0.3

pg/l after 60 minutes .of recovery.

Training Adaptations

The general endocrine response to exercise appears to

be similar in trained and untrained individuals. However,

plasma catecholamine levels appear to vary with the degree

of fitness of the subjects, but resting excretion rates are

similar (Taylor, Schoeman, Esfandiary, & Russell, 1971). A
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study by White, Ishmail, and Bottoms (1976) found that

training and fitness status affect the adrenomedullary

response to exercise. The findings indicate that the same

work will elicit different serum catecholamine concentra-

tions and the differences are related to the individuals'

level of fitness. Apparently well trained subjects per-

ceive exercise as less stressful than the less trained

subjects even at high oxygen consumptions (Von Euler &

Hellner, 1952). Confirmation of this postulate was pro-

vided by Frenkl, Csalay, and Csakvary (1969) who found that

a rise in ACTH in response to exercise is less marked and

of considerable shorter duration in trained compared to

untrained subjects. These investigators used 12 university

students divided into two groups. The control group did

not pursue any sports and the experimental group were

first-league water-polo players. However, actual fitness

levels were not determined. A significant difference

between cortisol levels was found post-exercise. The

rise in plasma cortisol concentrations was significantly

smaller at the end of a 60 minute game in the trained than

the untrained subjects. To ensure an approximately similar

stress, the control subjects and the water-polo players

were made to play separately, three controls against three

controls and three athletes against three other athletes.

The differences were observed not only immediately after

the exercise but also later. In the trained subjects,
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3 hours after the exercise, the plasma cortisol levels had

returned to resting values. In the controls, however, the

serum cortisol values were still elevated. The differences

in plasma cortisol may be related to a lower perception of

stress in the trained subjects. Hartley et al. (1972b)

using a controlled laboratory setting, found similar

results in relation to physical training. Seven untrained

male volunteers between the ages of 20 and 24 were evaluated

regarding their endocrine response to exercise. Following

their pre-test, the subjects participated in a 7 week

training program. Following the training program a post-

test evaluation of the same endocrines was made. The

untrained males' response to exercise was similar to that

proposed by Edington et al. (1976). Norepinephrine did

not change from resting values [2.0 0.38 (mean and S.E.)

pg/l] during mild work (50% of YO2max) but the concentra-

tions increased at moderate loads (2.5 0.21 Pg/l, 70%

YO2 max) and increased further with heavy exercise (4.0

1.11 g/l, 90% of VO 2max). The authors suggested the

sympathetic nerves as their source, rather than the adrenal

gland. Epinephrine became elevated above resting values

only during the heavy work (> 70% YO2max). After training,

treadmill performance times were prolonged by 19 minutes

and were accompanied by a 14% increase in 902 max (2.96

L/min to 3.35 L/min). The direction of the hormonal

responses after the onset of work were the same before and
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after training (Figure 2). The extent of the response,

however, was altered so as to be consistent with the rela-

tive (% of max) rather than absolute workloads. Lower

plasma norepinephrine responses to the moderate and heavy

workloads were observed, suggesting an increased efficiency

of the adrenergic response which may be related to a speci-

ficity of training. However, relative to VO 2 max and

increased endurance times, there were no significant differ-

ences between trained and untrained hormonal responses

(Figure 3). The epinephrine response was similar in the

pre- and post-trained group indicating that the adrenal

medulla was activated in both groups regardless of physical

conditioning. Many of the changes found by Hartley et al.

(1972) following physical training appear to be mediated

through alterations in the endocrine system.

In summary, the endocrine system is largely under the

influence of the nervous system and both emotional stress

and the level of physical activity can alter hormonal

secretion patterns during exercise. The response is

related to the relative degree of stress that the exercise

places upon the body; the more stressful the activity the

more severe the hormonal response. Training appears to

reduce the physiological magnitude of the stress and the

intensity of hormonal response at any absolute workload.
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Stress and Endogenous Opiate Release

Evidence now suggests a physiological mechanism which

relates the psychogenic state of an individual to his

stress tolerance (Amir, Brown, & Amit, 1979). Endogenously

produced hormones, which behave like morphine, may be

involved in mood changes associated with stress. The term

endogenous opiates was coined by Hughes in 1975, when he

isolated and identified the first of these hormones, the

enkephalins. Mood changes have been shown to occur after

exposure to physical activity (Carr, Bullen, Skrinar,

Arnold, Rosenblatt, Beitens, Martin, & McArthur, 1981), as

well as to other stressful conditions such as acute and

chronic pain (Kelly & Bodnar, 1980), emotional stimuli

(Davis, Buchsbaum, & Bunney, 1979), noxious agents (Bodnar,

Kelly, & Glusman, 1979), or even viral infections (Amir

et al., 1979). The idea developed that these mood changes

were indicative of the functional ability of the endogenous

compounds to alter the individual's perceptive faculties,

especially those related to pain resulting in stress-

induced analgesia (Mayer & Price, 1976). For example, both

electrical foot shock stress (Madden, Akil, Patrick, &

Barchas, 1977; Rossier, Guillemin, & Bloom, 1978) and

immobilization stress (Amir & Amit, 1978) raised the pain

threshold in experimental animals. Naloxone, an opiate

receptor blocker given as a pre-treatment, reversed the

effect of the immobilization stress suggesting that the
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change in sensitivity to pain was mediated by opiate recep-

tors (Akil, Madden, Patrick, & Barchas, 1976; Amir & Amit,

1978). Furthermore, Amir et al. (1979), have suggested

that the endogenous opiates may be responsible for the

affective properties of pain related behavior.

The list of analgesic effective stressors used in

laboratory experiments has rapidly grown to include both

activity related stresses such as cold water swims (Bodnar,

Kelly, Spiaggia, Pavlides, & Glusman, 1978a), exercise

(Selye, 1976), and metabolically related stresses such as

administration of 2-deoxy-D-glucose (Spiaggia, Bodnar,

Kelly, & Glusman, 1979). The analgesia induced by these

stressors has been measured by a wide range of pain

threshold tests.

In particular, the cold water swim test by Bodnar,

Kelly, Spiaggia, Ehrenberg, and Glusman (1978b), produced

analgesia comparable to that of 10 mg/kg of morphine in

rats. This study investigated whether naloxone would

eliminate analgesia resulting from cold-water swims. In

one group, 12 rats were given naloxone at 0, 1, 5, 10, and

20 mg/kg at weekly intervals immediately preceeding forced

cold-water swims (211C for 3.5 minutes). Alterations in

behavioral measures of the pain were determined and

naloxone dose-dependently reduced the cold-water swims

analgesia up to 50% at the 20 mg/kg dose. Since pre-

treatment with naloxone partially blocked the analgesia in
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acutely-stressed rats, the authors suggested that this

demonstrated participation by endogenous opiates in the

process.

Stress-induced analgesia is reduced following repeated

exposure to the stressor (Amir & Amit, 1978). Also,

repeated exposures may lead to increased sensitivity to

pain and to decreased endogenous opiate (endorphin and

enkephalin) activity in the brain (Madden et al., 1977).

Conditioning or training by repeated exposures may deter-

mine the reactivity of the body as reflected in Selye's

General Adaptation Syndrome.

It is clear that since all stressors have some

specific effects, they cannot elicit exactly the
same response in all organs; furthermore, even the

same agent will act differently on different indi-
viduals, depending upon the internal and external
conditioning factors that determine their reactivity
(Selye, 1970).

Since endorphins can produce profound analgesia

(Belluzzi, Grant, Garsky, Sarantakis, Wise, & Stein,

1976; Tseng, Loh, & Li, 1976) it is conceivable that they

may function as endogenous modulators of pain perception

and responsiveness. Consistent with this concept are the

findings that mesencephalic stimulation which produced

analgesia also elevated endorphin levels in the rat brain

(Akil, Watson, Barchas, & Li, 1979). Acupuncture analgesia

offers further support for this idea because acupuncture

releases endorphins into the cerebrospinal fluid (Sjoland,

Terenius, & Eriksson, 1977) and requires a functional
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pituitary gland, a known source of endorphins (Pomeranz,

Cheng, & Law, 1977). The connection between stress-induced

analgesia and acute exposure to stress has therefore, been

associated with corresponding changes in the activity of

endogenous opiates (Bodnar, Kelly, Brutus, & Glusman,

1980). In a review, Bodnar et al. (1980), echoes Selye by

suggesting that chronic exposure to a number of stressors

results in a decrease in the analgesic response. For

example, Spiaggia et al. (1979), observed full cross-

tolerance between two qualitatively different stressors,

namely, cold-water swims and 2 deoxy-D-glucose injections

as well as between 2-deoxy-D-glucose and morphine. Like

the swims, acute exposure to 2 deoxy-D-glucose produced

analgesia as well as an adaptation to the analgesic

response.

Madden et al. (1977) reported increases in opioid

brain materials after stress; however, the assay used did

not distinguish which endogenous peptides were involved.

Fratta, Yang, Hong, and Costa (1977), using a radioimmuno-

assay specific for Met 5 -enkephalin, found that no increase

in brain immunoreactive material after stress. They pro-

posed that another opioid peptide, -endorphin from the

pituitary might be accumulating in the brain following

stress.

Rossier, French, Rivier, Ling, Guillemin, and Bloom

(1977), discovered that -endorphin mobilized from the
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pituitary during stress accumulates primarily in the

plasma. Interestingly, the released -endorphin does not

accumulate in the brain. More importantly, food-shock-

induced stress in rats increases f-endorphin levels in

blood but not in the brain (Rossier et al., 1977). Thus

it appears that an increase in opiates in the periphery

may be an important part of the normal physiologic response

to stress.

Exercise Stress and Endogenous
Opiate Release

Using physical activity as a stress, Fraioli, Moretti,

Paolucci, Alicicco, Crescenzi, and Fortunio (1979), found

a concomitant release of S-endorphin and adrenocorticotropic

hormone (ACTH) into the peripheral circulation. In this

study the subjects were male professional athletes with

similar athletic training regimes. The treadmill was used

as the physical stress and blood samples were obtained

through a catheter introduced into a forearm vein and

maintained in place throughout the experiment. The tread-

mill run consisted of a 6 minute warm-up which progressed

from 6 km.h -1to 15 km.h~1 rate which was then maintained

until maximal aerobic capacity was achieved. Samples were

collected during basal conditions, at maximal aerobic

capacity, and at 15 and 30 minutes after the run. Although

this study did not test the importance of intensity in the
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t-endorphin response it did clearly identify a significant

increase in response to exercise.

Colt, Wardlaw, and Frantz (1981) also investigated the

effect of running exercise on the plasma levels of -

endorphin using 26 trained long distance runners (6 females

and 20 males). The subjects ran 6.4 to 12.8 km at a self-

regulated comfortable speed. Blood samples were collected

prior to and after the test runs. Running did increase

plasma 6-endorphin levels in these trained runners but

the study failed to regulate or quantify the running inten-

sity, describing the runs simply as "hard" or "easy". They

found higher mean plasma levels of -endorphin after the

"hard" run. The result has been questioned because they

utilized different populations of subjects for the two runs.

In another study Carr, Bullen, Skrinar, Arnold,

Rosenblatt, Beitens, Martin, & McArthur (1981), suggest that

physical conditioning facilitates the exercise-induced

secretion of -endorphin and r-lipotropin in women. Seven

untrained females served as subjects and their hormonal

response to chronic exercise training was examined. The

investigation also evaluated whether the training of seden-

tary persons affects their subsequent opiate-peptide

response to acute exercise. Testing was done on a bicycle

ergometer at a workload designed to achieve 85% of the

estimated maximal pulse rate during the last minutes of a

1 hour exercise session in 4 successive months. There was
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an acute rise in r-endorphin and %-lipotropin in all exer-

cise sessions and as the training continued, the f-endorphin

and S-lipotropin response was augmented. A criticism of

this study by Farrell, Gates, Moksud, and Morgan (1982),

was that only one running intensity was used; however,

there was a significant association between post-exercise

-endorphin or -lipotropin and power output. However,

relative work intensities were based on heart rate data

only, and without better measures, comparison to other

studies is difficult.

Farrell etal. (1982) concluded that treadmill running

in humans increases plasma -endorphin and a-lipotropin

immunoreactivity. In this study, the intensity of exercise

was carefully monitored in six experienced distance runners;

psychological data was also collected. Before the experi-

ment, each subject was tested to determine maximal oxygen

uptake (902max) and the relationship between oxygen uptake

(9O 2) and treadmill velocity. These tests provided the

data to adjust treadmill velocities for each subject to

V02 levels corresponding to 60% and 80% of their V02max.

The experimental sessions consisted of 30 minute runs at

60% and 80% 9O2max. There were increased plasma concentra-

tions of -endorphin and 6-lipotropin but no significant

behavioral changes. Thus, it appears that the reported

behavioral changes may be dependent on intensity, frequency

and duration. While -endorphin does increase during
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exercise stress, the mechanism by which this occurs is not

as yet well defined. Also, since the endogenous opiates

are suggested as participants in analgesia, perceived mood,

and exercise; one can postulate that the physiological and

psychological condition of the exercising human is closely

linked with the endogenous opiate system (i.e., endorphins

and enkephalins). With this concept in mind the present

investigation was developed.

Enkephalin Metabolism and Enkephalin
Hydrolyzing Enzymes

The group of opiate peptide hormones known as endor-

phins and enkephalins are thought to be involved in a

number of regulatory processes in addition to the control

of pain (Malick & Bell, 1982). The enkephalins, in par-

ticular, are rapidly finding acceptance as a new class of

neurotransmitter (Hughes, Smith, Kosterlitz, Fothergill,

Morgan, & Morris, 1975). Methionine-enkephalin has been

shown to circulate in human plasma, existing mainly as the

intact pentapeptide, Tyr-Gly-Gly-Phe-Met (Clement-Jones,

Lowry, Rees, & Besser, 1980). Like any functional neuro-

transmitter, they are short-lived since they are rapidly

inactivated by several different enzyme systems in serum

and brain (Hambrook, Morgan, Rance, & Smith, 1976). The

enkephalin hydrolyzing activity (EHA) noted in vivo has

been attributed in large part to enzymatic cleavage by an

aminopeptidase which hydrolyzes the Tyr-Gly bond (Hambrook
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et al., 1976) releasing free tyrosine and the inactive

C-terminal tetrapeptide, Gly-Gly-Phe-Met. The presence of

large quantities of enkephalin hydrolyzing activity in

many tissues (Caffrey & Hodges, 1982a) suggests that

continued control of opiate peptide activity is important

for function.

Purification and characterization of an enkephalin

aminopeptidase from rat brain has been completed by Wagner,

Tavianini, Herrman, and Dixon (1981). Characterization of

the enzyme from human blood has been completed in pilot

studies by Jaskowski & Caffrey (1983), with some similari-

ties to Wagner's et al. (1981) findings. The rat brain

aminopeptidase has apparent molecular weight of 115,000

on Sephadex G-200 and a molecular weight of 102,000 as

determined by electrophoresis (Wagner et al., 1981). The

enkephalin degrading enzyme, in rat brain and human blood,

has a pH optimum of 6.5 to 7.0 (Jaskowski & Caffrey, 1983;

Wagner et al., 1981) and exhibits maximal activity at 40*C

(Wagner et al., 1981). Enzyme activity was monitored using

a variety of substrates including ([3,5-3H2] Tyr)-met-

enkephalin, tyr-B-naphthylamine (Wagner et al., 1981) and

[ 121] met-enkephalin (Caffrey & Hodges, 1982b; Jaskowski

& Caffrey, 1983). By using 12 s1-labelled met-enkephalin,

a fast, precise and economical assay system results

(Caffrey & Hodges, 1982b). The hydrolysis of enkephalin

is monitored by the release of [121] tyrosine separated



37

by selective absorption on Porapak Q. The release of

tyrosine is proportionate with both increasing time and

tissue concentration (Caffrey & Hodges, 1982b). The esti-

mated Km is near 104 in rat brain (Caffrey & Hodges,

1982b; Wagner et al., 1981) and in human blood (Jaskowski

& Caffrey, 1983).

The importance of enkephalin inactivation has been

appreciated by a numbr of investigators. Some investigators

developed inhibitors of EHA for use as potential analgesics.

Similarities between the structures of known EHA inhibitors

and the catecholamines led to the finding that the cate-

cholamines also inhibit enkephalin inactivation (Caffrey &

Hodges, 1982a; Fournie-Zaluski, Perdrisot, Gacel, Swertz,

Roques, & Schwartz, 1979). Both norepinephrine and

dopamine act as powerful inhibitors, and notably both are

released under strenuous exercise (Bortz et al., 1981).

Therefore, opiate-like effects during exercise stress may

be enhanced by the reduced enzymatic degradation of

enkephalins secondary to increased catecholamine secretion.

Enkephalins and longer enkephalin-like peptides are

synthesized and stored along with the catecholamines in

chromaffin granules of the adrenal medulla (Viveros,

Diliberto, Hazum, & Chang, 1979, 1979). Met-enkephalin

does circulate in human plasma (Clement-Jones et al.,

1980) along with the aminopeptidase with EHA (Hambrook et

al., 1978). Since the enkephalins are secreted by the
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adrenal medulla along with the catecholamines (Lewis,

Tordoff, Sherman, & Liebeskind, 1982), an interrelation may

possibly exist. According to Caffrey and Hodges (1982a),

the inhibition of enkephalin degradation may represent a

basic mechanism by which adrenergic systems in general,

and the catecholamines in particular, might interact with

opiate peptide systems. For instance, the release of

catecholamines during stress may inhibit the breakdown of

enkephalins in the synaptic area. The rapid accumulation

of enkephalins might then act via the opiate receptor to

regulate post-synaptic activity or to reduce catecholamine

release presynaptically (Caffrey & Hodges, 1982a). This

type of mechanism may help to explain the stress-induced

analgesia observed in man and animals.

In conclusion, it can be suggested that the increased

levels of endogenous opiates within the central nervous

system and the peripheral circulation are an essential

part of the normal response to stress. In addition, the

study of the opiate peptide response to exercise as proposed

in this investigation should provide important clues for

understanding the function(s) of circulating opiates and

their enzymes in human blood at rest and during stress.
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CHAPTER III

PROCEDURES

The concentrations of many circulating endocrine and

neuroendocrine hormones are altered during submaximal and

maximal exercise (Edington & Edgerton, 1976). Furthermore,

the hormonal concentrations achieved during exercise, at a

given oxygen uptake, appears dependent upon the degree of

fitness (assessed by maximal oxygen uptake--902 of the

individual). The reasons for the endocrine concentration

differences observed in fit and unfit populations may be a

result of training mediated alterations in hormone metabo-

lism, as suggested by Hartley et al. (1972b). Recent

investigations have described the release of endogenous

opiates during physiologic stress (Carr et al., 1981;

Clement-Jones, 1982). These observations raise new ques-

tions concerning the role of opiates and analgesia in

stress (including exercise stress). The rapid accumulation

of these hormones during stress may reflect a modification

in the rate of hormone metabolism. In this section,

techniques for determining enkephalin hydrolyzing activity

(EHA) under optimal conditions and in whole blood are

described. In addition, the description of the techniques
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for assessing maximal oxygen uptake and the subsequent

statistical procedures were discussed.

Subjects

The subjects for this study were comprised of male

volunteers, 20 to 35 years of age, divided into Fit (F;

902 > 58 ml/kg.min~ ) and Unfit (U; 9 K2 < 46 ml/kg.min~1

groups. Nine subjects were selected into each group. Both

groups were asymptomatic and had no previous history of

cardiovascular disease or any primary coronary heart

disease risk factors (American College of Sports Medicine,

1975). The subjects were recruited from the student and

faculty populations at North Texas State University, Texas

College of Osteopathic Medicine and the Dallas/Fort Worth

area. All volunteers were informed of the purpose, proto-

col and experimental procedures to be followed before their

acceptance into the study. Each subject signed an informed

consent form approved by the TCOM Institutional Review

Board for Research Involving Human Subjects (Appendix 1).

Pre-Maximal Exercise Test Procedures

The subjects completed the Profile of Mood States

(POMS) and the State and Trait Anxiety Test upon arrival

at the stress laboratory. The subject was then required

to rest in a supine position for 15 minutes, allowing

heart rate (HR) and blood pressure (BP) to achieve resting

levels. A 10 ml venous blood sample from the antecubital
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vein was collected in a heparinized venoject tube and

placed on ice. The subjects were then provided with an

explanation of Rating of Perceived Exertion Scale (Borg,

1973) which was to be used at specific time intervals

during the graded exercise test as a means of assessing

effort perception.

Exercise Test Measurement of Maximal
Aerobic Capacity (V02max)

Maximal aerobic capacity (YO2max) was determined in

both groups using the Bruce Progressive Load Teadmill

Exercise Test (McDonough & Bruce, 1969). The plateau of

oxygen uptake (902) with increasing workload, or an

increase of < 100 ml/min 02 with a further increase in

workload, was used as the objective criteria of 9O 2 max

(Mitchell, Sproule, & Chapman, 1958). The subject

breathed through a mouthpiece connected to an open circuit

breathing system. Resting oxygen uptake (YO2), carbon

dioxide production (VCO 2), inspired ventilation volumes

() d and heart rate were recorded each minute for 5

minutes in the seated position. The subject then began

walking at 1.7 mph and a 10% grade elevation. At 3 minute

intervals, speed was increased 0.5 mph and grade increased

2%. The test was terminated when the subject could no

longer continue or because of an abnormal electrocardiogram

(EKG), or at the discretion of the supervising staff
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physiologist or physician.- The EKG and heart rate were

monitored continuously on the Cambridge VS-4 monitor; blood

pressure was monitored at 3 minute intervals. The physical

appearance of the subject at the termination of the test,

maximum heart rate (HR max) and a plateauing of VO 2 during

the final stages of the test and/or a signal by the subject

to end the test was used by the attending physiologist as

criteria for determining maximal effort (Astrand & Rodahl,

1977).

Each pre- and post-exercise blood sample was evaluated

for the.number of red blood cells and white blood cells

using a Coulter Counter (model ZBI) and corrected for

coincidence. Hematocrits were determined using a micro-

capillary centrifuge.(International-model MB). All blood

samples were standardized by determining the plasma protein

content using the Lowry method for the analysis of protein

(Lowry, Rosebrough, Farr, & Randall, 1951). Enzyme

activities were expressed per milligram of protein and per

milliliter of whole blood. The post-exercise blood sample

(10 ml) was drawn, from the antecubital vein using a

venoject tube, 3 to 5 minutes after the termination of the

test and placed on ice.

Ventilation volumes were determined minute by minute

using a Dry Gas Meter CD-4 (Parkinson-Cowan). A continuous

recording of the oxygen and carbon dioxide content in the

expired air was obtained using a Respiratory Gas-Analyzer
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Mass Spectrometer (Perkin-Elmer MGA1100AB). All parameters

were recorded on a multi-channel pen recorder (Soltec

Corporation model #3316) and properly manipulated to pro-

duce the necessary metabolic outputs as averages for each

minute of exercise and recovery. The respiratory gas was

calibrated against known standard gases.

Methods and Materials for Assay

In order to provide a suitable marker for the EHA,

met-enkephalin was iodinated and used as a substrate in

all the assays.

Iodination of Met-Enkephalin

Two micrograms of met-enkephalin (United States

Biochemical Corporation) was iodinated with 0.8 mCi of

NA [1251] in 0.05 ml of 0.5 M phosphate buffer (pH 7.4)

in a sealed 1.0 ml serum vial. The iodine was incorporated

into the N-terminal tyrosine of the enkephalin (Caffrey &

Hodges, 1982). The oxidizing agent, Chloramine T (30 pg)

was used to initiate the reaction which was stopped 30

second later with the reducing agent, sodium metabisulfite

(80 pg). The reaction mixture was then transferred to a

0.5 x 1.0 cm QAE-A25 anion exchange column with a 2.8 ml

bed volume and eluted with 0.1 M tris-HCL (pH 5.0). The

column was designed to bind and retain unreacted radio-

iodine and provided for the separation of useable and

non-useable radioiodinated products. The iodinated



49

met-enkaphalin was eluted from the column in 0.5 ml frac-

tions and the appropriate fractions were selected for use

based on previous documentation by Caffrey and Hodges

(1982a). Subsequently the iodinated met-enkephalin was

included in the assay reaction mixture for the assessment

of EHA activity within those tissues of interest.

Enkephalin Hydrolyzing Enzyme
Assay Procedure

The assay reaction mixture utilized consisted of 50

nmol of met-enkephalin and approximately 4.0 x 105 cpm of
[121] met-enkephalin in 0.25 ml of 0.05 M tris-buffer, pH

7.4 (substrate), 0.05 ml of diluted tissue and 0.2 ml of

0.05 M tris-buffer all in a final volume of 0.05 ml. The

incubation was carried out at 300 C for 30 minutes in a

Shaking Incubator (Dubnoff) and the reaction was stopped

by placing the tubes in ice water, immediately followed by

the addition of 0.1 ml of 33% (v/v) glacial acetic acid.

All incubations had zero time controls.

After the reaction was stopped, 0.1 ml of each sample

was placed on an adsorption column. The column consisted

of 80 mg of Porapak Q in a Pasteur pipette. The column was

pre-washed with 4.0 ml of a mixture of 100% ethyl alcohol,

100% acetic acid and distilled water (1:1:1), followed by

a 4.0 ml of 5% ethyl alcohol in 0.05 M tris-buffer, ph 7.4.

One hundred microliters (vl) of each sample was loaded on

to each column. The released radiolabelled tyrosine was



50

eluted with 10.0 ml of 5% ethyl alcohol in 0.05 tris-buffer,

pH 7.4 and collected in a single vial. The eluate was

counted for radioactive iodine on a Beckman 7,000 Gamma

Counter.

Enkephalin Hydrolyzing Activity in
Whole Blood

In order to determine the level of activity and the

fractional location of the activity within the whole blood,

it was necessary to determine specific enzyme activity

under optimal conditions. Prior to initiating the enzyme

assays, both pre- and post-exercise blood samples were

centrifuged and separated into their constituent elements

as follows (Figure 4). Each pre- and post-exercise blood

sample was centrifuged at 700 x G for 20 minutes. The

plasma was then removed and diluted (1-200) with sucrose-

tris buffer (0.25 M, 0.05 M), pH 7.4, and placed on ice,

ready for incubation. The packed red cells were then

washed three times with sucrose-tris buffer and spun at

700 x G for 20 minutes after each washing. The washed

red cells in one sample were osmotically opened with 0.01

M tris, pH 7.4, and spun at 21,000 x G for 20 minutes in a

refrigerated superspeed centrifuge (Sorvall RB-5B); the

other sample was diluted (1-400) with sucrose-tris buffer.

Subsequently, the opened red cells were then separated into

red cell cytoplasm (supernatant) and red cell ghost (pellet),

both of which were diluted (1-400) and readied for
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IlSUE PREPARAI

HUMAN BLOOD SAMPLE

CENTRI FUGAT ION

700 x G x 20 MINUTES

RED CELLS PLASMA

4
WASH 3x DILUTE 1-200

WITH SUCROSE, TRIS FOR INCUBATION

(0.25m, 0.05m) PH = 7.4

4 E
FRESH RED CELLS FRESH RED CELLS

LYSE WITH 0.01
TRIS CENTRIFUGE

AT 21000 x G x-

20 MINUTES

RED CELL CYTOPLASM

DILUTE 1-400

FOR INCUBATION

DiLUTED 1-400

FOR INCUBATION

GHOST

DILUTE 1-400

FOR INCUBATION

Fig. 4--Flow diagram of the tissue preparation used
in the enkephalin hydrolyzing activity assay.
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incubation. All four tissue preparations were then assayed

for enkephalin metabolizing activity using the methods

described by Caffrey and Hodges (1982a) and modified for

use in human blood as described above.

Enkephalin Metabolism in Whole Blood

The effects of factors which normally modify EHA in

vivo may be diluted out or neutralized under the optimal

enzyme assay conditions. In order to evaluate enkephalin

metabolism under conditions which more closely approximate.

the environment in vivo, an assay was developed to monitor

the rate of enkephalin hydrolysis in whole blood. The.pro-

cedure involved the incubation of 0.1 ml of radioiodinated

enkephalin (1 x 10~ M) with 0.9 ml of-whole blood. Timed

0.05 ml aliquots were removed at 30, 60, 90, 120, 240, and

480 seconds after initiating the reaction. The enzyme

reactions in each aliquot were terminated by mixing with a

glacial acetic acid/water mixture (5% v/v glacial acetic

acid). Subsequently, these samples were analyzed as

described in the section entitled "Enkephalin Hydrolyzing

Enzyme Assay Procedures" (p. 49).

Recently, Caffrey, and Hodges (1982b) have identified

enzyme activities in several tissues which appear specific

to the endogenous opiates. Their work demonstrates that

the rate of endogenous opiate metabolism in vitro is

significantly inhibited by the catecholamines (i.e.,

dopamine, norepinephrine, and epinephrine). Since both
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opiates and catecholamines are released into the circula-

tion during exercise, an interaction between the two may be

functionally important. Inhibition of the enkephalin

metabolism by catecholamines allowing the accumulation of

circulating enkephalins may represent a mechanistic expla-

nation of exercise induced stress analgesia.

It was the intent of the present investigation to

determine the effect of both acute and chronic exercise

stress on the ability of subjects to degrade opiate pep-

tides. A maximal treadmill test served as the acute stress

and aerobic fitness was assessed by determination of YO2max.
EHA was evaluated in whole blood and its component parts.

Statistical Analysis

A 2 (fit/unfit) by 2 (pre/post exercise stress test)

analysis of variance with repeated measures on the last

factor was used to analyze the data. Figure 5 illustrates

this research and statistical design. Appropriate descrip-

tive statistics were also calculated to represent the data

of the study (Figure 5).
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Fitness Level

Independent Variables:

1. Acute exercise stress--applied as a maximal
treadmill test.

2. Fitness level--determined by VO2max. Subjects
were assigned according to their measured V02max:

Unfit group, VO2max < 46 ml/kg.min-1 , and
Fit group, VO2max > 58 ml/kg.min-.

Dependent Variables:

Enkephalin Hydrolyzing Enzyme Activity (EHA)

1. Enzyme Assay Conditions expressed as:

(a) nmol/min/mg protein
(b) nmol/min/ml blood

2. Metabolic Capacity (whole blood) expressed as
rate of enkephalin metabolism and in vitro
half-life.

Fig. 5--Experiment design, two-factor (2x2) factor
analysis (ANOVA) point biserial correlation.

4-)
Co
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Co
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CHAPTER IV

RESULTS

In order to logically present the findings of the

present investigation, this section provides information

concerning the selection of subjects with respect to

demography, anthropometry and physiology. The subject

population was divided into two discrete groups dependent

upon their maximal aerobic capacity (VlO2max). Those

subjects with a measured VO2max equal to or greater than

58 ml/kg.min~ were designated as Fit (F), while those

subjects with a VO2max less than or equal to 46 ml/kg.min~

were designated as unfit (UF). Between group comparisons

were then made with respect to the capacity of blood

obtained from each subject to degrade the opiate peptide,

methionine enkephalin. The ability to metabolize enkepha-

lin was evaluated in fresh whole blood near to in vivo

conditions as well as in diluted fractions under optimal

enzyme conditions. As expected, clear differences in the

physiologic response to maximal exercise were observed.

Neither optimal enzyme activity or its fractional location

within the circulation was different between groups.

However, the rate of metabolism of enkephalin in whole
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blood was significantly slower in the fit subjects compared

to the unfit subjects.

Subject Recruitment and Description

A total of 24 male volunteers underwent the screening

procedures described on pages 45-48. Six subjects (i.e.

25% of the volunteer population) were not tested further

because their measured 902max was greater than 46 ml/kg.min~

and less than 58 ml/kg.min . All subjects selected

obtained a plateau of 02 uptake with increasing workloads

during the maximal exercise test. There was no evidence of

cardiovascular abnormalities in any of the subjects.

Table I summarizes the various demographic and anthro-

pometric measures for both groups of subjects. The values

presented are means and standard deviations of the means.

Both groups were similar in age and height. The unfit

group averaged 15 kilograms heavier (F 1, 16 = 19.8;

p < 0.01) than the fit group, resulting in a greater

calculated body surface area (F 1, 16 = 10.7; p < 0.01).

Training history (F 1, 16 = 55.2; p < 0.01) (running miles

per week and years trained) was assessed by questionnaire

and showed a marked difference between the two groups

(p < 0.01). The differences in previous physical activity

partially explains the observed physiological comparisons

described in Table II.
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TABLE I

DEMOGRAPHIC AND ANTHROPOMETRIC DATA OF
FIT AND UNFIT SUBJECTS

(MEANS STANDARD DEVIATIONS OF THE MEANS)

Fit Unfit
(n=9) (n=9) PValue

Age 27 4 30 3
(yr)2NS

Height 176 4 176 6 NS
(cm)

Weight67 
48 9(kg) 67 4 82 9 K 0.0004

Body surface area 1.8 0.7 2.0 i 1 < 0.005(m2)

Yrs. of training 9 4 0.1 f 1 < 0.001(yr)

Running mileage 74 g 20 1.5 1 < 0.001(mile/week)

The selection process served to provide a group of

fit subjects with significantly greater maximal aerobic

capacities than their unfit counterparts (p < 0.01). The

range of individual maximal aerobic capacity for the fit

group extended from 58 ml/kg.min1 to 72 ml/kg.min-I

whereas the range for the unfit groups extended from 32.5

ml/kg.min to 46 ml/kg.min~. Similar differences were
noted for maximal ventilation (Yimax) and maximal oxygen

pulse (02 pulse max). As expected from their aerobic

capacity measurements, the resting heart rates of the fit
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TABLE II

THE PHYSIOLOGICAL COMPARISON OF FIT AND UNFIT SUBJECTS
USED IN THE EVALUATION OF ENKEPHALIN

HYDROLYZING ENZYME METABOLISM
(MEANS STANDARD DEVIATION OF THE MEANS)

Fit Unfit P Value

Heart Rate rest 51 9 66 9 K 0.005
(beats/min)

Heart rate max 192 10 198 9 NS
(beats/min)

YO max
(1omin) 4.36 0.31 3.06 0.4 < 0.01

V1max BTPS 158 23 127 17 < 0.01(1/mmn)

02 pulse max 23 1.0 15 2 K 0.01
(ml/beat)

subjects (51 6 bpm) were significantly lower than the

unfit subjects (66 9 bpm), p < 0.01). However, the

average maximal heart rates obtained during the exercise

test were not different, p > 0.05. As noted above the

calculated 02 pulse of the fit subjects was approximately

65% greater than that in the unfit subjects (p < 0.01).

This measure provides an estimate of the difference in

stroke volume and arterio-venous oxygen difference at

maximum between groups. This suggests a substantially

larger stroke volume in the fit subjects because during

maximal work arterio-venous oxygen differences of both

groups of subjects will be maximal.
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Hematological Data

Table III contains descriptive hematologic informa-

tion regarding the subjects utilized in this study. These

include red blood cell numbers, white blood cell numbers

and hematocrits, each of which was used to standardize

the metabolic measures obtained. Note the red blood cell

TABLE III

PRE- AND POST-MAXIMAL EXERCISE TEST BLOOD PARAMETERS OF
THE FIT AND UNFIT SUBJECTS USED IN THE EVALUATION

OF HYDROLYZING ENZYME METABOLISM
(MEANS STANDARD DEVIATION OF THE MEANS)

Fit Unfit

Number of Pre 4.66 0.3 4.92 0.3
red blood
cells Post 5.24 0.5 5.61 0.3
(millions)

Number of Pre 7,331 1,400 8,277 2,000
white blood
cells Post 12,463 2,900 13,494 3,600
(thousands)

Hematocrit Pre 43.6 2 45.7 2
Post 48.5 2 51.0 2

numbers are lower in the fit subjects. This may be due to

the increased destruction of red cells as a result of

chronic exercise training. Red cell counts and hematocrit

increased in both groups after the acute exercise stress

test probably due to hemoconcentration produced by an

increased release of red blood cells from storage sites
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(i.e., spleen) and fluid shifts as a result of exercise.

Concentrations of plasma proteins also increased from pre-

test values to post-test values in both the fit and unfit

groups and was also a sign of hemoconcentration due to

fluid shifts. Therefore, measurements of these blood

variables were necessary in order to standardize the

enzymatic results.

Enkephalin Hydrolysis in Blood Under Optimal
Enzyme Assay Conditions

The activity of the enkephalin hydrolyzing enzymes

(EHA) was assessed by quantitating the radioiodinated

products released under optimal assay conditions (Caffrey

& Hodges, 1982a; Jaskowski & Caffrey, 1983). This enzyme

activity was determined in various blood fractions

including plasma, intact red blood cells, red cell cyto-

plasm and red cell ghosts as presented in Tables IV and V.

In Table IV the data is expressed nmol/min/mg of protein,

representing the rate of enkephalin hydrolysis under

enzyme assay conditions. In addition to this standard

measure of enzyme activity, the data was also expressed

as the total capacity per ml of whole blood by correcting

the enzyme activity measured for dilution volume and/or

red cell number. As can be seen from the data presented

in Tables IV and V, the rates of enkephalin hydrolysis

were similar in the plasma (46.3 27.3 nmol/min/ml) and

intact red cells (50.6 44.8 nmol/min/ml) fractions.
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TABLE IV

RATE OF ENKEPHALIN HYDROLYSIS IN VARIOUS FRACTIONS OF
WHOLE BLOOD OBTAINED PRE- AND POST-EXERCISE

FROM BOTH FIT AND UNFIT SUBJECTS
(MEANS STANDARD DEVIATION OF THE MEANS)

Fraction Enzyme Activity**

Unfit Fit

Pre-test 0.90 0.64 0.88 0.60
Plasma

Post-test 0.50 0.25 0.80 0.50

Pre-test 0.20 0.13 0.34 0.41
Red Cell

Post-test 0.20 0.17 0.14 0.11

Red Cell Pre-test 1.50 0.50 1.20 0.50
Cytoplasm Post-test 1.20 0.70 1.20 0.60

Red Cell Pre-test 0.21 0.20 0.50 0.50
Ghost Post-test 0.21 0.20* 0.50 0.34

*Significant difference p < 0.05 compared to fit
subjects. All other comparisons are non-significant.

**nmol of enkephalin hydrolyzed/min/mg protein.

However, the primary activity for enkephalin hydrolysis

(90%) was associated with the red blood cells. The

majority of this enzyme activity appears to reside within

the red blood cell since there was a six-fold increase

(50.6 44.8 vs 301.4 96 nmol/min/ml) in the rate of

hydrolysis when the red cell cytoplasm was released

following treatment of the red cells with a hypotonic

solution. In support of this intracellular location, only
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TABLE V

PRE- AND POST-EXERCISE TEST OF ENKEPHALIN HYDROLYSIS
ACTIVITY WITHIN VARIOUS COMPARTMENTS OF BLOOD FOR

BOTH FIT AND UNFIT SUBJECTS WITH RESULTS
EXPRESSED AS THE AMOUNT OF TYROSINE
RELEASED IN NMOL/MIN/ML OF BLOOD

(MEANS STANDARD DEVIATION OF THE MEANS)

Unfit Fit

Pre-test 30.0 14.5 47.1 29.9Plasma
Post-test 53.8 25.8 54.2 32.5

Pre-test 54.5 50.0 62.4 49.0
Red Cell

Post-test 43.4 38.3 42.3 45.7

Red Cell Pre-test 286.0 93.9 282.5 92.5
Cytoplasm Post-test 303.7 50.6 333.4 111.6

Red Cell Pre-test 27.6 21.3 43.3 26.5
Ghost Post-test 43.4 14.5 64.9 45.3

All comparisons are non-significant (p > 0.05).

a small fraction of the activity remained associated with

the isolated red cell membranes (ghost fraction 54.15

nmol/min/ml) following centrifugation and reconstitution

in an isotonic medium. Under these optimal assay condi-

tions there was no significant difference in enzyme activity

attributable to either chronic (training history) or acute

(post-stress test) exercise stress. One exception which

provided a significant increase following the acute exer-

cise stress was the enzyme activity which remained with the

isolated red cell ghost (p< 0.05), expressed nmol/min/protein.



. 65

Enkephalin Hydrolysis by Whole Blood Under
Conditions Approximating In Vivo

Circumstances

The data described above was obtained under assay

conditions which required isolation and subsequent dilution

of the individual blood fractions. This procedure may have

effectively neutralized factors from the physiological

environment which normally modify enzyme activity in vivo.

In order to evaluate these influences more carefully, the

monitored rate of degradation of enkephalin added to

freshly obtained whole blood to approximate more closely

the in vivo conditions. These measures were made in

trained and untrained individuals both before and immedi-

ately after an acute exercise test to YO2 max in order to

access possible interactions between opiate peptide

metabolism and fitness level and/or acute exercise. The

metabolism of the added peptide which was evaluated at

short intervals proceeded rapidly as indicated in Table VI

and Figure 6A and B.

There was a significant interaction (F 5,80 = 8.55,

p < 0.01) between fitness and the measured rate of

enkephalin metabolism. As shown in Figure 6A, the rate

of enkephalin hydrolysis in blood from the fit subjects

pre-exercise was slower than in blood from the unfit

subjects. The difference between these two curves

increased with time of incubation and was significantly

different at 1, 2, 4 and 8 minutes. Following the exercise
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TABLE VI

COMPARISON OF ENKEPHALIN METABOLISM IN FRESH WHOLE BLOOD
IN UNFIT AND FIT SUBJECTS BEFORE AND AFTER AN

ACUTE EXERCISE STRESS TEST

Unf i t Fit

Pre-test

Post-test

O minute

minute

1 minute

2 minutes

4 minutes

8 minutes

O minute

minute

1 minute

2 minutes

4 minutes

8 minutes

81.5 5.5

72.1 3.1

63.4 3.7

45.3 7.8

30.6 7.6

10.5 4.6

82.0 4.6

73.0 2.9

62.3 4.4

44.3 8.2

24.7 4.7

3.7 3.9

85.7 5.6

75.8 6.9

69.2 6.6*

57.1 8.8*

41.0 8.1*

22.5 7.1*

82.4 7.0

72.2 9.4

66.3 8.8

53.2 11.5

34.6 12.7*

18.1 7.1*

Values are expressed as percent of initial substrate
remaining at the times indicated and recorded as x S.D.
There were nine subjects in each group.

*These values are significantly different compared to
the corresponding value for the unfit group at the same
incubation time. Zero time values are not absolute zeros
due to logistical difficulty in simultaneously initiating
the reaction sequence and obtaining the first measurement.
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test, the relationship between the two groups was main-

tained; however now, only the rate observed at 4 and 8

minutes was significantly slower in the fit subjects,

compared to the unfit controls (Figure 6B).

By averaging the pre- and post-exercise metabolic

curves of both groups, a comparison of the main effect of

fitness was isolated (Table VII and Figure 7).

TABLE VII

ISOLATION OF THE FITNESS EFFECT ON ENKEPHALIN
METABOLISM IN FRESH WHOLE BLOOD

Time Unfit Fit

0 minute 81.7 6.4 84.1 6.4

4 minute 72.5 3.0 74.0 8.2

1 minute 62.8 4.0 67.7 7.7

2 minutes 44.8 7.8 55.2 10.1

4 minutes 27.7 6.8 37.8 10.8

8 minutes 7.2 5.4 20.3 7.8*

Average % ~ -
Decline x = 50.5 26.6 x = 43.5 23.5

The pre- and post-exercise data from Table VI was
combined for the fit group and compared to similar values
obtained for the unfit group to isolate the fitness effect.

*Values are significantly different from the corres-
ponding time period for the unfit group, p < 0.05.
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In this comparison, the only individual value which

retained significance was the 8 minute determination

probably due to the increased error resulting from the

combination of measures.

By combining the fit and unfit curves prior to and

following exercise, the main effect of the exercise test

was isolated (Table VIII and Figure 8).

TABLE VIII

ISOLATION OF THE ACUTE EXERCISE TEST ON ENKEPHALIN
METABOLISM IN WHOLE BLOOD

Time Pre-test of Post-test of
Fit and Unfit Fit and Unfit

0 minute 83.6 5.8 82.2 5.7

minute 74.0 5.6 72.6 6.8

1 minute 66.3 6.0 64.3 7.1

2 minutes 51.2 10.1 48.7 10.7

4 minutes 35.8 9.3 29.7 10.6

8 minutes 16.5 8.5 10.9 9.6

Average % 45.4 24.3 48.6 26.3
Decline

In order to isolate the effect of the acute exercise
test, the pre-exercise data from both fit and unfit sub-
jects (Table VI) were combined and compared with similar
values obtained for combining the post-exercise data. All
comparisons are non-significant.
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Another common means of expressing rates of degrada-

tion in complex biological systems is the time required for

one-half of the initial substrate to be degraded. Using

this concept, an "in vitro half life" value was determined

for each subject from his individual degradation curve as

illustrated in the example case (Figure 9). These calcu-

lated half-life values are summarized for both groups of

subjects prior to and following the exercise test (Table

IX). In each case, the half-life was significantly longer

for the fit subjects (p < 0.005) and was not substantially

altered as a result of the acute exercise challenge in

either group.
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Fig. 9--A typical example of an in vitro
half-life determination from the degr-aation
curve.
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TABLE IX

IN VITRO HALF-LIVES

Unfit Fit

Pre-test 1.80 0.35 2.90 0.83*

Post-test 1.80 0.23 2.36 0.93*

Values represent the time in minutes required todegrade 50% of the added substrate.
Values are x S.D.; N = 9.

*Values significantly different compared to unfitcontrols. Pre-exercise versus post-exercise comparisons(within groups) are non-significant.
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CHAPTER V

DISCUSSION

The following discussion is hoped to provide the

reader with a clear understanding of the implications of

the data collected in this study. This process required

the development of several new hypotheses. Prior to their

explanation, however, the relationship between the current

results and the original hypotheses were evaluated.

The Interrelationship of Exercise Stress and
Enkephalin Hydrolyzing Enzyme

There is a growing awareness that stress and exercise

stress are associated with increased endogenous opiate

activity. Anecdotal reports of opiate-like effects

during exercise, sometimes called "runner's high", are

supported by observed increases in opiate peptide concen-

trations in body fluids during exercise stress (Markoff

et al., 1982). While the increased concentrations of

opiate peptides reproted during exercise might result

from increased secretion, they might also result from

decreases in the rate of inactivation or excretion. Stress

is also accompanied by a profound activation of the sympa-

thetic nervous system and the coincident release of

catecholamines. Since catecholamines have been shown

76
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to inhibit enkephalin hydrolyzing enzyme (EHA) in vitro, it

was felt that this might represent the mechanism by which

the opiate peptide concentration increases during exercise.

Based on these considerations, the first hypothesis was

proposed.

This states that there would be a reduction in the

rate of enzymatic inactivation of opiate peptides following

acute exercise. The exercise induced release of catechola-

mines may serve to reduce circulating EHA which then allows

for the more rapid accumulation of enkephalins being

secreted at the same time. Other factors known to change

during exercise such as pH, lactic acid and osmolarity may

also participate in this process.

This study did not demonstrate an impairment of enzyme

activity as a result of acute exercise stress. The frac-

tional enzyme activity assayed under optimal conditions

was not altered following a maximum exercise stress test,

and the assay for total metabolic capacity showed a small

but significant enhancement post-exercise. Therefore, the

data from this study does not support the first hypothesis

as stated above. The significant interaction between acute

exercise and the small increase in the capacity to metabo-

lize enkephalin may result from a slight exercise induced

elevation in the temperature of the freshly obtained blood.

The increased temperature would be expected to accelerate

the reaction rate by simple thermodynamic processes.
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The failure to demonstrate an acute impairment of EHA

(if it exists) under optimal enzyme conditions might be due

to one or more of several factors. The selection of the

short exhaustive exercise test (Bruce Protocol) may not

have been the best choice. This test may not be of suffi-

cient duration to produce the proposed behavioral and

biochemical effects expected. Also, the specific time at

which the post-exercise blood sample is drawn may be criti-

cal. The impairment of EHA may be only observed under

specific physiological conditions such as near the subject's

maximal effort. These conditions may reverse rapidly

during the brief interval which is needed to stabilize the

subject and obtain a blood sample after the exercise test.

There was more error in the enzyme assay data than was

originally anticipated. This error may have contributed to

the inability to demonstrate an impairment in the fractional

enzyme assays after exercise. The error itself probably

results from methodologic error inherent in isolation of

the blood fractions but may also involve variance due to

unknown variables in the subject population such as genetic

composition, personality or attitude toward the testing

procedure. The humoral elements suggested above as being

responsible for the impairment of EHA, may have been

diluted out to ineffective concentrations in the assay

procedure. Both of these factors, dilution and experi-

mental error are unlikely explanations for the lack of an
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impairment. The metabolic capacity assay which was

specifically designed to eliminate the dilution factor

had very little experimental error and exhibited no impair-

ment due to acute exercise. In fact this measure showed

a slight enhancement in activity. As a result, the data

do not support hypothesis one.

Since hypothesis three is closely related to hypothesis

one and essentially dependent on its validity, it was

decided to address hypothesis three out of sequence.

Hypothesis three assumed there would be an impairment in

EHA due acute exercise and that the impairment would be

similar at maximum exercise in both fit and unfit subjects.

Humoral factors related to acute exercise would tend to

normalize at maximum work capacity. However, there was

no acute exercise related impairment in either type of

assay regardless of the fitness of the subjects studied.

Since there was no acute impairment due to exercise,

hypothesis three cannot be fully evaluated. There was a

significant interaction with acute exercise, which resulted

in an overall increase in metabolic capacity post-exercise.

This increase was observed in both groups of subjects.

Visual inspection of the metabolic capacity curves suggests

that the unfit subjects may have increased metabolic

capacity post-exercise more than the fit subjects. The

data and analysis however, will not permit such a conclu-

sion at this time. In summary, there was an enhancement
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and not an impairment in enkephalin hydrolysis following

acute exercise and this enhancement occurred to a similar

degree in both groups of subjects.

Hypothesis two is concerned with the effects of

chronic exercise on EHA. This hypothesis suggested that

trained individuals at rest would have an increased ability

to inactivate opiate peptides. Chronic exercise should

result in repeated elevations in the concentration of

opiate peptides. At the extremes of physical exertion

these peptides might interfere with athletic performance.

It may be assumed that in response to these repeated

challenges, the elite athlete would compensate by increasing

EHA activity. The increased EHA would inactivate the opiate

peptides faster, reducing their steady concentration of any

given workload. This process would permit the athlete to

work more efficiently during prolonged high intensity

competition, because of an increased ability to resist the

depressant effect of the opiates.

Although hypothesis two appears attractive, it, too,

is not supported by the data. There was a highly signifi-

cant alteration in the ability of the fit subjects to

metabolize enkephalin. Contrary to the hypothesis, however,

blood samples from the fit subjects were less able to

degrade enkephalin than similar samples from the unfit

controls. This chronic alteration which was observed in

the fit subjects using the metabolic capacity assay, was
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not seen in the optimal enzyme assay. This observation

again suggests that there was no increase in EHA as a

result of chronic exercise training. When the groups

were compared post-exercise, the slower metabolism in the

fit subjects was still observed, providing additional

evidence opposing hypothesis two. In conclusion, the data

presented do not support any of the original three stated

hypotheses.

While the results of the study do not substantially

support the tested hypotheses, they do raise some interest-

ing questions and provide the basis of a new hypothesis.

If, as observed, the fit subjects degrade enkephalins more

slowly yet have virtually the same measured enzyme activity,

other factors in the physiological environment must parti-

cipate in regulating enkephalin metabolism. The absence

of these effects in the enzyme assays proper, suggests

that the factors responsible for the effects are diluted

out or neutralized in the enzyme assay procedure but not in

the metabolic capacity assay.

The majority of the enzyme activity in question

appears to reside within the red cell (Jaskowski & Caffrey,

1983). Therefore, circulating factors which act to alter

the enzyme activity may do so by modifying the function

of the red cell membrane. Transport of the substrate,

enkephalin, into the red cell may be the rate limiting

determinant controlling the normal inactivation of
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enkephalin. If so, control of the red cell's permeability

to enkephalin may play a critical role. The reduced func-

tional capacity to degrade enkephalins observed in the fit

subjects, may represent a decreased permeability of the red

cell to enkephalin which limits access of the substrate to

the enzyme. The red cells from both groups behaved simi-

larly in in vitro enzyme assays. If the membrane is the

limiting factor, the observed adaptation to chronic exercise

would have to involve changes in the internal environment

capable of reducing membrane permeability to the substrate.

These factors might easily include hormones or osmotic

agents, the identities of which are unclear at this time.

On the other hand, factors controlling red cell perme-

ability may remain constant and the characteristics of the

membrane itself may have changed. The athlete may adapt

to chronic exercise by producing new red cells whose mem-

branes are more sensitive to the physiological factors

which normally regulate their permeability.

The discussion thus far has assumed that the primary

site of degradation of the enkephalin is located in the red

cells. If the primary location of this function is in the

plasma, then the secretion of the enzyme by the red cell

or the quantal release of enzyme following periodic red

cell destruction may be important. If this is true then to

explain the slower rate of metabolism in fit subjects, the

red cells from athletes would need to be less capable of
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releasing the enzyme into the plasma. This might result

from a less competent enzyme secretory mechanism or a more

stable membrane which is less subject to mechanical disrup-

tion. Interestingly, the continued mechanical lysis of

red cells associated with chronic exercise training

(Friedman, 1976) should have produced a steady state

increase in plasma EHA. Functionally this should have pro-

duced a result opposite (an increase in metabolism) to the

actual findings if the plasma is the primary site of the

degradation of enkephalins.

The previously mentioned factors may not effect mem-

brane permeability but rather alter the enkephalin hydro-

lyzing enzyme activity directly. One group of candidates

in this regard are the catecholamine hormones, epinephrine,

norepinephrine and dopamine. Each of these hormones are

known to increase during exercise stress (Bortz et al.,

1982; Hartley et al., 1972a; Rasmussen, Ishizuka, Quigley,

& Yen, 1983). These same hormones will inhibit EHA

activity when added in vitro (Caffrey & Hodges, 1982a;

Jaskowski & Caffrey, 1983). Now the absence of an acute

EHA impairment following exercise suggests the catechola-

mines do not participate, if the acute exercise protocol

was of sufficient length to demonstrate such a response.

Enkephalin metabolism was impaired in the fit subjects at

rest suggesting a chronic change in the internal environ-

ment. Chronic exercise is thought not to alter
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catecholamine concentrations (Hartley et al., 1972a).

Evidence from experimental animals indicates that some of

the abundant circulating catecholamine metabolites such as
3,4-dihydroxyphenyl-acetic acid are equally effective EHA

inhibitors. While resting catecholamines may be nearly

equal in fit and unfit subjects, one would expect that the

steady state concentrations of their metabolites would be

elevated in the fit subjects as a result of repeated exer-

cise stresses. Perhaps these inhibitory metabolites are

one of the physiological factors regulating EHA activity in

the fit subjects. Red cells are known to take up and

metabolize catecholamines (Alexander, Velasquez, & Blachkis,

1981). A differential rate of uptake favoring fit subjects

could exaggerate inhibition of EHA in spite of nearly equal

plasma catecholamine concentrations.

A second possible candidate to influence the enzyme

directly might be changes in pH due to the rapid production

of lactic acid (Edington & Edgerton, 1976) during exercise.

Recent data from the laboratory indicates, however, that

the enzyme is relatively insensitive to changes in pH over

the physiologic range. Therefore, the changes in hydrogen

ions anticipated during exercise are unlikely to result in

pH changes sufficient to modify EHA. Changes in pH could

be involved if local alterations in hydrogen ions within

the red cell are greater than those observed in plasma.



85

A similar regulatory role might be proposed for

changes in body fluid osmolarity which result from exercise.

Exercise results in substantial water loss which leads to

increased plasma osmolarity following both acute and

chronic exercise. Again recent data from the laboratory

suggest that the enzyme itself is relatively insensitive

to changes in ionic strength.

Each of the three cited physiological factors, cate-

cholamines, pH and osmolarity may however act, as suggested

earlier, by modifying red cell membrane permeability.

Increased ionic strength for instance could osmotically

reduce the red cell size and thereby limit the movement of

plasma enkephalins into the red cell for degradation.

Similar mechanisms might be proposed for other factors

which are altered by exercise.

The role of exercise used as an intervention to

relieve stress, may involve the regulation of opiate

metabolism by EHA. The physiological benefit of these

opiates within the body may be related to the maintenance

of a homeostatic balance related to stress. The homeostasis

of the individual is closely monitored when a stressful

situation is encountered by the organism. The circulating

opiates released in response to stress along with catechol-

amines (Fraioli et al., 1979), may add new insight into the

physiological adaptation to stress. Although the relation-

ship is not well understood, however the EHA activity may
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be part of a complex system of components, acting as regu-

lators in the general adaptation syndrome (Selye, 1952).

Another advantage of the opiate peptides may include

the modulation of pain while coping with an illness or an

injury (Bodnar et al., 1979a). This may very well be the

body's own defense mechanism during times of stress such as

major athletic competitions or even job-related tasks. In

general, the endogenous opiates appear to permit the

athlete to work at a higher training intensity without

allowing the pain or injury to limit training or athletic

competition.

In comparison, there are disadvantages associated with

elevated endogenous opiates within the body. For example,

the alteration in the perception of pain during exercise

stress (Farrell et al., 1982) in which an injury occurs

may allow an athlete to overlook the seriousness of the

injury. Many athletes will report situations in which they

were unaware of the injury taking place only to find out

hours later that muscle tears and stress fractures had

occurred.

In addition to the alteration in perceived pain with

chronic exercise stress, a question must be raised dealing

with the detraining effects of reduced exercise. The idea

of an addiction to exercise is largely anecdotal with

little scientific evidence. However, the endogenous

opiates do possess morphine-like properties and are
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released during exercise (Farrell et al., 1982). Is there

a detrimental effect of too much exercise somehow altering

this finely tuned system? Are there pathological changes

associated with the physiological environment surrounding

the red cell membrane or even an alteration in the red cell

membrane itself? All are unanswered questions to a very

complex interaction among exercise, the endogenous opiates

and the adrenergic nervous system. This system may help

explain why some individuals cope with stress physiologi-

cally while others develop pathologies and why in some

individuals interventions like exercise may serve to

relieve stress.

Conclusions

1. Fit individuals with high maximal aerobic capaci-

ties degrade enkephalins more slowly than unfit controls

with low maximal aerobic capacities. This slower metabolism

is most evident when the half-life of enkephalin in whole

blood is examined.

2. Under enzyme assay conditions there was little

difference in EHA between fit and unfit subjects, indicating

equal amounts of enzyme in two groups. Therefore, the

slower rate of enkephalin degradation in fit subjects

must result from alterations in the internal physiological

environment regulating opiate peptide metabolism.
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3. The reduced rate of enkephalin metabolism in fit

subjects was most likely due to intense exercise training.

However, genetic selection factors cannot be ruled out.

4. The observed alteration in enkephalin metabolism

in trained athletes suggests that the opiate peptides and

the control of their metabolism may be a normal part of the

successful adaptation to exercise.

Recommendations

The primary observation in this study involved an

interaction between chronic exercise and the capacity to

metabolize opiates. The results obtained lead to the

proposal of the following recommendations for future

research.

1. The factors which slow the rate of opiate metabo-

lism in the fit subjects need to be isolated and identified.

These effects observed in the metabolic capacity assay,

appear to involve differences in the functional make-up of

unfractionated blood from fit and unfit subjects. The

factors in the internal environment which are involved in

slowing the rate of enkephalin inactivation need to be

investigated in detail in order to understand the mechan-

isms involved.

2. A small positive interaction between the rate of

enkephalin degradation and acute exercise was reported but

the physiological significance of the relationship is
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unclear. Therefore, further experimentation is needed to

determine if the increased rate of enkephalin hydrolysis

after acute exercise is real, physiologically important

and different between levels of fitness. More careful

examination of the reaction rates at the lower substrate

concentrations (later time points in the metabolic capacity

assay) will be helpful. A more prolonged acute exercise

protocol might serve to 'accentuate the acute exercise

effect and any existing differences between groups of

differing fitness.

3. A longitudinal study could be conducted in which

unfit individuals are exercise trained over time. This

detailed investigation would enable one to examine the EHA

response to training. This longitudinal EHA analysis

would help to resolve whether the impaired EHA activity

seen in fit subjects, is due to chronic strenuous exercise

or whether it is a characteristic of subjects with the

genetic capacity for high maximal oxygen uptakes.

4. Another possible interaction which needs to be

examined is the relationship between opiate peptide

metabolism and the personality components of athletes who

are willing to train at the high intensity work schedules

of the fit subjects in this study. This should include

anI analysis of their attitude toward and psychological

approach to exercise. Therefore future investigations
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should consider personatlity and psychogenic variables,

which may influence the results of the data.

5. The final recommendation is to elucidate the role

of the red blood cell in the control of enkephalin metabo-

lism. Transport and permeability studies using combinations

of red cells and plasma from fit and unfit subjects is

suggested. These types of studies will help determine if

the slower metabolism of enkephalin in fit individuals is

due to intrinsic changes in the red cell itself or results

from circulating factors which alter the red cell function.
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APPENDIX 1

LAY SUMMARY

In this project we are studying the relationships
between hormones released from the nervous system and heavy
physical exertion or stress. We feel this will help us
understand the benefits and liabilities involved in long
term exercise and why some individuals are able to deal
with stress better than others.

You will be asked to give 15-20 ml (0.6-0.8 oz.) of
blood. The blood sample will be drawn with a sterile
disposable needle by a qualified nurse, technician, or
physician from an arm vein. The withdrawal of blood may
result in some minor discomfort and bruising in your arm.

The blood will be used to study the hormones normally
released during stress but particularly the enzymes which
break these hormones down. In the event that an unusal
symptom occurs you will be given advice on what needs to be
done; reasonable on-site treatment will be available free
of charge, however, coverage for consultant service should
be handled with your personal insurance, if necessary.

I have read and understand the description of the
study, including the detailed explanation of each procedure.
I have been given opportunities to ask questions and discuss
the study and its potential risks and benefits. I under-
stand that requests for additional information will be
welcome. I also understand that I may withdraw from the
project at any time without penalty and I hereby give my
consent to the study.

Date Patient/Subject Signature

Witness to Patient/Subject
Consent and Explanation

Signature
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APPENDIX 2

LAY SUMMARY

In this project we are studying the relationships
between hormones released from the nervous system and
heavy physical exertion (exercise stress). We feel this
will help us understand the benefits and liabilities
involved in long term exercise and why some individuals are
able to deal with stress better than others.

You will be asked to perform a maximal exercise stress
test on a treadmill in which the grade will be elevated
one-half percent (k%) every twelve (12) seconds, while
maintaining a constant speed. A 12-lead resting electro-
cardiogram (EKG) and a resting blood pressure will be
obtained prior to testing. A cannula (a small tube) will
be inserted in an arm vein to allow for 5 ml (0.2 oz.)
blood samples to be withdrawn before (1 sample), each
minute during (8 samples) and after (1 sample) the maximal
test. These blood samples are necessary to monitor hormone
concentrations, hormone breakdown and lactate production
in your blood. Expired air will be collected through a
mouthpiece during the test. The volume of air inspired
and the percentages of oxygen and carbon dioxide expired
will be used to calculate your maximum oxygen uptake
(VO max) and the workload at which lactate will begin to
appear in your blood (anaerobic threshold). Your blood
pressure and EKG will also be monitored throughout the test.

On two separate days you will return for a submaximal
exercise test on a treadmill for thirty (30) minutes. One
test will be performed at a low workload (below anaerobic
threshold) and the other at a high workload (above anaerobic
threshold). The cannula will again be inserted so blood
(5 mls) can be drawn every 5 minutes (8 samples) throughout
the tests. EKGs, blood pressures, and expired air will
also be monitored.

There is a possibility of abnormal changes during the
maximal stress test and submaximal exercise tests. Blood
pressure may not respond in an adequate manner and the
heart may produce abnormal beats. The cannula may cause
some minor discomfort and bruising in your arm. In rare
instances such irritation could lead to formation of small
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blood clots in the venous system. Careful insertion of the
cannula and continued monitoring by a physician and experi-
enced technicians serve to reduce these risks further. In
the event that an unusual symptom occurs you will be given
advice on what needs to be done; reasonable on-site treat-
ment will be available free of charge, however coverage for
consultant service should be handled with your personal
insurance, if necessary.

I have read and understand the description of the
study, including the detailed explanation of each procedure.
I have been given opportunities to ask questions and discuss
the study and its potential risks and benefits. I under-
stand that requests for additional information will be
welcome. I also understand that I may withdraw from the
project at any time without penalty and I hereby give my
consent to the study.

Date Patient/Subject Signature

Witness to Patient/Subject
Consent and Explanation

Signature
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