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Abgtract
Voluntary Exercise, Chronic Stress, and Blood Pressure and
Heart Rate Responses in the Borderline Hypertensive Rat
by
Jonathan M. Squire

Adviser: Dr. Robert Fried

The present investigation vas concerned vith the effect of
voluntary exercise in attenuating increases in blood pressure (BP) and
heart rate (HR) caused by various stressors in an animal model of
borderline hypertensicn, the borderline hypertensive rat (BHR). Chronic
stress has been shown to increase both BP and HR in humans and animals.
Forced exercise is known to lowver HR, but has equivocal effects on BP.
In the first experiment, adult BHR’s were subjected to one week of
signalled shock followed by six weeks of signalled, unsignalled, or no
shock (handled controls). Half of these animals also had free access to
a running vheel. BP and HR vere measured before and after these
treatments. Exercise was found to attenuate the rise in BP and HR due
to stress. The exercise effect was most pronounced in the no shock
group. These results suggested that voluntary exercise can attenuate
increages in HR due to stress, and may be most effective in combination
vith certain types of stressors. In a pilot experiment, BP wvas measured
via an indvelling catheter. BP increased upon tranafer to the shock
chamber and upon shock delivery. BP decreased to baseline levels
immediately after removal from the shock chamber. In the second
experiment, BHR’s vere subjected daily to anticipation of shock or
handling for six weeks. Half of these animals could exercise

voluntarily. Control groups for the effects of social isolation were
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also included. BP and HR were measured veekly under ether anesthesia.
BP and HR inCreaseq due to both stresses. BP and HR also tended to
increase in the socially isolated control groups, possibly due to
repeated ether stress. The effect of freely availabie exercise was
found to attenuate streas-induced increases in HR, but not BP,
Voluntary exercise may have altered autonomic nervous system
responsiveness, local hemodynamic processes in skeietal muscle, and/or
resting hormone levels. In the third study, social isolation for one
veek increased HR. These studies demonstrated that in this animal
model, voluntary exercise can reliably attenuate increases in HR but not
BP due to chronic stressors and can be gn effective protocol for
exercise training in rats, and that relatively mild stressors can

demonstrably affect BP and HR.
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INTRODUCTION

Riskes Posed by High Blood Pressure and Heart Rate

R — S ——————— — O ———  S——

Human essential hypertension, & wmajor risk factor for coronary
heart disease (Rosenman, Friedman, Straus, Wurm, Kositch, Hahn, and
Werthessen, 1964), is characterized by high blood pressure associated
vith‘an elevated overall resistance to blood flov in peripheral vessels
(TPR: Weiner, 1979). Numerous researchers have suggested that repeated
psychologically stressful stimuli, vhen combined with some genetic
predispogition, may trigger sustained hypertension (HT) (Lavler, Barker,
Hubbard, & Allen, 1980; Folkowv, 1978). For instance, certain etreesful
events such as rapid cultural change, migration, and socioeconomic
mobility have been shown to be associated with elevated blood pressure

(Guttman & Benson, 1971).

Tachycardia (TC), an ebnormally increased heart rate (HR), has also
been associated vith chronic stress (Paul, Lepper, Ostfeld, MacMillan, &
Phelan, 1962). When prolonged, TC can also compromise health. Chronic
TC, and ite associated severe left ventricular hypertrophy, vill
increase the risk of myocardial failure (Coleman, Taylor, Pool, Whipple,

Covell, Rose, & Braunwald, 1971).

The hypertensive and tachycardic effects of stressful situations in
individuals at risk for HT, such as having one hypertensive parent, have
been found to be greater than in a nonhypertensive population (Falkner,
Onesti, Angelaka, Fernandes, & Langman, 1979; Manuck, Proietti, Rader, &

Polefrone, 1985). These borderline hypertensive individuals may be
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particularly susceptible to developing essential HT and/or tachycardia
in the presence of chronic environmentpl stress, as compared to
individuale with no such genetic predisposition (Manuck, Giordani,

McQuaid, & Garrity, 1981).
The Concept of Stress.

Since the present research is concerned with the effects of stress,
a8 brief discussion of the concept and definition of stress ie nov
presented. Stress is thought to be a response 6f the organism to
external or internal events known as "stressors®. The definition of
stress has been controversial from its inception. Walter B. Cannon
described adjustments of thg orgeniem to potentially stressful events as
*homeostatic", i.e., attempfs to maintain the stability of the internal
environment (Cannon, 1932). He noted that similar adjustments wvere made
in responsge to different kinds of potentially stressful environmental

eventg (Cannon, 1915).

The immunologist, Hans Selye, wvas the first to cataloge the stress

response (Selye, 1936). In The Stress of Life (1976, p.1),

Selye defined stress as "the nonspecific response of the body to any
demand®. Hovever, the ®nonspecific nature® of the stress response has
been challenged (e.g., Lenox, Kant, Sessions, Pennington, Mougey, &
Meyeroff, 1980; Mason, Maher, Hartley, Mougey, Perlov, & Jones, 1976;
Cohen & Obrist, 1975). Both the qualitative and quantitative
adjustments made by the body are subtly dependent on type, intensity,
and perceptual evaluation of the potential stressors. The physiological
adjustments made during mild exercise, for instance, are quantitatively

different from those during strenuocus exercise (Robinson, Epstein,
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or nociceptive stimulation (Cohen & Obrist, 1975).

The reaction to a potentialtstressor ailso differe vith the way the
organism perceives it. For example, percepiion of control over tﬁe
etimuli resulte in a lessor stress response than perception of lack of
control (Miller, 1980). This distinction is perticularly relevant in
the present report, vhere the imposition of exercise may give different

resulte than the voluntary instigation of a similar activity.

Atteﬁpts to identify sensitive and reliable visceral indices of
stress have been more successful than defining the stress response based
on external circumstances. The most promising of these visceral indices
have been plasma levels of the catecholamines (CA) - epinepherine (E)
and norepinepherine (NE) - and the corticosteroids, vhich include
cortisol in man, and corticosterone (C) in other mammals. Although C is
a reliable indicator of the emotional activation associated with strese
(Bugh, 1962), its sensitivity has been questioned (Natelson, Tapp,
Adamus, Hittler, & Leviﬁ, 1981). Levels of corticosteroids often peak
at lov levels of stress and show no further increase with increasing
stressor intensity, in rats (Friedman, Ader, Grota, & Larson, 1967), and
in wmonkeys (Natelson, Krasnagor, & Holaday, 1976). in the reviev of
Natelson et al. (1981), it was concluded that plasma CA levels were the
best visceral index at present of the stress response, since these

levels reflect both the presence and intensity of the stimulation.

The Definition of Stress.

Stress is a coordinated and multifaceted response, characterized by
phasic increases in plasma levels of catecholamines and corticosteroids,
among other things. A stressor, then, may be defined as any external

stimulus vhich produces these effects. According to this definition, a
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stimulus which produces these effects. According to this definition, a
program of voluntary exercise would not be seen as & stressor since it
is not associated with increases in basal plasma: C levels (Starzec,
Berger, & Hesse, 1983). Chronic forced running does increase basgl
plasma C levels (Kant, Bunnell, Mougey, Pennington, & Meyeroff, 1983),
and thus could be seen as more stressful than a voluntary exercise
program. Hovever, since no hormonal measures vere obtained in the
present study, a stressor vill be operationally defined, based on the
folloving discussion, as "an environmental event vhich results in

increases in BP and HR.*®

The Control of BP and HR.

The major dependent variables in this work are BP and HR. These
dependent variables were chosen since they both reflect the endpoints of
several physiological processes, and required no invasive procedures.
Mean arterial pressure is a function of the output of the heart (cardiac
output: CO) and TéR. Direct neural control of TPR is exerted by the.
sympathetic division of the autonomic nervous system (SNS). Sympathetic
nerves innervate the smooth muscle of most peripheral vascular beds, and
upon activation result in vasoconstriction of arteries and the
arterioles. (Milnor, 1980a). Epinepherine, secreted by the adrenal
medulla upon SNS stimulation (e.g., McCarty & Kopin, 1978a), also plays
a relatively more sustained but lees powverful roie in this

vasoconstriction (Abboud, 1982).

Cardiac output is a function of heart rate and the volume of blood
ejected during systole (stroke volume). HR is modulated by extrinsic

sympathetic and parasympathetic stimulation of the sinoatrial node.
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Sympathetic stimulastion increases HR, while parasympatheticvoutflov via
the vagﬁs nerve slows HR (Berne & Levy, 1977). The baroreceptor
reflexes interrelate the control of BP and HR. Receptors in the carotid
ginus and aortic arch,;seﬁsitive {o stretch and gas composition (pH-,
pCO. ), can effect changes in the ratio of sympathetic to parasympathetic
stimulation ﬁf the heart, and thus compensate for changes in BP by
altering HR. Stroke volume is affected by intrinsic factors including
myocardial fiber length, myocardial contractility, and ultimately the

venous return (Robinson, 1980).

Although this simplified viev of the control of HR and BP does not
include the numerous feedback and regulatory mechanisms that serve to
maintain BP and CO via homeostatic adjustments (see Folkow (1982) or

Weiner (1879)), all relevant controlling factors have been mentioned.

Stressful stimuli activate the SNS (e.g., Hilnor, 1980b), in a
response termed the "alerting stage of the defense reaction® (Selye,
1976). Sympathetic nerve activity causes vasoconstriction of renal,
mesenteric, splancic, and cutaneous beds (e.g., Cohen & Dbrist, 1975,
vasodilation of skeletal muscle beds (Abrahams, Hilton, & Zbrozyna,
1964), and release of NE from presynaptic terminals (Weiner, 1979).
Additional physiologic consequences of stress are sequelae of
gympathetic nerve stimulation on various organs; AIncreases in HR and CO
result from increased nerve activity mediated by beta-adrenergic
receptors (Langer, Obrist, & McCubbin, 1979; Gilmore, 1974). Increased
CO raiees BP directly, and indirectly via autoregulatory constriction of

vascular beds (e.g., Guyton, Coleman, & Granger, 1972). Sympathetic
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drive to the kidney causes sodium and vater retention and the activation
of the renin-angiotensin system (Abboud, 1982; Tobian, Janécek,
Tomboulian, & Ferreira, 1961), that serves to increase vascular
res;stance (Abboud, 1974). Stressful events also cause a relatively
prolonged release of ACTH, resulting in corticosteroid secretion by the
adrenal cortex, which helps to maintain the vascular and preseor
responges to NE (e.g., Weiner, 1979). The release of corticosteroids
does not appear to habituate with repeated stressors, which cen result
in increased rates of CA synthesis and release (Fenske, Fuchs, & Probst,

1982).

It is thought that the folloving sequence of events may occur wvhen
no vigorous physical activity is engaged in during stress application.
Activation of the SNS results in vasoconstriction of the major visceral
beds, vasodilation of the skeletal muscle bed, and an increased CO.
These events are presumably designed to prepare thé organism for
imminent ®fight or flight". 1If the increased blood flov to skeletal
muscle is in excess of thé metabolic requirements of the muscle, then a
local compensatory increase in arteriole resistance will occur via
smooth muscle contraction (Langer et al., 1979). This local
autoregulation, occurring in less than a minute (Djojosugito, Folkow,
Lisander, & Sparks, 1968), serves to dramatically increase resistance to
flov in the precapillary bed of skeletal muscle (Folkow, 1982). Since
the skeletal muscle bed receives a large percenfége of the cardiac
output, this response may be a predominant regional influence
contributing to increases in total peripheral resistance after stress
(Forsyth, 1971). This autoregulatory increase in reeistance, following

an initial vasodilation, may be a predominant factor in the
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aforementioned effects of SNS activation on increasing BP (Folkow &

Neil, 1971).

Chronic effects.

All of thé above-mentioned effects share a final common pathway in
initiating an increase in TPR, and thus BP. Constant périods (1 to 2
veeks) of increased BP have been shovn to result in widespread and long-
term alterations in the structure of precapillary vessei valls (Bevan,
1976; Lundgren, Hallback, Weiss, & Folkowv, 1974). These structural
adaptations, involving smooth muscle hypertrophy and hyperplasia
(Folkow, 1982; Meehan, 1983), act to reduce the wall/lumen ratio, thus
increasing TPR and further augmenting the contractile response (Folkovw,
1978) and maintaining the increased pressure. Although these structural
changes can also be reversed by chronic hypotension (Weiss, 1974), these
vascular changes caused by repeated stress are generally recognized
te.g., Folkow, 1982) as the pathophysiological outcome of stress-induced

HT.

With repeated stress, other important adaptations of systems
affecting the cardiovascular system occur. Hormonal responsiveness is
altered: although resting CA levels and rates of adrenal CA synthesis
may be elevated after repeated stress, plasma levels of CA are lover in
the presence of a familiar stressor compared to levels upon first
presentation of the stressor (Kvetnansky, McCarty, Thoa, Lake, & Kopin,
1979; Kvetnansky & Mikulaj, 1970). Increases in C levels, however, do
not appear to show this adaptation (Kvetnansky et al., 1979), and may
actually increase further upon repeated presentation of certain

stressors (Kant et al., 1983).
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Under repeated stress and the associated chronic increase in TPR,
the heart must vork harder under this increased pressure load. Although
the cardiac output may return to prestress levels (Jern, Sivertsson, &
Hansson, 1981; Messerli, Frohlich, Suarez, Reisen, Dreslinski, Dunn, &
Cole, 1981), other cardiac adaptations may involve hypertrophy of the
left ventricle, which in the absence of circulatory compensation makes
for a less efficient heart reflected by lovered stroke volume and

increased HR for a given cardiac output (Gilmore, 1974).

Effects of Exercige on the Cardiovascular System: Acute effects.

During physical exercise, several hemodynamic and metabolic
alterations occur to keép pace vith the increased energy demands of
skeletal muscle. The SNS is activated, resulting in tachycardia and an
increased CO delivered to the exercising muscle. TPR decreases (Groen,
Hansen, Herrmann, Schafer, Schmidt, Selbmann, Uexkull, & Weckmann,
1982), due largely to vasodilation in skeletal muscle beds (Milnor,
1980b). BP may either remain unchanged or rise with moderate to high
levels of exercise (Cohen & Obrist, 1975). Metabolic effects include an
overall increase in metabolic rate, resulting in more rapid catabolism
of CA (Harri & Kuusala, 1981). Thus, the acute responses to exerciese
resemble those elicited in the defense reaction. However, the major
difference in the physiologic response is a shunting of the increased

blood flov to muscle and a resultant overall decfease in TPR.

Chronic effects.

Exercise training has been shown, though not consistently, to have a
modest effect in reducing BP in humans and in both normotensive and

hypertensive animal models (see Scheuer & Tipton, 1977 for review).



Page 9
Most established effects of exercise training are manifest on the heart.
No consistent changes in CO or TPR due to chrbnic exercise have been

recognized (Scheuer & Tipton, 1977).

The best known cardiovascular adaptation to exercise is a slover
resting heart rate, referred to as training-induced bradycardia (TIB:
Steinhaus, 1933). The cause of TIB remains controversial. Most
investigators believe TIB to be due to either alterations wvithin the
autonomiq nervous system, to a reduction in the intrinsic HR,
operationally defined as the HR after complete autonomic blockade (Jose,
1966), or both. The alterations in the autonomic nervous system involve
an increase in parasympathetic and/or decrease in sympathetic drive to
the heart with training (Scheuer & Tipton, 1977; Brundin & Cernigliaro,
1975 ; Lin & Horvath, 1972). These effects, particularily the increased
tonic parasympathetic activity via the vagus nerve after exercise

training, are fairly well established (Scheuer & Tipton, 1977).

The irtrinsic’ chenges generally can be seen to lead tc the
development of a more efficient heart. Stroke voluwe is increased,
myocardial hyperplasia and a general cardiac enlargemeﬁt occurs (Scheuer
& Tipton, 1977), end increased myocardial contractility may occur
(Winters, Leaman, & Andérson, 1973), although this latter adaptation has
been disputed (e.g., Carew, Dennis, & Covell, 1974). The cardiac
hypertrophy, in its pathologic form generaslly associated with depressed
contractile function, is apparently independent of any changes in
contractility (Malhotra, Penpargkul, Schiable, & Scheuer, 1981;

Schiable & Scheuer, 1981). Regardless of the ultimate cause of TIB,
most inveetigators agree that "a functioning adrenergic nervous system

is necessary for the development of..(TIB)" (Lewis, Nylander, Gad, &
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Areskog, 1980, p.303).

Several studies have been conducted in vhich!the effects of
exercise and stress are concurrently evaluated. In one study using a
forced exercise procedure (Birrell & Roscoe, 1978), rats vére trained on
a treadmill for 26 weeks. Both these animals and a sedentary group vere
then exposed to five daily sessions of escapable shock. The exercised
gubjects shoved no detrimental effects, vhile the sedentary animals
shoved adverse morphological changes in the ventricular tissue and
microcirculation of the heart. In humans, prior physical training has
been shown to result in faster recovery of electrodermal response and
heart rate after a battery of mental stressors (Keller & Seraganian,
1984). Other subjects, vho vere trained in meditation and music
appreciation, did not shov a rapid autonomic recovery after stress,
suggesting specificity of the exercise effect. Howvever, since several
subjects withdrev from the exercise program, the remaining subjects may
have been more able to cope with both the exercise program and the
mental stressors. In aﬁother study using men (Raab & Krzywanek, 1965),
questionnaires assessed the subjects’ exercise habits and reactivity to
stress. Cardiovascular responses to a mental arithmetic task with
sensory interference vere then measured. Only data from subjects with
extreme scores on the questionnaires vwere analyzed. HNo differences in
blood pressure were found. The greatest increases in heart rate after
stress vere found in the subjects vho exercised little and reported high
emotional reactivity. The smallest changes in heart rates vere found in
the physically active and emotionally placid group. Although there were

many problems with this study, including the use of unvalidated self-
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report scales and systematic exclusion of subjects, the resulte vere

intriguing.

Thus, prior exercise conditioning may reduce responses to
subsequent stress, as fhese studies suggest. Hovever, this hypothesis‘
is not equivalent to the supposition that exercise can attenuaté
reactions to concurrent strees. Two more relevant studies have been
conducted using concurrent exercise and stress treatments, one involving
a voluntary exercise paradigm and the second using the borderline
hypertensive rat (BHR: see below). In the latter study (Cox, Hubbard,
Lavler, Sanders, & Mitchell, 1985b, in preparation), two hours of daily
forced sviﬁming attenuated HT due to chronic shock stress in the BHR.
Tail cuff BP's in unanesthetized subjects (see method, Study I) vere
taken veekly for the 12 wveek duration of the treatments. The stressor
vas two hours of 350 predictable one sec tail shocks ranging in
intensity from 0.25 to 0.4 mA. Swimming occurred two hours after the
stress gsescsion. A stress-only group did not receive the exercise
treatments, and a maturational control group received neither
intervention. From analysis of changes in plasma CA levels aiter the
final stress session, the authors conclude that exercise dampened the
SNS response to stress as evidenced by significantly lover levels of NE
in the stressed animals given forced exercise as compared to the

nonexercised stressed group.

However, it has been frequently postulated that svimming may act as
a poverful stressor in itself (Scheuer & Tipton, 1977; Dawson & Horvath,
1970). The results of Cox et al. could be explained as being due to
development of cross-tolerance to the shock stress. Experience with the

alleged stressor, svimming, may have lessened the perceived intensity of
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the shock stressor, resulting in an attenuated stress response. It is
also possible that the initiation of the training adaptations attributed
to svimming may not have been due to physical exercise per se, but
to physiologic alteratibns associated wvith the diving feflex and/or
chemoreceptor activation (Tipton, 1984). It was also not made clear

vhether BP of the exercise plus stress group increased over time.

In_anotﬁer study using voluntary exercise (Starzec et al., 1983),
normotensive rats vere fed a cholesterol supplemented diet and wvere
subjected to daily S0 min sessions of either predictable, controllable
footshock (experimental group: E), unpredictabie, uncontrollable
footshock (yoked group: Y), or no sﬁock (C) for 30 days. A normal diet
control group vas also included (N = 12 per group). The E group trials
vere as follows: A lever press vas required to avoid or escape a 0.5
gec shock. A correct response reculted in a five min signalled ®"safe"
period. In the absence of a response, shocks were delivered on a
variable 60 sec interval schedule. Each rat in the Y group vas yoked to
an E group subject. The C group was handled each day, but it was not
clear if they vere also placed in the shock chambers. Half of the
animale vere allowed access to a running vheel for three hours
immediately after the stress treatments, resulting in a 2 (exercise/no
exercise) x 3 (E, Y, or C) factorial design. The dependent variable vas
levels of plasma corticosterone (L) measured immediately after the final

stress session.

Strescsed animals allowed to run shoved lover levels of C than rats
not allowed to run. Although the C group showed higher plasma C levels
than the normal diet group, shock stress was associated with plasma C

levels significantly higher than those in the C group. The authors
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conclude that such a program of voluntary exercise can attenuate the
~corticosterone response to stress; There vas no effect of exercise in
the handled control group, showving that a program of voluntary exercise

apparently does not increase plasma C levels.

Since footshock is commonly used in studies of stress, as
exemplified by the above tvo studies, this type of stressor was also

used in the present report.

The mechaniem(s) of the effects of exercise in attenuating high
blood pressure and heart rate due to chronic stress remain uncertain.
Exercise could exert its influence at several points along the path

leading from the stress reaction to elevated TPR.

One way exercise could block stress-induced HT (referred to as the
local autoregulation (LA) hypothesis) is as follovs. Exercise results
in increased blood flov to muscle, both due to én increased cardiac
output and sympathetic vasodilation of the skeletal muscle vascular bed
(e.g., Scheuer & Tipton, 1977). Since during muscular exertion the
increased flow to muscle is immediately utilized, compensatory
autoregulatory constriction and resultant structural adaptations would
not occur. This hypothesis vould predict that exercise concurrent with
stress would be most effective in blocking this nonneurally mediated
éonstriction. If constriction and the resultant increase in BP hbrmally
persists for some time after the stressor has been reﬁoved, then
exercise immediately after stress may be effective by rapidly halting

constriction in skeletal muscle beds.
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Exercise could also directly attenuate the activity of the SNS in

response to stress (Cox et al. 1985). Another study has suggested that
the tissue responseg to SNS activity may also be reduced by exércise,
since injections of NE produced significantly lower increases in BP in
athletic than non-athletic subjects (Pavlik & Frenkl, 1975). Further,
exercise could lover rates of synthesis of adrenal CA (Tipton, 1984),
effectively reducing the adrenergic stimulation on the heart and
vasculature. Exercise could also modify other aspects of the
consequences listed previously of SNS activation in response to stress,
such as an increase in the parasympathetic and decrease the sympathetic
drive on the heart (Ekblom, Kilbom, & Soltysiak, 1973; Scheuer & Tipton,
1977), thus blocking the increase in CO and HR due to stress; and/or a
halt in the sympathetic effects on the kidney, since exercise training
has been associated with lovered plasmz renin levels (Convertino, Brock,
Keil, Bernauer, & Greenleaf, 1983), and SNS activity can stimulate renin

release (Davis, 1974).

Exercise could cause intrinsic cardiac changes such as increased
stroke volume and contractility (Winters, et al., 1973; Lewis et al.,
1980), thus reducing HR and BP at a given level of SNS activity.
Exercise may also attenuate stress-induced glucocorticoid release
(Starzec et al., 1983), since glucocorticoids may have a modulatory
effect on adrenal CA synthesis (e;g;, Matlina, 1984) and/or reduce BP by
lovering body weight (e.g., Blackburn, 1978}, prbbably via a reduction
in plasma volume (Tipton, 1984). Finally, by lovering HR and pressor
responses to stress, exercise could decrease the perceived physiological
activation and thus not cause further emotional activation based on

perception of autonomic arousal.
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Thus, there are two possible general mechanismes to explain the
effects of exercise: 1) exercise could attenuate stress-induced HT by
directly réducing the SNS response to estress, or 2) by attenuating

aspects of the sequelae to SNS activation.
Models of Stress-induced Hypertension

Hypertension has been induced by various means such as alterations
' of the social environment in mice (Henry, Stephans, & Santistaban, 1975;
Henry, Meehan, & Stephans, 1967), operant conditioning procedures
invelving shock in dogs (Langer et al., 1979), primates (Forsyth, 1971;
Goldstein, Harris, & Brody, 1977), and rats (Buchholtz, Lavler, &
Barker, 1981), shaking of cages (Bunag, Takeda, & Riley, 1980), and by
motion, noise and flashing lights in rats (Smookler & Buckley, 1969).
Hovever, the HT induced in the latter twvo studies h;ve been only in the
borderline hypertensive range, and in the remaining studies was nct

maintained in the absence of stress.

Use of the Forderline Hypertensive Rat

The use of animal models genetically predisposed to develop
normotensive pressures may not be the ideal model in investigating the -
effects of stress. Howvever, since a certain degree of genetic
predispositioﬁ may be required (Lavler, Barker, Hubbard, Cox, & Randall,
1981; Freidman & Ivai, 1977), one obvious model is the épontaneously
hypertensive rat or SHR (Okamato, 1972). The efiology of spontaneous
hypertension in these animals is thought to be similar to that of human
ecsential hypertension, in that both involve an increased CO and normal
TPR followed by a chronically elevated TPR with normal CO (e.g., Smith &

Hutchins, 1979). However, the SHR develops HT at such an early age, and
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vith such consistency, that it is also inappropriate for studies
involving chronic stress. What is required in an appropriate animal
model of stress-induced HT is development of sustained HT only after
chronic stress, as in borderline HT in humans, and pathophysiological
adjustments similar to‘that seen in hu;an populations.

A more appropriate subject for studying factors affecting the
interactions betveen stress and genetic predisposition to develop HT has
been used by Lawler and colleagues (1981). These rats were produced by
mating female SHleith males of its normotensive progenitor strain, the
Wistar-Kyoto or WKY. These first generation homozygous offspring are
genetically predisposed to develop borderline hypertension as adults
(140-160 mmHg systolic BP). Prolonged and pronounced HT has been
induced in the BHR by the powerful ;psychological' streesor of shock-
shock conflict (Lawler et al., 1980; Lawler et al., 1981). In this
paradigm (similar to discriminated avoidance) animals are shocked for
not recponding during a signal preceding shock, and also receive a
briefer shock when an effective response is made. Unsignalled,
predict;ble shock has also consistently resulted in HT in this model and
thus appears to be a satisfactory stressor (Cox et al., 1985). Thus,
the use of this paradigm appears to have much potential for

" investigation of the interactive effects of stress and exercise.

Use of Voluntary Exercise

Nearly all studies employing physical training in animals have used
forced treadmill or swvimming. Although the main advantage of these
treatments is that the amount and magnitude of exercise is controlled,

they constitute stress, in themselves, for the animal (Cox, Hubbard,
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Lawler, Sanders & Mitchell, 1985a). This may contribute to the lack of
effect of exercise training on BP in aniwals. In fact, in one study
{Suzuki, Oshima, & Higuchi, 1979), forced exgrcised SHR’s had higher
pressures than their nontrained controls. When assigned to a voluntary
exercise group, the tféined animals had pressures.approximately 30 mmHg
lover than their controls. Especially vhen concurrently evaluating the
effects of stress on cardiovascular parameters, the alternative paradigm
of voluntary running vheel exercise is more appropriate. The only study
vhich has used this paradigm to attenuate the effécts of stress was that

of Starzec et al. (1983).

The present studies are designed to establish the effects of
various stressors on BP and HR, and the effects of voluntary exercise in
attenuating HT and TC induced by these stressors in an animal model of
strescs-induced HT. These studies, vhen combined wvith future work
evaluating the mechanism of the effect of exercise on HT, have the
potential of providing an effective model for investigating how life
stress can vesult in HT and TC in populations genetically at risk, and
how one possible treatment intervention can block these

pathophysiological outcomes.
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STUDY I

This experiment addressed vhether stress-induced hypertension and
tachycardia can by attenuated by voluntary running vheel exercise in the
BHR. A second aim vas to see if having control over the stressful
stimuli of ghock ﬁresentation vould result in reduced levels of BP

and/or HR than having no such control over shock.

Method

Subjects
Eighteen male and 18 female BHR rats from eight litters of SHR male-

WKY female matings were group housed (2-3 animals/cage), from weaning on
Day 21 until 16 veeks of age, and maintained in a colony room with other
rats on a 12:12 light:dark cycle with food (Purina Rat Chow) and vater
available ad lib. Eight additional animals (4 male, 4 female) from
three litters, maintained under the same conditions, vere left
undisturbed until BP measurement at 25 wveeks of age. These BHR subjects

served as controls for the effects of maturation.

The original design called for the use of all male animals, but due
to a lack of sufficient male offspring, both males and females vere used

as subjects.

Experimental Design

Avoidance Training.
Before subjects could be assigned to the stress conditions in which
control over shock presentation vas manipulated, a training period was

given to facilitate the acquisition of the avoidance response required
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to control shock delivery. To control for the possible effects of this
avoidance training, all experimental animals, except for the
maturational control subjects, vwere exposed to a discrimination paradigm
similar to that used by Lavler et al. (1980) for eight daily SO min
sessions. In this procédure, the animals vere placed in an operant
chamber (Gerbrands Model D) inside a sound-attenuating box. After five
sec, a stimulus light (CS) was presented. A lever press by the animal,
during or before this period reset the clock to the start of the pre-CS
period and resulted in avoidance of a 0.6 mA, one sec scrambled shock
delivered via the grid floor. A failure to respond during the five-sec
CS period resulted in delivery of inescapable shock. CS and shock
presentation were computer controlled. A learning score was calculated
for each session based on the number of effective responeges made by the
animal. This score was equal to the total number of shocks received
(NSHK) divided by the total number of effective responsecs + NSEK,
multiplied by 100 to remove the decimal point. A score of 0 would
indicate avoidance of all shocks by the animal, and a score of 100
failure to avoid any shock. For the two days followving avoidance
training, BP and HR measurements vere agéin takeﬁ on all animals, now 17

to 18 weeks of age.

Strese and Exercise Treatments.

Following avoidance training, subjects wvere randomly assigned to one
of six groups, but each group had to have three mgles and three females.
A maximum of three offspring from a given litter vere assigned to a
given experimental group to control.for a potential effect of the
preveaning environment and genetic differences on the outcome variables,

Analysis of variance showed that these groups did not differ (p > .10)
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in the total number of shocks received, mean learning score during the
last avoidance sescsion, or BP and HR before or after avoidance training.
Three leQels of stress and tvo levele of exercise resulted in the
folloving six groups: éhock-shock conflict- exercise, yoked-exercise,
handled-exercise, shock-ghock conflict-no exercise, yoked-no exercise,

and handled-no exercise, vith eix animals per group.

The conflict condition vas identical to the avoidance training
procedure, with the exception that an effective lever press resulted in
a brief (0.2 sec) shock. The yoked groups received the same frequency
and patterning of shocks as the conflict animals, but had no control or
signal of impending shock delivery. The "handled" groups wvere placed in
the chambers for the same length qf time as the shocked animals, but no
stimuli were delivered. The "handled” groups vere included as a control
for the effectes of daily handling during transfer to the shock chambers.
These stress protocols were follovwed for seven weeks, five days a week.
Each sessior lasted 40 minutes. During each session, all of the animals
in a group vere run simultaneously, after which the grid floor and trays
of the chambers were cleaned. All stress sessions occurred between 8 Al

and 3 PHM.

The order in vhich a given "conflict™ animal was yoked to a.given
control was rotated daily; The déily order in which the experimental
groups received the stress treatments wvas randomized to control for
circadian effects. Within each group, the actual shock chamber the
animal was placed in was rotated daily among the subjects, since the
shock gernerators, although of the same model, had slight variations in

current output.
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The exercice treatment consisted of free sccess to a 14 inch
diameter running vheel (Wahmann LC-34), equipped vith a counter,
attached to the animal’s homé cage via a four inch segment of 2.5 inch
diameter plexiglas tubing. The counters were checked daily and distance
run in kilometers (km) was calculated on a weekly basis for each animal.
On four days during the final twvo weeks of treatments, the amount of
running in the first hour immediately after daily stress sessions vas
observed. Half of the subjects from each exercise condition wvere
alloved to exercise in this manner. The remaining animals vere housed

in identical cages vith no wheels attached.

Three days after the conclusion of treatments, blood pressure vas
taken from all animals (nov 25 wveeks of age), vwho vere then housed in
pairs in cages vithout running vheels and left undisturbed for four

additional weeks. Final BP and HR's were then taken on all animals.

Rlood Pressure Measurement

All blood pressure observations were taken by the "tail cuff method”,
vhich tends to generate higher readings than direct BP measurement, vwith
a positive correlation between these methods of 0.80 to 0.90 (Bunag,
1973). Animals were prevarmed for 10'min at 36°C, then placed in a
customized restraining device inside a sound-attenuating chamber
maintained at the same tempersture. An inflatable cuff vas placed
around the tail and a photosensitive cell and light source placed distal
to the cuff. The photeocell is sensitive to systolic pulsations in the
tail artery. These pulsations triggered a cardiotachometer, providing a
simultaneous record of heart rate. Cuff pressures are automatically

increased and decreased for each BF recording.
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Heart rates were noted just prior to an infletion-deflation cycle.
At least 20 sec elapsed between successive cuff inflations. Systolic BP
vas recorded as the cuff pressure coincident with the return of the

pulse pressure.

¢

The mean of at leést three artifact-free tracings vere taken as
the BP and HR of that snimal. On occasicn, body movement during the
recording period necessitated more than three readings. The measurement
procedure lasted about 10 min. All BP measurements were taken betveen
12 and 4 PH. The experimenter vas blind as to the experimental
condition of the animal being measured. After baseline BP and HR vere
taken at 16 veeks of age, all experimental animals vere individually

housed in opaque polypropylene cages (46 x 24 x 20 cm).

Results

Avoidance and Conflict Learning

Analysis of learning scores on the final day of avoidance training
shoved that the procedure employed resulted in very poor acquisition.
Only five of the 36 animals received learning scores below 95 during
this session, four of these five receiving scores betveen 75 and 9S.
When group data vere analyzed, no group had learning scores
significantly different from 100 in that the mean plus the standard
error of the mean (S.E.N.) was greater than 100. Of the five animals
that did have a learning score under 95 on the final day of avoidance
training, three had been randomly assigned to the confliect group. Two
of these animals failed to maintain even minimal (mean learning score
under 99) recponding vwhen placed in the conflict paradigm. The animal

vith a score on the final day of avoidance training under 95, which hsad
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been assigned to the conflict group, was the only animal to shov any
maintenance of responding (mean learning score of 85) during the seven

veeks of conflict.

Because of these results, the type 6f stress experienced by the
animals was not tﬁat originally intended, but after exclusion of the
above animal (S-NE group), it could be redefined as follovs. The
conflict group effectively received signalled predictable shock, either
with exercise (S-E), or without exercise (S-NE). The yoked group
received unsignalled shock as originally designed, with (U-E) or without
(U-NE) exercise. The "handled® group received no shock, also wvith (H-E)
or vithout (H-NE) exercise. Figure 1 presents a diagram of the
redefined experimental design. Numbers within parentheses in each cell

refer to the number of subjects per condition.

Running Wheel Activity

All animals in the voluntary exercice conditions used the wheelcs
extensively each day. There were, hovever, differences in the amount of
running among the stress groups (group x time repeated measures: P(F =
7.06) < .01, df = 2,71), with the "handled" gubjects running more than
the animals receiving signalled shock (Newman-Keuls: p < .05). 1In
figurg 2 the amount of running, expressed as kilometers per veek per
animal, is shown for each of the exercising groups over the course of
the seven veek treatment period. The distance run increased
significantly over time in all groups as determined by linear trend
analysis (P(F = 18.84) < .01, df = 2,71). The 'ﬁéndled" groups ran an
average (mean * S.E.M.) of 41.81 + 7.97 km/wk, the U-E group 36.€5 +

.22 kr/wk, and the C-E subjectes 32.06 + 6.46 km/wk,
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Running rates were estimated by timed (10 min) obeervations in ten
animals over the course of the experiment. The mean rate of running was

17.2 + 4.8 meters/min.

From observations made on four days during the final tvo veeks,
about 12% of the total running on stress treatment days occurred in the
first hour after being returned to their home cage. Thus all animale
ran more in this first hour after the treatments than the average number
of runs per hour on that day (P(F = 4.90) < .05, df = 2,90). All three
exercising groups showed this effect, with no differences among the

groups.

Blood Pressure and Heart Rate

Table 1 precents mean (+ S.E.M.) BP and HR for all experimental
groups during the course of the experiment. These recults, summarized
below, are presently graphically as mean change scores from baseline in

Figure 3.

Except for results from the avoidance training and follow up
measurements, all analyses vere based on change scores from initial
baseline measurements to readings taken after the termination of all

treatments.

Avoidance training.

The avoidance training procedure resulted in é'small but significant
rise in BP (P(t = 2.85) < .01, df = 70) from an initial baseline (+
S.E.M.}) of 157 + 2.6 to an average pressure of 168 + 2.4, Heart rate
decreased (P(t = 2.52) < .05, df = 70) from a mean of 447 » 9.2 to 415 »

3.0 after avoidance training irn the experimental animale.
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Non-exercised animals.
Blood pressure

Planned comparisons fevealed that there vas a significant overall
increase in B? in the non-exercised animals as a consequence of stress
(P(t = 9.13) < .01, df = 32). BP increased significantly from baseline
values in all three stress groups. Furiher, these increases vere not
significantly different among the stress types, although the handled and
unsignalled shock groups shoved a greater, although not significant,
rise in BP than the S-NE animals (Means # S.E.M.: H-NE 45.5 2 11.6;
Y-NE 42,7 + 5.3; S-NE 26.6 * 11.2). That these changes vere due to
stress and not maturation is indicated by the fact that initial baseline
measurements of BP of these experimental animals (153.3 : 3.2) vere not
gignificantly different from those of the MC group, the mean of which
vac 155,8 + 15.3 mmHg vhen measured at 1€ veeks of age. Also, the
increace in blood pressure from baseline readings to termination of
treatments was significantly greater in the non-exercised subjects (35.7
+ 5,.7) than the changes in BP of the maturational control animals (3.4
4+ 5.6) measured at the same age of 25 weeks (P(t = 2,72) <.01, df = 41},
The increase from baseline in BP in the experimental animals vas still
significant after the four week recovery period (P(t = 5.10) < .01, df

= 32).

Heart Rate.

Although the increase in heart rates frﬁm baseiine was not
significant for any of the stress types when analyzed indépendently (t-
test), a planned comparison revealed that this increase wacs significant
(P(t = 2.26) < .05, df = 34) vhen data vere pooled for all groups.

Further, thic increacse in HR after all treatments in the sedentary
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animals (39.0 + 10.4) vas significantly greater than the change in HR (-
€.2 + 12.8) in the MC group (P(t = 3.04) < ,01, df = 23). The HR
changes in the stressed animals vere not long lasting, as shown in a
return to near baseline values in all groups four weeke after

termination of treatment.

Exercige trained subjects.
§;ggi Presgure.

Results for the subjects alloved to exercise revealed different
cardiovascular responses. Although BP did increase from baseline to the
termination of treatments vhen the three exercise groups vere combined,
(P(t = 2.861) < .05, df = 34), in the H-E group this increase wac nct
eignificantly different from zero (6 + 14.8), or from the change in EP

over time in the MC group (t-test).

Heart Rate.

Heart rates in the exercise groups, in contracst to the sedentary
groups, decreased after stress (P(t = 4.11) < .01, df = 34}, vith no
differences .n the degree of bradycardia amorg the three groups. Only

the U-E group did not show a sgignificant decreacse in HR.

Effects of voluntary exercise.

In order to clarify the effects of exercise on BP and HR, two-way

(stress x exercise) ANOVA’s wvere conducted on the change scores in blood

pressure and heart rate from initial baseline measurements to recordings
made after the termination of all treatments. No”effects of gender were
found on changes in BP or HR from baseline to the termination of
treatments in the experimental animals. The variances acssociated with

these analyces vere alco fcund to be homogeneous (F’>.10 in all cases).
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Therefore, the tvo-way ANOVA did not include gender as an independent
variable. Voluntary exefcise eignificantly attenuated the increases in
both blood pressure (P(F = 4,86) < ,05, df = 1,29) and heért rate (P(F =
18.19) < .01, df = 1,29) from initial values of the experimental

subjects.

No significant main effect of stress vas obtained for BP or HR.
Although the stress by exercise interaction in this analysis vas not
significant for BP or HR, post-hoc comparisons among the three stress
'groups revealed that the "handled® subjects showved the greatest exercise
effect on BP (H-E vs. H-NE, Nevman-Keuls: p < .05), vhile the
unsignalled shock group showed a trend in this direction (U-E vs. p <
.10). The effect of esxercise on HR was significant in each of the
stress groups (Newman-Keuls: p < .05). Both these comparisons and the
overall effects remained valid when the amount of running in each stress

group wac adjusted by using the total distance run as a covariate.

Discugsion

The major finding of this study was that voluntary exercise
attenuated increases in BP and HR due to chronic stress in the BHR.
This effect of egercise on BP vas most robust in the handled control
groups. This study is the first demonstration of this effect of

voluntary exercise on either HR or BP.

In the non-exercised animals, blood pressure and heart rate of the
BHE subjects increased due to three types of daily stressors. The fact
that the stresced animals had higher pressurecs and heart rates than the

maturational controls suggeste that these increases vere due tc the
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stress treatments per se, and not to general environmental conditione or

aging. .

These.results are consistent with results of other studies showving
increases in BP and HR in BHR rats follgving either shock-shock conflict
(Lavler et al., 1980; Lawvler et al., 1981) or unsignalled shock (Cox et
al., 1985). The decrease in HR folloving avoidance training may reflect
a decreace in cardiac output shown to occur after relatively short-term
shock stress (Forsyth, 1971). Voluntary running vheel exercise not only
blocked the stress-induced increases in.HR due to daily stress, but in

fact resulted in decreasez from the initial values.

In this study it vas intended that shock-shock conflict be
incorporated as one of the stressors. However, only one animal acquired
the avcidance recponse and maintained responding. Thesze procedure:z
differed from previous studies by lawler et al. (1980, 192!), in whickh
the conflict paradigm was successfully employed. 1In thie earlier vork,
animals vere required to turn a vheel to avoid tail chock, as opposed to
the presént study in which a lever press was necessary to avoid foot
shock. The responcse of vheel turning is more similar'to the observed
escape-directed behaviors seen during shock.in these animals, namely
running or climbing, than to the response of bar pressing. It involves
a preparatory escape movement of forepaw extension. Thus, the operant
respornce of bar pressing may have been relatively incompatible with this
species-specific defense reaction engendered by sﬂock (Bolles, 1970C).

In the procedures of Lavler et al., animals vere also punished if they
failed tc maintain an adegquate level of responding, and a longer (15
days) avoidance training period wac used with a 10 sec incstead of a S

sec CS and pre-CS period. Any of these modificaticns may have
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contributed to the failure of the subjects to acquire and maintain
adequate responding in this experiment. Nevertheless, by excluding the
animal that retained the avoidance response, the stress received by this

group effectively became signalled shock.

The group vwhich received only eight days of avoidance training and
no further shock (H-NE group) also showed significant increacses in BP
and HR. These results vere not expected, as this condition vaé included
ac a control group. Thus, the stressor vas apparently not under
experimental control. These changes vere thus presumably a consequence
of daily handling and/or placement into chambers previously associated
with footshock. In fact, all strecssors used in this experiment invclved

multiple and confounded treatments, which could be additive.

The =ignalled and uncsignalled shock groups also included social
icolation of the animales and daily handling and placement into the shezi
chambers. The "handled" groups vere also socially isolated, and vere
placed into naperant chambers previoucsly associated with footchock, thuz
perhaps experiencing threat of shock delivery. Presumably, the
conditional association of the operant chambers with footshock in the
*handled"™ animale might extinguish over the relatively long time period
of this experiment. Thie contention is supported in a study in which the
behavicral response to a CS previously paired with shock extinguished
over time when presented alone (Millenson & Dent, 1971). All animale
vere placed in the same set of operant chambers: thue the "handled"®
animals were also exposed to olfactory stimuli given by their sghocked
conspecifics. Ratz, with well developed olfactory systems, are very
sensitive to these putative pheromones, knowrn to be released during

stress (Mackay-Sim & lLaing, 19@1). Odors from stressed rats have been
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shovn to affect the activity of nen-stressed conspecifics (Hackay-Sim,
1980), and may affect other behavioral and physiological responses as
vell. In fact, one recent study (Fanselov, 1985) reported the “induction
of analgesia in rats due to placement into an environment vhere

congpecifics had recently been shocked.

Although social isolation alone has not been shown to increase BP
in the BHR (Lavler et al., 1980), its effects on HR in this strain of
animals is not known. Continuous isolation of normotensive Wistar ratcs
for just five days has been shown in one study (Gardiner & Bennett,
1977), to result in significant increases in’both HR end tail cuff BP,
Thus, isolation may have contributed at least in part to the HR and BP
increases observed in the non-exercised subjects. In addition, the BP
measurement procedures themselves, involving heating and restraint of
the animal, may have had an exacerbating effect on "basal" BP and HR, or
a eynergistic and confounded effect vith isolation. However, presumalbly

this effect would be equal in all groups.

Although the effects of forced exercise on decreasing HR-is well
documented, exercise has only modest effects on reducing BP in othervice
unstressed subjects (e.g., Blomqvist & Saltin, 1983; Scheuer & Tipton,
1977). Thus an effect of exercise may be more easily demonstrable when
given concurrently with stress. This effect of exercise on HR is
ecpecially notevorthy since it occurred in animals subjected to stresc
treatments that resulted in HR increases in the‘aﬁsence of exercise.
Hovever, it vas found in the present study that the effects of both
exercise and stress on HR vere not long lasting. There wasc a return to
near baseline values four weeks after terminastion of all treatments. In

contrast, blood precsurez remained elevated from bacseline after recovery
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due to daily stress. This elevation has been shown to persist ac long
ac 12 wveeks after termination of conflict shock stress in the BHR
(Lavler et al., 1981; Lavler et al., 1984). Howvever, the effect of
exercise on the cardiovascular system is often lost within a fev yeeks
after cessation of training (Scheuer & Tipton, 1977). The different
time courees for recovery of BP and HR due to chronic stress may reflect
different underlying mechanisms for the physiological sdaptations
involved. One explanation would involve permanent structural
adaptations in the smooth muscle of arterioles as a result of the
increased BP due to strecss (Folkow, 1982; Bevan, 197€), in contrast to
the HR increases due to strecss reflecting a revercible increace in
resting sympathetic and/or decrease in parasympathetié tone. This
recult alsoc implies that dynamic changes in physiological setpointe aere
more likely mecharisms to explain changez in HR due to stress and
exercise than are etructural changes, such as cardiac hypertrophy and
changes in myocardial fiber length. This viev ie in general agreement
with the couéensus on the cause of trainingfinduced bradycardia (Tipton,
1984; Blomgvist & Saltin, 1983). However, since the subjects were group
housed during these four veeks, the changes in BP and HR are potentially

confounded with this change in housing condition.

It is possible that the attenuation of stress-induced HT end TC in
the exercised subjects reflected not an effect of exercise per ge, but
the atility to enter into another area from the home cage. Thie

possibility is addressed in the second experiment.

In thie firet study it wvas also found that veluntary exercise wvacs
effective irn attenuating HT induced by daily stress. It was not

expected that exercise weould lover PP in some groups and raise BP in
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others, so a streses by éxercise interaction was not predicted. Based on
post-hoc tests, the exercise effect vas most prenounced in the "handled"
group, even vhen adjustments vere made for differences in the amount of
running among the groups. While the ®handled" animals with no access to
running vheels shoved a highly significant 45 emlg increase in BP from
baseline, the blood pressure of those able to run shoved a non-
significant 6 mmHg increase ac a cansequence of stress. Since voluntary
exercise had no effect in the signalled shock group and only a marginal
effect in the unsignalled shock condition, this result implies that
voluntary exercise is not effective in reducing HT induced by eall
stressors, but rather may be most effective in countering
*psychologically” induced hypertension such as "handling®"/threat of
shock, acs opposéd to more "physical® stressors such as high density

footshock.

There are three poscible explanations for why exercise wvas
effective only in attenuating stress-induced HT in the ®"handled" groups.
First, this finding could represent Type I error. The overall effect of
exercise in attenuating stress-induced HT was significant (p<.05), and
only vhen the analysis was cbllapsed over the independent‘variable of
sex. Second, it is possible that the attenuating effect of exercise on
HT vas not seen in the chronically shocked animals, since during shock
the animals engaged in vigorous escape directed aétivity, vhile the rats
in the "handled" condition generally remained immobile. Thic activity
in the shocked animals may have partially blocked the locally mediated
constriction in gkeletal muscle beds that exercise is presumed to reduce
according to the LA hypothesis. Hovever, thic explanation presuppocse:z

that thic type of muscular activity would be sufficiently irntenze ¢:
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utilize the increased blood flov to muscle, and that autoregulatory

constriction can continue after removal of the stressor.

A third explanation is that exercise may only be effective in
blocking the hypertensive effects of vhat are coammonly thought of as
relatively mild stressors (e.g., ®handling"). The shocked animals
received a total of about 7400 shocks, vhile the "handled" groups
received no shocks during the period in vhich exercise vas svailable.
Volﬁntary exercise, therefore, may not be able to counteract such a long

term intense stress as that received by the ghocked animals.

The animals that vere shocked ran somevhat less than the "handled”
subjects, paralleling the phenomenon of shock-induced depression of
spontaneous motor activity (Weiss, Bailey, Pohorecky, Korzeniowski, &
Grillione, 1980). This phenomenon, which vas shown to occur after an
acute (one hour) treatment with intencse (4 mA) inescepsble shock, may
explain the observed differences in the amount of running in the
exercicing g-oups to be due to the effects of shock stress. The acute
increase in running just after stress may reflect a discharge of the

presumed emotional activation due to the preceding strescor.

Study I vas not designed to eliminate alternative hypotheses about
mechanisms by vhich voluntary exercise led to attenuation of stress-
induced HT and TC. A pilot experiment was conducted to see if one
predicticn of the LA hypothesis would be indirectly supgorted (gee
appendix). According to this hypothesis, locally mediated
vasoconetriction would occur in skeletal muscle beds if phyeical
activity is not engaged in during periods of increased BP. Irn order for

physical activity, i.e., vocluntary exercise, tc be able to discsipate
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this postulated constriction, TPR would have to remain elevated after
the animal has been removed from the shock chamber and reiu}ned to the
home cage, at wvhich time thé snimal has an opportunity to run. Since no
eimple and valid measurement of TPR was available, in this study QP vas

measured directly before, during, and after s ltre-s_cocsion.

The gecond experiment vas designed to 1ndirectly‘test another
prediction of the LA hypothesis, that exercise immediately after strecs
vould be more effective in attenuating increases in BP and HR than
exercise prior to strees, as well ac to replicate and extend the

findings from Study 1I.
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STUDY II

The gpecific aime of the second study were as follovs:

1) to replicate the effect of freely avasilable voluntary exercise on
attenuating stress-induced HT and TC in the BHR.

' 2) to delineate in more detail the time course of the chanées in BP
and HR.

3) to determine whether the increases in BP in the "handled" group in
Study I were due to placement into an environment previously associated
with shock, daiiy handling and placement into a different environment,
or social isolation.

4) to address vhether the attenuation of increases in BP in the
exercige groups in the first experiment vas due in fact to physical
exercige, or to the ability to enter another area from the home cage.

5) to see if the temporal relation between application of stress and
exercige had significant consequences on BP.

6) to see if one prediction of the local autoregulation hypothesis,
that exercise would be more effective if engaged in immediately after

stress than prior to stress, was indirectly supported or not supported.

Experimental Desgign

To simplify the basis for the experimental conditions in Study 11,
the groups formed are discussed in terms of the specific aims outlined

above. Figure 4 presentz the design in a schematic diagram.

In order to determine what aspects of the "handling" procedure

resulted in HT and TC in Study I, three types of stressors vere used.
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One stressor, threat of shock (NS group), involved medium density
inescapable footshock for one week, folloved by five weeks of very low
density shock (see method). A total of 25 shocks were given during
these five weeks, presumably not enough to elicit HT and TC in
themselves (i.e., if given acutely), but sufficient to maintain a
cogstant threat of shock delivery. Thus, this stressor was expected to
be more 'psychologicél' than physical in nature. This stressor should
reliably elicit HT and TC in the absence of exercise, since it is
gimilar to the "handling® paradigm used in Study I, wvith some additional
shocks given. The second stressor involved daily transfer and placement
into operant chambers as above, but no shocks were delivered at any
time. This group (NH) received "handling” and no further stress. To
control for these daily manipulatiéns, a third streas group (NN) vwas
also included vhich was not treated except for weekly BP and HR

recording.

Since some of the animales in these stress groups also had access
to a running vheel (this requires one animal per cage), all of the above
animals vere socially isélated and had wvire mesh chambers attached to
their home cage to allov comparisons to be made. - To determine any
effects isolation alone may have on BP and HR, another group of BHR’s
(NNG) remained group housed throughout the experiment. These animals

also served as maturational controls.

To see if the availability of another area other than the home cage
had any effect on BP or HR, some animals were socially isoclated but did
not have another area to enter from the home cage and wvere othervwise
undisturbed (NNI). Comparisons made among the NN, NNI, and NNG subjects

provided an evaluation of the effects of social isolation and the
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ability to enter another area from the home cage on BP and HR.

To provide a more refined examination of the effects of exercise
found in the first study, one gfoup of subjects given threat of shock
stress wvere allowed continuous access to a running wheel (CS), while
another group had free access to a wire mesh chamber (NS). Half of the
animals subjected to daily "“handling®™ had continuous access to a running
vheel (CH), and half had access to vire mesh chambers (NH). These four
groupe provided a test of the effect of exercise in attenuating stress-

induced HT and TC.

To evaluéte vhether exercise would be more effective in blocking
stress-induced increases in BP and HR if engaged in immediately after
sfress, tvo additional groups wvere included. Both of these groups wvere
subjected to the stressor most likely to result in HT and TC, namely,
th?eat of shock. One of these groups (IS) could only engage in running
vheel exercise for one hour immediately after stress (IS), while the
other (PS) could only engage in exercise for a period of 90 min several

hours prior to the daily stress session.

The length of time that exercise was available allowed a rough
equalization of the actual distance run between these two limited
exercise groups. Thie length of time was used since two hours of forced
swimﬁing (Cox et al., 1985) and three hours of voluntary running wheel
exercise (Starzec et al., 1983) vas sufficient in previous studies to
shov an effect of exercise. Since this running occurred both before and
after fhe six daily stress treatments, a time period under three hours
vas chosen so as to avoid disfurbing the animals near a change in their

daily light:dark cycle.
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To summarize, thie design addressed four questions: 1) Was the
effect of voluntary exercise on attenuating stress-induced HT and TC
replicable. (A comparison of the continuous exercise groups (CH + CS)
vith the similarly stressed non-exercised animals (NH + NS)). 2) What
aspect of the "handling" procedure in Study I vas necessary and
sufficient to cause HT and TC. (Comparisons among the NH, NS, and NN
groups, and an evaluétion of the effect of social isolation (NNI vs.
NNG)). 3) Is the temporal relation betveen exercise and stress
important for changes in BP and HR. (Comparing groups IS and PS). 4)
Does having another area accessible from the home cage result in effects
gimilar to those seen when a running vheel is available. (A comparison

betveen groups NN and NNI).

BP and HR’s were obtained weekly from all animals by the tail cuff
method under light ether anaesthesia., BP measurements using this method
have been shown to correlate highly with direct BP readings in avake
animals (Borkovwski & Quinn, 1983), although ether administration is a
known stressor. Advantages of ether use include rapid determinations of
systolic BP, and no active struggling or preheating of the animal. When
measured in awake animals, the variability in the degree of struggling
and length of time in the heated apparatus may have contributed to
differences in the BP readings among the animals. It was hoped that
this method would result in a significant decrease in the variability of

BP and HR readings within an animal.
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Method

Subjects
The subjects for this study were 48 male BHR’s from 13 litters of SHR

male-WKY female matings, group houged (4 animals/cage) from weaning on
Day 24 until 10 veeks of age and maintained in a colony room containing
other rats on a 12:12 light:dark cycle with food and vwater available ad
lib. Procedures began at this earlier age, relative to Study I, since
it was thought that cardiovascular responses would be similar to those
at 16 wveeks as long as stable adult levels (seen at 8 weeks of age) had

been reached.

Subjects vere randomly assigned to the experimental conditions,
with the precondition that no more than three offspring from a given

litter were assigned to the same experimental group.

Blood Pressure and Heart Rate Measurement
Blood pressures and heart rates were taken veekly (except in the NNI
and NNG subjects - see below) from baseline values prior to the
treatments (Week 0) through Week 5 by the tail ¢cuff method as described
in Study I, wvith the followving exceptions. Light ether anesthesia was
given as follovs. The animals were placed into a glass jar containing
ether fumes. Once the animal was anesthetized (S to 10 min), recordings
vere made until the animal awvakened (3 to 10 min) and moved its tail out
of the tail cuff. Occasionally, the animal would awaken before three
recordings could be made. In this case, the animal wvas reanesthetized

‘and the procedure repeated. The median of three consecutive recordings

immediately prior to awvakening was taken as the BP of the animal.
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Median, as opposed to mean, pressures wvere scored to reduce the effect

of occasional extreme values.

Analyses revealed that using the median instead of the mean did not
significantly alter any differences among Ehe experimental groups.
Since a cardiotachometer was not available for this study, the HR
(beats/min) vas taken to be the number of systolic pulsations in the
tail artery found in'a three gecond period just prior to the recording
of the median BP value, multiplied by 20. These pulsations vere
measured by the tail cuff method (see Study I) Cuff pressures were
increased every 10 to 30 sec. The NNI and NNG groups had measurements
taken every three veeks, from Week 0 through Week 9. All measurements
vere taken at least three hours after any stress treatment (betveen 1
and 6 PM). After baseline recordings were taken at 10 weeks of age,
subjects were then introduced to their respective home cage environments

({isolation, running vheel, etc.), and treatments began three days later.

To allov some determination of the effects of ether anesthetization
on BP and HR, recordings of all subjects vere also taken vhile awake
(see Study I for methods) three days after the termination of treatments

(Week 6).
Stress Treatments

The animals exposed to threat of shock (IS, NS, PS, CS) were
treated as follows: During the first week (Mon-Fri), the animals wvere
placed into operant chambers as in the first study. During the 50 min
gession, they received one sec pulses of random uncontrollable shock
delivered via the grid floor (0.4 mA, scrambled) with a median

intershock interval of four min. Thereafter, they vere placed into the
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chambers as before (50 min sessions) but received only five shocks per

veek on a random bagis for five additional weeks.

All stress treatments, including handling, occurred between 9 AM
and 3 PM, and the order in which animals were placed into the chambers
were randomized as in Study I. The grid floor was cleaned sfter every

éession, and the trays cleaned daily.

The handled treatment (CH, NH) vas identical to that.of threat of

shock except no shocks vere delivered at any time.
Exercise Treatments: Continuous exercise.

Animals in the continuous exercise groups (CH, CS) had free access
to running wheels from their home cage as described in Study I.
Counters vere checked daily and compiled weekly for distance run. As in
Study I, the distance run in the first hour after stress treatments was

noted on four days during the final two veeks of treatments.

Limited exercise.

Animals in the immediate (IS) and prior (PS) exercise groups had a
running vheel attached to their home cage, but vere able to run only
during the times specified. This was achieved by locking the wheels
vith a metal clip. When running vas alloved, the vheel was unlocked and
the animal usually then entered the wheel and began running. The water
bottle was then moved so as to block & return tb the home cage and
facilitate running. Occassionally, the animal had to be gently prodded
to enter the vheel. At the conclusion of the exercise period, the
vheels were locked, water bottles returned, and the 3istances run noted.

To equalize the distance run in the immediate and delayed exercise
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groups, pilot observations vere made of séveral Wigtar-Kyoto rats to
determine how much they ran in the hour immediately after stress, and
the amount of time required for an equivalent amount of running, three
hours prior to stress. During the experiment, the amount of running
prior to stress vas cioaely monitored and duration of vheel access for
the IS animals adjusted as necessary. For all buf four days of the six
veek treatment period, the PS animals ran for 90 min and the IS subjects

for 60 win. On those four days, both groups ran for 90 min.
Control Groups

Wire mesh chambers.

The subjects in the NN group, as vell as the NH and NS animaleg, had
access to wire mesh chambers through a four inch segment of plexiglas
tubing attached to their home cage. The chambers were roughly
gemicircular in shape with the same diameter as the running vheels
(14"). The NN subjects vere othervise undisturbed except for vweekly

recordings.

Isolation controls and group housed animals.

The isolatioh controls (NNI) vere individually housed in cages
similar to those of all other subjects (46 x 24 x 20 cm, opaque
polypropylene) and received no treatments other than BP and HR
measurements. The group housed subjects (NNG) were rehoused after

baseline measuremente with three animals in the cage.

All stress and exercise treatments lasted six weeks. Body weight
and rectal temperatures were taken the day after treatments were

terminated.
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Results

Running Wheel Activity

Continuous exercise groups.

As previously found, all animals in the freely available voluntary
exercise conditions (groups CH and CS) used the vheels extensively.
Running wheel activity during the coursé of the experiment is shown in
Figure 3. There‘was a positive linear trend in running over weeks (P(F
= 16.23) <.01, df = 1,55), with no significant difference in the
distances run between these two groupé. Overall, the handled group (CH)
ran an average of 48,83 + 1.88 km/wk, and the threat of shock (CS)

subjecte ran 45.51 + 6.58 km/wk.

Running rates, determined by similar methods to that in Study I,
had a mean of 18.6 * 3.4 meters/min. The distance run in the hour
immediately following the stress treatments vas not significantly
different from the hourly average during that day in neither the threat
of shock nor handled groups. The average amount of running during this

hour vas 62% lesg than the amount observed in Study I.

Limited exercise groups.

The subjects in the limited exercise groups (IS and PS) ran when
presented the opportunity to do so. Figure 6 shows the mean distances
run in these two groups over time. As in the continuous exercise
groups, there was a significant linear increase over time by trend
analysieg in running over weeks (P(F = 9,92) «<.01, df = 1,55), with no

significant difference in the distances run between the IS and PS
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groups. A highly significant quadratic trend (increase folloved by

decrease in both groups) was also found (P(F = 23.88) < .01, df = 1,55).
Overall, the IS group ran an average of 2.37 + 0.45 km/wk and the PS

group 2.48 + 0.45 km per veek.
Overall Analysig of Variance

To compare the results of this experiment to Study I, a two-wvay
(exercise and stress) ANOVA vas performed on results from the CH, CS,
NH, and NS groups. For BP, there vas an overall effect of the stressors
to increase BP over time (stress x time: P(F = 3.01) = .05, df = 5,23),
but no such effect of exercise or interaction. For HR, there was a
significant effect of exercise to alter HR over time (P(F = 4.69) < .01,
df = 5,23), but no significant effect of stress over time or an

interaction.

Description of Additional Statistical Analyses.

To characterize the BP and HR response over time, trend analyses
vere performed for BP and HR in each group. This type of analysis
allovs a characterization of the pattern of change over time. Since
this analysis involved a vithin-subject design, the subject by time
interaction for that group vas used as the error term. If a significant
linear component was present in a group, slopes vwere generated for each
subject in that condition, reflecting the rate of increase in BP or HR
vith time, If a cubic trend was present, slopes were similarly
generafed as an approximation to a linear function. If no nonlinear
trends vere found, group comparisons vere made using the slopes of the
appropriate subjects. Although a statistical comparison between groups

with different types of trends (i.e., linear and gquadratic) is not
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posegible, this result implies a difference in response pattern.

Table 2 presente the mean (+ S.E.M.) blood pressures and associated
trends for all groups over the course of the experiment. Table 3

depicts these results for heart rate.

Bageline Blood Pressure and Heart Rate
Initial BP and HR readings (Week 0) revealed no significant
differences, based on a conservative alpha level of .10, among any

groups on BP or HR. Thus, all groups started from similar BP and HR

values.

Threat of shock vs. handling.

Figure 7 presents the time course of the effects of threat of shock

(NS), handling (NH), and no stress (NN) on BP.

To determine whether BP and HR increased because of threat of shock
or handling; the above three groups vere compared. Analyeis revealed a
significant positive cubic trend in the NS group (P(F = 8.87) <.01, df =
1,25). BP tended to increase, decrease slightly, then increase again.
A positive linear trend vas found in the NH group (P(F = 4,.89) <.05, df
= 1,25). No significant linear or nonlinear trend vas apparent in the
NN group. No significant differences in slopes were found among these

groups.

Isolation effect.
To determine 1f social isoclation was associated with an increase in
BP, the groups NNI and NNG were compared. Figure 8 presents the time

course on BP of the group housed and isolated animals., The NNI animals
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had a significant negative linear trend (P(F = 7.83) < .05), df = }1,6),
vhile the group housed subjects showed a positive quadratic trend (P(F =
10.39) < .05, df = 1,6), due to a decrease over time followed by an

increase at the last measurement. ¥
Effects of Stressors on HR (Non-exercised Grougé)

Threat of shock vs. handling.

Figure 9 presents the time course of the effects of threat of shock
(NS), handling (Nﬁ), no stress (NN) on HR. Analysee revealed
significant positive linear (NH: P(F = 15.04) < .001, df = 1,25; NS: P(F

= 4.64) «<.05, df = 1,25) and negative (increase followved by decrease)

quadratic (NH: P(F = 11,58) <.01, df = 1,25; NS: P(F = 6.53) «.05, df =
1,25) trends over time in both the NH and NS groups, and a significant
positive linear trend in the NN group (P(F = 17.358) «.01, df = 1,25).

No differences among these groups were found when slopes vere compared.

Igolation effect.

Figure 10 presents the time course of HR on the socially isolated and
group housed controls. Both of these groups shoved a significant
positive linear trend (NNG: P(F = 24.52) <.0l1, df = 1,6; NNI: P(F =
38.04) «<.01, df = 1,6). When the slopes of these groups were compared,
there vag a tendency for the NNI group to have greater slopes than the

NNG group (P(t = 1.86) < .10, df = 5)

Effects of Exercise on BP: Continuous exercise.
To determine if freely available voluntary exercise would attenuate
stress-induced increases in BP, the groups CH, CS, NH, and NS were

compared. The continuous exercise and handled group (CH) shoved a

significant positive linear trend over time (P(F = 5.04) < .0S, df =
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1,25). The CS group shoved no linear or non-linear trend. The slopes

of the CS and CH groups were not significantly different.

Since there were no significant differegces betveen threat of shock
and handling treatments for either the exercised or non-exercised
animals, these groups vere combined for simplificaticn. Figure 11
presents the time course of BP changes in the continuous exercise (CH +
CS) and no exercise (NH + NS) groups. Both of these combined groups,
regardless whether able to exercise voluntarily, showved similar linear
and pogitive increases over time (CH + CS: P(F = 5.68) < .05, df = 1,55;
NH + NS: P(F = 4.08) <.05, df = 1,55). The mean (+S.E.M.) slope for the
exercise groups was 3.19 *+ 1.17 and for the non-exercised groups 3.21 +

1.43.

Limited exercise groups.

Trend analyses on the IS and PS groups shoved a significant positive
linear trend in the immediate exercise (IS) group (P(F = 7.01) < .05,
df = 1,25) and a significant positive cubic component in the prior
exercise (PS) group (P(F = 8.84) < .01, df = 1,25). A direct comparison

of slopes revealed that these groups did not differ from each other.

In summary, voluntary exercise did not attenuate increases in BP in
any of the experimental groups. BP did increase over time in all stress

groups, but not in the unmanipulated control groups (NNI, NNG).

Effectg of Exercise on HR: Continuoug exercise.

ey, | e | e ———s  —— ——" | O —————————

Both the CH and CS groups shoved significant negative (increases
followed by decreases) quadratic trends over time (CH: P(F = 22.94)

<.01, df =1,25; CS: P(F = 75.12) < .01, df =1,25), but no linear
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increase. When these continuous exercise groups were combined, there
vas an overall significant positive quadratic trend (P(F = 79.36) < .0},
df = 1,55) and no linear trend over time. 1In comparison, the
nonexercised groups (NH + NS) shoved both a significant linear increase
and a quadratib trend over time (Linear: P(F # 20.53 < .01, df = 1,55:
quadratic: P(F = 12,.80) < .01, df = 1,55). Figure 12 presents the time
course of this overall effect of continuous exercise on HR (N=12 per

group).

Correlations were also computed weekly between the cumulative
distance run and the change in HR from baseline for the CH and CS
animals combined. This correlation reached significance after the third
veek (r(11) = ,58, P < .OS), and remained correlated at or beyond this

significance level for all remaining weeks.

Limited exercise.

Trend analyses revealed a significant positive linear trend in the PS
group (P(F = 13.60) < ,01, df =1,25), but failed to attain significance
in the IS animalé (P(F = 3.40) < ,10, df =1,25). The slopes of these

two groups vwere not significéntly different from each other.

The heart rates of the animals alloved limited exercise vere not
significantly different from the non-exercised subjects, and vere
gignificantly higher than in the animals with exercise continuously

available (Nevman-Keuls: p < .0S5).

— Ee——— ————— e p————————— —t—  —

The effect of having another area which could be entered from the
home cage was addressed by comparing the NN group to the NNI group. As

noted, the NN group had no significant linear or nonlinear trend, while
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BP’s in the NNI group tended to decline. The slopes of these groups

vere not gignificantly different from each other.

i e————— ———— S————————————— —————

Both the NN and NNI group had a significant positive linear trend
(see above). The corresponding slopes were not significantly different

from each other.

Anslyses of Weights and Temperatures

The subjects alloved continuous exercise (CH, CS) had significantly
lover body weighte than those not alloved exercise (NH, NS) (P(F =
18.66) <.01, df =1,22). The means (+ S.E.M.) of the exercised subjects
wvas 361 + 3;41 grams, and for the non-exercised rats 406 + 4.54 g. No

other comparisons among groups were significant.

There were no significant differences among any of the experimental
conditiong in rectal temperatures. The grand mean for rectal

temperature vas 33.22 + 1.48°C.

Awake BP and HR

When blood pressure was taken after the termination of all treatments
vhen the subjects vere awake, rather than anesthetized, results wvere
similar to those reported for ether. There was a tendency,
noneignificant, for exercise to attenuate HR (F(1,23) = 3.02, p <.10),
but no effect in attenuating BP. Also, no differences were found among
the non-exercised stressed animals (NH, NS, and NN) on BP .or HR. Asg
reported for énesthetized heart rates, the IS and PS groups did not
differ on HR, but for BP the IS group had higher pressures (P(t = 3.02
<,05, df = 5). The means * S5.E.M. of all awake BP and HR’s are

presented in Table 4.
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There vas a significant correlation between BP’s recorded vhile
avake and under ether (r = 0.49, N=42, p <.0l1). This correlation vas
not gignificant for HR, however (r = 0.17, N.S.). Theseirecordings made
in awake animals were compared to those made ten days before (Week 5)
under ether. Both blood pressures (P(F = 6.31) <.,05, df =1,41) and
heart rates (P(F = 8.09) <.01, df =1,41) wvere higher under ether
anesthesia. The mean (+S.E.M.) blood pressure and heart rate under
ether over all groups (except NNI and NNG) was 168 *+ 4.23 mmHg and 462 +
4.52 bpm. While conscious, the means were 153 + 4.06 mmHg and 433 *

8.83 bpm for BP and HR, respectively.

Discussion

The hypotheses tested in this experiment were that daily threat of
shock stress would result in increases in BP and HR over time; daily
"handling” would also cause increases in BP and HR; freely available
voluntary exercise would attenuate increases in BP and HR due to daily-
stress; and limited exercise immediately after stress would be more
effective in attenuating increases in BP and HR due to stress than a

limited amount of exercise before stress application.

BP seems to have increased as a function of the daily stresses of
threat of shock and 'handlingf. although the increase in the threat (NS)
group vag nonlinear. Thus it appears that daily handling and transfer
to a different environment can increase BP as much, if not more, as this
"handling” plus threat of shock. In fact, in an acute experiment,
McCarty and Kopin (1978a) found that the increase in mean arterial
pressure (MAP) after transfering the subjects’ to a shock chamber was

not significantly different in animals that had experienced footshock in
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that environment and in those that had not. In normotensive adult rats,
handling and traﬂsfer to ancther room has resulted in increases in.
levels of plasma C (e.g., Iams, McMurtry, &-Hexlef, 1979; Fortier,
1959). Handling and placement into a test chamber has resulted in
increases in plasma corticosterone levels larger than thoze found
immediately after shock delivery (Friedman et al., 1967), as well as
increases in plasma epinepherine and norepinepherine levels from
bageline in normotensive rats. (Kvetnansky, Sun, Lake, Thoa, Torda, &
Kopin, 1978). SHR rats have also exhibited consistent large increases
in MAP and HR after being iifted by the tail for 30 sec (Kudo, Sokabe, &
Kawvashima, 1983). Thus, previoue vork has shown that the dramatic
effects on physiology of daily handling and transfer to a different
environment need not be surprising. As in Study I, exposure to odors of
previously stressed rats could also have contributed to the increases in

BP and HR in these groups.

Although the isolated controls showed a different trend over time
than that of the group housed subjects, inspection of Figure 8 suggests

no meaningful effect of isolation on BP.

In the non-exercised subjects, both the threat of shock and
'handlingf resulted in increases in HR over time, followed by a slight
decrease (see Fig.10). A linear increase in the nonstressed (NN)
subjects, and a nearly significant effect of social isolation, suggests
that these increases in HR may have been partially due to housing
conditions. During most weeks, the non-exercised and "handled" group
(NH) actually had higher heart rates than their threat of shock
counterparts. The "handled" animals were not placed into an environment

previously associated with shock, but into an environment in which
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conspecifics may have recently shocked. Thus, the putative stressors
involved in the "handling" treatment were social isolation, daily
handling and transfer to a different environment, and possibly exposure
to odors of shacked congpecificis. Since the threat of shock group also
presumably received all but the latter stimulation, the HR and BP
response in the NH group suggests that this proposed olfactory
stimulation may have caused a cardiovascular response in the animals
indistinguishable from the response to threat of shock. Such a
suggestion’must remain speculative, hovever, since the effect of
handling and transfer to a different environment was confounded with a
possible effect of this olfactory stimulation. This confounding
variable could be eliminated by placing the animals in the "handled”

group into chambers in which conspecifice had never received shock.

The linear increases in HR in the nonstressed and unmanipulated
control groups (NN, NNI, NNG) were unexpected. Social isolation may
have contributed somevhat to the increases in the NN and NNI groups,
8ince a nearly significant effect of isolation was found vwhen the slopes
of the NNI and NNG subjects were compared, albeit on the basis of a
small number of subjects. The third study sought to determine the
reliability of the apparent effect of isolation on HR. However, HR of
the group housed animals also increased over time. Presumably, the
increase in HR in this group reflects some uncontrolled variable which
also may have contributed to the increase in HR found in the other
groups. This general increase in HR in all groups was corroborated when
data from Study I and II were compared. In the first study, continuous
exercise lovwered HR in the stressed animals. In this study, the

stressed animals showed an attenuated increase in HR due to continuocus
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exercise, not a decrease. That this increase over time in all groups
vas due to some nongpecific effect vas also supported since none of the
nonexerciged groups had increases in HR.significantly greatef than those

of the maturational controls.

The most likely explanation for this uncontrolled effect involves
the effect of repeatéd anesthetization on heart rate. Ether
anesthetization is a known neurcendocrine stressor and has been showvn to
acutely increase HR, and to lower mean arterial blood pressure, (Smith &
Hutching, 1980) in both adult SHR and WKY rats. By comparing recordings
made vhile subjects were avake to those made several days before, under
ether, the expected increase in HR vhen anesthetized was found. Thus
recordings made under ether may be relatively more stressful, in terms
of ﬁhe demand placed on the animal, than during conscious recordings.

It was assumed that although ether may act as a stressor in this way,
the effect of daily 50 min treatments vwould outweigh any systematic
effect of the five to ten minutes of exposure per week to ether.
However, it is possible that repeated exposure to ether may have acted
as a chronic stressor, resulting in a progressive increase in HR,
especially in those animales that were otherwvise unhandled. In these
animals, the stress of anesthetization would not be outweighed by the
relatively more prominent daily stressors of placement into the operant
chambers. According to this explanation, the progressive increase in HR
in the three control groups would be due to repeated ether exposure, and
the increases in the other groups due mostly to the daily treatments.
That these increases in HR may have been due to some aspect of the
measurement procedures was indirectly supported in that awake HR'’s

showed a weak positive correlation to anesthetized heart rates, while BP
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shoved a much stronger relétionship vhen measured under the two
conditions. If the use of ether vas affecting the control groups more
than the other groups, this overall correlation would be expected to be
lover, since the HR of these groups would be differentially affected.
Thie correlation would be assumed to be high if there vas no such
differential effect. However, one could also predict that if any effect
of repeated anesthetization would be found, a physiologic adaptation

regulting in a lowvering of HR would occur.

One reason for using ether was to reduce measurement variability,
in both within-animal and between subjects Compared to variability
during recordings on conscious animals, within-subject variability for
BP after Week 5 shdwed a decrease of 17% (noneignificant), on the
average, vhen ether wvas used. Within subject variability for HR could
not be estimated since only one value was scored for each animal.
Betveen subject variability in HR was reduced by half, and wvas
unaffected for BP. Use of ether anesthesia for BP and HR recordings,
therefore, can modestly but not significantly reduce variability of

recordings.

In this experiment, freely available voluntary exercise did not
attenuate stress-induced increases in BP. Although the threat of shock
and continuous exercise group did not showvw an overall increase in BP
over time, when the tvo continuous exercise groups vere combined the
rate of BP increase wvas nearly identical to that seen in the non-
exercised animals. BP values in conscious subjects corroborated these
results. Thus, the effect of voluntary exercise in attenuating stress-
induced HT in Study I may reflect a Type I error. Alternatively, from

ingpection of the time course of the effect of exercise on HR (Fig. 12},
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the effects of exercise are manifested later than those of stress.
Perhaps a longer extension of the treatments, as in Study'I, vould have
resulted in a significént effect. In the study by Cox et al. (1985),
significant differences betveen the stress only and stress piue forced-
gvim groups became apparent after 10 wveeke of treatments, with a
definite trend in this direction noticeable as early as four veeks. In
this study, hovever, no such trends vere apbarent during the six weeks
of treatments. Also, for both BP and HR, the animals experiencing
threat of shock did not show the greatest rate of increase. This
treatment may not have been as stressful as intended. The nonexercised
"handled” group also did not show a consistent increase in BP or HR. If
BP had risen at a faster rate in these groups, an effect of exercise may

have been easier to distinguish.

Hovever, a clear effect of continuous exercise was found on HR. As
shovn in Figure 12, heart rates of animals subjected either to daily
"handling" or threat of shock showved linear increases in HR, leveling at
Week 2. If running wheels were freely available, the initial increase
in HR was followved by a gradual but consistent decline in HR to levels
close to baseline values. This gradual decline in HR, when averaged
vith the increases in HR seen in the non-exercised animals, may explain
the lack of a significant overall effect of stress to increase HR over
time. The observed decline in HR in the exercising rats roughly
parallelled the increase in running over time (see Figure 6), which
peaked at Week 4. Correlations between the cumulative digtance run and
the changes in HR from baseline allowed a demonstration of how much
running is necessary to result in an exercise training effect on HR.

Thie correlation became significant at Week 3, when the animals in the



Page 56
continuous exercise groups were running about 25 miles/week. This
distance may be the minimum amount necessary to be reflected in a

training effect in this strain.

Body weight is reduced by physical training (Tipton, 1984). That
the animals allowed to freely exercise did indeed show an exercise
training effect vas éorroborated in that their body weight at the
conclusion of treatments was lower than that of the nonexercised
subjects. Similarly, the conclusion that the amount of exercise engaged
in by the animals alloved limited exercise (IS, PS) was not sufficient
to induce a training effect was confirmed since the body weights of
these animals vere significantly higher than the rats allowed continuous

exercise, and not different from the nonexercised subjects.

No effect of "having another area to enter from the home cage" was
found for either BP or HR. Thus, the attenuating effect of continuous
exercise on HR appears to be specific to physical exercise and not just

to the ability to enter another area.

Conclusions

The folloving conclusions can be drawn from this experiment. Daily
*handling" and threat of shock appeared to be gimilarly effective
stressors, since similar increases over time vere found. Some
uncontrolled variable or variables such as repeated anesthetization may
have contributed, in part, to these increases. Social isoclation may
also have been a factor. Regardless of the nature of these increases,
continuous exercise attenuated increases in HR, but not BP. The effect
of exercise on BP may not have been apparent due to the inconsistent

rige in BP in the nonexercised stressed animals, masking any
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differential effects of exercise. Continuous exercise clearly lovwered
heart rate‘from its peak values., That this attenuation of HR was in
fact due to physical exercise vas corroborafed in that the exercised
animals had lover body weights and having another‘area to enter from the
home cage had no demonstrable effect. The importance of the temporal
relation betveen exercise and stress treatment could not be evaluated
since the time alloted to run in these limited exercise groups was not

sufficient to induce an exercise training effect.
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STUDY 11l

In Study II, there vas some indication that social isolation may in
itgself tend to increase fiR. The third study vas conducted to clarify

the effects of social isolation on HR and BP.
Method

Ten adult male BHR’s, 10 veeks of age, served &s subjects. These
animals, from tvo litters of SHR male-WKY fewales, vere housed five to a
cage until measurements began. No more than three subjects from a given

litter vere assigned to a given experimental condition.

Baseline blood pressures and heart rates vere taken under light
ether anesthesia on tvo afternoons, two days apart (see Method, Study
I1). Two baseline measurements vere taken to provide stability of the
results. After the second baseline measurements were made, the animals

vere randomly assigned to either the gocial isolation or group-

housed condition, with the precondition that there vere no significant
differences (p < .10) betveen the groups on any measurements taken.

Five animals vere individually housed, and the remaining animals
rehoused together. One veek later, BP and HR recordings vere wade.

This period of time has been shown to be pufficient to shov an effect of
isolation on HR in rats (Gardiner & Bennett, 1977). Change scores vere
calculated based on the difference betveen the recordings wmade after

treatments and the mean of the tvo baseline measurements.
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Results

Table 5 presents the means + S.E.M. for both BP and HR for both
groups during the course of the experiwent. An alpha level of .05 vas

used for all comparisons.

Blood Pressure

BP in both the group-housed (G) and isolated (I) subjects did not
change significantly wvhen the tvo baseline measurements were taken in
either group, or overall. Overall wmeans for the first reading was 159
5.52 mm Hg, and for the second baseline reading 156 + 7.30. Change
scores vere calculated for each animal by subtracting the mean of the
tvo ﬁaseline values from the BP values after treatments. There was no
effect of isolation on BP (t test), as the mean change in BP for the I
group vas -3.2 + 9.72 and for the G group -1.0 mm Hg. There vas no
gignificant increase in BP from the mean baseline values in either

group, or using results from both groups combined.

Heart Rate

Heart retes of the two baseline weasurewments also vere not
significantly different in either group, or for both groups combined.
The overall mean for the first reading wvas 412 + 9.2, and for the second
baseline measurement 413 + 12.0 bpm. Change scores vere computed as
above. There vas a significant effect of isolation to increase HR (P(t
= 2.31) «<.05, df=8), as shovn by analyasis of change scores. The
isolated animals had a mean change score of 83 + 13.19, while the group

housed controls increased by 28 + 19.79 bpn.



Page 60
There vas a significant increase in HR from the mean baseline
recording to the third measurement a week later in the I group (P(t =

6.31) < .01, df=4), but not in the G group.

Discussion

The wajor result of this study vas the observation of the effect of
social isolation on increasing HR, but not BP. This finding
corroborated the trend (noted in the second study) of iaolétion to
increase HR under these conditions, and previous findings ueing awake
normotensive rats (Gardiner & Bennett, 1977). As found in the second
study, the:e vas no effect of repeated measurements to increase BP, but
there vas an overall effect of repeated recordings to increase HR. This
result, found after only one wveek of isolation, gupports the hypothesis
that HR measurement while under ether may function as a stressor and
contribute to increases in HR, especially in animals that are othervise
unhandled. Although an unanesthetized control group vas not included,
it can be speculated that the important aspect of the repeated
measurements vas that of repeated anesthetization. Since the increase
in HR vas considerably greater in the I group than the G group, this
increase in the 1 group could also be attributed to the effects of
isolation and not repeated HR measurement. This study, howvever, does
not rule out a possgible interaction betwveen housing condition and the

effects of repeated measurements, since these effects were confounded.
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GENERAL DISCUSSION

The major findings of this project vere as follovs: Blood pressure
(BP) increased due to shock stress and threat of shock, as vell as with
daily handling and transfer to the shock chambers, in borderline
hypertensive rats (BHR). Heart rate (HR) also increesed due to these

stressors, and to social isolation.

Freely available voluntary running vheel exercise did not
congistently block these increases in BP due to stress, implying that
the effect of exercise interacts with the type of stressor given.
Voluntary exercise blocked increases in BP only in the "handled"
condition in Study I, but not increases due to other stressors.
Hovever, voluntary exercise did reliably attenuate increases in HR due
to shock stress, threat of shock, and *handling® in both studies I and

II.

It seems that the amount of shock stress necessary to reliably
increase BP and HR in these animales is close to the levels used in Study
I, i.e., approximately 100-300 one sec shocks per session (Lavler,
Barker, Hubbard, Cox, & Randall, 1984; Lavlier et al., 1981). If a
higher density of shock had been used in the NS group in the second
experiment, BP may have shovn a greater and more consistent increase

over time and the effects of exercise may have been more discernible.

The use of several types of putative stressors, differing in
quality and intensity, suggeste the use of a parametric approach in the
interpretation of the resulte. In other vords, there is a syetematic
relationship betwveen the intensity of the stressor and the magnitude of

the stress response, as measured by the degree of increase in BP and HR.
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Hovever, an assumption of this viev is that different typee of
stressors, such as "handling" and shock stress, are placed on the same
continuum. There is no compelling reason vhy this should be true
(Natelson et al., 1981), though the approach has some heuristic value.
It seems reasonable that increasing intensities of a given stressor
vould result in corresponding increases in the magnitude of the stress
response. Hovever, the results of this project indicate that vhen
different types of stressors are evaluated in this fashion, the relative
intenaity of a stressor, reflected by the magnitude of the elicited
strese response, is not intuitively obvious. This vas most clearly seen
in the first and second studies vhere apparently daily handling and
transfer to a different environment had at least as great an effect on
BP and HR as handling, transfer, and anticipation of shock. Also, the
demonstrated effect of social isolation to increase HR is generally not
congidered in the design of experiments. Especially vhen variables are
being inveastigated which are affected by the stress response, the
potential effect of supposedly benign stressors should not be

overlooked.

These results underscore the importance of the use of controls for
the effects of handling, transfer, and social isolation in experimental
designs. In this context, the separation of the effects of several
different types of stressors provides an opportunity to test the effect
of each of these treatments on the stress response, and to determine the
relative magnitude of these putative streasors in a wore empirical

fashion.

Any generalization about hov seemingly benign treatments may act as

stressors must be limited, since all the present vork was conducted on a
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perticular (inbred) strain of laboratory rat. In fact, the BHR has been
shovn to be more reactive in cardiovascular responses to chronic stress
than their Wistar-Kyoto progenitor strain (Lavler et al., 1984). This
animal model may therefore be appropriate for an understanding of the
responses to stress and exercise in a cardiovascularly reactive
population, such as borderline hyperteneives (Julius & Schork, 1971) or

Type A individuals (Glass, 1977).

Heart rate appeared to be more sensitive to environmental changes
than BP, as shown in both an effect of social isolation on HR, and an
increase in all groups in HR (possibly due to repeated ether stress in
Study II). These effects were not seen in BP. Aleso, vhen followv up
measures wvere taken four veeks after termination of treatments in the
first study, HR had returned to near baseline values, vhile BP remained
elevated. These results could be interpreted as implying that either HR
is relatively more sensitive than BP or shovs a more rapid adaptation to
environmental changes than BP, vhich may relate to differences in the
physiologic control of HR and BP. The alteration of BP Beipoints is
generally considered as posing a greater risk to the health of the
organiem. When the c#rculatory system is stressed, homeostatic
mechanisms may vork to more closely regulate BP than HR. Also, there
are more interactive control mechanisms to hold BP constant than to keep
HR at a set level (Berne & Levy, 1977). Thus, BP may be less likely to
vary from a certain setpoint at the expense of fluctuations in HR.
Hovever, one must be cautious in attributing any changes in HR to
emotional or motivational states, since HR is not a particularly useful

index of these states (Obrist, 1981).
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In these studies, BP vas recorded by several methods. BP was

measured directly via the fewmoral artery, and indirectly by tail cuff
recordings made in avake and anesthetized rats. Unfortunately, there
exists no method of BP recording vhich provides a *true” measure of
basal BP. Among1these methods, direct messurements probably give the_
most accurate appraisal of basal BP. However, limitations of thias
method include the impact of a catheter inside the animal, the stress
associated vith surgery, and the difficulty in wmaking repeated

measurements in the same animal. For studies of chronic stress, this

latter limitation is a serious one.

There are also problems associated with the indirect tail cuff
method of recording. The aniwal must be warmed and restrained, and
random tail and body movements cén affect the output of the pulse
gsensing device (Borkowski & Quinn, 1983). Recordings wade in this
manner in some vays reflects BP and HR responsiveness rather than basal
values. Also, several readings must be taken vhile the animal is quiet,
making for a relatively time consuming method. However, BP’s recorded
indirectly have been shown to have a high positive correlation, on the

order of 0.80 to 0.90, to BP measured directly (Bunag, 1973).

Indirect BP can also be wmeasured under ether anesthesia, as in
Study II. Thie method eliminates problems associated with the effect of
heating and reetraining the animal, and with body movements. This
method also allovs rapid determinations of BP and HR. The major problem
vith this method, hovever, is that the process of exposure to ether
fumes may be a potent stressor, especially because of its effect on HR.
Ether has been shovn to elevate levels of both plasma cathecholamines

(CA: Borkowski & Quinn, 1983; Buhler, DaPrada, Haefely, & Picotti, 1978)
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and corticosterone (C: Seggie & Brown, 1975) in normotensive Sprague-
Davley and WKY fats. Hovever, restraint associated with indirect
recordings (Chiueh & Kopin, 1978), but not ether anesthesia (Borkowski &
Quinn, 1983), has been sho;n to elevate plasma E levels in SHR rats.
Thus, both ether and restraint may have exacerbating effects on plasma

CA levels.

The use of ether anesthesia in BP and HR weasurement has been
ostensibly validated in that BP recordings wade under ether had a high
positive (0.86) correlation vith direct pressures, and that in the
present wvork, BP recorded under ether also had a significant, but lover,
positive correlation (0.49) vith recordings made while avake. Hovever,
the correlation between avake and anesthetized animals on HR was lov,
and ether may have acted as a chronic stressor on the HR of subjectes in
the second experiment, particularly in the control groups. The
variability of measurement was somevhat lover under ether anesthesia.
Use of a different anesthetic vhich would be injected rather than
inhaled could possibly eliminate the putative stressor of ether
administration, but would not solve the problem of getting an unbiased

measure of resting BP and HR.

Voluntary running vheel exercise ves shovn to be an effective
method to establish exercise training, since the expected training-
induced bradycardia and weight lose vere found in animals alloved to
exercise freely (Scheuer & Tipton, 1977). The distances run by the
animale, after a three veek period of adaptation to the wheels, ranged
from 22 to 46 miles per veek. These distances are comparable with
previous reports of hov much normotensive rate of comparable ages wvill

run in a running vheel, vhich ranged from 15.3 to 45.7 mi/wk
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(Hellhammer, Rea, Bell, & Belkein, 1984; Goodrick, 1980; Ring, Dupuch, &

Creed, 1967; Smith & Dugal, 1965).

The limited exercise treatments, involving 90 minutes of running
vheel availability in Study II, vere not sufficient to induce these
training effects. Three ﬁoura of voluntary running in norwmotensive rats
{Starzec et al., 1983) and tvo houre of svimming in the BHR (Cox et al.,
1985) appeared to be sufficient to manifest a training effect. Perhaps
making the vheeles available for a longer period (2 to 3 hours) would

have resulted in a training effect in these animals.

Voluntary exercise is an effective paradigm for investigating the
effects of concurrent stress on the cardiovascular system. One reason
may bevthat during voluntary exercise, the animal can regulate its
physiologic state. In contrast, during forced exercise, the degree of
exertion is externally imposed. During forced exercise, the demands
placed on the heart may be more severe. It is possible that excessively
high levels of venous return may be reached, wvhich may acutely depress
rather than enhance the pumping capacity of the ventricles, as reflected
in a decrease in stroke volume and myocardial contractility (Berne &
Levy, 1977). 1In contrast, voluntary exercise would presumably not

involve excessive demands on the cardiac tissue.

The intensity of exercise can be estimated by the rate of running
{Scheuer & Tipton, 1977). 1In these experiments, running rate vas
determined by estimating the meters/min during running in several
animals. Forced treadmill running typically involves betveen.GO-BOZ of
the maximal exercise intensity, vhile voluntary exercise in the present

studies involved an estimated 40-60% of the animal’s maximal exercise
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inteneity. These estimates thus support the possibility that forced
exercise may place dewands on the cardiovascular system over and above

those vhich would be wmade voluntarily.

In addition, chronic forced exercise may reauit in increases in
basal C plasma levels (Kant et al., 1983), vhile voluntary exercise does
not (Starzec et al., 1983). This potential difference in C levels may
play a eignificant role in the uodulation of the effects of E and NE on

the heart and vasculature.

The failure to replicate the effect of voluntary exercise on
stress-induced increases in BP in Study II could mean that the effect

found in the first study vas either a sampling, or a procedural error.

The fact that both sexees vere used in Study I, vwhile only males
vere run in Study II, should not have an influence on the results, since
there vas no gignificant effects of gender in Study I. The age of the
subjects, hovever, may have made a difference. Lavler et al. (1984)
found a difference in how much BP rose due toc the same chronic stress
treatment depending on the age of the BHR subjects. They stated that
"there may be a critical period during vhich environmental influences
have their greatest effect" (p.104). The subjects in Study I were 16
veeks at the start of treatments, and those in the second study vere 10
veeks of age. Combining these age differencee and results from Lawler’s
laboratory (Lavler et al., 1984; Lawler et al., 1981) wvith the present
results, it is possible that such a critical period may occur somevhere
betwveen the ages of 11 and 17 veeks. Before or after this age, the
stressors of shock-shock conflict, threat of shock, and “"handling"

(Study II) may not result in as great an increase in BP. Also, the
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cardiovascular changes associated with exercige training are more
extensive in older subjects (Tipton, 1984). With these considerations,
animals in this type of study ideally should be between 15 and 17 wveeks

of age.

The shock densities used in Study I and II also may have made a
significant impact on the results. In Study I, the effect of exercise
to attenuate BP vas significant only in aniwals vho had received
relatively high density shock for eight days, folloved by zero dengity
shock. In Study II, the effect of exerciae was not found in groups vho
had been exposed to either relatively moderate density shock for one
veek followved by lov density shock (CS, NS), or in subjecte who had
received no shocks (CH, NH). The effects of exercise on BP may be most
easily seen in animals wvho had experienced a large change in shock
density, as in the "handled" group of Study I, wvhere a high shock
density was followed by a zero shock density. Other factors, such as
social isolation and possible exposure to odors from previously stressed
rats, vere relatively constant for animals in both studies. If this
hypothesis is true, then if a higher density of shock had been used
during the first week in Study II, perhaps BP would have increased in
the NS group at a fester rate, providing a greater likelihood of
detecting a difference between the exercised and non-exercised stressed

groups.

The rise in BP in the first study vas similar for all three
stressors of signalled shock, unsignalled shock, and *handling®, but
measuremente were taken only before and after treatments. In the second
study, recordings were made veekly, alloving a more detailed description

of the course of changes in BP. Although the BP of the subjects
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receiving daily threat of shock and no exercise (NS group) did have a
Bigﬁificant cubic trend, the net change in BP from baseline recordings
to the final veek vas less (12.4 + 13.7) than the siwmilar change in BP
in the comparable group (HNE) in Study I (46.4 + 9.3), although the
method of BP measurement differed. This latter group never received
footshock after the first veek, while the NS group continued to receive
five shocks per week. Thus, it vas surprising that the NS group did not
shov increases in BP of a gimilar if not greater magnitude than the HNE
group. It is possible that exposure to the first week of random shock
buffered the éubjects from the threat of occasional shock that folloved.
The sharpest increase in BP did occur over this first week of
treatments. Alternatively, perhaps in the HNE group in Study I, BP "
continue to stay elevated not due to threat of shock, but due to daily
handling and transfer and/or exposure to odors of previously stressed

rats.

There ig no obvious basis for concluding that the effect of
exercise on stress-induced HT was in fact reliesble. Taking into account
the work of other investigators, particularily that of Cox et al.

(1985), one could tentatively conclude that the exercise effect on
stress-induced HT is real, but small. An additional replication, with
conditions as similar as possgible to that in the *handled-group® in

Study I, and an increased sample size, wvould be advised.

The effect of voluntary exercise to attenuate increases in HR due
to stress, hovever, were robust and consistent in both Study I and II.

The most likely explanation is the development of training-induced
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bradycardia, even vhen concurrent with stress treatwents. Therefore,
exercise training can be a valid protecol to block development of
tachycardia and its associated risks, regardless of the effects of

concurrent etreaeo{a, at leagt in this'aninal nodel.

In Study I, exercise resulted in a bradycardia independent of
gtress. In Study II, exerciae protected against the increase in HR. due
to strees, but did not lover HR below baseline levels. Thie is a
potentially important distinction in terms of mechanism, since if
exercise results in TIB independent of stress, the effects of stress and
exercigse may be acting via different mechanisms. Since the resulte were
not congistent in this regard, determination of the actual mechanism

involved in TIB awaits further clarification.

One problem apparently not addressed in the literature, hovever, is
hov exercise, vhich involves acute sympathetic activation (e.g., Cohen &
Obrist, 1975), can after repeated bouts possibly result in lowered basal
sympathetic tone and HR (Scheuer & Tipton, 1977), while a typical
stressor, also causing short-term activity of the SNS as previously
degcribed, can cause increases in basal sympathetic tone (e.qg.,
Kvetnansky et al., 1979), HR, and BP (e.g., Buchholtz et al., 1981) when
presented chronically. Three general explanations are possible, based
on different hemodynamic, neural, or humoral adaptations to chronic

exercise and stress.

The explanation based on hemodynamic differences during the
response to stress and exercise has been outlined as the local
autoregulation (LA) hypothesis. The central argument for this

hypothesis is that the hemodynamic adjustments made during the response
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to a "classic" stressor and those made during physical exercise are
different. During exercise, TPR is lovered more than during stress
(Langer et al., 1979), due to the increased blood flow required by the
active muscle. Thué, one event leading to chronically increased TPR,
local autoregulatory constriction in skeletal muscle beds, would not
occur. The sum of the evidence, hévever, points againat support for the
LA hypothesis, mainly due to the results from the pilot experiment and
those of Djojosugito et al. (1968). These results suggest that the
presumed autoregulatory constriction ends as soon as the stressor is
terminated, removing the substrate that exercise followving stress is
presumed to act on. Howvever, in the present context, an adequate
evaluation of the LA hypdthesie vas not possible because no hémodynamic
measuremente were made, such as an estimation of TPR in various vascular
beds immediately after stress, and the limited exercise protocol vas not
sufficient for an exercise training effect. It remains quite posassible
that exercise during stress would block the hypertensive effects of
stress by halting the postulated vasoconstriction in skeletal muscle.
Technical difficulties regarding the stressing of animale vhile they are

running did not permit this idea to be tested.

A more likely explanation is based on differential changes in
autonomic nervous eystem responsiveness or its sequelae after chronic
exercise or stress. Although repeated stress wmay not increase
sympathetic responsivenegs (Kvetnansky et al., 1979), concurrent
exercise training may act by attenuating the effects of SNS activation
(Cox et al., 1985). As mentioned, there are several vays this effect
could be transduced, including directly dampening the SNS response to

streseg, lovering the ratio of stress-induced sympathetic/parasympathetic
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cardiac stimulation, vhich may also play a role in development of
intrinsic HR changes (Lewis et al., 1980), and/or blocking SNS

regpongiveness in renel beds.

A final somevhat speculative explanation for this apparent paradox
relies on observed differences in the synthesis and utilization of
adrenal hormones after chronic stress snd exercise treatments. Repeated
immobilization stress in rats has been associated vith increased rates
of adrenal CA synthesis (Kvetnansky & Mikulaj, 1970; Kvetnansky, Weise,
& Kopin, 1970). In contrast, exercise training has been shovn to
decrease the rate of CA synthesis (Matlina, 1984; Tipton, 1984;
Peronnet, Nadeau, deChamplain, Magrassi, & Chatrand, 1981) and increase
the utilization of adrenal CA (Harri & Kuusela, 1981), thus reducing
circulating CA levels at rest (Scheuer & Tipton, 1977). The
glucocorticoids may play a modulating role in these effects. After
prolonged exercise, adrenal CA synthesis vas restored with exogenous
glucocorticoid treatment, but in non-exercised rats, this treatment did
. not affect rates of CA synthesis (Matlina, 1984). Basal plasma C levels
do not increase after voluntary exercise in rats (Starzec et al., 1983),
and resting blood cortisol levels may decrease after physical training
in man (Tipton, 1984), vhile basal plasma C levels do increase after
chronic stress treatments (Kant et al., 1983). Thus, it can be
postulated that stress may increase ateroid production which vould
normally be used in ensuing physical activity (Connell, Cooper, &
Redfearn, 1958). If exercise is then engaged in, an increase in the
utilization of glucocorticoids would occur, causing decreased
circulating levels of these hormones and an inhibition of adrenal CA

synthesis. In the absence of exercise, no such suppression of adrenal
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CA synthesis vould occur, either on an acute or chronic basis. This
suppression of CA synthesis after exercise, but not after treatment vith
other stressors, may be a mechanism to protect the body from excessive
CA action (Matlina, 1984). Thise effect could qccount‘for the effects of
exercise on attenuating stress-induced increases in HR and/or BP, gince
C (Kalimi, 1982) and CA (Scheuer & Tipton, 1977) receptors are known to
be found in cardiac tissue. The validation of one or more of these

hypotheses could be empirically determined in later wvork.

In conclusion, the studies reported in this dissertation have shown
that voluntary running vheel exercise can be an effective exercise '
treatment; that this form of exercise is effective in blecking increases
in HR due to chronic stress in the BHR; and that this particular strain
is quite sensitive to relatively mild environmental perturbations. It
is hoped that the logical extensions of this research can be carried out

in future work.
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PILOT EXPERIMENT

Aim

The aim of this preliminary study vas to document changes in BP due
to aspects of the stress procedures employed in these experiments, and
to see if BP would remain elevated after remocval from the shock chamber

' as predicted by the LA hypothesis.

Hethod

Subjects

~ Three rats vere used as subjects in this study. ‘Subject 1 vas a male
SHR age 16 months. Subject 2 vas an SHR female five months old. The
third rat vas a Sprague-Dawvley (SD) male four months of age. These
animale vere used since they were from a subject population no longer

involved in the breeding colony. HNo adult BHR’s were available.

Procedure

Femoral artery cannulation.
Subjects vére anesthetized vith sodium pentathol (Nembutal, 2 mg/kg,
i.p.) and an incision made where the right hind limb joins the torso.
The femoral artery was isolated and tied with surgical (4.0) silk distal
‘ to the area of cannulation. The artery was clamped, and a small cut
made belov this point. The flanged cannula (PE-10), filled with
heparinized (10%) saline, was theh inserted into the artery for a
distance of about 1.5 cm. The clamp vas then released and the cannula
tied firmly in place both around the artery and to adipose tissue near
the artery. The cannula wvas then reflected dorsally and superiorly, and
led subcutaneously under the skin to emerge at the back of the neck on

the midline. At the point of exit, a 5 cm length of Silastic tubing was
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attached to the cannula. The heparinized saline in the cannula was then
vithdrawn by a syringe and replaced with 100% heparin to avoid blood
clotting during recovery from surééry. The Silastic vas then vrapped
around a forceps, sealed v}th an amphenol connéctor, and placed
underneath the skin. The vound vas closed with sutures. The animal vas
then returned to its howme cage and alloved to recover for 24 hours. All
surgery took place between 10 and 12 AM. The surgical procedure lasted

approximately 90 minutes.

Blood pressure recordings.

The folloving day, the animal vas transferred from the colony room to
the laboratory and lightly anesthetized with ether. The sutures vere
removed and the cannula exposed. The heparin vas withdravn by a syringe
and replaced vith a 10% heparinized saline solution. Another 20 cm
section of PE-10 tubing wae then attached to the Silastic tubing. The
first 20 cm of the exposed cannula vas then fitted inside of a much
thicker tubing (PE-190) to reduce the possibility of the animal biting
its cannula. This tubing was affixed with adhesive tape to the cannula
to avoid displacement. The end of the cannula was then connected to a
30 gauge needle and syringe. The rat was then returned to its home cage
in the animal colony room and closely monitored during recovery from
anesthesia. The needle was attached to a Statham pressure transducer,
in turn connected to a Grass (Model 79D) polygraph. Recordings vere
considered valid only if a stable pulse pressure vas seen at a

gsensitivity level close to or the same as that used for the recordings.

Procedure.

All animals had undergone exposure to five consecutive daily sessions
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of 50 min of one sec, 0.4 mA scrambled inescapable shock delivered
through the grid floor of a standard operant chamber (Gerbrands Model D)
vithin the previous veek. The shock was delivered on a random basis,
vith a median intershock interval of four winutes. Thus, during each

gession 10 to 15 shocke vere delivered.

Data collection began st least one hour after the animal had
recovered from anesthesia, as noted by normal wmovement. Direct blood
pressure (DBP) was recorded every five minutes for twenty minutes vhile
the animal was relatively quiet in its home cage (time -20 to O min).
The animal and equipment were then transferred to the test room and DBP
recorded vhile in its cage (time +2 min). After three minutes, the
animal wvas then gently placed into the operant chamber where it had
received the final gession of random shock during the previous 24-48
hours. DBP vas then recorded immediately upon placement into the
chamber, and after five minuteg (time +5 to +10 min). Five minutes
later, a one sec shock wvas then delivered, and DBP recorded both
immmediately and five minutes therafter (time +15 to +20 min). The
animal was then removed from the chamber and placed in its home cage in
the test room and another recording made (time +22). The animal was
then returned to the colony room and DBP recorded every minute for the

next five minutes (time +25-30 min).
Results

Although the subjects varied in terms of age, sex, and strain, the
changes in DBP from baseline recordings during the procedures were quite
consistent. The initial DBP values (at time -20 min) were as follows:

Subject 1 (SHR male): 111 mmHg; Subject 2 (SD male): 108 mmHg; Subject 3
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(SHR female): 138 mmHg. Figure 13 presents the mean changes in blood
pressure during the test procedure. Little change in DBP wvas notea
during the 20 min of baseline recordings or during transfer to the test
room. A marked increase in DBP occurred upon placement ihto the operant
chamber, and a furthur increase found immediately after the one sec
shock. Pressures then quickly dropped to a level belov that seen upon
first entering the chamber. Immediately upon removal from the chamber,
DBP returned to near baseline levels and remained in this range after
return to the colony room. The increased variability seen during the
final DBP measurement was probably due to variations in the behavior of
the animals. One animal vas fairly quiet during thie time, but the
others vere gelf-grooming and/or moving about the cage. If the subject
vag active, DBP éontinued to be monitored until the animal became
relatively quiet, vhich occurred wvithin 10 min. In both cases, the
pressures recorded at that time were within 5 mmHg of the mean baseline

value.

Digcussion

Blood pressure, as measured directly via the femoral artery, was
found to increase from baseline readings after placement into an
environment previously associated vith shock and increased further
immediately after shock, as expected from previous work by McCarty et
al. (McCarty, Chiueh, & Kopin, 1978; McCarty & Kopin, 1978a; NcCarty &
Kopin, 1978b). Hovever, the major result of this study wvas that blood
pressure returned to near baseline values immediately after removal from
the operant chamber. This agrees vith BP data from borderline

hypertensive men, in which BP returned to near baseline levels within
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tvo minutes after cessation of mental arithmetic stress (Schulte & Neus,
1983). This result does not support the invocation of the LA hypothesis
to explain the attenuating effect of exercise on BP in Study I. For the
vasoconstriction in skeletal muscle beds to still be occurring vhen
exercise begins, TPR, and presumably BP, should remain elevated after

return to the home cage.

Previcus wvork (Djojosugito et al., 1968) has also shown that in an

in vitro preparation, the locally mediated increase in resistance lasts

no longer than the increased flov. Thue, if the return of BP to
baseline levels reflects a lowering of CO, it may be tentatively
concluded that the component of the TPR due to these locally mediated
events returns to basal levels concurrent with normalization of BP. The
LA hypothesis cannot be ruled out at this juncture, hovever, vithout at
least a further indirect test of the hypothesig in borderline
hypertensive animals. O0f course, a truly direct test of this hypothesis
vould require a description of structural and resistance changes in

precapillary muscle beds due to stress.

One unexpected result wvas the relatively lov blood pressure found
in subject 1 (SHR male). The most likely explanation for these readings
is some form of measurement error, such as the tip of the cannula
actually being in the abdominal aorta, for example, vhich, due mostly to
its greater diameter, can lowver BP up to 15% of its value in the
periphery (Berne & Levy, 1977). Another source of error could be an
inaccurate reading due to a very small leak in the system. Regardless
of the absolute value of the pressures, the changes in DBP due to the
test procedures were consistent vith those found in the remaining

subjects, implying that the measurement system was responsive to the

test procedures in this animal.
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Table 1

BP and HR (mean + S.E.M.) in the six experimental
groups during the course of Study I

BLOOD PRESSURE (mm Hg)

Post~ Post-stress Four week
avoid- Treatments Follow-
Group Baseline ance up
signalled shock+exercise 162+ 8.1 164+ 7.1 192+ 8.6 185+ 6.6
unsignalled shock+exercise 148+ 6.8 169+ 7.2 170+ 8.4 177+11.5
handled+exercise 165+ 5.1 178+ 4.5 172+13.5 165+13.8

signalled shock+no exercise 156+ 4.2 167+ 7.0 181+ 9.3 176+12.1
unsignalled shock+no exercise 155+ 6.3 171+ 4.4 195+ 4.9 177+11.5
handled+no exercise 149+ 6.0 162+ 5.2 195+10.6 187+11.3

maturational controls 156+15.3 - - 159+12.8

HEART RATE (bpm)

gsggd_ Post-stress Four week
. Treatments Follow-
Group Baseline ance u
signalled shock+exercise 451+12.8 398+17.3 374+20.3 438124.9
unsignalled shock+exercise 440+14.9 421+424.5 409+25.5 459+425.6
handled+exercise 449+25.4 403+12.6 369+19.8 438+27.2

signalled shock+no exercise 439+414.2 395+45.0 454+17.1 415%17.0
unsignalled shock+no exercise 450+35.9 425+45.1 505+12.1 457+32.2
handled+nc exercise 457+28.9 436+18.0 504+10.0 A445+22.6

maturational controls 441+17 .4 - - 435+18.2




Table 2

BP (Mean + S.E.M.) for all groups in Study II
cver time and type of trend detected

Group Week 0 1 2 3 4 5 .Trend
Is 136+4.8 169+ 9.5 152+11.3 151+ 8.4 173+ 9.0 169+10.0 Linear
PS 150+4.9 170+11.5 162+ 8.2 178+ 6.9 134+ 7.4  179+11.2 Cubic
NS 136+6.5 163+14.9 140+11.1 158+ 6.7  146+11.2  150+11.2 Cubic
cs 148+9.9 155+ 9.9 ~ 140+13.9 158+ 9.3 139+ 8.5 168+13.0 None
NH 148+4.5 128+10.2 158+ 9.8 177+12.6 151+ 6.8 166+11.0 Linear
CH 156+8.3 150+11.0 171+ 5.3 168+11.7 168+ 8.8 177+13.0 Linear
NN 138+8.5 - 135+ 2.4 136+ 8.8 133+ 8.7 159+ 6.5 150+12.2 None

Group Week 0 3 6 , 9 Trend
NNI 153+11.4 146+16.8 127+8.9 126+10.5 Linear (negative)

NNG 156+13.0 135+19.7 11149.9 157+10.7 Quadratic

18 @3ed



Table 3

HR (Means + S.E.M.) for all groups in Study II
over time and type of trend detected

Group Week 0 1 2 3 4 5 Trend

1s 430+14.4 445+12.0 468+11.9 474+ 4.0  457+422.2 467+ 8.8 None

PS 408+30.0 462+13.5 475+ 9.9 462+ 9.5 475+ 8.8 477+11.2 Linear

NS 420+ 9.3 457+14.3 468+ 8.0 458+13.0  462+14.0 462+ 6.0 Linear + Quad.
cs 415+ 8.3 492+ 4.0 485+ 7.2 465+ 6.2 462+ 4.0 437+ 6.3 Quadratic

NH 412+13.3 457424 .4 480+12.4 497+ 9.2 467+ 7.0  480+11.3 Linear + Quad
CH 417+10.5 470+12.1 463+13.1 465+ 8.5  442+11.7  428+11.9 Quadratic

NN 417+18.9 468+15.9 455+ 7.9 472+ 9.1  483+410.9  488+10.0 Linear

Group Week 0 3 6 9 Trend

NNI  393+26.
NNG 407+ 8.

~
o<}

463+ 3.3 477+12. 482+12.3 Linear
437+18.7  447+14.5 454+ 7.6 Linear

(o2
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Means (+ S.E.M.) of BP and HR recorded
in conscicus animals after termination of

Table 4

treatments in Study II

Group
I8
PS
NS
cs
NH
ch
NN
NNI

NNG

Blood
Pressure

175+ 6.1
147+ 5.2

150+ 9.8

158+11.3
157+13.1
145+14.7
146+12.0

128+13.7

Heart
Rate

458+21.
452+26.
420+19.
400+31,
452+16.
408+15.4
450+29
440+30.

440+11.
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Table 5

Means (+ S.E.M.) for BP and HR
for all groups in Study III

Mean Mean
Group Baseline Final Change Baseline Final Change
(N=5) BP BP in BP HR HR in HR

Group
Housed 159+8.3 151+48.7 -0.8+2.6 414+12.0 442+17.1 28+19.8

Socially
Isolated 155+6.7 152+6.4 -3.2+49.7 411+ 8.4 494+ 8.7 83+13.2




Figure 1.

Experisental design for Study I.

Letters vithin each cell refer to the
abbreviated name for thltlcondition. and
numbers vithin each cell refer

to the number of subjects.
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Figure 2.
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Time cbur.e of distance run for the
exercise groups in Study I. Distances,
in mean niles/veek (+S.E.N.) in each
group, is plotted as a function of veek

of the experiment.
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Figure 3. Plot of changes in BP (3a - 3c) and HR (3d-
3f) from b;oeltno for the six experiwental
groups in Study I over the course of the
experiment. Initisl pressures and heart
rates vere taken at Veek 1 (age=16 veeks),
post-avoidance pressures at Week 3, post-
treatment values at VWeek 11, and 4
seagurenents after the 4 veek recovery period

Figure 3a: Changes in BP froas beseline for
signalled shock group. Figure 3b: Changes in
BP from baseline for the unsignalled shock
group. Figure 3c: Changes in BP froms

baseline for the handled (no shock) group.

Figure 3d: Changes in HR from baseline for
. the signalled shock group. Figure 3e:

Changes in HR frow baseline for the

unsignalled shock group. Figure 3f:

Changes in HR from baseline for the handled

group.

Means and standard errors are presented in

Table 1.



Change in Blood Pressure from Baseline (mmHg)
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Figure 4, Experimental design for Study II.
Letters within each cell refer to the
abbreviated name for that condition, and
numbere within each cell refer

to the number of subjects.
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Figure 5. Time course of distaﬁce run for the two
freely available exercise groups in
Study II. Distances, in mean miles/
veek (+S.E.M.) in each group, are
plotted as a function of week of the

experiment.
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Figur; 6. Time course of distance run for the two
lilitcd voluni.ry exercime groups in
Study 1I. Distances, in mean kilometers
/veek (+S.E.N.) in each groﬁp, are
plotted as a function of veek of the

experiment.
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Figure 7.

Nean BP (+S.E.N.) in the threat of
shock (NS), handled (NH), undvno stress
(NN) groups during the course of Study
11.
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Figure 8.

Tiwme course of the effects of social
isolation on BP in Study II. Data
points represent means ¢+ S.E.N. for

the socially isolated (NNI) and group
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Figure 9. Mean HR (+S.E.M.) in the threat of
shock (NS), handled (NH), and_no stress

(NN) groups during the course of Study

II.
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Figure 10.
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Time course of the effects of social
isclation on HR in Study II. Datas
points represent means + S.E.N. for
the socially isolated (NNI) and group

housed (NKG) conditions.
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~Figure 11.

Tiwme course of the overall effects of
continuous exercise on mean BP in Study
II. The threat of shock and handled

groups vere combined (N=12).
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Figure 12.
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Time course of the overall effects of
continuous exercise on mean HR in Study
II. The threat of shock and handled

vere combined (N=12).
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Figure 13.
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Changes in direct BP (#S.E.M.) in

the pilot experiment in three rats

from baseline recordings (A), due to
movement into the test room (B),
placement into the operant chamber (C),
application of a one-sec shock (D},
removal from the chamber (E), and return

to the home cage environment (F).
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Table of Abbreviations

BHR...ev¢vvve0ss..., Borderline hypertensive rat

BP..v+t¢sesesssse.. Blood pressure

Cievveessnearssess Corticosterone

CAivvevesvenessses Catecholamines

CH...ovoceeeneses. Continuous exercise plus “handled" group, Study II

COievveveessnsssss Cardiac output

CSevvenvnsnnsrsess Stimulus light (Study I); Continuous exercise plus
threat of shock group (Study II)

DBP...vscesvsess. Direct blood pressure

E.eveesveennneeas. Epinepherine

H-E.vvvveeeensees. "Handled” plus exercise group, Study I

H-NE.............. "Handled" plus no exercise group, Study I

HR...... visesseess Heart rate '

HT...... teeevsess. Hypertension

Is...... veseeaeee.. Immediate exercise plus threat of shock group, Study I

LA...... Ceseeaesas Local autoregulation hypothesis

MC........ veesses. Maturational controls, Study I

NE..... ¢vessseeee. Norepinepherine -

NH........t0200... NO exercise plug "handled" group, Study II

NN...... sanesenee . No exercise and no stress group, Study II

NNI.....ooovcunnnn No exercise, no stress, and socially isolated group,

Study I1I

NNG....... Ceaeere No exercise, no stress, and group housed condition,
Study II :

NS.......... Ceraen No exercise plus threat of shock group, Study II

PS.eiiieinneinnnen Exercise prior to stress plus threat of shock group,
Study II .

S-Eivevinnnn venees Signalled shock plus exercise group, Study I

S-NE........ Ceraas Signalled shock plus no exercise group, Study I

S.EMeiiiiieiinnen Standard error of the mean

SHR........ +ess... Spontaneously hypertensive rat

SNS.....o0unn «e+. Sympathetic nervous system

TIB. evenennans +++ Training-induced bradycardia

TC....... +ses..04. Tachycardia

TPR.veevivvennse .. Total peripheral resistence

U=Eeivivnnnnnnna .. Unsignalled shock plus exercise group, Study I

U-NE.......e0..... Unsignalled shock plus no exercise group, Study I
WKY..... seesesssss Wistar-Kyoto rat
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