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ABSTRACT 

Rats exposed to head down suspension (HDS) exhibit reductions in 

aerobic capacity characterized by lower measures of maximal oxygen uptake 

(\702 max). This de conditioning process may be due in part to an impaired 

ability to augment cardiac output and to redistribute blood flow during 

exercise. The purpose of this investigation was to measure cardiac output 

and blood flow distribution in rats that were exposed to 14 days of HDS or 

cage control conditions. In addition, the role of the sympathetic nervous 

system in these responses was determined. The results from the blood flow 

experiments indicated that cardiac output was similar in HDS and control 

rats at rest and during light intensity exercise. In contrast, cardiac output 

was significantly lower in HDS rats (-33%) during heavy intensity exercise. 

Soleus and plantaris muscle blood flow was lower during exercise in HDS 

rats whereas blood flow to the ankle flexor, knee extensor, and knee flexor 

muscles was not altered. Blood flow to the spleen and kidneys was 

significantly higher during exercise in HDS rats. Estimated sympathetic 

nerve traffic, as determined by the rate of norepinephrine depletion, was 

significantly lower in the heart (-82%) and spleen (-42%), and higher in the 

soleus muscle (47%). Sympathectomized rats had significantly lower 
. 

measures of V02 max than sham controls (20%), and did not exhibit a 

reduction in aerobic capacity when exposed to HDS. In contrast, adrenal 

demedullated rats had lower "02 max values than sham controls (20%) and 

did exhibit a reduction in aerobic capacity when suspended. From these 

results, it was concluded that the reduction in aerobic capacity in HDS rats 
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was due primarily to an impaired ability to augment cardiac output and to 

redistribute blood flow during exercise. In addition, it was concluded that the 

impaired ability to make these cardiovascular adjustments was mediated by 

an altered sympathetic response to exercise. 



CHAPTER! 

Physiological Adaptation to Actual and Simulated 

Conditions of Microgravity 

Introduction 
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In the spring of 1961, Yuri Gagarin and Alan Shepard, Jr. became the 

first individuals to venture into space (112). Before these flights, many 

scientists had expressed doubt that the human system could withstand 

exposure to an environment foreign to the conditions experienced on earth; 

however, when Gagarin and Shepard safely returned it became evident that 

humans could tolerate short term exposures to microgravity. 

Since these inaugural missions, several hundred astronauts and 

cosmonauts have experienced the conditions of microgravity. Although 

exposure to weightlessness has proven tolerable, it has become apparent that 

many organ systems including the cardiovascular system are altered during 

spaceflight. If humans are to establish a permanent presence in space, as 

well as undertake missions to planets such as Mars, more information must 

be obtained on the potential biological consequences of long term exposure to 

microgravity (42,57). 

With this in mind, the National Aeronautics and Space Administration 

has established a list of goals and questions that need to be addressed by 

basic scientists as the space program moves into the Space Station Era (17). 

Included within these goals are the need to: 
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1. Identify the mechanisms underlying the reduction in aerobic capacity 

following space flight. 

2. Determine the hemodynamic responses to space flight. 

3. Determine the relationship between the cardiovascular responses to space 

flight and to models of microgravity such as head down tilt. 

4. Assess the utility of ground based animal models for studying the effects 

of microgravity. 

The purpose of this investigation was to use a ground based model of 

microgravity to address aspects of these four goals. Specifically, head down 

suspension (87) was used to determine the mechanisms by which aerobic 

capacity is reduced following exposure to microgravity . 

Cardiovascular Adaptation to Microgravitv 

Fluid Shift Model. Cardiovascular function in individuals exposed to 

actual and simulated conditions of micro gravity has been shown to be altered. 

These alterations have included reductions in stroke volume, plasma volume, 

and cardiac output; as well as elevations in heart rate and arterial blood 

pressure (10, 20). In addition, astronauts returning to a 1-G environment 

have exhibited orthostatic intolerance and a reduction in aerobic capacity 

(78). 

The mechanism(s) responsible for these cardiovascular adaptations are 

poorly understood. It has been proposed that removal of the hydrostatic 

gradients associated with a 1-G environment results in an immediate 

cephalic shift of intra- and extra-vascular fluids leading to an increase in 

central blood volume (Figure 1). This increase in central venous pressure 
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would be detected by mechanoreceptors in the heart initiating a series of 

neural and humoral adjustments to reduce blood volume (39). As a 

consequence of these adjustments, plasma volume would be reduced which 

could lead to a reduction in exercise capacity. The model also predicts a 

delayed response to the exposure to microgravity characterized by an altered 

baroreflex, and a reduced responsiveness of alpha and beta adrenergic 

receptors. Each of these adaptations could also contribute to a lowered 

aerobic capacity. 



Immediate Delayed ...... 
24-48 Hours 

Zero Gravity 
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t 
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" 
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I--~ Restore Fluid 
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i Central Blood Volume 
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Figure 1. Fluid shift model for the cardiovascular adjustments to 
weightlessness (Modified from reference 16). 
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Flight Data. In a 1-G environment, greater than 70% of the blood 

volume of an upright human being is below the level of the heart (108). 

Under these environmental conditions, blood flow distribution to the trunk 

and legs is aided by the hydrostatic gradients imposed by gravity. When the 

same individual is exposed to a microgravity environment, these gradients 

are removed, intra- and extra-vascular fluids shift, and fluid accumulates in 

the head and thoracic cavity. According to the Fluid Shift model, these shifts 

would be associated with an increase in central venous pressure; however, 

flight data collected to date have not supported this concept. In fact in 1984, 

Kirschet aI. reported that central venous pressure was lower not higher 

during spaceflight (67). The interpretation of these data however, was 

limited in that the measures of pressure were indirect and were not obtained 

during the early stages of flight. More recently, direct measures of central 

venous pressure were obtained before, during, and after launch in astronauts 

instrumented with a venous catheter. As had been reported previously, 

central venous pressure was not increased in space but was elevated during 

the acceleration phase of the launch (8, 14). 

Despite the apparent lack of increase in central venous pressure, 

plasma volume has been shown to be reduced in individuals exposed to 

microgravity (94). The impact of this reduction on cardiac output is not clear. 

Most U.S. spaceflight experiments, as well as data obtained from Soviet space 

missions, have indicated that stroke volume was compromised in-flight but 

that cardiac output was maintained by an increase in heart rate during 

missions lasting less than three months (20). Beyond three months, cardiac 
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performance appeared to be impaired as evidenced by the lower measures of 

cardiac output obtained during the 237 day Salyut-7 mission (4). 

According to the Fluid Shift model, exposure to microgravity should be 

associated with a reduction in the exercise capacity of astronauts. Indeed, a 

reduction in aerobic capacity has been reported in astronauts following 

spaceflight which was manifested by a reduction in maximal oxygen uptake 

during an exhaustive exercise bout (10, 78). In the nine astronauts flown for 

9 or 14 days on the two Space Lab Life Sciences missions, maximal oxygen 

uptake (V02 max) was reduced by 22% (78). This reduction was attributed 

exclusively to a reduction in cardiac output. In addition, it was determined 

that the reduction in cardiac output was mediated, in part, by an impaired 

ability to increase stroke volume rather than to an altered heart rate 

response to exercise (78). 

Although the deconditioning proposed in the Fluid Shift model has 

been documented post-flight, the maximal exercise capacity of astronauts in

flight has not been shown to be compromised. Data collected from astronauts 

flown on the 84 day Skylab-4 mission indicated that aerobic capacity was 

maintained at pre-flight levels (84). Although these findings were contrary to 

the predicted reductions (Figure 1), it should be noted that the individuals 

tested had participated in a heavy training program throughout the mission, 

therefore the impact of spaceflight on aerobic capacity in the absence of 

countermeasures was not addressed. 

In a more recent study, aerobic capacity was measured in six 

astronauts before, during, and after exposure to microgravity in the absence 

of countermeasures (78). These data also revealed that \702 max was 
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maintained in-flight (78}. Collectively, these data indicate that the aerobic 

capacity of astronauts could be maintained in-flight for two weeks without 

countermeasures, and for 84 days when countermeasures were employed. It 

remains to be determined if aerobic capacity would be reduced in astronauts 

during longer missions. Given that cardiac output was compromised in-flight 

during the 237 day Salyut-7 mission, it is likely that oxygen uptake would 

have been reduced in these individuals (4). 

Cardiovascular Adaptation to Head Down Supension 

Many ground based models have been used to elicit the cardiovascular 

responses that occur, or that have been speculated to occur, during space 

flight as a result of the Gauer-Henry reflex (39). The goal of these models is 

to remove of the hydrostatic gradients imposed by gravity, initiate a shift of 

body fluids, and increase central venous blood pressure. This increase in 

pressure should in turn initiate a series of physiological adjustments to 

reduce plasma volume, cardiac output and exercise capacity. 

The most commonly used model to simulate microgravity in animals is 

head down suspension (87). With this model, rats are positioned at a head 

down angle to elicit a cephalic shift of fluids and to remove the weight 

bearing stimuli from the animal's hindlimbs. This model has been shown to 

effectively mimic a number of the cardiovascular responses that occur during 

spaceflight and bedrest. These responses include an increase in central 

venous pressure (111), as well as reductions in plasma volume (11, 31), 

resting cardiac output (11, 103), and exercise capacity (29, 98, 129). 
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The presence of a cephalic shift of fluids was first documented in 1984 

by Hargens et a1. who documented an increase in interstitial pressure in the 

neck region of rats positioned at a head down angle (50). Subsequently, 

Shellock et a1. reported that rats positioned at a 20 or 45 degree head down 

angle exhibited an increase in central venous pressure (111). The magnitude 

and duration of these increases was dependent on the head down angle 

imposed. 

As predicted by the Fluid Shift model, the increase in central venous 

pressure during suspension was associated with a reduction in plasma 

volume (11, 31). This decrease occurred rapidly and was reduced as much as 

34% after seven days of suspension (11). As a consequence of the reduction in 

plasma volume, cardiac output could have been reduced. Although no 

measures of cardiac output have been made in rats during exercise following 

HDS, resting measures of cardiac output have been shown to be lower (11, 

103). 

The impact of these cardiovascular adaptations on exercise capacity 

has been studied in some detail. It is well documented that exposure to head 

down suspension is associated with a reduction in maximal oxygen 

consumption. This reduction in V02 max was first reported in 1987 by 

Desplanches et a1. and by Overton and Tipton who found that adult rats 

exposed to HDS had a lower measure of V02 max than control rats after 6 to 

35 days (29, 99). Although the data of Desplanches et al. provided some 

insight into the effect of suspension on exercise capacity, they were limited in 

that no measures of aerobic capacity were obtained before the suspension 

period, and it was assumed that the experimental and control groups had 
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similar pre-treatment measures of \702 max. In the studies of Overton et 

al., a repeated measures experimental design was used in which \702 max 

was assessed before, and after, 6-9 days of head down suspension (98). These 

data reinforced the findings of Desplanches et al. and revealed that the 

de conditioning associated with HDS occurred within one week. 

The mechanism underlying the reduction in \702 max in suspended 

rats is not known; however, one hypothesis is that the deconditioning process 

is due to changes occurring within the non-weight supporting muscle leading 

to an impaired ability to extract and use oxygen in the metabolism of fats and 

carbohydrates (29). This hypothesis is supported by the observation that the 

number of capillaries per gram of muscle, and the capillary to muscle fiber 

ratio, were lower after a period of suspension (29). In addition, it has been 

shown that the activity of many aerobic enzymes such as citrate synthase and 

succinate dehydrogenase (SDH) is less in the muscles of rats exposed to HDS 

(29, 113, 115, 127l 

Although these data indicate that the reduction in \702 max during 

suspension could be due in part to the muscular adaptations to suspension, 

other results have indicated that this is not the primary mechanism by which 

aerobic capacity is reduced. Suspension has been shown to be associated with 

a reduction in the number of capillaries perfusing a muscle; however the loss 

of these vessels has been shown to occur more slowly than the loss of muscle 

mass. As a consequence, capillary density was greater in muscles from rats 

exposed to HDS than their cage controls (29). In addition, the alterations in 

enzyme activity may have reflected an increase in intercellular space rather 

than a true reduction in activity (65). It has been reported that citrate 
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synthase and SDH activity expressed per gram of single soleus muscle fiber 

was increased after two and four weeks of suspension (37,46, 51). 

More recently it was proposed that the reduction in V02 max 

associated with HDS involved alterations in body mass and composition. 

Although suspension has frequently been shown to be associated with a 

reduction in body mass (77, 89, 124), several lines of evidence argue against 

this as the primary mechanism accounting for the reduction in oxygen 

uptake. First, V02 max is lower after suspension even when expressed 

relative to body mass (130). Second, rats restrained in a harness with all 

limbs weightbearing lose body mass but maintain their aerobic capacity 

(128). Third, food restriction leading to weight loss similar to the loss 

observed in suspended rats resulted in a reduction in V02 max that was half 

the magnitude reported in suspended rats (98). Lastly, it has been shown 

that rats suspended for 29 days increased their weight (18%) while relative 

measures of V02 max remained 29% lower (130). 

It has also been suggested that the reduction in V02 max was due to a 

loss of muscle mass and an increase in the percentage of body fat (129). If 

one assumes the hindlimb muscles of a normal rat represent only 15% of the 

total body mass, and that only 5% of this mass is composed of type I fibers (2), 

then it is unlikely that the partial atrophy of these hindlimb muscles would 

account for the deconditioning effect. In addition, the percentage body fat of 

rats suspended for 28 days was lower, not higher, in HDS rats indicating that 

these animals had lost fat at a faster rate than fat free mass (129). Based on 

these findings, it was concluded that the reduction in aerobic capacity likely 
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involved factors other than marked changes in fat free mass and the ability to 

extract oxygen. 

A most important factor may be oxygen delivery; however, to date no 

measures of cardiac output during exercise have been made in rats following 

suspension and the effect on hindlimb blood flow is unclear. McDonald et al. 

measured blood flow during exercise following 15 days of HDS and concluded 

that hindlimb blood flow was similar to controls (82). It should be noted that 

the rats performed light intensity exercise; therefore, the response to heavy 

exercise was not addressed. These data, combined with the data published by 

Overton et al. which showed reduced hindlimb blood flow during more 

intense exercise (98), suggest that cardiac output was not a limiting factor 

during light exercise but it became limiting during heavier exercise when 

active skeletal muscles and cutaneous vascular beds were competing for blood 

flow. 

The ability to increase cardiac output is regulated, in part, by the 

autonomic nervous system. Consequently, any alteration in the autonomic

cardiovascular adjustments to exercise could reduce aerobic capacity. In 

1989, Overton et al. hypothesized that the deconditioning process associated 

with suspension was due to an end organ depletion of norepinephrine (NE) in 

the myocardium of HDS rats (98). This speculation was supported by two 

independent groups of investigators who found that they were able to prevent 

the reduction in aerobic capacity of HDS rats by providing an exogenous 

source of catecholamines to the rats during the HDS period (27, 40). 

An alteration in the sympathetic response to exercise could also effect 

the distribution of blood flow. McDonald et al. have shown previously that 
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HDS rats did not reduce visceral blood flow during exercise (82). These 

authors hypothesized that the higher visceral blood flow was due to a 

reduction in vascular reactivity to the released NE which was supported by 

the findings of Delp et al. who demonstrated that the ability of aortic smooth 

muscle to produce contractile tension in response to NE was lower in animals 

exposed to HDS (25). 

Although Overton et al. confined their discussion to the effects of 

suspension on the catecholamine stores in the heart, recent evidence 

suggested that whole body sympathetic activity was altered by suspension 

(23, 128). In 1991, it was reported that rats exposed to 7 and 14 days ofHDS 

had elevated levels of circulating NE and epinephrine (128). If sympathetic 

neural outflow had been chronically elevated in the hearts of HDS rats, then 

the myocardial stores of NE may have become depleted or the tissue may 

have become less responsive to catecholamine stimulation. Data published 

by Fareh et al. however indicated that sympathetic neural outflow to the 

heart was lower during HDS (34); therefore, it is unlikely that down 

regulation of adrenergic receptors would have occurred under these 

conditions. 

The contribution of the endocrine system to the deconditioning process 

associated with suspension is not well understood; however, it has been 

shown that hypophysectomized rats had significantly lower measures of \702 

max than sham-operated rats. In addition, these rats did not exhibit a 

decriment in aerobic capacity when exposed to HDS (130). The lower initial 

measures of \702 max were attributed to lower measures of plasma volume 

and maximal cardiac output (130). The maintenence of aerobic capacity 
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during HDS was attributed to a lack of further reduction in cardiac output 

during the suspension period (130). 

Muscular Adaptation to Micrograyity 

Data collected to date have revealed that the exercise capacity of 

astronauts and cosmonauts is reduced after spaceflight (20). Although 

alterations in cardiovascular function may contibute to these decriments, it is 

evident that the muscular system of humans and animals is altered in 

microgravity which may affect function in space and upon return to earth. 

Unfortunately, the impact of these adaptations on the ability to develop and 

maintain forces is not well understood. It is known that the force potential of 

muscle is dependent on the characteristics of the muscles recruited and the 

loading conditions imposed; therefore, it is likely that the ability of crew 

members to perform an exercise bout in space, and upon return to earth, 

would be impaired (81). 

Structural Adaptation. Structurally, muscles in humans and 

animals exposed to conditions of microgravity have been shown to atrophy 

(28, 58). The majority of the loss in mass appears to occur during the early 

stages of space flight as muscles excised from rats flown in space for 7 or 22 

days were associated with a 33% reduction in the mean cross sectional area of 

single soleus muscle fibers (59, 79). In addition, muscles obtained from rats 

flown for as few as five days were smaller than ground based controls (122). 

The atrophic response to microgravity was not manifested equally in 

all muscles. In general, atrophy was more pronounced in extensors than 

flexors, with slow oxidative fibers exhibiting the most pronounced change (91, 
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106). The preferential loss of slow oxidative fibers is not surprising given 

their importance to the maintenance of posture and in opposing gravity. 

The unloading of skeletal muscle during space flight was also 

associated with an alteration in the relative expression of protein isoforms 

comprising the contractile system (5). Antigravity muscles, composed 

primarily of slow oxidative fibers, exhibited an increased expression of fast 

myosin heavy chain isoforms (5). 

The mechanism for these adaptations is not well understood; however, 

it has been shown that electromyogram (EMG) activity to some antigravity 

muscles was reduced during spaceflight (19, 20). In addition, muscles with 

the greatest reduction in electrical activity exhibited the greatest atrophy. 

Functional Adaptation. The transformations in mass and myosin 

heavy chain phenotype could alter the functional properties of skeletal 

muscle as manifest in strength, contractile speed, and fatigue properties (5). 

Since the ability of muscle to generate force is proportional to cross sectional 

area of the contracting muscle (81), it is likely that the atrophy associated 

with spaceflight would reduce strength and increase the fatigability of 

muscle. 

Muscle function tests performed on rat soleus muscle revealed that six 

days of spaceflight was associated with a 28% reduction in peak force 

development, a 14% increase in Vmax, and a reduction in peak power 

production (5). In addition, the flight muscles demonstrated a reduced 

capacity (36%) to sustain repeated isometric contractions which the authors 

used as an index of endurance capacity (5). 
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Muscle function tests performed on astronauts before and after the 

three Sky Lab missions revealed that the torque generating capacity of leg 

and arm muscles was impaired (118). The observed reduction in force 

development was more pronounced in knee extensors and flexors, however 

peak torque generated by the muscles in the arm was also reduced. Although 

these data indicate that muscle function was altered in astronauts, it should 

be noted that the tests were performed at only one contraction velocity and 

joint angle, and that no fatigue tests were performed. Strength testing in 

cosmonauts revealed that the torque generating capacity of the calf and thigh 

muscles was reduced and that the loss of force was more pronounced during 

tests performed at high contraction velocities (47). 

Although maximal force generating capacity has been shown to be 

reduced after spaceflight, the effect of micro gravity on the capacity of humans 

to produce submaximal forces for a prolonged period of time is not clear. 

Based on muscle atrophy alone, it has been predicted that muscle would be 

more fatigable upon return to I-G and that routine tasks would require the 

recruitment of additional muscle fibers to compensate for the reduction in 

cross sectional area (70). The muscles most likely affected would be located 

in the legs, back, and neck (70). The mechanism for fatigue may involve an 

impaired ability to increase muscle blood flow and oxygen delivery, as well as 

a reduction in the activity of aerobic enzymes. Data obtained from rats flown 

for up to 12 days demonstrated no difference in aerobic enzyme activity (79). 

Therefore, it is likely that the more rapid rate of fatigue was due to an 

alteration of blood flow and to a loss of muscle mass. Given that crew 

members will rarely be required to exercise at maximal intensities, it is 
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critical that more data be collected on the impact of microgravity on the 

ability to maintain submaximal forces for a prolonged period of time. 

Muscular Adaptation to Head Down Suspension 

Structural Adaptation. Head down suspension elicits a number of 

muscular changes that have been shown to occur during spaceflight. These 

changes have included a reduction in EMG activity, muscle atrophy, and an 

alteration in fiber type composition. A reduction in EMG activity was first 

documented by Alford et al. in rats suspended for 28 days (1). These authors 

found reductions in EMG activity in the soleus (-91%) and the medial 

gastrocnemius (-54%) at the onset of suspension which returned to near 

normal values by day three. Similar reductions in EMG activity have been 

reported in soleus EMG activity in rats suspended from 7 to 14 days (107, 

116). In contrast, the EMG activity to an ankle flexor (tibialis anterior) was 

increased during the HDS period which was attributed to plantar flexion and 

a lengthening of this muscle (1). 

Hindlimb suspension has also been shown to be associated with muscle 

atrophy. In a 1990 review, Thomason and Booth cited 17 studies 

documenting atrophy in various hindlimb muscles (118). As had been 

reported in flight experiments, there was a preferential loss of muscle in the 

antigravity extensor muscles such as the soleus, plantaris, and 

gastrocnemius (43, 63, 89). In addition, muscle composed primarily of slow 

twitch oxidative fibers were most affected. The atrophy of these muscles was 

associated with a reduction in total protein content with myofibrillar proteins 
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being most affected (63, 117, 118). Despite the reduction in protein content, 

protein concentration appeared to be unchanged following suspension (62). 

Functional Adaptation. Functionally, suspension has been shown to 

be associated with changes in the force, velocity, and endurance properties of 

skeletal muscle. It has been reported that the maximal force generating 

capacity of soleus muscle fibers was reduced after non-weight bearing which 

was as great as 79% after 14 days (37). The reduction in force potential likely 

reflected a loss of contractile proteins. With respect to the speed of 

contraction, HDS appeared to be associated with an increase in the maximal 

velocity (V max) of shortening with increases of up to 124% after 14 days (37, 

55). The impact of suspension on the endurance properties of muscle is not 

clear. Some studies suggest that suspension did not alter the rate of fatigue 

of the soleus muscle in suspended rats (35, 125); however, data published 

recently indicated that the soleus muscle did become more fatigable (83). 

Validity of the Head Down Suspension Model 

Since its introduction in 1979, the head down suspension model has 

been used to study the mechanisms associated with bone demineralization, 

muscle atrophy, and cardiovascular deconditioning. Although the model has 

been used extensively, its validity continues to be questioned. In tables 1 and 

2, the effects of head down suspension on skeletal muscle and cardiovascular 

function are compared with data collected during and following spaceflight. 

With respect to muscular adaptations, the HDS model has been remarkably 

effective at mimicking microgravity responses. These responses have 

included a reduction in EMG activity, loss of muscle mass, an increased 
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expression of fast myosin heavy chain isoforms, an alteration in the force

velocity profile, and an increase in fatigability. The utility of the model to 

study the cardiovascular system is not as well documented. Clearly HDS 

mimics a number of the cardiovascular responses predicted by the Fluid Shift 

model. These responses have included a cephalic shift of fluids, an increase 

in central venous pressure, and reductions in plasma volume and aerobic 

capacity. The model is limited however, in that some of the predicted 

responses to microgravity have not been documented to occur in-flight. 

Consequently, as more flight data becomes available the usefulness of HDS 

as a model for in-flight responses may have to be re-evaluated. Even if it 

becomes evident that the model does not accurately mimic the cardiovascular 

responses in weightlessness, that would not disqualify the model as a means 

of studying the post-flight consequences of exposure to microgravity. 
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Table 1. Comparison of select effects of head down suspension and 

sEaceflight on the muscles of rats. 

Variable HDS Ref Spaceflight Ref 

EMG Activity D 1,107, 116 D 19,20 

Muscle Mass 

Soleus D 118 D 28,58 

Plantaris D 118 D 28,58 

Gastrocnemius D 118 D 28,58 

Tibialis Anterior NC 118 NC 28,58 

Fiber Type Percentage 

Slow Oxidative D 29,51,113 D 91, 106 

Fast Oxidative Glycolytic I 29,51,113 I 91, 106 

Fast Glycolytic I 29,51,113 I 91, 106 

Fast Myosin Isoforms I 5 I 5 

Enzyme Activity 

Citrate Synthase I 37,46,51 I 28 

SDH I 37,46,51 I 28 

Force Potential D 37 D 5 

Fatigability IINC 35,83,125 I 70 

Contraction Velocity I 37,55 I 28 

Mechanical Efficiency D 126, 127 DINC 20 

I, increased relative to control; D, decreased relative to control; NC, no change relative to 

control; NA, not available. 
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Table 2. Comparison of select cardiovascular responses of rats to head down suspension with the 
cardiovascular responses exhibited by humans during and after space flight. 

Variable HDS Reference In-Flight Reference Post-Flight Reference 

Cardiac Output 
Rest D 11,103 NC 4,20 D 20,78 
Exercise NA DINC 4 D 20,78 

Hearl Rate 
Rest IINC 82,98 IINC 20 I 20,78 
Exercise IINC 82,98 IINC 20 I 20,78 

Stroke Volume 
Rest NA DINC 20 D 20,78 
Exercise NA DINC 20 D 20,78 

Mean Arterial 
Pressure 

Rest IINC 98,115 IINC 20 D 20 
Exercise IINc 82,98 I 20 IINC 20 

Systemic Vascular 
Resistance 

Rest I 98,115 I 20 D 20 
Exercise I 98 I 20 I 20 

Central Venous 
Pressure I 111 IINC 8,14,67 NA 

Blood Volume D 11,30 D 94 D 20 

Plasma Volume D 11,30 NA 94 D 20 

Maximal Oxygen Uptake D 27,40,98 NC 78,84 D 20,78 
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Hypotheses 

The purpose of this investigation was to determine the mechanism for 

the reduction in aerobic capacity associated with head down suspension. 

Particular emphasis was placed on the role of the autonomic nervous system 

in the augmentation and redistribution of cardiac output during exercise. It 

was hypothesized that the ability to augment cardiac output and to 

redistribute blood flow via beta-adrenergic mechanisms would be lower in 

rats exposed to head down suspension than in cage controls during heavy 

submaximal exercise. The specific hypotheses of the project were as follows: 

1. Cardiac output and hindlimb blood flow would be less in rats exposed to 

14 days of head dO¥.:l suspension than in cage controls during heavy 

submaximal exercise. 

2. The sympathetic response to exercise would be altered in rats exposed to 

14 days of head down suspension. This would be characterized by lower 

sympathetic traffic in the heart and spleen during heavy submaximal 

exercise. In contrast, sympathetic outflow to the soleus muscle would be 

higher in HDS rats than in controls during heavy submaximal exercise. 

3. Norepinephrine depleted rats would have lower measures of aerobic 

capacity than normal rats, and would not exhibit a reduction in '\1'02 

max when exposed to 14 days of head down suspension. 

4. Epinephrine depleted rats would have lower measures of aerobic 

capacity than normal rats, and would exhibit a reduction in \702 max 

when exposed to 14 days of head down suspension. 
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Significance of the Present Study 

A prolonged existence in space by animals or humans will depend in 

part on the maintenance of cardiovascular and muscle function. The 

experiments outlined in this proposal characterized the central and 

peripheral hemodynamic adjustments to an animal model of simulated 

microgravity designed to mimic the fluid shifts and muscle atrophy 

associated with space flight. The unique feature of this study was the direct 

measurement of cardiac output and the distribution of blood flow during light 

and heavy intensity exercise following HDS. Exercise was used to challenge 

the cardiovascular system since it could be readily controlled and quantified, 

and because it provided an insight into the effect of simulated microgravity 

on performance. The experiments designed to estimate regional sympathetic 

outflow during exercise were included to determine the role of the 

sympathetic nervous system in the de conditioning process associated with 

exposure to simulated microgravity. 



CHAPTER 2 

Influence of Simulated Microgravity on the Aerobic Capacity of 

Norepinephrine Depleted Rats 

Abstract 
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Rats exposed to head down suspension (HDS) exhibit reductions in 

maximal oxygen uptake (\102 max). This decline may be due in part to a 

depletion of the myocardial stores of norepinephrine (NE) during the HDS 

period. The purpose of this study was to measure aerobic capacity before and 

after a period ofHDS in rats that were partially sympathectomized to deplete 

their stores of NE. To achieve this aim, male Sprague-Dawley rats were 

sympathectomized (SYMX) with periodic injections of guanethidine sulfate 

and assigned to 14 days of HDS or cage control conditions. The rats were 
. 

tested for V02 max and mechanical efficiency (ME) prior to suspension and 

on days 7 and 14. The results indicated that SYMX rats had significantly 

lower measures of V02 max than sham controls (20%), and did not exhibit a 

reduction in aerobic capacity when exposed to HDS. In contrast, sham rats 

exposed to HDS exhibited a marked reduction in V02 max after 7 and 14 

days. HDS elicited a reduction in ME in both SYMX and sham rats (23-28%), 

and resulted in a lower percentage of body fat (33-37%) than the cage 

controls. Based on these data, it was concluded that the reduction in V02 

max associated with HDS was due, in part, to a depletion ofNE stored in the 

adrenergic nerve terminals ofHDS rats. 
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Introduction 

Maximal oxygen uptake (V02 max) is an index of aerobic capacity that 

represents the composite abilities to deliver and to utilize oxygen during an 

exercise bout. The effect of spaceflight on \702 max has not been extensively 

documented; however, two studies have shown that humans exposed to 

conditions of micro gravity were able to maintain aerobic capacity in-flight but 

exhibited marked reductions in \702 max post-flight (78, 84). 

Head down suspension (HDS), a commonly used animal model for 
. 

simulating microgravity, has also been shown to elicit reductions in V02 max 

(29, 40, 98, 99). The mechanism for this deconditioning effect is not clear; 

however, Overton et al. speculated that HDS elicited an end organ depletion 

of norepinephrine (NE) in the heart (98). If this were the case, then HDS rats 

had an impaired ability to increase cardiac output during exercise which in 

turn would have reduced aerobic capacity. 

The purpose of this study was to measure aerobic capacity before and 

after a period ofHDS in rats that were partially sympathectomized to deplete 

their stores of norepinephrine. Two hypotheses were proposed. First, 
. 

sympathectomy would be associated with a lower measure of V02 max. 

Second, NE depleted rats would not exhibit any further decrement in aerobic 

capacity when exposed to HDS. The rationale for the first hypothesis was 

based on data indicating that \702 max was lower in sympathectomized 

normal and hypertensive rats than in saline injected controls (33, 122). The 

rationale for the second hypothesis was that if the deconditioning of rats 

exposed to HDS was due to NE depletion, then rats that were NE depleted 

prior to HDS should not exhibit any further decrement in aerobic capacity. 
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Methods 

Experimental Design. Prior to initiating this study, approval was 

received from the Animal Care and Use Committee at the University of 

Arizona. Female Sprague-Dawley rats with timed pregnancies were received 

from a commercial dealer (Harlan Sprague Dawley, Indianapolis, IN) five 

days before parturition. Chemical sympathectomy (SYMX) was initiated two 

days after birth by injecting the rats subcutaneously (50 mg/kg) with a 

buffered solution of guanethidine monosulfate (Sigma). The injections were 

continued five days per week throughout the duration of the experiment. 

After weaning, but prior to group assignment, the rats were housed in groups 

of four or five in stainless steel cages. At 10 weeks of age, rats performed an 
. 

exercise test to determine maximal oxygen uptake (V02 max) and the 

mechanical efficiency (ME) of running. At the conclusion of this exercise test, 

the rats were randomly assigned to 14 days of head down suspension or cage 

control conditions. The same protocol was followed simultaneously with rats 

of similar age that were injected subcutaneously with equal volumes of 

isotonic saline (SHAM). 

Animal Care. All rats were housed in an animal care facility 

main~ained at 20-230 C with a 12:12 hour light-dark cycle. During the 

experimental period, the rats were maintained in a room removed from the 

general animal care area; but, under identical conditions. Throughout the 

experimental period the animals were fed rat chow (Wayne, Rodent Blox, 

Bartonsville, IL) in a paste form (-60% water, 1.85 kcal/g) to encourage eating 

and body mass was recorded daily (131). All rats were familiarized with 
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treadmill running one to two weeks prior to \702 max testing. This consisted 

of running five, three minute stages of increasing intensity three times per 

week which closely simulated the \702 testing protocol used in the study. 

Suspension Procedures. Suspension was accomplished via a 

modification of the method described by Overton et al. (Appendix B, Figure 

28). In brief, the rats were restrained within a semicircular Plexiglas tube by 

two Velcro straps, one located under the body posterior to the forelimbs, the 

second under the body and anterior to the hindlimbs. At the base of the tube, 

a hinged Plexiglas panel closed around the tail and in front of a plastic tail 

piece to prevent forward movement. Rats in the HDS group were positioned 

at a 45° angle to remove the weight bearing stimulus from the hindlimbs and 

to elicit a cephalic shift of body fluids (98). Rats were suspended for 14 days 

and were examined daily by the investigator and by veterinarians affiliated 

with the University of Arizona. 

Exercise Tests. Maximal oxygen uptake was measured as described 

by Bedford et al. (6). In brief, rats ran on a treadmill enclosed in an airtight 

Plexiglas chamber. Expired air was withdrawn by a vacuum pump at a 

constant rate, and the oxygen and carbon dioxide content of the expired air 

was measured with calibrated gas analyzers. The protocol for the exercise 

test consisted of three-minute stages starting at 10.7 m1min and increasing 

5.3 m1min with each subsequent stage. For the first running stage, the 

treadmill was set at a 0° grade. Grade was increased to 5° and 10° for stages 

three and four, respectively, and was maintained at 10° for the remainder of 

the test. Oxygen consumption was measured during the last 30 seconds of 

each 3 minute stage andV02 max was taken to be the highest V02 value 
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measured during the graded exercise test. The test was terminated when the 

rat was unable 01' unwilling to keep pace with the treadmill conditions. The 

criterion used to accept a test as a true maximal effort were a plateau in 

oxygen uptake values, and a respiratory exchange ratio greater than 1.10. 

Apparent mechanical efficiency was determined for each test as described by 

Brooks et al. (13), in which efficiency was calculated as the inverse of the 

linear regression of the caloric equivalents of oxygen consumed against 

external work performed during the submaximal stages. 

On days 7 and 14 of the experimental period, the animals repeated the 

exercise test. This required that the animal be removed from the suspension 

harness for a period of time that did not exceed 30 minutes. 

Muscle, Organ and Blood Samples. At the conclusion of the day 14 

exercise test, animals were resuspended for 24 hours. On day 15, the rats 

were anesthetized with ketamine (0.12 m1l100 g body mass) containing 

acepromazine (1 mg/ml). The soleus and plantaris muscles were removed, 

rinsed in cold saline, blotted dry and weighed. In addition, the weight of the 

heart and the left adrenal gland were recorded. 

To assess the effectiveness of the sympathectomy procedure, blood 

samples were obtained from the anesthetized rats at the time of sacrifice and 

assayed for epinephrine and norepinephrine. Blood samples were drawn into 

ice chilled syringes from the descending aorta. The samples were 

subsequently transferred into tubes containing 90 mg/ml EGTA and 60 

mg/ml glutathione solution, and centrifuged at 3000xg, 40 C for 10 minutes. 

After centrifugation, the plasma was removed and stored at -700 C until 

analysis. Plasma norepinephrine and epinephrine levels were measured with 
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radioenzymatic procedures using a commercially available kit (Cat-A-Kit, 

Amersham, Arlington Heights, IL). 

Body Composition. After sacrifice, the composition of the shaved rat 

carcass was determined using a modification of a chemical method described 

by Michelsen and Anderson (85). In brief, the carcass was autoclaved for two 

hours and homogenized in a Waring Blender for 15-20 minutes with an equal 

volume of water. Homogenate samples were used to determine the 

percentages of water, fat, and fat-free mass (FFM). Instead of petroleum 

ether, 3:1 (v/v) ethanol-ether was used for fat extraction as described by 

Crews et aI. (24). Not included in the carcass analysis were a small portion of 

the ventricle, the right soleus and plantaris muscles, and one adrenal gland. 

Data Analysis. Statistical analyses were performed on data coIIected 

from animals that completed the entire experimental protocol. Analysis of 

variance for repeated measures was used to assess treatment effects within 

group over time. One way ANOV A was used to test for between group 

differences. When a significant F value was obtained, post-hoc analyses were 

performed using Duncan's multiple range test. A 0.05 probability was the 

level of significance used in all tests. 
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Results 

Chemical Sympathectomy. To determine the effectiveness of the 

sympathectomy procedure, arterial blood samples were obtained at the time 

of sacrifice and assayed for the content of norepinephrine and epinephrine. 

The plasma concentration of norepinehrine was significantly lower in the 

SYMX rats (66%) than in the SHAM rats (0.37 ± 0.04 ng/ml vs. 1.09 ± 0.01 

nglml) while epinephrine levels were not significantly different. 

Body mass and composition. Prior to the 14 day treatment period, 

SYMX rats were significantly smaller than the SHAM injected animals 

(Figure 2). During the 14 day experimental period, the SYMX and SHAM 

injected cage control animals increased in body mass by 12% and 6% 

respectively. During the same time interval, both HDS groups lost 6% of 

their body mass. 

Body composition analyses revealed that the percent body fat of rats 

exposed to HDS was significantly lower than animals exposed to CC 

conditions (Figure 3). 

Maximal Oxygen Uptake. Prior to the experimental period, the \702 

max value for the SYMX rats was significantly lower (20%) than for the 

SHAM injected rats (Figure 4). When the SHAM injected rats were exposed 

to HDS, they exhibited a significant reduction in aerobic capacity after 7 (-

12%) and 14 (-13%) days (Figure 5). In contrast, the SYMX rats did not 

exhibit a reduction in aerobic capacity after being suspended. 

When \702 max was expressed relative to fat free body mass (Figure 

6), the SHAM HDS rats tended to have a lower (8%) measure of aerobic 

capacity than the CC group; however, this difference was not statistically 
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significant. In contrast, SYMX rats exposed to HDS had relative measures of 

V02 max that were significantly higher than their CC counterparts. 

Mechanical Efficiency and Run Time. Mechanical efficiency 

during submaximal exercise was not significantly changed throughout the 

study for any of the CC groups (Figure 7). In contrast, significant reductions 

were observed on day 7 and 14 in the SYM){ HDS rats (23% and 25%) and in 

SHAM HDS rats (28% and 25%). Similarly, run time to exhaustion did not 

change for the cage control groups but was reduced for the HDS rats (Figure 

8). 

Muscle, heart and adrenal masses. Rats exposed to HDS had 

significantly lower soleus (39% to 45%) and plantaris (29% to 32%) muscle 

masses when compared to the CC animals (Table 3). When soleus muscle 

mass was expressed relative to body mass (mgllOOg body mass), the mean 

values for the HDS animals remained significantly lower than the CC values. 

Although plantaris muscle mass-to-body mass ratio tended to be lower for 

both HDS groups compared to corresponding CC animals, the differences 

were not statistically significant. 

The heart mass of the SYMX rats was significantly lower than the 

SHAM rats (Table 3). Rats that were suspended had heart masses that were 

less than controls; however, when heart mass was expressed relative to body 

mass, HDS animals had significantly higher values than the CC rats. 

Adrenal mass (not shown) was not significantly different between the SHAM 

and SYM){ rats and was not altered by HDS. 
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Figure 2. Influence of 14 days of head down suspension (HDS) or cage 
control (CC) conditions on the body mass of rats. Values are means ± SE for 
7-8 female rats per group. * denotes a mean value that was significantly 
different from the pre-treatment value (P < 0.05). 
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Figure 3. Influence of 14 days of head down suspension (HDS) or cage 
control (CC) conditions on the percentage body fat in rats. Values are means 

± SE for 6-8 female rats per group. * denotes a mean value that was 
significantly different from the CC value (P < 0.05). 
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Figure 4. Influence of chemical sympathectomy on the maximal oxygen 
uptake of rats. Values are means ± SE for 14 SHAM and 14 SYMX female 
rats. * denotes a mean value that was significantly different from the CC 
mean (P < 0.05). 
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Figure 5. Influence of 14 days of head down suspension (HDS) or cage 
control (CC) conditions on the absolute maximal oxygen uptake of female 
rats. Values are means ± SE for 6-8 rats per group. * denotes a mean value 
that was significantly different from the pre-treatment value (P < 0.05). 
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Figure 6. Influence of 14 days of head down suspension (HDS) or cage 
control (CC) conditions on maximal oxygen uptake relative to fat free body 
mass (ffm). Values are means ± SE for 6-8 female rats per group. * denotes a 
mean value that was significantly different from the CC value (P < 0.05). 
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Figure 7. Influence of 14 days of head down suspension (HDS) or cage 
control (CC) conditions on the mechanical efficiency of female rats. Values 
are means ± SE for 6-8 female rats per group. * denotes a mean value that 
was significantly different from the pre-treatment value (P < 0.05). 
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Figure 8. Influence of 14 days of head down suspension (HDS) or cage 
control (CC) conditions on the run time of female rats. Values are means ± 
SE for 6-8 female rats per group. * denotes a mean value that was 
significantly different from the pre-treatment value (P < 0.05). 
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Table 3. Effect of head down suspension or cage control conditions on heart, 

soleus and plantaris mass. 

Group 

cc 
SHAM 
SYMX 

HDS 
SHAM 
SYMX 

CC 
SHAM 
SYMX 

HDS 
SHAM 

SYMX 

Heart 

1223 ± 38 
992 ± 21# 

1073 ± 32* 
961 ± 37# 

Muscle Mass (mg) 

Soleus 

146.2 ± 7.8 
131.0 ± 6.6 

80.3 ± 3.9* 
79.2 ± 6.5* 

Plantaris 

333.7 ± 16.9 
295.1 ± 21.6 

234.8 ± 12.1* 
211.4 ± 11.6* 

Muscle Mass-Body-Mass (mg/100g) 

309±8 
302±7 

344 ± 11* 
363 ± 9* 

36.9 ± 1.5 
39.9 ± 1.6 

25.8 ± 1.4* 
30.0 ± 2.4* 

84.5 ±4.2 
90.2 ± 7.3 

75.4 ± 4.3 
80.0 ± 4.1 

Values are means ± SE of6-10 female rats and are expressed in absolute 

mass (mg) and relative to body mass (mg/lOOg BM). * denotes a mean value 

that was significantly different from CC mean. # denotes a mean value that 

was significantly different from the SHAM mean (p<0.05). 
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Discussion 

The purpose of this study was to test the hypothesis that the reduction 

in V02 max of rats exposed to HDS is due, in part, to a depletion of 

norepinephrine stored in adrenergic nerve terminals. It was hypothesized 

that sympathectomy would be associated with lower measures ofV02 max, 

and that the NE depleted rats would not exhibit further decrements in 

aerobic capacity when exposed to HDS. The key findings of the study were 

that sympathectomized rats had a 20% lower measure of aerobic capacity 

than SHAM injected rats, and that the sympathectomized rats did not exhibit 

a reduction in V02 max when suspended for 14 days. 

To confirm that the sympathectomy procedures were effective in 

depleting norepinephrine, radioenzymatic assays were performed on plasma 

samples taken at the time the animals were killed. The results indicated 

that plasma NE concentration in SYMX rats was significantly (66%), but not 

completely depleted, while epinephrine (EPI) values were normal or slightly 

higher than controls. Since guanethidine does not act on the adrenal 

medulla, the normal or slightly elevated EPI values, as well as the low levels 

of NE, were expected. Based on these data, it was concluded that the rats 

were partially sympathectomized and the results were acceptable for use in 

the study. 
. 

The lower measures ofV02 max in response to sympathectomy (Figure 

4) confirmed previous studies which had shown that the aerobic capacity of 

partially sympathectomized rats was lower than controls (33, 122). 

Interestingly, the 20% difference was similar in magnitude to the 19% lower 
. . 

measure of V02 max reported when Desplanches et a1. compared the V02 
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max values of rats suspended for 35 days with cage controls (29). In addition, 

the decrement was similar to the reductions reported for rats suspended from 

6 to 28 days (40, 98, 127, 129, 130). 

After 7 and 14 days of HDS, the absolute measures of V02 max were 

significantly reduced for the SHAM injected rats (Figure 5). The magnitude 

of this reduction was similar to the deconditioning effect previously reported 

in rats suspended in a whole body harness (98, 127, 129), or with tail 

suspension (29, 40). If deconditioning had involved a depletion of stored NE, 

then rats that were injected with guanethidine should have had lower 

measures of aerobic capacity, but they should not have exhibited a reduction 

in aerobic capacity when suspended. As can be seen in figure 5, there was no 

significant change in the aerobic capacity of SYMX rats over the 14 day 

treatment period. 

It is possible that the reduction in V02 max of SHAM HDS rats was 

due in part to the reduction in body mass; however, several lines of evidence 

indicate that this was not the primary mechanism. First, it has been shown 

previously that rats restrained in identical harnessess as used in this 

investigation, yet allowed to have all four limbs bear weight, exhibited a 

reduction in body mass but not in V02 max (128). Second, it has been shown 

that food restricted cage control rats losing the same amount of weight as the 

HDS group exhibited a reduction in \702 max that was half the magnitude 

found with HDS rats (98). Lastly, the SYMX rats exposed to HDS in this 

study lost a similar percentage of their body mass as the SHAM rats but 

maintained their pre-suspension aerobic capacity. 
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To determine whether de conditioning ofHDS rats involved a reduction 

in lean body mass, carcass analyses were performed, and V02 max was 

expressed as a function of fat free body mass (mllmin/kg FFM). SHAM 

injected, and SYMX rats, exposed to HDS had significantly lower percentages 

of body fat than their cage controls (Figure 3). These data would indicate 

that the changes in body mass associated with HDS were due more to a 

reduction in fat mass than fat free mass. The muscle atrophy associated with 

HDS may have contributed to the reduction in aerobic capacity; however, we 

have shown in our laboratory that the hindlimb muscles of a normal rat only 

represented 15% of total body mass, and only 5% of this mass is composed of 

type I fibers (3). Therefore it is unlikely that partial atrophy of these fibers 

would have accounted for a large reduction in V02 max. In addition, the 

SYMX rats exposed to HDS exhibited muscle atrophy but no aerobic 

deconditioning effect. 

When aerobic capacity was expressed relative to fat free mass, SHAM 

HDS rats had an 8% lower measure of \102 max than controls, although this 

was not statistically significant (Figure 6). Interestingly, the HDS 

sympathectomized rats had a mean V02 max per kg FFM that was 23% 

higher than the CC value. These results suggested that alterations in body 

composition could contribute to, but not completely account for, the reduction 

in aerobic capacity of normal rats. 

The observation that chemically sympathectomized rats had lower . 
measures of V02 max, but did not exhibit a reduction in response to HDS, 

provided indirect evidence that a change in the functioning of the 

sympathetic nervous system contributed to the reduction of \702 max in 
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HDS rats. One possibility is that sympathetic nerve activity was chronically 

increased in SHAM rats during suspension resulting in end organ depletion 

of neurotransmitter stores in select tissues including the myocardium. One 

major effect would have been a reduced capacity to augment cardiac output 

during exercise and a reduction of \102 max. The concept that sympathetic 

activity was chonically elevated is supported by previous data showing 

plasma levels ofNE were significantly higher in HDS rats after 7 and 14 days 

than in their controls (128). In addition, the possibility that a chronically 

activated sympathetic nervous system was associated with an end organ 

depletion of NE was supported by data indicating that the \102 max of HDS 

rats could be maintained with an exogenous source of catecholamines during 

the suspension period (27, 40) An alternative explanation for the reduction of 

V02 max associated with HDS is that adrenergic receptors were down 

regulated and/or less sensitive to the presence of NE. This possibility is 

based on the finding that fi-adrenergic receptors were less sensitive in rats 

after exposure to immobilization (132). It should be noted; however, that the 

effects of immobilization and head down suspension are not identical (37). 

With respect to microgravity, the impressions from cardiovascular 

measurements and from plasma and urine catecholamine concentrations was 

that sympathetic nervous system activity was increased with flights lasting 

up to 240 days (104). In addition, data from the 237 day Cosmos biosatellite 

flight indicated that a down regulation of adrenergic receptors had occurred 

(69). These authors suggested, with brief flights of 1-14 days, that the tissue 

responsiveness to catecholamines was enhanced whereas with prolonged 
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flight (30-240 days), the tissue responses were attenuated due to a down 

regulation of adrenergic receptors. 

Reductions in run time and mechanical efficiency were observed in 

SHAM and SYMX rats exposed to 14 days of HDS (Figures 7 and 8). The 

mechanism for this reduction is not clear; however, the rats appeared to run 

on the treadmill with an altered and poorly coordinated gait that could have 

been associated with the process of suspension and different afferent inputs 

to the central nervous system. Although it is unlikely that a reduction in 

mechanical efficiency would have had a major effect on VO 2 max, it could 

have impaired the ability of these animals to perform a prolonged exercise 

bout at a submaximal intensity. Interestingly, HDS rats have been shown to 

exhibit a greater rate of heating during exercise (130). This increase may be 

due in part to a lesser percentage of total energy cost being applied to the 

exercise being performed and may have lead to a reduction in endurance 

capacity. 

To determine whether changes in muscle mass were associated with 

the observed reductions in mechanical efficiency, plantaris and soleus 

muscles were weighed at the time of sacrifice (Table 3). Significant 

differences between the HDS and CC animals emerged for both the soleus 

and plantaris muscles when expressed as absolute mass (mg). This trend 

was maintained when muscle mass was normalized for body mass (Table 3); 

however, only the soleus muscle mass to body mass ratio was statistically 

lower. 

In summary, the purpose of this study was to measure aerobic capacity 

before and after a period of HDS in rats that were partially 
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sympathectomized. It was hypothesized that sympathectomy would be 

associated with a lower measure of aerobic capacity, and that NE depleted 

rats would not exhibit a reduction in \702 max when suspended. The 

hypothesis was confirmed by the finding that NE depleted rats had a 20% 

lower measure of V02 max than SHAM injected animals. In addition, 

sympathectomized rats did not exhibit a reduction in aerobic capacity when 

suspended. This result occurred despite the fact that the percent reduction in 

body mass, and the changes in body composition, were similar in SYMX and 

SHAM rats. Based on these data it was concluded that the deconditioning 

process associated with HDS was due, in part, to a depletion of stored NE in 

the heart ofHDS rats. 



CHAPTER 3 

Influence of Simulated Microgravity on the Aerobic Capacity of 

Epinephrine Depleted Rats 

Abstract 
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Results from the previous study (Chapter 2) revealed that with 

norepinephrine (NE) depletion, sympathectomized rats had lower measures 

of maximal oxygen uptake ("\702 max) than their control rats. Furthermore, 

the sympathectomized rats did not exhibit a decrement in aerobic capacity 

when suspended for 14 days. The purpose of this study was to measure 

aerobic capacity before and after a period of head down suspension in rats 

that were adrenal demedullated to deplete their stores of epinephrine. To 

achieve this aim, male Sprague-Dawley rats that were either SHAM controls 

or sympathectomized were surgically demedullated (DM), or exposed to a 

sham surgery leaving the adrenals intact (IN). Subsequently, the rats were 

exposed to 14 days of head down suspension (HDS) or cage control conditions 
. 

(CC). The rats were tested for V02 max, run time, and submaximal 

mechanical efficiency (ME) prior to suspension and on day 14. The results 

indicated that saline injected rats with intact adrenal medullas (SAL-IN) 

exhibited a significant reduction in \702 max after 14 days of HDS (21%). 

SYMX rats had lower measures of \702 max than the SHAM animals and 

did not exhibit a reduction in \702 max when exposed to HDS. In contrast, 

SAL-DM rats had lower measures of \702 max than SHAM rats and did 

exhibit a reduction in aerobic capacity when suspended. Sympathectomized 

rats that were demedullated (SX-DM) had lower measures of \702 max than 
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the SHAM rats and exhibited a significant reduction in \702 max when 

exposed to HDS (12%). HDS was associated with a marked and significant 

reduction in run time in all groups. The ME of submaximal exercise was 

significantly reduced after HDS in SAL-IN rats but not in the SX-IN rats. 

SX-DM rats experienced a reduction in ME similar in magnitude to the SAL

IN rats. These results supported the hypothesis that epinephrine depleted 

rats, with an intact source ofNE would have low measures of aerobic capacity 

and would not maintain their aerobic capacity when suspended. In addition, 

these data provided further evidence for the concept that the deconditioning 

process associated with HDS involves the depletion of stored NE from the 

adrenergic nerve terminals of rats. 
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Introduction 

Head down suspension (HDS) of rats elicits a reduction in "02 max 

(29, 40, 98) similar in magnitude to the decriments exhibited by humans 

exposed to actual and simulated conditions of micro gravity (9, 20, 22, 78). 

In the previous study (Chapter 2), it was concluded that the reduction 

in aerobic capacity associated with HDS was due in part to a depletion orNE 

stored in adrenergic nerve terminals. Since these animals had an intact 

source of epinephrine throughout the experiment, the role of this hormone in 

the deconditioning associated with HDS was not addressed. Therefore the 

purpose of this study was to measure aerobic capacity before and after a 

period of HDS in rats that were adrenal demedullated to deplete their stores 

of epinephrine. Two findings were expected. It was hypothesized that 

demedullated rats would have lower measures of aerobic capacity than intact 
. 

rats, and that epinephrine depleted rats would exhibit a reduction in V02 

max when suspended. The rationale for this hypothesis was based on 

previously published data indicating that the V02 max of adrenal 

demedullated rats was lower than intact rats (122), and on the expectation 

that if the deconditioning process of rats exposed to HDS was due to 

norepinephrine depletion, then rats that were epinephrine depleted prior to 

suspension, but retaining an intact source of NE, would exhibit further 

reductions in aerobic capacity when suspended. 
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Methods 

Experimental Design. Pregnant female Sprague-Dawley rats were 

received from a commercial dealer (Harlan Sprague Dawley, Indianapolis, 

IN) five days before parturition. Two days postpartum, chemical 

sympathectomy (SX) procedures were initiated on the female pups by 

injecting them subcutaneously (50 mg·kg-1) with a buffered solution of 

guanethidine monosulfate (Sigma) administered five days per week 

throughout the duration of the study. At four weeks of age, some 

sympathectomized rats were surgically demedullated (DM) while the 

remaining sympathectomized rats were exposed to sham surgical procedures 

that left the adrenal glands intact (IN). At 10 weeks of age, the exercise 

capacities of the rats were assessed by measuring maximal oxygen uptake 

(V02 max) and submaximal mechanical efficiency (ME) during a treadmill 

test. Following the exercise bout, the rats were randomly assigned to 14 days 

of head down suspension (HDS) or cage control (CC) conditions. The same 

protocol and group assignments were followed simultaneously with rats of 

similar ages that were injected subcutaneously with equal volumes of isotonic 

saline (SAL). 

Animal Care. Approval for the study was granted by the Animal 

Care and Use Committee at the University of Arizona. The rats were housed 

in the Animal Care Facility of the Exercise Physiology Laboratory which was 

maintained at a temperature between 20-230 C with 12 hours of light and 12 

hours of dark daily. Throughout the experimental period the animals were 

fed rat chow (Wayne, Rodent Blox, Bartonsville, IL) in a paste form (-60% 

water, 1.85 kcal·g- 1) to encourage eating (131). Food and water were 
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provided on an "ad libitum" basis, and body mass was measured daily. All 
. 

rats were familiarized with treadmill running one to two weeks prior to V02 

max testing. The familiarization protocol consisted of three exercise bouts 

per week during which the rats ran on a treadmill for 15 minutes divided into 

five 3-minute stages of increasing intensity. This protocol was selected 

because it simulated the \102 test without initiating a training effect (127). 

Surgical Procedures. Rats that were assigned to the demedullation 

group were anesthetized with ether, and the adrenal gland was exposed 

through a dorsal incision (122). A small cut was made on the surface of the 

adrenal gland, and the medulla was removed by gently pressing the tissue 

surrounding it to push it to the surface. 

Suspension Procedures. Suspension was accomplished via a 

modified version of the apparatus described by Overton et a1. (Figure 28; 98). 

Rats were positioned at a 450 head-down angle to remove the weight bearing 

stimulus from the hindlimbs and to elicit a cephalic shift of body fluids. The 

HDS animals were able to move in a 1800 arc within their cages and had free 

access to food and water. The CC rats were provided food and water ad 

libitum and were housed individually in metal cages. 

Maximal Oxygen Uptake. Maximal oxygen uptake was measured 

with procedures published previously (6). Briefly, rats ran on a treadmill 

enclosed in an airtight Plexiglas chamber. Expired air was withdrawn from 

the chamber with a vacuum pump at a constant rate, and air fractions were 

mixed with a fan. The oxygen and carbon dioxide content of expired air was 

determined with calibrated gas analyzers (Applied Electrochemistry, Ametek, 

Pittsburgh, PA). 
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The protocol for the exercise test consisted of three-minute stages 

starting at 10.7 mlmin and increasing 5.3 mlmin with each subsequent stage. 

For the first running stage, the treadmill was set at a 0° grade. Grade was 

increased to 5° and 10° for stages three and four, respectively, and was 

maintained at 10° for the remainder of the test. Oxygen consumption was 

measured during the last 30 seconds of each 3 minute stage and \702 max 

was taken to be the highest V02 value measured during the graded exercise 

test. The test was discontinued when the rat was unable or unwilling to keep 

pace with the treadmill conditions. The total run time for the exercise test 

was recorded for each rat. The criterion used to accept a test as a true 

maximal effort were a plateau in oxygen uptake values, and a respiratory 

exchange ratio greater than 1.10. Apparent mechanical efficiency was 

determined for each test as described by Brooks et al. (13), in which ME was 

calculated as the inverse of the linear regression of the caloric equivalents of 

oxygen consumed against external work performed. 
. 

On day 14 of the experiment, the animals were retested for V02 max 

and ME which required the removal of the animal from the suspension 

harness for a period of time that did not exceed 30 minutes. At the conclusion 

of this test, the rats were resuspended for 24 hours. 

Muscle, Organ and Blood Samples. On day 15, animals were 

anesthetized with 0.12 ml/100g body mass ketamine (100 mg/ml) containing 

acepromazine (1 mg/ml). The soleus and plantaris muscles were removed, 

rinsed in cold saline, blotted dry and weighed on an analytical scale. In 

addition, the weight of the heart and the left adrenal gland were recorded. 
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To assess the effectiveness of the sympathectomy and demedullation 

procedures, blood samples were obtained from the anesthetized rats at the 

time of sacrifice and assayed for epinephrine and norepinephrine 

concentrations. Blood samples were drawn into ice-chilled syringes from the 

descending aorta, transferred into tubes containing 90 mg/ml EGTA and 60 

mg/ml glutathione solution, and centrifuged at 3000xg, 40 C for 10 minutes. 

After centrifugation, the plasma was removed and stored at -700 C until 

analysis. Plasma norepinephrine and epinephrine were measured with 

radioenzymatic procedures (100) as modified for commercial purposes (Cat-A

Kit, Amersham, Arlington Heights, IL). 

Data Analysis. Statistical analyses were performed on data collected 

from animals that completed the entire experimental protocol. Analysis of 

variance for repeated measures was used to assess treatment effects within 

group over time. One way ANOV A was used to test for between group 

differences. When a significant F value was obtained, post-hoc analyses were 

performed using Duncan's multiple range test. A 0.05 probability was the 

level of significance used in all tests. 

Results 

Chemical Sympathectomy. To verify that the chemical 

sympathectomy and adrenal demedullation procedures were effective, 

arterial blood samples were obtained at the time of sacrifice and assayed for 

norepinephrine (NE) and epinephrine (EPI) (Table 4). The plasma 

concentration of norepinephrine was significantly lower in the 

sympathectomized groups when compared with the SHAM injected animals. 
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In addition, plasma epinephrine levels of the demedullated rats were 

significantly lower than the animals with intact adrenal medullas. Rats that 

were sympathectomized and demedullated had significantly depleted stores 

of NE and EPI. 

Body and Muscle Mass. HDS was associated with a 7-16% reduction 

in body mass in all groups (Table 5). In contrast, all of the CC groups were 

significantly heavier after 14 days (4-9%). HDS was also associated with 

significantly lower soleus (23-32%) and plantaris (23-37%) muscle masses in 

all groups when compared to the CC animals (Table 6). When muscle mass 

was expressed relative to body mass (mgIlOOg), only the mean values for the 

SX-IN animals after HDS remained significantly less than their controls. 

Maximal Oxygen Uptake. Following 14 days of HDS, \702 max was 

significantly reduced (-21%) for the SAL-IN group (Figure 9). SX-IN rats had 

lower measures of aerobic capacity prior to suspension but did not exhibit 

further decrements when exposed to HDS. Relative to the SAL-IN group, 

SAL-DM rats had a lower measure orV02 max prior to HDS and exhibited a 
. 

reduction when suspended. The SX-DM rats showed a reduction in V02 max 

that was similar to the reduction observed in the SAL-IN group. No changes 

in absolute \702 max were observed in cage-control groups. 

When aerobic capacity was expressed as a function of body mass, \702 

max was not lower than the pre-treatment values in any of the cage-control 

groups (Figure 10). Relative \702 max was significantly reduced in saline 

injected rats, but not in sympathectomized or demedullated rats, when 

exposed to HDS. 
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Mechanical Efficiency. The mechanical efficiency of running 

during submaximal exercise was significantly reduced following 14 days of 

HDS in all groups except the SX-IN group (Figure 11). No reduction in 

mechanical efficiency was observed following 14 days of cage-control 

conditions in SAL-IN or SX-DM rats. In contrast, SAL-DM and SX-IN rats 

had significantly reduced measures of mechanical efficiency following 14 days 

of cage-control conditions. 
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Table 4. Plasma concentrations of epinephrine and norepinephrine. 

SAL-IN SAL-DM 

EPI 1.03 ± 0.02 0.04± 0.02 

NE 0.69± 0.06 0.72± 0.22 

* 

SX-IN 

0.26 ± 0.02** 

0.12 ± 0.26** 

SX-DM 

0.05 ± 0.02 * 
0.06 ± 0.18** 

Plasma concentrations of catecholamines (ng/ml) are expressed as means ± 
SE for 7-10 rats per group. Saline demedullated (sal-dm), saline intact (sal
in), sympathectomized demedullated (sx-dm), and sympathectomized intact 

(sx-in). * denotes a mean value that was significantly different from the sal

in group. ** denotes a mean value that was significantly different from the 
sal-in and sal-dm groups (p < 0.05). 



Table 5. The influence of 14 days of head down suspension or cage control 
condi tions on body mass. 

SAL-IN 

SAL-DM 

SX-IN 

SX-DM 

SAL-IN 

SAL-DM 

SX-IN 

SX-DM 

N 

10 

7 

7 

7 

9 

8 

7 

7 

DAY 0 

259±5 

274±9 

264±9 

246±7 

266±4 

252±4 

241±6 

262±9 

HDSGROupS 

DAY 14 

241 ± 9* 

247± 9* 

235 ± 12* 

206± 9* 

CONTROL GROupS 

284±4* 

276± 5* 

262 ± 8* 

274 ± 10* 

Body mass expressed in grams. Values are means ± SE for 7-10 rats per 
group. * Denotes a value that was significantly different from the day 0 
mean. (p < 0.05). 
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Table 6. The influence of 14 days of head down suspension or cage control 
conditions on muscle and heart mass. 

CC 

HDS 

CC 

HDS 

CC 

HDS 

SOLEUS 

SAL-DM SAL-IN 

123 ± 4 127± 3 

84 ± 13* 98 ± 1* 

SX-DM 

110±4 

81±4* 

PLANTARIS 

SX-IN 

108±4 

71±4* 

317±11 310±11 303±15 301±14 

244 ± 8* 231 ± 13* 204 ± 8* 190 ± 14* 

HEART 

904±27 888±25 937±42 871±32 

798 ± 37* 829 ± 27* 774 ± 25* 757 ± 27* 

Values are means ± SE for 7-10 rats per group. Units of mass are mg. 
* Denotes a value that was significantly different from the CC group 
(p < 0.05). 
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Figure 9. The influence of 14 days of head down suspension (HDS) or cage 
control (CC) conditions on the maximal oxygen uptake of rats. Values are 
means ± SE for 7-10 rats per group. Saline intact (sal-in), sympathectomized 
intact (sx-in), Saline demedullated (sal-dm), and sympathectomized 
demedullated (sx-dm). * denotes a mean value that was significantly 
different from the pre-treatment mean (p < 0.05). 
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Figure 10. The influence of 14 days of head down suspension (HDS) or cage 
control (CC) conditions on the relative measures of maximal oxygen uptake. 
Values are means ± SE for 7-10 rats per group. Saline intact (sal-in), 
sympathectomized intact (sx-in), saline demedullated (sal-dm), and 
sympathectomized demedullated (sx-dm). * denotes a mean value that was 
significantly different from the pre-treatment mean (p < 0.05). 
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Figure 11. The influence of 14 days of head down suspension (HDS) or cage 
control (ee) conditions on the mechanical efficiency of rats. Values are 
means ± SE for 7-10 rats per group. Saline demedullated (sal-dm), saline 
intact (sal-in), sympathectomized demedullated (sx-dm), and 
sympathectomized intact (sx-in). * denotes a mean value that was 
significantly different from the pre-treatment mean (p < 0.05). 



74 

Discussion 

The purpose of this study was to measure aerobic capacity before and 

after a period of HDS in rats that were adrenal demedullated to deplete the 

stores of epinephrine. Two findings were expected. It was hypothesized that 

demedullated rats would have lower measures of aerobic capacity when 

compared with intact rats, and that epinephrine depleted rats would exhibit a 
. 

reduction in V02 max when suspended. The key findings were that 

demedullated rats had a significantly lower measure of aerobic capacity than 

SHAM rats, and that the demedullated rats exhibited a significant reduction 

in aerobic capacity when suspended. Equally important was the finding that 

sympathectomized rats exhibited a reduction in absolute measures of '\702 

max when suspended if they were also demedullated. 

To confirm that the sympathectomy and adrenal demedullation 

procedures were effective in depleting norepinephrine and epinephrine, 

radioenzymatic assays were performed on plasma samples taken at the time 

the animals were killed. The results indicated that the plasma concentration 

of norepinephrine was significantly lower (83%) in the sympathectomized 

groups when compared with the intact animals (Table 4). In addition, plasma 

epinephrine levels of the demedullated rats were significantly lower (96%) 

than the animals with intact adrenal medullas. Moreover, rats that were 

sympathectomized and demedullated exhibited significantly depleted levels of 

epinephrine and norepinphrine. Based on these data, it was concluded that 

the sympathectomy and demedullation procedures were effective and the 

animals were accepted for use in the study. 
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The lower measure of \102 max in response to demedullation 

confirmed previous studies which had shown that the aerobic capacity of 

epinephrine depleted rats was lower than controls (122). In addition, the 

lower measures of aerobic capacity in the sympathectomized rats were 

similar to the values reported in chapter 2. The lower measures of aerobic 

capacity were likely due to a reduced ability to augment heart rate and 

cardiac output viaj3-adrenergic mechanisms as Ernst et al. found previously 

that the maximal heart rate of sympathecomized rats was lower than normal 

rats (33). 

The reduction in \702 max (mllmin) of SAL-IN rats after 14 days of 

HDS was similar to the reductions reported previously in rats suspended in a 

whole body harness (98, 127, 129) or with tail suspension (29, 40). The 

mechanismCs) for this reduction is complex and may have included a 

reduction in plasma volume which has been documented to occur during HDS 

(11, 31) and a depletion of stored norepinephrine as speculated in chapter 2. 

Each of these mechanisms would have reduced aerobic capacity by impairing 

the ability of the rats to increase cardiac output during exercise. Currently, 

the effect of HDS on the capacity to augment cardiac output is not known; 

however, its has been shown that resting measures of cardiac output were 

lower in HDS rats than in their caged controls (11, 103). 

The reduction in \702 max of SAL-IN rats may also have reflected a 

reduced ability to redistribute blood flow during exercise. In a recent paper; 

however, McDonald et al. reported no significant difference in soleus muscle 

blood flow during treadmill exercise at 15 mlmin (82). Since this condition 

represented light intensity exercise, it is unknown whether blood flow to the 
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hindlimbs would have remained reduced during heavy submaximal exercise 

or at an exercise intensity that elicited V02 max. Interestingly, these 

authors reported a reduced ability to decrease blood flow to the viscera during 

exercise. Evidence for a reduction in hindlimb blood flow during heavy 

intensity exercise has been published by Overton et a1. who reported an 
. 

increase in iliac vascular resistance during treadmill exercise at 60% of V02 

max after exposure to HDS (98). 
. 

The observation that SX-IN rats had lower measures of V02 max 

before suspension, but exhibited no further deconditioning when exposed to 

HDS, confirmed the findings reported in chapter 2, and provided indirect 

evidence that the deconditioning process associated with HDS is due, in part, 

to an end organ depletion of NE. It could also be argued that the lack of a 

reduction in aerobic capacity of sympathectomized rats was due to their low 

initial measures of V02 max. Considering that the sympathectomized rats 

were able to significantly increase their oxygen consumption above resting 

levels during exercise, this is an unlikely explanation. 

If the deconditioning of rats exposed to HDS was due to an end organ 

depletion of norepinephrine, then rats that were epinephrine depleted prior 

to suspension, but having an intact source of NE, should have exhibited a 

reduction in aerobic capacity when suspended. Alternatively, if normal rats 

were provided an exogenous source of NE, they should have maintained their 

aerobic capacity when suspended. In this study, the EPI depleted (SAL-DM) 
. 

rats did exhibit a reduction in V02 max, whereas in two previously published 

studies, the aerobic capacity ofHDS rats was maintained when the rats were 

provided with the synthetic catecholamine dobutamine (27,40). 
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When oxygen consumption was expressed as a function of body mass 

(ml/kg/min), a significant reduction was observed for SAL-IN rats but not for 

the SX-IN group. In contrast with absolute values, relative maximal oxygen 

consumption values were not significantly reduced in the SX-DM group. 

The observation that chemically sympathectomized rats maintained 

their pre-suspension levels of V02 max provided indirect evidence that a 

change in sympatho-adrenal function contributed to the reduction of V02 

max associated with simulated microgravity. The observation that 

demedullated rats exhibited deconditioning when suspended suggested that 

NE rather than EPI mediated this response. One consideration is that 

sympathetic nerve activity was chronically increased during suspension 

resulting in end organ depletion of norepinephrine stores in the myocardium. 

This effect would have resulted in a reduced capacity to augment cardiac 

output and a lower measure of V02 max. This scenario is supported by 

reports of an elevated plasma concentration of norepinephrine after seven 

and 14 days of HDS (128). Although, these authors also found that the 

plasma level of EPI was elevated after seven days of HDS, this increase was 

not observed on day 14 indicating that the effects of suspension on adrenal 

gland activity were transient. In addition, it has been reported that resting 

cardiac output was reduced in rats following suspension (11, 103). 

An alternative explanation for the reduction of V02 max associated 

with HDS is that adrenergic receptors were down regulated or became less 

sensitive to NE. This possibility is based on the finding that jJ-adrenergic 

receptors were less sensitive in rats after exposure to immobilization (132). It 
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should be noted; however, that the effects of immobilization and head down 

suspension are not identical (37). 

It is conceivable that the attenuation of V02 max losses with chemical 

sympathectomy involved an increase in the sensitivity of adrenergic receptors 

(44). Since the adrenal medulla remained intact and functional with 

guanethidine administration (44), a greater response to adrenergic receptor 

stimulation may have occured when plasma epinephrine concentrations were 

increased during acute exercise in the SX-IN rats. Support for this 

hypothesis comes from the observation that the SX-DM animals, which had 

their source of epinephrine removed, were unable to maintain their pre-
. 

suspension level of V02 max following 14 days of suspension. 

Although HDS was associated with reductions in body mass, several 

lines of evidence indicate that this was not the primary mechanism 
. 

accounting for the reduction in V02 max. First, SAL-IN rats exhibited a 

significant reduction in V02 max when expressed as a function of body mass 

(Figure 10). Second, SX-IN rats experienced similar reductions in body mass 

when compared with the SAL-IN animals yet no reduction in absolute or 
. 

relative measures of V02 max were observed. Third, when Overton et al. 

(98) performed a regression analysis of changes in body mass against changes 

in absolute V02 max, they obtained a non-significant correlation (R2 = .25). 

Fourth, in food-restricted rats that experienced similar reductions in body 

mass as HDS rats, the reduction in V02 max was half the magnitude of the 

reduction observed for the suspended rats (98). Lastly, body composition 

results with HDS animals indicated that fat mass was lost before reductions 

in lean body mass occured (129). 
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Mechanical efficiency measured during submaximal exercise was 

reduced in the animals following 14 days of HDS except in the SX-IN group. 

These values were also reduced in the SAL-DM and SX-IN cage-control 

groups. The mechanism for these reductions are not known; however, the 

rats did appear to run on a treadmilI with an altered gait that could have 

been associated with different afferent inputs to the central nervous system. 

In addition, it has been shown that thyroid hormone concentrations were 

elevated in HDS rats which may have increased the oxygen consumed during 

submaximal exercise (130). 

In conclusion, the results of this study supported the hypothesis that 

epinephrine depleted (demedullated) rats with an intact source of NE would 

have low measures of aerobic capacity and would not maintain their aerobic 

capacity when suspended. These data provide further evidence that the 

deconditioning process associated with HDS involves a depletion of stored NE 

in the adrenergic nerve terminals of rats. 



CHAP'fER4 

Influence of Simulated Microgravity on the Sympathetic 

Response to Exercise 

Abstract 
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Rats exposed to head down suspension (HDS) exhibit reductions in 

maximal oxygen uptake (\702 max). This decline may be due in part to an 

alteration in the sympathetic response to exercise and/or an impaired ability 

to make the appropriate cardiovascular adjustments during exercise. The 

purpose of this study was to estimate regional sympathetic nervous system 

activity (ESNSA) at rest, and during heavy submaximal exercise, following a 

period of HDS. To achieve this aim, rats were exposed to 14 days of HDS or 

cage control conditions (CC). On day 14, rats were injected with alpha

methyl-para-tyrosine to block the synthesis of norepinephrine. Thirty 

minutes after the injection, rats rested or ran on a treadmill for 30 minutes 

at 75% of\702 max. The heart, spleen, and soleus muscle were then removed 

and tissue NE levels were measured. Endogenous levels of NE were 

measured in HDS and control rats that were injected with saline; whereas, 

the rate of NE depletion was used to estimate tissue specific SNSA. 

Endogenous levels of NE were not altered by HDS. Resting ESNSA was 

similar in HDS and control rats with the exception of the spleen which was 

68% lower in HDS rats. The sympathetic response to exercise was altered by 

HDS in all tissues measured and was characterized by a lower rate of NE 

depletion in the heart (-82%) and spleen (-42%). In contrast, soleus muscle 
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ESNSA was 47% higher in HDS rats. It was concluded that these differences 

could contribute to the deconditioning process associated with HDS by 

impairing their ability to augment cardiac output and to redistribute blood 

flow during exercise. 
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Introduction 

Head down suspension (HDS) is a commonly used model to 

approximate the responses associated with exposure to actual or simulated 

microgravity (87). Exposure to HDS elicits a reduction in maximal oxygen 

uptake (V02 max) that occurs within six days (29, 98, 99). Although the 

mechanism responsible for the reduction in aerobic capacity is not well 

understood, it has been suggested that autonomic reflex control of the 

cardiovascular system is impaired following exposure to HDS (25, 27, 34, 82, 

98). 

Reports by others have shown that the deconditioning associated with 

exposure to simulated weightlessness could be prevented by providing an 

exogenous source of catecholamines during the HDS period (27, 40). In 

addition, it was shown in chapters 2 and 3 that the aerobic capacity of rats 

was lowered by sympathectomy and that no further reductions occurred when 

sympathectomized rats were tested after suspension. Collectively, these data 

suggested that the deconditioning process associated with HDS was due in 

part to an alteration in the sympathetic response to exercise. 

The purpose of this study was to quantify the sympathetic response to 

exercise after exposure to 14 days of HDS. Tissue specific sympathetic 

activity was estimated in the heart, spleen and soleus muscle by blocking NE 

synthesis and measuring the rate of norepinephrine depletion in these tissues 

at rest or during an acute bout of heavy treadmill exercise. These tissues 

were selected because of their importance in the regulation of cardiac output 

and blood flow distribution during exercise. It was hypothesized that rats 

exposed to HDS would exhibit a lower rate of norepinephrine depletion in the 
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heart and spleen during heavy submaximal exercise. The rationale for this 

hypothesis was based on data indicating that resting sympathetic outflow in 

the heart was lower in HDS rats than in controls (34), and on data published 

by McDonald et al. indicating that HDS rats failed to reduce visceral blood 

flow during exercise (82). It was also anticipated that sympathetic outflow to 

the soleus muscle would be greater during exercise in the HDS rats than in 

control animals. This hypothesis was based on data published by Overton et 

al. indicating that iliac vascular resistance during treadmill exercise was 

higher after exposure to HDS when compared to resistance values obtained 

prior to HDS (98). 

Methods 

Animal Care. Prior to initiating this study, approval was received 

from the Animal Care and Use Committee at the University of Arizona. Male 

Sprague-Dawley rats were purchased from a commercial dealer (Harlan 

Sprague-Dawley, Indianapolis, IN) and housed in the animal care facility of 

the university in a room maintained at 20-23° C with a 12:12 hour light-dark 

cycle. Animals were fed rat chow (Wayne, Rodent Blox, Bartonsville, IL) 

throughout the study. Rats were familiarized with running on a motorized 

treadmill, performed a maximal oxygen consumption test, and were randomly 

assigned to 14 days of head down suspension or cage control conditions. 

Suspension Procedures. Head down suspension was accomplished 

via a modification of the method described by Morey (87). In brief, the rat's 

tail was cleaned with alcohol, allowed to dry, and sprayed with benzoin. An 

adhesive strip with a triangular metal clip was affixed to the rat's tail and 
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adjusted in height to position the rat at a 450 head down angle to remove the 

weight bearing stimulus from the hindlimbs and to elicit a cephalic shift of 

fluids. Rats were suspended for 14 days and were examined daily by the 

investigator and by veterinarians affiliated with the University of Arizona. 

Exercise Tests. Pre-treatment measures of maximal oxygen uptake 

were obtained as described by Bedford et aI. (6). In brief, rats ran on a 

treadmill enclosed in an airtight Plexiglas chamber. Expired air was 

withdrawn by a vacuum pump at a constant rate, and the oxygen and carbon 

dioxide content of expired air was measured with calibrated gas analyzers. 

The testing protocol was continuous with three minute stages of increasing 

workloads. Maximal oxygen uptake was taken to be the highest V02 value 

measured during the graded exercise test. The criterion used to accept a test 

as a true maximal effort were a plateau in oxygen uptake values, and a 

respiratory exchange ratio greater than 1.10. 

The submaximal exercise tests were performed at 75% of V02 max 

after the 14 day treatment period. This intensity level was selected to assure 

that the sympathetic nervous system was activated during the exercise bout. 

The treadmill conditions eliciting 75% OfV02 max were estimated after 

correcting for the 14% reduction in V02 max that has been shown to occur 

during 14 days ofHDS (130). Post-suspension max tests were not performed 

in this study to prevent the HDS animals from experiencing weight bearing 

before the submaximal exercise test. 

Norepinephrine Depletion Procedures. On day 14, after an 

overnight fast, rats were injected with alpha-methyl-DL-p-tyrosine (alpha

mpt; 300 mg/kg) to block the synthesis of norepinephrine, or injected with an 
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equivalent volume of saline. Alpha-mpt was used to inhibit the activity of 

tyrosine hydroxylase which catalyzes the rate limiting step of norepinephrine 

synthesis (7, 12). Endogenous levels of norepinephrine were measured in rats 

that did not exercise (N = 8 per group). Rats in the exercise group were 

injected 30 minutes prior to running and performed a 30 minute exercise bout 

at 75% of \702 max (N = 8 per group). The animals assigned to resting 

conditions were injected with alpha-mpt or saline and rested on the treadmill 

for 60 minutes (N = 8 per group). At the conclusion of the exercise test, the 

rats were killed and the heart, spleen, and soleus muscle were removed 

immediately and frozen in liquid nitrogen. Tissue catecholamines were 

subsequently measured using a radioimmunoassay (Cata-Kit; Amersham), 

and regional norepinephrine depletion rates were calculated from the slope of 

decline in tissue NE as calculated by the least squares analysis method as 

described by Brodie et al. (12). 

Catecholamine Analysis. Tissue samples from the left ventricle, 

spleen, and soleus muscle were homogenized in 2 ml 0.1 N perchloric acid and 

centrifuged at 5000 x G for 10 minutes. The NE content of the supernatant 

was measured with radioenzymatic procedures using a commercially 

available kit (Cat-A-Kit, Amersham, Arlington Heights, IL). 

Data Analysis. Statistical analyses were performed on data collected 

from animals that completed the entire experimental protocol. Analysis of 

variance was used to test for between group differences. When a significant F 

value was obtained, post hoc analyses were performed using Duncan's 

multiple range test. The rate of depletion was obtained by multiplying the 

initial NE concentration by a rate constant. To determine the rate constant, 
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the slope of decline in tissue NE, calculated by least squares analysis using 

log transformed data, was multiplied by 0.434 (12). Statistical comparisons 

between regression coefficients were made using the Tukey-Kramer t-test 

(32). 

Results 

Body and Organ Mass. Prior to the 14 day treatment period, there 

was no difference in body mass when comparing the control with the HDS 

group (Figure 12). During the 14 day experimental period, control rats 

exhibited a significant increase (4%) in body mass whereas the HDS rats had 

final values that were similar to their initial weight. Soleus muscle mass was 

45% lower in the HDS rats, and suspension resulted in a 44% reduction in 

soleus muscle-to-body mass ratio (Table 7). The mass of the heart and spleen 

was not affected by the 14 day suspension protocol (Table 7). 

Tissue Norepinephrine Response. There were no significant 

differences in the endogenous concentrations of NE in the heart, soleus or 

spleen when comparing HDS and control rats (Figure 13). Under resting 

conditions, the rate of NE depletion in the heart and soleus muscle was not 

altered by HDS (Figures 14 and 15); however, sympathetic outflow to the 

spleen was lower (Figure 16). In response to the same relative submaximal 

exercise conditions, the rate of NE depletion was significantly lower in the 

ventricle (82%) and spleen (42%) of HDS rats than in the caged controls 

(Figures 14 and 16). Conversely, the rate of NE depletion in the soleus 

muscle was 47% higher in HDS rats (Figure 15). 
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Figure 12. The influence of head down suspension, or cage control 

conditions on body mass. Values are means ± SE for 40 control and 37 HDS 

rats. * significantly different from the day a mean (p< 0.05). 
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TABLE 7. Effect of 14 days of head down suspension or cage control 

conditions on heart, soleus and spleen mass. 

Group 

CONTROL 

HDS 

CONTROL 

HDS 

N 

40 

37 

40 

37 

Muscle Mass (mg) 

Heart 

1042 ± 38 

979± 24 

Soleus Spleen 

124 ± 3 682 ± 18 

68±4* 672±16 

Muscle Mass-Body-Mass (mg/100g) 

361 ± 13 43 ±1 235 ±6 

346 ± 13 24 ± 1* 246 ± 8 

Values are means ± SE. * denotes a mean value that was significantly 

different from control. 
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Figure 13. The influence of head down suspension, or cage control 

conditions on endogenous levels of norepinephrine. Values are means ± SE 

for 8 control and 7 HDS rats. Statistical analyses revealed no significant 

differences. 
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Figure 14. Norepinephrine depletion rate in the left ventricle of HDS and 

control rats at rest and during exercise at 75% of \102 max. The depletion 

rate is the product of the rate constant and the initial concentration ofNE as 

described by Brodie et al. (12). * significantly different from the control 

mean. (p< 0.05). 
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Figure 15. Norepinephrine depletion rate in the soleus of HDS and control 

rats at rest and during exercise at 75% of V02 max. The depletion rate is 

the product of the rate constant and the initial concentration of NE as 

described by Brodie et a1. (12). * significantly different from the control 

mean. (p< 0.05). 
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Figure 16. Norepinephrine depletion rate in the spleen of HDS and control 

rats at rest and during exercise at 75% of \702 max. The depletion rate is 

the product of the rate constant and the initial concentration of NE as 

described by Brodie et al. (12). * significantly different from the control 

mean. (p< 0.05). 
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Discussion 

The purpose of this study was to test the hypothesis that HDS alters 

sympathetic nervous system responses to exercise. Regional sympathetic 

nervous system activity was estimated at rest and during heavy submaximal 

exercise (75% \702 max) in animals exposed to 14 days of HDS or control 

conditions. The key finding of the study was that sympathetic neural 

outflow to the heart and spleen was lower during exercise in HDS rats while 

sympathetic outflow to the soleus muscle was higher than their controls. 

Sympathetic activity was estimated from the rate of norepinephrine 

depletion in the heart, spleen, and soleus muscle. This method was chosen 

because it allowed for the estimation of regional differences in sympathetic 

efferent outflow. Measures of plasma catecholamines would have provided a 

gross indication of sympathetic activation but would not have provided 

insight into regional differences (18). 

The heart, soleus and spleen, were selected for analysis because of 

their importance to cardiac output and blood flow distribution, and because 

large changes in ESNSA have been documented in these tissues during 

exercise (80). Under normal conditions, sympathetic neural outflow to the 

heart and spleen will increase during exercise to mediate an increase in 

cardiac output and aid in the redistribution of blood flow (80). Sympathetic 

nerve traflic to the soleus muscle may also increase, but its vasoconstrictor 

effects are overridden by the local production and release of vasodilatory 

metabolites (80). 

Measurement of the rate of NE depletion has been used previously to 

estimate sympathetic activity to a number of tissues in animals under 
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conditions of rest (80), thermal stress (68), and exercise (80). In addition, this 

technique has been used to measure resting sympathetic neural outflow in 

rats exposed to head down suspension (34). In these studies, the rate of 

norepinephrine depletion was obtained by pharmacologically inhibiting the 

synthesis of NE with alpha-mpt, a reversible inhibitor of tyrosine 

hydroxylase. When tyrosine hydroxylase was inhibited, norepinephrine was 

no longer formed, and tissue levels of NE declined (12). Prolonged 

sympathetic nerve stimulation after alpha-mpt revealed that the rate of 

decline was directly related to sympathetic neural outflow to the tissue (7). 

In addition, isotopic labeling studies using tritiated norepinephrine revealed 

that the slope of decline of 3H NE was nearly identical to the decline in 

endogenous amine found after blockade of NE synthesis (12). Based on these 

data, it has been concluded that the method provided a reliable estimate of 

sympathetic traffic (7, 12, 68, 80). 

Endogenous levels of NE in the heart, spleen and soleus muscle were 

not significantly different in the HDS and control groups (Figure 13). 

Consequently, any differences in the rate of depletion during exercise could 

not have been due to initial differences in NE concentration. Importantly, 

this finding was contrary to the hypothesis that HDS would be associated 

with a depletion of stored norepinephrine in the heart ofHDS rats. 

Estimates of sympathetic outflow at rest were similar in HDS and 

control rats with the exception of a lower rate ofNE depletion in the spleen of 

HDS rats. The finding that ESNSA in the heart at rest was similar in HDS 

and control rats differed from data published by Fareh et al. who reported 

previously that resting sympathetic outflow to the heart was lower in HDS 
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rats (34). It should be noted; however, that Fareh and associates obtained 

resting data in animals that were suspended whereas we measured the rate 

of NE depletion in rats that were resting on a treadmill after being removed 

from the HDS position. Since our data were collected over a time period of 

one hour, it is possible that the effect of HDS on ESNSA was transient in 

nature. 

As hypothesized, estimated sympathetic outflow to the heart was lower 

(82%) during exercise in rats that were exposed to HDS than in cage controls 

(Figure 14). The rate of sympathetic activity was measured in the ventricle 

rather than the right atria or in a whole heart homogenate due to its 

importance in the regulation of stroke volume and cardiac output. In 

addition, Overton et al. (98) had shown previously that the heart rate 

response to exercise was not different in HDS rats. Therefore, it is unlikely 

under these conditions that sympathetic neural traffic to the right atrium 

and the sinoatrial node would have been altered. The lower sympathetic 

activity to the left ventricle could have contributed to the reduction in V02 

max previously documented in HDS animals by impairing the ability to 

increase cardiac output during exercise. However, we know of no studies that 

have measured cardiac output during exercise following HDS. 

The rate of NE depletion in the spleen was 42% lower during exercise 

in HDS rats when compared to their caged controls. The lower sympathetic 

activity to the spleen could have contributed to a reduction in \702 max by 

impairing the ability of HDS rats to redistribute blood flow during exercise. 

Armstrong and Laughlin have shown that blood flow to the spleen 

approximates 300 mllmin/g under resting conditions (2). In contrast, blood 
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flow to the spleen was only 4 mllmin/100g during heavy intensity exercise. 

This reduction allowed for a greater percentage of cardiac output to be 

delivered to active skeletal muscle. Interestingly, it has been shown 

previously that HDS rats did not reduce visceral blood flow during exercise 

(82). These authors hypothesized that the higher visceral blood flow was due 

to a reduction in vascular reactivity to the circulating NE (82). This 

hypothesis was supported by the findings of Delp et al. who demonstrated 

that the ability of smooth muscle in an isolated aortic preparation to produce 

contractile tension in response to NE was less in animals exposed to HDS 

(25). Our finding that the rate of NE depletion was lower in the spleen 

during exercise (Figure 16) suggested that the inability of HDS rats to 

decrease their visceral blood flow may have been due to the combined effects 

of decreased vascular reactivity and to a reduction in the release ofNE. 

As shown in figure 15, the rate of NE depletion in the soleus muscle 

during exercise was 47% higher in HDS rats than in their caged controls. 

The significance of the greater sympathetic traffic to the soleus muscle during 

exercise could be a reduced ability to vasodilate the vascular beds perfusing 

this tissue which in turn could impair the capacity to increase blood flow. 

Support for this hypothesis can be found in the data of Overton et al. who 

demonstrated that hindlimb blood flow in HDS rats was less during heavy 

submaximal exercise than recorded prior to suspension (98). 

It could be argued that the differences in the rate of NE depletion in 

HDS rats reflected a change in the re-uptake or metabolism of NE. If this 

were the case, however, the rate of depletion should have been altered at rest 
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as well as during exercise. As can be observed in figures 14 and 15, the rate 

of depletion was similar in the heart and soleus under resting conditions". 

In summary, animals exposed to HDS exhibited an altered 

sympathetic response to exercise. This response was characterized by lower 

sympathetic efferent nerve activity in the heart and spleen, and higher traffic 

to the soleus muscle. The altered sympathetic response to exercise could 

contribute to the reduction in \702 max associated with HDS by impairing the 

animal's ability to increase cardiac output and to redistribute blood flow 

during exercise. Equally important was the finding that the endogenous level 

of NE in the heart was not lower in HDS rats when compared with the 

control results. These data provide evidence against the hypothesis that HDS 

causes cardiac depletion of norepinephrine. They also demonstrate the 

complex nature of SNS signals and interactions during exercise. 
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Rats exposed to head down suspension (HDS) exhibit reductions in 

aerobic capacity characterized by lower measures of maximal oxygen uptake 

(\7'02 max). This deconditioning process may be due in part to an impaired 

ability to augment cardiac output and to redistribute blood flow during exercise. 

The purpose of this investigation was to measure cardiac output and blood flow 

distribution in rats that were exposed to 14 days of HDS or cage control (CC) 

conditions. Measurements were obtained at rest, and during light (15 mlmin) 

and heavy (25 mlmin; 10% grade) intensity treadmill exercise. The results 

indicated that cardiac output was similar in HDS and control rats during quiet 

standing and during light exercise. In contrast, cardiac output was 

significantly lower in HDS rats (-33%) during heavy exercise. When expressed 

relative to body mass, cardiac output remained significantly lower in HDS rats 

(-31 %). Blood flow measured in three ankle extensor muscles revealed that 

soleus muscle blood flow (ml/min) was lower at rest and during exercise in HDS 

rats, however when expressed relative to muscle mass (ml/minl100g), soleus 

blood flow was compromised only during light exercise. Plantaris muscle blood 

flow was lower in HDS rats during heavy exercise whether expressed in 

absolute units or relative to muscle mass while blood flow to the 

gastrocnemius was not affected. Blood flow to the ankle flexor, knee extensor, 
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and knee flexor muscles was not altered by HDS. Blood flow to the spleen was 

significantly higher during exercise in HDS rats than in cage controls. In 

addition, HDS rats exhibited a higher blood flow to the kidney during light 

intensity exercise. Suspended rats also exhibited an exaggerated increase in 

heart rate and mean arterial blood pressure during the exercise bout. Based on 

these data, it was concluded that the reduction in maximum aerobic capacity 

that occurs in response to HDS is due, in part, to an impaired ability to 

augment cardiac output during exercise. 
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Introduction 

Head down suspension (HDS) is a commonly used model of inactivity 

that simulates some of the conditions of microgravity (87). Exposure to HDS 

elicits a reduction in aerobic capacity characterized by a reduction in maximal 

oxygen uptake (29, 98, 99, 127, 128, 129, 130). The mechanism responsible 

for this de conditioning process is not known; however, it has been hypothesized 

that rats exposed to HDS had an impaired ability to augment cardiac output 

and to redistribute blood flow during exercise (82, 98). 

The purpose of this study was to measure cardiac output and blood flow 

distribution at rest, and during graded intensity exercise in rats that had been 

exposed to HDS. Two findings were expected. First it was hypothesized that 

the cardiac output response to exercise would be attenuated in rats exposed to 

HDS. Second, it was anticipated that rats exposed to HDS would have an 

impaired ability to redistribute blood flow during exercise. The rationale for the 

first hypothesis was based on HDS data that demonstrated a reduction in 

plasma volume (11, 30) and on the findings reported in the previous chapter 

indicating that estimated sympathetic neural traffic to the left ventricle was 

less during heavy submaximal exercise in HDS rats than in their controls. The 

premise for the second hypothesis was data indicating that blood flow velocity 

in the hindlimbs was reduced during heavy intensity exercise after HDS (98), 

and data demonstrating that HDS rats were unable to reduce visceral blood 

flow during light intensity treadmill exercise (82). 

Methods 

Animal Care. Prior to initiating this study, approval was received from 

the Animal Care and Use Committee at the University of Arizona. Male 
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Sprague-Dawley rats (300-350g) were purchased from a commercial dealer 

(Harlan Sprague-Dawley, Indianapolis, IN) and housed in the University's 

Central Animal Care Facility which was maintained at 20-230 C with a 12:12 

hour light-dark cycle. Animals were fed rat chow (Wayne, Rodent Blox, 

Bartonsville, IL) and water ad libitum throughout the study. All of the rats 

were familiarized with running on a motorized treadmill and randomly assigned 

to 14 days of head down suspension or cage control conditions. 

Suspension Procedures. Head down suspension was accomplished 

via a modification of the method described by Morey (87). In brief, the rat's tail 

was cleaned with alcohol, allowed to dry, and sprayed with benzoin. An 

adhesive strip with a triangular metal clip was affixed to the rat's tail and 

adjusted in height to position the rat at a 450 head down angle. This removed 

the weight bearing stimuli from the animal's hindlimbs and elicited a cephalic 

shift of fluids. Rats were suspended for 14 days and were examined daily by 

the investigator and by veterinarians affiliated with the University of Arizona. 

Surgical Procedures. On day 13 of the treatment period, rats were 

anesthetized with Ketamine (0.1 mlllOO g) and surgically instrumented with 

polyethylene catheters (PE-50) in the ascending aorta and the caudal (tail) 

artery. The carotid catheter was positioned in the aortic arch and secured with 

3-0 surgical silk, while the caudal artery catheter was placed in the bifurcation 

of the descending aorta (45 mm). Catheter location was confirmed for each rat 

at the time of necropsy. Each catheter was channeled subcutaneously to the 

animal's back, exteriorized through a small incision in the skin, filled with 

heparinized saline (10% heparin, 10% glucose), and heat sealed. To prevent the 
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HDS rats from experiencing weight bearing during the instrumentation period, 

rats were anesthetized while suspended, and resuspended prior to awakerrlng. 

Exercise Protocol. On day 14, 24 hours after surgery, the rats 

performed a graded intensity exercise bout on a motorized treadmill. Pre

exercise measures of cardiac output and blood flow were obtained while the rat 

stood quietly. The exercise data were obtained during light (15 mlmin; 0% 

grade) and heavy (25 mlmin; 10% grade) intensity exercise. These conditions 

corresponded to approximately 25% to 75% of maximal oxygen uptake in the 

control group, and 40% to 90% of maximal oxygen uptake in the suspended 

group (130). 

Cardiac Output and Regional Blood Flows. Cardiac output and 

blood flow distribution were determined with the labeled microsphere method as 

described by Laughlin et al. (71). In brief, radiolabeled micro spheres (141Ce, 

1138n, 858r) of 15 urn diameter were removed from a sonnicator (Mettler 

Ultrasonnicator) and vortexed for 60 seconds. Reference blood withdrawal was 

initiated (0.340 mlImin) from the caudal artery 10 seconds prior to the infusion 

of 0.1 ml of a microsphere solution into the carotid artery cannula. Following 

the infusion, the cannula was flushed with 1.0 ml of saline and reference blood 

was withdrawn for 30 seconds. 

Exercise data were collected 2-3 minutes after the target power 

conditions were attained. This time point was selected since research by 

Laughlin and Armstrong demonstrated that rat skeletal muscle blood flow 

attained steady state within one minute of exercise (72). 

At the conclusion of the exercise test, rats were killed with an overdose 

of sodium pentobarbitol and selected organs and hindlimb muscles were 
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surgically removed and weighed. All tissues were placed in test tubes and 

counted in a gamma counter (LKB Wallac, 1272) set to record the peak energy 

activity of each isotope for 10 minutes. Reference blood samples were counted 

along with the tissue samples. Cardiac output and tissue blood flows were 

calculated using the following equations (110): 

Cardiac Output (mllmin) = injected cpm x reference blood flow (mVmin) 

reference sample cpm 

Organ Blood Flow (m1Jmin) = organ cpm x reference blood flow (mVmin) 

reference sample cpm 

Data Analysis. Statistical analyses were performed on data collected 

from animals that completed the entire experimental protocol. Two way 

analysis of variance with repeated measures on one factor was used to test for 

within and between group differences. When a significant F value was 

obtained, post hoc analyses were performed using Duncan's multiple range 

test. 
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Results 

Body and Tissue Mass. Body mass and tissue weights are shown in 

figure 17 and table 8. At the time of the blood flow experiment the body mass 

of HDS and control rats was similar; however, the ankle extensor muscles 

measured (soleus, plantaris, and gastrocnemius) were lighter in HDS rats 

whether expressed in absolute units (mg) or relative to body mass (mg/100g). 

The mass of the tibialis anterior and extensor digitorum longus muscles (ankle 

flexors) was lower in absolute units; however, only the tibialis anterior muscle 

exhibited atrophy when expressed relative to body mass. The values for the 

vastus lateralis (knee extensor) were smaller in absolute and relative units 

while the mass of the biceps femoris (knee flexor) was less only when expressed 

in absolute terms. The kidney to body mass ratio was significantly higher in 

HDS rats whereas spleen mass was not affected by the 14 day suspension 

protocol. 

Cardiac Output Response. Cardiac output measured at rest 

(preexercise) was similar in HDS and CC rats (Figure 18). During light 

intensity exercise, cardiac output was significantly increased and no 

differences existed between the HDS and CC groups. However, with heavy 

intensity exercise, the CC rats increased cardiac output by 37% above the 

values achieved during light exercise, whereas the HDS rats did not further 

augment cardiac output. As a consequence, cardiac output was significantly 

lower in the HDS rats (-33%) at this power output. When expressed relative to 

body mass (mlIkg/min), this measure was 31% lower in the HDS rats (Figure 

18). 
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Blood Flow Distribution. Absolute measures of hindlimb blood flow 

(ml/min) are shown in table 9. Blood flow to a knee extensor, a knee flexor, and 

ankle flexors was not different in HDS rats at any stage. In contrast, blood 

flow to two of the three ankle extensors studied was altered. This alteration 

was manifested by significantly lower flow to the soleus muscle at rest and 

during exercise, and to the plantaris muscle during heavy intensity exercise. 

When blood flow was expressed relative to muscle mass, HDS rats failed to 

augment blood flow to the soleus and plantaris during light intensity exercise. 

In addition, HDS rats were unable to increase plantaris blood flow during heavy 

exercise (Figure 19). Blood flow to the ankle flexors, a knee extensor, and a 

knee flexor, was not different in HDS rats (Figures 20 and 21). Visceral blood 

flow in HDS rats was characterized by significantly higher flows to the kidney 

(Figure 22) and spleen (Figure 23) during light intensity exercise, and to the 

spleen during heavy exercise. 

Heart rate and Blood Pressure. The heart rate and mean arterial 

blood pressure of HDS rats was similar to controls under resting conditions. 

During exercise, HDS rats exhibited a significantly higher heart rate and mean 

arterial blood pressure than their controls at a given exercise condition (Figure 

24). 
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Figure 17. Body mass of HDS and control rats at the time of the blood flow 

experiments. Values are means ± SE for 9 control and 11 suspended....rats. 

Statistical analysis revealed no significant difference. 



Table 8. The influence of 14 days of head down suspension or cage control 
conditions on the absolute and relative mass of selected tissues. 

Tissue 

Sol 
PIn 
Gast 

TA. 
EDL 

VL 

BF 

Tissue Mass 
(mg) 

Tissue/Body Mass 
(mg/100g) 

cc 

156 ± 5 
424 ± 11 

2124 ± 47 

763 ± 27 
161 ± 5 

1787 ± 149 

HDS cc 

Ankle Extensors 

96±2* 
370 ± 10* 

1677 ± 44* 

41 ± 1.0 
112 ± 2.0 
563 ± 3.8 

Ankle Flexors 

675 ± 14* 
147 ± 4* 

202 ± 4.3 
43 ± 1.7 

Knee Extensor 

1315 ± 32* 499 ± 42.3 

Knee Flexor 

4704 ± 134 4159 ± 96* 1230 ± 31 

Qrgans 

lIDS 

27 ± 0.4* 
103 ± 2.8* 
469 ± 9.4* 

189 ± 2.9* 
41 ± 0.8 

368 ± 8.6* 

1163 ± 27 

Kidney 1449 ± 30 1491 ± 26 385 ± 6.1417 ± 5.9* 
Spleen 725 + 25 680 + 17 192 + 4.6 190 ± 5.2 
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Values are means ± SE for 9 CC and 11 HDS rats. * Denotes a value that was 
significantly different from the CC mean (p < 0.05). Soleus, Sol.; Plantaris, 
PIn.; Gastrocnemius, Gast; Tibialis Anterior, TA; Extensor Digitorum Longus, 
EDL; Vastus Lateralis, VL; Biceps Femoris, BF. 
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Figure 18. Cardiac output responses to treadmill exercise. Values are means 

± SE for 9 CC and 11 HDS rats. * significantly different from the CC mean. a 

significantly different from the pre-exercise mean. b significantly different 

from the pre-exercise and light exercise mean (p < 0.05). 



Table 9. Absolute measures of blood flow (mlImin·10-2) to the leg muscles 
during graded intensity submaximal treadmill exercise. 

Exercise Intensity 

Tissue Pre-exercise Light Heavy 

Ankle Extensors 

Soleus 

CC 16 ± 2 26 ± 3a 38 ± lOb 
HOS 10 ± 5* 9 ± 4* 23 ± 3*a 

Plantaris 

CC 25± 4 35 ± 6 41 ±3a 
HOS 21 ± 3 23± 3 21± 3* 

Gastrocnemius 

CC 61 ± 14 71 ± 12 84 ± 14 
HOS 57 ± 10 75 ± 19 61 ± 11 

Ankle Flexors 

Tibialis Anterior 

CC 23 ± 2 28 ± 4 35± 3b 
HOS 23 ± 4 29 ± 6 29± 3 

Extensor Digitorum Longus 

CC 8±2 lO± 1 18 ± 1b 
HOS 6±1 8±1 14± 2b 

Knee Extensor 

Vastus Lateralis 

CC 51 ± 11 45 ± 10 51 ± 6 
HOS 45 ± 9 47 ± 11 62± 8 

Knee Flexor 

Biceps Femoris 

CC 44 ± 15 69 ± 15 79 ± 17a 
HOS 42 ± 7 68 ± 11a 56± 7 
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Values are means ± SE for 9 CC and 11 HOS rats. Blood flow is expressed in mVmin·lO-2. 

* significantly different from the CC group. a significantly different from the pre exercise 

mean. b significantly different from the preexercise and light exercise mean (p < 0.05). 
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Figure 19. Relative measures of blood flow to three ankle extensor muscles at 

rest and during exercise. Values are means ± SE for 9 CC and 11 HDS rats. * 
significantly different from the CC mean. a significantly different from the pre

exercise mean. b significantly different from the pre-exercise and light exercise 

mean (p < 0.05). 
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Figure 20. Relative measures of blood flow to two ankle flexor muscles at rest 

and during exercise. Values are means ± SE for 9 CC and 11 HDS rats. * 
significantly different from the CC mean. a significantly different from the pre

exercise mean. b significantly different from the pre-exercise and light exercise 

mean (p < 0.05). 
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Figure 21. Relative measures of blood flow to a knee flexor muscle (biceps 

femoris) and a knee extensor muscle (vastus lateralis). Values are means ± 

SE for 9 CC and 11 HDS rats. * significantly different from the CC mean. a 

significantly different from the pre-exercise mean. b significantly different 

from the pre-exercise and light exercise mean (p < 0.05). 
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Figure 22. Kidney blood flow at rest and during exercise. Values are means ± 

SE for 9 CC and 11 HDS rats. * significantly different from the CC mean. a 

significantly different from the pre-exercise mean. b significantly different 

from the pre-exercise and light exercise mean (p < 0.05). 
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Figure 23. Blood flow to the spleen at rest and during exercise. Values are 

means ± SE for 9 CC and 11 HDS rats. * significantly different from the CC 

mean. a significantly different from the pre-exercise mean. b significantly 

different from the pre-exercise and light exercise mean (p < 0.05). 
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Figure 24. Heart rate and blood pressure reponse to exercise. Values are 

means ± BE for 8 CC and 7 HDS rats.* significantly different from the CC 

mean. a significantly different from the pre-exercise mean. b significantly 

different from the pre-exercise and light exercise mean (p < 0.05). 
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Discussion 

The purpose of this study was to test the hypothesis that HDS alters 

the cardiac output and blood flow response to exercise. Measurements were 

obtained at rest and at two designated absolute workloads corresponding to 

light and heavy submaximal exercise. The key finding of the study was that 

the cardiac output response of HDS rats was compromised during heavy 

submaximal exercise. Equally important was the finding that HDS rats had a 

significantly impaired ability to reduce visceral blood flow and to increase flow 

to the soleus and plantaris muscles during exercise. 

In this study, the resting measures of cardiac output were not different 

in the HDS and control rats (Figure 18). In addition, the values obtained were 

similar to data reported previously for normal rats (41, 110). It had been 

anticipated that the resting measure of cardiac output would be lower in HDS 

rats as had been reported by others (11,103). It should be noted however, that 

the resting cardiac output measures in this study were obtained in rats that 

were standing quietly on a treadmill whereas their data were obtained during 

HDS. In addition, the rats had been familiarized with running on the treadmill; 

therefore the higher measures of cardiac output may have reflected an 

anticipatory response to exercise. 

During the graded intensity exercise bout, the cardiac output of the cage 

controls increased linearly achieving a two and three fold increase during light 

and heavy exercise respectively. This pattern was similar to the cardiac 

output response reported by Gleeson and Baldwin for treadmill exercise (41). 

In contrast, cardiac output did not increase linearly with power in HDS rats as 

these animals did not exhibit an increase between light and heavy intensity 
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exercise. As a consequence, under the heavy submaximal exercise conditions, 

the cardiac output of HDS rats was 33% lower than cage controls exercising at 

the same absolute power. When expressed relative to body mass, the results 

were similar with cardiac output being 31% lower in HDS rats during heavy 

exercise (Figure 18). This was not surprising given that the body weights of the 

two groups were not significantly different (Figure 17). 

The lower measures of cardiac output during heavy exercise likely 

reflected a reduction in stroke volume since heart rate at a given workload was 

found to be higher in the HDS rats (Figure 24). U sing the heart rate and 

cardiac output data collected in this study, the estimated stroke volume of 

HDS rats would have been 0.29 ml/beat compared to 0.49 mllbeat for the 

caged controls. Three factors could have contributed to this reduction. First, it 

was shown previously that HDS was associated with a reduction in plasma 

volume which would have reduced preload (11, 31). Second, it was reported in 

chapter four that sympathetic efferent neural outflow to the left ventricle was 

less in HDS rats during heavy submaximal exercise which could have impaired 

contractility. Third, it was found in this study that mean arterial blood 

pressure at a given power condition was higher in HDS rats which would have 

resulted in an increased afterload. 

Despite the impaired ability to augment cardiac output, the HDS rats 

were able to run on the treadmill at the heavy exercise intensity for two to 

three minutes. These results suggested a shift toward a greater dependence on 

anaerobic metabolism to resynthesize ATP. Several lines of evidence support 

this speculation. First, glycogen stores have been shown to be higher in soleus 

muscle fibers after exposure to HDS (52, 54). Second, the decrease in muscle 
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glycogen stores during treadmill exercise was significantly greater in HDS rats 

(114). Third, at least one study has shown that the soleus muscle exhibited a 

greater rate offatigue following exposure to HDS (83). Fourth, the activity of 

two glycolytic enzymes (lactate dehydrogenase and glycerophosphate 

dehydrogenase) were increased in the soleus and gastrocnemius of HDS rats 

(29, 51). Finally, we have found that the respiratory exchange ratio at a given 

submaximal exercise intensity was higher after exposure to HDS (unpublished 

results). 

An alternative explanation for the ability of the HDS rats to perfonn a 

short bout of heavy exercise was that the muscle of HDS rats extracted a 

greater percentage of the oxygen supplied. This possibility has also been 

supported by several lines of evidence. First, it has been shown that capillary 

density in the soleus of HDS rats was greater than in controls (29). Second, 

the activity of many aerobic enzymes has been shown to be higher per gram of 

single soleus muscle fiber (37, 113) and finally mitochondrial density has been 

shown to be unchanged in the hindlimb muscle of HDS rats (37, 46, 51). 

Without direct measures of arterio-venous oxygen difference, this hypothesis 

cannot be confirmed. 

In this study, the control rats exhibited a marked redistribution of blood 

flow during exercise which included a reduction in flow to the kidneys and 

spleen. This response was similar to changes reported previously and likely 

contributed to the increase in hindlimb muscle blood flow during exercise (71, 

82, 93). In contrast, rats exposed to HDS exhibited an impaired ability to 

reduce visceral blood flow. As can be seen in figure 23, splenic blood flow was 

significantly higher in HDS rats at both exercise intensities. In addition, kidney 
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blood flow was higher in HDS rats during light intensity exercise (Figure 22) 

which confirmed data published by McDonald et aI. (82). 

The impaired ability of HDS rats to reduce visceral blood flow may have 

involved an alteration in the sympathetic response to exercise. Two possible 

mechanisms could have contributed to this observation. First, McDonald et a1. 

hypothesized that the higher visceral blood flow in HDS rats was due to a 

reduction in vascular reactivity to the release of NE (82). This speculation 

was supported by the findings ofDelp et a1. who demonstrated that the ability 

of aortic smooth muscle to produce contractile tension in response to NE was 

less in animals exposed to HDS (25). An alternative possibility is that 

sympathetic neural outflow to the viscera was lower in HDS rats than in their 

controls. This speculation is supported by data reported in the previous 

chapter which indicated that the rate of NE depletion in the spleen was lower 

in HDS rats than in controls. 

Preexercise measurements revealed marked differences in blood flow 

between muscles of different functions. These flows were characterized by a 

higher flow to extensor muscles than flexor muscles, as well as to muscles 

containing a high percentage of slow oxidative fibers. These differences were 

similar to data published by Laughlin and Armstrong who concluded that the 

heterogeneity observed was related to differences in the contractile activity of 

the motor units in the muscles (71). Equally important was the finding that 

the relative measures of blood flow at rest were similar in HDS and CC rats for 

all muscles studied. These data were in agreement with the findings previously 

reported by McDonald et aI. (82). 
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During light intensity exercise, blood flow was increased in the soleus and 

plantaris muscles of the control animals but not in the HDS animals. The 

failure of HDS rats to augment flow to these muscles may reflect an increase 

in sympathetic neural traffic to these muscles during exercise which impaired 

their ability to vasodilate. Overton et al. (98) reported previously that iliac 

vascular resistance during exercise was greater following exposure to HDS 

than it had been prior to suspension. In addition, it was shown in the previous 

chapter that HDS rats exhibited an exaggerated increase in the rate of 

norepinephrine depletion in the soleus muscle during exercise. 

During heavy intensity submaximal exercise, plantaris blood flow 

remained at resting levels in HDS rats; however, soleus blood flow increased 

and was not significantly different from the control rats. If the failure to 

increase plantaris blood flow was due to the vasoconstrictor effects of NE, then 

the increase in soleus muscle blood flow may have reflected an increase in 

metabolites which caused a locally mediated vasodilation. The failure to 

increase plantaris blood flow may also have been due to an alteration in gait 

and an inability to recruit this muscle during exercise. 

Blood flow to the ankle flexors, a knee extensor and a knee flexor was not 

statistically different in HDS and control rats; however, flow to three of the 

four muscles tested was lower in absolute and relative units. Collectively, the 

reduced flows to individual muscles could have contributed to a lower measure 

of total hindlimb blood flow as suggested by McDonald et al. (82). In addition, 

the blood flow comparisons in this study were made at the same absolute 

exercise intensity therefore the HDS rats were at a higher percentage of their 

\102 max. Had these animals been compared at the same relative exercise 



121 

intensity, it is conceivable that blood flow to these muscles would have been 

significantly lower than in the caged controls. 

In summary, the cardiovascular response to light intensity exercise was 

not compromised in animals exposed to HDS. In contrast, the ability to 

augment cardiac output and to redistribute blood flow during heavy intensity 

exercise was lower in HDS rats. Together these responses could contribute to 

the reduction in \102 max that has been reported for rats exposed to HDS. 
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CHAPTER 6 

Summary: Influence of Simulated Microgravity on Sympathetic 

Nervous System Activity and the Blood Flow Response to Acute 

Exercise 

Head down suspension (HDS) is a commonly used model to simulate 

select conditions of micro gravity. Rats exposed to HDS have been shown to 

exhibit a reduction in aerobic capacity which was manifested by a reduction 

in maximal oxygen uptake (V02 max). The purpose of this investigation was 

to determine the mechanism by which aerobic capacity is reduced in HDS 

rats. In this chapter, the results of the study are summarized, and a model 

for cardiovascular deconditioning is proposed. 

Maximal oxygen uptake is an index of aerobic capacity that represents 

the composite abilities to deliver (cardiac output) and to utilize (arterio

venous oxygen difference) oxygen during an exercise bout. Therefore, the 

deconditioning associated with HDS must involve an alteration in one or both 

of these variables. 

The results of this study revealed that oxygen delivery was 

compromised in HDS rats. This was characterized by a 33% lower measure of 

cardiac output during heavy submaximal exercise at a given absolute power 

condition. The mechanism for the reduction in cardiac output appeared to 

involve a reduction in stroke volume since heart rate was found to be higher 

at the selected exercise intensities. Based on the heart rate and cardiac 

output data collected in this study, stroke volume would have been 41% lower 

in the HDS rats during heavy submaximal exercise. A reduction in the 
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stroke volurne response to exercise could have been due to a number of 

factors. First, rats exposed to HDS have been shown to exhibit reductions in 

plasma volume which could have reduced preload (11, 31). Second, mean 

arterial blood pressure at a given absolute power was found to be higher in 

HDS rats which would have increased afterload. Third, contractility may 

have been impaired by the lower sympathetic traffic to the left ventricle and 

by a reduction in the sensitivity or responsiveness of adrenergic receptors 

(25). 

Associated with the lower measures of cardiac output, was an 

alteration in the distribution of blood flow during exercise. This response 

included a significantly impaired ability to reduce visceral blood flow and to 

increase blood flow to the ankle extensor muscles. 

The mechanism for the reduced capacity to reduce visceral blood flow 

appeared to involve an alteration in the sympathetic nervous system's 

response to exercise since data collected in this study indicated that 

sympathetic traffic to the spleen was lower in HDS rats than in their controls 

during heavy submaximal exercise. As a consequence, the ability to 

vasoconstrict the vascular beds perfusing this tissue may have been 

impaired. In addition, the vascular reactivity to NE has been shown to be 

lower in HDS rats than in cage controls (25). 

The ability to extract oxygen at rest and during exercise has not been 

measured in HDS rats; however, a number of Hnes of evidence suggest that a

v 02 difference was not reduced in HDS rats. First, it has been shown that 

capillary density in the soleus muscle was greater in HDS rats than in 

controls (29). Second, the mitochondrial density in the atrophied soleus 
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muscle has been shown to be either unchanged or increased following a 

period of head down suspension (37,46,51). Third, data have shown that the 

aerobic enzyme activity of single slow twitch muscle fibers was either 

unchanged or increased in non-weight supported soleus muscle (37, 46). 

Finally, body composition analyses revealed that rats exposed to HDS lost fat 

mass more rapidly than fat free body mass. Therefore, it is unlikely that the 

reduction in oxygen uptake could have been explained by a loss of 

metabolically active tissue (129). 

In order for large muscle dynamic exercise to be maintained, several 

cardiovascular adjustments must be made including an increase in cardiac 

output, a redistribution of blood flow, and an increase in the venous return of 

blood to the heart. Each of these adjustments is regulated in part by the 

autonomic nervous system. Data collected in this and previous studies have 

suggested that the deconditioning effect associated with HDS will involve the 

adrenergic system. Specifically, it has been shown that the aerobic capacity 

of HDS rats could be maintained by providing an exogenous source of 

catecholamines (27, 40). Second, norepinephrine depleted rats had lower 

measures of V02 max but did not exhibit a decrement in aerobic capacity 

after suspension. Third, estimated sympathetic outflow to the left ventricle 

during heavy intensity exercise was lower in rats that had been exposed to 

HDS which could have contributed to the inability of HDS rats to adequately 

increase cardiac output during exercise. Fourth, estimated sympathetic 

outflow to the spleen was lower which could have impaired the ability to 

redistribute blood flow, and finally, estimated sympathetic outflow to the 

soleus muscle was higher in HDS rats during exercise which could have 
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impaired the ability to increase blood flow to skeletal muscles of similar fiber 

types. 

In conclusion, rats exposed to head down suspension have been shown 

to exhibit a reduction in aerobic capacity which was manifested by a 

reduction in \702 max (Figure 25). The data collected in this study suggested 

that the primary mechanism for this deconditioning effect was a reduced 

ability to augment cardiac output and to redistribute blood flow. The lower 

measures of cardiac output likely reflected a reduction in stoke volume rather 

than in heart rate. Although HDS rats may also have had a reduced capacity 

to increase oxygen extraction, it is unlikely that this was the major 

contributor to the deconditioning process because capillary and mitochondrial 

density,have been shown to be maintained or increased with suspension, and 

because the activity of aerobic enzymes has been shown to be maintained. 

Thus, the compromised ability to redistribute blood flow as measured in this 

study was due in part to an altered sympathetic response to exercise 

characterized by lower sympathetic outflow to the heart and spleen as well as 

greater outflow to the soleus muscle (Figure 26). 
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Figure 25. Model for the aerobic deconditioning effect associated with head 
down suspension. The model begins with the reduction in maximal oxygen 
uptake, and the arrows point to proposed mechanisms for the observed 
changes. 
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Figure 26. Proposed model for select cardiovascular-autonomic responses to 
exercise after exposure to head down suspension. 
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HEAD DOWN SUSPENSION MODEL 
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Figure 27. Morey model of hindlimb suspension (87). 
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Figure 28. Overton-Tipton model of head down suspension. 
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Table 10. Body mass (g) at the time of the blood flow experiments. 

Rat # Group Body Mass 

627 CON 378 
630 CON 394 
632 CON 350 
633 CON 375 
634 CON 409 
636 CON 403 
130 CON 387 
133 CON 347 
134 CON 349 

mean 377 
SE 8 
N 9 

626 HDS 368 
628 HDS 360 
629 HDS 359 
631 HDS 354 
635 HDS 380 
637 HDS 380 
639 HDS 394 
640 HDS 391 
129 HDS 338 
135 HDS 345 
136 HDS 345 

mean 365 
SE 6 
N 11 
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Table 11. Cardiac output (mllmin) at rest and during light and heavy 
exercise. 

Rat # Group Rill 15 mlmin 25m1min 
0% erade 10% erade 

627 CON 88 212 321 
630 CON 46 173 367 
632 CON 60 158 367 
633 CON 45 185 197 
634 CON 140 287 134 
636 CON 51 95 237 
130 CON 59 173 191 
133 CON 101 113 234 
134 CON 94 48 230 

mean 76 160 253 
SE 11 23 27 
N 9 9 9 

626 HDS 74 136 233 
628 HDS 76 87 214 
629 HDS 86 163 257 
631 HDS 94 218 197 
635 HDS 121 222 141 
637 HDS 98 169 129 
639 HDS 120 171 137 
640 HDS 113 196 134 
129 HDS 66 131 122 
135 HDS 95 182 117 
136 HDS 97 119 122 

mean 94 163 164 
SE 5 13 15 
N 11 11 11 
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Table 12. Relative measures of cardiac output (mIlkglmin) at rest and 
during light and heavy exercise. 

R5!t # Group ~ 15 mlmin 25 mlmin 
0% gr5!de 10% gr5!de 

627 CON 232 560 849 
630 CON 116 438 931 
632 CON 171 452 1048 
633 CON 120 493 526 
634 CON 343 702 327 
636 CON 126 236 588 
130 CON 154 447 493 
133 CON 290 326 675 
134 CON 268 138 658 

mean 202 421 677 
SE 28 56 76 
N 9 9 9 

626 HDS 201 371 634 
628 HDS 211 242 594 
629 HDS 239 455 715 
631 HDS 266 615 558 
635 HDS 318 583 372 
637 HDS 258 444 340 
639 HDS 305 433 347 
640 HDS 289 502 343 
129 HDS 195 387 362 
135 HDS 275 528 340 
136 HDS 283 344 354 

mean 258 446 451 
SE 13 33 43 
N 11 11 11 
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Table 13. Soleus blood flow (mllmin) at rest and during light and heavy 
exercise. 

Rat # Group Rru 15 mlmin 25 mlmin 
0% grade 10% grade 

627 CON 0.13 0.21 0.26 
630 CON 0.18 0.14 0.37 
632 CON 0.21 0.21 0.38 
633 CON 0.20 0.20 0.38 
634 CON 0.11 0.41 0.40 
636 CON 0.16 0.41 0.62 
130 CON 0.25 0.34 0.33 
133 CON 0.11 0.20 0.33 
134 CON 0.03 0.18 0.31 

mean 0.16 0.26 0.38 
SE 0.02 0.03 0.03 
N 9 9 9 

626 HDS 0.13 0.12 0.23 
628 HDS 0.06 0.12 0.26 
629 HDS 0.19 0.11 0.19 
631 HDS 0.04 0.04 0.26 
635 HDS 0.06 0.07 0.21 
637 HDS 0.11 0.05 0.19 
639 HDS 0.13 0.17 0.20 
640 HDS 0.15 0.12 0.21 
129 HDS 0.07 0.07 0.22 
135 HDS 0.14 0.03 0.26 
136 HDS 0.07 0.11 0.27 

mean 0.10 0.09 0.23 
SE 0.01 0.01 0.01 
N 11 11 11 
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Table 14. Relative measures of soleus blood flow (mllminl100g) at rest and 
during light and heavy exercise. 

Rat # Group ~ 15 mlmin 25 mlmin 
0% grade 10% grade 

627 CON 78 120 153 
630 CON 102 83 212 
632 CON 139 141 259 
633 CON 124 122 240 
634 CON 77 288 277 
636 CON 92 236 360 
130 CON 168 234 227 
133 CON 80 142 234 
134 CON 22 123 206 

mean 98 165 241 
SE 14 23 19 
N 9 9 9 

626 HDS 149 134 255 
628 HDS 66 125 285 
629 HDS 206 121 202 
631 HDS 39 44 266 
635 HDS 57 72 205 
637 HDS 123 57 202 
639 HDS 121 160 189 
640 HDS 131 106 189 
129 HDS 80 78 241 
135 HDS 160 32 291 
136 HDS 72 111 283 

mean 109 94 237 
SE 15 12 12 
N 11 11 11 
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Table 15. Plantaris blood flow (ml/min) at rest and during light and heavy 
exercise. 

RSlt# Group 15 mlmin 25 mlmin 
0% grade 10% grade 

627 CON 0.14 0.27 0.30 
630 CON 0.14 0.10 0.43 
632 CON 0.17 0.64 0.46 
633 CON 0.27 0.60 0.39 
634 CON 0.19 0.27 0.45 
636 CON 0.20 0.20 0.58 
130 CON 0.33 0.42 0.33 
133 CON 0.41 0.24 0.33 
134 CON 0.42 0.42 0.38 

mean 0.25 0.35 0.41 
SE 0.04 0.06 0.03 
N 9 9 9 

626 HDS 0.26 0.30 0.16 
628 HDS 0.14 ' 0.32 0.33 
629 HDS 0.19 0.07 0.10 
631 HDS 0.48 0.30 0.38 
635 HDS 0.20 0.10 0.11 
637 HDS 0.23 0.29 0.10 
639 HDS 0.12 0.14 0.14 
640 HDS 0.18 0.34 0.14 
129 HDS 0.17 0.21 0.27 
135 HDS 0.18 0.13 0.31 
136 HDS 0.13 0.28 0.30 

mean 0.21 0.22 0.21 
SE 0.03 0.03 0.03 
N 11 11 11 
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Table 16. Relative measures of plantaris blood flow (mllminl100g) at rest 
and during light and heavy exercise. 

R§t# Group· RW 15 mlmin 25 mlmin 
0% gr§de 10% gT§de 

627 CON 36 69 75 
630 CON 33 22 99 
632 CON 44 164 117 
633 CON 60 132 87 
634 CON 43 61 101 
636 CON 40 41 120 
130 CON 80 101 80 
133 CON 110 65 89 
134 CON 100 102 91 

mean 60 92 95 
SE 9.7 16.2 5.1 
N 9 9 9 

626 HDS 80 93 48 
628 HDS 42 93 95 
629 HDS 42 15 22 
631 HDS 133 82 105 
635 HDS 52 26 28 
637 HDS 62 78 27 
639 HDS 32 38 37 
640 HDS 43 82 33 
129 HDS 48 60 76 
135 HDS 52 39 90 
136 HDS 36 76 83 

mean 56 62 58 
SE 8.6 8.4 9.4 
N 11 11 11 
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Table 17. Gastrocnemius blood flow (mllmin) at rest and during light and 
heavy exercise. 

R~t# Group Rill 15 mlmin 25 mlmin 
0% grade 10% grade 

627 CON 0.35 0.48 0.83 
630 CON 0.19 0.18 1.20 
632 CON 0.35 1.34 1.57 
633 CON 0.48 0.69 1.15 
634 CON 0.33 0.32 0.62 
636 CON 0.37 0.70 1.06 
130 CON 0.98 1.01 0.37 
133 CON 1.35 0.74 0.39 
134 CON 1.05 0.97 0.41 

mean 0.61 0.71 0.84 
SE 0.14 0.12 0.14 
N 9 9 9 

626 HDS 0.48 0.71 0.99 
628 HDS 0.27 0.51 0.94 
629 HDS 1.05 0.76 0.96 
631 HDS 1.21 2.33 1.35 
635 HDS 0.39 0.18 0.31 
637 HDS 0.35 0.36 0.33 
639 HDS 0.43 0.51 0.34 
640 HDS 0.35 0.19 0.37 
129 HDS 0.82 1.05 0.36 
135 HDS 0.37 0.25 0.35 
136 HDS 0.57 1.37 0.41 

mean 0.57 0.74 0.61 
SE 0.09 0.19 0.11 
N 11 11 11 
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Table 18. Relative measures of gastrocnemius blood flow (ml/min/100g) at 
rest and during light and heavy exercise. 

Ri!t# Group Em 15 mlmin 25 mlmin 
0% gri!de 10% gri!de 

627 CON 16 22 38 
630 CON 8 8 54 
632 CON 17 67 78 
633 CON 23 33 55 
634 CON 14 14 27 
636 CON 17 31 48 
130 CON 45 46 17 
133 CON 70 38 20 
134 CON 54 50 21 

mean 29 34 40 
SE 7.2 6.0 6.8 
N 9 9 9 

626 HDS 31 45 63 
628 HDS 16 31 56 
629 HDS 66 47 60 
631 HDS 71 136 79 
635 HDS 20 10 16 
637 HDS 21 21 19 
639 HDS 26 30 20 
640 HDS 18 10 19 
129 HDS 57 72 25 
135 HDS 9 6 8 
136 HDS 33 80 24 

mean 33 44 35 
SE 6.4 11.7 7.3 
N 11 11 11 
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Table 19. Tibialis anterior blood flow (mllmin) at rest and during light and 
heavy exercise. 

R5.!t# Group &at 15 mlmin 25 mlmin 
0% grade 10% grade 

627 CON 0.12 0.15 0.24 
630 CON 0.19 0.28 0.37 
632 CON 0.29 0.24 0.46 
633 CON 0.18 0.17 0.29 
634 CON 0.17 0.23 0.23 
636 CON 0.21 0.18 0.32 
130 CON 0.34 0.44 0.38 
133 CON 0.31 0.42 0.44 
134 CON 0.28 0.43 0.41 

mean 0.23 0.28 0.35 
SE 0.02 0.04 0.03 
N 9 9 9 

626 HDS 0.11 0.17 0.37 
628 HDS 0.15 0.21 0.37 
629 HDS 0.09 0.24 0.28 
631 HDS 0.14 0.17 0.41 
635 HDS 0.32 0.13 0.16 
637 HDS 0.20 0.13 0.12 
639 HDS 0.50 0.32 0.22 
640 HDS 0.27 0.77 0.22 
129 HDS 0.21 0.23 0.30 
135 HDS 0.31 0.24 0.35 
136 HDS 0.20 0.61 0.33 

mean 0.23 0.29 0.28 
SE 0.04 0.06 0.03 
N 11 11 11 
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Table 20. Relative measures of tibialis anterior blood flow (ml/minl100g) at 
rest and during light and heavy exercise. 

Rat # Group Rill 15 mlmin 25 mlmin 
0% grade 10% grade 

627 CON 35 43 70 
630 CON 40 58 77 
632 CON 62 53 100 
633 CON 50 46 77 
634 CON 56 74 72 
636 CON 54 48 84 
130 CON 47 60 53 
133 CON 45 61 64 
134 CON 41 61 58 

mean 48 56 73 
SE 2.8 3.2 4.7 
N 9 9 9 

626 HDS 29 47 100 
628 HDS 38 53 93 
629 HDS 25 68 80 
631 HDS 42 50 119 
635 HDS 90 37 44 
637 HDS 55 35 32 
639 HDS 75 48 33 
640 HDS 15 43 13 
129 HDS 34 36 47 
135 HDS 50 38 55 
136 HDS 32 97 52 

mean 44 50 61 
SE 6.7 5.5 9.9 
N 11 11 11 
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Table 21. Extensor digitorum longus blood flow (ml/min) at rest and during 
light and heavy exercise. 

Rat # Group ~ 15 mlmin 25 mlmin 
0% grade 10% grade 

627 CON 0.08 0.06 0.16 
630 CON 0.14 0.14 0.15 
632 CON 0.07 0.13 0.21 
633 CON 0.12 0.06 0.15 
634 CON 0.11 0.12 0.22 
636 CON 0 .. 02 0.08 0.12 
130 CON 0.01 0.12 0.22 
133 CON 0.05 0.06 0.21 
134 CON 0.08 0.13 0.17 

mean 0.08 0.10 0.18 
SE 0.02 0.01 0.01 
N 9 9 9 

626 HDS 0.05 0.04 0.13 
628 HDS 0.05 0.08 0.11 
629 HDS 0.13 0.13 0.27 
631 HDS 0.02 0.09 0.18 
635 HDS 0.07 0.15 0.14 
637 HDS 0.03 0.07 0.01 
639 HDS 0.08 0.07 0.14 
640 HDS 0.04 0.06 0.11 
129 HDS 0.07 0.07 0.16 
135 HDS 0.06 0.03 0.17 
136 HDS 0.03 0.03 0.16 

mean 0.06 0.07 0.14 
SE 0.01 0.01 0.02 
N 11 11 11 
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Table 22. Relative measures of extensor digitorum longus blood flow 
(mllminl100g) at rest and during light and heavy exercise. 

R~t# Group &§.t 15 mlmin 25 mlmin 
0% grade 10% grade 

627 CON 51 34 95 
630 CON 70 72 76 
632 CON 48 84 138 
633 CON 74 38 90 
634 CON 65 72 131 
636 CON 15 52 75 
130 CON 9 79 141 
133 CON 35 42 143 
134 CON 56 85 115 

mean 47 62 112 
SE 8 7 9 
N 9 9 9 

626 HDS 35 28 91 
628 HDS 33 60 81 
629 HDS 81 81 165 
631 HDS 11 61 124 
635 HDS 45 94 84 
637 HDS 17 43 8 
639 HDS 54 46 91 
640 HDS 24 39 68 
129 HDS 54 52 123 
135 HDS 47 25 126 
136 HDS 24 24 122 

mean 39 50 98 
SE 6 7 12 
N 11 11 11 
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Table 23. Biceps femoris blood flow (mllmin) at rest and during light and 
heavy exercise. 

Rat # Group ~ 15 mlmin 25 mlmin 
0% grade 10% grade 

627 CON 0.12 0.31 0.48 
630 CON 0.22 0.25 0.49 
632 CON 0.20 0.44 0.95 
633 CON 0.22 0.51 0.29 
634 CON 0.24 0.43 0.45 
636 CON 0.26 0.47 0.18 
130 CON 0.67 1.31 1.46 
133 CON 1.52 1.13 1.40 
134 CON 0.54 1.38 1.38 

mean 0.44 0.69 0.79 
SE 0.15 0.15 0.17 
N 9 9 9 

626 HDS 0.25 0.32 0.60 
628 HDS 0.21 0.34 0.55 
629 HDS 0.28 0.59 0.62 
631 HDS 0.22 0.47 0.44 
635 HDS 0.30 0.56 0.27 
637 HDS 0.21 0.65 0.24 
639 HDS 0.65 0.71 0.50 
640 HDS 0.44 0.73 0.48 
129 HDS 0.88 1.06 1.11 
135 HDS 0.40 0.40 0.67 
136 HDS 0.77 1.62 0.71 

mean 0.42 0.68 0.56 
SE 0.07 0.11 0.07 
N 11 11 11 
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Table 24. Relative measures of biceps femoris blood flow (mllmin/100g) at 
rest and during light and heavy exercise. 

RS;lt# Group H&§.t 15 mlmin 25 mlmin 
0% grS;lde 10% grade 

627 CON 16 44 69 
630 CON 33 38 75 
632 CON 27 58 125 
633 CON 25 60 34 
634 CON 28 50 53 
636 CON 28 51 20 
130 CON 14 26 29 
133 CON 33 24 30 
134 CON 12 31 31 

mean 24 42 52 
SE 2.6 4.5 11.1 
N 9 9 9 

626 HDS 38 49 93 
628 HDS 34 55 90 
629 HDS 34 72 76 
631 HDS 25 55 51 
635 HDS 39 73 36 
637 HDS 26 79 29 
639 HDS 27 29 21 
640 HDS 18 29 19 
129 HDS 20 24 25 
135 HDS 30 31 51 
136 HDS 19 39 17 

mean 28 49 46 
SE 2.2 6.0 8.6 
N 11 11 11 
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Table 25. Vastus lateralis blood flow (ml/min) at rest and during light and 
heavy exercise. 

RS;lt# Group RW 15 mlmin 25 mlmin 
0% grS;lde 10% gTS;lde 

627 CON 0.23 0.41 0.32 
630 CON 0.25 0.27 0.49 
632 CON 0.36 0.16 0.41 
633 CON 0.35 0.14 0.37 
634 CON 0.32 0.48 0.33 
636 CON 0.25 0.16 0.43 
130 CON 0.71 0.78 0.75 
133 CON 1.12 0.66 0.76 
134 CON 0.98 0.98 0.73 

mean 0.51 0.45 0.51 
SE 0.11 0.10 0.06 
N 9 9 9 

626 HDS 0.30 0.29 0.57 
628 HDS 0.32 0.35 0.39 
629 HDS 0.37 0.21 0.43 
631 HDS 0.08 0.52 0.59 
635 HDS 0.32 0.25 0.25 
637 HDS 0.26 0.18 0.43 
639 HDS 1.27 0.12 0.70 
640 HDS 0.52 1.00 0.47 
129 HDS 0.61 0.81 0.91 
135 HDS 0.45 0.26 1.07 
136 HDS 0.49 1.20 1.03 

mean 0.45 0.47 0.62 
SE 0.09 0.11 0.08 
N 11 11 11 
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Table 26. Relative measures of vast us lateralis blood flow (mllminl100g) at 
rest and during light and heavy exercise. 

&ti Group RW 15 mlmin 25 mlmin 
0% grade 10% grade 

(327 CON 61 108 83 
630 CON 50 53 98 
632 CON 70 31 80 
S33 CON 87 34 93 
()34 CON 63 94 64 
636 CON 59 37 100 
130 CON 46 51 49 
133 CON 77 45 52 
134 CON 71 71 53 

mean 65 58 75 
SE 4.3 9.1 6.8 
N 9 9 9 

626 HDS 63 61 121 
628 HDS 55 61 68 
629 HDS 99 55 117 
631 HDS 16 110 126 
635 HDS 78 62 61 
637 HDS 65 45 106 
639 HDS 90 8 49 
640 HDS 37 72 34 
129 HDS 48 64 72 
135 HDS 38 21 90 
136 HDS 37 91 78 

mean 57 59 84 
SE 7.6 8.6 9.2 
N 11 11 11 
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Table 27. Kidney blood flow (ml/min) at rest and during light and heavy 
exercise. 

Rat # GrQl.U2 RW 15 mlmin 25 mlmin 
0% grade 10% grade 

627 CON 0.66 0.98 0.41 
630 CON 1.30 0.66 0.58 
632 CON 1.96 1.18 0.74 
633 CON 0.78 0.48 0.27 
634 CON 1.49 ·0.88 0.58 
636 CON 0.76 0.47 0.40 
130 CON 3.55 1.55 0.56 
133 CON 7.87 1.86 0.66 
134 CON 5.18 1.90 0.56 

mean 2.61 1.11 0.53 
SE 0.83 0.18 0.05 
N 9 9 9 

626 HDS 2.20 1.17 0.72 
628 HDS 1.20 2.00 0.96 
629 HDS 2.51 1.09 0.62 
631 HDS 1.71 1.97 0.64 
635 HDS 0.64 1.35 0.23 
637 HDS 0.86 2.24 0.27 
639 HDS 4.75 2.79 0.41 
640 HDS 3.50 2.36 0.24 
129 HDS 1.77 2.29 0.50 
135 HDS 4.42 0.18 0.34 
136 HDS 1.72 1.44 0.43 

mean 2.30 1.72 0.49 
SE 0.42 0.23 0.07 
N 11 11 11 
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Table 28. Relative measures of kidney blood flow (m1Jminl100g) at rest and 
during light and heavy exercise. 

Rat # Group E&.B 15 mlmin 25 mlmin 
0% grade 10% grade 

627 CON 102 152 64 
630 CON 227 117 102 
632 CON 356 214 134 
633 CON 186 115 63 
634 CON 215 127 83 
636 CON 48 29 25 
130 CON 259 113 41 
133 CON 590 140 49 
134 CON 381 140 41 

mean 263 127 67 
SE 54 16 11 
N 9 9 9 

626 HDS 396 211 129 
628 HDS 179 298 143 
629 HDS 495 215 123 
631 HDS 357 412 133 
635 HDS 117 247 42 
637 HDS 147 386 46 
639 HDS 302 178 26 
640 HDS 221 149 15 
129 HDS 124 160 35 
135 HDS 303 13 23 
136 HDS 107 90 27 

mean 250 214 67 
SE 39 36 16 
N 11 11 11 
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Table 29. Spleen blood flow (mllmin) at rest and during light and heavy 
exercise. 

Rat # Group ~ 15 mlmin 25 mlmin 
0% grade 10% grade 

627 CON 2.19 0.54 0.20 
630 CON 0.67 0.30 0.28 
632 CON 0.86 1.02 0.36 
633 CON 0.71 0.60 0.16 
634 CON 1.88 0.05 0.21 
636 CON 0.75 0.62 0.28 
130 CON 1.72 0.35 0.35 
133 CON 3.16 0.15 0.35 
134 CON 3.10 0.31 0.34 

mean 1.67 0,44 0.28 
SE 0.33 0.09 0.02 
N 9 9 9 

626 HDS 0.74 0.51 0,49 
628 HDS 0.62 0.76 0,48 
629 HDS 0.98 0.38 0.50 
631 HDS 1.07 1.15 0.70 
635 HDS 1.15 0.95 0.24 
637 HDS 1.62 1.24 0.24 
639 HDS 1.21 0.76 0.28 
640 HDS 1.26 1,46 0.24 
129 HDS 1,47 0.93 0.64 
135 HDS 2,44 1.55 0.76 
136 HDS 1.02 1.51 0.71 

mean 1.23 1.01 0,48 
SE 0.15 0.12 0.62 
N 11 11 11 
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Table 30. Relative measures of spleen blood flow (mVminl100g) at rest and 
during light and heavy exercise. 

R!;!t# Group Em 15 mlmin 25 mlmin 
0% gr!;!de 10% gT!;!de 

627 CON 610 151 56 
630 CON 184 83 75 
632 CON 123 144 51 
633 CON 193 163 44 
634 CON 485 12 55 
636 CON 190 157 70 
130 CON 235 48 47 
133 CON 455 21 51 
134 CON 476 48 52 

mean 328 92 56 
SE 59 21 3 
N 9 9 9 

626 HDS 283 194 188 
628 HDS 193 237 148 
629 HDS 266 104 136 
631 HDS 297 319 195 
635 HDS 452 371 95 
637 HDS 460 353 69 
639 HDS 162 102 38 
640 HDS 183 213 34 
129 HDS 221 140 96 
135 HDS 376 239 117 
136 HDS 141 208 97 

mean 276 225 110 
SE 34 28 16 
N 11 11 11 
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Table 31. Heart rate (beats/min) at rest and during light and heavy exercise. 

R~t# Group ~ 15 mlmin 25 mlmin 
0% grade 10% grade 

141 CON 420 488 521 
142 CON 459 513 537 
137 CON 388 537 556 
144 CON 425 522 518 
145 CON 464 482 496 
173 CON 449 481 491 
168 CON 468 506 517 
153 CON 426 469 495 

mean 437 500 516 
SE 9.7 8.2 7.9 
N 8 8 8 

138 HDS 430 540 562 
139 HDS 484 535 561 
140 HDS 471 558 569 
143 HDS 425 550 570 
167 HDS 381 464 505 
154 HDS 514 563 578 
165 HDS 481 593 588 

mean 455 543 562 
SE 17.0 15.0 10.1 
N 7 7 7 
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Table 32. Blood pressure (mmHg) at rest and during light and heavy 
exercise. 

R~t# Group ~ 15 mlmin 25 mlmin 
0% grade 10% grade 

141 CON 145 144 155 
142 CON 145 150 157 
137 CON 150 145 150 
144 CON 151 150 161 
145 CON 152 148 149 
173 CON 131 146 154 
168 CON 137 149 156 
153 CON 138 144 145 

mean 144 147 153 
SE 7.6 2.6 5.1 
N 8 8 8 

138 HDS 151 156 165 
139 HDS 154 158 160 
140 HDS 151 161 161 
143 HDS 162 167 169 
167 HDS 124 144 155 
154 HDS 150 153 162 
165 HDS 131 153 155 

mean 146 156 161 
SE 5.1 2.7 1.9 
N 7 7 7 
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Table 33. Body mass (g) data for control rats in NE turnover study. 

Rat # Group Day 0 Day 13 

380 CC 274 290 
381 CC 308 316 
388 CC 306 322 
389 CC 340 358 
390 CC 330 354 
384 CC 323 347 
385 CC 329 363 
394 CC 316 344 
395 CC 307 327 
396 CC 315 335 
501 CC 302 326 
502 CC 304 382 
510 CC 291 300 
511 CC 310 314 
512 CC 313 317 
506 CC 343 358 
507 CC 313 298 
516 CC 311 315 
517 CC 339 336 
518 CC 314 325 
526 CC 242 249 
527 CC 226 225 
534 CC 240 250 
535 CC 251 262 
536 CC 245 259 
530 CC 247 258 
531 CC 262 250 
540 CC 249 228 
541 CC 234 220 
542 CC 268 269 
549 CC 245 250 
550 CC 242 260 
558 CC 266 271 
559 CC 246 253 
560 CC 244 260 
553 CC 246 257 
554 CC 261 272 
562 CC 224 239 
564 CC 235 244 
565 CC 275 300 

mean 281 292 
SE 5.9 7.1 
N 40 40 
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Table 34. Body mass (g) data for suspended rats in NE turnover study. 

R§t# Group Day 0 D§y13 
382 HDS 290 297 
383 HDS 312 329 
391 HDS 308 294 
392 HDS 318 322 
393 HDS 330 327 
386 HDS 298 298 
387 HDS 320 324 
397 HDS 313 310 
398 HDS 334 320 
399 HDS 313 315 
504 HDS 335 335 
513 HDS 270 273 
514 HDS 280 280 
515 HDS 290 310 
508 HDS 320 327 
509 HDS 317 325 
519 HDS 329 335 
520 HDS 319 327 
521 HDS 309 320 
528 HDS 230 233 
529 HDS 258 259 
538 HDS 251 233 
539 HDS 231 225 
532 HDS 254 252 
533 HDS 235 242 
543 HDS 249 238 
544 HDS 242 223 
545 HDS 253 255 
547 HDS 249 247 
548 HDS 249 245 
555 HDS 259 251 
556 HDS 251 249 
551 HDS 228 235 
552 HDS 252 262 
561 HDS 260 251 
562 HDS 246 253 
566 HDS 266 252 

mean 280 280 
SE 5.8 6.4 
N 37 37 
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Table 35. Tissue-to-body mass ratios (mgIlOOg) for the control rats in NE 
turnover study. 

Rat # Group Heart Soleus Spleen 

380 CON 347.9 38.0 188.6 
381 CON 424.1 38.2 248.6 
388 CON 368.8 37.5 201.0 
389 CON 295.4 33.3 294.8 
390 CON 348.4 41.0 178.9 
384 CON 564.6 39.9 193.7 
385 CON 373.7 29.4 230.1 
394 CON 392.4 34.4 197.3 
395 CON 436.5 39.4 225.6 
396 CON 316.4 36.8 211.1 
501 CON 296.1 43.1 198.2 
502 CON 295.7 47.1 209.3 
510 CON 289.7 48.5 212.9 
511 CON 281.8 50.5 261.5 
512 CON 324.5 42.3 185.6 
506 CON 292.4 39.9 192.4 
507 CON 293.8 47.5 277.3 
516 CON 314.8 46.2 213.3 
517 CON 308.0 46.9 248.2 
518 CON 281.3 39.7 170.1 
526 CON 406.0 48.7 254.6 
527 CON 524.9 47.5 303.2 
534 CON 424.0 43.7 293.3 
535 CON 500.8 53.4 253.2 
536 CON 376.6 53.6 261.8 
530 CON 395.8 41.4 287.7 
531 CON 340.0 44.0 233.2 
540 CON 434.3 52.5 274.7 
541 CON 616.9 55.6 312.6 
542 CON 372.1 52.0 268.2 
549 CON 330.9 41.3 213.5 
550 CON 319.6 39.4 248.4 
558 CON 315.3 42.2 242.1 
559 CON 320.1 46.9 245.9 
560 CON 311.9 41.3 203.5 
553 CON 324.3 37.9 200.1 
554 CON 336.8 40.7 223.5 
563 CON 242.2 46.2 210.0 
564 CON 325.9 39.8 244.9 
565 CON 319.8 40.2 310.6 

mean 361 43 235 
SE 38 3 18 
N 40 40 40 
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Table 36. Tissue-to-body mass ratios (mg/100g) for the suspended rats in NE 
turnover study. 

RSlt# Group Heart SQl~Y!i2 Spleen 
382 HDS 347.8 24.5 267.6 
383 HDS 339.4 9.9 249.1 
391 HDS 384.0 15.4 217.5 
392 HDS 344.3 22.7 227.7 
393 HDS 345.3 19.5 231.8 
386 HDS 410.1 17.8 230.5 
387 HDS 357.0 10.1 220.2 
397 HDS 302.6 04.7 245.1 
398 HDS 382.1 23.2 209.7 
399 HDS 348.9 25.1 263.9 
504 HDS 298.5 32.7 188.6 
514 HDS 304.7 28.3 191.5 
515 HDS 284.9 22.7 228.9 
508 HDS 313.1 23.5 185.0 
509 HDS 294.0 43.3 208.0 
519 HDS 393.8 28.8 253.9 
520 HDS 302.9 22.9 239.1 
521 HDS 279.7 42.5 182.1 
528 HDS 382.5 30.0 347.2 
529 HDS 399.0 27.5 243.2 
538 HDS 386.0 21.5 300.5 
539 HDS 497.3 32.0 329.8 
532 HDS 451.9 26.9 273.5 
533 HDS 387.9 24.8 330.6 
543 HDS 420.6 21.0 251.7 
544 HDS 547.5 14.9 275.7 
545 HDS 353.7 27.5 249.5 
547 HDS 348.7 25.0 231.3 
548 HDS 328.2 22.7 227.5 
555 HDS 366.3 21.1 264.3 
556 HDS 342.7 27.5 299.4 
551 HDS 306.2 24.6 204.0 
552 HDS 316.3 28.0 232.2 
561 HDS 321.9 16.9 256.1 
562 HDS 324.5 20.8 215.4 
566 HDS 326.2 22.7 368.0 

mean 346 24 246 
SE 13 1 8 
N 37 37 37 
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Table 37. Endogenous norepinephrine concentration (ng/g) of control and 
suspended rats. 

Rat # Treatment Heart Soleus Spleen Group 

388 TimeD 512 128 210 CON 
394 TimeD 608 150 281 CON 
510 TimeD 572 190 286 CON 
516 TimeD 640 144 191 CON 
534 TimeD 560 123 150 CON 
540 TimeD 448 193 148 CON 
558 TimeD 336 166 161 CON 
563 TimeD 422 140 161 CON 

mean 512 154 199 
SE 39 9 21 
N 8 8 8 

391 TimeD 664 130 315 HDS 
397 TimeD 598 152 230 HDS 
513 TimeD 780 175 214 HDS 
519 TimeD 750 109 203 HDS 
543 TimeD 524 161 116 HDS 
555 Time 0 528 105 135 HDS 
561 TimeD 510 123 165 HDS 

mean 622 136 197 
SE 45 10 27 
N 7 7 7 
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Table 38. Tissue norepinephrine concentration (ng/g) of control and 
suspended rats. 

Rat # Treatment Heart Soleus Spleen Group 

390 Rest-alpha 160 126 41 CON 
396 Rest-alpha 427 134 81 CON 
512 Rest-alpha 640 137 115 CON 
518 Rest-alpha 375 100 109 CON 
536 Rest-alpha 303 142 108 CON 
542 Rest-alpha 338 117 90 CON 
559 Rest-alpha 332 157 103 CON 
564 Rest-alpha 689 146 97 CON 

mean' 408 132 93 
SE 66 6.7 9 
N 8 8 8 

393 Rest-alpha 474 115 138 HDS 
399 Rest-alpha 588 130 163 HDS 
521 Rest-alpha 495 106 182 HDS 
531 Rest-alpha 657 116 187 HDS 
545 Rest-alpha 546 52 168 HDS 
556 Rest-alpha 450 150 136 HDS 
562 Rest-alpha 519 108 167 HDS 

mean 533 111 163 
SE 29 12 8 
N 7 7 7 
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Table 39. Tissue norepinephrine concentration (ng/g) of control suspended 
rats. 

Rat # Treatment Heart Soleus Spleen Group 

380 Exercise-alpha 182 128 18 CON 
384 Exercise-alpha 166 120 17 CON 
501 Exercise-alpha 188 117 35 CON 
506 Exercise-al pha 296 105 21 CON 
526 Exercise-alpha 160 139 21 CON 
530 Exercise-alpha 175 86 65 CON 
549 Exercise-alpha 156 128 41 CON 
559 Exercise-alpha 170 104 19 CON 

mean 187 116 30 
SE 17 6.4 6.3 
N 8 8 8 

382 Exercise-alpha 438 72 150 
386 Exercise-alpha 630 75 94 
504 Exercise-alpha 656 67 115 
508 Exercise-alpha 745 89 98 
528 Exercise-alpha 529 52 109 
532 Exercise-alpha 447 32 88 
547 Exercise-alpha 462 46 38 
551 Exercise-alpha 268 80 94 

mean 522 64 98 
SE 61 7.7 31 
N 7 7 7 
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Table 40. Maximal oxygen uptake (ml/min) for saline and sympathectomized 
control rats. 

R&! Group Day 0 Day 7 Day 14 

037 CC-SAL 30.9 31.9 34.9 
041 CC-SAL 28.2 28.3 31.6 
351 CC-SAL 26.2 29.7 30.4 
057 CC-SAL 44.5 42.9 39.2 
059 CC-SAL 28.0 28.0 27.1 
058 CC-SAL 26.8 31.6 30.4 

mean 30.8 32.1 32.3 
SE 3.1 2.5 2.5 
N 6 6 6 

012 CC-Sx 26.8 31.6 30.4 
019 CC-SX 21.3 21.4 23.4 
340 CC-Sx 21.1 21.5 21.1 
336 CC-SX 25.2 24.2 24.0 
348 CC-SX 20.7 25.3 24.7 
014 CC-SX 23.3 25.5 23.3 

mean 23.1 24.9 24.7 
SE 1.1 1.7 1.3 
N 6 6 6 
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Table 41. Relative maximal oxygen uptake (mlIkg/min) for saline and 
sympathectomized control rats. 

Rat! Group DayO Day 7 Day 14 

037 CC-SAL 75.4 74.8 80.0 
041 CC-SAL 81.2 76.2 79.9 
351 CC-SAL 80.0 93.4 92.2 
057 CC-SAL 113.9 108.6 95.5 
059 CC-SAL 72.0 71.0 68.1 
058 CC-SAL 81.5 95.0 91.8 

mean 84.0 86.5 84.6 
SE 3.0 3.0 2.1 
N 6 6 6 

012 CC-Sx 81.5 95.0 91.8 
019 CC-Sx 74.1 69.8 68.8 
340 CC-SX 81.6 79.0 72.1 
336 CC-SX 90.5 79.2 77.3 
348 CC-SX 75.4 86.2 80.4 
014 CC-Sx 85.8 84.5 72.3 

mean 81.5 82.3 77.1 
SE 1.3 1.7 1.7 
N 6 6 6 
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Table 42. Maximal oxygen uptake (mllmin) for saline and sympathectomized 
suspended rats. 

fuillt Group DayD Day 7 Day 14 

040 HDS-SAL 29.4 29.8 26.6 
062 HDS-SAL 29.2 29.6 29.6 
358 HDS-SAL 32.6 28.4 28.4 
365 HDS-SAL 28.1 23.5 25.2 
043 HDS-SAL 34.5 27.8 29.9 
060 HDS-SAL 27.8 25.9 19.0 

mean 30.3 27.5 26.4 
SE 1.2 1.1 1.9 
N 6 6 6 

017 HDS-SX 23.5 24.1 21.5 
334 HDS-SX 25.8 25.9 23.6 
011 HDS-SX 28.5 29.1 29.7 
346 HDS-SX 19.1 16.4 20.5 
013 HDS-SX 29.7 30.9 28.1 
337 HDS-SX 26.5 29.4 28.0 
333 HDS-SX 26.0 25.6 26.6 
335 HDS-SX 22.7 23.9 21.2 

mean 25.2 25.7 24.9 
SE 1.3 1.7 1.4 
N 8 8 8 
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Table 43. Relative maximal oxygen uptake (ml/kg/min) for saline and 
sympathectomized suspended rats. 

Rsillt Group Day 0 Day 7 Day 14 

040 HDS-SAL 82.0 86.6 78.1 
062 HDS-SAL 83.5 92.6 93.7 
358 HDS-SAL 88.9 91.9 96.9 
365 HDS-SAL 89.6 85.5 86.6 
043 HDS-SAL 92.2 85.5 94.8 
060 HDS-SAL 65.2 82.9 58.4 

mean 83.6 87.5 84.7 
SE 2.0 0.8 0.8 
N 6 6 6 

017 HDS-SX 71.3 82.3 81.4 
334 HDS-SX 85.8 96.0 85.9 
011 HDS-SX 104.7 125.0 116.8 
346 HDS-SX 70.5 76.1 94.5 
013 HDS-SX 102.0 106.3 95.4 
337 HDS-SX 102.0 106.3 95.4 
333 HDS-SX 84.0 102.6 96.0 
335 HDS-SX 87.8 104.3 87.7 

mean 86.1 98.5 94.3 
SE 1.8 2.2 1.8 
N 8 8 8 
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Table 44. Relative maximal oxygen uptake (ml/kgFFB/min) for saline and 
sympathectomized control rats. 

037 
041 
351 
057 
059 
058 

012 
019 
340 
336 
348 
014 

Group 

CC-SAL 
CC-SAL 
CC-SAL 
CC-SAL 
CC-SAL 
CC-SAL 

mean 
SE 
N 

CC-SX 
CC-Sx 
CC-Sx 
CC-Sx 
CC-Sx 
CC-Sx 

mean 
SE 
N 

9'02 max 

103.4 
83.5 
90.9 
92.5 

117.0 
122.4 

101.6 
6.2 
6 

81.8 
84.5 
87.6 
107.0 
79.0 
85.9 

82.6 
6.9 
6 
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. Table 45. Relative maximal oxygen uptake (ml/kgFFB/min) for saline and 
sympathectomized suspended rats. 

&Mt 

040 
062 
358 
365 
043 
060 
061 

017 
334 
011 
346 
013 
337 
333 
335 

Group 

HDS-SAL 
HDS-SAL 
HDS-SAL 
HDS-SAL 
HDS-SAL 
HDS-SAL 
HDS-SAL 

mean 
SE 
N 

HDS-SX 
HDS-SX 
HDS-SX 
HDS-SX 
HDS-SX 
HDS-SX 
HDS-SX 
HDS-SX 

mean 
SE 
N 

... 
VOzmax 

69.8 
102.8 
94.8 
78.1 

105.7 
113.8 
95.4 

94.3 
6.3 
7 

·93.2 
115.9 
142.8 
107.9 
98.0 

108.2 
107.3 
94.2 

108.4 
5.6 
8 



170 

Table 46. Percentage body fat for saline and sympathectomized control rats. 

RaMt. 

037 
041 
351 
057 
059 
058 

012 
019 
340 
336 
348 
014 

Group 

CC-SAL 
CC-SAL 
CC-SAL 
CC-SAL 
CC-SAL 
CC-SAL 

mean 
SE 
N 

CC-Sx 
CC-Sx 
CC-SX 
CC-Sx 
CC-Sx 
CC-SX 

mean 
SE 
N 

% Fat 

7.3 
9.9 
6.6 
9.0 
12.1 
9.4 

9.1 
0.8 
6 

7.4 
11.0 
7.9 
8.4 
12.9 
10.7 

9.7 
0.9 
6 
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Table 47. Percentage body fat for saline and sympathectomized suspended 
rats. 

:&illt 

040 
062 
358 
365 
043 
060 
061 

017 
334 
011 
346 
013 
337 
333 
335 

Group 

HOS-SAL 
HOS-SAL 
HOS-SAL 
HOS-SAL 
HOS-SAL 
HOS-SAL 
HOS-SAL 

mean 
SE 
N 

HOS-SX 
HOS-SX 
HOS-SX 
HOS-SX 
HOS-SX 
HOS-SX 
HOS-SX 
HOS-SX 

mean 
SE 
N 

% Fat 

9.8 
2.8 
5.8 
7.4 
3.5 
8.2 
4.7 

6.0 
1.0 
7 

7.4 
10.9 
5.5 
4.4 
6.8 
4.9 
3.5 
5.1 

6.3 
0.9 
8 
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