
379 
V S / o 

//o. 3~7(>l 

CHRONIC VENTRICULAR SYMPATHECTOMY: 

EFFECTS ON MYOCARDIAL METABOLISM 

DISSERTATION 

Presented to the Graduate Council of the 

University of North Texas in Partial 

Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

By 

Nancy J. Adix Longlet, B.S., M.S. 

Denton, Texas 

August, 1993 



379 
V S / o 

//o. 3~7(>l 

CHRONIC VENTRICULAR SYMPATHECTOMY: 

EFFECTS ON MYOCARDIAL METABOLISM 

DISSERTATION 

Presented to the Graduate Council of the 

University of North Texas in Partial 

Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

By 

Nancy J. Adix Longlet, B.S., M.S. 

Denton, Texas 

August, 1993 



Longlet, Nancy J. Adix, Chronic Ventricular Sympathectomy: Effects on 

Myocardial Metabolism. Doctor of Philosophy (Biological Sciences), August, 

1993,114 pp., 32 tables, 11 figures, references, 101 titles. (& 
^ — 

Chronic ventricular sympathectomy elicits changes in the coronary 

circulation, myocardial oxygen consumption and size of infarction resulting 

from coronary occlusion. These changes indicate a change occurring in the 

basic metabolism of the heart in response to the removal of its sympathetic 

nervous input. This hypothesis was tested using two groups of dogs, a sham-

operated control and a ventricular sympathectomized group. The 

sympathectomy procedure was an intrapericardial surgical technique which 

selectively removes ventricular sympathetic input. Four weeks after surgery, 

left ventricular tissue samples were obtained and rapidly frozen to -80°C. 

Selected metabolic variables were then compared between the two groups. 

Relative to the sham control hearts, the following changes were noted 

in the sympathectomized hearts (values are means ± SE). There were 

significant increases (p < 0.05) in the contents of glycogen (276.8 ± 4.1 vs 

212.5 ± 4.0 glucose units/gdry), fructose-1, 6-diphosphate (0.187 ± 0.012 vs 

0.091 ± 0.008 nmol/gdry), and in the optimal activities of hexokinase (0.030 ± 

0.003 vs 0.019 ± 0.002 U/mg), phosphofructokinase (0.304 ± 0.023 vs 0.146 ± 

0.022 U/mg) and a-ketoglutarate dehydrogenase (a-KGDH) (0.075 ± 0.002 vs 

0.030 ± 0.002 U/mg). There was also a decrease in the content of acetyl CoA 

(0.009 ± 0.001 vs 0.015 ± 0.001 pnol/gdry), as well as decreases in the 

activities of phosphorylase a (0.021 ± 0.001 vs 0.046 ± 0.004 U/mg) and 

carnitine acetyl transferase (0.020 ± 0.003 vs 0.030 ± 0.002 U/mg). 



The decrease in activity of phosphorylase a and the increase in 

glycogen content indicate a decrease in glycogen utilization. An increased 

capacity for glycolytic flux, is indicated by the increased activities of 

hexokinase and phosphofructokinase. An increased capacity for flux through 

the second half of the TCA cycle is indicated by the increase in activity of 

oc-KGDH. A decrease in the utilization of free fatty acids (FFA) is indicated 

by the decrease in CAT activity as well as the decrease in acetyl CoA content. 

These data suggest that chronic ventricular sympathectomy decreases the 

ability of the heart to utilize FFA as fuel, while increasing the capacity for the 

utilization of glucose. 
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CHAPTER 1 

INTRODUCTION 

It is well known that catecholamines can influence many metabolic 

pathways within the myocardium. There is also a great deal of evidence 

that long-term removal of a catecholamine influence, either by 

experimental cardiac sympathectomy or by cardiac transplantation in the 

human, can lead to many functional changes in the heart and coronary 

circulation. It is reasonable to speculate that these functional changes are 

associated with metabolic changes within the myocardium following long-

term sympathectomy. An examination of this possibility forms the thrust of 

the research proposed herein. It should be noted that the results of these 

studies will be particularly important to understanding changes which 

may occur in the heart following cardiac transplantation as well as the 

understanding of interventions which may be developed to treat or prevent 

certain types of cardiac stress, such as myocardial infarction. 

BACKGROUND 

A. Influences of catecholamines on myocardial metabolism. 

Catecholamines have the ability to effect the metabolism of a heart via 

covalent modification of regulatory enzymes. That is the activity of the 

enzyme is altered by changes in the enzyme itself, rather than by the 



presence of another substance as in allosteric modification. 

Catecholamines stimulate the production of cyclic adenosine 

monophosphate (cAMP) which in turn stimulates various cAMP dependent 

protein phosphatases and kinases. These phosphatases and kinases then 

activate or inactivate several metabolic enzymes via phosphorylation or 

dephosphorylation. For example, glycogen utilization is governed by the 

enzyme glycogen phosphorylase. Under the influence of catecholamines, a 

cAMP dependent protein kinase activates a phosphorylase kinase, which 

converts phosphorylase from its inactive 'b' form, to its active 'a' form via 

phosphorylation, thus stimulating glycogen utilization. There are other 

metabolic regulatory enzymes whose activity is influenced in a similar 

manner by catecholamines (65). 

By altering the activity of regulatory enzymes, catecholamines can 

also effect the metabolism of the heart and influence its utilization of 

available fuels. Under aerobic conditions, the heart is equipped to handle a 

variety of fuel sources such as glucose, glycogen, lactate, fatty acids, ketone 

bodies, and amino acids (61). Of these available fuels, fatty acids represent 

the major source of energy for the heart under normal conditions (6). For 

the most part, the utilization of fuel for the aerobic production of energy 

varies with the plasma concentrations of each of the fuel substances. As 

the concentration of a substance increases, so does the extent of utilization 

of that substrate. Plasma glucose levels are usually relatively constant, 

while the levels of other fuels, such as free fatty acids (FFA) will vary with 

the diet and metabolic state of the individual (61, 68). Fuel selection is also 

influenced by the condition or working environment of the heart. 



Conditions during hypoxia and mild ischemia are such that anaerobic 

metabolism is accelerated. Under such conditions it is generally thought 

that the heart no longer uses exogenous fuels to meet its present energy 

demands, but rather the endogenous fuel glycogen, the storage form of 

glucose (73). 

The uptake of exogenous glucose is accelerated by things which 

stimulate glucose transporters, such as hypoxia, various hormones 

increased work and increase blood glucose levels, with normal nutrition. 

Under normal "resting" conditions in the heart, free fatty acids, strictly an 

oxidative fuel, are a major fuel source. The metabolic subunits of FFA 

oxidation feed directly into the "aerobic" tricarboxcylic acid (TCA) cycle. 

Thus, flux through the TCA cycle is increased when FFA are utilized. With 

this increase, the flux through the "anaerobic" glycolytic pathway is 

decreased as is the uptake and utilization of glucose as a fuel. Thus, the 

heart is able to alter its choice of fuel based on fuel availability and its 

energy needs (61, 74). 

Under normal conditions, the beat to beat energy consumption of the 

heart is just balanced by its energy production (100). Energy, in the form of 

ATP is produced by oxidative phosphorylation, substrate level 

phosphorylation, and by the action of the enzyme creatine kinase. The 

majority of ATP is produced via the oxidative phosphorylation of ADP (96). 

This oxygen requiring process occurs in the electron transport chain and 

requires reducing equivalents in the form of NADH and/or FADH2. The 

vast majority of NADH and FADH2 used to produce ATP is generated via 

the oxidation of acetyl CoA in the TCA cycle. Flux through the TCA cycle is 



determined mainly by the cytosolic phosphorylation potential 

([ATPTY[ADP][Pi]) a n ( i BY the mitochondrial n a d h / N A D + ratio (61, 96, 97). 

Since NAD+ is required as an electron acceptor in the dehydrogenase 

reactions in the TCA cycle and since NAD+ and NADH are capable of 

allosterically influencing several metabolic enzymes, this ratio is a key 

factor linking flux through the TCA cycle to the energy demands of the 

heart. Thus, as the energy requirement of the heart increases, the 

N A D H / N A D + R A T I 0 decreases and flux through the TCA cycle increases, as 

does the oxygen consumption (96). Conversely, if the oxygen consumption is 

decreased, as in the case of a chronically denervated heart vida infra, the 

energy consumption/ requirement of that heart can also said to be 

decreased. 

As mentioned above, the heart can also produce ATP via substrate 

level phosphorylation. Unlike oxidative phosphorylation, this form of ATP 

production does not involve the electron transport chain. The majority of 

ATP generated in this manner comes from the glycolytic pathway. Flux 

through this pathway is tied to the energy state of the myocardium via the 

inhibitory actions of ATP and by the stimulatory actions of ADP and AMP 

on the main regulatory enzyme of the pathway, phosphofructokinase (PFK) 

(61). While flux through the pathway can be increased five fold, glycolysis 

can only account for approximately 30% of the energy needs of the heart. 

Although this does not account for the majority of ATP used by the heart, 

this "glycolytic 30%" is very important in maintaining the integrity of the 

myocyte (73). 



As previously stated, the majority of ATP is produced via oxidative 

phosphorylation. This occurs as reducing equivalents are passed along the 

electron transport chain and oxidized. The majority of reducing 

equivalents for oxidative phosphorylation are generated at four points in the 

TCA cycle. This "oxidative" pathway is linked to the "anaerobic" pathway by 

the enzyme pyruvate dehydrogenase which converts pyruvate, the end 

product of glycolysis, to acetyl CoA. Acetyl CoA serves as the "entry 

metabolite" for the TCA cycle, as it is combined with the cycle intermediate 

oxaloacetate to produce citrate, the first cycle intermediate. Pyruvate, 

however, is not the only source of acetyl CoA in the mitochondria. The 

generation of acetyl CoA by the 13-oxidation of FFA is a major contributor to 

the acetyl CoA pool of the mitochondria (6, 31, 61). This generation of acetyl 

CoA, via B-oxidation of FFA occurs in the mitochondria, however, before 

this can occur, the FFA must be transported across the mitochondrial 

membrane. The first step in this transport process involves combining the 

FFA molecule with CoA, a process known as activation. Once activated, the 

acyl CoA binds with carnitine to form acyl carnitine, which is then 

transported across the mitochondria by a carnitine acyl transferase. Thus, 

the utilization of FFA depends not only on the level of circulation FFA, but 

also on the availability of CoA and carnitine as well as the activity of the 

carnitine acyl transferases (70). 

In summary, many enzymes in the metabolic pathways are 

regulated via phosphorylation and dephosphorylation reactions. This 

activation-deactivation is accomplished by protein kinases and 

phosphatases. These kinases and phosphatases are in turn activated and 
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inactivated by the second messenger cAMP. Thus, through their ability to 

increase or decrease the level of cAMP, catecholamines have the ability to 

increase or decrease the activity of many metabolic enzymes. This can 

result in an increased metabolic capacity of a particular pathway, which 

when coupled with an adequate source of the appropriate fuel, would result 

in an increased flux through the pathway. The availability of fuel sources 

is not only influenced by the total amount of fuel present, such as with 

glucose and glycogen, but also by the accessibility of that fuel to the pathway. 

B. Anti-infarction effects of chronic myocardial denervation or 

sympathectomy. 

In the early 1900's, a number of surgeons began performing a stellate 

ganglionectomy to relieve pain in patients with angina pectoris. This led 

some researchers to investigate the effects of this procedure on the heart. 

These early studies indicated that stellate ganglionectomy minimized the ill 

effects resulting from a coronary occlusion in dogs, namely a reduction in 

infarct size. Prior to 1926, Danielopolu, a clinician, was opposed to the use of 

stellate ganglionectomy for the treatment of angina pectoris. He, like others 

at the time believed that essential cardiac sympathetic motor nerve fibers 

passed through the stellate ganglion. It was believed that the abrupt 

disruption of these fibers by the ganglionectomy procedure would either 

limit the function of the heart, or lead to asystole. In 1926, based on clinical 

experience, Danielopolou changed his views, now believing the procedure to 

have potential benefits (22). In 1928, based on both clinical observations and 



experimental data Leriche (51) also reversed his previous opposition to the 

procedure. He found the procedure to decrease the tendency for ventricular 

arrhythmias as well as decrease the infarct size resulting from a blocked or 

experimentally occluded coronary artery. In 1936, Cox et al (20) found that 

dogs which had previously undergone stellate ganglionectomy had fewer 

postoperative arrhythmias, tolerated coronary occlusions, and had fewer 

incidences of post occlusion fibrillation, as well as less extensive tissue 

damage as a result of the coronary occlusion (20). In addition, Leriche and 

Fontaine (51) reported that the longer the time between stellate 

ganglionectomy and coronary ligation, the smaller the infarct size. 

Since these early observations, other investigators have noted the 

detrimental effects of sympathetic nervous input to the heart during 

coronary occlusion. In 1974, Rasmussen (79) investigated the effects of 

propranolol therapy on experimental myocardial ischemia. They found 

that a three hour coronary occlusion in untreated dogs resulted in mid-

myocardial necrosis, while a 24 hour occlusion often resulted in 

transmural necrosis. In dogs undergoing continuous propranolol 

treatment, a 24 hour occlusion resulted in necrosis in the subepicardial 

myocardium that was significantly reduced. By determining a dose to 

response relationship, Reimer (80) suggested that the protection afforded by 

propranolol against myocardial necrosis was in part related to the property 

of its B-adrenergic blockade, as opposed to any direct effects on the 

myocardium. Likewise, Rona et al (82) found that administration of 

isoproterenol during ischemia produced myocardial necrosis in the rat. In 

addition, Tan et al (91) was able to demonstrate experimentally, that the 
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desensitization of B-adrenergic receptors served to prevent injury during 

adrenergic over stimulation. 

Others have also suggested that sympathetic stimulation of the heart 

after coronary occlusion was detrimental to the viability of the ischemic 

myocardium (14,15, 36,41, 56). Therefore, Jones et al (41), systematically 

examined whether chronic cardiac sympathectomy would effect infarct size 

after coronary artery ligation. Using an anesthetized canine model, they 

surgically removed the sympathetic innervation to the ventricles, thereby 

producing a selective sympathectomy. After a period of two weeks, the 

animals underwent a six hour left anterior descending occlusion, after 

which, left ventricular infarct size was determined by staining with nitro-

blue tetrazolium. The results were expressed as a percentage of total left 

ventricular weight. Control dogs and sham-operated dogs had a mean 

infarct size of 21.0 ± 1.1 % and 21.4 ± 2.0 % of left ventricular weight, while 

the sympathectomized hearts had a significantly smaller infarct size of 

8.9 ± 1.5%. Other investigations using the chronic ventricular 

sympathectomy model have demonstrated the same effect (26, 44, 51). 

Similarly using a denervated model, Jones et al (46) found infarct weights of 

15.0 ± 1.4% and 3.8 ± 1.4% of left ventricular weight in acute and two week 

chronically denervated hearts respectively, while infarcts in sham operated 

control dogs measured 21 ± 2.5%. The time dependent nature of this 

"protective" effect was also demonstrated by Thomas et al (94). In this 

study, acute denervation reduced infarct size by 25% while chronic 

denervation (2.5 weeks) resulted in an 80% reduction in infarct size. 



C. Effects on coronary circulation. 

Since the inception of successful cardiac transplantation in humans 

some 30 years ago, there have been approximately 13,000 cardiac 

transplantations performed worldwide. The one year survival rate during 

the late 60's and early 70's averaged approximately 42%. By 1990, the one 

year survival rate had risen to 83% (40). Much of this increased acute 

survivability is due to better methods for preventing, assessing, and treating 

graft rejection. With this increased success in overcoming problems 

relating to initial graph rejection, unforseen complications are resulting in 

the long-term cardiac graft recipients. 

One such complication is accelerated graft atherosclerosis, a 

complication which is present in 47% of patients within 2.5 years post-

transplantation. Pathologically, this form of coronary artery disease (CAD) 

is distinctly different from the "normal" form of CAD found in the general 

population. It is a profuse type of CAD which involves multiple distal 

vessels of the heart and lacks any prominent development of proximal 

stenosis (38). Furthermore, "risk-factors" for the development of CAD in 

the general population do not apply to cardiac graph recipients. Thus, it 

seems that this accelerated CAD is related to changes stemming from 

transplantation, and not the lifestyle of the recipients. One of the major 

differences between a transplanted heart and a normal heart is that the 

grafted heart lacks extrinsic innervation. It is possible, therefore, that 

changes in the coronary vessels of the transplanted heart are resulting 

from its chronic lack of autonomic innervation. 
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D. Effects on coronary collateral circulation. 

The effects of chronic ventricular sympathectomy and chronic 

cardiac denervation on coronary collateral circulation have been the subject 

of several investigations. In 1980, Jones et al (42) demonstrated that 

collateral resistances between the vascular beds, two weeks after 

sympathectomy of the ventricles were 47%-65% less than in control hearts. 

This decrease in resistance was not evident in acutely sympathectomized 

ventricles which suggests a time dependent nature of this change. Other 

studies (86) have also demonstrated increased collateralization as a result 

of chronic ventricular sympathectomy. Although the mechanism, or 

mechanisms, responsible for these changes are undetermined, the time 

dependent nature of the changes suggest the possibility of the development 

of collateral circulation. This theory is supported by studies which have 

reported evidence of increased protein synthesis in myocardial 

microvessels following chronic ventricular sympathectomy in the dog (43). 

A decrease in coronary collateral resistance such as this should 

increase perfusion of an ischemic region during coronary occlusion, thus 

contributing to a reduction of infarct size. This is supported by the results of 

study by Jones et al (42) in which the infarct size resulting from coronary 

occlusion and the extent of collateralization were compared during which 

the observers were blind to the procedure, in four week sympathectomized 

ventricles and sham operated controls. The sympathectomized hearts had 

a significant increase in collateralization and a significant decrease in 

infarct size. Thus, it appears that chronically sympathectomized hearts 

undergo specific vascular adaptations (angiogenesis of the coronary 
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vessels), which affords the heart protection in the event of coronary 

occlusion by providing perfusion from unoccluded surrounding vascular 

beds. 

E. Effects on myocardial oxygen consumption. 

There have been many investigations documenting the effect of 

chronic ventricular sympathectomy and chronic ventricular denervation 

on coronary blood flow, a sensitive indicator of myocardial oxygen demand. 

Bassenge et al (2) found that canine hearts which had been chemically 

sympathectomized with 6-hydroxy-dopamine four weeks prior to 

experimentation, had significantly lower circumflex flows, both at rest and 

during exercise. Gregg et al (32) reported circumflex flows in surgically 

denervated hearts which were approximately half that found in normal 

intact hearts even though cardiac work was identical. Other studies using 

radioactive microspheres, have reported left ventricular regional flows 

which were 20% to 30% lower in chronically denervated hearts than in 

acute controls (4, 5). Furthermore, DuPont et al (26) found that in 

anesthetized dogs that had undergone ventricular sympathectomy two 

weeks prior to the experiment, mean subepicardial flow and mean 

subendocardial flow were only 73% and 76% of that in the control group. In 

both cases, these flows were significantly different from the controls. 

In addition, Jones et al (43) explored the effects of chronic ventricular 

sympathectomy on oxygen demand and coronary flow within the left 

ventricle. They found that oxygen consumption in the sympathectomized 
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ventricles was significantly less than in the sham operated control 

ventricles, regardless of the workload of the heart. They also found that this 

decrease in oxygen consumption was paralleled by a decrease in coronary 

blood flow. Gwirtz et al (34), reported compatible results from a study 

investigating the coronary and cardiac responses to exercise following 

chronic ventricular sympathectomy. According to their results, the 

chronically sympathectomized animals had lower left ventricular 

perfusion and myocardial oxygen uptake (MVO2) when compared to sham 

operated controls at any level of sub maximal exercise. Importantly, these 

reductions in blood flow and myocardial oxygen uptake were not 

accompanied by a change in any oxygen sensitive ventricular performance 

parameters such as tension time index or systolic pressure-heart rate 

product. 

Since, as mentioned above, coronary blood flow is a sensitive indicator 

of oxygen demand, a decreased flow demand in a resting chronically 

denervated or chronically sympathectomized heart would indicate a 

decreased oxygen demand. While the exact mechanism behind this 

apparent decrease in oxygen demand is not known, it could stem from one 

of the most fundamental changes occurring in denervated and 

sympathectomized hearts, i.e. the lack of tissue catecholamines. 

Studies involving chronic denervation of the heart routinely report 

the depletion of myocardial catecholamine stores. Indeed, a decrease in 

tissue catecholamine levels has become an accepted measure for the 

confirmation of denervation (24, 25, 33, 47, 77, 89, 99). Normal mammalian 

hearts have the capacity to synthesize norepinephrine. Once synthesized, it 
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is stored in small vesicles in the presynaptic nerve terminals. Several 

conditions cause the release of catecholamines from these stores into the 

synapse such as: (i) the administration of vasoactive amines E.G. tyramine 

(16); (ii) sympathetic stimulation (59); (iii) increases in left ventricular 

systolic pressure (58); and (iv) anoxia (99). 

Once released, catecholamines most notably effect the chronotropic 

and inotropic state of the heart. These effects include increases in heart 

rate, peak tension, rate of tension development, and rate of tension delay, as 

well as decreases in the duration of systole, time to peak tension and 

relaxation time (80). It is generally accepted that in the working heart, 

these responses to the acute exposure to catecholamines are accompanied 

by a disproportionate increase in MV02 and is generally known as the 

"oxygen wasting" effect of catecholamines, a concept developed by Wilhelm 

Raab in the 1960's (78). Coleman et al (18) also found that exposure to 

norepinephrine increased the oxygen uptake of cat papillary muscles 

performing isometric contractions. Coleman et al (18), used isometric 

contractions and separated the extent of shortening and external work from 

the increased velocity of shortening due to norepinephrine exposure. Thus, 

they were able to demonstrate a linear relationship between norepinephrine 

induced increased velocity of shortening and increased oxygen uptake. 

Similarly, using isolated cat papillary muscle preparations, Chandler et al 

(15) demonstrated that muscles exposed to norepinephrine consumed 115% 

more high energy phosphate as non-exposed control muscle, while only 

performing fewer contractions and 87% as much work. 
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Similar results have been reported in vivo by Jones et al (45) using 

the canine model. They measured left ventricular MVO2 and related it 

directly to left ventricular tension time index (TTI). The tension time index 

was used because it reflected the developed ventricular pressure 

maintained during systole and was a more reliable correlate of MVO2 than 

the left ventricular pressure-volume work (84) or the heart rate x arterial 

pressure product (9). Using the TTI parameter, Jones found that over a 

wide range of TTI, and at a constant heart rate, chronic cardiac 

sympathecomy resulted in a a 50% reduction in MVO2 at any given left 

ventricular pressure. 

In addition to these studies, others have indicated a protective effect of 

chronic cardiac denervation on contractile force during coronary occlusion 

(94). In 1981, Thomas et al (94), reported a 66.8 ±4.11% decrease in 

contractile force in the control group of dogs following an occlusion of a 

branch of the LAD, while the chronically denervated group experienced 

only a 21.6 ± 4.86% decrease. This ability to maintain function in the face of 

a decrease in blood flow might be explained by a reduction in oxygen 

demand in the chronically denervated heart, or an increased collateral flow 

or both. In fact, in 1972, Gregg (32) reported a 50% reduction in MVO2 in the 

chronically denervated canine myocardium compared to normal controls. 

F. Effects on ventricular function. 

In 1967, Stone et al (90) reported on an investigation of ventricular 

function in the chronically denervated (using a surgical technique) and in 
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chronically sympathectomized (using a pharmacologic beta-blockade 

technique) hearts in conscious dogs. Using the method established by 

Bishop et al (7), Stone et al (90) generated ventricular function curves by 

rapidly infusing Tyrodes' solution into an indwelling catheter in the left 

jugular vein, and simulatneously measuring mean femoral artery 

pressure, mean right and left atrial pressures, heart rate, mean cardiac 

output and pulsatile pulmonary artery flow. Subsequently, the values 

determined were used to generate ventricular function curves. The 

resulting ventricular function curves indicated a decrease in mean 

ventricular output due to a lack of heart rate response in the denervated 

animals and to a smaller change in stroke volume in the beta-blocked 

animals. These results suggest that denervated and beta-blocked hearts 

can both increase cardiac output as needed in response to stress; however, 

they use different mechanisms. The denervated animals increased cardiac 

output by increasing stroke volume, while the beta-blocked animals relied 

heavily on increasing heart rate via parasympathetic withdrawal. This 

ability to increase function in response to stress indicates that cardiac 

function was not limited or impaired by the decrease in resting flow. 

Therefore, the decrease in resting flow was indeed indicative of a decreased 

flow demand. 

The function of the left ventricle in a conscious dog with a chronically 

denervated heart was also investigated by Noble et al (66). Using 

instrumentation implanted at the time of denervation, (electromagnetic 

flow meter, pacing electrodes and a left ventricular pressure transducer) 

they obtained data relating to the actual contractile state of the ventricle. 
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Compared to a group of control instrumented dogs, they found no change in 

cardiac output, maximum acceleration of blood from the ventricle, nor 

maximum rate of rise of left ventricular pressure (LV dp/dtmax) in the 

denervated group. Thus, they concluded that aside from a complete lack of 

sinus arrhythmia, left ventricular function was not changed, nor was it 

impaired as a result of chronic cardiac denervation. Similarly, other 

investigations using myocardial contractility as a measure of ventricular 

function, reported no impairment of left ventricular function as a result of 

chronic ventricular sympathectomy (45) or chronic cardiac denervation 

(17, 21, 66). Furthermore, Thomas et al (93) found that in response to 

coronary occlusion, contractile function in control hearts decreased by 55% 

compared with only 15% in 2 week denervated hearts. These results 

indicate that the chronically denervated hearts have a balanced ratio of 

oxygen demand to coronary flow. This supports the theory that the 

decreased resting flow seen in chronically denervated and chronically 

sympathectomized hearts was indicative of a decreased oxygen demand. 

In summary, the changes in infarct size, collateral resistance, 

coronary flow, oxygen utilization efficiency and catecholamine levels within 

the chronically denervated or sympathectomized hearts imply substantial 

metabolic changes. Furthermore, the ability of catecholamines to effect the 

work and oxygen demand of the heart, as well as their ability to alter the 

activity of metabolic regulatory enzymes, suggests that chronic ventricular 

sympathectomy changes the basic metabolism of the heart. Thus, the 

purpose of this study will be to investigate the effects of chronic ventricular 
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sympathectomy of selected metabolic parameters in an attempt to better 

understand the metabolism of the chronically sympathectomized heart. 

G. Statement of the problem. 

Results from the investigations mentioned above indicate substantial 

metabolic changes occurring in response to chronic denervation and 

sympathectomy. To date, there have been no quantitative investigations of 

these changes. Therefore, we propose to examine the effects of chronic 

ventricular sympathectomy on the basic metabolic pathways of the heart. 

H. Hypotheses. 

In order to address the problem we propose the following hypotheses. 

Hypothesis It Chronic ventricular sympathectomy results in metabolic 

changes that result in increased glycogen content in the myocardium. 

As described earlier, it has been determined that catecholamines can 

activate or inactivate metabolic regulatory enzymes by governing the 

activity of various cAMP mediated phosphatases and kinases. Thus we 

predict that an increase in glycogen content will occur in the 

sympathectomized heart. Subsequently, if the above hypothesis is true, the 

at risk region of the myocardium during coronary occlusion in a 

chronically sympathectomized heart will have a greater energy store 
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available to it than would a sham operated control. Glycogen, the storage 

form of glucose, is catabolized anaerobically via glycolysis. 

Hypothesis II. Chronic ventricular sympathectomy causes an increase in 

the optimal activities of regulatory enzymes of the glycolytic pathway. 

Based on the metabolic changes known to be influenced by 

catecholamines, we predict that there will be an increased capacity for 

glycolytic flux in chronically sympathectomized hearts. If the above 

hypothesis is true, the increase in the optimal activity of glycolytic 

regulatory enzymes would increase the glycolytic capacity of the 

myocardium. This translates into a greater capacity to utilize 

carbohydrates as a fuel source. 

Hypothesis III. Chronic ventricular sympathectomy results in an 

increased capacity for flux through the TCA cycle beginning at the point of 

a-ketoglutarate dehydrogenase. 

It is hypothesized that the chronically sympathectomized heart will 

have a greater capacity for glycolytic flux (vida supra) and a decreased 

capacity to utilize fats as a fuel (vida infra). Likewise, during ischemia and 

hypoxia, fat utilization is also restricted while glycolytic flux is accelerated. 

In addition, during ischemia pyruvate undergoes a transamination 

reaction with glutamic acid to form alanine and a-ketoglutarate. a-

Ketoglutarate is then able to assume its role as a TCA cycle intermediate, 

thus "feeding" the cycle from the middle (74, 85). If the same conditions 

exist in the chronically sympathectomized heart as in the ischemic or 



19 

hypoxic heart, i.e. increased glycolysis and decreased fat utilization, we 

theorize that a similar increase in flux through the TCA cycle would occur. 

Hypothesis IV. Chronic ventricular sympathectomy decreases the optimal 

activity of carnitine acetyl transferase and other associated changes in fat 

metabolism. 

For fats to be used as a fuel, free fatty acids must be transported 

across the mitochondrial membrane, where they can then undergo 

fl-oxidation. Fats are transported across the mitochondrial membrane by a 

group of enzymes known as the carnitine acyl transferases (CAT). 

In summary, the changes predicted by the above hypotheses would 

indicate a shift in the preference of myocardial metabolism from one of fatty 

acid utilization to one of carbohydrate utilization. In terms of oxygen 

utilization, it is more efficient to use carbohydrates as a fuel, than it is to use 

fats as a fuel. Thus, an increase in the capability to metabolize 

carbohydrates would decrease the oxygen requirement of the myocardium, 

since via glycolysis ATP can be produced in the absence of oxygen. When 

coupled with an increase in myocardial glycogen content, the increase in 

glycolytic flux, by increasing anaerobic ATP generation and maintaining 

sarcoplasmic reticulum calcium ATP pump activity, could in part explain 

the anti-infarction effect seen in sympathectomized hearts during 

ischemia. 



CHAPTER II 

METHODS 

A. Animal Model 

Mongrel dogs of either sex served as the experimental animal for this 

project since the dog has been shown to be of adequate size to permit 

surgical ventricular sympathectomy as well as provide adequate amount of 

tissue required for biochemical analyses. Furthermore, the this model, was 

in essentially the same as that used for previous related studies mentioned 

in the literature. Demographic subject data is given in table 1. 

An acute control group was not included, as previous studies have 

shown differences in the myocardial tissue catecholamine levels and 

metabolite content in acute controls vs sham-operated control dogs 

(unpublished observations by author). 

Table 1. Demographic subject data. 

SHAM CONTROL SYMPATHECTOMY 

n 8 8 
weight prior to 22.37 kg 23.45 kg 

surgery ±1.07 ±1.06 
weight at time of 22.73 kg 23.72 kg 

sampling ±1.08 ±0.75 
females 2 4 
males 6 4 

20 



21 

B. Surgical Procedures. 

Dogs in the ventricular sympathectomy group (VS) were anesthetized 

initially with 5% Surital ( 1 ml / 5 kg), and then maintained after intubation 

with isofluorane. The sympathectomy procedure was then performed 

according to the method of Kaye et al (48). Using sterile techniques, a left 

thoracotomy was performed through the fourth intercostal space, and the 

animal was mechanically ventilated. The left thoracic vagus nerve (LTV), 

left stellate ganglion (LS), right stellate ganglion (RS), and right thoracic 

vagus nerve (RTV) were isolated and a ligature placed around each to 

facilitate subsequent location. The pericardium was then opened, and a 

pericardial cradle formed. A Walton-Brodie strain gauge arch was sutured 

to the base of the left ventricle, oriented parallel with the epicardial muscle 

fibers. This strain gauge was interfaced with a polygraph recorder (Grass 

model 7), to measure left ventricular contractile force (LVCF). The LVCF 

signal was used as the input to a tachograph (Grass 7P4F) for continuous 

recordings of heart rate (HR). After a stable baseline recording had been 

achieved, the LTV, LS, RTV, and RS were stimulated with an electrical 

stimulator (Grass S9). The stimulation was conducted with square-wave 

pulses of 5ms duration at a rate of 10 s_1 and voltages of 8-10 V. After 

obtaining recordings of the responses to stimulation, the sympathectomy 

procedure was performed. The procedure involves surgical ablation of all 

cardiac sympathetic nerves within the pericardium. The ventrolateral 

cardiac nerve and all tissue surrounding the pulmonary artery 

approximately 1 cm distal to the pulmonary valve annulus, including the 

pulmonary adventitia, were transected. Also nerves between the roots of the 
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pulmonary artery and the ascending aorta were ablated. After performing 

these procedures, responses to stimulation of the LTV, LS, RTV and RS 

were once again recorded. Typical responses to stimulation before (upper 

tracings) and after (lower tracings) sympathectomy are shown in Figure 1. 

N 1 

% 

LTV RTV LS RS 

Figure 1. Representative tracing of heart rate and contractility responses to 
stimulation of the left thoracic vagus (LTV), right thoracic vagus (RTV), left 
stellate ganglia (LS), and right stellate ganglia (RS) in control situations 
(sham-operated or prior to sympathectomy) and post sympathectomy. 
Stimulation was at a frequency of 15 hz, and a stimulation intensity of 
7 mV. 

Once the sympathectomy procedure had been satisfactorily 

completed, the strain gauge was removed, the pericardium closed and the 

chest closed in layers. Immediately upon completion of surgery, a nerve 

block in the area of the incision was established using Marcaine (20 ml, 
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0.125%). In addition, the animal was treated with analgesics as needed and 

antibiotics by the laboratory animal care facility. 

In the sham-operated dogs, the chest was opened through the left 

intercostal space using sterile techniques. The LTV, LS, RS, and RTV were 

isolated and a ligature placed around each. The pericardium was then 

opened and the strain gauge affixed in the same manner as in the 

sympathectomized dogs. The LTV, LS, RTV, RS were then stimulated, and 

the responses recorded on the polygraph recorder. The strain gauge was 

then removed, and the pericardium closed followed by the layered chest 

closure. Post-operative care of the sham-operated animals was the same as 

that used for the sympathectomized animals. 

C. Tissue collection. 

A period of 27 to 31 days were allowed between the time of the 

sympathectomy or sham procedure and the collection of tissue and blood 

samples. All animals were sampled within the same time frame, mid-

morning without any prior dietary restriction. 

The animals were anesthetized with 5% Surital (1 ml/5 kg), followed 

by pentobarbital ((34.8 mg/5 lbs). Once anesthetized, the animals were 

intubated and placed on a mechanical respirator and ventilated on room 

air. The femoral artery and vein were isolated and a heparinized, saline-

filled catheter inserted into each vessel. 

The chest was re-entered through a left thoracotomy at the fifth 

intercostal space. The pericardium was then reopened and a pericardial 

cradle created providing that it was not adhered to the surface of the heart. 
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Eight to ten biopsy cores were then taken using a pneumatic biopsy drill 

(Alko Model 950H) with a four mm bit. The drill was driven by compressed 

nitrogen (90 psi), and used liquid nitrogen cooled 2-methlybutane as a coolant. 

This system was designed to freeze the sample to -80°C in less than one-half 

second. After each core was taken the resulting hole was plugged with a 

cotton tipped applicator to prevent excess blood loss and to minimize the 

amount of blood entering into the sample compartment of the drill. After all 

of the biopsy cores had been obtained, the cotton swab plugs were removed 

and a portion of the left ventricle was freeze-clamped using freeze clamps 

(Wollenberger) wliich had been pre-cooled in liquid nitrogen. The biopsy 

cores and the freeze-clamped tissue samples were stored at -90°C until 

extraction at which time selected metabolic parameters were measured in 

both groups. Immediately after the freeze-clamp sample was obtained, the 

remainder of the heart was removed and placed in ice cold Krebs-Haslet 

solution. A portion of each of the chambers were used for catecholamine 

determination. 

Experiment 1: Does chronic ventricular sympathectomy result in an 

increased glycogen content in the myocardium? 

This investigation was designed to determine the glycogen content of 

the myocardium as well as the capacity of the myocardium to utilize 

glycogen as a fuel. Tissue samples obtained using a liquid nitrogen cooled 

biopsy drill were extracted according to modifications in a method described 

by Bunger et al (11) for metabolite extraction. Tissue was ground to a fine 
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powder under liquid nitrogen using a cooled mortar and pestle. A portion 

of the powder was placed into a pre-weighed glass test tube for wet 

weight/dry weight determination. This tube was then re-weighed and 

placed into a drying oven overnight at 105°C, after which it was re-weighed. 

The dry / wet weight ratio was then determined using the following 

equation: 

(weight of tube with dry tigsue - weight of tube) 
(weight of tube with wet tissue - weight of tube) 

The dry / wet weight ratio was then used to calculate the dry weight 

extraction factor (FE Dry). This factor allows a closer comparison of 

metabolite contents between tissue samples as it takes into account the 

differences in water content of the tissues, and dilutions of the sample 

incurred during extraction. The dry weight extraction factor is calculated 

as follows: 

(weight of tissue &HCI4) - (tissue weight * drv/wet) * supernatant & KOH 
tissue weight supernatant weight 

The remainder of the still frozen tissue powder was placed in a pre-

weighed "homogenization" tube, containing approximately a five volume 

amount (w/v) of 0.3 N perchloric acid. The powder was mixed thoroughly, 

re-weighed, and homogenized using a tissue grinder (Potter Elvehjem). 

Two homogenous 200jil aliquot were then removed and placed in sterile, 

pre-weighed centrifuge tubes for glycogen and glucose determination. The 
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"glycogen" tubes, those used for determination of glycogen, then received 

0.1 ml of 1 mM KHCO3 and 2.0 ml glucoamylase solution. The 

glucoamylase solution consisted of 10 kU/L glucoamylase in 0.2M acetate 

buffer (0.48 ml 96% acetic acid and 0.975g sodium acetate /100 ml water, 

pH 4.8) The "glucose" tubes received 0.1 ml of 1 mM KHCO3 and 2.0 ml of 

the acetate buffer. All tubes were then re-weighed, covered and left to 

incubate at 40°C with shaking for 2 hours. The glucoamylase reaction was 

stopped by the addition of 1.0 ml of 0.3 N perchloric acid. An aliquot of 1.0 ml 

of perchloric acid was also added to the "glucose" tubes. All tubes were then 

re-weighed and spun at 12,000 x g for 10 minutes at 4°C. The supernatants 

were collected in sterile, pre-weighed centrifuge tubes and the supernatant 

weight determined. The supernatants were then neutralized using 1 mM 

KHCO3, and the tubes re-weighed. After incubating on ice for 30 minutes, 

the tubes were again centrifuged at 12,000 x g for 20 minutes at 4°C. The 

supernatants were then collected and weighed. 

For the determination of the contents of glucose and glycogen a 

reaction buffer was made consisting of 0.3 M triethanolamine (TRA), 4 mM 

MgS04, 1 mM KOH and the pH adjusted to 7.0. A reaction mixture was 

then prepared with 1 mM ATP, 0.9 mM NADP+ and 700 UZL glucose-6-

phosphate dehydrogenase, using the triethanolamine buffer as a solvent. 

1.0 ml of the reaction mixture was then combined with 200 jul of the 

"glucose" or "glycogen" supernatant. This was mixed thoroughly and the 

initial absorbance due to the oxidation of glucose-6-phosphate was 

monitored at a wavelength of 339 nm. Once the absorbance was constant, a 

baseline measurement was taken and the reaction was triggered with the 
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addition of approximately 1.4 Units of hexokinase to the cuvette. The 

reaction was allowed to proceed to completion at room temperature at 

which time a second baseline measurement was obtained. A duplicate 

aliquot of hexokinase was then added to measure the enzyme shift, after 

which a third baseline measurement was taken. Glycogen and glucose 

content were determined spectrophotometrically as outlined in Figure 2. 
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C A = (A 2 - A ^ - (A 3 - A 2) 

e = linear millimolar absorption coefficient 

d = length of light path 
Vs 

— = volume fraction of sample 
V t 

dry = dry weight extraction factor 

Figure 2. Calculation of metabolite content 

The amount of substrate (S) converted to product (P) is proportional to 

the amount of NAI)+ converted to NADH. Since the conversion of NAD+ to 
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NADH causes an increase in the absorbance of light, the reaction can be 

monitored by monitoring the change in absorbance. After obtaining a 

baseline absorbance (Al), the reaction was triggered by the addition of the 

enzyme (E), and then allowed to proceed until completion. A second 

absorbance reading was then taken (A2). Since it is possible that the 

addition of the enzyme itself contributed to the change in absorbance, the 

absorbance of the enzyme or the "enzyme shift" was determined by the 

addition of a second aliquot of the enzyme and obtaining another absorbance 

reading (A3). The metabolite content in fimol/gdry was then calculated 

using the equation shown. 

In this method, glycogen content was determined by first converting 

the glycogen to glucose using the glucoamylase reaction, and then assaying 

the glucose content. Thus it was necessary to determine the amount of non-

glycogen derived glucose and then subtracting this value from the 

preliminary value for glycogen content. Only then will the measured 

glycogen content, expressed as glucose units, accurately reflect the glycogen 

content of the myocardium. The ability of the heart to utilize glycogen as a 

fuel source was assessed by determining the optimal activity of the enzyme 

which governs glycogen utilization; i.e. phosphorylase a. 

Tissue extraction for enzyme determination was performed according 

to the method of Braasch et al (8). A portion of freeze clamped tissue was 

ground to a fine powder under liquid nitrogen using a mortar and pestle. 

This powder was placed in a "homogenization" tube containing a six-fold 

volumes (w/v) of phosphate buffer (0.1M KH2PO4, ImM ADP, 10 mM GSH, 
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10 mM EDTA, pH 7.2). The powder was then homogenized for one minute 

using a tissue grinder (Potter-Elvehjem). The suspension was then 

centrifuged at 100,000 x g (Sorvall Ultra 80 centrifuge), the supernatant was 

collected and the pellet re-suspended in four volumes of the phosphate 

buffer, and homogenized and centrifuged as described previously. The 

resulting supernatant was collected and combined with the first 

supernatant. This procedure was then repeated a third time and the 

supernatants combined with the previous samples. The supernatants were 

pipetted in 0.5 and 1.0 ml aliquots, flash frozen in liquid nitrogen and stored 

at -90°C until used. This procedure was also performed using a phosphate 

buffer containing dithiotheitol (DTT) instead of glutathione. This extract 

was used in reactions which are inhibited by glutathione. 

When determining the activity of an enzyme, it is not the amount of 

substrate converted to product, but the rate at which this conversion occurs 

that is used in determining the enzyme activity. This rate is expressed as 

units of activity, where one unit is defined as 1 nmol of substrate converted 

to product per minute. To measure the activity of an enzyme as it occurs in 

a cell would require the duplication of the undefined internal environment 

of that cell. Thus the conditions for each enzyme were optimized, and 

allowed for the analysis and comparison of enzymes between groups across 

similar standardized conditions. The reaction mixture was allowed to 

come to equilibrium after which the reaction was triggered by the addition 

of the substrate specific for the reaction being monitored. The reaction was 

monitored by observing the change in absorbance. As soon as linearity of 

the reaction was observed, the slope of the change in absorbance was 
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determined. This slope was then used to determine the units of activity for 

the enzyme as shown in Figure 3. 
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Figure 3. Determination of enzyme activity. Enzyme acitivity was 
calculated using the initial, linear portion on the slope following addition of 
the substrate trigger. 

To normalize the enzyme activity for comparison between groups, 

enzyme activity was expressed as units of activity per milligram of protein. 

Protein concentration of the extracts was determined using a modification 

of the method established by Lowry et al (54). Tubes were prepared with 
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200 |iL of a bovine serum albumin standard (0.025 mg/ml, 0.05 mg/ml, 

0.1 mg/ml, 0.15 mg/ml, 0.2 mg/ml, 0.3 mg/ml), 200 \j1 of saline (blank), or 

200 [iL dilution of the enzyme extract. Usual extract dilution was 5 to 10 |il 

of extract diluted to 200 |il with saline. A 0.5 ml aliquot of cupric sulfate 

(1 g/100 ml water) and a 0.5 ml aliquot of 2% potassium sodium tartrate 

were combined. A 50 ml of a solution of 2% sodium carbonate and 0.1 N 

NaOH was then added and this mixture was allowed to stand at room 

temperature for 15 minutes. 1.0 ml of this mixture was added to each tube. 

The tubes were then vortexed and left to stand at room temperature for 

10 minutes. A 1:1 mixture of Folin reagent and saline was prepared 

immediately prior to use. After the 10 minutes, 100 \iL of the Folin mixture 

was added to each tube and the tube vortexed immediately. The tubes were 

then left to stand for 30 minutes in the dark. The absorbance was then read 

at 680 nm, and the protein concentration was determined using linear 

regression. 

The spectrophotometric assay for the determination of the optimal 

activity of the enzyme 'phosphorylase a' is a modification of a procedure 

reported by Bergrneyer (3). As the reaction for this determination is inhibited 

by glutathione, thus necessitating an extraction buffer containing 

dithiothreitol (DTT) instead of glutathione. In preparation for this assay, 

phosphoglucomutase (PGluM) and glucose-6-phosphate dehydrogenase 

(G6P-DH) were dialyzed to remove ammonium. PGluM was dialyzed against 

a 50mM acetate buffer pH 5.3, while G6P-DH was dialyzed against a 50 mM 

phosphate buffer pH 7.6. Each dialysis was performed at 4°C for three hours 

through 1.0 L of buffer for approximately 1.5 ml of enzyme solution. 
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A solution was prepared with a final concentration of 45 MM 

potassium phosphate, pH 6.8, 0 .1 M M E D T A , 0 .34 M M N A D P + , 4 |LLM glucose-

1,6-P2, 15 M M magnesium chloride, 0 .8 kU/L phosphoglucomutase 

(NH4+ free), and 6 kU/L glucose 6-phosphate dehydrogenase (NH4+ free). . 

1.0 ml of this solution was combined with 0.1 ml of the enzyme extract. This 

mixture was brought to 3 7 ° C , after which a steady baseline recording was 

obtained. The reaction was triggered with the addition of 10 |iL of a 

220 mg/ml solution of glycogen (AMP free). The rate of the reaction was 

measured by monitoring the change in absorbance at 339 nm. Once a 

constant rate of the reaction was observed, the reaction was discontinued. 

Experiment 2: Does chronic ventricular sympathectomy cause an 

increase in the optimal activities of regulatory enzymes of the glycolytic 

pathway? 

This study was designed to detect changes in the optimal activities of 

enzymes capable of regulating the glycolytic pathway. Metabolic 

intermediates of the glycolytic pathway were also measured. Using a 

crossover plot analysis, the metabolic intermediate data was then utilized 

as a road map to indicate or confirm changes in the in vivo activity of the 

enzymes investigated. This data can also be used to link changes in the 

optimal activity of enzymes measured in vitro with the relative activity of 

that enzyme in vivo. At this point, direct measurement of the in vivo 

activity of an enzyme is not feasible, as the exact in vivo conditions would 

have to be determined and duplicated. 
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The anaerobic capacity of the myocardium was assessed by 

measuring the optimal activity of the following enzymes which are capable 

of regulating the glycolytic pathway. Hexokinase controls the rate of entry 

of glucose into glycolysis. Under normal circumstances, the main 

regulatory enzyme of the pathway is phosphofructokinase. When the work 

level of the myocardium is increased, glycolytic flux can be controlled by the 

activity of glyceraldehyde phosphate dehydrogenase and or 

3-phosphoglycerate kinase. As pyruvate kinase is the last enzyme of the 

glycolytic pathway, pyruvate kinase activity also influences the overall flux 

through the glycolytic pathway. 

Since the interest of this study lies in metabolic changes occurring in 

the myocardial tissue, surface blood was removed from the freeze clamped 

and drill biopsy tissue samples prior to extraction using a dental drill 

(Foredom series RB). To prevent degradation of metabolites and enzymes, 

this procedure was performed under liquid nitrogen. Tissue extraction for 

metabolite determination, was performed according to the method of 

Biinger et al (11). A portion of the tissue obtained via drill biopsy was 

ground to a fine powder under liquid nitrogen using a mortar and pestle. 

An aliquot of the powder was placed into a pre-weighed glass test tube for 

wet weight to dry-weight ratio determination. This tube was then re-

weighed and placed into a drying oven overnight, after which time it was 

re-weighed. The remainder of the powder was placed in a pre-weighed 

"homogenization tube", containing approximately 3.0 ml of 0.3 N perchloric 

acid. The powder was mixed thoroughly and the tube was then re-weighed. 

The volume of perchloric acid was then adjusted if necessary to yield 
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approximately a five-fold weight to volume (w/v) dilution of the tissue. The 

powder was then homogenized on ice for one minute with a tissue grinder 

(Potter Elvehjem, 700 rpm). This was followed by sonication for 30 sec on ice 

using a sonic dismembrator (Fisher model 300) with the small probe, and a 

setting of 20%. The tube was then centrifuged at 12,000 x g for 12 minutes at 

4°C after which, the supernatant was removed and placed in a pre-weighed 

"neutralization tube". The pH of each supernatant was adjusted to 

approximately 7.0 with 1.0 M KOH and the tube re-weighed. After 

incubating on ice for one-half hour, the neutralization tube was spun at 

12,000 x g for 12 minutes at 4° C (Sorvall centrifuge, model RC-5B). The 

supernatant was removed and kept on ice until used. Metabolite 

determination was sometimes performed on the following day when the 

samples were stored on ice in the refrigerator but were not frozen. To 

minimize or prevent substrate utilization by bacteria or other microbial 

contaminants, all tubes and pipettes tips were sterilized prior to use. 

Metabolites were assayed spectrophotometrically and the metabolite 

contents determined as outlined above in Figure 2. The assay procedure 

common to all metabolites are outlined below. 

1. The appropriate reaction assay cocktails were prepared. 

2. Appropriate aliquots of assay cocktail and metabolite extract 

were combined. 

3. The mixture was allowed to stabilize. 

4. An initial baseline absorbance recording was obtained. 
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5. The reaction was triggered by the addition of the appropriate 

enzyme. 

6. The reaction was allowed to proceed until completion. 

7. A second baseline absorbance reading was obtained. 

8. The enzyme shift was determined by the addition of a duplicate 

aliquot of enzyme. 

9. The second reaction was allowed to proceed until completion. 

10. A third baseline absorbance reading was obtained. 

The actual spectrophotometric assays were modifications of procedures 

reported by Bergmeyer (3) as shown in the appendix, Tables 2 through 5. 

Tissue extraction for enzyme determination was performed 

according to the method of Braasch et al (8) as outlined above. The 

extraction buffer consisted of 0.1 M KH2P04,1 mM ADP, 10 mM 

glutathione, 10 mM EDTA, pH 7.2. For those enzymes sensitive to 

glutathione, the extraction buffer contained 10 mM DTT in place of 10 mM 

glutathione. The calculation of enzyme activity is outlined in Figure 3 vida 

supra. The procedures common to each enzyme assay are listed below. 

1. The appropriate reaction buffer was prepared. 

2. Appropriate aliquots of the buffer and enzyme extract were 

combined. 

3. The mixture was brought to 37°C and allowed to stabilize. 

4. An initial absorbance reading was taken. 
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5., The reaction was triggered by the addition of the appropriate 

substrate. 

6. The reaction was allowed to proceed until linearity was 

observed. 

The actual spectrophotometric assays were modifications of 

procedures reported by Bergmeyer (3) and are presented in the appendix, 

Tables 6 through 11. 

Experiment 3 Does chronic ventricular sympathectomy result in an 

increased capacity for flux through the TCA cycle beginning at the point of 

a-ketoglutarate dehydrogenase? 

This study was designed to detect changes in the optimal activities of 

enzymes capable of regulating the TCA cycle, and thus assess the aerobic 

capacity of the myocardium. As with Experiment #2, intermediates of the 

TCA cycle were determined for use in cross-over plot analysis. The aerobic 

capacity of the myocardium was assessed by determining the optimal 

activities of key energy-yielding enzymes in the cycle, namely isocitrate 

dehydrogenase, a-ketoglutarate dehydrogenase, suceinyl CoA synthase and 

malate dehydrogenase. The optimal activity of these enzymes represents 

the capability of the TCA cycle to generate energy, since it is at these points 

in the cycle that reducing equivalents are produced. Entry of metabolites 

into the TCA cycle was assessed by measuring the concentration of 

oxaloacetate, acetyl CoA and citrate, as well as the optimal activities of 

malate dehydrogenase and citrate synthase. These metabolites and 
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enzymes are involved in the reaction which combines oxaloacetate with 

acetyl CoA to form citrate, the entry point of the TCA cycle. 

Tissue extraction for the determination of TCA cycle intermediates 

followed the method of Bunger (11) as described above. The assay procedure 

common to all metabolites are outlined below. 

1. The appropriate reaction assay cocktail were prepared. 

2. Appropriate aliquots of assay cocktail and metabolite extract 

were combined. 

3. The mixture was allowed to stabilize. 

4. An initial baseline absorbance recording was obtained. 

5. The reaction was triggered by the addition of the appropriate 

enzyme. 

6. The reaction was allowed to proceed until completion. 

7. A second baseline absorbance reading was obtained. 

8. The enzyme shift was determined by the addition of a duplicate 

aliquot of enzyme. 

9. The second reaction was allowed to proceed until completion. 

10. A third baseline absorbance reading was obtained. 

The actual spectrophotometric assays were modifications of 

procedures reported by Bergmeyer (3) and are presented in the appendix, 

Tables 12 through 17. 

Tissue extraction for enzyme determination was performed 

according to the method of Braasch et al (8) as outlined above. The 
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extraction buffer consisted of 0.1 M KH2P04,1 mM ADP, 10 mM 

glutathione, 10 mM EDTA, pH 7.2. The calculation of enzyme activity is 

outlined in Figure 3 vida supra. The procedures common to each enzyme 

assay are listed below. 

1. The appropriate reaction buffer were prepared. 

2. Appropriate aliquots of the buffer and enzyme extract were 

combined. 

3. The mixture was brought to 37°C and allowed to stabilize. 

4. An initial absorbance reading was taken. 

5. The reaction was triggered by the addition of the appropriate 

substrate. 

6. The reaction was allowed to proceed until linearity is observed. 

Except where otherwise noted, the actual spectrophotometric assays 

were modifications of procedures reported by Bergmeyer (3) and are 

presented in the appendix, Tables 18 through 22. 

Experiment 4: Does chronic ventricular sympathectomy decrease the 

optimal activity of carnitine acetyl transferase? 

This study was designed to examine the availability of free fatty acids 

for aerobic metabolism. This was done by measuring the optimal activity of 

carnitine acyl transferase, the enzyme responsible for transporting free 

fatty acids into the mitochondria. In addition, the a-glycerol phosphate: 
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dihydroxyacetone phosphate ratio ( a "^/DHAP) ratio was determined. As 

mentioned above, this ratio is indicative of triglyceride synthesis. 

Tissue extraction for the determination of TCA cycle intermediates followed 

the method of Bunger (11) as described above. The assay procedure 

common to all metabolites are outlined below. 

1. The appropriate reaction assay cocktail were prepared. 

2. Appropriate aliquots of assay cocktail and metabolite extract 

were combined. 

3. The mixture was allowed to stabilize. 

4. An initial baseline absorbance recording was obtained. 

5. The reaction was triggered by the addition of the appropriate 

enzyme. 

6. The reaction was allowed to proceed until completion. 

7. A second baseline absorbance reading was obtained. 

8. The enzyme shift was determined by the addition of a duplicate 

aliquot of enzyme. 

9. The second reaction was allowed to proceed until completion. 

10. A third baseline absorbance reading was obtained. 

The actual spectrophotometric assay was a modification of a procedure 

reported by Bergmeyer (3) and is presented in the appendix, Table 23. 

Tissue extraction for enzyme determination was performed 

according to the method of Braasch et al (11) as outlined above, with the 

following exceptions. The extraction buffer consisted of 0.1 M KH2P04, 
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1 mM ADP, 10 mM glutathione, 10 mM EDTA, pH 7.2. Since the carnitine 

acyltransferases are bound to the mitochondrial membrane, the 

centrifugation method in extracting this enzyme is quite different from a 

non-membrane bound enzyme. Once the ground tissue was homogenized 

and sonicated in the extraction buffer, it was centrifuged at 4000 x g (Sorvall 

centrifuge, model RC-5B) for four minutes at 4°C to pellet the contractile 

and other non-membrane proteins. The supernatant was collected and 

placed in eppendorf tubes and spun at 10,000 x g for 15 minutes (Eppendorf 

centrifuge, model 5410) to pellet the mitochondrial membranes. The 

resulting pellet was then resuspended in an aliquot of the extraction buffer. 

A dilution of this suspension was then used in the determination of the 

optimal enzyme activity. The calculation of enzyme activity is outlined in 

Figure 3 vida supra. The general procedures for an enzyme assay are 

listed below. 

1. The appropriate reaction buffer was prepared. 

2. Appropriate aliquots of the buffer and enzyme extract were 

combined. 

3. The mixture was brought to 37°C and allowed to stabilize. 

4. An initial absorbance reading was taken. 

5. The reaction was triggered by the addition of the appropriate 

substrate. 

6. The reaction was allowed to proceed until linearity was 

observed. 
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The actual spectrophotometry assay was a modification of a 

procedure reported by Bergmeyer (3) and is presented in the appendix, 

Table 24. 

DATA INTERPRETATION 

Glycogen and glucose content were determined and normalized per 

gram dry weight. The first step in assaying glycogen was to enzymatically 

convert it to glucose. Therefore, for the glycogen content measured to truly 

reflect the amount of glycogen present in the myocardium, the glucose 

content of the tissue was first determined and subtracted from the initial 

value calculated for the glycogen derived glucose. Metabolic intermediates, 

as well as glucose and glycogen were assayed spectrophotometrically. 

Contents were determined as outlined in Figure 2. 

Optimal enzyme activities were determined spectrophotometrically 

by measuring the rate at which an enzyme metabolized a provided 

substrate. All reactions were conducted under optimal conditions of pH, 

temperature, and substrate availability. Once a constant rate of the reaction 

was observed, the slope of the change in absorbance was determined. The 

enzyme activity was calculated as shown in Figure 3. 
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STATISTICAL ANALYSIS 

Comparisons were made of the contents of metabolic intermediates 

and optimal enzyme activities between a chronically sympathectomized 

group and a sham-operated control group. A two-tailed Student's t test was 

employed for direct comparison between the two groups. A significant 

difference was accepted at a probability level of 5%. 



CHAPTER III 

RESULTS 

A. Confirmation of sympathectomy. 

As mentioned earlier, sympathectomy was confirmed at the time of 

surgery by the absence of an inotropic response to stimulation of the right 

and left thoracic stellate ganglia. Sympathectomy was again confirmed 

four weeks post surgery by analysis of tissue catecholamine levels. 

TABLE 25. Tissue catecholamine levels.* 

TISSUE n SHAM SYMPATHECTOMY p < 0.05 

NE RA 8 54.02 ± 8.00 30.84 ± 4.88 • 

LA 8 45.15 ± 8.76 18.05 ± 5.74 • 

RV 8 18.46 ± 4.88 0.534 ± 0.314 • 

LV 8 14.08 ± 3.72 0.601 ± 0.219 • 

SEPT 8 17.38 ± 2.43 0.268 ± 0.112 • 

EPI RA 8 1.32 ± 0.288 0.725 ± 0.097 • 

LA 8 1.21 ± 0.316 0.604 ± 0.145 • 

RV 8 1.02 ± 0.247 0.084 ± 0.044 • 

LV 8 0.589 ± 0.161 0.093 ± 0.046 • 

SEPT 8 0.727 ± 0.238 0.101 ± 0.059 • 

Units are pmol per milligram protein. Values given are means ± 
standard error of the means (SEM). 
•Significant difference accepted at the level of p < 0.05. 
NE = norepinephrine, EPI = epinephrine. RA = right atria, LA = left atria, 
RV = right ventricle, LV = left ventricle, SEPT = septum. 

43 
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As presented in Table 25, four week sympathectomy significantly reduced 

tissue epinephrine and norepinephrine levels (p < 0.05). Confirmation of 

sympathectomy is generally accepted by a 95% depletion of tissue 

catecholamines, norepinephrine in particular. Thus, even though there 

was a significant decrease in atrial catecholamines in the chronically 

sympathectomized hearts, the atria cannot considered to be 

sympathectomized, as catecholamines levels were only reduce an average 

of 50%, see Figure 4. 
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FIGURE 4. Changes in tissue catecholamine levels. 
RA = right atria, LA = left atria, RV = right ventricle, LV = left ventricle, 
SEPT = septum. 
* Denotes a significant difference at p < 0.05. 
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The presence of atrial sympathectic innervation is further evidenced by the 

presence of an increase in heart rate in response to stellate stimulation, see 

Figure 1 on page 22. 

B. Experiment #1. 

Experiment #1 examined the ability of the chronically 

sympathectomized ventricle to utilize glycogen as a fuel source. Table 26 

presents the tissue contents of glucose and glycogen, as well as the optimal 

activity of phosphorylase a. 

TABLE 26. Determinants of glycogen metabolism. 

METABOLITE 
or n SHAM SYMPATHECTOMY p<0.05 

ENZYME 

GLU 8 19.9 ± 1.5 17.7 ± 1.2 

GLY 8 212.5 ± 4.0 276.8 ± 4.1 * 

FHOSPH. a 8 0.046 ± 0.004 0.021 ± 0.001 * 

ujc ( 

Units of metabolite contents are jumoles per gram dry weight for glucose, 
glucose units pre gram dry weight for glycogen and, units of enzyme 
activity are units of activity per milligram protein for phosphorylase a 
activity. Values given are means ± SEM. 
•Significant difference accepted at the level of p < 0.05. 
GLU = glucose, GLY = glycogen, PHOSPH. a = phosphorylase a. 

While there was no significant difference in tissue glucose, chronic 

sympathectomy caused a significant increase in myocardial glycogen 
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content. As shown in Figure 5, this represents a 30% increase in glycogen 

content. 
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FIGURE 5. Relative changes in the determinants of glycogen metabolism. 
PHOSPH. a = phosphorylase a. 
* Denotes a significant difference a p < 0.05. 

Compatible with this, is the significant decrease in the optimal activity of 

phosphorylase a. In the chronically sympathectomized ventricle, the 

optimal activity of this enzyme was reduced 53%. These results indicate 

that glycogen utilization in the chronically sympathectomized heart is 
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decreased due to a decrease in the optimal activity of the enzyme 

responsible for its breakdown. This is supported by the increased glycogen 

content in the chronically sympathectomized heart. 

C. Experiment #2. 

Table 27 presents the tissue contents of metabolic intermediates 

associated with the glycolytic pathway. 

TABLE 27. Contents of glycolytic metabolic intermediates.* 

METABOLITE n SHAM SYMPATHECTOMY p < 0.05 
G6P 8 0.492 ± 0.051 0.474 ± 0.051 

F6P 8 0.169 ± 0.019 0.1852 ± 0.019 

FDP 8 0.091 ± 0.008 0.187 ± 0.012 • 

DHAP 8 0.138 ± 0.004 0.090 ± 0.005 • 

GAP 8 0.055 ± 0.010 0.081 ± 0.012 

3PG 8 0.287 ± 0.026 0.267 ± 0.029 

2PG 8 0.034 ± 0.005 0.023 ± 0.003 

PEP 8 0.026 ± 0.004 0.027 ± 0.003 

PYR 8 0.366 ± 0.046 0.266 ± 0.015 • 

LACT 8 4.74 ± 0.437 7.01 ± 0.66 • 

•jj • 

Units are fimoles per gram dry weight of tissue. Values given are means 
± SEM. 
•Significant difference accepted at the level of p < 0.05. 
G6P = glucose-6-phosphate, F6P = fructose-6-phosphate, FDP = fructose-1, 6-
diphosphate, DHAP = dihydroxyacetone phosphate, GAP = glyceraldehyde 
3-phosphate, 2PG = 2-phosphoglyeerate, 3PG = 3-phosphoglycerate, PEP = 
phosphoenolpyruvate, PYR = pyruvate, LACT = lactate. 
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No significant differences were seen in the contents of glucose-6-phosphate, 

fructose-6-phosphate, glyceraldehyde 3-phosphate, 2-phosphoglycerate, 

3-phosphoglycerate, or phosphoenolpyruvate. There were, however, 

significant changes seen in several of the other glycolytic intermediates. 

Fructose-1, 6-diphosphate was increased 105% as shown in Figure 6. 
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FIGURE 6. Relative changes in the contents of glycolytic metabolic 
intermediates. 
G6P = glucose 6-phosphate, F6P = fructose 6-phosphate, FDP = fructose 
6-phosphate, DHAP = dihydroxyacetone phosphate, GAP = glyceraldehyde 
3-phosphate, 3PG = 3-phosphoglycerate, 2PG = 2-phosphoglycerate, PEP = 
phosphoenolpyruvate, PYR = pyruvate, LAC = lactate. 
* Denotes significance difference at p < 0.05. 
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The next metabolite in the pathway, dihydroxyacetone phosphate (DHAP) 

was decreased by 35%, which was a significant change. Pyruvate and 

lactate also showed significant changes. The pyruvate content was 

decreased by 27%, while lactate content was increased 48%. 

Table 28 presents the optimal activities of the glycolytic enzymes. 

TABLE 28. Activities of glycolytic enzymes.* 

ENZYME n SHAM SYMPATHECTOMY p < 0.05 

HX 8 0.019 ± 0.002 0.030 ± 0.003 • 

PFK 8 0.146 ± 0.022 0.304 ± 0.023 • 

GAPDH 8 2.56 ± 0.217 2.61 ± 0.070 

3-PGK 8 1.77 ± 0.087 1.57 ± 0.067 

PK 8 1.58 ± 0.121 1.44 ± 0.098 

LDH 8 5.32 ± 0.376 7.04 ± 0.268 • 

*Units are units of activity per milligram protein. One unit is defined as 
jimoles substrate converted to product per minute. Values given are means 
± SEM. 
•Significant difference accepted at the level of p < 0.05. 
HX = hexokinase, PFK = phosphofructokinase, GAPDH = glyceraldehyde 3-
phosphate dehydrogenase, 3-PGK = 3-phosphoglycerate, PK = pyruvate 
kinase, LDH = lactate dehydrogenase. 

The optimal activities of glyceraldehyde 3-phosphate dehydrogenase, 

3-phosphoglycerate kinase, and pyruvate kinase were not significantly 

different from the sham-operated controls. There was a significant 
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increase in the activity of the glucose trapping enzyme, hexokinase. As 

shown in Figure 7, there were significant changes in some of the key 

enzymes in the glycolytic pathway. 

O 120-

GLYCOLYTIC ENZYMES 

FIGURE 7. Relative changes in the activities of glycolytic enzymes. 
HX = hexokinase, PFK = phosphofructokinase, GAPDH = glyceraldehyde 
phosphate dehydrogenase, 3PGK = 3-phosphoglycerate kinase, PK = 
pyruvate kinase, LDH = lactate dehydrogenase. 
* Denotes significance difference at p < 0.05. 
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The main regulatory enzyme of the pathway, pho sphofructokinase, was 

also significantly increased, as was the optimal activity of LDH, the enzyme 

converting pyruvate to lactate. As shown in Figure 7, these changes 

represent increases of 59%, 109% and 32% respectively. 

The increased activity of hexokinase indicates an increase in the 

ability of the chronically sympathectomized heart to acquire exogenous 

glucose which in turn could indicate an increase in the use of exogenous 

glucose as fuel by the chronically sympathectomized heart. 

Phosphofructokinase is normally the rate limiting enzyme of the glycolytic 

pathway thus, the increase in its activity indicates an increase in the 

capacity for flux through the pathway. The increase in the optimal activity 

of LDH indicates an increase in conversion of pyruvate and lactate in the 

chronically sympathectomized ventricle 

D. Experiment 3. 

Tables 29 and 30 present the contents of the metabolic intermediates 

and the optimal activities of the enzymes of the TCA cycle. Acetyl CoA , a 

common product of the oxidative decarboxylation of pyruvate and of the 

beta-oxidation of free fatty acids, is the entry metabolite into the TCA cycle 

and thus serves as a link in the metabolism of glucose and free fatty acids. 

Acetyl CoA enters the TCA cycle by combining with oxaloacetate to form 

citrate. The content of citrate in the sympathectomized heart was not 

significantly altered. 
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TABLE 29. Contents of TCA metabolic intermediates.* 

METABOLITE n SHAM SYMPATHECTOMY p < 0.05 

ACoA 8 0.015 ± 0.001 0.009 ± 0.001 • 

CIT 8 0.702 ± 0.048 0.715 ± 0.032 

ISOC 8 0.129 ± 0.006 0.075 ± 0.007 • 

a-KG 8 0.288 ± 0.032 0.147 ± 0.008 • 

SUCC 8 0.935 ± 0.082 1.28 ± 0.051 • 

MAL 8 0.429 ± 0.039 0.245 ± 0.032 • 

OAA 8 0.411 ± 0.063 0.509 ± 0.088 

*Units are jimoles per gram dry weight of tissue. Values given are means 
± SEM. 
•Significant difference accepted at the level of p < 0.05. 
ACoA = acetyl CoA, CIT = citrate, ISOC = isocitrate, a-KG = a-ketoglutarate, 
SUCC = succinate, MAL = malate, OAA = oxaloacetate. 

TABLE 30. Activities of TCA enzymes.* 

ENZYME n SHAM SYMPATHECTOMY p < 0.05 

CS 8 4.34 ± 0.134 4.55 ± 0.339 

ICDH NAD 8 0.067 ± 0.007 0.054 ± 0.006 

ICDH NADP 8 0.542 ± 0.031 0.537 ± 0.029 

a-KGDH 8 0.030 ± 0.002 0.075 ± 0.002 • 

MDH 8 4.68 ± 0.282 5.04 ± 0.185 

*Units are units of activity per milligram protein. One unit is defined as 
fxmoles substrate converted to product per minute. Values given are means 
± SEM. 
•Significant difference accepted at the level of p < 0.05. 
CS = citrate synthase, ICDH NAD = NAD+ specific isocitrate 
dehydrogenase, ICDH NADP = NADP+ specific isocitrate dehydrogenase, 
a-KGDH = a-ketoglutarate dehydrogenase, MDH = malate dehydrogenase. 



53 

The enzyme which catalyzes the formation of citrate, citrate synthase was 

also not significantly altered. The next step in the TCA cycle is the 

conversion of citrate to isocitrate. There was a significant change (42% 

decrease) in the content of isocitrate in the sympathectomized hearts, see 

Figure 8. 

TCA METABOLITES 

FIGURE 8. Relative changes in the contents of TCA metabolic intermediates. 
ACoA = acetyl CoA, CIT = citrate, ISOC = isocitrate, a-KG = a-ketoglutarate, 
SUCC = succinate, MAL = malate, OAA = oxaloacetate. 
* Denotes significant difference at p < 0.05. 
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Isocitrate dehydrogenase is the enzyme which catalyzes the next step in the 

cycle, the conversion of isocitrate to a-ketoglutarate. There was no 

significant change in either the NAD+ specific or the NADP+ specific form 

of isocitrate dehydrogenase, as shown in Figure 9. 
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FIGURE 9. Relative changes in the activities of TCA enzymes. 
CS = citrate synthase, ICDH D = NAD+ specific isocitrate dehydrogenase, 
ICDH P = NADP+ specific isocitrate dehydrogenase, a-KGDH = a-
ketoglutarate dehydrogenase, MDH = malate dehydrogenase. 
* Denotes a significant difference at p < 0.05. 
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The content of a-ketoglutarate in the sympathectomized hearts was 

decreased by 49%, a significant decrease. The optimal activity of the enzyme 

which catalyzes the following step in the cycle, a-ketoglutarate 

dehydrogenase was significantly increased by 140% . 

These changes indicate an increase in the metabolism of 

a-ketoglutarate. The next intermediate in the TCA cycle that was 

measured is succinate. In this study there was a significant increase of 

37% in the content of succinate in the sympathectomized heart. The final 

step in the cycle that was analyzed was that involving the conversion of 

malate to oxaloacetate, a reaction catalyzed by the enzyme malate 

dehydrogenase. The content of malate was significantly decreased (43%) 

while the change in oxaloacetate did not reach significance. The enzyme 

which catalyzes the conversion of malate to oxaloacetate, malate 

dehydrogenase, was also not significantly altered. 

E. Experiment #4. 

Experiment #4 examined factors involved in the ability of the heart to 

utilize fats as a fuel. Before free fatty acids can be metabolized, they must 

first be transported into the mitochondria. The enzymes responsible for this 

transportation are the carnitine acyltransferases. Table 31 presents the 

results of the analysis of factors involved in the metabolism of free fatty 

acids. There was a significant decrease in the optimal aeitivity of the 

carnitine acyltransferases in the chronically sympathectomized heart. 
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TABLE 31. Factors involved in fat metabolism.* 

METABOLITE 
or ENZYME 

n SHAM SYMPATHECTOMY p < 0.05 

ACoA 8 0.015 ± 0.001 0.009 ± 0.001 * 

DHAP 8 0.138 ± 0.004 0.089 ± 0.004 * 

a-GP 8 0.445 ± 0.058 0.319 ± 0.067 

a-GP/DHAP 8 2.12 ± 0.284 4.32 ± 0.789 * 

CAT 8 0.030 ± 0.002 0.020 ± 0.003 * 

*Units of metabolite contents are jimoles per gram dry weight, units for 
enzyme activity are units of activity per milligram protein. One unit is 
defined as |u.moles substrate converted to product per minute. Values given 
are means ± SEM. 
•Significant difference accepted at the level of p < 0.05. 
ACoA = acetyl CoA, DHAP = dihydroxyacetone phosphate, a-GP = a-
glycerol phosphate, a-GP/DHAP = a-glycerol phosphate: dihydroxyacetone 
phosphate ratio, CAT = carnitine acyltransferase. 

Once free fatty acids have been transported into the mitochondria, they are 

metabolized to acetyl CoA units which then enter the TCA cycle. As 

mentioned before, analysis of the acetyl CoA content revealed a significant 

decrease of 42% in the sympathectomized myocardium. There was also a 

significant decrease in the content of dihydroxyacetone phosphate (DHAP). 

DHAP is a precursor for a-glycerol phosphate (a-GP), which in turn is a 

precursor for glycerol, the backbone of the triglyceride molecule. Thus, an 

increase in triglyceride synthesis would cause an increase in the 

conversion of DHAP to a-GP. Therefore, ratio of a-GP to DHAP can be used 

as an index of triglyceride synthesis (71, 101). When compared to the sham 

operated control hearts, the a-GP/DHAP ratio in the chronically 
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sympathectomized hearts was significantly increase by approximately 

105%, as shown in Figure 10. 
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FIGURE 11. Factors involved in fat metabolism. 
ACoA = acetyl CoA, CAT = carnitine acyltransferase, a-GP = a-glycerol 
phosphate, aGP/DHAP = a-glycerol phosphaterdihydroxyacetone phosphate 
ratio. 
* Denotes significant difference at p < 0.05. 

These results indicate that the chronically sympathectomized heart 

has a decreased ability to utilize long chain fatty acid as a fuel based on the 

decrease in the optimal acitvity of the carnitine transferases. Furthermore, 

the increase in the a-GP/DHAP ratio indicates an increase in triglyceride 

synthesis by the chronically sympathectomized heart. 



CHAPTER IV 

DISCUSSION 

These studies investigated the effects of chronic ventricular 

sympathectomy on select metabolic variables of the heart. Changes in these 

variables are such that they can be used to theorize about changes 

occurring in the basic metabolism of the heart in response to the chronic 

removal of its extrinsic sympathetic innervation. The major findings of 

these studies are summarized and overlaid onto the basic metabolic 

pathways of the heart as presented in Figure 11 on page 59. 

A. Glycogen metabolism 

Glycogen is the form in which the body, including the heart stores 

glucose. As glycogen synthesis is rate limited by different enzymes than 

that found in glycogenolysis, it is obvious that the regulatory pathways of 

glycogen synthesis are different from those involved in glycogenolysis. 

Glycogen synthesis is regulated by an insulin sensitive enzyme, glycogen 

synthase. Examples of conditions resulting in increased glycogen synthesis 

include; (i) post-prandial periods when blood glucose concentrations are 

high; (ii) activities such as exercise which result in glycogen breakdown 

(13); and (iii) fasting (starvation) when circulating free fatty acid 

concentrations are increased(74). 
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Figure 11. Summary of changes found in selected metabolic variables in 
the chronically sympathectomized heart. 

In addition to the above described regulators of glycogen synthesis, 

the synthesis and breakdown of glycogen are also under the reciprocal 

influence of catecholamines. Catecholamines cause increases in the level 

of the second messenger cAMP . This activates a cAMP dependent protein 

kinase, which then phosphorylates and thus inactivates glycogen synthase 

and results in a decrease in glycogen formation. In contrast, the activated 

cAMP dependent protein kinase causes the activation of a glycogen 

phosphorylase kinase, which in turn phosphorylates the enzyme glycogen 
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phosphorylase. However, the action of phosphorylation converts glycogen 

phosphorylase from its inactive 'b' form to its active 'a' form. Thus in the 

presence of catecholamines, the synthesis of glycogen is inhibited while the 

utilization of glycogen is stimulated. Glycogen phosphorylase, and thus 

glycogen utilization, is also stimulated by conditions which cause a fall in 

the high-energy phosphates such as hypoxia, ischemia and increased work 

(74). 

As shown above in Table 26 on page 45, chronically the 

sympathectomized hearts had a significantly higher glycogen content. This 

appears to be due to a decrease in glycogen utilization as evidenced by the 

decrease in the optimal activity of phosphorylase a, the enzyme governing 

glycogen breakdown. The decrease in activity of phosphorylase a was 

expected since decreases in catecholamine levels, (see Table 25 on page 43), 

will lead to decreased cAMP dependent activation of the enzyme. These 

same conditions would also favor activation of glycogen synthase, thus 

increasing glycogen synthesis, however, the activity of glycogen synthase 

was not measured in this experiment. 

The precise role of cardiac glycogen stores remains unclear. For 

glycogen to serve as a major fuel source, the glycogen content of the heart, 

as well as the heart's capacity to utilize glycogen would have to be 

exceedingly high (74). This is a possibility which seems unlikely during 

normal homeostasis. Another possibility proposed by Evans in 1934 (27), is 

that glycogen stores act as a reservoir of fuel reserved for emergency 

situations, such as hypoxemia, ischemia or a sudden, abrupt increase in 
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cardiac work. Indeed, during hypoxemia and ischemia, a burst of glycogen 

breakdown has been demonstrated (83). 

The initial burst of glycogenolysis in the myocardium following 

cardiac ischemia fuels a period of accelerated glycolytic flux seen during 

the initial minutes of oxygen deprivation. Therefore, this increased 

glycogenolysis and glycolytic flux would be an optimal combination during 

ischemic conditions where oxygen availability is severely limited. 

Unfortunately, in the intact heart it appears that the degree of benefit is 

inversely related to the severity of the ischemia (73). It is theorized that 

severe ischemia leads to the accumulation of metabolic by-products such as 

lactate and associated H + and NADH (63). Accumulation of lactic acid 

leads to tissue acidosis and enzyme inhibition. Indeed, it has been observed 

(64, 67, 71, 98), that these conditions lead to the inhibition of glycolysis that 

follows the initial acceleration of glycolysis observed in severe ischemia. 

However, during high flow anoxia, when metabolites are "washed out", the 

increased glycolytic flux is maintained. In 1984, Neely and Grotyham (63), 

prevented the accumulation of metabolites during 30 minutes of zero flow 

ischemia by first depleting myocardial glycogen stores by exposing the 

heart to a 10 minute period of anoxic perfusion. The anoxic perfusion 

caused depletion of glycogen stores, while simultaneously washing-out the 

lactate. This procedure resulted in a 68% recovery of ventricular function 

as compared to only a 20% recovery of ventricular function in hearts which 

were not previously glycogen depleted. Furthermore, when the anoxic 

perfusion time prior to zero flow ischemia was increased to 15 minutes, 

(resulting in lower amounts of stored glycogen), the recovery of ventricular 
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function increased to 92%. These findings imply that rapid accessibility of 

cardiac glycogen stores during ischemia leads to the inhibition of glycolysis 

and thus is detrimental to the maintenance of myocardial function and 

viability. 

In light of the decreased activity of phosphorylase a in the chronically 

sympathectomized hearts, we propose that the initial burst in glycolysis 

during ischemia may be prevented. Furthermore, with the reduction in 

glycolysis during the early part of the ischemic phase, the early 

accumulation of metabolites, which normally leads to the inhibition of 

glycolysis would be reduced. Since other factors which occur during 

ischemia, i.e., increased AMP can also stimulate glycogen phosphorylase, it 

is possible that even though the rapid acceleration in glycogenolysis is 

prevented, complete inhibition of glycogen utilization is not achieved. 

Indeed, a continued basal rate of glycogen consumption would help in 

maintaining glycolytic flux and basal ATP production during ischemia and 

thus decrease the severity of the resulting infarction. If the inhibition of 

glycolytic flux is prevented then the increase in glycogen content seen in the 

chronically sympathectomized heart would be representative of an 

increased fuel reservoir. Under such conditions, the chronically 

sympathectomized heart would be able to maintain a minimal basal 

glycolytic flux for a more extended period of time. 

Another scenario in which the increased glycolysis seen in the 

chronically sympathectomized heart would provide protection during 

ischemia is possible. Previous studies (42, 43, 86) have established the 

increased collateralization of the chronically sympathectomized heart. In 
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addition to increased oxygen and nutrient delivery during ischemia, an 

increased collateral flow would also increase the removal of metabolic 

by-products such as lactate, H+ and NADH. As mentioned earlier, the 

accumulation of metabolic by-products during ischemia can cause the 

inhibition of glycolysis within minutes after occlusion. Thus we theorize 

that during ischemia in the chronically sympathectomized heart, glycolytic 

flux remains operational, fueled by increased glycogen stores and 

maintained by the increase in metabolite wash-out provided by the 

increased collateral flow. 

B. Glycolysis 

Glycolysis is a cytosolic metabolic pathway in which exogenous 

glucose or endogenous glycogen derived glucose-6-phosphate is metabolized 

to pyruvate. It produces a net of two molecules of ATP in the case of 

exogenous glucose and a net of three molecules of ATP in the case of 

glycogen derived glucose-6-phosphate. Glycolytically derived ATP is 

energetically important with regard to ischemia in that the ATP is 

produced without the consumption of oxygen. During normal aerobic 

metabolism, pyruvate undergoes further oxidation in the citric acid cycle, 

while under anaerobic conditions, pyruvate is converted to lactate. The 

steps in the pathway prior to the formation of pyruvate proceed 

independently of any direct effects of oxygen or lack thereof. Under normal 

conditions glycolysis can supply approximately 30% of the fuel for aerobic 

metabolism in the TCA cycle. When the heart is presented with glucose as 

its only exogenous fuel source, this percentage can increase to 70% (68). 
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Findings from Experiment #2 indicate an increase in the optimal 

activity of hexokinase, the first enzyme in the glycolytic pathway. This 

enzyme catalyzes the phosphorylation of glucose immediately upon entry 

into the cell. Since phosphorylated glucose (G6P) cannot cross the cell 

membrane, this enzyme effectively traps glucose in the cell (60). Thus it 

appears that the chronically sympathectomized heart is more adept at 

acquiring exogenous glucose for use in the glycolytic pathway. An increase 

in fuel for glycolysis in the chronically sympathectomized heart was also 

indicated by the increase in glycogen content found in Experiment #1. 

Thus, in the chronically sympathectomized heart, there appears to be an 

increase in both the amount of glucose in the form of glycogen and in the 

accessibility of exogenous glucose. According to an investigation by Hewitt 

et al (37), an increase in energy substrate, either as glycogen or as glucose 

results in a significant protection of the myocardium during anoxia. 

In addition to increases in the fuel sources for glycolysis, the present 

investigation (Experiment #2) indicates that the changes in the enzymes of 

the glycolytic pathway reflect an increase in their ability to utilize the 

increase in available fuel. One of the most important enzymes involved in 

regulating flux through the glycolytic pathway is phosphofructokinase 

(PFK). This enzyme catalyzes the phosphorylation of fructose 6-phosphate 

(F6P) to fructose-1, 6-phosphate (FDP) and represents an irreversible step in 

the cardiac glycolytic pathway (74). The results from Experiment #2 found 

a significant increase in the optimal activity of PFK. The product of this 

reaction FDP, has the ability to stimulate the activity of PFK in a feed 

forward activation system which has the effect of increasing glycolytic flux 
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when glucose uptake is increased. Therefore, the results of Experiment #2 

demonstrate a significant increase in the content of FDP in the chronically 

sympathectomized heart. These findings indicate an increase in flux 

through the main rate limiting step in glycolysis and in our opinion, would 

result in an increase in flux through the entire glycolytic pathway. 

As the level of PFK activity is known to be sensitive to the energy state 

of the cell (23, 55), the increased contents of the lower energy phosphates 

(ADP, AMP, and Pi), which normally increase during ischemia, would 

have the effect of increasing the activity of PFK. Thus, the increased PFK 

activity observed in Experiment #2 might suggest that the function of a 

chronically sympathectomized heart is being compromised. However, 

analysis of the contents of high energy phosphates in this investigation did 

not indicate any significant change in the chronically sympathectomized 

heart, as shown in Table 32. In addition, previous investigations (17, 66, 90) 

have found no evidence of impaired ventricular function resulting from 

chronic sympathectomy. 

TABLE 32. Contents of high energy phosphates.* 

METABOLITE n SHAM SYMPATHECTOMY p<0.05 

ATP 8 21.7 ± 0.7 25.8 ± 0.7 
ADP 8 4.5 ± 0.3 4.2 ± 0.7 
AMP 8 4.6 ± 0.4 3.3 ± 0.6 
CrP 8 43.2 ± 4.4 43.7 ± 2.1 
Cr 8 71.9 ± 3.8 69.1 ± 2.4 

*Units are pinoles per gram dry weight of tissue. Values given are means 
± SEM. 
•Significant difference accepted at the level of p < 0.05. 
ATP = adenosine triphosphate, ADP = adenosine diphosphate, AMP = 
adenosine monophosphate, CrP = creatine phosphate, Cr = creatine. 
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The increase in PFK activity seen in this experiment may also be 

resulting from a decreased inhibition of the enzyme. Normally, PFK is 

inhibited by conditions such as low pH, increased levels of NADH and 

increases in the content of citrate (61). There was, however, no significant 

change in the content of citrate seen in the chronically sympathectomized 

heart (see Experiment #3). In addition, the pH affecting PFK activity in vivo 

was not determined. It is reported (23), that during ischemia, it is the 

increase in hydrogen ion concentration which inhibits PFK and thus 

causes an inhibition of glycolytic flux. It has also been reported (55) that at 

a more alkaline pH, PFK is much less subject to allosteric regulation. 

In mammalian tissue, three isozymes of PFK have been isolated. The 

adult heart and skeletal muscle contain the A form, while the B form is 

found in liver and red blood cells and the C form in the brain (61). The 

B form of PFK appears to be more sensitive to inhibition by ATP and less 

sensitive to activation by ADP and AMP. During acidic conditions, the 

B form is sensitive to allosteric inhibition. The fetal heart contains a form of 

PFK which is less sensitive to inhibition by ATP, pH and citrate, and more 

sensitive to stimulation by F6P and AMP (53). These properties are similar 

to the type of PFK normally found in the liver. Consequently, fetal hearts 

have higher rates of glycolytic flux than do adult hearts. Also unlike adult 

hearts which use fatty acids as the major fuel source, fetal hearts rely 

mainly on glucose and lactate for fuel (81). It is possible that the chronically 

sympathectomized heart contains a different isozyme of PFK than does the 

normal intact heart, making it subject to regulation in a different manner. 

The presence of a fetal heart type of PFK would allow an increased rate of 
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glycolytic flux in the chronically sympathectomized heart, similar to that 

seen in the fetal heart. 

When PFK is activated and flux through the glycolytic pathway is 

accelerated in the intact heart, control of the glycolytic rate has been 

reported to be shifted to glyceraldehyde 3-phosphate dehydrogenase 

(GAPDH) (48a). In addition, GAPDH is sensitive to, and strongly inhibited 

by 1, 3-diphosphoglycerate (1, 3-DPG) and NADH (57). When PFK inhibition 

is relieved, and glycolytic flux increases, there is an increase in the 

production of cytosolic NADH. Thus, it is possible that at increased rates of 

glycolytic flux, glycolysis is limited at the level of GAPDH because of 

inhibition resulting from increased cytosolic NADH levels. GAPDH, along 

with 3-phosphoglycerate kinase (3-PGK) are also important in influencing 

the rate of glycolytic flux as they help link flux to the energy balance of the 

cell. The reaction catalyzed by GAPDH, glyceraldehyde 3-phosphate to 

1, 3-DPG also converts NAD+ to NADH. As mentioned before, the ratio of 

NADH to NAD+ helps link the energy balance of the cell to the rate of 

energy production. Furthermore, 3-PGK catalyzes the transfer of a 

phosphate group from 1, 3-DPG to ADP, creating 3-phosphoglycerate and 

ATP. Thus, 3-PGK, by increasing ATP levels also has the ability to 

influence glycolytic flux. In the present investigation, the data obtained 

from Experiment #3 indicate that there were no changes in the optimal 

activity of either GAPDH or 3-PGK. Furthermore, analysis of the contents 

of glycolytic intermediates failed to display any changes which would 

indicate that either of these enzymes were functioning in a rate limiting 

manner. 
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Pyruvate kinase (PK) has also been proposed as a potential regulator 

of glycolytic flux. If PK were acting as a rate limiting enzyme, there would 

be an accumulation of metabolites from the proceeding reactions namely, 

1,3-DPG, a somewhat potent inhibitor of GAPDH. Levels of these did not 

increase in the chronically sympathectomized heart, see Table 27, p. 46. 

However, we were unable to demonstrate that PK was acting as a rate 

limiting enzyme or that it was causing or contributing to inhibition of 

GAPDH. 

Another enzyme associated with flux through the glycolytic pathway, 

especially under anaerobic conditions, is lactate dehydrogenase (LDH). 

When conditions in the cell are such that pyruvate produced by glycolysis 

cannot be oxidized in the TCA cycle, it is converted to lactate by LDH. The 

data from Experiment #3 demonstrated a significant increase in the 

activity of LDH. During increased rates of glycolytic flux, an increase in the 

flux through LDH is important because it converts NADH to NAD+ and 

replenishes the cytosolic NAD+ pool, while at the same time preventing 

increased levels of NADH from accumulating. As mentioned, NADH is a 

very potent inhibitor of GAPDH. Thus we suggest that in the chronically 

sympathectomized heart, an increase in the capacity for the conversion of 

pyruvate to lactate, by decreasing NADH levels, could prevent inhibition of 

GAPDH and therefore, prevent it from becoming the rate limiting step in 

glycolysis. 

Reducing equivalents produced in the cytosol are normally 

transported to the mitochondria by the malate-aspartate shuttle. When the 

supply of oxygen is limited, there is a decrease in the utilization of these 
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reducing equivalents via oxidative phosphorylation. This leads to a 

decrease in the transport of glycolytically produced reducing equivalents 

out of the cytosol. The resulting increase in cytosolic NADH leads to the 

increased conversion of pyruvate to lactate. Consequently, in the normal 

intact heart, an increase in the conversion of pyruvate to lactate is 

commonly associated with some form of hypoxia. If, however, under 

conditions of adequate oxygen supply, glycolytic flux is increased, the 

glycolytic production of NADH can exceed the capacity to transport NADH 

into the mitochondria and result in an accumulation of NADH in the 

cytosol. This accumulation of cytosolic NADH would promote an increased 

conversion of pyruvate to lactate. Therefore, it is possible to have an 

increase in lactate content without anaerobic conditions (68). Therefore, we 

could theorize that the increased lactate content observed in the chronically 

sympathectomized hearts in Experiment #3 was possibly due to the 

apparent increase in glycolytic flux, and not by an inadequate oxygen 

supply. 

As mentioned previously, fetal pig hearts have faster rates of 

glycolytic flux, than do intact adult pig hearts (87). Like the fetal pig heart, 

the chronically sympathectomized heart also, has a higher glycogen 

content. This increased glycogen content coupled with an increased 

capacity for maximal glycolytic flux has been proposed as one mechanism 

which makes the fetal pig heart more resistant than intact adult pig hearts 

to hypoxia (53). While glycolysis in the fetal pig heart can normally supply 

approximately 50% of the required amount of ATP, an adult heart under 

normal conditions, typically acquires only 5%-6% of its ATP from glycolysis. 
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Although this is significantly less than what is necessary to maintain 

normal function, it has been suggested (36) that glycolytieally produced ATP 

is used to maintain intracellular ion gradients, cellular transporters and 

pumps. In essence, it is important for maintaining the general integrity of 

the myocyte and its membrane rather than to meet the functional demands 

of the myocyte. These processes are regarded as the basal functions of the 

myocyte and the metabolic activity associated with these basal functions 

normally accounts for approximately 30% of the total myocardial oxygen 

consumption at rest (35). Since glycolytic flux can be increased roughly 

six-fold, this phenomenon may explain why the maintenance of glycolytic 

flux has been correlated with an increased resistance to hypoxic insult (28, 

37,72,75). 

In summary, the data of Experiment #2 indicates chronic 

sympathectomy increases the optimal activities of hexokinase, PFK and 

LDH, and these measured enzyme activities are reflected by increases or 

decreases in the glycolytic metabolites. These findings indicate that there 

was an increased capacity for glycolytic flux in the chronically 

sympathectomized heart which may be linked to the hearts increased 

ability to acquire exogenous glucose. 

C. The tricarboxylic acid cycle 

The tricarboxylic acid cycle (TCA cycle), also known as the Krebs 

cycle is a cyclic pathway located in the mitochondrial matrix and ultimately 

results in the degradation of acetyl CoA to carbon dioxide and water. The 

layout and function of this cycle was first described by Sir Hans Krebs in 
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1938 in a manuscript that was rejected by Nature and subsequently 

published in Experientia. Unlike glycolysis, which directly produces ATP, 

the TCA cycle depends on the electron transport chain to generate ATP. 

The electron carriers NADH and FADH2 are generated in the TCA cycle 

and are then oxidized in the electron transport chain resulting in the 

production of ATP. Additionally, there is one substrate level 

phosphorylation step within the cycle which generates ATP without oxygen. 

The present investigation demonstrated a significant increase in the 

optimal activity of a-ketoglutarate dehydrogenase (a-KGDH) in the 

chronically sympathectomized heart and was further supported by the 

findings of significant decrease in the content of a-ketoglutarate (a-KG) and 

increase in succinate content. a-Ketoglutarate is one of the potential rate 

limiting enzymes of the TCA cycle. It catalyzes the oxidative 

decarboxylation of a-KG in one of the three NADH producing reactions in 

the TCA cycle. The activity of a-KGDH, like that of the dehydrogenase in the 

preceding Krebs cycle reaction (isoeitrate dehydrogenase) is influenced by 

the energy state of the mitochondria. It is inhibited by increased levels of 

ATP and a high NADH/-^AD+ ratio, and stimulated by high levels of ADP. 

The influence of the NADH/-^-AD+ ratio on a-KGDH activity makes this 

enzyme sensitive to the availability of oxygen. The increase in activity of 

a-KGDH seen in this experiment indicated that there was a balance 

between oxygen demand and supply in the chronically sympathectomized 

heart. This finding further supports the previous conclusion that the 

increase in lactate content observed in the chronically sympathectomized 
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heart (see Experiment #2), was due to an increase in glycolytic flux rather 

than a decrease in the availability of oxygen. 

The availability of oxygen, acting through changes in the 

NADH/|^j)+ ratio, also influences the activity of the other dehydrogenase 

reactions within the Krebs cycle, in particular, the malate dehydrogenase 

reaction. This reaction involves the conversion of malate to oxaloacetate 

(OAA), and is inhibited by increases in the NADH /nad+ ratio. 

Importantly, the availability of OAA is one of the limiting factors for the 

entry of pyruvate into the TCA cycle. OAA combines with acetyl CoA to 

form citrate, the "first" metabolite of the TCA cycle. This represents the 

entry of a new 2-c:arbon unit into the cycle. Therefore, if the heart is oxygen 

deficient, the entry of acetyl CoA into the cycle decreases. 

Acetyl CoA is generated by either the oxidative decarboxylation of 

pyruvate by pyruvate dehydrogenase (PDH), or by the beta-oxidation of free 

fatty acids (FFA). As the present experiment found a decreased content of 

acetyl CoA in the chronically sympathectomized heart, while no significant 

changes were seen in the contents of citrate or OAA, we conclude that there 

was decreased entry of acetyl CoA into the TCA cycle. A decreased 

availability of acetyl CoA indicates decreases in the activity of PDH or the 

beta-oxidation of FFA, or both. Pyruvate dehydrogenase can exist in either 

an active form (normally approximately 20%) or an inactive form. 

Conversion to the active form is stimulated by catecholamines. Thus in the 

chronically sympathectomized heart the resultant decrease in 

catecholamine concentration may decrease the amount of PDH in the active 
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form, thus decreasing the amount of pyruvate entering the TCA cycle as 

acetyl CoA. 

When the work of the heart is increased, there is an increase in ADP 

and a decrease in the NADH/N AD+ ratio. Both of these changes result in 

an increased activity of a-ketoglutarate dehydrogenase (74). In addition, it 

is thought that increases in mitochondrial calcium concentration which 

accompanies increases in heart work, will also increase the activity of 

a-ketoglutarate dehydrogenase (74). Based upon these facts, we could 

hypothesize that a-ketoglutarate dehydrogenase would be able to respond 

rather quickly and somewhat independent of the remainder of the cycle to 

increases in heart work (increased calcium concentration caused by 

increased heart work). However, we would predict though that the 

proposed increased responsitivity to increased heart work would be limited 

in its effectiveness, as the TCA cycle remains dependent on the slower, 

multi-step process required to supply the cycle with acetyl CoA units as well 

as the entry of acetyl CoA into the cycle. Fortunately, however, heart 

muscle has stores of amino acids which can be transaminated with other 

metabolic intermediates to form TCA cycle intermediates. Such reactions 

are known as anaplerotic reactions. One such reaction involves the 

transamination of pyruvate with glutamate yielding a-ketoglutarate and 

alanine. Thus, this reaction could be used to speed flux through the faster 

segments of the TCA cycle where the majority of the reducing equivalents 

are produced, thus bypassing the slower part of the cycle involving the 

generation of citrate (74). 
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In the present investigation, the findings of Experiment #3 found a 

decrease in acetyl CoA content in the chronically sympathectomized heart. 

Presumably, flux through the TCA cycle would be limited due to this 

decreased availability of acetyl CoA. However, adequate TCA cycle 

intermediates could have been maintained by the transamination of 

pyruvate to a-KG. This possibility, along with the observed increased 

activity of a-KGDH, represents an increase in the capacity for flux through 

this portion of the TCA cycle. During ischemic conditions, an increase in 

flux through this portion of the TCA cycle would be beneficial, since the only 

substrate level phosphorylation occurring in the TCA cycle occurs between 

a-KG and succinate. 

In addition to the increase in a-KGDH activity and the decrease in 

the acetyl CoA content in the chronically sympathectomized heart, a 

significant decrease in the content of isocitrate and a significant increase in 

the content of succinate was observed. This metabolic profile was 

remarkably similar to the one presented by Neely et al (62) from hearts that 

had been perfused with glucose only as a specific substrate to stimulate 

glycolytic flux. Neely et al (62) reported stimulation of a-KGDH along with 

decreases in the contents of isocitrate, a-ketoglutarate, and malate, and 

increased contents of succinate and oxaloacetate. However, the increase 

observed in the content of OAA in the sympathectomized heart failed to 

reach significance. In addition, the investigation by Neely et al (62) reported 

low levels of acetyl CoA, but made no claim as to the significance of this 

observation. Thus, in light of the increased capacity for glycolytic flux 

observed in the sympathectomized heart (Experiment #2), the results of 
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Experiment #3 were compatible with previously reported changes in TCA 

cycle flux under conditions of accelerated glycolysis. 

D. Fatty acid utilization. 

The heart relies on free fatty acids (FFA) as the major fuel source to 

meet its energy demands on a normal daily basis. Since blood is a water-

based substance, FFA circulating in the blood must be packaged in a 

manner which makes them water soluble. This packaging is performed by 

binding the free fatty acid with albumin, an abundant plasma protein. Fats 

are also transported in the blood packaged as chylomicrons and 

lipoproteins. These are converted to FFA by the enzyme lipoprotein lipase 

located on the endothelium of the blood vessels.. Increases in the 

concentrations of FFA, chylomicrons or low density lipoproteins increase 

FFA uptake by the normal intact heart. In addition, the utilization of FFA 

is increased under the influence of catecholamines via increases in the 

activity of lipoprotein lipase. 

Unlike glucose which can be metabolized immediately upon entry 

into the cell, FFA must first be transported into the mitochondria. The first 

step in this transport process involves the activation of the long chain FFA 

by combining them with coenzyme A (CoA) to create a fatty acyl CoA. Once 

formed, acyl CoA has two possible fates; (i) transportation into the 

mitochondria for catabolism, or (ii) anabolic reactions which synthesize 

new triglycerides (74). 

The transport of acyl CoA into the mitochondria is mediated by the 

carnitine transferases and involves the joining of acyl CoA with carnitine to 
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create acyl carnitine which is then transferred by a carnitine acyl 

transferase across the mitochondrial membrane. Once inside the 

mitochondria acyl CoA is reformed. Intramitochondrial acyl CoA then can 

undergo beta-oxidation, resulting in the production of acetyl CoA. The 

acetyl CoA groups are then fed into the TCA cycle leading to the eventual 

production of ATP via oxidative phosphorylation. 

During high rates of FFA utilization, the production of acetyl CoA 

can exceed the capacity of the TCA cycle to metabolize acetyl CoA. This 

would eventually lead to a decrease in beta-oxidation and an accumulation 

of lipid intermediates, namely acyl CoA and acyl carnitine. An 

accumulation of these lipid metabolites is believed to be detrimental to the 

myocyte (19, 29). To prevent accumulation of lipid metabolites, flux through 

the beta-oxidation pathway is maintained by the removal of acetyl CoA via 

carnitine acetyl transferase. Therefore, increases in carnitine acetyl 

transferase activi ty indicate an increase in the rate of FFA utilization. In 

the present investigation, the chronic sympathectomy resulted in a 

decreased carnitine acetyl transferase activity, and therefore, was 

indicative of a decreased FFA utilization. 

Since free fatty acid utilization requires more oxygen than utilization 

of glucose, a decrease in the utilization of FFA in the chronically 

sympathectomized heart should increase its oxygen efficiency. In addition, 

a decreased utilization of FFA makes the chronically sympathectomized 

heart less dependent on oxygen, because the utilization of FFA is completely 

dependent on the availability of oxygen. Therefore, a decreased dependence 
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of FFA as a fuel would prove beneficial to the heart during ischemic 

conditions. 

During ischemia in the intact heart, the decreased availability of 

oxygen will decrease flux through the TCA cycle. As mentioned above, this 

will inhibit beta-oxidation and lead to an accumulation of lipid 

intermediates. The increased content of lipid intermediates has been 

shown to contribute to the inhibition of the sodium/potassium pump (19), as 

well as to the inhibition of the transport of high energy phosphates across 

the mitochondrial membrane into the cytosol by the adenine nucleotide 

transport system (74). Both the reduced sodium/potassium pump activity 

and the inhibition of the high energy phosphate transport are detrimental 

to the viability of the myocyte following ischemic insult. Therefore, the 

decrease in utilization of FFA in the chronically sympathectomized heart 

would contribute to the protection from infarction previously reported in the 

chronically sympathectomized 

(20,41, 51) and chronically denervated (46, 94) heart. 

The decreased utilization of FFA indicated by the decrease in 

carnitine acetyl transferase activity in the chronically sympathectomized 

heart is supported by other findings. As previously mentioned, 

catecholamines increase the availability of FFA by increasing the activity of 

lipoprotein lipase. The decrease in catecholamines would result in a 

decrease in the activity of lipoprotein lipase, thus decreasing the availability 

of FFA to the myocardium. The utilization of FFA as the major fuel in the 

heart causes accumulation of certain TCA intermediates such as citrate, 

which is known to have an inhibitory effect on glycolysis. The previous 
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experiments of the present investigation have found an increased glycolytic 

flux (see Experiment #2) and no significant changes in the contents of 

citrate (see Experiment #3). A decrease in the utilization of FFA was also 

indicated in Experiment #3 from the finding of a decreased acetyl CoA 

content. The fall in acetyl CoA content could also indicate an increase in 

TCA cycle flux, thus the consumption of acetyl Coa is increased. However, 

the optimal activity of citrate synthase, the enzyme allowing acetyl CoA to 

enter the TCA cycle was not increased. Thus, an increase in the capacity of 

the TCA cycle for consuming more acetyl CoA seems unlikely. It has been 

reported (92), that high rates of glycolytic flux and low rates of FFA 

utilization result in decreased levels of acetyl CoA. Experiment #3 also 

indicated an increase in succinate contentas a result of in the chronic 

sympathectomy of the heart. Previous investigations (10) have suggested 

that increased levels of succinate have an inhibitory effect on beta-oxidation. 

Interestingly, it has also been reported (60) that high levels of FFA 

utilization decrease succinate content in the heart. 

A decrease in utilization of FFA has been associated with an increase 

in triglyceride (TRG) synthesis (76,101). This is mediated by two factors. 

First, a decrease in utilization of FFA can lead to an accumulation of acyl 

CoA and increased levels of acyl CoA have been reported (76) to increase 

TRG synthesis. Secondly, an increase in a-glycerophosphate (a-GP), the 

precursor for the backbone of the TRG molecule, is associated with an 

increase in TRG synthesis (101). oc-Glycerophosphate is a derivative of 

DHAP, a glycolytic intermediate. Therefore, an increase in the a~®VDHAP 

ratio, indicates an increase in the production of a-GP, and thus increased 
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TRG synthesis. This experiment showed an increase in the a"GP/DHAP 

ratio, which again indicates an increase in TRG synthesis and a decrease 

in FFA utilization. 

In summary, the results of Experiment #4 seem to indicate that the 

chronically sympathectomized heart has a decreased capacity to utilize fats 

as a metabolic fuel. This conclusion is based on the decreased optimal 

activity of CAT and decreased content of acetyl CoA, as well as the 

decreased tissue catecholamine levels. Since high rates of FFA utilization 

have inhibitory effects on the utilization of glucose, a decrease in fat 

utilization is compatible with the findings of Experiment #2 which 

indicated an increased glycolytic flux and glucose utilization. In light of the 

fact that it requires less oxygen to metabolize glucose than to metabolize fat, 

vida supra, the results of this investigation further indicate a decrease in 

the oxygen requirement for the chronically sympathectomized heart. These 

findings support previous studies which demonstrated a decreased oxygen 

demand in the chronically sympathectomized heart (32, 43). A decreased 

oxygen demand would undoubtedly prove to be beneficial during ischemic 

conditions where oxygen availability is diminished. 

The results of these experiments also suffest a possible increase in 

TRG synthesis in the chronically sympathectomized heart. This could act 

to maintain low levels of potentially damaging lipid intermediates. Since 

increases in acyl CoA and acyl carnitine have been associated with 

increases in ischemic injury, this increase in TRG synthesis may also 

serve in a protective role. 
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SUMMARY AND CONCLUSIONS 

1. Chronic ventricular sympathectomy resulted in an increase in 

glycogen content and a decrease in the optimal activity of phosphorylase a. 

Because of the decrease in phosphorylase a activity, the rapid acceleration 

of glycolysis seen during coronary occlusion should be prevented. However, 

since factors other than catecholamines can stimulate glycogenolysis, it is 

not expected that glycogenolysis is totally inhibited. Further investigation is 

needed to confirm whether the chronically sympathectomized heart is 

protected during coronary occlusion because of the increased glycogen 

content available or because the ability of the heart to utilize glycogen is 

impaired, or both. This could be investigated by examining the the effect of 

ischemia on the glycogen content of the chronically sympathectomized 

heart. 

2. Chronic ventricular sympathectomy resulted in an increase in the 

optimal activity of the main rate limiting enzyme in the glycolytic pathway. 

Thus, it appears that these hearts have the capacity for increased glycolytic 

flux. Since "optimal conditions" do not exist in vitro, further investigation is 

required to confirm an increased rate of glycolytic flux in the chronically 

sympathectomized myocardium. This can be done quite accurately and 

non-invasively using positron emission topography in which the scanner 

detects 18F-deoxyglucose which accumulates in proportion to glycolytic flux 

(74). 
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3. The changes seen in the TCA enzymes and metabolites in the 

sympathectomized heart are consistent with those reported during 

increased rates of glycolytic flux. These changes are also consistent with 

an increase in flux through the second part of the TCA cycle. Thus, it 

appears that an increased amount of pyruvate is entering the TCA cycle via 

transamination to a-ketoglutarate rather than via oxidative decarboxylation 

to acetyl CoA. Further investigation and improved techniques for 

measuring pyruvate dehydrogenase (PDH) activity is needed to determine if 

this is due to a decrease in activity of PDH or a decrease in the uptake of 

acetyl CoA by the TCA cycle. The latter could be measured using ^ C -

acetate and positron emission topography (74). 

4. Chronic ventricular sympathectomy resulted in a decrease in the 

optimal activity of carnitine acetyl transferase (CAT). The activity of this 

enzyme has been shown to be increased during high levels of fat utilization. 

Acetyl CoA, the immediate breakdown product of fat metabolism was also 

decreased. Thus, it would appear that the chronically sympathectomized 

heart is limited in its ability to utilize fats as a fuel. In addition, the change 

seen in the a-GP:DHAP ratio indicates an increase in TRG synthesis. 

Further investigation into the utilization of fats is needed to determine if 

metabolism of free fatty acids is limited by the decrease in CAT or if it is 

instead limited by the decrease in tissue catecholamines, and whether or 

not the myocyte is indeed accumulating intracellular lipid droplets due to 

increased TRG synthesis. 
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TABLE 2. 

METABOLITES: Reaction #1 Glucose 6-phosphate 

Reaction #2 Fructose 6-phosphate 

COCKTAIL: 10 ml 0.4 M Triethanolamine, pH 7.6 

0.4 ml 0.5 M Magnesium chloride 

0.4 ml 25 mM NADP+ 

CUVETTE: 1.0 ml Cocktail 

100 |iL metabolite extract 

REACTION TRIGGER: Reaction #1 
3.5 U Glucose 6-phosphate 
dehydrogenase 

Reaction #2 5 |iL phosphoglucoisomerase 

REACTION TIME: Reaction #1 6 - 8 minutes 

Reaction #2 6 - 8 minutes 

WAVELENGTH: 339 nm 

Assay procedure for determining the contents of glucose 6-phosphate and 

fructose 6-phosphate 
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TABLE 3. 

METABOLITES: Reaction #1 Dihydroxyacetone phosphate 

Reaction #2 Glyceraldehyde-3-phosphate 

Reaction #3 Fructose-1, 6-diphosphate 

COCKTAIL: 0.4 M Triethanolamine, pH 7.6 

CUVETTE: 750 fiL Cocktail 

400 |iL metabolite extract 

50 pi 7mMNADH (in TRA buffer) 
REACTION TRIGGER: Reaction #1 

Reaction #2 

Reaction #3 

3.4 U glycerol 3-phosphate 
dehydrogenase 
1000 U triose phosphate 
isomerase 
9 U aldolase 

REACTION TIME: Reaction #1 10 -12 minutes 

Reaction #2 10 -12 minutes 

Reaction # 3 12 -14 minutes 

WAVELENGTH: 339 run 

Assay procedure for determining the contents of dihydroxyacetone 

phosphate, glyceraldehyde 3-phosphate, and fructose -1, 6-diphosphate 
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TABLE 4. 

METABOLITES: Reaction #1 Pyruvate 

Reaction #2 Phosphoenolpyruvate 

Reaction #3 2-Phosphoglycerate 

Reaction #4 3-Phosphoglycerate 

COCKTAIL: 10 ml 0.3 M Triethanolamine, pH 7.6 

1.0 ml 1.0 M Potassium chloride 

1.0 ml 0.25 M Magnesium sulfate 

1.0 ml 8.2 mM ADP 

1.0 ml 5.25 mM 2, 3-diphosphoglycerate 

1.0 ml 3.0 mM NADH 

CUVETTE: 600 \iL Cocktail 

500 pL metabolite extract 

REACTION HUGGER- Reaction #1 27.5 U lactate dehydrogenase 

Reaction #2 2 U pyruvate kinase 

Reaction #3 0.4 U enolase 

Reaction #4 25 U phosphoglycerate mutase 

REACTION TIME: Reaction #1 5 - 6 minutes 

Reaction #2 6 - 8 minutes 

Reaction # 3 6 - 8 minutes 

Reaction #4 8 -10 minutes 

WAVELENGTH: 339 nm 

Assay procedure for determining the contents of pyruvate, 

phosphoenolpyruvate, 2-phosphoglycerate, and 3-phosphoglycerate. 
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TABLE 5. 

METABOLITE: Lactate 

COCKTAIL: 25 ml 1.0 M Glycine/hydrazine, pH 9.5 

1.0 ml 0.15MEDTA 
CUVETTE: 

1.0 ml cocktail 

100 fjl metabolite extract 

50 nl 70 mM NAD+ 

REACTION TRIGGER: 27.5 
Units 

Lactate dehydrogenase 

REACTION TIME: 2 - 20 minutes 

WAVELENGTH: 339 nm 

Assay for the determination of lactate. 
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TABLE 6. 

ENZYME: Hexokinase 

REACTION BUFFER- 40 mM Triethanolamine, pH 7.6 

8.0 mM magnesium chloride 

0.91 mM NADP+ 

0.64 mM ATP 

0.55 kU/L glucose-6-phosphate dehydrogenase 

CUVETTE: 1.0 ml reaction buffer 

100 \j1 enzyme extract 

REACTION TRIGGER: 10 Ul 2.4 M glucose 

TEMPERATURE: 370 c 

WAVELENGTH: 33911m 

Assay for the determination of the optimal activity of hexokinase. 
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ENZYME: Phosphofructokinase 

REACTION BUFFER: 70 mM Tris base, pH 8.5 

1.4 mM magnesium sulfate 

4.5 mM potassium chloride 

0.71 mM phosphoenol pyruvate 

0.64 mM fructose-1, 6-diphosphate 

1.1 mM ATP 

0.4 mM NADH 

9.6 kU/L lactate dehydrogenase 

4.2 kU/L pyruvate kinase 

CUVETTE: 1.0 ml reaction buffer 

100 Ml enzyme extract 

REACTION TRIGGER: 10 |il 0.2 M fructose-6-phosphate 

TEMPERATURE: 370C 

WAVELENGTH: 339 nm 

Assay for the determination of the optimal activity of phosphofructokinase. 
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TABLE 8. 

Glyceraldehyde 3-
ENZYME: phosphate 

dehydrogenase 

REACTION BUFFER: 82.5 mM Triethanolamine, pH 7.6 

1.7 mM magnesium sulfate 

0.9 mM EDTA 

1.1 mM ATP 

0.2 mM NADH 

14.8 kU/L phosphoglycerate kinase 

CUVETTE: 1.0 ml reaction buffer 

100 ul enzyme extract 

REACTION TRIGGER: 10 Ml 0.66 M glycerate 3-phosphate 

TEMPERATURE: 37° C 

WAVELENGTH: 339 nm 

Assay for the determination of the optimal activity of glyceraldegyde 3-

phosphate dehydrogenase. 
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TABLE 9. 

ENZYME: 
3-Phosphoglycerate 

kinase 

REACTION BUFFER: 78.3 mM Triethanolamine, pH 7.6 

1.6 mM magnesium sulfate 

0.9 mM EDTA 

1.1 mM ATP 

0.2 mM 

2.5 kU/L 

NADH 
glyceraldehyde 3 phosphate 
dehydrogenase 

CUVETTE: 1.0 ml reaction buffer 

100 Ml enzyme extract 

REACTION TRIGGER: 10 pi 0.715 M glycerate 3-phosphate 

TEMPERATURE: 37° C 

WAVELENGTH: 339 nm 

Assay for the determination of the optimal activity of 3-phosphoglycerate 

kinase. 
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TABLE 10. 

ENZYME: Pyruvate kinase 

REACTION BUFFER: 100 mM Tris base, pH 8.0 

0.5 mM EDTA 

100 mM potassium chloride 

10 mM magnesium chloride 

0.2 mM NADH 

1.5 mM ADP 

6kU/L lactate dehydrogenase 

CUVETTE: 1.0 ml reaction buffer 

100 Ml enzyme extract 

REACTION TRIGGER: 10 Ml 0.5 M phosphoenol pyruvate 

TEMPERATURE: 370 C 

WAVELENGTH: 339 nm 

Assay for the determination of the optimal activity of pyruvate kinase. 
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TABLE 11. 

ENZYME: Lactate dehydrogenase 

REACTION BUFFER: 80 mM Tris base, pH 7.2 

200 mM sodium chloride 

0.2 mM NADH 

CUVETTE: 1.0 ml reaction buffer 

100 Ml enzyme extract 

REACTION TRIGGER: 10^1 0.16 M pyruvate in Tris buffer 

TEMPERATURE: 37° C 

WAVELENGTH: 339 nm 

Assay for the determination of the optimal activity of lactate dehydrogenase. 
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TABLE 12. 

METABOLITES: Reaction #1 malate 

Reaction #2 acetyl CoA 

SOLUTIONS: 200 mM Tris base, pH 8.1 

2.0 mM 

0.1 M 

NAD+ 
Malic acid, neutralized with 
1.0 M KHCO3, heated at 
100°C for 10 minutes 

CUVETTE: 0.5 ml metabolite extract 

0.5 ml Tris buffer 

100 uL malate solution 

REACTION TRIGGER: Reaction #1 malate dehydrogenase 

Reaction #2 citrate synthase 

REACTION TIME: Reaction #1 10 -15 minutes 

Reaction #2 10 -15 minutes 

WAVELENGTH: 339 nm 

Assay procedure for determining the content of acetyl CoA. 
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TABLE 13. 

METABOLITE: Citrate 

COCKTAIL: 0.2 M glycylglycine, pH 7.6 

0.4 mM NADH 

0.24 mM zinc chloride 

4.75 kU/L malate dehydrogenase 

llkU/L lactate dehydrogenase 

CUVETTE: 0.8 ml cocktail 

300 pi metabolite extract 

REACTION TRIGGER: 10 Ml citrate lyase solution, 28.5 U/ml 

REACTION TIME: 5-10 minutes 

WAVELENGTH: 339 nm 

Assay for the determination of citrate. 



95 

TABLE 14. 

METABOLITE: Isocitrate 

COCKTAIL: 180 mM imidiazol, pH 7.4 

0.537 mM NADP+ 

0.177 mM EDTA 

3.3 mM manganese sulfate 

CUVETTE: 0.7 ml cocktail 

400 pi metabolite extract 

REACTION TRIGGER- 5M1 isocitrate dehydrogenase (62 U/L) 

REACTION TIME: 10 -15 minutes 

WAVELENGTH: 339 nm 

Assay for the determination of isocitrate. 
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TABLE 15. 

METABOLITE: a-Ketoglutarate 

SOLUTIONS: 1% NaHC03 

0.21 mM NADH, in 1% NaHC03, pH 7.5 

CUVETTE: 1.0 ml metabolite extract 

30 jil NADH solution 

REACTION TRIGGER: 10 Ml 
Glutamate dehydrogenase 
solution, 
(150 U of GIDH in 100 [il2M 
NH4HSO4 

REACTION TIME: 9-12 minutes 

WAVELENGTH: 339 nm 

Assay for the determination of a-ketoglutarate. 
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TABLE 16. 

METABOLITE: Succinate 

COCKTAIL: 150 mM glycylglycine, pH 8.4 

20.0 mM magnesium chloride 

0.47 mM NADH 

0.49 mM coenzyme A 

0.654 mM inosine triphosphate 

1.04 mM phosphoenol pyruvate 

15 kU/L pyruvate kinase 

13.7 kU/L lactate dehydrogenase 

CUVETTE: 0.7 ml cocktail 

300 Ml metabolite extract 

REACTION TRIGGER: 6ul 
succinyl CoA synthase 
(final concentration 350 U/L) 

REACTION TIME: 18 - 20 minutes 

WAVELENGTH: 339 nm 

Assay for the determination of succinate. 
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TABLE 17. 

METABOLITE: Oxaloacetate 

COCKTAIL: 100 mM Tris base, pH 7.8 

6.7 mM EDTA 

0.27 mM NADH 

CUVETTE: 375 |il cocktail 

750 pi metabolite extract 

REACTION TRIGGER: 10 pi 
malate dehydrogenase dilution 
(10 \i stock MDH + 496.4 pi 1:1 
glycerol/H20) 

REACTION TIME: 8 - 1 0 minutes 

WAVELENGTH: 339 nm 

Assay for the determination of oxaloacetate. 
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TABLE 18. 

ENZYME: Citrate synthase 

REACTION BUFFER: 80.6 mM Triethanolamine, pH 8.5 

3 mM malic acid 

0.22 mM acetylpyridine adenine 
dinucleotide 

12.9 kU/L malate dehydrogenase 

CUVETTE: 1.0 ml reaction buffer 

100 Ml enzyme extract 

REACTION TRIGGER: 10 ui 19.8 mM acetyl CoA 

TEMPERATURE: 370C 

WAVELENGTH: 365 nm 

Assay for the determination of the optimal activity of citrate synthase. 
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TABLE 19. 

ENZYME: 
NAD+ specific 
isocitrate 
dehydrogenase 

REACTION BUFFER: 33 mM Tris acetate, pH 7.2 

1.0 mM NAD+ 

1.33 mM manganese sulfate 

CUVETTE: 1.0 ml reaction buffer 

100 pi enzyme extract 

REACTION TRIGGER: 10 \j1 1.76 M isocitrate 

TEMPERATURE: 370 C 

WAVELENGTH: 339 nm 

Assay for the determination of the optimal activity of NAD+ specific 

isocitrate dehydrogenase (88). 



101 

TABLE 20. 

ENZYME: 
NADP+ specific 
isocitrate 
dehydrogenase 

REACTION BUFFER: 65 mM Triethanolamine, pH 7.3 

0.42 mM NADP+ 

1.67 mM manganese chloride 

CUVETTE: 1.0 ml reaction buffer 

100 Ml enzyme extract 

REACTION TRIGGER: 10^1 0.737 M isocitrate 

TEMPERATURE: 370 C 

WAVELENGTH: 339 nm 

Assay for the determination of the optimal activity of isocitrate 

dehydrogenase NADP+ specific. 
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TABLE 21. 

ENZYME: 
a-Ketoglutarate 
dehydrogenase 

REACTION BUFFER: 50 mM MOPs, pH 7.4 

1.0 mM NAD+ 

1.0 mM DTT 

0.25 mM coenzyme A 

100 MM/L ADP 

CUVETTE: 1.0 ml reaction buffer 

100 Ml enzyme extract 

REACTION TRIGGER: 10 Ml 2.75 M a-Ketoglutarate 

TEMPERATURE: 370C 

WAVELENGTH: 339 nm 

Assay for the determination of the optimal activity of a-Ketoglutarate 

dehydrogenase (52). 
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TABLE 22. 

ENZYME: Malate dehydrogenase 

REACTION BUFFER: 90 mM Diethanolamine, pH 9.2 

4.5 mM magnesium chloride 

2.9 mM NAD+ 

43 mM glutamic acid 

2kU/L aspartate amino transferase 

CUVETTE: 
mixture incubated 1 

hour at room 
temperature 

1.0 ml 

100 pi 

reaction buffer 

enzyme extract 

REACTION TRIGGER: 10 Ml 2.5 M L-malate, pH 9.2 

TEMPERATURE: 37° C 

WAVELENGTH: 339 nm 

Assay for the determination of the optimal activity of malate 

dehydrogenase. 
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TABLE 23. 

METABOLITE: a-Glycerol 
phosphate 

COCKTAIL: 25 ml 1.0 MGlycine/hydrazine, pH 9.5 

1.0 ml 0.15 M EDTA 
CUVETTE: 

1.0 ml cocktail 

100 nl metabolite extract 

50^1 70 mM NAD+ 

REACTION TRIGGER: 10 pL glycerol 3-phosphate 
dehydrogenase 

REACTION TIME: 25 - 30 minutes 

WAVELENGTH: 339 nm 

Assay for the determination of a-Glycerol phosphate. 
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TABLE 24. 

ENZYME: Carnitne 
acyltransferase 

REACTION BUFFER: 91 mM Tris, pH 8.0 

0.19 mM coenzyme A 

CUVETTE: 1.0 ml reaction buffer 

100 Ml enzyme extract 

REACTION TRIGGER: 10 jol 0.605 M acetyl carnitine 

TEMPERATURE: 370C 

WAVELENGTH: 233 nm 

Assay for the determination of the optimal activity of carnitine 

acyltransferase. 
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