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ABSTRACT

Hearts with hypertrophy associated with pressure overload have an increased

susceptibility to ischemic dysfunction and damage. There is evidence that hypertrophied

hearts have altered Na"*" and Ca"*"^ homeostasis, and a greater dependence on anaerobic

glycoiysis that may promote increased ischemic damage and dysfunction via

mechanisms involving disruption of cation gradients. The primary objectives of the studies

described in the following chapters were to evaluate the role of an increase in intraceliuiar

Na"^ in promoting ischemic dysfunction and damage in hypertrophied hearts, and to

relate the increase in intraceliuiar Na"*" to changes in high energy phosphates and pH.

The gradual occurrence of hypertension in the Borderline Hypertensive Rat (BHR)

fed a high salt diet suggested that this model might be useful in understanding early

myocardiai changes in hypertension. The objectives of the preliminary study described

in Chapter 2 were to characterize the development of myocardiai hypertrophy, and

associated changes in creatine kinase (01^ isozyme expression in the BHR heart. The

results indicated that BHR fed a high salt diet develop significant, but minimal,

hypertrophy that does not increase in severity with age. In addition, the BHR did not

develop changes in OK expression that are characteristic of models of more severe

pressure overload hypertrophy such as the Spontaneously Hypertensive Rat (SHR).

The objective of the studies described in Chapter 3 was to develop an ischemic

protocol to relate diastolic dysfunction with increased intraceliuiar Na"^. Interleaved ̂ ^Na

and NMR spectra were acquired in perfused hearts to assess changes in diastolic

function, intraceliuiar Na"*", pH and high energy phosphates in BHR hearts during demand

ischemia. The results indicated that induction of diastolic dysfunction during demand

ischemia required a perfusate free [Ca"*"^] above 1mM, but a higher [Ca"*"^] was not



compatible with the shift reagent TmDOTP"®. In addition, the increase in intracellular

Na"*" was not greater in the hypertrophied BHR compared with control BHR. Thus, more

severe ischemia, and SHR with greater hypertrophy were used in later experiments.

The objectives of the studies described in Chapter 4 were to determine if the

increase in intracellular Na"*" was greater in hypertrophied SHR hearts compared with

Wistar-Kyoto (WKY) controls during low flow ischemia, and to determine whether the

accumulation of Na"*" in these hearts was associated with ischemic dysfunction and

damage. In addition, the increase in Na"*" was related to decreases in high energy

phosphates and pH. Interleaved and ̂ ^Na (with the NMR shift reagent TmDOTP'®)

spectra were acquired ,in perfused hearts from 8-10 month old SHR during low flow

ischemia and reperfusion. Left ventricular pressures were monitored continuously.

The ischemic protocol distinguished two groups of hypertrophied SHR. The SHR

group that exhibited contractile failure during ischemia will be referred to as the SHF, and

the second group of SHR that sustained contractile function during ischemia will be

referred to as the SHS. The SHS represented the majority of the SHR studied, and did

not exhibit either a greater increase in intracellular Na"*" during ischemia, or greater

ischemic dysfunction and damage compared with the WKY. In contrast, the SHF did

exhibit a greater increase in intracellular Na"*" during ischemia compared with the WKY.

Furthermore, the greater accumulation of Na"*" in the SHF hearts was associated with

greater systolic and diastolic dysfunction during ischemia, and poorer recovery following

reperfusion. Therefore, impaired Na"*" handling may indeed contribute to the greater

sensitivity of hypertrophied hearts to ischemic dysfunction and damage. However, since

not all hypertrophied hearts were affected, the impaired Na"*" handling was not associated

with hypertrophy per se. We propose that impaired Na^ handling may be indicative of
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a subtle transition towards a less compensated stage of hypertrophy that may precede

the development of congestive heart failure, and be manifest as an increased sensitivity

to ischemia.
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CHAPTER I

INTRODUCTION

A. LITERATURE REVIEW

Pressure Overload Hypertrophy

Myocardial hypertrophy occurs as a compensatory response to chronically

increased demand, such as pressure overioad, and serves to normaiize waii stress and

maintain normal cardiac output (1-2). Hypertrophy is a complex process that involves

reorganization of celiular and moiecular processes as weli as geometric restructuring of

the heart (3). increased myocardial mass in response to chronically increased pressure

load is accomplished in adults by increasing the size of individual myocytes rather than

by hyperplasia (4). Myocyte growth is characterized by increases in the number of

myofibrils and organelles (5,6), increased protein synthesis (7-8) and altered gene

expression (3,9). The hypertrophic process may also be accompanied by increased

synthesis of connective tissue surrounding the myocytes (10-11) which may increase

myocardial stiffness (12-13). Some capillary growth also occurs with myocardial

hypertrophy, but the capillary proliferation is often inadequate to maintain normal capillary

density (14-15). Similarly, the increase in mitochondria may be inadequate to maintain a

normal myofibrillar to mitochondrial volume ratio (6). The balance of the molecular,

cellular and structural changes that occur during the hypertrophic process determines the

degree of functionai compensation that is achieved by the heart (3,9).

Although myocardial hypertrophy in response to chronic pressure overload initially

results in maintenance of normal cardiac output, severe pressure overload sustained over
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a long period usually produces functional decompensation and congestive heart failure

(3). The factors that promote the transition from the compensated state to congestive

heart failure are Incompletely understood (3,9). The rate at which the progression to

failure occurs Is dependent, In part, on the severity of the stress and the rate at which It

develops or is applied (3). Thus, different methods of producing pressure overload will

Induce hypertrophy of varying severity and hypertrophied hearts will subsequently begin

to fall at different rates (3).

Increased Susceptlbllltv of Hvpertrophied Hearts to Ischemia

Changes In the heart associated with even the compensated stage of hypertrophy

may predispose hypertrophied hearts to Ischemic dysfunction and injury. Myocardlal

Ischemia is characterized by depletion of high energy phosphates (16-18), a decline In

pH (18), alterations In transsarcolemmal Ion gradients (18), and the accumulation of

metabolites such as lactate (16-19). Hypoxia also promotes a substantial decrease In

high energy phosphates and changes In Ion gradients (18). The fundamental difference,

however, between hypoxia and Ischemia Is that continuous washout of the extracellular

space occurs only during hypoxia (17-18). The consequences of this washout are that

metabolites do not accumulate In the myocardium, the pH decreases less, and anaerobic

glycolysis may continue at a faster rate than during ischemia (18,20).

The mechanisms of Ischemic dysfunction and damage In normal hearts are

Incompletely understood, and the causes of the Increased sensitivity of hypertrophied

hearts to Ischemia are unknown. There Is evidence of abnormal vascularlzatlon (21-25),

altered metabolism (26-32), and changes In cation homeostasis (33) In hypertrophied

hearts that may contribute to the Increased sensitivity of these hearts to Ischemic



dysfunction and damage.

The obsen/ation that hypertrophied hearts were more susceptible to

ischemic damage was made initiaiiy in human patients undergoing cardiac by-pass

surgery. The incidence of subendocardial necrosis (34) and myocardial contracture

("stone heart") (35-36) was much higher in hypertrophied hearts than in nonhypertrophied

hearts. These observations have been confirmed by experimental studies in several

animal models of pressure overload hypertrophy. Hypertrophied hearts have a decreased

time to contracture (26,37-40), greater impairment of diastoiic function during ischemia

and hypoxia (27,33,41-43), and depressed recovery of both systolic and diastoiic function

following reperfusion or reoxygenation (26,27,44-48) compared with nonhypertrophied

hearts.

Myocardial contracture during ischemia or hypoxia is characterized by cessation

of systolic function and a progressive rise in diastoiic tension (36,49,50). The

development of contracture may be induced by a decline in the concentration of

adenosine triphosphate (ATP) to very low levels, and may be potentiated by calcium

overload (49-50). Inadequate ATP concentrations may result in the formation of 'rigor

bonds' between myofilaments (36,49) and incomplete uptake of Ca^"" by the sarcoplasmic

reticulum (51), and thereby produce a sustained increase in resting tension (49).

Some studies have shown that the development of contracture occurs when the

ATP concentration fails to a critically low level (49). Other investigators, however, have

found that the onset of contracture does not correlate with tissue averaged ATP content

(50,52). it has been proposed that only the ATP in a compartment around the

myofilaments (50), or ATP derived from glycoiytic sources may be critical for preventing

contracture (52-53). it is unlikely that changes in ATP in these compartments would be



detectable in tissue averaged measurements.

Earlier development of contracture has been observed in several models of

pressure overload hypertrophy. Attarian and others (37) found that contracture occurred

earlier in canine hearts in which hypertrophy was induced by subcoronary valvular

stenosis. However, these hearts also had lower endocardlal blood flow and ATP

concentrations prior to ischemia (37). Similarly, an earlier onset of contracture was

observed in hypertrophied hearts from spontaneously hypertensive rats (SHR) (38) and

rats with aortic constriction (39) during zero flow ischemia. The control ATP concentration

was lower in the aortic constricted hearts compared with nonhypertrophied controls

suggesting that the sensitivity to ischemia may have been related to the depressed

preischemic ATP concentrations (39). This concept is supported by a subsequent study,

by the same investigators, in which preischemic cardiac arrest with KCI and perfusion

with buffer containing glucose increased the basal ATP concentration and delayed the

onset of contracture in hypertrophied hearts (40). The delayed onset of contracture was,

however, not sufficient to completely eliminate the differences between groups, and the

hypertrophied hearts continued to develop contracture earlier than controls.

Similarly, Anderson and others (26) used cardiac arrest to reduce energy

demands and thereby increase preischemic high energy phosphate concentrations in

aortic banded rats. Despite normalization of ATP concentrations, contracture still

developed earlier in hypertrophied hearts than in nonhypertrophied hearts. Furthermore,

the ATP concentrations did not differ between hypertrophied and control hearts at the

onset of contracture (26). These observations indicate that factors other than lower

preischemic ATP may contribute to the earlier development of contracture in

hypertrophied hearts.



Hypertrophied hearts have also been shown to be more susceptible to diastolic

dysfunction during relatively mild periods of hypoxia and ischemia that allowed the hearts

to continue to beat for the entire protocol (27,33,41-43). Diastolic dysfunction may result

from either decreased passive compliance, or incomplete relaxation of myofibrils (41).

Impaired or incomplete relaxation may be caused by decreased uptake of calcium by the

sarcoplasmic reticulum (51), and/or increased influx of calcium via mechanisms such as

Na'^-Ca^"' exchange (54).

Lorell and others (41) observed a significantly greater increase in left ventricular

end diastolic pressure (LVEDP) in hypertrophied hearts from uninephrectomized

deoxycorticosterone salt (DOCA-salt) hypertensive rats compared with controls during a

brief 3 minute period of hypoxia. The rate and extent of isovolumic relaxation were also

impaired in the hypertrophied hearts. The cause of the impaired diastolic function was not

investigated in this study. However, the observation that the rate of relaxation was

impaired as well as the extent of pressure decline suggests that the diastolic dysfunction

was related to a decreased rate of removal of calcium and not due exclusively to

abnormal compliance. Control and hypertrophied hearts were perfused at similar

coronary flows which eliminated the possibility that inadequate perfusion was the cause

of the greater diastolic dysfunction in the hypertrophied hearts. Vogel and others (42) also

reported increased diastolic dysfunction during hypoxia in the hypertrophied DOCA-salt

rat heart. In addition, they found that differences in diastolic dysfunction between

hypertrophied hearts and controls were eliminated by treatment with the combined alpha-

and beta-adrenergic antagonist, labetol, which promoted regression of hypertrophy.

The relationship between diastolic dysfunction and high energy phosphates was

investigated in another study using the DOCA-salt model of hypertrophy (33). Although



the phosphocreatine (PCr) concentrations were lower In the hypertrophled hearts during

control perfuslon, the greater Increase In LVEDP In the hypertrophled hearts was not

related to the rate of decline in ATP and PCr during 15 minutes of hypoxia (33). These

Investigators concluded that the sensitivity of hypertrophled hearts to hypoxic dysfunction

was not related to a differential change In the energy status of these hearts during

Ischemia. As an alternative, they proposed that the exaggerated diastollc dysfunction In

these hearts was due to some primary defect In calcium homeostasis (33).

A greater Increase In diastollc tension was also observed during demand Ischemia

In blood perfused hypertensive rabbit hearts during the early stages of hypertrophy (43).

Demand Ischemia was Initiated by simultaneously Increasing the heart rate and

decreasing the coronary flow. Hypertrophled hearts were perfused at coronary flows

which were not different from controls. Since the rabbit hearts had only minimal

hypertrophy, It Is unlikely that decreased compliance due to fibrosls contributed to the

diastollc dysfunction in this study. In addition, the effects of increased vascular turgor

which may contribute to the observed diastollc dysfunction during hypoxia are not

present during demand Ischemia (43). These Investigators again proposed that the

Increased diastollc dysfunction of hypertrophled hearts might be due to Impaired Ca^""

handling by these hearts (43).

There are a number of mechanisms which have been proposed to account for

Irreversible myocardlal damage following Ischemia or hypoxia In normal hearts. The loss

of adenlne nucleotldes and an Inability to resynthesize ATP during reperfuslon Is

considered Important by many Investigators (55-57). Additionally, many other factors have

been Investigated Including Inhomogenelty of reperfuslon (no-reflow) (58-59), the

accumulation of metabolites such as lactate (16,19,60), and cellular Ca^^ overload



secondary to disruption of transsarcolemmal gradients for Na"^ and Ca^* (18).

Poorer recovery of both systolic and diastolic function has been observed in

hypertrophied hearts following reperfusion or reoxygenation. Hearse and others (44)

found that isolated working rat hearts with hypertrophy produced by aortic banding

recovered cardiac output more slowly than control hearts following 70 minutes of

hypothermic zero flow ischemia. In addition, functional recovery was significantly less

complete following reperfusion in hearts from aortic banded rats subjected to zero flow

ischemia (26). These hearts had decreased recovery of developed pressure and

increased diastolic stiffness compared with controls. Menasche and others (45) also

observed that hearts from aortic constricted rats exhibited a greater sustained increase

in diastolic pressure compared with controls following 30 minutes of normothermic zero

flow ischemia.

Snoeckx and others (46) observed that isolated working hearts from 16 month old

SHR exhibited poor recovery of cardiac output and a greater loss of enzymes following

30 minutes of zero flow ischemia compared with WKY. Similar results were reported for

18 month old SHR (47). Although PCr and ATP were lower in the SHR hearts at control,

there were no differences in high energy phosphates between SHR and WKY after

reperfusion that would account for differences in functional recovery (46). Recovery of

developed pressure was also less complete in rat hearts hypertrophied by suprarenal

aortic constriction compared with controls (48). The hypertrophied hearts in the latter

study had greater loss of purine nucleotides during reperfusion and subsequently poorer

recovery of inorganic phosphate, ATP, and the phosphorylation potential.

Hypertrophied hearts have vascular abnormalities which may contribute to the

increased susceptibility of these hearts to ischemic damage and dysfunction. Hypertrophy



is associated with decreased capillary density (14,21), and increased coronary resistance

or decreased coronary reserve (22-25,61) compared with nonhypertrophied hearts. The

decreased ATP concentrations obsen/ed in hypertrophied hearts exhibiting an earlier

development of contracture may, therefore, reflect the effect of decreased coronary flows

due to increased coronary resistance in these hearts, in fact, two of the studies which

found lower ATP concentrations in hypertrophied hearts also reported lower coronary

flows in these hearts (26,37). However, decreased high energy phosphate concentrations

have been obsen/ed in hypertrophied hearts perfused at coronary flows equivalent to

those in control hearts (33). This observation indicates that reduced high energy

phosphate concentrations in hypertrophied hearts may not be accounted for solely by

deficiencies in coronary flow.

Vascular abnormalities may also contribute to ischemic damage following

reperfusion in hypertrophied hearts. Hypertrophied hearts have been shown to have

larger areas of myocardium which are not reperfused following ischemic contracture (no-

refiow) compared with controls (38,47,62). It has been hypothesized that abnormalities

in the smaller vessels in hypertrophied hearts may predispose these vessels to injury

during ischemia and reflow, and result in poor reperfusion of the subendocardium (47).

However, poorer functional recovery has also been observed in hypertrophied hearts

compared with controls following hypoxia (27) which is not characterized by

inhomogeneities in reperfusion (26). Therefore, although incomplete reperfusion probably

contributes to ischemic damage in hypertrophied hearts under some circumstances,

vascular abnormalities are not the sole cause of the increased sensitivity of these hearts

to ischemic dysfunction and damage.
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Evidence of Altered Metabolism in Hvpertrophied Hearts

Lower concentrations of high energy phosphates in hypertrophied hearts in the

absence of differences in flow indirectly suggest that there may be fundamental

differences in energy production or utilization in these hearts (33). It has been proposed

that decreased capillary density and coronary reserve in hypertrophied hearts may

predispose these hearts to intermittent ischemia (63). Although the vascuiature may be

adequate to support normal perfusion under basal conditions, stress due to rapid pacing

has been shown to produce ischemia, particularly in the subendocardium, in

hypertrophied hearts (64-65).

it has been hypothesized that intermittent ischemia may be responsible for

promoting changes in the genetic expression of various enzymes such as creatine kinase

(CK) and iactate dehydrogenase which may alter metabolism in hypertrophied hearts

(32,63). There is evidence of either an increased (26,30,32) or decreased (27) capacity

of hypertrophied hearts to recruit anaerobic giycolysis compared with control hearts. The

ability of hypertrophied hearts to recruit anaerobic pathways may be important in

determining the response of these hearts to ischemia and hypoxia (26-27).

Altered expression of creatine kinase (CK) has been observed in hearts

hypertrophied by pressure overload. Creatine kinase catalyzes the reversible transfer of

high energy phosphate from ATP to creatine (66-67). The enzyme is important for normal

synthesis, transport, and utilization of high energy phosphates (66-67). Creatine kinase

exists as four different isozymes that consist of two poiypeptide chains (M and B) that are

synthesized by different genes (67). The mitochondriai isozyme is located on the inner

mitochondriai membrane (66). The MM isozyme is associated primarily with the myofibriis

and sarcolemmai ion transport sites (68,69), and the BB and MB isozymes are believed



to be distributed in the cytosol (67). The mitochondria! and MM isozymes of CK normally

predominate in adult myocardium, whereas the BB and MB are normally more prominent

in neonatal myocardium (70).

Ingwall and others (63) measured total CK activity and isozyme distributions in

biopsies from human patients with left ventricular hypertrophy secondary to aortic

stenosis. The total creatine kinase activity was 32 to 39% lower in hypertrophied

myocardium, and the MB isozyme activity was 12 to 20 times higher than in normal

hearts.

Changes in the total activities and isozyme distributions for creatine kinase have

also been observed in several experimental models of pressure overload hypertrophy.

Hypertrophied hearts from rats with two kidney, one clip hypertension exhibited a

significant increase in the sum of MB and BB isozyme activity and a corresponding

decrease in the MM and mitochondria! isozyme activities (71). Significant increases in the

relative proportion of CK-MB was also obsen/ed In canine hearts hypertrophied by aortic

or pulmonic stenosis (67). Changes in isozymes in the latter study were specific for the

hypertrophied ventricle and did not occur in the unaffected contralateral chamber (67).

Significant increases in MB and BB isozyme activities have also been observed in non-

failing hypertrophied hearts from six and 12 month old SHR (67), and from aortic banded

rats (72). The myocardium from aortic banded rats, like hypertrophied human

myocardium (63), exhibited lower total CK activity (72).

In hypertensive canine myocardium the increase in MB and BB isozyme activity

was greatest in the subendocardium (71). Given that the subendocardium is also

susceptible to intermittent ischemia (64-65), greater isozyme changes in the

subendocardium indirectly support the hypothesis that intermittent ischemia may promote
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changes in CK expression. Additional circumstantial evidence that isozyme changes are

linked to periodic ischemia was provided by the observation that human patients with

coronary artery disease also exhibited increased expression of MB and BE isozymes of

creatine kinase (63).

Significant changes in the activities of lactate dehydrogenase (LDH), and the

expression of different isoforms of the enzyme have also been observed in hypertrophied

hearts. Lactate dehydrogenase is an enzyme found in cardiac and skeletal muscle that

catalyzes the interconversion of lactate and pyruvate (73). The enzyme contains two

subunits, the heart type (H), and the muscle type (M) which combine as tetramers to

produce 5 distinct isozymes with different ratios of H and M subunits (74). Isozymes of

LDH in the normal heart and in muscle that is dependent primarily on aerobic metabolism

contain a predominance of H subunits (74). Conversely, the LDH in glycoiytic skeletal

muscle is rich in M subunits (74). The M subunit is also prominent in embryonic

myocardium, but decreases with age as the H subunit increases (75).

An increase in the relative proportion of M subunits of LDH was found in

hypertrophied human myocardium at autopsy (76). Fox and Reed obsen/ed a significant

increase in M subunits and decrease in H subunits of LDH in hypertrophied right

ventricles from dogs with experimental pulmonic stenosis (73). This obsen/ation was

repeated using a similar canine model of pulmonic stenosis in a different lab (32). There

were no significant changes in total LDH activity reported in any of these studies.

Smith and others observed a significant increase in the total LDH activity in

hypertrophied left ventricles from dogs with two kidney, one clip hypertension, and the

increase was greatest in the subendocardium. (71). In contrast, an increase in the

proportion LDH-M in aortic banded rats was associated with a decrease in total LDH
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activity (72). These hearts, however, also showed evidence of left ventricular failure, which

was not true of the hypertensive dog hearts with increased LDH activity (71). Therefore,

hypertrophied hearts have consistently exhibited increased expression of LDH-M, the fetal

isozyme of LDH, while changes in total LDH activity have been variable.

The functional significance of the increased expression of the fetal isozymes of CK

and LDH has not been established. The velocity of the creatine kinase reaction in vivo

is dependent on the total CK activity and on the concentrations of creatine and MgADP,

but is independent of the CK isozyme composition under basal conditions (77).

Therefore, changes solely in the isozyme composition apparently do not affect the rate

of the creatine kinase reaction under basal conditions. The MB and BB isozymes,

however, have a higher affinity for creatine phosphate than the MM isozyme (78), and it

has been proposed that the increase in the MB and BB isozymes may allow more

efficient transfer of high energy phosphate from creatine phosphate to ADP in

hypertrophied hearts (63). This increased efficiency may have functional significance in

hypertrophied hearts in which abnormally low creatine concentrations have also been

observed (63).

Increased expression of LDH-M was promoted by hypoxia in cardiocytes in

culture (79) and has also been observed in ischemic human myocardium (76). In

addition, the M subunit of LDH is less sensitive to inhibition by pyruvate, and therefore

favors the conversion of pyruvate to lactate (74). These observations, and the

predominance of M-LDH in embryonic tissues and in muscle dependent on anaerobic

glycoiysis, are the basis for the proposal that increased expression of M-LDH may

increase the efficiency of anaerobic glycoiysis in myocardium (32,72). The BB and MB

isozymes of CK are also characteristic of neonatal myocardium, and myocardium
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exposed to chronic hypoxia (63,70). Consequently, it has been argued that increased

expression of these isozymes of CK, like increased expression of LDH-M, may be

indicative of an increased dependence on, or capacity to use, anaerobic giycoiysis (26).

The hypothesis that hypertrophied hearts may have a greater dependence on

giycoiytic metabolism is supported by one study in which dual tracer autoradiography

was used to measure regional fatty acid and glucose uptake in hypertensive DAHL rats

(30). The hypertensive hearts had decreased uptake of fatty acids, and increased uptake

of glucose compared with controls under basal conditions. The increase in glucose

uptake was greatest in left ventricular free wall and subendocardium (30). These data

indicate that hypertrophied myocardium, particularly the subendocardium, may

preferentially recruit giycoiytic pathways even when global oxygen supplies are not

limited. This hypothesis is supported by the observations that the basal ratio of iactate

to pyruvate was higher in myocardium taken from hypertrophied SHR hearts compared

with WKY (80), and that homogenates from hypertrophied hypertensive dog hearts

produced more iactate than controls (32).

More direct studies of the capacity of hypertrophied hearts to utilize giycoiysis, and

the possible connection between anaerobic giycoiysis and the response of these hearts

to ischemia and hypoxia have been done using isolated hearts (26,27). Anderson and

others (26) observed increased rates of Iactate production during hypoxia and ischemia

in rat hearts hypertrophied by aortic constriction compared with controls (26). They

concluded that hypertrophied hearts do indeed have a greater potential to utilize

anaerobic giycoiysis. During zero flow ischemia increased iactate production in aortic

banded hearts resulted in greater iactate accumulation, earlier development of

contracture, and poorer functional recovery following reperfusion. in contrast, greater
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lactate production in hypertrophied hearts during 15 minutes of hypoxic perfusion without

substrate resulted in better functional recovery in these hearts compared with controls

(26).

The differential effects of hypoxia and ischemia on functional recovery were

explained in terms of the potential damaging effects of lactate and other by-products of

anaerobic glycolysis that accumulated during ischemia, but were washed out during

hypoxia (26). Increased anaerobic glycolysis would serve to preserve high energy

phosphate concentrations during both ischemia and hypoxia. However, the damaging

effects of accumulated lactate and H* ions have been shown to outweigh the beneficial

effects of increased energy production during ischemia (16,17). Thus, these results

indicate that hypertrophied hearts may have an enhanced capacity to use anaerobic

glycolysis that may increase the susceptibility of these hearts to damage and dysfunction

during ischemia.

In contrast, on the basis of isolated heart studies using the DOCA-sait rat,

Cunningham and others (27) concluded that hypertrophied hearts may actually have a

decreased capacity to recruit anaerobic glycolysis. Lactate production was lower in

hypertrophied hearts from DOCA-sait rats during 15 minutes of hypoxic perfusion with

buffer containing 5.5mM glucose and ImM lactate. Lower lactate production in the

hypertrophied hearts was associated with a greater increase in LVEDP, and a greater

decrease in systolic pressure during hypoxia. Furthermore, recovery of both diastolic and

systolic function following reoxygenation was less complete in the hypertrophied hearts

with attenuated lactate production (27).

Increasing the glucose concentration to 27.5 mM and providing insulin improved

function during hypoxia, and recovery following reoxygenation in both DOCA-sait and
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nonhypertrophied hearts (27). Furthermore, the functional Improvement \with higher

glucose was greater In the hypertrophled hearts so that differences In hypoxic dysfunction

and damage between these hearts and controls were eliminated. Decreased dysfunction

during Ischemia and Improved functional recovery In hypertrophled hearts were correlated

directly with the normalization of lactate production relative to controls (27). These results

support the hypothesis that differences In anaerobic metabolism may contribute to the

Increased sensitivity of hypertrophled hearts to hypoxia, but suggest that the DOCA-salt

hearts may be at greater risk due to a decreased, rather than Increased, capacity to

utilize anaerobic glycolysls.

Improved resistance to hypoxia with higher glucose concentrations was also

reported by Brooks and others (31). These Investigators observed that differences In

functional Impairment between SHR papillary muscles and controls during hypoxia were

eliminated by Increasing the superfusate glucose concentration from 5.5 mM to 22 mM.

Lactate production, however, was not measured In this study (31).

The reasons for the differences In lactate production In hearts hypertrophled by

aortic banding and DOCA-salt hypertension are unclear. There were, however, a number

of Important differences In the hypoxic conditions In these two studies. Specifically,

Anderson and others perfused hearts with hypoxic buffer without energy substrates (26),

whereas Cunningham and others perfused the DOCA-salt hearts with buffer containing

relatively low concentrations of glucose In combination with lactate (27). Subsequently,

both the control and banded hearts stopped beating after 3 to 4 minutes of hypoxia (26),

whereas the DOCA-salt hearts and their controls continued to beat throughout the 15

minutes of hypoxia (27). Thus, there were differences In both energy supply and demand

In these experiments which may have contributed to the observed differences In lactate

15



production in the two models of pressure overload hypertrophy.

Another possible explanation for the observed differences In anaerobic

metabolism between DOCA-salt and aortic banded rats Is that these hearts were at

different stages of the hypertrophic process. That Is, the DOCA-salt hearts may have been

less compensated (closer to failure) than the aortic banded hearts. This concept Is

supported by a recent study In aortic banded canine hearts that evaluated the response

of hypertrophled hearts with and without evidence of failure to 60 minutes of zero flow

Ischemia (81). Hypertrophled hearts with failure exhibited less lactate production during

early reperfuslon compared with both control hearts and hypertrophled hearts without

failure. The decreased lactate production was associated with greater Impairment of

diastollc function following reperfuslon In the falling hearts. These results suggest that the

transition to failure In hypertrophled hearts may be associated with a decreased capacity

to recruit anaerobic glycolysis (81).

Therefore, there Is significant Indirect evidence that suggests that hypertrophled

hearts may have a greater dependence on, or capacity to recruit, anaerobic glycolysis

compared with nonhypertrophled hearts. However, studies designed to test this

hypothesis directly, and to relate metabolic changes with the Increased sensitivity of

hypertrophled hearts to Ischemia have, to date, yielded disparate results. Additional

research will be required to determine the reasons for this disparity, and to evaluate the

significance of altered enzyme expression and changes In metabolism associated with

the compensated and falling hypertrophled heart. This Information may be Important to

a complete understanding of the susceptibility of these hearts to Ischemic dysfunction

and damage.
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Evidence of Abnormal Na"^ and Ca^* Regulation in Hvpertrophied Hearts

Another possible mechanism for the exaggerated sensitivity of hypertrophied

hearts to ischemia involves impaired handling of Na*. The transsarcolemmal gradient for

Na* is controlled, in part, by the Na'^-K^ ATPase pump that transports three Na"^ ions out

of the cell in exchange for two K* ions (82). The Na"^ -K* ATPase is also important for

maintenance of the transmembrane gradient for K* and the electrical potential across the

sarcolemma (82). The Na*-lC ATPase activity is decreased in at least some types of

pressure overload hypertrophy (83-87). Additionally, the isoform expression and functional

characteristics of the Na"^-K* ATPase may be altered in hearts with pressure overload

hypertrophy (88-89).

Several studies have shown a decrease in the Na*-K^ ATPase activity in

hypertrophied hearts. Lee and others (83) found a 35-41% reduction in the Na*-K^ ATPase

activity in myocardial membranes from 16-19 week old SHR compared with WKY controls

using both sodium dependent phosphorylation, and ̂ H-ouabain binding assays. The

number of phosphorylation sites and ̂ H-ouabain binding sites were decreased in the

SHR hearts, but there were no significant differences between the SHR and WKY hearts

in the for ouabain binding, or the I5Q for inhibition of the enzyme by ouabain. Thus, the

decrease in activity of the Na^-lC ATPase in the SHR hearts was attributed to a decrease

in the number of active pumps (83).

Sharma and others (84) reported a 36% decrease in the ouabain sensitive Na*-K^

ATPase activity in myocardial homogenates, and a 43% decrease in the activity in

sarcolemmal microsomes from 16 week old SHR compared with WKY. Similar decreases

in ouabain sensitive Na'^-lC ATPase activity were observed by other investigators in 16

week old (85) and 22 week old SHR (86). A reduction in Na^-K^ ATPase activity of a
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similar magnitude as that found in SHR was observed in rats with one-kidney, one-clip

hypertension (87). The obsen/ation of decreased Na^-K^ ATPase activity in the renal

model of pressure overload hypertrophy Indicated that the defect was not a genetic

characteristic of the SHR. However, no reduction In the Na'^-K* ATPase activity was found

In a third model of pressure overload In which hypertrophy was produced rapidly by

severe constriction of the abdominal aorta (86).

Structural changes In the Na''-lO ATPase which alter the binding of the enzyme

to ouabain were observed In hearts In which hypertrophy Is produced by aortic

constriction (88,89). Myocardlal membranes have two Na'*'-K* ATPase binding sites for

ouabain with different affinities for the drug (90,91). The affinity of the binding site for the

drug Is believed to be conferred by the presence of different Isoforms of the Na''-lC

ATPase (90,91). Chevalier et al. (88) found that the ratio of low affinity ouabain binding

sites to high affinity sites was reduced In hypertrophled hearts from aortic banded rats.

This change In the proportion of low affinity sites was explained as a probable shift In the

predominant Isoform of the Na^'-lC ATPase (88).

Additional evidence that pressure overload hypertrophy may alter the expression

of different forms of myocardlal Na'^-K^ ATPase Is provided by a study by Charlemagne

and others (89). Hearts in which hypertrophy was Induced by constriction of the

abdominal aorta had increased expression of a neonatal form of Na'^-K* ATPase. This

neonatal Na'^-K^ ATPase exhibited decreased rates of ouabain binding and dissociation

compared with the enzyme expressed In control hearts (89).

Therefore, alterations In both the number of active Na''-K* pumps and the structure

of the enzyme have been observed In different models of pressure overload hypertrophy.

Although the functional significance of these changes has not been established. It has
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been proposed that decreased activity of the Na'^-K* ATPase may serve to improve

contractility in hypertrophied hearts by augmenting the uptake of Ca^"^ via Na"'-Ca^''

exchange (85,86).

Abnormalities in Ca^* transport may also occur in hypertrophied hearts (84,86,92-

98). Calcium transients in the heart are complex, and there are several mechanisms

which may be important in the influx and removal of calcium from the cytoplasm. In

general, the rise in cytoplasmic calcium which precedes contraction is due to release of

Ca^^ from the sarcoplasmic reticulum, influx of Ca^"^ through the sarcolemmal Ca^"^

channels, and influx via Na*-Ca^* exchange (99,100). The removal of Ca^* from the

cytoplasm that is required for relaxation is accomplished by reuptake of Ca^"" by the

sarcoplasmic reticulum, and transport across the sarcolemma via Na'^-Ca^'^ exchange

(99,100). The sarcolemmal Ca^" ATPase also contributes to a lesser extent to the removal

of Ca^" from the cytoplasm (100). The relative contribution of these mechanisms to the

uptake and removal of Ca^'^ is apparently altered in hypertrophied hearts. Specifically,

uptake and removal of Ca^"" by the sarcoplasmic reticulum in hypertrophied hearts may

be depressed while mechanisms of influx and removal of Ca^* across the sarcolemma

may be enhanced (84,86,92-98).

Using aequorin to measure the Ca^* transient, Gwathmey and Morgan (92)

demonstrated that the duration of the calcium transient was increased in hypertrophied

right ventricular papillary muscles. Right ventricular hypertrophy was induced in this study

by banding the pulmonary artery. Prolongation of the Ca^"" transient was associated with

a subsequent prolongation of the isometric contraction in these muscles. These

observations were thought to be indicative of depressed uptake of Ca^"*" by the

sarcoplasmic reticulum in the hypertrophied myocardium (92).
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Schouten and others (93) also found evidence of depressed uptake of Ca^* by the

sarcoplasmic retlculum in hypertrophied rat trabecuiae and papillary muscles. They

observed prolongation of the action potential and a greater degree of postextrasystolic

potentlatlon in muscles from hearts in which hypertrophy was induced by constriction of

either the aorta or the pulmonary artery. These observations were considered to be

electrical and mechanical correlates of an increase in the contribution of extracellular Ca^*

to the calcium transient (93). In addition, they observed delayed relaxation of Isometric

force, and a faster decay of postextrasystolic potentiation that may have reflected a

reduction in the sequestration of Ca^* by the sarcoplasmic reticulum. Therefore, the study

provided evidence for both decreased uptake and release of Ca^"" by the sarcoplasmic

reticulum in hypertrophied hearts (93).

Kimura and others (94) found that Ca^"^ accumulation by sarcoplasmic reticuium

in chemically skinned fibers from hypertrophied hearts was significantly slower compared

with controls. Hypertrophy in these hearts was induced by aortic constriction. The uptake

of by the sarcoplasmic reticulum was estimated in this study as the area under the

force curve for a caffeine induced contracture. Prior to the contracture the sarcoplasmic

reticulum were preloaded with Ca^* by superfusing the muscle with solutions with graded

concentrations of Ca^"" for different loading periods (94).

Decreased Ca^"" uptake has been directly observed in isolated sarcoplasmic

reticular microsomes from SHR hearts (95). Decreased Ca^^ uptake by the sarcoplasmic

reticulum was associated with decreased phosphorylation of the protein phospholamban.

The decreased phosphorylation may have been due to a deficiency in the intrinsic cyclic

AMP dependent protein kinase in the SHR hearts (95). In a rabbit model of aortic

constriction, Lamers and Stinis (97) measured both a reduction in Ca^* uptake in
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microsomes of sarcoplasmic reticulum, and decreased Ca^"^ ATPase activity. Additionally,

the reduced Ca^* uptake by the sarcoplasmic reticulum in the aortic constricted hearts

could not be reversed with excess exogenous cyclic AMP and protein kinase. Thus, the

defect in this model was apparently due to a reduction of the number of Ca^"^ ATPase

transport sites rather than a deficiency in endogenous protein kinase (97).

Depressed function of the sarcoplasmic reticulum in SHR hearts increased

progressively with age from 4 to 22 weeks which indicated that the defect may have been

related to the severity of hypertrophy in this model (95). Furthermore, in a subsequent

study these investigators were able to show that the activity of the sarcoplasmic reticulum

was improved by treatment with a-methyldopa which promoted regression of hypertrophy

as well as a reduction in blood pressure. Reduction of blood pressure alone, with

hydralazine, did not improve function of the sarcoplasmic reticulum. Thus, impaired

uptake of Ca^^ by the sarcoplasmic reticulum in hypertrophied hearts appeared to be

related specifically to hypertrophy rather than to elevated arterial pressure in this model

(96).

In contrast with decreased Ca^^ uptake by the sarcoplasmic reticulum, Ca^'^

transport by Na'^-Ca^'^ exchange may be enhanced in the hypertrophied heart. The

direction of Ca^"^ movement across the sarcolemma by Na'^-Ca^"" exchange is determined

by the prevailing electrochemical gradients for Na^ and Ca^"^ (100). These gradients favor

an influx of Ca^"^ during membrane depolarization and removal of Ca^"^ following

repolarization (ICQ).

Sarcolemmal Na* dependent Ca^"^ transport was shown to be significantly

increased in 22 week old SHR using isolated microsomes in which the Na"^ and Ca^"^

gradients were controlled experimentally.(86). Similar increases in Na^-Ca^"" exchange
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were observed in the same study for hearts in which hypertrophy was induced by aortic

banding for 7 and 28 days. Since there was no change in Na'^-Ca^* exchange in younger

SHR or banded animals without evidence of hypertrophy, the increase in Na'^-Ca^*

exchange was apparently associated with the development of hypertrophy (86).

The importance of Ca^* removal by the sarcolemmal Ca^"^ ATPase for myocardial

relaxation is incompletely understood, but the enzyme does contribute to

homeostasis by actively pumping Ca^"^ out of the cardiocyte (100). Increased activity of

the sarcolemmal Ca^* ATPase was detected in sarcolemmal vesicles from three week old

SHR (98) and seven and 22 week old SHR (86). Similarly, the sarcolemma isolated from

hearts hypertrophied by aortic constriction also had increased Ca^* ATPase activity (86).

The Ca^"" channels contribute to calcium influx during the myocardial action

potential (100). The number of Ca^"^ channels measured using a ̂H-nitrendipine binding

assay in sarcolemmal microsomes from 7 week old (86), 16 week old (84) and 22 week

old SHR was increased compared with age matched WKY controls (86). However, the

number of Ca^"^ channels measured using the same technique in rat hearts in which

hypertrophy was induced by aortic banding was actually decreased (86). The discrepancy

between studies in whether the number of channels was increased or decreased

suggests that changes in Ca^^ channel density may vary in different models of pressure

overload hypertrophy.

Although there is some variability between different models of pressure overload

hypertrophy with respect to changes in specific transport processes and the mechanisms

involved in these changes, there is general agreement that Ca^^ uptake and release by

the sarcoplasmic reticulum is depressed in hypertrophied hearts, and that mechanisms

of Ca^* influx and efflux across the sarcolemma are enhanced. There is also evidence
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from several experimental models of hypertrophy that the Na^-K*" ATPase activity Is

reduced.

It has been argued that the enhancement of sarcolemmal mechanisms for Ca^*

transport In hypertrophled hearts may compensate for the depression of Ca^* uptake and

removal by the sarcoplasmic retlculum and thereby produce a Ca^* transient of normal

amplitude (92), and maintain normal systolic function (92,93). As noted earlier. It has also

been argued that the decreased Na'^-K* ATPase activity In hypertrophled hearts may also

be compensatory and serve to augment contractile function.

Although enhanced sarcolemmal transport of Ca^* may be compensatory under

normal conditions, these changes may be detrimental during Ischemia and hypoxla. An

Increased dependence on Na'^-Ca^'^ exchange for the removal of Ca^* would be especially

detrimental for myocardlal relaxation during Ischemia when Intracellular Na"" Is Increased.

Elevated Intracellular Na"" would Inhibit removal of Ca^* by Na'^-Ca^'^ exchange, and

perhaps actually promote cellular uptake of Ca^* In exchange for Intracellular Na'^. In

combination with depressed function of the sarcoplasmic retlculum. Increased cellular

Ca^"" uptake would produce elevated cytosollc free Ca^* and, subsequently, an Increase

In active stiffness during diastole. As outlined earlier, diastollc dysfunction during even

mild Ischemic or hypoxic conditions Is a common finding In hypertrophled hearts

(41,42,43). Increased cellular uptake of Ca^* during ischemia or hypoxla could also

potentiate the development of contracture (49,50), and perhaps result In poorer functional

recovery following reperfuslon.

The relationship between altered Na^ and Ca^* homeostasis and Ischemic

dysfunction and damage has not been Investigated In hypertrophled hearts. There Is,

however, a substantial amount of evidence that Imbalances In cation homeostasis
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contribute to ischemic dysfunction and injury in normal hearts.

The Role of Sodium in Ischemic Dysfunction and Damaoe

In addition to a depression of high energy phosphate concentrations and pH, and

the accumulation of metabolites, myocardial ischemia is characterized by imbalances in

the distribution of cations across the sarcolemma. An increase in intracellular Na"^ has

been observed during myocardial ischemia and early reperfusion (101-108). This increase

in Na"" may occur as a result of increased uptake of Na"^ via Na*-H* exchange in response

to increased lactate and H"" production (101,102,106-109), and/or decreased removal of

Na* by the Na'^-K^ ATPase due to decreased energy availability (102,110). The increase

in Na* during ischemia is important because increased Na"^ during ischemia may promote

an increase in Ca^* during ischemia and reperfusion via Na"*^-Ca^'^ exchange

(101,102,108,109). Elevated Ca^^ is associated with ischemic injury and dysfunction

(101,102,108,111). Therefore, the accumulation of intracellular Na^ may be a primary step

in the production of mechanical dysfunction during ischemia and irreversible damage

following reperfusion.

Increased intracellular Na"" during ischemia or hypoxia has been observed using

several techniques in several animal species. Tani and Neely observed a 50% increase

in Na'^ after 15 minutes of zero flow ischemia in perfused rat hearts (101). Increasing the

duration of ischemia to 30 or 40 minutes produced a four to five-fold increase in Na^ in

this study. The Na"^ rose approximately linearly during ischemia, and continued to

increase during the initial two minutes of reperfusion (101). Elevation of intracellular Na^

was also observed in canine myocardium following occlusion of the left anterior

descending coronary artery (LAD) (103). Partial occlusion of the 1_AD produced a two-fold
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increase and complete occlusion produced a 4 to 5-fold Increase In Na"^. Forty minutes

of hypoxia, In the absence of glucose, In perfused rat hearts produced an Increase In

Intracellular Na"^ similar to that observed during zero flow Ischemia (104). The Intracellular

Na"" was measured In all of these studies In homogenized tissue using Ion selective

electrodes(101-102) or flame photometry (103-104) In combination with ^^C-D-sorbltal

(101-102), ̂''Cr (103) or ̂ ^C-lnulln (104) as extracellular markers.

Similar results were found In studies In which NMR was used to measure

Intracellular Na*. Pike and others (105) observed a five-fold Increase In Na"^ after 30

minutes of zero flow Ischemia In ferret hearts using ̂ ^Na NMR and the shift reagent

dysprosium (III) triethylenetetramlnehexaacetate (DylTHA). An 80% Increase In Na"^ was

measured following 21 minutes of zero flow Ischemia In perfused rat hearts using NMR

and the Na"" shift reagent thulium (III) 1,4,7,10-tetraazcyclodecane-N,N',N",N"'-

tetra(methylenephosphonate) (Tm(DOTP)^') (106). Additionally, thirty minutes of low flow

Ischemia at a coronary flow equal to 10% of the control flow produced a significant, but

smaller. Increase In Intracellular Na"" of -50% (106). Other Investigators have measured

a 54% Increase In Intracellular Na'^ following 10 minutes of zero flow Ischemia (107), and

a three-fold Increase following 20 minutes of Ischemia In perfused rat hearts (108) using

NMR and the Na* shift reagent Tm(DOTP)^'.

The observation of increased intracellular Na"^ during hypoxia and ischemia is not

universal. Kleber et al were unable to detect an Increase In Intracellular Na"^ using sodium

selective microelectrodes In guinea pig hearts after 15 minutes of zero flow Ischemia

(112). This Inconsistency may reflect exceptional Na"^ handling In the guinea pig, or may

be an artifact of the technique used to measure Na"". Microelectrodes measure Na"" In

only a few cells on the epicardlal surface where Ischemia Is least severe. Therefore, It is
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possible that changes In Na"" may have occurred in the inner iayers of the ventricie in

these hearts that were not detected using microelectrodes. In support of this argument

Regan and others (104) found that the magnitude of the increase in cell Na"^ in ischemic

dog hearts was greater in the inner layer of the left ventricular wall than in the outer layer.

All of the studies which reported substantial increases in Na"^ during ischemia used

methods which measured the average Na* either for the whole heart (101-103,105-108)

or for large sections of the ventricle (104). In summary, a large number of studies have

indicated that intracellular Na"^ increases during ischemia and reperfusion, and that the

magnitude of the increase is dependent on the severity and duration of ischemia.

Decreased activity of the Na*-lC ATPase which could promote an increase in

intracellular Na"^ has been observed In myocardium during ischemia (113,114). This

decrease in activity has been attributed to either decreased energy availability (102,110),

or inhibition by free fatty acids which accumulate during ischemia (115). A measurable

decrease in the activity of the Na''-lO ATPase was demonstrated in crude homogenates

from rabbit myocardium after only 10 minutes of zero flow ischemia (113). Longer periods

of ischemia in the same preparation were associated with increased inhibition of Na'^-lC

ATPase with a maximal inhibition of 40% occurring after 30 minutes of ischemia. Winston

and others (114) also found a decrease in the Na^-lC ATPase activity in pig myocardium

subjected to 30 minutes of complete coronary occlusion using an enzyme histochemical

technique that measures enzyme activity in situ. In the same study an

immunohistochemical technique was used to demonstrate that the decrease in activity

was not due to redistribution or loss of the Na'^-K ATPase from the membrane (114).

The importance of energy supply in maintaining the activity of the Na'^-K^ ATPase

during ischemia has also been demonstrated. Substrate free low flow anoxia resuited in
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an increase In Intracellular Na"^ In perfused rat hearts which was prevented by the

provision of glucose and subsequent preservation of ATP during anoxia (102). Since the

beneficial effect of glucose In preventing the Increase In Na* during low flow anoxia was

blocked by ouabain, the Investigators concluded that the activity of the Na^-K ATPase

during Ischemia Is dependent on energy production by anaerobic glycolysis (102).

In a second study, a strong relationship was found between the decrease In the

free energy of ATP hydrolysis and the Increase In Intracellular Na* during 30 minutes of

anoxia In perfused rat hearts (110). Furthermore, the Investigators were able to

demonstrate close agreement between measured membrane gradients for Na"" and K^,

and gradients predicted by assuming that the Na'^-K^ ATPase was In thermodynamic

equilibrium during hypoxia or Ischemia. They concluded that the Na'^-lO pump, and

therefore the transmembrane gradients for Na"^ and IC', may be controlled directly by

myocardlal energy availability during hypoxia and Ischemia (110). Therefore, the ability

of the Na'^-K^ ATPase to maintain the Na"" gradient should be compromised as high

energy phosphates are depleted during hypoxia and Ischemia.

The decrease In oxygen supply during Ischemia promotes an Increase In lactate

and H"^ production via Increased anaerobic glycolysis. LazdunskI and others (109) were

the first to propose that elimination of excess H"^ by myocytes through Na'^-H'^ exchange

might play a key role In producing an Increase In Intracellular Na"^ during Ischemia. These

Investigators demonstrated that Na'^-H" exchange was the primary mechanism by which

cardiac myocytes recovered from transient acidification with NH^"", and they concluded

that Na'^-H'" exchange Is the most Important mechanism for myocardlal pH regulation

(109). The results of other studies have confirmed that Na'^-H'^ exchange Is the primary

mechanism for pH regulation In the heart (116,117), and have Indicated that Na'^-H"" may
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be important in the recovery of intraceiiuiar pH following ischemia (118). The process of

Na^-H"^ exchange in cardiac myocytes is dependent on the transmembrane pH and Na""

gradients (109,116,117). Therefore, removal of H"^ by Na^-H* exchange is favored by the

low intraceiiuiar pH present during ischemia. The uptake of Na"^ in exchange for

intraceiiuiar H"^ should be greatest during hypoxia, low flow ischemia, or early reperfusion

following zero flow ischemia when the transmembrane gradient for H'^ is preserved by

vascular washout (109).

The results of a number of studies support the hypothesis that Na"^ increases

during ischemia and/or reperfusion as a result of increased Na'^-H* exchange. Tani and

Neely demonstrated that treatment of hearts with a range of doses of the Na'^-H'^

exchange inhibitor, amiloride reduced the accumulation of intraceiiuiar Na"" in a dose

dependent manner (101). Administration of amiloride before ischemia had a greater effect

on the increase in Na"" than treatment during early reperfusion (101). This observation

indicated that Na'^-H'" exchange was important for both the increase in Na"" during

ischemia and the increase obsen/ed during early reperfusion (101). These results are

consistent with those from another lab in which treatment with amiloride blocked the

increase in Na"^ during 20 minutes of zero flow ischemia in perfused rat hearts (108).

Additionally, Pike and others (106) were able to block the increase in Na"^ during both

zero flow and low flow ischemia in perfused rat hearts using ethyisopropylamiloride (El PA)

which is a more specific antagonist of Na'^-H* exchange. The administration of amiloride

did not affect high energy phosphate concentrations, and therefore decreased Na"*^

accumulation in amiloride treated hearts could not be attributed to enhanced removal of

Na^ via the Na*-K^ ATPase due to conservation of high energy phosphates (108).

In addition to inhibiting Na'^-H"' exchange, amiloride (119) and ElPA (120) may
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also inhibit the voltage sensitive Na* channels. Furthermore, the Na"^ channel blocker

lidocaine has been shown to attenuate the increase in tissue Na"^ following zero flow

ischemia In guinea pig hearts. Thus, there is some evidence that Na* influx via the Na*

channels may contribute to the increase in Na"^ during ischemia (121). These factors

suggest the possibility that the inhibition of Na* influx by amiloride or El PA may have

been due in part to blocking of the Na"^ channels. However, the contribution of the Na*

channels to an influx in Na* during ischemia should be small due to partial depolarization

of the membrane that would decrease the electrical driving force for Na"^ influx (101,122).

Therefore, it is unlikely that inhibition of the Na"" channels contributed significantly to the

observed reductions in intracellular Na"" by amiloride or El PA.

The hypothesis that the influx of Na'^ during ischemia is due primarily to Na'^-H"^

exchange Is also supported by an experiment in which lactate and H"" production during

zero flow ischemia were reduced by preischemic glycogen depletion (101). The decrease

in lactate and H"^ were associated with a decrease in the subsequent uptake of Na"", and

thereby provided evidence that the increase in Na"" occurred via Na'^-H'^ exchange (101).

The results of the latter study might appear to conflict with the observation by the same

investigators that the provision of glucose during low flow anoxia actually prevented the

increase in intracellular Na"^ that was observed in the absence of glucose (102). However,

this apparent inconsistency is resolved when the effects of vascular washout during low

anoxia are considered. More specifically, vascular washout during low flow anoxia

reduces the accumulation of metabolites such as lactate and free fatty acids that may

inhibit glycolysis (16) and the Na"^-K* ATPase (115). Therefore, although greater lactate

and H"^ production via anaerobic glycolysis may result in a greater influx of Na^ via Na*-H^

exchange, anaerobic energy production presen/es high energy phosphates, and the influx
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of Na"" is balanced by enhanced removal of Na"^ via the Na'^-K*' ATPase. In contrast,

during zero flow ischemia the beneficial effects of increased energy production via

anaerobic glycolysis are outweighed by the inhibitory effects of the greater accumulation

of metabolites. More specifically, the removal of Na"^ via the Na'^-K^ ATPase may be

inhibited by metabolites of energy production and consequently unable to keep pace with

the influx of Na"^ via Na^'-H"' exchange so that the intracellular Na"^ increases. In summary,

there is convincing evidence that the increase in intracellular Na"^ during ischemia is due

to a combination of increased uptake of Na"" via Na'^-H"' exchange, and inadequate

removal of Na"^ via the Na*-lC ATPase.

The increase in intracellular Na"^ during ischemia or hypoxia has been proposed

to promote an increase in intracellular Ca^"^ via Na'^-Ca^'*^ exchange (101,102,108,109).

Elevated intracellular Ca^"^ may, in turn, directly result in poor recovery of ventricular

function following ischemia and reperfusion (101,102,108,109). Although the mechanisms

by which elevated Ca^"" produces myocardial damage have not been clearly defined,

several possible mechanisms have been proposed. Intracellular Ca^* accumulation may

result in decreased production of ATP due to uptake of excess Ca^"^ by mitochondria

(123,124), or depletion of ATP due to activation of ATPases by Ca^"^ (123) and sustained

cross bridge cycling (125,126). Additionally, elevated Ca^"^ may activate phospholipases

which destroy phospholipids and compromise sarcolemmal integrity (127).

The Na^-Ca^"^ transport mechanism is capable of transporting Ca^"" in either

direction across the sarcolemma (100). The majority of experimental data indicate that

the exchanger is electrogenic with a stoichiometry of 3 or more Na"^ per Ca^"^

(100,128,129,130). Since the direction and rate of Na'^-Ca^'" exchange is dependent on

the electrochemical gradients for Na"^ and Ca^'^ (100), a net influx of Ca^"^ would be
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favored by elevated intracelluiar Na"^ during ischemia and reperfusion.

Since there are currently no suitably specific inhibitors of Na^-Ca^"^ exchange, it

has been impossible to demonstrate directly that the uptake of Ca^* during ischemia and

reperfusion occurs via Na"^-Ca^* exchange. However, several studies have indicated that

accumulation of intracelluiar Na* during ischemia or early reperfusion is associated with

a subsequent increase in intracelluiar Ca^"^ (101,102,108). Tani and Neely showed that

^^Ca^* uptake during reperfusion following zero flow ischemia of different durations was

linearly correlated with the [Na"^] both at end ischemia and during the first two minutes

of reperfusion (101). Additionally, the same investigators found that impaired mechanical

function following ischemia and reperfusion in these hearts was correlated with the

increase in both Na"" and Ca^'^ (101,102). Similar results were reported by Murphy and

others (108) who used NMR to measure Na'^ and Ca^"" and demonstrated, in separate

hearts exposed to the same ischemic protocol, that both Na"" and Ca^'^ increased during

zero flow ischemia in perfused rat hearts. Increased Na"^ and Ca^* in this study were

again associated with depression of ventricular function following ischemia and

reperfusion.

More conclusive evidence that increased Na* promotes an increase in Ca^* and

subsequent ischemic damage is provided by experiments in which the increase in

intracelluiar Na'*' was varied during ischemia using either the Na"^ ionophore monensin

(101,102), the Na'^-H'^ exchange inhibitor amiloride (101,108), or by inhibition of the Na"^-

\C ATPase with ouabain or zero K* buffer (102). Monensin promoted a dose dependent

accumulation of Na"^, increased uptake of and depressed functional recovery in

isolated rat hearts subjected to either 70 minutes of iow fiow anoxia (102), or 15 minutes

of zero flow ischemia (101). Similariy, inhibition of the Na*-K* ATPase with either ouabain,
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or zero K* buffer during low flow anoxia produced an Increase In Intracellular Na* that was

associated with Increased uptake of and Incomplete functional recovery following

reperfuslon (102).

In two of the studies In which amilorlde was used to attenuate the Increase In Na*

during Ischemia, the decrease In Na"^ accumulation was associated with a subsequent

reduction In the accumulation of Ca^"^ during Ischemia (108) or uptake during reperfuslon

(101). Although amilorlde may also Inhibit Na'^-Ca^'*^ exchange, the observation that

amilorlde prevented the Increase In Na'^ as well as Ca^"^ Indicated that the effects of the

drug were due predominately to Inhibition of Na^-H"^ exchange. Furthermore, Inhibition

of Na'^-H* exchange with dimethyamlllorlde (DMA) at a concentration far below the K,. for

Na^-Ca^"^ exchange also reduced Ca^* accumulation (108). Reduction In the accumulation

of Na"" and Ca^"^ was associated with Improved recovery of ventricular function. Therefore,

changes In Intracellular Na"^ elicited during Ischemia by several different mechanisms

effected changes In Intracellular Ca^"^ that are consistent with the hypothesis that Na'^-Ca^'^

exchange contributes to Ca^"^ overload during Ischemia.

There Is some disagreement concerning whether the Influx of Ca^* via Na'*'-Ca^^

exchange Is Inhibited by the low Intracellular pH during zero-flow Ischemia. TanI and

Neely were able to measure Increased uptake of ̂ ^Ca during reperfuslon, but not during

the period of zero flow Ischemia (101). They argued that uptake of Ca^* via Na^-Ca^"^

exchange would be Inhibited by the low Intracellular pH present during zero-flow Ischemia

(101). This argument Is consistent with data from experiments with sarcolemmal vesicles

which Indicated that Na^'-Ca^'^ exchange was Inhibited at low pH (131). However, Murphy

and others detected a substantial Increase In Intracellular Ca^^ during Ischemia using

NMR (108,111). Furthermore, this Increase In Ca^'' was attenuated when the Increase In
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Na"^ was prevented by amiloride which suggests that the Increase In Ca^"^ during Ischemia

was linked to the Increase In Na"", presumably, via Na'^-Ca^"^ exchange. These

Investigators proposed that the Inhibitory effect of low pH on Na"^-Ca^* exchange was

overridden by the effect of elevated Intracellular Na*. This argument Is supported by the

obsen/atlon that Na'^-Ca^"" exchange could be Inhibited by low pH only when the

concentration of Intracellular Na"^ was also low (131). Additionally, uptake of Ca?^ via Na"*^-

exchange was shown to occur In myocardium treated with ouabain despite a low

Intracellular pH (100). These observations emphasize the Importance of the Na"" gradient

as a regulator of the activity of the Na'*'-Ca^* pump.

Therefore, there Is substantial experimental evidence that supports the hypothesis

that the accumulation of Na"" during Ischemia promotes an Increase In Ca^"" via Na'^-Ca^"'

exchange and may, therefore, be a primary step In the production of Ischemic

dysfunction and damage In normal hearts.

B. STATEMENT OF THE PROBLEM

Hypertension Is associated with myocardlal hypertrophy which may develop as

a compensatory response to the chronic Increase In arterial pressure (1-2). Although the

changes In the myocardium with the development of hypertrophy may be compensatory

under basal conditions, hypertrophied hearts are more susceptible to dysfunction during

ischemia, particularly diastollc, and damage following reperfuslon (26,27,33-48). The

causes of this exaggerated sensitivity to Ischemia are unknown, but the hypertrophic

process Is associated with alterations In Na"" and Ca^"' homeostasis (83-87,92-98) and

shifts In enzyme expression (32,63,67,71) which may predispose these hearts to Ischemic

dysfunction and damage.

33



It has been hypothesized that changes In the expression of isozymes for creatine

kinase and iactate dehydrogenase may increase the capacity of hypertrophied hearts to

recruit anaerobic glycoiysis (26,32). Although this hypothesis remains controversial

(26,27), there is some evidence that hypertrophied hearts may produce more Iactate

during ischemia, and furthermore, that this increased iactate production may contribute

to the increased sensitivity of hypertrophied hearts to ischemia (26).

Another mechanism that may contribute to the exaggerated susceptibility of

hypertrophied hearts to ischemia involves altered Na"^ and Ca^* homeostasis. One of the

proposed mechanisms for the production of ischemic damage in normal hearts involves

imbalances in cation homeostasis during ischemia. Specifically, the decrease in pH

during ischemia promotes an influx of Na"^ via Na'^-H'^ exchange (101,102,106,108,109).

This increased influx in Na"" may be exacerbated by decreased removal of Na"" by the

Na'^-lC ATPase (102,110), and thereby produce an increase in intracellular Na""

(101,102,106-109). The increased intracellular Na* concentration, in turn, is thought to

promote an influx of Ca^"" via Na'^-Ca^* exchange, and a subsequent increase in the

intracellular Ca^"" concentration (101,102,108). The increase in intracellular Ca^"" may

directly precipitate myocardial dysfunction and damage (101,102,108,111,123-127).

There are several factors that indicate that hypertrophied hearts should have a

greater propensity for ischemic dysfunction and damage via mechanisms involving

disruption of cation homeostasis compared with nonhypertrophied hearts. Enhanced

production of Iactate and H"" (26) in hypertrophied hearts would provide a greater stimulus

for the influx of Na"^ via Na'^-H'^ exchange. In addition, hypertrophied hearts may have

reduced Na'^-K^ ATPase activity compared with control hearts (83-87) that could

compromise the ability of these hearts to respond to an influx of Na^ during ischemia.
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Thus, intracellular Na* could accumulate to an even greater extent in hypertrophied hearts

than in normal hearts. Finally, hypertrophied hearts may be characterized by a decreased

capacity for Ca^* sequestration by the sarcoplasmic reticulum (92-97), and greater

dependence on Na'^-Ca^* exchange for normal Ca^* homeostasis (86,98). This

combination of factors would potentiate Ca^* overload during ischemia, and perhaps

result In greater Ischemic dysfunction and damage compared with nonhypertrophied

hearts.

There is a substantial amount of evidence that changes in the distribution of Na"^

and Ca^"^ across the sarcolemma may indeed be important in the production of

myocardial dysfunction and damage in normal hearts. The relative importance of this

mechanism in promoting ischemic dysfunction and damage in hypertrophied hearts,

however, has not been directly investigated. Most of the evidence for altered handling of

Na"" and Ca^* by hypertrophied hearts was obtained from in vitro experiments. The

significance of these changes has not, heretofore, been assessed directly In beating

hearts.

C. EXPERIMENTAL DESIGN

The overall objective of the experiments that are described in the following

chapters was to determine whether hypertrophied hearts do indeed exhibit a greater

increase in intracellular Na"" during ischemia, and to relate changes in intracellular Na"" to

ischemic dysfunction and recovery following reperfusion. The increase in intracellular Na"^

involves a balance between the influx of Na'", presumably by Na^'-H'" exchange, and

removal via the Na'^-K* ATPase which is dependent on the energetic status of the heart.

Therefore, a second objective of these studies was to relate changes in intracellular Na""
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to the decrease in pH and high energy phosphate concentrations during ischemia and

reperfusion.

The first study involved a series of preliminary experiments which were done using

both the spontaneously hypertensive rat (SHR), which is an established model of

hypertensive hypertrophy, and the borderline hypertensive rat (BHR) in which myocardial

hypertrophy was previously reported, but incompletely characterized. The initial objectives

were to compare the severity of hypertrophy which develops over time in the BHR fed a

high salt diet with that in the SHR, and to determine whether the BHR exhibited shifts in

the expression of creatine kinase isozymes that are characteristic of the SHR and other

models of pressure overload hypertrophy. Creatine kinase and hypertrophy data for both

the SHR and BHR were compared with data from age-matched normotensive Wistar-

Kyoto (WKY) rat.

The second set of experiments with the BHR were preliminary studies using the

isolated heart preparation and NMR. The primary objective of these studies was to design

an ischemic protocol that could be used in combination with ̂ ^Na NMR to assess the

relationship between diastolic dysfunction and changes in intraceliuiar Na"" in

hypertrophied hearts. The second objective of these studies was to determine whether

hypertrophied hearts from BHR with frank hypertension exhibited evidence of greater

diastolic dysfunction, or greater intraceliuiar Na^ accumulation during ischemia compared

with nonhypertrophied BHR.

The last study was done using only the SHR as a model of hypertensive

hypertrophy. The primary objective of this study was to determine whether the increase

in intraceliuiar Na"^ was greater in the hypertrophied SHR heart compared with the

normotensive WKY control heart during low flow ischemia. In addition, the relationships
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between the increase In Intracelluiar Na*, and ischemic dysfunction and functional

recovery were assessed. The increase in intracelluiar Na"^ was also related to changes In

high energy phosphates and intracelluiar pH to evaluate the relative importance of these

factors in promoting the increase in intracelluiar Na* in hypertrophied hearts.
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CHAPTER 2

HYPERTROPHY IN THE BORDERLINE HYPERTENSIVE RAT HEART

A. INTRODUCTION

Hypertrophied hearts from hypertensive humans and animal models exhibit

functional changes including impaired diastolic function and increased sensitivity to

ischemic damage and dysfunction (26,27,33-48,132-134). However, it is unclear to what

extent the changes in myocardial function represent the direct effects of elevated blood

pressure on the heart, or the effects of the hypertrophic process per se (38,61,71).

Furthermore, the relationship between the increase in blood pressure and the

development of hypertrophy remains poorly understood (135). An exaggerated sensitivity

to diastolic dysfunction has been reported in hearts with only minimal hypertrophy from

hypertensive human patients (134) and animal models of hypertension (43). In addition,

the reduction of high blood pressure with hydralazine does not mitigate left ventricular

hypertrophy in hypertensive patients (61).

Hypertension develops rapidly, or at an early age, in most animal models of

hypertension such as the DOCA-salt rat (33,41,42) and the Spontaneously Hypertensive

Rat (SHR) (136,137). Therefore, it is not possible to distinguish the development of

changes that occur in the heart as a direct result of high blood pressure from those that

result from the hypertrophic process. A model of hypertension in which high blood

pressure and hypertrophy develop more slowly would be valuable in understanding the

relationship between pathologic changes in the heart and hypertension.

The Borderline Hypertensive Rat (BHR) is the first generation offspring of a female

SHR and a male normotensive Wistar-Kyoto (WKY) rat (137). These animals normally
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develop systolic blood pressures between 140 and 150 mmHg (137). However, when

subjected to stress, or fed a high salt diet, the BHR develop frank hypertension (137,138).

The increase in blood pressure occurs more gradually In the BHR fed a high salt diet than

the pressure increase In the SHR (137).

Little is known concerning changes in the BHR heart during the development of

hypertension. The hearts from 39 week old BHR that were subjected to an avoidance-

avoidance conflict paradigm as a form of behavioral stress were significantly

hypertrophied, and demonstrated fibrosis and myofibrillar disarray which are characteristic

of pressure overload hypertrophy (138). The slower progression of hypertension in the

BHR should make them a more suitable model to assess the myocardial changes that

occur in hypertensive heart disease.

Myocardial hypertrophy is associated with cellular and molecular changes

including altered expression of several enzymes including creatine kinase (CK). Creatine

kinase is important for the synthesis, transport, and utilization of high energy phosphates,

and exists as four distinct isozymes (66-67). The MM and mitochondriai isozymes

normally predominate in adult myocardium, and the BB and MB isozymes are prominent

in neonatal myocardium (70).

The development of myocardial hypertrophy is associated with an increase in the

expression of the MB and BB isozymes, and a subsequent decrease in the expression

of the MM and mitochondriai isozymes (63,67,71,72). A reduction in the total creatine

kinase activity has also been reported in hypertrophied hearts (63,72). It has been

hypothesized that these changes in total creatine kinase activity and isozyme expression

may increase the capacity of hypertrophied hearts to use anaerobic glycolysis (26,71).

The increased dependence of hypertrophied hearts on anaerobic glycolysis has been
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associated with greater ischemic Injury in these hearts (26).

The objectives of the preliminary experiments described In this section were to

better characterize the changes In the BHR heart during the development of hypertension

and hypertrophy. More specifically, the objectives were to determine whether the severity

of hypertrophy Increased with age and/or the duration of feeding a high NaCI diet In the

BHR, and to determine whether BHR hearts developed changes In creatlne kinase activity

and Isozyme expression that are characteristic of other models of pressure overload

hypertrophy. Changes In the BHR hearts were compared with normotenslve WKY and

hypertensive SHR.

B. METHODS

Animals

Hearts from 4 and 12 month old male WKY, BHR, and SHR were obtained from

rats studied In Dr. James Lawler's lab at the University of Tennessee, Knoxvllle. All BHR

were bred by mating male WKY with female SHR using protocols previously described

In detail (137,138). The male BHR offspring were weaned at 21 days and thereafter

housed three to a cage. The WKY and SHR were purchased from Taconic farms at 4

weeks of age and housed 3 per cage. At 8 weeks of age the rats within each strain were

randomly assigned to either an 8% sodium diet (HS) (ION Nutritional Blochemlcals rat

chow) or a control diet (CON) of normal sodium rat chow (0.3%). One-half of the rats

were maintained on these diets for 8 weeks prior to sacrifice, while the other half were

maintained under these conditions for an additional 8 months.
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Blood Pressure Determination and Tissue Sampling

At least two days before sacrifice, rats were anesthetized with methoxyfiurane, and

an indwelling teflon catheter with a polyethylene extension was surgically implanted in the

femoral artery. Direct arterial pressures were obtained in awake, unsedated rats prior to

sacrifice.

Rats were sacrificed by decapitation, and the hearts were rapidly removed. The

left ventricle was dissected free from the other chambers, weighed, and frozen on dry ice.

Left ventricular tissue samples were stored at -80° C until assayed for creatine kinase.

Creatine Kinase Assays

A 10 to 30 mg sample of left ventricular tissue was homogenized at 4° C in 0.1 M

phosphate buffer, pH 7.4, containing 1 mM EGTA, 1 mM B-mercaptoethanol and 0.1%

Triton X. The final concentration of the homogenate was 5 mg/ml. Aliquots of the

homogenate were used for total CK activity and isozyme analysis.

Total CK activity was assayed using a Sigma (St. Louis, MO) reagent kit. The

assay uses a coupled enzyme reaction which produces NADPH as an end product (139).

The change in absorbance per minute at 340nm due to the formation of NADPH, which

is proportional to the CK activity, was measured using a spectrophotometer. Total CK

activity was expressed as mlU/mg wet weight at 37"C. The relative distribution of CK

isozymes was determined using a Beckman Paragon (Brea,CA) electrophoresis system

and kit. The technique uses agarose gel electrophoresis followed by reaction of the gels

to produce NADPH using an enzyme coupled reaction (140). Dithiothreitol (ImM) was

added to the electrophoresis buffer to prevent oxidation of the B chain, and diadenosine

pentaphosphate (lOuM) was included in the buffer to inhibit adenylate kinase activity (67).
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The peak areas were scanned at 340nm, and integrated using a Beckman (Fullerton, CA)

densitometer equipped with a fluorescence detector. Isozyme activities were expressed

as a fraction of the total activity.

Statistical Methods

Data were expressed as mean ± SEM. Ail data were analyzed using a three-way

analysis of variance for the effects of strain, diet, and age. The specific comparisons

performed were divided into the groups listed below. The overall one-tailed significance

level for each group was 0.05. The specific one degree of freedom contrasts within each

group were made using a Bonferroni correction of the overall significance level (141).

Strain within diet at 4 months of aoe

1. BHR-CON vs WKY-CON

2. SHR-CON vs WKY-CON

3. BHR-CON vs SHR-CON

4. BHR-HS vs WKY-HS

Stain within diet at 12 months of aoe

1. BHR-CON vs WKY-CON

2. SHR-CON vs WKY-CON

3. BHR-CON vs SHR-CON

4. BHR-HS vs WKY-HS

Diet

1. BHR-HS vs BHR-CON at 4 and 12 months.

2. WKY-HS vs WKY-CON at 4 and 12 months.

3. SHR-HS vs SHR-CON at 4 months.
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Age 12 months vs 4 months within strain and diet:

1. WKY-CON

2. WKY-HS

3. BHR-CON

4. BHR-HS

5. SHR-CON

Strain X Diet

1. BHR-HS vs WKY-CON at 4 and 12 months.

2. SHR-CON vs BHR-HS at 4 and 12 months.

0. RESULTS

Mean Arteriai Pressure

The mean arteriai pressures (MAP) are shown in Tabie 2-1 and Figure 2-1. The

MAP was higher in the BHR-CON than in the WKY-CON at both 4 and 12 months of age,

but the difference was only statisticaiiy significant in 12 month old rats (p=0.0110). The

MAP was significantly higher in the SHR-CON compared with both the BHR-CON (p^

0.0002) and the WKY-CON (p=0.0001) for both 4 month old and 12 month old rats. The

MAP was higher in 12 month old SHR-CON compared with 4 month old SHR-CON, but

the difference did not achieve statistical significance.

The high salt diet promoted an increase in the MAP in the BHR, and the MAP was

significantly higher in the 4 month old BHR-HS compared with both age-matched WKY-

HS (p=0.0004) and WKY-CON (p=0.0004). The MAP was significantly higher in the 12

month old BHR-HS compared with age-matched WKY-CON (p=0.0022), but not
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Table 2-1. LEFT VENTRICULAR WEIGHTS AND ARTERIAL PRESSURES

AGE

(men)
GROUP BW®

(kg)
(n)

LV WT''
(g)

LV/BW®
(g/kg)

MAP''
(mmHg)
(n)

4 WKY-CON 0.40 ± 0.01

(10)
0.91 ± 0.03 2.26 ± 0.03 119 ± 2

(9)

WKY-HS 0.38 ± 0.01

(10)
0.92 ± 0.04 2.42 ± 0.04 120 ± 2

(10)

BHR-CON 0.39 ± 0.01

(13)
0.93 ± 0.03 2.41 ± 0.05 131 ± 3

(13)

BHR-HS 0.37 ± 0.01

(13)
0.98 ± 0.03 2.68 ± 0.06®®' 144 ± 3®'

(12)

SHR-CON 0.28 ± 0.01®^
(10)

0.88 ± 0.02 3.14 ± 0.06®^j 157 ± 6®^
(10)

SHR-HS 0.24 ± 0.01®

(8)
1.02 ± 0.07 4.22 ± 0.21® 190 ± 14®

(8)

12 WKY-CON 0.63 ± 0.02*'
(9)

1.31 ± 0.04'' 2.10 ± 0.04 116 ± 4

(8)

WKY-HS 0.58 ± 0.02*'
(8)

1.49 ± 0.07®'' 2.58 ± 0.05® 124 ± 5

(8)

BHR-CON 0.56 ± 0.01®''
(9)

1.31 ± 0.05'' 2.35 ± 0.07 134 ± 6®

(8)

BHR-HS 0.48 ± 0.01®®'"'
(10)

1.37 ± 0.04'' 2.82 ± 0.04®® 138 ± 4®
(10)

SHR-CON 0.39 ± 0.01''
(10)

1.33 ± 0.06'' 3.41 ± 0.13®^j'' 174 ± 5®^^
(9)

Notes: Data are mean ± SEM. Probabilities are one-tailed.
® BW is body weight.
LV WT is left ventricular wet weight.

^ LV/BW is the left ventricular wet weight to body weight ratio.
MAP is direct mean arterial pressure.

® p ̂  0.0028 vs WKY-CON at the same age.
p s 0.0002 vs BHR-CON at the same age.
3 p 0.0036 vs control diet for the same age and strain.
p  0.0001 vs 4 month old rats of same strain and diet.

I p 0.0071 vs WKY-HS at same age.
J p = 0.0001 vs WKY-HS
p ̂  0.0098 vs SHR-CON at 4 months of age.
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Figure 2-1. Mean Arterial Pressure. Bars are mean ± SEM for direct mean arterial
pressure (MAP). The group abbreviations are defined as follows: CON-4 are 4 month
old rats fed a control diet; HS-4 are 4 month old rats fed an 8% Na"^ diet; CON-12 are
12 month old rats fed a control diet; HS-12 are 12 month old rats fed an 8% Na"*" diet.
* p= 0.0001 vs WKY-CON and p=0.0002 vs BHR-CON at 4 months. ** p=0.0004 vs
WKY-CON and WKY-HS at 4 months. # p= 0.0001 vs SHR-CON at 4 months. • p =
0.011 vs WKY-CON at 12 months. ■ p= 0.0001 vs WKY-CON and BHR-CON at 12
months. ̂  p=0.0022 vs WKY-CON and p=0.0001 vs SHR-CON at 12 months.
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compared with the WKY-HS or the BHR-CON. The MAP was not significantly higher in

the 12 month old BHR-HS compared with the 4 month old BHR-HS. In fact, the mean

pressure in the 12 month old BHR-HS was actually somewhat lower than for the 4 month

old rats. The MAP In the 12 month old BHR-HS was also significantly lower compared

with age matched SHR-CON (p=0.0001). The MAP was significantly higher in the 4

month old SHR-HS rats compared with the SHR-CON at the same age (p=0.0001). An

insufficient number of SHR-HS rats sun/ived for the evaluation of the effects of the high

salt diet in 12 month old SHR. The high salt diet did not significantly increase MAP in

WKY rats at either 4 or 12 months of age.

Severity of Hypertrophy

The severity of left ventricular hypertrophy was assessed in this study by

comparing the left ventricular wet weight to body weight ratios (LV/BW). The LV/BW data

are presented in Table 2-1 and Figure 2-2. Left ventricular weights and body weights are

also shown in Table 2-1. Both 4 and 12 month old BHR-CON tended to have higher

LV/BWs than age matched WKY-CON, but these differences were not statistically

significant. The LV/BW was significantly higher in both the 4 and 12 month old SHR-CON

compared with age matched BHR-CON (p=0.0001) and WKY-CON (p=0.0001). The

LV/BW was significantly greater in 12 month old SHR-CON compared with 4 month old

SHR-CON (p=0.0098) indicating that the severity of hypertrophy increased with age in

this strain. In contrast, the severity of LV hypertrophy was not greater in 12 month old

BHR-CON or BHR-HS compared with the younger rats.

The high salt diet did not significantly affect the LV/BW in the 4 month old WKY,

but the LV/BW was significantly higher in the 12 month old WKY-HS compared with 12
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Figure 2-2. Comparison of the Severity of Left Ventricular Hypertrophy. Bars are mean
± SEM for the left ventricular wet weight to body weight ratio. See Figure 1 for
definition of group abbreviations. * p= 0.0001 vs WKY-CON and BHR-CON at 4
months. ** p=0.0001 vs WKY-CON and SHR-CON at 4 months, p=0.0036 vs BHR-
CON at 4 months and p=0.0071 vs WKY-HS at 4 months. # p= 0.0001 vs SHR-CON
at 4 months. • p= 0.0001 vs WKY-CON and BHR-CON at 12 months and p= 0.0098
vs 4 month old SHR-CON. n p= 0.0001 vs WKY-CON at 12 months a p= o 0001 vs
WKY-CON, BHR-CON and SHR-CON at 12 months.



month old WKY-CON (p=0.0001). The greater LV/BW in the WKY-HS compared with the

WKY-CON was due primarily to significantly greater LV mass (p=0.0028) rather than to

lower body weights in the WKY-HS (Tabie 2-1). The LV/BW was significantly higher in the

BHR-HS at both 4 and 12 months of age compared with age matched BHR-CON

(p^O.0036) and WKY-CON (p=0.0001). The severity of hypertrophy was greater in the

BHR-HS compared with the WKY-HS at 4 months of age (p=0.0071), but not at 12

months. The LV/BW was significantly higher in the 4 month old SHR-HS compared with

SHR-CON of the same age (p=0.0001).

Creatine Kinase Activity and Isozvme Distribution

The total OK activities, and isozyme distributions are presented in Table 2-2. A

sample electrophoretogram Is shown in Figure 2-3. Since the separation of the MM and

mitochondrial isozymes was Incomplete, the sum of the two activities (MM + mito) was

used in all analyses. Additionally, for simplicity, the BB and MB isozyme distributions were

also represented as the sum of the two isozymes (BB+MB).

There were no significant differences in the total OK activity between strains of rats

fed a control diet at 4 months of age (Figure 2-4). The total OK activity was significantly

lower in 12 month old rats compared with 4 month old rats in all three strains (p ̂0.0003).

The 12 month old SHR had significantly lower OK activity compared with age-matched

WKY-CON (p=0.0031). The total CK activity was not significantly lower in the 12 month

old BHR-CON compared with WKY-CON at the same age.

There was no significant effect of the high salt diet on CK activity in 4 month old

rats for any of the three strains (Figure 2-4). The total CK activity tended to be lower in

the WKY-HS at 12 months of age compared with the WKY-CON, but the difference was
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Table 2-2. CREATINE KINASE ACTIVITY AND ISOZYME DISTRIBUTION

AGE

(month)
STRAIN DIET CK

(mlU/mg)
(n)

MM + MITO

(%)
(n)

88+M8

(%)
(n)

4 WKY CON 1733 ± 39

(10)
81.2 ± 2.3

(8)
18.8 ± 2.2

(8)

MS 1615 ± 40

(9)

80.3 ± 1.4

(7)
19.7 ± 1.5

(7)

8HR CON 1697 ± 27

(10)
79.7 ± 4.3

(7)
20.3 ± 4.2

(7)

MS 1768 ± 37

(10)
83.5 ± 1.6

(8)
16.5 ± 1.6

(8)

SHR CON 1644 ± 33

(10)
83.9 ± 1.9

(6)
16.1 ± 1.8

(6)

MS 1536 ± 61

(8)
77.0 ± 1.8

(8)
23.0 ± 1.7

(8)

12 WKY CON 1468 ± 61®
(B)

82.0 ± 1.1

(5)
18.0 ± 1.4

(5)

MS 1323 ± 32®
(8)

79.7 ± 3.8

(7)
20.3 ± 3.8

(7)

8HR CON 1391 ± 56®
(8)

78.0 ± 2.8

(7)
22.0 ± 2.5

(7)

MS 1422 ± 54®
(9)

79.4 ± 1.4

(8)
20.6 ± 1.4

(8)

SHR CON 1270 ± 81 ®'^
(10)

71.3 ± 2.6®®®
(9)

28.7 ± 2.6®^®
(9)

Notes: Data are mean ± SEM. Probabilities are one-tailed. OK is total creatine kinase
activity; n is the number of observations. MM + Mito is the sum of the MM and
mitochondrial isozymes of creatine kinase. 88+MB is the sum of the 88 and MB
isozymes of creatine kinase.
® p ̂  0.0003 vs same strain and diet at 4 months of age.
° p=0.0031 vs 12 month old WKY-CON.
^ p=0.0023 vs 12 month old WKY-CON.
^ p=0.0028 vs 12 month old WKY-CON.
® p^0.0066 vs 12 month old 8HR-HS
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MM

MB

BE MITO

Figure 2-3. Agarose Gel Electrophoretogram of Left Ventricular Creatine Kinase. The
peaks corresponding to the bands for the four CK isozymes are labeled BB, MB, MM,
and Mito (mitochondrial Cl^. The cathode is to the right.
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Figure 2-4. Total Creatine Kinase Activity. Bars are mean ± SEM for myocardial
creatine kinase activity (CK). See Figure 1 for definition of group abbreviations. *
0.0003 vs 4 month old rats of the same strain and diet. # p= 0.0031 vs 12 month old
WKY-CON.



not statistically significant. There was no significant difference in CK activity in the 12

month old BHR-HS compared with the 12 month old BHR-CON or WKY-CON. The total

CK activity was significantly lower in 12 month old rats compared with 4 month old rats

for all three strains of rats fed a high salt diet (p=0.0001).

There were no significant differences in the relative distribution of CK isozymes

between strains of rats on a normal diet at 4 months of age (Figure 2-5,2-6). The isozyme

profiles for the WKY-CON and BHR-CON were also similar in 12 month old rats, and the

isozyme profiles in these strains did not change with age. In contrast, the percentage of

BB+MB isozymes increased significantly in the 12 month old SHR-CON compared with

4 month old SHR-CON (p=0.0003), and the percentage of MM+mito isozymes

decreased proportionally (p=0.0003). Additionally, the percentage of BB+MB isozymes

was significantly higher (p^ 0.0064), and the percentage of MM + mito isozymes was

lower (p^ 0.0066) in the 12 month old SHR-CON compared with both age matched WKY-

CON and BHR-HS. The high salt diet did not significantly affect the CK isozyme

distribution at either age in any strain.

D. DISCUSSION

Mean Arterial Pressure

The development of frank hypertension in BHR fed a high NaCI diet has been

established previously by Lawler and others (137,138). The MAP in the 4 month old BHR-

HS in the present study was significantly higher compared with age matched WKY-CON

and WKY-HS. Although the MAP in 12 month old BHR-HS was still elevated significantly

compared with the WKY-CON, the MAP was not higher in the 12 month old BHR-HS
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Figure 2-5. Expression of and Mitochondrial Isozymes of Creatine Kinase. Bars
are mean ± SEM for the sum of the MM and mitochondrial isozymes (MM + mito) of
creatine kinase. See Figure 1 for definition of group abbreviations. * P=0.0003 vs 4
month old SHR-CON, p= 0.0023 vs 12 month old WKY-CON and p = 0.0066 vs 12
month old BHR-HS.
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Figure 2-6. Expression of BB and MB Isozymes of Creatine Kinase. Bars are mean ±
SEM for the sum of the BB and MB isozymes of creatine kinase (BB-i- MB). See Figure
1 for a definition of group abbreviations. * p= 0.0003 vs 4 month old SHR-CON, p=
0.0028 vs WKY-CON and p=0.0064 vs 12 month old BHR-HS.



compared with the 4 month old BHR-HS. In addition, the MAP was significantly lower in

the BHR-HS compared with the SHR-CON at 12 months of age. These observations

indicate that the severity of hypertension did not increase with age in the BHR-HS, and

that the elevation in blood pressure was less severe in the older BHR-HS compared with

SHR on a normal sodium diet. Thus, the elevation in arterial pressure in the older BHR-

HS remained moderate compared with the severity of hypertension observed in other rat

models of hypertension including the SHR (2,61,137) and DOCA-salt rat (27,41).

Left Ventricular Hvpertroohv

Lawler and others (138) had previously observed significant hypertrophy in 39

week old BHR subjected to behavioral stress. The results of the present study indicate

significant hypertrophy was also induced in BHR in which hypertension was induced with

a high NaCI diet. Myocardial hypertrophy was detectable in BHR-HS as young as 4

months old, and after 8 weeks on the 8% NaCI diet. Significant hypertrophy was

maintained in 12 month old BHR-HS, but the severity of the hypertrophy was not

increased significantly with age in this strain.

The severity of hypertrophy was significantly greater in the SHR-CON compared

with the WKY-CON, BHR-CON and BHR-HS at both 4 and 12 months of age. Additionally,

unlike the severity of hypertrophy in the BHR, the LV/BW in the SHR-CON did increase

significantly with age. The LV/BW was 62% higher in the 12 month old SHR-CON hearts

compared with age matched WKY-CON. The severity of hypertrophy in these SHR hearts

is similar to that reported previously for 12 month old SHR (61).

An interesting, and unexpected, finding was that the 12 month old WKY-HS

developed significant hypertrophy compared with WKY-CON. The LV/BW was 23% higher
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in the WKY-HS compared with WKY-CON at 12 months of age. This was comparable to

the amount of hypertrophy observed in the 4 month old BHR-HS. The significant increase

in the LV/BW in the 12 month old WKY-HS was due primarily to a significantly greater left

ventricular weight rather than to a lower body weight. This finding indicates that ingestion

of a high NaCI diet for a prolonged period may produce left ventricular hypertrophy

independently of the development of hypertension.

Ventricular weight has been shown to be proportional to body weight (142).

Furthermore, ventricular weight referenced to body weight was shown to be a superior

predictor of ventricular hypertrophy compared with wall thickness, ventricular weight

alone, or ventricular weight referenced to body surface area or body length in hearts at

necropsy (142). These observations are the basis for using the LV/BW as an index of left

ventricular hypertrophy in the present study. However, it should be noted that the LV/BW

may overestimate the severity of hypertrophy when hearts are compared between groups

of animals with systematically different body weights (143-144).

The observed increase in LV/BW in the rats fed a high salt diet was due to both

greater left ventricular weights and lower body weights in these rats. Lower body weights

were particularly important in the 4 month old SHR-HS and the 12 month old BHR-HS

in which the high salt diet produced significantly lower body weights compared with

control rats of the same strain. The lower body weights in the rats fed the high salt diet

may represent caloric restriction in these rats relative to controls, presumably due to

either reduced palatability of the high salt rat chow, or reduced appetite in the

hypertensive rats.

Previous studies have indicated that the heart weight to body weight ratio may

increase during severe caloric restriction because the weight of the heart is better
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preserved than whole body weight (143-144). Therefore, these data suggest that the

LV/BW may overestimate the severity of hypertrophy in rats in which the high salt diet

resulted in reduced body weights. However, the caloric restriction in the studies described

above promoted severe decreases in body weight of 26-42% (143-144) that are large

compared with the maximal difference of 14% observed in the body weights of the high

salt rats compared with controls in the present study. The importance of the effect of

caloric restriction on the estimation of the severity of hypertrophy using LV/BW in the rats

fed a high salt diet would require additional studies in which the control rats were

subjected to the same degree of caloric restriction. Although the importance of lower

body weights on the estimation of the severity of hypertrophy should be considered, the

observation that the LV/BW was significantly greater in the 4 month old BHR-HS which

had body weights similar to the control rats indicates that the high salt diet did induce left

ventricular hypertrophy.

Creatine Kinase

There were no significant differences in either total CK activity or the distribution

of CK isozymes in the BHR-CON or BHR-HS compared with WKY-CON and WKY-HS at

4 and 12 months of age. In contrast, the total CK activity was significantly lower in 12

month old SHR-CON compared with age matched WKY-CON. Similar reductions in

creatine kinase activity have previously been reported in hypertrophied human hearts

(63), aortic banded rat hearts (72) and hearts from rats with renal hypertension (71). The

observed decrease in creatine kinase activity with age in all groups has also been

observed previously (145).

The relative increase in the sum of MB and BB isozymes of CK and decrease in
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MM and nnitochondrial isozymes in 12 month old SHR-CON Is consistent with earlier

studies using the SHR (67) and other models of pressure overload hypertrophy

(63,67,71,72). It has been proposed that the Increased expression of the MB and BE

Isozymes of CK may represent one of the changes that signals an Increased dependence

on, and perhaps capacity to recruit, anaerobic glycolysis by hypertensive and

hypertrophled hearts (26,71).

In conclusion, the BHR developed significant, but minimal, hypertrophy at 4

months of age after 2 months on a high salt diet. The severity of hypertrophy did not

Increase significantly with age In these rats. Furthermore, decreases In CK activity and

shifts In the Isozyme distribution that are characteristic of other models of pressure

overload hypertrophy did not occur In the BHR hearts studied. Therefore, the BHR-HS

may not be an appropriate model for studying the progression of hypertrophy from the

early developmental stage to stages of severe hypertrophy and failure. The BHR may,

however, prove to be a good model for studying the early stages of hypertrophy, and the

effects of mild, stable hypertension on heart function.
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CHAPTER 3

PRELIMINARY PERFUSION STUDIES WITH THE BHR

A. INTRODUCTION

Hypertrophied hearts from hypertensive human patients and animal models of

hypertension have an increased sensitivity to ischemia dysfunction and injury (26,27,33-

48). Hypertrophied hearts are particularly susceptible to diastolic dysfunction during

ischemia and hypoxia (27,33,41-43). Lorell and others (43) were able to detect a greater

increase in left ventricular stiffness during ischemia in hearts from hypertensive rabbits

with only minimal hypertrophy. Similarly, hypertensive human patients often exhibit

diastolic dysfunction including abnormal left ventricular filling rates (132,133). Impaired

diastolic function has been proposed as an early indicator of cardiac involvement in

hypertension (134).

Diastolic dysfunction may result from either changes in passive diastolic

properties which affect chamber compliance, or from changes in myocardial relaxation

(41). Myocardial relaxation requires removal of calcium from the cytoplasm and the

dissociation of cross-bridges (51). The cytoplasmic calcium level may be reduced by the

energy dependent transport of calcium into the sarcoplasmic reticulum or across the

sarcolemma by distinct Ca^'^-ATPases at these sites (51,99). Alternatively, calcium can

be removed from the cell via Na''"-Ca"''^ exchange (100).

There is substantial evidence that an increase in intracellular Na"^ occurs during

myocardial ischemia (101,102,106,109). The increase in Na"*" may subsequently promote

increased cellular uptake of Ca^"*", presumably via Na'''-Ca^"*' exchange, and result iin

Ca^"'' overload (101,102,108). Since myocardial relaxation is dependent on the reduction
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of cytoplasmic Ca^"^, diastolic function should be particularly sensitive to a Ca^"^

overload during Ischemia.

Hypertrophled hearts may have a decreased capacity for Ca^"*" sequestration by

the sarcoplasmic retlculum (92-97), and a greater dependence on Na'''-Ca^''' exchange

for normal Ca^"*" homeostasis (86,98). Sodlum-calclum exchange functions to transport
I  o I

Na and Ca In both directions across the sarcolemma depending on the

electrochemical gradients for Na"^ and Ca^^ (100). Therefore, an Increased dependence

on Na''"-Ca^''' exchange for Ca^"*" removal would be detrimental during Ischemia because

elevated Intracellular Na"*" would Inhibit the removal of Ca^"^ via Na'^-Ca^"^ exchange,

and perhaps even promote Increased Ca^"*" uptake by this mechanism. Therefore,

changes In Na"*" and Ca^"*" handling may potentiate the development of a Ca^"*" overload

during Ischemia, and predispose hypertrophled hearts to greater Ischemic dysfunction

and Injury. Diastolic dysfunction during Ischemia may be a particularly sensitive Indicator

of altered cation homeostasis In hypertrophled hearts.

The primary objective of the preliminary studies described In this section was to

develop an Ischemic protocol that could be used to determine whether Increased

diastolic dysfunction In hypertrophled hearts Is related to a greater Increase In Intracellular

Na"^ during Ischemia compared with control hearts. More specifically, the objective was

to develop a protocol that would promote an increase in left ventricular end diastolic

pressure under Ischemic conditions, and would also permit measurement of intracellular

Na^. Regulation of Intracellular Na"^ levels by the Na^-K+ ATPase, and maintenance of

normal Ca^^ transients by the Ca^^-ATPase In the sarcoplasmic retlculum are both

energy dependent processes. Therefore, high energy phosphates were also monitored.

A second objective of these studies was to determine whether there was evidence that
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hypertrophied hearts from Borderline Hypertensive Rats (BHR) fed an 8% NaCI diet

exhibited greater diastolic dysfunction during demand ischemia than nonhypertrophied

hearts from BHR fed a normal diet.

8. METHODS

Rats

The BHR rats were bred by mating male WKY with female SHR using protocols

previously described in detail by Lawler and others (137,138). The male BHR offspring

were weaned at 21 days and thereafter housed two to a cage. At 8 weeks of age rats

were randomly assigned to either a high NaCI (8%) diet (BHR-HS) or a control diet of

normal (0.3%) NaCI rat chow (BHR-CON). Isolated heart experiments were done using

4 or 9 month old BHR-CON and BHR-HS. Two days prior to the isolated heart

experiment, rats were anesthetized with methoxyflurane, and an indwelling catheter was

surgically placed in the femoral artery. Direct blood pressures were measured in awake,

unsedated rats on the day before the isolated heart experiment.

Isolated Heart Preparation

The isolated, isovolumic heart preparation was used in ail preliminary protocols.

A schematic of the apparatus used for constant flow perfusion of hearts during collection

of functional and NMR data is shown in Figure A-1 of the Appendix. Prior to isolation of

the heart, rats were injected with heparin (100 units/Kg IP) and anesthetized with

pentobarbital (60mg/Kg IP). Hearts were rapidly excised, arrested with cold isotonic

saline (4°C), and cannulated via the aortic root for retrograde coronary perfusion. Hearts
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were perfused using a non-recirculating system at a constant coronary flow of

approximately 15 mis/min/g wet weight. Coronary perfusion pressure (GPP) was

monitored through the aortic cannula using a P23XL pressure transducer (Spectramed,

Oxnard OA).

All hearts were initially perfused with a modified Krebs-Henseleit buffer with the

following composition: 118 mM NaCI, 24 mM NaHCOg, 4.7 mM KCI, 1.2 mM MgS04, and

0.5 mM NagEDTA. The perfusate also contained CaClg and energy substrates at

concentrations that were modified for the 4 different protocols. The free [CaClg] was

approximately 1 mM for protocols 1 and 2, and 1.5 mM for protocols 3 and 4. The

perfusate for protocols 1 and 2 contained 11 mM glucose and 2 mM pyruvate; the

perfusate for protocol 3 contained 11 mM glucose, and the perfusate for protocol 4

contained 5.5 mM glucose and 1 mM lactate. The perfusate for all protocols was

equilibrated with 95% Og and 5% COg to produce a pH of 7.4 to 7.45.

For the hearts in protocols 1 and 2, the perfusate was changed to buffer

containing 5 mM of the ̂ ^Na NMR shift reagent Na5Tm(D0TP) immediately after the

hearts were placed in the magnet. The Na5Tm(D0TP) buffer was identical to the original

perfusate except that the NaCI was decreased to maintain the total [Na"*"] at 142 mM, and

the total [Ca^"*"] was increased to 6.5 mM to maintain the free [Ca^"*"] at approximately

1 mM in the presence of significant chelation of Ca^"*" by the shift reagent. Measurement

of the perfusate free [Ca^"*"] using an ion selective electrode in a few of the hearts was

used to establish that the free [Ca^"^] was 1 mM with the addition of 6.5 mM total Ca^"'".

To facilitate pacing, the right atrium was removed, and the AV node was crushed.

Platinum pacing electrodes were attached to the right ventricle, and connected to a

constant voltage stimulator (Stoelting, Chicago IL) via a KCI-agar salt bridge (protocols
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1-2) or insulated wire (protocols 3-4). Hearts were Initially paced at 4 Hz using a voltage

just above the threshold voltage.

A drain was placed In the apex of the LV to allow drainage of the thebeslan veins,

and a small fluid filled latex balloon was placed In the left ventricle through the mitral

valve. The balloon was connected to a P23XL pressure transducer (Spectramed, Oxnard

CA) via polyethylene tubing for measurement of left ventricular pressure. Left ventricular

peak systolic, and end diastollc pressures were recorded continuously using an analog

physiologic recorder (Astromed, West Warwick Rl; Gould, Cleveland Ohio). Left

ventricular developed pressure (LVDEVP) was calculated as the difference between left

ventricular peak systolic pressure and left ventricular end diastollc pressure (LVEDP).

Hearts subjected to protocols 1 and 2 were submerged In buffer Inside a 20mm NMR

tube which was connected to the perfuslon apparatus via a water-jacketed umbilical that

allowed hearts to be perfused at 37°0 while Inside the magnet. No NMR data were

collected for hearts subjected to protocols 3 and 4. These hearts were perfused using a

similar perfuslon apparatus except that hearts were submerged In a water jacketed

chamber Instead of an NMR tube, and the tubing connecting the left ventricular balloon

to the pressure transducer was shortened to 15 cm.

NMR SoectroscQDV

The NMR spectra were obtained using an 8.5 Tesia vertical bore superconducting

magnet and a Bruker AM-360 spectrometer (Blllerica MA). The ̂ ^Na and spectra

were acquired using a single home-built, temperature controlled probe. The probe design

Included two orthogonal saddle colls on separate circuits that were connected to

separate dedicated preamplifiers. One coll was tuned to 145.78 MHZ for and the
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second coil simultaneously tuned to 95.25 MHZ for Na. The magnet was shimmed

prior to data acquisition to optimize field homogeneity using the ̂ ^Na signai.

The ̂ ^Na spectra were obtained by averaging 336, 90° excitation piuses which

were collected using an acquisition time of 0.154 seconds, with no additionai relaxation

delay, and a dead time of 96.3 iisec. Data were accumulated over a one minute period

using 2K data points and a spectrai width of 6667 Hz. The recycie time was more than

5 times greater than the T., (20-30 ms), estimated by inversion recovery, for both the

intracellular and extracellular Na"*" resonances. Therefore, the pulsing conditions did not

produce saturation of the ̂ ^Na resonances. The shift reagent Tm(DOTP)®' was used to

shift the extraceilular Na"*" resonance and aliow resoiution of the intracelluiar and

extraceliular Na"*" peaks (146). The free-induction decays (FiDs) were multiplied by a

Gaussian function to enhance resolution of the intraceiiular resonance. The Gaussian

function was introduced using a standard Bruker Gaussian multiplication (GM) subroutine

with gaussian broadening (GB) = 0.1 Hz and line broadening (LB) = -10 Hz. The area

of the intracellular ̂ ^Na resonance was determined using a hand-held digitizer.

The spectra were obtained by accumulating a total of 56, 60° excitation

pulses which were collected using an acquisition time of 0.145 seconds, and an

interpuise delay of 1.85 seconds over a two minute period. Data were accumulated using

2K data points and a spectral width of 7042 Hz. Exponential multiplication of the FID

corresponding to a line broadening of 40 Hz was used to Improve the signal-to-nolse

ratio. Peak areas for phosphocreatine (PCr), adenoslne triphosphate (ATP), and Inorganic

phosphate (Pj) were multiplied by 1.32, 1.10 and 1.27, respectively, to correct for the

saturating effects of repetitive pulses. These saturation factors were determined by

comparing peak resonances acquired using the experimentai relaxation delay with fully
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relaxed resonances acquired using a relaxation deiay of 10 seconds. The intraceiiular pH

was determined from the shift of the Pj with respect to the FCr resonance (144). The P

spectra were interieaved automaticaily with ^^Na such that the first minute of each 3
pO

minute interval was used to acquire one Na spectrum, and the iast two minutes were

used to acquire one P spectrum. The P resonances were curve fit to a Lorentzian

iineshape, and automaticaiiy integrated using an NMR-1^'^ (New Methods in Research

iNC, Syracuse NY) software package.

Demand ischemia Protocols

All hearts were studied using one of the four protocols described below. Protocols

I and 2 were compared to assess the effects of a greater reduction in fiow during

demand ischemia. Protocoi 3 was done to assess the effects of increasing the free

p I
extracelluiar [Ca ] from 1 to 1.5 mM. Protocoi 4 was done to evaiuate the effects of a

combination of higher extraceiiular Ca^"*" and a iower giucose concentration.

Protocoi 1: The perfusate free [Ca^"*"] was approximately 1 mM, and contained

II mM glucose and 2 mM pyruvate as energy substrates. Hearts were perfused for a 20

minute controi period at a coronary flow of 15 mis/min/g, and were paced at a heart rate

of 240 bpm. The heart rate was increased to 360 bpm for 6 minutes, and then the flow

was decreased to 20% of the control flow at the higher heart rate for 22 minutes of

demand ischemia. Demand ischemia was followed by 20 minutes of reperfusion at the

control heart rate and flow.

Protocol 2: The free [Ca^"*"], glucose and pyruvate concentrations were the same

as those used in protocol 1. However, the coronary flow was decreased to 10% of the

control flow, and the duration of demand ischemia was also reduced to 11 minutes. The
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protocol was otherwise identical to protocol 1.

Protocol 3: The free CaClg was increased to 1.5 mM, and the perfusate contained

only 11 mM glucose as an energy substrate. The protocol was otherwise the same as

protocol 1.

Protocol 4: This protocol was identical to protocol 3 except that the perfusate

glucose concentration was reduced to 5.5 mM and supplemented with 1 mM lactate.

Data Analysis

Data were expressed as mean ± SEM. Insufficient data were collected to allow

statistical comparisons of changes in Na"^, high energy phosphates and pH between

protocols. The increase in LVEDP was compared between protocols using a one-way

analysis of variance. The effects of age and the high salt diet on mean arterial pressure,

left ventricular weight, body weight, and left ventricular weight to body weight ratio were

determined using a two-way analysis of variance with diet and age as factors.

C. RESULTS

Left Ventricular Function

The actual perfusion conditions for each protocol are given in Table 3-1. The mean

increase in LVEDP during demand ischemia and reperfusion for each of the 4 protocols

are presented in Figure 3-1. Changes for individual hearts are shown in Table 3-2. The

decrease in fiow during demand ischemia resulted in an initial decrease in the LVEDP at

the beginning of ischemia due to a loss of turgor in the coronary arteries. Therefore,

changes in LVEDP at the end of demand ischemia were determined with reference to the
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Table 3-1. PERFUSION CONDITIONS FOR PRELIMINARY PROTOCOLS

PR

#

n HR-CON

(bpm)
HR-ISC

(bpm)
Q-CON^
ml/min/g

Q-ISC®
ml/min/g

TIME-ISC

(mins)
PER

1 4 240 360 15.1 ± 1.5 3.6 ± 0.5 22 1

2 6 240 360 14.6 ± 0.8 1.8 ± 0.2 11 1

3 4 240 360 14.4 ± 1.0 3.0 ± 0.7 22 2

4 8 240 360 18.0 ± 1.1

CO
C)

+1

p

22 3

NOTES: PR is protocol. N is the number of hearts. HR-CON is the control heart rate. HR-
ISC is the ischemia heart rate. Q-CON is the control flow. Q-ISC is the ischemia flow.
Tinie-ISC is the duration of demand ischemia. PER is the perfusate energy substrate and
Ca composition. PERI contained 11 mM glucose, 2 mM pyruvate and 1 mM free
Ca^"*". PER2 contained llmM glucose and 1.5 mM free Ca^"*". PER3 contained 5.5 mM
glucose, 1 mM lactate and 1.5 mM Ca^"*".
Data are mean ± SEM.
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Figure 3-1. Increase in Left Ventricular End Diastolic Pressure (LVEDP) During Demand
Ischemia and Reperfusion. Bars are mean ± SEM for the increase in LVEDP at end
ischemia (ISC) and end reperfusion (REG). The control LVEDP was 14 ± 2.3, 14 ±
2.6, 10 ± 0.9 and 8 ± 0.7 for protocols 1-4, respectively. The increase in LVEDP at
end reperfusion was calculated with respect to the control pressure. Since the ioss of
coronary turgor at the onset of ischemia promoted an initial decrease in LVEDP, the
increase at end ischemia was caiculated with respect to the LVEDP during the initial
minute of ischemia. See text for a description of protocols.



Table 3-2. INDIVIDUAL HEART DATA FOR PRELIMINARY EXPERIMENTS

PR

#

RAT

#

DIET AGE

weeks

MAP

mmHg
LV/BW
g/kg

A

LVEDP

mmHg
PCr

%con

Na

%con

pH

1 15 HS 16 - 0.54 + 1.5 62 - 7.08

1 16 CON 16 117 0.48 0 32 - 7.01

1 65 CON 16 136 0.45 + 5.0 46 135 6.87

1 64 HS 16 143 0.56 0 41 134 7.08

2 50 CON 16 125 0.43 + 33.0 20 - 6.93

2 42 HS 24 138 0.61 + 6.0 22 - 6.73

2 63 HS 16 125 0.53 0 0 124 6.81

2 251 HS 16 130 0.49 + 5.0 4 192 6.82

2 72 CON 16 131 0.43 0 0 184 6.55

2 252 HS 16 144 0.52 + 1.0 20 165 6.89

3 60 CON 36 128 0.45 + 10.0

3 61 CON 36 129 0.42 + 5.5

3 20 HS 36 - 0.45 + 3.5

3 21 HS 36 - 0.46 + 16.5

4 57 CON 35 122 0.43 + 6.0

4 58 CON 36 118 0.48 + 17.0

4 59 CON 36 126 0.40 + 11.0

4 52 HS 37 - 0.48 + 4.0

4 56 HS 35 144 0.54 + 15.0

4 62 HS 35 - 0.45 + 13.5

4 70 HS 36 165 0.51 + 9.5

4 71 HS 34 154 0.47 + 12.5

NOTES: PR is protocol. MAP is mean arterial pressure. LV/BW is the ratio of left
ventricular dry weight to body weight. ALVEDP is the maximal change in LVEDP during
demand ischemia. PCr is the lowest value of phosphocreatine content during demand
ischemia. Na"^ is the maximal value of intracellular Na"*" content during demand ischemia.
pH is the minimal value of pH during demand ischemia. CON is control diet. MS is 8%
NaCI diet.
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LVEDP measured during the first minute of ischemia. Changes in LVEDP at end

reperfusion were determined with respect to the control value.

The maximal increase in LVEDP during demand ischemia was small for protocols

1 and 2 (Figure 3-1). Data for individuai hearts in Table 3-2 show that several hearts

subjected to either protocol 1 or protocol 2 exhibited no increase in LVEDP during

demand ischemia. The BHR-HS and BHR-CON responded similarly to the two protocols.

Therefore, protocols 1 and 2 were not successful in producing a consistent increase in

LVEDP during ischemia. Note that one heart from protocoi 2 (#50) exhibited a large

increase in LVEDP during demand ischemia of 33 mmHg, and the LVEDP continued to

increase during reperfusion in this heart. There was no change in coronary perfusion

pressure or any other variable to account for the greater increase in LVEDP in this heart.

Since heart #50 was an extreme observation, the LVEDP data for the heart were not used

to caicuiate the mean change during ischemia and reperfusion for protocoi 2.

in contrast with protocols 1 and 2, the protocols which utilized a higher perfusate

[Ca^"*"] (protocols 3 and 4) did promote a moderate increase in LVEDP during demand

ischemia (Figure 3-1). The data in Table 3-2 indicate that there was a detectable increase

in LVEDP in every heart subjected to either protocol 3 or 4. There was no significant

difference in the increase in LVEDP in protocol 4 compared with protocol 3. The mean

increase in LVEDP for the hearts in protocols 3 and 4 was significantly higher than the

mean increase for the hearts in protocols 1 and 2 (p=0.0004). The increases in LVEDP

for hearts in protocols 3 and 4 were averaged in order to determine whether diastolic

dysfunction was related to the development of hypertrophy or hypertension. The mean

increase in LVEDP was similar in the BHR-CON (9.9 ± 2.1 mmHg) and the BHR-HS

(10.6± 2.0) subjected to protocols 3 and 4.
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There was a measurable sustained increase in LVEDP at the end of reperfuslon

for all four protocols (Figure 3-1). However, protocols 3 and 4 promoted a much greater

sustained Increase in LVEDP than either protocol 1 or protocol 2. The sustained increase

In LVEDP was greatest for the protocol (#4) that combined a higher perfusate [Ca^"*"]

with a lower glucose concentration.

The mean LVDEVPs at the end of ischemia and end reperfuslon are shown in Figure

3-2. The decrease in developed pressure was substantial for all protocols. The decrease

In LVDEVP was most severe in hearts perfused at the lowest coronary flow (protocol 2)

during demand ischemia. The recovery of LVDEVP was complete, or nearly complete, for

hearts in all protocols except for protocol 4.

Intracellular Na"*"

The changes in intracellular Na"^ content at the end of demand ischemia and at

end reperfuslon with respect to control are shown In Figure 3-3 for hearts subjected to

protocols 1 and 2. The higher perfusate [Ca^"*"] used for protocols 3 and 4 precluded the

use of the ̂ ^Na shift reagent Tm(DOTP)®'. Therefore, no Na"*" data were obtained during

these protocols.

There was a measurable increase in Intracellular Na"*" content during ischemia in

all hearts for which Na"*" data were obtained (Table 3-2). There was no detectable change

in Na"*" with the increase in heart rate prior to the decrease in flow. The Increase In Na"*"

was apparently somewhat higher in hearts subjected to protocol 2 in which the coronary

flow during demand ischemia was approximately half that used in protocol 1 (Figure 3-3).

However, Na"*" data were measured in an insufficient number of hearts to allow

meaningful statistical comparisons. There was no apparent relationship between diet and
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Figure 3-2. Changes in Left Ventricular Developed Pressure (LVDEVP) During Demand
Ischemia and Reperfusion. Bars are mean ± SEM at end ischemia (ISC) and following
reperfusion (REC). The dashed, horizontal line represents the control value. The
control LVDEVP was 52 ± 10, 57 ± 9, 127 ± 12, and 136 ± 5 for protocols 1-4,
respectively. See text for a description of protocols.
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Figure 3-3. Changes In Intraceiluiar Na"^ During Demand Ischemia and Reperfusion.
Bars are mean ± SEM for control (CON), end ischemia (ISC), and end reperfusion
(REC). See text for a description of protocols.



the magnitude of the increase in Na"*" for the 6 hearts in which Na"*" was measured (Table

3-2). The sodium recovered rapidly to the control value during reperfusion in all hearts.

The mean intracellular Na"*" content at the end of reperfusion was lower than the control

value for both protocol 1 and protocol 2.

PCr and oH

The mean phosphocreatine (PCr) contents at the end of demand ischemia and

at end reperfusion are shown in Figure 3-4 for protocols 1 and 2. No NMR data were

collected during protocols 3 and 4. End ischemia PCr data for individual hearts are shown

in Table 3-2. Both protocols produced a substantial decrease in the PCr content. The

decrease in PCr, like the increase in Na"*", tended to be greater in hearts subjected to the

lower ischemic flow during protocol 2. At the onset of reperfusion, the PCr content

increased rapidly towards control values, and the recovery of PCr was complete or nearly

complete for the hearts in both protocols.

The mean intracellular pH during control perfusion, at the end of demand

ischemia, and at the end of reperfusion are shown in Figure 3-5. The end ischemic pH

data are presented in Table 3-2 for individual hearts. The decrease in pH during demand

ischemia was greater for protocol 2 in which the coronary flow during ischemia was half

that used in protocol 1. The pH returned to the control value during reperfusion for both

protocols.

Characteristics of Hearts

The mean arterial pressure (MAP) and left ventricular weight to body weight ratio

(LV DRY/BW) are given in Table 3-3 for the BHR used in the studies described above.
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Figure 3-4. Changes In Phosphocreatine Content (PCr) During Demand Ischemia and
Reperfusion. Bars are mean ± SEM for control (CON), end Ischemia (ISC), and end
reperfusion (REC). See text for a description of protocols.
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Figure 3-5. Changes in Intracellular pH During Demand Ischemia and Reperfusion.
Bars are mean ± SEM at control (CON), end Ischemia (ISC), and end reperfusion
(REC). See text for a description of protocols.



Table 3-3. ARTERIAL PRESSURES AND LEFT VENTRICULAR WEIGHTS

AGE DIET MAP® n" BW Lvwr® LV DRY/BVyf
(month) (mmHg) (kg) (g) (g/kg)

4 CON^ 127 ± 4 4 0.38 ± 0.01 4 0.17 ± 0.01 0.45 ± 0.01

4 HS'' 136 ± 5 4 0.35 ± 0.01 5 0.18 ± 0.01 0.53 ± 0.01

9 CON 125 ± 2 5 0.47 ± 0.02*^ 5 0.21 ± 0.01 0.44 ± 0.01

9 HS 154 ± 6'j 3

o

1+

O.OH' 7 0.21 ± 0.01 j 0.48 ± 0.01'

Notes: Data are mean ± SEM. Probabilities are one-tailed.

^ mean arterial pressure
number of rats for the MAP measurement.

^ body weight
number of rats for the BW, LV WT, and LV DRY/BW measurements.

® left ventricular dry weight
^ ratio of left ventricular dry weight to body weight.
9 CON is control diet (0.3% NaCI).
^ MS is high salt (8% NaCI).
I P ̂  0.0215 vs 9 month old control
^ p ̂  0.0066 vs 4 month old MS
p ̂  0.0462 vs 4 month old control
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The 4 month old BHR were used in protocols 1 and 2, and the 9 month old rats were

used In protocols 3 and 4. The MAP was higher in both 4 and 9 month old BHR-HS

compared with the BHR-CON, but the difference only achieved statistical significance

(p=0.0006) in the 9 month old rats. Both 4 month old (p=0.0095) and 9 month old

(p=0.0215) BHR-HS were significantly hypertrophied compared with age-matched BHR-

CON.

The MAP was significantly higher in the 9 month old BHR-HS compared with the

4 month old BHR-HS. In contrast, the LV DRY/BW was actually lower in the 9 month old

BHR-HS compared with the 4 month old BHR-HS. Therefore, although the MAP was

higher in 9 month old BHR-HS, the severity of hypertrophy did not increase with age in

these rats.

D. DISCUSSION

The primary objective of this series of studies was to develop a protocol that

would facilitate the evaluation of the relationship between increased diastolic dysfunction

in hypertrophied hearts and the increase in intracellular Na"'" during ischemia. Previous

studies had shown that hearts with only minimal hypertrophy exhibited increased diastolic

dysfunction compared with nonhypertrophied hearts (43,134). This observation suggested

that diastolic dysfunction might be a sensitive measure of the greater susceptibility of

hypertrophied hearts to ischemic dysfunction and damage. The results of these

preliminary studies indicate that diastolic dysfunction was not produced during demand

ischemia in hypertrophied BHR hearts perfused with 1 mM extracellular free [Ca^"'"]. The

severity of the changes in PCr, pH and Na"*" was increased by decreasing the flow during

demand ischemia by half, but there was no apparent effect on the increase in LVEDP.
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Moderate increases in LVEDP were promoted during demand ischemia when the

extracellular free [Ca^^] was increased to 1.5 mM. However, the ̂ ^Na shift reagent

Tm(DOTP)®" was sensitive to precipitation at perfusate Ca^"*" concentrations greater that

1 mM. Therefore, it was not possible to measure changes in intracellular Na"*" using

conditions that produced diastolic dysfunction during demand ischemia. The observation

that hearts exhibited less diastolic dysfunction when perfused at a lower free [Ca^"*"] is

consistent with previous studies that have shown that reducing the extracellular [Ca^"*"]

has a protective effect on the heart during ischemia and reperfusion (23,148).

Since the BHR used in protocols 3 and 4 were older than rats used in protocols

1 and 2, age cannot be excluded as a factor that may have contributed to the greater

increase in LVEDP observed during these protocols. However, the severity of hypertrophy

was not greater in the 9 month old BHR-HS compared with 4 month old BHR-HS.

Furthermore, the increase in LVEDP was not greater in the 9 month old BHR-HS

compared with the age-matched BHR-CON. Therefore, the greater increase in LVEDP

during demand ischemia in hearts subjected to protocols 3 and 4 was not due to

differences in the severity of hypertrophy compared with hearts in protocols 1 and 2.

The results of an earlier study indicated that hypertrophied hearts from DOCA-salt

rats exhibited a greater increase in LVEDP during hypoxia in hearts perfused with buffer

containing 5.5 mM glucose and 1 mM lactate compared with hearts perfused with a

much higher glucose concentration of 27.5 mM glucose in combination with insulin (27).

However, our data indicate that decreasing the glucose concentration from 11 to 5.5 mM

did not have a measurable effect on the observed increase in LVEDP during ischemia.

An insufficient number of hearts were studied to relate changes in Na"^ and

LVEDP using statistical methods. However, it was clear from the data for individual hearts
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that a substantial increase In Na"*" of up to 84% above control was not a sufficient cause

for an Increase in LVEDP during ischemia. It Is possible that the effects of lower

extracellular Ca^"*" may have attenuated the influx of via Na'^-Ca^'^ exchange, or

that the concurrent decrease in pH may have masked the effects of increased Ca^"*" by

decreasing the sensitivity of the myofilaments to Ca^"*" (149,150).

The development of hypertension and left ventricular hypertrophy was similar In

the BHR-HS used In these preliminary studies as that described for the BHR in Chapter

2. The BHR fed a high salt diet developed frank hypertension and significant hypertrophy

that was measurable in 4 month old rats after 8 weeks on the 8% NaCI diet. These data

also verified the earlier observation that the severity of hypertrophy in the BHR-HS,

measured using the LV DRY/BW, does not increase with age.

In conclusion, the demand ischemia protocol required a [Ca^"*"] higher than 1 mM

to induce detectable diastolic dysfunction, but higher concentrations of Ca^"*" were not

compatible with the ̂ ^Na shift reagent Tm(DOTP)'®. Therefore, demand ischemia was not

a useful protocol for the evaluation of the relationship between ischemic dysfunction and

the increase in intracellular Na"^ during ischemia. The low flow ischemia protocol that will

be described in Chapter 4 proved to be more appropriate for relating ischemic

dysfunction and increases in intracellular Na"^ in hypertrophied hearts.

The BHR heart develops only mild left ventricular hypertrophy compared with other

models of pressure overload. The results of these studies indicate that there were no

differences in either Na"*" homeostasis or diastolic function between BHR-CON and BHR-

HS that were detectable with the methods described. Therefore, hearts from

Spontaneously Hypertensive Rats with more severe hypertension and hypertrophy were

used in subsequent experiments.
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CHAPTER 4

Na* HOMEOSTASIS, pH REGULATION AND HIGH ENERGY PHOSPHATE

METABOLISM IN HYPERTROPHIED SHR HEARTS DURING ISCHEMIA

A. INTRODUCTION

Myocardial hypertrophy may occur as a compensatory response to the increased

pressure load in hypertensive hearts that serves to normalize wall stress and maintain

normal cardiac output (1,2). However, hypertrophied hearts have been shown to have a

greater susceptibility to dysfunction, particularly diastolic, during ischemia and also to

injury following reperfusion (26,27,33-48). The reason for this exaggerated sensitivity to

ischemia has not been identified, but the development of hypertrophy is associated with

alterations in metabolism (26-32) and Na"^ and Ca^"" homeostasis (83-87,92-98) that may

predispose these hearts to ischemic damage and dysfunction.

Myocardial ischemia is characterized by a decrease in high energy phosphates

and pH, the accumulation of metabolites, and imbalances in cation homeostasis (16-20).

The accumulation of intracellular Na"" during ischemia and early reperfusion has been

implicated as a primary step in the development of ischemic dysfunction and damage

(101,102,106-109). The increase in Na'^ is believed to occur due to an increased influx of

Na"^ via Na"^-H"^ exchange (101,102,106,108,109) that may be potentiated by a decreased

capacity for Na"^ removal by the Na"^-K* ATPase at reduced ischemic energy levels

(102,110). The increase in intracellular Na"^ has been associated with a subsequent

increase in Ca^^ uptake presumably via Na^-Ca^^ exchange (101,102,108). The elevated

intracellular Ca^"^ is proposed to directly promote ischemic dysfunction and damage

(101,102,108,111,123-127).
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There are several factors that Indicate that hypertrophied hearts may be more

susceptible to ischemic dysfunction and damage by mechanisms involving imbalances

in cation homeostasis. it has been proposed that hypertrophied hearts may have an

increased dependence on, or capacity to recruit, anaerobic giycoiysis (26,32). This

hypothesis remains controversial (26,27), but hearts hypertrophied by aortic banding were

shown to produce significantly more lactic acid during ischemia and hypoxia compared

with controls (26). The increased production of iactate and protons would provide a

greater stimulus for increased Na'^ influx during ischemia and early reperfusion via Na'^-H'^

exchange.

Additionally, a number of in vitro studies have shown that hypertrophied hearts

may have a lower Na"^-K^ ATPase activity (83-87) that would compromise the ability of

these hearts to respond to an increased Na"^ influx during ischemia, and allow the

intracellular Na"" to Increase to greater levels. Finally, there is evidence that hypertrophied

hearts may have a decreased capacity for Ca^^ sequestration by the sarcoplasmic

reticulum (92-97), and an enhanced ability to utilize Na^-Ca^^ exchange for normal Ca^^

homeostasis (86,98,100). The increase in intracellular Na"" during ischemia would inhibit

Ca^"" removal via Na'^-Ca^'" exchange, and perhaps even potentiate the influx of Ca^"" by

this mechanism. This additional Ca^"" load would be potentiated further by decreased

uptake of Ca^"" by the sarcoplasmic reticulum in hypertrophied hearts. Therefore,

hypertrophied hearts exhibit a number of alterations in Na"" and Ca^"" homeostasis that

may contribute to greater ischemic dysfunction and injury compared with normal hearts.

Most of the evidence for impaired Na"" handling in hypertrophied hearts has been

obtained in vitro. The primary objectives of the present study were to determine whether

hypertrophied hearts exhibited greater Na* accumulation during ischemia, and to
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determine if ischemic dysfunction and damage in these hearts was associated with the

increase in intracelluiar Na*. An additional objective was to relate the increase in

intracellular Na"^ with the changes in pH, and contents of high energy phosphates during

ischemia in hypertrophied hearts.

B. METHODS

Experimental Preparation

Male Spontaneously Hypertensive Rats (SHR) and normotensive Wistar-Kyoto

(WKY) rats were acquired from laconic farms (Germantown NY), at either 16 weeks of

age or as retired breeders. Rats were housed on a 12 hour light-dark cycle and received

rat chow and water ad libitum. Isolated heart studies were done when the rats were 8 -

10 months old. One or two days before the isolated heart experiment, rats were

anesthetized with methoxyflurane, and an indwelling catheter was placed surgically in the

femoral artery and externalized through a dorsal cervical incision. Direct blood pressures

were measured in awake, unsedated animals, in the morning, on either the day of the

perfusion experiment, or one day prior to the experiment.

The isolated, isovolumic heart preparation was used to compare the response of

hypertrophied SHR hearts with that of WKY controls. Prior to isolation of the heart, rats

were injected with heparin (100 units/Kg IP) and anesthetized with pentobarbital

(60mg/Kg IP). Hearts were rapidly excised, arrested in cold isotonic saline (4°C), and

cannulated via the aortic root for retrograde coronary perfusion. During the initial

preparation, the hearts were perfused at a constant pressure of 75 mmHg. After the

hearts were placed in the magnet they were switched to a constant coronary flow of
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approximately 15 mis/min/g wet weight. Non-reclrculating systems were used for both

constant flow and constant pressure perfuslon. Coronary perfuslon pressure (GPP) was

monitored through the aortic cannula using a P23XL pressure transducer (Spectramed,

Oxnard OA). A schematic of the apparatus used for constant flow perfuslon of hearts

during the collection of NMR and functional data Is shown In Figure A-1 of the Appendix.

All hearts were Initially perfused with a modified Krebs-Henselelt buffer with the

following composition: 118mM NaCI, 24mM NaHCOj, 4.7mM KCI, 1.2ml\/l MgSO^, 1.5mM

CaClg, 0.5mM NajEDTA and 11 mM glucose. Immediately after the hearts were placed In

the magnet the perfusate was changed to buffer containing 4mM of the ̂ ^Na NMR shift

reagent Na5Tm{D0TP). The shift reagent buffer was Identical to the original perfusate with

the following modifications. The NaCI In the buffer containing Na5Tm(D0TP) was reduced

to maintain the total [Na"^] at 142 mM. In addition, the total [Ca^""] was Increased to 5.5

mM to adjust for significant chelatlon of Ca^"^ by the shift reagent. The mean (± SEM)

perfusate free Ca^"" concentration measured using an calcium specific electrode (Orion,

Boston MA) was 1.01 ± 0.02 (range 0.89-1.16) mM. The perfusate was equilibrated with

95% Og and 5% COj to produce a pH of 7.4 to 7.45.

To facilitate pacing, the right atrium was removed, and the AV node was crushed.

Platinum wire (36 gauge) electrodes were attached to the right ventricular free wall, and

connected to a constant voltage stimulator (Stoelting, Chicago IL) via a KCI-agar salt

bridge. Hearts were paced at 4 Hz using a voltage just above the threshold voltage.

A drain was placed In the apex of the left ventricle to allow thebeslan drainage,

and a small fluid filled latex balloon was placed In the left ventricle through the mitral

valve. The balloon was connected to a P23XL pressure transducer (Spectramed, Oxnard

CA) via polyethylene tubing for measurement of left ventricular pressure. Left ventricular
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peak systolic, and end diastolic pressures were recorded continuously using an analog

physiologic recorder (Astromed, West Warwick Rl). The left ventricular pressure data were

also digitized at 10 ms intervals using an A-D converter and stored on a personal

computer for later analysis. Left ventricular developed pressure (LVDEVP) was calculated

as the difference between left ventricular peak systolic pressure and left ventricular end

diastolic pressure (LVEDP).

The heart was submerged in buffer inside a 20mm NMR tube which was

connected to the perfusion apparatus via a water-jacketed umbilical that allowed hearts

to be perfused at 37° C while inside the magnet. After the hearts were placed in the

magnet they were switched to perfusate containing the sodium shift reagent Tm(DOTP)^',

and perfused at a constant flow of 15 mis/min/g using a Masterflex^" pump (Cole

Parmer, Chicago iL). The perfusate containing Tm(DOTP)^' was bubbled with 95% Oj

and 5% COj and kept in an ice bath. The perfusate was circuiated through a 25ft coil of

silastic tubing bathed in fluid aerated with 95% Oj and 5% COj at 37° C to provide

temperature and gas equilibration. The coil of silastic tubing emptied into a 50 ml

jacketed condenser that was also aerated with 95% Oj and 5% COj. The perfusate was

pumped from the bottom of the condenser to the heart, and overflow from the top of the

condenser was returned to flask containing cold perfusate. The condenser was necessary

to maintain the flow constant because gas bubbles were formed in the silastic tubing as

the perfusate was warmed to 37°. The perfusate was filtered using in-iine 5iim membrane

fiiters.
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NMR Spectroscopv

The NMR spectra were obtained using an 8.5 Tesia vertical bore superconducting

magnet and a Bruker AM-360 spectrometer (Billerica MA). The ̂^Na and spectra were

acquired using a single home-built, temperature controlled probe. The probe design

included two orthogonal saddle coils on separate circuits that were connected to

separate dedicated preamplifiers. One coil was tuned to 145.78 MHZ for and the

second coil simultaneously tuned to 95.25 MHZ for ̂ ^Na. The magnet was shimmed

prior to data acquisition to optimize field homogeneity using the ̂ ^Na signal.

The ̂ ^Na spectra were obtained by averaging 338, 90° excitation puises which

were collected using an acquisition time of 0.154 seconds, without an additional

relaxation delay, and a dead time of 96.3 |isec. Data were accumulated over a one

minute period using 2K data points and a spectral width of 6667 Hz. The recycle time was

more than 5 times greater than the T^ (20-30 ms) estimated using inversion recovery for

both the intracellular and extracellular Na^ resonances. Thus, the pulsing conditions did

not produce saturation of the ̂ ^Na resonances. The shift reagent Tm(DOTP)^" was used

to shift the extracellular Na"" resonance and allow resolution of the intracellular and

extracellular Na'" peaks (107,146,151). The free-induction decays (FIDs) were multiplied

by a Gaussian function to enhance resolution of the intracellular resonance. The Gaussian

function was introduced using a standard Bruker Gaussian multiplication (GM) subroutine

with gaussian broadening (GB) =0.1 Hz and line broadening (LB) = -10 Hz. A standard

solution containing 140mM NaCI and 4mM Tm(DOTP)^" was included in the left

ventricular balloon. A standard curve was derived for estimation of the Na"^ content of

each heart by acquiring ̂ ^Na spectra following the addition of known volumes of the

standard solution to the balloon. The areas of the ̂ ^Na resonances were determined
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using a hand-held digitizer (Jandel Scientific, Sausalito CA)

The spectra were obtained by accumulating a total of 56, 60" excitation

pulses collected using an acquisition time of 0.145 seconds with an Interpulse delay of

1.85 seconds over a two minute period. Data were accumulated using 2K data points and

a spectral width of 7042 Hz. Exponential multiplication of the FID corresponding to a line

broadening of 40 Hz was used to improve the signai-to-noise ratio. Peak areas for

phosphocreatine (PCr), adenosinetriphosphate (ATP), and inorganic phosphate (P,-) were

multiplied by 1.32, 1.10 and 1.27, respectively to correct for the saturating effects of

repetitive pulses. These saturation factors were determined by comparing peak

resonances acquired using the experimental relaxation delay with fully relaxed

resonances acquired using a relaxation delay of 10 seconds. The resonance from a

lOnmole (400 mM) phenylphosphonic acid standard contained in a microsphere and

placed in the tube beside the heart was used to calculate the contents of PCr, ATP and

Pj in the hearts. The intraceilular pH was determined from the shift of the P,. with respect

to the PCr resonance (147). The ̂ ^P spectra were interleaved automatically with ̂ ^Na

such that the first minute of each 3 minute interval was used to acquire one ̂ ^Na

spectrum, and the last two minutes were used to acquire one ̂ ^P spectrum. The ̂ ^P

resonances were curve fit to a Lorentzian iineshape, and automatically integrated using

an NMR-1™ (New Methods in Research INC, Syracuse NY) software package.

Shift Reaoent Preparation and Recovery

The Tm(DOTP)^' was synthesized using a modification of the method of Sherry

and others (146,151). The DOTP®" was synthesized as described previously (151).

Impurities were removed from the DOTP®' by repeatedly precipitating the DOTP®" from
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concentrated solutions at pH 1.0, and washing with methanol. The final purity of the

DOTP®" was determined by titration with TmCij. Briefly, known amounts of TmClj were

added to an aqueous solution of DOTP®' containing 150 mM NaCI buffered to pH 9.0

with triethanolamine, and the frequency shift was monitored using the Bruker 360-AM

spectrometer. The purity of the DOTP®' was determined on the basis that the maximal

frequency shift should occur when the actual ratio of Tm^* to DOTP®" is equal to 1. The

DOTP®' of known purity was complexed with TmCij using a Tm'* to DOTP®" ratio of 0.98.

The Tm(DOTP)^" was recovered from the perfusate following each experiment.

Briefly, the perfusate was filtered, lOmM Ca^"" was added, and the solution was warmed

to 60-70°C to precipitate the Ca^* salt of Tm(DOTP)^'. The Ca^"^ salt of the shift reagent

was separated by filtration. The Ca^* was subsequently removed from the Tm(DOTP)^'

by decreasing the pH of an aqueous suspension of the shift reagent to 1.0 with HCL The

protonated Tm(DOTP)^' was filtered, washed with methanol, and dried to constant weight

in a desiccator.

Experimental Protocol

Hearts were placed in the magnet, switched to shift reagent buffer at a constant

coronary flow of 15 mis/min/g, and allowed to stabilize for at least 20 minutes. After the

initial stabilization period, the control left ventricular pressure-volume (P-V) curve was

obtained. The P-V curves were acquired by increasing the volume of the intraventricular

balloon In at least three 0.01 ml increments. Following acquisition of the P-V curve, the

balloon was inflated to a volume which produced an end diastolic pressure of 2 to 4

mmHg, and this volume was maintained constant throughout the experiment.

Prior to acquisition of control data, a fully relaxed spectrum was acquired for
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determination of saturation factors by increasing the interpulse delay to 10 seconds.

Control NMR and pressure data were collected for 12 minutes while the hearts were

perfused at a flow of approximately 15 mis/min/g and paced at a rate of approximately

240 beats/minute (bpm). Hearts were subjected to low flow ischemia for 30 minutes

during which the flow was reduced to 10% of the control flow, and pacing was continued

at 240 bpm. Low flow ischemia was followed by 30 minutes of reperfusion at the control

flow and heart rate. Left ventricular and coronary perfusion pressures were monitored

continuously throughout the experiment, and and ̂ ^Na spectra were each acquired

with a time resolution of 3 minutes.

Hearts were excluded from the study if the basal left ventricular developed

pressure decreased by more than 10% or the basal left ventricular end diastolic pressure

increased by more than 2 mmHg after the initial equilibration. Hearts were also excluded

if the coronary perfusion pressure increased above 150 mmHg during control or

reperfusion.

Following the experimental protocol, the left ventricular P-V curve was repeated,

and the slope was compared with the slope of the control P-V curve to assess changes

in left ventricular stiffness. The mean change in the slope of the P-V curve at end

reperfusion with respect to controi was compared between groups to assess differences

in the increase in left ventricular stiffness.

At the end of the perfusion experiment the left ventricle and septum were

dissected from the right ventricle, and both chambers were blotted and weighed.

Ventricular dry weights were determined after the ventricles were dried to constant weight

in an oven at 100°C. The degree of myocardial hypertrophy was assessed by calculating

both the left ventricular weight to body weight and right ventricular weight to body weight
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ratios. Left ventricular wet weight to dry weight ratios were determined to compare the

severity of LV edema between groups following the perfuslon experiment.

Measurement of Lactate Production

To compare lactate production In the SHR hearts with production In WKY hearts

the coronary venous effluent from the heart was collected for the 30 minute Ischemic

period, and for 3 minute Intervals during reperfuslon via an aspiration line In the NMR

tube. There was no measurable lactate In the effluent during control perfuslon. The lactate

In the effluent from the heart was measured using a Sigma (St. Louis, Mo) reagent kit.

The method Is a standard enzymatic assay In which lactate and NAD are converted to

pyruvate and NADH using lactate dehydrogenase. The production of NADH was

measured as an Increase In absorbance at 340nm using a spectrophotometer (Gilford).

Calculation of the Free Enerov of ATP Hvdrolvsis

The free energy of ATP hydrolysis (AG) was calculated using the following formula;

AG = AG° + RT*ln ([ADP]-[Pj]/[ATP]) kj/mole, where AG° Is the standard free energy

change, R Is the gas constant, and T Is the absolute temperature. The [ADP]/[ATP] ratio

was calculated from the equilibrium of the creatlne kinase reaction:

Keq = [ATP]•[PCr]*[H*]/[ADP]*[Creatlne] = 1.66 X 10' M"'' (152).

The [PCr], [P.] and [H"^] were obtained from the ̂ ^P spectra for each heart. The [creatlne]

was determined as the difference between the mean total creatlne value and the

measured PCr. The mean total creatlne was assumed to be equal to 68.5 /umoles/g dry

wt (152). Values of PCr, Pj and creatlne content In /imoles/g dry wt were converted to

cytoplasmic concentrations in moles/liter using a conversion factor of 3.0 mis/g dry wt.
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The conversion factor was calculated using the measured wet to dry weight ratio, and

assuming that the intracellular volume was 57% of the total tissue volume (104). Values

of AG in this paper were expressed as absolute values, but they should be understood

as thermodynamically negative since ATP hydrolysis is an exergonic reaction.

Calculation of Left Ventricular Wall Stress

To correct for differences in left ventricular mass and chamber volume, left

ventricular midwall stress (o) was calculated using the following formula which is based

on the assumption of spherical left ventricular geometry (153-154):

o = (1.36*LVP*V0L2^V[V0L + (0.943• LVW)]^^^ - VOL^^^

Where LVP is left ventricular peak systolic or end diastolic pressure and LVW is the wet

weight of the left ventricle and septum. The VOL is the balloon volume which was

determined as the sum of the volume of the balloon at 0 mmHg, determined by water

displacement, and the fluid volume added to the balloon to achieve the perfusion LVEDP.

Developed stress was calculated as the difference between peak systolic and end

diastolic o.

Statistical Methods

Between group differences in blood pressures, heart weight data, perfusion

conditions, and recovery times were compared using a one-way analysis of variance with

multiple contrasts. Group differences in the changes with respect to control at the

midpoint and end of ischemia in left ventricular function, Na"^, pH and high energy

phosphates were assessed using a repeated measures analysis of variance with multiple

contrasts (155). Similarly, between group differences in the maximal recovery of these
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variables with respect to controi following reperfusion were also assessed using a

repeated measures analysis of variance. For these analyses the mean of the 12 minute

control period was used as the controi value. The mean of minutes 13-15 was used as

the midpoint of ischemia. The mean of the last 3 minutes of ischemia was used as the

end ischemia value, and the mean of the last 6 minutes of reperfusion was used as the

recovery value. The Bonferroni method was used for all multiple comparisons (141). Ail

comparisons were two-tailed unless stated otherwise.

The mean changes with respect to control across time of Na*, pH and high

energy phosphates were assessed using a repeated measures analysis of variance by

comparing the Time*Group factor for each pair of groups (156). The initial 15 minutes

and the final 15 minutes of ischemia were analyzed separately.

Correlations, least squares linear regression, and multiple linear regression

analyses were used to examine relationships between variables.

C. RESULTS

Group Characteristics

The ischemic protocol distinguished two groups of SHR. One subgroup of SHR,

which will be referred to as the SHF (n=7), exhibited contractile failure and a dramatic

increase in intracellular Na'" during ischemia. A second subgroup of SHR, the SMS

(n = 13) continued to beat throughout ischemia and exhibited only a small increase in

intracellular Na"^. The differences between SHR subgroups were great enough to be

detected during the experimental procedure. Therefore, ail statistical comparisons were

made following assignment of the SHR to one of the two separate subgroups.
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The mean arterial pressure (MAP) was significantly (p=0.0001) higher in both the

SHF and SHS than in the WKY (Table 4-1). The SHF tended to have higher pressures

than the SHS, but this difference was not statisticaiiy significant. The ratio of left

ventricular dry weight to body weight (LV dry/BW) was used as an index of left ventricular

hypertrophy (Table 4-2, Figure 4-1). Both the SHF and SHS groups had significant

(p=0.0001) left ventricular hypertrophy compared with the WKY. in addition, the LV

dry/BW ratio was significantly greater in the SHF compared with the SHS (p=0.0132)

indicating that the left ventricular hypertrophy was significantly more severe in the SHF.

This difference could not be attributed to extreme observations in either group.

The SHF also had significant right ventricular hypertrophy compared with the WKY

(p=0.0008) (Table 4-3). In contrast, the ratio of right ventricular dry weight to body weight

(RV dry/BW) was not significantly higher in the SHS compared with the WKY.

Perfusion Conditions

Hearts were perfused using a constant flow system, and the actual coronary flows

expressed per gram ventricular weight (left -i- right) are shown in Table 4-4. Flows were

similar in all three groups. Since hearts were perfused at constant flow, coronary

perfusion pressure (CPP) was proportional to coronary resistance. The control CPPs were

higher in both of the SHR subgroups compared with the WKY (p < 0.0061) indicating

greater coronary resistance in the hypertrophied hearts (Table 4-4). The CPP was higher

at end reperfusion compared with the control value in ail three groups, but there were no

significant differences between groups in the observed increase in CPP.

To determine whether there were differences between groups in the amount of LV
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Table 4-1. AGES AND ARTERIAL PRESSURES

GROUP n AGE MAP DAP SAP

(weeks) (mmHg) (mmHg) (mmHg)

SHF 7 35 ± 1.3 187 ± 3^ 166 ± 4^^ 229 ± 5^^

SHS 13 37 ± 0.4® 172 ± 5^^ 149 ± 6*^ 217 ± 7*^

WKY 8 35 ± 0.5 110 ± 3 97 ± 3 134 ± 4

Notes: Values are mean ± SEM. MAP Is mean arterial pressure; DAP is diastolic arterial
pressure; SAP is systolic arterial pressure.
I p= 0.0109 vs SHF
° p= 0.0001 vs WKY

Table 4-2. BODY WEIGHTS AND LEFT VENTRICULAR WEIGHTS

GROUP BODY LVWET LVWET LVDRY LVDRY

(n) WEIGHT WEIGHT WT/BW WEIGHT WT/BW
(kg) (g) (g/kg) (g) (g/kg)

SHF (7) 0.37 ± .01® 1.28 ± .02'' 3.4 ±.08® 0.24 ± .01'' 0.65 ±.01®®

SHS (13) 0.38 ± .01® 1.25 ± .03® 3.3 ±.07® 0.23 ± .Ol'^ 0.61 ±.01®

WKY (8) 0.55 ± .01 1.14 ± .02 2.1 ±.03 0.21 ± .01 0.39 ±.01

Notes: Values are mean ± sem. LV is left ventricular; WT is weight; BW is body weight.
® p = 0.0001 vs. WKY
p = 0.0026 vs. WKY

c p = 0.0064 vs. WKY
°p = 0.0156 vs. WKY
® p = 0.0132 vs. SHS
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GROUP

WKY

Figure 4-1. Severity of Left Ventricuiar Hypertrophy. Bars are mean ± SEM for left
ventricular dry weight to body weight ratio.
WKY and SHS.

p = 0.0001 vs. WKY; ** P i 0.013 vs.
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Table 4-3. RIGHT VENTRICULAR WEIGHTS

GROUP RVWET RVWET RVDRY RV DRY

(n) WEIGHT WT/BW WEIGHT WT/BW

(g) (g/kg) (g) (g/kg)

SHF (7) 0.25 ± 0.01 0.68 ± 0.03® 0.05 ± 0.004'= 0.13 ± 0.003®

SHS (13) 0.24 ± 0.01® 0.61 ± 0.02 0.04 ± O.OOO'' 0.12 ± 0.003

WKY (8) 0.29 ± 0.01 0.53 ± 0.02 0.06 ± 0.004 0.11 ± 0.004

Values are mean ± SEM. RV is right ventricular; WT Is weight; BW is body weight.
^ p = 0.002 vs. WKY
p = 0.0045 vs. WKY

^ p = 0.0001 vs. WKY
p = 0.0008 vs. WKY

Table 4-4. PERFUSION CONDITIONS

CON ISC

GROUP FLOW® FLOW CON CPP ISC CPP REC CPP

(mis/min/g) (mIs/min/g) (mmHg) (mmHg) (mmHg)

SHF 14.2 ± 0.4 1.4 ± 0.1 87 ± 5'' 21 ± 1*^ 92 + 6

SHS 14.9 ± 0.2 1.5 ± 0.1 99 ± 3'= 21 ± 1® 100 ± 4^

WKY 14.9 ± 0.3 1.6 ± 0.1 69 ± 3 17 ± 1 77 ± 5

Notes: Values are mean ± SEM. CON is control; ISC is Ischemia;
REC Is reperfuslon; CPP Is coronary perfuslon pressure.
^ Flows are normalized for the weight of both ventricles
p = 0.0061 vs. WKY

^ p = 0.0001 vs. WKY
p = 0.0138 vs. WKY

® p = 0.0037 vs. WKY
^ p = 0.0012 vs. WKY
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edema at the end of the experiment the LV wet weight /dry weight ratios were compared.

The mean (±SEM) LV wet wt./dry wt. ratios were 5.3 ± 0.2, 5.4 ± 0.1 and 5.3 ± 0.1 for

the SHF, SHS and WKY, respectively. There were no significant differences between

groups in the development of LV edema.

The perfusion time prior to the beginning of the experimental protocol differed

from heart to heart due to differences in the time required to adjust the flow, change to

shift reagent, and tune and shim the probe. The mean (± SEM) perfusion times prior to

the beginning of ischemia were 1.85 ±0.13, 1.78 ± 0.09, and 1.90 ± 0.06 hours for the

SHF, SHS and WKY, respectively. The perfusion times were not significantly different

between groups. There was also no apparent deterioration of function or decrease in high

energy phosphates during control in the hearts included in these groups. Therefore,

group differences were not due to differences in the viability of the isolated hearts.

Left ventricular Function

The hearts were paced throughout the experimental protocol, and the control heart

rates were not different between groups (Figure 4-2). Despite continuous pacing, the

heart rate became quite irregular in the SHF during ischemia and ultimately all hearts in

this group stopped beating, in contrast, although intermittent arrhythmias were detected,

all of the hearts in the SHS and WKY groups continued to pace throughout Ischemia.

A significant number of arrhythmias were exhibited by most hearts at the beginning of

reperfusion, and a few of the SHS and WKY hearts arrested briefly during the initial 3

minutes of reflow. Ail hearts eventually returned to the paced rate with occasional

arrhythmias during reperfusion.

The basal left ventricular developed pressure (LVDEVP) was significantly higher
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in both the SHS (p=0.0001) and the SHF (p=0.0049) compared with the WKY (Figure

4-3). The LVDEVP deciined rapidiy and dramaticaily in all three groups during low flow

ischemia (Figure 4-4). All of the SHF hearts exhibited contractile failure during ischemia,

while all of the hearts in the SHS and WKY groups continued to develop low pressures

throughout the ischemic period. The mean (± SEM) time at which the SHF hearts initially

arrested was 18 ± 1.9 minutes.

The decrease in LVDEVP was significantly greater in both the SHF (p=0.0002) and

SHS (p=0.0001) groups compared with the WKY after either 15 or 30 minutes of

ischemia. Since the SHF and SHS both had significantly higher LVDEVP at control

compared with the WKY, the values of LVDEVP at end ischemia were compared in

addition to the changes with respect to control. The pressure developed by the SHS was

not significantly different from the LVDEVP in the WKY at end ischemia. Therefore, the

LVDEVP in the SHS decreased from a higher control value to a value which was similar

to the pressure in the WKY during ischemia, in contrast, left ventricular pressure

development in the SHF decreased to zero in ail hearts, and was significantly less at end

ischemia than the LVDEVP in either the WKY (p=0.0001) or the SHS (p=0.0001).

The hearts in the SHF group resumed beating following 2 to 6 minutes of

reperfusion, and the mean LVDEVP recovered completely to control levels during

reperfusion in all three groups. The time required for the LVDEVP to recover to 80% of

the control value was greater in the SHF compared with both the SHS (p=0.0001) and

the WKY (p = 0.0001) (Table 4-5).

The left ventricular balloon volume was adjusted at the beginning of the

experiment in each heart to produce a left ventricular end diastolic pressure (LVEDP) of

99



SHF SHS WKY

125

100

Q»
X
E
£

u
o

75

50

25

CON M-ISC E-ISC

TREATMENT
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Figure 4-3. Changes In Left Ventricular Developed Pressure. Bars represent mean ±
SEM for each of the three groups for the 12 minute control period (CON), minutes 13-
15 of ischemia (M-ISC), the final 3 minutes of ischemia (E-ISC), and the final 6 minutes
of reperfusion (REC). Data at M-ISC, E-ISC and REC were analyzed as the mean
change with respect to control. See Methods for details. * p ̂  0.0049 vs WKY.
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Table 4-5. RECOVERY TIMES FOLLOWING REPERFUSION

GROUP REC REC REC REC
LVDEVP Na* pH AG
(min) (min) (min) (min)

SHF 13 ± 0.4 7 ± O.O*" 7 ± 1.1 3 ± 0

SHS 7 ± 0.8® 4 ± 0.3 4 ± 0.3®

o
1+

OC

WKY 7 ± 0.7® 7 ± l.l"* 8 ± 1.4

CO
+1

o

Notes: Values are mean ± SEM. REG Is the recovery time. The REC for LVDEVP is the
time within which each heart recovered to 80% of the pressure at control. Recovery times
for LVDEVP were evaluated with respect to 80% of control because not all hearts
recovered 100% of control function. The REC for Na"", pH and AG represents the time
within which each heart recovered to 100% of the control value. The recovery times for
Na"", pH and AG could only be estimated with a 3 minute time resolution. The REC for
LVDEVP was estimated with a one minute time resolution.

®p= 0.0001 vs SHF
''p= 0.0075 vs SHS
''p= 0.0029 vs WKY
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less than 5mmHg. The mean (±SEM) left ventricular volumes were 0.10 ± 0.01, 0.08 ±

0.01, and 0.11 ± 0.01 for the SHF, SHS, and WKY, respectively. There were no

significant differences between groups in either basal LVEDP (Figure 4-5), or the left

ventricular volumes at which the hearts were perfused.

The maximal Increase in the LVEDP during ischemia was significantly greater in

the SHF compared with the SHS (p=0.0001) and the WKY (p=0.0003) (Figure 4-5). There

was no significant difference in the LVEDP between groups at the midpoint of ischemia.

The greatest increase in LVEDP in the SHF hearts occurred after the hearts stopped

beating, and therefore represents the development of contracture (Figure 4-6).

During the initial two minutes of reperfusion the LVEDP plateaued at the elevated

end ischemic level in the SHF (Figure 4-6). The LVEDP increased transiently at the

beginning of reperfusion in the SHS and WKY hearts. With continued reperfusion, the

LVEDP decreased toward the control value In all groups, but the recovery of LVEDP was

less complete in the SHF which had a greater sustained increase in the LVEDP at end

reperfusion compared with the WKY (p=0.0025) (Figure 4-5).

End diastolic pressure-volume (P-V) curves were obtained and the slopes were

determined as a measure of LV stiffness. The mean (±SEM) slope of the control P-V

curves were 244 ± 47, 313 ± 60, and 251 ± 77 mmHg/ml in the SHF, SHS, and WKY,

respectively. The large variability of the slope of the P-V curves obtained in this study

precluded meaningful comparisons of LV stiffness between groups. The observed

variability may reflect the contribution of the compliance properties of several feet of fluid

filled tubing connecting the transducer to the balloon.
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SHF SHS WKY

CON M-ISC E-ISC REG

TREATMENT

Figure 4-5. Changes in Left Ventricular End Diastolic Pressure. Bars represent mean
± SEM for each of the three groups for the 12 minute control period (CON), minutes
13-15 of ischemia (M-ISC), the final 3 minutes of ischemia (E-ISC), and the final 6
minutes of reperfusion (REC). Data at M-ISC, E-ISC and REC were analyzed as the
mean change with respect to control. See Methods for details. * p = 0 0025 vs WKY-
** p i 0.0003 vs. WKY and SHS.
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Left Ventricular Wall Stress

To correct for between group differences In LV volume and weight, LV pressures

were used to calculate both developed, and end diastolic wall stress (Table 4-6).

Developed stress (LVDEVo), like developed pressure, tended to be higher in the SHR

groups compared with the WKY, but the differences were not statistically significant.

Therefore, apparent differences in control pressure development in the SHF and SHS

hearts were negated when corrections were made for small between group differences

in the weight and volume of the hearts.

The maximal decrease in LVDEVo at end ischemia was greater in the SHF

compared with the WKY, but this difference did not reach statistical significance. The

value of LVDEVo was zero in the SHF at end ischemia and was significantly lower than

the LVDEVo in both the WKY and the SHS (p=0.0001). The decrease in LVDEVo also

tended to be greater in the SHS compared with the WKY, but this difference was not

statistically significant. Similarly, the value of LVDEVo was not lower in the SHS at end

ischemia compared with the WKY. There were no significant differences between groups

in the recovery of LVDEVo.

The control end diastolic wall stress (LVEDo), unlike the LVEDP, was significantly

lower in the SHF (p = 0.013) and the SHS (p=0.0017) compared with the WKY. The

increase in LVEDo at end ischemia was significantly greater for the SHF compared with

both the SHS (p = 0.0001) and the WKY (p=0.0006). This greater increase in LVEDo for

the SHF resulted in an end ischemic value of LVEDo in the SHF which was significantly

greater than that for the SHS (p=0.0001) or the WKY (p=0.0006).

There was a significantly greater sustained increase in LVEDo, with respect to

control, at end reperfusion in the SHF compared with the WKY (p=0.004). The recovery
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Table 4-6. ESTIMATES OF LEFT VENTRICULAR WALL STRESS

GROUP TREATMENT n DEVELOPED o

(g/cm^)
DIASTOLIC 0
(g/cm^)

SHF CONTROL 7 31.1 ± 4.4

o
MC

d

+1

O)
dISCHEMIA 7 0.0 ± O.O®''

a

00
cvi

+1

OC
do

REPERFUSION 7 31.1 ± 4.6 2.7 ± 0.5

SHS CONTROL 13 31.2 ± 2.1

o
bo

1+

p

a

ISCHEMIA 13 3.9 ± 0.3

d

+1

DC
d

REPERFUSION 13 31.8 ± 2.4 1.7 ± 0.2

WKY CONTROL 8 24.8 ± 2.6 1.4 ± 0.2

ISCHEMIA 8 4.5 ± 0.6

CD
d

+1

o
cvi

REPERFUSION 8 28.5 ± 2.9 1.9 ± 0.3

Notes: Values are mean ± SEM. n is the number of observations.

Developed o is LV Developed Stress; Diastolic o is LV End Diastolic Stress.
® p = 0.0001 vs SHS at end ischemia,
p = 0.0001 vs WKY at end ischemia,
p = 0.013 vs WKY at control,
p = 0.0017 vs WKY at control.
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of LVEDo also tended to be less complete in the SHF compared with the SHS, but this

difference did not attain statistical significance.

Therefore, the results of the comparisons of systolic and diastolic function using

wall stress are consistent with those obtained by analyzing left ventricular pressures in

that both indicate that systolic and diastolic function were more severely impaired during

ischemia in the SHF compared with the other groups. Although the control LVDEVo was

not significantly higher in the SHR groups, the fact that the SHF and SHS developed an

equivalent amount of systolic force at lower end diastolic stress is indicative of superior

force development during control in both SHR groups compared with the WKY.

Intracellular Na""

One minute ̂ ^Na spectra were acquired at three minute inten/als throughout the

experiment. Sample ̂ ^Na spectra are shown in Figure 4-7. To control for the between

heart variability in the measured values of Na"^ content, the Na'^ data were expressed as

a fraction of the control value (Na''%). However, the Na"" dataware also analyzed with Na"^

expressed in /zmoles/g dry weight to verify that conclusions made on the basis of

analyses of Na'^% were generally consistent with those using Na"^ content.

Changes in the intracellular Na"^ expressed as a fraction of the control value (Na'^%)

are shown in Figure 4-8. The Na'^% increased during ischemia in all three groups, but

both the rate and magnitude of the increase were greater in the SHF (Figure 4-8). The

Na"" increased early during ischemia in the SHS and WKY to mean values less than 1.5

times the control value, and then plateaued for the duration of ischemia. In contrast,

Na''% Increased rapidly in the SHF to values greater than twice the control value, and

continued to rise with no apparent plateau during the ischemic period. The mean rate of
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increase for the last 15 minutes of ischemia was significantly greater in the SHF

compared with both the WKY (p=0.0004) and the SHS (p=0.0001). The mean rate of

increase for the initial 15 minutes was also greater in the SHF but the differences did not

attain statistical significance.

The increase in Na''% after 15 minutes of ischemia was significantly greater in the

SHF compared with both the SHS (p=0.0004) and the WKY (p=0.0007) (Figure 4-9). The

greater increase in intraceilular Na*% in the SHF compared with the WKY and the SHS

was further magnified at end ischemia (p=0.0001). There were no significant differences

between the SHS and WKY in the increase in Na'^X at either the midpoint or the end of

ischemia. The intraceliuiar Na''% returned to control levels in all three groups following

reperfusion. However, the time required for the Na* to return to the control value was less

in the SHS compared with both the SHF (p=0.0075) and the WKY (p=0.0075) (Table 4-5.

Figure 4-8).

Plots similar to those above are shown for intraceliuiar Na"^ content expressed in

(imoles/g in Figures 4-10 and 4-11. There were no significant differences between groups

in the values of the Na"" content at control (Figure 4-10). At the midpoint of ischemia the

increase in Na"" content was greater in the SHF compared with the WKY (p=0.008), but

not compared with the SHS. The increase in Na* content at end ischemia was greater in

the SHF compared with both the WKY (p=0.0001) and the SHS (p=0.0001). The actual

value of Na" content was significantly higher in the SHF compared with the SHS

(p=0.0058) and the WKY (p=0.004) at the end of ischemia, but not at the midpoint of

ischemia. Normalization of Na^ values to the control level facilitated the detection of a

greater change in Na"^ in the SHF compared with the SHS at the midpoint of ischemia

that was not apparent using Na"" content, but analyses of Na''% and Na"" content at end
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Figure 4-9. Changes in intraceilular Na"^. Bars represent mean ± SEM for each of the
three groups for the 12 minute control period (CON), minutes 13-15 of ischemia (M-
ISC), the final 3 minutes of ischemia (E-ISC), and the final 6 minutes of reperfusion
(REC). Data at M-iSC, E-lSC and REC were analyzed as the mean change with
respect to control. See Methods for details. * p ̂  0.0007 vs SHS and WKY.
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Figure 4-10. Intraceilular Na"^ Content During Control, Ischemia and Reperfusion. Bars
are mean ± SEM for each of the three groups for the 12 minute control period (CON),
minutes 13-15 of ischemia (M-ISC), the final 3 minutes of ischemia (E-ISC), and the
final 6 minutes of reperfusion (REC). Data at M-ISC, E-ISC and REC were analyzed as
the mean change with respect to control. See Methods for details. * p = 0.0001 vs
WKY, # p = 0.0001 vs SHS and WKY.
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ischemia produced simiiar results.

Intraceiiuiar pH

Since one of the proposed mechanisms for the increase in Na"^ during ischemia

involves Na'^-H'^ exchange, it was important to monitor changes in intraceiiuiar pH. There

were no significant differences in the control pH between groups (Figure 4-12). The

decrease in pH was similar during the first fifteen minutes of ischemia in ail three groups

Figure 4-13). However, the pH declined more rapidly during the later half of ischemia in

the SHF so that the mean rate of decrease for the last fifteen minutes of ischemia was

significantly greater for the SHF compared with the SHS (p=0.017). The mean rate of

decrease in pH was also greater in the WKY, but this difference did not reach statistical

significance. There was no significant difference between groups in the decrease in pH

at the midpoint of ischemia. However, the maximum decrease in pH at the end of

ischemia was significantly greater for both the WKY (p=0.0057) and the SHF (p=0.0059)

compared with the SHS. (Figure 4-12).

The pH returned to the control value in all three groups following reperfusion, but

the time required for complete recovery was significantly longer in the WKY compared

with the SHS (p = 0.0029) (Table 4-5, Figure 4-13). Since the pH was lower at end

ischemia in the WKY and SHF, the time to recovery reflected the removal, or buffering,

of disparate amounts of H^ in different groups. Therefore, the increase in pH and

decrease in H"" after 3 minutes of reperfusion with respect to the end ischemic value were

compared between groups to estimate the initial rate of recovery of pH or H^. The mean

(±SEM) recovery of pH was 0.27 ± 0.05, 0.23 ± 0.03 and 0.10 ± 0.05 pH units in the

SHF, SHS, and WKY groups, respectively. These changes in pH correspond to a
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Figure 4-12. Changes in Intracellular pH. Bars represent mean ± SEM for each of the
three groups for the 12 minute control period (CON), minutes 13-15 of ischemia (M-
ISC), the final 3 minutes of ischemia (E-iSC), and the final 6 minutes of reperfusion
(REC). Data at M-ISC, E-ISC and REC were analyzed as the mean change with
respect to control. See Methods for details. * p ̂  0.006 vs. SHF and WKY.
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decrease in the [H*] of 0.1 jiM, O.OSuM and 0.02jiM for the SHF, SHS, and WKY,

respectively, for the initial 3 minutes of reperfusion. Therefore, the initial rate of recovery

of the pH (or [H"]) was greater in both the SHF and the SHS compared with the WKY,

and the difference was statistically significant for the SHF (p^ 0.0136).

Changes in Hioh Enerov Phosphates

The net increase in intraceiluiar Na* reflects the balance between the influx of Na"^

and the removal of Na"" by the Na"'-K^ ATPase. The removal of Na* via the Na^'-K^ ATPase

is energy dependent. Therefore, the energy status of the hearts in this study was

monitored by measuring changes in the intraceiluiar content of ATP, PCr and P,.. Typical

spectra are shown in Figure 4-14. Changes in high energy phosphates were

measured in all hearts, but phosphorus standards were not used in some experiments,

it was possible to calculate the myocardiai content of high energy phosphates in

jimoies/g dry weight for 4 SHF hearts, 12 SHS hearts and 7 WKY hearts.

The control PCr content (nmoles/g dry wt) tended to be lower in both the SHS

and SHF compared with the WKY, but these differences were not statistically significant

(Figure 4-15). The PCr decreased rapidly in ail three groups, and there were no significant

differences between groups in the rate of decrease for either the initial or final half of the

ischemic period (Figure 4-16). Similarly, there were no differences between groups in the

magnitude of the decrease in PCr at either the midpoint or end of ischemia (Figure 4-15).

The PCr content recovered to a mean value greater than the control value for all three

groups, and there were no differences between groups in the time required for recovery.

There were no significant differences in the control ATP content (jimoles/g dry wt)
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CON M-ISC E-ISC REG

TREATMENT

Figure 4-15. Changes in Phosphocreatine. Bars represent mean ± SEM for each of
the three groups for the 12 minute control period (CON), minutes 13-15 of ischemia
(M-ISC), the final 3 minutes of ischemia (E-lSC), and the final 6 minutes of reperfusion
(REG). Data at M-ISC, E-ISC and REC were analyzed as the mean change with
respect to control. See Methods for details.
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between groups (Figure 4-17). There were also no significant differences between groups

in the decrease in the ATP content at the midpoint of ischemia. The mean rate of

decrease in ATP during the last half of the ischemic period tended to be greater in the

SHF compared with the SHS, but the difference was not statistically significant (Figure

4-18). The maximal decrease in ATP at end ischemia was significantly greater in the SHF

compared with both the WKY (p=0.0068) and the SHS (p=0.0023) (Figure 4-17).

Changes in ATP were similar for the SHS and the WKY. The recovery of ATP was

incomplete In all three groups following reperfusion, and ATP recovery was significantly

less in the SHF compared with the SHS (p=0.0165) (Figure 4-17).

There were no significant differences in the control P,- content between groups

(Figure 4-19). The mean rate of increase in P^ for the last 15 minutes of the ischemic

period was significantly less in the SHS compared with the SHF (p=0.0025) (Figure 4-20).

The increase in P. at the midpoint of ischemia was significantly greater in SHF compared

with the SHS (p=0.0043). Additionally, the maximum increase in P,. at end ischemia was

significantly greater in both the SHF (p=0.0001) and the WKY (p=0.0032) compared with

the SHS. The P,- content recovered completely in all three groups following reperfusion.

The free energy of ATP hydrolysis (AG) represents energy available to do work in

the cell, and is, therefore, a more eiegant variable for summarizing the energy status of

the heart. The control AG was less in both of the SHR groups compared with the WKY

group, but this difference only reached statistical significance for the SHS group

(p = 0.001) (Figure 4-21). There were no differences between groups in the decrease in

AG at the midpoint of ischemia, but the maximal decrease in AG was significantly greater

at end ischemia in the SHF compared with the SHS (p=0.0077). Although the decrease

in AG also tended to be greater in the SHF compared with the WKY this difference was
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Figure 4-17. Changes in ATP. Bars represent mean ± SEM for each of the three
groups for the 12 minute control period (CON), minutes 13-15 of ischemia (M-ISC), the
final 3 minutes of ischemia (E-ISC), and the final 6 minutes of reperfusion (REC). Data
at M-ISC, E-ISC and REC were analyzed as the mean change with respect to control.
See Methods for details. * p ̂  0.0068 vs WKY and SHS; ** p = 0.0165 vs. SHS.
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Figure 4-19. Changes in Inorganic Phosphate. Bars represent mean ± SEM for each
of the three groups for the 12 minute control period (CON), minutes 13-15 of ischemia
(M-ISC), the final 3 minutes of ischemia (E-ISC) and the final 6 minutes of reperfusion
(REC). Data at M-ISC, E-ISC and REC were analyzed as the mean change with
respect to control. See Methods for details. * p ̂  0.0032 vs SHE and WKY; ** p =
0.0043 vs SHS.
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TREATMENT

Figure 4-21. Changes In AG of ATP Hydrolysis. Bars represent mean ± SEM for each
of the three groups for the 12 minute control period (CON), minutes 13-15 of ischemia
(M-ISC), the final 3 minutes of ischemia (E-ISC), and the final 6 minutes of reperfusion
(REC). Data at M-ISC, E-ISC and REC were analyzed as the mean change with
respect to control. See Methods for details. * p = 0.001 vs. WKY; ** p = 0.0077 vs.
SHS.



not statistically significant. Since the control AG was lower in the SHS and SHF hearts,

the actual values of AG at end ischemia were aiso compared. The value of AG was

significantly lower at end ischemia in the SHF compared with both the SHS (p=0.0065)

and the WKY (p=0.0045).

The changes in AG across time are shown in Figure 4-22. The rate of change in

AG was similar for the three groups during the first fifteen minutes of ischemia. However,

AG decreased significantly more rapidly in the SHF during the last half of ischemia, and

the mean rate of decrease in AG during the last half of ischemia was greater in the SHF

compared with the WKY (p=0.0115). The rate of decrease in AG also tended to be

greater in the SHF compared with the SHS during the last half of Ischemia, but the

difference was not statistically significant. The AG recovered to control values, or above,

within the first three minutes of reflow in all hearts (Figure 4-22, Table 4-5).

Lactate Production

Total lactate production was measured in 6 SHS hearts, 2 SHF hearts and 4 WKY

hearts to determine whether SHR hearts exhibited greater lactate production compared

with control hearts during low flow ischemia. The results are shown in Figure 4-23. The

combined lactate efflux from the heart measured during 30 minutes of ischemia, and the

first 6 minutes of reperfusion was significantly higher in SHS hearts compared with WKY

hearts (p=0.0243). The mean lactate production for the two SHF hearts was higher than

that of either the SHS or the WKY, but lactate data were collected for an insufficient

number of SHF hearts to allow meaningful statistical comparisons.
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Figure 4-23. Lactate Production. Bars represent mean ± SEM for total lactate efflux
from the heart during 30 minutes of low flow ischemia and 6 minutes of reperfusion.
Samples taken after 6 minutes of reperfusion did not contain detectable concentrations
of lactate. The number of hearts in each group were 2,6, and 4 for the SHF, SHS, and
WKY, respectively. * p = 0.0243 vs. WKY.



Predictors of the Increase in Na*

The change in Na"" during ischemia may, theoreticaiiy, be linked to the intracellular

pH (through Na^'-H"' exchange) and/or the energy status of the cell as it controls the Na""-

ATPase activity. Correlations of pH and high energy phosphates with Na'*^% at the

midpoint of ischemia are shown in Table 4-7. The PCr/P,- ratio was included in the

analysis so that high energy phosphate data for the hearts in which phosphate standards

were not used could be included. At the midpoint of ischemia the Na*% was significantly

correlated with the pH and the PCr/P,- ratio (Table 4-7). The POr/P. ratio was the best

independent predictor of the Na*% at this time point. Multiple linear regression analysis

indicated that the slope of the regression of Na% with pH was not significant with PGR/P,

in the model. Therefore, the PCr/P. accounted for more of the variability in the Na''% than

the pH after 15 minutes of ischemia.

Correlations of pH and high energy phosphates with Na'" content in jimoies/g are

shown in Table 4-8 for comparison with analyses using Na'^X. The Na"" content was

significantly correlated with PCr/P. and AG at the midpoint of ischemia, but, unlike Na^%,

was not correlated with the pH.

The Na'^% at end ischemia was inversely correlated with the values of intracellular

pH, AG, ATP and PCr/Pj (Table 4-7). The ATP content exhibited the strongest simple

correlation with Na'^%, and was, therefore, the best independent predictor of the Na'^%

at end ischemia. Furthermore, a multiple linear regression analysis indicated that the

slopes of the relationships of Na^% with pH and other measures of high energy

phosphates became insignificant with ATP also included in the model.

The Na"" content at end ischemia was also most highly correlated with ATP, but

was not significantly correlated with the pH (Table 4-8). Therefore, there was a detectable
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Table 4-7. PREDICTORS OF Na*% AFTER 15 AND 30 MINUTES OF ISCHEMIA

Na*% MIDPOINT ISCHEMIA Na^% END ISCHEMIA

VARIABLE n r PROB > r r PROB > r

PH 28 -0.35 0.0350 -0.47 0.0054

AG

(kJ/mole) 23 -0.29 NS -0.54 0.0041

ATP

(^moles/g) 23 -0.29 NS -0.68 0.0002

PCr/P. 28 -0.43 0.0111 -0.60 0.0004

Notes: n is the number of observations; r is the correlation coefficient;
NS is not significant; the probabilites are one-tailed.

Table 4-8. PREDICTORS OF Na*CONTENT AFTER 15 AND 30 MINUTES OF ISCHEMIA

Na* MIDPOINT ISCHEMIA Na^ END ISCHEMIA

VARIABLE n r PROB > r r PROB > r

pH 25 -0.03 NS -0.22 NS

AG

(kJ/mole) 20 -0.48 0.0150 -0.35 NS

ATP

(fimoles/g) 20 -0.12 NS -0.62 0.0019

PCr/Pj 25 -0.37 0.0355 -0.35 0.0427

Notes: Na"^ content is expressed as |imoles/g dry weight; n is the number of
observations; r is the correlation coefficient;
NS is not significant; the probabilites are one-tailed.
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relationship between Na'*'% and pH, that was not apparent using Na* content. However,

high energy phosphates were superior predictors of Na^% compared with pH. Thus,

anaiyses using either the Na''% or Na* content were consistent in indicating that the

magnitude of the increase in intraceiiular Na* was more closeiy reiated to the high energy

phosphate content of the heart than to the pH at both the midpoint and end of ischemia.

Correlation coefficients of both Na''% and Na'^ content with high energy

phosphates and pH, respectiveiy, were also determined across time for the entire 30

minute period of ischemia. The primary purpose of these anaiyses was to compare the

relationships between changes in intraceliuiar Na*, and changes in intraceiiular pH and

high energy phosphates, respectively, between groups. The ATP, PCr/Pj, AG and pH

were significantly correlated with the Na''% across time for ail three groups (Table 4-9).

The Na"" content, like Na'^X, was inverseiy correlated with both high energy

phosphates and pH across the ischemic period (Table 4-10). However, the correlation of

Na"^ content and pH was weaker in ali three groups compared with correlations between

pH and Na"'%.

The relationships of Na^% and Na"" content, respectively, with pH and AG were

compared between groups by evaluating differences in the slopes of the linear

regressions. The linear relationship between the Na'"% and the AG is shown in Figure 4-

24 for each of the three groups. The slope of the relationship between AG and Na''% was

significantly greater in the SHF compared with both the WKY (p = 0.0001) and the SHS

(p = 0.0001). There was no difference between the WKY and the SHS hearts. Therefore,

for a given decrease in AG there was a greater increase in Na^% in the SHF than for

either the WKY or the SHS.
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Table 4-9. CORRELATIONS WITH Ua'^% DURING 30 MINUTES OF ISCHEMIA

GROUP

SHF SHS WKY

VARIABLE r P >!■ n r P >r n r P >r n

PH -0.76 0.0001 77 -0.48 0.0001 143 -0.62 0.0001 88

AG
(kJ/moie)

-0.71 0.0001 44 -0.55 0.0001 132 -0.60 0.0001 77

PCr/Pj -0.48 0.0001 76 -0.52 0.0001 143 -0.52 0.0001 88

ATP
(limole/g)

-0.74 0.0001 44 -0.42 0.0001 132 -0.53 0.0001 77

Notes: r is the correlation coefficient; p is the one-tailed probability;
n is the number of observations used in the correlation analysis.

Table 4-10. CORRELATIONS WITH Na^" CONTENT FOR 30 MINUTES OF ISCHEMIA

GROUP

SHF SHS WKY

VARIABLE r P >r n r P >r n r P >!■ n

pH -0.43 0.0001 77 -0.21 0.0130 110 -0.39 0.0001 88

AG
(kJ/mole)

-0.80 0.0001 44 -0.27 0.0034 99 -0.47 0.0001 77

PCr/P. -0.33 0.0019 77 -0.18 0.0290 110 -0.30 0.0023 88

ATP
(timoie/g)

-0.77 0.0001 44 -0.61 0.0001 99 -0.35 0.0008 77

Notes: Na content is expressed in nmoies/g dry weight; r is the correlation coefficient;
p is the one-tailed probability;
n is the number of observations used in the correlation analysis.
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The results of the comparison of the slopes for the regression of Na"^ content and

AG were similar to those for Na*% (Figure 4-25). The slope of the regression for the SHF

was significantly greater compared with the WKY (p=0.0321) and tended to be greater

compared with the SHS (p=0.0812). The regressions of Na* content and AG produced

low values compared with the same regressions with Na*% for the SHS and the WKY.

The poorer linear fit probably reflects the greater between heart variability in the control

values of Na"^ content that was reduced when Na"^ was expressed as Na''%.

The between group comparisons of the regression of Na''% with pH are shown

in Figure 4-26. For a given decrease In pH there was a significantly greater increase

(p=0.0001) in the intracellular Na'^X In the SHF compared with both the WKY and the

SHS. There was no difference in slope between the SHS and the WKY groups. The

between group comparisons of the regressions of Na* content and pH are shown in

Figure 4-27. The slope of the regression for the SHF was significantly greater compared

with the slope of the regression for the WKY (p=0.009). The slope of the regression for

the SHF was also greater compared with the SHS, but the difference did not attain

statistical significance. Therefore, the results of the between group comparisons of the

relationship of Na"^ content were similar to those using Na'^X, but the values were

superior when the intracellular Na"" was normalized to control values.

The AG is dependent on the intracellular [H"^], and the calculated value of AG is

actuaiiy adjusted for this dependence (see methods). Therefore, to evaluate the

importance of the coilinearity between AG and pH, multiple linear regression was also

used to examine the relationships of these variables with Na''% and Na"" content,

respectiveiy. The resuits indicated that both AG and pH continued to be significant

predictors of the Na"'% or Na'^ content even when included in the same model.
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Therefore, there was a significant relationship of AG with Na'^% and Na* content,

respectiveiy, that was independent of the effect of pH on AG.

All the SHF hearts arrested during ischemia, while the SHS and WKY hearts

continued to beat. Therefore, the apparent differences in the relationship of Na'^X with AG

and pH, respectively, in the SHF may have been due to changes that occurred

subsequent to arrest in these hearts. To evaluate the effects of contractile failure in the

SHF, the comparisons between groups for the relationships of Na'^X with AG and pH

were repeated using data from the SHF hearts only for the period of ischemia while they

were still beating. The slope of the regression of Na"'% and AG (Figure 4-28) was

significantly greater in the beating SHF hearts compared with both the SHS (p=0.0364)

and the WKY (p=0.0262). Furthermore, the slope of the regression of Na''% and AG

following arrest in the SHF hearts (siope=0.11, R^=0.062, p=0.179) was not significantly

different from the slope of the regression prior to contractile failure in these hearts. The

lower value for the regression following arrest was due in part to the smaller number

of observations in this subset of data compared with the data prior to arrest.

The slope of the regression of Na''% with pH (Figure 4-29) was also significantly

greater in the SHF prior to arrest compared with both the SHS (p=0.0013) and the WKY

(p=0.0001). The slope of the regression of Na"^% with pH in the SHF hearts following

arrest (slope = 2.07, R^=0.267, p=0.0015) was not significantly different from the slope

of the regression prior to arrest in these hearts. Since the differences in the slopes of the

regression of Na^% with both AG and pH in the SHF were observed prior to arrest in

these hearts, the greater increase in Na^ for a given decrease in AG or pH in the SHF

was not due to contractile failure in these hearts.
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Contractile Failure in the SHF

As noted previously, ail of the hearts in the SHF group stopped contracting during

ischemia, while the hearts in the other groups continued to beat. The SHF hearts arrested

after a mean (±SEM) of 18 ± 1.9 minutes of ischemia. To determine what factor(s) might

have contributed to contractile failure in these hearts the mean values of Na"", pH, and

high energy phosphates at the time of arrest in the SHF were compared with values at

end ischemia for the SHS and WKY. End ischemic values were used for the WKY and

SHS because maximal changes in ail variables were observed at this time point. The

results are presented in Table 4-11. The Na'^% was significantly higher at the time of

arrest in the SHF compared with the values at end ischemia in the other groups (p <

0.0048). in contrast, the pH and contents of high energy phosphate were not significantly

different at the time of arrest. Therefore, contractile failure during ischemia in the SHF was

apparently associated with greater increases in Na*, but not with significantly lower

contents of high energy phosphates than those observed in the SHS and WKY hearts.

The increase in LVEDP during ischemia was measured as an index of ischemic

dysfunction in this study. The maximal increase in LVEDP generally occurred at end

ischemia. Therefore, the correlations between the increase in LVEDP at end ischemia,

with respect in control, and the values of other key variables at end ischemia were

determined. The purpose of these analyses was to determine what factors may have

contributed to the ischemic dysfunction in these hearts.

The maximal increase in LVEDP was significantly correlated with Na"'%, Na""

content, AG, ATP, PCR/P^, and pH (Table 4-12). The Na^% at end ischemia was the best

independent predictor of the maximal increase in LVEDP during ischemia. Multiple linear

regression analysis confirmed that Na"" was the best predictor of the increase in LVEDP.
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Table 4-11. CONDITIONS AT TIME OF ARREST IN THE SHF

VARIABLE

SHF

AT TIME OF

ARREST

(n)

SHS

END ISCHEMIA

(n)

WKY

END ISCHEMIA

(n)

Na^
(% control)

1.8 ± 0.13®''
(7)

1.3 ± 0.03

(13)
1.4 ± 0.05

(8)

Na*
(^moles/g)

26.3 ± 3.00

(7)
23.1 ± 2.80

(10)
21.2 ± 2.70

(B)

PH 6.8 ± 0.04

(7)
6.9 ± 0.01

(13)
6.7 ± 0.08

(8)

AG

(kJ/mole)
49.2 ± 0.70

(4)
49.6 ± 0.60

(12)
50.2 ± 1.00

(7)

PCr

(nmoles/g)
4.2 ± 0.70

(4)
4.9 ± 0.80

(12)
5.2 ± 1.40

(7)

P,-
(limoles/g)

36.5 ± 3.50

(4)
25.4 ± 2.10

(12)
35.3 ± 3.90

(7)

ATP

(nmoles/g)
11.5 ± 2.20

(4)
11.3 ± 0.90

(7)
8.9 ± 0.90

(7)

PCr/P. 0.11 ± 0.02

(7)
0.21 ± 0.03

(13)
0.17 ± 0.05

(8)

® p = 0.0001 vs SMS
p = 0.0048 vs WKY
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Table 4-12. CORRELATIONS WITH THE INCREASE IN LVEDP AT END ISCHEMIA

VARIABLE n r PROB > r

Na*% (%control/100) 28 0.75 0.0001

AG (kJ/mole) 23 -0.66 0.0003

ATP (nmoles/g) 23 -0.57 0.0024

PCR/P,. 28 -0.56 0.0001

PH 28 -0.60 0.0004

LVDRY/BW (g/kg) 28 0.26 NS

RVDRY/BW (g/kg) 28 0.33 0.0400

Na"" (nmoles/g) 25 0.65 0.0005

Notes: n is the number of observations: r is the Correlation Coefficient; PROS is
the one-tailed probability; MS is not significant.
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The increase in LVEDP is plotted against the Na*% at end ischemia in Figure 4-30. When

all of the data were used in the regression analysis the relationship was linear as shown.

However, it is clear that the heart that exhibited the greatest increase in Na''%, but only

a moderate increase in LVEDP, had a lot of influence in forcing the data to the linear fit.

When the data were evaluated without this heart, the relationship between the increase

in LVEDP and Na'^% was fit best by a curvilinear function that was approximated by a

second degree polynomial (Figure 4-30). The curvilinear function indicates that there was

little tendency for the LVEDP to increase until the Na'^% increased to more than twice the

control value. Clearly, there is uncertainty in fitting either model to predict the relationship

between the change in LVEDP and Na'^% with only a small number of hearts. However,

both the linear and polynomial models confirm that there is a significant relationship

between the increase in LVEDP and the increase in the Na''%.

Recoverv of Left Ventricular Function

It was shown above that SHF hearts required significantly longer to recover

systolic function. Given that these hearts had significantly greater changes in pH, high

energy phosphates and Na"" compared with both the SHS and WKY, additional analyses

were done to determine how these variables were related to the rates of recovery of

LVDEVP. More specifically, the analyses were used to determine whether the rate of

recovery of LVDEVP was related to the increase in Na"" even given the interdependence

or collinearity between Na"" and other variables.

Correlations of the recovery time of LVDEVP with the pH, Na* and high energy

phosphates at end ischemia, and with indices of left and right ventricular hypertrophy are

shown in Table 4-13. The recovery time was directly correlated with the Na"", and
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Table 4-13. CORRELATIONS WITH RECOVERIES OF VENTRICULAR PRESSURES

TIME TO RECOVERY OF

LVDEVP®
RECOVERY OF LVEDP"

n r PROB > r r PROB > r

LV

DRY/BW
(g/kg)

28 0.42 0.0128 0.51 0.0030

RV

DRY/BW
(g/kg)

28 0.53 0.0020 0.41 0.0140

Na*%
(%control)

28 0.76 0.0001 0.32 0.0450

PH 28 -0.40 0.0182 -0.07 NS

AG

(kJ/mole)
23 -0.60 0.0014 -0.26 NS

ATP

(nmoles/g)
23 -0.53 0.0050 -0.17 NS

ACPP"^
(mmHg)

27 - - 0.45 0.0084

Na^
(jimoles/g)

25 0.59 0.0010 0.58 0.0011

PCr/P. 27 -0.64 0.0002 -0.23 NS

Notes: n is the number of observations used In the correlation analysis; r Is the
correlation coefficient. PROS Is the one-tailed probability.
® The time In minutes required for the LVDEVP to recover to 80% of control.
" Recovery of LVEDP was calculated as the Increase In LVEDP at end reperfuslon with
respect to control In mmhg.
ACPP was calculated as the Increase In CPP at end reperfuslon with respect to

control.
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inversely related to the pH, AG, ATP, and PCr/P,. at end Ischemia. The time to recovery

of LVDEVP was also correlated directly with the LV dry/BW and RV dry/BW Indicating

that hearts with more severe hypertrophy required longer to recover systolic function

following Ischemia.

Of the variables measured, the best Independent predictor of the time to recovery

of LVDEVP was the Na'^%. Furthermore, the results of a multiple linear regression analysis

Indicated that no other variable, or combination of variables contributed significantly to

the prediction of the recovery time of LVDEVP when Na*% was also Included In the

model. Thus, of the variables measured, the end Ischemic Na*% was the best predictor

of the rate of recovery of systolic function even after considering the Influence of other

variables on Na''%.

Inspection of the obsen/ed data and the residuals for the linear model relating the

recovery time of LVDEVP and Na'^% Indicated that the relationship was described more

accurately by an asymptotic model. The relationship between the time to recovery of

LVDEVP and Na"^ Is shown In Figure 4-31. The asymptotic regression, like the linear

model. Indicated that hearts which had accumulated more Na"^ at end Ischemia generally

required longer to recover LVDEVP. Unlike the linear model, the asymptotic model

accounted for the apparent plateau In the recovery time of LVDEVP at values of Na^ro

above 2. That is, hearts with Na''% of greater than 2.5 had recovery times that were

similar to hearts with Na'^% of 2.

There was also a significant relationship between the recovery of LVDEVP and the

recovery of Na^ during reperfuslon. The time required for the LVDEVP to recover by 80%

was significantly correlated with the recovery time for Na"" (r=0.39,p=0.016). In 71% of

the hearts studied, the Intracellular Na"" recovered completely to control values prior to
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Reperfusion and the Intracellular Na"*" At End Ischemia. Symbols represent observed
data, and the curve represents the asymptotic model as shown. Although the linear
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model provided a superior fit. The asymptotic model predicted that hearts which
accumulated more Na"'" during ischemia generally required longer to recover
LVDEVP, but the relationship plateaued such that hearts with Na"'" values 3-fold higher
than the control value had similar recovery times as hearts in which the Na"*" was only
twice the control value.
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the time when the LVDEVP had recovered to 80% of the control value.

The recovery of LVEDP was calculated as the increase in LVEDP with respect to

control following 30 minutes of reperfusion. Correlations between LVEDP and other key

variables are shown in Table 4-13. A sustained increase in LVEDP at end reperfusion was

correlated directly with the LV dry/BW, the RV dry/BW, the Na'^%, and the Na* in

jimoles/g dry wt at end ischemia. There was also a significant correlation between the

recovery of LVEDP and the increase in coronary perfusion pressure at end reperfusion

with respect to control (p=0.0084). In contrast, a sustained increase in LVEDP was not

associated with the pH or contents of high energy phosphates at end ischemia.

D. DISCUSSION

Characteristics of SHR Groups

Previous studies have shown that hearts with hypertrophy associated with

pressure overload have an increased susceptibility to ischemic dysfunction and damage,

but the causes of this predisposition have not been identified (26,27,34-36,41-43). The

primary objective of this study was to determine whether hypertrophied SHR hearts

exhibited greater accumulation of intracellular Na"^ during ischemia, and whether the

greater increase in Na"^ was associated with greater ischemic dysfunction and/or damage

foilowing reperfusion compared with nonhypertrophied WKY. Additionally, the association

of the increase in intracellular Na"" with changes in high energy phosphates and pH,

respectively, during ischemia were evaluated.

The answers to these questions are somewhat complicated because the ischemic

protocol distinguished two different groups of hypertrophied SHR. The SHS group, which
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represented the majority of the SHR studied, did not exhibit either greater accumulation

of intracellular Na'*' during ischemia, or greater ischemic dysfunction or damage

compared with the WKY controls.

In contrast, another subset of SHR hearts, the SHF, exhibited a significantly

greater increase in Na* during ischemia compared with the WKY. Furthermore, the

greater accumulation of Na* in the SHF hearts was associated with greater systolic and

diastolic dysfunction during ischemia, and poorer recovery following reperfusion. The

observation that only a subset of SHR exhibited a greater increase in Na* during ischemia

indicated that the presence of hypertrophy per se was not a sufficient cause for impaired

Na* handling in this model of hypertension. However, in the subgroup of hypertrophied

SHR hearts that did exhibit impaired Na* handling, altered Na* homeostasis was

associated with greater ischemic dysfunction and poorer functional recovery following

reperfusion.

The SHR is a well established model of hypertensive hypertrophy (2,22,61) in

which the severity of hypertrophy is relatively mild compared with models such as the

aortic banded rat (26), or the DOCA-salt rat (27,41). Earlier studies have indicated that

6-12 month old SHR exhibit a stage of significant hypertrophy in which the hearts are

functionally compensated, and capable of generating equal or even greater isometric

tension compared with WKY (2,80,157). Previous studies have also indicated that SHR

hearts do not typically exhibit clinical signs of failure until the rats are 14-18 months of

age (46,158).

The reasons for the different responses to ischemia in the two SHR groups is

unclear. There was no apparent evidence of puimonary edema or dyspnea in the SHF

rats that would indicate that these animals were in congestive heart failure. In addition,
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both groups of SHR developed equal left ventricular isovolumic wall stress at lower end

diastolic wall stress compared with the WKY, indicating that contractile function was not

compromised in either the SHS or the SHF. The perfusion conditions, including coronary

flow and end diastolic wall stress, were similar for the SHF and SHS. There were also no

differences in the duration of preischemic perfusion times, or evidence of deterioration

of function in the SHF that would indicate that these hearts were compromised by the

isolation procedure.

The LV dry/BW ratios were increased by 56% and 67% in the SHS and SHF,

respectively, with respect to the WKY. The severity of LV hypertrophy was significantly

greater in the SHF compared with the SHS. Additionally, the RV dry weight to body

weight ratio was significantly higher in the SHF, but not in the SHS, compared with the

WKY controls. The SHF, therefore, exhibited greater left ventricular hypertrophy compared

with the SHS, and evidence of right ventricular hypertrophy that was not evident in the

SHS. It should be emphasized that differences in the severity of hypertrophy were based

on mean differences for the two groups of SHR, and that there was some overlap in the

ranges of LV and RV weight to body weight ratios between groups. Nevertheless, these

data do indicate that the SHF exhibited a relatively more severe stage of hypertrophy

compared with the SHS. Thus, it is also possible that the SHF hearts may have also had

alterations in Na^ homeostasis or metabolism, on the cellular level, that were not yet

present in the SHS.

Estimation of Intracellular Na*

The NMR visibility of intracellular Na" in the myocardium remains controversial. Many

investigators have found that the concentrations of Na'" measured in complex tissues
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such as cardiac muscle with NMR are systematically lower than concentrations measured

with other methods such as atomic absorption or flame photometry (159). The Na'^

nucleus is quadrupolar with a nuclear spin of 3/2. The fact that a portion of the tissue Na"^

is not detectable with NMR has been attributed to static and/or dynamic quadrupolar

effects produced by local electric field gradients in the tissue (159). These effects may

produce shifting and/or broadening of the 3/2 to 1/2 transitions of the Na'^ nucleus which

account for 60% of the ̂ ^Na NMR signal. In contrast, the 1 /2 to -1 /2 transition is not

believed to be affected by electric field gradients, and is therefore NMR visible. The latter

transition produces 40% of the NMR signal, and therefore, it has been argued that the

NMR visibility of intracellular Na"" should be 40%. This theoretical argument has been

supported by studies that have produced empirical estimates of approximately 40% for

the NMR visibility of intracellular sodium (159).

The NMR visibility of Na"^ was not estimated directly in the current study. However,

the mean Na"^ contents (jimoles/gram dry wt) measured in this study were actually within

the ranges reported previously for measurements of Na* using flame photometry and ion

selective electrodes in combination with extracellular markers (1,2,110). Therefore,

comparisons of the estimated control Na"" content with values from studies using other

techniques did not provide evidence of systematic underestimation, or invisibility, of

intracellular Na'^ in the current study.

The between heart variability of the intracellular Na"" content measured in the

present study was quite high. The between heart coefficient of variation for estimation of

the control intracellular content was 35-38% for the three groups of rats, and the observed

range of intracellular Na"" was 8 to 43 ̂oles/gram at control. The range of values of Na""

at end ischemia overlapped with the control range in all three groups including the SHF
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group that exhibited a 2-3 fold increase in Na* during ischemia. The large variability in

Na"^ content may have originated from several sources including real between heart

variability, measurement of content rather than concentration, variability in the resolution

of the intracellular resonance, and radiofrequency field inhomogeneity.

The between heart coefficient of variation of 35-38% observed in the present study

for estimation of the control intracellular Na"^ content is comparable to the coefficients of

variation for the estimation of Na* in homogenates in previous studies using flame

photometry (110) and ion selective electrodes (1-2) in combination with extracellular

markers. Additionally, the coefficient of variation for the measurement of intracellular Na""

activity with microelectrodes (112,122) was also 30-40%. Therefore, although the

coefficient of variation for the estimation of the intracellular Na"" content with NMR was

high, the variability was similar to that reported for other techniques.

Incomplete resolution of the intracellular and extracellular Na"^ resonances in the

current study (Figure 4-7), resulted in a failure to integrate a small portion of the

intracellular resonance. The resolution of the intracellular Na"^ peak was variable between

hearts, and the poorer resolution of the intracellular resonance for some hearts may have

produced erroneously low estimates of the intracellular Na"" content. These low estimates

of intracellular Na* could have contributed to the between heart variability in the

intracellular Na"^ measurement. The incomplete resolution would also have contributed

error to the estimation of Na''% if the resolution changed during ischemia or reperfusion.

Another potential source for the lack of precision in the estimation of the

intracellular Na"" content between hearts was the inhomogeneity of the radiofrequency

field for the home-built probe. The nonuniformity in the applied magnetic field made

positioning of the heart within the NMR tube critical. The radiofrequency field was uniform
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at the center of the probe, but the magnitude of the field decreased so that the pulse

power was attenuated by 30% at the edges of the 20mm NMR sample tube containing

the heart. The signal from parts of the heart positioned in areas of reduced power near

the edge of the tube would have been attenuated. Therefore, differences between

experiments in the positioning of the heart within the tube could have produced

differences in the estimated Na"" content between hearts. The effects of the

radiofrequency field inhomogeneity were minimized by positioning each heart as closely

as possible to the center of the tube. In addition, the Na* standard was contained in the

balloon within the left ventricle so that the standard was positioned in the center of the

tube with the heart, and should have served as an appropriate reference for the heart.

The large between heart variability of the estimates of intracellular Na"" content

would make it difficult to detect small changes in intracellular Na"" that may have been

physiologically important in the heart. Therefore the intracellular Na"" content was

normalized to control values within each heart and expressed as a fraction of the control

content for most analyses. The observation that the basal Na"" content in jxmoles/g dry

weight was similar in all three groups suggests that no information was lost as a result

of the expression of Na"" as a fraction of control. In addition, it should be noted that the

difference in the accumulation of intracellular Na^ at end ischemia in the SHF group was

great enough to be significant using either Na^%, or the Na"^ content in /^oles/g.

However, analyses used to relate Na"^ with functional variables were sensitive to the

variability in the Na^ content, and correlations of high energy phosphates, pH, and

functional variables were generally stronger with Na^% than with Na^ content in ̂ moles/g

dry weight.
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Changes in Intracellular Na"^

Increased Intracellular Na*^ has been .observed during ischemia and eariy

reperfusion in normal hearts from several species inciuding the rat (101-108). The

magnitude of this increase in Na"*" has been shown to increase with the duration and

severity of ischemia (101-108). The intraceiiular Na"*" increased significantly in both groups

of SHR and in the nonhypertrophied WKY hearts in the present study. Simiiar maximai

increases in intraceiiuiar Na"*" of 40-50% were observed during 30 minutes of iow flow

ischemia for both the WKY and SHS. These changes are in the same range as those

reported previousiy for brief 10-15 minute periods of zero flow ischemia in normai rat

hearts (101,107). in addition, simiiar increases in Na"*" during 30 minutes of iow flow

ischemia were previousiy observed in nonhypertrophied Sprague Dawley rat hearts (106).

Tani and Neeiy (102) were unabie to measure a significant increase in intraceiiuiar Na"*"

during 40 minutes of iow flow anoxia in rat hearts. However, the intraceiiuiar Na"*" was

estimated in the iatter study using ion seiective eiectrodes in homogenates from freeze

damped hearts with ̂ '^C-D-sorbitai as an extraceiiuiar marker. Since the intraceiiuiar Na"*"

content is reiativeiy low, small errors in estimating the intraceiiuiar volume in this last

study would have produced large errors in the estimation of the intraceiiuiar Na"*"

concentration. Therefore, errors in estimating the intraceiiuiar volume may have resulted

in an underestimation of changes in intracellular Na"*" during ischemia in the study

utilizing ion seiective electrodes.

The more than 2.5 fold increase in Na"^ observed for the SHF hearts was

substantially higher than that observed for the WKY and the SHS in this study. The

increase in Na"*" in the SHF was comparable to that observed previousiy during more

severe ischemic protocols inciuding partial coronary occlusion in dogs (103), and 20
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minutes of zero flow Ischemia In rat hearts (108).

Few studies have measured the change In Intracellular Na"'" during Ischemia or

hypoxia In hypertrophled hearts. In a single preliminary report, Stewart and others (160)

measured Increases In Intracellular Na"*" of 56% In both hypertrophled SHR and control

WKY hearts during 16 minutes of zero flow Ischemia. The Increase In Na"*" In this study

Is similar to that obsen/ed In the SHS and WKY In the present study, but less than the

Increase In Na"*" observed In the SHF.

Association Between Na"*" and Functional Impairment

A number of studies have shown an association between the Increase In

Intracellular Na"*" during Ischemia and the development of Ischemic dysfunction and

damage In nonhypertrophled hearts (101,102,108). The present study tested the

hypothesis that hypertrophled hearts would exhibit greater Ischemic damage and

dysfunction secondary to a greater accumulation of Intracellular Na"*" during Ischemia.

The hypertrophled SHF hearts exhibited both greater accumulation of Intracellular

Na"*" during Ischemia, and greater functional Impairment during Ischemia and reperfuslon

compared with both the WKY controls and the hypertrophled SHS hearts. These

observations suggest an association between the accumulation of Na"*" and the

development of Ischemic dysfunction and damage. However, the SHF also exhibited

greater changes In AG and ATP compared with the WKY and SHS. Therefore, additional

analyses were done to determine the relative Importance of Na"*", pH and high energy

phosphates In promoting Ischemic dysfunction and damage.

Contractile failure occurred In all SHF hearts during low flow Ischemia. In contrast,

the SHS and WKY hearts were still contracting at end Ischemia despite decreases In pH
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and high energy phosphates to levels similar to those present in the SHF hearts at the

time of failure. Therefore, contractile failure in the SHF hearts was apparently not due to

either depletion of energy stores, or the effects of low pH on the myofibrils. In contrast,

the increase in Na"^ at the time of faiiure in the SHF hearts was significantiy greater than

the maximal increase in Na"*" observed in the SHS and WKY hearts. This indicates that

these hearts may have stopped beating due to the effects of the increase in intraceliular

Na"*" content. Contractiie failure in the SHF hearts was preceded by periods of

arrhythmias during which the hearts became refractory to pacing. These arrhythmias may

have been due to the effects of the eievated intraceliular Na"*" on the membrane potential

and excitability.

Contractile failure in the SHF hearts was followed by the development of

contracture. The increase in resting tension was concurrent with a continuous increase

in intraceliular Na"*", and the maximal increase in LVEDP was significantly correlated with

the maximal accumulation of intraceliular Na"*". This suggests the possibiiity that the rise

in tension was provoked by an increased influx of Ca^"'" via Na'^-Ca^'^ exchange.

However, the increase in LVEDP was also correlated with the AG at end ischemia.

Therefore, the possibility that low AG contributed to the development of contracture via

a decrease in the energy available for Ca^"'" uptake by the sarcoplasmic reticulum (51),

or by promoting the formation of rigor bonds between myofilaments (36,49) cannot be

excluded.

Greater diastolic dysfunction has been reported during ischemia or hypoxia in

several models of pressure overload hypertrophy (27,33,41,43). Wexler and others (33)

measured a significantly greater increase in diastolic tension during hypoxia in

hypertrophied hearts from DOCA-salt rats compared with controls despite similar rates
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of depletion of high energy phosphates. These results indicated that diastolic dysfunction

in this model was not related to differences in high energy phosphate metabolism. The

investigators proposed that diastolic dysfunction in the DOCA-salt hearts may have been

promoted by elevated intracellular Ca^"*" due to impaired Ca^"^ handling (33).

Cunningham and others (27) found that diastolic dysfunction in hypertrophied

DOCA-salt rat hearts during hypoxia could be mitigated by increasing the perfusate

glucose concentration from 5.5 to 27.5mM and providing insulin. The improved function

at higher substrate concentrations was associated with normalization of lactate

production which was reduced in the hypertrophied DOCA-salt hearts perfused with 5.5

mM glucose. These investigators concluded that the hypertrophied hearts had an

decreased ability to utilize anaerobic glycolysis (27). Decreased anaerobic glycolysis was

not the cause of the increase in LVEDP in the current study since the hypertrophied SHF

hearts actually produced more lactate during ischemia than the WKY controls. Greater

lactate production during ischemia and hypoxia was observed previously in hypertrophied

hearts from aortic banded rats (26).

The LVEDP did not increase significantly during ischemia in either the control WKY

or hypertrophied SHS. Therefore, there is no indication that the 40-50% increase in

intracellular Na"*" in these hearts promoted an influx of Ca^"*" via Na'''-Ca^"'" exchange

during ischemia. However, the LVEDP did increase transiently in the WKY and SHS at the

beginning of reperfusion. During these first few minutes of reperfusion the increase in

intracellular Na"*" was sustained at the level attained at end ischemia, and the recovery

of LVEDP followed a similar time course as the recovery of Na"*". Therefore, this transient

increase in diastolic tension may have been due to an enhanced influx or decreased

removal ofCa^"^ via Na'^-Ca^"^ exchange (101,102,108) during this phase of reperfusion.
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Additionally, the increase in pH back towards control levels may have facilitated the

transient increase in diastolic tension by increasing the sensitivity of the myofibrils to

Ca^"*" (149,150) that had entered the myocytes either during ischemia or with the initiation

of reperfusion.

The time required for the hypertrophied SHF hearts to recover 80% of the

preischemic LVDEVP hearts was longer than that observed for the control WKY. The

recovery time for the other hypertrophied group, the SHS, was similar to that of the WKY.

Previous studies have also demonstrated slower recovery of systolic function in

hypertrophied hearts (44), The time required for the recovery of LVDEVP was correlated

directly with the Na'^% and inversely correlated with pH and high energy phosphates at

end ischemia. Multiple linear regression analysis, however, indicated that the time

required for recovery of LVDEVP was more closely associated with Na'''% than with the

pH, concentrations of high energy phosphates, or a combination of these variables. Thus,

these data suggest that the prolonged time for recovery may have been directly

associated with greater increases in intracellular Na"^. Normal excitation contraction

coupling is dependent on the gradients for Ca^"^ and Na"^; therefore, the prolonged time

for functional recovery may have reflected the greater time required for the restoration of

normal cation gradients in the SHF hearts. This concept is supported by the observation

that Na"*" recovered completely to control levels in most hearts prior to the time when

LVDEVP recovered to 80% of the control level.

The increase in LVEDP at the end of reperfusion with respect to control was

indicative of a sustained increase in diastolic stiffness. This increased diastolic stiffness

was greater in the SHF compared with the WKY. There was, however, no difference in

the recovery of diastolic function in the SHS compared with the WKY. The severity of left
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ventricular edema was not different in the SHF hearts compared with the other groups,

and therefore edema was not the cause of the greater diastolic stiffness in the SHF

hearts. Increased diastolic stiffness was also not correlated with high energy phosphate

concentrations at end ischemia. The sustained increase in LVEDP was directly correlated

with the severity of hypertrophy, the CPP, and the Na"'" at end ischemia. Therefore, the

development of both systolic and diastolic dysfunction during ischemia, slower recovery

of LVDEVP during reperfusion, and incomplete recovery of LVEDP could be related to a

greater accumulation of intracellular Na"*" during ischemia.

Functional recovery was complete in the WKY and SHS hearts in this study

despite a 40-50% increase in intracellular Na"*". Complete functional recovery was also

observed in an earlier study in which a similar increase in Na"*" of approximately 50% was

produced by 10-15 minutes of zero flow ischemia in normal rat hearts (101). The

substantial increase in intracellular Na"*" in the SHF was associated with significantly

greater dysfunction during ischemia and poorer recovery of function and ATP following

reperfusion compared with the control WKY and the hypertrophied SHS. However, the

ischemic injury in this group was still rather mild compared with earlier studies which have

employed longer periods of zero flow ischemia (38,101,108) or hypoxia (104), even

though some of these studies measured similar increases in intracellular Na"*" (108). The

relatively mild ischemic dysfunction and damage in the current experiment may be

attributed to the relative mildness of the ischemic protocol, and the use of a relatively low

perfusate free Ca^"*" concentration.

The mean (±SEM) perfusate free Ca^"*" concentration used in this study was in

the low physiologic range for rats (1.01 ± 0.02mM). In contrast, many previous studies

have perfused hearts with higher concentrations of 1.2 to 2.0 mM free Ca^"*"
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(38,101,104,108). We have observed that a decrease in free Ca^"*" from 1.5 to 1.0 mM

significantly decreases the severity of ischemic damage during both low flow and zero

flow ischemia (unpublished observations). This is consistent with the results of studies

which have indicated that lowering the extracellular Ca^"*" has a protective effect on the

myocardium during ischemia (23,148). This dependence of ischemic damage and

dysfunction on the extracellular Ca^"*" concentration supports the hypothesis that an influx

of Ca^"*", presumably via Na'^'-Ca^"*' exchange, is important in the development of

ischemic dysfunction and damage (148).

Low flow ischemia is intermediate in severity between zero-flow ischemia and

hypoxia. The delivery of oxygen is compromised, but delivery of substrates and removal

of the metabolites is maintained at a somewhat reduced rate (17). Therefore, energy

production by anaerobic giycoiysis is supported by the provision of substrates, and the

accumulation of metabolites such as iactate and H"*" is less than during zero flow

ischemia, but probably greater than during hypoxia. This type of ischemia has physiologic

relevance in that it mimics the conditions that may exist in the peripheral zone of a

myocardial infarct (17).

The low flow model of ischemia was used in this study as an alternative to zero

flow ischemia which has been shown to produce larger areas of no-refiow in

hypertrophied hearts compared with controls (38,47,62). Although the possibility of

heterogeneity of reperfusion cannot be excluded in the low flow model of ischemia, there

was no evidence of splitting of the Pj peak or incomplete recoveries of PCr or Pj that have

been associated with no-refiow in previous studies (26,160) Therefore, although the

amount of ischemic dysfunction and damage is rather mild in this model of ischemia, the

ischemic protocol was adequate to facilitate the demonstration of a relationship between

163



the accumulation of intraceliuiar Na"*" and differences In the severity of Ischemic

dysfunction and damage.

Possible Mechanisms for the Increase In Intraceliuiar Na"*"

The Increase In Intraceliuiar Na"*" during Ischemia could occur as a result of an

Increased Influx of Na"*" via mechanisms such as Na'^'-H'*' exchange and/or decreased

removal via the Na'^-K"'" ATPase. The decrease In oxygen supply during Ischemia

promotes an Increase In lactate and H"*" production via anaerobic glycolysls. LazdunskI

and others (109) demonstrated that Na'^-H"'' exchange was an Important mechanism for

pH regulation In the heart, and were the first to propose that elimination of H"*" by Na"*"-

H"*" exchange might play a key role In the Increase In Intraceliuiar Na"^ during Ischemia.

A number of Investigators have provided direct evidence that Na"^ Increases

during Ischemia and reperfuslon In normal hearts via Na'''-H''" exchange. TanI and Neely

(101) demonstrated that treatment of rat hearts with the Na''"-H'*" exchange Inhibitor

amilorlde mitigated the accumulation of Na"^ during Ischemia and early reperfuslon In a

dose dependent manner. Similar attenuation of the Increase of Intraceliuiar Na"^ with

amilorlde was reported by Murphy and others (108). Additionally, ethyllsopropylamllorlde

(ElPA), a more specific Inhibitor of Na'^'-H"'" exchange, also reduced the Increase In Na"*"

during both zero flow and low flow Ischemia In nonhypertrophled rat hearts (106).

The Influx of Na"*" via Na^-H"^ exchange during Ischemia may be even more

Important In hypertrophled hearts If these hearts do Indeed exhibit a greater capacity to

utilize anaerobic glycolysls as proposed previously (26,32). In the current study,

hypertrophled SHF and SHS hearts produced more lactate during Ischemia than the

WKY. These results are consistent with those of Anderson and others (26) who measured
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greater lactate production during ischemia and hypoxia in hearts from aortic banded rats

compared with nonhypertrophied hearts. Presumabiy, the greater lactate and H"'"

production during ischemia in the SHS and SHF hearts provided an increased stimulus

for the influx of Na"*" via Na''"-H''' exchange, and thereby promoted a greater influx of

Na"^ in these hearts compared with WKY controls.

The intraceiiuiar pH was measured in this study to determine whether differences

in Na"*" accumulation could be related to differences in the accumulation of H"*". There

was a significant correlation between Na"*" and pH across the ischemic period in all three

groups. However, the relationship was not a simple one. That is, although the WKY

hearts exhibited small increases in Na"*", similar to those observed in the SHS, these

hearts exhibited large changes in pH similar to those in the SHF hearts, in addition, the

SHF exhibited greater changes in Na"*" for a given change in pH compared with both the

WKY and the SHS. Therefore, there was no a simple direct relationship between the

decrease in pH and the increase in Na"*" during ischemia in this study.

The dissociation between pH and the increase in Na"*" does not eliminate the

possibility that Na"'"-H"'' exchange is an important mechanism for the increase in

intraceiiuiar Na"*". The pH actually corresponds to the free H"*" that accumulates in the

cardiocyte, and may not accurately reflect the total H"*" load, or the H"*" that is removed

via Na"'"-H"'' exchange. Murphy and others (108) also found a dissociation of pH and Na"*"

during ischemia when Na'*'-H''" exchange was inhibited with amiloride. Amiloride

attenuated the increase in Na"^ during ischemia, but did not affect the pH. Similar results

were observed in experiments in which the ischemic increase in Na"*" was blocked with

El PA (106). These observations indicate that other mechanisms in addition to Na"*'-H'^

exchange may be important for the regulation of pH in the heart.
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The measured increase in intracellular Na"*" represents the difference between the

influx of Na"*" via Na'^'-H"*' exchange and the removal of Na"^ via the Na'^-K'*' ATPase.

Thus, the relationship between the increase in intracellular Na"*" and the decrease in pH

may also have been complicated by differences in the rate of Na"*" removal via the Na"*"-

K"*" ATPase in the different groups. The intracellular Na"^ concentration is an important

regulator of the Na"'"-K''' ATPase activity (82). Therefore, an increased influx of Na"*" would

be expected to stimulate increased removal of Na"*" via the Na''"-K''" ATPase. However,

the capacity of the Na'''-K'^ ATPase to respond to a Na"*" load may be limited by

decreased energy availability during ischemia (102,110).

Previous studies have provided evidence that the Na"'"-K"^ pump may be

controlled directly by energy availability during hypoxia and ischemia (110). Therefore,

high energy phosphates were monitored in the present study, and related to the changes

in intracellular Na"*" in order to determine whether there was evidence of reduced energy

availability in the hypertrophied hearts that might have compromised the capacity of the

Na"'"-K"'" ATPase to respond to an influx of Na"^.

The decrease in ATP was significantly greater, and the AG of ATP hydrolysis at

end ischemia was significantly lower in the SHF compared with the control WKY. There

were no significant differences in the decrease in high energy phosphates between the

WKY and the SHS. Therefore, the increase in intracellular Na"*" was substantially greater

in the SHF hearts which also exhibited greater changes in high energy phosphates.

Furthermore, the SHS and WKY groups which had similar changes in high energy

phosphates also exhibited a similar accumulation of Na"*" during ischemia. These

obsen/ations suggest that the magnitude of increase in intracellular Na"^ may have been

related to the severity of the decline in high energy phosphates. This concept is
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supported by the significant correiations between the maximai increase in Na"*" and the

ATP content and AG, respectively, both at end ischemia and across the ischemic period.

The concept that the level of high energy phosphates is important in determining

the magnitude of the increase in intracellular Na"^ during ischemia is consistent with the

results of a study by Tani and Neely (102). They found that the increase in intracellular

Na"^ during low flow anoxia without substrate was eliminated by the provision of glucose

and subsequent preservation of ATP content during anoxia. The attenuation of the

increase in Na"*" was blocked by ouabain, and therefore the beneficial effect of glucose

was attributed to the maintenance of Na'''-K''" ATPase by energy derived from anaerobic

glycolysis (102). Although greater anaerobic glycolysis may have also promoted a greater

influx of Na"*" via Na'*"-H'^ exchange, the energy availability was apparently adequate to

support the removal of Na"*" by the Na^-K"*" ATPase so that no net increase in

intracellular Na"^ was observed.

The intracellular Na"*" plateaued following an initial increase in both the SHS and

the WKY, but not in the SHF The plateau represents a balance of Na"^ influx, presumably

via Na"^-H'^ exchange, and removal via the Na'''-K''' ATPase. The change in AG in the

SHS and WKY foliowed a similar pattern in which the AG decreased immediately at the

beginning of ischemia and then plateaued at a lower value for the duration of the

ischemic period.

Fiolet and others (110) observed a similar plateau in both the intracellular Na"*" and

the AG observed during ischemia and anoxia in normal rat hearts. They proposed that

the plateau in AG represented the new equilibrium of energy supply and demand

established by anaerobic energy production, in addition, as the AG decreased

dramatically towards the end of ischemia or anoxia in this study, the intracellular Na"^ and
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K"*" also changed proportionately. These investigators were able to demonstrate close

agreement between measured membrane gradients for Na"*" and K"*", and gradients

predicted by assuming that the Na''"-K''' ATPase was in thermodynamic equilibrium

during anoxia and ischemia. They concluded that these results were consistent with the

concept that the Na"''-K"'' ATPase is subject to direct thermodynamic control by the AG

during ischemia and hypoxia in the heart.

Therefore, using the theory that the Na'^'-K"*' ATPase is controlied by the AG

during ischemia, one could speculate that the plateau in AG observed in the WKY and

SHS in the current study represented an equilibrium of ischemic energy production and

demand in these hearts. The new energy equilibrium, in turn, established a new level of

intracellular Na"*" at which the Na''"-K''" ATPase was able to keep pace with the infiux of

Na"*" via Na"^-H"^ exchange. The initial rise in Na"*" in these hearts would therefore reflect

a mismatch between the increased influx of Na^ and a reduced maximal capacity for

Na"*" removal by the Na"'"-K"*' ATPase at reduced energy levels.

The Na"*" did not plateau in the SHF hearts during ischemia; therefore, the Na"*"-

K"*" ATPase activity in these hearts was not sufficient to prevent a continuous rise in Na^.

There was, however, a plateau in the AG in the SHF hearts at a ievel simiiar to that

observed for the WKY and SHS during approximately the first half of the ischemic period.

This plateau was followed by an abrupt decrease in AG during the later half of ischemia

that resuited in a significantly greater decrease in AG at end ischemia in the SHF

compared with the SHS. The observation that the initial plateau In AG during early

ischemia in the SHF did not result in a similar plateau in Na"^ suggests that the coupling

between energy supply and the removal of Na"^ via the Na'^-K"'' ATPase was somehow

less efficient in these hearts. This concept is supported by the obsen/ation that the
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increase In Intracellular Na"*" for a given decrease in AG was greater in the SHF hearts

compared with the other groups. Therefore, even at similar levels of AG the capacity of

the SHF hearts to prevent an increase in Na"*" was apparently less in the SHF compared

with the WKY and SHS.

Discussion of Differences Between Groups

Although the SHS produced more iactate, and therefore H ■*" ions, during ischemia

than the WKY, the pH actually decreased less in the SHS than in the WKY. This indicates

that the SHS had either a greater buffer capacity or more efficient mechanisms for H

removal compared with the WKY. One of the most important mechanisms for pH

regulation in the myocardium is Na''"-H''' exchange (109,116,117). The results of a recent

study suggest that the SHR may have an enhanced ability to utilize Na'^'-H'*' exchange

compared with WKY (161). These investigators found that both the rate of increase and

the maximal increase in the H"*" concentration during repetitive stimulation of SHR skeletal

muscle was lower compared with WKY. Since the reduced accumulation of H in the

SHR was eliminated by the Na"'"-H"'' exchange antagonist amiloride, it was concluded

that the SHR had increased efficiency for the removal of H"'" via Na'^-H'*' exchange (161).

A similar enhancement of the Na"''-H''" exchange mechanism in SHR cardiac muscle

would account for the superior pH regulation observed in the SHS hearts in the present

study.

Assuming that the improved pH regulation in the SHS compared with the WKY

was indeed due to increased Na'^-H"'" exchange, these hearts were also exposed to a

greater influx of Na"^ via this mechanism. However, Na"^ piateaued at the same level as

that observed for the WKY. This similar accumulation of intracellular Na"^ in the SHS and
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WKY suggests that the SHS may also have removed more Na"*" than the WKY during

Ischemia to prevent greater Na"*" accumulation.

The greater energy production via anaerobic glycolysis in the SHS hearts may

have been utilized to maintain the activity of the Na''"-K''" ATPase at a level that was

adequate to compensate for the greater influx of Na"^. This hypothesis is supported by

the observation that there were no significant differences in the decreases in PCr, ATP,

or AG between the SHS and the WKY despite greater anaerobic energy production in the

SHS. Energy demand was similar in the SHS and WKY during ischemia since these

groups developed similar left ventricular pressures at the same heart rate. Since low flow

ischemia certainly provided a limited amount of oxygen delivery during ischemia, it is

possible that the WKY hearts were able to maintain energy levels by generating more

ATP via oxidative phosphorylation rather than by anaerobic glycolysis. Since oxygen

consumption was not measured in this study this possibility cannot be excluded.

In contrast to the SHS, the SHF hearts exhibited a greater increase in Na"*", a

greater decrease in ATP, and an equivalent decrease in pH compared with the WKY. The

greater increase in Na"*" in the SHF hearts may have been due to increased influx, and/or

decreased removal via the Na"''-K''" ATPase compared with the SHS.

The lactate production in the two SHF hearts for which lactate measurements

were obtained was in the upper range of the iactate production observed for the SHS.

Therefore, anaerobic energy production, and the subsequent H^ load were apparently

at least as great in the SHF as in the SHS. Although the decrease in pH was greater in

the SHF compared with the SHS, the pH did not decrease significantly more in the SHF

hearts compared with the WKY. Furthermore, the rate of pH recovery during the initial

three minutes of reperfusion was greater in the SHF compared with the WKY. These
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observations are consistent with the hypothesis that the SHF, like the SHS, may have had

enhanced Na'''-H''' exchange compared with the WKY. Greater Na'''-H''' exchange would

have contributed to the greater increase in Na"*".

In contrast to the SHS hearts, the SHF hearts apparently had inadequate Na'^-K"'"

ATPase activity to compensate for Na"*" influx, and subsequently the intracellular Na"^

increased to very high levels. Decreased removal of Na"*" via the Na'''-K"'' ATPase could

have resulted from decreased Na^-K"*" ATPase activity due to decreased energy

availability, or a deficiency in the number of Na"''-K'*" pumps. The possibility that the SHF

had insufficient energy available to maintain the Na''"-K''' ATPase activity at a level

adequate to keep pace with the influx of Na"^ is supported by observations that the

decrease in AG and ATP were significantly greater in the SHF, and that the increase in

Na"*" was significantly correlated with both ATP and AG.

The energy availability is determined by a balance of energy production and

demand. The lactate productionin the SHF hearts indicated that the production of ATP

via anaerobic glycolysis may have been comparable to that observed for the SHS, and

therefore greater than that observed for the WKY. Assuming that there were no

differences in the limited aerobic energy production in the SHF compared with the WKY,

then net energy production would have been greater in the SHF. Therefore, there was no

evidence of impaired anaerobic energy production in the SHF hearts.

There was, however, evidence of greater energy consumption by the myofibrils

in the SHF during ischemia which may have accounted for the greater decrease in AG

in these hearts. Developed pressures were less in the SHF during the last minutes of

ischemia, but the diastolic tension was higher. If this increased diastolic tension was due

to persistent cross-bridge cycling resulting from a Ca^"*" overload (162), then the energy
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consumption by the SHF was greater than that in the WKY and SHS. Calcium overload

may have also contributed to energy depletion by stimulating other ATPases in the heart

(23,162). Therefore, greater energy consumption in the SHF hearts may have depleted

energy stores during the last half of ischemia, and thereby contributed to the greater

increase in Na"*" in these hearts. However, greater energy depletion apparently does not

explain the greater increase in Na"*" during the initial minutes of ischemia in the SHF when

the energy levels were similar between groups.

The hypothesis that the greater increase in intraceilular Na"*" observed in the SHF

was not due exclusively to insufficient energy availability is supported by the observation

that the increase in Na"*" was greater for a given change in AG in the SHF compared with

the WKY and SHS. Another possible explanation for the reduced capacity of the Na''"-K'^

ATPase to respond to the influx of Na"*" in the SHF hearts is that the SHF had an intrinsic

defect in the Na"'"-K"'" ATPase such as a decreased number of pumps.

Several studies have reported that the Na"''-K"'" ATPase activity was reduced in

sarcolemmal microsomes from hypertrophied SHR hearts (83-86). The reduction in Na"*"-

K"^ ATPase activity has been attributed to a decrease in the of the enzyme due to

a decreased number of pumps (83). A deficiency in the number of Na'''-K''" pumps would

reduce the maximal capacity for Na"*" removal by the Na'^-K'*" ATPase at any given

energy level. The greater increase in intraceilular Na"^ at similar levels of AG observed

in this study, therefore, is consistent with the possibility that the SHF had a deficiency in

the number of Na"'"-K''" pumps compared with the other groups.

in summary, the pH data support the hypothesis that the influx of Na"*" via Na"^-

H"^ exchange was greater in both the SHF and SHS. The greater intraceilular Na"^

accumulation in the SHF indicates that the removal of Na"*" via the Na"'"-K^ ATPase was

172



less effective in the SHF compared with the other groups. This decreased capacity for

removal of Na"*" via the Na'^'-K'*" ATPase may have resulted from a combination of

decreased energy availability, and an intrinsic deficiency in the number of Na'^'-K"'"

ATPase pumps in the SHF. It is unclear why the number of Na''"-K''' pumps would be

reduced in only a subset of the SHR at a given age. In vitro studies have reported

decreased Na"'"-K''" ATPase activity in the SHR at ages younger than the SHR in the

present study (83-86). It is conceivable, however, that the decrease in Na'^'-K"^ ATPase

activity may represent one of the initial cellular and molecular changes which ultimately

results in the transition to failure in hypertrophied hearts.

Given that the SHR are genetically hypertensive, it is possible that the defect in

Na"*" handling is also a genetic defect that was present in only a subset of the rats in this

strain. However, all of the animals were acquired from the same vendor, and therefore

were derived from the same genetic stock. In addition, defects in Na"*" handling have also

been detected in vitro in other models of pressure overload hypertrophy (87).

Furthermore, in a preliminary report, Atkinson and others (163) described a similar

disparity in Na"*" handling during ischemia in hypertrophied thyrotoxic hearts.

Approximately half of the hypertrophied hearts exhibited contractile failure during

ischemia which was associated with a significantly greater increase in intracellular Na"*"

compared with both the controls and a second subset of thyrotoxic hearts. Additionally,

in preliminary experiments in our lab, we have found a similar divergence in Na"'"

homeostasis during ischemia in Sprague Dawley rat hearts with hypertrophy induced by

aortic constriction.

In a study in canine hearts hypertrophied by aortic banding, Gaasch and others

(81) recently found that hypertrophied hearts did not demonstrate greater ischemic

173



dysfunction and damage until the hearts exhibited signs of myocardial failure. The results

of the present study indicate that more subtle changes may occur in the hypertrophied

heart that determine the response to ischemia. These changes were not detectable either

as impaired basal systolic function or other overt signs of myocardial failure.

In conclusion, a subset of hypertrophied SHR hearts exhibited impaired Na"*"

handling during ischemia that was detected as a greater accumulation of intracellular Na"^

compared with the WKY controls and a second subgroup of SHR. The impaired Na"*"

handling was not associated with hypertrophy per se since not ail hypertrophied hearts

were affected. We propose that the development of impaired Na"*" handling may be

indicative of a subtle transition towards a less compensated state that precedes the

development of congestive heart failure, and is manifest as an increased sensitivity to

ischemia. Finally, the results of the present study indicate that impaired Na"*" handling

may indeed contribute to the increased sensitivity of hypertrophied hearts to ischemic

dysfunction and damage.

174



LIST OF REFERENCES



LIST OF REFERENCES

1. Sandier H, Dodge HT: Left ventricular tension and stress in man. Giro Res 8(2):91-
104, 1963.

2. Reffer MA, Reffer JM, Frohiich ED: Pumping ability of the hypertrophying left
ventricle in the spontaneously hypertensive rat. Giro Res 38(5):423-429, 1976.

3. Aipert NR: in: Mvocardiai Hvpertrophv and Faiiure.edited by NR Aipert, pp xxi-
XXXV. Raven, New York, 1983.

4. Zak R: Geii proliferation during cardiac growth. Am J Gardioi 31:211-219, 1973.

5. Page E, Poiimeni Pi, Zak R, Early J, Johnson M: Myofibriiiar mass in rat and rabbit
muscie:correiation of microchemicai and stereoiogicai measurements in normal
and hypertrophied heart. Giro Res: 30:430-439, 1972.

6. Page E, McGaiiister LP: Quantitative electron microscopic description of heart
cells: application to normal, hypertrophied and thyroxin-stimulated hearts. Am J
Gardioi 31:172-181, 1973.

7. Schreiber 88, Oratz M, Rothschild MA: Protein synthesis in the overloaded
mammalian heart. Am J Physiol 211:314-318, 1966.

8. Posner Bl, Fanburg BL: Ribonucleic acid synthesis in experimental cardiac
hypertrophy in rats. Giro Res 23:137-145, 1968.

9. Wikman-Goffelt J, Parmley WW, Mason DT: The cardiac hypertrophy process. Girc
Res 45(6):697-707, 1979.

10. Buccino RA, Harris E, 8pann JF, 8onnenblick EH: Response of myocardial
connective tissue to development of experimental hypertrophy. Am J Physiol
216:425-428, 1969.

11. Peariman ES, Weber KT, Janicki JS: Quantitative histology of the hypertrophied
human heart. Fed Proc 40:2042-2047, 1981.

12. Grossman W, McLaurin LP, Btefadouros M: Left ventricular stiffness associated
with chronic pressure overloads in man. Girc Res 35:793-800, 1974.

13. Bing OHL, Matsushita 8, Fanburg BL,Levine HL: Mechanical properties of rat
cardiac muscle during experimental hypertrophy. Girc Res 28:238-245, 1971.

14. Breisch EA, Houser 8R, Garey RA, 8pann JF Bove AA: Myocardial blood flow
and capillary density in chronic pressure overload of the feline right ventricle.
Gardiovasc Res 14: 469-475, 1980.

176



15. Roberts JT, Wearn JT: Quantitative changes in the capillary muscle relationship
in human hearts during normal cardiac growth and hypertrophy. Am Heart J
21:617-633, 1941

16. Neeiy JR, Grotyohann LW: Role of giycolytic products in damage to ischemic
myocardium. Circ Res 55:816-824, 1984.

17. Apstein CS, Deckelbaum L, Mueller M, Hagopian L, Hood WB: Graded global
ischemia and reperfusion. Circ 55(6):864-871, 1977.

18. Allen DG, Orchard OH: Myocardial contractile function during ischemia and
hypoxia. Circ Res 60(2): 153-168, 1987.

19. Neeiy JR, Feuvray D: Metabolic products and myocardial ischemia. Am J Pathol
102:282-291, 1981.

20. Rovetto MJ, Lamberton WF, Neeiy JR: Mechanisms of giycolytic inhibition in
ischemic rat hearts. Circ Res 37:742-751, 1975.

21. Tomanek RJ, Palmer PJ, Peiffer GL, Schreiber KL, Eastham CH, Marcus ML:
Morphometry of canine coronary arteries, arterioles, and capillaries during
hypertension and left ventricular hypertrophy. Circ Res 58:38-46, 1986.

22. Wangler RD, Peters KG, Marcus ML, Tomanek RJ: Effects of duration and severity
of arterial hypertension and cardiac hypertrophy on coronary vasodilator reserve.
Circ Res 51:10-18, 1982.

23. Alyono D, Anderson RW, Parrish DG, Dai X-Z, Bache RJ: Alterations of myocardial
blood flow associated with experimental canine left ventricular hypertrophy
secondary to valvular aortic stenosis. Circ Res 58:47-57, 1986.

24. O'Keefe DD, Hoffman JIE, Cheitlen R, 0"Neili MJ, Allard JR, Shapkin E: Coronary
blood flow in experimental canine left ventricular hypertrophy. Circ Res 43(1):43-
51, 1978.

25. Mueller TM, Marcus ML, Kerber RE, Young JA, Barnes RW, Abboud FM: Effect
of renal hypertension and left ventricular hypertrophy on the coronary circulation
in dogs. Circ Res 42(4):543-549, 1978.

26. Anderson PG, Allard MF, Thomas GD, Bishop SP, Digerness SB: Increased
ischemic injury but decreased hypoxic injury in hypertrophied rat hearts. Circ. Res.
67:948-959, 1990

27. Cunningham MJ, Apstein CS, Weinberg EC, Vogel WM, Lorell BH: Influence of
glucose and insulin on the exaggerated diastolic and systolic dysfunction of
hypertrophied rat hearts during hypoxia. Circ Res 66:406-415, 1990

28. Minton PR, Zoll PM, Norman LR: Levels of phosphate compounds in experimental

177



cardiac hypertrophy. CIrc Res 8:924-929, 1960.

29. Jellcks LA, Gupta RK: Intracellular free magnesium and high energy phosphates
in the perfused normotensive and spontaneously hypertensive rat heart. Am J
Hypertension 4:131-136, 1991.

30. Yonekura Y, Brili AB, Som P Yamamoto K, Srivastave AC, iwai J, Eimaleh DR,
Livini E, Strauss HW Goodman MM Knapp FF: Regional myocardiai substrate
uptake in hypertensive rats: a quantitative autoradiographic measurement. Science
227:1494-1496, 1985.

31. Brooks WW, ingwali JS, Conrad CM, Holubarsch C, Bing OH: Tolerance to
hypoxia of myocardium from adult and aged spontaneously hypertensive rats. Am
J Physiol 252:H1096-H1104, 1987.

32. Bishop SP, Altschuld RA: increased glycolytic metabolism in cardiac hypertrophy
and congestive heart failure. Am J Physiol 218(1):153-159, 1970.

33. Wexler LF, Lorell BH, Momomura S, Weinberg EG, Ingwali JS, Apstein CS:
Enhanced sensitivity to hypoxia-induced diastolic dysfunction in pressure overload
left ventricular hypertrophy in the rat: role of high energy phosphate depletion. Circ
Res 62:766-775, 1988.

34. Buckberg GD: Left ventricular subendocardial necrosis. Annals of Thoracic
Surgery 24(4):379-393, 1977.

35. Wukasch DC, Reul GJ, Milam JD, Hallman GL, Cooley DA: The "stone heart"
syndrome. Surg 72(6):1071-1080, 1972.

36. Cooley DA, Reul GJ, Wukasch DC: Ischemic contracture of the heart: "stone
heart". Am J Cardiol 29:575-577, 1972.

37. Attarian DE, Jones RN, Currie WD, Hill RC, Sink JD, Olsen CO, Chitwood WR,
Wechsler AS: Characteristics of chronic left ventricular hypertrophy induced by
subcoronary valvular aortic stenosis. J Thorac Cardiovasc Surg 81:389-395,1981.

38. Anderson PG, Bishop SP, Digerness SB: Transmural progression of morphologic
changes during ischemic contracture and reperfusion in the normal and
hypertrophied rat heart: Am J Pathol 129:152-167, 1987.

39. Sink JD, Pellom GL, Currie WD, Hill RC, Olsen Co, Jones RN, Weschler AS:
Response of hypertrophied myocardium to ischemia. J Thorac Cardiovasc Surg
81:865-872, 1981.

40. Peyton RB, Van Tright P, Pellom GL, Jones RN, Sink JD, Weschsler AS: Improved
tolerance to ischemia in hypertrophied myocardium by preischemic enhancement
of adenosine triphosphate: J Thorac Cardiovasc Surg 84:11-15,1982

178



41. Lorell BH, Wexler LF, Momomura S, Weinberg E, Apstein CS: The influence of
pressure overload left ventricular hypertrophy on diastolic properties during
hypoxia in isovolumically contracting rat hearts. Circ Res 58:653-
663, 1986.

42. Vogel WM, Weinberg EO, Strauss RH, Apstein CS: Regression of left ventricular
hypertrophy in DOC/salt hypertensive rats by labetol or low sodium diet: effects
on aerobic cardiac function and responses to hypoxia. Manuscript submitted to
Circ Res 1991.

43. Lorell Bh, Grice Wn, Apstein CS: influence of hypertension with minimal
hypertrophy on diastolic function during demand ischemia. Hypertension 13:361-
370, 1989.

44. Hearse DJ, Stewart DA, Green DG: Myocardial susceptibility to ischemic damage:
a comparative study of disease models In rat. Eur J Cardlol 7(5-6):437-450,
1978.

45. Menasche P, Grousset C, Apstein CS, Marotte F, Mouas C, Piwnica A: Increased
injury of hypertrophied myocardium with ischemic arrest: preservation with
hypothermia and cardioplegia. Am Heart J 110:1204-1209, 1985.

46. Snoeckx LHEH, Van Der Vusse GJ, Coumans WA, Willemsen PHM, Van Der
Nagel T, Reneman RS: Myocardial function in normal and spontaneously
hypertensive rats during reperfusion after a period of global ischemia: Cardiovasc
Res. 20:67-75, 1986.

47. Snoeckx LHEH, van der Vusse GJ, van der Veen FH, Coumans WA, Reneman
RS: Recovery of hypertrophied rat hearts after global ischemia and reperfusion at
different perfusion pressures Rlugers Arch 413:303-312, 1989.

48. Buser PI, Wikman-Coffelt J, Wu ST, Derugin N, Parmley WW, Higgins CB:
Postischemic recovery of mechanical performance and energy metabolism in the
presence of left ventricular hypertrophy. Circ Res 66:735-746, 1990.

49. Hearse DJ, Garlick PB, Humphrey SM: Ischemic contracture in the myocardium:
mechanisms and prevention. Am J Cardiol 39:986-993 1977.

50. Katz AM, Tada M: The stone heart: challenge to the biochemist. Am J Cardiol
29:578-580, 1972.

51. Nayler WG, Williams A: Relaxation in heart muscle: some morphological and
biochemical considerations. Eur J Cardiol 7(suppl):35-50, 1978.

52. Bricknell OL, Daries PS, Opie LH: A relationship between adenosine triphosphate,
glycolysis and ischemic contracture in the isolated rat heart. J Mol Cell Cardiol
13:941-945, 1981.

179



53. Owen P, Dennis S, Opie LH: Glucose flux rate regulates onset of Ischemia
contracture In globally underperfused rat hearts. Giro Res 66:344-354, 1990.

54. Lorell BH, Isoyama S, Grice WN, Welnberg EG, Apstein OS: Effects of ouabain
and Isoproterenol on left ventricular diastollc function during low flow Ischemia In
Isolated, blood perfused rabbit hearts. Giro Res 63:457-467, 1988.

55. Rosenkranz ER, Okamato F, Buckberg GD, VInten-Johansen J, Allen BS, Leaf J,
Bugyl H, Young H, Barnard RJ: Studies of controlled reperfuslon after Ischemia:
J Thorac Gardlovasc Surg 92:488-501, 1986.

56. Jennings RB, Hawkins HK, Lowe JE, Hill ML, Klotman 8, Relmer KA: Relation
between high energy phosphate and lethal Injury In myocardlal Ischemia In the
dog. AM J Pathol 92:187-214, 1978.

57. Devous MD, LewandowskI ED: Inoslne preserves ATP during Ischemia and
enhances recovery during reperfuslon. Am J Physlol 253:H1224-H1233, 1987.

58. Humphrey SM, Thomson RW, Gavin JB: The effect of an Isovolumic left ventricle
on the coronary vascular competence during reflow after global Ischemia In the
rat heart. GIr Res 49:784-791, 1981.

59. Humphrey SM, Gavin JB, Herdson PB: The relationship of Ischemia contracture
to vascular reperfuslon In the Isolated rat heart. J Mol Gell Gardlol 12:1397-1406,
1980.

60. Kuprlyanov W, Lakomkin VL, Stelnschnelder AY, Severlna MY, Kapeiko VI, Ruuge
EK, Saks VA: Relationships between prelschemic ATP and glycogen content and
post-lschemic recovery of the rat heart J Mol Gell Gardlol 20:1151-1162, 1988.

61. Anderson, PG, Bishop, SP, DIgerness SB: Vascular remodeling and Improvement
In coronary reserve after hydralazlne treatment In spontaneously hypertensive rats.
Giro Res. 64:1127-1136 1989.

62. Muller G, Isselhard W, Sturz J Wahle A, WItmanowskI H, Armas-Molina JV Saad
S: Pressure-controlled reperfuslon Improves postlschemic recovery of LV-
hypertrophled rat hearts: Angioiogy 40:574-580, 1989

63. Ingwall JS, Kramer MA, FIfer MA, Lorrell BH, Shemin R, Grossman W, Allen PD:
The creatlne kinase system In normal and diseased human myocardium. N EngI
J Med 313:1050-1054, 1985.

64. Bache RJ, Arentzen GE, Simon AB, Vrobel TR: Abnormalities In myocardlal
perfuslon during tachycardia In dogs with left ventricular hypertrophy. Giro 69:409-
417, 1984.

65. Vatner SF, Shannon R, HIttlnger L: Reduced subendocardlal coronary reserve. A
potential mechanism for Impaired diastollc function In the hypertrophled and falling

180



heart. Circ81(suppl lll):lll-8-lll-14, 1990.

66. Jacobus WE, Lehninger AL Creatine Kinase of rat heart mitochondria. J Bio!
Chem 248(13):4803-4810, 1973.

67. Ingwall JS: The hypertrophied myocardium accumulates the MB-creatine kinase
isozyme. Eur Heart J 5 (Suppi F): 129-139, 1984.

68. Grosse R, Spitzer E, Kupriyanov W, Saks VA, Repke KRH: Coordinate interplay
between Na -K"*" ATPase and creatine phosphokinase optimizes Na'''-K''" antiport.
Biochim Biophy Acta 603:142-156, 1980.

69. Scholte MR: On triple localization of creatine kinase in heart and skeletal muscle
cells in the rat. Biochem Biophys Res Comm 22:597-602, 1966.

70. Ingwall JS, Kramer MF, Friedman WF: Developmental changes in heart creatine
kinase. In: Heart Creatine Kinase. edited by Jacobus WE, ingwall JS Baltimore
Williams and Wiikins pp 9-16, 1980.

71. Smith SH, Kramer MF, Reis i. Bishop SP, ingwall JS: Regional changes in creatine
kinase and myocyte size in hypertensive and nonhypertensive cardiac
hypertrophy. Circ Res 67:1334-1344, 1990.

72. Anderson PG, Ketchum CH, Sincell JA, Bishop SB, Digerness SB: Time course
of isoenzyme shifts during development of pressure overload hypertrophy in the
rat. Circ 82(4) Suppi 3:111-270, 1990.

73. Fox AC, Reed GE: Changes in iactate dehydrogenase composition of hearts with
right ventricular hypertrophy. Am J Physiol 216(5):1026-1033, 1969.

74. Dawson DW, Goodfriend TL, Kaplan NO: Lactic dehydrogenase: functions of the
two types. Science 143:929-933, 1964.

75. Cahn RD, Kaplan NO, Levine L, Zwilling E: Nature and development of lactic
dehydrogenase. Science 136:962-969, 1962.

76. Revis NW, Thomson RY, Cameron AJV; Lactate dehydrogenase isoenzymes in
the human hypertrophic heart. Cardiovasc Res 11:172-176, 1977.

77. BittI JA, DeLayre J, ingwall JS: Rate equation for creatine kinase predicts the in
vitro reaction velocity. Biochemistry 26:6083-6090, 1987.

78. Szasz G, Gruber W: Creatine Kinase in serum: 4. differences in substrate affinity
among the isozymes Clin Chem 24 (2):245-249, 1978.

79. Goodfriend TL, Sokol DM, Kaplan NO: Control of synthesis of lactic acid
dehydrogenase. J Mol Biol 15:18-31, 1966.

181



80. Shimamoto N, Goto N, Tanabe M, Imamoto T, Fujiwara S, Hirata M: Myocardial
energy metabolism in the hypertrophled hearts of spontaneously hypertensive rats.
Basic Res Cardiol 77:359-371, 1982.

81. Gaasch WH, Zile MR, Hoshino PK, Weinberg EO, Rhodes DR, Apstein OS:
Tolerance of the hypertrophic heart to ischemia. Circulation 81:1644-1653,1990.

82. Eisner DA: The Na'*'-K"'" pump in cardiac muscle. In: The Heart and
Cardiovascular Svstem. edited by H.A. Fozzard pp. 489-507. Raven, New
York, 1986.

83. Lee SS, Schwartz A, Adams RJ, Yamori Y, Whitmer K, Lane L, Wallick ET:
Decrease in Na"'"-K''" ATPase activity and ouabain binding sites in sarcolemma
prepared from hearts of spontaneously hypertensive rats. Hypertension 5:682-
699, 1983.

84. Sharma RV, Buttler CA, Bhalla RC: Alterations in the plasma membrane
properties of the myocardium of spontaneously hypertensive rats. Hypertension
8:583-591, 1986.

85. Gheyouche R, Uzan A, Le Fur G, Corgier M: Decrease in ^H ouabain binding
sites in heart and brain from spontaneously hypertensive rats. Experientia 37:492-
493, 1981.

86. Nakanishi H, Makino N, Hata T, Matsui H, Yano K, Yanaga T: Sarcolemmal Ca"^^
transport activities in cardiac hypertrophy caused by pressure overload. Am. J.
Physiol. 257:H349-H356, 1989.

87. Whitmer KR, Lee JH, Martin AF, Lane LK, Lee SW, Schwartz A, Overbeck HW,
Wallick ET: Myocardial Na''"-K"'" ATPase in one-kidney, one clip hypertensive rats.
J Mol Cell Cardiol 18:1085-1095, 1986.

88. Chevalier B, Berrebi-Bertrand I, Mouas C, Leiievre LG, Swynghedauw B:
Diminished toxicity of ouabain in the hypertrophied rat heart. Rlugers Arch
414:311-316, 1989.

89. Charlemagne D, Maixent JM, Preteseille M, Leiievre LG: Ouabain binding sites and
the Na'^-K"'" ATPase in rat cardiac hypertrophy. J Biol Chem261 (1): 185-189,1986.

90. Maixent JM, Charlemagne D, de la Chapelle B, Leiievre LG: Two Na'^-K'*' ATPase
isozymes in canine cardiac myocytes. J Biol Chem 262 (14):6842-6848, 1987.

91. Charlemagne D, Mayoux E, Poyard M, Oliviero P, Geering K: Identification of two
isoforms of the catalytic subunit of Na"^-K"^ ATPase in myocytes from aduit rat
heart. J Biol Chem 262(19):8941-8943, 1987.

92. Gwathmey JK, Morgan, JP: Altered calcium handling in experimental pressure
overload hypertrophy in the ferret. Circ. Res. 57:836-843, 1985.

182



93. Schouten VJA, Vliegen HW, van der Laarse A, Huysmans HA: Altered calcium
handling at normal contractility in hypertrophied rat heart. J Mol Cell Cardiol 22:
987-998, 1990.

94. Kimura S, Bassett AL, Saida K, Shimizu M, Myerburg RJ: Sarcoplasmic reticulum
function in skinned fibers of hypertrophied rat ventricle. Am J Physiol 256: H1006-
H1011, 1989.

95. Limas CJ, Cohn, JN: Defective calcium transport by cardiac sarcopiasmic
reticulum in spontaneously hypertensive rats. Giro. Res. 40:1-62-1-69, 1977.

96. Limas CJ, Spier, 88: Effect of antihypertensive therapy on calcium transport by
cardiac sarcoplasmic reticulum of 8HRs. Cardiovasc. Res. 14:692-699, 1980.

97. Lamers JMJ, Stinis JT: Defective caicium pump in the sarcopiasmic reticulum of
the hypertrophied rat heart. Life Sciences 24:2313-2320, 1979

98. Pernoiiet M-G, Devynck M-A Meyer P: Abnormal calcium handiing by isoiated
cardiac plasma membrane from spontaneously hypertensive rats. Clin Science 61:
45S-48S, 1981.

99. Katz AM, Takenaka H, Watras J: The sarcoplasmic reticuium. In: The Heart and
Cardiovascular Svstem. edited by H.A. Fozzard, pp. 731-746. Raven, New
York, 1986.

100. Shen S.S. and Blaustein, M.P.: Sodium/calcium exchange and reguiation of celi
caicium and contractiiity in cardiac muscie. in: The Heart and Cardiovascuiar
Svstem. edited by H.A. Fozzard pp. 509-535. Raven, New York, 1986.

101. Tani M, Neeiy JR: Roie of intraceiluiar Na"*" in Ca^"*" overioad and depressed
recovery of ventricular function of reperfused ischemic rat hearts. Giro Res. 65:
1045-1056, 1989.

102. Tani M, Neeiy JR: Na"*" accumuiation increases Ca^"^ overioad and impairs
function in anoxic rat heart. J Moi Ceii Cardioi. 22:57-72, 1990.

103. Regan TJ, Broisman L, Haider B, Baddy C, Oldewurtel HA: Dissociation of
myocardiai sodium and potassium aiterations in mild versus severe ischemia.
Am. J. Physiol. 238:H575-H580, 1980.

104. Grinwald PM, Brosnahan C,: Sodium imbaiance as a cause of calcium overioad
in post-hypoxic reoxygenation injury. J Moi Cell Cardiol 19:487-495, 1987.

105. Pike MM, Kitakaze M, Marban E: ̂^Na-NMR measurements of intraceiluiar sodium
in intact perfused ferret hearts during ischemia and reperfusion. Am. J. Physiol
259: H1767-H1773.

106. Pike MM .. Manuscript in preparation

183



107. Malloy CR, Buster DC, Margardia M, Castro CA, Carlos FG, Geraldes GC, Jeffrey
MH, Sherry AD: Influence of global ischemia on intracellular sodium in the
perfused rat heart. Magn. Reson. Med. 15:33-44, 1990.

108. Murphy E, Perlman M, London RE, Steenbergen C: Amilorlde delays the ischemia-
Induced rise in cytosoiic free calcium. Circ Res 68:1250-1258, 1991.

109. Lazdunski M, Freiln C, Vigne P: The sodium/hydrogen exchange system in
cardiac ceils: its biochemical and pharmacological properties and its role in
regulating internal concentrations of sodium and internal pH. J Mol Cell Cardiol
17:1029-1042, 1985.

110. Fiolet JWT, Baartscheer A, Schumacher CA, Coronel R, ter Welle HP: The change
of the free energy of ATP hydrolysis during global Ischemia and anoxia in the rat
heart. J Mol Cell Cardiol 16:1023-1036, 1984.

111. Steenbergen C, Murphy E, Watts JA, London RE: Correlation between cytosoiic
free calcium, contracture, ATP, and irreversible ischemic injury in perfused rat
heart. Circ. Res. 66:135-146, 1990.

112. Kleber AG: Resting membrane potential, extracellular potassium activity, and
intracellular sodium activity during acute global ischemia in isolated perfused
guinea pig hearts. Circ Res 52:442-450, 1983.

113. Bersohn MM, Philipson KD, Fukushima JY: Sodium-calcium exchange and
sarcolemmal enzymes in ischemic rabbit hearts. Am. J. Physiol. 242:C288-C295,
1982.

114. Winston DC, Spinale FG, Crawford FA, Schulte BA: Immunocytochemical and
enzyme histochemical localization of Na'^'-K'^ ATPase in normal and ischemic
porcine myocardium. J Mol Cell Cardiol 22:1071-1082, 1990.

115. Lamers JMJ, Stinis HT, Montfoort AD, Hulsmann WC: The effect of lipid
intermediates on Ca^"*" and Na"*" permeability and Na'^'-K"'" ATPase of cardiac
sarcolemma. Biochim et Biophys Acta 774:127-137, 1984.

116. Weissberg PL, Little PJ, Cragoe EJ, Bobik A: The pH of spontaneously beating
cultured rat heart cells is reguiated by an ATP-calmodulin-dependent Na'^'/H
antiport. Circ. Res. 64:676-685, 1989.

117. Blatter LA, McGuigan JAS: Intracellular pH regulation in ferret ventricular muscle.
Circ. Res. 68:150-161, 1991.

118. Khandoudi N, Bernard M, Cozzone P, Feuvray D: Intracelluiar pH and the role of
Na"'"-H''" exchange during ischemia and reperfusion of normal and diabetic rat
hearts. Cardiovasc Res 24:873-878, 1990

184



119. Benos DJ: Amiloride: A molecular probe of sodium transport in tissues and cells.
AM J Physlol 242:C131-C148, 1982

120. Gold MR, Strichartz GR: Use dependent block of sodium current with
ethyllsoprpylamllorlde. Circ suppl. 82(4):lll-527, 1990.

121. Tosaki A, Balint S, Szekeres L: Protective effect of lidocaine against ischemia and
reperfusion-induced arrhythmias and shifts of myocardial sodium, potassium, and
calcium content. J Cardlovasc Pharmacol 12:621-628, 1988.

122. January CT, Fozzzard HA: The effects of membrane potential, extracellular
potassium and tetrodotoxin on the intracellular sodium activity of sheep cardiac
muscle. Circ Res. 54:652-665, 1984.

123. Nayler WG: The role of calcium in the ischemic myocardium. Am J Pathol 102:
262-270, 1981.

124. Shen AC, Jennings RB: Myocardial calcium and magnesium in acute ischemic
injury. Am. J. Pathol. 67:417-440, 1972

125. Henry PD, Shuchleib R, Davis J, Weiss ES, Sobel BE: Myocardial contracture and
accumulation of mitochondrial calcium in ischemic rabbit heart. Am J Physiol 2(6):
H6777-H684, 1987.

126. Gergely J: Excitation-contraction coupling - cardiac muscle events In the
myofilament. Federation Proc 35:1283-1287, 1976.

127. Farber JL, Chien KR, Mittnacht S: The pathogenesis of irreversible cell injury in
ischemia. Am. J. Pathol 102:271-281, 1981.

128. Chapman RA, Coray A, McGuigan JAS: Sodium-calcium exchange in mammalian
ventricular muscle: A study with sodium-sensitive microelectrodes. J Physiol 343:
253-276, 1983.

129. Weir WG, Beuckelmann DJ: Sodium-calcium exchange in mammalian heart:
current-voltage relation and intracellular calcium concentration. Mol Cell Biochem
89:97-102, 1989.

130. Pitts BJR: Stoichiometry of sodium-calcium exchange in cardiac sarcolemmal
vesicles. J Biol Chem 254:6232-6235, 1979.

131. Philipson KD, Bersohn MM, Nishimoto AY: Effects of pH on Na"'"-Ca^"'' exchange
in canine sarcolemmal vesicles. Circ Res 50:287-293, 1982.

132. Smith V-E, Schulman P, Karimeddini MK, White WB, Meeran MK, Katz AM: Rapid
ventricular filling in left ventricular hypertrophy: pathologic hypertrophy.
J Am Coll Cardiol 5:869-874, 1985.

185



133. Phillips RA, Copian NL, Krakoff, LR, Yeager K, Ross RS, Goriin R, Goldman ME:
Doppler echocardiographic analysis of left ventricular filling In treated hypertensive
patients. J Am Coll Cardlol 9:317-322, 1987.

134. Inouye I, Massle B, Loge D, Topic N, Sllverstein D, Simpson P, Tabau J:
Abnormal left ventricular filling: an early finding In mild to moderate systemic
hypertension. Am J Cardlol 53:120-126, 1964.

135. DIpette DJ, Frohllch ED: Cardiac Involvement In hypertension. Am J Cardlol 61:
67H-72H, 1988.

136. Sen S, TarazI RC, Khalrallah PA Bumpus FM: Cardiac hypertrophy In
spontaneously hypertensive rats. CIrc Res 35:775-781, 1974.

137. Lawler JE, Sanders BJ Chen YF, Nagahama S, Oparll S: Hypertension produced
by a high sodium diet In the borderline hypertensive rat (BHR). Clln. Exper.
Hypertension Theory and Practice A9(11):1713-1731, 1987.

138. Lawler JE, Barker GF, Hubbard JW, Schaub RG: Effects of stress on blood
pressure and cardiac pathology In rats with borderline hypertension.
Hypertension 3:496-505, 1981.

139. Rosalkl SB: An Improved procedure for creatlne phosphoklnase determination.
J Lab Clln Med 69(4):696-705, 1967.

140. Hall N, DeLuca M: Electrophoretic separation and quantltatlon of creatlne kinase
Isozymes. Anal Blochem 76:561-567, 1976.

141. Neter J, Wasserman W, Kutner MH, Applied Statistical Models 2nd edition,
Richard D Irwin, INC. pp 582-583, 1985

142. Hangartner JRW, Marley NJ, Whitehead A, Thomas AC, Davles MJ: The
assessment of cardiac hypertrophy at autopsy. HIstopathology 9:1295-1306,1985

143. Penny DG, Barthel BG: Effects of thyroid and growth hormone deficiency, and
food restriction on heart mass, with and without added stress
(carboxyhemogloblnemla). Can J Physiol Pharmacol 63:642-648, 1985

144. Oscal LB, Holloszy JO: Weight reduction In obese rats by exercise and food
restriction: effect on the heart. Am J Physiol 219:327-330, 1970

145. Van Per Laarse A, Hollaar L, Vllegen W, Egas JM, DIjkshoorn NJ, Cornellsse CJ,
Bogers AJJC, Quaegebeur JM: Myocardlal Isoenzyme activities, DNA
concentration and nuclear polyploldy In hearts In patients operated upon for
congenital heart disease, and In normal and hypertrophic adult human hearts at
autopsy. Eur J Clln Invest 19:192-200, 1989.

146. Sherry AD, Malloy CR, Jeffrey FMH, Cacherls WP, Geraldes CFGC: Dy(DOTP)"®:

186



A new stable shift reagent. J Mag Reson 76:528-533, 1988

147. Flaherty JT, Weisfeldt ML, Bulkley BH, Gardner TJ, Gott VL, Jacobus WE:
Mechanisms of ischemic myocardial cell damage assessed by phosphorus-31
nuclear magnetic resonance. Circ 65(3):561-570, 1982

148. Tani M, Neely JR: Mechanisms of reduced reperfuslon injury by low Ca^"*" and/or
high K"^. Am J Physlol 258:H1025-H1031, 1990.

149. Poole-Wllson PA: Regulation of Intracellular pH in the myocardium:relevance to
pathology. Moll Cell Blochem 89:151-155, 1989.

150. Solaro RJ, El-Saleh SC, Kentish JO: Ca^"'", pH and the regulation of cardiac
myofilament force and ATPase activity. Moll Cell Blochem 89:163-167, 1989.

151. Buster DC, Castro MMCA, Geraldes CFGC, Malloy CR, Sherry AD, Jeffrey,
Siemers TM: Tm(DOTP)®": /
Reson Med 15:25-32, 1990
Siemers TM: Tm(DOTP)®': A ̂ ^Na shift reagent for perfused rat hearts. Magn

152. Zimmer SD, Ugurbil K, Michurski SP, Mohanakrishnan P, Ulstad VK, Poker JE,
From AHL: Alterations in oxidative function and respiratory regulation in the post
ischemic myocardium. J Bid Chem. 264 (21):12402-12411, 1989.

153. Jalil JE, Doering CW, Janicki JS, Pick R, Clark WA, Abrahams C, Weber KT:
Structural vs. contractile protein remodeling and myocardial stiffness in
hypertrophied rat left ventricle J Mol Cell Cardiol 20:1179-1187, 1988

154. Weber KT, Janicki JS, Reeves RC, Hefner LL: Factors influencing left ventricular
shortening in isolated canine heart. Am J Physlol 230:419-426.

155. SAS Institute Inc. SAS users guide Statistics, version 5 edition. Cary NC: SAS
Institute Inc, 1985; 478-483

156. SAS Institute Inc. SAS users guide Statistics, version 5 edition. Cary NC: SAS
Institute Inc, 1985; 481-482

157. Tubau JF, Wikman-Coffelt J, Massie BM, Sievers R, Parmley WW: Improved
myocardial efficiency in the working perfused heart of the spontaneously
hypertensive rat. Hypertension 10:396-403, 1987.

158. Conrad CH, Brooks WW, Robinson KG, Bing OHL: Impaired myocardial function
in spontaneously hypertensive rats with heart failure. Am J Physlol 260:HI BO-
HMO, 1991.

159. Springer, C.S.: Measurement of metal cation compartmentaiization in tissue by
high-resolution metal cation NMR. Ann Rev Biophys Chem 16:375 - 3B9 19S7

187



160. Stewart LC, Atkinson DE, Reiss I, Kramer MF, Ingwall JS: Heterogeneous
reperfusion Injury in hypertensive hearts. Giro (SuppI II) 80(4):ll-19, 1989.

161. Syme PD, Arnolda L, Green Y, Aronson JK, Grahame-Smith DG, Radda GK:
Evidence for increased in vivo Na''"-H''" antiporter activity and an altered skeletal
muscle contractile response in the spontaneously hypertensive rat. J Hypertension
8:1027-1036, 1990

162. Barry WH, Peeters GA, Rasmussen OAF, Cunningham MJ: Role of changes in
Ca^ in energy deprivation contracture. Giro Res 61:726-734, 1987.

163. Atkinson DE, Ingwall JS: Altered sodium handling in failing thyrotoxic hearts. Giro
(SuppI II) 80(4):II-152, 1989.

188



APPENDIX



K
Q
 E
t
o
c
t
r
o
d
e
s

N
M
R
T
u
b
*

C
O
O

Su
pa

rc
on

du
dl

ng
M
a
g
n
e
t
 a
n
d
 P
ro
be

Ao
rt
ic
 P
a
t
t
u
s
k
m
 U
n
a

O

S
t
i
m
u
l
a
t
o
r

-
0

Bu
bb
le
 T
ra

p

Va
ri
ab
le
-S
pe
ed

P
u
m
p

O
u
t
f
l
o
w

to
 L
ar
ge
r

B
u
l
f
e
r

R
e
s
e
r
v
o
i
r

i

L
V
 S
a
l
o
o
n
 U
n
a

X

Co
ro

na
ry

 V
en
ou
s 
Ou
tf
lo
w

P
u
m
p
 a
n
d
 R
es
er
vo
ir

Sy
ri
ng
e

o FI
t
e
r

P
r
e
s
s
u
r
e

T
r
a
n
s
d
u
c
e
r

□
R

ec
or

de
r a

nd
Co

m
pu

te
r

□

Sp
ec

tro
m

et
er

a^
 C

om
pu

ter

Ir
^i

In
flo

w
fro

m
 la

rg
er

P
er

fu
sa

le
R

es
er

vo
ir

V
al

ve
 f

o
r

C
fia

ng
in

g
P

er
fu

sa
te

s

Te
m

pe
ra

tu
re

C
on

tr
ol

le
d

P
er

fu
sa

te
R

es
er

vo
ir

Fi
gu

re
 A

-1
. E

xp
er

im
en

ta
l A

pp
ar

at
us

 U
se

d 
fo

r C
on

sta
nt

 F
low

 P
er

fu
sio

n 
of

 Is
ola

te
d 

He
ar

ts 
Du

rin
g 

Co
lle

ct
io

n 
of

 N
M

R 
an

d
Fu

nc
tio

na
l D

at
a.

 T
he

 te
m

pe
ra

tu
re

 o
f t

he
 N

M
R 

pr
ob

e 
an

d 
th

e 
ao

rti
c 

pe
rfu

sio
n 

lin
e 

we
re

 c
on

tro
lle

d 
to

 m
ai

nt
ai

n 
th

e
te

m
pe

ra
tu

re
 o

f t
he

 h
ea

rt 
an

d 
pe

rfu
sa

te
 a

t 3
7°

 C
. T

he
 p

er
fu

sa
te

 w
as

 s
wi

tc
he

d 
fro

m
 n

or
m

al
 K

re
bs

 H
en

se
le

lt 
bu

ffe
r t

o
pe

rfu
sa

te
 c

on
ta

in
in

g 
th

e 
sh

ift
 r

ea
ge

nt
 T

m
(D

OT
P)

 
via

 th
e 

va
lve

 s
ho

wn
 In

 th
e 

In
flo

w 
to

 th
e 

pe
rfu

sa
te

 r
es

er
vo

ir.
 T

he
bu

ffe
r c

on
tai

nin
g 

Tm
(D

OT
P)

"®
 w

as
 m

ain
tai

ne
d 

at 
4°

C 
In 

a s
ep

ar
ate

 fla
sk

 n
ot 

sh
ow

n 
In 

the
 d

iag
ra

m.
 T

he
 sh

ift 
re

ag
en

t
bu

ffe
r w

as
 a

lso
 ci

rc
ula

te
d 

th
ro

ug
h 

a 
25

ft 
co

ll o
f s

lla
sti

c t
ub

in
g 

th
at

 w
as

 b
at

he
d 

In 
flu

id 
ae

ra
te

d 
wi

th
 9

5%
 

an
d 

5%
 C

O
j

at
 3

7°
 C 

pr
oir

 to
 e

nt
er

ing
 th

e 
re

se
rv

oir
 s

ho
wn

 a
bo

ve
. S

ee
 th

e 
m

et
ho

ds
 s

ec
tio

ns
 In

 c
ha

pt
er

s 
3 

an
d 

4 
fo

r a
dd

itio
na

l
d

e
ta

ils
.



c/
3C

/)
c/

)c
/5

(/
)a

)C
/5

co
c/

)a
>a

)a
)(
/
)
C
/
)
a
>
a
)
C
/
3
c
/
3
C
o
c
/
)
c
/
3
a
>
c
/
>
c
/
)
c
/
5
C
o
c
o
c
o
a
)
C
/
)
c
o
c
o
c
/
)
c
o
c
/
)
W
c
o
w
w
c
o
c
o
M

T
l
T
i
n
T
l
T
I
T
l
T
I
T
l
T
l
T
l
T
I
'
n
T
l
T
I
T
I
T
l
T
I
T
I
T
I
T
I
T
I
T
I
T
i
n
T
l
T
I
T
l
T
I
T
I
T
I
T
I
T
l
T
I
T
i
m
T
l
T
l
T
I
T
l
T
l
T
I
T
l

C
O
C
O
C
O
C
O
C
O
C
O
C
O
C
O
C
O
C
O
C
O
C
O
C
O
C
O
C
O
C
O
C
O
C
O

Ji
.
C
O
C
O
C
O
C
O
^
^
t
O
^
^

r
O
(
D
O
>
C
A
3
0
-
>
l

-
f
>
.
-
^
0
0
 
o
i
 
t
o
<
0
 0
5
 
C
O
 
O

r
\
 r
n
 f
o
 0
5
 0
1
 O
l

C
O
 0
5
 C
D
 Q
 
^

c
n
j
i
^
j
i
.
c
o
c
o
c
o
c
o
r
o
i
o
t
o
-
'
-
^
-
^

c
o
o
i
r
o
c
D
O
>
c
o
o
-
>
J
4
i
.
-
^
a
)
o
i

i
o
C
O
 0
5
 
C
O
 
o

C
O
 
0
5
 
C
D

C
D

->
J 

-n
J 
^
 ̂
 0
1

to
 t
o 
i
o
 c
n 

Ko
C
O
 
C
O
 
<5
5 

t
o

o
-
N
i
J
^
r
o
c
o
c
o
^
-
j
-
p

i
o
o
b
5
a
i
^
^
c
o
^

o
-
^
c
n
c
D
C
n
c
D
C
o
o

n
n
.

n
.

C
O
C
O
C
O
C
O
C
O
C
O
t
o
C
O
4
k

■>
4

-k
l

-k
j

c
n

cn
4

k
4
k

C
D

cn
c
n

-k
i

to
to

C
O

to
C

D
1
0

p
1

0
C

D
cn

to
4

k
cn

4
k

to

b
ifk

ifk
b

c
n

4
k

b
b

b
b

4
k

4
k

b
L
l

4
k

4k
.

Ko
4
k

k
l

Ko
b

-k
j

C
O

1
0

4
k

cn
cn

C
O

C
D

C
D

cn
cn

4
k

C
D

C
O

4
k

4
k

■k
j

C
O

cn

4^
 

CO
 
to

 
to

 
to

 
to

 
to

4^
 C

O 
CJ5

 c
n 

p
 p

 ;
>J

io
 4

k 
Ko

 0
5 

CD
 i

o 
cn

CO
 

cn
 

CO
 

4
k 

to
 

CO
 

cn

-k
-L

-L
fO

tO
-k

-k
 -

k
^

<
D

b
io

io
<

3
^
b

i
*4

kC
o

to
io

c
n
io

c
o
c
o
c
D

c
n
c
o

4
k
4

k
io

io
b

b
c
D

C
D

b
^
^
^
io

't
o

O
O

C
n
tO

C
O

C
O

-k
C

D
C

O
-v

|
C

D
C

D
4
k
-k

_
k_

k_
i_

i.
ro

to
to

io
to

ro
-k

^
-k

-k
p
p
;j
-p

^
L
L
L
k'

-k
W

jb
cD

b
o
b
X

kb
b
p
p
^c

D
C

D
O

C
D

p
^O

C
D

—
k
C

D
C

n
C

O
C

D
O

~
^4

k
0

4
k
C

O
O

O
C

n
O

O
O

tO

Q 33 O c 13

3
> 1% o
 

_
CD 

Q
CO

 
O m

vP
 

-=
■

O
)

o
 

+
3 O O

—
I

0> C
T

CD > I o o s 13 r
- m CD O g cz o > T
l

o 33 55 T
l

m 33 m z o 3
:

> T
]

H m 33 4
k



Table A-1 (continued)

GROUP RAT TIME Na"^ CONTENT Na"^%
(#) (min) (limoles/g) (%control/100)

SHF 13 45 16.28 0.96

SHF 13 48 16.28 0.96

SHF 13 51 16.94 1.00

SHF 13 54 18.27 1.08

SHF 13 57 17.94 1.06

SHF 13 60 17.61 1.04

SHF 14 -9 8.79 0.98

SHF 14 -6 8.97 1.00

SHF 14 -3 8.79 0.98

SHF 14 0 9.52 1.06

SHF 14 3 9.34 1.04

SHF 14 6 14.83 1.65

SHF 14 9 16.47 1.84

SHF 14 12 19.77 2.20

SHF 14 15 19.59 2.18

SHF 14 18 21.97 2.45

SHF 14 21 22.70 2.53
SHF 14 24 23.61 2.63

SHF 14 27 28.92 3.22

SHF 14 30 32.58 3.63

SHF 14 33 30.39 3.39

SHF 14 36 15.19 1.69

SHF 14 39 10.43 1.16

SHF 14 42 8.79 0.98

SHF 14 45 9.88 1.10

SHF 14 48 8.79 0.98

SHF 14 51 8.79 0.98

SHF 14 54 8.79 0.98

SHF 14 57 9.15 1.02

SHF 14 60 9.15 1.02
SHF 15 -9 16.45 1.01

SHF 15 -6 16.84 1.04

SHF 15 -3 15.50 0.95

SHF 15 0 16.26 1.00

SHF 15 3 16.26 1.00

SHF 15 6 20.66 1.27

SHF 15 9 21.24 1.31

SHF 15 12 22.96 1.41

SHF 15 15 24.30 1.49
SHF 15 18 27.55 1.69
SHF 15 21 34.44 2.12

SHF 15 24 36.16 2.22
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Table A-1 (continued)

GROUP RAT TIME Na"^ CONTENT Na'^ro
(#) (min) (ixmoles/g) (%contro!/100)

SHF 15 27 38.27 2.35

SHF 15 30 40.18 2.47

SHF 15 33 38.84 2.39

SHF 15 36 18.18 1.12

SHF 15 39 15.50 0.95

SHF 15 42 16.07 0.99

SHF 15 45 14.73 0.91

SHF 15 48 14.73 0.91

SHF 15 51 13.58 0.84

SHF 15 54 13.01 0.80

SHF 15 57 12.05 0.74

SHF 15 60 13.39 0.82

SHF 36 -9 11.86 1.00

SHF 36 -6 11.51 0.97

SHF 36 -3 13.25 1.12

SHF 36 0 11.16 0.94

SHF 36 3 11.16 0.94

SHF 36 6 13.95 1.18

SHF 36 9 16.74 1.41

SHF 36 12 19.18 1.62

SHF 36 15 20.92 1.76

SHF 36 18 23.36 1.97

SHF 36 21 28.94 2.44

SHF 36 24 32.43 2.74

SHF 36 27 34.52 2.91

SHF 36 30 32.43 2.74

SHF 36 33 35.91 3.03

SHF 36 36 23.01 1.94

SHF 36 39 16.74 1.41

SHF 36 42 15.34 1.29

SHF 36 45 14.99 1.26

SHF 36 48 14.99 1.26

SHF 36 51 16.39 1.38

SHF 36 54 15.69 1.32

SHF 36 57 16.39 1.38

SHF 36 60 15.69 1.32

SHF 54 -9 12.61 1.07

SHF 54 -6 11.76 1.00

SHF 54 -3 11.59 0.99

SHF 54 0 11.25 0.96

SHF 54 3 13.13 1.12

SHF 54 6 15.00 1.28
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Table A-1 (continued)

GROUP RAT TIME Na+ CONTENT Na"^%
(#) (min) (jxmoies/g) (%control/100)

SHF 54 9 15.85 1.35

SHF 54 12 15.00 1.28

SHF 54 15 17.90 1.52

SHF 54 18 19.60 1.67

SHF 54 21 22.67 1.93

SHF 54 24 26.08 2.22

SHF 54 27 30.51 2.59

SHF 54 30 31.88 2.71

SHF 54 33 29.49 2.51

SHF 54 36 11.42 0.97

SHF 54 39 11.25 0.96

SHF 54 42 10.74 0.91

SHF 54 45 12.10 1.03

SHF 54 48 11.59 0.99

SHF 54 51 12.27 1.04

SHF 54 54 12.10 1.03

SHF 54 57 12.44 1.06

SHF 54 60 12.78 1.09

SHF 55 -9 16.39 1.05

SHF 55 -6 15.04 0.96

SHF 55 -3 14.85 0.95

SHF 55 0 16.20 1.04

SHF 55 3 17.16 1.10

SHF 55 6 20.06 1.28

SHF 55 9 20.83 1.33

SHF 55 12 22.95 1.47

SHF 55 15 24.11 1.54

SHF 55 18 21.99 1.41

SHF 55 21 24.88 1.59

SHF 55 24 21.99 1.41

SHF 55 27 23.34 1.49

SHF 55 30 31.44 2.01

SHF 55 33 32.59 2.09

SHF 55 36 17.74 1.14

SHF 55 39 14.08 0.90

SHF 55 42 14.85 0.95

SHF 55 45 13.11 0.84

SHF 55 48 13.69 0.88

SHF 55 51 13.89 0.89

SHF 55 54 12.15 0.78

SHF 55 57 13.31 0.85

SHF 55 60 12.15 0.78
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Table A-1 (continued)

GROUP RAT TIME Na"^ CONTENT Na"^%

(#) (min) (jimoles/g) (%control/100)

SHS 16 -9 25.83 1.07

SHS 16 -6 24.36 1.01

SHS 16 -3 23.48 0.98

SHS 16 0 22.30 0.93

SHS 16 3 22.89 0.95

SHS 16 6 28.47 1.18

SHS 16 9 29.93 1.24

SHS 16 12 30.82 1.28

SHS 16 15 32.58 1.35

SHS 16 18 32.87 1.37

SHS 16 21 32.28 1.34

SHS 16 24 28.47 1.18

SHS 16 27 29.64 1.23

SHS 16 30 28.76 1.20

SHS 16 33 25.83 1.07

SHS 16 36 18.49 0.77

SHS 16 39 17.32 0.72

SHS 16 42 18.49 0.77

SHS 16 45 20.84 0.87

SHS 16 48 19.96 0.83

SHS 16 51 18.49 0.77

SHS 16 54 15.85 0.66

SHS 16 57 17.61 0.73

SHS 16 60 16.43 0.68

SHS 19 -9 32.58 1.04

SHS 19 -6 28.91 0.93

SHS 19 -3 31.21 1.00

SHS 19 0 31.21 1.00

SHS 19 3 27.99 0.90

SHS 19 6 33.50 1.07

SHS 19 9 33.04 1.06

SHS 19 12 37.63 1.21

SHS 19 15 36.71 1.18

SHS 19 18 39.47 1.26

SHS 19 21 38.55 1.24

SHS 19 24 41.30 1.32

SHS 19 27 36.25 1.16

SHS 19 30 36.25 1.16

SHS 19 33 37.63 1.21

SHS 19 36 29.83 0.96

SHS 19 39 30.75 0.99

SHS 19 42 29.37 0.94
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Table A-1 (continued)

GROUP RAT TIME Na"^ CONTENT Na"^%

(#) (min) (limoles/g) (%control/100)

SHS 19 45 30.75 0.99

SHS 19 48 30.29 0.97

SHS 19 51 27.99 0.90

SHS 19 54 28.91 0.93

SHS 19 57 27.99 0.90

SHS 19 60 30.29 0.97

SHS 30 -9 , 1.04

SHS 30 -6 0.96

SHS 30 -3 , 1.01

SHS 30 0 , 0.99

SHS 30 3 0.96

SHS 30 6 1.09

SHS 30 9 1.17

SHS 30 12 1.17

SHS 30 15 1.29

SHS 30 18 1.23

SHS 30 21 1.26

SHS 30 24 1.27

SHS 30 27 , 1.21

SHS 30 30 , 1.21

SHS 30 33 , 1.18

SHS 30 36 , 0.90

SHS 30 39 , 0.94

SHS 30 42 0.94

SHS 30 45 0.95

SHS 30 48 0.94

SHS 30 51 0.87

SHS 30 54 , 0.82

SHS 30 57 , 0.82

SHS 30 60 , 0.82

SHS 31 -9 21.24 1.11

SHS 31 -6 16.86 0.89

SHS 31 -3 19.36 1.02

SHS 31 0 18.11 0.95

SHS 31 3 18.11 0.95
SHS 31 6 23.11 1.21

SHS 31 9 24.98 1.31

SHS 31 12 23.42 1.23
SHS 31 15 25.92 1.36
SHS 31 18 27.17 1.43

SHS 31 21 26.86 1.41

SHS 31 24 24.36 1.28
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Table A-1 (continued)

GROUP RAT TIME Na"^ CONTENT Na"^%
(#) (min) (|imoles/g) (%control/100)

SHS 31 27 27.17 1.43

SHS 31 30 26.54 1.39

SHS 31 33 22.80 1.20

SHS 31 36 17.49 0.92

SHS 31 39 17.49 0.92

SHS 31 42 16.55 0.87

SHS 31 45 17.49 0.92

SHS 31 48 19.67 1.03

SHS 31 51 18.42 0.97

SHS 31 54 18.42 0.97

SHS 31 57 17.49 0.92

SHS 31 60 17.49 0.92

SHS 33 -9 , 1.06

SHS 33 -6 0.97

SHS 33 -3 0.97

SHS 33 0 1.03

SHS 33 3 1.18

SHS 33 6 1.40

SHS 33 9 1.49

SHS 33 12 1.57

SHS 33 15 1.61

SHS 33 18 , 1.58

SHS 33 21 , 1.57

SHS 33 24 , 1.61

SHS 33 27 1.63

SHS 33 30 , 1.63

SHS 33 33 1.32

SHS 33 36 1.04

SHS 33 39 1.13

SHS 33 42 1.08

SHS 33 45 0.96

SHS 33 48 1.07

SHS 33 51 , 1.04

SHS 33 54 1.04

SHS 33 57 1.04

SHS 33 60 1.04

SHS 34 -9 14.03 0.93

SHS 34 -6 16.11 1.07

SHS 34 -3 15.85 1.05

SHS 34 0 14.55 0.97

SHS 34 3 12.73 0.84

SHS 34 6 16.37 1.09
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Table A-1 (continued)

GROUP RAT TIME Na"^ CONTENT Na'*"%
(#) (min) (nmoles/g) (%control/100)

SHS 34 9 17.93 1.19

SHS 34 12 18.19 1.21

SHS 34 15 18.19 1.21

SHS 34 18 19.75 1.31

SHS 34 21 20.27 1.34

SHS 34 24 18.45 1.22

SHS 34 27 21.31 1.41

SHS 34 30 18.97 1.26

SHS 34 33 16.89 1.12

SHS 34 36 11.69 0.78

SHS 34 39 10.91 0.72

SHS 34 42 9.62 0.64

SHS 34 45 9.87 0.66

SHS 34 48 9.62 0.64

SHS 34 51 9.87 0.66

SHS 34 54 8.06 0.53

SHS 34 57 9.10 0.60

SHS 34 60 9.10 0.60

SHS 37 -9 , 1.07

SHS 37 -6 , 0.93

SHS 37 -3 , 1.01

SHS 37 0 , 0.99

SHS 37 3 1.07

SHS 37 6 1.26

SHS 37 9 1.29

SHS 37 12 , 1.40

SHS 37 15 1.31

SHS 37 18 , 1.11

SHS 37 21 1.29

SHS 37 24 1.25

SHS 37 27 , 1.25

SHS 37 30 , 1.25

SHS 37 33 , 1.26

SHS 37 36 1.14

SHS 37 39 , 0.81

SHS 37 42 0.75

SHS 37 45 0.83

SHS 37 48 , 0.88

SHS 37 51 , 0.82

SHS 37 54 0.78

SHS 37 57 0.78

SHS 37 60 0.74
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Table A-1 (continued)

GROUP RAT TIME Na"^ CONTENT Na"^%
(#) (min) (jimoles/g) (%control/100)

SHS 38 -9 15.89 0.98

SHS 38 -6 16.44 1.02

SHS 38 -3 16.16 1.00

SHS 38 0 15.89 0.98

SHS 38 3 15.89 0.98

SHS 38 6 19.18 1.19

SHS 38 9 21.37 1.32

SHS 38 12 20.55 1.27

SHS 38 15 22.19 1.37

SHS 38 18 22.47 1.39

SHS 38 21 22.47 1.39

SHS 38 24 20.82 1.29

SHS 38 27 21.92 1.36

SHS 38 30 20.27 1.25

SHS 38 33 19.45 1.20

SHS 38 36 15.89 0.98

SHS 38 39 15.62 0.97

SHS 38 42 16.99 1.05

SHS 38 45 16.44 1.02

SHS 38 48 17.53 1.08

SHS 38 51 16.99 1.05

SHS 38 54 16.71 1.03

SHS 38 57 16.44 1.02

SHS 38 60 16.71 1.03

SHS 39 -9 10.78 1.00

SHS 39 -6 10.78 1.00

SHS 39 -3 10.92 1.01

SHS 39 0 10.64 0.99

SHS 39 3 10.08 0.94

SHS 39 6 12.74 1.18

SHS 39 9 13.58 1.28

SHS 39 12 13.72 1.27

SHS 39 15 14.28 1.32

SHS 39 18 13.58 1.26

SHS 39 21 15.54 1.44

SHS 39 24 14.14 1.31

SHS 39 27 14.42 1.34

SHS 39 30 14.70 1.36

SHS 39 33 12.88 1.19

SHS 39 36 11.06 1.03

SHS 39 39 10.22 0.95

SHS 39 42 10.64 0.99
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Table A-1 (continued)

GROUP RAT TIME Na"^ CONTENT Na'^yo
(#) (min) (iimoles/g) (%control/100)

SHS 57 27 13.67 1.22

SHS 57 30 13.86 1.24

SHS 57 33 12.16 1.08

SHS 57 36 9.69 0.86

SHS 57 39 10.83 0.97

SHS 57 42 10.07 0.90

SHS 57 45 10.64 0.95

SHS 57 48 10.07 0.90

SHS 57 51 10.07 0.90

SHS 57 54 10.07 0.90

SHS 57 57 7.98 0.71

SHS 57 60 8.93 0.80

SHS 58 -9 19.17 1.10

SHS 58 -6 16.36 0.94

SHS 58 -3 17.13 0.99

SHS 58 0 17.13 0.99

SHS 58 3 18.15 1.04

SHS 58 6 23.26 1.34

SHS 58 9 26.84 1.54

SHS 58 12 24.80 1.43

SHS 58 15 25.82 1.49

SHS 58 18 23.77 1.37

SHS 58 21 24.54 1.41

SHS 58 24 25.05 1.44

SHS 58 27 24.54 1.41

SHS 58 30 21.98 1.26

SHS 58 33 24.03 1.38

SHS 58 36 16.87 0.97

SHS 58 39 16.11 0.93

SHS 58 42 17.89 1.03

SHS 58 45 15.85 0.91

SHS 58 48 18.41 1.06

SHS 58 51 17.89 1.03

SHS 58 54 17.89 1.03

SHS 58 57 16.62 0.96

SHS 58 60 15.59 0.90

SHS 59 -9 25.83 0.97

SHS 59 -6 27.10 1.02

SHS 59 -3 25.41 0.95

SHS 59 0 27.95 1.05

SHS 59 3 29.22 1.10

SHS 59 6 35.57 1.33
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Table A-1 (continued)

GROUP RAT TIME Na"^ CONTENT Na"^%
(#) (min) (limoles/g) (%control/100)

SHS 59 9 37.27 1.40

SHS 59 12 37.69 1.41

SHS 59 15 39.38 1.48

SHS 59 18 40.23 1.51

SHS 59 21 39.38 1.48

SHS 59 24 38.96 1.46

SHS 59 27 38.96 1.46

SHS 59 30 36.84 1.38

SHS 59 33 36.42 1.37

SHS 59 36 25.41 0.95

SHS 59 39 23.29 0.87

SHS 59 42 24.56 0.92

SHS 59 45 23.29 0.87

SHS 59 48 23.29 0.87

SHS 59 51 24.99 0.94

SHS 59 54 27.53 1.03

SHS 59 57 22.87 0.86

SHS 59 60 22.44 0.84

WKY 4 -9 26.36 1.10

WKY 4 -6 23.30 0.97

WKY 4 -3 23.61 0.99

WKY 4 0 22.07 0.92

WKY 4 3 21.77 0.91

WKY 4 6 27.28 1.14

WKY 4 9 30.66 1.28

WKY 4 12 29.12 1.22

WKY 4 15 30.04 1.26

WKY 4 18 32.19 1.35

WKY 4 21 33.72 1.41

WKY 4 24 30.35 1.27

WKY 4 27 30.35 1.27

WKY 4 30 30.66 1.28

WKY 4 33 29.74 1.24

WKY 4 36 22.38 0.94

WKY 4 39 23.61 0.99

WKY 4 42 24.22 1.01

WKY 4 45 23.91 1.00

WKY 4 48 24.83 1.04

WKY 4 51 25.14 1.05

WKY 4 54 24.22 1.01

WKY 4 57 23.61 0.99

WKY 4 60 25.75 1.08
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Table A-1 (continued)

GROUP RAT TIME Na"^ CONTENT Na'*"%
(#) (min) (nmoles/g) (%control/100)

WKY 9 -9 7.79 1.02

WKY 9 -6 7.94 1.04

WKY 9 -3 7.32 0.96

WKY 9 0 7.47 0.98

WKY 9 3 8.25 1.08

WKY 9 6 10.43 1.37

WKY 9 9 11.52 1.51

WKY 9 12 11.99 1.57

WKY 9 15 10.90 1.43

WKY 9 18 11.52 1.51

WKY 9 21 10.43 1.37

WKY 9 24 10.59 1.39

WKY 9 27 10.59 1.39

WKY 9 30 10.74 1.41

WKY 9 33 10.74 1.41

WKY 9 36 8.25 1.08

WKY 9 39 7.16 0.94

WKY 9 42 6.85 0.90

WKY 9 45 6.54 0.86

WKY 9 48 6.85 0.90

WKY 9 51 7.79 1.02

WKY 9 54 5.61 0.73

WKY 9 57 6.23 0.82

WKY 9 60 5.76 0.76

WKY 20 -9 16.67 1.05

WKY 20 -6 16.67 1.05

WKY 20 -3 16.67 1.05

WKY 20 0 14.02 0.88

WKY 20 3 15.54 0.98

WKY 20 6 17.43 1.10

WKY 20 9 20.08 1.26

WKY 20 12 21.22 1.33

WKY 20 15 22.36 1.40

WKY 20 18 17.81 1.12

WKY 20 21 20.08 1.26

WKY 20 24 23.49 1.48

WKY 20 27 27.28 1.71

WKY 20 30 26.14 1.64

WKY 20 33 23.11 1.45

WKY 20 36 19.70 1.24

WKY 20 39 17.81 1.12
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Table A-1 (continued)

GROUP RAT TIME Na+ CONTENT Na"^%
(#) (min) (|imoles/g) (%control/100)

WKY 20 42 16.67 1.05

WKY 20 45 15.91 1.00

WKY 20 48 12.50 0.79

WKY 20 51 13.64 0.86

WKY 20 54 16.29 1.02

WKY 20 57 14.40 0.90

WKY 20 60 14.40 0.90

WKY 21 -9 18.48 0.91

WKY 21 -6 22.00 1.09

WKY 21 -3 20.24 1.00

WKY 21 0 20.24 1.00

WKY 21 3 20.24 1.00

WKY 21 6 22.44 1.11

WKY 21 9 27.72 1.37

WKY 21 12 27.28 1.35

WKY 21 15 28.16 1.39

WKY 21 18 27.72 1.37

WKY 21 21 30.36 1.50

WKY 21 24 30.80 1.52

WKY 21 27 27.28 1.35

WKY 21 30 29.48 1.46

WKY 21 33 33.00 1.63

WKY 21 38 24.64 1.22

WKY 21 39 18.04 0.89

WKY 21 42 17.16 0.85

WKY 21 45 16.28 0.80

WKY 21 48 16.72 0.83

WKY 21 51 19.80 0.98

WKY 21 54 15.84 0.78

WKY 21 57 18.92 0.93

WKY 21 60 17.60 0.87

WKY 22 -9 10.54 0.94

WKY 22 -6 10.85 0.97

WKY 22 -3 12.25 1.10

WKY 22 0 10.85 0.97

WKY 22 3 10.70 0.96

WKY 22 6 13.64 1.22

WKY 22 9 14.57 1.31

WKY 22 12 14.73 1.32

WKY 22 15 13.64 1.22

WKY 22 18 13.33 1.19

WKY 22 21 13.80 1.24
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Table A-1 (continued)

GROUP RAT TIME Na"^ CONTENT Na'^ro
(#) (min) (nmoles/g) (%control/100)

WKY 22 24 15.35 1.38

WKY 22 27 14.73 1.32

WKY 22 30 15.19 1.36

WKY 22 33 13.33 1.19

WKY 22 36 10.70 0.96

WKY 22 39 11.47 1.03

WKY 22 42 10.54 0.94

WKY 22 45 10.54 0.94

WKY 22 48 10.54 0.94

WKY 22 51 8.68 0.78

WKY 22 54 10.54 0.94

WKY 22 57 10.85 0.97

WKY 22 60 10.08 0.90

WKY 24 -9 14.34 1.00

WKY 24 -6 14.34 1.00

WKY 24 -3 14.53 1.01

WKY 24 0 14.34 1.00

WKY 24 3 15.09 1.05

WKY 24 6 16.23 1.13

WKY 24 9 16.79 1.17

WKY 24 12 16.98 1.18

WKY 24 15 17.17 1.20

WKY 24 18 18.11 1.26

WKY 24 21 16.79 1.17

WKY 24 24 18.49 1.29

WKY 24 27 18.87 1.32

WKY 24 30 18.11 1.26

WKY 24 33 17.55 1.22

WKY 24 36 12.64 0.88

WKY 24 39 11.51 0.80

WKY 24 42 12.26 0.86

WKY 24 45 10.94 0.76

WKY 24 48 10.75 0.75

WKY 24 51 9.25 0.64

WKY 24 54 11.51 0.80

WKY 24 57 10.75 0.75

WKY 24 60 10.94 0.76

WKY 28 -9 16.52 1.06

WKY 28 -6 14.69 0.95

WKY 28 -3 15.60 1.01

WKY 28 0 15.06 0.97

WKY 28 3 15.42 0.99
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Table A-1 (continued)

GROUP RAT TIME Na"^ CONTENT Na'^ro
(#) (min) (limoies/g) (%controi/100)

WKY 29 60 10.54 1.08

Note: Decimal points (.) represent missing data.
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