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Abstract: 

We have systematically characterized a number of commonly used aqueous shift 

reagents with respect to their ability to induce chemical shifts and enhance relaxation of 

various monovalent cations. Ions with larger hydrated radius such as Li+ and Na+ were 

shifted to the greatest extent by Dy(TPP)2.5 (prepared using Na+ as the counterion) 

whereas smaller hydrated ions like Rb+ and Cs+ were shifted most extensively by 

Tm(TPP)2.5. Both K and NH4 were shifted to a similar degree by Dy(TPP)2.5 and 

Trn(TPP)2.5; however, induced linebroadening was generally smaller with Tm(TPP)2.5 

for all nuclei tested. Contributions of the complex formation shift to the total shift reagent 

induced shift was found to be significant in smaller ions such as Rb+ and Cs+ which 

explains the larger induced downfield shift of these ions by Tm(TPP)2.5. Both DyTI'HA 

and TmTTHA induced smaller shifts than their TPP derivatives but are useful in 

physiological studies where competing divalent cations are present in large amounts. Cs+ 

turned out to be the most suitable cation for our intended study of the Na+/K+ pump in 

vivo. Cesium-133 has high NMR-senstivity, small natural linewidth but most importantly, 

does not require the use of a potentially toxic shift reagent to separate intra- and 

extracellular signals because of its sensitivity to its chemical environment. 

In the perfused rat heart, we found that the uptake of Cs+ was inhibited by ouabain 

in a dose-dependent manner which confirmed that the Na+/K+ pump was the main 

mechanism responsible for Cs+ entry into the cell. After a 75 minute washout period, the 

intracellular Cs+ decreased by only 20 % which confirmed that Cs+ was a blocker of 

various K+ channels and allowed us to use the changes in the Cs+ integral as a reflection of 

the Na+/K+ pump activity. Energy metabolism and intracellular pH were not affected by 

cesium perfusion but spontaneous heart rate was reduced by an average of 70 %. Our 

results provided no support for a functional compartmentation of ATP in the rat heart. 
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Oxidatively generated ATP was found to be as effective to support Na+/K+ pump activity 

as hearts that had both functional glycolysis and oxidative phosphorylation. Furthermore, 

hearts that had only glycolytically generated ATP showed a reduced Na+/K+ pump 

activity. These results are not consistent with the hypothesis that glycolytic ATP fuels the 

pump. The accumulation of inorganic phosphate as a secondary effect of cyanide 

poisoning, observed by 31P NMR, may have complicated the situation because it is known 

that Pi has an inhibitory effect on the Na+/K+ pump and the contractile process. Upon 

onset of ischemia, the uptake of Cs+ was found to cease immmediately in all groups tested. 

We believe that this represents an inactivation of the Na+/K+ pump by factors brought on 

by ischemia other than the lack of ATP as substrate. We have shown by  1P NMR that the 

ATP level at the onset of the inactivation was near normal and thus cannot be the cause of 

the inhibition. The exact cause of the inactivation of the Na+/K+ pump is unknown but 

may involve changes in membrane fluidity or production of endogeneous inhibitors. 

During reperfusion, only the pyruvate perfused hearts showed consistent mechanical and 

Na+/K+ pump functional recovery. In comparison with the glucose perfused group which 

showed no recovery in mechanical and Na+/K+ pump functions, we concluded that one of 

the protective effects of pyruvate against ischemic damage in the rat heart is the preservation 

of the Na+/K+ pump function after an ischemic period. 

In the studies of cyclosporin-A treated hearts, we confirmed previous observations 

that CsA treated rat hearts developed lower systolic pressure than controls at any diastolic 

pressure tested. This functional impairment is not a result of abnormal energy metabolism, 

intracellular pH or free magnesium level as determined by 31P NMR. Furthermore, from 

Cs+ uptake studies, the function of the Na+/K+ pump in the CsA treated hearts was also 

judged to be normal. Thus, the functional impairment must be related to other factors such 

as altered calcium metabolism. 
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General Introduction 



Chapter 1 2 

Introduction 

The cessation of coronary flow leads to a rapid deterioration of cardiac function. 

The systolic pressure drops very quickly to zero and the diastolic pressure decreases at first 

but increases as the ischemic period is prolonged. This is accompanied by a rapid loss of 

high energy phosphates and equilibration of ionic gradienfs across the cell membrane. The 

level of phosphocreatine drops quickly after flow occlusion and the ATP level also 

decreases but at a slower rate. Accumulation of potentially toxic metabolites like inorganic 

phosphate, lactate and H+ is also dramatic. At the same time the concentration gradient of 

ions such as Na+ and K+ across the membrane collapses probably as a result of decreased 

Na+TK+ pump activity and increased membrane permeability. If, however, reperfusion 

takes place shortly after ischemia, near complete recovery of cardiac functions and 

metabolism is possible. Prolonged ischemia will give rise to irreversible damage typified 

by low mechanical output and substantial loss of high energy phosphates. Various 

hypotheses have been put forward to account for the cause of the irreversible damage (for 

reviews see 1-4). All have received experimental support, thus reflecting the possibility 

that multiple events are taking place during ischemia and reperfusion that give rise to the 

irreversible damage in combination. In this thesis, we have used multinuclear NMR to 

study the contribution of the changes in the Na+/K+ pump activity to myocardial recovery 

after an ischemic period in the Langendorff perfused rat heart. The study of the Na+IK+ 

pump activity was facilitated by studying the uptake of a K analogue during perfusion, 

ischemia and reperfusion. High energy phosphate metabolism in the heart was monitored 

by 31P NMR and cardiac output was measured by a balloon inserted into the left ventricle. 

In-vitro studies were completed first to identify optimal conditions for the study of cation 
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fluxes across the cell membrane (chapter 2). We then applied those conditions to the 

perfused rat heart to study the Na+/K+ pump activity during perfusion, ischemia and 

reperfusion and its relation to cell energy status (chapter 3). Lastly, the Na+IK+ pump 

activity and energy status of cyclosporin A treated rat hearts was studied in a similar way to 

investigate the possibility of abnormal cation metabolism in these hearts during normoxic 

conditions (chapter 4). 

The advantages of using NMR for the study of biological matter are well known. 

The non-destructive nature of this technique allows multiple studies (eg 133Cs, 31P NMR, 

flow studies and cardiac function) to be carried out on the same sample while the structural 

integrity of the sample is maintained. Furthermore, almost all of the elements of the 

periodic table can be studied by NMR which provides NMR spectroscopists with many 

opportunities in experimental design. A list of the various possibilities for monovalent 

cations is shown in Table 1.1. Generally, one chooses the study of nuclei with the highest 

sensitivity, natural abundance and resonance frequency, as this will give the greatest 

detectability. The use of 31P NMR is very common in the study of living matter because 

of its high NMR sensitivity and the vast amount of information that it can provide (for 

review see 5-8). The natural abundance of the 31P isotope is 100% and because of its 

relatively large magnetogyric ratio, phosphorus-containing compounds can be readily 

detected in living matter. A typical 3 1 NMR spectrum of human red blood cells is shown 

in figure 1.1. The prominent peaks under those experimental conditions are those of 2,3-

diphosphoglycerate and the three peaks of ATP. Since the area of the peaks in the 

spectrum is proportional to intracellular concentrations, quantitive measurements are also 

possible with the NMR technique. Other phosphorus-containing compounds that can be 

detected by NMR in muscle tissues are shown in Table 1.2. In addition to the detection of 

the various metabolites, 31P NMR can also provide information on intracellular pH and 
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free magnesium concentration from the chemical shift of the inorganic phosphate peak and 

the ATP peaks respectively. 

In order to study ion fluxes in intact cells by NMR, a shift reagent (SR) must be 

used. This is because the NMR signals for the cation inside and outside of the cell are 

generally isochronous and hence aqueous shift reagents need to be added to shift away the 

resonance for the extracellular signals. In separate studies, we have found that the 

resolution given by a particular shift reagent is not the same for all cations (figures 1.2a,b). 

One of the reasons is that the natural linewidth of the ions in a NMR spectrum differ and 

that the physiological concentration of the various ions are not the same. For example, the 

natural linewidth of Rb+ in 87Rb NMR spectra is much broader than that of K+ (see 

chapter 2); therefore, at the same concentration of shift reagent, the resolution of the K+ 

peaks in a 39K NMR spectrum would be better. Since good resolution between the 

intra/extracellular peaks is required for quantitive studies, we will need to identify optimal 

conditions for this type of NMR study. In chapter 2 of this thesis, in-vitro studies are 

described aimed at accomplishing just this. The ions of the alkali metal family were 

systematically titrated with various commonly used shift reagents to characterize their shift 

and relaxation enhancement behavior. According to the theoretical analysis of Inagaki et al. 

(9), complexes of dysprosium and thulium should give rise to opposite SR induced shifts 

that are larger than those induced by other lanthanides (figure 1.3a). In the present study, 

tripolyphosphate and triethylenetetraminehexaacetate complexes of dysprosium and thulium 

were used for this reason. Furthermore, if pseudocontact shift is the dominant mechanism 

responsible for the SR induced shift then the ratio of dysprosium to thulim induced shift 

should theoretically be - 1.9 (figure 1.3a). Putative structures of the two complexes are 

shown in figure 1.3b. It is believed that the monovalent ions bind weakly to the outside of 

these reagents, probably in their hydrated state. 
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The study of the alkali metal family is of importance because Na+ and K+ have 

pivotal roles in physiological functions, Li+ is known to have therapeutic effects against 

manic depression possibly by inhibition of the inositol phosphate metabolism in the brain 

(10), Rb+ and Cs can be used as K analogues (figure 1.4), furthermore NH4 is added 

to the list because it can also act as a K+ analogue (11). 

23Na NMR spectra of living tissues are relatively easy to obtain. The natural 

abundance of the 23Na is 100%. Furthermore, because of its fast relaxation properties, 

23Na NMR spectra of living tissues can be obtained within minutes. While 39K combines 

a favorable high natural abundance (93%) with an unfavorable low sensitivity and 

resonance frequency, it can still be studied with relative ease, because its intracellular 

concentration is high and it relaxes rapidly. Consequently, many studies have been done 

using 23Na and 39K NMR to observe changes in the steady state concentrations of these 

ions in cells after applying some sort of intervention (12-15). However, only the steady 

state concentration of the ions is measured and this is a balance between uptake and release, 

hence no conclusion can be made on the actual cation fluxes. This problem can be solved, 

however, by using an isotope of K+ that is also NMR sensitive. By adding enriched 41K 

to the medium, the uptake or the release of K+ can be studied separately by NMR. The 

main disadvantage with this type of studies is the cost: 1 mg of 41KCl costs about $ 10 US 

(Oakridge National Lab., 1989). In addition, 41K NMR has very poor NMR 

characteristics. The use of K+ analogues such as Rb+ and Cs+ in combination with the 

sensitive 87Rb and 133Cs NMR can be another way to circumvent this problem. Rb+ has 

been a commonly used K+ analogue to study the activity of the Na+/K+ pump in many 

types of tissue ( 16-18). The only disadvantage from an NMR point of view is the broad 

natural linewidth of 87Rb, which is about 20 times greater than that of Na+. As a result, 

high concentrations of shift reagent is needed to give good separation of the 
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intra/extracellular peaks (see chapter 2). On the other hand, Cs+ is beginning to gain 

popularity as a K analogue in biological studies ( 19,20). In studies of ionic channels, 

Cs+ is often used as a K+ channel blocker to isolate membrane currents and in the heart 

Cs+ has also been found to block many of the K+ channels (21,22). Thus, the 

accumulation of Cs+ by the heart can be seen as a reflection of the uptake process. The 

NMR sensitivity of 133Cs is good and nice narrow peaks can be obtained even in the 

inhomogeneous beating heart. However, the biggest advantage of 133Cs-NMR over the 

other nuclei in NMR studies is that its chemical shift is very sensitive to the chemical 

environment. As Cs+ is taken up by the cells, the difference between the intra- and 

extracellular milieu is sufficient to shift the intracellular Cs+ peak from the extracellular 

one. Consequently, no potentially toxic shift reagent is required to separate the peaks. In 

figures 1.5(a,b,c,d), the profile of the 133Cs spectra with or without shift reagent in 

human red blood cells are shown. It should be remembered however that in spite of its 

advantages, Cs+ is not a physiological ion and is known to alter cardiac functions (19). 

Nitrogen- 14 is a relatively difficult nucleus to study by NMR because of its relatively poor 

sensitivity and low resonance frequency. Typical changes in the 14N spectrum of post-

mortem rat muscle and ischemic rat heart are shown in figure 1.6a; a 14N spectrum of the 

muscle extract is shown in 1.6b. Broad and poorly resolved peaks in the spectrum of intact 

tissue is usually the norm but sharper lines can be obtained from extracts and from 

symmetrical molecules such as NH4+. The inherent broadness of the lines in the 14N 

spectrum makes quantitation studies difficult even with the use of line-simulation 

programs. Even though NH4 can mimic K in activating the NaIKATPase (11), one 

serious disadvantage is that it can cross the membrane passively as NH3. In figure 

1.7(a,b), it is shown that intracellular N}ILç is rapidly equilibrated with extracellular 

NH4 and that the intracellular signal is directly proportional to the amount of red blood 
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cells (hematocrit). This diminishes the usefulness of NH4+ as a K+-analogue to study 

pump activity but it may be effective as an intracellular volume marker in those NMR 

studies where an accurate measure of the amount of cells that is being detected is required. 

The results of these in vitro studies described here and in chapter 2 were then used as a 

guideline in the subsequent perfused heart studies. 

In chapters 3 and 4, studies were carried out using isolated rat hearts that were 

Langendorff-perfused through the aorta using the apparatus shown in figure 1.8. Briefly, 

two vessels were equipped on the perfusion system to facilitate buffer changes during the 

experiment (not shown in diagram). A latex balloon containing a reference compound was 

inserted through the left atrium into the left ventricle to measure cardiac function and to act 

as a NMR standard in quantitative 3 1  studies. The balloon was connected to a pressure 

transducer positioned at the same level as where the heart would be inside the magnet. The 

transducer was connected to a chart recorder which has been calibrated to give the 

developed pressure and heart rate continuously. Effluent from the heart was pumped out 

via a tube placed - 3 cm above the heart inside the NMR tube. Coronary flow was 

measured by collecting the outflow from the pump placed far away from the magnet. The 

20 mm NMR tube containing the isolated heart was then inserted into the magnet. The 

water signal was used to shim the magnet until a water linewidth of about 30-40 Hz was 

obtained (in the 20 mm probe). More detailed description of the experimental protocols can 

be found in chapters 3 and 4. 

The quantitation of the resonance for the phosphorylated metabolites in the heart 

was accomplished by comparing the integral of the methylenediphosphonate peak in the 

31P spectrum after an known amount of MDP had been added to the balloon with the 

integral prior to the addition; the difference in peak area was proportional to the added 

amount of MDP and could be used to calculate the amount of phosphorylated metabolites 
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present in the heart. The quantitation of Cs+ uptake is more difficult because of the fact 

that cesium is a quadrupolar nucleus with a nuclear spin of 7/2 and because of this the 

NMR visibility of intracellular Cs may deviate from 100 %. That is, it is possible that 

only a portion of the intracellular Cs+ can be detected by NMR (23). In order to quantitate 

the uptake of Cs+ by NMR we need to have a knowledge of its visibility in the heart or we 

can assume a visibility factor as others have done ( 19). Another problem, that makes it 

often difficult to obtain quantitative results directly from NMR, is the Ti relaxation 

process. Since the NMR experiment is based on repetitive radio frequency pulsing, if after 

excitation, one does not allow sufficient time for all nuclei to return to their original state, 

one will obtain a lower intensity. Since the Ti generally varies between the metabolites, 

this can attenuate their intensities to different extend. A slower pulse rate would alleviate 

this, but often leads to unacceptably long spectral acquisition times, thus giving poor time 

resolution in the physiological studies. Thus one often uses overpulsed spectra and 

corrects peak intensities afterward. 

Upon perfusion with a Cs+ containing buffer, the systolic pressure of the heart 

decreased quite rapidly to - 50% of normal but recovered to normal values after about 10 

minutes. By the end of the 60 minute perfusion period, the developed pressure of the heart 

was comparable to that during preCs+ conditions but the heart rate was about 70% of 

normal (figure 1.9). Typical force tracings obtained with a pyruvate perfused heart during 

normoxia, ischemia and reperfusion are shown in figure 1.10. 
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Table, 1.1: Properties of NMR isotopes of monovalent cations. 

Cation NMR 
Nucleus 

Spin Natural Resonance# Sensitivity 
Abundance Frequency relative to 

(%) at 9.4 T 1H (%) 
(MHz) 

Li 1 7.42 58.9 0.8 

7Li 3/2 92.58 155.5 2.9 

NH4 14N 1 99.63 28.9 0.1 

-1/2 0.37 40.5 0.1 

Na 23Na 312 100 105.8 9.3 

39K 3/2 93.1 18.7 0.051 

3/2 6.88 10.2 0.0084 

Rb 86Rb 5/2 72.2 38.6 1.1 

3/2 27.85 130.9 17.5 

Cs 133Cs 7/2 100 52.5 ' 4.7 

* 31P 1/2 100 162 6.6 

# Corresponding 1ji NMR frequency is 400 MHz. 
* 31P is shown here for comparison 
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Figure 1.1: Typical 31P NMR spectrum of freshly drawn human red blood cells. 

Peaks assignment are from left to right: the two peaks of 2,3-

diphosphoglycerate and the three peaks of ATP. The chemical shift of the 

resonances for the various metabolites is presented in units of ppm which 

was calculated by the computer {=(resonance frequency-carrier 

frequency)/carrier frequency * 106) to facilitate comparison with studies 

done at other magnetic field strengths. 
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Table 1.2: Some phosphorus-containing metabolites detectable by 
NMR in muscles at neutral pH#$. 

Compounds Chemical shift (ppm* 

Glucose-6-phosphate 6.91 

Mannose-6-phosphate 6.91 

Fructose- 1,6-disphosphate 6.52 

Fructose-1,6-disphosphate 6.29 

3-phosphoglycerate 6.57 

AMP 6.35 

Glucose- i-phosphate 4.99 

Inorganic phosphate 4.93 

ATP-Mg2 a -7.57 

13 -16.1 

-2.47 

ADP-Mg2 a -7.01 

13 -2.99 

* Chemical shift are referenced to PCr set at 0 ppm. 

# Table adapted from Lundberg, 1989 (24). 

$ For a more complete listing of phosphorus containing metabolites see reference 25. 
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Figure 1.2: a) Typical 23Na NMR spectrum of human red blood cells in the presence 

of the shift reagent DyTPP2.5 (top). b) a 39K spectrum of the same 

sample as above is shown (bottom). Clearly in fresh samples, the 

intracellular K level is high, while that of Na is low illustration the 

action of the Na/K ATPase. 
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Theoretical contact shift 

Ce Pr Nd Pm Sm Eu Gd Tb Dy Ho ErTmYb 

Theoretical pseudo-contact shifts 

100 

50 -

-150  
Ce PrNdPxnSmEuGdTbDyHo ErTmYb 

Figure 1.3a: Theoretical analysis of the contribution of the contact and pseudo-

contact mechanisms to the shift reagent induced shift by ions of the 

lanthanide family. Adapted from Inagaki et al. (9). 
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Ln(TPP) 27 

3-

LnTrHA3 

Figure 1.3b: Hypothetical structure of Ln(TPP)27 and LnTrHA3. Adapted from 

Chu et al. (26). 
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Cations ATPase activity 

Vm 
% 

K05 
(MM) 

100 0.8 

Rb 90 1.13 

Cs 80 7 

Li 36 20 

T1 96 0.25 

NH4 100 4 

Figure 1.4: Comparison of the characteristics of various K+ analogues in activating 

the axonal Na/K ATPase. Adapted from Gache et al. ( 11). 
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133Cs NMR spectra of human red blood cells incubated in glucose 

buffer containing 10mM of CsCl. In 3a (bottom), spectrum was 

obtained with no shift reagent added; 3b, 3mM of DyTPP had been 

added; 3c, 3mM of DyTrHA had been added and 3d (top), 3mM of 

TmTPP had been added. The chemical shift of the intracellular Cs was 

not affected by the presence of the shift reagents and was assigned as 0 

ppm. The chemical shift of the extracellular Cs+ changed in relation to 

the shift reagent used. The uptake rate of Cs+ determined under these 

four conditions was identical (data not shown), showing that the shift 

reagents do not interfere with the uptake of Cs+ j 
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Figure 1.6b: A typical 14N NMR spectrum of rat muscle extract. Peaks are assigned 

with respect to the reference, KNO3. 
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Figure 1.7: a) Typical 14N NMR spectrum of RBC bathed in glucose buffer 

containing 40 mM NH4. Spectrum taker - 20 min after addition of 

NH4. b) The uptake of NH4 by human red blood cells in relation to 

the measured hematocrit (%) as observed by 14N NMR using the shift 
reagents, Dy(TPP)2.5. 
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Figure 1.8: A schematic diagram of the perfusion rig. 
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Figure 1.9: Typical force tracing of a heart perfused with glucose buffer with or 

without cesium added. In period 1, the heart was perfused with a normal 

glucose buffer (full scale). During period 2, the perfusion medium was 

switched to one containing 2.95 mM CsCl (half scale). In period 3, after 

60 min of perfusion with the glucose-cesium buffer, the systolic pressure 

returned to normal but the heart rate was — 70 % of normal (full scale). 
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Figure 1.10: Typical force tracings of a pyruvate-cesium perfused heart. a) Tracing 

obtained after 60 min of perfusion with the pyruvate-cesium buffer. b) 

Tracing of heart function during global ischemia. c) Functional 

recovery of heart after 20 min of reperfusion with the pyruvate -cesium 

buffer. 
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Characterization of various aqueous shift reagents. 
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Introduction 

Membrane ionic gradients are of great importance to living cells. Biological 

processes such as excitation-contraction, secretion, cell proliferation, and active transport 

of various metabolites are all dependent either directly or indirectly on the ionic gradients. 

The asymmetrical distribution of ions across the cell membrane is generally created by the 

ion-pumps and acts as a storage of energy. As a result, there is considerable interest in the 

studies of ion metabolism in vivo,. Prior to the advent of suitable NMR methods (27-30), 

classical techniques requiring ion-selective electrodes or chemical analysis were exclusively 

used; however, the problem of cell-invasiveness is clear. NMR spectroscopy of cations 

gives the advantages of being non-invasive; moreover it measures the concentration of the 

free aqueous species of the monovalent cations in cells rather than the total concentration. 

In addition, the multinuclear capabilities of modem spectrometers allow the study of 

various ions in the same sample with ease. One disadvantage of NMR studies of ion 

gradients is that extracellular and intracellular ions have the same resonance frequency; 

therefore, they can only be differentiated by using suitable shift reagents (SRs). The most 

commonly used shift reagents in biological system are compounds composed of a 

paramagnetic lanthanide ion (eg Dy3 , Tm3 ) and a chelating agent (eg TPP5 (29), 

TTHA6 (30)). Because of their negative charges the paramagnetic shift reagents interact 

with monovalent and divalent (27-3 1) cations, which induces a change in the local magnetic 

field of these bound nuclei. As a result, the resonance frequency of these nuclei is shifted. 

The applicability of shift reagents lies in the fact that they cannot penetrate across the cell 
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membrane. Consequently, only the signals for the extracellular nuclei are shifted, while 

those for the intracellular ones remain at their original resonance position. 

To date a fairly large number of biological studies have used the SR-NMR 

techniques to study cation gradients and fluxes (for reviews see for example 32-36). The 

shift induced by the shift reagents can be the sum of 3 different mechanisms, namely the 

complex formation shift, the contact shift and the pseudo-contact shift (37). Briefly, the 

complex formation shift arises from the disruption of the electron cloud of the substrate 

upon binding to the shift reagent. Contact shifts arise from the induced unpaired electron 

spin of the nuclei by the unpaired electron of the lanthanide. Therefore, depending on the 

magnitude of the hyperfifle coupling between the shift reagent and the substrate, the amount 

of contact shift will vary. The pseudo-contact shift, on the other hand, arises from the local 

magnetic field induced by the magnetic moment of the lanthanide ion. Upon complexation, 

the electrostatic potential of the chelating agent affects the 4f electrons of the lanthanide ion 

in a way such that a net magnetic field in the shift reagent complex is generated. The 

strength of this local magnetic field is dependent on the distance between the substrate and 

the shift reagent complex. It has been demonstrated that the magnitude of the pseudo-

contact shift is proportional to the inverse third power of the distance and the complexing 

angle between the lanthanide and the substrate (37). Finally, the chemical exchange rate 

has a large effect on the observed shift. Since only the bound substrates exhibits a shift, 

and the exchange rate is considered fast on the NMR time scale, the observed chemical shift 

is an average of the bound and unbound states. Substrates with higher affinity for the shift 

reagent are therefore expected to experience larger shifts. In addition to inducing chemical 

shifts, shift reagents can also broaden the linewidth of the NMR peaks as a result of 

enhanced relaxation rate. In general, the transverse relaxation rate (lIT2) of magnetic 
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nuclei in paramagnetic complexes is inversely proportional to the sixth power of the 

distances between the paramagnetic lanthanide and the magnetic nuclei. 

In this paper, we have systematically characterized a number of commonly used 

shift reagents with respect to their ability to alter the chemical shift and to enhance the 

relaxation rate of various monovalent cations of the alkaline earth family. Since good 

resolution between the intra/extracellular signals is needed for quantification of the ion 

content inside the cells, we have attempted to identify those shift reagents which induce the 

largest degree of shift without excessive linebroadening. These results have also allowed 

us to differentiate between the three different mechanisms that can contribute to the SR-

induced chemical shift change. 
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Materials & Methods:  

All NMR spectra were recorded on a Bruker AM 400 spectrometer using a 

broadband 10 mm probe at 25°C. 7Li spectra were observed at 155.5 MHz with a spectral 

width (SW) of 5376 Hz. 23Na spectra were observed at 105.8 MHz, SW of 2358 Hz. 

39K spectra were observed at 18.7 MHz and SW of 747 Hz. 87Rb spectra were observed 

at 130.9 MHz and SW of 9803 Hz. 14N spectra were observed at 28.9 MHz and SW of 

20000 Hz. 133Cs spectra were observed at 52.5 MHz and SW of 1577.3 Hz. In all cases 

900 pulses, 4 K data points and 96 number of scans were used ( 512 scans was used for the 

14N NMR study of NH4+). 

The solutions used in the experiments contained 40 mM of the chloride salt of the 

respective observed nuclei at natural abundance and 20% D20 for frequency locking during 

the experiments. The deuterium field frequency lock normally eliminates any contributions 

to the observed chemical shift from bulk magnetic susceptibility changes (30,31,38). 

Stock solutions of shift reagents (100 mM) were prepared by adding the respective chloride 

hexahydrates (Aldrich Chemical Company Inc.) of dysprosium (Dy), thulium (Tm), or the 

diamagnetic lutetium (Lu) to the pentasodium salt of tripolyphosphate (TPP) or 

triethylenetetraminehexaacetic acid (TTHA), obtained from Sigma. A ratio of 1:2.5 of 

lanthanide to tripolyphosphate and a ratio of 1:1 for lanthanide to TTHA were used. We 

have mainly used Dy(TPP)2.5 because it has been reported to give rise to larger Na+ and 

K shifts than Dy(TPP)2 (39). However, results obtained with Dy(TPP)2 showed 

identical trends as seen with Dy(TPP)2.5 (data not shown). The pH of the shift reagent 

was adjusted to about 7.3 with HC1 in the case of tripolyphosphate and NaOH in the case 
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of ITHA. Thus the counterion in all cases was Na+. The original salt solution was used 

to set the chemical shift reference and induced shifts were measured after each addition of 

SR. Upon addition of the TPP-.derivatives, the pH of the solutions rapidly rose to about 

pH 8; no further pH adjustment were made unless otherwise stated. With the THA 

complexes the pH remained constant during the titration. In competition studies, chemical 

shifts were recorded after a competiting cation was added to the samples which contained a 

constant amount of a given cation and a SR. Spectra were transformed with 2 Hz line-

broadening and linewidths were measured at half height. All data shown are the results of 

2 or more independently repeated experiments. 
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Results:  

In figure 2.1a, it is shown that all nuclei tested were shifted by DyTPP in a 

concentration dependent manner. With the exception of Cs+, upfield shifts were observed 

as has been reported previously (30). Clearly, at any concentration of DyTPP, Na+ was 

shifted to a greater extent than the other nuclei. The large Na+ shift could perhaps be 

accounted for by the fact that sodium-tripolyphosphate salt was used to prepare the shift 

reagent. As a result, whenever SR was added to the samples, Na+ was also added which 

would compete with other ions for binding to the shift reagent. We corrected for the added 

Na+ by taking a ratio between the amount of shift reagent added and the total amount of 

monovalent cations that is in solution and can bind to the SR, 
molSR 

le. 
mol (Na+X) 

where Na+ is the amount of sodium ion added along with the SR and X is the amount of 

the nuclei of interest. The above equation can be simplified to give directly the ratio of 

nuclei to SR: 

where Y is the proportionality constant between the amount of SR present and the inherent 

sodium ion plus all other cations (except the ion of interest) that can bind to the reagent. 

Under the present conditions, Y is equal to 12.5 when pentasodium-tripolyphosphate at a 

2.5 ratio was used and is 6 (the actual measured value in the titration was 5.6 

corresponding to the amount of NaOH needed to titrate the solution to pH 7.3) when 

TTHA was used. When we replotted the shift data using the above equation, the curved 
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lines of figure 2.la became linear (figure 2db) with Cs being the exception. This 

confirms the idea that sodium ion acts like a competitor and that most cations bind to the 

same site(s) on the SR. The magnitude of shift induced by DyTPP was greatest for Nat, 

followed by Lit, K, NH4 and Rb+. Cesium was different in that it shifted downfield in 

contrast to the other ions and the shift-curve showed a shallow slope initially but rose 

rapidly as more SR was added (figure 2.lb). This suggests that Cs interacts with DyTPP 

in an usual manner. The slope of the curves shown in figure 2.lb are given in Table 2.1. 

During the titration the pH of the solutions rose to - pH 8 upon addition of DyTPP and 

remained at - pH 8.2 at the end of the experiment. In a separate experiment, when we 

maintained the pH at 7.3 by adding HC1 after each addition of DyTPP, the chemical shift of 

the nuclei followed the same trend as shown in figure 2.lb (data not shown). This is in 

agreement with results obtained by Chu et. al. where they observed a negligable decrease in 

Na shift when a solution of DyTPP and Na was adjusted from pH 8 to 7 (30). 

Similar shift experiments were carried out using TmTPP, DyTTHA and Tm1TFiA 

as shift reagents. In the case of TmTPP (figure 2.2a), all nuclei were shifted downfield, 

the opposite to what was observed with DyTPP. This outcome is expected if the dipolar 

shift mechanism dominates (37,40). Na+ and Cs+ were shifted by the greatest amount, 

followed by Rb+, K+, NH4+ and Li+. The general trend of the slopes was: Cs+> Na+> 

Rb> K> NH4> Li (Table 2.1). As expected the use of DyTFHA and TmTTHA gave 

rise to opposite shifts for all the nuclei tested, with the largest shift being caused by 

DyTTHA (figure 2.3a). The magnitude of shift induced by these shift reagents were much 

lower than their respective TPP derivatives (Table 2.1). From Table 2. 1, the order of the 

magnitude of the shift was: Cs+ > K+ > Na+ > NH4+ > Rb+ > Li+ for DyTTHA, and 

Na > K > NH4 > Rb+ > Li > Cs for TmTTHA. Finally, the 14N resonance of 
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tetramethylammoniurn was not shifted by DyTPP, TmTPP nor the 1THA derivatives to 

any great extent (data not shown). 

In order to investigate the contribution of the complex formation shift induced by 

the above shift reagents, we performed titration experiments with the diamagnetic 

lanthanide lutetium. .This was selected over lanthanum because of its closer similarity in 

ionic radius, compared to the paramagnetic Dy and Tm. Since all the 4f electrons of 

lutetium are paired, no contact and pseudo-contact induced shift are possible. Both LuTPP 

and LuTTHA had little effects on the larger hydrated cations such as Li+, Na+, K+ and 

NH4 (figure 2.2b, 2.3b). The chemical shift and the linewidth of these ions stayed 

relatively constant during the addition of the shift reagent. On the other hand, Cs+ and 

Rb+ were shifted downfield, both by LuTPP and LuTTHA in a concentration dependent 

manner with the former being more effective. The downfield shift of Cs+ was greater than 

that of Rb+ regardless of whether the TPP or TTHA derivative was used. The 

susceptibility of Cs+ to large complex formation shifts may explain its abnormal shifts in 

the presence of various shift reagents. The line width of Cs+ was not affected by these 

shift reagents, but the Rb+ line width was broadened to a considerable extent. 

The relaxation enhancement effects of the shift reagents are shown in figures 2.4 

and 2.5. It can be seen that although Na is shifted most effectively by DyTPP, it is also 

broadened to the largest extent. Li+ and K+ were broadened to a similar degree, and the 

linewidth of NH4 and Cs remained relatively unaffected. The natural linewidth of Rb+ 

is much greater than that of the other ions and by the end of the titration the Rb+ peak was 

broadened almost beyond detection(figure 2.4). With respect to TmTPP (figure 2.5), the 

broadening was smaller but the order of broadening was the same as observed for DyTPP 

ie. Rb+ > Na+ > K+ > Li+> NH> Cs+. It has been noted before that TmTPP causes 
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less of a broadening than DyTPP for certain cations (30,31). Both DyTPP and TmTPP 

broadened the Rb+ linewidth to the same degree even though TmTPP induced greater shifts 

than DyTPP (compare figures 2.lb & 2.2a). 

In competition studies where KC1 was used to displace bound ion from the SR 

complex, it could be seen that the affinity of the SR for the various nuclei was different. 

Lithium, sodium and ammonium ions all were displaced from DyTPP by K+ in a 

concentration dependent manner (see figure 2.6a,b,c). As more KC1 was added, the 

Dy/(X+Na+K) ratio decreased, and the chemical shift of the ions returned to their original 

value. The co-linearity of the shift and competition curves suggests a quite similar affinity 

of these cations for DyTPP. On the other hand, the competition curves of Rb+ and Cs+ 

displayed a more unusual character (see figure 2.7). Upon addition of KC1, the chemical 

shift of Rb+ returned quite fast to zero, suggesting that K+ binds more tightly than Rb+ 

(figure 2.7A). However, the Cs shift increased further upon adding KC1 or NaCl (figure 

2.7b). It has been reported that the chemical shift of Cs+ is very sensitive to environmental 

factors such as anion concentration, the nature of the anion and temperature (41). 

Therefore, we reasoned that the unexpected downfield shift of Cs+ in the presence of KCI 

could be the result of the anions present in the competitor solution. By using sodium 

acetate instead of KC1 to compete against Cs+ binding to DyTPP, the chemical shift of Cs+ 

did not increase further as the competitor was added (figure 2.7b). This indicates that the 

increase in chloride ions causes a further Cs+ shift. The unusual Cs+ shift in the presence 

of DyTPP could also be the result of a distinct binding site on the SR that is different from 

that for the other ions. However, CsC1 acted as a competitor and could displaced Na+ 

from DyTPP indicating a common binding site on DyTPP (figure 2.8). 
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Discussions:  

NMR studies of monovalent cation gradients across the cell membrane have been 

performed during the last decade in a variety of living systems (for reviews see 32-36). 

While attention originally was mainly focused on the highly sensitive 23Na NMR to study 

Na influx (28,29,43), as well as .the study of the high intracellular levels of K by 39K 

NMR (39,44), later 7Li NMR was utilized to study the gradients and uptake of Li into 

cells (45,46). More recently, the uptake of the K+ analogues, Rb+ and Cs+ have been 

studied by 87Rb (47-49) and 133Cs (50,5 1) NMR. The latter two K analogues have the 

advantage that they allow for a direct measurement of cation fluxes, rather than measuring 

changes between steady-state cation gradients that one obtains by 39K NMR. It has also 

been possible to study the uptake of NH4 into plant cells with the help of shift reagents by 

14N NMR (52). Here we have systematically studied the shift and line-broadening of the 

two most commonly used shift reagents based on TPP and TTHA. 

In the present study, we have found that TPP containing SRs induced much larger 

shifts than the TTHA species for each of the cations we have tested. Several previous 

studies have shown that TPP containing shift reagents induced much larger shifts than their 

respective TTHA derivatives (30,31,42). The higher negatively charged TPP complex can 

bind more cations or bind them more tightly and this would lead to higher shifts. 

Nevertheless, the usefulness of TTHA derivatives lie in the fact that they give a lower line-

broadening, have less pH dependency and that they have a lower affinity for divalent 

cations such as calcium and magnesium than the TPP containing shift reagents. In studies 

where high levels of divalent cations in the extracellular medium are required, such as in 

excitable tissue studies, the TTHA derivatives are therefore a better choice (53). We have 
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also found that while DyTPP induced larger shift changes for ions with larger hydrated 

radius like Li+ and Na+ than TmTPP, the reverse was true for smaller ions such as Rb+ 

and Cs. The large downfield shift of these two ions induced by TmTPP is probably the 

result of a contribution of the complex formation shift; in titrations with the diamagnetic 

LuTPP, only Rb+ and Cs showed an appreciable amount of downfield shift. This 

downfield complex formation shift added to the TmTPP induced paramagnetic shift but 

subtracted from that induced by DyTPP. The extent of line-broadening was consistently 

greater when DyTPP was'used than when TmTPP was used. In view of the fact that 

TmTPP induced larger shifts without excessive broadening for rubidium and cesium NMR 

signals, it is probably a better choice for a shift reagent in the studies of these ions. The 

use of DyTTHA always induced larger shifts of the cations than TmTI'HA at all 

concentrations tested. Both SRs shifted smaller ions like K+ to a greater extent than a 

larger ion such as Li+. Titrations with Lu'ITHA showed that again only Rb+ and Cs+ 

displayed somecomplex formation shift. The line broadening characteristics of these SRs 

were similar with DyTTHA producing somewhat more line-broadening. However, the 

induced broadening was always less than that observed with DyTPP. 

It has generally been accepted that the major shift mechanism induced by the 

lanthanides is due to the pseudo-contact term (30,31,40). Since the unpaired 4f electrons 

of the lanthanides are shielded by the 5s and 5p electrons, the hyperfine coupling constant 

is expected to be small and, as a result, the contact shift would be small (37). All the 

lanthanides are chemically similar, therefore, the lanthanides are believed to form 

isomorphous complexes with the chelates. Consequently, the ratio method (see below) can 

be used to give an empirical measure of the relative contributions of pseudo-contact and 

contact shifts given by a particular shift reagent (30,31). Assuming that the binding 
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constants of analogous complexes of Dy3+ and Tm3+ for a given cation are similar, then 

the ratio between the dysprosium and thulium induced shift should theoretically be - 1.9 if 

the pseudocontact shift is dominant (37). We applied the ratio method to estimate the 

pseudocontact contribution by dividing the slope of the DyTPP shifts by the TmTPP slopes 

(Table 2.1). In the case of the TPP derivatives, it was found that the ratios of the slopes 

did not give rise to the theoretical ratio of - 1.9 but varied linearly with the radius of the 

ions. Bigger hydrated ions like Li+ and Na+ gave rise to a Dy/Tm ratio close to - 1.9, but 

those of K+, Rb+, NH4+ and Cs+ did not. Attempts to correct for the contribution of the 

complex formation shift by adding or subtracting LuTPP slopes accordingly from the 

DyTPP and TmTPP slopes before division did not give the theoretical ratio. The simplest 

explanation for this observation is that . the DyTPP and TmTPP complexes are not 

isomorphous. Potassium and ammonium ions, which have similar hydrated radii, gave 

rise to comparable ratios, attesting to the accuracy of the measurements. Rubidium and 

cesium ions have the smallest hydrated radii and their ratios were far from the theoretical 

value even after the complex formation shift contributions had been corrected for. It is 

possible that the size of these substrates had an effect on DyTPP-substrate complex that is 

different from the TmTPP complex (54) which led to some form of contact shift 

contribution. Better results were obtained with the TFHA-derivatives, in that all of the ions 

except Rb+ and Cs+ gave rise to a ratio close to - 1.9 indicating that the Dy and TmTTHA 

are isomorphous complexes. The Rb+ and Cs+ ratios are probably the result of downfield 

shifts induced by various mechanisms. All of the Dy/Tm ratios were negative which 

suggested that the pseudo-contact shift mechanism was involved. 

From the competition studies, it is evident that all of the smaller ions tested bind to 

DyTPP in an analogous manner. The co-linearity observed in the shift and competition 
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curves (Figure 2.6) is indicative of a similar affinity of these ions for DyTPP and suggests 

a common binding site for these ions. 

The anomalous Cs shift observed with DyTPP is likely attributable to the binding 

of anions, contributions of the complex formation shift and possibly contact shift. The 

chemical shift of Cs+ has been reported to be very sensitive to its chemical environment 

(41). We have observed downfield shift of Cs by simply adding NaCl or KC1 to the 

solution. When Na-acetate was used instead of NaCl to displace Cs+ from DyTPP, the 

Cs+ shift did not increase but stayed relatively constant. This indicates that Cl- was 

responsible for causing the downfield shifts in the competition experiment with NaCl and 

KC1. However the linewidth of Cs+ decreased toward its natural linewidth upon addition 

of either KC1 or Na-acetate as competitor, suggesting that K+ or Na+ must have displaced 

Cs+ from DyTPP, thus reducing the paramagnetic line-broadening effect. The unusual 

DyTPP induced Cs shift is unlikely a result of a different binding site for cesium ion, 

since Cs+ can displace Na+ from DyTPP indicating common binding site(s) for both ions. 

The diamagnetic LuTPP shifted Cs more downfield than DyTPP; the combination of the 

complex formation shift and the anions inherent in the LuTPP solution is evidently more 

positive than the DyTPP paramagnetic induced upfield shift. It is noteworthy that the 

sensitivity of Cs+ to its ionic environment allows the separation of intra- and extra-cellular 

resonances without a shift reagent in certain situations, thus circumventing the need for the 

use of an SR with this cation (50,5 1). 

In summary, DyTPP induced a much bigger shift change for the larger hydrated 

such as Na+ and Li+ than TmTPP. On the other hand, TmTPP shifted the resonances for 

the smaller Rb+ and Cs+ ions to the largest degree with similar line-broadening as DyTPP. 

Both TmTPP and DyTPP shifted K and NH to about the same degree, but TmTPP 
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induced somewhat less line-broadening, again indicating that it is the preferred shift reagent 

over DyTPP, for these two cations. While the TPP derivatives consistently gave larger 

shifts than the 'ITHA derivatives, their greater linebroadening (30,3 1), susceptibility to pH 

changes (30,31) and their toxicity (55,56) and hydrolyzability by extracellular 

phosphatases (57), make them often not the SR of choice. Thus, the 'ITHA derivatives are 

useful in experiments where the concentration of divalent cations must be kept constant 

(53), where extracellular phosphatases are present, or where measurements at lower pH 

(<7) need to be done. 
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Figure 2.la: Chemical shifts of various monovalent cations titrated with the shift 

reagent, Dy(TPP)2.5. The symbols are: Li (0), Na (0), K (G), 

NH4 (X), Rb (is), Cs (4). 
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Figure 2. ib: The data presented in figure la is replotted to account for the Na+ added 

as a counterion. The symbols are: Li+ (0), Na+ (0), K+ (0.), N}J4+ 

(X), Rb (Li), Cs (-i-). 
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Figure 2.2a: Chemical shifts of various monovalent cations titrated with the shift 

reagent, Tm(TPP)2.5. The symbols are: Li (0), Na (0), K (), 
NH4 (X), Rb (s), Cs (4). 
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Figure 2.2b: Chemical shifts of various monovalent cations titrated with the 

diamagnetic shift reagent, Lu(TPP)2.5. The symbols are: Li (0), Na 

(0), K (0), NH4 (X), Rb (Es), Cs (4). 
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Figure 2.3a: Chemical shifts of various monovalent cations titrated with the shift 

reagents, DyTTHA and Tm'ITHA. The symbols for DyTTHA and 

TmTffiA are respectively: Li+ (O,•), Na+ (D,), K+ (G,•), N}14+ 

(X,), Rb+ (A, A), Cs+ 
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Figure 2.3b: Chemical shifts of various monovalent cations titrated with the 

diamagnetic shift reagent, Lu'ITHA. The symbols are: Li+ (a), Na+ 

(0), K (G), NH4 (X), Rb (L), Cs (4). 
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Figure 2.4: The line-broadening effect of Dy(TPP)2.5 on the various monovalent 

cations. The symbols are: Li (0), Na (0), K ('C'), NI{4 (X), Cs 

(-p). In the insert, the linebroadening effect of Dy(TPP)2.5 and 

Tm(TPP)2.5 on Rb is shown. 



Chapter 2 45 

30-

I I 

0.02 0.04 0.06 
TmTPP/(Na+X) 

Figure 2.5: The line-broadening effect of Tm(TPP)2.5 on the various monovalent 

cations. The symbols are: Li (0), Na (0), K ()), NH4 (X), Cs 

(4). 
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Figure 2.6a: The shifting of the L1 resonance (0) by Dy(TPP)2,5 is superimposed 

with the competition curve (0) in which KC1 was used as a competitor 

to displace Li binding from Dy('T'PP)2.5. 
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Figure 2.6b: The shifting of the Na resonance (0) by Dy(TPP)2.5 is superimposed 

with the competition curve (0) in which KC1 was used as a competitor 

to displace Na binding from Dy(TPP)2,5. 
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• Figure 2.6c: The shifting of the NH4 resonance (0) by Dy(TPP)2.5 is 

superimposed with the competition curve (0) in which KC1 was used as 

a competitor to displace NH4 binding from Dy(TPP)2.5. 
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0.08 

Figure 2.7a: The shifting of the Rb resonance (0) by Dy(TPP)2.5 is superimposed 

with the competition curve (0) in which KC1 was used as a competitor 

to displace Rb binding from Dy(TPP)2.5. 
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DyTPP/(Cs+Na+K) 

Figure 2.7b: The shifting of the Cs resonance (0) by Dy(TPP)2.5 is superimposed 

with the competition curve in which KC1 (0), NaCl () or sodium 
acetate (*) was used as a competitor to displace Cs+ binding from 

Dy(TPP)2.5. 
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Figure 2.8: The shifting of the Na resonance (0) by Dy(TPP)2.5 is superimposed 

with the competition curve in which CsCl (0) was used as a competitor 

to displace Na binding from Dy(1'PP)2.5. 
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Table 2.1: A summary of the slope of the SR induced shift for the 
various cations tested.# 

Nuclei Hydrated $ Slope* Slope** Slope ratio*** 

Radius (A)  

Li 3.5 -252.1(-252.1) 112.6(112.6) -2.2(-2.2) 

Na 3.3 -463.4(-465.9) 260.3(257.4) -1.8(-1.8) 

K 3.15 -215.9(-225.9) 199.2(189.3) -1.1(-1.2) 

N}I4 3.15 -158.1(-159.3) 144.7(143.7) 

Rb 3.0 -82.4(-1 15.4) 215.1(182.1) -0.4(-0.6) 

Cs 2.8 13.4(-64.8) 283.5(205.3) 0.05(-0.3) 

Data obtained from reference 58. 
Slopes of the DyTPP induced shift calculated from figure 2.lb. 
Slopes of the TmTPP induced shift calculated from figure 2.2a. 
Ratio of the DyTPP slope and the TmTPP slope. 
Numbers in brackets represent the slope after it has been corrected for the complex 
formation shift. 

Nuclei Tonic Radius Slope" Slope" Slope ratio""" 

(A)  

Li +# 

Na 

NH4 

Rb 

Cs 

A 

AA 

AAA 

0.68 

0.97 

1.3 

1.4 

1.5 

1.7 

10.6(10.6) 

31.6(31.4) 

47.5(46.2) 

28.7(28.6) 

55.5(51.4) 

72.2(63.4) 

-6.8(-6.80) 

-25.8(-26.0) 

-25.1(-26.4) 

-15.8(-15.9) 

-15.7(- 19.8) 

-4.9(-13.7) 

-1.6(-1.6) 

-1.2(-1.2) 

-3.5(-2.6) 

- 14.7(-4.6) 

Slopes of the DyT1'HA induced shift calculated from figure 2.3a. 
Slopes of the TmTIHA induced shift calculated from figure 2.3a. 
Ratio of the DyT.FHA slope and the TmTTHA slope. 
Number in brackets represents the slope after it has been corrected for the complex 
formation shift. 
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31p and 133Cs NMR studies of the energy status and activity of the 

Na/K pump in the perfused rat heart.. 
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Introduction 

The ubiquitous Na+/K+ pump is responsible for maintaining ionic gradients across 

the cell membrane. It couples the free energy of ATP hydrolysis to the active antiport of 

Na+ and K+ across the membrane. The outcome of various studies has suggested that the 

ATP requirement of the Na+/K+ pump is derived preferentially from the glycolytic 

pathway and that mitochondrial derived ATP is primarily used for other functions such as 

contractility in muscle tissues (59-62). Thus, it has been hypothesized that there is a 

functional compartmentation of ATP. In hearts, for example, it has been suggested that 

energy derived from glycolysis is preferentially used in supporting membrane functions, 

whereas, oxidatively derived ATP preferentially supports contractile functions (59-62). 

Similar suggestions have been made for renal cells (63) and smooth muscles (64,65). 

However, studies which are in apparent conflict with this hypothesis have also been 

reported. For example, no evidence for the functional coupling between Na+ pump 

activity and ATP can be detected in myocardial sarcolemmal vesicles (66). In addition,a 

linear relationship between the activity of the Na+/K+ pump and the amount of 

mitochondrially generated ATP in renal cells (67,68) and in pancreatic cells (69) have been 

observed. 

In view of this conflicting evidence regarding the possibility of functional 

compartmentation of cytoplasmic ATP, we have investigate this issue further in the 

Langendorf-perfused rat heart in the first part of this study. We have used 31P and 133Cs 

NMR to study both the energy status and the Na+/K+ pump activity during various 

metabolic conditions in the rat heart. The heart was perfused with glucose (gic) or pyruvate 
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(pyr) buffer with or without various inhibitors added such as iodoacetate (JAc) or cyanide 

(CN) which are known to block either glycolysis or oxidative phosphorylation 

respectively. The intracellular levels of free ATP, inorganic phosphate (Pi), 

phosphocreatine (PCr), and the intracellular pH were followed continuously by 31P NMR. 

The uptake of Cs+ from the perfusion medium by the hearts was monitored by 133Cs 

NMR and serves as a indicator of the Na+IK+ pump activity. The use of Cs+ as a 

congener provides certain advantages. First of all, it is a very sensitive NMR nucleus 

which gives rise to sharp, easily detectable resonances. Secondly, because of the great 

sensitivity of the Cs+ chemical shift to its chemical environment (70), intracellular and 

extracellular signals can be separated without the use of a potentially toxic shift reagent (71-

73). Finally, Cs is a well established inhibitor of most inward and outward K+-channels 

(74,75) and thus an inward Cs+ flux would arise almost exclusively from the activity of 

the Na+IK+ pump (76). However, one disadvantage is that since Cs+ is a K+-channel 

blocker, generally a decrease of the spontaneous heart rate and some transient effects on 

developed pressure are observed (76). 

In the second part of this study, we have also investigated the activity of the 

Na+/K+ pump during normoxic, ischemic and reperfusion periods in the rat heart. 

Alterations in myocardial cation homeostasis during isehemia and reperfusion may account 

for some of the damage suffered by the heart after an ischemic period. The elevated 

intracellular level of Na+, which may result from pump failure, would give rise to 

increased Ca2+ levels via the Na+Ca2+ exchange mechanism. The elevated Ca2+ in turn 

can lead to irreversible injury such as mechanical contracture and mitochondrial dysfunction 

during reperfusion (77-79). In the intact cell, the main regulator of the Na/}( pump 

activity is believed to be intracellular Na. The regulatory role of ATP (Km--O. 1-0.6 MM) 

is important only during severe ischemia and physiological variations in extracellular K+ 
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have little effect on pump activity (80). However, it has been shown that intracellular Na+ 

increases early after the onset of ischemia even when ATP level is still high in the rat heart 

(8 1) and in liver (82). A plausible explanation for this is an inhibition of the NafK pump 

during ischemia by factors other than the lack of ATP. Various authors have demonstrated 

a decrease in Na+/K+ pump/ATPase activity during ischemia and reperfusion in isolated 

myocardial sarcolemma (83,84), in perfused rabbit heart (85) and in cultured ventricular 

cells (86). The cause of this inhibiton is still unknown. Oxygen free radicals have been 

suggested to be the culprit (87); others have proposed alterations in membrane structural 

integrity/fluidity during ischemia (88,89). A continuous recording of the Na/K pump 

activity and energy status of the heart during periods of normoxia, ischemia and 

reperfusion would be helpful in correlating the exact onset of the inhibition of contractility, 

pump activity, energy depletion and pH decrease. 

In this second part of the study, we used a similar protocol as in the initial study. 

The uptake of Cs+ was monitored continuously for three 1 hour periods namely, 

normoxic, ischemic and reperfusion. The rate of Cs+ accumulation is used as an indicator 

of the pump activity. The intracellular level of high energy phosphates, inorganic 

phosphate and the pH are studied with 31P NMR. The rat hearts were perfused under 

conditions that will facilitate functional recovery during reperfusion in one group (perfusion 

with glucose+glutamate (90-92) or pyruvate (93,94) as substrate) and non-recovery in the 

other (glucose as substrate). 
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Methods and Materials 

Heart Perfusion. Male Sprague-Dawley rats (250-330g) were anaesthetized with 

diethylether just prior to heart excision. After cooling in ice-cold buffer, the excised heart 

was perfused in the Langendorff mode with a modified Krebs Henseleit buffer (standard 

buffer) at a perfusion pressure of 100 cm water and allowed to beat spontaneously. A latex 

balloon containing a solution with a known concentration of methylenediphosphonate 

(MDP) was inserted into the left ventricle to measure ventricular function and to act as an 

NMR concentration standard. After a 20 min equilibration period, the content of high-

energy phosphate metabolites in the heart was measured by collecting two fully relaxed 31P 

spectra (one before and one after a known amount of MDP had been added to the latex 

balloon). The perfusion buffer was then switched to one of the Cs+.contamning buffers 

(see below) and the heart was perfused for one hour. One hour global ischemia was 

initiated by clamping off the tubing leading to the heart after the perfusion period. This 

was followed by a one hour reperfusion period using the same kind of buffer used in the 

perfusion period. During this 3 hour period, the uptake of Cs+ or cellular energy status 

was monitored continuously with 133Cs or 31P (non fully relaxed) NMR, respectively. 

Ouabain Studies. After 20 min of equilibration, the heart perfusate was changed 

from the standard buffer to pyr-Cs buffer for one hour. The uptake of cesium was 

monitored continuously with 133Cs NMR. A 31P NMR spectrum was collected at the end 

of this period to assess the energy status of the heart. The perfusion buffer was then 

changed to a pyr-Cs buffer containing varying concentrations of ouabain-octahydrate for 

one additional hour. A final 3 1P NMR spectrum was obtained at the end of the experiment 

to assess the energy status of the heart. Ouabain inhibition of Cs+ uptake was calculated 
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by comparing the ouabain-sensitive uptake rate with the total uptake rate. In separate 

experiments, the ouabain-sensitive Cs+ uptake was also measured in potassium-arrested 

hearts., The basic protocal used was the same, but the arresting buffer contained 24 and 12 

mM of KC1 and CsCl respectively and a corresponding decrease in NãCl concentration. 

Cs+ washout. After equilibration, the perfusion buffer was switched to glc-Cs 

buffer to commence Cs+ uptake for one hour. At the end of this period, washout of Cs+ 

was initiated by switching the perfusate back to the standard medium. 

Solutions. The standard buffer was prepared as per Choong et al (90) and 

contained (in mM): 115.0 NaCl, 5.9 KC1, 2.3 CaCl2, 1.2 MgSO4, 25 NaRCO3 and 11 

glucose. Glucose plus Cs (glc-Cs) buffer contained: 115.0 NaCl, 2.95 KCl, 2.95 CsCl, 

2.3 CaCl2, 1.2 MgSO4, 25 NaHCO3 and 11 glucose. Glucose plus glutamate and Cs 

(glc-glu-Cs) buffer contained the same ingredients as the glc-Cs buffer except 20 mM L-

glutamate ( prepared by titrating glutamic acid solution to pH 7.5 with NaOH) was added in 

place of the same amount of NaCl to maintain consistent osmolarity. Glucose plus 

iodoacetate and Cs+ (glc-IAc-Cs) buffer had the same composition as the glc-Cs buffer 

except that 1 mM iodoacetic acid (sodium salt) was added in place of 1 mM NaCl. Glucose 

plus cyanide and Cs (glc-CN-Cs) buffer had the same composition' as the glc-Cs buffer 

except 5 mMsodium'cyanide solution (titrated to pH 7.5 with HCl) was added in place of 

the same amount of NaCl. Pyruvate plus Cs+ (pyr-Cs) buffer contained 11 mM of 

pyruvate instead of glucose in the glc-Cs buffer. Pyruvate plus iodoacetate and Cs+ (pyi.. 

IAc-Cs) and pyruvate plus cyanide and Cs (pyr-CN-Cs) buffers was prepared in the same 

manner as the glc-IAc-Cs and glc-CN-Cs buffers respectively except'glucose was replaced 

by pyruvate. All buffers were gassed with 95% 02 and 5% CO2 mixture and temperature 

was regulated at 30'C. All chemicals were purchased from Sigma Co. 
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NMR Spectroscopy. All NMR experiments were carried out with a widebore 

Bruker AM 400 spectrometer equipped with a 9.4 T superconducting magnet. The 

perfused hearts were placed in a 20 mm tube and inserted into the magnet with the 

temperature set to 30°C. Fully relaxed 31P (resonance frequency=161 MHz) spectra were 

collected using 8K data points and composite pulse proton decoupling (2 W) during 

acquistion only. The time between individual pulses was 17.5 seconds. The number of 

scans was 64 and 90° pulses were used. Non-fully relaxed spectra were collected with bi-

level decoupling (2 W during acquistion, 0.5W otherwise), a cycling time time of 3.5 

seconds, 64 scans and a pulse angle of 75°. All chemical shift were referenced with respect 

to phosphocreatine which was assigned a shift of 0 ppm. The intracellular pH was 

measured from the chemical shifts of the inorganic phosphate using an appropriate standard 

calibration curve (95). 133Cs (resonance frequency=52 MHz) spectra were collected with 

a cycling time of 6.5 seconds, 32 scans and a pulse angle of 45°. 3 1 and 133Cs spectra 

were Fourier transformed with a line-broadening of 15 and 2 Hz respectively and baseline-

corrected before manual integration. Peak integrals were quantitated using standard Bruker 

integration software. 

Data. All experiments were repeated three times unless otherwise stated. Data are 

reported as mean±SEM. 
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Results:  

A typical fully relaxed 31P NMR spectrum of a heart perfused with the standard 

buffer is shown in figure 3.1. The average rate pressure products (RPP), which is the 

product of heart rate and developed pressure, was 30,874±1076 mmHg/min (n=3 1) and 

the 31p NMR determined metabolite concentrations were (in umol/gdw, n=24): 8.6±0.8 

phosphomonoesters, 9.8±1.2 P1, 33.3±1.4 PCr and 17.7±0.9 ATP. These values are in 

good agreement with reported values in similar heart studies (96-98). 

In the cesium uptake experiment, the 133Cs NMR spectrum of a heart perfused 

with pyr-Cs buffer showed two peaks (figure 3.2). The downfield peak was assigned as 

the intracellular Cs+ peak and its area was seen to increase linearly with time. After one 

hour of perfusion, the effect of ouabain on the rate of Cs+ uptake in the same heart was 

measured by switching to a pyr-Cs buffer containing ouabain. In the presence of ouabain 

the slope of uptake showed a definite decrease compared to pre-ouabain conditions (figure 

3.3). In the presence of ouabain, the developed pressure and heart rate increased by an 

average of 23% and 28% respectively. The final 31P NMR spectrum collected after 1 hour 

of ouabain perfusion revealed that some hearts had an abnormally high amount of Pi after 

ouabain treatment (particularly at higher concentrations eg 200 uM) and data obtained from 

these hearts were discarded. In figure 3.4, the % inhibition of Cs+ uptake rate in relation 

to ouabain concentration is shown. We have also measured the ouabain inhibition of Cs+ 

uptake rate in K+-arrested hearts. The average % inhibition at 200 uM of ouabain was 

found to be 56.f.3.3% (n=4). The final 31P NMR spectra of these hearts were 

comparable to the pre-ouabain ones. Increased extracellular K+ also led to a decreased Cs+. 

uptake (data not shown). All these data confirm that Cs+ is taken up via the Na+/K+ 

ATPase. 
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The results of a Cs+ washout experiment are shown in figure 3.5. After the initial 

uptake period of one hour, the perfusion buffer was switched back to the standard buffer 

for washout. The intracellular Cs+ level was seen to decrease slightly with time and was 

reduced to about 80% of the initial value after 75 min of washout. The spontaneous heart 

rate decreased to an average of 70% of preCs+ value after one hour of perfusion with the 

glc-Cs buffer and returned to an average of 87% of normal during the washout period. On 

the other hand, the developed pressure of the hearts was similar during the three periods. 

In titration experiments where solutions of phosphocreatine, fructose-1,6-

diphosphate, glucose-6-phosphate and ATP were added to a Cs+buffer containing (in 

mM): 5 MgCl2, 130 KC1, 10 Pi and 2.95 CsCl at pH 6.5 to mimic physiological 

conditions, the Cs+ resonance was observed to shift downfield while its integral was 

relatively unaffected (data not shown). 

In order to investigate the possible functional compartmentation of ATP in the rat 

heart, we assessed the effects of different carbon sources and inhibitors on Cs+ uptake. A 

representation of the uptakes is shown in figure 3.6a,b. No significant difference in the 

rate of uptake was seen between the glc-Cs, glc-glu-Cs and pyr-Cs perfused hearts (Table 

3.1). The glc-CN-Cs and pyr-CN-Cs perfused hearts exhibited similar but reduced rates 

when compared to the groups above and the glc-JAc-Cs perfused group showed the 

slowest rate. Unexpectedly, the pyr-IAc-Cs group displayed the highest uptake rate 

amongst all experimental groups. The rate-pressure products of these hearts after one hour 

of Cs+ perfusion are also shown in Table 3.1. No obvious correlation existed between the 

RPP and Cs+ uptake rate. 

Typical 3 1 P NMR spectra of hearts perfused for one hour with the various Cs+. 

containing buffers are shown in figure 3.7a. The glc-Cs and glc-glu-Cs perfused hearts 

showed a similar 31P NMR profile in that all the phosphoryl metabolites were present at 
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comparable amounts. The pyr-Cs group showed lower amounts of inorganic phosphate 

and slightly higher PCr levels than the glc-Cs hearts. Large amounts of 

phosphomonoesters ( eg glucose-6-P, fructose-1,6-diphosphate) were seen in the gic-lAc-

Cs and pyr-IAc-Cs groups as a result of the inhibition of glycolysis. The content of PCr 

and ATP was undetectable in the glc-IAc-Cs hearts but was present at lower levels in the 

pyr-IAc-Cs hearts. Both the glc-CN-Cs and pyr-CN-Cs groups were able to maintain 

some, albeit smaller, levels of PCr and ATP while Pi was present in relatively high 

amounts. The glc-CN-Cs group also showed an accumulation of phosphomonoesters 

probably a result of an activation of the phosphofructokinase enzyme by increased levels of 

ADP and an inhibition of glyceraldehyde-3-phosphate dehydrogenase by the elevated levels 

of NADH. From the chemical shift of the inorganic phosphate, we found that the 

intracellular pH of the hearts was maintained at pH 7.07 throughout the perfusion period 

except for the gic-lAc group (figure 3.8). Upon perfusing with the glc-IAc-Cs buffer, the 

intracellular pH dropped rapidly from normal to 6.74 followed by a slow recovery back to 

the initial pH. The inorganic phosphate concentration also remained relatively constant 

throughout the perfusion period for the glc-Cs, glc-glu-Cs, glc-IAc-Cs, pyr-Cs and the 

pyr-IAc-Cs groups with the former three groups having higher levels (figure 3.9). The N 

content of the glc-CN-Cs group did rise throughout most of the perfusion period but 

dropped to a lower level just prior to ischemia. The pyr-CN-Cs group also showed rapid 

Pi accumulation which remained elevated throughout the perfusion. The level of 

intracellular PCr of these hearts showed considerable changes during the perfusions (figure 

3.10). The glc-Cs and glc-glu-Cs groups maintained a steady level of PCr during the 

perfusion period as expected. The pyr-Cs perfused group showed a strong increase in PCr 

level initially but decreased slowly back toward the glc-Cs level just prior to ischemia. 

Similarly, the pyr-IAc-Cs group showed elevated level of PCr in the beginning but dropped 
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rapidly to about to a third of the original content at the end of the 60 minute period. The 

PCr content of the glc-IAc-Cs, glc-CN-Cs and pyr-CN-Cs groups dropped rapidly with 

only small recoveries at the end of the period. The ATP content of the hearts, except for 

the glc-IAc-Cs group, was surprisingly very similiar despite the difference in PCr (figure 

3.11). A relatively constant level of ATP was seen irrespective to the perfusion buffer used 

(although the pyr-1Ac-Cs group showed lower amount near the end of the perfusion 

period). A clear difference was seen however in the glc-IAc-Cs group. The ATP level of 

this group dropped almost immediately after the onset of perfusion and continued to 

decrease during the rest of the one hour period. 

Cs+ uptake stopped almost immediately upon the onset of ischemia (figure 3.6). 

All hearts showed Cs loss during this period (Table 3.1). Despite more scattering, the 

data clearly showed an inactivation of the Na+IK+ pump activity upon ischemia. In the 

reperfusion period, only the pyr-Cs group showed strong recovery of pump activity. The 

glc-glu-Cs group shOwed some recovery of pump activity (figure 3.6); however, the 

correlation coefficient of the slope was small. All of the other groups showed a negative 

Cs+ uptake slope indicating a gradual loss of Cs+ from the hearts. During ischemia, the 

cardiac function dropped rapidly to zero for all groups and only the pyr-Cs group showed 

consistent functional recovery during reperfusion (Table 3.1). 

Typical 3 1P NMR spectra of hearts at the end of a 60 minutes ischemic period and 

after 20 minutes of reperfusion are shown in figure 3.7b,c respectively. The changes in 

intracellular pH of the hearts during ischemia varied in relation to the perfusion buffer used. 

Hearts that were perfused with buffer that inhibited glycolysis (glc-IAc-Cs and pyr-IAc-Cs) 

or promoted glycogen depletion (pyr-CN-Cs) showed only small changes in pH during 

ischemia (figure 3.8). Glc-Cs and, glc-glu-Cs perfused hearts followed the same trend in 

intracellular acidification initially, but after 20 minutes, the glc-Cs group dropped to a lower 
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pH of 5.95. The pyr-Cs and glc-CN-Cs groups followed a slower decrease in pH than the 

glc-Cs group and reached a minimum pH of 6.04 after about 30 minutes of ischemia. 

During reperfusion, all pHs returned to normal values. The accumulation of Pi during 

ischemia followed a similar trend as that of the intracellular proton. Hearts perfused with 

iodoacetate showed a smaller increase in N during ischemia (figure 3.9). The trapping of 

phosphate in the phosphomonoester form by iodoacetate probably contributed to this. All 

other hearts showed the similar increase in P1. During reperfusion, the P1 content of the 

heart was seen to decrease with time. No difference in the changes of the PCr content was 

seen during ischemia (figure 3.10). The same dramatic decrease in PCr was seen in all 

groups within minutes of ischemia and reached the minimum level after 20 minutes. Upon 

reperfusion, only the glc-Cs, glc-glu-Cs and pyr-Cs groups resumed the production of 

PCr. The PCr level in the pyr-Cs perfused hearts was consistently higher than the glc-Cs 

and glc-glu-Cs groups. The decline of ATP level during ischemia is shown in figure 11. 

The glc-Cs, glc-CN-Cs, and pyr-Cs groups showed similar time dependent loss of ATP. 

Hearts that were perfused with inhibitor displayed more rapid loss of ATP. Reperfusion 

brought about some ATP recovery for some groups, particularly those without inhibitors; 

however, the differences were small. 
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Discussion: 

The results of the ouabain inhibition study clearly demonstrated that the uptake of 

Cs+ by the rat heart was ouabain sensitive. The dose-response curve showed a linear 

relationship between ouabain concentration and inhibition of Cs+ uptake by the rat heart. 

At 150 uM ouabain, there was a - 70% inhibition of uptake; these values are in reasonable 

agreement with earlier reported values. Akera et al. (99) found that 50 uM ouabain 

inhibited the NafK ATPase activity by 50% in rat heart homogenates. Likewise, Vemuri 

et al. ( 100) reported that 100 uM ouabain inhibited the Na/K ATPase by 45%. At the 

various concentrations of ouabain tested, the developed pressure increased by an average of 

20% which is in agreement with Akera et al. (99) who found similar increases in 

ventricular muscle developed tension. Since it is known that ADP and Pi are inhibitors of 

the Na+/K+ ATPase in reconstituted enzyme preparations (101) and in red blood cells 

(102,103), we performed our ouabain inhibition studies with pyr-Cs perfused hearts to 

keep the ATP level high and the N level low. However, at ouabain concentrations greater 

than 150 uM, we consistently observed an abnormally high amount of Pi in comparison to 

PCr after one hour of perfusion. The resulting inhibition by P1 of the Na+IK+ pump at 

high ouabain concentrations could cause increases in cellular Ca2+ level, via the Na+/Ca2+ 

exchanger, which may lead to impaired mitochondrial functions. In order to study higher 

concentrations of ouabain without greatly increasing the N level, we made use of K+ 

arrested hearts. Hearts were K+-arrested by perfusing with a modified glc-Cs buffer that 

contained higher concentrations of KC1 and CsC1. In the arrested hearts, 200 uM ouabain 

inhibited the pump activity by 56% without greatly affecting the phosphoryl metabolites 
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concentration. It is known that high K+ concentrations can inhibit ouabain binding 

(80,99); the drop in % inhibition at 200 uM ouabain can be due to this effect. 

In the washout experiment, we verified that Cs+ was relatively impermeable to the 

cell membrane. After a 75 minute washout period, the intracellular Cs+ level decreased by 

only 20% (figure 3.5). We can therefore be relatively confident that the increase in 

intracellular Cs+ level observed is mainly a result of changes in the Na+/K+ ATPase pump 

activity. Furthermore, the efflux of Cs+ seen here could account for the reduced rate of 

Cs+ uptake during the second hour in heart when no ouabain was added (figure 3.4). It is 

known that Cs+ is a blocker of a number of K+ channels, including the one responsible for 

pace-maker activity (74,75); therefore it is not surprising to see a 30% decrease in 

spontaneous heart rate and occasional arrhythmias in glc-Cs perfused hearts as compared to 

standard buffer perfused hearts. The coronary flow of the glc-Cs group measured by 

collecting the outflow from the heart was also the same as the standard buffer perfused 

hearts (data not shown) which suggests that cesium has little effects on the smooth muscles 

lining the vessels. Upon switching back to standard buffer perfusion, ie washout 

experiment, the heart rate returned to 87% of normal which illustrated the reversibility of 

the Cs+ effect on heart rate. The energetics of the glc-Cs perfused hearts observed by 31P 

NMR was also judged to be unaffected by Cs. The level of PCr, ATP and Pi was 

constant throughout the perfusion period and their changes during ischemia were also 

comparable to literature data (81,104,105). 

In the functional ATP compartmentation study, we perfused hearts with glucose or 

pyruvate in combination with iodoacetate or cyanide to give either glycolytically or 

oxidatively generated ATP. The rate of Cs+ uptake was then correlated to the sources of 

ATP to investigate the possible functional compartmentation of Al?. Our results show that 

the concentration of inhibitors used in this study (and others, see ref 61) was effective 
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enough to alter the energy metabolism of the hearts dramatically. lodoacetate is anon-

specific sulfhydryl group inhibitor that acts on glyceraldehyde-3-phosphate dehydrogenase 

to block glycolysis; cyanide is an inhibitor of the cytochrome-a complex to block oxidative 

phosphorylation. Even though iodoacetate is a non-specific inhibitor, studies have shown 

that it has no effect on Na/K ATPase activity directly (106-108). Within minutes of 

perfusion with the inhibitors, substantial changes were seen in the cell content of PCr and 

Pi (figures 3.9, 3.10). In experiments with hearts that were designed to give only 

oxidatively derived ATP (eg, glc-IAc-Cs and pyr-IAc-Cs), a steady state level of PCr could 

not be maintained but Pi content was kept to a low amount. Endogeneous free fatty acids 

and exogeneous pyruvate, respectively, should have been able to maintain mitochondrial 

activity, however, this was not seen. Similar results had been observed with hearts 

perfused with deoxyglucose and acetate to inhibit glycolysis (109). Hoerter et al. 

suggested that the trapping of phosphate in the phosphomonoester form may have depleted 

the available Pi destined for PCr synthesis and thus caused a dramatic decrease in PCr 

level. Despite the rapid loss of PCr, the level of ATP was maintained near normal in the 

pyr-IAc-Cs group (figure 3.11). On the other hand, the glc-IAc-Cs group experienced 

large losses of ATP. The Cs uptake rate was surprisingly high for the pyr-IAc-Cs group 

and is comparable to groups that had both functional glycolysis and oxidative 

phosphorylation (ie glc-Cs, glc-glu-Cs and pyr-Cs) (figure 3.6). This suggest to us that 

mitochondrially generated ATP is freely assessible to the Na+IK+ pump. No definite 

conclusion can be made concerning the Cs+ uptake rate in glc-IAc-Cs group because of the 

difference in cellular ATP concentration. The glc-CN-Cs and pyr-CN-Cs groups, which 

do have functional glycolysis, metabolizing exogeneous glucose and endogeneous 

glycogen respectively, were able to maintain a steady, normal level of ATP throughout the 

perfusion period (figure 3.7) and about a third of normal amount of PCr (figure 3.10). 
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Large increases of Pi were observed during the cyanide-perfusion period. The Cs+ uptake 

rate of these hearts were similar but low in comparison to the glc-Cs uptake rate. One 

possible explanation is that the increase in N content brings about an increase in ADP 

concentration because of the equilibrium conditions of the creatine kinase reaction. Since 

the Na/K ATPase is inhibited by ADP and Pi (101-103), the rate of uptake in these 

hearts may be reduced as a result. Even though the ADP concentration was not measured 

in this study, Weiss et al. reported a doubling of ADP concentration in hearts after 10 

minutes of hypoxic perfusion (61). 

In this part of the study, we found that mitochondrially generated ATP is freely 

assessible to the Na+/K+ pump located in the plasma membrane of the rat heart. Various 

authors have also observed a close relationship between mitochondrial ATP and Na+IK+ 

pump activity. Graded manipulation of cellular ATP content by the use of mitochondrial 

inhibitors was seen to correlate directly with the uptake of K+ or Rb+ by intact cells (67-

69). In contrast, Weiss et al. have reported that glycolytically generated ATP was more 

effective in preventing accumulation of extracellular K+ than oxidatively generated ATP in 

isolated rabbit heart (61). However, the accumulation of K+ seen by these authors 

probably reflected the flux of K+ through the various K+ channels and does not necessary 

contradict our data. Furthermore, our studies with the whole organ preparation is a 

reflection of the activity all the cell types in the heart and thus may be different from their 

septal preparation. Even though we did not find any support for the compartmentation of 

ATP supplied to the Na/K pump, it is clear that both glycolysis and oxidative 

phosphorylation are required to maintain normal mechanical function (Table 3.1). In 

agreement with some in vitro studies, we found that N and ADP may possibly play an 

important role in the regulation of the Na+IK+ pump activity under the present conditions. 

In hearts that were perfused with cyanide to block oxidative phosphorylation (eg glc-CN-
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Cs and pyr-CN-Cs), the low uptake rate is possibly a result of N and AD!' accumulation. 

This secondary effect of cyanide intoxication may also explain the substantial loss of 

contractility in these hearts since N is known to reduce force generation in skinned 

ventricular muscle (110). Finally, we did not find any evidence for the compartmentation 

of Cs+ in the rat heart under the present conditions. Only two Cs+ peaks (intra- and 

extracellular cesium) were observed after 2 hours of perfusion which contrast with what 

had been observed in maize root where 3 Cs+ peaks were seen (111), two representing 

intracellular compartments with different pH. Our results are also in agreement with Davis 

et al. who found that the intracellular Cs+ signal relaxed with a single exponential time 

constant, again indicating accumulation of Cs+ into one homogeneous compartment (76). 

During ischemia, the uptake of Cs+ was seen to stop almost immediately in all 

groups (figure 3.6). For example, in the glc-Cs group, the ATP content was still 75% of 

the normoxic level when the uptake stopped. Therefore, a shortage of AT!' cannot be the 

cause of the lack of Cs+ uptake during the first 15 minutes of ischemia. Changes in 

intracellular pH and N content are also unlikely to be the cause because some hearts 

exhibited only modest changes in pH (eg pyr-IAc-Cs and pyr-CN-Cs) and N level (eg pyr-

IAc-Cs). This acute absence of pump activity upon ischemia is consistent with data 

reported by Malloy et al. who found significant increases in cellular Na+ only a few 

minutes after the onset of ischemia in isolated rat hearts when the ATP level was still 

relatively unchanged (81). The exact cause of the inactivation is unknown but, similar 

results have been obtained in rat liver (82), but not in skeletal muscle (113). The effect of 

ischemia will be an acute collapse of the vascular and extracellular compartment of the 

heart. Therefore,the possibility that a depletion of Cs+ in the extracellular medium upon 

ischemia may have led to the lack of Cs+ uptake during ischemia in our experiments cannot 

be ruled out. Moreover, leakage of K+ from the cells during ischemia would result in 
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increased vascular K+, which can compete effectively with Cs+ for uptake by the Na+ 

pump. Although, extracellular Cs+ was observed in the NMR spectra throughout the 

ischemic period, this was mainly in the medium surrounding the heart, from which. it is 

unlikely that much uptake would take place. Tani et al have shown that low flow anoxia 

with normal buffer prevented Na+ increase in the heart; in contrast, low flow anoxia with 

K+-free buffer resulted in 5 times higher Na+ content which was even higher than that seen 

in global ischemic hearts (78). These results suggested that a lack of K+ in the extracellular 

medium can play a role in the lack of Cs+ uptake. However, we would have expected to 

see a gradual decrease in uptake rate and not an abrupt stop if a depletion of substrate is the 

culprit. Thus other factors such as endogeneous inhibitor (1 11) and altered membrane 

structure (88,89) may play a role as well. 

The ischemia induced cessation of the Na+/K+ pump activity was found to be 

reversible upon reperfusion only in the pyr-Cs perfused hearts under our experimental 

conditions (figure 3.6). The rate of Cs+ uptake during the reperfusion period was about 

80% of the pre-ischemic rate (Table 3.1). All other groups failed to recover pump function 

significantly or showed a loss of intracellular Cs+ during reperfusion. The extent of pump 

function recovery during reperfusion is likely a function of the severity of the ischemic 

period and is therefore difficult to be compared to other studies; however, Daly et al. 

reported a 70% recovery of Na+/K+ ATPase activity after 60 minutes of ischemia (84). 

The acute nature of the pump function recovery seen here is supported by a study by Tani 

et al. who found that intermittent perfusion of the ischemic heart significantly reduced 

intracellular Na+ accumulation during ischemia, whereas intermittent perfusion with K+ 

free buffer (to prevent Na+/K+ pump activity) had little effect (79). It is interesting that 

the glc-Cs and glc-glu-Cs groups showed no or small pump function recovery (Table 3.1) 

even though their ATP and PCr content were similar to the pyr-Cs group. Therefore, it is 



Chapter 3 71 

unlikely that the lack of recovery of pump activity is due to a lack of ATP, as the level of 

ATP in the pyruvate hearts is not much higher than the other two groups. Furthermore, the 

restoration of extracellular K+/Cs+ levels should have allowed resumption of pump activity 

if the pump were not damaged. Thus, these data are consistent with other reports that the 

Na/K ATPase is damaged during prolonged ischemia (84-86), presumbly by oxygen 

radicals (87). The mechanical function recovery after 20 minutes of reperfusion was also 

poor in the glc-Cs and glc-glu-Cs groups in comparison to 50% in the pyr-Cs group. 

Since it is possible to dissociate Cs+ uptake from cardiac functions as seen in the K+ 

arrested hearts, we conclude that pyruvate may have a protective effect on the Na+IK+ 

pump during ischemia. It is known that perfusion with pyruvate has a protective effect 

against ischemic damage in hearts and various protective mechanisms have been proposed 

including higher phosphorylation potential and decreased N level (93,94). In this study, 

no obvious factor can be singled out to explain the protective effect of pyruvate. All 

parameters measured, showed no difference between the glc-Cs and pyr-Cs groups except 

for intracellular pH. The glc-Cs group reached a pH 5.95 after 20 minutes of isehemia; 

whereas the pyr-Cs group reached pH 6.04 after 30 minutes. It is expected that the glc-Cs 

group would have a larger glycogen store then the pyr-Cs group just prior to ischemia 

because of the low pyruvate carboxylase activity, which is required for gluconeogenesis, in 

muscles (114). This difference in glycogen content may explain the pH difference. 

However, since the glc-glu-Cs group exhibited a similar pH profile as the pyr-Cs group, it 

is not likely that pH was the only factor that afforded protection. In view of the available 

data on the dependence of Na+IK+ pump activity on membrane fluidity and structure 

(88,89), it is attractive to propose a role played by pyruvate in the maintainence of 

membrane integrity, possibly through modification of fatty acid metabolism during 

ischemia. However, recent data have suggested that this also is unlikely. Suyatna et al. 
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reported that the lipid composition of the ischemic heart membrane was very similar to 

normal membrane even though the former had only 70% of control Na+/K+ ATPase 

activity ( 115). 

The fact that the glc-Cs group did not recover any Na+/K+ ATPase activity during 

reperfusion even though ATP was present suggests that the degree of damage suffered by 

the enzyme is dependent on factors other than a depletion of high energy phosphate (ATP, 

PCr) and/or an accumulation of inorganic phosphate. The acute nature of the inactivation 

and recovery of pump function as seen in the pyr-Cs group suggests that membrane fluidity 

may be involved but other factors like availability of extracellular Cs+ and endogeneous 

inhibitor cannot be ruled out. 
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Figure 3.1: Typical fully relaxed 31P NMR spectrum of rat heart perfused with the 

standard buffer. Peaks assignment are (from left to right): MDP at 19.2 

ppm, phosphomonoesters at 6.5 ppm, Pi at 5.0 ppm, PCr at 0 ppm, ?-

ATP at -4 ppm, a-ATP at -9 ppm and !3-ATP at - 16 ppm. 
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Figure 3.2: Typical 133Cs NMR spectra of Cs uptake in glc-Cs perfused heart. 

The peak on the left which increases with time is intracellular Cs+ and 

the extracellular peak is assigned a chemical shift of 0 ppm. 
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Figure 3.3: Effect of ouabain-perfusion on Cs+ uptake. The heart was perfused 

with pyr-Cs buffer for one hour (-60 to 0 mm) to allow Cs uptake. 

The perfusate was then switched to a pyr-Cs buffer containing a certain 

concentration of ouabain (60 uM in this case) for one additional hour. 

Ouabain sensitive uptake is defined as the difference between the rate of 

total uptake and the rate of ouabain insensitive uptake. 
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Figure 3.4: Dose-respone curve of the ouabain inhibition on Cs+ uptake in rat heart. 

Experiment was performed with hearts perfused with the pyr-Cs buffer 

(•). Each data point represents one experiment. The effect of perfusion 
with 200 uM ouabain on Cs+ uptake in K+-arrested hearts is also 

shown (U) (n=4, mean±SE). 
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Figure 3.5: Washout of intracellular Cs from perfused rat heart. Initial Cs uptake 

was accomplished by perfusion with the glc-Cs buffer for one hour. 

Washout commenced at time=O by switching the perfusate back to the 

standard buffer (n=3, mean±SE). 
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Profile of the changes in cellular Cs content in hearts during periods of 

perfusion (time -60 to 0), ischemia (time 0 to 60) and reperfusion (time 

60 to 120). The glc-Cs (•) and pyr-Cs (0) groups are shown 
separately to demonstrate the clear difference during reperfusion (n=3). 
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Figure 3.6b: Profile of the changes in cellular Cs content in hearts during periods of 

perfusion (time -60 to 0), ischemia (time 0 to 60) and reperfusion (time 

60 to 120). The glc-glu-Cs (U), glc-IAc-Cs (•), glc-CN-Cs (A), pyr-
IAc-Cs (0) and pyr-CN-Cs (0) groups are shown (n=3). 
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Figure 3.7a: Typical non-fully relaxed 31P NMR spectra of hearts perfused with 

Cs-containing buffer for 1 hour. From botton to top: A) gic-Cs, B) 

glc-glu-Cs, C) glc-IAc-Cs, D) glc-CN-Cs, E) pyr-Cs, F) pyr-IAc-Cs 

and (3) pyr-CN-Cs. The peaks assignment are indicated in the figure. 
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Figure 3.7b: Typical non-fully relaxed 31P NMR spectra of hearts after 60 minutes 

of no flow ischemia. From botton to top: glc-Cs, glc-glu-Cs, glc-IAc-

Cs, glc-CN-Cs, pyr-Cs, pyr-IAc-Cs and pyr-CN-Cs. For peaks 

assignment see figure 7a. 
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Figure 3.7c: Typical non-fully relaxed 31P NMR spectra of hearts after 20 minutes 

of reperfusion. From botton to top: glc-Cs, glc-glu-Cs, glc-IAc-Cs, 

glc-CN-Cs, pyr-Cs, pyr-IAc-Cs and pyr-CN-Cs. For peaks 

assignment see figure 7a. 
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Figure 3.9: Profile of the changes in cellular N content in hearts during periods of 

perfusion (time -60 to 0), ischemia (time 0 to 60) and reperfusion (time 

60 to 120). The symbols are: glc-Cs (I), glc-glu-Cs (U), glc-IAc-Cs 

(+), glc-CN-Cs (A), pyr-Cs (0), pyr-IAc-Cs (0) and pyr-CN-Cs (G) 

(n=3). 



Chapter 3 85 

-60 0 60 
time (mm) 

Figure 3.10: 

120 

Profile of the changes in cellular PCr content in hearts during periods of 

perfusion (time -60 to 0), ischemia (time 0 to 60) and reperfusion (time 

60 to 120). The symbols are: glc-Cs (•), glc-glu-Cs (R), glc-IAc-Cs 

(•), glc-CN-Cs (A), pyr-Cs (a), pyr-IAc-Cs (0) and pyr-CN-Cs (G) 
(n=3). 
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Figure 3.11: Profile of the changes in cellular ATP content in hearts during periods of 

perfusion (time -60 to 0), ischemia (time 0 to 60) and reperfusion (time 

60 to 120). The symbols are: glc-Cs (•), glc-glu-Cs (R), glc-IAc-Cs 

(•), glc-CN-Cs (A), pyr-Cs (0), pyr-IAc-Cs (0) and pyr-CN-Cs () 
(n=3). 
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Table 3.1: Summary of heart function and Cs uptake rate during 

perfusion, ischemia and reperfusion. 

Medium RPP la Perfusionb lschemiaC Reperfusiond % functional 

Recoverye 

glc-Cs 

glc-glu-Cs 

glc-IAc-Cs 

glc-CN-Cs 

pyr-Cs 

pyr-IAc-Cs 

pyr-CN-Cs 

24,621±890 

23,955±1400 

0.00 

2,108±628 

16,746±2333 

6,127±1620 

1,548±190 

2.34(0.99) 

2.96(0.99) 

0.97(0.95) 

1.67(0.99) 

3.26(0.99) 

3.61(0.98) 

1.65(0.97) 

-0.45(0.61) 

0.08(0.14) 

-0.07(0.21) 

-0.49(0.70) 

-0.38(0.66) 

0.12(0. 18) 

-0.06(0.21) 

-0.41(0.66) 0.67±0.30 

0.49(0.64) 0.83±0.83 

-0.08(0.29) 

0.13(0.26) 0 

2.67(0.98) 50.0±14 

-0.52(0.86) 0 

-0.03(0.15) 0 

a. Rate pressure product (mm Hg/mm) of hearts after 60 min of perfusion with a Cs+ 
containing medium (n=6). 

b. Cs uptake rate (au/gdw/min) during the perfusion period (n=3). Number in bracket 
is the correlation coefficient of the fitted line. 

c. Cs uptake rate (au/gdw/min) during the ischemic period (n=3). Number in bracket 
is the correlation coefficient of the fitted line. 

d. Cs uptake rate (au/gdw/min) during the reperfusion period (n=3). Number in 
bracket is the correlation coefficient of the fitted line. 

e. Calculated as the ratio between the RPP after 20 min of reperfusion and RPP 1 
above. 
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31p and 133Cs NMR studies of Cyclosporin-A treated rat hearts 
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Introduction:  

The immunosuppressive agent Cyclosporine (CsA) has become the drug of choice 

for the prevention of acute rejection in recipients of solid organ or bone marrow 

transplants. Despite its beneficial immunosuppressive applications, it has a number of 

toxic side effects, such as nephrotoxicity, hepatotoxicity and hyperkalemia. Recent 

evidence also suggest that Cyclosporine may be cardiotoxic (116,117). It has been 

reported that hearts from CsA treated rats developed 20% lower ventricular pressure than 

controls at any given preload in vitro (118,119). Papillary muscles and trabeculae prepared 

from CsA-treated animals showed increased contractile force at low extracellular calcium 

concentrations while high extracellular calcium concentrations produced decreased force 

development, suggesting either increased calcium sensitivity or increased intracellular 

calcium concentration secondary to the use of CsA, as has been shown in isolated cell 

preparations from various organs, including isolated cardiomyocytes (120-125). 

Moreover, myocardial calcification and fibrosis associated with elevated tissue calcium has 

been observed in CsA treated mice (126,127) and tissue magnesium levels in muscle, liver 

and kidney of CsA treated rats were found to be significantly higher than that in controls 

(128). 

Based on 31P nuclear magnetic resonance study of allogeneic rat heart transplants 

in recipients treated with CsA, Suzuki et al. concluded that CsA has cardiotoxic side-effects 

(129). These authors reported abnormally high levels of inorganic phosphate in beating 

heart transplants in animals that had received CsA. Impaired high-energy phosphate 
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metabolism may lead to decreased cardiac function and abnormal calcium cycling. 

Alternatively, impairment of the Na+/K+ pump activity may increase intracellular calcium. 

In this study, we have investigated CsA treated rat hearts by 31P and 133Cs NMR. 

This approach should allow us to decide on the possible mechanism(s) that contribute to the 

observed reduction in ventricular pressure in CsA treated hearts. The intracellular content 

of inorganic phosphate (Pi), phosphocreatine (PCr), and ATP, as well as the intracellular 

pH and free magnesium level at various workloads can be studied by 31P NMR. The 

uptake of Cs+, an analogue of K+, by the hearts was studied by 133Cs NMR to assess the 

activity of the Na/K pump (130). 
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Methods and Materials:  

Heart perfusion. Male (LEW x BN) Fl rats were injected subcutaneously with 

15mg/kg of CsA dissolved in cremophor EL daily for 3 weeks. Shortly before the NMR 

experiment, the heart was excised from ether anesthetized rats (control and CsA-treated: 

body weight =220±15g) and perfused in a Langendorff mode with modified Krebs 

Henseleit phosphate-free buffer at a perfusion pressure of 100 cm water. The buffer was 

bubbled with 95%. 02/5% CO2 and contained (in mM): 120.0 NaCl, 5.0 KC1, 10.0 

glucose, 19.0 NaHCO3, 1.5 CaCl2, 1.2 MgCl2 and 1.2 Na2SO4. A latex balloon 

containing a solution with a known concentration of methylenediphosphonate (MD?) was 

inserted into the left ventricle. This allowed continuous direct measurements of the 

ventricular function and also provided an NMR concentration standard. After a 20 mm 

equilibration period, the content of high-energy phosphate metabolites in the heart was 

measured by collecting two fully relaxed 31? NMR spectra -one before and one after a 

known amount of MD? had been added to the latex balloon. In the second part of the 

protocol, the mechanical output of the hearts was increased by increasing the preload or 

diastolic pressure (Pdia) by 5 mm Hg increments from 0 to 15 mmHg by adjusting the 

volume of the balloon. A non-fully relaxed 31P spectrum was collected after each pressure 

change was introduced and the coronary flow was estimated from the effluent of the heart. 

Upon completion, the study was repeated once starting at 0 mmHg. In the final part of the 

protocol, the perfusion buffer was switched to one containing (in mM): 2.9 CsCl, 2.9 KCl, 

115.1 NaCl, 2.3 CaCl2, 1.2 MgSO4, 25.0 NaHCO3 and 11.0 glucose to commence the 

cesium uptake study. The uptake of Cs+ was monitored continuously by 133Cs NMR for 

one hour. One final 31P spectrum was collected after the cesium study to ascertain that the 
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heart was still healthy. In separate studies using K+-arrested hearts the perfusate contained 

(in mM): 10 CsCl, 19 KC1, 92 NaCl, 2.3 CaCl2, 1.2 MgSO4, 25.0 NaHCO3 and 11.0 

glucose. All hearts were maintained at 37°C throughout the experiment. 

NMR Spectroscopy. All NMR experiments were carried out with a widebore 

Bruker AM 400 spectrometer equipped with a 9.4 T superconducting magnet using a 20 

mm broadband probe. The perfused hearts were placed in a 20mm tube and inserted into 

the magnet with the temperature set to 37°C. Fully relaxed 31P (161 MHz) spectra were 

collected using 8K data points and composite pulse proton decoupling (2W) during 

acquistion only. The time between individual pulses was 17.5 seconds, the number of 

scans was 96 and 90° pulses were used. Non-fully relaxed spectra were collected with bi-

level decoupling (2W during acquisition, 0.5W otherwise), a cycling time of 3.5 seconds, 

128 scans and a pulse angle of 75°. All chemical shifts were referenced with respect to 

phosphocreatine which was assigned a shift of 0 ppm. The intracellular pH and the free 

magnesium concentration were measured from the chemical shifts of the inorganic 

phosphate and f3-peak of ATP respectively using appropriate calibration curves (131). 

133Cs (52 MHz) spectra were collected with a cycling time of 6.5 seconds, 32 scans and a 

pulse angle of 70°. 31P and 133Cs spectra were Fourier transformed with a line-

broadening of 15 Hz and 2 Hz respectively and baseline-corrected manually before 

integration. Peak integrals were quantitated using standard Bruker integration software. 

Statistics. All results are reported as mean±SEM. The two tailed student's t test 

was used to determine if any differences between treated and control groups were 

significant. 
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Results:  

Typical fully-relaxed 3 'P NMR spectra of control and CsA treated hearts are shown 

in figures 4. la,b. The rate pressure product (RPP), which is the product of the heart rate 

and developed pressure, was 3.4±0.2x104 mmHg-min-1 for the controls (n=5) and 

3.0±0.3x iO4 mmHg-min-1 for the CsA treated (n=7) group. The RPP was maintained in 

this range for the remainder of the study in both groups. There was no difference in the 

size of the hearts: the dry weight of the hearts was 0.2±0.Olg for the control(n=5) as well 

as for the treated hearts (n=7). The content of high-energy phosphate metabolites in the 

CsA treated hearts was very similar to that of the controls (Table 4.1). The intracellular 

concentration of sugar-monophosphates, inorganic phosphate and phosphocreatine were 

not significantly different between the two groups and are in good agreement with reported 

values (132,133). However, a relatively large difference (O.l>p>0.05) between the two 

groups was observed in the ATP content with that in CsA treated hearts about 20% lower. 

The resulting PCr/Pi and PCr/ATP ratios were 2.91 and 1.36 for the controls and 2.45 and 

1.59 for the CsA treated group, respectively. 

In the second part of the study, we confirmed the previous observation that the 

systolic pressure of the CsA treated hearts was consistently lower than that of the controls 

at all the levels of preload or diastolic pressure (Pdja) tested (figure 4.2). The difference 

was much greater at 0 mmHg Pdia than at the higher ones. The heart rate and coronary 

flow were similar and remained constant throughout this part of the study for both groups 

(Table 4.2a). Typical 31P NMR spectra of the hearts at various diastolic pressures are 

shown in figure 4.3a,b. No obvious difference was seen in the spectra. From the 

chemical shift of inorganic phosphate, the intracellular pH of CsA treated hearts was found 
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to be 0.02 unit more basic than controls (Table 4.2b). The intracellular free magnesium 

concentration, estimated from the 3-ATP chemical shift, was also comparable. Our 

observed shift is in good agreement with what other authors have reported and corresponds 

to a free magnesium concentration of 0.6 mM (134,135). The PCr/ATP and the PCr/Pi 

ratios at various workloads are shown in Table 4.2b. As expected, the ratios remained 

relatively constant despite the changes in mechanical output in both groups. This 

suggested that energy production and consumption are in good balance and that the 

metabolic pathways are functioning normally. It should be noted that we did not correct 

these numbers for any peak saturation and/or NOE effects inherent under the conditions we 

ran this part of the NMR experiment. In these experiments we were mainly interested in 

finding whether the ratios changed in relation to the various workloads. More quantitative 

determinations would have required excessively long NMR acquisition times 

(concentrations, are however listed in Table 4.1). The MDP integral which is proportional 

to the volume of the standard in the balloon in the heart was found to increase linearly with 

the diastolic pressure (figure 4.4). The integrals did not differ significantly between the 

two groups and confirmed previous findings that the left ventricular volumes were 

comparable in both groups (119). 

The accumulation of cesium was found to increase linearly with time (figure 4.5) 

and the slopes of uptake (3.43±0.25 au/gdw/min for the controls (n=3); 3.05±0.21 

au/gdw/min for the treated group (n-5)) were virtually the same for both groups (figure 

4.6). Near the end of the one hour period, only a slight difference in the cesium integral 

was seen between the CsA treated and the control group. Although the heart weights were 

similar between the groups, the average heart rate was about 20% higher in the control 

group during the cesium perfusion period and may explain the observed difference. When 

we K+-arrested the heart by perfusing with a modified KB buffer that contained 19mM 
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KC1 and 10mM CsC1, the rate of uptake was virtually identical. The rates were 1.31±0.16 

au/gdw/min (n=3) and 1.42±0.03 aulgdw/min (n=3) for the controls and treated hearts 

respectively (figure 4.7). 
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Discussion:  

Our data confirm that CsA treatment at a dose of 15 mg/kg/day sc. for 3 weeks 

caused decreased left ventricular systolic pressure development for any given preload 

tested. This functional impairment, as compared to controls, is found to be greater at 0 

mmHg P(jja than at the higher pressures. One possible explanation is that since the systolic 

pressure was measured about 7 minutes (time required for a 31P spectrum) after the Pdia 

was first adjusted, the hearts might have relaxed somewhat at that time. This practice was 

done to both groups. The impairment was not associated with detectable differences in 

high energy phosphate metabolism since the concentration of various phosphoryl 

metabolites was not significantly different between the treated and control groups except for 

the ATP content (Table 4.1). A 20 % lower ATP content was found in the CsA treated 

hearts; however, this difference is probably biologically insignificant since the Km of 

actomyosin for ATP is in the micromolar range ( 136). The P1 level is comparable in both 

groups and is consistent with reported values in high mechanical output Langendorff-

perfused hearts ( 137). We did not observe any abnormality in the level of inorganic 

phosphate in the treated hearts as described by others (129). Suzuki et al attributed the 

changes in P1 of the transplanted heart to CsA cardiotoxicity because these hearts continued 

to beat despite discontinuation of CsA therapy. We feel that the high amount of Pi reported 

by these authors reflected changes in the heart brought about by graft rejection which is 

known to give rise to elevate intracellular P1(140). In addition, overlap of the P1 resonance 

in the cardiac spectrum with the 2,3-diphosphoglycerate signal of blood could complicate 

the earlier measurements. Based on our experiments in which rejection did not play a role, 

we believe that the reported increase in P1 does not reflect cardiotoxicity of CsA treatment. 
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The PCr/ATP and PCr/Pi ratios remained constant throughout the changes in 

mechanical output in both groups (Table 4.2b). The coupling between production and 

utilization of high energy phosphates are therefore judged to be normal in all cases. A 

statistical significant difference in intracellular pH was observed. The treated hearts were 

found to be 0.02 pH unit more basic than the controls. Although this difference is 

statistically significant, it is probably too small to have any biological effects. Moreover, 

since protons are known to have an inhibitory effect on Ca2+ binding by the contractile 

proteins, a higher pH in the treated group would give rise to a higher calcium sensitivity 

and therefore greater force production; however, this is in contrast to what we observed. 

Measurement of the -ATP chemical shift indicated that the free magnesium concentration 

was 'comparable in both groups. We should stress that even though we did not see a 

difference in free magnesium, it is possible that due to compartmentation we are only 

observing the cytosolic fraction and therefore our results do not necessarily contradict the 

total tissue concentration data. However it is unlikely that the functional impairment in the 

treated hearts is due to the elevated free magnesium concentration. 

For a variety of reasons (see also earlier chapters), we chose to use cesium instead 

of rubidium as a potassium analogue to study the Na+/K+ pump activity. One reason is 

that cesium blocks most of the potassium channels found on the excitable cell membrane. 

Various authors have also shown that the uptake of cesium is inhibitable by ouabain which 

infers that the main uptake mechanism is through the Na+/K+ pump (130, see also chapter 

3). Therefore, we can be confident that the accumulation of this ion in the cells is mainly 

due to the action of the Na+/K+ pump and that leakage through the channels is minimal. 

We have done washout experiments which showed that after a 75 minute period, the 

intracelluar cesium integral decreased only - 20% (see chapter 3). From an NMR point of 

view, cesium is a good choice because it does not require a shift reagent to separate the 
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intra- and extracellular signal ( 138); in addition cesium-133 NMR has excellent sensitivity 

and is characterized by narrow lines. It should be noted that in spite of these advantages, 

cesium is a non-physiological cation and that it caused the heart rate to decrease to about 

50% of the pre-cesium level. However, when proper control conditions are maintained, 

much useful information can be obtained. 

The cesium uptake studies suggest that CsA treatment does not impair the Na+/K+ 

pump since virtually identical uptakes rates were found in both groups (figure 4.6). This 

suggests that the intracellular sodium concentration is also comparable since cellular level of 

Na is believed to be the main regulator of the Na/K pump activity (139). In the K+-

arrested hearts, the functional-independent Cs+ uptake rate was found to be the same for 

the controls and the CsA treated group. This substantiates our conclusion that CsA treated 

hearts have normal Na+IK+ pump functioning. 

In this study, we have considered a number of possible causes of the functional 

impairment in the CsA treated hearts. Our data suggest that the changes in CsA treated 

hearts are not caused by changes in intracellular phosphoryl metabolites level, pH, free 

Mg2+ or malfunctioning of the Na+/K± ATPase. Consequently alternative explanations 

for the functional impairment have to be considered as more likely. Recent studies suggest 

that abnormalities in the functioning of the sacroplasmic reticulum may arise from CsA 

treatment (141). Spontaneous calcium release from the SR could keep the heart in a high 

tonus state and this would affect systolic pressure development. 
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Figure 4.la: Representative fully relaxed 31P spectrum of the control heart. The peaks 

are: MDP at 19.2 ppm, phosphomonoesters at 6.5 ppm, Pi at 5 ppm, PCr 

at 0 ppm, y-ATP at -3 ppm, a-ATP at -8 ppm, and j-ATP at - 16 ppm. 



Chapter 4 100 

I iI I I I I I I I I I I I I I I i I I 

20 15 • 10 5 0 
PPM 

-5 -10 -15 

Figure 4.lb: Representative fully relaxed 31P spectrum of CsA treated rat heart. See 

figure la for peak assignments. 
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Table 4.1: Concentration of phosphorylated metabolites in hearts 

determined by 31p NMR (umol/gdw, mean±SE). 

Control (n=5) CsA (n=7) 

Sugar-p 7.9±0.59 8.1±1.1 

Pi 9.4±1.7 10.6±2.1 

PCr 27.4±1.7 26.0±1.6 

ATP 20.2±1.9 16.3±1.0* 

* 0.05 < p < 0.1 
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Figure 4.2: Left ventricular systolic pressure of control (•, n=20)and CsA treated (M, 

n=16) hearts at various diastolic pressures. 
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Table 4.2a: Functional data of control and CsA treated heart at various 
preloads. 

Diastolic 0 
Pressure(mmHg) 

5 10 15 

Control (n=20) 

Systolic(mmHg) 

Coronary flow (ml/min) 

Heart rate (bpm) 

124.6±5.1 

11.1±0.56 

269±6 

126.3±4.7 

10.7±0.55 

272±7 

127.9±4.3 

10.45±0.45 

267±7 

130.0±4.7 

10.6±0.53 

272±8 

CsA (n=16) 

Systolic(mmHg) 99.0—+5.9* 

Coronary flow (nil/mm) 10.3±0.51 

Heart rate (bpm) 290±5 

113.0±6.2# 

10.8±0.49 

289±5 

116.5±5.0# 

10.6±0.50 

289±5 

118.7±5.0# 

10.6±0.49 

287±5 

(* p< 0.05 compared to controls; # p<zO.l compared to controls) 
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Table 4.2b: 31-P NMR data of control and CsA treated heart at various 
preloads. 

Diastolic 
Pressure(mmHg) 

0 5 10 15 

Control (n=20) 

pH 

13-ATP shift(ppm) 

PCr/ATP 

PCr/Pi 

7.00±0.004 

-16.02±0.01 

1.60±0.10 

1.79±0.14 

7.00±0.003 

-16.03±0.01 

1.47±0.09 

1.80±0.11 

7.00±0.003 

-16.03±0.01 

1.51±0.05 

1.76±0.12 

7.01±0.004 

-16.02±0.01 

1.44±0.07 

1.81±0.13 

CsA (n=16) 

pH 

3-ATP shift(ppm) 

PCr/ATP 

PCr/Pi 

7.02±0.004* 

-16.02±0.01 

1.35±0.06 

1.69±0.14 

7.03±0.006* 

-16.01±0.01 

1.30±0.05 

1.65±0.11 

7.02±0.005* 

-16.03±0.01 

1.36±0.08 

1.64±0.11 

7.03±0.006* 

-16.03±0.01 

1.30±0.05 

1.63±0.09 

(* p< 0.05 compared to controls; # p<O.l compared to controls) 
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Figure 4.3a: Representative non-fully relaxed 31P NMR spectra of control hearts at 

various diastolic pressures. See figure 1 for peaks assignment. From 

bottom to top, the spectra represent 0, 5, 10 and 15 mmHg diastolic 

pressure. 
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Figure 4.3b: Representative non-fully relaxed 31P NMR spectra of CsA treated hearts 

at various diastolic pressures. From bottom to top, the spectra represent 

0, 5, 10 and 15 mmHg diastolic pressure. 
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Figure 4.4: MDP integral changes resulting from adjustment of the diastolic pressure 

of control (•, n=20) and CsA treated hearts (I, n=16). 
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Figure 4.5: Representative 133Cs NMR spectra of Cs uptake by heart. Exiracellular 

and intracellular cesium are assigned as 0 and 1 ppm respectively. 
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Figure 4.6: Intracellular cesium integrals of control (•, n=3) and CsA treated ($, 
n=5) hearts with respect to time. 



Chapter 4 110 

100 

80-

6O— IT 

bb 

4' 40— 

C) 

20— 
.iii 

0 a 

0 
I I I 

10 20 30 40 50 60 
time (mm) 

Figure 4.7: Intracellular cesium integrals of K+-arrested control (•, n=3) and CsA 
treated (, n=3) hearts with respect to time. 
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Conclusions and suggestions for future work 

In chapter 1, we have shown that the study of cation metabolism in red blood cells 

can be achieved through the use of shift reagents. However, because of the inherent 

difference in the sensitivity of the various cations for shift reagents, optimal conditions for 

this type of studies needed to be identified through systematic characterization of the shift 

reagents. In chapter 2, we titrated the various member of the alkali metal family with a 

number of commonly used shift reagents. A number of nuclei turned out to be suitable for 

our purpose but for one reason or another they were not optimal. For example, 86Rb is a 

commonly used K+-analogue and possesses high NMR-sensitivity but because of its large 

natural linewidth, quantitative studies would be difficult with this nucleus. 41K is another 

nucleus that can be used but because of its high cost and low NMR-sensitivity, it proved to 

be an impractical nucleus. NH4+ equilibrated across the membrane making it less useful. 

The most attractive nucleus for our type of studies turned out to be 133Cs NMR. The 

cesium-133 nucleus has high NMR-senstivity, small natural linewidth but most 

importantly, it does not require the use of a potentially toxic shift reagent to separate intra-

and extracellular signals because of its sensitivity to its chemical environment. 

Consequently, we have used 133Cs-NMR to observe the uptake of Cs+ by the rat heart. 

Our results demonstrated that Cs+ can be used as a K+-analogue to study the activity of the 

Na+/K+ pump. Furthermore, because NMR is non-invasive, this type of study could be 

carried out in the intact cell. The uptake of Cs+ was found to be inhibitable by the cardiac 

glycoside, ouabain, in a dose-dependent manner. We found that at 150 uM ouabain, the 

uptake of Cs was inhibited by about 60 % while the cellular energy metabolism was 
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normal. This showed that the uptake of Cs+ by the rat heart was mainly carried out by the 

Na+/K+ ATPase. In the washout experiments, the accumulated Cs+ decreased by only 20 

% after 75 minutes; therefore, we can be relatively confident that the observed changes in 

the intracellular Cs+ was mainly a reflection of changes in the Na+/K+ pump activity. 

In the study of the possible functional compartmentation of ATP, our results gave 

no support to the hypothesis which suggested that glycolytically generated ATP is 

functionally coupled to membrane functions whereas oxidatively generated ATP is 

preferentially used by the contractile proteins (142). The uptake rates of Cs by hearts that 

were designed to give only glycolytically generated ATP (ie glc-CN-Cs and pyr-CN-Cs 

groups) were lower than that of heart designed to give only oxidatively generated ATP (ie 

pyr-IAc-Cs group). The low uptake rates in the former group can be due to the inhibition 

of the Na+/K+ pump by the large amount of inorganic phosphate generated as a secondary 

effect of cyanide poisoning. Likewise, the mechanical function of the hearts cannot be 

compared directly because of the effects of P1 on the contractile process (143). The uptake 

rate of Cs+ in the pyr-IAc-Cs group was in fact higher than that of all the other groups 

including the ones with both functional glycolysis and oxidative phosphorylation. The 

reason for this is unclear, but may involve the lower N level in the pyr-IAc-Cs group. 

Although published studies have shown that the non-specific inhibitor iodoacetate has no 

direct effects on the Na+/K+ ATPase activity, it may be worthwhile to repeat the study 

using deoxy-glucose to specifically block glycolysis and at the same time regulate the P1 

level (144). In order to make the present study more quantitative, the visibility of Cs+ in 

the various groups will need to be determined since it is well known that the visibility of 

quadrupolar nuclei can vary in living tissues (145). The easiest way to accomplish this 

would be to extract the heart at the end of the experiment and determine the Cs+ content 

chemically. Alternatively, one can load up the heart with Cs by perfusing with a Cs-



Chapter  114 

containing buffer followed by washing away the extracellular cesium; one can then observe 

changes in the intra- and extracellular Cs+ signal by 133Cs NMR,as the cell membrane is 

made leaky by addition of valinomycin. 

Upon ischemia, the uptake of Cs+ was seen to stop immediately in all groups 

tested. Clearly, there was no correlation with the intracellular ATP level during ischemia. 

Likewise when pumping activity resumed in the pyruvate hearts, there was a high Pi and a 

very low NMR-detectable ATP level which was not significantly different from that in the 

other groups. These data make it unlikely that the ATP level regulated the pump activity. 

Likewise, high N levels do not seem to stop the pump. Consequently, we believe that the 

inhibition of the Na+/K+ pump is due to factors such as changes in membrane fluidity and 

production of endogeneous inhibitors brought on by ischemia and not to a lack of 

extracellular Cs+ as substrate. The fact that only the pyr-Cs group recovered pump 

function during reperfusion supported our belief that the Na+/K+ pump was inactivated 

during ischemia. One experiment that can be done to shed futher light on this issue would 

be to subject the hearts to low-flow anoxia. Under these conditions, the extracellular Cs+ 

level would be better maintained while the oxygenation condition resemble that of ischemia. 

Other interesting experiments that can be performed using the present set-up would be to 

shorten the ischemic period of the glc-Cs group to see whether the non-recovery of pump 

function is always correlated with the mechanical failure during reperfusion. If recovery of 

pump and mechanical function are always correlated it is likely that they are regulated in an 

identical fashion. 

In the Cyclosporin A studies, we confirmed that the systolic pressure of the treated 

rat heart was lower than controls at any diastolic pressures tested. Otherwise we found that 

the pH and the levels of N, PCr, ATP, Mg2 and the activity of the Na+/K+ ATPase were 

not sufficiently different from controls to explain the lower developed pressure. However, 
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because the hearts were allowed to beat spontaneously, the heart rate was not the same in 

both groups and this might have some effect on the observed pressure development. 

Pacing the hearts at a particular heart rate would circumvent this problem. 
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