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Phosphorus-31 NMR Magnetization Transfer Measurements 

of Metabolic Reaction Rates in the. Rat Heart 

and Kidney in vivo 

Alan Paul Koretsky 

Abstract 

31 P NMR is~~ unique tool to study bioenergetics in living cells. 

The application of magnetization transfer techniques to the measurement 

of steady-state enzyme reaction rates provides a new approach to 

understanding the regulation of high energy phosphate metabolism. This 

dissertation is concerned with the measurement of the rates of ATP 

synthesis in the rat kidney and of the creatine kinase catalyzed 

reaction in the rat heart in situ. 

Chronically implanted detection coils, employing a balanced 

matching configuration of capacitors in the tuned circuit, were used to 

obtain 31 P NMR spectra from heart, kidney, and liver in situ. Gated 

spectra of heart obtained at systole and diastole and the effects of 

fructose on kidney and liver were studied. The ability to observe 

other nuclei using implanted coils is illustrated with 39K NMR spectra 

from kidney and muscle. 

The theoretical considerations of applying magnetization transfer 

techniques to intact organs are discussed with emphasis on the problems 

associated w~th multiple exchange reactions and compartmentation of 

reactants. Experimental measurements of the ATP synthesis rate (13 

~mol/min/gm tissue) were compared to whole kidney oxygen consumption 
+ + . 

and Na reabsorption rates to derive ATP/0 (0.8-1 .7)and Na /ATP (4-10) 
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values. The problems associated with ATP synthesis rate measurements 

in kidney, ~ the heterogeneity of the inorganic phosphate resonance, 

are discussed and experiments to overcome these problems proposed. 

In heart, the forward (phosphocreatine to ATP) rate (10 mM/sec) 

through creatine kinase was measured to be larger than the r-everse rate 

(7 mM/sec). Using a double saturation technique the effect of the 

competing exchange between the Y and B phosphates of ATP on the 

measured reverse rate was shown to be insignificant. To account for 

the difference in forward and reverse rates a model is proposed based 

on the compartmentat ion of a small (below the sensitivity of NMR) pool 

of ATP. It is shown that saturation transfer can detect exchange 

between small and large pools of metabolites, whereas inversion 

transfer or two-dimensional NMR exchange techniques cannot. This 

difference between magnetization transfer techniques affords a· test for. 

the involvement of small metabolite pools in exchange reactions. 
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PREFACE 

Man stands before Nature; reaching out in an attempt to 

understand. The scientific age is distinctive in that this reaching 

out has been an aggressive reaching for descriptions that work. A 

reaching which has, as its most important ingredient, an active 

interplay between thought and experiment, technology and intuition. It 

/ 

is this aggressive reaching which is at the root of the successes of 

our scientific sensibiltiy. 

It is currently fashionable in the study of the history of science 

to lay great weight on the importance of intuition in guiding the 

development of science. The heroes have become those individuals 

responsible for the insights which are thought to have led to the 

important paradigm shifts. Howeve~ perception and introspection are 

only meaningful in their proper contexts; contexts which owe to our 

technical abilities. Without computer technology to act as an 

allegory, theories of perception might be formulated in a very 

different way. Indeed it is often our technical ability which tempers 

where we turn for the insights which change our lives. .. 
This has been particularly true in biology and medicine. The 

ability which x-ray crystallography has given us to solve molecular 

structures has led to the notion that structure defines function. An 

elegant example of this is the Watson-Crick conception of the molecular 

basis of genetics, a field wich today stands primed to change the face 

of human kind. T.H. Huxley in 1885 recognized the importance of 

technique in biology when he stated, "What an enormous revolution would 

be in biology, if physics or chemistry could supply the physiologist 
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with a means of making out the molecular strticture of living tissues 

comparable to that which the spectroscope affords to the inquirer into 

the nature of the heavenly bodies." 

Man's desire to develop technologies which allow a non-invasive 

telescopic view of the body's functioning dates at least to the Vedic 

Scriptures of India. Menta~ teohniques were described which gave 

impressions of the workings of the various organ systems; impressions 

which were to aid in guiding the diagnosis and treatment of .disease. 

More recently the use of ultra-sound and x-ray imaging has allowed 

detailed visualization of anatomical structures. In parallel to these 

advances, the biochemist has followed Huxley's intuition and borrowed 

spectroscopic techniques from the physicist and chemist to get 

information concerning biochemical reactions in isolated cells and 

' 
organ systems. One of the richest of these tools, nuclear magnetic 

resonance (NMR) spectroscopy has in the past decade developed to the 

point where Huxley's wish has become a reality. 

First performed in molecular beams by I. Rabi in the 1930's and 

extended to condensed phases in 1946 by E. Purcell and F. Bloch, NMR 

gives us the ability to detect specific nuclei in molecuies in a manner 

which appears, at this stage, to be harmless to living things. The 

development of NMR imaging techniques by P. Lauterbur and R. Damadian 

has given us a tool which can visualize anatomical structure as well as 

look at the underlying level of biochemical processing which occurs. 

This opens up the potential for understanding the normal biochemical 

functioning of tissue in human beings, as well as the possibility of 

detecting abnormalities in the metabolism of a specific tissue before 

pathologic changes begin. The implications for medicine and biology 
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are immense. 

This dissertation attempts to make a contribution to both the 

technical development of in vivo NMR as well as the types of 

information that.can be learned by the application of NMR to living 

tissue. A light is shining in a new direction to help us stand and 

v 
If ~~ 

reach ~ut. I feel fortunate to have participated in what will be 

thought of as the early stumblings along this new direction. It is my 

•• hope, however na1ve, that along with the fuller description of life 

that NMR offers comes an increased wisdom to improve the relationship 

we stand in with Nature and our fellow inhabitants on this planet. 

September, 1984 
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CHAPTER 1 : THE PROBLEM AND THE APPROACH 

1.1 Introduction 

An organism depends on its ability to do useful work in order to 

grow and prosper. On the level of biomolecules the whole of life's 

activities has as its basis ion transport (neural activity) and muscle 

contraction (locomotion). To generate useful energy to support the 

appropriate work functions an organism relies on the metabolism of 

foodstuffs. It is the meaningful coupling of the generation and 

utilization of energy which allows a cell to maintain the delicate 

balance ~f life. 

1 

In 1941, Franz Lipmann (l) implicated adenosine triphosphate (ATP) 

as the molecule formed in energy production processes, such as 

oxidative phosphorylation~ and the molecule necessary for a cell to do 

useful work, such as ion transport or muscle contraction. This central 

role for ATP is illustrated schematically in Fig. 1-1. The questions 

of stoichiometry and coupling of bioenergetic processes have, since 

1941, rested on the relative rates of ATP generation and utilization. 

The problem of the coupling of ATP utilization to its generation 

has been attacked in a variety of ways. Most of the enzyme systems 

which catalyze reactions responsible for regulating high energy 

phosphate metabolism have been isolated, purified, and extensively 

studied to determine important mechanistic and regulatory factors. 

However, the conditions exsisting within a living cell are different 

from those in vitro, and it remains an open question as to how 

bioenergetic processes are controlled in vivo. In particular, the ATP 
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ADP+Pi 

muscle 
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Figure 1-1. Schematic representation of the role of ATP in high 

energy phosphate metabolism. Metabolism of 02 and substrates in the 

mitochondria produce ATP via oxidative phosphorylation. ATP is then 

transported to the cytosol in exchange for ADP. The hydrolysis of ATP 

to Pi and ADP in the cytosol can be used for muscle contraction or ion 

transport. Two additional enzymatic reactions which are important for 

ATP metabolism are also shown; CK represents creatine kinase and AK 

represents adenylate kinase. 
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turnover rate has been difficult to measure in an intact cell. The 

rapid and cyclical nature of bioenergetic reactions which utilize ATP 

has made conventional radiotracer techniques difficult to interpret 

(2). Isolated organelles have been prepared in vitro so that ATP 

turnover rates could be measured; but asssumptions concerning 

regulatory mechanisms, which may be disrupted as organelles are 

isolated, remain questionable. Physiologists, using analysis of an 

organ's inputs and outputs, have investigated the relationship of 

active transport and muscle contraction to oxidative metabolism in 

living tissue. In these studies regulatory mechanisms were intact but 

assumptions concerning stoichiometries of basic biochemical reactions 
., 

determined in vitro were necessary to fill the gaps between inputs and 

outputs. 

There has been a growing interest for the past three decades in 

bridging the gap between the reductionist approach of classical 

biochemistry and the black box approach of physiology. The growth in 

the application of spectroscopic techniques to living organisms has 

laid the groundwork so that the biochemist can study relevant problems 

in an intact cell or organ. Fluorescent techniques have found 

widespread application to bioenergetic problems by means of the 

intrinsic probes NADH and flavoproteins (3). Both are important 

participants in glycolysis and oxidative phosphorylation, thus allowing 

metabolic activation (workload increase) and deprivation (anoxia) to be 

studied in a relatively noninvasive manner. Radiography (4) and 

positron emmission tomography (5) have been used with the appropriately 

labeled substrates to investigate a variety of metabolic problems, eg. 

glucose metabolism using labeled deoxy-glucose. These techniques can 
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be used to obtain a three dimensional representation of metabolic 

activity in living organisms. While many new insights have been 

obtained with these techniques they suffer from two problems; 1) while 

the cell being studied remains alive, large doses of labeled material 

or high intensity light of a troublesome wavelength (UV) are necessary, 

and 2) the number of metabolites which can be studied is severely 

restricted. In particular, none of the above mentioned techniques 

allows unambiguous visualization of ATP. 

In the past decade technical advances in the art of nuclear 

magnetic resonance (NMR) have increased sensitiviy to the point where 

spectra can be obtained from living tissue~ Because the 

radiofrequencies usually used to perform NMR experiments are relativly 

harmless, NMR offers an excellent window into the biochemical 

functioning of living cells. Furthermore, the variety of nuclei which 

can be observed (Table 1-1) by NMR and which play an enormously 

important biochemical role lead to almost limitless possibilities for 

experimentation. This becomes particularly exciting to contemplate as 

magnets large enough to study humans become widely available. 

Fig. 1-2b shows a 31 P NMR spectrum obtained from a free living 

protozoan; Tetrahymena thermophilia (6). The spectrum is a plot of 

intensity, in arbitrary units, vs. frequency, in parts per million 

(PPM). From the point of view of bioenergetic questions the exciting 

observation is that the three phosphates from ATP are easily 

discernible, as is a resonance due to inorganic phosphate (Pi). 

Furthermore, the spectrum is sensitive to metabolic perturbations such 

as oxygenation of an anoxic cell suspension (Fig 1-2). The 

application of magnetic labeling techniques, such as saturation 

• 

,. 
w 
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Table 1-1. NMR observable nuclei of biological interest. 

Nucleus Spin Relative Observe Frequency 
Sensitivity at 5.6 Tesla 

\,' 
lH l/2 1.00 240.0 MHz 

2H 1 9.65xl0-3 36.8 

3H 1/2 1.21 256.0 

13c l/2 1.59xlo-2 60.3 

14N 3/2 l.Olxlo-3 17.3 

15N 1/2 1 .04xl 0 -3 24.3 

19F 1/2 0.83 225.8 

.23Na 3/2 9.25xlo-2 63.5 
3lp 1/2 6.63x10 -2 97.2 

35Cl 3/2. 4.7 xlo-3 23.5 

39K 3/2 5.08xlo-4 11.2 

129xe * -2 1/2 2.12xl0 66.4 

* in honor of Bob Tilton and th~ XL-100. 
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Figure 1-2. 31 P NMR spectra of Tetrahymena thermophilia showing 

the effect of perfusing the cell suspension with oxygenated buffer. 

Tetrahymena thermophilia BIV 1868 were grown to mid-log phase at 30° 

then harvested by centifugatlon at 200g at 4°. The resulting pellet was 

transfered into the flow cell for NMR or a duplicate chamber containing 

a Clarke type oxygen electrode (Yellow Springs Instruments). Spectra, 

obtained at 25°, are the sum of 4000 pulses, acquired at 109 MHz using a 

45° pulse and a 206msec recycle time. (a) Spectrum obtained before 

buffer is passed through the cells. The cells were therefore anoxic. 

(b) Spectrum obtained 10 min after the ·perfusion apparatus had been 

switched on. Peaks shown are (1) methylene diphosphonate (pH 9), 

contained in an external cappillary; (2) Pi; (3) YATP; (4) aATP, NAD(H); 

(5) SATP. The inset shows the effect perfusion has on the oxygen 

tension of the cell pellet. (From reference. 6). 
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transfer, allow metabolite interconversion rates to be determined. 

This thesis is concerned with t~chniques to obtain NMR spectra from 

living systems, in particular rat organs in situ, and with the 

application of magnetization transfer techniques to measure reactions 

important in the regulation and control of high energy phosphate 

8 

metabolism. ~ 

1.2 The Question of Stoichiometry: The Necessity of Measuring ATP 

Turnover Rates 

The underlying question which motivated the work described in this 

thesis is the problem of stoichiometry. What is the ratio of ATP 

formed to oxygen consumed in an intact living cell, and is this ratio 

variable under changing physiologic conditions? What is the ratio of 

ATP consumed to the amount of work performed and is this ratio 

variable? 

IN VITRO CONSIDERATIONS. Ochoa (7) was one of the first to 

measure the ratio of the ATP synthesis flux .( J ATP) to the oxygen 

consumption rate (J0 ) in isolated mitochondria and found it to be 3 

with NADH linked substrates. This along with Chance's (8) work on the 

electron transport chain showing three coupling sites between electron 

transport and ATP synthesis, led to a value of 3 for the JATP/J0 ratio 

to become widely accepted. Since then, many people have measured 

JATP/J0 ratios in isolated mitochondria or submitochondrial particles 

using a variety of techniques. A whole range of values have been 

obtained (Table 1-2) with the assumption that unavoidable losses in 

energy make the true value of 3 hard to reach. More recently Hinkle 

and Yu (9), taking great precautions to eliminate systematic errors and 
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Table 1-2. JATP/J0 ratios determined in isolated mitochondria. 

The incorporation of 32Pi into ATP was compared to the rate of 

oxygen consumption. Data is from reference 9. 

Author 

Kalckar (1937). 
Ochoa (1943) 
Lehninger (1949) 
Lardy (1952) 

Lenaz (1956) 
Slater (1973) 
Wilson (1973) 
Hinkle· & Yu (1978) 

Substrate 

Glucose 
Pyruvate 
8-hydroxybutyrate 
8-hydroxybutyrate 
Pyruvate 
8-hydroxybutyrate 
Glutamate 
8-hydroxybutyrate 

JATP/JO 

2.0 
3.1 
1.8 
2.5 

2.9 

1.7 
3.2 
2.0 

9 
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account for all sources of ATP production and utilization, obtained 

values closer to 2. They pointed out that with the acceptance of the 

chemiosmotic theory it was possible to accommodate fractional values 

+ 
for the JATP/J0 ratio (the question of H /ATP stoichiometry is a hotly 

+ debated one, with some experimental results implying a variable H /ATP 

depending on the pH gradient and flux through the electron transport 

chain. For a recent review see Hansford (10)). 
/ 

To further complicate matters, Klingenburg and co-workers ( 11 ,12) 

have shown that the transport of ADP into mitochondria occurs with the 

exchange of ATP out of mitochondria and is dependent on membrane 

potential. It is also known that Pi transport occurs in an antiport 

exchange with an hydroxide ion or symport with a proton ( 1 3). Thus 

some of the energy generated by electron transport is necessary for 

transport of nucleotides. 

Very recently Duzynski et al. (14) found that the JATP/J0 ratio 

changed depending on whether ATP was utilized extra- or intra-

mitochondrially. They concluded that half an equivalent of ATP is 

needed to transport .ATP from inside to outside the mitochondria. The 

energy needed for this transport process is expected to depend on 

intra- and extra-mitochondrial concentrations of nucleotides, making 

conditions under which the measurements are made an important 

consideration. It is the energy needed for transport of ATP, ADP, and 

Pi which Hinkle and Yu (9) used to rationalize the value of 2 that they 

measured for an extra-mitochondrial JATP/J0 . 

Using a non-equilibrium thermodynamic model for oxidative 

phosphorylation, Lemasters ( 15) deduced an uppe_r limit of 4 for the 

JATP/J0 ratio. They used data derived from inverted mitochondrial 

.. 

• 
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membranes. Their value represents an intra-mitochondrial ratio, making 

the traditionally accepted value of 3 for an extra-mitochondrial ratio 

plausible. Rottenberg (16), using a similar non-equilibrium 

thermodynamic theory derived an expression whiqh indicated that the 

JATP/J0 ratio was dependent on the free energy change associated with 

the reaction, ADP + Pi~ATP. This again points to the problem of 

accurately defining the conditions under which these measurements are 

made. 

The question of the JATP/J0 stoichiometery is an open one even for 

the case of isolated mitochondria. To extend these results to intact 

cells is troublesome especially when the problems of working with 

isolated mitochondria are considered: 

1. ~tis hard to isolate highly coupled mitochondria because they 

are easily uncoupled by the presence of fatty acids. 

2. The intra-organelle volumes of isolated mitochondrial 

preparations may be as small as one third that found in vivo (17); 

possibly indicating a very different osmotic environment in the two 

cases. 

3. Mitochondria accumulate bivalent cations, especially ca2
+ 

These transport processes require energy from electron transport via 

the proton gradient. The ionic environment could effect measured 

JATP/J0 values. 

IN VIVO CONSIDERATIONS. To get at the question of stoichiometry 

in vivo, one basic type of experiment has been performed. The rate at 

which an epithelial tissue pumps ions is modulated and the concomitant 

changes in oxygen consumption are measured. Zerahn did this experiment 

+ 
in frog skin and found, on a plot of Na flux vs oxygen consumption a 
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. + 
slope of 17-18 (18). Assuming a ratio of three Na /ATP, a JATP/J0 ratio 

of 3 was deduced. .The results from other tissue are summarized in 

Table 1-3. It can be seen that some tissues deviate from the expected 

+ ratio. In particular the dog kidney has a very high Na 10
2 

ratio. 

Most explanations for the large amount of Na + which is pumpe·d per 0 

. + 
consumed, have invoked the passive diffusion of Na (19). Because the 

kidney is a leaky epithelial tissue it is possible that a portiDn of 

the Na+ diffuses without the need of energy derived from oxygen 

consumption. Alternatively, the JATP/J0 ratio or the JNa+/JATP ratio 

may be different from the value of 3 commonly accepted. The enzyme 

+ which is primarily responsible for pumping Na in the kidney is the Na-

K ATPase (20). It is widely accepted that in vivo the number of Na 
+ 

pumped by this enzyme per ATP hydrolized is fixed at 3. However, there 

is a recent report indicating that under certain circumstances this 

ratio is variable (21). The discussion presented above concerning the 

JATP/J0 stoichiometry supports the possibility that this ratio is also 

variable. 

The essential measurement which has been lacking in attempts to 

answer the above questions, is the ATP turnover rate, determined in 

Vi YO. Comparison of o2 consumption rates and ATP turnover rates in an 

intact cell or organ under various metabolic conditions would allow 

evaluation of the JATP/J0 ratio as well as the determination of whether 

it is a fixed or variable quantity. Furthermore, comparison of o2 
+ consumption, Na reabsorption, and ATP turnover rates in the intact 

kidney would reveal at which stage of high energy phosphate metabolism 

the added efficiency is occuring. 
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Table 1-3. ~Vivo determination of bioenergetic stoichiometries 

in various tissues. In each case ion transport rates were varied 

and the changes in 02 consumption monitored. Data is from 

reference 19. / 

* ** 
Tissue Ion Ions ATP Ions 

02 0 ATP 

Frog skin Na + 
18 3 3 

Toad bladder Na + 
18 3 3 

·Dog kidney Na+ 28 4.5 4.6 
Bull frog Na+ 24 4 4 Cornea 

+ * assumes Na /ATP of 3. 
**assumes ATP/0 of 3. 

13 
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1.3 Other Enzymatic Reactions Important To ATP Metabolism 

Besides the synthesis of ATP, catalyzed by oxidative 

phosphorylation, and the. hydrolysis of ATP, predominantly catalyzed by 

Na-K ATPase (ion transport) or myosin ATPase (muscle contraction), 

there are two other enzymes which play a major, not yet fully 

understood, role in high energy phosphate metabolism. 

CREATINE KINASE.. Creatine kinase (CK) catalyzes the reaction, 

phosphocreatine (PCr) + ADP~ATP + creatine (Cr) (22). This enzyme 

is primarly found in muscle and nervous tissue and is the only enzyme 

known to catalyze reactions involving PCr. Its major role is thought 

to be the rapid synthesis of ATP from increased levels of ADP during 

periods of increased workloads, ~muscle contraction (23). During 

periods of ATP availability CK functions to generate high levels of 

PCr, to be used as a high energy phosphate reservoir. CK exsists at 

such high activities in cells that it is believed that the reaction it 

catalyzes is maintained close to equilibrium (24), lending further 

support to the notion that PCr acts as a high energy phosphate 

reservoir. 

In addition to its role as a high energy phosphate reserve system, 

the CK catalyzed reaction has been propo~~d to act as a shuttle system 

in muscle for high energy phosphate (25). ATP formed in mitochondria 

is believed to react rapidly with Cr to form PCr and ADP. The ADP is 

then readily available for rephosphorylation to ATP via oxidative 

phosphoryl at ion. Meanwhile,. PCr diffuses to the site of energy 

utilization to phosphorylate ADP formed by muscle contraction to make 

ATP. Experiments performed on isolated mitochondria (26) and isolated 

.lr' 



15 

myofibrils (25) have indicated that this system is more effective in 

sustaining muscle contraction and oxidative phosphorylation than is the 

diffusion of ATP and ADP. 

To help clarify these proposed roles for CK, a measurement of its 

reaction rate in an intact tissue under various workloads would be 

helpful. If the reaction is in equilibrium the measured forward rate 

should equal the reverse rate. Furthermore, to function adequately as a 

high energy phosphate reserve the rate of the CK catalyzed reaction 

should be significantly faster than the rate of ATP production or 

utilization. 

ADENYLATE KINASE. Adenylate kinase (AK)(27) catalyzes the 

reaction, 2ADPr:==ATP + AMP. AK is found in all mammalian tissue at 

high enough activities so as to be thought to be in equili bri urn ( 24). 

This reaction functions to generate ADP from AMP as well as provide an 

alternative source of ATP if ADP levels become appreciable. In the NMR 

spectrum of anoxic Tetrahymena (Fig. 1-2) no ATP or ADP is detected. 

As oxygen is introduced ATP appears without any ADP ever being 

detectable. Presumably the AK catalyzed reaction is partially 

responsible for maintaining such large ATP/ADP ratios. Once again, a 

measurement of the rates of this reaction in an intact tissue in 

different metabolic states should help to better clarify the role of 

this enzyme. 

1.4 
. 31 

The Approach: in Vivo P NMR 

For the past 10 years there has been increasing application of 31 P 

NMR to study the metabolic state of" various cells and organs. The non-

invasive nature of the technique and the ease of obtaining metabolic 
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information, as compared to conventional freeze clamp techniques, makes 

in vivo NMR a promising tool. For an excellent monograph describing 

the basic principles, technical considerations, and .results obtained in 

31 p NMR ( 1 3 1 2 3 ) vivo with as well as C, H, Na, and other nuclei the 

interested reader is referred to the recent book by Gadian (28). 

Representative 31 P NMR spectra from various sources are shown in 

Fig. 1-3. The peaks seen represent the major phosphorus-containing 

metabolites, such as Pi, PCr, the a, S, and Y phosphates of ATP, 

resonances from phosphomonoesters (PME), such as sugar phosphates, and 

peaks from phosphodiesters (POE). Signals from phospholipids, DNA, or 

RNA are expected to be broad (approximately 20PPM) and thus not easily 

distinguished from noise under the conditions commonly used to acquire 

metabolite spectra. In the case of the in situ brain spectrum (Fig. 1-

3c) a broad component arising from bone is readily seen owing t~ the 

large amount of phosphate in bone. These spectra illustrate that 

reasonably good signal-to-noise ratios can be obtained from viable 

tissue providing care is taken both to keep the tissue alive in the NMR 

spectrometer (6) as well as to define where signals are coming from 

(Chapter 3). 

31 P NMR of cells and organs has primarily been used to obtain 

three classes of information: 

1. The intensity of each peak in the spectrum is proportional to 

the concentration of the respective metabolite. If care is taken to 

calibrate peak areas with standards of known concentration and data are 

acquired so that the peaks represent their full intensities, i.e. not 

partially saturated, concentrations of metabolites can be determined. 

In a few cases, concentrations obtained from NMR spectra have been 
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Figure 1-3. in V"ivo 31 P NMR spectra obtained from various sources. 

(a) spectrum obtained from secondary cultures of chicken embryo 

fibroblasts (from reference 29); (b) spectrum obtained from perfused 

kidney (from reference 30); spectrum obtained from rat brain, in situ 

(from reference 31). 
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compared to values obtained by acid extract and enzymatic analysis. 

While values for ATP and PCr concentrations obtained by the two methods 

have agreed, there have been discrepancies found with other 

metabolites. In muscle, the ADP concentration inferred from NMR turns 

out to be at least twenty times lower than the values obtained from 

extracts (32). This discrepancy has beeen attributed to bound ADP, 

whose 31 P resonances are broadened due to restricted moblilty of the 

molecule and thus not detectable under normal situations. A similar 

discrepancy between tissue extract and NMR determined concentrations 

has been reported for Pi (30, 32). In perfused rat kidney as much as 

75% of the extractable Pi was not detected in the NMR spectrum (30a). 

This cannot be explained by hydrolysis of ATP during the extraction 

process because ATP concentations by the two techniques are comparable. 

A proposed explanation is that a great deal of Pi exsists as a CaPi 

precipitate in mitochondria. Solid phosphate would tend to give broad 

lines (~ the bone in the brain spectrum of Fig. 1-3) and thus not be 

easily detected. 

2. In solution at pH 7, Pi exists as roughly equal amounts of 

... 
H

2
Po4 

-2 and HP04 • These two species are in rapid exchange on the NMR 

time scale so only one peak is seen in the 31 P NMR spectrum. The 

resonance position of this peak depends on the relative amounts of the 

two species and thus depends on pH. As the second pK of Pi is titrated 

the resonance shifts approximately 2.5 PPM. Because this pK (6.7) is 

in the physiologically relevant pH range, the shift of the Pi resonance 

is an excellent in vivo pH meter. 

Determining intracellular pH has been the most frequently used 

application of in vivo 31 P NMR. The intracellular pH of red blood cells 
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(33) ~ human muscle. (34), Rhodopseudomonas sphaeriodes (35), freshly 

fertilized Xenopus eggs (36) and the pH gradient across membranes (37) 

are just a few of the systems which have been studied. 

The major drawback with this technique is that the pK of Pi 

depends on the concentration of magnesi urn ion, ionic strength, and 

protein composition of the intracellular envoironment (39). Cali brat ion 

curves have been made in solutions which mimic intracellular conditions 

as well as possible, however uncertainties concerning intracellular 

environments lead to an inherent inaccuracy of approximately 0.05 pH 

units. In one case a cell suspension has been titrated by the addition 

of a proton ionophore (35); in this case it was assumed that the 

intracellular pH was equal to the extracellular pH. 

3. The final class of information commonly obtained by in vivo 

31 P NMR experiments are the rates of metabolic reactions. For 

reactions which are relatively slow it has been possible to perturb the 

system and monitor changes in peak intensities. Because it takes on 

the order of ·one minute, in the best of situations, to obtain a 

spectrum with adequate signal-to-noise, the reactions observed have 

been limited. Nontheless, interesting results studying the fall in PCr 

or ATP levels in exercising muscle (39,40)~ .tissue made ischemic or 

anoxic (41,42), and glucose- loaded chicken embryo fibroblasts (29) 

have extended our understanding of high energy phosphate metabolism. 

Unfortunately the reactions catalyzed by ATPases, CK, and AK in 

organs such as kidney and heart are much too fast, compared to the time 

it takes to acquire a spectrum, to use jump-type experiments to obtain 

kinetic information. For example, based on the rate of oxygen 

consumption of the rat kidney in situ, approximately 50% of the ATP 
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pool is hydrolysed and resynthesized every second. 

Due to the ingenuity of two generations of magnetic resonance 

spectroscopists there are techniques which allow these faster rates to 

be measured. These techniques rely on the notion that peaks in the 

spectrum can be selectively, magnetically labeled. The effects of 

chemical exchange on the label can then be followed. The theory of 

these magnetization transfer techniques, as it pertains to in vivo NMR 
/ 

spectroscopy, is presented in the next chapter with a brief review of 

work done in this area by other investigators. 
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CHAPTER 2: IN VIVO MAGNETIZATION TRANSFER: THEORY AND PREVIOUS WORK 

2.1 Introduction and Historical Background 

A unique feature of NMR is the ability to measure chemical 

exchange reactions at steady-state in a noninvasive manner. 
·~· 

Radioisotope techniques have the disadvantage that the tracer must 

enter and equilibrate with the desired pool. NMR techniques can be 

used to perturb directly the magnetization of desired populations of 

nuclei and.the chernical transfer of the perturbed nuclei can be 

measured. Thus, NMR can be used to measure enzyme exchange rates 

within living organisms. This chapter will consider the basic 

principles of various magnetization transfer techniques including 

satuation transfer, inversion transfer, and two-dimensional (2D) NMR. 

The use of these techniques to investigate high energy phosphate 

metabolism~ in vivo, will be reviewed. 

McConnell and Thompson (1) first suggested that chemical exchange 

of nonequilibrium nuclear spin magnetization between two populations of 

nuclei with different resonant frequencies could be measured, and that 

inversion might be used to study chemical exchange. ~ Forsen and Hoffman 

· (2-4) demonstrated the feasibility of double-irradiation methods using 

continuous wave techniques. This approach was expanded to Fourier 
.. 

transform NMR using inversion transfer (5,6) and saturation transfer 

(7,8) to measure chemical exchange rates. Campbell et al. (9) reviewed 

the use of NMR pulse methods to measure slow exchange rates, 

specifically considering inversion transfer, saturation transfer, and 

Carr-Purcell sequences. The technical aspects of· these techniques were 
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thoroughly discussed. Experiments were described using these 

techniques to measure the exchange between the two dipolar-coupled 

sites in valium. Recently, 20 NMR techniques have been used to measure 

many exchange reactions simultaneously, without the need for selective 

irradiation (10). 

2.2 Principles of Magnetization Transfer 

The basis for magnetization transfer experiments is best 

illustrated by considering a simple two-site exchange between species A 

and 8, A;:::::!8. The concentrations of A and 8 are assumed to be in a 

steady-state for the duration of an experiment. As -is the case for all 

metabolic reactions discussed in this thesi~, the rate of exchange 

between A and 8 is assumed to be very slow compared to the inverse 

chemial shift difference between A and B, giving rise to two well 

resolved resonances (Fig. 2-1a). In this case it is most fruitful to 

consider the effects of exchange on the Z component of each spin 

magnetization, as described by the modified Bloch equations (11): 

dMA 
0 

= 
MA - MA 

- klMA + k2MB 
dt TlA 

[2-1] 

dM8 
0 

= 
MB - MB 

- k2MB + klMA 
dt r,B 

[2-2] 

Where M0 is the equilibrium magnetization of the appropriate spin. 

M is the magnetization of the spin at time t. 

T1 is the longitudinal relaxation time of the appropriate spin. 

k1 is the first order unidirectional rate constant for the reaction A~ 

0 8, with the equilibrium rate just equal to k1M A. 
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Figure 2-1. Illustration of a steady-state saturation transfer 

experiment. A) is a spectrum obtained without any saturation of 

resonance B. The arrow indicates where a selective rf pulse would be 

placed to perform the appropriate control to account for the effects of 

stray irradiation on resonance A when resonance B is saturated. B) is 

a spectrum obtained after resonance B has been saturated until the 

ss magnetization of A has reached a new steady-state, M A~ Because B is 

saturated, it is absent from the spectrum. The arrow indicates where 

the selective rf field would be placed to saturate resonance B. C) is 

the difference spectrum obtained by subtracting spectrum B) from 

spectrum A). 0 ss The intensity of A equals (M A-M A). 
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k is the first order unidirectional rate constant for the reaction B~-2 
0 A, with the equilibrium rate just equal to k2M 8• 

Any dipole coupling between A and B is assumed to be negligible so that 

the effects of cross-relaxation can be ignored. 

Chemical exchange has the effect of coupling the time dependent 

behavior of the Z magnetization of spins A and B. While the general 

solution for these coupled differential equations can be obtained (2) 

it is cumbersome to use in practice. This is especially true for cases 

when the two spins have different T1 values and the equilibrium 

constant for the reaction does not equal 1. These are the conditions 

usually found with in vivo rate measurements. 

2.3 Saturation Transfer 

The most commonly used approach to simplify the exchange problem 

has been to uncouple the two spins by placing a selective 

radiofrequency (rf) field on a spin, B for example, so as to saturate 

that spin. The requirements which the selective rf pulse must meet are 

twofold. 2 -1 First, (YH1) >> (T1T2) so the peak becomes completely 

saturated. The time that it takes for B to become saturated depends on 

T18 , T28 , H1, and the chemical exchange rate (Appendix 1). Second, YH 1 

<< the difference in frequency between A and B (wA-w8)) so that the 

saturating rf field does not effect A. To account for any effects that 

stray irradiation may have on A a suitable control (Fig. 2-1a) is 

usually performed. After saturation has occurred, the magnetization of 

spin B is zero (M8 - Ot and only the resonance due to A is observed 

(Fig. 2-1b). The effects of exchange between spin A and, the 

magnetically invisible, spin B can then be monitored. For this case 
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the Z magnetization of spin A is described by: 

[2-3] 

If spin B is kept saturated until the magnetization of A reaches a 

steady- state, dMA/dt = 0, then: 

Mss 1 
A = -----

M~ l+klTlA 
[2-4] 

Where M ss is the steady-state magnetization of A (Fig. 2-1b). 
A 

It can be seen that two processes tend to affect the magnetization 

of A. First, chemical exchange between A and invisible B nuclei will 

decrease the intensity of A. If this were the only process occurring, 

the signal intensity of A would decrease to zero as B is kept 

saturated, at a rate defined by k1• However, spin-lattice relaxation 

processes will cause the saturated nuclei to reappear when they 

exchange to site A, at a rate defined by T1A. Thus, exchange between A 

and B has the effect of lowering the signal intensity of A by an amount 

dependent on k1 and T1A. If the value for T1A is known, k1 can be 

easily extracted from a comparison of spectra obtained without and with 

B saturated to the steady-state. The situation is exactly analogous if 

spin A is s~turated, so that k2 can be determined. 

Unfortunately, the value for T1 is difficult to obtain in vivo 

because its measurement requires that there be no exchange taking 

place. Although some investigators have inhibited exchange. reactions 

in order to measure T1 in the absence of exchange (12), these maneuvers 

may alter the physiological state of the tissue, which may in turn 

effect T1 (~Table 1 in Ref. 13). Alternatively, two NMR techniques 
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can be utilized which allow the simultaneous meas·urements of k1 and T 1• 

Instead of saturating spin B until a steady-state develops, one can 

follow the time course of the decrease in MA as B is saturated for 

variable lengths of time (2). Solution of equation 3 with the 

constraints that at t = 0, MA = M0 A and _M8 = 0, leads to the 

expression: 

[2-5] 

Thus, the magnetization of A (MA) decays from M0 to Mss with an 
A A 

apparent time-constant (T1APP) of: 

[2-6] 

Exchange has the effect of making T
1

APP appear shorter than T
1

• 

Alternatively, the longitudinal relaxation of A can be measured, 

using typical experiments (e.g~ inversion recovery, saturation -. . 

recovery) while maintaning steady-state saturation of B (14). The 

measured time constant for the relaxation of A is also given by 

equation 2.:..6. Thus, a combination of a steady-state measurement of 

ss MA with a time dependent measurement of T1APP allows the rate 

constant k, to be determined. In terms of these measurable quantities, 

k1 is given by: 

Mo Mss 
A - A kl = _,.;. ____ _ 
0 

MA TlAPP 

[2-7] 

Once the first-order rate constant, k, for the reaction is known, 

it is easy to calculate the reaction rate by mUltiplying k by the 

•,. 
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.appropriate concentration of the reactant. In arbitrary intensity 

0 units, k1M A equals the rate A--7B. Therefore, it can be seen from 

equation 2-7 that the rate A~ B (in arbitrary intensity units) equals 

In addition to the above approaches, the initial rate of change in 

MA upon saturation of B may be used to obtain a direct measurement of 

the rate A-+B. 

t approaches 0. 

This is illustrated by the behavior of equation 2-3 as 

At t • 0, M • M 0 and equation 2-3 becomes: A A 

[2-8] 

In this way a direct measurement of the rate A--7B can be obtained 

without the necessity of calculating T1 or k1• 

2.4 Inversion Transfer and 20 NMR 

Besides saturation transfer, other approaches, such as inversion 

transfer (15) and 20 techniques (16, 17) have been applied to measure 

exchange in vivo. An inversion transfer experiment is performed by 

applying a selective 180° pulse to a specific spin, e.g. spin B. 

Immediately following this selective pulse, a spectrum will show 

resonance A as usual, but resonance B will be inverted. As was the 

case for the. saturation transfer experiment, chemical reaction will 

cause the inverted spins (B) to exchange with the noninverted spins 

(A); this will tend to decrease the intensity of A and increase the 

intensity B. 0 Using the initial conditions that MB = -MB and MA M 0 
A 

at t • 0, the time dependence for MA and MB can be deduced from 

equations 2-1 and 2-2 and the rate constants determined. The resulting 
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equations are complicated, and once again a procedure for simplifying 

data analysis is available (9). If the initial rate of change of A is 

measured after the selective inversion of B, equation 1 can be 

simplified to: 

dMA o 
-) = -2k1MA 
dt t=O 

[2-9] 

Thus the rate of reaction, A--tB can be readily determined from 

the initial rate of decrease ./in A following inversion of B. One 

difference between saturation transfer and inversion transfer is that 

saturation transfer is a continuous labelling approach while inversion 

transfer utilizes a pulse label. 

20 NMR techniques to study exchange processes were introduced by 

Jeener et al. (10). 20 NMR relies on the application of three non

selective 90° pulses. The first two are separated by a so-called, 

evolution time, and the last two by a mixing time (t i ). A series of m x 

spectra are obtained by systematically varying the evolution time while 

leaving the mixing time fixed. A two-dimensional Fourier transform can 

then be performed resulting in a 20 spectrum which has on its diagonal 

the peaks seen in the normal, one-dimensional spectrum. The effects of 

exchange show up as cross peaks between the species which are in 

exchange. If a set of two dimensional spectra are obtained with 

different mixing times, the intensities of the diagonal and cross peaks 

will vary, allowing rate constants and T1s to be deduced. Similar to 

inversion transfer, 20 NMR is a pulse labelling technique. The main 

advantage of the 20 technique is that all exchange reactions can be 

monitored simultaneously without the need for selectively perturbing 
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individual resonances. The major disadvantage is that 2D NMR is, in 

general, time consuming, and peak volumes are difficult to qu~ntitate. 

Recently a 2D technique has been described which eliminates the need to 

collect many 2D spectra at varying mixing times (18). This technique 

has not yet been used to study biochemical reactions. 

To simplify the analysis of two-dimensional data for in vivo 

applications, the initial rate of increase of the cross peaks has been 

studied for short mixing times, leading to the following expression 

( 19): 

[2-10] 

where MAB is the normalized intensity of the cross peak appearing 

between A and B, XA is the mole fraction of spin A, and k1 is the rate 

constant for the reaction A~B. 

2.5 Unidirectional Rate Constants and the Order of a Reaction 

The rate constants derived from magnetization transfer experiments 

are always unidirectional and first order, no matter what the actual 

order of the chemical reaction might be. Because the relaxation rate, 

T1, represents a first order rate constant it is most convenient to 

express the effects of exchange as a first order rate constant. That 

this can always be done is due to the fact that the magnetization 

transfer experiments are performed under steady-state conditions from 

the point of view of the chemistry occuring. For example, if the 

synthesis or'-ATP is described by the following equation: 

kf, 
ADP + Pi r-- ATP 

kr 
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then the Bloch equation to describe the change in Pi mgnetization is 

given by: 

[2-11 J 

If the YATP resonance is saturated to measure kf, comparison of 

equation 2-11 with equation 2-3 indicates that the measured k would 

equal kf(ADP). This measured k is pseudo first order in the sense that 

the dependence of k on the concentration of ADP is hidden. It appears 

to be first order because chemically the system is in a steady-state, 

so the concentration of ADP is a constant and can be combined with kf 

to form the measured rate constant. Whether the measured rate 

constant can be related to the true rate constants depends on prior 

knowledge of the reaction mechanism. This does not affect the 

calculated value for the rate of the reaction being studied. No matter 

what the order of the reaction the rate can always be determined by 

multiplying the measured pseudo first order rate constant by the 

appropriate concentration. For the above example this means 

multiplying the measured k by the Pi concentration. 

It is interesting to consider how the rate constant measured in a 

biological system, by magnetization transfer experiments, relates to 
. ' 

enzyme kinetic parameters. Consider the simple scheme usually used to 

derive Michaelis-Menton kinetics: 

E + + p 

The unidirectional rate of the reaction from substrate to product is 
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given by: 

[2-12] 

where Et is the total enzyme concentration, Km is defined fn the usual 

way as (k 2 + k
3

)1k1, and Vmax is the maximal rate of the reaction. The 

modified Bloch equation to describe the change in S magnetization upon 

saturating P is simply: 

[2-13] 

where k d(M ) is dir.ectly proportional to the unidirectional rate · measure s 

from substrate to product, V in equation 2-12. It is readily apparent 

that kmeasured is proportional to k3Et/(Km+(S)) = Vmax/(Km+(S)). If 

k d was determined as a function of {S) it would be possible to measure 

obtain estimates of V and Km. Similar expressions could be derived max 

. for more complicted mechanisms and would be interesting to do for the 

enzyme reactions which have been studied in vivo. This example 

illustrates the need to have a model of the react1on mechanism to 

extract anything other than unidirectional rates from magnetization 

transfer experiments. 

2.6 Limitations and Complications of Magnetization Transfer 

t Measurements of Reaction Rates 

·~ A fundamental limitation to all magnetization transfer studies is 

the range of exchange rates which can be measured. On one end of the 

scale there is the frequency separation between peaks. If exchange 

between sites is fast compared to this separation (k > 100 sec - 1 for 



phosphorus nuclei at commonly used magnetic field strengths) only one 

resonance representing an average of the two sites, will be detected. 

An example of this is the single Pi peak observed in most 31 P NMR 
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spectra of living tissue, which represents the sum of mono and dibasic 

phosphate. Kinetic information for the case of fast· exchange can be 

derived from lineshape calculations (20). However, most biochemical 

reactions are much slower than this frequency separation. In fact they 

are so slow that k<<1 /T 1• In this case any magnetic perturbation to a 

spin will relax before any significant exchange has occurred. For the 

case of steady-state saturation it can be seen from equation 2-4 that 

unless k
1
T

1
A is on the order of unity, MAss/MA0 will not be (within the 

limits of achievable signal-to-noise) different from unity. For 

phosphorus spectra obtained from organs, an optimistic assessment is to 

ss 0 say that MA /MA = 0.95 is measurable. This implies a lower limit on k 

-1 of 0.05 sec , assuming that phosphorus metabolites have a T1 of 

approximately 1 sec. For the biologist, it is fortunate that certain 

important reactions for bioenergetics occur at rates which are 

sufficiently rapid that they can be analyzed by magnetization transfer. 

COMPARTMENTATION. A cell is not a well stirred homogeneous 

solution. Compartmentation of metabolites and enzymes complicates 

analysis of exchange reactions. Only in some instances can metabolites 

in different compartments be distinguished in the NMR spectrum. It may 

not be obvious how much of the total signal obtained is involved in the 

reaction. Furthermore, enzymes in different compartments may be 

reacting at different rates, but the NMR exchange experiment will 

measure only a bulk reaction rate w~ich represents some weighted 

average of all these different rates. There are approaches to this 

:,. 
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problem for the case where a resonance contains an exchanging and a 

non-exchanging fraction. 

If the T1APP of the exchanging and the non-exchanging fractions 

are assumed to be equal, then the effect of the non-exchanging fraction 

is to cause an underestimate of (M0 -Mss)/M0
• The difference (M0 -Mss) 

will be correct because the non-exchanging fraction is not effected by 

·saturation of the appropriate peak. 0 However, M will be overestimated, 
. 0 ss . 0 . 

leading to an underestimate of (M -M )IM and an underestimate of k. 

The unidirectional rate, kM0
, will be correct because the 

underestimated rate constant will be balanced by the overestimated 

0 value of M • If the T1APP of the two fractions are not equal then the 

best way to determine T1APP of the exchanging fraction is to vary the 

length of the saturating pulse. In this case the decrease in peak 

intensity will be due only to the exchanging fraction and will change 

with the appropriate T1APP" Alternatively, an inversion transfer (15) 

or a 20 experiment can· be performed. The buildup of the cross peaks in 

the 20 experiment and the change in the noninverted peak intensity in 

the inversion transfer experiment will be due to the exchanging 

fraction only. The case where the observed peak may contain two 

significant populations which are exchanging at different rates is 

beyond the scope of this thesis and is probably characterized by too 

many parameters for magnetization transfer experiments to be used alone 

to define the rates. 

In the extreme case were one of the exchanging pools is very 

small (below the sensitivity of NMR to detect) some interesting 

differences between magnetization transfer techniques arise. These are 

discussed in Chapter 5, with some implications for myocardial 
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bioenergetics. 

LIMITATIONS OF A SIMPLE TWO-SITE EXCHANGE MODEL. The analysis so 

far has assumed that exchange occurs between just two magnetically 

inequivalent sites. It is more difficult to analyze magnetization 

transfer studies when the species invovlved are exchanging between more 

than two sites. In a living cell multiple exchange pathways are 

common, so caution must be exercized when analyzing data using a two

site model. 

Reactions occurring in vivo are all catalyzed by enzymes. On the 

reaction pathway from free substrate to product there may be enzyme

bound intermediates. Magnetization transfer techniques will measure 

the correct rate for the reaction if free reactants and enzyme-bound 

intermediates are in fast exchange on the NMR time scale, and the rate 

limiting step is the interconversion of substrate to product. However, 

if the lifetime and relaxation rate of enzyme bound intermediates 

become significant, the magnetization transfer experiment will only. 

measure partial reactions, instead of net rates. Recently, Brindle et 

al. (21) compared the rates of phosphate transfer from PCr to theY 

phosphate of ATP (YATP), catalyzed by creatine kinase, using saturation 

transfer and an NMR isotope dilution technique. The forward rate of 

the reaction (PCr + ADP~ATP + Cr) measured by both techniques were 

the same indicating that, at least for this enzyme, saturation transfer 

measured the proper rate. Whether or not this is true for other 

enzymes, such as the ATP synthetase complex, remains to be tested. 

EFFECTS OF COMPETING REACTIONS. Besides the problem of enzyme 

bound intermediates, substrates are usually involved in more than one 

reaction. For example, YATP is in exchange with both PCr and Pi in 
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muscle tissue. To examine the effects of competing reactions consider 

the simple two site exchange model, A p B, where now B is involved in a 

second or competing reaction which converts it to C • 

The modified Bloch equations for this case are: 

dMA = 
0 

MA - MA 
- k1MA + k2MB 

dt T1A 
[2-14] 

dM 0 
B MB - MB 

(k2+k3)MB + k1MA + k4Me --= 
dt TlB 

[2-15] 

dM · 0 

__£= Me - Me 
- k4Me + k3MB 

dt T1e 
[2-16] 

Exact solutions for this three'-site exchange example, and indeed 

for then-site case, are obtainable (22), but are complicated and 

difficult to use in practice. Saturation of B to measure k1 leads to 

the proper result, because equation 2-14, describing the behavior of 

MA, is the same as that for the simple two~site exchange (equation 2-

1). However, saturation of A to measure k2 is now complicated by the 

dependence of M8 on the reaction involving C. If A is saturated (MA= 

0) equations 2-15 and 2-16 become: 

[2-17] 



40 

In the extreme case where k3 and k4 = 0 (the competing reaction 

rate approaches 0), equation 2-14 reduces to the two-site case 

(equation 2~3). In the case where the competing reaction is much faster 
0 . 

than any relaxation at site C (k 3M8 and k 4MC >> (Me - MC)/T1C), then 

in the steady state (dM8/dt, dMC/dt = 0), k4MC equals k
3
M8. For this 

case equation 2-17 reduces ·to the same equation as did the two site 

case (equation 2-3). Therefore, the effect of the competing reaction 

depends not only on its rate but also on the rate of relaxation which 

can occur at site C. The steady-state solution for M8 is given by: 

[2-19] 

Where all reactions were assumed to be in equilibrium. Comparison of 

this equation with the result for the two~site case (equation 2-4) 

ss 0 indicates that M8 /~ would lead to an underestimate of k2• 

Thus far, this analysis considers only the effect of the competing 

reaction on M8ss/M8°. Measurement of TlAPP of B with A saturated will 

also be affected by the reaction with C. In this case the relaxation 

of B will, in general, be a double exponential with time constants 

dependent on k2, k
3

, k4, r 18, and T1C. A simple two-site analjsis 

leading to a single exponential fit to the relaxation of B could either 

underestimate or overestimate the TlAPP of B, depending on T1C, k
3 

and 

k4. 

MEASUREMENTS TO ACCOUNT FOR COMPETING REACTIONS. Fortunately, if 

the exchange network is known experiments can be performed to simplify 

the analysis of the situation. The pertinent parameters to be measured 

are given by: 
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A saturated [2-20] 

Mss 
1 A 

Mss + ?2T1B 
B MA . C saturated [2-21] -- = 

Mo ' 1 + (k2+k3}T1B B 

T1APP = 
1 

T1 B • 
' 

+ (k2+k3}T1B 
A and C saturated [2-22] 

Thus, monitoring 8 and C with A saturated, A and B with C saturated and 

measuring the T 1 APP of 8 with both A and C saturated allows calculation 

of k2 (and k
3

). with the competing reaction properly accounted for. A 

similar multiple saturation technique has been used to measure proton 

exchange rates (23). 

Another approach to the problem of competing reactions would be to 

monitor the initial change in M8 after. perturbation. of A, either by 

inversion, saturation, or a 20 experiment. At short times after the 

perturbation in A, the change in 8 would be due entirely to the 

reaction A~8, because there would not have been enough time for the 

competing reaction, 8~C, to scramble the label. This technique is 

commonly applied to the measurement of nuclear Overhauser effects in 

macromolecules (24,25), where the potential for spin diffusion between 

many spins is equivalent to the problem of competing reactions. 

2.7 Review of .Magnetization Transfer-Studies to Investigate High 

Energy Phosphate Metabolism 

Owing to the unique information available from magnetization 

transfer experiments, interest in applying these techniques in vivo has 
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grown steadily. Brown, Ugurbil, and Shulman (26) first demonstrated 

that a reaction could be studied using saturation transfer in living 

cells. Since then reactions catalyzed by ATP synthesis, creatine 

kinase, and adenylate kinase, have been studied in isolated cells, 

·perfused organs, and tissue in situ. Fig. 2-2 illus·trates the 

phosphate groups which are exchanged due to reactions catalyzed by 

these three enzymes. In this section the results obtained, and the 

problems associated with studies to measure these exchange rates are 

reviewed. No attempt has been made to make an exhaustive review and 

the reader is referred to two recent articles (27,28) for a more 

thorough review. 

ATP SYNTHESIS. Brown et al. (26) measured high energy phosphate 

kinetics in intact cells using saturation transfer. Thick suspensions 

(approximatel-y 5x1 011 cells/ml) of Escherichia coli were studied at 

145.7 MHz; 20 ml/min o2 was bubbled through the cells. The YNTP 

resonance (50% of NTP was stated to be ATP) was saturated, and control 

spectra were obtained by placing the selective irradiation halfway 

between the YNTP and Pi resonances. Saturation of the YNTP resonance 

reduced the Pi peak by 20±5%; no other peak was affected. When 

dicyclohexylcarbodiimide (DCCD) was added to inhibit the ATPase 

reaction, saturation of the YNTP signal had no effect on the Pi 

resonance, suggesting that the DCCD sensitive ATPase was responsible 

for the exchange. Saturation of the Pi peak produced a 25-37% decrease 

of the YNTP magnet! zation, which was assumed to be equivalent to a 50-

75% decrease in the YATP magnetization; no other peak was affected. 

T1 measurements were made in the presence of DCCD to eliminate the 

effects of exchange. The T1 of YNTP was about 0.2 sec and the T1 of Pi 
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was o:43±0~08 sec. The calculated unidirectional rate constant for Pi 

-1 incorporation into YATP was 0.6 sec , and the k for the reaction YATP-7 

-1 Pi ranged from 5-15 sec due to the errors involved in the 

measurements. The unidirectional rates for both reactions were roughly 

similar, suggesting that ATP synthesis rates were equal to ATP 

hydrolysis rates. The interpretation of these results is complicated 

by the presence of peaks overlapping the YATP resonance (~ YGTP, 

YUTP, etc ••• ) which may or may not contribute to the exchange. The 

authors considered this problem and estimated that 50% of the NTP pool 

was not contributing to the exchange. Furthermore, the measured T1 of 

the YNTP peak is a reflection of all components and may not accurately 

reflect the T1 of YATP. No attempt was made to compare ·measured rates 

of ATP synthesis and o2 consumption. 

Alger, den Hollander, and Shulman ( 29) performed experiments 

similar to the above using Saccharomyces cerevisae. The YATP resonance 

was satUrated for 2 sec prior to acquisition, an~ a control was 

performed by saturating at a point downfield from Pi equal to the 

distance that YATP resonates from Pi. To increase the efficiency of 

s"ignal averaging pulse delays shorter than 5T 1 were used with pulses 

less than 90°, resulting in partially saturated spectra. While this 

procedure could give erroneous values of (M0 -MP 5 )/M0
, the authors 

compared the values obtained under partially saturated and fully 

relaxed conditions and found no difference. Saturation of the YATP 

signal caused a decrease in the intracellular Pi peak (29±3% drop), as 

well as a decrease in the intensity of the BATP peak. A small change 

in the aATP signal was attributed to the effects of stray irradiation, 

because a similar change was produced by the appropriate control. The 
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apparent T 1 of Pi, measured by inversion recovery while saturating the 

'YATP r.esonance, was 0.7 sec. 

The authors considered the possibiltiy that Pi might be involved 

in reactions other than ATP synthesis (~ synthesis of polyphosphates 

and glycolytic intermediates). However, because anaerobiasis and an 

inhibitor of oxidative phosphorylation reduced the decrease in Pi 

magnetization upon saturating 'YATP to 10% of the aerobic value these, 

additional exchange pathways were considered negligible. 

. . -1 
The k for ATP synthesis was 0.44 sec • Assuming an intracellular 

volume to deduce Pi concentrations, the unidirectional rate was 

calculated to be 3.5±1.0 lliilOl/sec/gm. Interpreting the change in SATP 

intenstty to be due to saturation of BAD? when the 'YATP peak was 

saturated, the rate of ATP hydroysis was calculated and found to be 

similar to the rate of synthesis. o2 consumption was 0.02 umol/sec/gm, 

which implies an ATP synthesis rate of 0.12.lli!lol/sec/gm, assuming a 

The NMR measured rate was thus approximately 30 times 

larger than the rate expected from 02 consumption. Therefore, in yeast 

it appears that saturation transfer measures a rapid exchange rather 

than net synthesis. These results illustrate that caution should be 

exercised when attributing unidirectional exchange rates to net rates. 

The first measurement of ATP synthesis in a perfused organ was 

performed by Matthews et al. working with a Langendorff perfused heart 

(12). The 'YATP peak was saturated until a steady-state change in the 

Pi peak was obtained. The Pi peak· fell to 64% of its control value. A 

small transfer to the BATP peak was also observed. The T1 of Pi was 

obtained following total global ischemia to eliminate the effects of 

exchange. The T1 was 1.9 sec and assumed to be equal to the T1 of Pi 
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in the well functioning heart. The steady-state rate of ATP synthesis 

was calculated to be 2.8±0.3 ~mol/sec/gm dry weight. Oxygen 

consumption of these perfused hearts was found to be 0.34±0.02 

~mol/sec/gm dry weight. A JATP/J0 of 3~5±0.8 was measured making 

corrections for the amount of ATP produced from glycolysis, estimated 

from lactate release. In contrast to the yeast results discussed 

above, the NMR measured ATP synthesis rate in perfused heart gives 

reasonable results. Irradiation of the Pi peak, to measure the rate of 

ATP hydrolysis, gave no change in the YATP peak intensity. This was 

attributed to the short T1 of YATP (0.9 sec.). 

Freeman et al. ( 30) performed saturatio·n transfer measurements of 

the perfused kidney to investigate the stoichiometric relationship 

between ATP turnover, oxygen consumption, and sodium transport. 

Saturation of the YATP signal produced a 42% decrease in the Pi 

magnetization. In addition to Pi, the SATP resonance was reduced by 

18%. This was attributed to adenylate kinase activity, or a negative 

NOE, but could have been due to SADP~SATP exchange. The rate of ATP 

synthesis was compared to oxygen consumption and a JATP/J0 of 2.45 was 

calculated. Comparison of the rate of ATP synthesis to the rate of 

+ 
Na reabsorption led to a value of 4.5 for the JNa+/JATP' indicating 

that in the perfused kidney the large JNa +/J 0 is due to e.fficient 

coupling of ATP hydrolysis to Na+ reabsorption. 

Comparison of NMR data with enzymatic analysis indicated that 100% 

of the ATP, but only 25% of ADP and 27% of Pi in the kidney was NMR 

visible. The finding that the measured,value of 2.45 for the JATP/Jo 

ratio is similar to the accepted value of 3, was interpreted to show 

that the NMR invisible pools of Pi and ADP do not significantly 
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participate in oxidative phosphorylation. 

The only saturation transfer studies performed on a mammalian 

organ in situ, other than those presented in Chapter 4 of this thesis, 

were performed on rat brain (31) and very recently on rat kidney (31a). 

In brain, saturation of the YATP peak produced a 35% fall of the Pi 

magnetization as well as a change in the a and SATP peaks. The rate of 

ATP synthesis was 0.33 ~mol/sec/gm wet weight which agrees with results 

derived from previously published values of cerebral oxygen consumption 

assuming a JATP/J0 of 3. 

Recently 20 exchange techniques have been applied to the perfused 

heart (16), as well as to rat brain and muscle (17). Interestingly, no 

cross peaks were observed between the Pi and YATP signals, in contrast 

to the saturation transfer results presented above. One possibility is 

that the short T1 of the YATP peak made.the cross peaks too small to 

detect. Another possibility, based on the differences between 

saturation transfer and 20 techniques to detect small exchanging 

metabolite pools, is presented in Chapter 5. 

CREATINE KINASE. Magnetization transfer studies of CK have been 

performed in-skeletal muscle (32,33), heart (12,13,32,34-38), and brain 

( 31 ) • These studies have all been concerned with two questions. 

First, does the enzyme behave kinetically the same in vivo as it does 

when it is isolated and studied in vitro? Second, can measurement of 

the steady-state kinetics of the enzyme define its role in vivo? 

To investigate the important parameters which regulate CK in vivo 

Radda and co-workers have studied the perfused heart (34,35). Heart 

metabolism was altered-with different substrates, by changing perfusion 

pressure, or by producing KCl arrest (34). The forward rate of CK was 
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measured by saturating the YATP and observing the PCH peak. The T 1 APP 

of PCr was measured using saturation recovery techniques while 

saturating the YATP peak. The free cytosolic ADP concentration was 

calculated assuming that CK was in equilibrium and using the in vitro 

determined equilibrium constant. The effect of increasing ADP 

concentration, due to changing metabolic conditions, on the forward 

rate was analysed using an Eadie-Hofstee plot; a linear relationship 

between the forward flux and the forward flux/(ADP) was demonstrated. 

The calculated K for ADP was found to be in good agreement with the - . . m . 

value determined in vitro. The authors concluded that free ADP was the 

primary factor regulating the CK flux. 

To determine the activation energy for the CK catalyzed reaction 

in vivo, Matthews et al. (35) studied the temperature dependence of the 

forward rate in perfused heart. Lowering the temperature from 37 to 

4°C reduced the steady-state flux through CK by 80%. The apparent 

activation energy was calculated to be 42 kJoules/mole, which, the 

authors claimed, was in good agreement with previously published 

values. From this data it was concluded that the reaction is not 

diffusion limited in vivo and that extraction and dilution of the 

enzyme for study in vitro does not alter its fundamental kinetic 

properties. To further support this conclusion, Meyer et al. (15) 

measured the same forward flux through CK in isolated cat bicep muscle 

and isolated enzyme in a solution mimicking intracellular conditions of 

ionic strength. 

To gain a deeper understanding of the role of CK in muscle 

energetics most investigators have studied the relation of flux th~ough 

CK to oxygen consumption and workload. Nunnally and Hollis (13) were 



.... 

49 

the first to demonstrate a correlation between the rate through CK and 

the physiological state of an organ in their studies of perfused rabbit 

heart. They performed a series of measurements in which the time of 

saturation was varied in order to derive T 1 APP" This, combined _with a 

steady-state measurement of (MO-MSS);MP, allowed the appropriate rate 

constant to be calculated. Under control conditions the forward 

direction of CK was greater than the reverse rate, similar to results 

obtained by Brown et al. (32) using perfused rat hearts. Measurements 

were· also performed- during KCl arrest and after recovery from ischemia. 

The pulse pressure and the rate of rise in pressure per beat were 

reduced following ischemia, however, the forward and reverse rates 

through CK were markedly increased and were now equal. Ischemia 

produced differing effects on the T1s; the T1 of YATP was reduced from 

1.2 sec (control) to 0.6 sec after ischemia, whereas the T1 of PCr was 

increased from 1.8 to 2.2 sec. These results indicate that it is 

important to perform magnetization transfer experiments so that both 

T1APP and (M0 -MSS)/M0 are measured. KCl arrest, which reduces the 

energy demands, also markedly reduced the unidirectional rates for the 

CK catalyzed reaction. The T1 of PCr was prolonged by KCl arrest, but 

there was no significant effect on the T1 of YATP. To show that the 

measured discrepancy between the forward and reverse rate through CK 

was not intrinsic to the enzyme, studies were performed on purified 

muscle CK; the forward and reverse directions were the same. 

The discrepancy between the forward and reverse rates of CK has 

been measured by a number of investigators in skeletal muscle (33), 

perfused heart (32,34), and brain in situ (31). Because levels of PCr 

were in a steady-state during these experiments, and CK_is believed to 
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be the only enzyme which utilizes PCr, the net forward rate must equal 

the net reverse rate through CK. Explanations for why there is a 

discrepancy have taken two forms. Brown et al. (32) and Gadian et al. 

(33) suggested that because ATP was involved in other reactions· 

(competing reactions) besides that catalyzed by CK, a simple two-site 

analysis to the saturation transfer data was underestimating the 

reverse rate. Matthews et al. (34) attempted to account for this by 

including the effects of exchange between YATP and Pi and found that 

this exchange was not sufficient to explain the discrepancy. They 

pointed out that there were other reactions (e.g. adenylate kinase) 

which should also be taken into account.· Their analysis accounted only 

for the effects of the additional exchange on (M 0 -MSS)/M0 and not 

T1APP and so was not strictly correct. Nunnally and Hollis (13) also 

considered the effects of competing reactions but, besides an effect on 

PCr, saturation of YATP reduced only the SATP magnetization. This 

effect was too small to explain the measured discrepancy in rates. 

Nunnally and Hollis (13) suggested that the forward and reverse 

rates were different because of compartmentation of cellular pools of 

metabolites and enzymes. Their observation of near equality in rates 

in the reperfused ischemic heart was interpreted to indicate the loss 

of ATP from one compartment. The shortening of the T1 for the YATP 

peak in these studies was suggested to confirm this result. While 

Nunnally and Hollis suggested the possibility of compartmentation, it 

was not clear precisely why the reverse rate should be smaller than the 

forward rate. Chapter 5 of this thesis proposes a detailed explanation 

for why saturation transfer measures unequal forward and reverse rates 

for the CK reaction. The model was inspired by contrasting the 2D 
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exchange results with saturation transfer results in brain. Balaban et 

al. ( 17) round that the forward rate through CK was equal to the 

reverse rate in rat brain using 20 exchange techniques. This is in 

contrast to the findings or Shoubridge et al. (31) who measured a 

significantly larger forward than reverse rate using saturation 

transfer techniques in rat brain. 

If PCr is to fulfill ·its role as a high energy phosphate reservoir 

the forward rate through CK should be larger than ATP turnover rates. 

That this is true has been demonstrated by performing magnetization 

transfer studies in perfused heart (12,13,32,34-38) and brain in situ 

(31). Results from heart indicate that the rate or phosphate 

incorporation into ATP from PCr ranges from 3-15 times faster than ATP 

synthesis rates depending on the physiological state or the organ. In 

brain the forward flux through CK was 5 times larger than the rate or 

ATP synthesis. 

ADENYLATE KINASE. In many or the studies described above an 

effect on the SATP peak was observed when the YATP was saturated. 

While the role or AK in causing this exchange has been acknowledged it 

has been explicitly studied only by Gupta (39) in red blood cells. 

This has been the only saturation transfer study reported to date on 

isolated mammalian cells. Saturation or the SATP peak produced a 12±3% 

decrease in the intensity or the YATP signal. Besides a negative NOE, 

the only explanation for this exchange depends on two cycles or the AK 

reaction (Fig. 2~2). First SATP is transferred to SADP (below 

detectable levels in red blood cells) and then the SADP phosphate is 

transferred to the YATP position. By ~ccounting for the two cycles 

which the reactants must go through to carry the magnetic label and by 
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measuring the T1APP of YATP (1.3 sec) with BATP saturated, a 

unidirectional rate of 0 • .3 ~mol/sec/ml cells was determined. Similar· 

experiments were performed on isolated AK to show that this enzyme 

could explain the observed transfer. No saturation transfer was 

observed between YATP and· Pi or 2,3-diphosphoglycerate suggesting that 

these exchanges were occurring too slowly to be measured, which also 

implies that competing reactions were not an important concern. 

2~8 Conclusions 

Magnetization transfer experiments can be performed on living 

·cells although the interpretation of these experiments is not without 

its problems. The need to account for competing reactions, formulate 

testable models of compartmentation, as well as appreciate the 

differences between the various versions that magnetization transfer 

can take has been illustrated by results obtained by other workers. 

Furthermore, the need to compare results of experiments from in vitro 

preparations and living tissue is emphasized. In particular, an 

understanding of what precisely is being measured when the exchange 

between Pi and YATP is being studied will probably occur only when 
• 

studies are performed on isolated mitochondria and the isolated ATP 

synthetase complex. 

Finally, as the reader has probably appreciated, errors involved 

in these measurements are large. This is partly due to the instability 

of the preparations used. Perfused organs are generally considered to 

be dying organs, so sufficient time is not available to perform lengthy 

magnetization transfer studies without an appreciable change in 

physiological state. A remedy to this situation is to perform these 
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experiments on the organ in situ.. This has been hampered by the lack 

of adequate ways of obtaining 31 P NMR spectra from heart and kidney. 

·The next chapter presents a technique which allows good NMR spectra to 

be obtained so that magnetization transfer studies can be performed . 
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CHAPTER 3: THE ART AND SCIENCE OF IMPLANTED RF COILS 

3.1 Introduction 

There has been growing interest in the use of NMR to obtain 

biochemical information from animal tissue, in situ (1-9). Studying an 

intact organ in situ offers the advantages of prolonged stability and 

normal physiologic functioning as compared to pe~fused organs or 

isolated cells. A major obstacle to such endeavors has been 

distinguishing signals due to the tissue of interest from those of 

nearby tissue. Organs lying close to the surface of animals have been 

studied using surface coils (5-8). Unfortunately, spectra from deeper 

lying organs, such as the heart, suffer from problems of sensitivity 

and discrimination. The addition o~ static field focussing to define a 

small region of homogeneity (6) has the potential to overcome some of 

the difficulties encountered with surface coils. However, specialized 

gradient coils, not found on most spectrometers, are required and they 

are often difficult to use. Other approaches have relied on acute 

surgical intervention to position an organ in the NMR receiver coil, 

concurrently removing it from surrounding tissue (2,3,9). These 

surgical maneuvers may have adverse physiological consequences and 

limit the viability of the organ or animal during the course of NMR 

measurements. 

To circumvent some of these problems a. technique for implanting rf 

coils around rat kidney, liver, and heart several days prior to NMR 

experiments has been developed (10-12a) and is described in this 

chapter~ These chronically implanted coils allow 31 P NMR spectra to be 
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obtained from organs under homeostatic conditions with any spectrometer 

.which has a magnet large enough to accommodate the animal. 

3.2 Materials and Methods 

SURGICAL PROCEDURES. Sprague Dawley rats (180-220 gm) maintained 

on a standard diet were used throughout. Animals were anesthesized 

with an intraperitoneal injection of a mixture of Ketalar (87mg/kg body 

weight, Parke-Davis, Morris Plains, N.J.) and Rompun (3mg/kg body 

weight, Cutter Lab., Shawnee, Ka.). The left kidney was exposed by a 

flank incision and the coil placed around the organ. To separate 

surrounding muscle from the coil, a thin layer of biologically inert 

material, Gortex (Gore Assoc., Sunnyvale, Ca.), was placed between the 

coil and the muscle. The coil was held in place by tightly suturing 

the muscle and'skin around the coil leads during closure. Liver coils 

were placed between the hepatic lobes through an abdominal incision. 

No Gortex was needed as the coil was surrounded on all sides by liver. 

For heart coil implantation, the animal was anesthesized and 

received positive pressure ventilation via tracheal intubation through 

the mouth using an intra-arterial puncture tube (Angiocath, Deseret 

Co., Sandy, Utah). Ventilation was maintained with a tidal volume of 

0.6~3 ml at 80-140 respirations per minute using a respirator (Harvard 

Instruments, Cambridge, Ma.). The diaphragm was exposed through a mid

abdominal incision,.and then opened with an arc shaped incision. The 

coil was placed around the heart and the diaphram was then closed 

around the leads using sutures and liquid adhesive (Locktite 

Superbonder 495, Locktite Corp., Newington, Ct.). The coil leads were 

exteriorized through the abdominal skin. After the animal was removed 
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from the respirator, a soft polyethylene tube (Angiocath, Deseret Co.) 

was left in the thoracic cavity and negative suction was applied for 2-

6 hours following surgery. Prophylactic antibiotics (Tobramycin, 10 

mg/ kg body weight/day, Eli Lilly Ind. Inc., Carolina, Puerto Rico and 

Ampicillin, 6.5 mg/kg body weight/day, Bristol Lab., Syracuse, N.Y.) 

were administered to the rats for 2-4 days after heart surgery. 

Recovery from all surgery was monitored by daily measurement of weight. 

For NMR measurements the rat was continually anesthesized with a 

mixture of Ketalar (43.5 mg/hour/kg body weight) and Rompun (1 .5 

mg/hour/kg body weight) through an intraperitoneal line (PE-50, Clay 

Adams). A venous line, for continual infusion of saline and an 

arterial line, to monitor blood pressure and heart rate, were inserted. 

The animal was placed on a holder, the coil leads soldered to the rest 

of the tuning circuit, and the circuit tuned to the appropriate 

frequency. The holder was then placed in a shielded casing and 

positioned so that the organ of interest was centere in the static 

magnetic field (B field). At the end of an experiment the organ was 
0 

preserved for histological examination. 

COIL DESIGN. Coils were made from 22 gauge, copper wire insulated 

with polyethylene tubing (PE 100, Clay Adams, Parsippany, N.J). To 

minimize loss in sensitivity associated with the wire leads, which run 

from the coil to the tuning circuit outside the rat, fixed value 

capacitors (American Technical Ceramics, Huntington Station, NY) were 

attached close to the coil to partially tune and match the circuit 

(Appendix 2, 13). The capacitors were insulated with silicone sealant 

and covered with Teflon tape. Examples of coils used for heart and 

kidney implantation are shown in Fig. 3-1. 
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Figure 3-1. Rf coils used to obtain NMR spectra from rat organs 

in situ. A two turn phosphorus coil and a single turn proton coil, in a 

crossed configuration are shown in a. These coils were used to obtain 

phosphorus spectra from kidney while simultaneously monitoring protons 

to lock the magnetic field of the Varian XL-100. A two turn coil used 

to obtain phosphorus spectra from heart at 97 MHz is shown in b. 

Capacitors used to partially tune and match the circuit are shown 

insulated with silicone sealant. A coil used to obtain spectra from 

rat kidney at 97 MHz is shown in c. A kidney is displayed between the 

coil turns to illustrate the orientation of the coil with respect to 

the organ. A capillary containing MDPA and Cortex used to prevent 

skeletal muscle from touching the coil are also shown. Ruler markings 

are in em. 
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In some cases a capillary containing methylene diphosphonic acid 

(MDPA, Sigma Chemical, St. Louis, Mo.) buffered at pH 8.9 was attached 

to the coil during surgery to provide a chemical shift and integration 

standard. 

NMR MEASUREMENTS. 31 P NMR measurements were performed at 40.5 

MHz, on a Varian XL-100 with a MONA accessory (Nicolet, Fremont, Ca.) 

and at 97.3 MHz on a homebuilt spectrometer utilizing a superconducting 

magnet with a 3 in. diameter bore (Cryomagnet Systems, Indianapolis, 

Ind.) and a Nicolet 1180/2938 data system. The XL-100 was locked to 

either an external o2o sample or with protons detected from the organ 

using a second, roughly crossed coil tuned for protons. The fixed 

frequency 2H lock channel of the XL-100 was converted to observe 

protons using a mixer placed between the 2H preamp and the probe. An 

2 additional frequency synthesizer was used to mix the H pulse frequency 

up for excitation and back down for detection. Because the proton 

signal is so strong, the loss in sensitivity associated with this 

scheme is tolerable. No lock was used with the superconducting magnet. 

The proton signal arising primarily from water in the tissue, obtained 

through the phosphorus coil without additional tuning, was used to 

shim. Typically a 1H linewidth of 45-70 Hz (Fig. 3-2) was achieved 

. 31 prior to acquiring P spectra. 

In order to quantitate peak area~ and chemical shifts the Nicolet 

simulation routine NTCCAP was used (Fig. 3-3). Linewidths, heights and 

peak positions were varied until a minimum rms error fit was obtained. 

No resolution enhancement techniques, such as left shifting o~ 

convolution difference, were used to remove broad components associated 

with any of the spectra. 
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1 Typical H spectrum obtained after shimming the 

magnetic field using the water signal from the organ of interest. The 
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spectrum is the sum of 4 acquisitions obtained at 240 MHz from a kidney 

using a 40 ~sec pulse (10°) and a 2.3 sec recycle time. Larger peak at 

0 PPM is from water protons in the kidney and the smaller peak at -3.4 

PPM is from - CH2- protons in fat. Water linewidth is 62 Hz at half

height. 
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A) NTCCAP Fit to Kidney Spectrum 
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2 

3 

B) NTCCAP Fit to Heart Spectrum 
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3 

Figure 3-3. Examples of NTCCAP simulation of 31 P NMR spectra from 

A) kidney and B) heart. Upper trace (1) represents original spectrum, 

middle trace (2) is simulated spectrum, and lower trace (3) shows each 

individual line used to produce the simulated spectrum. 
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3.3 Results and Discussion 

COIL IMPLANTATION. Surgical implantation of NMR rf coils is an 

invasive procedure, the effects of which were largely reversible when 

the animals were allowed to recuperate for several days. All rats 

survived kidney and liver surgery and were gaining weight within two 

days. The survival rate from heart coil surgery was approximately 80%, 

with weight gain beginning within four days. Histological examination 

revealed that minor surface fibrosis of kidney, liver, and heart 

occurred in tissue which touched the coil. Fig. 3-4 shows two rats, 

one with a kidney and one with a heart coil. As can be seen the rats 

were happy and free to move about. 

X-rays (Fig. 3-5) show that both kidney and heart coils maintained 

their proper orientation so that the B1 field produced was 

perpendicular to the B field, even though the rats were allowed to 
0 

move about freely. Coils placed in the 11 ver also maintained proper 

orientation. 

QUANTITATIVE ANALYSIS OF SPECTRA. 31 P NMR spectra of kidney, 

heart and liver obtained at 97.3 MHz (Fig. 3-6), indicate the relative 

concentrations (Table 3-1) of observed metabolites. There was no 

significant difference in the intensities of the B and YATP peaks in 

any of the organs, indicating that free ADP concentrations were below 

3% of ATP concentrations. 

Peaks observed in vivo and their chemical shifts are in agreement 

with those detected in perfused organs (3,14-18), although there are 

.. some differences. In the phosphodiester region of the kidney spectrum a 

previously unreported peak (Fig. 3-6a, peak 6) is seen along with 



Figure 3-4. A) shows a rat with a coil implanted around the 

kidney. B) shows a rat with coil implanted around the heart. In both 

cases the coil leads can be seen coming from inside the rat. 

A) 

B) 
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Figure 3-5. X-rays of rats two days following coil implantation 

showing the orientation of the coils. In experiments performed at 40.5 

MHz (a & c) the B
0 

field runs perpendicular to the plane of the page; 

at 97.3 MHz (b & d) the B field runs parallel to the long axis of the 
0 

rat. a) Coils implanted around kidney. The two turn coil was used to 

detect 31 P and the single turn coil for 1H to shim and lock the B 
0 

field. b) Kidney coil. c) Heart coil. The coil external to the rat 

contained a capillary of o2o for locking the field. d) Heart coil. 
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Figure 3-6. Spectra obtained from a) kidney, b) heart, and c) 

liver using chronically implanted coils. Spectra are the sum of 128 

0 acquisitions using a 30 ~sec. pulse (75 ) and a 10 sec. recycle time. 

A 30 Hz exponential filter was applied to the free induction decay 

prior to Fourier transformation. Chemical shifts were referenced to the 

aATP peak, which was set equal to 0 PPM. Peaks are: 1) BATP, 2) aATP + 

NAD(H), 3) YATP, 4) PCr, 5) PDE 6) Ur Pi, 7) Pi, 8) PME, 9) Unknown, 

and 10) MDPA. 
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Table 3-1. Relative Intensities and Chemical Shifts of Metabolites. 

B.ATP aATP yATP PCr 
+ 

NAD(H) 

Shift* -8.64 0 5.15 7.55 

Kidney 100 208+26+ 99+2 30+16 

Heart 100 182+15 103+3 133+15 

Liver 100 191+14 101+1 14+ 9 

PDE 

10.55 

31+25 

3+5 

90+84 

p. 
1. 

SP 

12.76 14.22 

103+26 150+19 

116+8 107+37 

57+19 106+ 9 

Intensities are in arbitrary unitsJ SATP set equal to 100. 

Errors are + one standard deviation with n=lO for kidne~, n=6 for 

heart, and n=2 for liver. 

*Chemical shift in PPM with aATP set equal to zero. 

•contains intensity of unknown peak at -2.31 PPM. 
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contributions from a previously reported (7) phosphodiester (PDE) peak 

(Fig. 3-6a,peak 5) •. This new peak changed in intensity and chemical 

shift concomitantly with.changes in urine (Ur) pH suggesting that it is 

due toUr Pi contained in the kidney pelvis. In the in vivo kidney an 

unidentified peak is detected, (Fig. 3-6a, peak 9), where nucleotide 

sugars, such as UDP-glucose, are expected to resonate. 

PCr is detected neither in the perfused liver nor kidney 

(3,14,17,18), so the amounts of PCr seen in vivo allow the contribution 

of surrounding muscle to be assessed. Rat skeletal muscle contains 

PCr/ATP ratios of 4:1 and PCr/P
1 

ratios of 15:1 (5). The PCR/ ATP 

ratio detected in kidney was approximately 1:3.3 and less in liver 

(Table 3-1). If all the PCR were coming from muscle then other muscle 

metabolites, such as Pi and ATP, would make less than a 10% 

contribution to the spectrum. To verify this assertion, the renal 

artery was ligated; the level of ATP, monitored by the height of the 

BATP peak, dropped to zero within 15 min (Fig. 3-7a), with a 

complementary increase in Pi. Were surrounding tissue contributing to 

the spectra, one would expect to observe some residual ATP signal. 

Furthermore, when the kidney was removed and replaced with a phantom 

containing only MDPA, no narrow metabolite peaks were detected (Fig. 3-

7b). A broad feature which persisted, is suggested to arise both from 

metabolites in surrounding tissue residing in inhomogeneous portions of 

the B field as well as from phosphorus containing molecules in the 
0 

organ which would be expected to give a broad signal (~ 

phospholipids·, RNA, DNA, etc ••• ). 

Besides the tissue of interest, blood circulating thr9ugh the 

organ can contribute to the spectra. In particular, the 
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.the renal artery. B) 3~P HMR spectrum or a kidney phantom containing 
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HDPA. The orginal kidney was removed and replaced with a similar sized 

phantom just prior to obtaining the spectrum at 40.5 HHz. 
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phosphomonoester (PME):.:.pi region of the in vivo heart spectra has more 

intensity than observed in the working heart perfused with phosphate-

free medium (15). ·This suggests either that there is a significant 

contribution to the spectra from 2,3 diphosphoglycerate (2,3-DPG) and 

Pi in blood within the heart chamber or that changes in cardiac · 

metabolism account for the differences. However, even if all the PME-

P. intensity in the heart spectra were due to blood, the concentration 
1 

of ATP occurring in rat blood is too small to make a significant 

contribution to the spectrum. The effect of blood on the liver and 

kidney spectra is harder to estimate since the in vivo spectra closely 

resemble those obtained from the perfused organs. It is estimated that 

blood and extracellular fluid comprise approximately 15% of the wet 

weight of liver and kidney (19). From the concentration of 2,3-DPG of 

rat blood (20) and the 2,3-DPG/P
1 

ratio, determined from NMR of whole 

rat blood, it can be estimated that blood contributes approximately 25% 

of the PME-Pi intensity in both kidney and liver. This implies that 

other metabolites in blood make negligible contributions to the organ 

spectra. Recently there has been a fluorocarbon blood substitute 

developed which can essentially replace the whole blood volume of a rat 

with no adverse effects (20a)~ This has been used to demonstrate that 

blood makes a negligible contribution to the 3lp NMR spectrum of rat 

brain (20b). A similar approach to quantitating the contribution of 

blood to kidney, heart, and liver spectra would be useful. 

MAGNETIC FIELD EFFECTS. To determine the effects of field 

strength on resonance linewidths from organs in vivo, spectra were 

obtained at ~0.5 and 97.3 MHz (Fig.3:.:.8). Linewidths increased-roughly 

in proportion to the field strength, explaining why no improvement in 
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Figure 3-8. Comparison of kidney (a & b) and heart (c & d) 31 P NMR 

spectra at ~0.5 MHz (a & c) and 97.3 MHz (b & d). Acquisition 

parameters were: a) 45° pulse, 130 msec recycle time, 30 min total 

acquisition time, with a 15Hz filter, b) 45° pulse, 130 msec recycle 

time, 8 min total acquisition time, and a 30 Hz filter, c) 60° pulse, 3 

sec recycle time, 30 min total acquisition time, and a 15Hz filter. 

d) 90° pulse, 10 sec recycle time, 20 min total acquisition time, and a 

30Hz filter. Peaks are: 1) SATP, 2) aATP + NAD(H), 3) Y ATP, 4) PCr, 

5) Ur·Pi + PDE 6) Pi, 7) PME, and 8) MDPA. 
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resolution was obtained at the higher field. This result is consistent 

with results obtained on cell suspensions (21). A quantitative 

description of linewidth dependence on field is difficult with such 

complicated systems because there are many mechanisms which may 

contribute to the linebroadening, ~ chemical shift dispersion arising 

from pH heterogeneity, paramagnetic ions, and residual chemical shift 

anisotropy. In addition micro- and macrostructural heterogeneity in 

an organ can lead to linebroadening induced by geometrical effects or 

differences in.susceptibilities or both. 

STABILITY OF SPECTRA. An advantage of in vivo experiments over 

studies of perfused organs, is metabolic stability and integrity. With 

implanted coils, NMR spectra can be obtained continuously for 18-24 

hours, with only a 10+3% variation in the SATP intensity in kidney or 

the PCr/ATP ratio in heart. This permits a wide variety of manuevers 

and observations to be performed on a single animal. The lengths of 

experiments were limited by variability of animal response during 

anesthesia. Unanesthetized animals could be used to obtain excellent 

spectra but small movements were frequent and required continual 

reshimming or repositioning. It is anticipated that the use of 

tranquilizers would minimize movements and eliminate the adverse 

effects of prolonged anesthesia. 

EFFECTS OF FRUCTOSE. In order to check that the spectra would 

indicate the metabolic response of an organ to a biochemical 

perturbation, fructose was administered and 31 P NMR spectra were 

obtained from kidney, liver, and heart. Previous work, employing both 

freeze clamp techniques (22-.25) and NMR (4, 11 ,26), has shown that 

fructose administration depletes ATP and Pi levels, while increasing 
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sugar phosphate levels in kidney and liver. A comparison of the time 

course of metabolite levels in both kidney and liver after an 

intraperitoneal injection of fructose is shown in Fig. 3~9. In both 

organs levels of Pi drop rapidly as sugar phosphate levels increase. 

The effect was much more pronounced in liver than in kidney, which is 

in agreement with freeze clamp data (23,25) and is presumably due to 

the larger fructokinase activity in liver. The parallel changes in the 

S and YATP resonances indicate that ADP levels never become detectable, 

probably 'because oxidative phosphorylation regenerates ATP from ADP 

formed from fructose phosphorylation. However, levels of ATP did fall 

indicating that the net pool of adenylates decreases. The fact that 

ATP levels recovered slowly, relative to Pi and sugar phosphates, is 

consistent with the idea that adenine nucleotides must be resynthesized 

to replace the depleted podl (22,25). Fructose loading did not alter 

the heart spectrum indicating that the heart was unable to metabolize 

fructose, consistent with the fact that heart has no fructokinase 

activity. That the heart spectrum did not change with fructose 

administration was evidence that liver did not contribute appreciab'le 

signal to the heart spectrum. 

A hope for the future is that in vivo NMR will aid in the 

diagnosis and treatment of disease. Initial work on human muscle (26a) 

has indicated that NMR spectroscopy will, at least in certain 

instances, be helpful. However, these findings indicate that a resting 

spectrum is not very sensitive to the biochemical differences of normal 

and diseased states. Biochemical abnormalities were detected only when 

patients were put through an exercise routine. This was quite easy for 

the case of muscle metabolism. As the technical expertise develops 
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Figure 3-9. An intraperitoneal injection of 10 umol/gm body 
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weight of fructose was administered and the metabolite levels monitored 

in kidney and liver. After obtaining three control spectra, 

acquisitions were averaged for five minutes every ten minutes 

beginning five minutes after the fructose injection. Spectra were 

acquired at 97.3 HHz using 286 90° pulses, a 1 sec recycle time, and a 

30 Hz filter. Metabolites shown are; in a) o• kidney sugar phosphate, 

*• kidney Pi, X• liver sugar phosphate, and<>· liver Pi and in b) 

o•kidney YATP, *• kidney BATP, X• liver YATP,O• liver BATP 
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which will allow kidney and liver spectra to be obtained from humans, 

it will be important to develop metabolic stress tests for these organs 

as well. Fructose administration seems like an excellent candidate to 

provide an exercise.test for liver and kidney. 

NMR GATED TO THE CARDIAC CYCLE. Using gated NMR, Fessel et al. 

(27) have reported cyclical concentration changes of phosphate 

.metabolites in the glucose-perfused, working heart. To determine if 

these cyclical changes occur in vivo, gated heart spectra were 

obtained. Fig. 3~10a shows the aortic pressure wave from the rat heart 

while Fig. 3-1 Ob shows the acquisition interval of the spectrometer. 

Two time intervals were monitored: peak systole and a point 200 msec 

later, duririg diastole. The relative position of the diastolic point 

varied 10% with respect to peak systole due to variations in heart 

rate. There was no difference (Fig. 3-1 Oe) between the spectra obtained 

at diastole (Fig. 3~10c) and systole (Fig. 3-10d). The inconsistencies 

between the results obtained on the perfused heart (27) and the ~ 

~heart are possibly due to the better nutrient supply available in 

vivo. That this is the most likely explanation for the difference 

between the in s.itu and the perfused heart is supported by the recent 

freeze-clamp work of Wikman-Coffelt et. al. (28). Using a fast _freeze-

clamp technique they found cyclical variations in phosphate metabolites 

with glucose perfused hearts but none when pyruvate was used in the 

perfusate~ Studying the onset of fluctuations in a stressed or a 

diseased heart by NMR offers the potential for understanding the 

biochemical limits of cardiac performance. 

EXTENSION TO OTHER NUCLEI. Besides the phosphorus nucleus there 

are many other nuclei which can be detected by NMR and which play an 
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FIGURE 3-10. Gated 31 P NMR·spectra obtained from the rat heart, 

in vivo. a) Aortic pressure wave obtained with a polyethylene line in 

the carotid artery and a Stentor pressure transducer. To insure that 

the line introduced no significant time delay, the pressure wave was 

compared to the EKG in a parallel experiment outside the magnet. b) 

Nmr acquisition interval displayed on the same scale as the pressure 

wave, demonstrating the ability of the gating device to properly couple 

the pressure wave to the 2938 pulse programmer. Spectra obtained at 

peak systole (d) and 200 msec later, diastole (c), were acquired at 

97.3 MHz by alternating four acquisitions ( 45° pulse, 2 sec delay, 30 

Hz filter) at each interval until 480 scans at each point were 

obtained. e) Diastole minus systole. Peaks are: 1) SATP, 2) aATP + 

NAD(H), 3) YATP, 4) PCr, 5) Pi, and 6) PME. 
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important role in biological processes (Table 1-1). Both 1H and 13c 

NMR. studies have found widespread applications. ( 29 .30). The implanted 

coil approach should work for any nucleus desired as long as the coil 

can be tuned to the appropriate frequency. An example of a nucleus 

.from which, owing to its low gyromagnetic ratio, it is more difficult 

to obtain spectra, but is important to biological processes, is 39K. 

Fig. 3-11 shows the first 39K spectra obtained from rat kidney and 
/ 

skeletal muscle in situ using implanted coils. These spectra 

demonstrate that implanted coils can be used to obtain information from 

nuclei other than phosphorus. 

3.4 Conclusions 

Stable 31 P NMR spectra from the heart, kidney, and liver of 

laboratory rats can be obtained using chronically implanted coils. 

Rats have been observed to tolerate the coils for up to six months, the 

longest time monitored, allowing the possibility of repeated study of a 

single animal. Signal-to~noise ratios obtained were comparable to 

those achieved with perfused organs (3, 14-18) making possible a wide 

variety of experiments. The extension of this technique to larger 

animals, other organs and other nuclei, such as 13c or 23Na, should be 

easily accomplished. The use of these coils to perform saturation 

transfer studies in rat heart and kidney is the subject of the next 

chapter. 
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Figure 3-11. 39K spectrum from a) rat kidney and b) skeletal 

muscle obtained .with a six turn coil .tuned to the observation 

frequency of 11.05 MHz. Both spectra represent the sum of 1000 

acquisitions using a 60 usee pulse and a 558 msec recycle time. 50 Hz 

e~ponential linebroadening was applied to the FID prior to Fourier 

transformation. The linewidth at half-height is approximately 1~0 Hz. 
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. CHAPTER 4: SATURATION TRANSFER STUDIES OF RAT HEART 

AND KIDNEY IN SITU 

4. 1 Introduction 

A detailed under~tanding of the regulation and control of 

metabolic pathways requires an estimate of the rates of each individual 

reaction. For the case of the generation of ATP by oxidative 

+ phosphorylation and utilization for yarious work functions (eg. Na 

transport and muscle contraction) most kinetic information comes from 

in vitro studies of isolat~d subcellular systems (1). However, 

functioning of in vivo regulatory mechanisms may be altered in vitro. 

Physiologic experiments performed on intact tissue have produced 

information concerning the coupling of oxidative metabolism to work 

demands (2). These studies have had to rely on assumptions concerning 

detailed reaction mechanisms, such as the stoichiometry of ATP 

formation from oxidative phosphorylation. To bridge the gap between in 

vitro studies of isolated mitochondria and physiologic studies it is 

important to know the rate of metabolic reactions, such as ATP 

formation and utilization, in vivo. NMR techniques can be used to 

measure the rates of enzyme reactions in vivo (3,4). In particular, 

using 31P NMR magnetization transfer techniques, the rate of the 

creatine kinase reaction has been measured in perfused heart (5-7), 

isolated muscle (5,8) and in rat and turtle brain in situ (9,10,11) • 

Additionally, the rate of ATP synthesis has been measured in the 

perfu~ed heart and kidney (12,13,13a) as well as the rai brain (10). 
31 . 

Techniques have been developed which allow P NMR spectra to be 
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obtained from rat kidney, heart, and liver, in situ (14-16, Chapter 3). 

The stability of the animals and the high metabolic rates which occur 

in these organs in situ offer advantages over perfused organs for 

magnetization transfer studies. The results of the experiments 

reported here represent the first in situ measurements of the rates of 

exchange between the phosphorus moiety of PCr and ATP in heart and 

between Pi and ATP in kidney. 

4.2 Materials and Methods 

SURGICAL PROCEDURE. Details of animal methods for NMR experiments 

have been described previously (Chapter 3, 16). Female Sprague-Dawley 

rats (180-220 gm) were used throughout. Two-turn radiofrequency coils 

were made from 22 gauge copper wire and insulated with polyethylene 

tubing (Clay-Adams, PE-100). Small ceramic chip capacitors (American 

Technical Ceramics) were placed close to the coil to partially tune and 

match the circuit, as well as minimize losses associated with 

implantation (Appendix 2, 18). These coils were surgically implanted 

around the heart or kidney, 3-5 days prior to NMR experiments. Two 

days prior to implantation of the kidney coil, the kidney which was not 

used for NMR experiments was removed. 

On the day of NMR experiments, animals were kept anesthetized with 

a continuous dose of a Ketamine/Rompun mixture, administered through an 

intraperitoneal line. A venous line for administering saline and an 

arterial line to monitor blood pressure were also used. Just prior to 

kidney experiments, the rats were volume expanded (4% of body weight) 

over the course of 30 minutes with freshly prepared plasma. 

NMR MEASUREMENTS. All measurements were performed at a phosphorus 

.. 
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frequency of 97.2 MHz in a 3" diameter vertical bore superconducting 

magnet (Cryomagnets Corp.), equipped with a homebuilt spectrometer and 

a Nicolet 1180/2938 data system. 

Rats were placed in a specially designed holder, and the coil 

leads were soldered to the remainder of the tuning and matching 

circuit. The coil was tuned to the appropriate frequency and the 

holder placed in the magnet so that the organ was centered in the 

magnetic field. For the kidney experiments, this meant securing the 

rat in an upside-down position, because the spinner assembly prevented 

placing the rat head up. The 1H signal from water in the organ was 

used to shim the magnetic field before phosphorus spectra were 

obtained. No field frequency lock was employed. 

. / 
Saturation transfer experiments were performed following Forsen 

and Hoffman (19). The unidirectional exchange of phosphate from ATP to 

PCr is used to briefly describe the technique. The PCr resonance was 

selectively saturated long enough so that the intensity of the YATP 

ss peak reached a steady-state (M YATP). This steady-state level was 

compared to the equilibrium magnetization of YATP (M0 YATP) by obtaining 

a spectrum with the selective rf irradiation at a control frequency, 

displaced an equal distance as the PCr resonance is from the YATP· 

signal but on the upfield side. To minimize the effects of any 

biological variations, control and saturated spectra were obtained 

concurrently by alternating eight pulses with the rf power in each 

position. 

The apparent T1 (T1APP) of the YATP resonance was then measured 

using saturation recovery techniques (20) with the PCr peak saturated 

throughout the measurement. Saturation of the whole spectrum was 
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accomplished by a burl?t of 90° pulses of alternating phase ( 21) 

separated by 10 msec homospoil pulses. A sequence of time intervals 

between spectral saturation and observation of the YATP resonance, 

while maintaining the PCr peak saturated, were used to construct a T1 

plot. A best three parameter, single exponential fit, performed on the 

spectrometer's Nicolet computer, was used to extract T1APP from the 

data. That this method gave accurate T1s was demonstrated by comparing. 

the T1 of methylene diphosphonic acid (MDPA) obtained from a capillary 

attached to a kidney coil in a rat to the T1 of MDPA obtained from a 

conventional probe using standard inversion recovery techniques. The 

two values agreed within experimental error. 

The unidirectional rate constant for the reaction ATP~ PCr was 

derived from the above measurements using the expression: 

. .o ss 
M-ATP-M ATP 

k = Y X 
AT~PCr o 

MyATPTlAPP 
[4-1] 

The rate of the reaction, ATP --1 PCr was obtained by multiplying k ATP-t 

PCR by a suitable quantity of ATP expressed in arbitrary intensity 

units, obtained from the NMR spectra. 

Specific spectral acquisition parameters are given in the figure 

legends. The pulse used to saturate specific peaks in the spectrum was 

generated using the decoupler channel of the spectrometer. Typically, 

peak-to-peak voltages of from 0.1-0.3 volts representing from 4-18 

mgauss were employed. 

Apart from an exponential filter of 30 Hz, applied to the free 

induction decay prior to Fourier transformation, no other data massage 

techniques, ~convolution difference or left shifting, were used. To 



91 

quantitate peak areas, two procedures were used. For heart spectra, 

where the peaks were resolved and there was not much contribution from 

an underlying broad component, the Nicolet integration routine was 

employed. For kidney spectra, not all the peaks were well resolved, 

and there was a larger broad component that made use of the integration 

routine difficult; therefore, the Nicolet simulation routine NTCCAP was 

used. All the peaks, including the broad component, were fit by 

varying position, intensity, and linewidth until a minimum root mean 

square residual was obtained. Comparison of the two procedures for 

heart spectra yielded the same results within experimental error. All 

errors are reported as ± one standard deviation. 

ll.3 Results 

Fig. 4-1 shows typical spectra obtained from kidney (a) and heart 

(b) using chronically implanted coils. The peaks seen, their relative 

magnitude, and the signal-to-noise ratios obtained are similar to 

spectra obtained from perfused _organs. 

KIDNEY.· Fig. l!-2 shows the saturation transfer experiment 

performed on the rat kidney, in situ. In this case, spectra with the 

YATP peak saturated (Fig. l!-2b) and with the selective rf irradiation 

in the control position (Fig. l!-2a) were alternated every eight pulses 

until a total of 128 acquisitions were obtained. The arrows indicate 

the position of the selective rf field. Comparison between spectra 

with no selective irradiation and spectra in which irradiation was 

applied in the control position, indicated that the Pi peak was not 

significantly affected by stray irradiation from the saturation pulse. 

The saturation pulse did reduce the intensity of the broad component. 
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Figure 4-1. 31P NMR spctra of a) kidney and b) heart in situ. 
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Spect.ra are the sum of 128 acquisitions, using a 90° pulse and a 10 sec 

recycle time. Numbers on peaks refer to: 1) SATP, 2) aATP and NAD(H), 

3) YATP, 4) PCr, 5) Pi, 6) phosphomonoesters, 7) phosphodiesters and 

urine Pi in kidney, 8) Unidentified, 9) internal standard, MDPA. 
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Figure 4-2. Saturation transfer measurement of the Pi-+ATP 

reaction in rat kidney. Spectra (a) and (b) are sums of 128 

acquisitions using a 90° pulse and 10 sec recycle time during which the 

saturation pulse was left on. Eight spectra were alternated with the 

rf irradiation on a) the control frequency and b) the YATP peak 

(arrows) until 128 acquisitions for each spectrum had been obtained. 

C) is a difference spectrum obtained by subtracting b) from a). Pe~ks 

are numbered as in Fig. 4-1. 
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To determine whether non-selective effects or saturating the broad 

component could produce artifacts resembling the effects ~r exchange, 

the broad component was saturated at various positions where there were 

no visible NMR peaks. Difference spectra using controls with no 

selective irradiation (Fig. 4-1a) showed no changes in the 

magnetization or narrow resonances, although the broad component was 

reduced to approximately 52% or its control value. This observation 

suggests a potential method for reducing the broad component associated 

with heart, kidney, and liver spectra. Recently, this approach has been 

used to reduce the broad component associated with bone when performing 

NMR of the brain (22,23). 

The difference spectrum (Fig. 4-2c) shows a reduction of the Pi 

magnetization when the YATP peak is saturated. Saturation of the Pi 

resonance had no effect on the YATP signal, possibly due to the short 

T1 of the YATP resonance. Besides Pi, saturation or the YATP peak 

caused a reduction in both the a and SATP resonances. This was 

confirmed by the appropriate control experiments for these peaks. 

Saturation or the YATP peak can lead to a decrease in the SATP 

intensity via; a) dipolar interactions between the Y and S phosphorus 

nuclei, b) chemical exchang~ between the Y and SATP catalyzed by two 

cycles of the adenylate kinase reaction (4), or c) simultaneous 

saturation of the nearby SADP resonance when the YATP peak is 

irradiated, which exchanges with SATP during reactions catalyzed by 

creatine kinase, ATPases, or adenylate kinase. The reduction in the 

aATP magnetization upon saturation of the YATP peak has no obvious 

explanation, although it has been observed in experiments performed on 

rat brain (10). Table 4-1 presents the experimental results which lead 
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Table 4-l. Results of saturation transfer experiments performed 

on the rat kidney in situ. 

~-Mss * ** Reaction 
Mo TlAPP k r, 

(sec) (5ec-1) (se>c) 

Pi~yATP 0.15+0.04 1.24+0.16 0.12+0.03 1.46+0.12 

SATP,yATP 0.20+0.08 0.55+0.07 0.36+0.14 0.69+0.11 

(n=B) (n=3) 

* TlAPP and T1 values are for reactants on the left side of 

the equations. 

** Tl is the intrinsic r,, or the r, calculated to account for 
__ _! __ .~+ --

the effects of exchange. 
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to a calculated rate constant, kPi-iATP' of 0.12±0.03 sec 
-1 

HEART. Fig. 4~3 illustr~tes the results of an experiment 

performed to measure the rate constant for the reaction Per~ ATP 

. ( kPer---t ATP). Two spectra were obtained by alternating the selective 

rf power in the control position.(Fig. 4-3a) with the saturation pulse 

on the YATP signal (Fig. 4-3b). The arrows indicate the positions of 

the rf field. The difference between these two spectra (Fig. 4-3c) 

indicates the decrease in Per magnetization resulting from exchange. 

0 ss 0 
From these measurements a value of 0.56±0.09 for (M Per-M Per)/M PCr 

was derived (Table 4-2). 

To assess the non-selective effects that saturation had on the 

magnetization of Per, spectra without any selective irradiation (Fig. 

4-1b) were compared to spectra pbtained with the rf field in the 

control position (Fig. 4-3a). Irradiation reduced the Per intensity to 

88±11% of its equilibrium value. Because the PCr peak appeared to be 

symmetrical, it was assumed that the effects of non-selective 

saturation were equivalent regardless of whether the selective rf pulse 

was in the control position or on the YATP resonance. As an indication 

that that the value of (M0 -Mss)/M0 for Per was not affected by non-

selective irradiation, the YATP resonance was saturated to varying 

degrees from 0-100% by decreasing the power of the selective rf 

irradiation. At the lower power levels (YATP 0-50% saturated) there 

were no non-selective effects of saturation detected on the Per 

0 ss 0 
magnetization. Using the values of (M Per-M Per)/M Per with YATP 

partially saturated, a value of (M0 -Mss)/M0 for Per with YATP 100% 

saturated was extrapolated. This extrapolated value was equal, within 

experimental error, to that obtained with YATP saturated completely. 
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Figure 4-3. Saturation transfer measurement of the PCr~ATP 

reaction in rat heart. Spectra a) and b) are sums of 256 acquisitions 

each, using a 90° pulse and a 10 sec recycle time during which the 

saturation power was applied. Eight spectra were alternated with the 

rf irradiation on a) the control positon and b) the 'YATP position 

(arrows) until 256 acquisitions for each spectrum had been obtained. 

Spectrum c) is the difference obtained by subtracting b) from a). 

Peaks are numbered as in Fig. 4-1. 
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Table 4-2. · Results of saturation transfer experiments performed 

on the rat heart in situ. 

Reaction 

PCr~yATP 

yATP~PCr 

8ATP~yATP 

* 

0.56+0.09 

0.27+0.06 

0.23+0.04 

* TlAPP 
(sec) 

0.98+0.13 

0.54+0.13 

0.52+0.09 

(n=7) (n=3) 

0.57+0.12 

0.50+0.16 

0.44+0.11 

** Tl 
(sec) 

2.23+0.11 

0.74+0.10 

0. 68+0. 11 

TlAPP and T1 values are for reactants on the left side of 

the equations. 

** Tl is the ~ritrinsic Tl' or the Tl calculated to account for 

the effects of exchange. 
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Similar to the kidney, saturation of the YATP peak led to a 

reduction in the a and BATP intensities (Fig. 4-3c). Saturation of the 

YATP peak had no effect on the Pi signal in contrast to results 

obtained in the perfused heart (12). This could be due to low levels 

of int~acellular Pi in the heart in situ, especially when co~pared to 

the large contribution of 2,3-diphosphoglycerate in blood to this 

region of the spectrum. 
/ 

Fig. 4-4 illustrates the saturation transfer experiment performed 

to measure the reverse rate, ATP---+ PCr, by saturating the PCr 

resonance and monitoring the reduction in YATP magnetization. As can 

be seen in the difference spectrum (Fig. 4-'4c), saturation of the PCr 

resonance perturbs only the YATP peak. The negative peak in the aATP 

region was due to non-selective effects that the control irradiation 

(arrow Fig. 4-4a) had on peaks in this region. Typical data to derive 

T1APP for both the PCr and YATP peaks are presented in Fig. 4-5. 

Table 4-2 presents the experimental data and the calculated rate 

constants for the CK catalyzed reaction. For the forward directfon (PCr~ 

'"'1 ATP) a rate constant of 0.57±0.12 sec was found. A value of 

0.50±0.16 sec-1 was measured for the reverse direction (ATP~ PCr). 

Data are also included for the effect on the BATP peak. 

To calculate the relative forward and reverse rates of the 

creatine kinase reaction, the rate constants derived above were 

multiplied by the concentration of PCr and ATP expressed in arbitrary 

intensity units. The PCr/ATP ratio was 1 .29±0.13 (n=7). The forward 

rate, PCr---?ATP, was 0.74±0.18 intensity units/sec and the reverse 

rate, ATP---? PCr, was 0.50±0.16 intensity units/sec. These rates were 

significantly different from one another (P<0.05), in agreement with 
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Figure 4-4. Saturation transfer measurement of the ATP~PCr 
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reaction in rat heart. Experimental parameters were the same as those 

for Fig. 4-3. Arrows indicate the position of the selective rf 

irradiation; a) control, b) PCr saturated and c) differnce of a)-b). 

Peaks are numbered as in Fig. 4-1. 
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Figure 4-5. Data used for the determination of T1APP of a) PCr 

and b) YATP in heart. Solid line represents the best single 

exponential fit to the data points (open cicles). 
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results previously reported for the perfused heart (5:7,24)~ Because 

creatine kinase is believed to be the only enzyme which utilizes PCr, 

and PCr appears to be in a steady-state, it is impossible for the rate 

of PCr production to be larger than the rate of PCr utilization. Two 

explanations have been offered for this discrepancy between the 

measured forward and reverse rates. One possibility is that 

subcellular compartmentation of metabolites and/or enzyme render the 

simple two-site exchange model, presented in Methods, inadequate (6). 

Another possibility is that the participation of ATP in other reactions 

(~ ATPase, adenylate kinase) causes a spurious reduct~on of the rate 

(5). This would occur because nuclei from metabolites other than PCr 

are exchanging with YATP and have not been included in the two-site 

analysis. 

To test for the involvement of competing reactions, all 

metabolites in the spectrum were successively saturated while 

monitoring the effect on the YATP resonance. Saturation of the SATP 

peak caused a measurable change in the YATP peak; saturation of the 

other peaks (Pi, phosphomonoesters, aATP) had no effect on the YATP 

intensity. This indicates that the exchange between SATP and YATP is a 

significant competing reaction and could affect the measurement of 

exchange between PCr and YATP. 

The following expressions, derived from the Bloch equations, for 

the steady-state magnetization of YATP, in the presence of saturation 

of the PCr or SATP peaks, account for the additional exhange reaction: 
ss 

MBATP 
M;~TP = l + Mo (kyATP~BATPTlyATP) 

0 ~~rBA~T~P----~------~=----
MyATP l + (kATP~PCr+kyATP-?BATP)TlyATP 

[4-2] 
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[4-3] 

where, 

MssYATP is the steady-state magnetization of YATP with PCr saturated 

in equation 4-2, and SATP saturated in equation 4-3. 

0 M YATP is the equilibrium magnetization of the YATP signal measured 

with a suitable control irradiation. pulse. 

ss M SATP is the steady-state magnetization of SATP with PGr saturated. 

M0 SATP is the equilibrium magnetization of SATP. 

Mss is the steady-state magnetization of PCr with SATP saturated. PCr 
0 M PCr is the equilibrium magnetization of PCr. 

T1YATP is the intrinsic T1 of YATP. 

The T1APP of YATP with both PCr and SATP saturated is given by: 

TlyATP 
[4-4] 

Thus ss 0 ss 0 
measurement of M YATP/M YATP and M SATP/M SATP with the PCr 

ss 0 ss 0 
resonance saturated, M YATP/M YATP and M PCr/M PCr with the SATP 

resonance saturated and the T1APP of YATP with both the PCr and SATP 

signals saturated (Fig. 4-6) (an extra rf synthesizer was used for this 

purpose) allows the rate constant, kATP--1PCr to be determined. A 

similar approach has been used previously to measure proton exchange 

(25). 

Table 4-3 presents values for the different parameters measured in 

three different hearts • The rate constant derived from these 

measurements is 0.44±0.08, which is not significantly different from 

that measured assuming a two-site exchange between PCr and YATP. These 
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Figure 4-6. Spectra used to obtain T 1 APP of YATP with both PCr 

and BATP (missing peaks 1 and 4) saturated. The area of the YATP 
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resonance was measured at A) 100 msec, B) 450 msec, C) 900 msec, and D) 

1.5 sec after saturation of the whole spectrum. The PCr and BATP peaks 

were kept continually saturated. Peaks are numbered as in Fig. 4-1. 
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Table 4-3. The effects of.saturating PCr and/or ATP on the 

y, s, and PCr peaks and the TlAPP of yATP • 
., 

Observed Mss 
TlAPP .• Peak Mo 

Saturating Saturating Saturating both 
PCr SATP PCr and SATP 

yATP 0.73 0.80 0.63 sec 
(n=7) (n=3) (n=3} 

SATP 1 
(n=3} 

PCr 0.92 
(n=3) 
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results suggest that the effect of exchange between S and YATP is not 

sufficent to explain the discrepancy in the measured forward and 

reverse rates of the creatine kinase reaction in this system. 

4.4 Discussion 

KIDNEY. Recent results in the perfused kidney (13), interpreted 

the measured exchange between Pi and YATP to be due to the net 

synthesis of ATP via oxidative phosphorylation. If whole kidney ATP is 

assumed to be 1.7 ~mol/gm wet weight (30), and the Pi/ATP ratio is 1.03 

(present results), then a value of 1.8 ~ol/gm wet weight for whole 

kidney Pi can be derived. Multiplying this Pi concentration by the 

measured rate constant (Table 4-1) gives a rate of 0.22 ~mol/sec/gm wet 

weight or 1"3 ~ol/min/gm wet weight, for the incorporation of Pi into 

ATP. Previously published rates of oxygen consumption arid sodium 

reabsorption for the intact rat kidney range from 4-9 ~ol of o2/min/gm 

+ wet weight and 48-128 ~ol of Na /min/gm wet weight (31). Using these 

values it is estimated that the JATP/J0 ratio is in the range of 0.8-

1.7, and the JNa+/JATP ratio ranges from 4-10. These results are 

consistent with the hypothesis that saturation transfer measures net 

ATP synthesis in a physiologically relevant range. Experiments to 

+ measure NMR parameters, o2 consumption, and Na reabsorption 

simultaneously in the same animal are in progress. These studies have 

been aided by the recent acquisition of a horizontal bore 

superconducting magnet so that the rats do not have to hang vertically. 

Furthermore, the recent developement or a chronic renal venous catheter 

in our laboratory (31a) will allow these measurements to be performed· 

on a rat which has not had sUrgery performed the day of experiments. 
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There are several problems concerning the general interpretation 

of saturation transfer experiments in vivo. Several of these problems 

complicate interpretation of the kidney results. First, as much as 30% 

of the Pi peak intensity could be due to to extracellular Pi plus the 2 

phosphate of 2,3-diphosphoglycerate (2,3-DPG)(16). This may lead to an 

0 ss 0 underestimate of (M -M )/M for Pi. A significant non-exchanging pool 

would also lead to an overestimate of the exchanging Pi concentration, 

which would balance the error in (M0 -Mss)/M0 in the calculation of the 

rate of Pi incorporation into ATP. However, the T1APP of the Pi peak 

will also be affected by extracellular Pi and 2,3-DPG. The 2 phosphate 

of 2,3-DPG in arterial blood has a T1 ·of approximately 2.2 sec at 97.2 

MHz. · Extracellular Pi would also be expected to have a longer T1 than 

intrac.ellular Pi. These influences tend to cause an overestimation of 

the T1APP of intracellular Pi. If 2,3-DPG contributes 20% to the Pi 

peak, then from the measured T1APP of 1.24 sec, a value of 1 sec can be 

derived for the T1 of intracellular Pi. This implies that the rate 

constant and the rate were underestimated, possibly explaining the low 

JATP/J0 and high JNa+/JATP ratios obtained. The quality of the T1APP 

data obtained was not suitable to separate out the various components 

of the Pi relaxation curve with a multi-exponential fit. This might be 

possible if more time were used to make the T1 measurement. Another 

alternative would be to perform the experiment by varying the the time 

that the YATP resonance was saturated (6~19,Chapter 2). In this case, 

the time dependence of the decay of· Pi magnetization would be due only 

to the exchanging component of th~ peak. To be reliable this technique 

requires greater signal-to-noise than we can presently obtain. 

A second problem of interpretation is whether the rate of Pi ATP 
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exchange represents net ATP synthesis. In experiments with perfused 

heart (12) and kidney (13), an expected JATP/J 0 of approximately 3 was 

obtained. However, in yeast the JATP/J0 was found to be 88 (33) 

suggesting that a rapid Pi~ATP exchange rather than net synthesis was 

being measured. The results presented here and the recent results of 

Yahaya et al. (13a) in intact kidney have indicated low values for 

JATP/J0 • It is possible that a component of the Pi~ATP exchange 

measured in kidney does not represent net ATP synthesis. Saturation 

transfer studies to measure ATP synthesis are based upon the.assumption 

that all of the Pi participating in the exchange reaction is visible to 

NMR. Freeman et al. (13) reported that only 25% of total Pi was 

visible to NMR in the perfused kidney. It is possible that the rate of 

ATP synthesis is overestimated because of rapid Pi~ATP exchange and 

underestimated because of NMR invisible metabolites. An approach 

which is being pursued to shed some light on this problem is, that 

instead of measuring a single value of Pi~ATP exchange, the work 

function of the kidney can be changed (~partial ischemia, inhibitors 

of oxidative phosphorylation) and the resulting change in o2 

consumption can be compared to the change in ATP synthesis rate. If 

the NMR experiment is measuring net ATP synthesis, one would expect the 

rate of ATP synthesis to change in the same proportion as o2 

consumption. Furthermore, there are inhibitors of net ATP synthesis 

which do not effect the.rapid Pi~ATP exchange catalyzed by 

mitochondria. If the saturation transfer· experiment is measuring net 

synthesis, these inhibitors should decrease the measured rate. If, 

however, saturation transfer is measuring rapid Pi, 'ATP exchange, the 

inhibitors will have little effect on the rate. These experiments all 

.. 



109 

require a great deal of time and will probably only be successful in 

the kidney in situ. 

Finally , it is appreciated that the kidney is a very 

heterogeneous organ in terms of its cell types. At this stage NMR can 

measure exchange rates only from the whole kidney. Therefore, any rate 

measured is an average over the different cell types in the kidney. 

There are inhibitors of transport which work selectively on some cells 

in the kidney but not others which would allow the estimate of the 

contribution of various cell types to the net rate measured by 

saturation transfer. Very recently, techniques have been described 

31 . 
(34) which allow a P metabolite image to be generated from the 

kidney. It would be very exciting if this technique could be combined 

with magnetization transfer techniques to measure rates at selected 

points in the kidney. 

HEART. PCr is generally considered to be a reservoir of high 

energy phosphate for times when work demands on a tissue rapidly 

increase (26). To satisfy this role, the rate of the creatine kinase 

reaction must be significantly larger than the rate of ATP synthesis or 

utilization. To compare our measured rates of creatine kinase activity 

to ATP synthesis rates it is assumed that values for oxygen consumption 

and ATP concentrations in the perfused working heart approximate those 

found in vivo. Using an oxygen consumption rate of 1.4 umol/sec/gm dry 

weight (27), an ATP synthesis rate of 9 umol/sec/gm dry weight (3.5 

mM/sec, making corrections as did Matthews et al. (7)) can be 

calculated assuming JATP/J0 equals 3. An assumed ATP concentration of 

33 umol/gm dry weight (29) with our NMR determined values of PCR/ATP, 

allows the forward and reverse rates of creatine kinase to be estimated 
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as 24 ~mol/sec/gm dry weight (10 mM/sec) and 17 ~mol/sec/gm dry weight 

(7 mM/sec), respectively. Thus, the forward rate through creatine 

kinase is approximately 3 times higher than the rate of ATP synthesis. 

This agrees with results obtained from the isolated perfused rat heart 

(7), where the forward rate through creatine kinase ranged from 13 to 

3. 3 times the ATP synthesis rate as workload increased towards that 

found in situ. The value of 24 ~ol/sec/gm dry weight estimated for 

the forward rate of creatine kinase in situ is somewhat smaller than 

the value of 35 ~ol/sec/gm dry weight reported for the pyruvate 

perfused working heart (24). 

The present experiments measured a 33% difference in the forward 

and reverse rates of the creatine kinase reaction for the heart in 

situ. This discrepancy in rates has also been measured in the 

perfused heart (5-7,24), isolated muscle (8), and brain in situ (10). 

Experiments using a double saturation technique to account for the only 

significant competing reaction (~ exchange between Band YATP), 

demonstrate that the measured reverse rate of creatine kinase is not 

significantly effected. This is in contrast to the conclusions of 

other workers who estimated that exchange catalyzed by ATP synthesis 

and adenylate kinase could account for the measured discrepancy (7). 

However, these calculations only accounted for the effects of the 

0 ss 0 competing reaction on (M -M )/M of YATP and ignored the effects on 

T1APP. The double saturation technique accounts for the effect of 

0 ss 0 competing reactions on both T1 APP and (M -M )/M •. 

4.5 Conclusions 

Using implanted rf coils, saturation transfer NMR experiments can 

,~ 
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be used to measure metabolite interconversion rates in the rat heart 

and kidney in situ. In the kidney, the rate of ATP synthesis was 

estimated and compared to the the physiologic parameters of oxygen 

+ 
consumption and Na reabsorption rates. A lower than expected JATP/J0 

and a larger than expected JNa+/JATP were obtained. These results 

point to the problems associated with interpreting the measured ATP 

synthesis rate. In particular the heterogeniety of the Pi peak may be 

leading to erroneous results. The groundwork has been laid so that 

further experiments probing the problems of interpretation can be 

performed. 

In the heart in situ, the rate.of the forward reaction catalyzed 

by CK was estimated to be larger than the ATP synthesis rate. This is 

consistent with the postulated role of PCr as a high energy phosphate 

reservoir. In addition, the forward rate through CK was measured to be 

greater than the reverse rate in the heart. A double saturation 

technique accounted for the affects of the competing exchange between 

B and YATP. This exchange did not account for the measured discrepancy 

in forward and reverse rates. 

Another explanation offered for the difference in forward and 

reverse rates of creatine kinase is intracellular compartmentation (6). 

It is interesting to note that the difference in creatine kinase rates 

measured in the heart in situ (7 ~ol/sec/gm dry weight) is roughly 

equal to the estimate of the ATP synthesis rate (8 ~mol/sec/gm dry 

weight). This observation suggests a model for compartmentation of ATP 

which may explain the discrepancy in measured rates. The advantages of 

comparing different magnetization transfer techniques with a discussion 

of the compartmentation model is the subject of the next chapter.· 
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CHAPTER 5: DETECTION OF EXCHANGE REACTIONS INVOLVING SMALL 

METABOLITE POOLS USING NMR MAGNETIZATION TRANSFER TECHNIQUES: 

RELEVANCE TO SUBCELLULAR COMPARTMENTATION OF CREATINE KINASE. 

5.1 Introduction 

Nuclear magnetic resonance spectroscopy (NMR) has been used to 

monitor biochemical events in isolated cells (1), perfused organs (2), 

intact animals (3,4, Chapter 3), and human subjects (5). In addition 

31
P NMR magnetization transfer techniques are capable of measuring 

enzymatically catalyzed reactions involving high energy phosphate 

compounds, in vivo (6-11, Chapter 4). In particular, the rate of 

phosphate exchange between phosphocreatine (PCr) and ATP, catalyzed by 

creatine kinase (CK) has been studied in muscle, heart, and brain using 

saturation transfer techniques (7 ... 11, Chapter 4). In these studies it 

was found that under steady-state conditions, the rate of the forward 

reaction (PCr + ADP + ATP +Cr) was larger than the reverse rate (ATP +Cr 

+ PCr + ADP). However, the net forward rate must have equaled the 

reverse rate, because metabolite levels were not changing and CK is the 

only enzyme known to utilize PCr. This discrepancy between the measured 

unidirectional rates of the CK reaction in vivo, has been attributed to 

the involvement of ATP in competing reactions (7,10); however, attempts 

to estimate the magnitudes of these reactions seems to indicate that 

they do not account for the measured discrepancy (10). Measurements 

·performed in this laboratory (12, Chapter 4), using a double saturation 

technique to quantitate the involvement of competing reactions, indicate 

that these reactions do not account for the measured discrepancy in CK 



catalyzed rates. Alternatively, Nunnally and Hollis (8) proposed that 

the difference in rates of CK is due to the the distribution of 
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metabolites and enzymes in various compartments of the cell, leading to 

an ambiguous result. 

Models for compartmentation may involve pools of metabolites whose 

concentrations are below the detection limits of NMR. As currently 

applied to living systems 31P NMR can detect metabolite concentrations 

only at approximately 1 mM. Many important metabolic intermediates 

(e.g. ADP) are at ~M levels or less and not detectable in 31P NMR 

spectra of most living tissue (~. heart) (4, Chapter 2). Furthermore, 

it is probable that small, NMR invisible pools of metabolites, such as 

mitochondrial ATP, coexist with large pools which are detectable in the 

spectrum. 

Most exchange measurements in vivo, have been performed using 

saturation transfer techniques. Recently, a few studies using inversion 

transfer (13) and two dimensional (2D) NMR techniques (14,15) have also 

been performed. While saturation transfer experiments have measured a 

greater forward than reverse rate for the CK reaction in muscle and 

brain (9,11), 2D exchange results have indicated equal rates in these 

tissues (15). The saturation transfer experiments also detected 

exchange between the y and s phosphates of ATP (yATP, sATP) which was 

not seen in the 2D spectrum.. Magnetization transfer techniques differ 

qualitatively. Saturation transfer continuously perturbs the labeled 

peak; thus a small' exchanging pool is continously labeled. In contrast, 

2D exchange and inv~rsion transfer employ a pulse labeling technique. 

Therefore, in principle, the various exchange techniques should be very 

different in their ability to detect reactions between small, NMR 



undetectable metabolites and larger, NMR visible metabolites. This 

difference may explain the discrepancies in results obtained with 

saturation transfer and 2D NMR. 

The present experiments were performed to verify the idea that 

saturation transfer is able to detect the presence of exchange with 

small metabolite pools, while 2D NMR cannot. The results obtained lead 

to the conclusion that a quantitative comparison between saturation 

transfer and 2D or inversion transfer performed in vivo will reveal the 

involvement of small pools of metabolites (16). These observations 

suggest a model whereby low levels of compartmented ATP are in exchange 

with PCR; the PCR is also in exchange with cytoplasmic ATP. This model 

may provide an explanation for the discrepancy found in the measured 

forward and reverse rates of the CK reaction. 

5.2 Theory 

For the exchange process A~B, the expressions used to obtain rate 

information from saturation transfer, 2D NMR exchange, and inversion 

transfer experiments reveal the effect of a low concentration of one of 

the reactants (~. B). In a saturation transfer experiment, the change 

in the magnetization of the nucleus A (MA) while in site after 

saturating the nucleus while in site B at time t = 0 and maintaining B 

saturated, is given by (17): 

[5-l] 
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where M~ is the equilibrium magnetization of A, r 1A is the spin-lattice 

relaxation time at site A, and k1 is the first order rate constant for 

the reaction A + B. The concentration of B does not affect the 

measurement of the rate A + B. 

For the 2D exchange experiment, performed by using three successive 

90' pulses separated, respectively, by an evolution time and a mixing 

time (Tm)' the intensity of the crosspeak (lAB) between A and B, as a 

function of mixing time, is given by (18): 

[5-2] 

where the T1 for spins A and B were assumed to be equal, ~ is the 

equilibrium magnetization of B and k2 is the first order unidirectional 

rate constant for the reaction B + A. In this case the intensity of the 

crosspeak is proportional to the concentration of B. A very low 

concentration of B would make the crosspeak difficult to detect. 

Finally, for an inversion transfer experiment where B is inverted 

at time t = 0, the variation in MA with time after the inversion of B 

is given by (19): 

[5-3] 

with 

A+ = l {-(£ + k + k2) + (k1 + k2)} 
2 r1 1 

.. 
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where the T1 for A and B are assumed to be equal. In the inversion 

transfer experiment, the change in the magnetization of A is 

proportional to the amount of B present. .If the concentration of B is 
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vanishingly small, the effect of exchange on A would also be vanishingly 

small. 

The ~bove equations indicate that the magnitude of the effect of 

exchange on the magnetization of A in the inversion transfer experiment. 

(eqn. 5-3) and the cross peak intensity in the 2D experiment (eqn.S-2) 

depends not only on the rate of exchange and on relaxation but on the 

amount of B present as well. In the saturation transfer experiment, as 

long as B is completely saturated (i.e., ~ = 0) and so maintained, 

the change in A depends only on kl and TlA" If B is undetectable within 

reasonable averaging times in a normal one dimensional spectrum, only 

the saturation transfer experiment will detect the exchange. This does, 

however, presume ~priori knowledge of where to place the saturating 

radiofrequency field. Therefore, saturation transfer provides 

information concerning small pools (not directly detectable) which are 

in exchange with larger pools (NMR detectable), whereas 2D or inversion 

transfer does not. 

5.3 Results 

Experiments were performed using solutions containing approximately 

1900 units of creatine kinase (rabbit muscle, Sigma), PCr, Cr, ADP, and 

0 . 2+ 
ATP buffered at pH 7.2 (30 C, 10 mM free Mg ). Solutions were prepared 

so that ADP concentrations ("' 100 ~M) were approximately 100-fold less 

than those of ATP and Cr, or PCr ("' 10 mM). 31 A P NMR spectrum of the 
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solution obtained at 97.2 MHz showed no detectable ADP peaks. A 2D 

exchange experiment performed as described by Jeener ~ al. (18), with 

the addition of phase cycling (20) to allow proper phasing and 

quantitation of peaks in the spectrum, was performed on a similar 

solution. Fig. 5-1 shows the results for a mixing time of 600 msec. 

Peaks along the diagonal correspond to the resonances observed in the 

one dimensional spectrum. Cross peaks due to exchange are seen between 

the PCr and yATP peaks, as expected. The two crosspeak intensities were 

equal for all mixing times between 50 msec and 1.5 sec (Fig. 5-2). This 

indicates that, under these conditions, the measured forward rate was 

equal to the reverse rate for the isolated enzyme, as has been noted 

previously by other workers using saturation transfer (7 ,8) and. 

inversion transfer (13). No crosspeaks were detected between the BATP 

signal and any other resonances, as can be more readily seen in one 

dimensional slices of the 2D spectrum taken through the maxima of the 

diagonal peaks (Fig. 5-3). This result was true for all mixing times 

ranging from 0.1 to 1.5 sec. 

Saturation of the yATP peak (Fig. 5-4B) led to a reduction in the 

PCr magnetization due to the exchange of phosphate between PCr and yATP. 

Saturation of the PCr resonance caused a reduction in the yATP signal 

due to the reverse reaction, yATP + PCr. The ratio of forward to 

reverse rates was 0.98 ± 0.18 (Table 5-1), indicating that saturation 

transfer measured equal rates, in agreement with the 2D result and those 

of previous workers (7,8,13). In addition to the effect on the PCr 

intensity, there was a reduction in the BATP peak, as can be clearly 

seen in the difference spectrum (Fig. 5-4C). Saturation of the BATP 
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Figure 5-1. Contour plot or a pure absorption phase two

dimensional 31 P NMR spectrum or the creatine kinase reaction mixture. 

Data were collected at a phosphorus frequency or 97.2 MHz, using a 

mixing time or 600 msec. 6.4 different evolution times ranging from 

0.5-32 msec were used with an overall cycle or 32 acquisitions per 

evolution time (21). A spectral width or 2000Hz, exponential line 

broadening or 10 Hz in both dimensions, and zero filling from 256 to 

1024 points in the second dimension were used. Peaks are as labeled 

with a and b representing the cross peaks due to exchange between PCr 

and 'YATP. 
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Figure S-2. Change in intensities of peaks with increasing mixing 

time in 20 exchange spectra or the creatine kinase solution. Using the 

initial rate of buildup of the cross peaks a rate of 7 ~ol/sec for the 

creatine kinase reaction was calculated. 20 spectra were acquired as 

described in Fig. 5-1 except for the varying mixing times. 
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Figure 5-3. Vertical slices through the intensity maxima of the 

diagonal peaks of the 20 spectrum of Fig. 5-1. ~represents the slice 

through the PCr peak; the smaller peak represents the cross peak due to 

exchange between PCr and YATP (peak b, Fig. 5-1). ~represents the 

slice through the YATP peak; the smaller peak represents the cross peak 

due to exchange between YATP and PCr (peak a, Fig. 5-1). £represents 

the slice through the SATP peak. The ordinate for B and £ equals 2x 

that of A. 
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yATP 
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Figure 5-~ •. 31p NMR saturation transfer experiment of the 

creatine kinase reaction. Spectra were obtained at 97.2 MHz and 

represent the sum of 16 acquisltons using a 90° pulse (22 usee) and a 8 

sec recycle time. During the delay between pulses the selective 

radiofrequency irradiation, generated using the decoupler channel, was 

left on. ~represents a control spectrum with the selective 

irradiation at 2.5 PPM. ! represents a spectrum with the YATP peak 

saturated. Cis the difference of A~ B. Peaks are: 1, BATP; 2, aATP; 

3, YATP; ~. PCr. 
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Table 5-l. Results of saturation transfer experiments performed on solutions 

containing isolated CK, ATP, PCr, ADP, and Cr, buffered at pH 7.2. The results of 

five separate experiments performed on different solutions are presented. 

Ex pt. 

1 

2 

3 

4 

5 

PCr --+ ATP 

M0 -M 
~ 

TlAPP k 
(sec) (sec-1) 

0.42 1.38 

0.38 1.64 

0.30 1.11 

0.27 0.81 

0.32 1.17 

0.30 

0.23 

0.27 

0.33 

0.27 

Rate 
(ttmo1) 
sec 

5.9 

4.6 

5.3 

7.0 

5.6 

ATP _,. PCr 

M0 -M 
Mo T1APP 

(sec) 

0.49 1.08 •' 

0.25 1.53 

0.37 0.63 

0.37 0.77 

0.33 1.03 

k Rate 
(sec -1 ). ( ttmo 1 ) 

sec 

0.49 7.1 

0.25 4.1 

0.37 6.2 

0.48 8.2 

0.32 4.6 

Ratio 
of 

Rates 

0.83 

1.13 

0.85 

0.85 

1.22 

,, 

Avg. = 0.98+0.18 

....... 
N 
c.n 
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peak had no effect on the y resonance. This finding, and the absence of 

a cross peak between the 8 and y ATP resonances in the 2D spectrum, 

rules out a negative nuclear Overhauser effect. CK does not catalyze 

exchange between y and BATP, but does catalyze exchange between the 8 

phosphate of ADP (BADP) and BATP. To determine if the reduction in 

magnitude of the sATP peak was due to simultaneous saturation of a small 

pool of SADP when the yATP resonance was saturated, the frequency of the 

saturation pulse was varied and the erfects on PCr and BATP peak 

intensities monitored. Fig. 5-5 shows that the PCr intensity reached a 

minimum when the saturation pulse was directly on the yATP resonance (0 

Hz). The BATP intensity reached a minimum at a frequenqy which 

corresponded to the BADP chemical shift (arrow in Fig. 5-5), as 

determined from a solution with limiting amounts of PCr so ADP could be 

detected. To determine if the presence of enzyme bound intermediates, 

(e.g. ADP-E or PCr-E) could be detected, selective rf irradiation was 

moved across the entire spectral width. In all cases, the maximum 

effect of saturation occurred at the resonance frequencies of the free 

metabolites. It is concluded from these experiments that saturation 

transfer measurements may be used as an indirect detection 

experiment(20) to detect small pools participating in exchange 

reactions, whereas 2D cannot detect small exchanging pools. 

Furthermore, it is possible that an experiment of the type illustrated 

in Fig. 5-2 could lead to an estimate of the sADP linewidth which, in 

turn, may be related to the binding rate of the substrate to the enzyme. 

5.4 Implications for Creatine Kinase Reaction Rate Measurements, in Vivo 
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Figure 5-5. Effect of varying the frequency of the saturation 

pulse on the intensity of PCr (X), BATP (0), and YATP ((>)peaks. Zero 

Hz corresponds to the resonance position of YATP, and the arrow 

indicates the the resonance position of BADP. Variations in the aATP 

peak intensity give an indication of systematic errors. Spectra were 

obtained as in Fig. 5-4. Peak intensities were determined using the 

integration routine on the Nicolet 1180 computer. 
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The ability of saturation transfer to detect small pools of 

metabolites suggested a model to account for the difference between the 

forward and reverse rates of CK measured in vivo. In this model a large 

pool of PCr is assumed to be in exchange with both a large (NMR 

detectable) and a small pool of ATP (undetectable by NMR) (Fig. S-6A). 

2D or inversion transfer experiments.are ~ble to detect only the 

exchange between the large pools of PCr and ATP (rates 3 and 4, Fig. 

S-6a). Irradiation of the yATP peak saturates both the small and large 

pqols of ATP so rates 1 and 3 are measured. Saturation of the PCr 

resonance leads to the measurement of rate 4 because only the large pool 

of ATP is detected. Rate 2 is not measured because the fractional 

change of the small pool of yATP, produced by saturating the PCr peak, 

cannot be detected. Thus, the rate PCR + yATP (rates 1 + 3) appears 

larger than the rate yATP + PCr (rate 4). 

A biologically relevant version of the model, based on the "PCr 

shuttle" (22,23), is depicted in Fig. 5-6b. A large PCr pool is in 

exchange with cytosolic ATP (rates 3 and 4, Fig. S-6b), as well as with 

smaller pools of ATP which are produced at the mitochondrion (rate 2) 

and utilized by the muscle fiber (rate 1). In this case the discrepancy 

between the measured forward (rates 1+3) and reverse (rate 4) rate is 

related to the net rate of ATP utilization (rate 2). That is, as net ATP 

utilization and thus net synthesis increases, the flow through the small 

pools becomes more important, increasing the measured difference between 

forward and reverse rates. The model predicts that the difference in 
... 

forward and reverse rates of the CK reaction should be directly 

proportional to the rate of ATP synthesis. To test this hypothesis, 

data previously reported from the perfused heart (10), in situ brain 
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® PCr 

£~ 
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Small Pool Big Pool 

[b] Mitochondrion Cytosol Myofibril 

Cr ATP 

ADP 

Figure 5-6. Compartmentation model to explain the discrepancy in 

the forward and reverse rates of creatine kinase measured in vivo. The 

basic features of the model are illustrated in a. Both a small and a 

large pool of ATP are in exchange with a PCr pool. A more specific 

biological version of a is illustrated in b. The small pool of ATP is 

located in the mitochondria and the myofibrils. The large ATP pool is 

cytoplasmic ATP and both ATP pools are in exchange with cytoplasmic 

PCr. Numbers represent rates for the specific reactions occuring in 

the direction indicated by the arrows. 
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(11), and in situ heart (12), were used to construct a plot of the 

difference in CK rates vs. the net rate of ATP synthesis covering a wide 

range of values (Fig. S-7). The model implies a straight line with 

slope of 1 (dashed line Fig. 5-7). The line which best fits all the 

points gives a slope of 0.9, in agreement with the predicted slope of 

unity. Two variations of the model would give rise to a more 

complicated relation between net ATP synthesis and the difference in CK 

catalyzed rates. First, if a percentage of the ATP produced in the 

mitochondria diffuses into the large ATP pool before reacting to form 

PCr, i.e., there is some exchange between the two ATP pools, the 

measured difference in rates would be less 'than net ATP synthesis. 

Second, if instead of a undirectional reaction (small ATP pool.• PCr) at 

the mitochondria, a rapid exchange occurred (small ATP pool~ PCr) the 

difference in rates would be larger than net ATP synthesis. 

This model makes other predictions which can be tested 

experimentallyo Measurement of CK exchange kinetics in vivo using 2D or 

inversion transfer should measure equal forward and reverse rates. This 

is supported by the results of Balaban_!:! al. (15), who measured equal 

forward and reverse rates for the CK reaction in rat brain and muscle 

using 2D exchange techniques. If the ~D or the inversion transfer 

experiment and the saturation transfer experiment were performed 

concurrently on the same preparation, the 2D or inversion transfer 

measured rates should equal the reverse rate as measured by saturation 

transfer. Finally, exchange between inorganic phosphate and yATP and 

between S and y ATP have been measured in rat brain using saturation 

transfer (11) but were not detected in the 2D spectrum (15). This 

suggests the possible involvement of small metabolite pools in these 
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Figure 5-7. Plot of the forward minus reverse rates of the 

creatine kinase reaction measured in vivo vs. the net rate of ATP 

synthesis. Data were obtained from previously published results in 

perfused heart (0, reference 10), brain in situ (A, reference 11) and 

heart in situ ( • , Chapter 4). The dashed line of unit slope 

represents the theoretical prediction made assuming the model of Fig. 

5~6b. Error bars are + one standard deviation. 
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reactions as well. 

5.5 Conclusions 

Metabolic reactions occurring in vivo are considerably more complex 

than the simple two site exchange system usually used to analyze 

magnetization transfer studies. Models for more complex multiple 

exchange systems may be used to analyze NMR data (12) but are dependent 

on knowing the exchange network. A comparison of 2D or inversion 

transfer results with saturation transfer should indicate the extent of 

·involvement of small metabolic pools in exchange reactions. 

Furthermore, the use of saturation transfer as an indirect 

detection procedure should prove useful in studying metabolic exchange 

reactions with other nuclei, including 1H or 13c. In these cases 

metabolites which are interconnected may not be both directly 

detectable. For example, glucose labeled with 13c in the 1 position 

when metabolized by yeast ~naerobically gives resonances for the C1 and 

C6 carbon of fructose-1,6-diphosphate; however, no resonances for 

dihydroxyacetone phosphate or 3-phosphoglycerate are detected (24). 

Saturation at the expected frequency for the proper carbon of 

dihydroxyacetone phosphate may cause an effect on the 

fructose-1,6-diphosphate carbon. A similar strategy may be useful in 

measuring kinetics of the lactate dehydrogenase reaction using 
1
H 

spectroscopy. 

• 
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APPENDIX 1: SATURATION OF A NMR SIGNAL 

To describe the time course of the intensity of an NMR signal 

after application of a selective rf pulse to that signal, we need 

consider all the processes effecting that peak. Following Portis (1 ), 
~ 

the effect of the rf on the magnitization of the signal is given by: 

[Al-l] 

where M1 is the magnetization of the signal at time t, Y is the nuclear 

gyromagnetic ratio, H1 is the magnitude of the magnetic component of 

the applied rf field, and T2 is the spin-spin relaxation time. 

The signal will try to recover from the effects of the rf pulse at 

a rate defined by the spin-lattice relaxation time, T1• This rate is 

given by: 

where M0 is the equlibrium magnetization of spin 1. 
1 

[Al-2] 

The total effect is expressed by the sum of these two competing 

effects: 

[Al-3] 

2 2 -1 . 
Thus it can be seen that if Y H1 >>(T1T2 ) , the effects of the rf 

pulse will dominate and the signal intensitY will go to zero, 

exponentially with a time constant of -(1/T1-cr2H
1
2T

2
)/4). 

If, in addition, peak 1 is in exchange with another peak, 2, 
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-
then equation A1-2 becomes: 

[Al-4] 

where M2 is the magnetization of the additional peak and k1 and k2 are 

the appropriate r.ate constants. 

This suggests a way to determine the rate constants due to 

exchange. If signal 2 is first saturated (M2=0) and maintained that 

way, then a selective rf field applied to signal 1 will cause the 

intensity of signal to decay in the rf field according to: 

[Al-5] 

where· Mss 1 is the magnetization of peak 1 after peak 2 has been 

saturated to the stedy state. Thus signal 1 decays exponentially with 

a time constant equal ~o -(1/T
1

+k 1-(Y2H1
2T2)/4). A plot of this time 

constant vs H 2 would yield a 
1 

straight line with intercept, 1/T1 + k1• 
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APPENDIX 2: AN IN VIVO PROBE CIRCUIT FOR IMPROVED SENSITIVITY 

A2.1 Introduction 

Success in using NMR to study metabolic processes and to produce 

well resolved images of living tissues has led to a rapid increase in 

its application to problems in biology and medicine (1,2). A serious 

problem with all of these studies is the degrading effect that intact 

tissues have upon. probe sensitivity! The desire to perform these kinds 

of experiments has therefore necessitated studies of loss mechanisms 

associated with conductive samples (3,4). A tuning scheme which 

greatly minimizes losses associated with biological NMR is described. 

The success of this scheme demonstrates the importance of coil-to

ground parasitic losses. A model for this loss mechanism is described, 

and it is shown how a simple modification of the normal tuning scheme 

can minimze its effects. The improvement in sensitvity afforded is 

illustrated using model circuits and 31 P NMR spectra obtained in vivo 

using implanted coils. 

A2.2 Background 

Biological tissues can produce large losses in the tuned circuit 

of an NMR probe because of their high conductivity. These losses are 

reflected in a reduction of the circuit quality factor ( Q). Losses 

associated with the high conductivity of the sample are caused 

primarily by currents induced in the sample by the electric and 

magnetic fields produced by the coil. While little can be done to 

reduce currents generated by the magnetic field, shielding of the 
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sample from the electric field can reduce dielectric losses. 

Previous workers have developed circuit models for dielectric 

losses assuming that the paths of the electric fields which penetrate 

the sample extend in a distributed manner from one side of the coil to 

the other (3,4). Their models of these coil-to-coil parasitics can be 

reduced to a capacitance, Cd, and a resistance, Rd, connected in 

parallel with the coil (Fig. A2-1). Rd and Cd have the effect of 

lowering both the resonance frequency and Q of the tuned circuit. This 

description gives good quantitative explanations for the behavior of 

the losses incurred when biological samples are placed in a glass tube 

within a standard probe of a high resolution spectrometer (4)~ 

For the types of coils used to study animal organs in situ, 

additional paths for the electric fields exsist. In the probe used for 

the studies described in Chapter 3, the laboratory rat is supported by 

a metal cradle. For proper shielding of external rf noise, the cradle, 

the probe casing, and the tuning circuit must all be grounded. Hence, 

paths for electric fields exist not only across the coil but between 

the coil within the animal, and the probe ground. The influence of 

these coil-to-ground parasitics can be modeled with two lumped element 

branches between each side of the coil and ground (Fig. A2-2a). For 

simplicity, each branch consists of only a resistance in series with a 

capacitor, with the capacitance modeling both the insulation around the 

coil wire and the reactive influence of the sample. In this circuit, 

the second branch involving Rd2 and cd2 can be neglected because it is 

shorted by the ground lead of the tuning circuit. As indicated in Fig. 

A2-2b, the remaining branch transforms to the equivalent parallel 

components R and C , given by: 
a a 

.> 
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0 

Figure A2-1. A probe circuit employing standard tuning and 

matching, which models coil-to-coil influences of the sample. L is the 

inductance of the sample coil, c1 and c2 are the tuning and matching 

capacitors, and RP models the coil resistance. Cd and Rd model the 

coil-to-coil parasitics. 
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(a) 
c, Rpd 

0 

·. 2 

(b). Rpd Ra 

Figure A2-2. Probe circuits employing standard tuning and 

matching, which model (a) the additional influences of coil-to-ground 

parasitics, and (b) an equivalent parallel circuit. The tuned circuit 

elements are defined as in Fig. A2-1, except that Rpd represents the 

parallel combination of RP and Rd, and c1 incorporates Cd into the 

tuning. The branches Rdl and Cdl' and Rd2 and cd2 , model the 

distributed influences of the coil-to-ground parasitics. R and C are a a 

given by Eqs. A2-1 and A2-2. 
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2 2 
-1 woRd1 Cd1 

R = a 2 2 2 1 +wc/d1 cd1 
[A2-1] 

c = 
cd1 

2 2 2 a 1+woRd1 Cd1 
[A2-2] 

where w 12IT is the resonance frequency of the tuned circuit. The 
0 

influence or these additional components on the tuned circuit is the 
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same as that of the coil-to-coil parasitics. The total Q of the circuit 

can then be expressed as: 

[A2-3] 

A2.3 The New Circit 

Once recognized, the influence of coil-to-ground parasitics can be 

minimized with a balanced tuning circuit containing matching capacitors 

of equal size on both sides of the coil (Fig. A2-3a). Because the 

matching capacitors are essentially in series, their values must be 

approximately twice as large as the single matching capacitor of the 

standard circuit. 

To illustrate why the balanced scheme is effective in reducing the 

losses associated with coil-to-ground parasitics, two simplifying 

assumptions are made. First, it is assumed tha~ the circuit Q is high 

enough to make the impedance of the matching capacitors small compared 

with the 50 ohm input impedance. Thus, the parasitic elements link in 

series through ground, reducing the circuit to that shown in Fig. A2-
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(b) c,. Rpd 
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2C2 
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(c) c, Ca 2Ra 
2C2 2 

~ 

Figure A2-3. Circuit models showing (a} the influence of coil-to-

ground parasitics on the balanced matching and tuning scheme, (b) the 

reduced circuit assuming a high circuit Q, and (c) the equivalent 
"" 

parallel circuit. Circuit elemnts are as defined in Fig. A2-2. 
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3b. Second, it is assumed that the two branches are identical, that 

is, cd1= cd2 and Rd 1= Rd2• The coil is thereby balanced with respect 

to ground. Using transformation equations similar to Eqs. A2-1 and A2~ 

2, the circuit reduces to that of Fig. A2-3c. The total Q for the 

balanced circuit can be expressed as: 

[A2-4] 

Comparing Eqs~ A2-3 and A2-4, it is apparent that the new circuit 

configuration has reduced the influence of the coil-to-ground 

parasitics by approximately one-half. The balanced matching circuit 

yields a higher Q and, because sensitivity of the NMR spectrum varies 

as the Q112 for a fixed frequency (5), an improved signal-to-noise 

ratio. 

A2.4 Experimental Verification of the New Tuning Scheme 

MODEL CIRCUITS. To demonstrate the advantage of using the 

balanced tuning scheme in the presence of strong coil-to-ground 

parasitics, a series of model circuits was constructed. All the 

circuits employed a two-turn, half-inch diameter coil, tuned and 

matched with variable ceramic capacitors (3-20 pf). All parasitic 

elements consisted of a 22 ohm carbon resistor placed in series with a 

5 pf silver mica capacitor. These particular component values were 

chosen to simulate the variations in tuning and Q typically observed 

for the in vivo experiments. Q measurements were performed near 100 

MHz with a Wavetek Model 1062 sweep generator and a 20 db directional 

coupler used to measure the r~flected power from the tuned circuit. 



144 

The Qs were calculated by dividing the resonance frequency of the 

circuit by the width of the resonance curve at the half-power points. 

The oscilloscope used for these measurements was calibrated with 1 MHz 

frequency markers from the sweep generator. 

The variation in Q for different loss mechanisms and tuning 

schemes are shown in Table A2-1 • The first column shows that the Q of 

the unloaded coil is insensitive to the matching scheme used. The 

second colu~ shows that the balanced matching configuration does not 

reduce the effects of coil-coil parasitics. Only when the loading is 

placed from each side of the coil to ground does the balanced matching 

scheme significantly improve the circuit Q. The improvement is greater 

than predicted by the simple model presented above, indicating that 

some other factors may be at play. Because the balanced matching 

improves only losses associated with coil-to-ground parasitics, tuning 

the circuit in the balanced configuration is a method of determining if 

such losses are important. 

IMPLANTED COIL CIRCUIT. As described in Chapter 3, 31P NMR 

spectroscopy can be performed on rat organs by implanting the coil 

around the organ of interest. This necessitates that there be some 

transmission line from the coil, in the rat, to the tuning circuit, 

outside the rat. Because of this transmission line the circuit which 

has been used (Fig. A2-4) is a modification of the balanced matching 

circuit just described. The circuit differs from that of 'Fig. A2-3 in 

several respects. First, the tuning capacitor c1 is no longer placed 

directly acrosi the coil leads, but instead has one of its leads 

connected directly to ground. cs and ct are small chip capacitors 

(American Technical Ceramics) placed as close to the coil as possible 



Table A2-l. Measurements of circuit Q for-the standard and 

balanced configurations. 

Tuning Loss less Coi 1-to-Coi 1 Coil-to-Ground 
Scheme Circuit1 Loading2 Loading" 

Standard 59 29 26 

Balanced 59 29 45 

1Tuned circuit with no loading elements. 

2Simulated with a single parasitic element across the coil. 

3 Simulated with two parasitic elements between each side of 
the coil and ground. 

145 
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Cs L 
Ct 

_ .. 
---1---

Figure A2-~. A modified, balanced tuning circuit for in vivo 

experiments where a length of transmission line is required between the 

coil and the tuning and matching capacitors, c1 and c2 respectively. 

C and Ct are mounted near the coil and perform partial tuning, partial s . 

matching, and balancing. 
,, 
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and insulated from the tissue with silicone sealant (Dow Corning)~ 
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c s 

helps to confine the large circulating current of the tuned circuit to 

the coil, thus improving the filling factor. Ct performs a partial 

transformation to a lower impedance, reducing the rf voltage and, 

therefore, the conductive losses across the transmission line. Ct also 

plays the role of the balancing capacitor and is chosen to be somewhat 

larger than c2 to offset the imbalancing effect of c1 and to assure 

that c2 will always be in range, regardless of variations in sample 

coil inductance. The net results. of these .modifications are that: 1) 

the sample coil remains relatively balanced with respect to ground, 2) 

the transmission line does not have undue influence upon the filling 

factor or the circuit Q, and 3) the entire circuit can be tuned and 

matched outside the animal. 

To demonstrate that the improvement in Q obtainable with the 

balanced matching scheme is applicable to implanted coils, spectra were 

obtained from rat kidneys •. The coils used consisted of two 1/2" 

diameter loops separated by approximately 1 /4 1' (Fig. 3-3)-. The coil 

was wound from 22 gauge copper wire insulated with polyethylene tubing 

(Clay Adams. PE-100). The transmission line consisted of 

approximately 7 em of this wire in twisted pair. The capacitors Cs and 

Ct were 13 and 27 pf, respectively. The Q of this coil-capacitor 

arrangement was typically 60 prior to implantation. This arrangement 

was surgically implanted around the kidney following the procedure 

described in Chapter 3. Two days after surgery the animals were 

anesthesized, positioned in the probe, and the transmission line leads 

were soldered to the capacitors c1 and c2 (Fig. A2-4). The values for 

these capacitors were in the range of 5~15 pf. The measured Q of the 
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tuned circuit was 38. The transmission line leads outside the animal 

were then reversed so that the capacitor configuration resembled that 

of the standard tuning circuit of Fig. A2-1. In this configuration the 

capacitor Ct performs only a partial impedance match. The Q for this 

arrangement was foung to be 13, indicating that coil-to-ground 

parasitics are an important loss mechanism for these implanted coils. 

To compare the two circuits it would have been ideal to obtain NMR ~· 

spectra using the two configurations. However, because of (predicted) 

excess capacitance on the coil, the low Q scheme resembling the 

standard circuit (Fig. A2-1) could not be tuned to the 31 P operating 

frequency of 97.3 MHz. Therefore, a spectrum was obtained from a 

second rat kidney using a coil with only a single, 10 pf tuning 

capacitor placed close to the coil. The Q of this coil was also 13 

when implanted in a rat •. The spectrum obtained with the single 

capacitor is shown in Fig. A2-5a, while the spectrum obtained using the 

balanced configuration is shown in Fig. A2-5b. The signal-to-noise 

ratio of the SATP was 16 for the former and 41 for the latter. This is 

a greater improvement in sensitivity than is predicted from the change 

in circuit Q (13 to 38) and probably results from the increased filling 

factor obtained with the partial matching capacitor in the balanced 

scheme. 

A2.5 Conclusions 

While employing a Faraday shield to completely eliminate electric 

fields from the sample is certainly the most desired approach for 

eliminating dielectric iosses (3), it is not always a practical 

solution. This is true for implanted coils as well as large imaging 

r 
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Figure A.2-5. 31 P NMR spectra of two rat kidneys at 97.3 MHz using 

{a) an implanted coil with only a single tuning capacitor mounted near 

the coil and {b) an implanted coil employing the modified, balanced 

.tuning scheme. Spectra were obtained in 2600 scans using 45° pusles 

and a 130 msec recycle time. A 30 Hz exponential filter was applied to 

the free inducton decay prior to Fourier transformation. Peaks are: (1) 

MDPA, {2) phosphomonoesters, {3) Pi, {4) urine Pi and phosphodiesters, 

{5) 'YATP, {6) aATP, NAD(H), and {7) SATP. 



150 

coils, where the size of the Faraday shield approaches the wavelength 

of the· operating frequency and thus may act as an antenna for external 

rf. The balanced matching scheme is an easily implemented alternative 

to reduce the coil losses associated with living tissue. Because the 

balanced matching circuit actually performs better than the proposed 

model predicts, the notion of coil-to-ground parasitics serves only as 

a starting point for a more complete description. In particular, it 

was assumed that having the animal close to ground was important for 

the electric fields to get from the coil to ground. However, 

preliminary experiments on an insulated rat have shown that in this 

case the balanced matching circuit is effective. This is probably due 

to the fact that at these frequencies a rat is an excellent antenna 

allowing the electric fields to radiate from the coil through the rat. 

This situation is formally equivalent to coil-to-ground parasitics. 

Finally, because the coils used in the model circuits are similar 

to those used as surface coils (6), it is expected that an improvement 

in sensitivity will occur if the balanced matching circuit is employed. 

Similar tuning and loss considerations hold for imaging cells, so the 

balanced matching circuit should yield improvements for human, whole 

body imaging and spectroscopy. It is hoped that this last mentioned 

application of balanced matching makes this author financially 

comfortable in his old age. 

t 



151 

A2.6 References 

1) Gadian, O.G. NMR and its Applications to Living Systems Clarendon, 

Oxford, 1982. 

2) Bottomley, P. (1982) Rev. Sci. Instrum. 53, 1319-1337. 

3) Hoult, D.I., and Lauterbur, P.C. (1979) J. Magn. Reson. 34, 425-

433. 

/4) Gadian, O.G., and Robinson, F.N.H. (1979) J. Magn. Reson. 34, 449-

455. 

5) Hoult, D.I., and Richards, R.E. (1976) J. Magn. Reson. 24, 71-85. 

6) Ackerman, J.J.H., Grove, T.H., Wong, G.C., Gadian, D.G., and Radda, 

G.K. (1980) Nature(London) 283, 167-170. 



.~. 

This report was done with support from the 
Department of Energy. Any conclusions or opinions 
expressed in this report represent solely those of the 
author(s) and not necessarily those of The Regents of. · 
the University of California, the Lawrence Berkeley 
Laboratory or the Department of Energy. 

Reference to a company or product name does 
not imply approval or recommendation .of the 
product by the University of California or the U.S. 
Department of Energy to the exclusion of others that 
may be suitable. 



........ ',:;-

-;~~ ~ "~~> .--·~ -!---~~ --

TECHNICAL INFORMATIO]'{ DEPARTMENT 

LAWRENCE BERKELE-Y _LABORATORY 

UNIVERSITY OF CALIFORNIA 

BERKELEY, CALIFOfNIA 94720 

. ~-:.' ~ 

_t.,_. 

t:~~::~· 
;!~• c__,;;l-

. { ::-~·\ 

_.,. 
/ 




