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ABSTRACT 

ANISOTROPY OF THE SELF-DIFFUSION COEFFICIENT 

OF WATER IN SKELETAL MUSCLE 

t>y 

Gregor G. Cleveland 

The self-diffusion of water protons in skeletal muscle has been 

studied using the spin-echo method of pulsed NMR. The effective spin 

diffusion coefficient D' as well as the relaxation times T^ and of 

water in a variety of biological samples are reduced relative to their 

values in pure bulk water. Two explanations for these data have been 

proposed. A straightforward interpretation is that the reduced values 

are the result of a reduction of the water mobility in some degree of 

freedom (not necessarily translational). The alternative interpretation 

is that the relaxation times are reduced as the result of an averaging 

effect between a major phase (90-95%) very much like pure bulk water 

fast exchanging with a minor phase of molecules tightly bound to the 

biopolymers. The reduction in the diffusion coefficient has been attri¬ 

buted primarily to an obstruction effect due to a non-specific interaction 

of the water with the large protein molecules or other barriers within 

the cell. In skeletal muscle the structure most likely to contribute to 

this obstruction effect is the actin-myosin filament network. This net¬ 

work is constructed very much like a regular double hexagonal array of 

rods. The obstruction effect would be maximum perpendicular to the fil¬ 

aments but should not affect diffusion parallel to the filaments. 



To test these models, the midportion of the tibialis anterior of 

mature male rats was placed in a special sample holder, which fixed the 

fiber orientation and could be rotated in the static magnetic field. D' 

was then measured as a function of the angle between the static magnetic 

field (the direction is which D' is measured) and the fiber axis of the 

muscle. The average value of D’ for orientations parallel, at 45°, and 

perpendicular to the static field were 1.393, 1.198, and 1.005 (all x 10 ^ 

2 
cm /sec), respectively. This yields an average value for DA/D,J of 0.722 

or an anisotropy of about 27.5%. This clearly indicates that the ob¬ 

struction effect does serve to reduce the effective diffusion coefficient 

of intracellular water. However, the fact that the value of the diffusion 

coefficient parallel to the filaments is still less than the value of 

the diffusion coefficient DQ for pure water (2.283 x 10 cm /sec) by 

almost 40%, i.e., Da/^0 
m 0.61 , indicates that this effect is not suf¬ 

ficient to explain all of the observed reduction. This is interpreted 

as support for the hypothesis that the intracellular water is motionally 

restricted due to some long range ordering induced by the macromolecules. 
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INTRODUCTION 

HISTORICAL INTRODUCTION 

It is often pointed out in introductory biology courses that water 

has unusual physical properties without which the evolution of life as 

we know it on this "water planet" would not have been possible4*' . Yet, 

the state of the water in biological systems and the role it plays in 

cell function is not well understood and is presently the subject of 

controversy and intensive study. This problem is one of the more impor¬ 

tant and fundamental problems in biology today since so many other sig¬ 

nificant questions depend on the state in which water is present in liv¬ 

ing systems. These questions include the transport mechanisms of sub¬ 

stances into and out of the cell; problems in cellular energy transfer, 

permeabilities, and drug action; and even the explanation for and possible 

intervention in many disease states• 

This controversy, which centers about the discussion of whether the 

physical properties of intracellular water are significantly altered from 

those of water in a dilute ionic solution, is not new to biology. The 

thinking of a great many biologists in the 19th century was dominated by 

the idea that the cytoplasm was a complex gel or coacervate with proper- 

3—5 
ties vastly different from a simple solution . This concept, that the 

interactions of the cell as a whole (water, electrolytes, macromolecules, 

organelles, etc.) determine the basic nature of the cell as well as the 

substances which enter or leave it, has often been referred to as the 

holistic concept. This holistic concept is presently the minority view 
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although several modern theories exist which support it. Troschin used 

the tern "sorption” to cover solubility, adsorption and chemical inter¬ 

action in his description of a sorptional theory of cell permeability^. 

According to this theory the permeability of cells for any substance is 

determined not by the ability of the substance to penetrate the cell mem¬ 

brane, but by the solubility of the substance in the protoplasm and its 

adsorption or chemical binding by the cell colloids. 

The association-induction hypothesis' of Ling agrees in essence with 

Troschin*s sorption theory, but deals with a much wider range of topics 

and offers a specific molecular interpretation for the differences in the 

solubility properties of cell water for different solutes. According to 

Ling's theory many intracellular ions are selectively adsorbed by a coop¬ 

erative process to charged sites on the large biopolymers (the membrane 

is not excluded as an important binding site) . Ling describes the mem¬ 

brane potential as a surface potential that arises at the junction of 

two dissimilar phases, a common observation in physical systems. Ling 

also predicts that the state of the intracellular water is significantly 

different from normal bulk water. He postulates that intracellular water 

must be arranged in polarized multilayers due to the presence of the large 

polar biopolymers. 

Development of the Classical Membrane Permeability Theory 

The presently accepted theory is generally referred to as the membrane 

theory and covers most aspects of cell permeability and membrane potentials. 

The membrane theory began to develop late in the last century, long before 

the electron microscope made possible the visual observation of a discrete 
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cell membrane. The origins of this membrane concept can be found in the 

works of Pfeffer® and de Vries^, who postulated a semipermeable cell mem¬ 

brane based on osmometer-like swelling and shrinking of plant cells placed 

in solutions of varying osmotic pressure. Later Overton^ tested the per¬ 

meability of animal cells to over 500 substances using osmotic techniques. 

Noting a correlation between his measured permeabilities and the oil/water 

distribution coefficient for most non-electrolyte solutes, Overton pro¬ 

posed that the membrane was a continuous lipoidal layer. By comparing 

the area covered by a monolayer of lipids extracted from erythrocytes to 

the surface area of the erythrocytes Gorter and Gredel^ advanced the 

idea of a lipid bilayer membrane. The membrane lipids would have their 

hydrophobic tails oriented toward the center of the membrane while the 

hydrophylic polar heads form the outer surfaces. 

The semipermeable continuous lipid membrane hypothesis suffered from 

several rather serious problems which made necessary major revisions. To 

explain the many non-lipid soluable solutes which penetrated the cell in 

1 p 
a manner unbecoming of a semipermeable membrane, Collander and B&rlundx^ 

merged lipid membrane theory with the sieve or ultrafiltration theory of 

Ruhland^ and proposed pores in the lipid membrane. Boyle and Conway*^ 

postulated that the pore size was such that it excluded larger cations and 

anions like Na+, Ca++, Mg++, ATP, CrP, and hexose phosphates but freely 

admitted smaller ions such as K+, H+, Cl“ and 0H~. In this manner the 

curiously high K+ and low Na+ concentrations inside the cell could be 

explained. However, before Boyle and Conway's theory could be published 

several convincing studies*^were published to show that the cell was, 

in fact, quite permeable to Na+ ions. Thus it became necessary to con¬ 

template another mechanism to explain the high K+-low Na+ problem. To 
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1 7 
this end, in 1941 Deanx/ first postulated an energy-requiring "pump" re¬ 

siding in the membrane to continuously remove Na+ from the cell. This 

"pump" concept is now a firmly established part of the membrane theory. 

The final major modification to the proposed membrane structure was made 

by Davson and Danielli1** to explain the extremely low surface tension of 

living cells which was incompatible with the notion of a lipid-water inter¬ 

face. They proposed a protein-lipid sandwich model with globular proteins 

covering both sides of the lipid membrane. This "sandwich" model was sup¬ 

ported by early electron microscope work which reported a 3 layer appear- 

i q of) 

ance to the membrane ' « 

Development of the Classical Membrane Potential Theory 

Parallel to the studies of cell permeability another series of experi¬ 

ments on cellular electric potential led to the development of certain con¬ 

cepts about the structure and function of cell membranes. This membrane 

theory of cellular potentials was initially proposed by Bernstein21 in 

1902. According to Bernstein*s theory the membrane potential was a con¬ 

sequence of the semipermeable nature of the membrane that was selectively 

permeable to potassium and that lost this selectivity during excitation. 

He applied the physiochemical ideas of Nernst22 and Ostwald23 to describe 

this K+ ion potential, 

EL ** m 
RT [K+]i 

F ‘Ln TK^TO 
(1.1) 

where Em is the resting membrane potential, R is the gas constant, T is 

the absolute temperature, F is Faraday* s number, and [K+]^ and [K+]Q are 

the potassium concentrations inside and outside the cell, respectively. 
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Due to the changing evidence concerning membrane permeabilities 

Bernstein*s theory went through several modifications before Hodgkin and 

Katz2^, working from the "constant field" equation of Goldman26, derived 

the following equation for the membrane potential: 

« RT PK[K)j + PNatNalj + Pci [Clio n 
~ F PKMO + %at^]0 + PcltCUi 

j 

where PR, PNa, 
an<^ PC1 are t^ie Permeability constants of the membrane for 

potassium, sodium, and chloride ion, respectively, and all other variables 

are as defined previously. According to this "accepted" theory, action 

potentials result from rapid changes in membrane permeability to all three 

ions. 

During the past twenty-five years only minor modifications have been 

made to the fundamental féatures of the membrane theory. Recent specu¬ 

lations on membrane structure and function tend to view the membrane as 

a fluid mosaic structure with protein embedded in lipid layers, fast and 

slow channels for various ions, and pumps to actively transport proteins, 

amino acids, sugars, and many other substances as well as sodium and 

potassium26*2^. Implicit in the acceptance of the membrane theory are 

two fundamental assumptions. These assumptions are 1) the cytoplasm is 

a dilute aqueous solution of water, ions, and macromolecules in essen¬ 

tially the same state inside as outside the cell, and 2) the membrane 

is a universal rate limiting barrier determining the selective entry and 

exit of substances in the cytoplasm. Since the holistic concept makes 

the fundamental assumption that the water, ions, and macromolecules within 

the cell constitute a highly ordered unitized system which controls the 

concentration of the cytoplasmic constituents, the synthesis of these two 

antagonistic theories would have to begin at a very basic level28. 
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Contradictions to the Classical Concepts 

Although the body of evidence supporting the membrane theory is im¬ 

pressive by virtue of its shear bulk if nothing else, there are several 

significant points of evidence concerning certain fundamental concepts 

which have yet to be suitably explained by proponents of the membrane 

theory. This evidence pertains to mechanisms for both cellular perme¬ 

ability and membrane potentials. 

Since the active "pump" is a necessary part of the membrane theory 

and holistic theories are based on equilibrium phenomena which require 

no direct-energy expenditure, the energy requirement of the pump would 

seem a logical place to test the feasibility of these two hypotheses. 

Early tests by several experimenters estimated the energy required for 

a sodium pump operating at 100% efficiency at between 10 and 30 per cent 

OQ_Ol 7 

of the total available to the cell** J . However, in 1962 Ling pointed 

out that these early investigators had underestimated the initial efflux 

rate for sodium and that the "sodium pump" alone would require at least 

15 times more energy than the cell can produce. This evidence has gone 

literally unchallenged for over ten years. Ling also pointed out that 

the idea of a protein carrier or pump situated in the membrane would in 

all probability require a protein with a much greater solubility in lipid 

than in water. No proteins have been shown to possess this property. 

The explanation of a large body of data on cellular surface poten¬ 

tials by the Goldman-Hodgkin-Katz equation, that depends on both intra¬ 

cellular and extracellular ion concentrations, has also been seriously 

questioned. Several laboratories ^' using different methods have shown 

that removal of essentially all (80%) of the intracellular potassium does 



7 

not result in a significant change in the cell resting potential when 

measured in a normal ringer solution. These data lend support to Ling*s' 

hypothesis of a surface potential dependent only on the external concen¬ 

tration of the ion. 

The validity of the classical concepts about cell potentials and the 

solvent nature of the cytoplasm is further placed in doubt by a growing 

body of evidence indicating considerable complexing of intracellular ions 

(i.e., ions are adsorbed or chemically bonded to intracellular sites and 

are not part of the intracellular solution). The evidence of sodium 

binding comes both from nuclear magnetic resonance (NMR) data^~^ and 

from studies using ion selective microelectrodes*^'Estimates of the 

percentage of total intracellular sodium which is bound range between 50 

and 70 percent. Although evidence for potassium binding is still not 

totally conclusive or quantitative there are studies which indicate sub¬ 

stantial binding of this and other ions^~^. 

The evidence which hits hardest at the fundamental assumptions of the 

classical view is that which indicates a substantial change in the physi¬ 

cochemical state of intracellular water. This evidence has come from 

several different types of experiments including vapor pressure measure¬ 

ments^ , ion-specific microelectrodes^, intracellular freezing^and 

an enormous amount of work with steady state and pulsed NMR48-66^ It is 

toward this NMR evidence concerning the state of intracellular water and 

the implications of various interpretation of this evidence that this 

thesis will be directed. 
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INTRODUCTION TO THE CURRENT PROBLEM 

In recent years, nuclear magnetic resonance studies of biological 

systems have resulted in the proliferation of terms such as "ordered”, 

"motionally restricted", "adsorbed", "bound", "polarized", "structured", 

and even "ice-like" to characterize the physicochemical state of intra¬ 

cellular water. Since the connotations of such ambiguous terms have 

often caused misunderstanding it might be helpful at this point to define 

explicitly what meaning is intended for such terms used throughout the 

remainder of this paper, "Free" refers to the normal liquid state of 

bulk water. "Ordered" or "structured" water refer to water in which some 

long range order has been induced such that some degree of freedom (trans 

lational or rotational) has been restricted. "Bound" will refer to rela¬ 

tively short-range interaction reducing mobility at a certain site. 

Although the results of NMR studies have not been altogether unam¬ 

biguous, NMR is particularly well suited to the study of intracellular 

water. NMR minimizes the perturbation of the normal invivo state of the 

cells since the water protons themselves serve as sub-microscppic probes 

for the intracellular environment. The basic relaxation and diffusion 

parameters which can be measured are directly dependent on the nature of 

interactions between neighboring protons. Because the energy splittings 

—28 
induced by the magnetic field (AE = 2yH0 - 10 Joules) are so small in 

comparison to the thermal energy of the molecules (E - kT - 10”21 joules) 

the NMR method does not produce any significant effect of its own. 

The first NMR evidence indicating some alteration in the physical 

environment of intracellular water came from studies using steady-state 

techniques. These studies were done on both nerve^®-^ and muscle^-^ 
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and reported considerable broadening of the proton resonance peak for 

intracellular water as compared to that of a pure water sample. These 

data were interpreted in terms of a phase or several phases of water in 

some manner more structured than pure water. This interpretation was not 

unique, however, and alternative explanations were offered in order to 

preserve the fundamental assumptions of classical theory. 

The introduction of pulsed or spin-echo NMR techniques to the study 

of biological samples made possible the measurement of not only T2, the 

spin-spin relaxation time which is directly related to the line width of 

of steady-state work, but also Tj, the spin-lattice relaxation time, and 

D the self-diffusion coefficient of the intracellular water. T^ is the 

time constant which describes the rate at which the nuclear spins align 

themselves with a static magnetic field due to interaction with the lat¬ 

tice, where the term "lattice” includes all the degrees of freedom of 

the system except those associated with the nuclear spin. These parameters 

have been measured on a wide variety of biological systems including nerve, 

muscle, brain, liver, lens, mammary glands, and kidney as well as several 

different types of plants^4“66# allowing for the wide range of sample 

types, these studies have all produced values of T2 reduced by a factor 

of 30 to 60, Tj^ reduced by a factor of 4 to 10, and D reduced by a factor 

of about 2 when compared to the values of these parameters obtained for 

pure water. These data have been interpreted by some investigators54-60 

as being consistent with the concept of ordering of the intracellular 

water (shorter relaxation times imply longer correlation times, i.e., 

more order). However, other investigators have proposed alternate expla¬ 

nations for the change in these parameterIt has been pointed out 
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that a reduction of 50% in the self-diffusion coefficient can hardly be 

taken as an indicator of much structuring since D is reduced by about 4 

orders of magnitude for ice. The dominate hypothesis among "free water" 

proponents is that the reduction in and T2 can be explained by a two 

phase fast exchange model for cellular water. The major phase (90 - 95%) 

would be "free” water, while the minor phase would consist of the hydra¬ 

tion water tightly bound to the biopolymers. In the fast exchange approxi¬ 

mation the observed relaxation time can be written as: 

Tobs 

Pa + Pb (1.3) 

where Pa and P^ are the fractional population of exchangeable protons in 

phase a and b, and Ta and T^ are the relaxation times characteristic of 

protons in phase a and b. By making the proper assumptions for Pa, P^, 

Ta, and T^ the experimental values of Ti and T2 for intracellular water 

can be obtained. Thus these measured values of T^ and T2 are considered 

to be a weighted average of large fraction of the protons with long relax¬ 

ation times and a small fraction with very short relaxation times. Since 

the vast majority of the intracellular water is considered to be "free" 

in this hypothesis, the measured self-diffusion coefficient would be 

expected to be essentially that of pure water. The -50% reduction in 

the intracellular diffusion coefficient compared to that of pure water is 

attributed in this hypothesis to non-specific obstruction effects due to 

interaction of the water with biopolymers or other diffusion barriers 

within the cell. 

Thus, the existing NMR data can and has been interpreted in a manner 

which makes it consistent with two diametrical opposed theories concerning 
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the state of the living cell. If NMR is to prove itself as a worthwhile 

tool in biochemistry and biophysics r we must resolve the ambiguity in the 

interpretation of these data. It may be possible to resolve this ques¬ 

tion of water ordering versus a two phase model by a closer examination 

of both relaxation and diffusion processes. Preliminary high sensitivity 

studies of relaxation times in muscle samples indicate several slow ex¬ 

changing fractions of intracellular water,, none with relaxation times as 

long as bulk water. It is also necessary to examine the nature and ex¬ 

tent of the interaction of water with biopolymers and other cell struc¬ 

tures to determine if this interaction can account for the reduction of 

the diffusion coefficient. 

The research reported in this thesis is a specific determination of 

the diffusion coefficient reduction which can be attributed to obstruc¬ 

tion of free diffusion of the water by the actin-myosin filaments within 

skeletal muscle fibers. This regular hexagonal array of proteinaceous 

rods provide one of the few orderly systems which exist among the com¬ 

plexities of biological structures. It is this regular geometric arrange¬ 

ment of rods which make possible a theory to predict the reduction of the 

diffusion coefficient caused by a scattering of the water from the rods 

and which also makes possible experimental determination of the magnitude 

of this reduction. Ideally the obstruction to diffusion from a system of 

rods should be maximum for diffusion perpendicular to the rods but zero 

parallel to the rods, the existance and the magnitude of such an aniso¬ 

tropy in linear muscle sample should provide some insite into the nature 

of water-protein interaction in the cytoplasm. 
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THEORY 

THEORY OF DIFFUSION 

Diffusion is the process by which some entity is transported from 

one region of a system to another region as a result of random molecular 

motions. Diffusion was first put on a quantitative basis by Fick in 1855, 

Recognizing the analogy between heat transfer by conduction and molecular 

diffusion by brownian motion, Fick adopted the form of Fourier's heat con¬ 

duction equation to describe diffusion67. The mathematical theory of dif¬ 

fusion of isotropic substances is based on the hypothesis that Jx, the 

number of molecules crossing a unit area of a plane (in the x direction 

normal to the plane) per unit time, is proportional to the concentration 

gradient measured normal to the plane, i.e., 

Jx - -D 
9n 
3x 

(2,1) 

where n is the number of diffusing molecules per unit volume. The "con¬ 

stant” of proportionality D is the diffusion coefficient. The specific 

values for D are dependent on the nature of the system (i,e., temperature, 

pressure, concentration, viscosity, etc,) and on the nature of the inter¬ 

actions between neighboring diffusing molecules and between diffusing 

molecules and the rest of the system. 

In water, diffusion is an activated process in which sufficient energy 

is necessary to break the hydrogen bonds associated with the short-range 

order of the semi-crystalline structure to allow a water molecule to move 

to a vacant neighboring site. Temperature dependent studies of water 
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self-diffusion have revealed that D can be described by the equation: 

D = DQ exp [-A/(RT) ] (2.2) 

where A is the energy of activation, R is the gas constant, T is the abso¬ 

lute temperature, and D0 is a constant^®. Tracer studies®^ as well as NMR 

data^O have shown A to be about 4.8 kcal/mole for pure water over a tem¬ 

perature range from 5° to 40° C. 

CO 

A recent temperature dependent study by Chang et al. of water dif¬ 

fusion in rat muscle over the same temperature range yielded a value for 

A essentially unchanged (4.9 kcal/mole) from that for pure water. This 

implies that from an energy standpoint the mechanism of water diffusion 

is not significantly altered for intracellular water. A reasonable hypoth¬ 

esis for this mechanism given the hydrogen bond energy for water (on the 

order of 2.4 kcal/mole) is a jump process whereby two hydrogen bonds 

associated with short-range order are broken. 

In ideal liquids and in dilute gasses diffusion can also be viewed 

as a scattering process associated with Brownian motion. D can be written 

as 

D = ~^= AkT)3/m (2.3) 
3vil P0O 

where P is the average pressure, k is Boltzmann's constant, T is the abso¬ 

lute temperature, m is the mass of the diffusing particle and oQ is the 

total scattering cross section. The scattering is dependent on the mean 

velocity and the density of the particles in question. 

In order to observe the self-diffusion of a species (i.e., the dif¬ 

fusion of a molecule through a system of like molecules) it is necessary 
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to have some method of labeling the molecules since momentum conserving 

collisions would result in no net flux unless the molecules were distin¬ 

guishable* The fact that water protons possess a nuclear spin furnishes 

one means of labeling the molecules* Associated with the spin is a mag¬ 

netic moment* Using the techniques of field gradient, spin-echo NMR, the 

diffusion of magnetization can be detected. The magnetization current 

density Jm, which is proportional to the applied field gradient, is 

described by the equation: 

(Jm)x = -D 
9m 

s 9x 
(2.4) 

where m is the magnetization per unit volume and Ds is the spin diffusion 

coefficient. It is assumed that the pressure of the spin system is con- 

71 
stant and that no ordinary concentration gradients are present. (Torrey 

has shown that although a pressure gradient will arise in the magnetized 

medium due to the field gradient, this effect is totally negligible when 

compared to the direct force of the field gradient on the magnetic moment.) 

The question then arises concerning the relationship between the pro¬ 

ton spin-diffusion coefficient and the self-diffusion coefficient of the 

water molecules, since it is possible that Ds might only be a measure of 

the rate of mobile proton transfer in the liquid. However, comparison of 

the values for the proton spin-diffusion coefficient for pure water ob¬ 

tained using NMR with the values of the self-diffusion coefficient of 

water measured by various tracer methods*^'^ as well as 0^ NMR7^ support 

the view that the proton spins diffuse with the water molecule. Thus, 

the spin-diffusion and self-diffusion coefficients for water are effec¬ 

tively the same. 
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THE SPIN ECHO METHOD 

The theory of the spin-echo technique of pulsed NMR and its applica¬ 

tion to the measurement of diffusion coefficients has been summarized in 

detail in several recent works7^ so only a brief descriptive summary will 

be given here. The first spin-echos were observed by Hahn7^ in 1950 and 

the method was more fully developed by Carr and Purcell76 in 1954. In 

principle the method is very simple. 

Consider a system of spin 1/2 nuclei placed in a slightly inhomogen¬ 

eous static magnetic field, H0 = H02. The nuclei possess a magnetic moment 

y = 1/2 y ft, where y is the gyromagnetic ratio and ft is Plank1 s constant 

divided by 2TT. The torque (x = y x HQ) resulting from the interaction 

of the magnetic moment and the static field causes the magnetic moment 

to precess about HQ at its Larmor frequency 0)o = -yH0 (radians/sec) « 

Noting that the torque is equal to the rate of change of the angular 

momentum of the nuclei (i.e., x = dp/dt) and that y = yp we can trans- 

form the torque equation to 

dp 
d£ = x Ho 

(2.5) 

If M is defined to be the vector sum of all p's, then vectorially summing 

equation 2.5 we can obtain a relation describing the macroscopic magneti¬ 

zation vector: 

dt ” yM x HC 
(2.6) 

Generalizing this expression to include the effects of an rf field in 

the x-y plane such that 

EJJ = Hi cosoot, Hy = sinoot, Hz = HQ; (2.7) 
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the combination of equations 2.6 and 2.7 yields three equations for the 

time dependence of the components of M: 

ât2- = Y(MyH0 + tyi-L sinwt) 

^ = yOy^ cosbit - MZH0) (2.8) 

= -yftyi^ s incot + MyH^ coscot) 

Equations 2.8 describe the behavior of the magnetization vector M 

in an idealized system in which no relaxation takes place. Bloch^ in 

his paper of 1946 assumed that spin-lattice and spin-spin relaxation 

could be treated as first order processes with characteristic times Ti 

and T2, respectively. (This assumption proved to be a good approxima¬ 

tion for liquids but not for solids.) Bloch's equations are, then, 

dt* = Y(MyH0 
+ MzHl Sinü3t) ■ MX/T2 

1^- = Y(M2HlCoscot - M^) - My/12 (2.9a) 

= —y (MXH1 sincot + MyH^ coscot) - (Mz - MQ)/"!^ 

or 

dM 
dt 

yMxH - M*x tJbûL 1
 T2 

(2.9b) 

and My decay to zero, while Mz returns to its equilibrium value of MQ. 

T^ and T2 are often called the longitudinal and transverse relaxation 

time, respectively, since they are the time constants for the decay of 

magnetization parallel and perpendicular to HQ. Solutions to the Bloch 

equations can be obtained for a variety of limiting conditions in a 

straightforward but sometimes laborious manner. 
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In a treatment of pulsed NMR it is easiest to consider our system 

from the standpoint of a coordinate system rotating with the net magneti¬ 

zation vector (i.e., rotating about the z axis at the Larmor frequency co0)• 

It is simple enough to derive the expression analogous to equation 2.6 in 

the rotating frame, i.e., 

->* 

(dtJrot " YM*11 " <2-10> 

or 

(2.11) 

where 

Heff " H + WQ/Y (2.12) 

If the radiofrequency field E^ perpendicular to HQ is made to rotate at 

the frequency co0 (i.e., so that it is stationary in the rotating frame), 

then, 

teff = HQ + Hx + ü>O/Y (2.13) 

But w0 = -YHQ, SO, 

Heff = % (2.14) 

Thus, in the rotating reference frame M will precess about such 

that in a precession time tp#S will have rotated through an angle 0 given 

by 

0 = yH^tp (radians) (2.15) 
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This relationship is fundamental to the development of the techniques of 

pulsed NMR. If the rf field is applied in pulses, by carefully adjusting 

the pulse shape (i.e., tp and H-^) pulses which rotate M by 90° or 180° 

can be constructed. 

Consider a spin system in thermal equilibrium (i.e., with net magneti¬ 

zation M0 along HQ) to which we apply a 90° pulse. M will be rotated into 

the x-y plane and will then begin to precess about H0 in the absence of 

the rf field (see Figure 1 A-D) . This rotating magnetization vector can 

be detected by the current induced in a coil placed along the x- or y~ 

axis. In a perfectly homogeneous field this transverse magnetization 

would decay with a time constant T2, because of the interaction between 

neighboring spins (primarily dipole-dipole) which would tend to destroy 

phase memory in the x-y plane. However, since H0 is not precisely homo¬ 

geneous different regions of the system will experience slightly different 

fields, hence have slightly different Larmor frequencies. This will result 

in a more rapid dephasing or fanning out of the individual magnetic moments, 

and the amplitude of the induced signal will decay to zero as the spins 

dephase completely. Neglecting other effects, the time constant of trans¬ 

verse decay is given by where 

1 _ 1 . YAH0 
T2* T2 2 

(2.16) 

The second term is the contribution from field inhomogeneity (AHq) . 

If after a time t « x a 180° pulse is applied to the spin system, 

the order of the spins in the x-y plane will be reversed (see Figure 1 

E-H) so that the dephasing of spins due to field inhomogeneity will be 

reversed. At time t = 2T the transverse magnetization is rephased and 
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SPIN ECHO FORMATION 

FIGURE I 
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a signal or "spin-echo” is induced in the coil circuit, (See Figure 2A,) 

The amplitude of the echo will be less than the original induction signal 

since the dephasing due spin-spin interaction is irreversible. Applying 

a series of 180° pulses at t = T, 3T, 5T,.,, would result in a series of 

echos at t = 2T, 4T, 6T,... with each echo smaller than its predecessor, 

(See Figure 2B,) Again, neglecting all other effects, the time constant 

for decay of the echos would be T2 and solving Bloch1s equation (2,9b) 

for the transverse magnetization would give the following equation for 

the echo amplitude: 

A(t) = A(o) exp (-t/T2) (2,17) 

where t = 2nx. 

In the previous discussion it was assumed that the nuclei experienced 

a constant (although inhomogeneous) magnetic field during the time of the 

measurement. However, the nuclei in a liquid are free to diffuse from one 

part of the inhomogeneous field to another. Since the Larmor frequency 

will then vary with position, this diffusion will contribute to the per¬ 

manent dephasing of the transverse magnetization. The diffusion modifi¬ 

cation of the equation describing the echo decay (equation 2,17) was first 

derived by Carr and Purcell 0 from a random walk model. Later Torry demon¬ 

strated that the effects of diffusion could be accounted for by adding a 

*> ->■ 

term V*DVM to the Bloch equation. The "generalized Bloch equation" or the 

Bloch-Torrey equation 

dM 
dt 

yMxH 

A A 

Mxx + Myy 

T2 
Z + DV2M (2.18) 

describes quite accurately the time dependent behavior of the net magneti¬ 

zation vector in a liquid sample. 
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90°-180° PULSE SEQUENCE 

CARR-PURCELL SEQUENCE 

FIGURE II 
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Solving equation 2.18 for the amplitude of the nth echo arising at a 

time t = 2nx yields 

A(t) = A(o) exp [-t/T2 
Dy^^x^t, 

3 J (2.19) 

where D is the diffusion coefficient, y is the gyromagnetic ratio, and 

G is the magnetic field gradient. It is this expression which provides 

a means of determining the diffusion coefficient from the spin-echo 

technique. 

If, for instance, a 90° - x - 180° - 2x - 180° pulse train is applied 

to a system, echos will arise at t = 2x and t = 4x. A(o) can be taken as 

the amplitude of the first echo to eliminate any difficulties which might 

be caused by the instrumental problem of receiver saturation immediately 

following an rf pulse. Thus, deriving an expression from equation 2.19 

with n equal to one and A(t) equal to the amplitude of the second echo, 

we can write 

A(t) _ _ t  Dy2G2t3 

A (o) T2 12 
(2.20) 

This is one equation we will use to determine the diffusion coefficient* 

If, however, a simple 90° - T - 180° pulse train is applied to our 

system a single echo will appear at time t = 2T* If no field gradient 

is applied (assuming negligible natural field gradient) G = 0 and the 

expression for echo amplitude is given simply by 

A(t) « A(o) exp [-t/T2] (2.21) 

If we now take the ratio of the echo amplitude with an applied field and 

for G = 0 we find 
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A(t,G) 
A(t,0) 

1 ? O ^ 
exp [- Y G tJD] (2.22) 

This equation will also prove useful in determining the diffusion coefficient. 

THEORY OF RESTRICTED DIFFUSION 

The solution to the Bloch-Torrey equation given by equation 2.19 was 

determined utilizing the assumption that the medium is effectively infinite, 

that is, that the diffusion time of the nucleus to any boundaries of the 

medium is long compared with the damping time^. In this case all scat¬ 

tering can be considered to be due to interactions with other diffusing 

nuclei of the same type and the effects of interactions with the walls or 

other barriers can be neglected. 

This restriction is of little consequence in studying most liquid 

systems since the diffusion time (tQ = a
2/D, where a is boundary separa¬ 

tion and D is the diffusion coefficient) involved even for a small 5 mm 

sample tube is on the order of 10^ seconds which is much longer than T2 

for most liquids. However, in biological samples the water we wish to 

study is known to exist in a system with various membranes, organelles 

and large macromolecules which might serve to compartmentalize or other¬ 

wise obstruct the free diffusion of the water molecules. Therefore, the 

effect these structures may have on the measured diffusion coefficient 

must be investigated. 

It should be pointed out that if the assumption is made that the 

barriers have no interaction with the water other than to scatter the 

diffusing molecules (i.e., neglecting the possibility of induced long 

range order) then the barriers will not actually change the diffusion 

coefficient of the water. The molecules of the liquid still diffuse as 
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if they were in an infinite system except when they are scattered from a 

barrier. The longer the motion of a single molecule is observed, the 

greater the probability that it will strike a barrier. Thus, regardless 

of the separation between barriers if the diffusion measurement is made 

in a time that is short compared to the time it takes to diffuse between 

barriers, the measured value of the diffusion coefficient will be the 

same as that for a system in which no barriers exist^. 

Since barriers to diffusion do exist in the muscle samples which 

would violate the basic assumption under which equation 2.19 was derived, 

this solution to determine the self-diffusion coefficient may not be valid. 

79 Woessner has shown, however, that since the plots of In [A(t)/A(o)] vs. 

G2 indicate that In [A(t)/A(o)] is directly proportional to G2, as is the 

case for unrestricted diffusion, it is still possible to interpret the 

data using equation 2.19. It is necessary only to replace D, the self- 

diffusion coefficient, by D1, an effective spin-echo diffusion coefficient, 

to obtain a valid solution. The problem which now remains is to find the 

relationship between D1 and D in order to determine the actual diffusion 

coefficient within the cell. This will require solving the Bloch-Torrey 

equation (equation 2.18) with the proper boundary conditions for the 

barriers under consideration. 

The Compartment Effect 

Basically there are two types of restricted diffusion to consider. 

The first is the "compartment effect” in which the barriers are impene¬ 

trable walls which block the diffusion path in at least one dimension. 

The membrane system or other cell structures might possibly form such 
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compartments in the muscle samples under consideration. A cross-section 

of a typical skeletal muscle fiber is shown in Figure 3. The structures 

most likely to form compartments are the sarcolemma, the sarcoplasmic 

reticulum, and z-line structure, or the actin-myosin myofilaments. 

A solution to the Bloch-Torrey equation with simplified boundary 

conditions to account for the compartment effect has been derived by 

Robertson*^ and tested experimentally by Wayne and Cotts^. Robertson's 

solution is 

F(t) exp {- 
8g2 y 1 

in40 (2n+l) *> 
t 

3-4exp[-(2n+l)2Tr2t/2] + exp[-(2n+l) 2TT2t] 

(2n+l)2-rr2 
(2.23) 

where F(t) is the normalized decay envelope, i.e., 

F(t) 
A (t ,G) 
A (t ,o) (2.24) 

and a is a dimensionless constant, i.e., 

a = a^yG/D (2.25) 

This solution was derived and tested assuming a compartment which is infi¬ 

nite in the x and y directions but has the dimension a in the z direction 

(parallel to the static magnetic field) . It was also assumed that the 

boundary surfaces produce no magnetic fields that can cause the magneti¬ 

zation to relax nor do the surfaces induce any long-range order in the 

fluid. Diffusion currents normal to the boundary are assumed to be zero 

dm 
(i.e., ^ a 0 at the boundary). 

A universal solution for D'(t')/D derived from Robertson's solution 

is given by 
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STRUCTURE of the SKELETAL MUSCLE FIBER 

FIGURE III 
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D' (f) 
D 

96 V 1 

^Tnâ0(2n+1)2 
t' 

3-4exp[-(2n+l) 2ïï2t */2] +exp [~(2n+l) 27r2t'] 

(2n+l) 2TT2 

where t1 is the observation time t (time during which D1 was measured) 

expressed in units of the "diffusion time," i.e., t* « t/tD. The plot 

of D*(t')/D versus t*, as determined by Wayne and Cotts, is shown in 

Figure 4. 

Equation 2.23 can be simplified for two limiting cases: 

for t* << 1/TT2, 

F(t') == exp [-a2tf3/12] or D' = D (2.27) 

for t1 » 2/TT
2
, 

F(f) = exp [- (f - 35O] or D* * (2.28) 

cp 
Chang et al. have examined the possibility that various structures 

in muscle cells (actin-myosin filaments, sarcoplasmic reticulum, z-line 

structure) with characteristic dimensions (a <_ 2.5 x 10*^ cm) such that 

t* >> 2/TT
2
, might serve to reduce D* by a compartment effect. A tempera¬ 

ture dependent study of D1 indicated that D* does not have the proper 

functional dependence (inversely dependent on D) to have been reduced by 

a compartment effect. It was also noted that from the plot of equation 

2.26 (Figure 4) one would predict D'/D on the order of .1 in this limit, 

but even assuming that D is as large as that for bulk water, experimental 

values of D'/D are usually no smaller than about .5. The possibility that 

the outer cell membrane or sarcolemma might form an effective compartment 

(its characteristic dimensions (a - 7 x 10~3 cm) do not place it in the 

same limiting case) was examined through a careful examination of the 

temperature dependence of DVD. It was concluded that the best fit with 

.26) 
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SOLUTION to the l-D COMPARTMENT MODEL 

t/t d 

FIGURE IV 
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the theoretical curve would indicate a value of D'/D >_ .9, From these 

results it was postulated that no more than 10% of the reduction in the 

diffusion coefficient of muscle water can be attributed to a compartment 

effect. 

Other evidence in support of this conclusion might be inferred from 

NMR self-diffusion measurements on slime mould plasmodia82 which has 

oo 
outer cell membranes of dimensions J which are decidedly in the limit 

where D* approaches D. However, even in this system D*/D is equal to 

about ,5, 

The conclusion that cellular structures do not form effective bar¬ 

riers to compartmentalize cytoplasmic water would also seem to be con¬ 

sistent with the data from measurement of the diffusion rate of labeled 

water through a cell membrane. The results of such studies8^ indicate 

the half-time of such diffusion to be about 36 millisecond, which is 

relatively slow considering the membrane dimensions (thickness - 10 cm) 

but hardly consistent with the idea of an impenetrable barrier. 

The Obstruction Effect 

The second type of restricted diffusion which must be considered 

has been referred to as the obstruction effect. In this case the bar¬ 

riers do not totally block the diffusion path but serve to increase the 

effective path length from one point in the sample to another. The reduc¬ 

tion of the diffusion coefficient of water in biopolymer solutions88 and 

emulsions88 has been cited as one example of the obstruction effect. 

In a muscle cell the structure most likely to contribute to this 

effect is the actin-myosin filament network (see Figures 3, 5, and 6). 
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CROSS-SECTIONAL VIEW ■ 

of ACTIN-MYOSIN OVERLAP REGION 

FIGURE V 
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This filament network contains the majority of the cell protein in a 

remarkably regular double hexagonal array . The myosin or thick fila¬ 

ments are arranged in a hexagonal structure with a typical separation 

o o 
of about 450 A. The myosin filaments are 120 - 160 A in diameter and 

about 1.5 microns long. In the region of overlap each myosin filament 

is surrounded by a hexagonal array of actin filaments. The actin or 

o 
thin filaments are 50 to 70 A in diameter and about 1 micron long. The 

o 
average separation between actin and myosin filaments is about 260 A. 

The arrangement of the filaments within the sarcomere (the basic con¬ 

tractile unit which is enclosed by the z-lines) is also indicated in 

Figure 6. 

The theory to which proponents of the classical view have most 

often referred to explain the reduced self-diffusion coefficients for 

water in muscle*^ and other biological systems^is a mathematical 

OO 

model proposed by Wang ° in 1954. Wang's theory was developed to account 

for the reduction of D for water measured for dilute protein solutions by 

the method of capillary flow. Contributions from a direct hydration 

effect as well as the obstruction effect are accounted for by this theory. 

Since protein molecules have a large volume and a much smaller dif¬ 

fusion coefficient than water molecules Wang concluded that the presence 

of the protein would reduce the self-diffusion coefficient of the water 

by an increase in the average path length, i.e., water molecules near 

protein molecules would have to diffuse further to get to the other side 

of the protein. In order to create a solvable mathematical model Wang 

assumed that the protein molecules could be approximated by impenetrable 

ellipsoids (i.e., VC « 0, on the ellipsoid surface) and that they were 
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stationary in the solution (compared to the Brownian motion of the water). 

By solving the steady state diffusion equation (V^C = 0) in ellipsoidal 

coordinates and applying this solution to determine the rate of flow 

through an imaginary cylinder Wang derived his general expression for 

the effective self-diffusion coefficient D1, 

D'i = (1 - a£<|>)D0 i = a,b,c (2.29) 

where D0 is the self-diffusion coefficient of the free solution, <J> is the 

total volume fraction occupied by the hydrated protein molecules and 

is a dimensionless numerical coefficient dependent upon the dimensions of 

the principle semi-axes a, b, and c, of the ellipsoids. For dilute ran¬ 

dom solutions symmetry considerations yield an averaged form of equation 

2.29, 

D' = (1 - 0«f>)Do (2.30) 

where 

- 1, 
“ = j(aa + ab + ac) 

The general expression (equation 2.29) would predict an anisotropy 

in a well ordered system such as muscle, although its applicability to 

such a concentrated solution is subject to question. If the actin and 

myosin filaments are approximated by long prolate ellipsoids such that 

a = pb = Per with P >:> 1r 

and one calculates the ctj^s according to the formulas given by Wang 

the value of aa is found to be very near 1 where and ac are very near 2. 
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A conservative estimate of <j> for the actin-myosin network obtained by cal¬ 

culating the characteristic area of a unit cell containing one myosin and 

two actin filaments is 10 - 16%. Thus, Wang's theory would predict a 

D'/D0 
r^tio of .68 to .8 for diffusion perpendicular to the fibers, but 

it also predicts a D'/D0 of .84 to .9 for diffusion parallel to the fibers 

Since no obstruction effect would exist for diffusion parallel to the 

fiber axis, reduction in the latter case indicates some flaw in this theory 

The basis for this error lies in the fact that Wang's equations were de¬ 

rived considering the diffusional flow through an imaginary cylinder. 

Although the presence of the proteins; might reduce the effective flow 

through the cylinder, this reduced flow does not necessarily imply a 

reduction in the effective diffusion coefficient. 

In considering a further reduction of the effective self-diffusion 

coefficient due to direct hydration effects, Wang reasoned that water 

molecules tightly bound to the protein molecules (water of hydration) 

would not contribute to the rate of water self-diffusion. Making use 

of an assumption that the exchange between "bound" and "free" water was 

instantaneously fast, Wang added another factor to equation 2.29, i.e., 

D'i = (1 - Oi$)(1 - |£)D0 (2.31) 

where cQ and c^ are the concentrations of total water and "bound" water, 

respectively. 

Although this hydration effect might reduce diffusional flow, the 

applicability of this term to NMR measurements is unclear. Accepting 

Wang's assumption that the exchange is instantaneously fast there would be 

two cases to consider. First, if the protein surface was a non-relaxing 

barrier (i.e., no spin dephasing effects) the exchange would not slow down 
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the normal Brownian motion of the molecules and no effect on the NMR meas¬ 

ured diffusion coefficient would be expected. If, however, the protein 

surface serves as a perfectly relaxing barrier then a new set of boundary 

conditions would exist. That is, it would no longer be necessary that 

Vm = 0 at the boundary (or Vc = 0 from Wang’s assumptions) but only that 

the magnetization be zero (i.e., m « 0) at the boundary. These consti¬ 

tute a new set of boundary conditions for which it would be necessary to 

solve the Bloch-Torrey equation to be certain of the effect on D. It 

may even be possible that this effect might serve to increase the measured 

D relative to the actual D. 

One other possibility must be considered since recent evidence00 in¬ 

dicates that the exchange between the hydration water of the proteins and 

the bulk of the intracellular water may actually be slow on the NMR time 

scale. If this is the case then it is not likely that the "bound" protons 

would contribute to the NMR signal since conservative estimates of the 

relaxation time T2 for protons on hydration water are less than 10 milli¬ 

seconds^0 '^3 and the observation time for diffusion measurements reported 

here was greater than or equal to 50 milliseconds. Thus, the signal from 

the "bound" protons would have already decayed sufficiently (i.e., - 99%) 

that their contribution to the observed signal is negligible. 

Another approach to the specific problem of the reduction of the meas¬ 

ured diffusion coefficient of water in muscle due to the obstruction effect 

of the actin-myosin filament network was recently presented by Rorschach 

et al. A solution to the steady-state diffusion equation across a hexag¬ 

onal unit cell was found by approximating the filament network by a hexag¬ 

onal lattice of parallel impenetrable cylinders. The cylinders are assumed 
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to have a radius a, a lattice spacing 2R and an infinite length, i.e., 

(cross-sectional view) 

O O 
FIGURE VII 

It was also assumed that the concentration gradient is constant across 

the unit cell and that the rod separation is sufficient to neglect any 

interaction (i.e., the solution for an isolated rod can be applied to 

the whole system). The effective diffusion coefficient D1 perpendicular 

to the cylinder axis was found to be 

D1 
1 - (a/R)2 

o 1 + (a/R)2 (2.32) 

where D0 is the "unobstructed" diffusion coefficient of the cellular water. 

This model would predict no reduction (i.e., D1 = D0) for diffusion parallel 

o 
to the cylinder axis. Substitution of typical values of a = 50 A and R = 

130 A (see Figure 6) into equation 2.32 yields D'x - .74 DQ. Since D'J( = 

D0, this model would predict D'^ /Dn - .74 or an anisotropy of about 26%. 

Although both of these models are idealizations of a complex system the 

existence of the predicted diffusion anisotropy should make it possible to 

better understand the nature of the intracellular water. 
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EXPERIMENTAL DESIGN 

APPARATUS 

Data contained in this thesis was collected from two sources. The 

initial study was made on a pulsed NMR spectrometer in the Rice University 

Physics Department. This spectrometer was originally constructed to study 

the diffusion of He^ in He^-He^ solutions at low temperaturesbut it 

has been modified to study biological samples although sample volume is 

still quite limited. The final confirming data presented was obtained on 

a pulsed NMR spectrometer with greater sensitivity and sample volume in 

the laboratory of D.E. Woessner at Mobil Research and Development Corpora¬ 

tion in Dallas. 

Rice Spectrometer 

The Rice spectrometer was essentially "home made” and uses components 

from several sources. The basic components are the followings 1) magnet, 

2) transmitter, 3) receiver, 4) r.f. oscillator, 5) pulse sequence gen¬ 

erator, 6) field gradient generator, 7) switching and impedence matching 

unit, 8) tank circuit and probe, 9) temperature regulating system and 

10) oscilloscope. A block diagram of the spectrometer is shown in Figure 

8. A more detailed description of the various components is contained in 

the following paragraphs. 

Magnet s 

The magnet is a Varian Model V4012A twelve inch electromagnet with 

a 1.75 inch air gap. Power is provided by a Varian Model V-2100B regulated 
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PULSED NMR SPECTROMETER 

FIGURE VIII 
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power supply. The static field strength of approximately 7.12 kilogauss 

represents about one half the maximum field possible with this magnet 

system. The field homogeneity was sufficient for spin-echo experiments, 

i.e.f uniform to better than one part in 10^ in region two inches in 

diameter at the center of the pole faces. The stability of the field 

is better than one part in 10^ after a one hour warmup. Additional long 

term stability was achieved by manually observing the resonance signal 

for drift following each pulse sequence. 

Transmitter: 

The transmitter is a gated power amplifier tuned to operate on a 

30.3 megahertz signal from the signal generator. The transmitter is gated 

by the positive D.C. pulses from the pulse sequence generator. The r.f. 

leakage between pulses is negligibly small (<1 microvolt) compared to the 

maximum peak to peak output voltage of 300 volts. 

Receiver: 

The receiver consists of a preamplifier (LEL type IF-31-30-08-3) pow¬ 

ered by a modified Hamner type H 105 power supply and a transistorized 

post amplifier powered by one channel of a Hewlett Packard 6255A dual D.C. 

power supply. The receiver is tuned to operate at 30.3 megahertz with a 

3 megahertz bandwidth at 3db. The receiver has very good linearity and a 

recovery time from saturation on the order of microseconds. All components 

of the receiver are well isolated within an aluminum cabinet separate from 

the one containing the transmitter. 
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Radio Frequency Oscillator: 

The r.f. signal for the transmitter is generated by a Hewlett-Packard 

Model 606A signal generator. The spurious harmonic output is less than 3% 

and the frequency drift is less than .005% or 5 hertz, whichever is greater, 

over a ten-minute period after sufficient warm-up at the operating frequency. 

Pulse Sequence Generator: 

The pulse sequence generator is built up from three Textronic Type 161 

Pulse Generators and two Type 162 Waveform Generators powered by a Type 160A 

power supply. A block diagram is shown in Figure 9A. The pulse sequence 

generator supplies the D.C. pulses to gate the r.f. transmitter to produce 

the necessary train of 90° and 180° pulses. A typical pulse train is pro¬ 

duced in the following manner (refer to Figure 9). 1) The sequence is 

started by manually triggering the waveform generator 162A which produces 

both a positive pulse and a negative sawtooth pulse (see Figure 9B). 

2) The positive pulse triggers the pulse generator 161A which is set to 

produce D.C. pulses with the width Tw and amplitude A necessary for a 90° 

pulse. 3) Simultaneously, the sawtooth pulse goes to 161B which produces 

a pulse of width T*w, after a delay time T (the 90° - 180° separation) 

determined by the trigger level of 161B. 4) The pulse from 161B is used 

to gate the 162B which will produce waveforms at intervals T as long as 

the gating pulse exists. Thus, the number of waveforms produced is con¬ 

trolled by the ratio of T to T'w, i.e., n = T*w/T. 5) Each of these 

waveforms triggers 161C which is preset to produce the D.C. pulses neces¬ 

sary for a 180° pulse. 6) The two pulse types are electronically mixed 

and sent to gate the transmitter. 



41 

A - PULSE SEQUENCE GENERATOR 

O TO 

TRANSMITTER 
GATE 

B - WAVEFORMS 

162 WAVEFORM GENERATOR 

NEGATIVE 

SAWTOOTH 

POSITIVE 
PULSE 

161 PULSE GENERATOR 

OUTPUT PULSE 

I lî I PULSE 

| AMPLITUDE 

« Tw —*• 

PULSE WIDTH 

C - TYPICAL PULSE TRAIN 

90° BO9 180° 

T y T ^ 

FIGURE IX 



42 

Field Gradient Generator: 

The field gradient is produced by a modified Maxwell coil pair91 bent 

to the cylindrical surface of the dewar which surrounds the sample probe. 

Each coil consists of ten turns of #30 enameled copper wire with an inside 

diameter of three centimeters. This coil pair provides a magnetic field 

gradient of 3.7 gauss per centimeter per ampere uniformly through the 

sample. A maximum current of 1.5 amperes is provided by the other channel 

of the dual power supply used for the post amplifier. The coil current 

which is stable to better than 0.1% is measured with a carefully calibrated 

Welch Model 3023H precision D.C. ammeter. 

Switching and Impedence Matching Unit: 

A good switching and impedence matching unit was necessary since a 

single coil is used to excite the sample and to detect the induced signal 

from the sample. The unit shown in Figure 10 was designed90 to insure 

that the induced signal from the sample reached the receiver with minimum 

losses while the receiver was also protected from damage or long term 

saturation by leakage of the high powered transmitted signal. Switching 

time is about 4 nanoseconds. 

Tank Circuit and Probe: 

The sample probe is shown in Figure 11. The tank circuit is a solenoid 

7/16 inches long and 3/8 inches inside diameter wound from #18 enameled 

copper wire (25 turns) on a teflon support. The solenoid has an inductance 

of about 4 microhenrys with no sample. The top of the probe is modified 

with mounting holes placed every 15 degrees to allow for accurate external 

rotation of the sample in the magnetic field. 
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Temperature Regulating Systems 

The temperature regulating system consists of a gas source, a heater, 

a sensor, and a temperature regulating unit. The gas source used was cold 

nitrogen while the heater was constructed from a convention soldering heat¬ 

ing element. The sensor is a general purpose thermistor with a range from 

-40 to 100°C. The temperature regulator is a YSI Model 72 proportional 

temperature controller. It has a direct dial control range from 0 to 120°C 

accurate to + 0,5°C, Long term temperature stability was bettern than 

+ 0,2°C at the sample. 

Oscilloscope: 

The oscilloscope was a Hewlett Packard Model 175A equipted with a 

Hewlett Packard Model 196B polaroid oscilloscope camera. 

In summary, a brief description of the spectrometer operation is as 

follows: 1) A pulse train from the pulse sequence generator gates the 

transmitter which amplifies the r.f. signal from the oscillator. 2) The 

r.f. pulses travel through the switching unit to the tank circuit to 

excite the sample. 3) The signal induced in the tank circuit returns 

through the switching and impedence matching unit to the receiver. 4) The 

amplified signal from the receiver is displayed on the oscilloscope and 

recorded with the scope camera. 

Mobil Spectrometer 

Since the basic design of the spectrometer at Mobil Research Corpora¬ 

tion was very similar to the Rice spectrometer and details on many of its 

components are available in the literature, only a brief description 
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contrasting it to the Rice spectrometer will be given here. The magnet 

is a Varian 13 inch high resolution magnet with field homogeneity slightly 

better than that of the Rice magnet over a larger volume. The transmitter 

system consists of a gated continuous-running crystal-controlled oscillator9^ 

and an amplification stage terminated by a Powles box93. This system was 

operated at a fixed frequency of 25 megahertz for all experiments discussed 

here. The r.f. field (Hj_) at the sample is about 30 gauss which is an order 

of magnitude larger than that possible with the Rice machine. The r.f. 

pulses were triggered by an automated data acquisition system in which 

the pulse intervals are obtained by a count-down from a one megahertz 

crystal oscillator. The gradient was achieved with a standard Maxwell 

coil pair. The gradient current is monitored by observing the voltage 

drop across two oil immersed one ohm resistors in series with the coils. 

The probe9^, which contains an active pulse transient damper and a pre¬ 

amp, has a sample volume of a cubic centimeter (again, an order of mag¬ 

nitude larger than that possible in the Rice spectrometer). The receiver93 

has high gain and rapid recovery from saturating r.f. pulses. The detec¬ 

tion system consists of a Biomation 610 Transient Recorder which stores 

each voltage response and drives the integrater until it is fully charged, 

a voltage enhancer which added one cycle of A.C. (one volt peak-to-peak 

amplitude) to the Biomation input during the effective gate time for signal 

averaging, and a box car integrator which performed the averaging over 

ten pulses. The voltages measured by the box car integrator are displayed 

on a digital voltmeter and recorded by a paper tape printer. Although 

this more sophisticated detection system requires careful calibration to 

correct for non-linearities it makes it possible to average over more 
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pulses and to obtain data totally free of observer bias. The recalibra¬ 

tion of the data and the calculations of diffusion coefficients were 

accomplished by a CDC6400 digital computer, 

SAMPLE PREPARATION 

The animals used in this study were all mature male rats from Texas 

Interbred weighing between 350 and 500 grams. The muscle chosen for this 

study was the Tibialis Anterior^. This muscle has its origin on the 

margin of the lateral condyle, tuberosity and ventral crest of the tibia. 

Its distal tendon passes under the annular ligament, crosses to the medial 

surface and inserts on the proximal end of the first metatarsal. 

The Tibialis Anterior was originally selected for this study for 

several reasons. The sample volume of the Rice spectrometer, slightly 

less than .1 cc, precluded a whole muscle study. Spectrometer sensi¬ 

tivity added a further criterion that the muscle sample fill at least 

90% of the maximum available sample volume to insure an acceptable signal- 

to-noise ratio. Thus we required a linear muscle from which a cylindrical 

core 0.4 centimeters in diameter and 0.5 centimeters high could be cut. 

The Tibialis Anterior met these criteria. The linear nature and large 

mass of the Tibialis Anterior made it well suited for the studies done 

on the Mobil spectrometer as well. 

All animals were sacrificed by cervical fracture and the Tibialis 

Anterior was excised with a minimum delay. A thread was tied at the 

distal tendon while a broad allis clamp was used to secure the proximal 

end. The muscle was then stretched to its natural resting length and 

slow chilled in cold nitrogen gas. It was necessary to chill the muscle 
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to make its structure more rigid and to help eliminate its natural "sticki¬ 

ness” to insure maximum orientation after inserting the sample into the 

small 0.5 mm sample tubes. The effect of this chilling on the data will 

be discussed later. 

Samples were cut very much like core samples from the most linear 

portion of the muscle with a special tool designed for this purpose. The 

cylindrical sample was then pushed into place with a rod with a diameter 

only slightly less than the 0.4 centimeter inside diameter of the sample 

tube. The fiber orientation was carefully noted on the tube*s exterior. 

The sample tubes were custom make NMR tube with a flat bottomed interior. 

Throughout this procedure great care was taken to insure that the fiber 

linear orientation was not distorted and once they were prepared, samples 

were examined under a sixty power disecting microscope. Samples with 

obviously poor fiber alignment were discarded. Samples were then inserted 

into the sample probe where sample orientation could be accurately controlled 

by rotation of the entire probe. 

Although the same muscle was used in the experiments done on the Mobil 

spectrometer, a different sample preparation method was used. The ten fold 

increase in sample volume made possible a simpler and more reliable method 

of insuring fiber orientation. A piece of 6 millimeter (inside diameter) 

glass tubing was cut and beveled such that it would just fit when inserted 

perpendicular to the axis of a 10 millimeter sample tube. A glass rod was 

attached parallel to this axis to make it possible to slide the 6 millimeter 

in and out of the 10 millimeter tube. The muscle was excised and tied as 

in the Rice study. However, the thread tied to the distal tendon could 

now be drawn through the 6 millimeter tube until a linear portion of the 
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muscle was centered. This was a fairly tight fit. The excess muscle was 

then cut from both ends and the sample was inserted in the 10 millimeter 

sample tube. The sample tube was then placed in the sample probe and 

the orientation of the fiber axis could be determined within a few degrees 

and was noted on top of the sample tube. The orientation was changed by 

rotating the sample tube manually. By preparing samples in this way it 

was possible to eliminate some of the deficiencies of the initial study 

associated with uncertainty about the extent of net orientation and the 

effects of chilling the sample. 
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DATA AND RESULTS 

INITIAL STUDY 

The initial measurements of the diffusion coefficient of water in rat 

muscle as a function of the angle between the fiber axis and the static 

magnetic field were made on the Rice spectrometer. The spectrometer was 

always turned on at least one hour prior to any experiment to allow for 

adequate electronic warm-up. The magnetic field was stabilized at the 

proper water proton resonance by tuning the spectrometer to the signal 

from a water sample doped with Fe(N03)3* The resonance is achieved by 

adjustment of the magnet current. The frequency of the r.f. pulses was 

constant at 30.3 megahertz. The r.f. signal induced by a 90 - T - 180° 

pulse sequence was observed on the oscilloscope. The magnet current 

could then be adjusted until an induction tail appeared following the 

90° pulse and an echo appeared at a time T following the 180° pulse. 

Fine tuning (within a few cycles) was possible due to a small amount of 

leakage from the r.f. oscillator. This leakage caused a small beating 

signal to be carried on the induced r.f. signal. The beat frequency 

approached zero as the field approached resonance. The amplitude and 

shape of the 90° and 180° pulses could be adjusted to insure no induc¬ 

tion tail following the 180° pulse and maximum amplitude of the free 

induction decay following the 90° pulse. (This implies that the pulses 

do, in fact, rotate the spins through 90 and 180 degrees.) 

The prepared sample was inserted in the probe and a short time allowed 

for temperature stabilization at 25°C. A 90° - T - 180° - T1 - 180° 
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sequence was then applied. The value of x* was such that the time separa¬ 

tion of the two echos was always in the range of 50 to 54 milliseconds. 

With no applied field gradient the oscilloscope trace would look approxi¬ 

mately like the following: 

G= 0 

SWEEP RATE* 10 msec/cm 

FIGURE XII 

It should be noted that the observations were made on the r.f. induced 

signal directly, so no problems were introduced by non-linear detectors 

or base line shifts. For each value of the applied gradient, two expo¬ 

sures were made on a Polaroid picture, and the average echo amplitudes 

were used to determine a data point. The total echo heights (tip to tip) 

were measured using precision calipers. The width of the base line of 

a slightly underexposed (single exposure) picture with high field gradient 

was taken as the total background (noise plus CRT line width) and was sub¬ 

tracted from the measured height to give the true echo amplitude. At least 

eight different values of field gradient from 0 to 2,25 gauss per centi¬ 

meter were used to determine each value of D, As the applied field gradient 

is increased the echos become narrower, primarily due to the enhancement 

of the field inhomogeneity contribution to dephasing (see equation 2.16), 

Also, the ratio of the echo amplitudes A(t)/A(o) decreases, due to an 



52 

enhancement of the diffusion effect (see equation 2*20), as the applied 

field increases. An oscilloscope trace for a large field gradient would 

look approximately like the following: 

G * 2.0 gauss / cm 

SWEEP RATE» 10/i.sec/cm 

FIGURE XIII 

Referring now to equation 2.20, 

, A (t) t y2G2t3D 
ln A(o) " “ T2 " 12 

and comparing this with the slope-intercept formula for a straight line, 

y = b + mx 

it is clear that if -ln A(t)/A(o) is plotted versus that the result 

should be fit by a single straight line. The intercept of this line with 

the ordinate axis will be t/T2 while the slope will be y2t3D. The 

value of t (= 2x) can be measured accurately from the Polaroid pictures 

and along with the value of y (= 2.674 x 10^ gauss’"^* second"'1') can be 

used to calculate D from the slope. These plots of ln A(t)/A(o) versus 

G were always essentially linear as shown in Figure 14A. Also shown 

(Figure 14B) is a similar plot for pure water. 
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FIGURE XIV A 6 ( 9QUSS /Cm ) 
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Figure 15 is a plot of the average diffusion coefficients versus 

sample orientation for all samples examined in the initial study. These 

data yield an average value for /D|j of .854, or an anisotropy of 

14.6 per cent. The large error bars (~ +5%) represent the standard error 

of the mean and do not necessarily reflect the uncertainty of the indi¬ 

vidual data points which determined the mean. Table I shows the results 

of a test of reproducibility for individual diffusion coefficient measure¬ 

ments. The two samples were made from a single muscle (Tibialus Anterior). 

The reproducibility of these data indicate that the standard error in 

determining the diffusion coefficient versus fiber orientation for an 

individual sample was less than two per cent. The relatively poor repro¬ 

ducibility of the data from different samples resulted from two major 

sources of error. First, the anisotropy observed for each sample was 

dependent on the degree of net orientation of the muscle fibers which 

could be achieved and preserved during the sample preparation procedure. 

Because of this the values of Dx /D„ ranged between .794 and .932. (It 

should be noted that no samples were studied for which Dx /D(l >1.) 

The second major source of error was introduced by the chilling procedure. 

It was observed in early experiments that if the sample was chilled too 

rapidly or if substantial freezing was allowed to occur, the values for 

the diffusion coefficients measured on that sample would be larger than 

one would normally expect by 20 to 30 percent. However, the anisotropy 

was still observable. The effect of retaining data from such samples was 

simply to shift upward the average values of Figure 15. Because of the 

uncertainty introduced by the spectrometer limitations and sample prepara¬ 

tion methods, a statistical check of correlation between the diffusion 
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DIFFUSION COEFFICIENT v& FIBER ORIENTATION 

ANGLE between FIBER AXES and STATIC 

MAGNETIC FIELD 

FIGURE XV 
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TABLE I 

TEST OF INITIAL DATA REPRODUCIBILITY 

Sample 

TA//1 

TA# 2 

Trial 

1 

2 

3 

4 

5 

6 

7 

Diffusion Coefficient 

(x 10 ^cm^/sec) 

1.44 

1.46 

1.54 

1.41 

1.43 

1.51 

1.50 

MEAN VALUE 

STANDARD DEVIATION 

1.47 x 

0.044 

no"5 2
/ 10 cm /sec 

(2.99%) 

(1.13%) STANDARD ERROR 0.017 



1 (5) 

2 (4) 

3 (5) 

4 (5) 

5 (5) 

6 (4) 

7 (4) 

8 (4) 

9 (6) 

10 (4) 

11 (5) 

12 (4) 
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TABLE II 

CORRELATION TEST OF D VS ORIENTATION 

Correlation Probability Of No Correlation 
-value Coefficient Gréâter Than Less Than 

15.4 0.994 0.0001 0.001 

10.7 0.991 0.001 0.01 

1.5 0.664 0.10 0.20 

5.7 0.965 0.01 0.02 

4.6 0.936 0.01 0.02 

75.2 1.000 0.001 0.01 

7.1 0.981 0.01 0.02 

6.2 0.975 0.02 0.05 

3.3 0.855 0.02 0.05 

3.8 0.938 0.05 0.10 

4.8 0.940 0.01 0.02 

19.9 0.999 0.001 0.01 

13.9 0.987 0.0001 0.001 
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coefficient and fiber orientation was made. A computer fitted linear 

regression line was determined from the data for each sample and tested 

against the line of zero slope which one would expect if no anisotropy 

existed. The results of this study are shown in Table II. Although the 

degree of correlation varied, for the most part this study showed the 

results to be highly significant. Thus, although the uncertainty in these 

preliminary experiments was fairly large, the evidence for an anisotropy 

of the diffusion coefficient was sufficient to warrant further investiga¬ 

tion to improve the reliability of these findings. 

CONFIRMING STUDY 

The data to confirm the anisotropy phenomenon and to permit a better 

quantitative description of this effect were taken on the Mobil spectrom¬ 

eter. All data presented here were taken on two consecutive days on samples 

taken from three different animals. The time between preparing the sample 

and determining the diffusion coefficient ranged from ten minutes to thirty 

hours with no appreciable dependence of D on "sample age" detected over 

this time range. Samples were stored on ice. 

Approximately one hour was always allowed for electronic warm-up 

before any samples were prepared. The sample temperature was also sta¬ 

bilized to room temperature (24.5 + .2°C) with ambient air flow. Diffu¬ 

sion measurements were made using a 90° - T - 180° pulse sequence where 

x was constant at 25 millisecond (90° pulse - echo separation t « 50 msec). 

The voltage amplitudes of the echo with zero applied field gradient and 

with an applied gradient of 2.68 gauss per centimeter were observed and 

recorded. Each recorded amplitude was the result of 10 pulses averaged 
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by the Biomation and box car integrator units. The effective diffusion 

coefficient was then calculated from equation 2.22 

A(t,G) 
A(t,o) 

exp [- 
1_ 
12 y

2G2t3D] 

This procedure was repeated with the fiber axis oriented parallel, per¬ 

pendicular and at 45° to the static magnetic field. 

The results of these experiments are shown in Table III and plotted 

in Figure 16. Also included with these data are results of measurements 

of the self-diffusion coefficient for pure bulk water and for randomize 

Tibialis Anterior. The values of D for randomized muscle were obtained 

from two successive measurements on the same piece of muscle for which 

the fiber orientation had been thoroughly disordered by cutting the muscle 

into several pieces. Not only does this furnish a point or reference as 

to what values might be expected for typical samples for which no care is 

taken to preserve fiber linearity, but the small deviation between the 

two measurements (j^ 0.003 x 10~^) gives a favorable indication as to the 

reproducibility of individual data points. 

The average values of D for fiber orientations parallel, perpendicular 

and at 45° relative to the static field H0 are 1.393, 1.005 and 1.198 x 10~^ 

centimeter2/sec, respectively. The standard error for these three mean 

values is 0.483%, 1.110% and 0.715%, respectively. In view of the rather 

large biological fluctuations which are possible in samples of this type, 

this small scatter in the data is remarkable. 

Again referring to Table III, the average value of /D u is found 

to be 0.722 which represents an anisotropy of 27.53%. This value of 

Dx /D|| is approximately 10% smaller than the smallest value (.794) observed 
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TABLE III 

MEASUREMENTS OF THE DIFFUSION COEFFICIENT 

VERSUS MUSCLE FIBER ORIENTATION 

-5 2 
Diffusion Coefficients (x 10 cm /sec) 

Sample Parallel 45° Perpendicular DA/D„ 

1 1.366 1.179 1.021 0.748 

2 1.389 1.179 1.020 0.735 

3 1.400 1.226 1.033 0.738 

4 1.410 1.215 0.987 0.700 

5 1.400 1.193 0.966 0.690 

Average 1.393 1.198 1.005 0.722 

DIFFUSION COEFFICIENT FOR PURE BULK WATER 2.283 x 10”5cm2/sec 

DIFFUSION COEFFICIENT FOR RANDOMIZED MUSCLE 1.189 X 10~5cm2/sec 
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DIFFUSION COEFFICIENT vs FIBER ORIENTATION 
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in the initial study and nearly 16% smaller than the average value (•854) 

of that study* 

The value 2.283 x 10 centimeters^ per second for the self-diffusion 

coefficient of pure bulk water at 25°C is about 10% lower than the often 

quoted value from the NMR work of Trappeniers et al.^ (2.51 x 10“^) but 

it compares very favorably with more recently determined values from 

Gillen et al.^9 (2.23 x 10“5), O'Reilly and Patterson*®^ (2.23 x 10-^) 

and Mills^*^ (2.31 x 10-^). Comparing the average diffusion coefficient 

for each fiber orientation to this value of D for pure bulk water (call 

it D0) one finds 

Do 
440, 

D45 

Do 
525, 610 

Thus, the diffusion coefficient parallel to the fiber axis, which one 

might expect to be relatively free from obstruction effect reduction is 

still about 40% lower than D for pure bulk water. 
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DISCUSSION 

It is the purpose of this research to examine the interaction between 

the diffusing water molecules and the well-ordered protein structures within 

skeletal muscle and to determine what information concerning the intra¬ 

cellular environment could be inferred from a knowledge of such interac¬ 

tions, An understanding of this water-protein interaction is essential 

to understanding any changes in the intracellular water-water interaction 

compared to that in pure bulk water. 

The most obvious conclusion to be drawn from the results of this study 

is that it is clearly possible to measure an anisotropy in the self-diffu¬ 

sion coefficient of water in a muscle sample in which the linear nature of 

the actin and myosin filaments has been preserved. This is contrary to 

the conclusions made in an earlier study on the frog gastrocnemius reported 

by Finch, Harmon, and Muller . Examination of the results reported by 

these investigators do, however, indicate an anisotropy of about 7% (i.e., 

/011 - 0.94) which unfortunately is on the same order as the uncer¬ 

tainty in their data. The lack of positive results in their study can 

probably be attributed to the rather poor fiber linearity inherent in 

the gastrocnemius muscle and to insufficient care in sample preparation. 

The results of the initial study on the Rice spectrometer indicated 

qualitatively the existence of the anisotropy but did little to help in 

a qualitative analysis of the effectiveness of the obstruction effect. 

The excellent reproducibility of the data from five different samples 

in the confirming study on the Mobil spectrometer indicates than an 
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estimate of about 30% for the anisotropy would not be unreasonable* The 

lower average anisotropy (~ 15%) obtained in the initial study is attri¬ 

butable to the difficulty in obtaining samples with a high degree of net 

fiber orientation. 

The value of the diffusion coefficient for the randomized sample of 

rat tibialis anterior muscle was found to be 0.521 that of pure bulk water 

(i.e., Dran£om/D0 = 0.521). This corresponds well with the value 

(= 0.525) which would indicate that randomization effectively neutralized 

any net fiber orientation of the sample. 

By removing or at least minimizing the anisotropic obstruction effect 

due to scattering of the water molecules from the actin and myosin fila¬ 

ments the value of the diffusion coefficient parallel to the fiber axis 

should be the maximum value possible. In view of this, the fact that the 

value measured for D|f was still less than the diffusion coefficient (D0) 

of pure bulk water by a factor of 0.61 (i.e., DJf /D0 = 0.61) is highly 

significant. Considering the theoretical models already discussed, there 

are three possible explanations to consider: 

(1) The self-diffusion coefficient of the cellular water is the same as 

that for pure water but there exists some as yet unaccounted for 

structure or solute which leads to an isotropic reduction of the 

measured diffusion coefficient by nearly forty per cent. 

(2) The self-diffusion coefficient is the same as that for pure water 

but the hydrated diameter of the actin and myosin filaments has been 

underestimated. The low value of Du is the result of poor net orien¬ 

tation of the protein filaments and the existence of crossbridges 

between the filaments 



65 

(3) There is a reduction of some sort of the self-diffusion coefficient 

of the intracellular water due to long range ordering effects of the 

proteins and other macromolecules* 

To put into perspective the possibility of some other cell structures 

or macromolecular solutes producing the necessary reduction in the effec¬ 

tive diffusion coefficient let us consider Wang's equation (equation 2*30) 

for the isotropic reduction of the diffusion coefficient by the obstruction 

effect* 

D' = D0 (1 - aÿ) 

If we select an intermediate value of 1.6 for cT, it would be necessary that 

this as yet unspecified structure or solute occupy a volume fraction (<j>) 

of 25% in order to account for the observed D' = .6 D0, Since the actin- 

myosin filament network constitutes the majority of the dry solids of the 

muscle fibers and maximum estimate of the volume fraction of the filament 

network is only 16% , the possibility of an unaccounted for structure occupy¬ 

ing such a large percentage of the cell volume is extremely unlikely* 

The second possibility, that the dimensions of the filaments have been 

underestimated, is most easily examined by considering Rorschach's model* 

Solving equation 2*32 for a/R in terms of Dj. '/D0 we find 

S - I1 'W/2
 (5.1) 

R ll + Dj. '/Do 

To account for the observed value of '/Do °f 0.44 it would be necessary 

O 

that a/R equal 0.62. If one accepts the estimate of 260 A for the average 

filament separation (i*e., R = 130 A)8^, this value of a/R would imply that 
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a is slightly larger than 80 A. This would require a myosin diameter of 

O ° 

about 255 A and an actin diameter of about 115 A, Since the largest esti- 

O O 

mates of the filament diameters are 160 A and 70 A, such a sizeable error 

would also be unlikely. 

Thusf in view of the available information one must logically consider 

the third alternative as the most plausible. If we do accept the hypothesis 

that the effective self-diffusion coefficient of the intracellular water 

is reduced through "structuring" by a factor on the order of 0.6 over that 

of pure bulk water, the fit of the data with Rorschach^ model is well within 

the tolerance of the estimates and even Wang*s theory can fit the data fairly 

well if a correction is made to remove the reduction in D parallel to the 

filaments. This reduction in the self-diffusion coefficient need not neces¬ 

sarily be the result of a uniform isotropic reduction in water mobility. 

It is possible that this reduction might be the result of an averaging over 

a range of diffusion coefficients due to a continuous "gradient of ordering" 

around the protein filaments. 

It is still not impossible to conceive of some complex model combining 

compartment effects, obstruction effectsf hydration effects or other as yet 

unspecified effects which could explain the observed reduction of the dif¬ 

fusion coefficient in such a way as to preserve the basic assumptions of 

the classical membrane concept. However, a statement made by Drost-Hansen 

in the introduction of his contribution to "Chemistry of the Cell Interface" 

seems to be the most fitting in this regard. Drost-Hansen states: 

The essence of the present study is to advocate that future 
work in the fields of biophysics and biology should recognize 
from the onset the possibility that the vicinal water of living 
systems (and indeed, possibly all the water of the cell) exists 
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in a structurally modified form (compared to bulk water). While 
basically not an unreasonable assumption, this approach is made 
exceedingly difficult by lack of the appropriate physical chem¬ 
istry of aqueous systems in which the aqueous phase does not 
possess the structure and properties ordinarily discussed. On 
the other hand, it is undoubtedly better to seek in the darkness 
for that which is missing than to search under the light of over¬ 
simplified •'traditional” conceptual (and mathematical) models 
and approaches where it is obvious that the answer is not to 
be found!02# 

It seems obvious that this single study will not be convincing enough 

to cause thousands of biologists to discard their traditional views. How¬ 

ever, it may be possible to combine this with new evidence from Belton, 

Jackson and Packer60 and that forthcoming from this laboratory which indi¬ 

cates that at least three separate slow-exchanging fractions of water, all 

apparently different from "normal” water, exist in skeletal muscle. These 

data as well as that presented in this thesis are incompatible with the 

"two-phase fast exchange plus obstruction effect" model most often used 

by traditionalists to explain NMR data from biological systems. The dis¬ 

missal of NMR results with this explanation must surely be reconsidered. 

Thus, if NMR can be established as a reliable tool to probe the intra¬ 

cellular environment, traditionalists may at least be moved to re-examine 

the possibility of alternative explanations to biological problems which 

do not require acceptance of the fundamental assumptions of classical 

membrane theory 
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