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PREFACE

The frog muscle sam ples studied here were furnished and

prepared by Professor Alfred Strickholm of the Department of

Physiology , Indiana University . He also supervised their

further handling . The yeast samples were prepared by

Or . Roberto Bastos and Ms. Katherine Assimos using the

faciliti es of Professor Hen ry Mahler of the Chemistry Depart-.

ment. The E. coi l sample was prepared by Ms. Margaret Loyd

using faci l i t ies of Professor Ar thur Koch of the Mi crob i ology

Department.

Thanks are due to Professor Arthur Clouse and

Mr . Robert Addleman , of the Chemistry Department , for assistance

in setting up the NMR appa ratus.
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INTRODIJCT ION

Magnetic field gradient NMR is well adapted to measuring

diffusion in colloidal systems , including biological cells,

because the experimental measurement times by this method are

such that the di s tances travele d by the molecules are of the

same order as the dimens i ons of the i nhomogene iti es of the

system . The result is that the apparent diffusion coef-

ficients are dependent on the diffusion time . By varying this

la tter parameter the di mens i ons of the i nhomogene iti es as wel l

as the local diffusion coef f i c ients within them can be obtained .

The maximum informat i on i s obta ined by the use of the

widest possible range of diffusion times . In the work reported

here , a variety of recently developed techni ques have been

used to get a much wider range of diffusion times than have

been employed in previous studies of diffusion in biolog i cal

materials.

The theory of the use of pulsed field gradient NMR to

measure intracell ular self diffusion has been outlined in

Annual Report No. 11 of this project. The equi pment necessary

for performing such experiments has been assembled, and a

description was included in that report . A preliminary

description of the results of a series of measurements on

various frog muscles was also given there .

~ J. E. Tanner , :;~~:j ’ ~~~~~~ .~~ 1 .‘~~~ ~~~~~~~ NWSC /CR/
RDTR-6 , Nava l Weapons Support Center , Crane , IN (June 1975).
Ava ilable Defense Documentation Center (DDC), Cameron Station ,
Alexandr i a , VA 22314. AD-A0l4601.

1 A~~0



In the intervening time , the data on three systems of

packed single cells has been worked up, and a comp lete accoun t

will be given here .

Portions of the experimenta l results have been presented

at the March 1976 Meeting of the American Physical Society , at

the 17th Experimental ~MR Conference in Apri l 1976, and at a

sympos i um on Magnetic Resonance i n Collo i d and Interface

Science at the national meeting of the American Chemical

Society in August 1976. A preliminary written draft for

publication in a scientific journal has also been completed .

It includes not only the work of the author , but all previous

exper imental di ffus i on resul ts f rom the li tera ture , using a

magnetic field gradient method.

Dur ing the course of the year the need has become clear

for a rigorous derivation of the relationship between diffusion

coefficients , as measured by NMR , and diffusion time , for the

case of diffusion through periodic barriers of arbitrary

permeabil ity . Prel imi nary work at der i ving such a relat ionshi p

will be indicated here.

THEORY

Diffusion in Cellular Systems

The apparen t di ffus ion coef fi c ient , D, of wa ter i n systems
of biologic al cells may be expected to be dependent on the

time allowed for the measurement, t , when thi s time i s in the
range i0~~ to 10 seconds. NMR spin-echo diffusion measurements

10 
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fall wi thin this range, and the expectation of a variable

diffusion coefficient has been verified a number of times .

One of the structures responsible for the variation in 1)

is the outer cell membrane , the plasmalemma . When diffusion

ex per iments are performed i n a t ime s hor t enough such that

most of the molec ules do not contact this membrane , D repre-

sents the true cytoplasmic diffusion coefficient , whi ch we

refer to here as D~. As the time of the experiment , to , is

leng thened a larger fraction of the molecules contact the cell

membranes and experience their restrictive effects . 0 decreases ,

and as t becomes very large 0 approaches a limit , D~, wh i ch

is readily shown to be given by 1/Dr,, l/D
~ 

+ 2/aP , where a i s

the average distance between outer membranes (actually the

average component parallel to the magnetic field gradient),

and P is the barrier permeability . This relation is exact in

the l imit that the membrane thickness is much less than a.

It can readily be seen that for impermeable barriers

D=O , whereas for permeable barriers D~, is f ini te , but less

than D
0

At intermediate values of t0 it i s obv ious that D lies

between D and D,,. Exact mathematical relations for 0 vs

for barriers (membranes) of specific geometry , are quite

complicated . Most such relationships as have been derived are

for the limiting case of impermeable barrier s , P=0. There is

in existence no rigorously derived relationship valid for

barriers 0f arbitrary permeability .

11 
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A ll OXd ffl I) h’ ut t he reid t oie~h I p betwee n P •lIld t I ~ I yen

in Figure I . I hi ~. i ~ for the i. I r  of d i f fus ion  between

regularly spaced , impermeable planar barriers , where I) is

m easured by t ime pulsed gradient method , and the duration of

the gradient pulses is small compared to the time required for

the molecules to diffuse across the cells. Such is the case

here , and this relation will be used to evaluate the data

presented here .

Although we do not have a rigorous expression for the

diffusion coefficient with permeable barriers , we will make a

guess so as to be abl e to treat the data . We assume that the

form of the expression is similar to that for impermeable

harriers , and proceed by a superposition of the diffusion

coefficien t at l ong diffusion times and a time-dependent

diffusion coefficient as given for the case of impermeable

barriers.

Nearly all of the derivations for impermeable barriers of

various geometries , with pulsed or continuous field gr ;dient ,~~~

can be expressed as

D/D 0 = f (D 0t ,a) .

We m ight thus write for permeable barriers :

~J. E. Tanner and E. 0. Stejska l , J. Chem . Phys. 49 , 1768 (1968).

~B. Robertson , Phys. Rev . 151 , 273 (1966).
C. H. Neuma n , J. C hem . Phys. 60 , 4508 (1974).

12



Iog(ir 2D0t / a 2 )  —
~~~

Fi gure 1. Relative apparent diffusion coefficient 010O versus redLced
diffusion time , ii2D9t/a 2 , for diffusion perpendicular to impermeable ,
plane parallel barriers. The two curves are at different values of
y~ga. The upper curve is appropriate to the E. col i , red cell , and
yeast measurements. Curves in the neighborhood of the l ower curve
are appropriate to the values of o and g used for measurements on
frog muscle at intermediate diffusion times.
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D/D 0 = D /D . + (D0-DJ/D ) x f(D t ,a). (1)

A possibly more consistent equation would be

D / F ) = fl /I) I (D — fi. )/D x f [ ( [ )  —i ) ) L , d I .  ( 2 )

Either of these can be written as

0 = fD,, + (l-f)D~ . (3)

Since f~ l as t~o, and f~o as t~ these equations have the

proper limits at t=o . . At intermediate times , however , they

predict different behaviors .

According to Equation (1) the product D t  has a fixed

value for a given fractional decrease of D between D~. an d D~ ,

independent of the barri er permeability as given by D~,. The

average distance of diffusion as if free , xrms 
= (2D t)

1 ‘

~~~,

woul d a lso  be i nde pen dent of Q,, as would the fraction of

molecules which had encountered the barriers. Thus , (1-f)

could  be taken as represen ti n g the f rac ti on of molecules  wh i ch

had encountered the barriers , and (D0t)
1 coul d be taken as a

characteristic length for the system .

According to Equation (2), the product (D -D ,)t at a

particular fractional decrease of 0 would be independent of

0 .  Then [(D _ D
, )t] 1

~~
’
~ coul d rep resen t a char acteri sti c

length of the system . It can be seen that X rms for free

d iffusion as calculat ed above would increase as D~ increased

a t constant f. This would be qualitatively consistent wi th

14
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the assumption that (1-f) represents the fraction of molecules

which have been reflected by the barriers.

I find the assumption that the fractional decrease of the

diffusion coefficient depends on the fraction of molecules

which have encountered the barriers more plau sible than that

it depends on the fraction ref lected . T he deg ree of ref lec ti on

should determine the magnitude of the effect on 0, but not the

time at which it sets in. Therefore , Equation (1) will be

used to analyze the data presented here ; and using f as given

by Figure 1. the barrier distance will be calculated as

a ~(D 0t 1 )
1 

~~ , (4)

where t 1 is the time when 0 (D~ + Dj/2.

It may be noted that Cooper , et. a1 .~
’ have proposed

Equation (3) with the assumption that (1—f) represents the

fraction of molecules deflected by the barriers . With some

inconsistency , however , they then calculate characteristic

lengths proportional to (D 0t 1~~ ) 1

A Rigorous Formula for Restricted Diffusion

with Permeable Barriers

Our uncerta inty abou t how to analyze diffusion data for

permeable barriers emphasizes the need for a rigorously derived

expression for the apparent diffusion coefficient as a function

5 R. L . Coo per , 0. B. Chang , A. C. Young, C . J. Martin , arid
B . Ancker-Johnson , Biophys . J. 14, 161 (1974).

15



r ____________________________________________________________

of the diffusion time . Three approaches for deriving such an

expression have been explored in detail and at least two of

them are believed to be feasible, though cumbersome.

The basic problem is to derive the distribution function

P(x x , t ) after an arbitrary t , for spins which started atp
the same point, x . The apparen t diff us ion coeff icient i s

then calcu l a ted from

D = (lit ) inf f P(x~~x , t )  cos[y q (x-x ))]dxdx

One of the approaches under consideration is based on a

scheme take n from the di ffus ion li tera ture for calculat i ng

P(x~~x , t ,) for a physically appropriate model .~ At this

point it appears tnat an algebraic expression will not be

obtained --numerical calculations must be made for selected

values of the parameters. This method is now bei ng programmed

for computer calculations .

Ano ther approach is a mod ification of a concept used

earlier to describe restricted diffusion .7 Separate al gebra i c

solutions which are approximat ely valid for different ranges

of the variables may be obtainable. However , they are cumber-

some. In addition , there are problem s with a physical inter-

pretation of the model .

M. Necati Ozisik , ~ -~u~~i-; i’~,- VaZ; 1 c’ P P Q17ic?f l7I-~ Qf  IJ ~’i t  ( ‘Undi .~ctiom
(Internationa l Textbook Company , Scran ton , PA , 1963), Chpt. 6.
‘E. 0. Stejskal , J. Chem . Phys, 43, 3597 (1965).

16
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- I The third approach is based on constructin g P(~ x, t

a ‘ .ummm of seqmne n ts of a Gao ~s ion function. A net hod 01

performing the sunmmu a t ion has been found; however , the validity

of this approach must be established .

EXPERIMENTAL RE SULTS

Wor ku p of the dif f us i on and r e l a x a t i o n  data ta ken i n the

previous fiscal year on sam p les of human red ce l l s , E. coli ,

and yeast has been completed . These results are reported and

di scussed here alon g w i th the prev i ousl y presented results on

frog muscle .

Sam p le Preparat i on

The procedure for preparation of the samples will be

briefly summarized here , with a detailed explanation to be

given in the publication presently in preparation.

The frog muscles  were di ssec ted from fres h ly pith ed fro gs

and kept alive until the completion of measurements , at which

time they were tested with electrical stimuli and found to be

in nearly as good a conditi on as just after dissection. The

confinement of the UMR glass sample tube kept them stretched

to nearly their full length . The di ffus ion measuremen ts were

made at about 271, and i n a di rec ti on per pen di cu la r  to the

lon g ax i s of the cel l .

The human red cells were fresh ly drawn f rom a healthy

adul t i nto sterile , heparinized tubes , transferred to 5 nm NMR

17 
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tubes, centrifuged to 5l~ of the ori g ina l  v nlmj i i i n , and ~i ’a~ ij v ed

at 271 over a three hour period .

The E. coli culture , strain ML308 , was washed and

centrifuged . The sludge was blotted and quick ~y packed into

the NMR sample tube . The meas u remen ts , at 27 C , required

seven hours. The sample generated about 30 of its volume of

gas in this time . The cells were observed to be intact at the

end of this period , though no viability tests were performed .

Two different cultures of hap loid yeast, strain X2180-1I3 ,

were grown . The first ~as centrifuged and blotted ; the second

culture was suction filtered in severa l batches for varying

lengths of time (degrees of dryness). One portion was treated

in a solu tion of glutaraldehyde to crosslink the protein on

the cell membrane. A portion of one sample was cultured at

the completion of measurements . T he colon y count i n di ca ted

100 . viability , though the uncertainty is perhaps a factor of

two . A similar test on the crosslinked samp l e showed zero

via b i ii ty.

Diffusion lesults

The entire diffusion data from the frog muscle , E. col i ,

and red cells are sumarized in Figures 2 and 3, where the

apparent diffusion coefficients are plotted against the experi-

mental diffusion times . The apparent diffusion coefficients

were calculated from the experimental data accord i ng to

ln  R = - iD q~ ~~(“ - A / 3 ) ,  where R is the echo attenuation due

18
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Figure 2. Diffusion coefficients versus diffusion time in muscle of
Rana pipiens. Each point is an average of values at 2 to 5 field
grad ient strengths . In all cases o=0.4 msec .

Sym bols Samples Method

+ 1 ,2 90°-l80°, alternat ing sign gradient pulses

X 1,2,3 900_l800, conventional grad ient pulses

Y 2,3 90° -90°-90°, conventional gradient pulses

0 4,5 goO ..goo _ goo , steady gradient
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Figure 3. Diffusion coefficient versus diffusion time in well-packed
samples of E. coil and of human red cells. The symbols indicate
the type of pulse sequence used , and have the same meaning as in
Figure 2.
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to the gradient. The intensity , duration , and separation of

the gradient pulses are given by g, •
~. , and . ., respectivel y. A

samp le o~ diffusion measurements in yeast are presented in

Figure 4.

Each of the points in the p lots of Fi gures 2 and 3 were

obtained from measurements at two to five values of the field

gradient. For a few representative measurements , the echo

attenuations are plotted versus field gradient squared in

Figure 5.

The values of the diffusion coefficients at the longest

and shortest experimental diffusion times , as wel l as the 1.

(spin-sp in ) and T 1 (spin-lattice) relaxation times , are

summar ized in Table 1 .

The measurements for red cells (Figure 3) give the best

coverage of the diffu sion coefficient range. The diffusion

times extend well into the regions of constant diffusion

coefficients D~ an d D .~, , a t shor t and lon g measurement t imes ,

respectively. (The upward trend of the data at t1) ~~l sec i s

probably an artifact induced by the very low signal strength

there.)

The time , t1 .. , at which the diffusion coefficient

reaches its midpoint may be estimated from Figure 3 to be

6.5 msec. We then calculate a = 6.3 m im from Equation (4).

Th is value is large, but still reasonable considering the

di mens i ons of the red cell . We expected a value larger than

21
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Fi gu re 4. Echo attenuation versus theproduct of dif fusion time and grad i entsquared for a yeast sample, The soli d linesare at constant d iffusion t nne in seconds.The dashed l ines are at constant fieldgradient in G/csn. The pulse width , 
~~, isconstant .

23

—p- -
~~

— 
~~~~~~~~~~~ ~~~~~ 

~~~~~~~~~~ 
•

___
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Figure 5. Examples of the variation of echo amplitude , A , versus
field gradient squared , g , at constant diffusion time , •‘>-~/3, forthe cell samples. The diffusion times in msec are indicated on
the curves. The slopes may be divided by 3.lxlO 8 to ~1ve the
apparent diffusion coefficients. ~~ , N , g , and ~ , as wel l as ~are constant for each curve. 1
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a geometric average over all orientations because of the

deflection effects of membranes at obli que orientations to the

field gradient. With D, = 6.2x10 ’ cm /sec and [).. = 2.6x10

cm~ /sec we then calculate P 0.015 cm/sec from l/D=~ =

lID + 2/aP . This is the min imum that can be calculated from

these measu remen ts . The selec ti on of a smal l er v a l u e  of a

would yield a larger value of P.

The cells of frog muscl es are much larger than red blood

cells , and there was difficulty extending the diffusion times

to large enough values to directly measure D .  Assuming that

the values at the lon gest ti mes are close to D,, we have for

peron i us and sar tor i us muscles  ~ = l .2xl0 and l.0x10 5

cm /sec. resp., and D0 = l .7x10 5 and l .6xl0 - cm~/sec , resp.

in both cases we obtain t1 . 50 msec from Figure 2. Then we

estimate a = 28 urn from Equation (4). This is reasonable ,

considering the known diameter of about 70 ~m a t the w id est

point in the cell. We then calculate P = 0.02 cm/sec. A

somewhat larger value of a and smaller value of 1),. might have

been used , yielding a smaller value of P.

With semitendinosus muscle the difference between 0>., and

D is smaller than its preci sion of measurement, so that a

numerical calcula t ion of a and P is not justified. However ,

we can see qualitatively tha t the membrane permeability of

this muscle is much larger tha n the membrane permeabilities of

the other two muscles .
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Proba b 1 y the maj or uncer t a in ty in ~ a] cu I at I nq I’ t or a 1 ]

of these muscle samples results from the relatively small

change in 0 over a very large change in diffusion times and

hence apparatus settings. For the sartorius and semitendinosus

muscles there is additional uncertainty due to a change in

sample between the experiments at short and at long diffusion

t imes

E. col i was the smallest cell studied , and here the

problem was to obtain measurements at short enough diffusion

times so as to get a good value for Dr, . The cells are approxi-

mately c y l i n d e r s  of diameter 1 rn and length 3 rn. From

Equation (4) we expect the transition from D~ to D ,, to be

cen tered near t L) = 1/2 msec. Only a very slight change can be

seen in this region of the plot , indicating a very large water

permeabili ty of the cell membrane . Taking a = 1.0 rn ,

D 5.0x1 0 cm /sec and D. = 4.5xlci ’ cm~,sec we calcula te

P = 1 cm/sec. This is only an order of magnitude estimate

because of the large uncertainty in the difference D(J -[),~.

Even so it is enormous. This measurement should probably be

repeated with another sample , dried more thoroughly.

The sharp drop in diffusion coefficient at longer t

corresponds to distances much larger than the cell sizes. It

is believed due to gas bubbles, which occupied about 1/3 of

the samp le volume at the end of the experi ment . The measurements
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at long diffusion times were taken last. An instrumental

artifact is considered unlikely because the signa l strength

was stil l fair l y st ror ’~ here .

Altogether , four different yeast samples were observed in

an extensive series of measurements. The resul ts , though

unusual in several ways, were fairly consistent. A typ i cal

example of the data is given in Figure 4. The echo attenuations

are plotted versus diffusion time times gradient squared . It

was not possible to calculate diffusion coefficients from the

data .

The first feature which is striking is the strong curvature

of logarithm of echo attenuation versus gradient squared. For

observa ti ons on a si ngle mol ecular spec i es i n a homogeneous

medium such plots must be linear. In inhomogeneous media non-

linea rities may arise , but they are usuall y small .~ The

ex istence of several observable species with markedly different

diffusion coefficients would explain this particular feature .

However , there is probably no molecular species present in

concentra ti ons com para b le to tha t of wa ter i n yeast ce l l s .

The existence of isolated regions of water of greatly di fferi ng

mobilities is also not very plausible.

A second unusual feature of the resul ts i s tha t at any

poi nt the change i n echo attenuat i on i s greater for a chan ge

in diffusion time than for a change in gradient squared , i.e.,

d ln R/d l n A >d ln R/d in g~.
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The manner of performing the experiments was to keep the

relaxati on constant by keeping and constant while varying

the gradient , but to vary 
1 
with t .  Thus, these results

could be mathematically modeled by a mixture of two detectable

species with different T ,’ s , the species with the longer T

having the higher diffusion coefficient. In the actual physical

situation , reg ions of absorbed and non-absorbed water would

show just such a difference. The absorbed water should have

the shorter T~ and also the lower 0. However , absorbed water

generally constitutes too small a fraction of the total (<10.

to show the effect observed . Furthermore , the exchange times
- •  

between regi ons are probably much shor ter than the exper i-

mental diffusi on times , so as to wipe out this effect.

Possible experimenta l artifacts have been considered. in

one run there was independent reason to suspect superposition

of the observed echo and the free induction decay from the

previous 90
. 

pulse. After correction for this , however , the

unusual features remained .

Thus the yeast data are unexplained . The experiments

wi ll be repeated at the earl i est opportun i ty. A l ower temper-

ature will be employed to insure that cell degradation is not

occu r -ing during measurements . Addi tiona l apparatus precautions

and cross checks will also be employed.

Turn ing to the summary of diffusion results presented in

Table 1 , the column la beled “d iffus ion at short ti mes” represents

28
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diffusion coefficients at experimental times of 0.3 to 0.5 msec ,

which is short enough so that the restrictive effect of the

outer membrane should be small in all cases , except possibly

that of E. coli . Thus , these values represent true intra-

cell u lar d i ffus ion coeffi ci ents.

First we see tha t all of the values are l ower than tha t

for pure water . The water content of these samples ranges

between 65 and 75 . Since much of the solids consist of high

molecular weight proteins , cytoplasm is somewhat similar to

ordinary solutions of high mo l ecular weight polymers in low

mo l ecular weigh t solvents. In previous studies of such
• systems” ’ ‘ it has been found tha t the presence of about 30.- of

the soluble polymer decreases the diffusion constant of a low

molecular weight solvent by about a factor of x2. This i s

approximately the effect found in the cellular systems . Thus

we feel it is reasonable to ascribe the reduced diffusion

coefficients within cells to the barrier effects of the high

molecular wei gh t proteins there. Other investigators (e.g.

Abetsedarskaya , et. al.10) have argued simila rly .

It is interesting that diffusion is much more rapid in

the muscles than in the single cells , although the sol ids

content is nearly the same in both cases . Apparently the

~
‘ J. E . Tanner , Macromol ecules 4, 748 (1971).

8. 0. Boss, E. 0. Stejskal , and J. 0. Ferry, J. Phys. Chem .
71 , 1501 (1967).

10 L A. Abetsedarskaya , F. IL Mjftakhutdjnova , and V. 0. Fedotov ,
Biophysics 13 , 750 (1968).
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proteins are arranged in such a manner as not to impede

diffusion within muscle cells . This is plausible considering

the function of muscle cells.

The fact that the values of D, for the three types of

single cells are nearly equa l is probably fortuitous. Other

single cells could probably be found which would give signifi-

cantly different values .

Re l axa ti on Measur emen ts

A num ber of measurements of spin -sp in (T) and spin-

la tti ce (Ti) relaxat ion time were also performed on the samples.

Some of these are presented in Figure 6. The results are all

l ower than the value T
~
=T
~
=3 sec for pure oxygen-free water at

this temperature . (T1=T~~1-l /2 sec for air-saturated

water. However , it is probable that cell metabolism has

removed most of the oxygen from within the cells.) This is an

indication of restrictions to the molecular motion of the

water . T ’>T is consistent with a small fraction of molecules

with very restr i cted mot ion , perhaps adsorbed on various

macromo l ecules in the cells. The values of I would be much

less affected than those of T by such a fraction of low

mobility , and i t  may be note d tha t , comparing the single cell

and the muscle samples with pure water (Table 1). T1 and 0 are

found to decrease proportionately, indicating tha t for bulk

water molecules the rotational motions are not slowed more

than the diffusiona l motions by the other cell components.
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Figure 6. Representative si gnal decay curves due to I and I
The symbols are: o, red cells; 0, E. coli; ~~~, yeast; ~~, frog

2muscle.
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This does not prove the absence of local orientationa l structure

of water , but shows t.ha t a q ive n wat e r molecule rapidly chanqes

its place in any such structure as may exist.

SUMMARY

In summary , we have measured self diffusion of water in

packed s ngle cell samples of three different types and in

three different muscle types of a frog. The measurements were

performed over a much wider range of diffusion times than has

been done prev i ousl y . From the resul ts at the shortest ti mes ,

the true i n tr a c e l l u l a r  di f fus i on coeff i c i en ts , uninfluenced by

the outer cell membranes , were obtained . These diffusion

coeffi c i en ts are a l l  l ower than that for pure wa ter , but by an

amou t which can probably be explained by the obstructive

effects of the other cellular components.

From the diffusion coefficients at long diffusion times,

the permeabilities of the outer membranes were estimated . The

membrane of E . col i was found to be much more permeable to

wa ter than the membranes of red cells or of the muscle samples.

Measurements of the spin relaxation showed that the

reorientational motion of the major portion of the cell water

is not slowed more than the translational diffusion. They

also indicate the presence of a small fraction of adsorbed

water.

Work has started on deriving a rigorous expression for

diffusion coefficient versus diffusion time for the case of

planar barriers of arbitrary permeability .
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