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NMR g-space plots derived from water diffusing inside and
around erythrocytes in a suspension display reproducible and
characteristic coherence features. The aim of the present work was
to determine which water population gives rise to the respective
features. The central experimental strategy was to use choline and
choline phosphate which are virtually membrane impermeant on
the time scale of the experiment; the former was incorporated into
erythrocytes by a lysis-resealing method and the latter was simply
added to the suspensions. Dimethyl sulfoxide, which readily but
more slowly exchanges across the cell membranes than water, also
yielded g-space plots which were similar to those of water, but the
differences were able to be accounted for on the basis of its slower
transmembrane exchange rate. Random walk simulations using a
Monte Carlo procedure, together with a model of an array of
biconcave discocytes, helped verify the interpretations of the as-
signment of the features of the plots to molecules diffusing in the
two regions. In addition, the simulations revealed how the pres-
ence or absence of transmembrane exchange affects the form of
g-space plots.  © 1999 Academic Press
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INTRODUCTION

tively unbiased estimates of population-mean cell dimensior
and shapes in a samplg)(

Figure 1 shows a typicai-space plot of the water signal
from a 0.30-hematocrit (Ht, volume fraction of the sample
that is cells) suspension of metabolically active humal
erythrocytes. It is evident that the plot is characterized by
monotonic decline that is “embellished” with an inflection
and several maxima and minima. These reproducible fe,
tures in the declining curve provide more “specificity” in the
subsequent estimates of lengths and distances than are t
ically available from multiple exponential analysis, or in-
terpretation of the Gaussian-like curves that arise, for e>
ample, from yeast cells because of their size heterogenei
(3). From earlier experimental and theoretical work on ran
domly packed beds of polymer spheres—@) and glass
spheres 1), it was predicted that some of the coherenc
features ing-space plots from erythrocyte suspension:
would arise from water diffusing in the interstices betweel
the cells. This coherence effect has been interpreted phy:
cally by using a simplified model referred to as “pore-
hopping,” and it bears an analogy with the two-slit interfer-
ence experiment of physical optic8)( On the other hand,
theoretical consideration has been given to spins constrain

When the pulsed field gradient spin-echo (PFGSE) expetdr move inside isolatedhpt interconnected) lacunae. These

ment is carried out on a suspension of diamagnetic erythgystems also display coherencesdgispace plots, but the
cytes, the plot of the logarithm of the normalized signal intefphysical interpretation is that this is analogous to the single
sity, logio(E[g, A]), versusthe scaled magnitude of theslit diffraction effect of optics 8, 9—13. These two simple
gradient pulsesy (q = (2m7) 'ygd, wherevy is the nuclear analogies with coherences in optics apply strictly only whei
magnetogyric ratiog is the magnitude of the field gradientthe PFGSE experiment is carried out with the duration of th
pulses, and is the duration of each of the gradient pulsegjradient pulsesgd, being negligible relative to the time
displays “coherence” peakd,(2. The analogy between- interval, A, between them [viz., the short gradient pulse
space plots derived from PFGSE experiments and diffractigBGP) approximation]. Also, the time over which the diffu-
patterns of physical optics was an important insight presentsidn is measuredA, must be sufficiently large to ensure
in 1990 @). The experiment employing thtH NMR water multiple interactions of the spins with the limiting barriers
signal has been shown to be capable of characterizing eryifiat are separated by the distanag specifically, A >
rocyte sizes and shapes in normal and disease states. Td#4g2D, whereD is the diffusion coefficient. Under these
g-space analysis of erythrocyte suspensions is potentially usenditions the NMR signal intensitf[q, A], is the power
ful as a diagnostic tool in hematology since it provides rel@ spectrum (Fourier transform) of the autocorrelation func
tion of the diffusion-restricting compartment(s), 0, 12, 13.

Thus, since water is diffusing both inside and outside
cells in a suspension, gspace plot will be the superposi-
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tion of the interference and diffraction effects noted above. MATERIALS AND METHODS
In addition, in a cell suspension, exchange of water across
the membranes will lead to a “mixing” of the two effectssample Preparation
that will complicate the interpretation of the data. On the
other hand, because the effects are mixed this might formBlood was obtained from healthy human donors by veni
the basis of a new means of measuring the rate of exchary#@cture in the cubital fossa. The cells were centrifugall
across the membrane. Indeed, in a recent theoretical study'@shed (3000< g, 5 min) three times in cold saline solution
spin exchange out of spheres, it was shown that the positid#§4 mM NaCl, 10 mM glucose, pH 7.4, 290 mOsmol kg
of minima in g-space plots move to largey values if the 4°C) and the buffy coat was removed by aspiration. Bubblin
membrane permeability is increaseidd). This phenomenon With CO was performed prior to the second wash in order t
was observed experimentally in the earliespace study of transform the hemoglobin into a stable low-spin diamagnetsi
human erythrocyteslj. state. All solutions used in the sample preparation contained .
Therefore, the aim of the present work was to assign tRéM glucose. Samples for NMR studies were dispensed in
various features ofj-space plots from water, and othepVays depending on the amount of sample: for small sample
molecules, in erythrocyte suspensions to diffusing popula-180 nL of cell suspension was dispensed into 5-mm-0.d
tions inside and outside the cells. We used molecular speSceptibility-matched microtubes (BMS-005B, Shigemi, To
cies, in addition to water, that were confined to either tH&/0: Japan). For larger samplesg00 pL of cell suspension
outside or the inside of the cells, hence allowing separatif@S dispensed into a flat-bottom Wilmad insert tube made |
of the interference and diffraction effects, and also elimfC inside & 10-mm NMR tube (516-1-10, Wilmad, Buena, NJ)
nating the mixing of them due to transmembrane exchangAéTEflon vortex plug was inserted onto the top of the sampl

In our earlier studiesl(, 2), we attributed the first diffraction and thg insert tube was in turn placed in the 10-mm-9.d. .tUt
peak, which appears as a “shoulder’ near-1.0 X 10° containing~1.0 mL CCl,. The latter was used to avoid air—

m™%, to the pore-hopping phenomenon: this was verified lass mterfac'es.near the. cell sample and thgs m|n|m|zgd sta
) . o ocal magnetic field gradients due to large differences in may
a more direct way in the present work. This interference . -
: netic susceptibility.
peak was found to be more pronounced in lower hematocri . . .
. ) . Choline loading of the cells was achieved as follows by
samples (Ht< 0.50) in which the relative amount of extra-, . . L
S . potonic hemolysis and resealing: 10 mL of washed ce
cellular water was significantly higher. The second pea . . . : .
ith 2 2% 10°m ! the other hand i ellet was mixed with 90 mL of hypotonic choline solution (45
WITR Qa2 m -, on the other hand, was ascrbedy, ) choline chloride, 5 mM sodium phosphate buffer, pH 7.2

to1\_/\;]ater Q|ffu5|rl1gf|nh5|de th? cellfs.h diffusion-interf so that the final osmolality was-130 mOsmol kg*. This
e reciprocal of they position of the diffusion-interference resulted in breaching the cell membranes, thus allowing ch

maximumis inversely related to the mean distance between tnﬁe to enter the cells. The suspension was incubated for 5 m
interstitial water-filled cavities that exist between the cells th 0°C, and then 100 mL of hypertonic “resealing” solutior

the suspension. These cavities are often referred to as “por?§66 mM LiCl, 10 mM CaC}, 8 mM MgCl,, 4 mM adenosine,
The g positions of the diffusion-diffractiominima(dmn) are 480 mosmol kg') was added. The resulting mixture was
inversely related to the main dimension of the intracellulafjowed to stand at 37°C for 1 h. Lithium chloride was used ir
compartment, viewed in the direction of the field gradieqhe incubation medium to restrict the efflux of intracellular
pulses. Exact mathematical expressions derived with thggjine (L6) while CaCl, and MgCl, were added to maintain
SGP approximation, which relate signal intensijq, A]  the biconcave shape of the cells. However, light microscop
with the dimensions of simple compartments, have begRowed that the mean cell shape after resealing was not p
presented by Callaghan; these include expressions for sphggtly biconcave but either spherical or stomatocytic. Approx
ical, planar, and cylindrical lacuna& . Such expressions jmately 1 mL of the pelleted resealed cells was centrifugall
do not exist for the biconcave disc of the mammaliajyashed three times withH,O containing 154 mM lithium
erythrocyte, but numerical calculations using the expressigRloride. The hematocrit of the resulting suspension was a
for a discocyte 15) were done in the course of the presenjisted, as required, prior to the NMR experiment.
work (see Discussion). The introduction of choline phosphate and dimethyl sulfox
It is also important to note that the rationale behind the peade (DMSO) into the cell suspensions was much simpler. Thi
assignments in thg-space plots from erythrocyte suspensiongas done by centrifugally washing 1 mL of pelleted cells thre
was based primarily on known erythrocyte dimensions froeimes with 2 mL of the requisite solutions constituteci,O.
studies using microscopyl (2). No experimental results until The solutions that were used were 72.5 mM choline phosphat
now have been shown to separate and convincingly identify tard 4-7% (v/v) DMSO. The phosphate group on cholin
two types of coherence peaks. Therefore, it was consideigtbsphate prevents this compound from entering the cel
important to study each type of curve separated from the othehile DMSO is known to enter the cells freely.
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PFGSE NMR experiments were performed on a Bruker °
0.1000 -~

AMX 400 wide-bore spectrometer equipped with a gradient o

probe capable of delivering a maximum gradientdfo T m™* °

in the direction ofB,. In all experiments, the standard PFGSE_ 0.0100 o o max.1

pulse sequence and phase cycles were uked).(The probe : %6 l, Trmin1

temperature was set to 298 K. In a typical experiment, thg§ o010 - ooo ~L i

duration of then/2 pulse was 27us; that of the two gradient o 5000 min2

pulses,s, was 2 ms; the time interval between the gradient 0001 o° °°ooo°J,

pulses was 20 or 40 ms; the relaxation delay between transients 000%0

was 3 s; and the number of transients per spectrum was 16 or o

32. The field gradient was incremented in 32 or 96 steps to 000001 ' T '

obtain a maximum value 0£9.6 Tm*. 0 I 2 3 4
The acquired data consisted of 1k of complex points span- g (105 x m1)

ning a spectral Wid_th of1or2 kHZ' No zero-filling of the data FIG. 1. *H NMR g-space plot of water in a suspension of fresh humar

was used, and a line-broadening factor of 5-20 Hz was usg§throcytes with a hematocrit (Ht, fraction of the sample volume that is cells

with exponential multiplication of the data prior to its Fouriebf 0.30, at 298 K. The field gradient, for this and all other experiments

transformation. A Matlab program)was used to process andeported here, was applied in the direction B, namely thez axis. The

analyze the data; the relevant spectral peaks were automatic%?f;iﬂ””ﬂelms é’fﬁ diff”Si_Oft‘ TOdeS to(“the V:”"“,S ff;atl::esldOf th: curves 2
H . . acellular airrusion-interrerence ( pore-nopping ) shoulaergaty: an
integrated and scaled to the largest peak in the series by t?rﬁécellular diffusion-diffraction minima &, ; andgmn2. Theq positions of

[e]

program. the interference and diffraction features are inversely related to the mean c
diameter, bearing in mind that the cells would have been aligned with their dis
Monte Carlo Simulations planes parallel td, (1).

Diffusion in the context of a PFGSE experiment was simu-

lated by performing a three-dimensional random walk for an . : . .
. . . . tion was normalized to the maximum echo intensity produce
ensemble of noninteracting point molecules (water). This so;

. “When the gradient was zero. An “ensemble” consisted okK10
called Monte Carlo method followed procedures describeds . L . . .
: . . point molecules whose individual trajectories were studiec
previously for simulatingy-space plots for samples compose . . ) .
e . . : . ach point molecule was assigned a random starting point a
of molecules diffusing in restricting geometriek7). Various

new algorithms were designed and verified usitahematica performed a random walk trajectory during the total diffusior

(18) to account for the particular geometry describing a bicort1|-me given byA (20 ms) + & (2”.‘5)' Dyrlng this tlmg the
) : . . o .~ molecule performed 3300 three-dimensional random jumps:

cave disc. The simulation code was written in “C”, and simy- : . . .
) . . . Jlength 28.28um, as determined by the Einstein equation fol
lations were executed on either a Silicon Graphics workstation,” ... . . . . .
or a Pentium PC Self-diffusion in eachof the three dimensions, namely jump

— ; ; 2 i
Simulation parameters were chosen to mimic as closely Iaeggth— (2 D jump time}* (17, 19. The membrane transition

. . . bability was determined by trial simulations to ensure the
possible a sample of erythrocytes at a packing density of 0. ) . . T
T . X ; : . e mean residence time for any point molecule inside th
in isotonic solution. The main cell diameter waguB, maxi-

. . - Jiconcave disc would be of the order-oflO ms, in accordance
mum thickness 2.14m, and thickness at the central “dimple with experimental value(). The accumulated phase shifts of
1 wm, yielding a cell volume of 8.6< 10" m®. Each cell was P ' P

assumed to occupy the center of a hexagonal prism, atrqg magnetization (dipole moment per unit volume) for al

eriodic boundarv conditions were applied. thus sim Iifyingomt molecules, during the total diffusion time, were summe
P y ppled, P nd averaged, and the echo intensity was then calculated for

the study to a single “reference cell” centered on the Cartesian . . .
g, e -y L gradient values and stored in an array. From this array ¢
origin (17, 19. The diffusion coefficient both inside and out-Values thed-space blot was qenerated
side the cells was set to the same value of2.00™° m* s, -space p g '
(The same value was used to minimize the number of different
parameter values employed in the simulations.) In real cellular
systems these values differ, but since the diffusion time wa
chosen to be relatively long, the conditian> a®/ 2D would 4
still have been met even if the diffusion coefficient for inside Figure 1 shows a typicalH NMR g-space plot obtained
the cells was less than half of that for the molecules outsideom the signal of water diffusing in a slightly hypotonic
The simulated field gradient was incremented in 96 steps, frauspension of metabolically active human erythrocytes. Tt
an initial value of 0.0 to a maximum of 9.41 T The set of fact that the curve is not “monotonically strictly decreasing” i

simulated echo intensities for all gradients in any one simulavident. The features of the curve are similar to those report

RESULTS

-SSpace Plots fromH,O in Suspensions of Erythrocytes
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FIG. 2. 'H NMR g-space plots of watery) and cholined) ina 0.70-Ht  FIG. 3. High-resolution*H NMR g-space plot of water in a 0.62-Ht
suspension of resealed erythrocytes loaded with choline, at 298 K. The wat@spension of spherical erythrocytes, at 310 K. The curve is notably similar
curve is very different from that in Fig. 1 because the resealed cells were that of water in the suspension of resealed cells shown in Fig. 2.
longer biconcave discs but rather were a mixture of stomatocytes and sphero-
cytes. The minima in the choline curve resulted from intracellular diffusion
diffraction only. The difference between the two plots is due to the absence(qﬁig_ 2). In both cases the first maximum (more correctly al
iﬁgﬁ;g"‘d{% 'mgriir;?;: diffraction (pore hopping) and transmembrane & e ction " or a maximum in the first derivative) is at2 X

' ’ 10° M™ (Qmaxy) While the minimum ... after the first

maximum is at~3.4 X 10° m~*. In the choline data.,,, is at

: : . ~2.8 X 10° m™* while the next maximum is at+3.5 X 10°
previously @, 2), but as a result of the higher values of field

. . . m~*. In our previous workZ) we attributed the first maximum
gradients now available, a higher order coherence was rou-

tinely observed. The shoulder centered-at.2 X 10° m * in the water data (Fig. 3) to diffusion interference, while the

(denotedq,...) was previously inferred to be due to poresecond maximum (Fig. 3.2 was attributed to intracellular

nopping €2 and the two minima at-1.6 x 10°and~3.2x _ Griusion diffaction. On the other hand,... s not clearly
10° m™* are denoted,,; andg .., respectively. The physical 9. '
pases of these three coherence features were addressed e¥iine Phosphate antH,0
imentally, as follows.
Figure 4 shows th@-space plots of choline phosphate anc
Choline and*H,0 g-Space Plots and Intracellular Diffusion Water in a suspension of fresh red blood cells of-H0.60.
Diffraction

Figure 2 shows theay-space plots for choline and water 1-0000;%:
(residual *H*HO) proton signals in a 0.70-Ht suspension of O
resealed erythrocytes. In the experiment, the duration of the

spin-echo time, 2 was set to 40 ms compared with our %1%
commonly used value of 20—-30 ms when water diffusion is_
studied {, 2). This allowed for the fact that the diffusion : 0010 ]
coefficient of choline is significantly smaller than that of watery;
Comparison of thej-space plots from water in Figs. 1 and 2

clearly shows that the positions of the maxima and minima in ., |

the two curves were not the same. This difference implied an
alteration of cell shape between the fresh erythrocytes used for
Fig. 1 and the resealed cells used for Fig. 2. Light microscopic  ¢.006H———— —_—
examination of the resealed cells showed that they were not 0 2 4 6
strictly biconcave but rather were a mixture of distorted discs g (105 x m™)
and spheres. _ _

A typical g-space plot from water in a suspensionspher- FIG. 4. *'H NMR g-space plots of watef) and choline phosphat&lj in a

. . . . . 0.60-Ht suspension of fresh erythrocytes, which had been washed in 72.5 i
ical erythrocytes, akin to those obtained in a previous st@lly ( ,qjine phosphate, at 298 K. The peaks in the cuayg,(anddpe,, which are

is shown in Fig. 3. Examination of this plot reveals a distinGgicated by arrows, resulted from interference diffraction (pore hopping) only
similarity to the profile obtained for water in the resealed celkince the choline phosphate was located exclusively extracellularly.
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Simulations of g-Space Plots

Figure 6A shows the particular geometrical arrangement ¢
model erythrocytes used for the computer simulation of NMF
diffusion-coherence phenomena. The cells were assumed
occupy the centers of regular hexagonal prisms arranged wi
their faces in the two-dimensional crystallographic space grot
p3; and the corresponding sides were arranged as lipkar
Figure 6B shows two simulated erythrocytes with their axis o
rotational symmetry orthogonal 8.

Figure 7 shows the results of computer simulations in whic
the erythrocytes were assumed to occupy 50% of the samy
volume, and the point water molecules were allowed to ur
dergo random walks under four different conditions. Figure 7/
shows theg-space plot for a system in which the water mol-
ecules were confined to diffuse in the intracellular compart

dyents only and they were not allowed to undergo exchang

at 310 K. The DMSO curve is notably similar to the water curve, indicatingCross the membrane. Thus, there were no contributions to t

that DMSO molecules were present inside and outside the cells. However,

gignal from extracellular water. Thg,,, values were at

signal attenuation of the DMSO was substantially less than that of water fon&6 710 and 351,981 th The reciprocals of these values are

given g value.

6.00 and 2.84um, respectively. The main diameter of the
virtual erythrocyte was set to/8m; thus the scaling factors that

Unlike the choline experiment (Fig. 2), in which the erythro-

cytes were primarily spherocytes (including some distorted
discocytes), the cells in this case were all discocytes. This
uniform cell shape was reflected in the form of the water
g-space plot which was very similar to that from the metabol-
ically active cells used for Fig. 1. For Fig. 4, the spin-echo
time, 2r, was set to 40 ms to enable a longer diffusion time,
thus allowing for the smaller diffusion coefficient of choline

phosphate. A large proportion of the water (60%) was locatec
in the intracellular region (exchange notwithstanding) but the
choline phosphate was only in the extracellular region; hence
its diffusion would have been less restricted than if it were
inside the cells. The apparent diffusion coefficient for each
species was estimated from the initial slope of the data, whet
the logy(E[q, A]) was plotted as a function of the Stejskal—

Tanner parametery® g>8*(A — 8/3); the respective values
were 3.1x 10" and 6.9X 10" m* s™* for choline phosphate
and water.

DMSO g-Space Plots

Figure 5 showgy-space plots from DMSO and water in a
0.60-Ht erythrocyte suspension. A notable difference in the

two plots is that the DMSO curve is higher, for allvalues,

than the water curve. Besides this difference, it is evident tha
the DMSO curve is similar in overall form to that of water; the
g positions of the maxima and minima are basically the same

but shifted (slightly) to the left. Specifically, comman,,
values are at-1.8 X 10°, 3.7 X 10°, and 5.4X 10° m™.
It was initially anticipated that the diffusion-interferenc

was not discernible in any of the experiments.

A

FIG. 6. (A) Schematic representation of a section of one layer of the arra
of discocytes used in the Monte Carlo random walk simulation of diffusion ir

. . & suspension of erythrocytes. (B) A detailed view of a discocyte and one of i
effect would also be manifest in the DMSO curve; however,

rif@ighbors in a “unit cell” in the space-filling hexagonal-prism three-dimen
sional tessellation, used in modelingygspace experiment.



140

E[q N

0.1

0.014

1E-3{

1E-4

1E-5

5

S

0.1

0.014

1E-34

1E-4]

1E-5

0.14

0.01 4

1E-3

1E-4 ]

1E-5

0.1

0.01

1E-3

1E-4

1E-5

0

1x10°

2x10°

3x10°

g (m")

FIG. 7. Simulatedy-space plots for molecules diffusing outside and insid¢15); main diameter, 8.Qum; center thickness, 1.@m; maximum thickness,
cells, of the shape and spatial organization shown in Fig. 6. (A) Data obtair@® um; volume and surface area calculated on the basis of the previous thr
when the NMR-detected molecules were restricted exclusively to the intraceilues, 86 fL and 12gum?, respectively. Hexagonal unit cell: orientation as
lular compartment; this gave rise to the diffusion-diffraction effect in theepicted in Fig. 6, with side length of the regular hexagon adjusted to give tt
g-space plot. (B) Simulation with the detected molecules diffusing exclusivetgquisite Ht value. Monte Carlo random walk: jump length less than 0.2 of th
in the extracellular region; this gave rise to the diffusion-interference effechinimum distance between the cell surface and the wall of the prism; period
(The discontinuity in this curve, and the two below, was due to negative valuesundary conditions applied at the hexagonal-prism walls (thus simulating
of E[q, A], which can arise with the present type of finite system, and fdnfinite array using just one unit cell and its contents); and the total number ¢
which the logarithm is physically meaningless.) (C) Data from the situation trajectories for each simulation, 20 10°. In D the “transition probability” of
which the detected molecules diffused in both the intra- and extracellu@molecule, when encountering the cell membrane, of passing through it w
regions; the curve was shown to be the sum of the two curves in A and B. (88t to 0.01.

4x10°
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relate the position of each diffusion-diffraction minimum to the
main cell diameterd) were calculated to be 1.333 and 2.82,
respectively; thusl = 1.3334,,,, for the first minimum, and

d = 2.82[.,, for the second (od = 2 X 1.4102)-

The Bessel function relationships that descdbspace plots
for diffusion in transverse cylinders and spheres are not strict
periodic (L0). This is also the case for the model erythrocyte
since the scaling factor for the second minimum was not a
integral multiple of that for the first.

Figure 7B shows the coherences that arose when water w
confined to diffuse in the extracellular region and was na
allowed to exchange across the cell membranes. In this case
signal attenuation was much more rapid and the first minimui
occurred at a much smallgrvalue (80,869 m") than in Fig.
7A. However, by analogy with pore hopping around closely
packed spheres of uniform siz4) (a simple relationship exists
between the main cell diameter and the position of the first tw
maxima. Thus,..; = 132,904 and,... = 268,460 m* and
therefore the “rules” that relate the positions of the maxima t
the cell diameter ard = 1.0634,..; andd = 2 X 1.073/
Omax» Fespectively.

Figure 7C shows thg-space plot obtained when water was
allowed to diffuse in both the intra- and extracellular space:
but without transmembrane exchange. This curve was direct
superimposable on the one that resulted from the simple ad
tion of the data in the two panels above it; this outcome was
useful verification of the simulation program. (Note that the
data sets were weighted according to the relative volume
inside and outside the cell in its “virtual” hexagonal prism; in
the case of an Ht of 0.50 the relative weighting was 1:1.) Th
two notable features of thggspace curve in Fig. 7C are that the
first interference peak, evident in Fig. 7B, is only manifest a
a poorly defined shoulder, and the diffraction minima eviden
in Fig. 7A are in almost identical positions in Fig.7C. This
outcome indicates that at Ht 0.5 the diffusion-diffraction
signal dominates over that of diffusion interference.

Finally, Fig. 7D shows a simulategtspace plot for a system
identical to that of Fig. 7C but here the membrane was “made
permeable to the water such that exchange across the me
brane occurred. The probability of a point molecule crossin
the membrane on encountering it, whether impacting it fror

The same situation as in C but with exchange allowed across the cell mel
brane. Parameters used in the simulations: Erythrocytes, equation as given
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the outside or the inside, was set to a value (0.01) so that three was restricted to diffuse solely within the intracellular
intracellular mean residence lifetime for a point moleculeompartments water was free to exchange across the me
matched that observed experimentally for human erythrocytésanes and hence to diffuse larger distances in the Aintghe

at 37°C @0). There are three notable features: (1) there isgaeater attenuation of the water signal can therefore be inte
much greater extent of signal attenuation than for corresporpieted as being due, in part, to the larger mean diffusio
ing g values in Fig. 7C; (2) the diffusion-interference shouldatistance available to it. A second contributing factor is tha
is better delineated; and (3) the valuesogf,, (152,127 m*) water in the extracellular region diffuses in a less viscou
are less than either of those in Fig. 7A (166,710'wor 7C medium so its “intrinsic” as well as its “apparent” diffusion
(176,322 m*"); this was also true, although less clearly definedpefficient will be greater than that for either water or choline

for the qin. Values. inside the cells.
Another significant difference in the water and cholipe
DISCUSSION space plots in Fig. 2 was the positions of the diffusion-diffrac
tion peaks. This difference was very important because
General enabled discrimination between the extracellular diffusion

In this i tiati lots f h ; interference and the intracellular diffusion-diffraction phenom
n this investigation ofg-space plots from erythrocyte sus- na, which was the main aim of the investigation. The pea

pﬁnflons r?evetr]altprobedsg't\)/ls;aon.c?ﬁ were used, ”Zn?e'y Zhoﬁ?a%(imum at~2.0 X 10° m™ ' in the water curve was clearly
choline phosphate, an , (NEse WETE USEO In OTAeTi0sant in the choline curve. Thus the first peak (shoulde
discriminate between the features of diffusion interference a

diffusion diffraction. Choli i di h ; esent in the water curve was able to be assigned to an eff
musion difiraction. ©-holineé was entrapped in eryinrocytes by e diffusing in the space between the cells, namely “por

hypotonic hemolysis and reseali_ng, Wh”e chqline phosph 6 ping.” In other words, the phenomenon occurs only witl
was added to the suspensions without it entering the cells. lecules that diffuse outside the cells. By the same reasonir

observing the proton signals from choline or choline phosphate - . . .
in a PFGSE experimentj-space plots showing only intracelfj{he Peak Gmay.s In Fig. 2) which appears in the choline curve

e . ' ) ) e 2 ~35x10°m™ i i i iffu-
lular diffusion diffraction from choline, or the d|ffu5|on—|nter—at 35 10"m _ was readily ascribed to intracellular diffu

f ffect f ¢ lular choli hosphat ion diffraction. Therefore, this experiment discriminated be
erence etiect from extracefiliar choline phosphate, Were ogge o, e diffusion-interference and diffusion-diffraction ef-

served (Figs. 2 and 4, respectively). In addition, DMSO w Scts in theg-space plots
added to erythrocyte suspensions as a control experiment ( 9irusion-diffraction patterns irg-space plots, where rapid

2); DMSO enters the cell freely and t.her(_afor(.e should show bOtq?;msmembrane exchange is present, should lead to estimate
coherence effects. However, the diffusion-interference sho’%ﬁ

d £ lved” and so the blot dominated by si pparent cell dimensions that are smaller than if exchange we
fr(ca)rmwaser}(r)\tra:i:ﬁu\ﬁr rr?(;llecsL?lesepo was dominated by sig t present14). Thereforeq,,, values for water were expected

to be lower in comparison with those for choline. However
under the conditions used for Fig. 2 this was not readil
discernible. Since only intracellular diffusion diffraction was
manifest in the choline curve, the peak minimuay,(, in Fig.
The hypotonic-lysis method used for rapidly incorporating) at~2.8 X 10° m™* should be considered the “relevang};,
choline into the cells caused marked changes in cell shaged not the ambiguous one for water located~&4 X 10°
when the cells became resealed. These changes were clearly. The interpretation of this result is that the first interfer-
observable under the light microscope. As a result of thesace peak for water (see Fig. 7B) is partly superimposed on t!
morphological changes it was not possible to correlate tfiest diffraction “valley” (see Fig. 7A), thus displacing the
features of theg-space plots of resealed cells (Fig. 2) wittposition of the overall minimum. At first sight this displace-
those offresherythrocytes (Fig. 1). The features of thpespace ment might be expected to be to the right, but rapid transmer
plots of choline and water shown in Fig. 2 did, howevelhrane exchange suppresses the interference effect and disple
provide important information regarding the diffusion of thesthe first (and subsequent) minimum in the ovemspace
two species in a cell suspension. First, signal attenuation atwve to theleft. Comparing Figs. 7C and D readily demon-
givenq value was considerably less for choline than for watestrates this outcome.
In free solution it would be expected that the water signal In a previous study 2) the spherical cell diameter was
would be attenuated more rapidly than that of choline becausaculated to be 1/2.& 10° m™ = 5.0 um, based on the pore
water, being a smaller molecule, has a higher diffusion coéfepping interpretation for water diffusion outside the cells, an
ficient. In the case of restricted diffusion, differences in the rafe46/3.2 X 10° m* = 4.6 um based on thegyy,, of the
of diffusion will not result in significantly different extents of intracellular diffraction peak. The cell diameter estimated fron
attenuation as long as the conditian> a*/ 2D (wherea is  q,,,, Of the choline curve was 1.46/2:8 10° m™* = 5.2 um,
the effective cell diameter) is maintained for both species. Which was significantly different from the corresponding value
the experiment this condition was maintained, but while ch¢4.6 um) derived from the water curve. The basis of this

Choline g-Space Plots and Intracellular Diffusion
Diffraction
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difference lies in the matters discussed in the previous pathe same reasoning, the first choline phosphate peak cor
graph. sponds to a mean cell diameter of Gum. The difference

These results clearly show that the presence of both diffobetween the two values is, again, ascribable to the effect of tl
sion-interference and diffusion-diffraction peaks can potetransmembrane exchange of watgr 14). This matter is dis-
tially complicate the inference of compartment sizes fromussed next.
g-space plots of water if the first diffraction and interference
peaks are used. A more accurate estimate of cell diameBviISO g-Space Plots
comes about if the _dlffusmn-lnt_erferen_ce effect is mlnlmlzed In Fig. 5 the close similarity of the forms of tiiespace plots
and this can be achieved by using a high hematocrit. Alternfa- :
. . . o > . . rom DMSO and water, and the fact that DMSO is known tc
tively, if the signal-to-noise is sufficiently high the higher order

. . L . permeate the cell membrane, suggests that the DMSO coh
diffraction peaks (and minima) can be used as then the intSF :

énces also arise from the same phenomena as for water. Hc

ference pattern makes an insignificant contribution to the ov%r\;er’ DMSO permeation through cell membranes is slow ¢

all -space signal. The remaining complication to the interprﬁie NMR time scale so it would be expected that the diffusion

tation of the data is the extent to which the transmembraaI fraction minima would be at (slightly) smaller values af
exchange causes a shift in the diffraction minima. The extent 0 gnty @

this effect can be judged from the data in Fig. 5. and th|s_|s md_eec_i eyldent In Fig. 5 The d|ff_erencesqm _
values give an indication of the possible magnitude of errors i

estimates of mean cell diameter when the probe molecule is
Choline Phosphate and Extracellular Diffusion Interference rapid exchange across the cell membranes. The positions of |

_ : . econd- and third-order diffusion-diffraction peaks are muc
It is instructive to compare the curve for choline phosphafe

in Fig. 4 with that for choline in Fig 2: the choline phosphat ess affected by underlying diffusion-interference peaks (s¢

signal declines more steeply, over the first fgwalues up to %Ig' 7 and discussion below) so a comparison ofghg, and

2.0 X 10° m"*. However, choline phosphate, being a Iargec?.m‘"s values (notwithstanding lower signal-to-noise) would

N S ive a more accurate impression of the effects of transmer
molecule, has a smaller intrinsic diffusion coefficient tha

choline, so the greater signal attenuation of choline phosphale . exchange on estimates of cell diameter.
' g 9 S Phosp heg-space plot of the DMSO data in Fig. 5 is similar to the
cannot be ascribed to a larger intrinsic diffusion coefficient.

. : imulated data in Fig. 7C while the water data are more like th
The proposed reason for the more rapid attenuation of the o b . . .
) . . : : . Simulated data in Fig. 7D; this is consistent with the relative
signal is that the motion of choline phosphate is less restricte
. A rates of transmembrane exchange of the two molecules. Fi
as a result of it only being in the extracellular space.

S . thermore it is clear from Fig. 7C that if there is no (or slow)
It can also be seen in Fig. 4 that,, . for choline phosphate ' e
: .~ transmembrane exchange that the first diffusion-interferen
(upper curve) and .., for water (lower curve) do not coin-

cide. Specifically, there are two major coherence peaks in l%%ak is much less well defined and this is seen with the DMS

choline phosphate plot that are centered~dt5 X 10° m™* data in Fig. 5.
(Omax) @nd~2.6 X 10° m™* (Qmax2), While for water there is a
shoulder at~1.2 X 10° m™* and a peak at-2.3 X 10° m™~.
Since the choline phosphate molecules were confined to thén order to check the physical interpretations of the feature
outside of the cells, the two maxima can be ascribed only to théthe g-space plots, numerical simulations of diffusion, mod:
diffusion-interference phenomenon. The position of the wateled as a three-dimensional random walk in an array of sern
peaks at a lower value af can be attributed to the fact thatpermeable discocytes (Fig. 6), were shown to be valuable (Fi
water exchanges between the inside and the outside of the c@)lsThe ability to modulate transmembrane exchange betwe
(1, 14. In effect this makes the available mean diffusion dissompletely “on” and completely “off” states enabled the inde
tance of the outside water larger because of access to the ingidedent study of the diffraction and interference effects. Whel
of the cells. The effect is well illustrated by comparing the point molecules were confined exclusively to the extracellule
position of the first peak in Fig. 7B and the shoulder in Fig, 7Degion the effects were able to be identified as interferenc
The diffusion-interference peak at1.2 X 10° m™* (shoul- effects. When point molecules were confined exclusively to th
der, gmax1 in Figs. 1 and 4) was not evident with high hematintracellular region the effects could be assigned to diffusio
ocrit samples of discocytes. This is in contrast with the shoudiffraction. When exchange was turned on the combined e
der seen withsphericalerythrocytes where it wagronounced fects of diffusion interference and diffusion diffraction were
(see Figs 2 and 3). observed. Therefore, in all cases the features ofgHspace
In Fig. 4 the shoulder on the water curve, to a first approplots could be related to the main cell diameter.
imation, implies a cell diameter of 8.am; this value was It is also worth noting that the signal from the diffusion-
arrived at by assuming that the cells approximate flat cylinddrgerference phenomenon was substantially weaker than tt
with their axis of rotational symmetry orthogonalBg and for from diffusion diffraction. Therefore, when both phenomen:
this arrangement the diameter is giventh?3/,,...1 (1, 2. By were in operation the combinegspace curve was dominated

Simulations of Cellular System Showing Diffusion Coherenc
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by the latter (Figs. 7A and 7B), and this result is consistent wititross the entire cell population will also degrade the distinc
the experimental results (Figs. 1, 4, and 5). ness of the coherence patterns.

The simple scalar relationships between the valueg,gf Finally, assignment of the features gfspace plots from
and cell diameter, in the diffusion-interference data, only appérythrocyte suspensions by direct experimental means a
at higher packing densities of the cells, around=H9.50 (Fig. consistency of Monte Carlo simulations with inferences draw
7B). (However, at Ht values above0.7 the small fraction of from these data pave the way for more quantitative interpret
extracellular water implies a smaller interference signal.) Bions of such data from other forms of erythrocytes, and mot
analogy, in a bed of randomly packed spheres of equal diaoomplex cell types and arrays.
eter, the pores are separated by a mean distance that is closely
approximated by the diameter of a sphek®)(However, if the ACKNOWLEDGMENTS
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