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NMR q-space plots derived from water diffusing inside and
round erythrocytes in a suspension display reproducible and
haracteristic coherence features. The aim of the present work was
o determine which water population gives rise to the respective
eatures. The central experimental strategy was to use choline and
holine phosphate which are virtually membrane impermeant on
he time scale of the experiment; the former was incorporated into
rythrocytes by a lysis-resealing method and the latter was simply
dded to the suspensions. Dimethyl sulfoxide, which readily but
ore slowly exchanges across the cell membranes than water, also

ielded q-space plots which were similar to those of water, but the
ifferences were able to be accounted for on the basis of its slower
ransmembrane exchange rate. Random walk simulations using a

onte Carlo procedure, together with a model of an array of
iconcave discocytes, helped verify the interpretations of the as-
ignment of the features of the plots to molecules diffusing in the
wo regions. In addition, the simulations revealed how the pres-
nce or absence of transmembrane exchange affects the form of
-space plots. © 1999 Academic Press

Key Words: diffusion diffraction; NMR q-space; erythrocytes;
andom walk simulation; Monte Carlo.

INTRODUCTION

When the pulsed field gradient spin-echo (PFGSE) ex
ent is carried out on a suspension of diamagnetic ery

ytes, the plot of the logarithm of the normalized signal in
ity, log10(E[q, D]), versus the scaled magnitude of t
radient pulsesq (q 5 (2p)21ggd, whereg is the nuclea
agnetogyric ratio,g is the magnitude of the field gradie
ulses, andd is the duration of each of the gradient puls
isplays “coherence” peaks (1, 2). The analogy betweenq-
pace plots derived from PFGSE experiments and diffra
atterns of physical optics was an important insight prese

n 1990 (3). The experiment employing the1H NMR water
ignal has been shown to be capable of characterizing e
ocyte sizes and shapes in normal and disease states
-space analysis of erythrocyte suspensions is potentially
ul as a diagnostic tool in hematology since it provides r

1 To whom correspondence should be addressed. Fax: (161-2) 9351 4726
-mail: p.kuchel@biochem.usyd.edu.au.
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ively unbiased estimates of population-mean cell dimens
nd shapes in a sample (2).
Figure 1 shows a typicalq-space plot of the water sign

rom a 0.30-hematocrit (Ht, volume fraction of the sam
hat is cells) suspension of metabolically active hum
rythrocytes. It is evident that the plot is characterized
onotonic decline that is “embellished” with an inflect
nd several maxima and minima. These reproducible

ures in the declining curve provide more “specificity” in
ubsequent estimates of lengths and distances than ar
cally available from multiple exponential analysis, or
erpretation of the Gaussian-like curves that arise, for
mple, from yeast cells because of their size heteroge
3). From earlier experimental and theoretical work on r
omly packed beds of polymer spheres (4 – 6) and glas
pheres (7), it was predicted that some of the cohere
eatures in q-space plots from erythrocyte suspensi
ould arise from water diffusing in the interstices betw

he cells. This coherence effect has been interpreted p
ally by using a simplified model referred to as “po
opping,” and it bears an analogy with the two-slit inter
nce experiment of physical optics (8). On the other hand

heoretical consideration has been given to spins constr
o move inside isolated (not interconnected) lacunae. The
ystems also display coherences inq-space plots, but th
hysical interpretation is that this is analogous to the sin
lit diffraction effect of optics (3, 9 –11). These two simpl
nalogies with coherences in optics apply strictly only w

he PFGSE experiment is carried out with the duration o
radient pulses,d, being negligible relative to the tim

nterval, D, between them [viz., the short gradient pu
SGP) approximation]. Also, the time over which the dif
ion is measured,D, must be sufficiently large to ensu
ultiple interactions of the spins with the limiting barrie

hat are separated by the distancea; specifically, D @
2/ 2D, where D is the diffusion coefficient. Under the
onditions the NMR signal intensity,E[q, D], is the powe
spectrum (Fourier transform) of the autocorrelation fu

ion of the diffusion-restricting compartment(s) (3, 9, 12, 13).
Thus, since water is diffusing both inside and outs

ells in a suspension, aq-space plot will be the superpo
1090-7807/99 $30.00
Copyright © 1999 by Academic Press
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136 TORRES ET AL.
ion of the interference and diffraction effects noted ab
n addition, in a cell suspension, exchange of water ac
he membranes will lead to a “mixing” of the two effe
hat will complicate the interpretation of the data. On
ther hand, because the effects are mixed this might

he basis of a new means of measuring the rate of exch
cross the membrane. Indeed, in a recent theoretical stu
pin exchange out of spheres, it was shown that the pos
f minima in q-space plots move to largerq values if the
embrane permeability is increased (14). This phenomeno
as observed experimentally in the earlierq-space study o
uman erythrocytes (1).
Therefore, the aim of the present work was to assign

arious features ofq-space plots from water, and oth
olecules, in erythrocyte suspensions to diffusing pop

ions inside and outside the cells. We used molecular
ies, in addition to water, that were confined to either
utside or the inside of the cells, hence allowing separa
f the interference and diffraction effects, and also el
ating the mixing of them due to transmembrane excha

n our earlier studies (1, 2), we attributed the first diffractio
eak, which appears as a “shoulder” nearq ;1.0 3 105

21, to the pore-hopping phenomenon; this was verifie
more direct way in the present work. This interfere

eak was found to be more pronounced in lower hemat
amples (Ht, 0.50) in which the relative amount of extr
ellular water was significantly higher. The second p
ith qmax ;2.2 3 105 m21, on the other hand, was ascrib

o water diffusing inside the cells.
The reciprocal of theq position of the diffusion-interferenc
aximumis inversely related to the mean distance betwee

nterstitial water-filled cavities that exist between the cell
he suspension. These cavities are often referred to as “p
he q positions of the diffusion-diffractionminima (qmin) are

nversely related to the main dimension of the intracell
ompartment, viewed in the direction of the field grad
ulses. Exact mathematical expressions derived with
GP approximation, which relate signal intensityE[q, D]
ith the dimensions of simple compartments, have b
resented by Callaghan; these include expressions for s

cal, planar, and cylindrical lacunae (10). Such expression
o not exist for the biconcave disc of the mamma
rythrocyte, but numerical calculations using the expres

or a discocyte (15) were done in the course of the pres
ork (see Discussion).
It is also important to note that the rationale behind the p

ssignments in theq-space plots from erythrocyte suspensi
as based primarily on known erythrocyte dimensions f
tudies using microscopy (1, 2). No experimental results un
ow have been shown to separate and convincingly identif

wo types of coherence peaks. Therefore, it was consid
mportant to study each type of curve separated from the o
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MATERIALS AND METHODS

ample Preparation

Blood was obtained from healthy human donors by v
uncture in the cubital fossa. The cells were centrifug
ashed (30003 g, 5 min) three times in cold saline soluti

154 mM NaCl, 10 mM glucose, pH 7.4, 290 mOsmol kg21,
°C) and the buffy coat was removed by aspiration. Bubb
ith CO was performed prior to the second wash in orde

ransform the hemoglobin into a stable low-spin diamagn
tate. All solutions used in the sample preparation containe
M glucose. Samples for NMR studies were dispensed in
ays depending on the amount of sample: for small sam
180 mL of cell suspension was dispensed into 5-mm-

usceptibility-matched microtubes (BMS-005B, Shigemi,
yo, Japan). For larger samples,;600 mL of cell suspensio
as dispensed into a flat-bottom Wilmad insert tube mad
o inside a 10-mm NMR tube (516-I-10, Wilmad, Buena, N
Teflon vortex plug was inserted onto the top of the sam

nd the insert tube was in turn placed in the 10-mm-o.d.
ontaining;1.0 mL CCl4. The latter was used to avoid a
lass interfaces near the cell sample and thus minimized

ocal magnetic field gradients due to large differences in m
etic susceptibility.
Choline loading of the cells was achieved as follows

ypotonic hemolysis and resealing: 10 mL of washed
ellet was mixed with 90 mL of hypotonic choline solution
M choline chloride, 5 mM sodium phosphate buffer, pH 7

o that the final osmolality was;130 mOsmol kg21. This
esulted in breaching the cell membranes, thus allowing
ine to enter the cells. The suspension was incubated for 5
t 0°C, and then 100 mL of hypertonic “resealing” solut
206 mM LiCl, 10 mM CaCl2, 8 mM MgCl2, 4 mM adenosine
80 mOsmol kg21) was added. The resulting mixture w
llowed to stand at 37°C for 1 h. Lithium chloride was use

he incubation medium to restrict the efflux of intracellu
holine (16) while CaCl2 and MgCl2 were added to mainta
he biconcave shape of the cells. However, light microsc
howed that the mean cell shape after resealing was no
ectly biconcave but either spherical or stomatocytic. App
mately 1 mL of the pelleted resealed cells was centrifug
ashed three times with2H2O containing 154 mM lithium
hloride. The hematocrit of the resulting suspension was
usted, as required, prior to the NMR experiment.

The introduction of choline phosphate and dimethyl sul
de (DMSO) into the cell suspensions was much simpler.
as done by centrifugally washing 1 mL of pelleted cells th

imes with 2 mL of the requisite solutions constituted in2H2O.
he solutions that were used were 72.5 mM choline phosp
nd 4–7% (v/v) DMSO. The phosphate group on cho
hosphate prevents this compound from entering the
hile DMSO is known to enter the cells freely.
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137COHERENCES INq-SPACE PLOTS
MR Spectroscopy

PFGSE NMR experiments were performed on a Bru
MX 400 wide-bore spectrometer equipped with a grad
robe capable of delivering a maximum gradient of;10 T m21

n the direction ofB0. In all experiments, the standard PFG
ulse sequence and phase cycles were used (1, 2). The probe

emperature was set to 298 K. In a typical experiment,
uration of thep/2 pulse was 22ms; that of the two gradien
ulses,d, was 2 ms; the time interval between the grad
ulses was 20 or 40 ms; the relaxation delay between tran
as 3 s; and the number of transients per spectrum was
2. The field gradient was incremented in 32 or 96 step
btain a maximum value of;9.6 Tm21.
The acquired data consisted of 1k of complex points s

ing a spectral width of 1 or 2 kHz. No zero-filling of the d
as used, and a line-broadening factor of 5–20 Hz was
ith exponential multiplication of the data prior to its Four

ransformation. A Matlab program (1) was used to process a
nalyze the data; the relevant spectral peaks were automa

ntegrated and scaled to the largest peak in the series b
rogram.

onte Carlo Simulations

Diffusion in the context of a PFGSE experiment was si
ated by performing a three-dimensional random walk fo
nsemble of noninteracting point molecules (water). This
alled Monte Carlo method followed procedures descr
reviously for simulatingq-space plots for samples compo
f molecules diffusing in restricting geometries (17). Various
ew algorithms were designed and verified usingMathematica
18) to account for the particular geometry describing a bic
ave disc. The simulation code was written in “C”, and si
ations were executed on either a Silicon Graphics workst
r a Pentium PC.
Simulation parameters were chosen to mimic as close

ossible a sample of erythrocytes at a packing density of
n isotonic solution. The main cell diameter was 8mm, maxi-

um thickness 2.12mm, and thickness at the central “dimp
mm, yielding a cell volume of 8.63 10217 m3. Each cell wa
ssumed to occupy the center of a hexagonal prism,
eriodic boundary conditions were applied, thus simplify

he study to a single “reference cell” centered on the Carte
rigin (17, 19). The diffusion coefficient both inside and o
ide the cells was set to the same value of 2.03 1029 m2 s21.
The same value was used to minimize the number of diffe
arameter values employed in the simulations.) In real ce
ystems these values differ, but since the diffusion time
hosen to be relatively long, the conditionD @ a2/ 2D would
till have been met even if the diffusion coefficient for ins
he cells was less than half of that for the molecules out
he simulated field gradient was incremented in 96 steps,
n initial value of 0.0 to a maximum of 9.41 T m21. The set o
imulated echo intensities for all gradients in any one sim
r
t
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ion was normalized to the maximum echo intensity produ
hen the gradient was zero. An “ensemble” consisted of 13
06 point molecules whose individual trajectories were stud
ach point molecule was assigned a random starting poin
erformed a random walk trajectory during the total diffus

ime given byD (20 ms) 1 d (2ms). During this time th
olecule performed 3300 three-dimensional random jump

ength 28.28mm, as determined by the Einstein equation
elf-diffusion in eachof the three dimensions, namely jum
ength5 (2 D jump time)1/2 (17, 19). The membrane transitio
robability was determined by trial simulations to ensure

he mean residence time for any point molecule inside
iconcave disc would be of the order of;10 ms, in accordanc
ith experimental values (20). The accumulated phase shifts

he magnetization (dipole moment per unit volume) for
oint molecules, during the total diffusion time, were summ
nd averaged, and the echo intensity was then calculated
radient values and stored in an array. From this arra
alues theq-space plot was generated.

RESULTS

-Space Plots from1H2O in Suspensions of Erythrocytes

Figure 1 shows a typical1H NMR q-space plot obtaine
rom the signal of water diffusing in a slightly hypoton
uspension of metabolically active human erythrocytes.
act that the curve is not “monotonically strictly decreasing
vident. The features of the curve are similar to those rep

FIG. 1. 1H NMR q-space plot of water in a suspension of fresh hu
rythrocytes with a hematocrit (Ht, fraction of the sample volume that is c
f 0.30, at 298 K. The field gradientg, for this and all other experimen
eported here, was applied in the direction ofB0, namely thez axis. The
ssignments of diffusion modes to the various features of the curve
xtracellular diffusion-interference (“pore-hopping”) shoulder atqmax,1 and

ntracellular diffusion-diffraction minima atqmin,1 andqmin,2. Theq positions of
he interference and diffraction features are inversely related to the mea
iameter, bearing in mind that the cells would have been aligned with the
lanes parallel toB0 (1).
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138 TORRES ET AL.
reviously (1, 2), but as a result of the higher values of fi
radients now available, a higher order coherence was

inely observed. The shoulder centered at;1.2 3 105 m21

denotedqmax,1) was previously inferred to be due to po
opping (1, 2); and the two minima at;1.63 105 and;3.23
05 m21 are denotedqmin,1 andqmin,2, respectively. The physic
ases of these three coherence features were addressed

mentally, as follows.

holine and1H2O q-Space Plots and Intracellular Diffusio
Diffraction

Figure 2 shows theq-space plots for choline and wa
residual 1H2HO) proton signals in a 0.70-Ht suspension
esealed erythrocytes. In the experiment, the duration o
pin-echo time, 2t, was set to 40 ms compared with o
ommonly used value of 20–30 ms when water diffusio
tudied (1, 2). This allowed for the fact that the diffusio
oefficient of choline is significantly smaller than that of wa
omparison of theq-space plots from water in Figs. 1 and
learly shows that the positions of the maxima and minim
he two curves were not the same. This difference implie
lteration of cell shape between the fresh erythrocytes use
ig. 1 and the resealed cells used for Fig. 2. Light microsc
xamination of the resealed cells showed that they wer
trictly biconcave but rather were a mixture of distorted d
nd spheres.
A typical q-space plot from water in a suspension ofspher-

cal erythrocytes, akin to those obtained in a previous study2),
s shown in Fig. 3. Examination of this plot reveals a dist
imilarity to the profile obtained for water in the resealed c

FIG. 2. 1H NMR q-space plots of water (E) and choline (h) in a 0.70-Ht
uspension of resealed erythrocytes loaded with choline, at 298 K. The
urve is very different from that in Fig. 1 because the resealed cells we
onger biconcave discs but rather were a mixture of stomatocytes and s
ytes. The minima in the choline curve resulted from intracellular diffu
iffraction only. The difference between the two plots is due to the absen
xtracellular interference diffraction (pore hopping) and transmembran
hange, with the choline.
u-
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Fig. 2). In both cases the first maximum (more correctly
inflection,” or a maximum in the first derivative) is at;2 3
05 m21 (qmax,1) while the minimum (qmin,1) after the firs
aximum is at;3.4 3 105 m21. In the choline dataqmin,1 is at
2.8 3 105 m21 while the next maximum is at;3.5 3 105

21. In our previous work (2) we attributed the first maximu
n the water data (Fig. 3) to diffusion interference, while
econd maximum (Fig. 3,qmax,2) was attributed to intracellula
iffusion diffraction. On the other handqmax,2 is not clearly
elineated in Fig. 2 (see Discussion).

holine Phosphate and1H2O

Figure 4 shows theq-space plots of choline phosphate a
ater in a suspension of fresh red blood cells of Ht5 0.60.

ter
no
ro-

of
x-

FIG. 3. High-resolution 1H NMR q-space plot of water in a 0.62-H
uspension of spherical erythrocytes, at 310 K. The curve is notably sim
hat of water in the suspension of resealed cells shown in Fig. 2.

FIG. 4. 1H NMR q-space plots of water (E) and choline phosphate (h) in a
.60-Ht suspension of fresh erythrocytes, which had been washed in 72
holine phosphate, at 298 K. The peaks in the curve (qmax,1 andqmax,2), which are

ndicated by arrows, resulted from interference diffraction (pore hopping)
ince the choline phosphate was located exclusively extracellularly.
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139COHERENCES INq-SPACE PLOTS
nlike the choline experiment (Fig. 2), in which the eryth
ytes were primarily spherocytes (including some disto
iscocytes), the cells in this case were all discocytes.
niform cell shape was reflected in the form of the w
-space plot which was very similar to that from the meta

cally active cells used for Fig. 1. For Fig. 4, the spin-e
ime, 2t, was set to 40 ms to enable a longer diffusion ti
hus allowing for the smaller diffusion coefficient of chol
hosphate. A large proportion of the water (60%) was loc

n the intracellular region (exchange notwithstanding) but
holine phosphate was only in the extracellular region; h
ts diffusion would have been less restricted than if it w
nside the cells. The apparent diffusion coefficient for e
pecies was estimated from the initial slope of the data, w
he log10(E[q, D]) was plotted as a function of the Stejsk
anner parameter,g 2 g2d 2(D 2 d/3); the respective value
ere 3.13 10210 and 6.93 10210 m2 s21 for choline phosphat
nd water.

MSO q-Space Plots

Figure 5 showsq-space plots from DMSO and water in
.60-Ht erythrocyte suspension. A notable difference in

wo plots is that the DMSO curve is higher, for allq values
han the water curve. Besides this difference, it is evident
he DMSO curve is similar in overall form to that of water;

positions of the maxima and minima are basically the s
ut shifted (slightly) to the left. Specifically, commonqmin

alues are at;1.8 3 105, 3.7 3 105, and 5.43 105 m21.
It was initially anticipated that the diffusion-interferen

ffect would also be manifest in the DMSO curve; howeve
as not discernible in any of the experiments.

FIG. 5. 1H NMR q-space plots of water (E) and DMSO (h) in a 0.60-Ht
uspension of fresh erythrocytes that had been washed with 4% (v/v) D
t 310 K. The DMSO curve is notably similar to the water curve, indica

hat DMSO molecules were present inside and outside the cells. Howev
ignal attenuation of the DMSO was substantially less than that of wate
iven q value.
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imulations of q-Space Plots

Figure 6A shows the particular geometrical arrangeme
odel erythrocytes used for the computer simulation of N
iffusion-coherence phenomena. The cells were assum
ccupy the centers of regular hexagonal prisms arranged

heir faces in the two-dimensional crystallographic space g
3; and the corresponding sides were arranged as lineap1.
igure 6B shows two simulated erythrocytes with their axi
otational symmetry orthogonal toB0.

Figure 7 shows the results of computer simulations in w
he erythrocytes were assumed to occupy 50% of the sa
olume, and the point water molecules were allowed to
ergo random walks under four different conditions. Figure
hows theq-space plot for a system in which the water m
cules were confined to diffuse in the intracellular comp
ents only and they were not allowed to undergo exch
cross the membrane. Thus, there were no contributions
ignal from extracellular water. Theqmin values were a
66,710 and 351,981 m21. The reciprocals of these values
.00 and 2.84mm, respectively. The main diameter of
irtual erythrocyte was set to 8mm; thus the scaling factors th

FIG. 6. (A) Schematic representation of a section of one layer of the
f discocytes used in the Monte Carlo random walk simulation of diffusio
suspension of erythrocytes. (B) A detailed view of a discocyte and one
eighbors in a “unit cell” in the space-filling hexagonal-prism three-dim
ional tessellation, used in modeling aq-space experiment.
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140 TORRES ET AL.
elate the position of each diffusion-diffraction minimum to
ain cell diameter (d) were calculated to be 1.333 and 2.

espectively; thusd 5 1.333/qmin,1 for the first minimum, an
5 2.82/qmin,2 for the second (ord 5 2 3 1.41/qmin,2).
The Bessel function relationships that describeq-space plot

or diffusion in transverse cylinders and spheres are not st
eriodic (10). This is also the case for the model erythroc
ince the scaling factor for the second minimum was no
ntegral multiple of that for the first.

Figure 7B shows the coherences that arose when wate
onfined to diffuse in the extracellular region and was
llowed to exchange across the cell membranes. In this ca
ignal attenuation was much more rapid and the first minim
ccurred at a much smallerq value (80,869 m21) than in Fig.
A. However, by analogy with pore hopping around clos
acked spheres of uniform size (4), a simple relationship exis
etween the main cell diameter and the position of the firs
axima. Thusqmax,1 5 132,904 andqmax,2 5 268,460 m21 and

herefore the “rules” that relate the positions of the maxim
he cell diameter ared 5 1.063/qmax,1 and d 5 2 3 1.073/

max,2, respectively.
Figure 7C shows theq-space plot obtained when water w

llowed to diffuse in both the intra- and extracellular spa
ut without transmembrane exchange. This curve was dir
uperimposable on the one that resulted from the simple
ion of the data in the two panels above it; this outcome w
seful verification of the simulation program. (Note that
ata sets were weighted according to the relative volu

nside and outside the cell in its “virtual” hexagonal prism
he case of an Ht of 0.50 the relative weighting was 1:1.)
wo notable features of theq-space curve in Fig. 7C are that t
rst interference peak, evident in Fig. 7B, is only manifes
poorly defined shoulder, and the diffraction minima evid

n Fig. 7A are in almost identical positions in Fig.7C. T
utcome indicates that at Ht5 0.5 the diffusion-diffraction
ignal dominates over that of diffusion interference.
Finally, Fig. 7D shows a simulatedq-space plot for a syste

dentical to that of Fig. 7C but here the membrane was “m
ermeable to the water such that exchange across the
rane occurred. The probability of a point molecule cros

he membrane on encountering it, whether impacting it f

ed
el-

ly
t.
es
r
n
ar

)

he same situation as in C but with exchange allowed across the cell
rane. Parameters used in the simulations: Erythrocytes, equation as g
15); main diameter, 8.0mm; center thickness, 1.0mm; maximum thickness
.0 mm; volume and surface area calculated on the basis of the previous
alues, 86 fL and 126mm2, respectively. Hexagonal unit cell: orientation
epicted in Fig. 6, with side length of the regular hexagon adjusted to giv
equisite Ht value. Monte Carlo random walk: jump length less than 0.2 o
inimum distance between the cell surface and the wall of the prism; pe
oundary conditions applied at the hexagonal-prism walls (thus simulati

nfinite array using just one unit cell and its contents); and the total numb
rajectories for each simulation, 103 106. In D the “transition probability” o

molecule, when encountering the cell membrane, of passing through
et to 0.01.
FIG. 7. Simulatedq-space plots for molecules diffusing outside and in
ells, of the shape and spatial organization shown in Fig. 6. (A) Data obt
hen the NMR-detected molecules were restricted exclusively to the int

ular compartment; this gave rise to the diffusion-diffraction effect in
-space plot. (B) Simulation with the detected molecules diffusing exclus

n the extracellular region; this gave rise to the diffusion-interference e
The discontinuity in this curve, and the two below, was due to negative v
f E[q, D], which can arise with the present type of finite system, and
hich the logarithm is physically meaningless.) (C) Data from the situati
hich the detected molecules diffused in both the intra- and extrace

egions; the curve was shown to be the sum of the two curves in A and B
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141COHERENCES INq-SPACE PLOTS
he outside or the inside, was set to a value (0.01) so tha
ntracellular mean residence lifetime for a point molec

atched that observed experimentally for human erythroc
t 37°C (20). There are three notable features: (1) there
uch greater extent of signal attenuation than for corresp

ng q values in Fig. 7C; (2) the diffusion-interference shou
s better delineated; and (3) the values ofqmin,1 (152,127 m21)
re less than either of those in Fig. 7A (166,710 m21) or 7C
176,322 m21); this was also true, although less clearly defin
or the qmin,2 values.

DISCUSSION

eneral

In this investigation ofq-space plots from erythrocyte su
ensions several probe substances were used, namely c
holine phosphate, and DMSO; these were used in ord
iscriminate between the features of diffusion interference
iffusion diffraction. Choline was entrapped in erythrocytes
ypotonic hemolysis and resealing, while choline phosp
as added to the suspensions without it entering the cell
bserving the proton signals from choline or choline phosp

n a PFGSE experiment,q-space plots showing only intrac
ular diffusion diffraction from choline, or the diffusion-inte
erence effect from extracellular choline phosphate, were
erved (Figs. 2 and 4, respectively). In addition, DMSO
dded to erythrocyte suspensions as a control experimen
); DMSO enters the cell freely and therefore should show
oherence effects. However, the diffusion-interference sh
er was not “resolved” and so the plot was dominated by s

rom the intracellular molecules.

holine q-Space Plots and Intracellular Diffusion
Diffraction

The hypotonic-lysis method used for rapidly incorpora
holine into the cells caused marked changes in cell s
hen the cells became resealed. These changes were
bservable under the light microscope. As a result of t
orphological changes it was not possible to correlate

eatures of theq-space plots of resealed cells (Fig. 2) w
hose offresherythrocytes (Fig. 1). The features of theq-space
lots of choline and water shown in Fig. 2 did, howev
rovide important information regarding the diffusion of th

wo species in a cell suspension. First, signal attenuation
ivenq value was considerably less for choline than for wa

n free solution it would be expected that the water sig
ould be attenuated more rapidly than that of choline bec
ater, being a smaller molecule, has a higher diffusion c
cient. In the case of restricted diffusion, differences in the
f diffusion will not result in significantly different extents
ttenuation as long as the conditionD @ a2/ 2D (wherea is

he effective cell diameter) is maintained for both specie
he experiment this condition was maintained, but while c
he

s,
a
d-
r

,

ine,
to
d

y
te
y

te

b-
s
ig.
th
l-
al

pe
arly
se
e

,

t a
r.
l
se
f-
e

n
-

ine was restricted to diffuse solely within the intracellu
ompartments water was free to exchange across the
ranes and hence to diffuse larger distances in the timeD. The
reater attenuation of the water signal can therefore be
reted as being due, in part, to the larger mean diffu
istance available to it. A second contributing factor is
ater in the extracellular region diffuses in a less visc
edium so its “intrinsic” as well as its “apparent” diffusi

oefficient will be greater than that for either water or cho
nside the cells.

Another significant difference in the water and cholineq-
pace plots in Fig. 2 was the positions of the diffusion-diff
ion peaks. This difference was very important becaus
nabled discrimination between the extracellular diffus

nterference and the intracellular diffusion-diffraction phen
na, which was the main aim of the investigation. The p
aximum at;2.0 3 105 m21 in the water curve was clear
bsent in the choline curve. Thus the first peak (shou
resent in the water curve was able to be assigned to an
f water diffusing in the space between the cells, namely “
opping.” In other words, the phenomenon occurs only
olecules that diffuse outside the cells. By the same reaso

he peak (qmax,1, in Fig. 2) which appears in the choline cu
t ;3.5 3 105 m21 was readily ascribed to intracellular diff
ion diffraction. Therefore, this experiment discriminated
ween the diffusion-interference and diffusion-diffraction
ects in theq-space plots.

Diffusion-diffraction patterns inq-space plots, where rap
ransmembrane exchange is present, should lead to estim
pparent cell dimensions that are smaller than if exchange
ot present (14). Therefore,qmin values for water were expect

o be lower in comparison with those for choline. Howe
nder the conditions used for Fig. 2 this was not rea
iscernible. Since only intracellular diffusion diffraction w
anifest in the choline curve, the peak minimum (qmin,1 in Fig.
) at;2.83 105 m21 should be considered the “relevant”qmin,1

nd not the ambiguous one for water located at;3.4 3 105

21. The interpretation of this result is that the first inter
nce peak for water (see Fig. 7B) is partly superimposed o
rst diffraction “valley” (see Fig. 7A), thus displacing t
osition of the overall minimum. At first sight this displac
ent might be expected to be to the right, but rapid transm
rane exchange suppresses the interference effect and dis

he first (and subsequent) minimum in the overallq-space
urve to theleft. Comparing Figs. 7C and D readily demo
trates this outcome.
In a previous study (2) the spherical cell diameter w

alculated to be 1/2.03 105 m21 5 5.0 mm, based on the po
opping interpretation for water diffusion outside the cells,
.46/3.2 3 105 m21 5 4.6 mm based on theqmin,1

d of the
ntracellular diffraction peak. The cell diameter estimated f

min,1 of the choline curve was 1.46/2.83 105 m21 5 5.2 mm,
hich was significantly different from the corresponding va

4.6 mm) derived from the water curve. The basis of
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ifference lies in the matters discussed in the previous
raph.
These results clearly show that the presence of both d

ion-interference and diffusion-diffraction peaks can po
ially complicate the inference of compartment sizes f
-space plots of water if the first diffraction and interfere
eaks are used. A more accurate estimate of cell diam
omes about if the diffusion-interference effect is minimi
nd this can be achieved by using a high hematocrit. Alte

ively, if the signal-to-noise is sufficiently high the higher or
iffraction peaks (and minima) can be used as then the

erence pattern makes an insignificant contribution to the o
ll q-space signal. The remaining complication to the inter

ation of the data is the extent to which the transmemb
xchange causes a shift in the diffraction minima. The exte

his effect can be judged from the data in Fig. 5.

holine Phosphate and Extracellular Diffusion Interferenc

It is instructive to compare the curve for choline phosp
n Fig. 4 with that for choline in Fig 2: the choline phosph
ignal declines more steeply, over the first fewq values up to
.0 3 105 m21. However, choline phosphate, being a lar
olecule, has a smaller intrinsic diffusion coefficient t

holine, so the greater signal attenuation of choline phos
annot be ascribed to a larger intrinsic diffusion coeffici
he proposed reason for the more rapid attenuation o
ignal is that the motion of choline phosphate is less restri
s a result of it only being in the extracellular space.
It can also be seen in Fig. 4 thatqmax,1 for choline phosphat

upper curve) andqmax,1 for water (lower curve) do not coin
ide. Specifically, there are two major coherence peaks i
holine phosphate plot that are centered at;1.5 3 105 m21

qmax,1) and;2.6 3 105 m21 (qmax,2), while for water there is
houlder at;1.2 3 105 m21 and a peak at;2.3 3 105 m21.
ince the choline phosphate molecules were confined t
utside of the cells, the two maxima can be ascribed only t
iffusion-interference phenomenon. The position of the w
eaks at a lower value ofq can be attributed to the fact th
ater exchanges between the inside and the outside of the

1, 14). In effect this makes the available mean diffusion
ance of the outside water larger because of access to the
f the cells. The effect is well illustrated by comparing thq
osition of the first peak in Fig. 7B and the shoulder in Fig,
The diffusion-interference peak at;1.2 3 105 m21 (shoul-

er, qmax,1 in Figs. 1 and 4) was not evident with high hem
crit samples of discocytes. This is in contrast with the sh
er seen withsphericalerythrocytes where it waspronounced
see Figs 2 and 3).

In Fig. 4 the shoulder on the water curve, to a first app
mation, implies a cell diameter of 8.3mm; this value wa
rrived at by assuming that the cells approximate flat cylin
ith their axis of rotational symmetry orthogonal toB0 and for

his arrangement the diameter is given by1.23/qmax,1 (1, 2). By
a-

u-
-

ter

a-
r
r-
r-
-
e

of

e

r

te
t.
e
d,

he

he
e
r

ells
-
ide

.

-
l-

-

rs

he same reasoning, the first choline phosphate peak
ponds to a mean cell diameter of 6.7mm. The difference
etween the two values is, again, ascribable to the effect o

ransmembrane exchange of water (1, 14). This matter is dis
ussed next.

MSO q-Space Plots

In Fig. 5 the close similarity of the forms of theq-space plot
rom DMSO and water, and the fact that DMSO is known
ermeate the cell membrane, suggests that the DMSO c
nces also arise from the same phenomena as for water.
ver, DMSO permeation through cell membranes is slow

he NMR time scale so it would be expected that the diffus
iffraction minima would be at (slightly) smaller values ofq,
nd this is indeed evident in Fig. 5. The differences inqmin

alues give an indication of the possible magnitude of erro
stimates of mean cell diameter when the probe molecule
apid exchange across the cell membranes. The positions
econd- and third-order diffusion-diffraction peaks are m
ess affected by underlying diffusion-interference peaks
ig. 7 and discussion below) so a comparison of theqmin,2 and
min,3 values (notwithstanding lower signal-to-noise) wo
ive a more accurate impression of the effects of transm
rane exchange on estimates of cell diameter.
Theq-space plot of the DMSO data in Fig. 5 is similar to

imulated data in Fig. 7C while the water data are more like
imulated data in Fig. 7D; this is consistent with the rela
ates of transmembrane exchange of the two molecules
hermore it is clear from Fig. 7C that if there is no (or slo
ransmembrane exchange that the first diffusion-interfer
eak is much less well defined and this is seen with the DM
ata in Fig. 5.

imulations of Cellular System Showing Diffusion Cohere

In order to check the physical interpretations of the feat
f theq-space plots, numerical simulations of diffusion, m
led as a three-dimensional random walk in an array of s
ermeable discocytes (Fig. 6), were shown to be valuable
). The ability to modulate transmembrane exchange bet
ompletely “on” and completely “off” states enabled the in
endent study of the diffraction and interference effects. W
oint molecules were confined exclusively to the extracel
egion the effects were able to be identified as interfer
ffects. When point molecules were confined exclusively to

ntracellular region the effects could be assigned to diffu
iffraction. When exchange was turned on the combined

ects of diffusion interference and diffusion diffraction w
bserved. Therefore, in all cases the features of theq-space
lots could be related to the main cell diameter.
It is also worth noting that the signal from the diffusio

nterference phenomenon was substantially weaker than
rom diffusion diffraction. Therefore, when both phenom
ere in operation the combinedq-space curve was dominat
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y the latter (Figs. 7A and 7B), and this result is consistent
he experimental results (Figs. 1, 4, and 5).

The simple scalar relationships between the values ofqmax

nd cell diameter, in the diffusion-interference data, only a
t higher packing densities of the cells, around Ht5 0.50 (Fig.
B). (However, at Ht values above;0.7 the small fraction o
xtracellular water implies a smaller interference signal.)
nalogy, in a bed of randomly packed spheres of equal d
ter, the pores are separated by a mean distance that is c
pproximated by the diameter of a sphere (10). However, if the
pheres are dispersed (and stay suspended by “density m
ng” with the solvent) then clearly the distances between
enters of the pores will be greater than the diameter o
pheres. Thus inq-space analysis, the position ofqmax does no
orrespond simply to the reciprocal of the sphere diamete
ilute suspensions; the same would be true for erythrocyt
dilute suspension. In addition, it is expected that the pac

eometry will impact upon the features ofq-space plots from
rrays of cells; the extent of this variation warrants fur
tudy.

CONCLUSIONS

Since theq-space plots of water in erythrocyte suspens
isplay both intracellular and extracellular coherences, w

he choline curve (Fig. 2) shows only intracellular diffracti
t can be concluded that the presence of the interference
n the water curve partially obscures its diffraction coh
nce(s) (compare Figs. 7A and 7B). It was expected tha
ater curve would also display a peak atqmax ;3.53 105 m21

s was the case with choline (Fig. 2, upper curve), but this
bsent. This absence is concluded to have been caused
ominant overlapping diffraction peak (see Fig. 7C). A

here was a minimum in the choline curve (Fig. 2) at;2.8 3
05 m21 which was not present in the water curve. T
ifference can be attributed to the presence of its interfer
eak atq ;1.8 3 105 m21. The minimum in the water curv
t qmin,1 ;2.83 105 m21 was therefore concluded to have b
aused by diffusion interference since it was absent in the
f choline which only gave diffusion-diffraction effects.
Factors that affect the distinctness of the features ofq-space

lots have been considered in earlier work on “artific
12, 13) and cellular systems (2). In the case of cell suspe
ions, the diffraction effects are also “blurred” by heteroge
ty of cell shapes and sizes (2, 3). For cells such as erythr
ytes, which have only one axis of rotational symme
rientation with their axis orthogonal toB0 clearly creates

avorable situation for observing diffusion-coherence eff
1, 2), as also reported herein. Physical and chemical (m
olic) factors that affect the uniformity of this orientati
h
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cross the entire cell population will also degrade the dist
ess of the coherence patterns.
Finally, assignment of the features ofq-space plots from

rythrocyte suspensions by direct experimental means
onsistency of Monte Carlo simulations with inferences dr
rom these data pave the way for more quantitative interp
ions of such data from other forms of erythrocytes, and m
omplex cell types and arrays.
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