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ABSTRACT Packed erythrocytes are ideally suited as a
model system for the study of water diffusion in biological
tissue, because cell size, membrane permeability, and extra-
cellular volume fraction can be varied independently. We used
a pulsed-field-gradient spin echo NMR technique to measure
the time-dependent diffusion coefficient D(¢) in packed eryth-
rocytes. The long-time diffusion constant, Dy, depends sensi-
tively on the extracellular volume fraction. This may explain
the drop in Dy during the early stages of brain ischemia, where
just minutes after an ischemic insult the extra-cellular volume
in the affected region of the brain is significantly reduced.
Using an effective medium formula, we estimate the erythro-
cyte membrane permeability, in good agreement with mea-
surements on isolated cells. From the short-time behavior of
D(f), we determine the surface-to-volume ratio of the cells,
=~(0.72 pm)~1,

Diffusive transport of water in the presence of permeable
membranes is of fundamental biological importance (1). The
measured diffusion coefficient, D(¢), depends on observation
time and is a sensitive function of several physical parame-
ters: membrane permeability, «; the volume fraction of
connected extracellular fluid, ¢; and local water concentra-
tions. The geometrical arrangement of the membranes is
important in determining D(z), and ¢ is a parameter that
characterizes this arrangement. Samples of erythrocytes
(RBCs) are ideally suited for the study of such effects since
cell size, k, and ¢ can all be independently controlled. The
pulsed-field-gradient (PFG) NMR technique (2) has been
used to determine the membrane permeability of biological
membranes in packed RBCs and some types of tissue (3, 4).
To derive « from the effective (long time) diffusion coeffi-
cient, D.g, these studies utilized the relation, noted by Crick

),
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where Dy is the bulk diffusion coefficient and a the spacing
between a periodic array of parallel barriers of permeability
k. For most biological tissue this formula is deficient in the
following ways: (i) It does not provide for different diffusion
coefficients in different compartments. (ii) The one-
dimensional array of membranes cannot capture the effect of
parallel diffusion pathways on the diffusion coefficient (Fig.
1). As a result, Eq. 1 predicts that D.g — 0 as k — 0, which
is not the case for cells surrounded by extracellular water.
Quasi one-dimensional models that incorporate extracellular
diffusion pathways have been proposed (6, 7). These models
are of limited applicability and we will not discuss them
further. (iii) Eq. 1 does not account for differences of absolute
concentrations of water in different compartments. For ex-
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FiG. 1.

Cartoon of a sample of packed RBCs. Intracellular
(cytoplasmic) fluid [33% (wt/vol) hemoglobin] with water diffusion
coefficient, Dint, and fractional water concentration ciq is shown as
stippled areas numbered 1. Extracellular fluid with diffusion coeffi-
cient Dex; and water concentration cex: is shown as the open area
numbered 2. Also shown are two parallel diffusion pathways, one of
which is not accounted for in Eq. 1.

ample, the second term on the righthand side should be
replaced by ¢/(«a) if, in the space between membranes, other
molecules such as proteins occupy a fractional concentration
1 — c. This effect is in addition to the change in the
microscopic diffusion coefficient of water produced by the
presence of the proteins.

PFG NMR is an ideal tool for measuring the time-
dependent diffusion coefficient (2). The measurement is
nondestructive and does not involve the introduction of
chemical or isotopic tracers. The observation time can be
varied over several orders of magnitude. The minimum
observation time is determined by the minimum length of
gradient pulses and the subsequent recovery of the apparatus
from eddy current and magnetoacoustic effects and by signal-
to-noise considerations. The maximum time is determined by
the spin-lattice and spin—spin relaxation times of the fluid.
We used PFG NMR to study the effects of ¢ and « on Deg.
Using an effective medium theory (EMT), we calculate «
from measured values of D.s. We also measured the time
dependence of the diffusion coefficient at short times. Our
data are consistent with recent work on porous media with
solid grains (8, 9) and demonstrate that the surface-to-volume
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ratio of biological membranes can be estimated using PFG
NMR.

MATERIALS AND METHODS

Four types of samples were studied, one consisting of human
RBCs and three of bovine RBCs (samples A, B, and C).
Blood was stored and handled in air and, therefore, contained
diamagnetic oxyhemoglobin. Fresh blood was washed in
physiological buffered saline (PBS; 150 mM ionic strength).
All buffers were adjusted to pH 7.4 and contained 1 mM
NaNj;. RBC volumes decrease with increasing extracellular
salt concentrations. To swell the cells, human RBCs were
suspended in PBS diluted to an ionic strength of 100 mM. This
sample was then centrifuged at 2700 X g for 4 min and the
supernatant was removed. The cells were transferred to
NMR tubes and centrifuged at 23,000 X g for 15 min, the
supernatant was thoroughly removed, and the tube was
sealed. Two of the bovine samples were only treated with
buffers at an ionic strength of 150 mM (samples A and B).
Sample B was incubated with 1 mM p-chloromercuribenzene
sulfonate (p)CMBS) for 1 h at 30°C. The sulfhydryl reagent
pCMBS specifically inhibits protein channel (‘‘pore’’)-based
water transport through RBC membranes (10). Samples A
and B were centrifuged at 2700 X g for 4 min and the
supernatants were removed. Subsequently, the samples were
transferred to NMR tubes and sealed. The treatment of
sample C was identical to that of the human RBC sample.

The supernatant from the first centrifugation was used to
measure Dcy. For an estimate of D;,, a concentrated solution
of hemoglobin, representative of the cellular cytoplasm, was
purified: RBCs packed at 2700 X g for 4 min were lysed with
10 vol of hypotonic buffer (1 mM ionic strength). The solution
was centrifuged at 23,000 X g for 15 min to pellet ghosts and
the supernatant was concentrated 11-fold in a protein dialysis
membrane (ProDiMem PA-30, Bio-Molecular Dynamics,
Beaverton, OR). To estimate Dj, in swollen cells (100 mM
ionic strength), we added 30% of buffer to the concentrate
a11).

Cell concentrations were measured using a hemacytometer
counting chamber at 1:1000 cell dilutions (Fisher Scientific).
We assumed a hexagonal close packing to compute cell
center spacings from cell concentrations. The sphere equiv-
alent radii were computed from the cell concentrations of
cells packed at 23,000 X g for 15 min. For these samples, we
assumed zero extracellular volume fraction, ¢ = 0 (human
RBCs and sample C). This is consistent with differential
interference contrast (DIC) optical microscopy (data not
shown). For samples packed at 2700 X g, ¢ was not equal to
0 (samples A and B). We took ¢ to be the supernatant volume
fraction obtained after the same sample was centrifuged at
23,000 x g. We assume that the RBC cell volume does not
depend on the centripetal force at these speeds, consistent
with DIC microscopy. To determine cell surface areas, we
lysed RBCs (5 mM ionic strength on ice) and immediately
measured the diameters of spherical ghosts using DIC mi-
croscopy (12).

Diffusion measurements were made at 23°C in a GE CSI
2T/45 cm imaging spectrometer operating at 85.56 MHz for
protons. The gradient coils were self-shielded with a 32-mm
bore and were capable of delivering up to =280 G/cm. A
modified stimulated echo sequence (13, 14) was used to
reduce the effect of internal magnetic field gradients. In this
sequence, pairs of bipolar gradient pulses interleaved with 7
pulses are used instead of a single gradient pulse. The =
pulses serve to refocus the dephasing due to internal gradi-
ents. To obtain D(¢), the magnetization, M(k,t), was mea-
sured at a fixed ¢ for 10 values of k, where k = yG3&, and the
slope was obtained from a plot of In M(k,?) vs. k2. D(f) was
measured at 20 values of ¢ by using even increments in Vtand
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the quantity k2,,z was held constant. Diffusion measure-
ments were repeatable with blood up to 10 days old. This
demonstrates that the effects of possible changes in blood
oxygenation were small.

The interpretation of PFG NMR data in terms of the
diffusion propagator is complicated by the effects of finite
pulse widths, magnetic field inhomogeneities, and surface
relaxation. The first effect is the most significant, but it can
be accounted for both at short and long times (9). Nonlinear
internal gradients cannot be eliminated by the pulse sequence
used. Unrefocused internal inhomogeneities lower the ap-
parent diffusion coefficient. Since observed linewidths were
narrow (=20 Hz), we expect this effect to be small. Surface
relaxation affects the diffusion coefficient only by subleading
terms, and since measured spin-lattice relaxation times (7;)
in the samples were relatively long (=1 s), we conclude that
effects of surface relaxation on our diffusion measurements
are small.

THEORY

Long-Time Diffusion Constant. We define the time-
dependent diffusion coefficient as D(t) = (r3(t))/(6t), where
(r¥(t)) is the mean square displacement of the diffusing water
molecules. At long times, D(¢) saturates, limy,D(f) = Deg.
To generalize Eq. 1, we developed an EMT for Deg. The
RBCs are modeled as spheres of radius a with membrane
permeability k. Other parameters of the theory are intra- and
extracellular diffusion coefficients, Dy and Dey; intra- and
extracellular water concentrations (vol/vol), Cin and cex; and
the volume fraction of extracellular fluid, ¢, forming a
connected network of diffusion pathways. The EMT formula
is (see Appendix)

DesiCest — D1Cint \ [ DextCext 173 - 2]
DextCext = DiCint) \ DesiCetr ’
where
kaD; tCint
DyCiny = ———— 131
ka + DintCim

and cefr = PCext + (1 — P)Cint. In the limit ¢ = 0, the formula
becomes 1/Deg = (1/Dint) + cint/(ka). The concentration
factor is significant since for RBCs, cj, = 0.71 (15). For finite
¢, the EMT accounts for enhanced diffusion due to parallel
extracellular pathways (Figs. 1 and 2). The effective diffusion
coefficient depends strongly on ¢ (Fig. 2). In the limit « = 0,
the EMT reduces to DegrCesr = DextCext®/2, analogous to the
well-known empirical rule in porous media termed Archie’s
law (16). In contrast with diffusion in porous media with solid
grains, here the diffusion coefficient scales with an extra
factor of ¢. This is due to the water contained in the
impermeable spheres. Changing cell shape should not affect
the qualitative conclusions of our analysis (Fig. 2 and Ap-
pendix).

D(¢) at Short Times. The time dependence of the diffusion
coefficient has been studied for a periodic array of parallel
membranes (17), but in this work an important point has been
missed: at short times, the diffusion coefficient decreases
from its bulk value with a universal V7 behavior depending
only on the surface-to-volume ratio (S/V) of the membranes.

This behavior, namely,
S\/ Dyt
v + O(Dot) [4]

4
D(t) =Dyl 1 —
(t) 0( 9_\/1—7)(
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FIG. 2. Deg as a function of extracellular volume fraction given
by Eq. 2 (solid lines; x = 0, 0.01, 0.1, » cm/s) and Eq. 8 (dashed line;
k = 0.01 cm/s). Parameter values: Dig = 1.56 X 1075 cm?/s, Dext =
2.12 X 1075 cm?/s, Cext = 1, Cint = 0.71, and a = 2.1 um. The region
of biological interest is bounded by the « = 0 and « = 0.01 lines.

has been predicted (8) to occur in porous media with hard
walls, but an extension shows that the same short-time be-
havior holds for permeable membranes. The reason is the
following: the relevant dimensionless combination including «
is ktS/V, and at short times ktS/V << (4/9Vm(SVDot/V);
the term involving « is, therefore, of higher order than the

t term. Other subleading terms in Eq. 4 are of order
(S/V)Dot(R~1), where (R~1) is the mean curvature of the
membranes (9). In the presence of multiple compartments,
Eq. 4 generalizes to an arithmetic average over different
compartments. Eq. 4 provides a technique for determining
S/V in biological membrane systems. We emphasize that Eq.
4 holds for piecewise smooth surfaces of arbitrary geometry.

RESULTS

To study the effects of k and ¢ on D.g, we chose three bovine
RBC samples (A, B, and C) with equal membrane densities
(cell-to-cell spacing =4.1 + 0.1 um, N = 4). For RBCs at 150
mM ionic strength packed at 2700 X g for 4 min (sample A),
D was 0.42 X 1075 cm?/s, lower than the diffusion coeffi-
cient of the extracellular bulk fluid (2.12 X 10~5 cm?/s) (Fig.
3). For sample B, x was reduced by incubation with pPCMBS,
which led to a further decrease to Deg = 0.35 X 1075 cm?/s.
Sample C differed from sample A by a reduced ¢ with «
unchanged. In this sample, Deg was 0.27 X 1075 cm?/s. Degr
in sample C was 60% lower than in sample A, although the
membrane permeabilities were the same. The drop in Deg for
sample C is due to a reduction of the extracellular pathways.
The drop in Dg in sample B is exclusively due to a decrease
in k, the extracellular pathways being left unaltered.

To derive k from Deg and Eqgs. 2 and 3, we measured the
diffusion coefficients of the intra- and extracellular bulk fluids
(Table 1; Dey; = 2.12 X 105 cm?/s). The volume fraction of
water in the hemoglobin-rich cytoplasmis 0.71 at 150 mM (15)
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Fic. 3. D(t) of water in packed bovine RBCs in three samples
with equal membrane densities. ®, Lightly packed at 2700 X g for 4
min, ionic strength at 150 mM, with =19% extracellular fluid; X,
same conditions except that the membrane permeability was reduced
by incubation with 1 mM pCMBS; v, packed at 23,000 X g for 15 min,
ionic strength at 100 mM, with essentially no extracellular fluid. Dex:
is the bulk extracellular fluid diffusion constant.

and 0.78 at 100 mM [assuming a 30% increase in cell volume
(11)]. The extracellular fluid in washed RBC samples is
protein-free buffer and thus cext = 1. The parameters ¢ and
a were estimated from cell counting.

In bovine RBCs, D(¢) at 3 ms is only a factor of =1.5 larger
than D.g (Fig. 3). Human RBCs are larger (cell surface areas:
human RBCs, 127.5 + 9.8 um?; bovine RBCs, 73.9 + 10.4
um?). Therefore, the short-time behavior of the diffusion
constant was more easily accessible in samples of human
RBCs (Fig. 4). The short-time formula, Eq. 4, as applied to
PFG NMR experiments, is only valid for & function sharp
pulses. To interpret data from the actual pulse sequence, we
corrected for finite pulse width as described (9). We replaced
t in Eq. 4 by a function of sequence parameters, #A,5,T),
derived from the same expansion that leads to Eq. 4. The
horizontal axis in Figs. 3 and 4 is V#(A,8,T). The minimum
observation time corresponds to ¢ = 3 ms. Even the human
RBCs were too small to observe the linear in V(A,8,T)
behavior of D(¢). To test whether the data we do obtain are
consistent with the rigorous result (Eq. 4), we used a Padé
approximant (18), in this case a ratio of two quadratic
polynomials (solid curve, Fig. 4), to interpolate between the
short-time (Eq. 4) and the long-time (9) limits. This interpo-
lation formula gives an estimate of the slope of D(¢) as a
function of V't(A,8,T) at short times. The ¢ = 0 intercept was
fixed to the bulk diffusion coefficient found in the cytoplasm.
This procedure is justified because we observe significant
time dependence in D(t), and over the observation range,
D(¢) falls by a factor of =3 (Fig. 4 Inset). Applying Eq. 4 to
the short-time slope of the Padé approximant, we obtain V/S
=0.72 = 0.15 um, in agreement with the value obtained from
microscopy (0.90 = 0.1 um).

Table 1. Measured parameter values and computed permeabilities

Desr, Dint, K,
Sample %x10~3 cm?/s a, pm Cint %x10~5 cm?/s x10~3 cm/s
A 0.42 2.1 0.19 0.71 1.56 6314
B 0.35 2.1 0.19 0.71 1.56 37x13
C 0.27 2.3 0.00 0.78 1.64 11.0

Standard errors: Deg and Dig, £0.01 X 10~5 cm?/s; a, 0.1 um; ¢, £0.02 (except sample C). For
«, computed errors are dominated by errors in ¢. Since we assumed ¢ = 0 for sample C, an error

estimate could not be given for this sample.
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DISCUSSION

Membrane Permeabilities. The calculated membrane per-
meability for sample A (see Table 1) is in approximate
agreement with measurements on isolated RBCs (typically,
=5 x 1073 cm/s) (15, 19). Treatment with 1 mM pCMBS
results in an =~50% reduction in the membrane permeability
by blocking the protein-channel-based water transport while
leaving the lipid-based pathways unchanged (1, 10). The
observed 40% reduction of « after addition of pCMBS
(compare samples A and B) is consistent with these facts. For
sample C, the calculated permeability is too large. Since «, as
determined by Egs. 2 and 3, is a sensitive function of ¢, the
discrepancy may be due to an underestimate of ¢ in the
experimental preparations (¢ was estimated to be 0 for
sample C).

Other studies employing PFG NMR for examining packed
RBC samples have used Eq. 1 to derive x, which neglects
extracellular pathways, and have thus overestimated the
membrane permeability [« = 0.014 cm/s (3)]. Alternative
methods to determine membrane permeability rely on the fact
that isolated cells are available. This requirement makes
these methods not applicable to measurements in tissue. We
have shown that a good estimate of the permeability can be
obtained from D¢ provided the extracellular pathways are
properly accounted for, and our effective medium formula
can be used for this purpose. D depends sensitively on the
extracellular volume fraction (Figs. 2 and 3), a parameter that
is likely to be difficult to estimate accurately. An alternative
approach to measuring « could be based on the fact that one
of the terms linear in ¢ in the expansion of D(t) (Eq. 4)
contains a factor of «.

Degrin Cerebral Ischemia. One motivation for this work was
to develop a model that could be used to help our under-
standing of diffusion in more complex biological tissue, such
as the central nervous system. Dcg in the normal brain has
been found to be 2-10 times slower than that of free water (20,
21). Early detection of cerebral ischemia is potentially an
important clinical application of PFG measurements of dif-
fusion in the brain (22). Within 1 h after the occlusion of the
middle cerebral artery in animal models of focal ischemia,
D.s (at 40 ms) in the affected region of the brain decreases by
up to 50% (23). The mechanism of this drop in D is
unknown. It is known, however, that cerebral ischemia is
accompanied by the massive entry of extracellular ions and
water into the intracellular space, leading to a reduction of the
extracellular volume fraction (24), from ¢ = 0.20to ¢ = 0.11

1.0 .
0.3 .
0.8 02 “..
Qo 0.6 - o 0..0...0....
8 0.4 0.05 0.10 0.15 0.20 0.25
0.2
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FiG. 4. D(t) of water in packed human RBCs (100 mM NaCl,
packed at 23,000 x g for 15 min). Solid curve is the Padé approximant
fit to the data. From Eq. 4, we estimate V/S =~ 0.72 + 0.15 um. Do
is the cytoplasmic diffusion constant.
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(25). This change in ¢ can account for the drop in D.g. By
using typical values for the parameters of our EMT («x = 103
cm/s; Dext = Dint = 3.0 X 1075 cm?2/s; Cint = Cext = 0.8;a =
5 um), we calculate Deg(¢ = 0.20) = 3.5 X 106 cm?/s and
Des(¢ =0.11) = 1.9 X 1076 cm?/s, a 45% drop in the diffusion
constant. Although the EMT formula was derived for spher-
ical cell shapes, it should give qualitatively correct results for
more complicated geometries. This is because it captures the
following important physical point: since biological mem-
brane permeabilities are small, the dominant contribution to
D¢ comes from diffusion pathways that go around the cells
rather than those that cross cell membranes (Fig. 1). This
point is further illustrated by D.g computed for diffusion
perpendicular to cylindrical cells (Fig. 2 and Appendix).
Others have argued that a change in the membrane perme-
ability may explain the observed drop in Dg.** We consider
this possibility unlikely, for two reasons: (i) For biologically
relevant values of the permeability (« < 10~2), ¢ is the main
determinant of Dy (Fig. 2). (ii) As we have shown, the
observed change in ¢ could account for the observed change
in Degr.

Surface to Volume Ratio. We have shown that measuring
the short time transient behavior of D(¢) is a potential way
of determining the surface-to-volume ratio of biological
membranes. Although we could not reach short enough
times to observe the V¢(A,$,T) behavior of the diffusion
constant directly, our data had substantial time dependence
and allowed us to estimate S/V. As far as we know, there
is no other noninvasive method for measuring this param-
eter. The shortest available observation times are set by
effects such as eddy currents. We can expect that technical
improvements will make it possible to probe shorter times
and thus obtain §/V with greater accuracy. Absence of time
dependence of the measured diffusion constant has some-
times been interpreted as the absence of restrictions to the
diffusion (20). Our study shows that this may simply arise
from not probing times short enough to see the effects of
restrictions.

APPENDIX

Eq. 2 is analogous to the results of the effective medium
theory for conductivity in porous media (26, 27). Consider a
spherical cell bounded by a membrane of permeability « and
radius a, containing a volume fraction c¢; of water with
diffusion coefficient D,, immersed in extracellular fluid con-
taining a volume fraction c, of water with diffusion coefficient
D,. Let us denote the density of a set of tagged molecules
inside and outside the cell by p;(x) and p,(x), respectively.
The current of tagged molecules is given by J = —DVp. The
boundary conditions at the cell surface are (J; — J2)'h2 =
0 and Ji'fy> = k(p1/c1 — p2/cy). First, we consider the
situation where a single cell is placed in a uniform concen-
tration gradient and perturbs the uniform current JoZ. The
spatial variation of p, is then given by

Djyc1 — Dy

® Jo + a’cos(6) s
X) =—| —r cos X s
P2 D, Djucy + 2D5cy r? 51
with (Dinc1) ™! = (ka)~! + (Dic1) L. Next we consider N such
cells uniformly distributed in a spherical region of radius R.
If the cells are placed sufficiently far apart, then each of them
perturbs the density independently in the same manner as
described by ref. 26. The total perturbation, at a distance r
>> R, is then given by N times the perturbation of a single

**Helpern, J. A., Ordidge, R. J. & Knight, R. A., 11th Annual
Scientific Meeting of the Society of Magnetic Resonance in
Medicine, Berlin, August 8-11, 1992, p. 1201 (abstr.).
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sphere located at the center of the region. Equating this to the

perturbation caused by a single large sphere of radius R and

an effective diffusion constant D¢, we obtain
Degcet — D2c;  Dinc1 — Dyca
DegeCer + 2Dy Djc; + 2D202’

(6]

where f'is the volume fraction occupied by the cells, and ceg
= c1f + c2(1 — f). This equation holds for a dilute suspension
of cells. As the concentration of cells increases, we can use
a differential version of Eq. 6. In this approach, we consider
adding cells a few at a time to an initial volume of extracellular
fluid to finally reach the desired concentration. At each stage,
the cells and extracellular fluid already present are consid-
ered to be a homogeneous medium with diffusion constant
given by the as yet unknown effective medium formula. Eq.
6 is used to compute the effective diffusion constant after
each addition of a small number of cells. This leads to a
differential equation governing the effective diffusion con-
stant:

d 10g(DefrCef) . DesiCetr — DinC1
dlog ¢ “2Derces + Dinct”

(7]

where ¢ is the extracellular fluid fraction. On integrating this
differential equation with DegCesr = DextCext at ¢ = 1, we
obtain Eq. 2. The power 1/3 is related to the depolarization
factor of a sphere. A similar calculation for diffusion perpen-
dicular to permeable cylindrical cells gives

(Deﬂ’ceﬁ' - chim) (Dextcext 172 - ]
DextCext — DiCint) \ DegtCest ’

The ¢ dependence of D is qualitatively similar in both cases
(see Fig. 2).
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