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Abstract

The effect of cholesterol on the diffusional permeability of water in suspensions of human erythrocytes was studied by
means of pulsed field gradient NMR, which unlike the relaxation NMR method avoids the use of Mn>" ions. The analysis
allows the internal and external diffusion coefficients, as well as the lifetime characterizing the rate of exchange between the
two regions, to be extracted from the data. The cholesterol content of the erythrocyte membranes was altered by incubating
the cells with sonicated dispersions of cholesterol /dipalmitoyl phosphatidylcholine at 310 K. It was shown that decreasing
the molar ratio of cholesterol to phospholipid (C/P ratio) of the membrane, from a mean value of 0.92 for normal cells
(controls) 1o a value of 0.46, had little effect on the intracellular mean residence lifetime and the diffusional permeability.
Enriching the cholesterol content of the membrane, however, had a marked effect on the exchange lifetime and the
diffusional permeability. At a C/P ratio of = 1.5 the rate of transport was reduced = 3.5-fold. A further increase of the
cholesterol content, to a C/P ratio of = 1.9, resulted in an enhancement of the rate of transport back to a normal (control)
value, which was characterized by a lifetime of 8~9 ms. The combined inhibition of the water permeability by cholesterol
and pCMBS for cells with C/P ratios of 1.44 and 1.54, and by pCMBS alone for cells with a control C /P ratio resulted in
the same value for P, within experimental error.
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1. Introduction

The osmotic [1] and diffusional [2] permeabilities
of water in erythrocytes of a number of species have
been measured using a variety of techniques. The

" Corresponding  author. Tel. (+61-2)3513709, fax. (+61-
2)3514726.

diffusional permeability has been investigated using
nuclear magnetic resonance (NMR) relaxation time
measurements [3-5], total NMR lineshape analysis
[6], and pulsed field gradient (PFG) NMR [7,8]
Water transport in human erythrocytes is extremely
rapid, and this is believed to be important in prevent-
ing osmotic rupture when the cells pass into and then
out of the vessels of the renal medulla where the
osmotic pressure of the surroundings is = 4 times
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the normal plasma value [9]. Water transport in
human erythrocytes is characterized by channel-
mediated transport, on the basis of its high osmotic
permeability (P; = 0.02 cm s '), high ratio of os-
motic-to-diffusional permeability (P,/P, > 3), a low
activation energy (E, = 18.8 kJ mol —'), and strong
inhibition of P; (= 90%) by mercurial sulfhydryl
reagents [10]. Recently, a 28 kDa channel-like intrin-
sic protein (CHIP 28) from human erythrocytes was
isolated and cloned; it is now thought to embody
nearly 100% of the permeability to water in these
cells [1,10-14].

The effects of cholesterol and other sterols on the
rate of permeation by water and solutes of cellular,
vesicular, and synthetic membranes, whether by pas-
sive, facilitated, or active mechanisms, have been
studied extensively [15-24]. The ‘condensing’ and
‘ordering’ effects of cholesterol on lipids in the
membrane at temperatures above the phase transition
temperature (7,) of the membrane are generally
believed to be responsible for a decrease in the
permeability of solutes that diffuse through the lipid
part of the membrane (for reviews see [25,26]).
However, in some cases of protein-mediated trans-
port of solutes, specific sterol-protein interactions
must be considered in order to account for the
modulation of the rates [17,23,24,27]. ‘Interstitial
water pores’ which presumably are caused by tran-
sient bilayer defects have been postulated to account
for the anomalously high permeability to water of
synthetic membranes [28,29], but they are also likely
to play a significant role in biological membranes
[30,31]. The osmotic permeability of water transport
across the membranes of human erythrocytes is not
affected by (extensive) depletion of membrane
cholesterol [16], but increasing the cholesterol con-
tent of the membrane by = 30-60% decreases the
permeability considerably [22].

In this study, we applied PFG NMR to measure
the diffusional exchange of water across the mem-
branes of human erythrocytes that had been depleted
or enriched with cholesterol. The PFG NMR tech-
nique has the virtue that it is chemically ‘non-inva-
sive’, in contrast to the ‘manganese doping’ NMR
technique [4,5]. Our results are in qualitative agree-
ment with those previously reported on the effects of
cholesterol on the rate of water transport in erythro-
cytes [16,22], but the permeability was shown here

not to be a monotonically decreasing function of the
molar ratio of cholesterol to phospholipid (C/P ra-
tio). Furthermore, the 3—4-fold reduction in the wa-
ter permeability observed with erythrocyte mem-
branes with C/P ratios of = 1.5, is likely to be
clinically significant for patients with liver disease
[32] and hypercholesterolaemia [33].

2. Theory

The expression relating the attenuation of the
NMR signal (R) of the species under study to the
experimental parameters in a two-compartment sys-
tem, ignoring relaxation-time differences between
the two regions, and allowing for molecular ex-
change between the two regions, is described by a
sum of two exponentials [34-37]:

R=R,+R,=P exp(—KD, 4) + P, exp( —KD, A)

(1)
where D, D,, P,, and P, are the ‘apparent’ self-
diffusion coefficients and population fractions (rela-

tive signal intensities), which are related to the real
system parameters, by:

Dy =H{D.+ D+ 1/K (/7 +1/7)

V(D= D+ 1/K( /7 =1 /5)F +4/Korm) )

Dy =4{D,+ D, +1/K(1/7,+1/7)

+HY([Di = Do+ 1/K(L /7= 1 /1)  +4/K%7,) )
P =1-P,
P,=(P.D.+PD;~D)/(D,-D,)
K=1y2g% 2
where D, and D, are the diffusion coefficients of the
molecules in the extra- and intracellular compart-
ments, respectively; 0 denotes the duration of the
magnetic field gradient pulse, A the time interval
between the leading edges of the field gradient pulses,
g the magnitude of the field gradients, and y the
magnetogyric ratio of the observed nuclide. P, and
P; are the relative extracellular and intracellular pop-
ulation fractions, respectively, which, for erythro-
cytes are given by:
P.=(1—Hit)/[Ht(a— 1)+ 1] (2a)
P,=aHt/[Ht(a—1) + 1] (2b)
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where « denotes the fraction of the cell volume
available to water and solutes, and has the value
0.717 for water [38], and Hr denotes the haematocrit
of the suspension. 7, and 7, are the mean residence
lifetimes in the corresponding compartments; 7, can
be cancelled from Eq. 1 by noting that 7, = P,1,/P,.
Eq. | is based on the assumptions that: (1) the
intercompartment exchange rate constants are much
greater than the transverse relaxation rate constants
of the nuclide under study; i.e., kj»(Tl/.)*’ (j=1
e); and (2) the magnetization-phase dispersion (due
to diffusion) during & is negligible compared with
that occurring during 4; i.e., A4»8.

The above expressions will simplify in the limits
of slow exchange (lim 7, > =) to give D, =D,
D.=D, P =P, and P,= P, and in the very rapid
exchange limit (lim 7, > 0) D =P,D, + P,D;, thus
resulting in a single exponential for Eq. 1. In both
these latter cases, 7, cannot be determined from
these equations (see Fig. 6).

Eq. 1 is simplified significantly in the case of
small regions of high mobility. With respect to ery-
throcytes, a suspension with a relatively high Ht,
such that the mean square displacement of the species
diffusing within the extracellular medium is (still)
much greater than that in the cytoplasm; i.e., P»P,
and D, »D; leads to the simplification. Thus, Eq. |
simplifies to a single-exponential function that is
characterized by an ‘effective’ diffusion coefficient
that is given by [39,40}:

P.D,
Dy =D+ (3)
KP.D.1 + 1
and hence, the normalized signal-attenuation is given
by:

I)L‘DC
R=cxp{ —K|D +—="—1A (4)
\ KP.D.1 + 1

From Eq. 3 it is clear that for the limiting cases of
very small or very large values of K (= gradient
intensity), which correspond to the inequalities K <
(P.D,7) ' and K> (P,D,7)"", Dy is given by
(D, + P.D,) and D,, respectively. In addition, Eq. 4
allows the estimation of 7; by graphical analysis of
the double exponential function that characterizes the
PFG NMR data that are recorded from solutes that

diffuse in two-region systems (sce Fig. 2 and Results
for details).

Finally, the diffusional efflux permeability (P,) is
calculated from 7; as follows:

Py=(r) (VI/A) = k(aMCV/AS")  (5)

where V', A" k. and MCV denote the volume
of a single ervthrocyte that is accessible to solutes
and water, the membrane surface area of a single
cell, the (pseudo) first-order exchange rate constant,
and the mean cell volume, respectively. Eqg. 5 applies
to the case in which the transport is not “diffusion-
limited’ (i.e., ~barrier-limited” exchange). This con-
dition is fulfilled, for example, if the cells are ap-
proximated by spheres of a comparable volume and
the inequality 3D7,/R* > 1 holds, where D is the
unrestricted (intrinsic) diffusion coefficient [41]. In
the case of water diffusion in a human erythrocyte
3D7,/R” =3.36, using R=3 um [8], D =1.12X
100" m~ s ' (value obtained from a cell lysate with
Hr = 0.97 prior to lysing the cells), and 7, =9 ms.
Thus, the membrane permeability is rate-limiting for
the transmembrane exchange of water in human
erythrocytes; in this situation 7, is referred to as the
exchange lifetime.

3. Materials and methods

Modification of the cholesterol (Sigma Chem.
Co., St Louis. MO, USA) content of the erythrocyte
membranes was achieved by using an adaptation [42]
of the procedure of Grunze and Deuticke [19] and
Cooper et al. [43]. Briefly, the method involved
incubating (745 h; 310 K) erythrocytes ( Hr = 0.10:
from freshly drawn venous blood from one healthy
donor) in a suspension of small unilamellar vesicles
(SUV) consisting of dipalmitoyl phosphatidylcholine
(DPPC; Sigma) or DPPC and cholesterol [1:1-1.3
(w/w)] for depletion or enrichment, respectively.
The incubation buffer contained 100 mM KCl, 50
mM NaCl, 40 mM sucrose, 2.5 mM NaH,PO,. 10
mM Na,HPO,. 10 mM glucose, and 5 mM inosine,
pH 7.4.

NMR samples were prepared, after the incuba-
tions, by centrifugal washing of the erythrocytes
three times (3000 X g; 10 min; 273 K} in phosphate
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buffered saline (PBS) supplemented with 10 mM
glucose, pH 7.4, which was presaturated with CO by
bubbling it with the gas for 10 min. The Ht was
adjusted, if necessary, to 0.75-0.85. These samples
were then placed in microcylindrical ‘diffusion cells’
(volume =490 ul; Wilmad Glass Co., Buena, NJ,
USA) and kept at 273 K before incubating them (10
min; 310 K) prior to NMR measurement. When the
water transport was inhibited, the samples had been
incubated with =1 mM (with respect to the total
sample volume) of the sulfhydryl reagent
parachloromercuribenzenesulfonate (pCMBS; Sigma)
for 45 min at an Ht of = 0.10. They were then
washed an additional three times in PBS prior to
adjustment of the final Hr. Solutions of pCMBS
were prepared freshly, and care was taken to mini-
mize exposure of the compound to light. Following
NMR measurements, the number of cells in the
suspensions were determined in triplicate, at least,
using a Sysmex Microcell Counter CC-130 (Toa
Medical Electronics, Kobe, Japan).

NMR spectra were recorded on a Bruker AMX
400 wide-bore NMR spectrometer equipped with a
multinuclear diffusion probe. The PFG apparatus that
was used for the generation of the magnetic field
gradient pulses was also supplied by Bruker, and
performed as described previously [44]. A modified
[45] pulsed field gradient longitudinal eddy current
delay (PFGLED) pulse sequence [46] was used to
record the PFGNMR spectra. The values of the
PFGNMR parameters in the ‘little delta’ experiments
were: 6 = 0.003—-3 ms with increments of 0.25 ms;
A=100ms; g=636 mTm™'; 2r=40 ms; T =80
ms; T, =20 ms; and &, = 17 ms. The values of the
PFG parameters in the ‘variable g’ experiments
were identical to those in the ‘little delta’ experi-
ments, except that =3 ms and g =0.2-636 mT
m~'. The temperature of the samples was kept con-
stant to +1 K by thermally regulated nitrogen gas.
NMR spectra were acquired with a spectral width of
4 kHz with 2 K datapoints, an intertransient delay of
2.0-2.5 s, a w/2-pulse duration of =24 us, and

()K=1/7P,D, K—=>

1.03

Exp(-Aity) (3) \
Exp(-A/ti(14D;/P. D)) (4)

R
(log scale)

(1) Difference = Exp(-A/21;)

Slope =Exp(-A/tj) x Exp(-K (PD.+D;) A)

Slope = Exp{-K (P.D+D;) A}

Fig. 1. Stylised graph of the echo-attenuation of an NMR signal from a solute diffusing in a system consisting of two regions versus the
‘aggregated’ parameter K (= yg%?), where one region (e) is of larger volume and is characterized by a high diffusivity, and the other
region (i) is characterized by a low diffusivity; viz., P,> P, and D, » D,. The solid line in the graph is the sum of two exponentials and
the asymptotes that characterize the limiting exponential functions, at high and low values of K, respectively, are denoted by the dotted
lines. The curve is also characterized by four other relationships, from which D,, D;, and 7, may be estimated (when P, is known) as
follows: 1, From the point of intersection of the sccond (less steep) asymptote and the R-ordinate [relationship (3)]; this value is equal to
exp(—A/7;) and it represents the fraction of the nuclear population which has nor left the internal region during the time-interval A. 2, The
point of intersection of the two asymptotes is characterized by K = (7, P, D,)™ ' [relationship (2)]. 3, The value of R at K =(r,P.D,)"! is
given by exp(—4/7(1+ D;/P.D,)) [relationship (4)]. And 4, The difference between InR and the second asymptote (InR,) is
characterized by a decrease from a value of (4/7;) for K=01to (A/27,) for K =(7,P.D,)"" [relationship (1)].
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averaged over 8-32 transients. A line-broadening
factor of 5 Hz was applied to the data, prior to
Fourier transformation, to increase the apparent sig-
nal-to-noise ratio of the spectra. An automatic base-
line correction (third-order polynomial function) was
used after phase-correction of the spectra.

The C/P ratio of the erythrocyte membranes was
determined by extraction of the membrane lipids and
measuring the concentrations of cholesterol by HPLC
and that of total phospholipid by previously de-
scribed procedures [42).

The value of A" for a normal human erythro-
cyte that was required for the calculation of P,, was
taken to be 1.43 X 107° cm?® [47]; this value was
‘adjusted’ for the cholesterol-depleted and choles-
terol-enriched erythrocytes by using a 0.22% de-
crease /increase in  surface area for a 1%
decrease /increase in cholesterol content of the mem-
brane [20,48]. The (minor) changes in the cell vol-
ume were corrected for by adjustment of « in Egs.
3a and 3b, as described previously [49].

Weighted (1/R*) non-linear least-squares regres-
sion analysis of Eq. 1 (lim 7,— =) onto the PFG
data was performed on a Macintosh Quadra com-
puter using the program Regression (Marquardt algo-
rithm). The estimate of errors in the parameter values
that were determined from the analysis, were based
on estimates of the errors in the experimental vari-
ables using the process of ‘ propagation of errors’, as
described previously [50]. The values of parameters
and their associated errors are quoted as the mean +
8D (standard deviation). Theoretical plots of Eq. 1,
showing the relationship between the signal-attenua-
tion (R) and 7, as a function of the parameter
(5 X% g)° (Fig. 6), were generated using the computer
package Mathematica [51].

4. Results

Fig. 1 shows a schematic representation of the
attenuation of an NMR echo-signal that is detected
from a solute or solvent in a composite system
consisting of an internal and an external region
(compartment), in which the fraction of the nuclear
population in the internal region is much greater than
that within the external one. Also, the molecular
motion of the solute or solvent within the internal

R o001

0.001

0.0001 . . r ,

8xg? (106xT2m2s?)

Fig. 2. PFG NMR signal intensities that were recorded from water
diffusing in human erythrocytes at 310 K versus the square of the
product of the duration, 8, and the magnitude. g. of the ficld
gradient pulses, (8 X g)°. The lines were obtained by weighted
(1/R*) non-linear lcast-squares regression of Eq. 1 (lim T %),
Data from cells (Ht = (.78) which had been incubated with = |
mM pCMBS (control, C/P = 0.84) arc denoted by O. @ denote
data trom cells characterized by a C/P ratio of 1.44. @ denote
data from crythrocytes ( Ht = 0.76) ot which the membranes were
depleted of cholesterol (C/P = (.46). O denote data trom cry-
throcvtes ( Ht = 0.76) of which the membranes had been enriched
with cholesterol (C /P = 1.88). B denote data from control cells
(Ht = 0.75. C/P = 0.80).

region, is characterized by a much lower value of the
diffusion coefficient than that in the external region;
thus, P»P, and D,»D;. The curve in Fig. 2 is
characterized by four relationships from which 7,
may be estimated. D, and D, can be estimated from
the slopes of the curve (values plotted in Fig. 5) at
very low and very high values of the parameter K;
i.e., in domains of K where the rapidly and slowly
decaying exponentials dominate the wvalue of the
function (see Theory). The exchange lifetimes, and
their respective standard deviations, were estimated
using all four relationships. The lowest mean coefti-
cient of variation of all four estimates, viz. 21.7%,
was obtained using relationship (1), the other mean
relative errors were 24.5%, 22.0%, and 32.0% for
relationships (2), (3), and (4), respectively. The
weighted mean value of 7, (n = 3), obtained using
the weighting factor 1 /variance, that was estimated
for the control cells (not incubated), was 8.8 + 2.0
ms. Thus, using relationship (1), the estimate of T,
was the most precise and was also that which was
most in agreement with previous estimates. Previous
estimates of 7, in suspensions of erythrocytes at 310
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K, which had been corrected for artefacts related to
the experimental and mathematical procedures that
were used in various individual studies, range be-
tween 6.0 and 9.6 ms [5]. The values that were
calculated from the other relationships were all
higher.

Fig. 2 shows PFG data that were recorded from
control cells in the absence and presence of the water
transport inhibitor pCMBS, of erythrocytes of which
the membranes were either extensively depleted or
enriched with cholesterol (C /P ratio = 0.46 and 1.88,
respectively), and of cholesterol-enriched cells with a
C/P ratio of 1.44. Note the substantially smaller
signal-attenuation in the presence of pCMBS, and at
a C/P ratio of 1.44 compared with that of the
controls. This was caused by inhibition of the trans-
port (increase in 7). Note that the data from cells
with a C /P ratio of 0.46 also appear to be character-

ized by a reduced 7-value relative to those of the
control cells (see also Fig. 4). The parameter esti-
mates (P,, P,, D, and D,) that were obtained from
the regression analysis (Eq. 1; lim 7, —> =) were used
for further analysis with Eq. 5 in terms of the
relationships that are given in Fig. 1.

Fig. 3 shows the dependence of the exchange
lifetime (1,) versus the C/P ratio in human erythro-
cytes, at 310 K. Depletion of membrane cholesterol
appeared not to have any effect on the rate of
diffusional exchange (proportional to 7;') at C/P
ratios ranging from 0.5 to 1.1; the C/P ratio of
control cells was 0.92 + 0.14 (n = 4). Enrichment of
the cholesterol content of the membrane to a C/P
ratio of 1.44, however, resulted in approximately a
3.5-fold increase of the exchange lifetime, to a value
of 28 ms. A further increase in the C/P ratio re-
versed this trend, such that at a C/P ratio of = 1.9,

Table 1

Efflux permeability coefficicnts * characterizing diffusional water transport in human erythrocytes as a function of the C /P ratio of their
membranes

(c/p)° % change in (C/P) ¢ k., (s P, P, + pCMBS ¢
0.46 —43 74+ 10 44 +06

0.48 -40 108 + 11 5.8+06

053 —34 113+ 27 5.7+ 14

0.56 —40 78+ 7 44+ 04

0.61 —24 121 +£20 6.0+ 1.0

0.63 ~32 110 + 34 5.5+ 1.7

0.69 -26 106 £ 20 55+ 1.0

0.80 ° 0 120 4+ 30 57+ 1.4

0.84 ¢ 0 n.d. n.d. 0.75 + 0.15
0.85 -9 114 + 27 59+14

093 ¢ 0 103 + 24 53+1.2

.11 ¢ 0 118 + 25 501+1.4

1.11 0 114 + 32 50+ 1.0

1.21 +9 102 + 29 52+15

1.27 +51 52+ 12 2.1 +05

1.35 +22 82+ 13 4.6 + 0.7

1.44 +71 35+8 1.4403 0.74 £ 0.11
1.54 +83 56+ 11 21+04 0.76 + 0.18
1.76 +110 79+ 16 27405

1.88 +69 115+ 45 62125

* Diffusional efflux permeability cocfficients (10* X cm s~ ') + SD. The total number of samples was 20. Blood was taken from a single
donor on four different days (i.c., two depletion and two enrichment experiments including controls); onc NMR experiment was performed

on each of the samples.

® Molar ratio of cholesterol to phospholipid (C /P ratio).

“ Percentage change in the molar ratio of cholesterol to phospholipid with respect to the corresponding control sample.

d

¢ Control sample.
n.d. not determined.

Efflux permeability coefficients in the presence of pCMBS (= 1 mM with respect to the total volume of the sample).
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the value of 7, was the same as that for the control
cells.

Table 1 lists the diffusional efflux permeabilities
(P,) that were calculated using Eq. 5, together with
their corresponding C /P ratio, which is also quoted
relative to that of control cells. The latter is given
merely as an indication of the range over which the
C /P ratio may vary given the (intra-individual) vari-
ation that exists; of course, its absolute value is the
parameter which is most directly related to P,. A
graph of (P,) ' versus the C/P ratio of the erythro-
cyte membranes (not shown) showed the same form
as the dotted line in Fig. 4. The value of P, in
control cells was 5.4 + 04X 107  cm s ! (n=23),
and this value is in reasonable agreement with previ-
ous estimates of this parameter ([2,4] and references
therein). The values of P, that were measured in the
presence of pCMBS (one control and two choles-
terol-enriched samples) were not significantly differ-
ent from each other, and corresponded to 7, = 67 ms.
Thus, the reduction in the water permeability due to
the higher cholesterol concentration of the erythro-

35 4 1
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Fig. 3. Graph of the cytoplasmic mean residence lifetime () that
was calculated using relationship (1) (see Fig. 1) versus the molar
ratio of cholesterol to phospholipid, at 310 K. The abscissa error
bars indicate a coefficient of variation of 8% in the C /P ratio and
the ordinate error bars indicate the relative error that was esti-
mated from the analysis of Eq. 4, as described in Results. The
dotted line was drawn empirically, and it serves to guide the eye.
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Fig. 4. Graph of the estimates of intra- and extracellular diffusion
cocfficients () of water versus the molar ratio of cholesterol to
phospholipid, measured at 310 K. @ and O denote the values of
the extracellular and the intracellular diftusion cocfficients. re-
spectively. The mean coefficients of variation of the extra- and
intraccllular diffusion coetficients were 5% and 127, respectively.
The trend of the data is illustrated by the lines of “best fit" that
were obtained by lincar regression analysis. The individual ordi-
nate error bars were omitted because most fell within the circum-
ference of the datapoints,

cyte membrane did not add linearly to the inhibition
that was caused by pCMBS.

Fig. 4 shows a graph of the values of the intra-
and extra-erythrocyte diffusion coefficients (D) of
water versus the C /P ratio of the erythrocyte mem-
branes. The values of the diffusion coefficients of
water inside, and outside the cells, varied by approx-
imately an order of magnitude: specifically, D, and
D, of the control samples were 1.1+ 0.1 x 10 '
ms land 2+ 1 X 10 Y m* s ' (n=3), respec-
tively. The mean Hr of the control samples was
0.77 1 0.10, the MCV was 90.6 + 6.0 fl (n == 4), the
mean Ht of the samples which were 1nu|bdtcd w1th
pCMBS was .76 + 0.06, their corresponding MCV
amounted to 97.6 + 5.5 fl (# = 3). while the mean
Ht of all the samples was .77 + 0.07, with a corre-
sponding mean MCV of 91.8 + 5.4 {1 (n = 20).

Fig. 5 shows the theoretical ‘behaviour® of Eq. |
with respect to the mean residence lifetime inside the
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0.1 4

R o014

0.001

0.0001

852 x g2 (106 x T2 m2 s2)

Fig. 5. Theoretical plots of Eq. 1 showing the relationship between
the signal-attenuation (R) and the internal mean residence lifetime
(7;) as a function of the square of the product of the duration, 8,
and the magnetic field strength, g, of the gradient pulses (8 X g)°.
The values of the parameters that were used in the simulation
were: P, = 0.294; P; = 0.706 [values corresponding to the mean
Ht of the control samples (0.77)]; D, =2.0x10"° m* s~ (limit-
ing valuc of the obstructed diffusion coefficient according to the
model of Lindman and Nilsson [57] and Jonsson et al. [S8];
D;=1.1%X10"'"" m* s~ (mean value of the control samples);
and 4= 0.1 s. Note the ‘sensitivity” of D, [slope. of the curve at
large values of (8 X g)?] on values of 7, <15 ms.

cell. The plots show that D, (the slope of the slowly
decaying exponential) varies markedly across a broad
range of exchange lifetimes, and is more ‘sensitive’
to changes in this parameter than D,. Importantly,
the determination of 7, is prone to error in data for
which the exchange rates are rapid, as is the case for
water transport in cells, (i.e., lim T, 0); a small
uncertainty in D, results in a large error in the
estimate of 7,. Thus, the accuracy of the estimate of
7, becomes ‘problematic’ for 7, <15 ms with the
PFG NMR parameters that we were constrained to
use on technical grounds.

5. Discussion

5.1. The effects of cholesterol on the water perme-
ability of membranes

The interactions of cholesterol with other con-
stituents of (bio)membranes are manifold and com-
plex (for reviews see [25,26,52]). The molecular
nature and effects of interactions of sterols with
different membrane-spanning proteins remain largely

obscure. However, the opposite effects of cholesterol
on various facilitated transfer processes in the ery-
throcyte membrane [21] are indicative of different
‘types’ of cholesterol—protein and /or cholesterol-in-
duced lipid-mediated interactions.

There are relatively few studies which have been
concerned with the effects of cholesterol on the
permeability of water across membranes. The pio-
neering work of Finkelstein and Cass [15] demon-
strated that cholesterol markedly reduces P; of thin
lipid membranes up to a C/P ratio of = 4:1. To our
knowledge, no one had previously investigated the
effects of cholesterol on the diffusional water per-
meability of biological membranes. The reports on
the osmotic permeability of water through mem-
branes of human erythrocytes [16,22] are consistent
with our finding, that, for C/P ratios between 0.5
and 1.2, cholesterol does not alter the permeability of
the membrane to water. In contrast, (further) moder-
ate enrichment of the membrane with cholesterol
leads to a significant reduction in water permeability
([22]; this report). At higher C/P ratios, one or more
effects which oppose the trend that is evidenced at
C/P ratios between 1.25 and 1.50, must exist. These
effects caused P, to increase again back to a normal
value at C/P ratios of = 1.8-2.0. It is conceivable
that the same type of transient defects that have been
postulated to occur in proteoliposomes, at protein—
lipid interfaces [30,31], dominate the effects exhib-
ited by cholesterol for C/P ratios < 1.5, in erythro-
cytes with C /P ratios > 1.5. Hence, at C/P ratios >
1.5 the increased water permeability, relative to that
for C/P ratios < 1.5, could be due, in part, to inter-
stitial water pores. The fact that there appears to be a
fraction of erythrocyte cholesterol which can be re-
moved or incorporated ( = 30-50%; C/P = 0.5-1.2),
which does not have any appreciable effect on the
osmotic [16] or diffusional [this report] water perme-
ability, seems to suggest that there are two (or
possibly even more) pools of membrane cholesterol
in erythrocytes. This possibility has previously been
suggested in relation to solutes permeating the mam-
malian erythrocyte membrane via simple diffusion
[19]. Of particular interest, is the study by Kutchai
and coworkers [22], because they found that the
‘hydraulic conductivity’, L, which is equal to
PV, /RT, where V,, is the partial molar volume of
water, decreased by 37% when the C/P ratio was
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increased by 31 (mol) %, but was lowered only by
26% when the C/P ratio was increased by 65%.
These authors discarded the possibility of a particu-
lar trend in the data, probably because only two
datapoints (C/P ratios) were obtained. They also
established that ‘spur’ cells with a C/P ratio which
was twice that of non-pathological cells, (the actual
C/P ratio was not mentioned), were characterized
by a normal value of L. Although these results are
circumstantial to a certain extent, in that only three
C/P ratios were studied, they are in qualitative
agreement with the measurements of P, described
here (see Table 1). No major changes in the mea-
sured mean cell volumes of the cells with changes in
membrane cholesterol content were observed. How-
ever, parallel changes in the surface area of the
erythrocytes were predicted according to previously
established procedures [20,48]. These variations in
erythrocyte surface area have been determined from
calculations that are based on changes in the osmotic
fragility of the cells [20], as well as from critical-he-
molytic-volume measurements [48], and they are
consistent with the fact that the cholesterol content
of a normal erythrocyte occupies 20-25% of the
total membrane surface area. A possible source of
error that is introduced into the values of P, by
using this procedure may result from a difference in
the phospholipid content of the different samples, but
it is thought to be negligible compared with the
coefficients of variation of the estimates of the ex-
change lifetimes.

There is theoretical ([25] and references therein),
as well as some experimental evidence for the het-
erogeneous distribution of cholesterol in the mem-
branes of erythrocytes ([52] and references therein).
Thus, the ‘expendable’ pool of cholesterol may be
the one that is associated with the ‘bulk’ lipid, and it
affects the fluidity of the membrane but it does not
have a significant effect on the CHIP 28-mediated
permeability of the membrane to water. Recently,
Zeidel et al. [53] have shown that cholesterol has no
effect on CHIP 28-mediated osmotic water flow in
proteoliposomes at 5 (mol) %, and 15 (mol) %
cholesterol. The higher sterol concentration amounts
to a C/P ratio of =(0.2; a ratio which cannot be
obtained in erythrocytes. However, their results for
the reconstituted water channel is consistent with the
general conclusion that the water permeability of

cholesterol-depleted erythrocytes appears not to be
different from those of cells with a normal C /P ratio
([16]; this report). In the case of extensive enrich-
ment, and perhaps, in red blood cells as opposed to
proteoliposomes, also in the case of extensive deple-
tion, a second pool of cholesterol might be affected.
which preferentially self-associates, associates with
proteins, and /or with sphingomyelin [27]. However,
the association of cholesterol with proteins does not
necessarily have to be with CHIP 28 alone, as the
putative interstitial water channels at the protein—
lipid interfaces probably represent a general transient
protein—lipid packing defect [30]. This second, non-
expendable pool of membrane cholesterol, would
then be the principal modulator of the permeability
of the erythrocyte membrane to water, in that exten-
sively enriching it may lead to an increase in tran-
sient packing defects, while thorough depletion might
cause this pool (domain) to become slightly more
impermeable.

The combined inhibition of the water permeability
by cholesterol and pCMBS for cells with C /P ratios
of 1.44 and 1.54, and by pCMBS alone for cells with
a control C /P ratio resulted in identical values for P,
within experimental error (see Table 1). Exogenous
cholesterol enhances the availability of suifhydryl
groups in intrinsic membrane proteins, and this in-
crease in their exposure to the bordering aqueous
medium may result in increased protein—water inter-
actions [55]. If it is assumed that this increase in
protein—water interactions has a positive effect on
P,, then a saturating concentration of pCMBS would
decrease the number of ‘extra’ exposed sulthydryl
groups. This would bring about a net reduction of P,
of the cholesterol-enriched samples. to a value that is
similar to that of the control sample.

5.2. PFG NMR as an analytical tool for measuring
the P, of water transport in erythrocvtes

The present work appears to be the first in which
Eq. 4 has been applied to study molecular exchange
taking place in a biological system. The assumption
underlying Eq. 1, that the values of the exchange rate
constants need to be much greater than the relaxation
rate constants, was satisfied, because the T, of water
inside erythrocytes is = 160 ms [S], and this value
sets a lower limit for the value of the corresponding
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T,; the extracellular nuclear relaxation times are
longer (= 0.5 s; [5]), because, amongst other phe-
nomena, of the fewer less mobile sites to which
water may bind outside the cells. The assumption
that the magnetization-phase dispersion during & is
negligible, was satisfied because 6 < 3% of the value
of A. A similar situation occurred in the experiments
that are described here, in that, P,/P. =29 and
D,/D, = 18. Perhaps, the requirement that the frac-
tion of the whole nuclear population that is intracel-
lular needs to be much greater than the extracellular
one, was not perfectly met, but performing the exper-
iments at very high Hr was thought to jeopardize the
assumption that D, > D,. The unbounded self-diffu-
sion coefficient (D,) of water at 310 K is 3.05 X
107% m? s~ ! [56]. The extracellular diffusion coeffi-
cient can be estimated by applying an obstruction
correction factor that takes into account the excluded
volume fraction that is occupied by the obstructing
particles (i.e., erythrocytes). When the shape of a
human erythrocyte is approximated by an oblate
ellipsoid, with an axial ratio of = 1:4, it can be
inferred that with an obstructing volume fraction of
0.77 (the average Hr of all the samples) the ‘effec-
tive” extracellular diffusion coefficient is close to the
limiting (asymptotic) value of 0.67 X D, [57,58],
which is equal to 2.04 X 10~ m* s~'. This value is
in good agreement with the average value that was
estimated for the control samples (2 X 107" m* s~ ';
see also Fig. 5), and thus, the perceived reliability of
the values of D, that were estimated using Eq. 4 was
enhanced. A value of 734 +0.63 X 107" m? s™!
was obtained for D, in the presence of pCMBS
(using Eq. 1; lim *r_,—»OO); this value provides a
rough (over) estimate of the actual D, that would be
measured with 4 =100 ms in the case of purely
reflecting boundaries (i.e., lim 7, — o). This estimate
of D, (for A= 100) is in reasonable agreement with
the values that were obtained by analysis of the data
using Eq. 4, as shown in Fig. 5, and together with
the theoretical estimate of D, it indicates that the
assumption that D; << D, was met.

As shown in Fig. 1, there are, in principle, four
relationships between 7, and R or 7; and K, from
which 7, may be calculated. The mean coefficients
of variation of the 7-data were calculated from each
of the four relationships by propagation of the error
estimates in the parameters P, P,, D, and D, that

were obtained from the weighted non-linear least-
squares regression of Eq. 1 (lim T, =) onto the
data. This analysis demonstrated that the most accu-
rate estimates of 7, were obtained using relationship
(1) (see Fig. 2). This result was expected, because
this relationship incorporates the value of (R; i.e.,
R, +R,)at K=(7;P.D,)"', which is recorded with
greater accuracy (signal-to-noise ratio) than the value
of R, at the same value of K, which is the only
value that is used in the calculation of 7, by means
of the other three relationships. More specifically,
relationship (1) yields an estimate of 7, from the
difference in the values of In(R, +R,) at K=
(r,P.D,)"" and InR,, which means that its estimate
is essentially made from that of R, at K=
(r,P.D,)"'. Because the value of R, at K=
(7,P,D,)"" is (much) greater than the value of R, at
K=(7,P.D,)"', it is therefore less prone to error.

Finally, the results showed that Eq. 4 describes
reasonably well the experimental situation that is
encountered in suspensions of erythrocytes of Ht =
0.75-0.85, and that the relationship (1); [InR — InR,
=(A/27,)] which holds at K= (r,P,D,)"" yields
the most precise (and accurate) estimate of 7.

5.3. Conclusions

Our results showed that in human erythrocytes:
(1) the intracellular mean residence lifetime that
characterizes the rate of water transport under equi-
librium exchange conditions is a non-monotonic
function of the molar ratio of cholesterol to phospho-
lipid of the membranes. More specifically, at low
C/P ratios 7, ' and P, were not affected, while at a
C/P ratio of =1.5, 7' and P, were reduced
=~ 3.5-fold; a further increase in the C/P ratio re-
sulted in an increase of both 7' and P,, and a
normal (control) value was reached at a C /P ratio of
= 1.9. (2) The combined inhibition of the water
permeability by cholesterol and pCMBS for cells
with C/P ratios of 1.44 and 1.54, and by pCMBS
alone for cells with a control C/P ratio resulted in
similar values for P,. (3) The PFG NMR method of
measuring 7, using Eq. 4, provided a simple, rapid,
reliable, and non-invasive method for determining
the rate of water transport and diffusion in suspen-
sions of erythrocytes. Therefore, the PFG NMR anal-
ysis of water permeability of human erythrocytes
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may be useful for the clinical diagnosis of liver
disease, and hypo-, or hypercholesterolaemia, all of
which affect the C/P ratio of erythrocyte mem-
branes, and presumably that of other cells as well.
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