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Reduced water exchange in sickle cell anemia red cells:
a membrane abnormality
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We have measured the diffusional water permeablity of sickle cell anemia red blood cells wader isotonic conditions
using pulsed nuclear magnetic resonance (NMR) technigues We have found that the eguiibrinm diffusional permeabl-
ity for sickle cells is about 1 61 - 10 "2 cm /5, or about 60% of the value measured for normai cells, This abnormality is
not related to the heterogeneity generally found i cell populations in sickle red cells with different mean corpuscular
hemoglobin concentrations We speculate that the abnormality of water exchange under isotonic conditions in sickle
cells reflects an alteration of membrane proteins responsiile for water exchange, posuibly caused by oxidation of Band

3 proteins

Introduction

Yarous stractural abnormahtics have been ohserved
m the membrenes of sickle cell anema red blood cells
Loss of hpid b layer asymmetry has been observed |1,2],
and the rate uf phosphatdyicholine (PC) fhp-flop 1s
altered 1n sickle cells [3—7). An abnormal spectrin-actm
skeleton has b2en found i sickle cells [89], and a
defective association between ankyrmn and spectrin
situ on sickle cell mside out vesicles has been detecied
[10]. Some of these membrane abnormalites have been
shown to be related to oxadative damage m sickle cell
membranes [1,11-15] and are probably related to the
abnormal oxidant-defense systems in sickle cells {12,16,
17] Durect observatiors of oxidation of both membrane
bpids and membrane proteins have been reported with
excess lipid peroxidation {17] and with increased mem-
brane proteins with intramolecular disulfide limkages
[t4] There 15 also evidence for oxidative damage in
sickle cell protein 4 1 [18]

Functional abnormahtics i sickle cell membranes
have also been detected. Altered membrane permeabil-
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1y to cations has becn suggested «s the cause of sickle
cell dehydration [19], while inhibition of the Na* pump
has been observed n wrreverstbly sickled cells (1SCs)
The kinetics of osme’ « water transport by sickle cells i
different from that of normal cells [20] Outward water
flux under asmotic strsss 15 about 40% less i sickle celly
as compared to normal red cells
In this work we have rieasured diffusional water
permeability of sickle cells under 1sotomc condil.ons,
since this would stem more physiological, using pulsed
NMR techruques We find that the equhbnum diffu-
stonal pernieability for sickle cefls 1s about {1 61 & 0 30}
1072 em/s. about 60% of the value measured for
normal cells We speculate that the abnormality of
water exchange under rsotome cenditions n siede cells
reflects an alteration of membrang protems responsible
for water exchange, possibly caused by oxidauion of
Band 3 proteins

Materials and Methods

Blood sample preparations

Normal human adult, packed erythrocytes were ob-
tained from the blood bank of the Amernican Red Cross
Society, Chucage Chapter 11 normal individual blood
samples were used in this study Homozygous sickle
blood samples of four randomly selecied. asymptomatic
sickle patients were obtamed The MCHC of these
pauents was measured within 24 h by the manual
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method as descnbed by Mcohandas and co-workers [21]
Total hemoglobin concentration was assessed with
cyanmethemoglobmn, and the hemaiocnt calculated by
the method of Strurma [22] Felal hemoglobin con-
centration was measured by the alkali denaturation
method [23] and A, hemoglobin levels by amon-ex-
change chromatography [24] The average MCHC val-
ues and hemoglobin concentrations are histed in Table I

Hemaoglobin electropharesis on  cellulose acetate
plates was performed on both normal and sxckle blood
samples just before the NMR experzments 10 ensure
their punty Most of the red blood cell samples were
used wathin ane to two days after withdrawal Normal
blood samples that were stored up to ten days gave no
substantial difference in NMR data

Blood cells were washed at 4°C three to four tumes
with 3 mM sodium phosphate buffer (pH 8) contaimng
150 mM NaCl (PBS) to remove plasma and buffy coat
Aficr the 12st wash, most of the buffer was removed to
obtain samples of packed erythrocytes with hematocrit
values that ranged from 92 10 97% Both the normal and
sichle cells were processed 1n pairs

NMR sample preparations

NMR sampies consisted of washed packed cells with
and without Mn** 1ons For samples without Mn**
wns. U5 ml of washed packed cells, with hematocnit
values of 92-97%, were transferred directly into 5 mm
NMR tubes For samples with Mn®* 1ons, 035 ml of
the washed packed erythrocytes with the same hema-
tocnt value were nmxed thoroughly with .1 ml of PBS
and 005 ml of 20 mM MnCl, in H,O, just before
NMR expenments, to give a 2 mM Mn?* cancentration
in the aqueous extracellular environment and a hema-
toent value of about 65% 1t 1s essential that Mn 10ns be
confined 1o the extracellular agueous muheu only Thus,
the MnCl, solution was always prepared at least one
week 1n advance to reduce Mn®* penetration mnside the
redd blood cells [25-27]

Muluple NMR samples were prepared from each
blood preparabion to gve a total of 26 NMR samples
from 11 norms! zed blood samples Seven sickle blood
preparations from four sickle patients were used to
prepare 20 NMR samples

NMR measuremernts

The methods of Pirkle and co-workers [27] were used
with rnor modifications All NMR measurements were
performed on a Nicolet NT 200 MHz spectrometer
(Micolet Magnetics Corporation, CA) within 30 mun of
the Mn?* addition to the erylarocytes to mmmuze Mn
10ns enlenng mto the erythrouytes [27) The magnet was
shummed with a spinmng standard sample (sedium
acetale} to give a water line-widih of about 0.5 Hz
Pulsed WMR measuremenlts of the waler proton spm-
span relaxation tune, 7, were made at 37°C without

spinning the sample, using the standard T2ECHO pulse
sequence (a spin-echo pulse sequence) A 90° pulse was
mtroduced and followed by a senes of 180° pulses
which were separated by time-delays of 500 ms for
packed celi and 100 ms for Mn®*-doped cells Tius
pulse sequence was achieved by using a contnuously
vanable delay trigger after the compostte 180° pulse
which consisted of 90 — 180 — 90 degree pulses A t0.al
of 256 amplitude measurements were taken at the top of
each echo A 2 s recychng ume and a 512 ms acquisition
time were used Signals were averaged over 16 scans,
with a total data acqusition time of 053 mun Spectral
widths were set at + 500 Hz for samples of cells wathout
Mn?*, and +2183 9 Hz for cells with Mn®* The non-
spinning line-width of water signal mm samples with and
without Mn 1on were about 60 and 10 Hz, respectively
Duphcaie NMR 1
NMR sample

NMR measuremenis were also obtained on normal
cells that were first treated with MnCl, and then washed
with PBS

nis were obtamed from each

Atormuc absorption experiments

Atomic absorption experiments were performed on
sickle cells treated with Mn ions with and without
subsequent washes to ensure that no substantial amounts
of Mn 1ons entered into the cells, since sickls cells are
known to have vanous cation permeability abnormali-
ues Sickle blood samples contaimng 2 mM MnCl,,
simlar to those used m NMR measurements, were
incubated for 30 min and washed three tumes with PBS
The supernatant was discarded and the packed cells
were used for atorue absorption experiments Control
samples were sickle blood samples without MnCl,

Blasd samples (50 g1 of packed cells) were added to
295 ml lysing medium (Trton X-100) for atomuc ab-
sorption measurements A Perkin-Elmer Model 5000
Atomic Abscrption specirometer, equipped with a Mn
lamp, was used The wavelength was set at 279 5 nm
No significant amounts of Mn 10ns were measured 1n
the washed samples that were treated with MnCl, (less
than micromolar concentration), indicating that no sig-
nificant amounts of Mn 10ns entered sickle red blood
cells under our NMR expenmental conditions

NMR data analysis

The data analysis procedure used by Pukle and
co-workers [27] was followed The data from packed cell
samples, without Mn 1ons, were fitted, with SAS (Statis-
tical Analysis System from SAS Insutute, Research
Trnangle Park, NC) nonhnear regression methods, to a
single expcnential function, M(#)=A-exp{~1/T,. ) +
B, where M(s) was the decay of magnetization, or
spin-gcho amplinde, measused at tme ¢ T, was the
spin-spimn relaxation time of water protons mside the red
bload cells, and B was a constant ta adjust the baseline



to zero after complet€ relaxation had occurred For cells
suspended n buffer doped with Ma? ¥, the decay of the
echo ampliludes < ould be resolved into two exponential
componerir, a fast component, and a slow compoenent,
using the theory of two-site exchange [27) M{¢)= P,
exp{ —t/Ty )+ P, e.p(—t/T},)+ B, where Ty, was
the apparent relaxation time of water molecules 1nside
the cell (slow component) and T,, was the relaxation
ume for water outsude the cell (fast component), P, and
P; were the apparep! fractional echo amplitudes from
the intra- and exwaacellular water melecules, respec-
tively, and B was the baseline correcuon factor With
the values of T}, obimined above from samples without
Mn tons, and T, T},, £, and P/ obtamed from
samples with Mn 1ons, the values of 7., the water
diffusicn exchange time, can be obtamned from the
following equations [27)]

VT =101/ Ty 1/ Ty # 1/ T +1/24)
V2 (U T~/ T 4 Ut -1/ T 44/ T )

LT =123/ Ty 4 1/ Ty + 1/ Ty +1/8,]

+1/1[(1/sz — 17Ty + 1/t~ 17T, )2+4/'rﬂr,,] 2
B =172-1/8(( Py = PN/ To =1/ Tap) + 1/ Tou #1713
PRV IRV SRV S VIRV RS Ve WA b
P at-p

where P,=1- P, and P /T, = F,/t,

The diffusional water permeabihty constant, P,, 15
then related to the exchange time by the equanon
P, =(V/4) 1/T,, where V 1s the volume of cellular
water and A 1s the surface area of the red blood cell
[28] A volume of 063 107! cm’, assuming a cell
volume of 90 10~ " ¢cm® and 70% water content instde
the red blood cells, and a surface area of 142 107% cm?
[29] were used to give a /A4 ratio of 44 1075 cm

Results

Fig. 1 shows a typical plot of the spin-echo amph-
tude as a function of data acqusiuon tume for blood
samples A totat of 256 amphiude values were collected
for each sample, with or without Mn 1ons For samples
with Mn ices, the amphtude values approach zero at
about 50 ms (curve A) For samples wathout Man 10ns,
the amphtude values are sull relauvely lugh at 50 ms
{curve B), as expected, since the water relaxation time 1s
much longer, but approach zero at about 250 ms (insert)
The spin-echo amplitude values were analyzed to give
relaxauon umes The relaxanon tmes of mndividual
patients are shown in Table 1 Substantial differences in
the relaxation values between normal and sickle cell
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Fig 1 Typical plot of the spin echo amplitude of waler pratons a» a
function of data acquiniion time for blood samples. See text (NMR
measurements) for spin echo pulse szquence 256 amphtude valuss
were collecied for each sample Curve A s Tor a red blood cell sample
cantaiming, 2 mM Mn :ons al a hematoent value of about 65% Curve
B 15 & partal plot for a packed red blood sample without Mn 1ons and
with a hematocnit value of aboul 35% A full plot of Carve B 1s
presented 1n the insel The solid lines are the fitted curves as discussed
n the text (Dala analysis)

TABLE 1

Average hemaiologic values und water relaxation tmes of the sickle
patrenis

Patent MCHC HbS HbF HbA, %,

emsdly (%)Y (B (%) (ms)
1 33 W1 64 36 839+45(n =14)
2 37 920 39 40 826117 (n=14)
3 k) 958 07 42 W95+04(n= 4
4 ) 913 67 20 56033 (n= 4

samples were observed As shown wn Table II, the
averaged T, of sickle cells from duplicate runs of 20
NMR samples (n = 40) was 858 + 14 3 ms and that of
normal red cell olood samples was 1334+ 124 ms
{r=752) A pared Student’s r-test with the null hy-
pothesis showed that the differences between sickle and
normal « ells are statsucally sigmficant with a 7 value of
2052 and a P value of 0 0001.

TABLE LI

Warer relaxanion iime, exchange fime, and diffusional permeabihry of
normal and sickle cells and their t and P palue- from Student’s f-rest with
12 nwll hyporhesis

Semple T3, (ms) Tex (ms) P, (cm/s)
(X10%)

Sickle cells (r = 40) 358+143 292473 1611039

Nommal cells (#=52) 15341124 164126 2761048

t value (r = 40) 2052 1054 823

P value <0001 < {0001 < 00001
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No sigmificant differences were observed between
normal cells that were treated with MnCl, and then
washed with PBS, and normal cells that were not treated
with MnCl,, 1n agreement with the published results
[48) These NMR data on normal cells and the atomic
absorption data on sickle cells indicate that no siprifi-
cant amounts of Mn 1ons entered red blood cells to
affect the relaxation times of intracellalar water mole-
cules

The average water exchange time, T,,, for sickle cells
was cadvulaien 10 be 292473 ms, while for aprmal
cells 1t was 164+ 26 ms Agan, the difference was
statistcally sigmificant, with a ¢ value of 1054 and a P
value < 00001 A longer exchange ime for sickle cells
mmplies that the water permeabiliry across stekle cells 1s
lower than that for normal cells The average diffusional
water permeability, P, at 37°C was calculated to be
{161 +£039) 102 cm/s for mickle cells, and (276 &
048) 1073 em/s for normal cells These values differ
sigmficantly, as shown by the Student’s r-test with a ¢
value of 8§ 28 and a P value < 00001

Discussion

Water exchange measurements

The main techmques used to e water exchang
across erythrocyte membranes are 1sotope iracer, etther
efflux or influx, and NMR. methods The diffusional
water permeabihity of nermal red cells at room tempera-
ture determined by NMR techniques 1s (24-32) 1073
ent/s [27,30-32], which agress wath results obtained by
measunng the efflux of tnitiated water from labeled
normal red cells by the continuous flow method [29]
The values obtamned by influx measurements, (4-3)-
107% em/s, are somewhat kngher, however, the reason
for the discrepancy is not clear [33] It 15 not hikely that
the difference 15 related to the addition of manganous
10ns to the extracellular medium i NMR studies, since
recent studies have shown that manganous 1ons at can-
centrations as hugh as 19 mM de not change diffussonal
water permeability [29]

Our NMR results mdicate that the exchange ume of
water across membranes under 1sotonic conditions in-
creased from about 16 ms mn normal cells to about 29
ms in sickle cells, an increase of about 81% The diffu-
sional permeability 10 sickle eells (161 1072 cm/s) 15
decreased by about 42% from that of normal cells
(276 107? cm/s) It has been shown that NMR tech-
niques are unuque and useful :n studying the physiology
and pathology of water permeability i erythrocytes of
pauents with disease For example, using NME tech-
mques, the exchange time of water through erythrocyte
membranes increased by 13-535% i panents with
Gaucher's disease, essential hyperliperma, obstructive

Jaundice, chromic hepautis and the nephrotic syndrome
[34], while the permeabihty decreased significantly mn
patients with Duchenne muscular dystrophy [35]

Homogenetty of cefl population

In these studies and in previously published NMR
studres of normal and abnormal bleod samples, the cell
populations have baen considered to be umform A
single cell population, in terms of hemoglobin and
water concentration, was assumed for data analysis and
was probably apphcable, particularly for normal red
cells The assumption, however may not be apphcable
to sickle eells, since sickle cells are known to be hetero-
geneous 1n ther hemoglobin concentrations The values
for the MCHC of vanous fractions obtammed from den-
sity-separated sickle cells range from 34 g/100 ml to 48
g/100 ml [36] Furtaermore, the magneuc relaxation
ume  depends on ihe lhemoglobin concemtratwon
[26,37,38] Dense cells have a low T, due to the high
traceliular hemoglabin concentration, sincg differgnt
values for MCHC may lead to different relaxation
tmes, this leads to uncertamnties in water permeabiity
values Thus, the effects of these dense cells on mem-
brane permeability obtatned from NMR measurements
should be addressed

To examine the effect of dense cells on the 75, value
of packed cells, 1n addition to the single-exponential fit
used for obtaining the 7,, values as discussed in
Materials and Methods, we have also assumed 10% or
20% very dense cells with a short T,, and bitted the data
te a two-exponential term equation, M()=A"-
exp(— /T )+ A exp(—1/T;,)+ B, where A’ /(A" +
A) 15 either 10% or 20%, and T3, 15 the T3, value for
very dense cells with a valve of 60 ms (from Fig 2, Ref.
37) From a set of 30 relaxation measurements of sickle
red cells, the averaged T,,, assumung 10% very dense
cells, increased by about 4% above the value obtamned if
no very dense cells were assumed to be present (single-
exponential fit} An approx. 9% increase occurred 1f
20% very dense cells were assumed to be in the cell
population A 4% T, measurement error introduces a
2% error into the measured T, or P,, and a 9% error
mtroduces a 3% error into the measured 77, or P, (from
Fig 2, Ref 27) Thus, the assumption of a single
MCHC value in sickle cells does not appear te intro-
duce sigmficant error into the apparent cell water life-
trme or into measured water permeability

In our data analysis, we have also assumed that both
normal and sickle cells have a water volume of ¢ 63
10™ "Yem?, assunung a cell volume of 90 10~ ¢m® and
a 70% water content :nside the red blood cells H we
assume that the water content tn some of the sickle cells
15 smaller than that of normal cells, the calculated P,
values will be smaller than the ones reporied mm our
resull section, since P, 1s directly proportional to water
volume in cells Thus, if the sickle cell samples have



some populations of cells with smaller cell volumes, the
P, values will be even lower than 161 10~*cm/s

Decreased water exchange and sickle cell abnormahities
Our measurements show that the water permeability
value 1n sickle cells under 1sotosuc condition 15 only
about 60% of the value of normal cells If one considers
that water equilibration across cell membranes 1s very
rapid, this alteration 1n water permeabihty may have
littie physiological effect in sickle cells However, since
membrane permeability to water 15 governed by mem-
brane protems and hpids, sigmficant changes in mem-
brane permeability do indwrectly mdicate changes in the
state of membrane proteins and liprds Extensive stuches
on diffusional water permeability reveal that water nor-
mally wavels through the human red blood cell mem-
brane via two parallel pathways approx 90% flowing
through water channels, and 10% diffusing through the
bpid portion of the membrane [29,32,39] The warer
channels have an equvalent pore size of 4 5 A [40], and
1t has been suggested that the channels are lined with
integral proteins [41] The amon Iransporter, Band 3.
also appears to be mvolved m water transport [39]
Excessive lipid peroxidation has been detected in
sickle cell membranes [1,11-13), this nmght affect water
transport Since only 10% of the water diffuses through
the lipid portson of the membrane m normal cells [32),
however, we believe that the 40% decrease 1 sickle cell
diffusional water permeabihity which we observed can
not be explained by altered lipid orgamzation alone
Some sulfhydryl-reactive reagents, such as pCMB or
PCMBS, which modify the preteins, reduce the diffu-
sional transport of water to a ‘ground” value of about
{1 2-16)-10"*cm/s {29] General theol oxdation of all
membrane proteins has been detected in sickle cells [14],
probably due to the excessive spontancous generaton of
oxygen radicals [42]. It 1s tempung to speculate that the
reducuon of diffusional transport of water 1n sickle cells
to the ‘ground’ value 1s due to the oxidation of Band 3
sulfhydryl groups m sickle cell membranes
The kinetics of osmotic water transport by sickle
cells, in light-scattering studies, has been found to de-
crease by about 40% from that of normal celis [20]
These workers suggested thar the decrease was probably
due to hemoglebin association with membranes Hemo-
globin biuds wath lugh affinity to the cytoplasmic por-
uon of Band 3 molecules [431 However, the mhibntory
effects of pCMBS on water transport cannot be attni-
buted io cytoplasmuc SH groups The sites mside the
transmembrane aqueous poie and near the extracellular
surface are cnucal for water transport [44] Band 3
contains S1x sulfhydryl groups §45.46] Frve of these
react with both N-ethylmaleumde and pCMBS, while
the sixth sulfhydryl, which reacts only with pCMBS,
appears to be responsible for the mhibition of water
transport i mtact cells [44] Ths sulfhydryl group 15
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located on the 15 kDa transmembrane fragment near
the amon transport inhibitor sie [47] Therefore, we
furtlier speculate that thus sulfhydryl group in Band 3 of
sickle cells may be oxidized However further work 1s
“needed 10 prove these speculations
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