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The ct~ythrocytes (RBCI of the Milan hypertensive rats (MILS) have a smaller volume and faster Na ' /K  ~/CI cotransport than 
RBC from normolensi,ve controls (MNS). The difference in Na ' /K~/CI cotransport is no longer present in inside-out Vesicles 
(IOV) of RBC membrane. To differentiate between cytoplasmic or membrane skeleton abnormalities as possible causes of these 
differences, Rcsealcd ghosts (RG) were used to measure ion transport systems. The following results have been obtained: (1) RG 
from MilS have a smaller volume than MNS (mean ± S.E. 21).7 + {|.45 vs. 22.119 +1).42 fl, P < 0.05). (2) RG showed a 
bumetanide-sensitive Na efflux that retains the characteristics of the Na ' /K  ~/CI cotransporl of the original RBC: it is K'o 
and CI -sensitive and dependent on the intraecllular Na + concentration. (3)The Na~/K+/CI - cotransport was filstcr in RG 
from MHS than in those from MNS (mean :t: S.E 0.{195 + {I.01 vs. {I.0fi6+ {).Ill rate constant h n p <  {I.01). These results, 
together with those of IOV, support the hypothesis thai an abnormality in the membrane skeletal proteins may play a role in the 
different Na ~/K~/CI cotransport modulation between MHS and MNS erythrocytcs. 

Introduction 

Among tile many abnormalities of cell ion-transport 
systems so far described in essential hypertension, those 
of the erythrocyte Na+ /K+/CI  - cotransport are par- 
ticularly interesting for the following reasons: ( i )  they 
have been found both in humans with essential hyper- 
tension [1-5] and in rat strains with genetic forms of 
hypertension [6-9]. (2) One of these strains, the Milan 
hypertensive rat strain (MHS), showed a faster erythro- 
cyte N a + / K + / C I  - cotransport before the develop- 
mcnt of hypertension than the normotensive controls 
MNS [10], and this characteristic was demonstrated to 
be primarily determined within the stem cell [1 !] and 
a, - ,no t io . l l , t l  : !S~OCi~ t~  ,,,,.tile l h ~  hl,,,.-.,,cl ,ressure levels on 
F2 hybrids derived from FI (MHS × MNS) rats [1 I]. (3) 
The N a + / K + / C I  - cotransport alterations of MHS 
erythrocytes are similar to those found in luminal 
membrane of the thick ascending limb cells [12] or in 
vascular smooth muscle cells [13], namely the rate of 
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the N a + / K + / C I -  cotransport measured in the MHS 
cells is faster than in the corresponding cells from the 
control normotensivc rats (MNS). The similarities be.. 
tween erythrocytes and kidney cells can be relevant to 
the understanding of the pathogenetic mechanisms of 
MHS hypertension, since high blood pressure can be 
transplanted between MHS and MNS with the kidney 
[14,15] and the pressor effect of MHS kidney seems to 
be due to an accelerated Na + transport across the 
tubular epithelium [16]. 

All these observations suggested that the faster 
Na + /K+/CI -  cotransport of MHS erythrocytes could 
be due to the same cell alteration that, at kidney level, 
is involved in the development of hypertension. There- 
fore, the understanding of the cellular mechanisms 
responsible for the altered N a + / K + / C I  - cotransport 
of MHS erythrocytes should also be useful for detect- 
ing the genetic renal defect causing hypertension in 
MHS rats and, at least, in those hypertensive patients 
with faster erythrocyte Na+ /K+/C!  - cotransport and 
increased tubular Na + reab,~orption [2,17]. 

in previous studies we have shown that the faster 
N a + / K + / C I -  cotransport of MHS erythrocytcs is due 
to a higher affinity for internal Na + [18]. These differ- 
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ences between MHS and MNS disappear in erythro- 
ogtc inside-out vesicles (IOV), where cytoplasmic and 
membrane skeletal proteins are removed [18]. This 
suggests that the altered N a + / K + / C I  - cotransport is 
not due to an abnormality of thc transmcmbranc pro- 
tein(s) but to some regulatory intraccllular factor(s) or 
skeletal membrane protein(s) which affect the 
Na÷/K+/CI -  cotransport activity of intact MHS cry- 
throcytes. 

The aim of the present study was to discriminate 
between these two possibilities. We approached this 
problem using erythrocyte resealed ghosts (RG) from 
both strains, since this cellular preparation maintains 
an intact skeletal membrane protein network and al- 
lows the substitution of the celhflar cytosol with artifi- 
cial milieu [19-22]. 

The results we obtained arc: (a) rat RG show a 
bumetanide, K ~ and (3 -scnsiti~e Na '  efllux with the 
same characteristics of the Na " / K ' / ( ' l  +~ cotransport 
of fresh eB, tiwocytes: (b) ,it physiological and compara- 
ble intraccllular Na'  concentrations, N a ' / K * / C i  
cotransport activity is higher in MHS than in MNS 
RG: (c) as in intact erythrocytes [10], MHS RG have a 
lower volume than MNS. Therefore, together with the 
results obtained from IOV [18], these results exclude 
the possibility that some cytosolic factor can alter the 
MHS Na ~/K~/CI cotransport and fitvor the hypoth- 
esis that the Na+/K+/CI cotransport is differently 
modulated by the membrane skeleton in MHS and 
MNS rats. 

Materials and Methods 

Anhnuls. The experiments were perfimlled on RBC 
obtained from male hypertensive rats (MHS/GIb) and 
their normotensive controls (MNS/GIbL derived from 
our original breeding colony (Prassis, Research Insti- 
tute Sigma-Tau, Settimo M,, Milan, Italy). Animals 
were used at 7-8 weeks of age. Systolic blood pressure, 
measured by tail cuff method, averaged 168.4_+ 1.1 
mmHg in MHS and 132.1 :t: 1.2 mmHg in MNS. Both 
strains had free access to food and water and wcrc 
maintained on normal sodium diet ((l.SeJ~ NaCI (w/w), 
Alttomin MT Rieper, Vandois, Italy), up to the mo- 
ment of the experiments. 

Medium coml~sition hn raM, Phosphate-buffered 
saline (PBS): NaCI 140: Phosphate buffer l0 (pH 7,4) 
at rtx~m temperature, Hypotonic lysis solutkm: MgSO~ 
4: A'I'I~Mg)4: dithiothreitol l: diisopropyl fluorophos- 
phate 0,4: glutathione (reduced form) 1 (pH 6.0) at 
0°C, Reversal Na~-free solution (10x) :  KCI 1045; 
glucose 20: 3-(N-morpholino)propanesulfonic acid 
(Mopsbtris(hydroxymethyl)methylamine (Tris) buffer 
!~} (pH 7.3) at 37°C. Sodium loading solution: NaCI 
35; KCI 80; glucose 5, ouabain 10: Mops-Tris buffer 10 
(pH 7.4) at 37°(7. Sucrose cushion: sucrose 45% (w/v) 

into sodium loading solution. Choline/sucrose medium: 
choline chloride 80; sucrose 75; MgCI 2 l: glucose 10; 
Mops-Tris buffer l0 (pH 7.4) at 37°C 

When required by the experimental protocol, chlo- 
ride was substituted by either equimolar nitrate or 
sulphate ions, and potassium (or sodium) were substi- 
tuted by choline ions. Choline nitrate and choline 
sulfate wcrc prepared neutralizing the base (50% in 
water) with concentrated HNO s or H,SO 4 [23]. 
Reagents wcrc purchased from Sigma, Aldrich and 
Merck. 

Preparathm of reseah'd ghosts. From each rat, 10 ml 
of blood was collected in a hcparinizcd syringe, sedi- 
mented at 7l)(I × g for 15 min at 4°(7 and the plaslna 
and buffy coat removed. RBC wcrc never pooled and 
each measurement referred to a single animal. 

RG were prcparcd following the incthod of Schwoch 
and I)assow [22], with some modificatio,)s. Briclly, the 
RB(" were washed three times in PBS. One ml of the 
final packed RBC was lyscd in I(I volumes of the 
hypolonic lysis solution, kept on ice for 5 rain to 
complete the hemolysis, then sedimented at 3211(l(I × g 
fi~r I(I min at 4°C. The supcrnatanl was removed and 
new hypotonic I.vsis solution was added. This allows a 
minimum of 7(l-fold dilution of the soluble cytosolic 
component. 1 ml of the concentrated Reversal Na '4"rcc 
solution was added, The pH of the final isosmolie 
mediuln was adjusted to 7.3 during Ill rain incubation 
at (FC, The tubes wcrc then warmed to 37°C Ibr 45 
rain. At the end of the resealing period the ghosts were 
sedimenlcd and the supernatant replaced with sodium 
loading solution for some minutes, according to the 
experimental protocol. For most of the experiments, 
we incubated for 5 rain at 37°C, which allows the 
cnmmcc of Na '  up to a physiological concentration 
(5-7 mmol Na */I RG) (Table I). For the experiments 
performed to dctcrmipc the activation of Na + ettlux by 
intraccllular Na ~, aliquols of RG wcrc incubated in 
the sodium loading solution for increasing times, in 
order to achieve the desired intraccllular Na + concen- 
trations. 

The ghosts were pelleted, layered on the top of a 
sucrose cushion and sedimenlcd for I h at 28(10(I X g. 
The 'resealcd' ghosts were collected at the interlace, 
while the "leaky" ghosts wcrc pelleted. Aliquots of 
'resealed' ghosts were lysed in bidistilled water for 
hemoglobin measurements. 

Na ~ eJ]ha' meast~rement. The studies were per- 
formed by the 'zero-trans" method, as already de- 
scribed for intact erythrocytes [10]. The RG were 
washed three times in the choline/sucrose solution. 
Washed RG were incubated in choline/sucrose 
medium with the following additions: tube l: KCI 5 
mM: tube 2: ouabain 5 mM and tube 3: ouabain 5 
mM + bumetanide 0.5 mM (KCi was omitted in tube 2 
and 3 to favor the ouabain binding to rat Na+/K +- 



ATPase). The bumetanide concentration was chosen 
according to the dose-response curve in RG (sec re- 
suits and Fig. 3) as the lowest dose giving the maximum 
inhibition of Na + efflux. The final hcmatocrit was 
l-2e/b. Incubation was carried out at 37°C i*l a shaking 
water bath. Aliquots were taken in triplicate after 11, 5 
and 15 rain and (I, 10 and 211 rain respectively for the 
total Na + effiux and the ouabain, bumetanide-sensitivc 
Na + effiuxes and immediately spun for 311 s in an 
Eppendorf Minifuge at 12111111 rpm. The supernatant 
was removed tk~r Na ~ determination by atomic absorp- 
tion (Perkin Elmer I IIIIIB). Aliquots of RG suspension 
were lysed in bidistilled water lbr measurement of the 
intracellular Na ~ and K '  concentrations by atomic 
absorption spectrophotometry and for hemoglobin con- 
tent. Na ~ efflux was calculated by the least-squares 
Illelhod from the points obtained at the diffcrenl Salll- 
piing times. The Na ' / K ' - p u m p  activity was cal,:alated 
as tile otlabain-sensi l ive N~,i' effhix; the Na ~/K ~/('1 
c o l r a l l s p o r t  activity :is t h e  ouabain-resis tant ,  
burnctanidc-scnsilivc Na'  cffhtx ~,lltl |he Na'  passive 
permeability as the residual Na '  cfflux in presence of 
ouabain and bumetaifide. The intra-assay coefficient of 
variability was 8.6e~ fllr pump measurements, 11).5~, 
for cotransport and 2.4% for passive permeability. 
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K ' t~f]h~x measurements. RG wcrc prepared as de- 
scribed abtwc, except for the presence of Na ~ ions 
replaced by choline in each solutions. Washed RG 
were incubated in the same choline/sucrose solution, 
as for Na'  cfflux measurements, li)r 11, 10 and 20 min 
at 37°C, in the presence of 5 mM ouabain and with or 
without 0.5 mM bumetanidc. Aliquots wcrc taken in 
triplicate and the superna|anl was separaled by Eppen- 
doff centrifugatkm and measured for K '  cor, centra- 
tion by atomic absorption spectrophotometry. 

Cell cohtme measuremem. Erythrocylc and RG vol- 
umes were measured in a Coukcr Counter ZM co,~- 
netted to a Multichannel Analyzer 256 (Coulter Elec- 
tronics, UK) as previously described [10]. 

Memhrane proteins. The membrane protein composi- 
tion of RG of MHS and MNS rats was a,mlyzed by 
SI)S-PAGE, as described previously [24]. 

lh'mogh;hhl content. The hernoglobin content was 
evilhlaled i l leasuring absorbance  ~,f lysale al 54|} nln hi 
a ,lasco 778511 spectrophotometer. 

/lcetyh'holint,stetuse assay. The assay was performed 
as described by Steck and Kant [211]. 

h TP mt'asllrt'ttlelll.~. ATP conlenl was measured with 
the Sigma ATP kit. 

Statisth's. All transport values were expre:~sed as 

ghosts 
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Fig. I. SDS-PAGE of membranes from MNS (N) and MIlS (1t} erytllmcytes. Ghosts, 4(J p.g protein; extracts, low-ionic-strength extracts i'r~m 
ghost preparation. 20 pg proteins. (*) indicates adducin, ]OV, Inside-out vesicles, 2l)/,tg proteins. Samples are iniercalaled by mtflccular weighl 

slandards. The gel is slaincd with Coomassie blue R250. 
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rate constant (h - - t ) ,  to  normalize individual variability 
in intracellular Na ~ content and cell volume and allow 
comparison between RBC and RG values. ICs, for the 
bumetanide dose-response curves and kinetic parame- 
ters for activation curves were calculated by a non-lin- 
ear fitting computer program (SIGMAPLOT, Jandel 
Scientific, USA). Data are expressed as the mean _+ S.E. 
Statistical evaluation was performed by Student's t-test. 

R e s u l t s  

Rat RG membrane prnte#l pattern, rohmw and bt tm- 
celhdar hm coneoltrations 

As shown in Fig, !, the elcctrophoretic patterll of 
RG membranes of both strains was similar and no 
signs of proteolitic degradation of the main integral 
lind membrane skeletal proteins were detected. The 
residual hemoglobin content was on average 15% of 
the basal content in RG of both strains. They appeared 
to be sealed to macronmlcculcs as no further release of 
hemoglobin [21] or of untrapped radiolabelled IgG 
were detected after several washes (data not shown). 
The ghosts were defined as 'sealed' to transportable 
ions and, therefore, used for flux measurements, when 
the internal K ~ content, measured after three washes 
in choline/sucrose (Na '  and K '  free) medium at 4°C 
and just before the eftlux measurement wits conlpara- 
hle with the K* concemration present in the reversal 
solution (Table D. Potassium ions were chosen, since 
RG are usually charach:rized by high K '  permeability 
[25-27] and an activatitm of tile K + / C I  cotransporl 
has been reported its consequence of stretching during 
ghost preparation [25,2(~,281. The separation of the 

°°t.0 / .~ Total Na EIll 

0 10 20 30 40 

Time rain 
Fig, 2, Time-course of Na' cfflux from RG. The RG were incubated 
in choline/sucrose medium (Na'-free medium) at 37"('. I)ata are 
taken from I of 15 similar experiments averaged in Table Ill. Points 
were measured in duplicate. (o)  Total Na '  el'llux in the presence of 
5 mM KCI, r = 0.b~9. (H)  Ouabain-resistanl Na ~ efflux in the 
pre~nce of 5 mM ouabain, r = 11.999. (zxl Ouabain- and 
bumetanide-resistant Na ~ effiux in presence of 5 mM ouabain and 

Ik5 mM bumetanide, r = 0.991. 

TABI.E I 

l'ohmw atul intrucelhdar compo.~'itiou of washed intact RB(" and R(; 
Jh,n MIlS and MNS (con,'cntmtiem: mm,d / I ,'clD 

Rcsulls are expressed as means+S.E. (RB(', n : 15; R(i, n = 151. 
Statislical significance by means of Sludent's /-lest. 

Volume (fl) [Nal,,, (KI,, IATH,,, 
Intact RB(" 

MIlS 41.111_+0.46 3.12 ±11.13 110.6 +_5.5 1.78 ±ll.l|7 
P < l).(|l I '  < It.l)5 N.S. N.S. 

MNS 42.95+I).41 3.49:3-lI.12 112.2 ±3.6 1.72 "~0.(18 

Released ghosts 
MIlS 20.7 +0.45 6.22 +0.11t)q 100.78+2,1¢~ IL[~31+0.058 

I' '~- IL05 N.S. N.S. N.S. 
MNS 22JIt~ ~0.42 fl.t142:LIl, 141] 1111.53 ~: 1.75 0.71ff~+0.04(I 

sealed from the leaky ghosts improved the preparation, 
since the K '  content in the total ghosl population, 
before the sucrose cushion, ranged from 15 to 30 
mmol/I RG, while in the resealed ghosts harvested 
after the sucrose cushion ranged from 80 to 110 imnol/I 
RG. The presence of sealed inside-out nlembrane wits 
checked in some preparations of both strains by the 
acetylcholinestcrase assay, giving almost 100% of re- 
sealed right-side out ghosts. 

The characteristics of RG and erythmcyte fronl 
MHS and MNS rats are reported in Table I. The mean 
RG vohmle was reduced in both strains compared to 
that of the RBC, but MIlS RG wflume was lower than 
that of MNS, as in intact erythrocytes. After resealing 
and bcfi~re starting with Na ~ flux nleasuremcnts, MHS 
and MNS RG showed similar intracellular Na ' (Na i' ), 
K + (K.') and ATP concentrations. The K ~ concen!ra- 
lion was comparable with that of intact erythrocytcs, 
while Na i' wits higher, but still within tile physiological 
range. The lack of difference in Na l  between MIlS 
and MNS RG, as compared to intact RBC, wits proba- 
bly due to the different experimental conditions. The 
MHS and MNS RG were loaded with the same medium 
and maintained at 4°C during washes, in order to 
minimize their leakyness, while RBC were handled at 
room temperature. ATP concentration was reduced in 
the RG, however this concentration can maintain ion 
transport systems, as in RG tile Na ' / K  *-pump activity 
is reported to reach saturation at (I.5 mM intracellular 
ATP [29,30]. 

N ,  + Imnsporl syslems hi RG 
The linearity of the Na + efflux from RG of MN$ rat 

as a function of time in the absence or presence of 
ouabain and bumetanide is shown in Fig. 2. As in 
intact erythrocytes, at least three components of lhe 
total N a  ~ e f f l u x  were detectable in RG: (1 )  a o u a b a i n -  

sensitive one, dependent on external potassium which 
could be mediated by the N a + / K  + pump; (2) a 
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Fig. 3. In l l ibho lw aci iv i ly  of I )umclani t le on ouii l)ain-rcsistant N;i ' 
ef t lux f ro i i l  nt i rn lolcnsive ral R I IC  l i )  and RG (~,). The cells were 
i l l¢ld)i l t t 'd i l l i :h i i l i l le ts i l t ' ro~e ntct l ia l l l  (Ni l ) - l ' l 'ee nlediUll i)  i l l 37"(" i l l 

Ihl: Dresenc¢ o1'5 h iM iUlablihl, l )oinls are rile;in -J: s.Ir",., n = 4. 

ouabliin-insensitive, I~unlelanitlc-sensilive one, which 
could bc nlcdialcd by ihc N I t ' / K  )/CI cotransporI 
and (3) a ouabain and bunletanide-inscnsitive one, 
which cotild represent the Na ~ passive permeability. 
The presence of a ouabain-scnsitive Na ~/K ' ATPase 
activity ( N a + / K  + pump) in erythrocyte ghosts has al- 
ready been well described [29,31,32]. 

Wc have further investigated the ouabain-insensi- 
tivc, btm~etanide-sensitive component to verify if it 
satisfied all the requirements for Na + transport through 
a Na +/K +/CI " cotransport [33,34]. Fig. 3 shows the 
percent of inhibition of Na ~ efflux as function of the 
cxtracellular bumetanidc concentrations in both intact 
erythrocytcs and RG from MNS rats. The two curves 
were not slat±st±tally different ( P >  ILl by SIGMA- 
PLOT p;.u'alncters) and naaximum inhibit±o,! was 
achieved at 0.2 mM in RBC and (1.5 mM in RG. On 
the basis of these ctirvcs, we decided to work in pres- 
ence of (1.5 mM bumetanidc for all the nlcasurements 
of the bumctanide-sensitivc Na + efflux in rat RG. The 
ICs. was 14.1 + 3.28 /.tM for intact RBC (n =4)  and 
23.6:1:8.112 ittM for RG (it = 5) (not significantly differ- 
ent, P > 11.15). Siinihu' results were obtained with MHS 
RBC (ICs, lt'l.fl ± 7.4/.tM, It = 4) and RG (IC~, 25.3 + 
7.t)/zM, n = 4) .  

We measured the dependency of the RG 
bumetanide-sensitive Na + efflux on the presence of 
cxtracclluhir and intracellular K ~ and C I .  As re- 
ported in Table ii, in the absence of intracellular K +, 
the bumetanide-scnsitivc Na + efflux in chloride 
medium was ahnost abolished (79% inhibition) and 
chloride substitution with nitrate or sulphate reduced 
the Na + efflux by 56.7 and 62.5%, respectively. No 
significant difference was detected in RG volume in 
presence or absence of CI-. Therefore, at least a 
significant portion of the bumeianide-sensitive Na + 
efflux is also CI - and K+-dependent and is consistent 
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TAIII.E il 

I.i~#i'cl o] 'hm sld)xtitutum on the oual)ain-rc.~i.~tatlt. #)umi'tanJ~h'-xi'tixltit c 
,IVrl ' I ' f l l t t .r i l l  R ( ;  .#7o1#1 ]~#l IS fr i th" t'cJll.~lll#l~ h I j  

Results arc t 'xpresscd as nlcali~-I-~.i{., ii - 4. 

( ' l ln l r t f l  No  potll,~siilm Ni l  ch lor ide 

(Na-K ('l) (Nil + / c h o l i n e /  (NIl + /K  + / (Nil +/K ' / 

('11 n i t rate}  sulfate) 

11. I(M + I).OI 1i.1)21 4: tl,OI 1).045 4- 0.02 I1.t)39 4: 0.ill) 

with the original hypothesis that in rat RG Na + ef f lux  

mediated by the Na + /K*/C!  - cotransport is present. 

Chara('wristhw of bumelanhh'-s('nsitive Na ' transport of  
MHS and MNS R(; 

Table II! shows Ihc Na '  el'flux through Ihc 
ouabain-sensitive Iransport, Ihc bumetanide-sensitivc 
IransporI and the Nil ' passive pcnnclil~ilily o r intact 
RBC and RG prepared froth MHS ;±rid MNS rat~ 
whose intraeclluhu" Na '-, K '- and ATP o.mccnlralions 
were reported in Table I. The btmletanidc-sensitive 
Nit ~-transport rates of both RBC and RG were compa- 
rable within strains but were significantly higher in 
MHS than in MNS, both in RBC and RG. The 
ouabain-sensitive transport rates were similar between 
the two strains both in RBC and in the RG. The 
residual Nit + <:ffiux (passive permeability)increased in 
RG as a consequence of the ghost preparation proce- 
dure, but the extent could still be considered compara- 
i~le to that observed in the intact RBC [21]. Also, a 
statistically significant higher Na + passive pcrmcability 
was found in MHS than in MNS RG. 

Wc previously demonstrated that the faster 
N a ) / K ~ / C I  cotratlsport of fresh MHS erythrocytcs 
was due to a higher affinity tbr internal Na, in compar- 
ison with MNS [18]. "lk) verify if this kinetic character- 
isi,ic was also maintained in RG, we measured the 

TABI.E  I l l  

()llahtlill..tt'll.tilit'e (Na i l K ~ pt#llp), hlltlli,tallicit'-.~'c'tl.~#ii'e arid oita- 
tniin.resistant (Na- K - ¢7 ¢otmn.~lD, ouaba#l and I)umetani~h'.w.W.~tant 
Na + ef]htx (Im.*s. perm,) in intact RB( '  and RG J'nmi MIlS  arid MNS 
rats (rate (o#lMatil h t) 

Results  are expressed as m e a n s ~ S . E .  (RBC.  n = 15: RG, n ~ 15). 
Statistical significance by means  of  S t u d e n r s  t-ieM. 

Pump  Cotransp  [)as.~. perm, 

Intact RB(" 
M I l S  0.670 ± 0.02 O . I I g±0 .02  0.105 ±O.0l 

N,S. I' < 0,02 N.S. 
MNS 0,h5 t) + 0.03 O.()tG + (1.01 1). 11)7 t 0.0l 

Reseated ghosts  
M I l S  0,032 ± 0.07 l).l)95 ~: 0.01 0,445 4:It.it2 

N.S. P < 0,01 P <. 0,(15 

M NS 0.650 5:0.07 0.06f) :I: 0.0l 0.381'I ± 0.02 
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Fit~, 4. Activation of  bum~tanidc-scnsitive N a '  efflux ( N a ' / K ' / ( ' 1  
¢t~transport) hy intracelhllar N; | '  contellt ill R(] from MIlS ( I i )  alld 
MNS (LI l nl;dc Iqlts, I)ata arc ; t i tans :~,: S,F,., n ~ 4, * I '  < 0,05. 

• '~ P < (I.Ill by lll~2|ll|~ of  Sttldcllt", ~-tcst, 

bumctanide-scnsitivc Na '  transport at increasing Nit,. 
Because of technical difficulties in obtaining more than 
5 different Na'  o,acentrations from the same rat RG 
preparation, the stinudafion of bumctanide-sensitivc 
efflux by Nai ~ shown in Fig. 4 wits obtained from Ihe 
average of different partial activation curves from sev- 
eral rats. The two curves arc sigmoidal in shape, as 
previously reported Ibr the Na ~' activation curves of 
thc N a ' / K ' / C !  c~transport in rat and human RBC 
[3,4,9,18]. The bumetanide-sensitive Na + transport was 
significantly faster in MHS RG than in MNS in the 
'physiological' range of Na i' concentrations {2-10 
retool/! RBC) and became similar at higher Na + con- 
centrations. Similar V,,,,,~ (MHS 2311}:~'~94 /.tmol 
Na */(h per litrc RG); MNS 2817 5: 12llf~ pmol Na ' / ( h  
per litrc RG)) and lower K,. in MHS RG 19.14 ± 3.52 
mmol/I RG) than in MNS RG 115.38 ± 7.14 mmol/I  
RG) can be calculated (SIGMAPLO ft t-ore tile aver- 
age data reported in Fig. 4. The Hill coefficient n was 
1.83 ± 1).5~ in MHS RG and 1.87 ± (I.45 in MNS RG. 
These results are in accordance with the higher affinity 
for Na,* of RBC N a ~ / K ' / C I  ~ cotransport already 
demonstrated for MHS, compared to MNS (K,, MHS 
111.3 ± 0.57 mmol/I  RBC: MNS 19.2 ± 0.87 mmol/I  
RBC. P < (1.001. Hill coefficient n -- 2 [18]}. 

TABloE IV 

('vii r~g.me ~md Na ' .itul~'p~'ml(,nt, omdrm~-n'si.~tam h" " ,'Olltt m R G  
f~ml  MI lS  mul  M NS  hats tra/(, ('~mstant h Ii 

The RG were loaded with K '  and cladine in al,xcncc o[ N a '  (see 
MethLRK), l tumelanidv 0,5 raM, Rc~ult~ are expressed as means + 
S.E., t! <~ 5. St;llistical significance hy means  of  Studcot 's  l-test. 

Re.~aled Bumelanide- Bumelanide- 
ghost volume sensitive resistant 

MHS 20.47 + 0.52 11.738 _.+ 0.04 0.8{}9 __. 11,115 
P < I),115 N.S. N.S. 

MNS 22.63 + 11.54 11.662 +_ IlJI6 0.75fl + 11.07 

K + permeabifity 
We measured the K + efflux in MHS and MNS 

ghosts resealed in the absence of Na ~ (isosmolarity 
was maintained by adding eholinc instead of Na +), in 
the presence of ouabain (5 mM), with or without 
bumetanide (0.5 mM). Table IV reports the Na '-indc- 
pendent, ouabain-resistant, bumctanide-sensitive and 
ouabain and bumctanidc-rcsistant K '  efflux and the 
volume of MHS and MNS RG. RG volumes were 
lower in MHS than MNS and comparable with those 
reported in Table I, where intraccllular Na ~ was pre- 
sent. The differences in both bumetanide-sensitive and 
bumetanidc-resistant K + eftlux in the two strains were 
nol statistically significant. 

I)iscussion 

Three main findings cmcrgc from this study: ( I )  the 
w)lume differences between MHS and MNS crythro- 
cytes arc maintained in RG; (21 RG I'r,,m rat crythro- 
cytc have a K' -  and CI -dependent Nit ' cfflu,~, inhib- 
ited by bumctanidc, similar to the Na '  cfl'lux through 
the N a ' / K ' / C I  cotransport of intact RBC. Therc- 
forc, wc will refer to this pathway its outward 
N a + / K ' / C I  - cotransport; {3) the difference in RBC 
N a ' / K ' / C I  cotransport rate between MHS and 
MNS rats is maintained also in RG, the MEIS cotrans- 
port rate heing higher than in MNS preparations. 

Vohmr, and ion comlm,,,'ithm of rat RG 
The RG w~lumc of both strains was 5(}~i smaller us 

compared to intact RBC. This was expected on the 
basis of the volume ratio between RBC suspension and 
lysing medium ( I : 10, twice) and the delayed time from 
the lysis at (1 ° and thc rcscaling at 37°C ( 15 mini. Nash 
et al. [35] demonstrated that the final RG volume is 
strictly dependent on tile ratio of lysatc to resealing 
medium osmohdity (the smaller the ratio, tile smallcr 
thc volumc} and on the delayed time from lysis to 
rcsealing (the Iongcr the delay, the smaller the w)lume). 
Under conditions similar to those applied in our study 
the final RG volume was 50-611F/~ smaller as compared 
to tile original cell volume. Wc chose these conditions 
for lysis and rescaling to minimize the influcncc of 
cytosolic factors. 

MHS RG showed a statistically significant smaller 
volume than MNS, as for RBC, despite the reduction 
of the RG volume, as compared to the intact cells 
(Table I), This difference seemed due neither to differ- 
cnt intracellular ion concentrations nor to a different 
energetic state, since these conditions were comparable 
in the two RG preparations {Table !). The different 
RG volume might be linked to the different Na + efflux 
through the Na* /K+/CI  cotransport {Table Ill and 
Fig. 4), but this is not likely, since RG volume was 
different also when the ghosts were loaded only with 



K +, in the absence of Na + and in the presence of 
ouabain (Table IV, K ÷ efflux). Under these conditions 
the Na */K*-pump was blocked, no Na + efflux through 
the N a + / K + / C I  - cotransport could be present and no 
significant difference was detected in the total K ~ 
efflux. Other transport systems, such as N a ~ / H  ~ ex- 
change, arc related to cell volume [36]. However, the 
Na ' / H  * exchange in RBC is detectable only in condi- 
tions of intracellular acidification [37] and no differ- 
ence between MHS and MNS RBC were found in 
Na+/H + exchange (Canessa, personal communica- 
tion). The Na +/Li + exchange, which may represent an 
operation mode of the N a ÷ / H  + antiport, does not 
seem present in MHS and MNS RBC (Torielli, L., 
unpublished data). Therefore, the smaller RG volume 
of MHS rats did not scent influenced by the ion trans- 
port systems, but was most likely due to some intrinsic 
characteristic of the cell membrane structure. Both cell 
volume and Na+/K+/CI  - cotransport could be under 
modulation of a c o n n l l o n  transduction nlechanisln, for 
instance a primary tlefl~rmation of the cell skeleton 
t3Sl. 

The macroscopic protein pattern of RG of btl~tll 
strains, as obtained by SDS-PAGE (Fig. I), was compa- 
rable and consistent with the maintenance of lhe skele- 
tal membrane component [19,39]. However, as dis- 
cussed below, a difference in the primary sequence of a 
membrane skeletal protein between MHS and MNS 
has bccn previously demonstrated [411]. 

N a  + / K ~ / (_7 - c o t n m s p o r t  hi ra t  R G  

Studies by other authors have never been directly 
orient~kted Iow-trd the characterization of ~he 
N a ~ / K ' / C I  col ransport in RG, so it has not previ- 
ously been either dctcctcd or rccognized [25-28]. 

The following criteria should be fulfilled for the 
characterization of a Na ~ efflux through the 
Na ~ / K ' / C I  cotransport: (a) the K ~- and C i -depen-  
dence of the Na '  cfflux; (b) the activation by intra- 
cellular Na ~ of the K+- and CI-dependent Na + efflux; 
(c) the dose-dependent inhibitory activity of a loop 
diuretic, such ~s bumetanide, recognized as specific 
inhibitor of the cell Na * /K+/CI  - cotransport [33]. We 
chose to measure the Na~-efllux component of the 
N a ~ / K ' / C I  ~ co~.ransport because: (I) the high K ~ 
permeability of RG [26] (Table IV) may mask some 
differences of the Na ~/K+/CI  - cotransport between 
MHS and MNS rats; (2) all the results obtained up to 
now on the activities of the Na+ /K+/CI  - cotransport 
in intact RBC [1(|] or IOV [18] of the Milan rats 
concerned the Na ~ efflux component. Therefore, we 
wanted to compare RG, RBC and IOV under the same 
conditions. As reported in Table I!, the Na t efflux 
measured in rat RG was inhibited by 8(1% by the 
removal of intracellular K + and was dependent on the 
presence of Ci- ions, since the substitution with two 
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different anions, NO~ and SO~-,  reduced tile Na + 
efflux by approx. 6(1%. Bumctanide inhibits the N:, ~ 
efflux from RG in a dose-dependent way (Fig. 3), 
giving IC5~ ~ values (RBC 15 mM, RG 24 mM) in 
accordance with those reported for rat RBC [7]. The 
Na ~ efflux was stimulated by increasing intracellular 
Na + concentrations (Fig. 4), as expected for the 
N a * / K + / C I  - cotransport. All these properties 
strongly suggest that the bumetanide-sensitive Na + 
efflux measured in rat RG represents the N a + / K + / C I -  
cotransport. 

To our knowledge, this is the first direct demonstra- 
tion of the presence of such a cotransport in RG. 
Other authors studied in detail the characteristics of 
the K~/CI cotransport in human RG [25-28], but 
did not detect a Na +/K +/CI-  cotransport. There may 
be a few reasons for missing the Na* /K~/CI  co- 
transport in those previous studies. O'Neill [26] mea- 
sured the CI--dependent K+ influx in human RG, 
rcsealed and maintained at physiological ion concen- 
trations. Under these conditions, he did not find a 
stinmlatory effect of extracellular Na ~ on K~ influx, as 
expected for a N a 4 / K * / C I  cotransport but, actually, 

, +  K + the presence of Nao~ t inhibited the influx. It has 
been demonstrated that in intact RBC one mode of 
operation of the Na +/K +/CI- cotransport is a K* /K  + 
exchange, thin is trans-stimulated by intracellular Na ~ 
and K ~ only in absence of extracellular Na + [41]. It is, 
therefore, possible that part of the K ~ influx measurcd 
in RG by O'Neill in the absence of Na,~,~ was mediated 
by the K +/K +-exchange operation mode of the 
Na+/K+/CI  - cotransport and the addition of Na,~,,~ 
inhibited this pathway or, alternatively, that the en- 
hancement of the total CI -descendent K + influx ob- 
tained by the renloval of Na,~,,t as reported by O'Neill 
might mask a Na~-dependent N a ' / K ~ / C I  cotrans- 
port. Dunham et al. [25] measured the furosemide-sen- 
sitivc net Na ~- and K ~ influx in human RG loaded 
and suspended in medium at equimolar concentrations 
of Na + and K + and compared these unidirectional 
fluxes with those in intact cells. Actually, the authors 
reported tile pre~ence of a furosemide-sensitive Na + 
uptake in RG. which was highly variable but in the 
same range of activity as the Na + flux of intact cells. 
However, no focus was made by these authors on this 
pathway that may represent the Na+/K+/CI  - cotrans- 
port. Probably, the high Na + a~,d K + permeabilily 
exhibited by the ghosts prepared under their experi- 
mental conditions (31- and 15-fold higher than in intact 
erythrocytes, respectively) could affect the measure- 
ment of other specific carriers such as the Na + / K ~ /  
CI- cotransport. 

The reasons explaining our positive results on the 
identification of a Na+/K~/CI  cotransport in rat RG 
can be summarized as follows: (1) the zem-trans 
method used it l our study for measuring the 
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bumetanide-sensitive Na + efflux maximizes the rate of 
ion translocation allowing a more precise measure- 
ment; (2) our RG preparation shows only a 3-4-fold 
higher Na ÷ passive permeability as compared to intact 
RBC, which reduced the assay variability; (3) it cannot 
be excluded that for some species-specific mechanism, 
rat RG retain a N a + / K ' / C I  cotransport otherwise 
ltx,;t in human ghosts. 

Na+/ K +/C7- cotransport hz RG of MHS and MNS 
rats 

As reported in Table !II and Fig. 4, the 
Na*/K÷/CI ' cotransport rate of MHS RG is higher 
than in normotensive MNS preparations. This result is 
qualitatively and quantitatively superimposabl¢ on that 
obtained in intact RBC as reported both in this paper 
(Table I I ! )and in previously published studies [10,18]. 
The dilTcrencc hetwecn MHS and MNS Nit ° /K ' /CI  
cotransport in RG do not seem dependent on the 
difference in RG vohimc (Table Ii), since the activity 
of cotranspc'rt is reported its a rate constant, the value 
being normalized both for the intracellular Na" con- 
centration and for the influence of ghost volume on 
ghost packing. The use of rate constant is allowed [42] 
its the effluxes were measured at Nit ~ around 3 mmol/I 
in RBC and 6 mmol/I in RG, well below ttle 
Nit ~/K*/CI cotransport K,. in the RBC (MHS 10.3 
+ 0.57 mmol/I  RBC, MNS 19.2 + 0.87 mmol/I RBC 
[18]) and in RG (MHS 9.14 inmol/I RG, MNS 15.38 
retool/! RG). The K m values obtained in intact RBC 
and RG are in good agreement tbr each strain, tin'thor 
supporting the higher affinity for Na,' of MHS 
N a ' / K ' / C I  cotransport in RBC [18], The possibility 
that a different activation of the K '  elllux, between 
MHS and MNS RG, could afl'cct tilt2 bunletanide-scn- 
sitive Na '  efflux can be excluded. Both the 
humetanide-seusitive K '  efflux (may be a K'-CI 
cotransport [26,2811 and tlle I~umetanide-resistant K'  
eftlux (may be a K'  passive permeahility) arc not 
statistically different between MFIS and MNS RG, 
even though the latter tends to be faster in MHS 
(Table IV). The small difference may affect the mea- 
surement of the N a ' / K ' / C I -  cotransport, but we 
think that this influence is negligible since lhe 
Na ' / K ' / C I  cotransport is 44% higher in MHS while 
the bumetanid¢-sensitive K* efflux is only ! i% higher. 
This data might also be suggestive el" the presence in 
rat RG of a K ' / C I  cotransport, similar in the two 
preparations, and defined as the Na'-independent, 
bumetanide-sensitive K' efflux. However, we did not 
further characterize this pathway, since this was be- 
yond the .~ope of the present study. 

The difference in N a ' / K ' / C I  cotransport activity 
between MHS and MNS rats is maintained in RG, 
leading to the exclusion of an influcqce of the cytosolic 
component in determining such a difference in intact 

cells. We previously demonstrated that the removal of 
the membrane skeleton from RBC, as obtained with 
the IOV preparations [18L nullified both the differ- 
ences in the Na+/K+/CI  - cotransport rate and affin- 
ity for internal Na + between the two strains. Taken 
together, the findings on intact RBC, IOV and RG arc 
suggestive of a role played by the membrane skeleton 
in determining a different modulation of the 
Na~/K4/Ci  cotransport at the internal Na '  site in 
MHS RBC. In an attempt to identify the molecular 
abnormality underlying such a cell functional alteration 
we are studying the membrane skeletal components of 
the RBC memhrane in the two strains, with particular 
attention toward a !111 kl)a protein, :dentified as ad- 
ducin [43-45], whose genc sequence demonstrated the 
presence of a point mutation between MHS and MNS 
[40]. The possihility that such a protein may he in- 
volved in the dilTcrent N a ' / K ' / ( ' I  cotransport n|od- 
ulation between MIlS and MNS is currently under 
investigation. 
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