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S U M M A R Y  

The influence of TI + on Na + transpo~ and on the ATPase acti~ty in human 
erythrocytes was studied. 0.1-1.0raM TI + added to a K+-free medium inhibited 
the ouab~n~en~tive sd~exchange of Na + and activated both the ouab~n-sensitive 
22Na outward ~anspo~ and the ~anspo~ related ATPase. 5-10 mM external TI + 
caused inhibition of the ouab~n~enfitive 22Na efflux as well as the ( N a + + T t + ?  
ATPase. Competition between the internal Na + and rapidly penetrating thallous 
ions at the inner Na+~pedfic  binding sites of the erythrocyte membrane could 
account for the inhibitory effect of T1 +. An increase of the internal Na + concentra- 
tion in erythrocytes or in ghosts protected the sy~em against the inhibitory effect 
of high concentration of TI +. A pro~ctive effect of Na + was also demon~ra~ted on 
the (Na + +T1 + ~ATPase of fragmented erythrocyte membranes studied at various 
Na + and TI + concentrations. 

I N T R O D U C ~ O N  

ThMlous ions can replace potassium ions in the activation of the (Na + + K + )- 
ATPase and in the stimulation of the ouabmn~en~tive outward sodium ~anspo~ 
in human erythrocy~s [1-3]. The ( N a + + K + ~ A T P a s e  and the (Na++TI+) -ATP-  
ase were found to be identicM in all respects ~].  The same level of enzyme activity 
and ouabMn~en~five Na + efflux could be reached at Tl + concentrations only 
one-tenth of those of K + (1 and 10 mM, respe~Ndy). Increasing the TI + concen- 
tration up to 5-10 mM resul~d in a progressNe i n a c t i o n  of the ouabMn~ensitive 
Na + efflux, though the (Na +-rT1 +)-ATPase a~ivity of the ~agmen~d erythrocyte 
membranes was not reduced. The i n ~ t o r y  effect of  thaHous ions was found to be 
far greater in flesh erythrocytes than in cold stored cells. This difference in the degree 
of TI + ~ n ~ f i o n  was sugges~d as arising from the different sodium concentrations 
in ~esh and cold-stored erythrocytes [2]. 

In the present investigation the influence of TI + on the ouabain-sen~five Na + 
~anspo~ and on the ( N a + + K + ~ A T P a s e  was studied at various intra- and extra- 
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cellular concentrations of Na +. The main purpose of the work was to compare sodium 
t ranspo~ with the enzyme activity in similar conditions in order to understand 
the role played by Na + in the inhi~fion caused by thallium. 

M A T E ~ A ~  AND METHODS 

In addition to the experimentN procedures described earlier ~] ,  the ouabain- 
senNfive 2ZNa ~ans po~  from low and high sodium ghosts was measu~& Ghosts 
were prepared in accordance with Godemann and Passow ~].  Erythrocytes were 
hemolyzed at 0 °C for 5 rain in a 20 mosM solution contNNng (in raM/l) :  Tris • CI 
5, Tris • ATP 2, MgC12 2.5 at pH 7.6. Suffi~ent amounts of  3 M KC1, ZZNa tracer 
and bulk Na + were added to restore the initial osmNarity and to obtain ghos~ 
loaded with 22Na and containing various Na + and K + concentrations. After an 
incubation at 38 °C for 30-40 rain the ghos~ were centrifuged at 20 000 ×g,  washed 
three times with K+-ffee sMfat~Ringer ~ee below) and put in incubation media of 
various composition for the measurement of  22Na-outflow. 

The inNNtion caused by TI + was also studied in flesh and cold-~ored human 
erythrocytes, the 22Na efflux and P~ production being measured in the same eryth- 
rocy~ suspensiom The erythrocy~s were loaded with Na + during cold storage at 
4 °C for various time in~rvNs in i~ t iM~ K+-ffee sulfat~Ringer contaiNng 22Na 
and were then p~ incuba~d  at 37 °C for 3 h with I mM adenof ine+ l  mM inofine 
in order to restore the original level of intracelI~ar ATP and to decrease the back- 
ground of  inorganic phosphate in the erythrocy~ suspenfion ~] .  The rate of the 
ouabNn~enfifi~e sodium ~ansport  was compared with t~e ATPase activity in media 
conta i~ng 10raM TI + or 10 mM K + at the various cell sodium concentrations 
developed during cold storage. The results were expressed as the ratio of the ouabain- 
senfitive efflux of 22Na induced by TI + to the efflux induced by K +. The a~ivity of 
the ( N a + + T I + ) A T P a s e  was compared to that of the ( N a + + K + ) A T P a s e .  The 
ATPase a~ivity in intact erythrocytes was d~ermined by measuring P~ production 
in accordance with Whi~am and Ager ~].  

The basic incubation medium was Ringe~type buffer saline in which CI was 
replaced be SO~- in order to prevent p~dpi ta t ion  of TICI. This is r e , w e d  to a 
RingeUSO~- or sulfat~Ringer in which the composition (in retool/l) was as follows: 
Na2SO 4 80, MgSO~ 1.0, CaSO~ 0.5, NaHCO3 20, glucose 14. Various concentrations 
of  K2SO4 and TIzSO 4 were used as stated b row,  and the osm~af i ty  of the media 
measured by ~eeNng-pNnt depresfion ranged from 280 to 300 mosM. The pH of 
the medium during experiments was 7.4. A sMfate/Ringer with 5 mM Na + was 
obtained by partial reNacement of N a 2 S O  4 by sucrose (about 220 raM) and 20 mM 
choline c~ofide. The l a t e r  was added to prevent a non-spe~fic loss of  Na + found 
to occur in the sucrose medium at very low C1- concentrations [7]. There was no 
p reop i~ f ion  of TICI at 20 mM C1- in the incubation m e ,  urn. 

RESULTS 

1. Inh~#~n of  Na+-Na + self-exchange by Tl + 
In order to clarify in more detail the potenti~ of T1 + as a K + substitute, the 

influence of TI + on the ouabain-senfifive 22Na transport was studied in K+-~ee 
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Fig.  1. Effect  o f T l  + on  the  o u a b ~ n - s e n ~ t ~ e  inf lux o f  Z2Na in to  h u m a n  e ry th rocy t e s  f rom a K + - ~ e e  
m e d i u m .  The  flux c o r r e s p o n d i n g  to  the  va lue  1 0 i n  the g raph  is 1 . 8 m m o l . l  ~ . h  ~. 

media. It is known that at low concentrations of ex~rnM K + an ouab~n~enf i t~e  
sd~exchange of Na + appears instead of the ouabMn~enfitNe s o ,  urn-potassium 
coupled transport [8]. The resul~ presen~d here (Fig. 1 ) show that the sel~exchange 
of Na + measured as an ouab~n~en~tive influx of 22Na was suppressed by very 
low concentrations of TI +. It follows that an addition of TI + to K+-ffee media 
known to sfim~ate the ouabMn-sensitive coupled Na + ~anspo~ ~]  would at the 
same time inhibit the 22Na efflux occurring ~a  this ouabain-sensitive self-exchange 
mecha~sm. 

2. Tl +-dependent outward ~ansport o f  Na + 
To simplify the interpretation of the 22Na outflow data, we decreased the 

external concentration of sodium to 5 mM at which the ouabMn~enfitive exchange 
of Na + has been reported to be minimized [8]. Fig. 2 shows that at these conditions 
the ouabain-sensitive fraction of the 22Na efflux into K+-free medium was very 
low indeed, unless Tl + was added to the external solutions. It was thus possible to 
study the influence of T1 + on the ouab~n-sensitive 22Na outward transport wkhout 
the compi la t ion caused by the ouabMn~enfifive s ~ e x c h a n g e  of 22Na. Since T1 + 
was found to affect the ouabMnqnsensitive 22Na efflux (Fig. 2), the ouabMn~ensitive 
Na+dranspo~ shown in Fig. 3 was caMulated taking this effect into account. In 
the K+-~ee sucrose/choline medium contMning 5 mM Na + the ouabain-senfifive 
22Na outward transport increased to a mammal level at 0.1 mM ex~rnal TI + 
equal to the level obtMned with l0 mM K + (Figs 2 and 3). 

3. &h~#&n  of  outward ~anspo~ of  Na + by Tl + 
When the externM concentration of TI + was increased beyond 0.1-1.0 mM 

up to 5-10 mM, a strong inM~tion of the ouab~n-sensitive 22Na efflux from flesh 
erythrocytes was observed. In cold stored cells this effect of Tl + was only slight 
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Fi~ 2. Fraction of  Z2Na tracer ions r e t a k i n g  in c~ls a~er incubation of  erythrocy~ suspension 
in sulphate/Ringer with various concentrations of  t h ~ l ~ m ,  potas~um and ouabain. 
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Fig. 3. Rate constants of  ouabain-sens~ive efflux of  ZZNa from fresh and cold~tored red cells into 
K+-free sucrose/choline media containing 5 mM Na +. Maximal rates ofeffiux with 10 mM K + are 
depicted by the bars. 
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(Figs 2 and 3). Table 1 shows the effect of  Tl + on 22Na efflux ~ o m  ghos~ with low 
and high internal Na + concentrat ion.  The ouab~n-senf i f ive  22Na efflux from the 
ghosts conta in ing 10-20 mM Na + (typical for ~esh erythrocytes) was greatly inhib- 
ited by 10 mM TI +, while the same concentra t ion  of T1 + had no inhibi tory effect in 
the ghosts with 60-90 m M  Na + (typical for cold-~ored cells). 

TABLE 1 

RATE CONSTANTS (h -~) OF ~Na EFFLUX FROM LOW AND HIGH SODIUM GHOSTS 

Na, (mM) 10mM K + 10mM K +, Ouab~n- 10mM K +, 10mM K +, Ouabain- 
(Nai ! Ki 10 -~M sen~tNe 10mM TI + 10raM + TI+, sensRive 
160 raM) ouabain efflux 10 -~ M effiux 

ouabain 

Low sodium ghosts 

10 0.371 0.186 0.185 0.274 0.145 0.129 
20 0.415 0.223 0.192 0.287 0.186 0.101 
20 0.342 0.174 0.168 0.235 0.174 0.061 
20 0.415 0.223 0.192 0.248 0.198 0.050 

High sodium ghosts 

60 0.222 0.118 0.104 0.208 0.098 0.110 
70 0.269 0.152 0.117 0.273 0.168 0.105 
90 0.228 0.149 0.079 0.239 0.160 0.079 

4. Competition between Na + and TI + in the ATPase o f  erythrocyte membrane frag-  
ments 

A similar sod ium~hal l ium antagonism is apparent  in the (Na ÷ ~-T1 ÷ ~ATP-  
ase of fragmented erythrocyte membranes.  The enzyme activity shown in Fig. 4 is 
expressed as a percentage of the activity measured in a Tl÷-~ee  medium conta in ing 
100 mM Na ÷ and 10 mM K ÷. i n  agreement with previous r e p o t s  [2~ 3] low TI ÷ 
concentra t ions  were found to substitute for K ÷ in the ( N a ÷ ~ K ÷ ~ A T P a s e  at all 
Na ÷ concentra~ons .  The increase of TI ÷ concent ra~on up to 10 mM caused only 
10-20 ~ inh ib i~on  of the ( N a ÷ ~ T I ÷ ~ A T P a s e  activity without any fixed r~a t ion-  
ship between sodium concentra t ion  and  the degree of TI ÷ inhibit ion.  A fu~her  
increase of TI ÷ concentra t ion  to 20 mM led to strong inhibi t ion of the enzyme 
activity in the low sodium m~dia, while only a slight decrease was seen in the 40-80 
mM Na ÷ media. Therefore, both the o u a b ~ n ~ e n ~ v e  22Na outward ~ a n s p o ~  
and th~ t ranspor t  related ATPase can be protected by high sodium concentra t ions  
against  the inhibi tory effect of high TI ÷ concentra~ons.  At  low sodium concentra-  
tions the o u a b ~ n ~ e n ~ v e  mechanism of ~2Na÷-T1 ÷ coupled ~ a n s p o ~  appears 
to b~ somewhat less res~tant  towards the inhibi tory effect of TI ÷ than the (Na ÷ ~ 
TI ÷ ~ATPase  of the fragmented membranes.  

5. Eg]~ct o f  TI + on ATPase and on outward ~anspo~  o f  Na + in intact erythrocytes 
In order to compare the inhibi t ion caused by TI + in the ATPase and in the 

t r anspo~  mechanism under  identical condit ions,  the 2ZNa efflux and Pi produc- 
tion were ~ m ~ t a n e o u s l y  measured in the same suspension of intact erythrocytes. 
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Fig. 4. Effect o f T l  + on the o u a b a i n ~ e n ~ t i v e  ATPase of  ~agmen ted  red cell membranes  i ncuba~d  
at different Na + concentra t ions  in K +-~ee m e d ~  c o n t ~ n i n g  2.5 mM Mg z+ . The resu l~  are expressed 
as percentages of  the enzyme a ~ i ~ t y  in the presence of  100 mM Na +. 2.5 mM Mg z+ and 10 mM K + 
in a T l+-~ee  medium. 

All the results were subdivided into three groups according to the internal concen- 
tration of sodium devdoped during cold storage (Table II). There was good correla- 
tion between the inhibition of the ouab~n-sensitive 2ZNa efflux and that of the 
(Na++TI+~ATPase  by 10raM TI +. Thallium inhibition of both the transport 
and ATPase decreased concomitantly with an increase of the intracellular sodium 
concentration. 

TABLE II 

E F F E C T  OF 10 mM TI + ON TH E O U A B A I N ~ E N S I T I V E  E F F L U X  OF 22Na A N D  ON THE 
O U A B A I N ~ E N ~ T I V E  P~ P R O D U C T I O N  IN E R Y T H R O C Y T E S  W I T H  D I F F E R E N T  INTER-  
NAL Na + C O N C E N T R A T I O N S  

The results are expressed as percentages of  the Z2Na effiux and the enzyme a ~ h y  obta ined in TI*- 
~ee medium with 10 mM K +. Mean values ~ S . D .  

No. of  Na~ + P~ product ion 22Na efflux 
experiments  ImM ) 

5 l0 20 2 0 ± 6  3 0 ~ 8  
7 25-40 5 4 + 7  4 2 +  10 
5 55 80 100~ 9 100 I 12 
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DISCUS~ON 

The present work suggests that thMlous ions interact wkh the active Na ÷ 
transport mechanism both at the po tas fum rite on the external fide and at the 
sodium f t e  on the internal ride. In experiments where the externM Na ÷ concentra- 
tion was only 5 mM, 0.1 mM external TI + caused maMmN stimulation of the ouabNn- 
senfitive Na+-efflux. At higher external Na + concentrations (160 mML higher TI + 
concentrations (1 mM) were required for maximal transport rates [2]. This interre- 
lationship between the externM Na + and TI + seems to be of the same nature as that 
reposed for Na + and K + [10, 11]. It is therefore assumed that at these relativdy 
low concentrations, TI + substitutes for K + at the K+~ite on the external surface of 
the membrane. 

A fu~her increase of TI ÷ concentrations in the incubation medium leads to 
an inhibition of the ouabNn-sensifive Na + efllux. Sinc~ presumabl~ the external 
K+~ites have a~eady been saturated w~h T1 + at much lower concentrations, the 
inhibition cannot be a~fibuted to an interaction of T1 + w~h these rites. The inhibi- 
tion sugges~ that TI + competes with Na + at the Na + f tes on the internal surface 
of the membrane. Since the membrane ~ highly permeable to thNlous ionm internal 
concen~afions of T1 + of about 10-20 mM would be reached with externM concen- 
trations of 5-10 mM [2]. This internal concen~ation would correspond to 100-200 
mM K +, ~ it is assumed that T1 + has 10 times the affinity of K + towards the ion- 
sdective site~ High internal Na + concentrations, both in erythrocytes and in gho~s 
prevent the inhibition of Na+-transport caused by TI ÷. Fu~hermore, it was shown 
that the ouabNn-sensitive production of inorgan~ phosphate by intact erythrocytes 
was dependent on the Na+/T1 + ratio to a similar extent as was the ouabNn-senftive 
Na + efflux. The tight coup~ng of Na + t~anspo~ with the ~anspc~ ATPase is 
s~on~y supposed by this experiment, rnce  TI ÷ interac6 wkh transpo~ and ATP- 
ase in parallel. The antagonism between TI + and Na + in the ATPase was aNo dem- 
on , r a t ed  by the pa~ial reversN of the T1 + inhibition by high Na + concentrations 
in the (Na + + T I + ) A T P a s e  of ~agmented erythrocyte membranes. 

It should be noted that there was no correlation between the ~vel cf external 
Na ÷ and the degree of inhibition by TI +. At 5 mM external Na + the inhibitory 
effect of TI + was as high as that in a medium w~h 160 mM Na + (compare Figs 
2 and 3 wkh Tal:le I and re~ 2). 

In the present work it has been p o s r b ~  to differentiate between two effects 
of TI ÷ on the coupled (Na+÷K+) - t r anspo~  mechanism and on the ( N a + - - K ÷ )  
ATPase of the erythrocyte membrane. The interaction of TI + with the K÷~Oective 
rite on the external surface of the membrane becomes apparent at very low concen- 
~atiops (~1-1.0 mM) of TI +. At higher concen~ations of T1 + (5-10 mM) the 
interaction with the Na + sdecfive ske on the internal f de  becomes predominant. 
The separation of the two effects of TI + might provide oppo~unities for a more 
direct study of the interaction of the ions wkh thdr  respective binding skes. 
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