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Abstract 

Rat liver mitochondria were found to swell under nonenergized conditions 
when suspended in media containing 30-40 mM TINO3. Respiration on 
succinate caused a rapid contraction of mitochondria swollen under nonener- 
gized conditions. In the presence of thallous acetate, there was a rapid initial 
swelling under nonenergized conditions until a plateau was reached; respiration 
on succinate then caused a further swelling. Trace amounts of 2°4T1 (less than 
100 #M) equilibrated fairly rapidly across the mitochondrial membrane. The 
influx of TI ÷ was able to promote the decay not only of a valinomycin-induced 
K+-diffusion potential but also of respiration-generated fields in the inner 
membrane in accordance with the electrophoretic nature of T1 + movement. 
Efflux of TI + showed a half-time of about 10 sec at 20°C and was not affected 
appreciably by the energy state. Efflux was retarded by Mg 2+ and by lowering 
the temperature. The data indicate that T1 + when present at high concentra- 
tions, 30 mM or more, distributes across the mitochondrial inner membrane 
both in response to electrical fields and to ~ pH. In energized mitochondria the 
uptake of TI ÷ would occur electrophoretically, while TI+/H ÷ exchange would 
constitute a leak. In the presence of NO3-, the movements of T1 + are 
determined by that of NO3 , indicating short-range coupling of electrical 
forces. At low concentrations of TI +, 5 mM or less, there was no indication of a 
TI+/H ÷ exchange, which appears to be induced by high concentrations of T1 +. 
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Introduction 

T h e  m o n o v a l e n t  T1 + c a t i o n  r e s e m b l e s  K + in r e g a r d  to i ts s ize,  t h e  ion ic  r ad i i  

b e i n g  0 .147  a n d  0 .133  n m ,  r e s p e c t i v e l y  ( W e a s t  a n d  As t l e ,  1979) .  T1 + is a b l e  

to  s u b s t i t u t e  for  K + in a c t i v a t i n g  s o m e  e n z y m e s ,  e.g.,  ( N a  + + K + ) - A T P a s e  

( B r i t t e n  a n d  B l a n k ,  1968)  a n d  p y r u v a t e  k i n a s e  ( K a y n e ,  1971) .  In  c o n t r a s t  to  

K +, T1 + c a n  r e a d i l y  p e n e t r a t e  m e m b r a n e s  t h a t  g e n e r a l l y  h a v e  a low p e r m e -  

a b i l i t y  t o w a r d  m o n o v a l e n t  c a t i ons .  T h i s  is t h e  c a s e  for  t h e  e r y t h r o c y t e  p l a s m a  
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m e m b r a n e  (Skulski i  et al., 1978a), some bac te r ia  (Skulski i  et al., 1977; 
Bakker,  1978), and mi tochondr ia  (Meln ick  et al., 1976; Skulskii ,  1977). In 
mi tochondr ia ,  TI ÷ appears  to compet i t ive ly  inhibi t  K ÷ movements  (Bar re ra  
and Gomez-Puyou ,  1975; Diwan and Lehrer ,  1977). T1 ÷ may  therefore  be a 
sui table  probe in the s tudy of  the mechanism of K ÷ t ranspor t  in mitochon-  
dria.  

W e  have previously shown (Skulski i  et al., 1978b) tha t  T1 + is able  to 
move e lec t rophoret ica l ly  in response to induced diffusion potent ia ls  in mito-  
chondria ,  though this does not exclude other  t ranspor t  mechanisms.  The  
in /ou t  rat ios of  TI + have been used to es t imate  the  magn i tude  of  t r ansmem-  
brane  potent ials  in e ry throcytes  (Skulski i  et  al., 1978a) and bac te r ia  (Bakker ,  
1978). In view of  the centra l  role of  m e m b r a n e  potent ia ls  in the mechan i sm of 
energy t ransduct ion  in mi tochondr ia ,  it might  be worthwhi le  to fur ther  
charac te r ize  the t ranspor t  of T1 ÷ in mi tochondr ia  and thereby  explore the 
possibili t ies of using it as a nonlipophil ic  probe of  the t r a n s m e m b r a n e  
potentials .  W e  therefore  sys temat ica l ly  s tudied the swelling of mi tochondr ia  
in the  presence of thal lous ions as the  n i t ra te  and ace ta te  salts in both 
nonrespir ing and respir ing mi tochondr ia .  W e  have found tha t  the  swelling 
behavior  of mi tochondr ia  indicates  the  presence of  T I + / H  ÷ exchange  mecha-  

nism, which would compl ica te  the use of  T1 ÷ as a probe of  the  t r a n s m e m b r a n e  
potential .  

M a t e r i a l s  and M e t h o d s  

Rat  liver mi tochondr ia  were p repared  by a conventional  method as 
descr ibed elsewhere (Wiks t r6m and Saris ,  1969). Thei r  content  of  protein  

Table I. Rates of Net Etttux of T1 ÷ and K + from Mitochondria a 

Half time 
Temperature 

Conditions (°C) T1 ÷ K + 

Nonrespiring 20 7-15 sec 25 min 
Nonrespiring 10 75 sec - -  
Nonrespiring 0 6 min 150 min 
Nonrespiring + 10 mM Mg 2÷ 0 45 min - -  
Respiring 20 6-24 sec - -  

"In the case of TI ÷ efllux, mitochondria (2.5 mg/ml) were equilibrated with minute concentra- 
tions (less than 100 #M) of 2°4Tl-labeled TI + in a medium containing 250 mM sucrose, t #M 
rotenone, 10 mM Tris-acetate, 10 mM Tris-succinate, pH 7.4. In nonrespiring mitochondria, 
respiration was inhibited by 5 mM NAN3. Then the suspension was diluted I:i0 by nonradioac- 
tive medium, and samples removed for the estimation of the mitochondrial TI content. For the 
study of K ÷ leakage, flame photometry was used. 



T! ÷ Transport in Mitochondria 53 

was estimated by a modification of the Folin-Ciocalteu procedure (Zak and 
Cohen, 1961) in the presence of sodium taurocholate with bovine serum 
albumin serving as standard. The mitochondrial content of T1 + was measured 
using 2°4T1, specific activity 440 Ci/mol (The Radiochemical Centre, Amer- 
sham, U.K.), by transferring aliquots of the incubation suspension to ice-cold 
0.25 M sucrose solution containing 10 mM MgSO 4 (see Table I), filtering 
through Millipore R filters, pore size 0.45 tzm, washing the filters with the 
sucrose-MgSO4 solution, and measuring radioactivity with a/3-spectrometer 
equipped with a Geiger-Miiller tube. Swelling was monitored with the 
Aminco-Chance DW-2 photometer at 520 nm. Membrane potential changes 
were recorded with the safranine method using the wavelength pair 554-524 
nm (/~kerman and Wikstr6m, 1976). FCCP (p-trifiuoromethoxyphenylhy- 
drazone) was a kind gift of Dr. P. G. Heutler, DuPont, Baltimore, Maryland. 

Results and Discussion 

Swelling of  Nonrespiring Mitochondria in the Presence of  TI + 

There was a substantial swelling of nonrespiring mitochondria in the 
presence of rather high, 30-40 mM, concentrations of T1NO3 (Fig. 1, broken 
lines), as was reported previously (Skulskii, 1977). There was no swelling in 
the presence of KNO 3 (not shown). Since NO 3- readily penetrates the 
mitochondrial inner membrane electrogenically (see review by Brierley, 
1976), swelling of mitochondria can only be obtained when the cation also 

Fig. 1. Swelling of nonrespiring mitochondria in media containing T1 ÷. 
The medium contained 10 mM Hepes, 6 t~M rotenone, 2 #g oligomycin/ 
ml, 2 mM KCN, and mitochondrial protein 1.5 mg/ml, pH 7.2. Final 
concentrations: (1) 20 mM T1 + and 140 mM sucrose; (2) 30 mM TI ÷ and 
120 mM sucrose; (3) 40 mM TI ÷ and 100 mM sucrose. The T1 ÷ was 
added at the arrow from a 300 mM stock solution as acetate (continuous 
lines) or as nitrate (broken lines). 
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moves electrogenically, as K + does in the presence of valinomycin. These data 
thus confirm our previous report of the electrophoretic movement of T1 + 
(Skulskii et al., 1978b). The mechanism of swelling in the presence of T1NO3 
seems to occur according to Scheme A in Fig. 2. 

In the presence of T1 + as the acetate, there was a fast initial swelling of 
nonrespiring mitochondria (Fig. 1, continuous lines). The rate of swelling was 
much faster than in the presence of T1NO3. However, swelling was halted 
when a plateau was reached. Apparently, an osmotic equilibrium was reached 
which was determined by the relative proportions of the penetrant thallium 
acetate and the nonpenetrant sucrose which was used to keep the overall 
osmolarity constant. 

It is generally accepted (Brierley, 1976; Mitchell and Moyle, 1969) that 
the acetates of monovalent cations penetrate resting mitochondria only if 
there is a ca t ion/H + antiporter. Swelling of nonrespiring mitochondria in the 
presence of thallium acetate would thus occur as shown in Scheme B, Fig. 2. 
Acetic acid diffuses rapidly into the matrix compartment  and forms acetate 
and H +. T1 + enters in exchange for H +. The swelling in the presence of 
thallium acetate is thus strong evidence in favor of the existence of a 
cat ion/H + antiporter. Mitochondria swell rapidly in the presence of sodium 
acetate but not in the presence of potassium acetate, which has been 
interpreted as showing that the electroneutral exchange system shows a high 
specificity, favoring Na + over K + (Brierley, 1976; Mitchell and Moyle, 
1969). In this system T1 + behaves as an analogue of Na  + rather than of K +. 
T1 + has been reported to show some competitive inhibition of Na  + efflux and 
(Na + + K+)-ATPase in erythrocytes (Brierley, 1974). It is therefore not so 
surprising that some Na+-like effects are seen in mitochondria too. On the 

A B 

C [3 

Fig. 2. Schemes of T1 + transport in mitochondria. (A) Nonenergized swelling in the presence of 
nitrate. TI ÷ and NO~ enter by diffusion that is overall electroneutral. (B) Nonenergized 
swelling in the presence of acetate. Acetate enters by diffusion as acetic acid and dissociates, and 
T1 ÷ enters in exchange for H ÷. (C) Contraction under energized conditions in the presence of 
nitrate. NO3 is extruded electrophoretically, H ÷ by respiratory chain-linked H ÷ pumps. H ÷ 
reenters in exchange for TI ÷ by the TI+/H ÷ antiporter. (D) Energized swelling in the presence of 
acetate. TI ÷ enters electrophoretically. Acetate enters by diffusion as acetic acid, which 
dissociates, and protons are extruded by H ÷ pumps. 
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other hand, even if K+/H + exchange does not occur in intact mitochondria, 
such an exchange may easily be induced by a variety of treatments (Brierley, 
1976; Duszynski and Wojtczak, 1977; Azzone et al., 1978a). It is possible 
that the high concentrations of T1 + used in swelling experiments induce a 
TI+/H + exchange that does not occur at low TI + concentrations. 

Swelling o f  Respiring Mitochondria in the Presence of  TI + 

Electron flow through the components of the respiratory chain will 
generate electric fields across or in the inner membrane (see discussions by 
Mitchell, 1977 and Williams, 1978). In addition a gradient of H ÷ is formed 
either by the operation of loops according to the chemiosmotic schemes of 
Mitchell (1977) or rather by electrogenic transport of H + out of the matrix 
compartment. The redox reaction of at least one respiratory chain component, 
cytochrome oxidase, is coupled to a H + pump (Wikstr6m, 1977). These 
phenomena will drastically alter the behavior of mitochondria in the swelling 
experiments upon energization (Fig. 3). It is seen that there is a strong 
stimulation of swelling upon addition of a respiratory substrate, succinate, to 
mitochondria that have reached a plateau in resting conditions in the presence 
of acetate. In the presence of nitrate, a contraction was induced (Fig. 3, 
continuous lines) or swelling was inhibited when succinate was present from 
the beginning of the experiment (not shown). 

The stimulation of uptake of thallium acetate in energized conditions is 
similar to the enhanced uptake of other monovalent cations (Brierley, 1974, 
1976). Accumulation of acetate in the matrix would be stimulated by the 
removal of H ÷ that is formed by dissociation of acetic acid diffusing into the 
matrix. Monovalent cations are thought to move electrophoretically. Indirect 
evidence has been presented in favor of this model (Brierley et al., 1978), 

Fig. 3. Volume changes induced by energization in mitochondria 
swollen under nonenergized conditions. Experimental conditions as in 
Fig. 1, traces 3, but K C N  was omitted for succinate respiration. 
Additions at arrows: (1) 2 m M  Tris-succinate; (2) 360 nM valinomycin. 
Addition of 1 ~M FCCP had an insignificant effect. Continuous lines 
indicate presence of acetate, broken lines indicate presence of nitrate. 
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which has been adapted to T1 + in Scheme D, Fig. 2. It is, however, possible 
that there is a short-range coupling of TI + influx to electrogenic H + efflux. 

The electric fields generated in the inner membrane upon energization 
would extrude anions and promote uptake of cations that sense the field. In 
mitochondria, the efflux of nitrate appears to be the dominant feature and the 
uptake of T1 + is prevented, or T1 + may even be extruded. Extrusion of NO3- 
will take place at the expense of the membrane potential. T1 + would be driven 
out by the coupled action of the H + pump and the cat ion/H + antiporter 
(Scheme C, Fig. 2). Alternatively, there might be a short-range coupling 
between the fluxes of T1 +, NO3-, and H +. Several laboratories have reported 
respiration-driven contraction of mitochondria swollen under nonenergized 
conditions in the presence of various nitrate salts (Brierley et al., 1977; 
Azzone et al., 1978b). 

Effect o f  Valinomycin on Mitoehondria in the Presence o f  Tl + 

Addition of valinomycin to mitochondria that have undergone swelling 
under resting conditions caused an extensive contraction due to efflux of K + 
in the presence of both acetate and nitrate (Fig. 3). It is evident that under 
these conditions only negligible amounts of valinomycin-T1 + complexes were 
formed; and the rate of influx of the free T1 + was not sufficient to compensate 
for the efflux of K +. 

Addition of the uncoupling agent FCCP, which increases the permeabil- 
ity of the membrane toward H +, had no effect on the mitochondrial volume in 
nonrespiring mitochondria (not shown). 

The Rate o f  Efflux o f  Tl + 

Mitochondria were suspended in a medium that contained minute 
concentrations of 2°4Tl-labeled salt (less than 100 t~M). When equilibrium in 
the distribution of T1 + across the mitochondrial membranes had been 
reached, net efflux of T1 + was induced by dilution of the suspension by 
addition of Tl+-free medium. Table I shows a relatively fast efflux at 20°C. 
For comparison, the efflux of K + was also measured and found to be several 
orders of magnitude slower than the rate of T1 + efftux. The rate of efflux was 
not appreciably affected by the energy state of the mitochondria. It is also 
shown in Table I that the rate of efflux was decreased by lowering the 
temperature, as could be expected. It is of interest that Mg 2+ also retarded 
the efflux of T1 +. Mg 2+ has been reported to inhibit the efflux of K + in heart 
mitochondria (Chavez et al., 1977). In heart mitochondria K + efflux was 
stimulated by respiration (Chavez et al., 1977), which was without effect in 
rat liver mitochondria (Table I). 
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Fig. 4. Stimulation by TI + of the decay of potentials formed 
by respiration and by valinomycin-induced efltux of K ÷ from 
mitochondria. The medium contained 250 mM sucrose, 10 
mM Hepes, pH 7.2, 6 ~zM rotenone, 2 #g oligomycin/ml, 100 
~zM EGTA, 18 #M safranine, and mitochondrial protein 1.5 
mg/ml, pH 7.2. Additions: 2 mM Tris-succinate, 2 mM 
NaCN, 1 mM TI acetate, and 360 nM valinomycin. 

Interaction o f  TI + with Electric Fields and &pH in Mitochondria 

We have earlier shown that T1 + moves in response to valinomycin- 
induced K + diffusion potentials in mitochondria (Skulskii et al., 1978b). 
Figure 4 shows that small concentrations of T1 +, 1 mM, were able to increase 
the rate of decay of the safranine signal, which is formed during respiration 
on succinate and which decays on inhibition of respiration. This shows that 
TI + is able to interact with electric fields in the membrane in the absence of 
valinomycin. Figure 4 also shows the effect of T1 + on the decay of the 
valinomycin-induced diffusion potential. 

The interaction of T1 + with the fields is too slow to be seen in respiring 
mitochondria (Skulskii et al., 1978b), since the rate of respiration on 
succinate is fast enough to compensate for any decay by T1 + movements. 
Figure 4 shows that the safranine signal obtained by respiration and by 
valinomycin-induced elIlux of K + was of the same magnitude. The rate of 
decay brought about by T1 + in the presence of valinomycin seems somewhat 
higher than in its absence, possibly due to changed permeability properties of 
the membrane in the presence of valinomycin. Electrophoretic influx of T1 + 
due to the electric field and T1 + efflux by TI+/H + exchange would, if 
occurring simultaneously, bring about cycling of T1 +. This would constitute 
an energy drain on mitochondria. In this case the rate of release of Ca 2+ 
following inhibition of respiration should be increased. Figure 5 shows that 
there was no increased rate of release of accumulated Ca 2+ up to 5 mM T1 +, 
while there was a clear stimulation at 10 mM T1 +. The exchange TI+/H + 
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Fig. 5. Effect of TI ÷ on Ca 2+ etflux from mitochondria. Ca 2+ (100 #M) had been accumulated 
by the mitochondria (2.0 mg protein/ml) suspended in a medium containing 200 mM sucrose, 30 
mM Hepes, pH 7.2, 2 mM Tris-succinate, 6 tzM rotenone, and 80 #M murexide. TI + K acetate 
was kept constant as 15 mM. At the arrow, I ttg antimycin A was added per milligram protein in 
order to inhibit respiration. Concentration of TI+: (1) 0 mM; (2) 1 mM; (3) 5 mM; (4) 10 mM. 
Absorbance was recorded at 54~507 nm. 

would also increase the permeability towards H ÷. With low concentrations of 
T1 +, we were, however, unable to see any such effects. The rate of pH change 
due to influx of H + into mitochondria after an acid pulse was not changed by 
1 mM T1 + (not shown). 

Conclusion 

The mechanism of T1 + transport in mitochondria seems to be in 
accordance with the general schemes proposed for monovalent cation trans- 
port in mitochondria. T1 +, an analogue of K +, may penetrate the inner 
membrane electrogenically or by electroneutral TI+/H + exchange. The 
electrogenic or electrophoretic movement of T1 + explains the ability of T1 + to 
cause decay of signals of the membrane potential probe safranine. It also 
explains the swelling of mitochondria in media containing T1NO3 under 
nonenergized conditions and the inhibition or reversal of this under energized 
conditions. The stimulation of swelling under energized conditions in the 
presence of T1 + as the acetate is also explained in this way. TI+/H + exchange 
occurs in the presence of T1 + acetate under nonenergized conditions. This 
mechanism seems to be induced by high concentrations of T1 +, 10 mM or 
more, while no evidence was obtained for an exchange at low concentrations 
of T1 +. T1 + distributions may therefore be used, with caution, to study 
membrane potentials in mitochondria. 

Efttux of trace concentrations of T1 + was fairly rapid and could be 
inhibited by Mg z+ and by lowering the temperature. 
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