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Abstract-( 1) The effects of nupercaine and other local anaesthetics on anion transporters in isolated rat 
heart mitochondria were investigated at temperatures of 25” or 30”. The concentrations ofnupercaine which 
inhibited by 50 per cent the rates of pyruvate-stimulated oxygen utilisation in (a) the presence and (b) the 
absence of %-cyano-3-hydroxycinnamate. (c) ADP-stimulated oxygen utilisation in the presence of atractylo- 
side, (d) succinate-stimulated oxygen utilisation in the presence of phenylsuccinate (e) phosphate-induced 
swelling were (a) 0.02, (b) 0.4. (c) 0.3, (d) 1.1 and (e) 0.6 mM, respectively. 

(2) Low concentrations of nupercaine (l&50 PM) increased by about 10 per cent the rates of ADP- and 
succinate-stimulated oxygen utilisation measured at 30” in the presence of atractyloside and phenylsuccinate, 
respectively. 

(3) Inhibition by nupercaine of pyruvate-stimulated oxygen utilisation in the presence of z-cyano-3. 
hydroxycinnamate was found to be non-competitive with respect to pyruvate. 

(4) Butacaine and tetracaine inhibited pyruvate-stimulated oxygen utilisation. but were less effective than 
nupercaine. Procaine and xylocaine had little effect. 

(5) [2-“ClPyruvate uptake was inhibited by nupercaine with 50% inhibition given by 0.2 and 0.6 mM 
nupercaine at 25” and 4’ respectively. 

(6) The concentrations of nupercaine which inhibited pyruvate-stimulated oxygen utilisation in the 
presence of I-cyano-3-hydroxycinnamate had no effect on the rate of mitochondrial swelling or the acceptor 
control ratio of the mitochondria. 

(7) It is concluded that the pyruvate transporter is markedly more susceptible to the inhibitory effects of 
nupercaine than are the adenine nucleotide. dicarboxylate or phosphate ion transporters. 

Anion transporters located in the inner membrane of 
heart mitochondria include those for pyruvate, adenine 
nucleotides, dicarboxylic acids and phosphate ions [ 11. 

It is assumed that both a specific carrier protein and its 
association with neighbouring phospholipids are neces- 
sary for transport systems of this type [21. Proteins 
which are presumed to catalyse the transport of adenine 
nucleotides and phosphate ions have recently been 
isolated from the inner membrane of heart mitochon- 
dria [ 3. 41. However, little is known about the nature of 
the phospholipid environment which surrounds these 
and other carrier proteins. 

Previous studies in this laboratory have provided 
evidence which indicates that in rat heart mitochondria 
there is some interaction between the dicarboxylic acid 
transporter and other anion transporters in the mito- 
chondrial inner membrane [ 101. The aim of the present 
experiments was to investigate further the relationship 
between different anion transporters in heart mitochon- 
dria using local anaestheticsas tools to probe the inner 
membrane. Local anaesthetics which contain benzene 
and tertiary amine moieties have been shown to interact 
with the phospholipid components of biological mem- 
branes [5, 181. We have previously shown that adenine 
nucleotide transport in mitochondria isolated from rat 
liver is inhibited by low concentrations of buta- 
Caine [6-81. and evidence which is consistent with an 
interaction of butacaine with membrane phospholipids 
was presented [ 7, 8 I. 

The fluidity of mammalian mitochondrial mem- 
branes changes markedly with changes in tempera- 
ture [ 15 I. Thus the membrane lipids are considered to 
be predominantly in a fluid or “liquid-crystalline” 
phase at temperatures above 23” and in a solid or “gel” 
phase at temperatures below 8” [ 15 1. Most measure- 
ments of mitochondrial anion transport are conducted 
at temperatures below 10” [ 11. Since it was considered 
important to study the effects of local anaesthetics on 
anion transporters under conditions in which the mem- 
brane lipids are in the fluid phase (i.e. at temperatures 
above 23’), it was necessary to develop methods for the 
estimation of rates of anion transport at these tempera- 
tures. This has been done by measuring anion-depend- 
ent oxygen utilisation in the presence of low concentra- 
tions of a specific inhibitor of the transport of a given 
anion. Under these conditions, it is assumed that anion 
transport is the rate-limiting step in the reaction 
sequence. 

The results show that at 30” a significant inhibition 
of pyruvate transport is observed in the presence of low 
concentrations of nupercaine. Much higher concentra- 
tions of the local anaesthetic are required to inhibit the 
transport of adenine nucleotides, dicarboxylic acids 
and phosphate ions. 

MATERIALS AND METHODS 

Isolation of mitochondria. The source of rats and the 
methods used for the isolation of mitochondria and 
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determination of acceptor control ratios (the ratio of the 
rate of ADP-stimulated oxygen consumption to the rate 
observed after depletion of a limited amount of exoge- 
nous ADP [91) and mitochondrial protein content were 
as described previously[ lo]. In order to reduce the 
amount of blood associated with the heart tissue, hearts 
were removed from rats while the animals were anaesth- 
etised with ether [ 111. Values of 4-7 in the presence of 
10 mM glutamate and 5 mM malate, and 5- 10 in the 
presence of 2 mM pyruvate and 0.5 mM malate were 
routinely obtained for acceptor control ratios of the 
mitochondria. 

Mitochondrial respiration. Rates of oxygen utilisa- 
tion were measured at 30’ in a Clark oxygen electrode 
(Rank Brothers, Bottisham, Cambridge, England). All 
reaction media (2.0 ml total volume) contained 
125 mM KCI, 20 mM 4-(2.hydroxyethyI)- l-pipera- 
zine-ethanesulphonic acid (Hepes *). pH 7.4, and 
2 mM potassium phosphate (pH 7.4). Additional com- 
ponents were as follows: (a) pyruvate-stimulated oxy- 
gen utilisation: 2.5 PM carbonyl cyanide m-chloro- 
phenyl hydrazone, 500 PM malate, 0.4 mg mitochon- 
drial protein per ml, the indicated concentrations of 
inhibitors and 2 mM pyruvate, added 2 min after addi- 
tion of the mitochondria; (b) succinate-stimu- 
lated oxygen utilisation: 2.5 PM carbonyl cyanide m- 
chlorophenyl hydrazone, 5 mg/ml rotenone, 0.5 mg 
mitochondrial protein per ml, the indicated concentra- 
tions of inhibitors and 5 mM succinate added 2 min 
after addition of the mitochondria; (c) ADP-stimulated 
oxygen utilisation: 5 mM malate, 10 mM glutamate, 
0.5 mg mitochondrial protein per ml, the indicated 
concentrations of inhibitors and 0.75 mM ADP added 
3 min after addition of the mitochondria; and (d) 
NADH oxidation: 2.5 PM carbonyl.cyanide m-chloro- 
phenyl hydroazone, 0.4 mg mitochondrial protein per 
ml, the indicated concentrations of nupercaine and 
0.25 mM NADH added 2 min after the mitochondria. 

[2-14C 1 pyruvate and [U-14C I malate uptake. Initial 
rates of [ 2-“‘C lpyruvate uptake were measured at 25” 
or 4” as indicated, by a modification of the “inhibitor- 
stop” method of Halestrap [ 121. The reactions were 
conducted in plastic centrifuge tubes (1.5 ml capacity). 
Each reaction mixture contained, in a final volume of 
0.20ml. 125 mM KCl, 20mM Hepes, pH 7.4, 
1.0 mM sodium arsenite, 5 /*g/ml rotenone. 1 pg/ml 
antimycin A, 3 mM ascorbic acid, 0.05 mM tetrame- 
thylphenylenediamine, 0.25 mM [2-‘“C lpyruvate 
(0.07 ICi). nupercaine at the concentrations indicated 
and l-l.5 mg mitochondrial protein per ml. All com- 
ponents except the mitochondria and [ 2-lJC lpyruvate 
were equilibrated at the required temperature before 
addition of the mitochondria. After 2 min, 12. 
“‘Clpyruvate was added and the reaction stopped 10 
(25’) or 60 set (4”) later by the addition of 0.0 1 ml of 
40 mM r-cyano-3-hydroxycinnamate. The tubes were 
centrifuged at 7000 g (Eppendorf Microfuge 3200) at 
4” for 2 min, the supernatants removed by aspiration 
and the pellets washed once with 0.5 ml of the reaction 
medium from which the mitochondria and [2- 
14C lpyruvate were omitted. The amount of radioactiv- 
ity present in the pellets was determined as described 

* Hepes-4-(2-hydroxyethyl) I-piperazine-ethanesulphonic 
acid. 

previously [ 131. The amount of [2-‘4Clpyruvate. ex- 
pressed as nmol per mg mitochondrial protein, associ- 
ated with the mitochondria was calculated from the 
amount of radioactivity in the mitochondrial pellet and 
the specific activity of the [ 2-14C lpyruvate. The amount 
of [2-‘Tlpyruvate present in the fluid outside the 
matrix or absorbed to the mitochondria [ 161 was esti- 
mated in reactions in which a-cyano-3-hydroxycinna- 
mate was added before [ 2-14C lpyruvate. The difference 
between the amount of [ 2- “C lpyruvate associated with 
the mitochondria in the absence of a-cyano- 
3-hydroxycinnamate and that associated with the 
organelles in reactions in which the inhibitor was added 
before [ 2-14C lpyruvate, was defined as [ 2-14C]-pyru- 
vate uptake (i.e. a-cyano-3-hydroxycinnamatesensi- 
tive [ 2-“C lpyruvate uptake [ 161). 

Initial rates of [U-‘4Clmalate uptake were measured 
as described previous&[ lo]. The incubation medium 
contained 250 mM sucrose. 1OmM 2-amino-2-hydrox- 
ymethyl-propane- 1,3-diol (Tris)--HCI (pH 7.5). 
10 mM EDTA, 1 mM arsenite, S,~~g/ml rotenone, 
50pM [U-14Cl malate (0.2pCi), mitochondria (1 mg 
protein per ml) and the additions shown in Fig. 6. 

Mitochondrial swelling. The energy-linked accumu- 
lation of phosphate ions was measured at 25” by the 
method of Brierley et al. [ 141. The medium contained 
100 mM potassium phosphate (pH 7.4), 5 mM succi- 
nate (pH 7.4) and 0.25 mg per ml mitochondrial pro- 
tein. The initial rate of swelling was estimated from the 
rate of decrease in apparent extinction at 546 nm meas- 
ured using a Ziess PM2 D2 spectrophotometer (Carl 
Zeiss, Oberkochen, West Germany). 

Chemicals. The local anaesthetics. which were ob- 
tained from the sources described by Spencer and 
Bygrave 161, were dissolved in water and the pH ad- 
justed to about 7.4 with KOH. a-Cyano-3-hydroxycin- 
namate was obtained from the Aldrich Chemical Com- 
pany. Gillingham. Dorset, U.K.; 2-phenylsuccinate 
from K and K laboratories, Plainview. New York; 
atractyloside from the Sigma Chemical Company, Mis- 
souri and [2-14C]pyruvic acid and [U-‘4Clmalic acid 
from the Radiochemical Centre. Amersham, Bucks., 
U.K. All other reagents were of the highest grade 
available. 

RESULTS 

Pyruvate oxidation and [2-T Jpyruvate uptake. The 
rate of pyruvate-stimulated oxygen utilisation in the 
presence of a-cyano-3-hydroxycinnamate was used as a 
measure of pyruvate transport across the inner mito- 
chondrial membrane at 30”. The concentration of a- 
cyano-3-hydroxycinnamate. an inhibitor which is spe- 
citic for the pyruvate transporter [ 12, 161, was chosen 
to give about 50% inhibition of the rate of oxygen 
utilisation (Fig. la and b). Under these conditions, the 
transport of pyruvate across the inner membrane 
should be the rate-limiting step in the sequence of 
reactions which lead from pyruvate entry into the 
mitochondria to oxygen utilisation. The addition of 
nupercaine (10pM) caused a significant inhibition of 
pyruvate-stimulated oxygen utilisation (Fig. lc). Meas- 
urement of the rate of pyruvate-stimulated oxygen util- 
isation in the presence of 1.5 PM a-cyano-3-hydroxy- 
cinnamate and increasing concentrations of nupercaine 
showed that 50 per cent inhibition of oxygen utilisation 
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2 min \ 

Fig. I. The effects of a-cyano-J-hydroxyciate and ou- 
percaine on p~uvate-stimulated oxygen utilisation at 30”. 
Pyruvate oxidation was measured as described in Materials 
and Methods. Pyruvate (Pyr) was added 2 min after addition 
of the mitochondria (MT). The concentrations of the inhibi- 
tors, which were present before the addition of mitocbondria, 
were: none (a), 1.5 PM @-cyano-3-hydroxycinnamate (b) and 
I.5 FM a-cyano-3-hydroxycinnamate plus 10 ,uM nupercaine 

(CL 

is obtained at 0.02 mM nupercaine (Fig. 2a). In the 
absence of a-cyano-?I-hydroxycinnamate, the concen- 
tration of nupercaine which gives 5’0 per cent inhibition 
of pyruvate-stimulated oxygen utilisation is 0,4 mM 
(Fig. 2b). 

The inhibition by nupercaine of py~vate-stimulated 
oxygen u~lis~~on in the presence of ~~y~o-3-hydrox~ 
ycinnamate was found to be non-com~titiv~ with re- 
spect to pyruvate (Fig. 3). ~~vate-stimulated oxygen 
utiiisation in the presence of 1.5 pM a-cyano-fhydrox- 
ycinnamate was less sensitive to inhibition by butacaine 
and tetracaine with 30 per cent inhibition observed at 
0.04 and 0.5 mM of,these agents respectively.Procaine 
and xyl 

I) 
Caine had ‘very little effect when tested at 

concent ations between 0.1 and 1.0 mM. 
Nupercaine inhibited the initial rate of [2- 

‘% lpyruvate uptake (Fig. 4a and b). Conc~n~atio~s of 
0.2 and 0.6 mM nupercaine @be average of values 
obtained from three separate experiments) gave 50 pef 
cent inhibition at 25’ and 4’ respectively. 

o-05 CGO 
Nupercaine (m&If 

Fig. 2. Effect of increasing concentrations of nupercaine on 
the rate of pyruvate-stimulated oxygen utilisation measured in 
the presence (a) and absence (b) of 1.5pM a-cyano-3-hy- 
droxycinnamate. Rates of pyruvate-stimulated oxygen utilisa- 
tion were measured in the presence of the indicated concentra- 
tions of nupercaine under the conditions described in the 
legend of Fig. 1. The data shown are the results &one of four 

(a) and two (bf experiments which gave similar resutts. 

4 8 12 

[Pyruvatel-l (mM)*l 

Fig. 3. The recipracal of the rate of pyruvate-stimulated 
oxygen utilisation (measured in the presence of 1.5pM a- 
~y~~3-hy~o~ycinn~a~) plotted as a function of the re-. 
ciprocal of the pyruvate concentration in the presence (8) and 
absence (0) of 20~M nupercaine. The rate of pyruvate- 
stimulated oxygen utilisation was measured at varying con- 
centrations of pyruvate under the conditions described in the 
legend of Fig. 1. The data shown are those of one of three 

experiments which gave similar results. 

~rff~s~r~ Q~~jc~r~o~jjc QCj~S~~~~ Q~~~~os~~~~e 
ions. The effects of nupercaine on succinate-stimulated 
oxygen utilisation in the presence of phenylsuccinate, a 
specific inhibitor of dicarboxylic acid transport [ 171, 
and ADP-stimulated oxygen utilisation in the presence 
of atractyloside, an inhibitor of adenine nucleotide 
translocation [ 11, were investigated. The concentra- 
tions of ph~y~succinate and atractyloside were ad- 
justed to give 50 per cent ~~bit~~~ of the rate of 
oxygen utitisation so that the movement of suceinate or 
ADP across the mitachondrial membrane should be the 
rate-limiting step in the reaction sequence. The concen- 
trations of nupercaine which give 50 per cent inhibition 

O-2 0.5 

N’JP tiercaine (mM) 

Fig. 4. The effect of increasing concentrations of nupetcaine 
on the initial rate of [2-W lpyruvate uptake measured at 25” 
(a) and 4O (b). The composition of the reaction media and 
measurement of 12-‘4Clpyruvate uptake were as described in 
Materials and Methods. The data shown are those for one of 

three experiments which gave simiiar resufts. 
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Fig. 5. The effects of increasing concentrations ofnupercaine 
on (a) the rate of succinate-stimulated oxygen utilisation 
measured at 30° in the presence of 2 mM phenylsuccinate, (b) 
ADP-stimulated oxygen utilisation measured at 30” in the 
presence af 3.5 I_~M atractytoside and (c) NADH-stimulated 
oxygen utilisation by sonicated mitochondria measured at 
30”. The inset (a) shows the effect of low concentrations of 
nupercaine on the rate of succ~nate-stimulate oxygen utilisa- 
tion in the presence of 3.8 mM phenylsuccinate. The compo- 
sition of the reaction media and procedure for the measure- 
ment of oxygen utilisation are described in Materials and 
Methods. Sonicated mitochondria were prepared by sonicat- 
ing a suspension of mitochondria in isolation medium ( 15 mg 
protein per ml) for 10 set at 0” using a Branson B- 12 Sonifier 
(Branson Sonic Power Co., Danbury, Conneticut, U.S.A.). 
(d) The effect of nupercaine on the rate of swelling of mito- 
chondria incubated at 2.5” in the presence of lOOmM potas- 
sium phosphate and 5 mM succinate. The composition of the 
reaction medium and Procedure used to measure mitochon- 
drill sweiting are described in Materials and Methods. The 
data shown are the results of one of four (a), three (b) and two 

(c and d) experiments which gave similar results. 

of succinate- and ADP-stimulated oxygen utilisation 
were found to be I. I and 0.3 mM respectively (Fig. 5a 
and b). In each case, a small stimufation of oxvgen 
utilisation was observed at much lower concentrations 
of nupercaine (Fig. 5a and inset, Fig. 5b). The presence 
of 1.5 PM a-cyano-3-hydroxycinnamate did not mod- 
ify the inhibitory effects of nupercaine. Nupercaine 
inhibited (i) the oxidation of NADH in sonicated mito- 
chondria (Fig. 5~) and (ii) the rate of phosphate- 
induced swelling, measured in the presence of succinate 
(Fig. 5d). The concen~ations of the local anaesthetic 
which inhibited these processes by 50 per cent were 0.2 
and 0.6 mM respectivefy. 

The effects of nupercaine on the movement of dicar- 
boxylic acids across the mitochondrial membrane were 

also studied by investigating its effects on IU- 
r4C]malate uptake. The initial rate of [U-r4C]malate 
uptake at 4” was inhibited 50 per cent by 0.6 mM 
nupercaine (Fig. 6a). Smaller effects were exerted by 
tetracaine. butacaine and procaine (Figs. 6b-d). 

~i~o~~o~~~~~~ swdlirtg. At 25”. 0.05 mM nuper- 
came had no effect on the rate of swelhng as monitored 
by the decrease in apparent absorbance at 546nm (Fig. 
7a, b). Concentrations of 0.2 and 0.5mM nupercaine 
caused an increase in the rate of swelling over the first 2 
min, but this effect was not evident at 1 mM nupercaine 
(Figs. 70-e). At 2 mM nupercaine, an enhanced rate of 
swehing was observed over the whole time period 
investigated (Fig. 7f). A similar trend was observed at 
30” under conditions used to measure the effects of 
nupercaine on py~vate-stimu~uted oxygen utilisation 
in the absence of ~-~y~o-3-hydroxy~inn~ate (data 
not shown). 

Concentrations of nupercaine below 0.05 mM had 
no effect on the acceptor control ratios (the ratio of the 
rate of oxygen utilisation in the presence of a limited 
amount of ADP to that observed after depletion of 
ADP) measured at 25” in a medium which contained 
125 mM KCI, 20 mM Hepes (PH 7.4). 2 mM potas- 
sium phosphate @-I 7.4). 10 mM glutamate and 5 mM 
ma&e. Higher concentrations of nupercaine caused a 
progressive decrease in the value of the acceptor control 
ratio from 2.8 in the absence of nupercaine to 2.2 in the 
presence of 0.5 mM nupercaine. 

DRXUSSION 

The most striking effect of nupercaine is the inhibi- 
tion by low ~on~ntratio~s of this agent of pyruvate- 
stimulated oxygen utifisation measured in the presence 
of a-cyano-3-hydroxycinnamate. At these concentra- 
tions of nupercaine, no change was observed in the 
integrity of the mitochondria as monitored by the rate 

rrw 
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Fig. 6. The effects of nupercainc (a). butacaine (b). tetracaine 
(c) and procaine (d) on the initial rate of 1U-‘4CImalate 
uptake at Jo. The eo~~s~tion of the reaction medium and 
procedure used to measure [U-laClmalate uptake are de- 
scribed in Materials and Methods. The data are the results of 

one of two experiments which gave similar results. 
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Fig. 7. The effect of nupercaine on the swelling of mitochon- 
dria at 25”. Each reaction mixture contained, in a final volume 
of 3.0 ml; 125 mM KCI. 20 mM Hepes (pH 7.4), 1.0 mM 
sodium arsenite, 5pg/ml rotenone. lpg/ml antimycin A. 
3 mM ascorbic acid. 0.05 mM tetramethylphenylenediamine, 
0.25 mg per ml mitochondrial protein and nupercaine at 
concentrations of 0 (a), 0.05 (b), 0.2 (c), 0.5 (d). 1.0 (e) and 
2.0 mM (f). Mitochondrial swelling was measured as de- 
scribed in Materials and Methods after addition of the mito- 
chondria at 0 min. The data shown are the results of one of 

four experiments which gave similar results. 

of mitochondrial swelling and the acceptor control 
ratio. Higher concentrations of nupercaine (about 
0.4 mM) were required to cause significant inhibition of 
pyruvate-stimulated oxygen utilisation in the absence 
of sr-cyano-3-hydroxycinnamate, or of [ 2-Y lpyruvate 
uptake. One explanation for these results is that x- 
cyano-3-hydroxycinnamate confers a change in the 
pyruvate transporter which renders it more sensitive to 
inhibition by nupercaine. This effect would be specific 
for the pyruvate transporter, as no change in the suscep- 
tibility of ADP- or succinate-stimulated oxygen utilisa- 
tion was observed in the presence of cr-cyano-3-hydrox- 
ycinnamate. A second explanation is that, in the 
absence of a-cyano-3-hydroxycinnamate, the move- 
ment of pyruvate across the inner membrane is not a 
rate-limiting step for either pyruvate oxidation or 12- 
14C lpyruvate uptake (cf. Pande and Parvin [ 161). The 
observations that (a) the inhibitory effect of nupercaine 
on pyruvate oxidation is most pronounced in the pres- 
ence of a-cyano-3-hydroxycinnamate, and (b) much 
higher concentrations of nupercaine are required to 
inhibit NADH oxidation in sonicated mitochondria, 
indicate that the effects seen on pyruvate oxidation in 
the presence of a-cyano-3-hydroxycinnamate reflect 
the action of nupercaine on the pyruvate transporter 
rather than on subsequent metabolism of pyruvate. 

The concentration of nupercaine (about 0.1 mM) 
which completely inhibits pyruvate oxidation in the- 
presence of a-cyano-3-hydroxycinnamate had little or 
no inhibitory effect on the rates of succinate- and ADP- 
stimulated oxygen utilisation and phosphate-induced 
swelling. Therefore it is concluded that the dicarboxylic 
acid, adenine nucleotide and phosphate transporters are 

H.P. 2817- I 

markedly less susceptible to inhibition by nupercaine 
than the pyruvate transporter. Furthermore, since suc- 
cinate- and ADP-stimulated oxygen utilisation were 
measured under conditions in which the transport of 
succinate and ADP, respectively, was the rate-lmiting 
step, it is concluded that the concentrations of nuper- 
Caine which give 50 per cent inhibition of the dicarbox- 
ylate and adenine nucleotide transporters are about 1.1 
and 0.3 mM, respectively. In the case of the dicarbox- 
ylic acid transporter, the inhibitory effects of nuper- 
Caine were confirmed by demonstrating an inhibition of 
[U-‘“Clmalate uptake at 4’. 

The effects of local anaesthetics, of the type em- 
ployed here, on biological membranes appear to be 
mediated predominantly through an interaction of the 
drugs with membrane phospholipids 15, 181. The pres- 
ent results do not exclude a direct interaction between 
nupercaine and an a-cyano-3-hydroxycinnamate-pyru- 
vate carrier protein complex. However, the observed 
stimulation of succinate- and ADP-stimulated oxygen 
utilisation by concentrations of nupercaine which are 
similar to those which inhibit pyruvate-stimulated oxy- 
gen utilisation in the presence of a-cyano-3-hydroxy- 
cimuunate, is consistent with an effect of nupercaine on 
membrane phospholipids which, in turn, affects anion 
transporters in different ways. 
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