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ABSTRACT. The effect of the parkinsonian neurotoxin, 1-methyl-4-phenylpyridinium (MPP”) together with 
nitric oxide donors on mitochondrial calcium homeostasis and membrane potential was investigated. Simulta- 
neous exposure of calcium-loaded mitochondria to MPP” and nitric oxide donors led to Cyclosporin A-sensitive 
mitochondrial calcium efflux and depolarisation. When MPP’ was replaced with the respiratory inhibitor 

rotenone, mitochondrial calcium efflux and depolarisation also occurred. As both MPP’ and rotenone induce 
mitochondrial superoxide formation, the possibility that calcium efflux and depolarisation were due to perox- 
ynitrite formation from reaction of superoxide with nitric oxide was investigated. It was shown that simultaneous 
exposure of mitochondrial membranes to nitric oxide donors and rotenone led to peroxynitrite formation. The 
possible roles of nitric oxide, peroxynitrite, mitochondrial depolarisation, and calcium efflux in MPP’ toxicity 

are discussed. BECHEM PHARMAC 51;3:267-273, 1996. 
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The parkinsonian neurotoxin MPTPI_ is metabolised by stri- 
atal glial cells to MPP’ [l], which selectively kills dopaminer- 
gic neurons in primates, leading to symptoms similar to idio- 
pathic Parkinson’s disease [2]. The acute toxicity of MPP’ 
follows its inhibition of mitochondrial NADH-linked respira- 
tion at Complex I, which causes cellular ATP depletion [2,3]. 
In addition, MPP’ induces mitochondrial formation of super- 
oxide radicals (0,J [q-6], and there is considerable evidence 
for free radical damage in the neurotoxicity of MPTP and 
MPP’ [‘7-l 11. Although 02- on its own is not very damaging 
[12, 131 it reacts rapidly with nitric oxide (‘NO) to form per- 
oxynitrite (ONOO-) [14]. Peroxynitrite is itself a potent ox- 
idant that directly oxidises thiol groups [ 151. Peroxynitrite also 
decays rapidly to form compounds with similar reactivity to 
nitrogen dioxide and the hydroxy radical, thus damaging pro- 
teins, lipids, and nucleic acids [15-191. Peroxynitrite forms in 
viva when O,- and ‘NO production are elevated, and has been 
implicated in ischaemia-repetfusion injury [20, 211, immuno- 
complex pulmonary oedema [22], pulmonary emphysema [18], 
neuroexcitotoxicity [23], atherogenesis [24, 251, and familial 
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amyotrophic lateral sclerosis [26]. Nitric oxide is a retrograde 
messenger in neurotransmission [27, 281, and the background 
concentration of ‘NO in the brain is about 10 nM [29]. There- 
fore, MPP” may cause mitochondrial O,- formation, which 
reacts with endogenous ‘NO to form ONOO- and this in- 
creased oxidative stress may contribute to the neurotoxicity of 
MPTP and MPP+. In support of this hypothesis, inhibition of 
neuronal nitric oxide synthase prevents MPTP neurotoxicity 

1301. 
Oxidative stress causes Cyclosporin A (CsA)-sensitive mi- 

tochondrial depolarisation and calcium release by opening a 
nonspecific pore in the mitochondrial inner membrane, which 
contributes to oxidant-induced cell death [31-351. Recently, 
we have shown that ONOO- causes CsA-sensitive mitochon- 
drial depolarisation and calcium efflux [36, 371. Therefore, 
MPP+ and endogenous ‘NO may form ONOO-, leading to 
mitochondrial depolarisation and calcium efflux contributing 
to the toxicity of MPP+. To test this possibility, we determined 
the effects on mitochondrial polarisation and calcium homeo- 
stasis of exposure to MPP’ and NO donors simultaneously. 

MATERIALS AND METHODS 
Materials 

MPP’ and the ‘NO donors NO-SP and SNAP were from Re- 
search Biochemicals Limited, Natick, MA, U.S.A. MPP+ 
stock solutions (300 mM) were prepared daily in water, NO- 
SP stock solutions (50 mM) were prepared in 20 mM NaOH 
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and used within 3 hours of preparation [38], and SNAP stock 
solutions (50 mM) were prepared in argon-sparged DMSO 
immediately before experiments. The ‘NO donor SNP was 
from BDH (AR grade), and was dissolved in incubation me- 
dium immediately before experiments. CsA was a generous gift 
from Sandoz Pharma Ltd., Basel, Switzerland. Dihy- 
drorhodamine-123 (Molecular Probes, OR, U.S.A.) and 
rhodamine- (Sigma) stock solutions were prepared in ar- 
gon sparged AR grade dimethylformamide (AR grade) at 28.9 
mM and 1 mM, respectively, and stored in the dark at -20°C. 
Arsenazo III, safranine, and Type III SOD from bovine liver 
were from Sigma. 

Mitochondrial Preparation 

Liver mitochondria from fed female Wistar-derived rats of 
200-250 g were isolated by standard procedures [39], in me- 
dium containing 250 mM sucrose, 1 mM EGTA, and 5 mM 
Tris-HCl (pH 7.4), washed once in this medium, then washed 
and resuspended at approximately 50-60 mg protein/ml in 
medium containing 250 mM sucrose and 5 mM Tris-HCl (pH 
7.4) at 4°C. Experiments were carried out within 4 hr of iso- 
lation of the mitochondria, and the protein concentration was 
determined by the biuret assay using BSA as a standard [40]. 
The endogenous calcium content of mitochondria prepared in 
this way was 3.8 f 0.4 nmol/mg protein [41]. 

Mitochondrial Membrane Fragments 

Mitochondrial membrane fragments were prepared from beef 
heart mitochondria by sonication, followed by washing by suc- 
cessive pelleting and resuspension. Briefly, beef heart mito- 
chondria, isolated by a standard procedure [42], were sus- 
pended at 15 mg/mL in ice-cold medium containing 250 mM 
sucrose, 1 mM EGTA, and 5 mM Tris-HCl (pH 7.4), and 
lo-mL batches were sonicated on ice (6 x 15 set of a Branson 
microprobe ‘sonifier’, setting 4, with 30 set gaps). Medium (10 
mL) was then added, the suspension centrifuged at 10,000 x g 

for 10 min at 4”C, and the supernatant was ultracentrifuged at 
100,000 x g for 60 min at 4°C to pellet the membrane frag- 
ments. The ultracentrifugation was repeated twice, and the 
membrane fragments were suspended at 20 mg protein/ml and 
stored at -80°C. 

Standard incubation 

The standard incubation contained 1 mg mitochondrial or 
0.75 mg mitochondrial membrane protein/ml in medium con- 
taining 195 mM mannitol, 45 mM sucrose, 20 mM HEPES- 
KOH (pH 7.2), 3.3 mM succinate, 3.3 mM glutamate, and 3.3 
mM malate at 25”C, with further additions described in the 
figure legends. All traces are representative of experiments on 
at least three separate mitochondrial preparations. 

Mitochondrial Calcium Transport 

Mitochondrial calcium efflux was determined by incubating 
mitochondria in a stirred and thermostatted cuvette in me- 

dium containing 30 PM arsenazo III and variable amounts of 
CaCl,. Changes in absorbance of the calcium-sensitive dye 
arsenazo III were measured with an SLM Aminco DW2000 
double wavelength spectrophotometer at the wavelength pair 
675-685 nm [36]. 

Mitochondrial Membrane Potential 

Mitochondria were incubated under standard conditions and 
their membrane potential was monitored by changes in ab- 
sorption of safranine (10 ~.LM), measured using an SLM 
Aminco DW2000 double wavelength spectrophotometer at 
the wavelength pair 511-533 nm [43]. 

Measurement of Peroxynitrite Formatiun 

The formation of ONOO- was determined from the oxidation 
of non-fluorescent dihydrorhodamine- 123 (DHR) to fluores- 
cent rhodamine- 123 [44]. Rhodamine- 123 fluorescence was 
measured in a Perkin-Elmer MPF-3L fluorescence spectropho- 
tometer using an excitation wavelength of 500 nm and an 
emission wavelength of 536 nm (slit widths 2.5 and 3.0 nm, 
respectively), calibrated with authentic peroxynitrite as previ- 
ously described [37]. Beef heart mitochondrial membrane frag- 
ments (0.75 mg/mL) were incubated in 0.5 mL incubation 
medium containing 50 PM DHR and 13 PM rotenone or 
ethanol carrier. At zero time, NADH (50 PM) and NO-SP 
(200 ~.LM) were added. If NO-SP was omitted, an identical 
amount of spermine was added from a stock solution in 20 mM 
NaOH. The background rate of DHR in the absence of rote- 
none or ‘NO donors was subtracted from all experimental 
traces. MPP’ interferes with this assay; therefore, it was not 
possible to measure ONOO- production in its presence. Au- 
thentic peroyxnitrite was prepared by reaction of acidified hy- 
drogen peroxide with sodium nitrite as described previously 
[36]. It was not possible to detect ONOO- formation by iso- 
lated mitochondria, probably because of the rapid reaction of 
ONOO- with intramitochondrial components such as gluta- 
thione; therefore, a mitochondrial membrane preparation was 
used for these experiments. 

Chemiluminescence 

The formation of O,- by mitochondria was measured as the 
chemiluminescence caused by the reaction of O,- with luci- 
genin (100 PM) [45] using a Berthold LB953 luminometer 
(Wildbad, Germany). Rotenone (13 PM) or MPP+ (1 mM) 
was added to mitochondria in 0.5 mL incubation medium. 
Chemiluminesence was initiated by addition of mixtures of 
glutamate, malate, and succinate (rotenone experiments), or 
glutamate and malate (MPP+ experiments) (3.33 mM final 
concentration of each component), to the mitochondrial sus- 
pension within the luminometer. Results are the total amount 
of chemiluminesence over 60 min, with the spontaneous back- 
ground chemiluminesence of lucigenin subtracted (n = 3, 
+ SEM). 
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RESULTS AND DISCUSSION 
Calcium Efflux from Mitochondria 

To determine whether MPP’ and ‘NO together synergistically 
cause mitochondrial calcium efflux, calcium-loaded mitochon- 
dria were incubated with MPP+ and the nitric oxide donor 
NO-SP (Fig. 1A). Incubation with MPP+ and NO-SP led to 
complete calcium efflux (Fig. lA, trace a), which did not 
occur when either MPP’ (Fig. lA, trace c) or NO-SP (data 
not shown) was used alone. The calcium efflux was blocked by 
CsA (Fig. lA, trace b), by O,- dismutation with SOD, and by 
the ‘NO scavenger oxyhaemoglobin (data not shown). There- 
fore, ‘NO and MPP’ interact synergistically to cause mito- 
chondrial calcium efflux. As calcium efflux is blocked by CsA, 
it most probably occurs by the oxidant-induced CsA-sensitive 
pathway. To determine if calcium efflux was due to MPP” 
causing mitochondrial 02- formation, experiments were car- 
ried out in which MPP’ was replaced by the respiratory chain 
inhibitor rotenone (Fig. lB), which also causes mitochondrial 
02- formation [46]. E x p osure of calcium-loaded mitochondria 
to NO-SP together with rotenone led to calcium efflux (Fig. 
lB, trace a), which was blocked by CsA (Fig. lB, trace b). 
Efflux did not occur when either NO-SP or rotenone was used 
on its own (Fig. lB, trace c, and data not shown). 

To determine if the calcium efflux was dependent on the 
NO donor used, SNP was used instead of NO-SP (Fig. 1C). 
When SNP was used as a ‘NO donor in the presence of MPP+, 
calcium efflux occurred (Fig. lC, trace a), which was pre- 
vented by CsA (Fig. lC, trace d). This efflux did not occur 
when either MPP+ (Fig. lC, trace b) or SNP (Fig. lC, trace c) 
was used in isolation. For these experiments, the lipophilic 
anion TPB was also present to facilitate MPP’ transport across 
the lipid bilayer of mitochondrial inner membrane [6]. The 
apparent biphasic response with respect to time seen in Fig. 
lC, trace a, was reproducible; however, the significance of this 
finding is unclear. The lag time before onset of calcium efflux 
in Fig. 1C is 3-4 min longer than that for Fig. 1A. The reason 
for this difference is unclear; however, it is not due to greater 
‘NO production by NO-SP in Fig. 1A than by SNP in Fig. 1C 
(data not shown). The delay in onset of calcium efflux caused 
by SNP may be a nonspecific effect of the high concentration 
of SNP (2.5 mM) on the mitochondrial calcium efflux path- 
way itself. In the presence of TPB, lower concentrations of 
MPP’ (down to 100 PM, data not shown) were required to 
cause calcium efflux. Calcium efflux also occurred when the 
‘NO donor SNAP was used in conjunction with MPP+ (data 
not shown). Together, the experiments described by Fig. 1 
demonstrate that in the presence of ‘NO donors, the neuro- 
toxin MPPC or the respiratory inhibitor rotenone induces mi- 
tochondrial calcium efflux synergistically. 

Mitochondrial Depolarisation 

Oxidant-induced mitochondrial calcium efflux is associated 
with mitochondrial depolarisation due to the opening of a 
nonspecific pore in the mitochondrial inner membrane [3 11, or 
to increased calcium cycling across the mitochondrial inner 
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FIG. 1. Mitochondrial calcium efflux following simultaneous 
exposure to ‘NO and MPP+ or rotenone. Traces are shown 
from 2 min after the start of the incubation when all added 
calcium had been accumulated by the mitochondria. Panel A: 
70 nmol calcium/mg mitochondrial protein and MPP+ (1 mM) 
were present for all traces. To these were added NO&P (200 
PM) for traces a and b, and CsA (500 nM) for trace b. No 
additions were made for trace c. Results sin&r to trace c were 
obtained when SOD (250 units/ml), oxyhaemoglobin (50 
FM), or NO-SF’ in the absence of MPP+ were included in the 
incubations (data not shown). Panel B: 50 nmol calcium/mg 
mitochondrial protein were present for all experiments. For 
traces a and b, rotenone (13 PM) and NO-SP (200 PM) were 
added. CsA (500 nM) was included for trace b; NO43 (200 
wM) was the only addition for trace c. Incubations with SOD 
(250 UnitslmL) or oxyhaemoglobin (50 PM) gave identical 
results to trace c (data not shown). Panel C: 70 nmol calcium/ 
mg mitochondrial protein, SNP (2.5 mM), and TPB (10 PM) 
were present for all traces. MPP+ (500 PM) and SNP (2.5 mM) 
were added for traces a and d; CsA (500 nM) was also included 
for trace d. MPP+ was present on its own for trace b and SNP 
was used in isolation for trace c. 
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membrane [47]. The effect of ‘NO donors and MPP+ or rote- 
none on mitochondrial membrane potential was measured, 
and the results of these experiments are presented in Fig. 2. A 
substantial membrane potential developed on addition of mi- 
tochondria to medium containing respiratory substrates. Ad- 
dition of calcium transiently depolarised the mitochondria due 
to initial calcium accumulation, followed by a rapid repolari- 
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FIG. 2. Mitochondrial depolarisation following exposure to 
‘NO and MPP+ or rotenone. Mitochondria were incubated 
with safranine and ‘NO-donors, and CaCl, (50 nmol calcium/ 
mg) was added 1 min 40 set later, followed at 4 min by MPP+ 
(500 pM, Panel A) or rotenone (13 pM, Panel B). In both 
panels, traces a show almost complete depolarisation, as shown 
by the later addition of FCCP (333 nM). CsA (500 nM) was 
added to traces b; in panel A, trace c MPP+ was present alone. 
NO-W was used on its own in traces d. Spermine dissolved in 
NaOH (20 mM) together with rotenone was added for the 
experiment described in Panel B, trace c. For traces e, EGTA 
(500 pM) was added 20 set after MPP+ or rotenone. Addition 
of FCCP to the experiments described by traces b through e 
caused depolarisation to the level shown in traces a. 
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sation to a lower membrane potential due to steady-state cal- 
cium cycling. Subsequent addition of MPP+ (Fig. 2A, trace a) 
led to mitochondrial depolarisation, which was essentially 
complete, as shown by the addition of the uncoupler FCCP. 
Depolarisation did not occur when either ‘NO or MPP’ was 
used alone (Fig. 2A, traces c and d, respectively), and was 
prevented by CsA (Fig. 2A, trace b). Addition of EGTA, 
which chelates external calcium and thus prevents pore open- 
ing and calcium cycling, also prevented depolarisation (Fig. 
2A, trace e). Depolarisation also occurred when rotenone was 
used instead of MPP’ (Fig. 2B, trace a), but did not occur 
when either ‘NO or rotenone was used alone (Fig. 2B trace d 
and data not shown). This depolarisation was prevented by 
CsA (Fig. 2B, trace b) or EGTA (Fig. 2B, trace e). Experi- 
ments using MPP+ and the ‘NO donors SNP or SNAP, instead 
of NO-SP, give results similar to those described by Fig. 2A 
(data not shown). 

These data suggest a synergistic interaction between MPP+ 
or rotenone and ‘NO donors, leading to CsA-sensitive mito- 
chondrial depolarisation. The depolarisation is probably asso- 
ciated with calcium efflux (Fig. l), because depolarisation was 
prevented by CsA and by chelation of external calcium, which 
prevents pore opening by removing calcium from an external 
mitochondrial binding site [48] or by preventing calcium cy- 
cling [471. 

Detection of Mitochondrial 
Superoxide Production by Chemiluminescence 

Both MPP+ and rotenone cause mitochondrial O,- formation 
[4, 461; therefore, the synergistic interaction of MPP’ or ro- 
tenone with ‘NO donors may be due in part to O,- reacting 
with ‘NO to form ONOO-. To find out if mitochondrial O,- 
formation was increased by MPP’ or rotenone in our experi- 
ments, mitochondria were incubated with rotenone or MPP+ 
in the presence of lucigenin, which reacts specifically with O,- 
to form a chemiluminescent product. Addition of MPP” or 
rotenone in the presence of calcium led to an increase in 
chemiluminescence (Fig. 3). In addition, ‘NO donors de- 
creased the chemiluminesence, presumably by ONOO- forma- 
tion, thus preventing the detection of O,- by lucigenin. 
Therefore, O,- formation in intact mitochondria increases in 
the presence of MPP’ or rotenone, in agreement with findings 
on isolated mitochondrial membranes [4, 461. 

Peroxynitrite Formation by Mitochondrial 
Membranes in the Presence of Nitric Oxide 

Part of the synergistic effect of ‘NO and MPP” or rotenone 
may follow the formation of the powerful oxidant ONOO- 
from the reaction of mitochondrially produced O,-with NO. 
To see if this occurred in our experiments, we measured 
ONOO- formation by the oxidation of DHR to rhodamine 
[44]. It was not possible to measure peroxynitrite formation in 
intact mitochondria, probably because of the high concentra- 
tion of intra-mitochondrial glutathione. Therefore, experi- 
ments were carried out with mitochondrial membrane frag- 



MPP+ and ‘NO Together Cause Mitochondrial Calcium Efflux 271 

FIG. 3. Stimulation of mitochondrial superoxide formation by 
MPP+ or rotenone measured by lucigenin chemiluminese 
cence. Mitochondria were incubated with lucigenin, 1 mM 
MPP+, or 13 pM rotenone in standard incubation media in the 
presence or absence of CaCl, (70 nmol calciumlmg mitochone 
drial protein), and lucigenin chemiluminescence was measured. 
For experiments witb MPP+ in the standard incubation me- 
dium, mitochondria were energised with succinate for 12 min 
before the addition of calcium to allow for complete MPP+ 
uptake. Statistical significance was determined using Student’s 
t-test, *P < 0.005. 

ments from which glutathione would have been removed. In 

the presence of NADH, rotenone, and a NO donor, the mem- 

brane fragments catalysed DHR oxidation, suggesting ONOO- 
formation (Fig. 4, trace a). This oxidation was not caused by 
‘NO or rotenone alone (Fig. 4, traces b and c, respectively), as 
both compounds caused rates of DHR oxidation similar to the 
background rate. 

General Discussion 

We have shown that the parkinsonian neurotoxin MPP’ and 
the respiratory chain inhibitor rotenone interact synergisti- 
cally with pharmacologocally active ‘NO donors to cause mi- 
tochondrial depolarisation and calcium efflux. This disruption 
of mitochondrial function may contribute to the cytotoxicity 
of MPP+. 

The mechanism by which MPP’ or rotenone interact with 
‘NO to affect mitochondria is uncertain. However, as this 
interaction leads to mitochondrial calcium efflux and depo- 
larisation, it is plausible that it is due to increased oxidative 
stress. In our experiments, MPP” and rotenone caused mito- 
chondrial O,- formation, which was potentiated by calcium. 
The mechanism of this potentiation by calcium is unclear, but 

mitochondrial free radical production is known to be stimu- 
lated by calcium [49]. However, 02- production in the absence 
of ‘NO does not cause mitochondrial depolarisation or calcium 
efflux. This increased O,- production is partially blocked by 
incubation with nitric oxide donors, suggesting that O,- is 
consumed by reaction with ‘NO. Together, ‘NO and O,- are 
known to react forming ONOO-, which would cause substan- 
tial oxidative stress, and which is known to cause mitochon- 
drial calcium efflux and depolarisation [36, 371. In support of 
this hypothesis, we showed that ONOO- is formed when ro- 
tenone interacts with mitochondrial membrane fragments to 
produce O,- in the presence of ‘NO donors. Therefore, it is 
likely that ONOO- formation contributes to the mitochon- 
drial calcium efflux and depolarisation caused by MPP+ or 
rotenone and T\JO donors. 

The mechanism by which ONOO- could contribute to mi- 
tochondrial calcium efflux follows oxidation of mitochondrial 
thiols. In support of this, it is known that ONOO- reacts 
directly with thiols [15], and oxidation of mitochondrial thi- 
01s is known to induce CsA-sensitive mitochondrial calcium 
efflux. Therefore, the high concentration of mitochondrial 
glutathione would offer some protection to ONOO- forma- 
tion, but may also represent the mechanism by which calcium 
efflux is induced by this agent. Mitochondrial MnSOD will 
compete with ‘NO to react with 02- formed by the respiratory 
chain. However, as the rate of formation of ONOO- from ‘NO 
and O,- is effectively diffusion-limited at high concentrations 

rhodamine = 5 nM 
a 

5 min 

FIG. 4. Peroxynitrite formation by mitochondrial membranes 
. . 

exposed to mtnc oxide and rotenone. Mitochondrial mema 
branes were incubated with dibydrorhodamine, and tbe rate of 
oxidation of dibydrorhodamine to rhodamine measured to de. 
termine peroxynitrite formation. For trace a, rotenone ( 13 PM) 
and NO-SP (200 PM) were present. For control experiments, 
NO-SP (trace b) or rotenone (trace c) were used on their own. 
Calibration of DHR oxidation with authentic ONOO- sug- 
gested that 6.9 molecules of ONOO- were required to oxidise 
1 molecule of DHR. From this, the flux of ONOO- produced 
by the membranes was estimated to be about 16 pmol 
ONOO-/min/mg membrane protein. 



272 M. A. Packer et al. 

of ‘NO, SOD will offer little protection against ONOO- for- 
mation [12]. 

In summary, we have shown that MPP’ or rotenone and 
nitric oxide donors interact synergistically to cause mitochon- 
drial depolarisation and calcium efflux, which may contribute 
to MPP+ cytotoxicity. Part of this synergistic interaction may 
follow from oxidative stress due to ONOO- formation. This 
may arise when MPPf interacts with mitochondria to produce 
O,-, which reacts with ‘NO in the brain to form ONOO-. 
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