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Inhibition of mitoc,~mS~al respiration by hydrophobic fluorescent dyes (Rhodamine 6G, Safranine O, Pyronine B) is 
much less potentiated by digitonin.iysis of the outer membrane than that by polyamines or adriamycin. This situation 
may be explained by ~mpenneability of the anion-selective channels in the outer mitochocdrial membrane to large 
cations and by ~qte abi.~ty of hydmp~F~ (but not polar or amphipathic) ions to directly permeate lipid bilayer~. 

Until recentiy, it has been widely assumed that the 
outer membrane of  the mitochondrion is freely permea- 
ble to all small (tool. wt. < 5000) mol~ules  and ions. 
The only indications to the contrary have come from 
reports that metabolite diffusion through this mem- 
brane may be rate-limiting for reactions taking place in 
the intermembrane compartment [1,2]. However, recent 
experiments have suggested that the mitochondrial outer 
membrane might be an actual barrier to the diffusion of 
certain organic cations. Rat liver mitochondria display a 
marked increase in susceptibility to cationic respiratory 
inhibitors, adriamycin and polyamines, after lysis of 
their outer membranes by digitonin or osmotic shock 
[3,4]. In the case of spermidine, this effect was shown to 
correlate with increased uptake of the radiolabeled com- 
pound by mitoehondria, with no concomitant signifi- 
cant increase in permeability of the inner membrane to 
sucrose [4,5]. It was concluded that the observed 
potentiation of respiratory inhibition was most easily 
explained by an inability of the cationic inhibitors to 
penetrate the intact outer mitochondrial membrane * 

* Nicolay and De Kruijff [6] have reported no difference in ,he 
inhibitory, effects of adr~amycin on mitochondria and on mito- 
plasts, which are mitochondria devoid of outer membranes, in 
apparent disagreement with our results [3,4|. However, the experi- 
mental results in Ref. 6 indicate that the outer membranes of the 
mitochondria used were very leaky towards exogenous c3tochrome 
c. Membrane damage may have occurred during the freezing and 
thawing to which the mitoehot~dria were subjected prior to the 
experiments. In any event, no conclusions about the permeability of 
intact outer mitochondrial met~,branes to adriamycin may be drawn 
from the experiments in Ref. 6. 

Correspondence: C.A. Mannella, Wadsworth Center for Laboratories 
and Research, New York State Department of Health, Empire State 
Plaza, Albany, NY 12201, US.A. 

Impermeability cf the mitochondrial out,',r n~em- 
brane to organic cations would not be inconsi~tent with 
what is known about the channel in these membranes. 
Although its lumen diameter is large, 2.5 ,~m [71, the 
reconstituted channel is selective for anions over ca- 
tion:~. (Hence, its name, VDAC, for voltage-dependent, 
anion-selective channel.) This selectivity for anions has 
been linked to the presence of clusters of expo,~ed basic 
amino acid residues at or near the channel opening 
[8,9]. Note that reconstituted VDAC is not impermeable 
to small cations (like K ÷) and neith,~r is the 
mitochondrial outer membrane [10,111. However, rela- 
tive channel permeability clearly decreases with both 
increased solute molecular weight and net positive 
charge [10]. 

Total impermeability of the mitochondrial outer 
membrane to all organic cations would, on the other 
hand, be at odds with the apparent ability of 
mitochondria to accumulate hydrophobic catioaic dyes. 
For example, rhodamines have found widespread use as 
vital stains of mitochondria and so-called potentiomet- 
ric dyes like Safranine O are commonly used as bio- 
physical probes of mitochondrial function [12,13]. 

To resolve this possible discrepancy, we have tested 
the accessibility of three cationic hydrophobic dyes 
(Table I) to the inner mitochondrial membrane respira- 
tory chain as a function of outer membrane intactness. 

Materials and Methods. Rat liver mitochondria were 
isolated and succinate oxidation measured polaro- 
graphically as described in Ref. 3. The outer membranes 
of freshly isolated rat-liver mitochondria are typicalWy 
65-85% intact, based on cyto~.hrome c integrity tests 
[3]. Outer membrane lysis was achieved by preincuba- 
tion of the mitochondria with digitonin. Concentrations 
of digitonin used in each case were those determined to 
be just sufficient to make spermidine (25 raM) fully 
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Fig ]. Influence of digitonm treatment of nutochondna on resptra 
tory effects of the fluorescent dyes Rhodamine 6G (A). Saframn¢ O 
(B), and Pyronine R (C). V is the steady-slate rate of O, con~mplton 
reached after addition of the indicated amount of dye relative to the 
rate pnot to dye addition. Closed circles: unpretreated rot liver 
mitochondrie (Oq, 0.11, 0.8 mg protein/ml, respectively, for A. B and 
C). Open circles~ rmtochondrial smlTenUons pre-incuhated for 2 mm 

at 27 "C with 0.025~ dilttonm (lysed mitochondna) 

accessible to the inner membrane, based on 100% in- 
hit~ition of succinate oxidation. (This level of digitonin 
,,as always somewhat lower than that needed to make 
the outer membranes totally permeable to cytochrome 
c, which is a considerably larger molecule than the dyes 
being stu~i,'d.) 

Safrar~ine O and Pyronine B was purchased from 
,~ ~' ,~b Chemical Co. (Milwaukee, WI); Rhodamine 6(3 
was purchased from Eastman Kodak Company 
(Rochester, NY). Concentrated stock solutions (1-5 
raM) were made in 10 mM potassium phosphate buffer 
(pH 7.0) and stored at 4°C in the dark prior to use. 
Concemrations of the dyes in the stock solutions were 
determined spectrophotometrically. 

Res,,dls and Discussioa. Inhibition of mitochondrial 
succinate oxidation is shown in Fig. 1 for Rhodamine 
6(3 (A), S~franine O (B) and Pyronine B (C). In each 
case, the effects of the dyes on isolated rat-I/ver 
mitochondria are biphasic: they stimulate respirat/on at 
low concentrations (below 0.1-0.2 raM) and becor~e 
inhibitory at higher concentrations. Outer-membraae 
lysis by digitonin was found to have only moderate 
effect on these dose*effect curves. Stimulation of respi- 
ration by the rhodamine and safranine dyes is reduced 

by about one-half. Subsequent respiratory inhibition by 
the same dyes is somewhat potentiated, more .so in the 
case of Safranine O than Rhodamine 6(3. In the case of 
Pyronine B, there is no significant change in effective- 
ness of the dye after outer-membrane lysis. 

These results indicate that the fluorescent dyes have 
ready access to the inner membrane resptratory chain in 
fraction~ of predominantly intact mitochondria and that 
this accessibtlity is only slightly i n ~  if at all, by 
outer membrane lysis. This is in stark contrast with the 
results obtained pr~viotutly with other t..~tionic ret~ra* 
tory inhibitors, namely adriamycin and polyamines 13,4]. 
The inhibitory effects of the latter organic cations were 
found to be markedly potentiated by osmotic or dig- 
itionin lysis of the outer membranes of rat liver 
mitochordria (see, for example, Fig. 1 in Ref. 3). The 
absence of similar potentiation with the fluorescent 
dyes used in the present study is consistent with numer- 
ous microscopic and q>ectroscopic experiments suggest- 
ing unimpeded uptake of these and similar dyes by 
mitochondria [ ] 2,13]. 

Table i summarizes the molecular weight and magni- 
tude of the charge of the organic cations included in 
this study. There is no correlation between either physi- 
cal characteristic and the ability of a compound to cross 
the mitochondrial outer rnembrane~ as inferred from the 
potentiating effect of outer membrane lysis on inhibi- 
tion by the compound. For example, both adriamycin 
(large potentiation: inferred impermeant) and Rhoda- 
mine 6(3 (slight potentiation: inferred ~ t )  have a 
charge of + l and a molecular weigher of approx. 500. 
The largest cation, Pyronine B. is inferred I>mneant 
while the smallest, spermidine, is inferred impermeant. 
Both are polyvalent cations. 

However, there appears to be a correlati(m between 
the apparent ability of the organic cations to permeate 
the mitochondrial outer membrane and their relative 
hydrophobicity. Linear polyamines are very water solu- 

TABLE ! 

Sl.:e ar, d cha~e o[ orXa..c ( 'alm~ 1ested i~,r r ~ p , ~ w r r  e/f..(:~ 

Orl~amc Molecular Net Effect of 
cation weight charge OM lysts " 

Inferred impermeant: 
Spermidine 145 + 3 Large 
Adriamycin 544 + 1 Large 

Inferred petmeanl: 
Rhodamin¢ 6(3 479 + ] Slight 
Safranine O 351 + ! Moderate 
Pyronic¢ B 1042 + 4 None 

" Potentiation of the effects of the oqpmic catioB on t~tt liver, 
mitochondrial succina,e oxidation by digitonin lysis of the ouzel 
membrane (OM). Compmmds ~ a laqle IX~e~tia~iorz are 
inferred to be unable to permeate ac-,o~ the intact n-etochoadrud 
outer membrane. Convef~ly, the absence of such potecJtiation 
s u l ~ t s  that the membrane is permeable lo the compound. 
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Fig. 2. The t , ~  permeability, . patb~a~x through the mtt,~.hondrlal outer tnen~brao¢ (A) l he h,,drophdtc palh~a~ ln~o[~cs the aqueou~ VI)A(" 
channel.  Organtc cations, repremnled ,~themal,calb, 4,, ahphallt  pob, Jmme~ * t |. adrhlm', t ln (2). and h'~dt.~phohlt nut , i t ,cent  d~c~ ( 3 L ma~, h~t~e 
rt~tnctt.~l ac'cc. . ,s  to the channel b~.~au,,c t~f fixed ~N~.III~,C charge~ at the thanncl '~ n~ot,th II~)¢] Negative% charged mct,tbobte,,. ,.uth .t~ ~denme 
nm. ' l ~ t t d~  (4L ma~, freely permeate the anl~m-,..elc~t ta~e channel (Bi  I he |~dt~*ph,*b,~ 10~llhwa~ m~ol~c, dtretl  ddfu,.ton ihrt~ugh the hptd pha~c t~| 
th~ tm-mhrane, Linear pt~l,,amtne~ ( t ) and adnam~cm (2) h~nd in the men,brahe hul ~nb, h~.dltq'~llt,bit t o , i ~ , , l d .  ]ikt lhc ;'iuott.,~enl ti~;c~, (,~) fll~tw 

dtl|u~,e lhr~t~h if, t N~,Ie. ~,lgan,t ~a|l*.~'ll~. and ¢¥l¢llllbI,J, lflt¢ th~mncl i1¢.'~1 d l a ~  il I ~  ~t a l e )  

ble; they bind electrostatically to the polar surfaces of 
membranes [1,1,151 but there is no evidence that they 
directly diffuse through phospholipid bilayers to any 
significant extent. Adriamycin is an amphipathic mole- 
cule. compom:~i of a large, non-polar ring system (dihy- 
droxyanthraquinone) covalently attached to a polar. 

charged amino sugar (daunosamine). That this com- 
ix~und i~ moderately lipophilic i,~ indicated by its patti- 
lion coefficients in octanol/water and I-butano|/water 
systems (i and 6.4, respectively) [16.1"/I. ]'here is evi- 
dence that the dihydroxyanthraquinone moiety of 
adriamycin imlx'ds into the hydrophobic interior of 
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bilayers [18l. Yet the drug apparently does not readllv 
permeate acro~ ohospholipid liposome membranes [19]. 
possibly becau~ cf its amino sugar moiety By contrast. 
the fluorc~cn! dyes ksted have little or no hydrophilic 
character, except for their net charge. For ex~mple, 
Rh~amme B. whicF is structurally ve~ ~ similar to 
Rhodamine 6C used in these experiments, has a l- 
butanol/water pa~¢iii~;n c(~fficient of 60.2 1201. "['here is 
considerable evidence [hal such strongly hydrophobic 
ions easily Iranslocat¢ across phospholipid bilaycrs, du¢ 
in part to chaq;e sL riding by and/or delocalization 
over their laqw, conj ~gated ring systems {21,22]. It has 
been demonstrated for example that Safranine O can bc 
directly tran~oorted into phospholipid vesicles in re. 
sponse to a membrane potential [23]. 

We would propose, therefore, the scheme shown in 
Fig. 2. There are two pathways by which organic cations 
may permeate the mitochondrial outer membrane: a 
polar pathway dehned by the aqueous channel, VDAC. 
and a hydrcph~bic pathway involving direct diffusion 
across the lipid bilayer, lk'cau~ of fixed positive charge,, 
at the mouth of the VDAC pore [g,91. permeation of 
organic cations by the hydrophilic pathway may be 
limited. Thus. only very. hydrophobic organic cations 
(such as the fluorescent dyes) may be able to translocate 
across the mitochondrial outer membrane Linear poly. 
amino or hydrophobic compounds attached to large 
polar residues (like adriamycin) may be t nable to enter 
the mitochondn(m by either pathway. 

The authors thank Mr. Bernard Cogn(,n for technical 
assistance in this work. which was supported by NSF 
Grant DM B-8613702. 
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