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SUMMARY
Drugs that bound to the peripheral-type or mitochondrial ben-
zodiazepine receptors in rat kidney mitochondria produced sev-
eral effects on mitochondrial respiration with succinate and mal-
ate/pyruvate as substrates. These drugs increased state IV and
decreased state Ill respiration rates, which resulted in a signifi-
cant decrease in the respiratory control ratio. ADP: 0 ratios were
not affected. The receptor binding affinities of a set of 10
compounds (Ro5-4864, PKl 1 1 95, diazepam, mesoporphyrin IX,
flunitrazepam, deuteroporphyrin IX, dipyridamole, dibutylphthal-
ate, cyclosponn A, and CL259,763) correlated over a concentra-
tion range of almost 4 orders of magnitude with their potencies

at inhibiting respiratory control (r = 0.95). The anxiolytic benzo-
diazepine clonazepam had no effect on mitochondrial respiratory
control and bound with negligible affinity to the receptor. The
magnitude of the effect of Ro5-4865 on respiration increased in
parallel with the density of mitochondrial benzodiazepine recep-
tors in mitochondria from liver, kidney, and adrenal. These results
suggest that ligand binding to mitochondnal benzodiazepine
receptors results in inhibition of mitochondrial respiratory control.
This effect may help to explain the pleiotropic effects of receptor
ligands on intact cells.

Benzodiazepines produce many effects on nonneuronal tis-

sues, including the alteration of cellular growth and differentia-

tion (1-4), chemotactic and immune responsiveness (5, 6),

steroidogenesis (7, 8), protooncogene expression (9), and the

duration of the cardiac action potential (10). Furthermore,

many nonneuronal tissues contain specific, saturable, phar-

macologically distinct binding sites for these compounds, which

are referred to as peripheral-type benzodiazepine receptors.

These sites are clearly distinct from the benzodiazepine recep-

tors located on neurons (11).

In radioligand binding experiments using [3H]Ro5 or PK,

these peripheral-type benzodiazepine receptors are identified

by their distinctive pharmacological profile as follows: nanom-

olar affinity for the nonanxiolytic benzodiazepine Ro5 and the

isoquinoline carboxamide PK; 10-100-fold lower affinity for

the anxiolytic benzodiazepines DZ and FLU; and negligible

affinity for the anxiolytic CLZ and the benzodiazepine antag-

onist Ro15-1788. This potency profile is basically the mirror

image of that shown by neuronal benzodiazepine receptors (1 1).

Many compounds in addition to benzodiazepines and PK bind

to peripheral-type benzodiazepine receptors, including some

naturally occurring porphyrins (12), dipyridamole (13), steroid

derivatives (14), dihydropyridines (15), thiazides and related

drugs (16), and a wide variety of other naturally occurring and

synthetic drugs (17).

It has not yet been possible to establish whether peripheral-

type benzodiazepine receptors have any functional significance.

Attempts to correlate the cellular activities of receptor ligands

with their receptor binding potencies have, in some cases,

produced widely disparate results, in that large differences in

binding potency were not reflected similarly in biological po-

tency (3-6). However, some insight into this discrepancy is

provided by reports that these sites are primarily intracellular

and localized on mitochondria (19, 20). If the actions of these

drugs were mediated through intracellular receptors, the pres-

ence of a plasma membrane barrier could help to explain the

differences observed between biological and binding potencies.

Based on the evidence that these sites are localized to the

mitochondrial outer membrane, peripheral-type benzodiaze-

pine receptors have been recently designated as MBR (20). On

this basis, it has also been hypothesized that they function as

modulators of cellular energy metabolism (11). To investigate

this possibility, we studied the effects of nine ligands for MBR

on the respiration and oxidative phosphorylation of rat kidney

mitochondria in vitro and determined the binding affinities of

the drugs to MBR in these organelles. We report here that
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these compounds (Ro5, PK, DZ, MP, FLU, DP, DBP, DPY,

and CL259,763) inhibited mitochondrial respiratory control

with potencies that correlated extremely well with their binding

affinity for these receptors. CyA, which inhibited respiratory

control in kidney mitochondria (21), was also identified as an

MBR ligand in these experiments (17). Incorporating the data

for CyA, the correlation between MBR binding and respiratory

control inhibition extends over almost 4 orders of magnitude

in concentration. In addition, we have investigated the effects

of MBR ligands in rat adrenal and liver mitochondria. The

results of our experiments suggest that MBR can modulate

respiratory control in mammalian mitochondria. A preliminary

report of some of these data has appeared previously (22).

Experimental Procedures

Materials. Benzodiazepines were provided by Hoffmann-LaRoche,

(Nutley, NJ)and PK11195 was a gift from Rhone-Poulenc Sante

(France). Porphyrins, DPY, DBP, succinate, malate, pyruvate, ADP,

and MOPS were purchased from Sigma Chemical Company (St. Louis,
MO). CyA was obtained from Sandoz (East Hanover, NJ). [3H]Ro5
(77.9 Ci/mmol) was purchased from Dupont/New England Nuclear

(Boston, MA).

Preparation of kidney mitochondria. Rat kidney mitochondria
were prepared by a modification of a method used to prepare well

coupled rat liver mitochondria (23). All procedures were performed at

0-4’. The lB contained 250 mM sucrose, 1 mM dipotassium EDTA, 1

mM EGTA, and 10 mM MOPS (pH 7.4). Decapsulated, whole rat

kidneys were finely minced and rinsed well with lB. A 10% (w/v)

homogenate was prepared in lB using a loose-fitting, longitudinally

grooved Teflon pestle in a glass homogenizer. After one hand-pass of
the pestle, the homogenate was centrifuged for 10 mm at 600 x g. The
supernatant was withdrawn by pipet and centrifuged at 1500 x g for

10 mm. The supernatant was discarded, and the mitochondrial pellet

was resuspended in lB (0.25 ml of lB/pair of kidneys), stored in glass

on ice, and not washed before use. Rat liver and adrenal mitochondria

were prepared as described above.

Mitoehondrial [3H]Ro5 binding. Binding of [3H]Ro5 (2 nM final

concentration) was conducted with mitochondria prepared as described

above. Assays were conducted in RAB (see below) in triplicate for 10

mm at 30.5’ in a final volume of 0.2 ml. Plastic U-bottom, nonsterile

96-well plates were used. Experiments were terminated by rapid vac-
uum filtration through glass-fiber filters with a Cambridge PHD cell

harvester (Cambridge Technology, Cambridge, MA). Filter strips were
washed three times with RAB at 30.5’. Nonspecific [3H]Ro5 binding
was determined in the presence of 10 �sM unlabeled Ro5. Each assay
well contained 13-20 �sg of mitochondrial protein. Drugs were dissolved

in DMSO and diluted with buffer before testing. At concentrations
<0.1% (v/v), DMSO had no effect on binding.

Mitochondrial respiration. RAB contained 60 mM sucrose, 1 mM

dipotassium EDTA, 5 mM K2HPO4, 20 mM KC1, 2.5 mM MgCl2, and

30 mM Tris (pH 7.4). Mitochondrial oxygen consumption was measured

with a YSI Clark-type polarographic oxygen electrode system using

standard techniques (24). Each assay (1 ml) contained 120-250 zg of
mitochondrial protein. Respiration was measured at 30.5� with con-

stant stirring. Drugs were added with the mitochondria before insertion

of the oxygen electrode into the chamber. After 3-4 mm, during which
a stable baseline was attained, state IV was initiated by the addition of

succinate (final concentration, 10 mM). Two to three minutes later,

state III was initiated by the addition of ADP (final concentration, 150

Results

In searching for effects of MBR ligands on mitochondrial

energy metabolism, we first examined the action of Ro5 on

succinate-supported state IV and ADP-supported state III res-

piration (Fig. 1). At a concentration of 1 j.tM, Ro5 increased the

rate of state IV and decreased the rate of state III respiration.

A return to state IV (referred to here as state IV ‘) occurred

upon exhaustion of the added ADP. The state IV’ rate was also

increased by Ro5, but the magnitude of the increment was

comparable to that observed in state IV. The opposite effects

of Ro5 on the rates of states IV (+13%) and III (-15%) resulted

in a 28% decline in the (RCR), which classically defines the

degree of coupling between mitochondrial respiration and oxi-

dative phosphorylation (23). In all cases, these changes were

statistically significant (Table 1). There was no change in the

ADP:O ratio, which expresses the efficiency of ADP phosphor-

ylation (24). In contrast to Ro5, the anxiolytic benzodiazepine

CLZ (at 1 �tM) was without any of these effects. Although

controls (addition of DMSO) were indistinguishable from CLZ

additions, CLZ was always used in control experiments.

Ro5-4864, but not CLZ, had similar effects on malate and

pyruvate-supported mitochondrial respiration, although with

these substrates there was a small decline in the ADP:O ratio

(Table 1).

The effects of PK, a nonbenzodiazepine ligand for MBR, on

succinate-supported respiration were very similar to those ob-

tamed with Ro5. There was an increase and decrease in the

rates of state IV and III, respectively, resulting in a significant

decrease (20%) in the RCR. PK, like Ro5, had no effect on the

ADP:O ratio with succinate as substrate (Table 2).

After observing these distinctive effects of Ro5 and PK, these

drugs were tested for possible interactions with other known

stimulants of mitochondrial respiration and for other effects

on mitochondrial respiration. However, neither drug at 1 �M

had any effect on the action of classical respiratory uncouplers

like 2,4-dinitrophenol, carbonylcyanide m-chlorophenylhydra-

zone, or Ca2�, all of which stimulate state IV respiration (25).

Ro5 and PK did not behave like typical uncouplers either,

inasmuch as, at final concentrations of �5 �tM, neither drug

had any stimulatory effect on state IV rates when added after

state IV was established. Ro5 and PK at final concentrations

of �5 �tM did not affect the otherwise barely detectable rates of

ADP-supported NADH oxidation (assayed in the absence of

succinate) or myxothiazol-insensitive oxygen consumption that

were carried out by these mitochondria.

Our studies with Ro5 and PK clearly indicated that the RCR

was the most informative index of drug-induced respiratory

perturbation. Thus, subsequent experiments designed to ex-

amine the effects of other MBR ligands on mitochondrial

respiration emphasized this parameter. Like Ro5 and PK, the

other MBR ligands tested increased the rate of state IV and

decreased the rate of state III, resulting in lower RCR values.

No significant effects on ADP:O ratios were noted. Concentra-

tion-response curves for the effects of Ro5, PK, and the other

MBR ligands on mitochondrial RCR values are shown in Figs.

2 and 3. The IC50 values derived in these experiments are shown

in Table 3. After Ro5, PK was the most potent inhibitor of

respiratory control and was followed in potency by DPY, DZ,

DP, MP, FLU, DBP, and CL259,763. All of the compounds

tested had approximately equivalent efficacy in these experi-

ments.

It is interesting to observe that the effects of the putative

MBR antagonist PK (11) were identical to those produced by

Ro5, except that PK was less potent than Ro5. The fact that
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Fig. 1. The effect of Ro5 on succinate-supported state IV
and ADP-supported state III mitochondnal respiration. a,
control curve (1 zM clonazepam added); b, 1 �M Ro5
added. S, succinate added; ADP, ADP added; and ADP:O
= ADP:O ratio. Rat kidney mitochondna were prepared
and oxygen consumption was measured as described in
Experimental Procedures. Drugs were added with the mi-
tochondna 3-4 mm before the addition of succinate. The
traces depict oxygen consumed per unit time as indicated
by the scale bars. Numbers next to the traces represent
nAtom of 0 consumed/mm/mg of protein. These tracings
are representative of those obtained during these studies;
they were obtained with 294 �zg of mitochondnal protein/
assay.

TABLE 1

Effects of Ro5-4864 on mitochondnal respiration
Values with succinate are means ± standard errors from 1 6 experiments with four

separate preparations of mitochondria. The values with pyruvate/malate are means
± standard errors from seven experiments with two separate preparations of
mitochondria and were obtained in the presence of 5 mM malonate. Ro5-4864 was
added with the mitochondria to a final concentration of 1 uM; control = clonazepam
at 1 �M. Clonazepam had no effect and was equivalent to no addition or addition
of an appropriate dilution of DMSO. ADP:O = ADP:O ratio.

Respiration

parameter
Drug Respiration

Succinate Malate/Pyruvate

natom of 0/mm/mg of protein

State IV Control
Ro5-4864

1 7.93 ± 0.44 1 1 .80 ± 0.40
20.24 ± 0.93a 12.50 ± 0.40�

State III Control
Ro5-4864

58.05 ± 1 .40 30.30 ± 0.80

46.73 ± 1 .96b 27.40 ± 0.90c
State IV’ Control

Ro5-4864
22.1 5 ± 0.65 1 5.50 ± 0.40
25.50 ± 0.81 d � 6.70 ± 0.30c

RCR Control
Ro5-4864

3.27±0.13 2.58± 0.09
2.35 ± 0.13” 2.19 ± 0.12c

ADP:O Control
Ro5-4864

1 .63 ± 0.04 2.02 ± 0.04
1.55±0.05 1.85±0.05’

. p < 0.05 (two-tailed Student’s t test).
bp<0 001

cp < 0.025.
dp < 0.005.

PK has full intrinsic activity suggests that is not an MBR

antagonist in this system. However, PK could partially block

the ability of Ro5 to decrease respiratory control, and vice

versa, in a manner consistent with the ability of these drugs to

competitively inhibit the binding of each other to the MBR

(17).

To facilitate direct comparisons of activity potencies with

binding affinities, we examined the ability of these drugs to

displace [:IH]Ro5 from MBR in kidney mitochondria under

conditions duplicating those used in the respiration studies

(Table 3). The details of these binding experiments and their

analyses are provided in the accompanying manuscript (17).

The binding experiments showed that Ro5 and PK had high

affinity for these sites (IC5 = 28 and 48 nM, respectively),

TABLE 2

Effects of PK on mitochondrial respiration
Values were obtained with succinate as the substrate and are means ± standard
errors from four or five separate experiments. PK was added with the mitochondria
to a final concentration of 1 ; control = clonazepam at 1 MM. Clonazepam had
no effect and was equivalent to no addition or addition of an appropriate dilution of
DMSO. ADP:O = ADP:O ratio.

Respiration
parameter

Drug
.

ResPiration

nafom ofO/min/mg of protein

State IV Control
PK

16.1 2 ± 0.61
17.75 ± 0.20�

State Ill Control
PK

62.95 ± 2.65
56.11 ± 1.43a

State IV’ Control
PK

21 .12 ± 0.71

22.45 ± 0.65
RCR Control

PK
3.92±0.04
3.16±0.06k’

ADP:O Control
PK

1 .82 ± 0.03
1 .91 ± 0.09

. p < 0.05 (two-tailed Student’s t test).
5p<0.OOl.

whereas CLZ and Ro15-1788 had very low affinity (IC5 > 19

�tM). DPY, DZ, DP, MP, and FLU had intermediate affinities

ranging from 170 to 560 nM whereas CyA, DBP, and CL259,763

had affinities in the micromolar range (Table 3). The results

indicated that the rank order of binding affinity for these 10

compounds was similar to that of their activity potency. When

the IC5) values for binding were plotted against the IC5) values

for inhibiting the RCR, a correlation coefficient of 0.95 was

obtained (Fig. 4). This correlation reflects the fact that the

potencies of these compounds at stimulating state IV and

inhibiting state III individually were similar to their potencies

at inhibiting the RCR. Concentration-response curves for Ro5,

PK, DZ, and FLU modulation of states IV and III are shown

in Fig. 5, A and B. The respective ECr, values (means ±

standard errors, three experiments) for stimulation of state IV

were 8 ± 3 (Ro5), 85 ± 8 (PK), 300 ± 23 (DZ), and 600 ± 19

nM (FLU). The respective IC�() values (means ± standard errors,

three experiments) for inhibition of state III were 18 ± 6 (Ro5),
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Fig. 2. The effect of MBR ligands on the respira-
tory control ratio in rat kidney mitochondna. Re-

suIts are means ± standard errors from two to
five determinations at each concentration of Ro5
(#{149}),PK (0), DZ (LI), DP (El), MP (s), and FLU
(A). Each drug and CLZ was evaluated with a
separate preparation of mitochondna, and the ef-
fect elicited by 250 n� Ro5 in each experiment
was taken as 100% and used to calculate the
values presented. The IC50 values derived from
these data are shown in Table 3.

Fig. 3. The effects of additional MBR ligands on the
RCR in rat kidney mitochondria. Results are means
of two determinations at each concentration of DPY
(0), DBP (s), and CL259,763 (A). Concentration-
response curves for Ro5 (#{149})and DP (Li), shown in
Fig. 2, are also included for reference. Details of these
experiments are outlined in the legend to Fig. 2 and
in Experimental Procedures. The IC50 values derived
from these data are shown in Table 3.

76 ± 4 (PK), 140 ± 11 (DZ), and 340 ± 12 nM (FLU). A

correlation coefficient of 0.97 was obtained when the EC50 for

stimulation of state IV by Ro5, PK, DZ, and FLU was plotted

versus their binding affinity (Fig. 6). Similarly, if the IC51) for

inhibiting the rate of state III was plotted versus the binding

IC50, a correlation coefficient of 0.94 resulted (Fig. 6). These

results suggest that drug modulation of kidney mitochondrial

respiration, oxidative phosphorylation, and respiratory control

resulted from drug binding to the MBR.

Because rat tissues vary greatly in their MBR content (11,

26), we wondered whether Ro5 would alter any of the mito-

chondrial respiration characteristics in other tissues and

whether this ability correlated with the number of MBR pres-

ent. Thus, mitochondria from rat liver and adrenal were pre-

pared and evaluated in respiration experiments. Liver was

chosen because it contains low numbers of receptors, whereas

adrenal contains the highest leveic of receptors in the rat (11,

26). There was no consistent effect of Ro5 at a final concentra-

tion of 1 �tM On the rate of state IV respiration of liver mito-

chondria (0 ± 2% stimulation; three experiments). In contrast,
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TABLE 3
Inhibition of mftochondrial [3HJRO5 binding and respiratory control
by drugs and porphyrins

Resufts are means ± standard errors, where indicated. from three separate
experiments.Other values are means of two separate experiments,which varied
by about 1 5%. Intact rat kidney mitochondria were prepared and binding of 2 nM
[3HJR05 was performed as described inExperimental Procedures. Six to eight
concentrations of each drug were evaluated in each binding experiment. Mitochon-
drial respiration was studied and drug effects on respiratory control were deter-
mined as described in Experimental Procedures. The dose-response curves for the
drug effects on respiratory control are shown in Figs. 2 and 3.

lC�
Drug

l�HlRo5 bindng Respiratory contrc�

nM

Ro5 28±1 17±5
PK 48±4 90±7
DPY 170 72
DZ 358±61 370±17
DP 370 285
MP 500 450
FLU 523±8 500±20
CyA 3000 120008
DBP 4700 ± 760 2600
CL259,763 17000 17500
CLZ 19000 ± 2021 inactive
Aol 5-1788 >1 00000 inactive

a This result was obtained from Ref. 21.

Fig. 4. Correlation between MBA binding and inhibition of the respiratory
control ratio. Data used to derive this figure are found in Table 3 and
Figs. 2 and 3. The correlation coefficient (0.95) was computed by
unweighted linear regression analysis. The ordinate represents the mean
lC� values of the drugs at displacing [3HJAo5 from mitochondna. The
abscissa represents the mean IC� values for drug inhibition of the
respiratory control ratio. 1 = Ao5, 2 = PK, 3 = DPY, 4 = DZ, 5 = MP, 6

= FLU. 7 = OP. 8 = DBP, 9 = CyA, 10 = CL259,763.

this drug stimulated state IV respiration in adrenal mitochon-

dna by 30 ± 9% (three experiments), which is about double

that observed in kidney (13 ± 5%; 16 experiments; Table 1).

The effects of Ro5 on the state III rate and the RCR in adrenal

mitochondria were similar to those obtained in kidney.

Discussion

The major finding ofthis study is that mitochondrial function

is modulated by ligands that bind to MBR found on these

Mitochondnal Benzodiazepine Receptor Function 161

Fig. 5. The effects of MBA ligands on state IV and III respiration rates in
rat kidney mitochondna. Results are means ± standard error from three
separate determinations at each concentration of Ao5 (#{149}),PK (0), OZ
(tx), and FLU (0). Details of these experiments are outlined in the legend
to Fig. 2 and in Experimental Procedures. The EC50 values (state IV
stimulation) and IC� values (state III inhibition) are given in the text.

200 300 400 500 600

IC� BINDING (nM)

Fig. 6. Correlation between MBA binding and stimulation of state IV
respiration and inhibition of state III respiration. The binding data used
(abscissa) is listed in Table 3. The EC50 values for stimulation of state IV
(left ordinate) are given in the text. The correlation coefficient for the line
shown was 0.97 (#{149}).The IC� values for inhibition of state Ill (right
ordinate) are also given in the text. The correlation coefficient for the line
shown was 0.94 (0). For both sets of data, only the means are depicted
in the figure. The correlation coefficients were computed by unweighted
linear regression analysis.

organelles. Ten compounds, including three benzodiazepines

and seven nonbenzodiazepines, bound to these sites and inhib-

ited mitochondrial respiratory control, as predicted by their

receptor binding affinities. Thus, one of the essential require-

ments for classification of MBR as functional receptors has

been satisfied (27). Also, these results provide direct support

for the idea that MBR modulate cellular energy metabolism
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1 C. F. Beyer, unpublished data.

(11, 19). Additional evidence for classifying the MBR as a

receptor is our finding that the magnitude of the effect of Ro5

on state IV respiration increases in parallel with the increasing

density of receptors for this drug in different mitochondria (11,

26). Taken together, these results may help to explain the

pleiotropic actions of MBR ligands on a variety of cell types

(11).

Our data suggest that the MBR modulate mitochondrial

respiratory control in a complex manner. Ligands for these

receptors increase the rate of substrate oxidation and decrease

the rate of oxidative phosphorylation, thereby decreasing the

RCR. This occurs in the absence of significant changes in the

ADP:O ratio. This activity profile is distinctive, is common to

both benzodiazepines and nonbenzodiazepines, and does not

resemble that of classical uncouplers, ionophores, electron

transport inhibitors, or drugs that inhibit adenine nucleotide

or substrate uptake (25, 28). Our results also indicate that PK

is not an MBR antagonist in mitochondria as it is in other

systems (11) because PK has intrinsic potency and full efficacy

in our experiments.

Although the molecular mechanism by which MBR ligands

decrease respiratory control has not been identified, our data

suggest that they do not function like classical uncouplers. We

observed no uncoupler-like respiratory stimulation with Ro5 or

PK added after establishment of state IV and, in contrast to

uncouplers (29), these drugs did not significantly decrease the

ADP:O ratio. Also, Ro5, PK, DZ, and FLU had no typical

uncoupler-like ability to dissipate the inner mitochondrial

membrane potential during states IV and III.’ The fact that

Ro5 failed to increase the rate of NADH-supported ADP phos-

phorylation also suggests that this drug does not nonspecifically

violate the proton permeability barrier presented by the inner

mitochondrial membrane (30). Taken together, these results

imply that, unlike typical uncouplers, the locus of action of

MBR ligands is not the inner mitochondrial membrane. This

is borne out by reports that the MBR is located on the outer

mitochondrial membrane in various rat tissues (11, 17). These

results indicate that a drug receptor on the outer mitochondrial

membrane can influence inner membrane activities.

An important issue concerning the MBR is the question of

whether or not an endogenous ligand(s) for these receptors

exists. Based on their binding to the MBR and their presence

in MBR-rich tissues, porphyrins, have been proposed as endog-

enous receptor ligands (12). Thus, it is intriguing that the two

porphyrins tested in the present experiments (DP and MP)

produced the same type and magnitude of respiration modula-

tion as the synthetic ligands. These results support the proposal

that porphyrins are endogenous ligands for the MBR. However,

there are also reports that DZ, which binds to MBR and inhibits

respiratory control, is found in a variety of natural sources and

in rat tissues, along with its N-desmethyl derivative (31). In

fact, the propensity of many structurally diverse natural prod-

ucts to bind to the MBR (17) suggests that other active endog-

enous ligands could also exist.

The identity and possible physiological function of the MBR

should also be discussed. Recently, on the basis of circumstan-

tial evidence, it was suggested that this receptor might be

identical to the integral mitochondrial outer membrane protein

called VDAC or “porin,” which functions as a voltage-depend-

ent anion channel (11, 32). As such, the receptor could modulate

the bidirectional flow of mitochondrial substrates and products

that takes place during normal respiration and oxidative phos-

phorylation. It is possible to interpret the present data from

the point of view that the MBR modulates respiratory rates

from its outer membrane location indirectly, like VDAC would,

by limiting and/or facilitating exchange of substrates and prod-

ucts. However, previous work indicates that there is a very high

density of VDAC molecules in the mitochondrial outer mem-

brane (i.e., 4 x 10’ � molecules/cm2) (33), whereas there is

tremendous variation in the density of MBR in mammalian

tissues and mitochondria (11, 26). Unless one speculates that a

subtype of VDAC molecules are MBRs whereas the rest of

these channels are not, it appears unlikely that VDAC and the

MBR are identical. This is further supported by recent data

indicating that apparent MBR subunits are smaller than those

found in VDAC (34-36).

In conclusion, we now have the ability to monitor the actions

of known or suspected MBR ligands by measuring their poten-

cies at inhibiting mitochondrial respiratory control. This ability

in conjunction with the radioligand binding assay provides

many opportunities to discover new active MBR ligands. These

data also provide a useful framework for future experiments

concerning both the identity and the mechanism of action of

the MBR. In the accompanying paper, we present a detailed

analysis of ligand binding to the MBR (17).
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