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Abstract 

Mitochondria isolated from rat brain were found to cleave cholesterol to produce pregnenolone, the precursor for hormonal 
steroids, at a mean rate of 21.0 pmol pregnenolone.mg protein -1- min -1. This rate-limiting step in steroidogenesis was 
significantly stimulated by PK 11195 (1-(2-chlorophenyl)-N-methyl-(1-methylpropyl)-3-isoquinoline carboxamide) and Ro54864 
(4'-chlorodiazepam), ligands which bind to peripheral benzodiazepine receptors with high affinity. Low-affinity ligands for the 
peripheral benzodiazepine receptor such as Ro15 1788 (ethyl-8-fluoro-5,6-dihydro-5-methyl-6-oxo-4H-imidazo[1,Sa][1,4]benzo-3- 
carboxylate) and clonazepam had no significant effect on the rate of pregnenolone synthesis. Furthermore, the rank order of 
potency of these compounds as inhibitors of [3H]Ro5 4864 binding was identical to the rank order for steroid production. Since 
the 86-amino acid peptide diazepam binding inhibitor is also thought to bind to the peripheral benzodiazepine receptor, four 
fragments of this peptide, a random sequence and steroidogenesis activator peptide were also evaluated for their ability to 
interact with peripheral benzodiazepine receptors and to stimulate steroidogenesis in rat brain mitochondria. Steroidogenesis 
activator peptide and two fragments of diazepam binding inhibitor significantly stimulated pregnenolone biosynthesis. In contrast 
to the peripheral benzodiazepine receptor ligands, no correlation between peptide potency in displacing [3H]Ro5 4864 binding 
and steroidogenesis was observed. 
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I. Introduct ion  

At least two distinct types of benzodiazepine recep- 
tors have been identified in the central nervous system. 
The central benzodiazepine receptor  that is allosteri- 
cally coupled to the y-aminobutyric acid A (GABA A) 
receptor-chloride ionophore has been well described 
(Stephenson, 1988). A pharmacologically distinct but 
less well characterized benzodiazepine recognition site 
is the peripheral- type benzodiazepine receptor.  Frac- 
tionation studies have localized the peripheral  benzo- 
diazepine receptor  to the outer  mitochondrial mem- 
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brane (Anholt et al., 1986). These putative receptors 
are abundant  in both neural and peripheral  tissues 
where they have recently been implicated to play a 
regulatory role in the synthesis of steroids (Barnea et 
al., 1989; Mukhin et al., 1989; Yanagibashi et al., 1989; 
Besman et al., 1989; Papadopoulos  et al., 1990, 1991). 
These findings are significant when one considers com- 
pelling evidence demonstrat ing that steroids are potent  
modulators of GABAergic  neurotransmission (Gee, 
1988; Olsen and Tobin, 1990; Paul and Purdy, 1992). 

Peripheral  benzodiazepine receptors are charac- 
terized by their high affinity for Ro5 4864 (4'-chlorodi- 
azepam), an atypical benzodiazepine, and low affinity 
for clonazepam, a benzodiazepine with high affinity for 
the central benzodiazepine receptor  (Braestrup and 
Nielsen, 1980; Schoemaker et al., 1982). Recent  studies 
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in adrenocortical cells have demonstrated that the pe- 
ripheral benzodiazepine receptor may specifically pro- 
mote the delivery of cholesterol from intracellular 
stores across the outer mitochondrial membrane into 
the inner mitochondrial membrane in response to cer- 
tain benzodiazepines (Yanagibashi et al., 1988, 1989; 
Krueger and Papadopoulos, 1990). The transport of 
cholesterol to the C27 side-chain-cleavage cytochrome 
P450 enzyme system associated with the inner mem- 
brane is the rate-limiting step in steroidogenesis. The 
initial and committed step in steroid biosynthesis is the 
cleavage of cholesterol to form pregnenolone, the com- 
mon precursor for steroid hormones. Thus, elevating 
the intra-mitochondrial cholesterol concentration can 
increase the rate of steroidogenesis. 

In the last several years, some interesting pharmaco- 
logical properties of a group of putative benzodi- 
azepine receptor ligands termed endozepines, endoge- 
nous peptide ligands, has been revealed (Barbaccia et 
al., 1988). One member of this class that has been 
isolated to homogeneity in rat, bovine and human 
brain is diazepam binding inhibitor (Guidotti et al., 
1983; Marquadt et al., 1986), an 86-amino acid peptide 
so named for its ability to inhibit diazepam binding in 
synaptosomes. Diazepam binding inhibitor can be pro- 
teolytically cleaved into shorter fragments that retain 
differential activities for the central and peripheral 
benzodiazepine receptors. Another  30-amino acid pep- 
tide that has been identified in peripheral tissues and 
demonstrated to have a similar functional effect at the 
peripheral benzodiazepine receptor is steroidogenesis 
activator peptide (Pedersen and Brownie, 1987). 
Steroidogenesis activator peptide has no primary se- 
quence homology to diazepam binding inhibitor, but it 
has been suggested that it is derived from the 78000 
Da glucose-regulated protein (GRP78) previously de- 
scribed (Li et al., 1989). Together, these peptides may 
represent a pool of endogenous ligands for the periph- 
eral benzodiazepine receptor that are capable of medi- 
ating an effect through the peripheral benzodiazepine 
receptor in response to cellular signals. 

The concept that steroid biosynthesis may occur in 
tissue other than the classical steroidogenic tissues has 
been suggested recently; de novo synthesis of pregne- 
nolone in central nervous system-derived tissues such 
as oligodendrocytes and cultured brain cells has been 
reported (Le Goascogne et al., 1987; Yi Hu et al., 1987; 
Jung-Testas et al., 1989). In light of mounting evidence 
supporting a mechanism mediated through the periph- 
eral benzodiazepine receptor by in vivo studies in the 
brain and in adrenocortical and Leydig cell mito- 
chondria (Yanagibashi et al., 1988, 1989; Mukhin et al., 
1989; Besman et al., 1989; Papadopoulos et al., 1990, 
1991; Krueger and Papadopoulos, 1990; Korneyev et 
al., 1993), it was of interest to determine whether 
benzodiazepine receptor ligands and these peptides 

could also stimulate steroidogenesis in brain mito- 
chondria and if they share a common site of action. 

2. Materials and methods 

2.1. Mitochondrial preparation 

The method described by Clark and Nicklas (1970) 
was used to isolate a relatively pure mitochondrial 
population from brain tissues. Briefly, male Sprague- 
Dawley rats were decapitated and forebrains rapidly 
removed in cold isolation medium (0.25 M sucrose, 10 
mM Tris and 0.5 mM K+-EDTA, pH 7.4). The tissue 
was finely chopped with scissors and placed in a glass 
homogenizer. Using 5 ml of isolation medium per 
forebrain, the tissue was homogenized manually with 
eight strokes. An additional 10 ml of isolation medium 
was added and the homogenate centrifuged at 2000 × g 
for 3 rain. The supernatant was then collected and 
centrifuged at 12500 × g  for 8 min. This yielded a 
crude mitochondrial pellet which was resuspended in 
3% Ficoll medium (3% Ficoll, 0.12 M mannitol, 0.03 M 
sucrose, 25 mM K+-EDTA, pH 7.4) to a volume of 10 
ml and layered onto 20 ml of 6% Ficoll medium (6% 
Ficoll, 0.24 M mannitol, 0.06 M sucrose, 50 mM K +- 
EDTA, pH 7.4). The gradient was centrifuged for 30 
min at 11500 x g. The supernatant was then decanted 
and the pure mitochondrial pellet was washed in 10 ml 
isolation medium and centrifuged for 10 min at 12500 
× g. Mitochondria were resuspended in 0.32 M sucrose 
for steroidogenesis or phosphate buffer saline (50 mM 
N a / K  phosphate pH = 7.4 containing 200 mM NaC1) 
for binding assays. 

2.2. Peptide synthesis 

All peptides were synthesized using t-butyloxy- 
c a r b o n y l - a m i n o a c y l - O C H  z-PAM resins (Fluka,  
Ronkonkoma, NY, USA) and an automated solid-phase 
protocol, based on the principles outlined by Merri- 
field (1963, 1965) on an Applied Biosystems Model 430 
peptide synthesizer. To ensure a high degree of cou- 
pling efficiency all amino acids were double coupled. 
After addition of the final amino acid the resin was 
dried in vacuo prior to hydrofluoric acid cleavage. For 
those sequences containing dinitrophenyl-histidine, 
thiolysis was performed. The peptide resin (0.25 g) was 
treated for 2 X 3 0  min at 25°C with 15 ml of 10% 
diisopropylethylamine-20% /3-mercaptoethanol  in 
dimethylformamide to remove the dinitrophenol pro- 
tecting group. The N"-t-butyloxycarbonyl group was 
subsequently removed with 65% trifluoroacetic acid for 
10 min at 25°C. Peptides not containing histidine were 
treated with trifluoroacetic acid only. The peptide-res- 
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in was dried and treated immediately with anhydrous 
hydrofluoric acid. 

2.3. Stimulation of pregnenolone synthesis 

Mitochondrial preparations were resuspended in 200 
/xl of 0.32 M sucrose for each brain used. Steroidogen- 
esis was measured in 3.3 ml of 0.015 M triethanolamine 
(pH = 7.3) using 200 /zl aliquots of mitochondrial ho- 
mogenate. Cyanoketone (Sterling-Winthrop Labs, New 
York, USA) was added to a final concentration of 5 
txM to prevent further metabolism of pregnenolone 
and the mixture pre-incubated at 37°C for 5 min. A 200 
/zl aliquot was removed to determine basal pregne- 
nolone synthesis. Isocitric acid (Sigma Chemical Co., 
St. Louis, MO, USA) was then added as a source of 
reducing equivalents (5 mM), the compound being 
evaluated for stimulatory effects on steroidogenesis (1 
/~M) and 100/xM cholesterol to ensure that cholesterol 
was not a limiting factor. All conditions contained 
equal amounts of dimethyl sulfoxide (DMSO, Sigma 
Chemical Co.) which was used to dissolve non-peptide 
compounds. Additional 200 /zl aliquots were taken at 
the desired time points and transferred to 2 ml chloro- 
form with 0.5 ml water and mixed immediately for 10 s. 
The organic phase was removed to a separate con- 
tainer and the aqueous phase extracted with 2 ml 
chloroform two more times. The chloroform was then 
evaporated under nitrogen and samples were redis- 
solved in 100/xl of 95% ethanol for radioimmunoassay 
of pregnenolone or 50 /xl of methylene chloride for 
analysis by high-pressure liquid chromatography 
(HPLC). Recovery of a tritiated standard averaged 
about 90%. 

2.4. Quantitation of pregnenolone synthesis 

The radioimmunoassay protocol developed by 
Bergon and coworkers (Bergon et al., 1974) was fol- 
lowed to quantitate pregnenolone. A gelatin phosphate 
buffer was prepared from 50 mM N a / K  PO 4 stock by 
adding 0.15 M NaCl, 0.015 M NaN 3 and dissolving 
gelatin (Knox, unflavored) to make a 0.1% solution. All 
assay tubes contained the following: 0.2 ml gelatin 
phosphate buffer, 0.1 ml (25000 dpm) of [3H]pregne- 
nolone (New England Nuclear, 25.0 Ci /mmol) ,  0.1 ml 
pregnenolone antibody preparation (Pantex, Santa 
Monica, CA, USA), and 0.1 ml pregnenolone sample 
diluted 1 : 10 with assay buffer. The tubes were mixed 
and incubated at room temperature for 20 min. Follow- 
ing 3 more hours of incubation at 0-4°C, 1 ml of 
dextran-coated charcoal solution was added to each 
tube. The dextran-coated charcoal was prepared by 
adding 2.5 g charcoal (Norit A, Serva, New York, 
USA) and 0.25 g dextran (Serva) to 1 liter of gelatin 
phosphate buffer. The tubes were mixed and cen- 

trifuged at 2000 rpm for 15 min at 4°C. The super- 
natant was transferred to scintillation vials and ra- 
dioactivity quantified by liquid scintillation spectrome- 
try. Individual standard curves were plotted using a 
least-squares, non-linear regression program (Graph- 
Pad Inplot, San Diego, CA, USA) to obtain values for 
the concentration at which half-maximal [3H]pregne- 
nolone binding occurs and Bma x. These values were 
then used to derive the equation defining the standard 
curve for each assay. The amount of pregnenolone in 
each sample was determined from its respective stan- 
dard curve. Under  these conditions, 0.05 pg of pregne- 
nolone was detectable and used as the lower limit of 
the standard curve. All of the [3H]pregnenolone bound 
to the antibody was displaced by 4 pg of cold pregne- 
nolone (the upper limit of the standard curve). No 
cross-reactivity was observed with up to 500 ng of 
progesterone, cholesterol or 5a-pregnan-3a-ol-20-one. 

2.5. Chromatography 

Pregnenolone levels were determined on a Gilson 
HPLC using a Microsorb 5 /xm silica column (25 cm) 
with an 85:15 hexane:ace tone  mixture at a flow rate 
of 1 ml /min .  The retention time for pregnenolone was 
between 8.5 and 10 rain using an Evaporative Light 
Scattering Detector.  

2.6. [3H]Ro5 4864 binding assays 

Mitochondrial pellets were resuspended in 6 ml per 
brain of phosphate-buffered saline. Aliquots (100 ~1) 
of  mi tochondr ia  were  incubated  with 1 nM 
[3H]Ro5 4864 (New England Nuclear, 86.9 Ci /mmol)  
and various concentrations of the compound or pep- 
tide being tested in buffer for 2 h at 0-4°C. For the 
saturation experiments, various concentrations of 
[3H]Ro5 4864 were incubated with mitochondria in the 
presence or absence of 10 /zM steroidogenesis activa- 
tor peptide. The total incubation volume was 1 ml. 
Non-specific binding was defined as binding in the 
presence of 3 IzM Ro54864. Incubations were termi- 
nated by rapid filtration through No. 32 glass fiber 
filters (Schleicher and Schuell, Keene, NH, USA), fol- 
lowed immediately by three washes with ice-cold buffer. 
Filter bound radioactivity was quantified by liquid scin- 
tillation spectrometry. The K d values were calculated 
as the negative reciprocal of the slope of the regression 
line (GraphPad Inplot, San Diego, CA, USA) from the 
saturation binding data. Significant differences were 
determined by Student's paired t-test (P  < 0.001). 

2. 7. [3H]Ro5 4864 dissociation and association kinetics 

Dissociation kinetics of [3H]Ro5 4864 under control 
conditions were determined by incubating mito- 
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chondr i a  with 2 n M  [3H]Ro54864 for  2 h at  0 - 4 ° C  
( s t eady-s t a t e  condi t ions) .  The  effect  of  a p e p t i d e  on  
the  d issoc ia t ion  of  [3H]Ro54864 was d e t e r m i n e d  by 
inc luding  10 /xM s te ro idogenes i s  ac t iva tor  p e p t i d e  or  
15 /xM o c t a d e c a n e u r o p e p t i d e  dur ing  the 2 h p re incu-  
bat±on per iod .  Binding  in the  p re sence  of  3 /zM cold 
Ro5 4864 was de f ined  as nonspecif ic .  Dissoc ia t ion  of  
[3H]Ro54864  was in i t i a ted  by the  add i t i on  of  3 /zM 
Ro5 4864 at  var ious  t ime points .  The  na tu ra l  log of  the  
a m o u n t  of  [3H]Ro5 4864 b o u n d  at a given t ime t as a 
p e r c e n t a g e  of  the  to ta l  b o u n d  at t ime t = 0 was p lo t t ed  
versus  t ime.  The  k_  1 was der ived  f rom the s lope  of  the  
bes t  fit o f  the  da t a  by c o m p u t e r i z e d  l inear  r egress ion  
( G r a p h P a d  Inplo t ,  San Diego,  CA,  USA) .  Assoc ia t ion  
kinet ics  u n d e r  cont ro l  condi t ions  were  p e r f o r m e d  by 
incuba t ing  m i t o c h o n d r i a  with 2 nM [3H]Ro54864 at  
0 - 4 ° C  for var ious  pe r iods  of  t ime up to 1 h. The  effect  
of  a p e p t i d e  on the  assoc ia t ion  of  [3H]Ro54864 was 
d e t e r m i n e d  by inc luding  1 0 / z M  s te ro idogenes i s  activa- 
tor  p e p t i d e  or  15 /xM o c t a d e c a n e u r o p e p t i d e  dur ing  the 
incuba t ion  per iod .  Nonspec i f i c  b ind ing  was de f ined  as 
the  b ind ing  in the  p re sence  of  3 /zM cold Ro54864 .  
The  na tu ra l  log of  the  ra t io  of  the  amoun t  b o u n d  at 
s t eady  s ta te  d iv ided  by the  d i f fe rence  b e t w e e n  the 
a m o u n t  b o u n d  at  s t eady  s ta te  and  at  t ime t was 
p lo t t ed  versus  t ime.  T h e  k o b  s w a s  der ived  f rom the  
s lope  of  the  bes t  fit o f  the  da ta  by c o m p u t e r i z e d  l inear  
regress ion  ( G r a p h P a d  Inplo t ,  San Diego ,  CA,  USA) .  
The  k + l  was ca l cu la t ed  f rom the  equa t ion  k + l  = ( k o b  s 

- k _ l ) / F  where  F equals  the  f ree  r ad io l igand  con- 
cen t ra t ion .  

3. Results 

3.1. Ac t i v i t y  o f  benzodiazepine  receptor ligands 

Five b e n z o d i a z e p i n e  r e c e p t o r  l igands  were  evalu-  
a t ed  for  the i r  abi l i ty  to inhibi t  [3H]Ro5 4864 b ind ing  in 
b ra in  mi tochondr i a l  p r epa ra t i ons .  The  c o m p o u n d s  ex- 
h ib i t ed  var ious  po tenc i e s  tha t  r anged  over  four  o rde r s  
of  magn i tude .  T h e  r ank  o r d e r  (PK 11195 > Ro5 4864 > 

Table 1 
The potency of various benzodiazepine receptor ligands in displacing 
[3H]Ro54864 binding and their effect on the rate of pregnenolone 
biosynthesis in brain mitochondria 

Ligand IC50 (nM) zl + S.E.M. 

Clonazepam 3650 8 ± 11.2 
Ro151788 825 12± 8.0 
Diazepam 92 36 ± 7.9 " 
Ro54864 3 63± 5.1 b 
PKl1195 1 154± 116b 

The ICs0 is defined as the concentration at which half-maximal 
inhibition of 1 nM [3H]Ro54864 binding occurs. Mean difference (zD 
between control (21.0±4.14 pmol pregnenolone.mg protein -1. 
min 1) and stimulated (+1 /~M ligand) conditions expressed as 
mean ± S.E.M. pmol pregnenolone.min 1.rag protein 1 of at least 
three independent experiments. Significantly different from control 
at a p < 0.025 and b p < 0.005 by Student's paired t-test. 

d i a z e p a m  > Ro15 1788 > c lonazepam)  in b ra in  was 
cons is ten t  with previously  r e p o r t e d  da ta  ( S c h o e m a k e r  
et  al., 1982). Each  c o m p o u n d  was t e s ted  for its abil i ty 
to s t imula te  the  synthesis  of  p r e gne no lone .  The  rank  
o r d e r  of  ICs0 values  c o r r e l a t e d  one - to -one  with the i r  
effect  on s t e ro idogenes i s  as m e a s u r e d  by the  change  in 
the  ra te  of  p r e g n e n o l o n e  synthesis  in the  p re sence  of  1 
/.~M c o m p o u n d  (Tab le  1). D i a z e p a m ,  Ro5 4864 and  PK 
11195 (1 - (2 -ch lo ropheny l ) -N-methy l - (1 -methy lp ropy l ) -  
3 - i soquinol ine  c a rboxa mide )  s ignif icant ly inc reased  
p r e g n e n o l o n e  b iosynthes is  at  leas t  twice tha t  of  cont ro l  
condi t ions ,  21.0_+4.14 pmol  p r e g n e n o l o n e . m g  pro-  
te in  - t  " m i n  -1 ( n =  11), whe reas  c l o n a z e p a m  and 
Ro15 1788 (e thyl -8- f luoro-5 ,6-dihydro-5-methyl -6-oxo-  
4H-imidazo[1 ,5a] [1 ,4]benzo-3-carboxyla te )  had  no sig- 
n i f i can t  effect .  H P L C  analys is  o f  c l o n a z e p a m - ,  
Ro54864-  and  P K  11195-st imulated extracts  d e t e c t e d  
increas ing  levels of  p r e g n e n o l o n e  qual i ta t ively  consis-  
ten t  with the  resul ts  o b t a i n e d  by rad io immunoassay .  
T h e r e f o r e  the  r a d i o i m m u n o a s s a y  was used  rout ine ly  to 
d e t e r m i n e  p r e g n e n o l o n e  levels. C l o n a z e p a m  did not  
p r o d u c e  de t e c t a b l e  levels of  p r e g n e n o l o n e  w he rea s  
Ro54864  and  P K  11195 s t imula ted  a s ignif icant  in- 
c rease  in the  a m o u n t  of  p r egneno lone .  Sca tcha rd  anal-  
ysis of  sa tu ra t ion  b ind ing  da t a  ind ica ted  the  p re sence  

Table 2 
Kinetic parameters for the association and dissociation of 2 nM [3H]Ro5 4864 in the presence or absence of 10 /zM steroidogenesis activator 
peptide or 15/zM octadecaneuropeptide 

k 1 (min x) k o b  s (min l) k+x (min -I  nM 1) K d (nM) 

Control 0.028 ± 0.0036 0.061 ± 0.0062 0.017 1.6 
+ 10 p.M steroidogenesis activator peptide 0.047 ± 0.0015 a 0.064 ± 0.0040 0.009 5.2 
+ 15/~M octadecaneuropeptide 0.025 ± 0.0079 0.073 ± 0.0079 0.024 1.0 

Mitochondria were incubated with 2 nM [3H]Ro5 4864 at 0-4°C in the absence and presence of peptide using 3 /zM cold Ro5 4864 to define 
nonspecific binding. Dissociation was initiated by the addition of 3/zM Ro5 4864. Rate constants, k_ l and kob~, were derived from computerized 
linear regression of log of specific bound versus time and the natural log of the amount bound at a given time t as a percentage of the total 
bound at time t = 0 versus time, respectively. The k+l was calculated from the equation k+x = (kob ~ -  k_ O/F  where F equals the free 
radioligand concentration. The K a values were calculated from the equation K a = k 1/k+l. a Significantly different from control at P < 0.001 
by Student's paired t-test. 
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Table 3 
Amino acid sequences of peptides evaluated for activity in displacing [3H]Ro5 4864 and steroidogenesis 

149 

Name Sequence 

Diazepam binding inhibitor (1-86) 

Triakontatetraneuropeptide (17-50) 
Octadecaneuropeptide (33-50) 
Diazepam binding inhibitor (42-50) 
Diazepam binding inhibitor (42-50) NH 2 
Steroidogenesis activator peptide (1-30) 
Random sequence 

SQADFDKAAEEVKRLKTQPTDEEMLFIYSHFK 
QATVGDVNTDRPGLLDLKGKAKWDSWNKLK 
GTSKENAMKTYVEKVEELKKKYGI 
TQPTDEEMLFIYSHFKQATVGDVNTDRPGLLKLK 
QATVGDVNTDRPGLLKLK 
DRPGLLDLK 
DRPGLLDLK-NH 2 
IVQPIISKLYGSGGPPPTGEEDTDEKKDEL 
QQHIEKKMLRLEGHGDPLHLEEVKRHK 

of a single high-affinity binding site for [3H]Ro5 4864 
with a dissociation constant (K  d) of 2.9 _+ 0.36 nM and 
a Bma x of 770 _+ 29 fmol /mg  protein. This equilibrium 
dissociation constant is consistent with the ICs0 de- 
rived from [3H]Ro5 4864 displacement data. 

3.2. Actit~,ity of peptides 

Given the ability of steroidogenesis activator pep- 
tide to stimulate steroidogenesis, it was of interest to 
determine if this effect was mediated by the peripheral 
benzodiazepine receptor in brain mitochondria. In the 
presence of 10 /xM steroidogenesis activator peptide, 
the apparent  equilibrium dissociation constant for 
[3H]Ro5 4864 was significantly different from that un- 
der control conditons while the Bma x w a s  unchanged. 
Further analysis of the effect of steroidogenesis activa- 
tor peptide on the binding of [3H]Ro54864 to the 
peripheral benzodiazepine receptor was performed by 
measuring the effect of the peptide on the rate of 
dissociation. The k_ 1 values were significantly differ- 
ent between control conditions and in the presence of 
10 izM steroidogenesis activator peptide resulting in 
rate constants of 0.028 min -  1 and 0.047 min-  t respec- 
tively. There  was no significant change in the k+~ in 
the presence of 10 /xM steroidogenesis activator pep- 
tide (Table 2). Thus, in the presence of 10 p~M 
steroidogenesis activator peptide the kinetically de- 

rived K d was 5.2 nM, consistent with the K d deter- 
mined by equilibrium saturation experiments. In con- 
trast, the presence of 15 izM octadecaneuropeptide 
had no effect on kinetically derived parameters (Table 
2) and thus, the kinetically derived K~ was not signifi- 
cantly different from control. 

Four fragments of diazepam binding inhibitor with 
reported contrasting binding activities at the central 
and peripheral benzodiazepine receptors were evalu- 
ated (Table 3). Octadecaneuropeptide (amino acids 
33-50) has been reported to have low potency at the 
peripheral benzodiazepine receptor and greater po- 
tency at the central benzodiazepine receptor whereas 
tr iakontatetraneuropeptide (amino acids 17-50) is just 
the reverse (Barbaccia et al., 1988; Berkovich et al., 
1990). Additionally, two shorter diazepam binding in- 
hibitor fragments containing amino acids 42-50 (di- 
azepam binding inhibitor 42-50), one having an amide 
group at the carboxy terminus (diazepam binding in- 
hibitor 42-50 NH2) , and steroidogenesis activator pep- 
tide were evaluated. A random sequence of amino 
acids was included as a control. In contrast to that 
observed for the benzodiazepine ligands, the IC50 of 
these peptides against [3H]Ro54864 did not corre- 
spond with their functional potency in stimulating 
steroidogenesis (Table 4). Indeed, a random sequence 
of amino acids displayed ability to inhibit peripheral 
benzodiazepine receptor binding under conditions 

Table 4 
The potency of various peptides in displacing [3H]Ro5 4864 and their effect on the rate of pregnenolone biosynthesis in brain mitochondria 

Peptide IC50 QzM) A -+ S.E.M. 

Octadecaneuropeptide + triakontatetraneuropeptide 
Diazepam binding inhibitor (17-50), triakontatetraneuropeptide 
Random sequence 
Diazepam binding inhibitor (42-50) NH 2 
Steroidogenesis activator peptide 
Diazepam binding inhibitor (33-50), octadecaneuropeptide 
Diazepam binding inhibitor (42-50) 

- 6 + 2 . 2  
5 -2-+  6.4 

25 7 -+ 8.4 
31 8-+ 7.1 
46 8 -+ 1.0 ~ 
35 17-+ 5.7 h 
43 19-+ 5,6 b 

The IC50 is defined as the concentration at which half-maximal inhibition of 1 nM [3H]Ro5 4864 binding occurs. Mean difference (zl) between 
control (21.0 + 4.14 pmol pregnenolone.mg protein - I .  min I) and stimulated (+  1 txM peptide) rates expressed as mean _+ S.E.M. pmol 
pregnenolone, min-1 . mg protein-1 of at least four independent experiments. Significantly different from control at a p < 0.005 and b p < 0.05 
by Student's paired t-test. 
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identical to those used to measure benzodiazepine 
ligand activity relatively equal to that of the proposed 
endogenous modulators. Due to the low potency of 
these peptides as inhibitors of [3H]Ro5 4864 binding to 
the peripheral benzodiazepine receptor, it was of inter- 
est to determine if this observation was simply a result 
of the peptides sequestering radioligand. None of the 
peptides evaluated sequestered [3H]Ro54864 at con- 
centrations up to 100 /~M except triakontatetraneu- 
ropeptide which affected [3H]Ro5 4864 binding in the 
absence of mitochondria at concentrations greater than 
10 /xM (data not shown). Furthermore, bovine serum 
albumin, a completely unrelated protein, was unable to 
inhibit [3H]Ro54864 binding to the peripheral benzo- 
diazepine receptor at concentrations up to 17 /xM 
(data not shown). It is noteworthy that triakontatetra- 
neuropeptide, which has a 10-fold lower ICs0 than the 
others, was unable to stimulate steroidogenesis under 
the same experimental conditions. Steroidogenesis ac- 
tivator peptide, octadecaneuropeptide and diazepam 
binding inhibitor (42-50) all significantly increased 
steroidogenesis. Interestingly, triakontatetraneuropep- 
tide (1 IzM) blocked the ability of octadecaneuropep- 
tide to stimulate pregnenolone synthesis. 

4. Discussion 

Neurosteroids (LeGoascogne et al., 1987) are 
steroids synthesized by nervous tissue that may include 
naturally occurring metabolites of progesterone and 
deoxycorticosterone. These steroids have been postu- 
lated to be endogenous ligands of a steroid recognition 
site coupled to the GABAA-benzodiazepine receptor 
complex. In light of the well-documented observations 
that certain neurosteroids and other synthetic neuroac- 
tive steroids (for review, see Paul and Purdy, 1992) are 
potent modulators of GABAergic transmission, the 
physiological importance of evaluating the steroido- 
genic capabilities of neural tissue becomes apparent. 
Evidence has accumulated over the past decade 
demonstrating the presence of pregnane steroids in the 
brain (LeGoascogne et al., 1987). Recent studies by 
Purdy and coworkers (Purdy et al., 1991) provided 
some evidence that these steroids may be synthesized 
de novo since the levels of the neurosteroids increase 
under stress even in adrenalectomized rats. The data 
presented here add further support to this notion. The 
ability of oligodendrocytes and brain cell cultures to 
convert cholesterol to pregnenolone has been shown 
previously (Yi Hu et al., 1987; Jung-Testas et al., 1989). 
We have demonstrated here that the basal rate of 
pregnenolone synthesis can be stimulated by peripheral 
benzodiazepine receptor ligands in brain mitochondria. 
The rank order potencies of these ligands at the pe- 
ripheral benzodiazepine receptor coincide with the rank 

order of these ligands in stimulating pregnenolone 
synthesis, suggesting the possible involvement of the 
peripheral benzodiazepine receptor in this important 
metabolic pathway. 

The initial and rate-limiting step in steroidogenesis 
is the transport of cholesterol across the outer mito- 
chondrial membrane. Due to the strategic location of 
peripheral benzodiazepine receptors on the outer 
membrane (Anholt et al., 1986), it is conceivable that 
the peripheral benzodiazepine receptor can be a medi- 
ator in this process. Recent reports have presented 
data strongly suggestive of a coupling between the 
peripheral benzodiazepine receptor and steroid biosyn- 
thesis in brain using in vivo protocols, adrenocortical 
and Leydig cells (Mukhin et al., 1989; Yanagibashi et 
al., 1989; Besman et al., 1989; Papadopoulos et al., 
1990, 1991; Korneyev et al., 1993). The interpretation 
of these data has extended this association to a specific 
role for peripheral benzodiazepine receptors in facili- 
tating the translocation of cholesterol into the mito- 
chondria. Our results with benzodiazepine receptor 
ligands suggest that as in peripheral tissues, brain-de- 
rived mitochondria also have peripheral benzodi- 
azepine receptor sites capable of mediating the stimu- 
lation of steroidogenesis. The relative potency of these 
ligands in displacing [3H]Ro5 4864 correlates well with 
their ability to stimulate the synthesis of pregnenolone. 

The effect of steroidogenesis activator peptide on 
steroidogenesis and its interaction with the peripheral 
benzodiazepine receptor is complex. The observed 
change in the dissociation rate constant of [3H]- 
Ro5 4864 in the presence of steroidogenesis activator 
peptide and no change in the association rate constant 
is suggestive of an allosteric effect of steroidogenesis 
activator peptide on the binding of [3H]Ro5 4864. The 
dissociation of [3H]Ro5 4864 from the remaining sites 
would not be affected if steroidogenesis activator pep- 
tide and Ro5 4864 share the same site. Using 
Michaelis-Menten kinetics as a model, it is possible to 
predict the effect of steroidogenesis activator peptide 
on the apparent K d (Kdapp) of RO54864 for the pe- 
ripheral benzodiazepine receptor if the interaction is 
competitive. In the presence of 10 IzM steroidogenesis 
activator peptide and assuming a K i of 46 tzM for 
steroidogenesis activator peptide, one would predict a 
Kdapp for [3H]Ro5 4864 of 3.5 nM. This value is incon- 
sistent with the experimentally derived Kdapp of 5.7 
nM. Conversely, when using 5.7 nM as t h e  Kdapp an 
ICs0 of 10/xM (we obtained an ICs0 of 46 IxM experi- 
mentally) for steroidogenesis activator peptide in the 
[3H]Ro54864 binding assay is calculated. Thus, both 
kinetically- and equilibrium-derived Kdapp values sug- 
gest the interaction between steroidogenesis activator 
peptide and peripheral benzodiazepine receptor site is 
inconsistent with simple competitive interactions. Al- 
though we have presented intriguing data demonstrat- 
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ing that steroidogenesis activator peptide has an effect 
on the peripheral benzodiazepine receptor in brain 
mitochondria, its significance is unknown since 
steroidogenesis activator peptide has not thus far been 
measured in brain. However, precedence for the possi- 
bility of peptide involvement in steroidogenesis was 
established several years ago when steroidogenesis ac- 
tivator peptide was isolated from both Leydig cells and 
adrenocortical tissues (Pedersen and Brownie, 1983, 
1987; Frustaci et al., 1989). Although a mechanism of 
action of steroidogenesis activator peptide was not 
clearly defined, these studies suggested a role for 
steroidogenesis activator peptide in enhancing choles- 
terol's availability to cytochrome P450. Assuming that 
peripheral benzodiazepine receptors in brain mito- 
chondria function similiar to those in peripheral tis- 
sues, steroidogenesis activator peptide would be ex- 
pected to act in brain-derived mitochondria. Although 
steroidogenesis activator peptide may not be an en- 
dogenous modulator of central nervous system 
steroidogenesis, its effect in the studies described here 
is consistent with those reported for this peptide in 
other steroidogenic tissues. 

Of perhaps greater physiological relevance is the 
isolation and identification of diazepam binding in- 
hibitor as an endogenous peptide in the brain with the 
ability to bind peripheral benzodiazepine receptors. 
Diazepam binding inhibitor and some of its processing 
products (e.g., triakontatetraneuropeptide) have been 
found to bind with low micromolar potencies at the 
peripheral benzodiazepine receptor (Barbaccia et al., 
1988; Berkovich et al., 1990). Interestingly, octadeca- 
neuropeptide has been reported to preferentially bind 
central benzodiazepine receptors (Ferrero et al., 1986; 
Berkovich et al., 1990). Accordingly, it had been pro- 
posed that these peptides are endogenous modulators 
of steroidogenesis in the central nervous system. Using 
kinetic experiments to evaluate the interaction of oc- 
tadecaneuropeptide and Ro54864 at the peripheral 
benzodiazepine receptor, no significant effect on either 
the k_~ or the k+l was observed. Thus, the kinetically 
derived K d values in control conditions and in the 
presence of octadecaneuropeptide were not different. 
These data argue against allosteric modulation of the 
peripheral benzodiazepine receptor by octadecaneu- 
ropeptide in brain mitochondria and imply octadeca- 
neuropeptide displaces [3H]Ro5 4864 binding competi- 
tively. Interestingly stimulation of steroidogenesis in 
brain mitochondria by two of the diazepam binding 
inhibitor fragments was observed. Under our condi- 
tions, triakontatetraneuropeptide had a 10-fold greater 
potency in displacing [3H]Ro54864 binding than the 
other peptides in the group; however, this did not 
translate into steroidogenic efficacy. In fact, triakon- 
tatetraneuropeptide had no measurable effect on the 
rate of pregnenolone synthesis. In contrast, both oc- 

tadecaneuropeptide and diazepam binding inhibitor 
(42-50) significantly stimulated steroidogenesis. Using 
a glioma cell line, Papadopoulos et al. (1992) reported 
an increase in pregnenolone formation by diazepam 
binding inhibitor and triakontatetraneuropeptide. 
However, both octadecaneuropeptide and clonazepam 
were observed to have no effect on pregnenolone syn- 
thesis. Additionally, in vivo studies have shown that PK 
11195 antagonizes steroidogenesis (Korneyev et al., 
1993). Subsequent studies in Leydig ceils showed the 
action of diazepam binding inhibitor on steroid biosyn- 
thesis was not blocked by PK 11195, but the effect of 
diazepam binding inhibitor was mimicked by octadeca- 
neuropeptide (Garnier et al., 1993). Interestingly, it 
was reported that diazepam binding inhibitor had no 
effect on pregnenolone synthesis in adrenocortical cells. 
On the basis of those experiments, the authors postu- 
lated that in Leydig cells the effect of diazepam bind- 
ing inhibitor on steroidogenesis is mediated through 
a peripheral benzodiazepine receptor-independent 
mechanism. In the present experiments, triakontatetra- 
neuropeptide was found to partially inhibit the stimula- 
tory effect of octadecaneuropeptide. This is suggestive 
of an antagonist-like action of triakontatetraneuropep- 
tide at the site at which octadecaneuropeptide acts to 
stimulate steroidogenesis. Whether octadecaneuropep- 
tide and triakontatetraneuropeptide share the same 
site of action remains to be determined. 

The weak potency of any of these peptides in dis- 
placing [3H]Ro54864 from the peripheral benzodi- 
azepine receptor cannot be explained by the sequester- 
ing of [3H]Ro5 4864. Based on the contrasting effects 
of steroidogenesis activator peptide and octadecaneu- 
ropeptide on the kinetics of [3H]Ro5 4864 binding, it is 
unlikely that the peptides all share a common site of 
action at the peripheral benzodiazepine receptor with 
the nonpeptide peripheral benzodiazepine receptor lig- 
ands. This is further supported by the lack of correla- 
tion between binding potency at the peripheral benzo- 
diazepine receptor and efficacy in steroidogenesis. In a 
typical competitive interaction, the K d changes in a 
predictable fashion while the Bma x remains the same in 
the presence of the competitor. Among the peptides 
we evaluated, steroidogenesis activator peptide ap- 
pears to act independent of the peripheral benzodi- 
azepine receptor whereas octadecaneuropeptide may 
act on the peripheral benzodiazepine receptor. The 
inconsistency of the actions of diazepam binding in- 
hibitor and its processing products on pregnenolone 
synthesis in various tissues as reported in the literature 
suggests that their actions may be complex and some- 
what dependent on the specific experimental protocol 
in which they are evaluated. It also highlights the need 
for careful evaluation of the individual characteristics 
of these peptides as modulators of binding to the 
peripheral benzodiazepine receptor. Together with the 
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k i n e t i c  d a t a  d e s c r i b e d  in  t h i s  r e p o r t ,  t h e  pos s ib i l i t y  o f  a 

s i te  a n d  m e c h a n i s m  o f  a c t i o n  f o r  s o m e  o f  t h e s e  p e p -  

t i d e s  t h a t  is i n d e p e n d e n t  o f  t h e  p e r i p h e r a l  b e n z o d i -  

a z e p i n e  r e c e p t o r  in  b r a i n  m i t o c h o n d r i a  c a n n o t  b e  r u l e d  

ou t .  I n  v i ew  o f  t h e  h i g h  m i c r o m o l a r  c o n c e n t r a t i o n s  

n e e d e d  to  s t i m u l a t e  s t e r o i d o g e n e s i s ,  t h e i r  p h y s i o l o g i c a l  

r o l e  if  a n y  is d e p e n d e n t  u p o n  t h e  loca l  c o n c e n t r a t i o n s  

o f  t h e s e  p e p t i d e s  in  t h e  b r a i n .  
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