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Abstract

The kinetics and pharmacology of the isoquinoline and benzodiazepine binding sites of the w, or peripheral-type benzodiazepine
receptors were studied using the specific ligands [*H] 7-chloro-5-(4-chloropheny!)-1,3-dihydro-1-methyl-2H-1,4-benzodiazepin-2-one
(°HIPK11195) and [*H]1-(2-Chlorophenyl)-N-methyl-N-(1-methylpropyl)-3-isoquinolinecarboxamide ([*HJRO5-4864), respectively.
Binding of both ligands was saturable, reversible, displayed nanomolar affinity, and best fit to a single site model. Occipital cortex and
cerebellum displayed highest and lowest densities of binding sites respectively; for both ligands. B, values of [*H]PK 11195 were
several-fold higher than that of [*HJRO5-4864 in all regions studied consistent with their binding to distinct subunits of the human
peripheral-type benzodiazepine receptor heteromeric complex. However, the isoquinoline and benzodiazepine ligands were found to be
mutually competitive at nanomolar concentrations suggesting allosteric interactions between these two sites. Competition binding
experiments showed that the binding of both ligands was displaced by diazepam with K; valuesin the nM range, and by clonazepam in
the uM range. The novel periphera-type benzodiazepine receptor ligand 2-(4-fluorophenyl)-N, N-di-n-hexyl-1H-indole-3-acetamide
(FGIN,_,,) displaced only [°H]JPK11195 binding with high potency. Heterogeneity of the two sites is observed, manifested by their
differential susceptibility towards detergents and alcohols. Histidine residue modification by diethylpyrocarbonate treatment abolished
only [*H]PK11195 binding but had no effect on [®H]RO5-4864 binding. These studies demonstrate that the isoquinoline and
benzodiazepine sites on the peripheral-type benzodiazepine receptor in human brain manifest many pharmacological characteristics that
are distinct from each other and from rodent brain peripheral-type benzodiazepine receptors. © 1997 Elsevier Science B.V.
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1. Introduction diazepine receptors are localized mainly on the outer mito-
chondrial membrane in both the central nervous system
(CNS) and periphera tissues (Anholt et al., 1986; An-
tkiewicz-Michaluk et al., 1988). The peripheral-type ben-
zodiazepine receptor exists as a hetero-oligomeric complex
with distinct binding domains for benzodiazepines and
isoquinoline carboxamides (Doble et al., 1985; Sprengel et
al., 1989; Blahos Il et al., 1995). Although the exact
function of these receptors is not yet fully established,
based on the observations of its association with the
voltage-dependent anion channel and adenine nucleotide
carrier with which it forms a pore mediating the transloca-
tion of cholesterol across the mitochondrial membrane to
the site of cytochrome P-450, peripheral-type benzodi-
azepine receptors appear to be rate-limiting in steroidogen-
esis (Bernassau et al., 1993; Garnier et al., 1994).
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butterwr @ere.umontreal .ca. receptors play a role in hepatic encephalopathy (Lavoie et

Due to their anticonvulsant, anxiolytic, hypnotic and
muscle relaxant properties, benzodiazepines are amongst
the most commonly prescribed drugs. Benzodiazepines
bind to two pharmacologically and anatomically distinct
classes of binding sites (Bragstrup and Nielsen, 1980). The
binding site associated with the ionotropic GABA , recep-
tor (Barnard et al., 1987) known as the ‘central-type
benzodiazepine receptor (Mdhler and Okada, 1977) is
neuronal, localized on the plasma membrane. On the other
hand, the so-called w, or * peripheral-type’ benzodiazepine
receptor is not associated with the GABA , receptor com-
plex (Gavish et al., 1992) and is predominantly astrocytic
in localization (Itzhak et al., 1993). Peripheral-type benzo-
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al., 1990; Giguere et al., 1992; Rao et al., 1994; Degardins
et al., 1997), epilepsy (Ducis et al., 1990), ischemia (Ear-
ley et a., 1996), thiamine-deficiency encephalopathy
(Leong et al., 1994), regulation of cell growth and differen-
tiation (Wang et al., 1984) as well as stress and anxiety
(Gavish et d., 1992). ["'C]-PK 11195 is useful in visualiz-
ing human gliomas (Junck et al., 1989) and quantitating
ischemic brain lesions by positron emission tomography
(Benavides et al., 1990; Cremer et a., 1992).

Severa studies previously reported species- and organ-
selective differences in the pharmacological properties of
peripheral -type benzodiazepine receptors (Benavides et al.,
1983; Cymerman et al., 1986; Awad and Gavish, 1987;
Eshleman and Murray, 1989). Although peripheral-type
benzodiazepine receptors have been well characterized in
brain and the peripheral tissues of various rodent species
(see review by Gavish et al., 1992) as well as in cultured
astrocytes (Itzhak et al., 1993), studies on the pharmaco-
logical characteristics of the periphera-type benzodi-
azepine receptor in human brain are sparse.

The present study was undertaken in order to further
characterize the benzodiazepine (labelled by [*H]ROS5-
4864) and isoquinoline (labelled by [*H]PK 11195) sites of
the human brain peripheral-type benzodiazepine receptor
as well as the comparative regional distribution of these
sites in human brain.

2. Materials and methods
2.1. Materials

[*HIPK 11195 (specific activity, 86.9 Ci/mmol) and
[*H]RO5-4864 (specific activity, 86.5 Ci /mmol) were pur-
chased from NEN (Mississauga, Ont.). Nonradioactive
RO5-4864 was purchased from Fluka fine chemicals (St.
Louis, MO). Pregnenolone sulfate was purchased from
Research Biochemicals International (Natick, MA). All
other chemicals were purchased from SigmaAldrich
Canada (Mississauga, Ont.).

2.2. Brain samples

Postmortem human brain samples were obtained at
autopsy from six subjects (5 male and 1 female) who were
free from neurological, psychiatric or metabolic disorders
at the time of death. In no case had patients been exposed
to drugs known to affect either GABA or benzodiazepine
receptors in the 30 days prior to death. Mean age (+ SEM)
for these subjects was 59 (+1.8) years (range, 52—65
years); mean postmortem delay time (+SEM) was 11.7
(+2.5) h (range, 7-20 h). Authorization from next to kin
was obtained in al cases. Brains were dissected according
to a standardized procedure developed in our laboratory
and based on the atlas of De Armond et a. (1976).
Immediately after dissection, individual regions were man-

ually chopped and aliquoted (400-600 mg wet weight of
tissue per vial) to ensure homogeneity in sampling as well
as to limit each sample to one freeze—thaw cycle. Samples
were frozen at —80°C until time of assay.

2.3. Radioligand binding assays

[*H]PK 11195 and [*H]RO5-4864 binding assays were
performed by the method of Rao et al. (1993). Briefly,
thawed brain tissue was homogenized in 20 vol of ice-cold
50 mM Tris—HCI buffer (pH 7.4). The homogenate was
centrifuged at 40,000 g for 20 min at 4°C, and the pellet
was washed twice by rehomogenization in fresh buffer and
repeated centrifugation (40,000 g for 20 min at 4°C). The
final pellet was suspended in fresh buffer and frozen at
—80°C until the day of assay. On the day of the assay, the
membrane preparations were thawed and washed twice
with ice-cold buffer (40,000 g for 20 min at 4°C). The
final pellet was suspended in 10 vol of fresh buffer and
used in the binding assays. Protein content of the mem-
brane preparations was measured by the method of Lowry
et al. (1951).

In all binding assays, incubations were initiated by the
addition of the membrane preparation (60—70 ug of pro-
tein equivalent) to a fina volume of 250 wl of 50 mM
Tris-HCl buffer (pH 7.4) containing either 2 nM
[*HIPK 11195 or 2 nM [*H]RO5-4864 (except in saturation
experiments where a concentration range of 0.25-36 nM
was used). After incubating at 4°C for 2 h (except in the
kinetic experiments, which required a range of incubation
intervals), the reaction was terminated by the addition of
ice-cold 50 mM Tris—HCI buffer followed by vacuum
filtration through GF /B glass microfiber filters (pretreated
with 0.3% polyethylenimine) using a Brandel cell har-
vester. The filters were washed rapidly twice with 5 ml of
ice-cold buffer, dried, and radioactivity was determined by
liquid scintillation spectrometry. Nonspecific binding was
determined by inclusion of 2 uM PK11195 or 20 uM
RO5-4864 respectively. Total and nonspecific binding was
measured in parallel sets of tubes (in duplicate), and
specific binding was defined as the difference between the
two.

For the study of association, 60—70 wg protein equiva-
lent of membranes was incubated with either 2 nM
[*HIPK 11195 or 2 nM [*H]JRO5-4864 in 50 mM Tris—HCl
buffer (pH 7.4) for increasing intervals (1-300 min) in the
presence (nonspecific binding) or absence (total binding)
of either 2 uM PK11195 or 20 uM RO5-4864. As
association of both ligands reached a steady state within 90
min and as the specific binding was stable for at least 4 h
at 4°C, the initial incubation time of 120 min was selected
for the study of dissociation. Dissociation was examined
by addition of excess unlabeled PK11195 (2 wM) or
RO5-4864 (20 wM) to tubes containing membrane prepa-
ration and [*H]PK 11195 (2 nM) or [*H]JRO5-4864 (2 nM),
followed by increasing periods of incubation (0.5-120
min).
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Displacement studies were performed in the presence of
varying concentrations of PK11195 (10712 to 2x 103
M), RO5-4864 (1072 to 2x10°% M), 2-(4-Fluoro-
phenyl)-N, N-di-n-hexyl-1H-indole-3-acetamide (FGIN, _,,
)(107 12 t0 2 x 10~ M), diazepam (102 to 2 X 1073 M)
and clonazepam (107° to 2x 102 M). The effect of
alcohols (ethanol and isopropanol) on [*HIPK11195 (2
nM) or [*H]RO5-4864 (2 nM) binding was studied at four
concentrations (0.5%, 1%, 2% and 4%). All other com-
pounds were tested at three concentrations (50 uwM, 250
uM and 500 wM), unless otherwise specified in the figure
legends.

For the study of the effect of detergents (Triton X-100,
Tween-20 and deoxycholic acid) on [*HIPK11195 or
[*H]RO5-4864 binding, cortical membranes were incu-
bated for 2 h in 50 mM Tris—HCI buffer (pH 7.4) contain-
ing either 2 nM [*H]PK 11195 or 2 nM [*HJRO5-4864 and
varying concentrations of detergent (0.001% to 1%).

2.4. Histidine residue modification studies

Hisgtidine residue modification of the peripheral-type
benzodiazepine receptor was performed by the method of
Eshleman and Murray (1989). Washed membrane prepara-
tions were suspended in 50 mM Tris—HCI buffer (pH 6.0)
and incubated for 5 min with various concentrations of
diethylpyrocarbonate (100—-3000 wM). Reaction was ter-
minated by the addition of 10 vol of 50 mM Tris—HCI
buffer (pH 7.4) and centrifugation (30,000 g for 20 min).
The pellet was resuspended in fresh buffer for use in

binding assays.
2.5. Data analysis

Data from saturation experiments were analyzed using
an iterative curve-fitting procedure to a single rectangular
hyperbola (Rao and Butterworth, 1996). Scatchard analysis
was performed by first-order nonlinear regression analysis
of the data from saturation isotherms, and the binding
parameters (K, and B,,) were calculated from these
plots. Competition binding data (displacement studies) were
analyzed and the K; values were calculated by the EBDA
programme within RADLIG. Statistical analysis of the
data was performed by analysis of variance (ANOVA)
followed by the post hoc Dunnett multiple comparisons
test.

3. Reaults

Initial experiments showed that the specific binding of
both [*H]PK 11195 and [*H]RO5-4864 to human cortical
membranes increased linearly with increasing protein con-
centration (up to at least 200 wg). Binding of both ligands
was optimal between pH 5 and 8. Varying buffer strength

from 25 mM to 200 mM had no significant effect on the
binding of either ligand (results not shown).

3.1. Saturation binding experiments
Specific binding of both [*H]PK11195 and [*H]RO5-

4864 was saturable (Fig. 1A and B), and analysis of the
corresponding Scatchard plots (Fig. 1A and B, insets)
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Fig. 1. Saturation isotherms and their corresponding Scatchard plots
(insets) of specific [*HIPK 11195 binding (top panel) and [*H]RO5-4864
binding (bottom panel). Specific binding is defined as the difference
between total binding and nonspecific binding in the presence of either 2
M PK11195 or 20 uM RO5-4864. Nonspecific binding was in all cases
< 10% for [*H]PK 11195 binding and < 30% for [*H]RO5-4864 binding
at all ligand concentrations. The plots shown were from a representative
experiment. Data are mean values of triplicate determinations. Incuba-
tions were for 2 h a 4°C. 65-75 ng protein equivalent of membrane
preparation from human occipital cortex was used in a total reaction
volume of 250 ul. The [*H]PK11195 or [*H]RO5-4864 concentrations
used were 0.25-36 nM. Scatchard anayses were performed using least
square linear regression analysis. The mean+SD (n=6) B, and K,
values are presented in Table 1.
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showed a single class of high-affinity binding sites with no cients in the three human brain regions (occipital cortex,
evidence of cooperativity, given the better fit to one-site temporal cortex and cerebellum) studied. For both ligands
rather than a two-site model and the near-unity Hill coeffi- the maximum binding site density (B, ) vaues were 2—3
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Fig. 2. Association (A and C) and dissociation (B and D) of specific [°HIPK11195 binding (top panels) or [*H]RO5-4864 binding (bottom panels) to
human occipital cortical membranes. For measurements of association, 65—75 ug protein equivalent of membranes were incubated at 4°C for increasing
intervals in the presence of 2 nM [*H]PK 11195 or [*H]RO5-4864 in 50 mM Tris—HCI buffer (pH 7.4). Nonspecific binding was measured in the presence
of either 2 uM PK11195 or 20 uM RO5-4864. For measurements of dissociation, membranes were incubated at 4°C in the presence of 2 nM
PHIPK11195 or [*H]RO5-4864 in 50 mM Tris—HCl buffer (pH 7.4) for 120 min to attain equilibrium. Specific binding was measured at increasing

intervals after addition of either 2 uM PK11195 or 20 uM RO5-4864. In each case data points represent means of triplicate determinations of a
representative experiment.
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Table 1
Maximal densities and affinities of isoquinoline (FH]PK11195) and
benzodiazepine (*HIRO5-4864) binding sites in human brain regions

PHIPK 11195 [*H]RO5-4864
Bmax Kd Bmax K d

Occipital cortex  923+69 2.65+045 343+77 13.17+248
Temporal cortex 711+58 2.88+0.51 289+91 16.66+3.11
Cerebellum 346451 3.024+049 136437 15514345

Brain regions

Data are mean+ SD values of triplicate determinations in autopsied brain
tissue from 6 patients. Parameters were determined by Scatchard analysis
of saturation experiments (range of 0.25-36 nM of [H]PK11195 or
[*HIRO5-4864 and unlabelled PK11195 (2 uM) or RO5-4864 (20 uM)
to define nonspecific binding). B, maximum binding site density; K,
equilibrium dissociation constant. Units: B, in fmol /mg protein and
Kg4 innM. Hill coefficients (n,,; cooperativity) were 0.98 to 1.04 range in
all regions for both ligands.

times higher in cerebral cortex (occipital and temporal)
than cerebellum (Table 1). In all regions, B, valueswere
~3X higher for [*HIPK11195 than [*H]RO5-4864;
whereas Ky values were ~5-6 times higher for
[*H]RO5-4864 than [*H]PK 111195 (Table 1). Neither B,
values nor K, values showed any correlation with either
age or postmortem delay time (data not shown).

3.2. Kinetic experiments

The association of [°HIPK11195 and [*HIRO5-4864
studied using cortical membranes (at 4°C) was observed to
be monophasic and reached a steady state within ~ 1.5 h
(Fig. 2A and C). The mean + SD (n=3) of the K,
values calculated from the individual pseudo-first order
plots of the association experiments were 0.026 + 0.003
min~* (for [*HIPK11195 binding) and 0.027 + 0.004
min~* (for [*H] RO5-4864 binding). Specific binding of
both ligands was stable for at least 4 h. The dissociation
studied after adding excess of unlabelled ligands for both
[*HIPK 11195 and [*H]RO5-4864 was rapid (Fig. 2B and
D). In both cases, within 10 min, 80% of the bound ligand
was dissociated. The mean + SD (n= 3) of the dissocia-
tion rate constants calculated from the individua semiloga-
rithmic plots of the dissociation experiments were 0.020 +
0.002 min~* ([*H]PK11195 binding) and 0.024 + 0.003
min~! (*H]RO5-4864 binding). The ratio of the dissocia-
tion and association rate constants permitted estimation of
K, values of 6.6 nM (for [*H]PK 111195 binding) and 16
nM (for [*H]RO5-4864 hinding). These values are in good
general agreement with K, values determined by Scatchard
analysis (2-3 nM for [*H]PK 111195 binding) and 1217
nM (for [*H]R05-4864 binding).

3.3. Regional distribution

Regional distribution of [*H]PK11195 and [*H]ROS5-
4864 hinding sites studied at a ligand concentration of 2
nM in different human brain structures are presented in
Table 2. In all ten brain structures studied, the binding of

[PH]PK 11195 was several times higher than the binding of
[*H]RO5-4864. Highest densities of binding sites for both
ligands were observed in the occipital cortex. Cerebellum
showed the lowest density of binding sites for both lig-
ands. Occipital cortex, frontal cortex, temporal cortex and
the hippocampus manifested binding site densities in the
300400 fmol /mg protein for [°H]PK11195 and 35-48
fmol /mg protein for [*H]RO5-4864. Thalamus and sub-
stantia nigra contained 200-300 fmol /mg protein of
[*H]PK 11195 binding sites and 25—34 fmol /mg protein of
[*H]RO5-4864 binding sites. The binding of [*H]PK 11195
and [*H]RO5-4864 were in the range of 100-200 fmol /mg
protein and 15—-24 fmol /mg protein, respectively in the
globus pallidus/putamen, pons, caudate nucleus and cere-
bellum respectively (Table 2). The regional distribution of
[*H]PK 11195 and [*H]RO5-4864 binding sites were posi-
tively correlated (Fig. 3).

3.4. Displacement studies

Peripheral-type benzodiazepine receptors were shown to
have two distinct binding sites which binds to PK11195
and RO5-4864 (Awad and Gavish, 1987). To characterize
these two isoquinoline-carboxamide and benzodiazepine
binding sites, various compounds were tested for their
ability to displace [*H]PK 11195 (2 nM) and [*HJRO5-4864
(2 nM) binding to cerebral cortical membranes. Fig. 4
shows the dose-response curves for these compounds. The
mean + SD (n=5) of the K, values obtained for various
compounds are shown in Table 3.

Specific binding of both ligands studied was displaced
by PK11195, RO5-4864 and diazepam with K; values in
the nM range. However, PK11195 was ~ 100 times more
potent than RO5-4864 in displacing [*HIPK 11195 (2 nM)
binding. On the other hand, RO5-4864 was only ~ 4 times

Table 2

Comparative regional distribution of isoquinoline ((*H]PK11195) and
benzodiazepine ((*HJRO5-4864) binding sites on the peripheral-type ben-
zodiazepine receptor in human brain

Region PHIPK 11195 [*HIRO5-4864
Occipital cortex 377+£72 47+11
Frontal cortex 322+67 38+7
Temporal cortex 306+ 57 2+9
Hippocampus 317489 44410
Cerebellum 101+12 15+4
Thalamus 274144 31+8
Caudate nucleus 172+ 36 24+6
Pons 160+ 39 2516
Globus pallidus,/Putamen 117+ 20 16+3
Substantia nigra 235151 34+8

Values are mean + SD of specific binding determined in triplicate in brain
homogenates from 6 different patients. Membrane preparations (100 u.g)
were incubated with either 2 nM of [*HIPK11195 or 2 nM of [*H]RO5-
4864 in 50 mM Tris—HCI buffer (pH 7.4) for 2 h at 4°C. Nonspecific
binding was determined in parallel incubations in the presence of either
unlabelled PK11195 (2 uM) or RO5-4864 (20 uM).
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Fig. 3. Regional correlation between [*H]PK 11195 binding and [*H]RO5-
4864 binding site densities (By,,,) in human brain. Each point represents
the mean of specific binding determined in triplicate from 6 different
subjects. In al cases, nonspecific binding (defined by using 2 uM
PK11195 or 20 uM RO5-4864) was subtracted from the total binding
studied using 2 nM [*H]PK 11195 or [*H]RO5-4864 and 100 pg protein
equivalent of membranes in a tota volume of 250 ul of 50 mM
Tris—HCI buffer (pH 7.4) for 2 h at 4°C. CO-O: occipital cortex; CO-F:
frontal cortex; HC = hippocampus, CO-T = temporal cortex; TH =
thaamus; SN = substantia nigra; PO = pons; CN = caudate nucleus;
GF/PU = globus pallidus/putamen; CB = cerebellum.

more potent than PK11195 in displacing [*H]RO5-4864
binding (Table 3). FGIN,_,, displaced only [*H]PK 11195
binding with K, values of 53 nM. Diazepam was three
times more potent in displacing [*HJRO5-4864 binding
than [*H]PK 11195 binding (Table 3).

Clonazepam displaced the binding of [*H]PK 11195 and
[*H]RO5-4864 with less potency than diazepam, but was
more potent (3 to 4 times) in displacing [*H]RO5-4864
than [*H]PK11195 (Table 3). The neurosteroids, preg-
nenolone and pregnenol one sulfate showed very low affin-
ity for both the peripheral-type benzodiazepine receptor
sites with high K; values (> 100,000 nm) (Table 3).
Other steroids including estradiol, progesterone and testos-
terone tested up to a concentration of 100 uM had no
statistically significant effect on either [*H]PK11195 or
[*H]JRO5-4864 binding. Similarly, neurotransmitters
(dopamine, norepinephrine, serotonin, GABA, glutamate
and aspartate), aromatic amino acids (tryptophan and
phenylalanine), branched-chain amino acids (valine, leucine
and isoleucine), basic amino acids (histidine and arginine),
sulfur containing amino acids (cysteine and methionine)
and glutamine tested up to a concentration of 100 uM had
no statistically significant effect on either [*H]PK 11195 or
[*H]RO5-4864 binding (data not shown).

3.5. Effect of dithiothreitol and detergents

Preincubation of human cortical membranes with the
thiol reagent dithiothreitol (1 to 1000 wM) for 10 min,
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Fig. 4. Inhibition of [*H]PK 11195 binding (top panel) or [*H]JRO5-4864
binding (bottom panel) to human occipital cortical membranes by increas-
ing concentrations (1x 10~ 2 to 2x 108 nM) of various isoquinolines and
benzodiazepines. Binding was studied using 2 nM [*HIPK11195 or
[*H]RO5-4864 and 65—75 wg protein equivalent in a reaction volume of
250 wl. Incubations were for 120 min at 4°C in 50 mM Tris—HCI buffer
(pH 7.4). Control values (100%) are 377 + 47 ((*H]PK 11195 binding) and
40+ 7 fmol /mg protein (*HJRO5-4864 binding). Data are from a repre-
sentative experiment. Mean+ SD of K; values calculated from 5 separate
experiments are presented in Table 3.

abolished the hinding of both [*H]PK 11195 and [*H]RO5-
4864 in a dose-dependent manner with a maximal inhibi-
tion of 45-55% at 500 uM dithiothreitol (Fig. 5).

Table 3
Effects of various benzodiazepine receptor ligands and neurosteroids on
[PHIPK 11195 and [*H]RO5-4864 binding to human occipital cortex (K
in nM)

[PHIPK 11195 [PHIRO5-4864

PK11195 0.303+0.031 524+1.43
RO5-4864 27.43+8.92 1.45+0.60
FGIN,_,; 52.99+5.33 > 1000

Diazepam 42.42+13.49 22.88+7.9
Clonazepam > 100,000 33,000

Pregnenolone > 100,000 > 100,000
Preg. sulfate > 100,000 > 100,000

Values represent mean+SEM of 5 separate experiments. Binding of
BHPK 11195 (2 nM) and [*H]RO5-4864 (2 nM) was studied by incubat-
ing 60—70 wg protein equivalent of membranes in 50 mM Tris—HCI
buffer (pH 7.4) for 2 h at 4°C, in the presence of increasing concentra-
tions (1x10~2 to 2x 10% nM) of the compound under examination.
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Triton X-100, deoxychalic acid and Tween-20 had dif-
ferential effects on the two peripheral-type benzodiazepine
receptor sites (Fig. 5). [PHJPK11195 binding was more
resistant to the action of detergents than was [*H]RO5-4864
binding. Triton X-100 at a concentration of 0.005% had no
significant effect on [*H]PK11195 binding but reduced
[*H]RO5-4864 binding by ~ 40%. At a concentration of
0.1%, Triton-X 100 inhibited [*HIPK11195 bhinding by
~ 50% and [*H]RO5-4864 binding by up to 85% (Fig. 5).
Similarly, deoxycholic acid (0.1%) had no significant &f-
fect on [*H]PK 11195 binding but inhibited [*H]JRO5-4864
binding by ~ 50% (Fig. 5). At a concentration of 0.2%,
deoxycholic acid inhibited [*H]RO5-4864 binding by ~
90% but decreased [*H]PK 11195 binding by only 30—35%
(Fig. 4). Tween-20 (0.001-0.2%) inhibited [*HJRO5-4864

binding in a dose-dependent manner with ~ 50% loss of
binding at 0.04% concentration of the detergent (Fig. 5).
On the other hand, [*H]PK 11195 binding was resistant to
Tween-20 up to 0.2% concentration of detergent (Fig. 5).

3.6. Effect of alcohols

Both ethanol and isopropanol at concentrations of 2%
and 4% significantly inhibited [*H]JRO5-4864 binding (Fig.
6). However, at both concentrations tested, isopropanol
was more potent than ethanol. Isopropanol inhibited
[*H]RO5-4864 binding by 35% (p < 0.05) at concentra-
tions as low as 0.5% (Fig. 6B). Neither of the acohols
tested (up to a concentration of 4%) had any significant
effect on [*H]PK 11195 binding (Fig. 6A and B).
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Fig. 5. Effect of various detergents (Triton X-100, deoxycholic acid and Tween-20) and dithiothreitol on [*H]PK 11195 and [*H]RO5-4864 specific binding
to human occipital cortical membranes. Values are given as percent control values. Control values (100%) are 361 + 59 (*H]PK 11195 binding) and
47 + 11 fmol /mg protein ((*H]RO5-4864 binding). Values are mean + SD of 4 separate experiments. 65—75 g protein equivalent of membranes were
incubated for 120 min at 4°C in 50 mM Tris—HCI buffer (pH 7.4) containing 2 nM of either [*H]PK 11195 or [*H]RO5-4864. Nonspecific binding was
defined in the presence of either 2 uM PK11195 or 20 uM RO5-4864. The effects of detergents were studied at a concentration range of 0.001-1% and
the effect of dithiothreitol was studied at a concentration range of 25 uM to 1000 uM. Statistics: *P < 0.05 and ®p < 0.01 by ANOVA followed by

Dunnett’s multiple comparisons test.
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Fig. 6. Effects of increasing concentrations (0.5% to 4%) of isopropanol
(A), ethanol (B) and histidine residue modification by diethylpyrocarbon-
ate (0.1 mM to 3 mM) (C) on [*H]PK11195 or [*H]RO5-4864 specific
binding. 65—75 g protein equivalent of membranes were incubated for
120 min at 4°C in 50 mM Tris—HCI buffer (pH 7.4) containing 2 nM of
either [PHIPK 11195 or [*H]RO5-4864. Nonspecific binding was defined
in the presence of either 2 uM PK11195 or 20 uM RO5-4864. For
studying the effect of histidine residue modification, membrane prepara-
tions were incubated with the desired concentration of diethylpyrocarbon-
ate for 5 min, before performing the binding assay. Values are given as
mean+ SD (n=4) of percent control values. Control values (100%) are
377+ 47 (PHIPK 11195 binding) and 40+ 7 fmol /mg protein (*HIRO5-
4864 binding). Statistics: *P < 0.05 and ®p < 0.01 compared to control
by ANOVA followed by Dunnett’'s multiple comparisons test.

3.7. Effect of histidine residue modification

Modification of histidine residues of the cortical mem-
branes by incubating with diethyl-pyrocarbonate for 5 min
decreased the binding of [*H]PK 11195 in a dose-dependent
manner with a maximal inhibition of 70% at 1 mM (Fig.
6C). Increasing the incubation period (up to 20 min) and
the concentration of diethylpyrocarbonate (up to 3 mM)
had no further effect. In contrast, [*H]RO5-4864 binding
was resistant to histidine residue modification by dieth-
ylpyrocarbonate (Fig. 6C).

4. Discussion

Results of the present study demonstrate that both the
benzodiazepine ([*H]RO5-4864) and isoquinoline carbox-
amide ([*H]PK 11195) ligands for the peripheral-type ben-
zodiazepine receptor bind to human brain homogenates
with high affinity and manifest a similar pattern of re-
gional distribution. However, they show differences in
their kinetics, pharmacological profile and resistance to
detergents. Maximal binding site densities for the isoquino-
line ligand are ~ 3 fold higher than those of the benzodi-
azepine ligand in all brain regions studied. However, bind-
ing studied using either 2 nM [*H] PK11195 or [*H]RO5-
4864 showed 6—8 fold higher density of PK11195 sites
than RO5-4864 sites (Table 2). This discrepancy between
the B, values and single point data is due to the fact that
the concentration of the ligands used (2 nm) for studying
the regional distribution is nonsaturating. Peripheral-type
benzodiazepine receptor is not a single protein receptor.
Rather it is a multimeric complex in which the isoquino-
line binding site is localized to a 18 kDa subunit and
expression of the benzodiazepine site reguires both the 18
kDa subunit as well as a 34 kDa voltage-dependent anion
channel (VDAC) subunit (Garnier et al., 1994). In a study
of mouse Leydig tumor cell mitochondrial preparations
examined by transmission electron and atomic force micro-
scopic procedures in order to evaluate the topography and
organization of the peripheral-type benzodiazepine recep-
tor, results indicated that the 18 kDa subunit was organized
in clusters of 4—6 molecules (Papadopoulos et al., 1997). It
was suggested that, in this way, the mitochondrial periph-
eral-type benzodiazepine receptor complex comprising the
18 kDa subunit and the VDAC functions as a pore whereby
cholesteral is translocated to the inner mitochondrial mem-
brane where it is metabolized to pregnenolone. The obser-
vation, in the present study of several-fold differences in
maximal binding site densities between the isoquinoline
and benzodiazepine ligands suggests that peripheral-type
benzodiazepine receptor subunits in human brain are also
organized as a heteromeric complex. These findings con-
trast observationsin rat cerebral cortex (Awad and Gavish,
1987) and fish brain (Eshleman and Murray, 1989) in
which comparable densities of binding sites for the iso-
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quinoline and benzodiazepine ligand were observed. How-
ever, ltzhak et al. (1993, 1995) observed a ~ 1.5 to 2 fold
higher density of binding sites for [*H]PK11195 than
[*H]RO5-4864 in rat cortex and cultured rat astrocytes.

Other interesting differences between the human and rat
brain preparations with reference to the peripheral-type
benzodiazepine receptor include the observations that: (1)
RO5-4864 displaces [*H]PK 11195 binding to the human
peripheral-type benzodiazepine receptor with lower affin-
ity than that observed in rat brain preparations, (2) RO5-
4864 displaces [*H]PK11195 binding in a monophasic
manner in human brain preparations but in a biphasic
manner in cultured astrocytes from rat brain (Itzhak et al.,
1993) and (3) Both [*H]PK 11195 and [°H]RO5-4864 bind-
ing are resistant to 1% ethanol in human brain. This
concentration of ethanol significantly decreased the bind-
ing of both ligands to rat cortica astrocytes (Itzhak et al.,
1993). The basis for these differences in affinities and
other properties between human and rodent brain may lie
in structural differences in peripheral-type benzodiazepine
receptor proteins. In support of this possibility, cloning of
the human 18 kDa subunit of the peripheral-type benzodi-
azepine receptor predicted an amino acid sequence that
was missing the phosphorylation motif identified in the
rodent sequence (Chang et al., 1992) suggesting that phos-
phorylation of the 18 kDa protein is not implicated in
regulation of the human peripheral-type benzodiazepine
receptor (Papadopoulos et a., 1997).

The human peripheral-type benzodiazepine receptor
shows selective affinities for benzodiazepine and isoquino-
line ligands. For example, the central benzodiazepine lig-
ands, diazepam and clonazepam displace [*H]RO5-4864
binding more potently than [*H]PK 11195 binding. These
results were similar to those observed previously using rat
cerebral cortex and cultured rat cortical astrocytes (Awad
and Gavish, 1987; Itzhak et al., 1993). As expected, the
novel peripheral-type benzodiazepine receptor isoquinoline
site ligand FGIN, _,, inhibited [°H]PK 11195 binding with
high potency but had little effect on [PHJRO5-4864 hind-
ing.

Peripheral-type benzodiazepine receptors are implicated
in neurosteroid synthesis (Papadopoulos et al., 1997). The
rate-limiting step in steroidogenesis is the delivery of
cholesterol to cytochrome P-450 on the inner mitochon-
drial membrane and peripheral-type benzodiazepine recep-
tors have been proposed to play a role in intramitochon-
drial cholesterol transport (Bernassau et al., 1993; Pa
padopoulos et al., 1997). The biosynthesis of neurosteroids
begins with the enzymatic cleavage of the cholesterol side
chain to form pregnenolone (Stocco and Clark, 1996). We
therefore studied the effect of pregnenolone and its sulfate
on [*HIPK11195 and [*HJRO5-4864 binding in human
brain. Neither pregnenolone nor pregnenolone sulfate dis-
placed either [*H]PK 11195 or [*H]RO5-4864 binding sug-
gesting that feedback inhibition of peripheral-type benzodi-
azepine receptor by neurosteroids is not an important

regulatory mechanism, at least in human brain. None of
several other steroids (progesterone, estradiol and testos-
terone) had any effect on the binding of [*H]PK 11195 or
[*H]RO5-4864 to human brain.

Differences between the isoquinoline and benzodi-
azepine sites on the human peripheral-type benzodiazepine
receptor were also demonstrated by their differential sus-
ceptibility to various detergents as well as to histidine
residue modification. In human brain, [*H]PK 11195 bind-
ing sites were significantly more resistant than [*HJRO5-
4864 binding sites to detergents such as Triton X-100,
deoxycholic acid and Tween-20. These findings are similar
to those previously reported in rat kidney membranes
(Awad and Gavish, 1988). Similarly, in human brain,
preincubation of the membranes with the thiol reagent
dithiothreitol, resulted in a loss of both [*H]PK 11195 and
[*H]RO5-4864 binding sites. Similar effects of dithio-
threitol were previously observed in rat brain membranes
(Skowronski et al., 1987). Results of the present study
clearly demonstrate that modification of the histidine
residues by treating human brain membranes with dieth-
ylpyrocarbonate results in the loss of [°H]PK 11195 binding
sites but not of [*H]R0O5-4864 binding sites. It was previ-
ously reported that diethylpyrocarbonate treatment inhibits
[*H]PK 11195 binding to the membranes of rat kidney and
mouse brain (Benavides et a., 1984; Skowronski et al.,
1987). Other examples of differential modification of the
isoquinoline and benzodiazepine binding sites of the ro-
dent peripheral-type benzodiazepine receptor by various
compounds has aso been reported previously. Arachido-
nate, phospholipase A, and 4,4-diisothiocyanotostilbene-
2,2'-disulfonic acid led to modifications of [*HJRO5-4864
binding without any significant effect on [*H]PK11195
binding to rat kidney membranes (Lueddens and Skolnick,
1987; Havoundijian et al., 1986).

Exposure of primary rat cortical astroglial cultures to
neurotransmitters including dopamine, serotonin, nor-
epinephrine and GABA results in upregulation of
[*H]RO5-4864 binding sites without concomitant modifica:
tion of [*H]PK 11195 binding sites (Itzhak and Norenberg,
1994). In contrast to these chronic effects of neurotrans-
mitters, results of the present study demonstrate that hone
of the above neurotransmitters nor the excitatory amino
acids glutamate and aspartate at concentrations of up to 5
wM had any significant effect on either [°H]JRO5-4864 or
[*H]PK 11195 binding to human brain membranes. We also
failed to observe any significant effect of other amino
acids (glutamine, valine, leucine, isoleucine, tryptophan,
phenylalanine, cysteine, methionine, histidine and argi-
nine) on either [°HIPK 11195 or [*H]RO5-4864 binding to
human brain membranes.

Studies on the peripheral-type benzodiazepine receptor
in human brain are sparse. Doble et a. (1987) analyzed the
anatomical and subcellular distribution of [*H]PK11195
binding sites in human brain. Their studies showed that the
binding sites were distributed heterogenously but restricted
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to the grey matter. Similar to the present study, Doble et
al. (1987) also observed highest density of the PK11195
binding sites in forebrain structures. Awad and Gavish
(1991) performed the only other study on human brain
peripheral-type benzodiazepine receptors. The K, for
[*H]PK 11195 binding to human cortical membranes ob-
served in the present study (2-3 nM) is similar to that
reported by Awad and Gavish (1991). The authors reported
that the binding sites for [PHJRO5-4864 are ‘barely de-
tectable’ in human cortex. The present study also revealed
very low densities of [*HJRO5-4864 binding sites in hu-
man brain which also confirms the results of Awad and
Gavish (1991) showing the higher potency of PK11195 in
displacing [*H]RO5-4864 binding.

In summary, results of the present study demonstrate
the presence of saturable, high affinity binding sites for
[®*H]PK 11195 and [*H]RO5-4864 to the isoquinoline and
benzodiazepine sites respectively on the human
peripheral -type benzodiazepine receptor. A several-fold re-
gional variation in densities of these sites was observed in
human brain and the two sites were found to manifest
distinct properties with respect to displacement of their
ligands by benzodiazepines, to the effects of detergents
and alcohols as well as to histidine residue modification.
Unlike rodent brain, isoquinonine sites on the human
peripheral-type benzodiazepine receptor outhumber the
benzodiazepine site consistent with the existence of a
hetoromeric complex. However, isoquinoline and benzodi-
azepine ligands are mutually competitive at nanomolar
concentrations suggesting allosteric interaction between
the two sites. Other differences between the rodent and
human peripheral-type benzodiazepine receptor include the
relative affinity of the isoquinoline site for RO5-4864 as
well as the sensitivity of this site to alcohol. Such differ-
ences could result from distinct characteristics of the 18
kDa subunit of the peripheral-type benzodiazepine receptor
between the two species.

Acknowledgements

The studies described were funded by The Medical
Research Council of Canada (MRC) (grant MT 10282).
VLRR is an MRC postdoctora fellow.

References

Anholt, R.R.H., Pedersen, P.L., DeSouza, E.B., Snyder, S.H., 1986. The
peripheral-type benzodiazepine receptor: Localization to the mito-
chondrial outer membrane. J. Biol. Chem. 261, 576-583.

Antkiewicz-Michaluk, L., Guidotti, A., Krueger, K.E., 1988. Molecular
characterization and mitochondrial density of a recognition site for
peripheral-type benzodiazepine ligands. Pharmacology 34, 272-278.

Awad, M., Gavish, M., 1987. Binding of [*HIRO5-4864 and [*H]PK 11195
to cerebral cortex and peripheral tissues of various species: Species
differences and heterogeneity in peripheral benzodiazepine binding
sites. J. Neurochem. 49, 1407-1414.

Awad, M., Gavish, M., 1988. Differential effects of detergents on
[PHIRO5-4864 and [*H]PK 11195 binding to peripheral-type benzodi-
azepine-binding sites. Life Sci. 43, 167-175.

Awad, M., Gavish, M., 1991. Peripheral-type benzodiazepine receptors in
human cerebral cortex, kidney and colon. Life Sci. 49, 1155-1161.

Barnard, E.A., Bible, G., Houamed, K., Moss, S.J., Van Renterghem, C.,
Smart, T.G., 1987. Functional expression in the Xenopus oocyte of
messenger ribonucleic acids encoding brain neurotransmitter recep-
tors: Further characterization of the implanted GABA receptors. Neu-
ropharmacology 26, 837-844.

Benavides, J.,, Quarteronet, D., Inbault, F., Malgouric, C., Uzan, A.,
Renault, C., Dubroeucg, M.C., Gueremy, C., LeFur, G., 1983. La
belling of ‘ peripheral-type’ benzodiazepine binding sites in the rat
brain by using ®H-PK 11195, an isoquinoline carboxamide derivative:
Kinetic studies and autoradiographic localization. J. Neurochem. 41,
1744-1750.

Benavides, J., Begassat, F., Phan, T., Tur, C.,, Uzan, A., Renault, C.,
Dubroeucq, M.C., Gueremy, C., LeFur, G., 1984. Histidine modifica
tion with diethylpyrocarbonate induces a decrease in the binding of an
antagonist, PK11195, but not of an agonist, RO5-4864, of the periph-
eral benzodiazepine receptors. Life Sci. 35, 1249-1256.

Benavides, J., Capdeville, C., Dauphin, F., Dubois, A., Duverger, D.,
Fage, D., Gotti, B., MacKenzi, E.T., Scatton, B., 1990. The quantifi-
cation of brain lesions with an w5 site ligand: a critical analysis of
animal models of cerebral ischemia and neurodegeneration. Brain
Res. 522, 275-289.

Bernassau, JM., Reversat, J.L., Ferrara, P., Caput, D., LeFur, G., 1993.
A 3D model of the peripheral benzodiazepine receptor and its impli-
cation in intramitochondrial cholesterol transport. J. Mol. Graphics
11, 236-244.

Blahos II, J., Whdin, M.E., Krueger, K.E., 1995. Identification and
purification of a 10 kDa protein associated with mitochondrial benzo-
diazepine receptors. J. Biol. Chem. 270, 20285—20291.

Braestrup, C., Nielsen, M., 1980. Multiple benzodiazepine receptors.
Trends Neurosci. 3, 301-303.

Chang, Y.J, McCabe, R.T., Rennert, H., Budarf, M.L., Sayegh, R,
Emanuel, B.S., Skolnick, P., Strauss, JF. IlIl, 1992. The human
‘ peripheral-type’ benzodiazepine receptor: regional mapping of the
gene and characterization of the receptor expressed from cDNA. DNA
Cell Biol. 11, 471-480.

Cremer, J.E., Hume, S.P., Cullen, B.M., Myers, R., Manjil, L.G., Turton,
D.R., Luthra, SK., Bateman, D.M., Pike, V.W., 1992. The distribu-
tion of radioactivity in brains of rats given [N-methyl-"-C]PK 11195 in
vivo after induction of a cortical ischemic lesion. Int. J. Radiol. Appl.
Instr. Part B Nucl. Med. and Biol. 19, 159-166.

Cymerman, U., Pazo, SA., Paacios, JM., 1986. Evidence for species
differences in ‘ peripheral’ benzodiazepine receptors: An autoradio-
graphic study. Neurosci. Lett. 66, 153—158.

Degjardins, P., Bandeira, P., Rao, V.L.R., Ledoux, S., Butterworth, R.F.,
1997. Increased expression of the peripheral-type benzodiazepine
receptor-isoquinoline carboxamide binding protein in mRNA brain
following portacaval anastomosis. Brain Res. 758, 255—258.

Doble, A., Benavides, J., Ferris, O., Bertrand, P., Menager, J., Vaucher,
N., Burgevin, M.-C., Uzan, A., Gueremy, C., LeFur, G., 1985.
Dihydropyridine and peripheral-type benzodiazepine binding sites:
Subcellular distribution and molecular size determination. Eur. J.
Pharmacol. 119, 153-167.

Doble, A., Magouris, C., Daniel, M., Daniel, N., Imbault, F., Basbaum,
A., Uzan, A., Guéréemy, C., LeFur, G., 1987. Labelling of peripheral-
type benzodiazepine binding sites in human brain with [*H]PK 11195;
Anatomical and subcellular distribution. Brain Res. Bull. 18, 49-61.

De Armond, S.J., Fusco, M.M., Dewey, M.M., 1976. Structure of human
brain: A photographic atlas., 2nd ed. Oxford University Press, New
York.

Ducis, I., Norenberg, L.-O.B., Norenberg, M.D., 1990. The benzodi-
azepine receptor in the cultured astrocytes from genetically epilepsy-
prone rats. Brain Res. 531, 318-321.



V.L.R. Rao, RF. Butterworth / European Journal of Pharmacology 340 (1997) 89-99 99

Earley, B., Canney, M., Clune, B., Cadwell, M., Leonard, B., Junien,
J-L., 1996. The effects of MK-801, ifenprodil, JO1784, JO1994 and
JO1997 on PK11195 receptor binding, nitric oxide synthase (NO
synthase) activity and infarct volume in a mouse model of focal
cerebral ischemia. Neurochem. Int. 28, 509-521.

Eshleman, A.J., Murray, T.F., 1989. Differential binding properties of the
peripheral-type benzodiazepine ligands [*H]PK11195 binding or
[*HIRO5-4864 in trout and mouse brain membranes. J. Neurochem.
53, 494-502.

Garnier, M., Boujrad, N., Ogwuegbu, S.O., Hudson, J.R., Papadopoulos,
V., 1994. The polypeptide diazepam-binding inhibitor and a higher
affinity mitochondrial peripheral-type benzodiazepine receptor sustain
constitutive steroidogenesis in the R2C Leydig tumor cell line. J. Biol.
Chem. 269, 22105-22112.

Gavish, M., Katz, Y., Bar-Ami, S., Weizman, R., 1992. Biochemical,
physiological and pathological aspects of the peripheral benzodi-
azepine receptors. J. Neurochem. 58, 1589-1601.

Giguere, J.-F., Hamel, E., Butterworth, R.F., 1992. Increased densities of
binding sites for the ‘ peripheral-type’ benzodiazepine receptor ligand
[PHIPK11195 in rat brain following portacaval anastomosis. Brain
Res. 585, 295-298.

Havoundjian, H., Cohen, R.M., Paul, SM., Skolnick, P., 1986. Differen-
tial sensitivity of ‘central’ and ‘ peripheral’ type benzodiazepine recep-
tors to phospholipase A ,. J. Neurochem. 46, 804—811.

Itzhak, Y., Norenberg, M.D., 1994. Regulation of peripheral-type benzo-
diazepine receptors in cultured astrocytes by monoamines and amino
acid neurotransmitters. Brain Res. 660, 346—348.

Itzhak, Y., Baker, L., Norenberg, M.D., 1993. Characterization of the
peripheral-type benzodiazepine receptors in cultured astrocytes: Evi-
dence for multiplicity. Glia 9, 211-218.

Itzhak, Y., Roig-Cantisano, A., Norenberg, M.D., 1995. Ontogeny of
peripheral-type benzodiazepine receptors in cultured astrocytes and
brain from rat. Dev. Brain Res. 84, 62—66.

Junck, L., Olson, JM.M., Ciliax, B.S., Koeppe, R.A., Watkins, G.L.,
Jewett, D.M., McKeever, P.E., Wieland, D.M., Kilbourn, M.R,,
Starosta-Rubinstein, S., Manoni, W.R., Kuhl, D.E., Greenberg, H.S,,
Young, A.B., 1989. PET imaging of human gliomas with ligands for
the peripheral benzodiazepine binding sites. Ann. Neurol. 26, 752—
758.

Lavoie, J., Pomier Layrargues, G., Butterworth, R.F., 1990. Increased
densities of peripheral-type benzodiazepine receptors in brain autopsy
samples from cirrhotic patients with hepatic encephal opathy. Hepatol-
ogy 11, 874-878.

Leong, D.K., Le, O., Oliva, L., Butterworth, R.F., 1994. Increased
densities of binding sites for the ‘peripheral-type’ benzodiazepine
receptor ligand [2H]PK 11195 in vulnerable regions of the rat brain in
thiamine deficiency encephalopathy. J. Cerebr. Blood Flow Metab.
14, 100-105.

Lueddens, H.W.M., Skolnick, P., 1987. ‘ Peripheral-type' benzodiazepine
receptors in the kidney: regulation of radioligand binding by anions
and DIDS. Eur. J. Pharmacol. 133, 205-214.

Lowry, O.H., Rosebrough, N.J,, Farr, A.L., Randall, R.J.,, 1951. Protein
measurement with the Folin phenol reagent. J. Biol. Chem. 193,
265-275.

Mohler, H., Okada, T., 1977. Benzodiazepine receptor: Demonstration in
central nervous system. Science 198, 849-851.

Papadopoulos, V., Amiri, H., Boujrad, N., Cascio, C., Culty, M., Garnier,
M., Hardwich, M., Li, H., Vidic, B., Brown, A.S,, Reversa, JL.,
Bernassau, J.M., Drieu, K., 1997. Peripheral benzodiazepine receptor
in cholesterol transport and steroidogenesis. Steroids 62, 21-28.

Rao, V.L.R., Qureshi, |.A., Butterworth, R.F., 1993. Increased densities
of binding sites for the peripheral-type benzodiazepine receptor ligand
[*HIPK 11195 in congenital ornithine transcarbamylase-deficient sparse
fur mouse. Pediatr. Res. 34, 777-780.

Rao, V.L.R., Audet, R., Therrien, G., Butterworth, R.F., 1994. Tissue-
specific alterations of binding sites for peripheral-type benzodiazepine
receptor ligand [*H]PK 11195 in rats following portacaval anastomo-
sis. Dig. Dis. Sci. 39, 1055-1063.

Rao, V.L.R., Butterworth, R.F., 1996. Kinetics, pharmacology and au-
toradiographic distribution of L-[*H]nitroarginine binding sites in rat
brain cerebellum. J. Neurochem. 66, 701-709.

Sprengel, R., Werner, P., Seebury, P.H., Mukhin, A.G., Santi, M.R,,
Grayson, D.R., Guidotti, A., Krueger, K.E., 1989. Molecular cloning
and expression of cDNA encoding a periphera-type benzodiazepine
receptor. J. Biol. Chem. 264, 20415-20421.

Stocco, D.M., Clark, B.J.,, 1996. Regulation of the acute production of
steroids in steroidogenic cells. Endocrine Rev. 17, 221-244.

Skowronski, R., Beaumont, K., Fanestil, D.D., 1987. Modification of the
peripheral-type benzodiazepine receptor by arachidonate, diethylpyro-
carbonate and thiol reagents. Eur. J. Pharmacol. 143, 305-314.

Wang, JK., Morgan, J.., Spector, S., 1984. Benzodiazepines that bind at
peripheral sites inhibit cell proliferation. Proc. Natl. Acad. Sci. 81,
753-756.



