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Abstract—The pharmacological characteristics of digitonin-solubilized peripheral-type benzodiazepine
binding sites (PBS) from kidney membranes of various species were investigated to determine whether
the species differences and heterogeneity observed in membrane-bound binding sites would be main-
tained after solubilization. [*H]PK 11195 (0.05 to 10 nM) bound with high affinity to rat, guinea pig,
calf, and cat kidney solubilized preparations yielding maximal numbers of binding sites (Bp,,) of
3,593 + 381, 25,645 + 1,795, 1,327 = 141, and 2,446 * 148 fmol/mg protein, respectively, and equi-
librium dissociation constant (Kj) values of 1.74 + 0.18, 2.15 + 0.15, 0.85 = 0.09, and 1.02 = 0.06 nM,
respectively. On the other hand, the respective B, and K, values for ["H]Ro 5-4864 (1.25 to 40 nM)
were 2,688 + 275, 14,182 + 1,134, 144 + 23 and 205 + 17 fmol/mg protein (about 75, 55, 11, and 8%,
respectively, of that of [PH]PK 11195) and 13.8 = 1.5, 146 1.1, 10.6 £ 1.7, and 19.9 = 1.2nM.
Unlabeled Ro 5-4864 was two orders of magnitude more potent in displacing [*H]PK 11195 binding
from rat kidney solubilized preparations than from calf kidney solubilized preparations, whereas the
potency of unlabeled PK 11195 in displacing [PH]PK 11195 binding from both rat and calf kidney
solubilized preparations was almost identical. Analysis of these displacement data revealed that PK
11195 bound to a single population of binding sites (ny=1.0), whereas Ro 5-4864 bound to two
populations of binding sites (ny < 1.0) in both rat and calf kidney solubilized preparations. These results
indicate that PBS species differences and heterogeneity observed in membrane-bound binding sites are
retained in the soluble state and are probably attributable to variations in the molecular structure of
PBS rather than to differences in membrane environment.
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Central-type benzodiazepine (BZ)t receptors
(CBR) have been identified in the CNS [1,2].
Another type of high-affinity BZ binding sites, ter-
med peripheral-type BZ binding sites (PBS), has
been demonstrated in peripheral tissues such as rat
kidney, lung, liver, and heart [3-5], human term
placenta [6], and also in the brain [7-9]. The two
types of receptors for BZ differ in their subcellular
localization, their distribution within the brain, and
their ligand specificity. Ro 5-4864 (4'-chloro-
diazepam) and PK 11195 [1-(2-chlorophenyl)-N-
methyl-N-(1-methylpropyl)-3-isoquinoline  carbox-
amide] bind with high affinity to PBS, but not to
CBR, whereas the reverse is true with regard to the
BZ clonazepam. Additionally, CBR are coupled to
y-aminobutyric acid receptors and also to specific
binding sites for anions and divalent cations [10-12],
whereas PBS are not.

The physiological role of PBS has not yet been
finally determined, although some physiologic and
pharmacologic effects for PBS ligands have already
been characterized, such as electrical and mechanical
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changes in isolated papillary muscle [13, 14], inhi-
bition of cellular proliferation [15], induction of
cellular differentiation [15, 16], anxiogenic and pro-
convulsant activity [17], and alteration in the release
of several hormones [18-20]. Furthermore, recent
studies indicate that PBS are subject to hormonal
modulation [21-24]. Porphyrins have been identified
recently as a possible PBS endogenous ligand [25].

Recent studies have demonstrated marked species
differences and heterogeneity in membrane-bound
PBS with respect to their density and distribution
within the brain, as well as to their affinities for the
prototype PBS high-affinity BZ ligand Ro 5-4864
[26-28]. In the present study we compared the bind-
ing characteristics of PK 11195 and Ro 5-4864 to
digitonin-solubilized PBS from kidney membranes
of various species, in order to determine whether
PBS species differences and heterogeneity observed
in the membrane-bound state would be retained after
solubilization.

MATERIALS AND METHODS

Materials. [3H}PK 11195 (85 Ci/mmol) and [*H]Ro
5-4864 (78.9 Ci/mmol) were purchased from New
England Nuclear (Boston, MA). Unlabeled PK
11195 was a gift from Dr G. Le Fur (Pharmuka
Laboratories, Gennevilliers, France). Unlabeled Ro
5-4864 was supplied by Drs H. Gutmann and E.
Kyburz (Hoffmann-La Roche, Basel, Switzerland).
Digitonin was purchased from the Sigma Chemical
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Co. (St Louis, MO, U.S.A.). Lumax was purchased
from Lumac (Schaesberg, The Netherlands). All
other compounds were purchased from commercial
sources.

Membrane solubilization. Adult male Sprague-
Dawley rats (N = 5; body wt 200-250 g), adult male
outbred guinea pigs (N = 3; body wt 300400 g), and
6-month-old male Holstein-Friesian calves (N = 3;
body wt 150-200kg) were killed by decapitation.
Male common European house cats, 1 to 2-years-old
(N = 3; body wt 3-4 kg), were killed by an overdose
of pentobarbital. Kidneys were removed immedi-
ately and frozen at —70° until used for solubilization
and binding studies. Samples from each kidney cor-
tex were thawed and homogenized in 50 vol. of
50 mM Tris-HC! buffer, pH 7.4, at 4° with a Brink-
mann Polytron (setting 10) for 15sec. The homo-
genates were centrifuged at 49,000 g for 30 min, and
the pellets were solubilized as previously described
[29].

The pellets of washed membranes (15-20 mg tissue
weight/ml) were homogenized in 50 mM Tris-HCIl
buffer, pH 7.4, containing 0.25% digitonin and were
incubated for 30 min at 4°. After incubation, the
homogenates were centrifuged at 100,000g for
60 min. The resultant supernatant fraction was
diluted 1:1 with the same buffer and used as the
soluble preparation.

Binding assay for [*H]PK 11195 and [*H]Ro 5-
4864. Binding assays for [°’H]PK 11195 and [*H]Ro
5-4864 were conducted as previously described
[27,29]. [P*H]PK 11195 binding was conducted in
50 mM Tris—HCl buffer, pH 7.4, at 4°. Binding assay
contained 400 ul soluble preparation (150-200 ug
protein) and 25 ul [*’H]PK 11195 (0.05 to 10 nM) in
the absence (total binding) or presence (non-specific
binding) of 10 uM unlabeled PK 11195 or Ro 5-
4864. After incubation for 60 min at 4°, samples were
filtered under vacuum over Whatman GF/B filters
pretreated with 0.3% polyethyleneimine [30] and
then washed three times with 4 ml of ice-cold Tris
buffer. Filters were placed in vials containing 5 ml
of a 1:3 mixture of Lumax:xylene. Samples were
counted for radioactivity after 12 hr. The binding
assay for [’HJRo 5-4864 (1.25 to 40 nM) was similar
to that described above for [PH]PK 11195, except
that non-specific binding was conducted using only
10 uM unlabeled PK 11195. Displacement curves
were obtained using 1 nM [*H]PK 11195 as a radio-
active ligand in the presence of twenty to thirty
concentrations (107>-107*M) of unlabeled PK
11195 or Ro 5-4864. In kinetic studies, 2 nM [*'H]PK
11195 was incubated with solubilized PBS from rat
and calf kidney for different periods of time (associ-
ation); after 60 min of incubation, 10 uM unlabeled
PK 11195 or 10 or 100 uM unlabeled Ro 5-4864 was
added (dissociation), and filtration was performed
after different periods of time.

Data analysis of displacement experiments. Dis-
placement experiments were conducted using
[*H]PK 11195 as radioligand and unlabeled PK 11195
or Ro 5-4864 as inhibitor. The displacement curves
were analyzed by a non-linear least-squares curve-
fitting procedure, using a model for either one or
two binding sites. Theoretical displacement curves
were fitted to the experimental data points using the
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non-linear least-squares-regression computer pro-
gram BMDPAR (November 1978 revision), devel-
oped at the University of California Health Science
Computing Faculty (Los Angeles, CA).

The goodness of fit was evaluated by comparison
of the predictive error, given by the weighted sum
of squared residuals, with the experimental error.
The value of the Hill coefficient (ny) was obtained
by linear regression analysis of log I vs log [P/
(100 — P)], in which the variable I was the inhibitor
concentration and P the bound value (in percent),
and the slope of the line was ny.

Results are expressed as means of three separate
experiments with less than 15% variability.

RESULTS

Binding of [PH]PK 11195 and [*H]Ro 5-4864 to
solubilized PBS from kidney membranes of various
sgecies. Saturation curves and Scatchard analyses of
[PH]PK 11195 and [*H]Ro 5-4864 binding to dig-
itonin-solubilized PBS from rat and calf kidney mem-
branes are presented in Fig. 1. "H]PK 11195 (0.05
to 10 nM) bound with high affinity to solubilized PBS
from both rat and calf kidney membranes. Specific
binding of [*H]PK 11195 to solubilized PBS from rat
and calf kidney membranes was saturated at 4-6 nM,
with equilibrium dissociation constants (Kp) of
1.74 £ 0.18 and 0.85 = 0.09 nM, respectively, and
maximal numbers of binding sites (Bp,) of
3,593 +381 and 1,327 = 141 fmol/mg protein,
respectively (Fig. 1). On the other hand, [*H]Ro 5-
4864 (1.25 to 40 nM) bound with high affinity (Kp =
13.8 £ 1.5nM) to rat kidney solubilized prepara-
tions, yielding Bp,, value of 2,688 = 275 fmol/mg
protein, whereas in calf kidney solubilized prep-
arations the By, value for [*H]Ro 5-4864 was only
144 = 23 fmol/mg protein, and the K, value was
10.6 = 1.7 nM (Fig. 1).

We also compared the binding capacity of [*H]Ro
5-4864 to digitonin-solubilized PBS from kidney
membranes of various species to that of [PHJPK
11195 (Table 1). [’H]Ro 5-4864 binding capacity in
solubilized preparations of rat, guinea pig, calf, and
cat kidney membranes was about 75, 55, 11, and 8%,
respectively, of that of [’H]PK 11195.

The following results should be noted. First, non-
specific binding of [PH]PK 11195 was less than 10%
of the total binding in rat, guinea pig, calf, and
cat kidney solubilized preparations, whereas non-
specific binding of [’H]Ro 5-4864 was less than 10%
of the total binding in rat and guinea pig kidney
solubilized preparations and about 78% of the total
binding in calf and cat kidney solubilized prep-
arations. No difference in non-specific binding was
obtained when the unlabeled ligand was Ro 5-4864
or PK 11195 (10 uM). Second, digitonin solubilized
the same amount of PBS (about 30% recovery of the
initial binding activity) from rat, guinea pig, calf, and
cat kidney membranes (data not shown). Third, GF/
B filters pretreated with 0.3% polyethyleneimine
restored the same binding activity of [’H]PK 11195 as
did filtration upon precipitation by the polyethelene
glycol method (data not shown).

Displacement studies. The potencies of unlabeled
PK 11195 and Ro 5-4864 in displacing [PH]PK 11195
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Fig. 1. Saturation curves of [*H]PK 11195 and [*H]Ro 5-4864 binding to digitonin-solubilized PBS from

rat and calf kidney membranes. [*H]PK 11195 (@) (0.05 to 10 nM) and [*H]Ro 5-4864 (O) (1.25 to

40 nM) binding at 4° for 60 min was determined for solubilized preparations of rat and calf kidney

membranes. Details of the binding procedure are described under Materials and Methods. Results are

the means of three separate experiments with less than 15% variability. Insets: Scatchard plots of

saturation curves of [*'H|PK 11195 (W) and [*H]Ro 5-4864 (OJ) specific binding to solubilized preparations
from rat and calf kidney membranes. Abbreviations: B, bound; and B/F, bound/free.

Table 1. [PH]PK 11195 and [*'H]Ro 5-4864 binding capacity
in digitonin-solubilized preparations from kidney mem-
branes of various species

B,..x (fmol/mg protein)

Species [PHIPK 11195 [*H]Ro 5-4864
Calf 1,327 = 141 144 = 23
Rat 3,593 = 381 2,688 * 275
Guinea pig 25,645 + 1,795 14,182 + 1,134
Cat 2,446 *+ 148 205 = 17

Specific binding of [PH]PK 11195 (0.05 to 10 nM) and
[*H]Ro 5-4864 (1.25 to 40 nM) was detected in digitonin-
solubilized PBS from kidney membranes of various species.
Incubation was performed for 60 min at 4° as described
under Materials and Methods. Non-specific binding of
[PH]PK 11195 was <10% of the total binding in all mam-
malian kidney solubilized preparations tested, whereas
non-specific binding of [PH]Ro 5-4864 was <10% of the
total binding in rat and guinea pig kidney solubilized prep-
arations and ~78% in calf and cat kidney solubilized
preparations. Data are the mean + SD of three separate
experiments with less than 15% variability.

binding from rat and calf kidney solubilized prep-
arations are presented in Fig. 2. While unlabeled PK
11195 exhibited similar potency in displacing ["H]PK
11195 from both rat and calf kidney solubilized prep-
arations, unlabeled Ro 5-4864 was two orders of
magnitude more potent in displacing PH]PK 11195

from rat kidney solubilized preparations than from
calf kidney solubilized preparations.

Analysis of these displacement data revealed that
PK 11195 bound to a single population of binding
sites (ny = 1.0), whereas Ro 5-4864 bound to two
populations of binding sites (ny < 1.0) in both rat
and calf kidney solubilized preparations (Table 2).

Kinetic experiments. The time course of [PH]PK
11195 binding to rat and calf kidney solubilized prep-
arations is shown in Fig. 3. [*H]PK 11195 (2 nM)
binding reached equilibrium after 15 and 30 min of
incubation at 4° with calf and rat kidney solubilized
preparations, respectively. The time course of
[*H]PK 11195 dissociation from rat and calf kidney
solubilized preparations after addition of 10 uM unla-
beled PK 11195 or 10 or 100 yuM unlabeled Ro 5-
4864 is also shown in Fig. 3. When 10 uM unlabeled
PK 11195 or Ro 5-4864 was added to rat kidney
solubilized preparations, half the amount of specific
[*HJPK 11195/PBS complexes was dissociated after
78 min. When 10 uM unlabeled PK 11195 was added
to calf kidney solubilized preparations, half the
amount of specific [’H]PK 11195/PBS complex was
dissociated after 90 min. In contrast, even when up
to 100 uM unlabeled Ro 5-4864 was added to calf
kidney solubilized preparations and incubation
lasted for 9 hr, not all of the specific [’H]PK 11195/
PBS complex was dissociated. Therefore, its half-
life time could not be calculated. Higher con-
centrations of unlabeled Ro 5-4864 could not be
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Fig. 2. Displacement of [*H]PK 11195 binding from digitonin-solubilized PBS from rat and calf kidney
membranes by unlabeled PK 11195 or Ro 5-4864. Binding assays were conducted with 1 nM [*H]PK
11195 in the presence of the indicated concentrations of unlabeled PK 11195 (@) or Ro 5-4864 (O).
Controls (100% binding) for rat and calf kidney solubilized membranes gave values of 1,387 = 124 and
720 + 69 fmol/mg protein, respectively. Details of the binding assays are described under Materials and
Methods. Results are the means of three separate experiments, each of which consisted of triplicate

measurements with less than 15% varaibility.

Table 2. Binding characteristics of PK 11195 and Ro 5-4864 to digitonin-solubilized PBS from rat

and calf kidney membranes

K; Ky K,
Species (nM o (nM (nM) ny
Rat
PK 11195 9.5+0.5 1.0 x0.05 9.5+0.5 ~1.0
Ro 5-4864 67 +8 0.2 +0.02 1.0+0.1 107 = 11 0.49 = 0.05
Calf
PK 11195 23+0.2 1.0 £ 0.06 23+0.2 ~1.0
Ro 5-4864 2750 = 183 0.15+0.01 74£5 3537 =236 0.46 = 0.03

For each displacement curve, we used [*H]PK 11195 (final concentration, 1 nM) as a radioactive
ligand and twenty to thirty concentrations of unlabeled PK 11195 or Ro 5-4864 ( final concentration,
107'>-10"*M) as inhibitor. The binding parameters (mean * SD values from three separate
experiments) were calculated independently by the non-linear regression procedure for one- and
two-site models. K;, inhibition constant; «, proportion of high-affinity sites for PK 11195 and Ro
5-4864; K, and K, equilibrium dissociation constants of high- and low-affinity binding sites,
respectively; and ny, slopes of Hill plots.



Heterogeneous properties of soluble PBS

3847

1600|—

1200

200

400

' Rat Kidney

1 1 |

1200,

900

600

[3HIPK 11195 Specific Binding (f moles/mg Protein)

300[

i

/L I
/2

' Calf Kidney

m

0.5

|
1 2 3 4

Time (hours)

Fig. 3. [PH]PK 11195 association to and dissociation from digitonin-solubilized PBS from rat and calf

kidney membranes. Binding of 2 nM [PH]PK 11195 (A) to solubilized PBS from rat and calf kidney

membranes was measured as a function of time at 4°. Dissociation was begun after 60 min of incubation

(arrow) by addition of 10 uM unlabeled PK 11195 (@) or of 10 uM (O) or 100 uM (3J) unlabeled Ro 5-

4864. Specific binding was determined as described under Materials and Methods. Results are the means
of three separate experiments with less than 15% variability.

used, because of the insolubility of the compound in
water. These results are similar to those previously
demonstrated in membrane-bound PBS of rat and
calf kidney [27].

DISCUSSION

Earlier reports have suggested qualitative and
quantitative species differences and heterogeneity
in PBS through comparison of their density and
distribution within the brain and peripheral tissues
of various species, as well as of their binding affinity
for the prototype PBS high-affinity BZ ligand Ro 5-
4864. Autoradiographic studies have shown signifi-
cant differences in the density and distribution of
PBS within human and rat brain [26]. These results
were further supported by our recent demonstration
of differences in PBS binding capacity in the cerebral
cortex, heart, and kidney of various species [27].
Using [*H]PK 11195 as a radioactive ligand, the rank
order of PBS binding capacity in the cerebral cortex
of various species was calf > rabbit > rat, whereas
the rank order of binding capacity in the heart and
kidney was rat > calf > rabbit and rat > calf = rab-
bit, respectively [27].

Species differences and heterogeneity in PBS have
also been demonstrated in the binding affinity of
[PH]Ro 5-4864 to tissues of various species and as
compared to the binding affinity of ["H]PK 11195.
Similarly, species differences and heterogeneity in

PBS have also been demonstrated in the rank order
of potencies of unlabeled Ro 5-4864 in inhibiting
[PH]PK 11195 specific binding to tissues of various
species and as compared to the potency of unlabeled
PK 11195. The binding affinity of Ro 5-4864 to cow
brain membranes has been found to be 200 times
lower than its affinity to rat brain membranes [31].
Recently we demonstrated that [PH]PK 11195 binds
with nanomolar affinity to both rat and calf cerebral
cortex and peripheral tissues, whereas [*H]Ro 5-4864
binds with nanomolar affinity to rat and guinea pig
cerebral cortex and peripheral tissues, but with
micromolar affinity to calf, rabbit, cat, and dog tis-
sues [27]. Similar differences in the binding affinity
of [PH]PK 11195 and [*H]Ro 5-4864 have also been
obtained in rat and calf pineal gland [28]. Addition-
ally, the potency of unlabeled Ro 5-4864 in inhibiting
[PH]PK 11195 specific binding to cat brain sections
and membranes has been found to be 140 times lower
than that of unlabeled PK 11195 [32], whereas in rat
brain the potency of Ro 5-4864 is similar to that of
PK 11195 [33]. Recently we found that the rank
order of potency of unlabeled Ro 5-4864 in inhibiting
[PHJPK 11195 specific binding to cerebral cortex
membranes of various species is rat> guinea
pig > cat = dog > rabbit > calf [27]. Unlabeled Ro
5-4864 was three orders of magnitude more potent
in inhibiting specific [PH]PK 11195 binding to rat
cerebral cortex membranes than to calf cerebrai cor-
tex membranes. On the other hand, the potency
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of unlabeled PK 11195 in inhibiting [*HJPK 11195
specific binding to cerebral cortex and kidney mem-
branes of various species was almost identical [27].
Analysis of these displacement data revealed that
PK 11195 binds with high affinity to a single popu-
lation of binding sites in both rat and calf cerebral
cortex and kidney (ny =1.0), whereas Ro 5-4864
binds to two populations of membrane binding sites
(ny < 1.0), with high affinity to one population and
with lower affinity to the other. It was also found
that Ro 5-4864 binds to a single population of binding
sites in dog and cat cerebral cortex, but to two
populations of binding sites in rat, guinea pig, rabbit,
and calf cerebral cortex [27]. Furthermore, such
species differences and heterogeneity in PBS have
also been characterized in human cerebral cortex
and peripheral tissues (unpublished data).

These dramatic species differences and het-
erogeneity in PBS may theoretically be related to
either (1) variations in PBS molecular structure
resulting from slight evolutionary or mutational vari-
ations, (2) variations in the microenvironmental
composition of PBS phospholipids in the membrane,
or (3) variations in receptor-modulator coupling.
The present study was designed to elucidate which
of these possibilities may be substantiated.

PBS have been solubilized in an “active” form
from rat kidney and adrenal gland membranes by
cholic acid, Triton X-100, and digitonin {29, 34-36].

The major findings in the present study were that
(1) while PK 11195 bound with high affinity to solu-
bilized PBS from rat, guinea pig, calf, and cat kidney
membranes, Ro 5-4864 bound with high affinity to
solubilized PBS from rat and guinea pig kidney mem-
branes but not from calf and cat kidney membranes;
(2) Ro 5-4864 binding capacity, as compared to PK
11195, in the soluble extract of kidney of various
species was markedly different; and (3) Ro 5-4864
bound to two populations of binding sites in both rat
and calf kidney solubilized preparations (ny < 1.0).

These results indicate that species differences and
heterogeneity in PBS observed in membrane-bound
binding sites are retained in the solubilized binding
sites. Such species differences and heterogeneity are
therefore probably not attributable to variations in
the PBS environment within the membrane or recep-
tor-modulator coupling. Additionally, the finding
that digitonin solubilized the same amount of PBS
from rat, guinea pig, calf, and cat kidney membranes
rules out the possibility that the species differences
and heterogeneity in PBS observed in solubilized
binding sites are due to differential solubilization.
Such species differences and heterogeneity in PBS
are probably attributable to structural charac-
teristics. Benavides et al. [36] did not find differences
in the molecular weights of digitonin-solubilized PBS
from rat and calf adrenal gland by gel-filtration
column using [*H]PK 11195 as radioactive ligand.
Recently it was reported that PBS are purified after
photoaffinity labeling from rat adrenal gland [37].
Comparison of the amino acid composition and
sequence of PBS purified from rat and calf tissues
will give a better understanding of the origin of the
species differences and heterogeneity in PBS.

Acknowledgements—This work was supported by a grant

M. AwaD and M. GAVISH

to M. G. from the Fund for Basic Research administered
by the Israel Academy of Sciences and Humanities. This
paper is submitted in partial fulfillment of the requirements
for the D.Sc. degree of M. A. at the Technion-Israel
Institute of Technology. We thank Miss Ruth Singer for
typing the manuscript.

REFERENCES

1. Mohler H and Okada T, Benzodiazepine receptor:
demonstration in the central nervous system. Science
198: 849-851, 1977.

2. Squires R and Braestrup C, Benzodiazepine receptors
in rat brain. Nature 266: 732-734, 1977.

3. Braestrup C and Squires R, Specific benzodiazepine
receptors in rat brain characterized by high-affinity
[*H|diazepam binding. Proc Natl Acad Sci USA 14:
3805-3809, 1977.

4. Davies LP and Huston V, Peripheral benzodiazepine
sites in heart and their interaction with dipyridamole.
Eur J Pharmacol 73: 209-211, 1981.

5. Taniguchi T, Wang JKT and Spector S, [*H]Diazepam-
binding sites in rat heart and kidney. Biochem Phar-
macol 31: 589-590, 1982.

6. Fares F and Gavish M, Characterization of peripheral
benzodiazepine binding sites in human term placenta.
Biochem Pharmacol 35: 227-230, 1986.

7. Schoemaker H, Bliss M and Yamamura HI, Specific
high-affinity saturable binding of [PH]JRo 5-4864 to
benzodiazepine binding sites in the rat cerebral cortex.
Eur J Pharmacol 71: 173-178, 1981.

8. Marangos JP, Patel J and Rosenberg RC, Char-
acterization of peripheral-type benzodiazepine binding
sites in brain using [*H]Ro 5-4864. Mol Pharmacol 22:
26-32, 1982.

9. Weissman B-A, Bolger GT, Isaac L, Paul SM and
Skolnick P, Characterization of the binding of {*H]Ro
5-4864, a convulsant benzodiazepine, to guinea pig
brain. J Neurochem 42: 969-975, 1984.

10. Squires R and Saederup E, y-Aminobutyric acid recep-
tors modulate cation-binding sites coupled to inde-
pendent benzodiazepine-, picrotoxin-, and anion-
binding sites. Mol Pharmacol 22: 327-334, 1982.

11. Lo MMS and Snyder SH, Two distinct solubilized
benzodiazepine receptors: differential modulation by
ions. J Neurosci 3: 2270-2279, 1983.

12. Gavish M, Awad M and Fares F, Existence of sites
for anions and divalent cations in the solubilized y-
aminobutyric acid/benzodiazepine receptor complex.
J Neurochem 45: 760-765, 1985.

13. Mestre M, Carriot T, Belin C, Uzan A, Renault C,
Dubroeucq MC, Gueremy C, Doble A and Le Fur
G, Electrophysiological and pharmacological evidence
that peripheral-type benzodiazepine receptors are
coupled to calcium channel in the heart. Life Sci 36:
391-396, 1984.

14. Le Fur G, Mestre M, Carriot T, Belin C, Renault C,
Dubroeucq MC, Gueremy C and Uzan A, Pharma-
cology of peripheral-type benzodiazepine receptors in
the heart. In: Endocoids (Eds. Lal H, Labella F and
Lane J), pp. 175-186. Alan R. Liss, New York, 1985.

15. Wang JKT, Morgan JI and Spector S, Benzodiazepines
that bind at peripheral sites inhibit cell proliferation.
Proc Natl Acad Sci USA 81: 753-756, 1984,

16. Matthew W, Laskin JD, Zimmerman EA, Weinstein
B, Hsu KC and Engelhart DL, Benzodiazepines have
high-affinity binding sites and induce melanogenesis in
B16/23 melanoma cells. Proc Nat! Acad Sci USA 78:
3935-3939, 1981.

17. Pellow S and File S, Behavioral action of Ro 5-4864, a
peripheral-type benzodiazepine. Life Sci 35: 229-240,
1984.

18. Grandison L, Suppression of prolactin secretion by



19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

Heterogeneous properties of soluble PBS

benzodiazepines in vivo. Neuroendocrinology 34: 369-
373, 1982.

Bisserbe JC, Patel J and Eskay RL, Evidence that the
peripheral-type benzodiazepine receptor ligand Ro 5-
4864 inhibits B-endorphin release from AtT-20 cells
by blockade of voltage-dependent calcium channels. J
Neurochem 47: 1419-1424, 1986.

Ritta MN, Campos MR and Calandra RC, Effect of
GABA and benzodiazepine on testicular androgen pro-
duction. Life Sci 40: 791-798, 1987.

Gavish M, Weizman A, Okun F and Youdim MBH,
Modulatory effects of thyroxine treatment on central
and peripheral benzodiazepine receptors in the rat. J
Neurochem 47: 1106-1110, 1986.

Gavish M, Okun F, Weizman A and Youdim MBH,
Modulation of peripheral benzodiazepine binding sites
following estradiol treatment. Eur J Pharmacol 127:
147-151, 1986.

Gavish M, Weizman A, Youdim MBH and Okun F,
Regulation of central and peripheral benzodiazepine
receptors in progesterone-treated rats. Brain Res 409:
386-390, 1987.

Fares F, Bar-Ami S, Brandes JM and Gavish M, Gona-
dotropin- and estrogen-induced increase of peripheral-
type benzodiazepine binding sites in the hypophyseal-
genital axis of rats. Eur J Pharmacol 133: 97-102, 1987.
Verma A, Nye JS and Snyder SH, Porphyrins are
endogenous ligands for the mitochondrial ( peripheral-
type) benzodiazepine receptor. Proc Natl Acad Sci
USA 84: 2256-2260, 1987.

Cymerman V, Pazo SA and Palacios JM, Evidence
for species differences in “peripheral” benzodiazepine
receptors: an autoradiographic study. Neurosci Lett 66:
153-158, 1986.

Awad M and Gavish M, Binding of [*H]Ro 5-4864 and
[*H]PK 11195 to cerebral cortex and peripheral tissues
of various species: species differences and hetero-
geneity in peripheral benzodiazepine binding sites. J
Neurochem 49: 1407-1414, 1987.

Basile AS, Klein DC and Skolnick P, Characterization
of benzodiazepine receptors in the bovine pineal gland:

29.

30.

31

32.

33.

34.

35.

36.

37.

3849

evidence for the presence of an atypical binding site.
Mol Brain Res 1: 127-135, 1986.

Gavish M and Fares F, Solubilization of peripheral
benzodiazepine binding sites from rat kidney. J Neuro-
sci 5: 2889-2893, 1985.

Bruns RF, Lawson-Wendling K and Pugsley TA, A
rapid filtration assay for soluble receptors using poly-
ethyleneimine-treated filters. Anal Biochem 132: 74—
81, 1983.

Benavides J, Vaucher N, Daniel M, Malgouris C,
Doble A, Uzan A, Gueremy C and Le Fur G, Per-
ipheral benzodiazepine binding sites in human brain.
Soc Neurosci Abstr 11: 278, 1985.

Benavides J, Savaki HE, Malgouris C, Laplace C,
Daniel M, Begassat F, Desban M, Uzan A, Dubroeucq
M, Renault C, Gueremy C and Le Fur G, Auto-
radiographic localization of peripheral benzodiazepine
binding sites in the cat brain with ["H]PK 11195. Brain
Res Bull 13: 69-77, 1984.

Benavides J, Quarteronet D, Imbault F, Malgouris C,
Uzan A, Renault C, Dubroeucq MC, Gueremy C and
Le Fur G, Labeling of “peripheral-type” benzo-
diazepine binding sites in the rat brain by using [*H]PK
11195, and isoquinoline carboxamide derivative: kin-
etic studies and autoradiographic localization. J Neur-
ochem 41: 1744-1755, 1983.

Martini C, Giannaccini G and Lucacchini A, Solu-
bilization of rat kidney benzodiazepine binding sites.
Biochim Biophys Acta 728: 289-292, 1983.

Anholt RRH, Aebi U, Pedersen PL and Snyder SH,
Solubilization and reassembly of the mitochondrial
benzodiazepine receptor. Biochemistry 25: 2120-2125,
1986.

Benavides J, Menager J, Burgevin MC, Ferris O, Uzan
A, Gueremy C, Renault C and Le Fur G, Char-
acterization of solubilized “peripheral type” benzo-
diazepine binding sites from rat adrenals by using
[*'H]PK 11195, an isoquinoline carboxamide derivative.
Biochem Pharmaco! 34: 167-170, 1985.
Antkiewicz-Michaluk L, Mukhin AG, Guidotti A and
Krueger KE, Purification and characterization of a
protein associated with peripheral-type benzodiazepine
binding sites. J Biol Chem 263: 17317-17321, 1988.



