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SUMMARY

The ability of cations to modulate the binding of the o, receptor-
selective ligand (+)-[*H]pentazocine to guinea pig cerebellum
was investigated. Di- and trivalent cations biphasically inhibited
(+)-[*H]pentazocine binding, revealing multiple affinity states.
The rank order of potency of these cations (based on the high
affinity component of inhibition) was Zn?* > Co?* > La** = Ni¢*
= Cd** = Mn** = Gd** > Ba** = Sr** > Mg®* > Ca®'. The
inhibition of 1,3-[*H]di(2-tolyl)guanidine binding to the o, receptor
by these cations differed qualitatively and quantitatively from
their effects on (+)-[°*H]pentazocine binding. Although monova-
lent cations decreased the K, for (+)-[*H]pentazocine binding,
divalent cations split (+)-[>*H]pentazocine binding into low and
high affinity components. The B.« of the high affinity component
decreased with increasing divalent cation concentrations. Both
mono- and divalent cations significantly reduced the rate of

association of (+)-[*H]pentazocine with the ¢, receptor without
altering the dissociation rate. (+)-[°H]Pentazocine binding was
not altered by guanine nucleotides or by treatment with cholera
or pertussis toxins. However, nonselective cation channel block-
ers (cinnarizine, hydroxyzine, prenylamine, amiodarone, and
proadifen) potently inhibited (+)-[*H]pentazocine binding. These
results indicate that physiologically relevant concentrations of
divalent cations allosterically modulate (+)-[*H]pentazocine bind-
ing to the a4, receptor, to reveal multiple affinity states. These
sites do not represent o, to o> subtype interconversion or ternary
complex formation with guanine nucleotide-binding proteins.
However, the rank order of cation potency and the inhibition of
binding by cation channel blockers is consistent with a potential
role for ¢ receptors as constituents of cation channels.

High affinity, stereoselective binding sites for benzomorphan
opiates exist in the central nervous system and peripheral
tissues (1-5). This o receptor is pharmacologically distinct from
receptors for opiates (1, 2, 6), dopamine (3), and the NMDA
receptor/ionophore complex (7-9). Recently, ligands have been
developed with high affinity, stereospecificity, and selectivity
for o receptors. One such ligand is (+)-[*H]pentazocine (10),
which binds with high affinity and selectivity to the o, receptor
subtype (11, 12). Despite the development of ligands selective
for o receptor subtypes, the physiological function of these
receptors remains unclear. The o receptor has been variously
described as modulating phosphatidylinositol turnover (13, 14),
altering neuronal electrical activity (15-17), inhibiting ion
transport in the gut (18), and suppressing nicotine-stimulated
catecholamine release from chromaffin cells (19). Part of the
uncertainty over the multiplicity of ¢ receptor actions may be
attributed to the large number of structurally diverse com-
pounds (e.g., piperazines, guanidines, butyrophenones, and

phenylpiperidines) (20, 21) that display moderate to high affin-
ities but poor specificity for the o receptor. Thus, multiple
actions of some o receptor ligands can be observed upon ad-
ministration to intact animals or in tissue preparations in vitro
(22-24).

Studies of the regulation by cations of ligand binding to ¢
receptors in less well organized preparations (e.g., cells in
culture or cell membranes) provide insights into the possible
function of these receptors (25). Guanine nucleotides also have
been reported to reduce the affinity of some ligands for the o,
receptor, suggesting that ¢, receptor actions may be mediated
through G protein-regulated effectors (26-28). However, the
mechanism of cation effects on ligand binding to o receptor
subtypes and the potential interaction of cations with G pro-
teins have not been studied in depth. Such information may
indicate whether ¢ receptor subtypes are independently coupled
to either G proteins, ion channels, or both.

We have investigated the ability of cations to modulate the

ABBREVIATIONS: NMDA, N-methyl-p-aspartate; DTG, 1,3-di(2-tolyl)guanidine; EGTA, ethylene glycol bis(8-aminoethyl ether)-N,N,N’ ,N’-tetraacetic
acid; Gpp(NH)p, 5-guanylylimidodiphosphate; GTPyS, guanosine-5’-O-(3-thiotriphosphate); MDL 12330A, [N-(cis)-2-phenylcyclopentyl]azacyclotri-
decan-2-imine HCI; 3-PPP, 3+{2-hydroxyphenyl}-N-(1-propyl)piperidine; SKF 10047, N-allylnormetazocine; SKF 96365, 1-{8-[3-(4-methoxy-
phenyl)propoxy]-4-methoxyphenethyl}-1H-imidazole HCl; TMB-8, 8-(N,N-diethylamino)octyl-3,4,5-trimethoxybenzoate HCl; HEPES, 4-(2-hydroxy-
ethyl)-1-piperazineethanesulfonic acid; G protein, guanine nucleotide-binding protein; ANOVA, analysis of variance; CTX, cholera toxin; PTX,

pertussis toxin.
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binding of (+)-[*H]pentazocine to the 4, receptor (29) in the
guinea pig cerebellum. This region was chosen for its low
density of potentially interfering receptors (such as dopami-
nergic, muscarinic, and NMDA receptors) (30-33), as well as
for its high density of o receptors (21, 34). Divalent cations
biphasically inhibited (+)-[*H]pentazocine binding to o, recep-
tors at physiologically relevant concentrations. Furthermore,
(+)-[*H]pentazocine binding was not significantly modulated
by guanine nucleotides or G protein-modifying treatments.
These observations contrast markedly with previously de-
scribed interactions of ligands with the o, receptor (29) and
may be consistent with an involvement of ¢, receptors in the
regulation of ion channels.

Experimental Procedures

Materials. (+)-[*H]Pentazocine (specific activity, 51.7 Ci/mmol)
was synthesized from optically pure (+)-[°*H]normetazocine as previ-
ously described (10). [*H]DTG (specific activity, 39.4 Ci/mmol) was
obtained from DuPont/New England Nuclear (Boston, MA). Guinea
pig brains were obtained from Pel-Freeze (Rodgers, AK). CTX, PTX,
Tris-GTP, and Li,GTP~S were obtained from Sigma (St. Louis, MO).
Protein concentrations in the homogenates of guinea pig cerebellum
were determined using a bicinchoninic acid protein assay kit (Pierce
Chemicals, Rockford, IL).

Binding assays. (+)-[*H]Pentazocine binding was assayed using
previously described techniques (12). Guinea pig brains were thawed,
and the cerebella were isolated, homogenized in 50 volumes of 290 mM
sucrose buffered with 5 mM HEPES free acid/4.5 mM Tris free base
(pH 7.8) using a Polytron (setting 6.5, 30 sec), and then centrifuged at
20,000 X g for 20 min at 0-4°. The pellet was resuspended in fresh
buffer, washed, and then suspended in 10 volumes of 5 mM HEPES/
4.5 mM Tris buffer (pH 7.8) without sucrose. Aliquots (50 ul, containing
0.09-0.10 mg of protein) were added to each assay tube along with 50
ul of (+)-[*H]pentazocine (0.5-75 nM final concentration), 50 ul of
haloperidol (final concentration, 10 uM), 50 ul of the appropriate salt
solution, and sufficient buffer to yield a final volume of 500 ul. The
assays were performed in duplicate. Incubations were carried out for
120 min at 25° and were terminated by rapid filtration, using a Brandel
M-24R filtering manifold (Brandel Biomedical, Gaithersburg, MD),
over Whatman GF/C filter strips that had been pretreated with 0.03%
polyethylenimine. Samples were washed with two 5-ml aliquots of ice-
cold 5 mM HEPES/4.5 mM Tris buffer. The radioactivity retained by
the filters was measured in a Beckman LS 5801 scintillation counter,
using 4 ml of Cytoscint (ICN Biochemicals, Irvine, CA).

Similar protocols were used to assess [*’H]DTG binding to o, recep-
tors and [°H]3-PPP binding to o receptors in the guinea pig cerebellum.
A saturating concentration (10 uM) of the ¢,-selective ligand dextral-
lorphan was added to each assay tube containing [*H]DTG (10 nM for
competition assays, 1-200 nM for saturation assays), along with the
appropriate aliquots of tissue, buffer, and inorganic salts. [*H]3-PPP
binding was determined using 20 nM [°H]3-PPP, with nonspecific
binding determined in the presence of 100 uM (+)-pentazocine. The
[*H]DTG binding assay was incubated at room temperature for 2 hr,
whereas the [*H]3-PPP assay was incubated at room temperature for
1 hr. Both assays were terminated according to the procedure described
above.

All of the inorganic salts were diluted from 1-4 M stock solutions
with the pH adjusted to 6-8 using either HEPES free acid or Tris free
base. Tonicity effects on (+)-[°*H]pentazocine binding were determined
using sucrose, with the ICs for sucrose being 1.9 + 0.1 M. Cation
competition assays were performed using 5 nM (+)-[*H]pentazocine in
the presence of varying (10 uM to 3.2 M) ion concentrations. Saturation
analysis was performed using 0.5-75 nM final concentrations of (+)-
[*H]pentazocine. Association kinetics were determined by measuring
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the specific binding of 1, 2, or 5 nM concentrations of (+)-[*H]penta-
zocine in the presence of cations at 8 to 11 time points between 5
and 120 min. Dissociation kinetics were analyzed by incubating (+)-
[*H]pentazocine without exogenous ions for 120 min. Dissociation was
initiated by the addition of (+)-pentazocine (final concentration, 10
uM) along with any cations at 9 to 13 time points over a 5-300-min
period.

The effects of CTX and PTX on (+)-[*H] pentazocine binding were
determined by resuspending a pellet of homogenized guinea pig cere-
bellum (washed once in the HEPES/Tris-buffered sucrose) in 10 vol-
umes of medium containing 25 mM Tris, 2 mM EDTA, 2 mM EGTA, 1
mM ADP, 10 mM thymidine, 0.1 mM ATP, 10 mMm dithiothreitol, 50
uM leupeptin, 10 ug/ml aprotinin, and 2.5 uM NAD, to which were
added 20 ug/ml concentrations of either CTX or PTX. The pH was
adjusted to 8 with HEPES free acid and the mixture was incubated at
37° for 90 min. After incubation, 50-l aliquots were added to a standard
(+)-[*H]pentazocine saturation binding assay or to single concentra-
tions (20 nM) of [*H]3-PPP.

Data analysis. Data from competition, saturation, association, and
dissociation experiments were analyzed using nonlinear regression
analysis (GraphPad Software, San Diego, CA) by modeling to one- and
two-component models. Two-component models were accepted if their
fit to the data was significantly better than that of a single-site model
(p < 0.05), as determined using the F test and the runs test. Subsequent
statistical comparisons of the equilibrium and nonequilibrium binding
parameters were performed using ANOVA followed by Scheffe’s test
or Fisher’s exact test or using paired ¢ test where appropriate (Statview;
Brain Power Inc., Calabasas, CA).

Results

Organic and inorganic anions (as their sodium salts) did not
consistently alter (+)-[*H]pentazocine binding to 4, receptors
(Table 1). Anions typically inhibited (+)- [*H]pentazocine
binding to a maximum of 20-50%, with IC;, values of 50-130
mM. Those anions with .., values greater than 50% (e.g., I,
NO,™, and C,H;0,”) inhibited (+)-[*H]pentazocine binding
with low potencies (150-420 mM). The Hill coefficients for all
the anions tested were not significantly different from 1. Be-
cause Cl~ had minimal effects on the binding of (+)-[*H]
pentazocine, subsequent studies of cation effects were per-
formed using the Cl~ salts.

Contrasting with the actions of anions on (+)-[*H]pentazo-
cine binding, cations had profound effects (Fig. 1; Table 2).
Monovalent cations incompletely blocked (+)-[*H]pentazocine

TABLE 1

Concentration-response relationship for the modulation of (+)-[°H]
pentazocine binding by selected anions

(+)*H]Pentazocine (5 nm) was incubated with 10 um to 3.2 M concentrations of
organic and inorganic anion salts of sodium. /m,, Minimum inhibition of (+)-[*H]
pentazocine binding; /max, Maximum inhibition of (+)-[*H]pentazocine binding; ICso,
ion concentration inhibiting 50% of (+)-[*H]pentazocine binding; ny, Hill coefficient.
Ieins Imax, ICs0, @nd n, were determined by nonlinear regression analysis of compe-
tition data by fitting to a sigmoidal curve model. None of the variables was
constrained in the fit. Each value represents the mean of three to six observations.

Anion Imin Imax ICso Ny
% of inhibition % of inhibition mM
F- 08+24 23+13 89 +17 13+02
CI- -40+08 31 +£0.8 63+12 16+04
I 29+39 110+27* 420+42* 08+0.1
Br- -26+24 39+23 130+64 1.0+0.1
NO,~ 0.1+13 70+ 38 200+85 08=x0.1
SO2~ -0.8+80 35+4.0 51+ 16 14+02
PO2- 60+19 67 + 1.6° 46 + 11 09+0.1
CeH;:O,- -28+3.0 53 +9.0 150 + 39 1.1+03
C.H;0,~ 50+25 100+13* 150+43 1.1+0.1
* Significantly different from chioride, p < 0.05, by Scheffe's test after ANOVA.
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Fig. 1. Competition curves for the inhibition of (+)-[*H]pentazocine bind-
ing to o, receptors in guinea pig cerebellum. A, (+)-[*H]Pentazocine
binding is modestly enhanced at low Na* concentrations and incompletely
inhibited at the highest Na* concentrations. B, Ca?* and Zn?* completely
inhibited (+)-[°H]pentazocine binding, revealing two binding components.
C, Effects of Ni** and La®>* on (+)-[°H]pentazocine binding. Note the
strong accentuation of (+)-[*H]pentazocine binding by low concentrations
of Ni** and the pronounced differences in affinities of the two (+)-[*H]
pentazocine binding components in the presence of La**.

binding. The maximum inhibition observed with the Cl~ salts
of Li*, Na*, K*, and Cs* was approximately 30%, with ICs,
values ranging from 20 to 60 mM. The Hill coefficients for
monovalent cation competition with (+)-[*H]pentazocine were
not significantly different from 1. However, all of the di- and
trivalent cations tested completely inhibited (+)-[*H]pentazo-
cine binding. A moderate enhancement of binding was observed
at low concentrations (10-100 xM) of Ni** and Co?*. In addition,
the Hill coefficients in these competition assays were consist-
ently and significantly less than 1 (p < 0.05). Subsequent
analysis showed that the data fit a two-site model significantly
better (p < 0.05) than a one-site model (Fig. 1; Table 2). The
rank order of potency for the di- and trivalent cations as
inhibitors of (+)-[*H]pentazocine binding was Zn** > Co** >
La*™ = Ni** = Cd** = Mn** = Gd** > Ba** = Sr** > Mg** >

Ca®*. The inhibition of [*H]DTG binding to the o, receptor by
cations differed qualitatively and quantitatively from their
effects on (+)-[*H]pentazocine binding (Table 3). The mono-
valent cations (Li*, Na*, K*, and Cs*) were fully efficacious in
inhibiting [*H]DTG binding. Divalent cations potently blocked
[*H]DTG binding, but not all divalent cations (Sr**, Ba**, Cd**,
Zn?*, and Co**) inhibited binding in a biphasic fashion. The
rank order of potency for the di- and trivalent cations as
inhibitors of (+)-[*H]pentazocine binding was Ca** > Zn** >
La* = Ni** = Mn?* = Co?** > Ba** = Gd** > Sr** > Mg>* =
Cd**.

Saturation binding assays indicated that (+)-[*H]pentazo-
cine bound with a K, of 3.7 nM and a B,,,, of 2.4 pmol/mg of
protein (Fig. 2; Table 4) under control conditions. Na* mono-
phasically decreased the affinity of (+)-[*H]pentazocine for the
o, receptor without altering B,... Divalent cations such as Mg®*
or Ca®* also increased the K, for (+)-[*H]pentazocine binding
when the data were analyzed according to a single-site model.
However, when analyzed according to a two-site model, phys-
iologically relevant concentrations of divalent cations and
Krebs-Ringer medium were found to split (+)-[*H]pentazocine
binding into high (=2 nM) and low (=20-60 nM) affinity com-
ponents. The B, of the high affinity component decreased
with increasing divalent cation concentrations. All high affinity
(+)-[*H]pentazocine binding was lost at the highest concentra-
tions of Ca?* and Mg?* tested (660 and 1400 mM, respectively).
Similarly, saturation analysis of [PH]DTG binding demon-
strated that selected cations decreased the B,.., (control, 2162
+ 240 fmol/mg of protein; 10 mM Ca®*, 976 + 61 fmol/mg of
protein; 300 uM Zn?*, 565 + 162 fmol/mg of protein; Krebs-
Ringer, 598 + 60 fmol/mg of protein; three experiments),
without significantly altering K, (control, 27.2 + 6.3 nM; 10
mM Ca?*, 22.8 + 3.3 nM; 300 uM Zn**, 50.9 + 22.5 nM; Krebs-
Ringer, 20.8 + 6.2 nM).

Mono- and divalent cations reduced the rate of (+)-[*H]
pentazocine association with the o, receptor by 30-90%, in a
concentration dependent manner (Fig. 3; Table 5). A trend
toward biphasic association rates was observed in some cases
(4 and 30 mM Ca?* and 50 uM Zn?**) (Fig. 3). None of the
cations tested changed the (+)-[*H]pentazocine dissociation
rate (Fig. 4; Table 5).

Guanine nucleotides, alone or in combination with 2 mMm
Mg?*, did not alter (+)-[*H]pentazocine binding (Table 6).
Furthermore, the inhibition of (+)-[*H]pentazocine binding by
Na*, Mg?*, Ca®*, or Zn** was not altered by the addition of 1
mM GTP. Treatment with CTX or PTX did not significantly
affect either the B, (control, 2.42 + 0.11 pmol/mg of protein,
four experiments; CTX, 2.56 + 0.17 pmol/mg of protein, three
experiments; PTX, 2.32 + 0.09 pmol/mg of protein, three
experiments) or the K, (control, 4.83 + 1.04 nM; CTX, 5.49 +
1.7 nM; PTX, 5.81 + 0.84 nM) for (+)-[*H]pentazocine binding
under conditions that inhibited [*H]3-PPP (20 nM) binding by
>90% (control, 1.1 £+ 0.11 pmol/mg of protein, six experiments;
CTX, 28 + 9.1 fmol/mg of protein, six experiments; PTX, 52
+ 17 fmol/mg of protein, six experiments). However, nonselec-
tive Ca®* channel blockers (proadifen, prenylamine, amioda-
rone, hydroxyzine, and tetracaine) and inhibitors of intracel-
lular Ca?* mobilization (TMB-8 and cinnarizine) potently in-
hibited (+)-[*H]pentazocine binding (ICs, = 12-190 nM) (Table
7.
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TABLE 2

Concentration-response relationship for the modulation of (+)-[*H]pentazocine binding by selected cations

(+)HH]Pentazocine (5 nM) was incubated with 10 um to 3.2 M concentrations of inorganic cation chioride salts. /mn, Minimum inhibition of (+)-[*H]pentazocine binding;
Imex» Maximum inhibition of (+)-[*H]pentazocine binding; ICso, ion concentration inhibiting 50% of (+){*H]pentazocine binding (for sites A and B in the two-component
model); ny, Hill coefficient; B,/Bs, ratio of the apparent density of sites A and B. /mn, /max: ICsoa.s. @and Ny, were determined by nonlinear regression analysis of competition
data by fitting to a sigmoidal curve model. In those cases where the n,, was less than 1, the competition data was fitted to a two-component modei as well as a one-
component model. When the two-component model fit the data significantly (p < 0.05) better than a one-component model, the ICso,, ICsog, and Ba/Be values are
presented. None of the variables was constrained in the fit. Each value represents the mean of four to six observations.

One-site Two-site

Cati

o [ Imax ICso Ny 1Cs0, (Csog Ba/Bs

% of inhibition % of inhibition mm mM mm
Li* 05+09 39+1.2 19+11 0.95 +0.09
Na* -40+08 31+33 63+1.2 1.6 £0.41
K* -73+0.8 30+1.3 45+ 11 1.4 +0.19
Cs* -14+15 35+2.0 21+1.2 0.83 +0.11
Mg?* 01+05 100+ 29 0.36 + 0.03 1.8+ 0.93 650 + 22 46/54
Ca** 19+18 110+74 0.44 + 0.02 2.4 +0.39 490 + 29 53/47
Sr2+ 03+ 3.1 100+ 44 0.37 £ 0.03 0.69 + 0.66 410z 21 48/52
Ba®* -31+26 110+ 43 0.47 £ 0.04 0.58 + 0.41 160 + 8.6 39/61
Mn2*+ 0121 120 £ 6.4 0.32 £ 0.03 0.48 + 0.16 430 + 15 55/45
Cd** -25+48 96 + 2.0 0.78 £ 0.10 0.43 + 0.05 99+ 8.9 82/18
Gd?* -21+06 10014 0.41 +0.03 0.51 + 0.02 230 +27.3 70/30
n** 03+£35 100+1.5 0.67 £ 0.05 0.05 + 0.01 14+08 34/66
Ni?* —-47 + 20 130+ 15 0.31 +£0.08 0.39 £ 0.11 67 £ 4.1 55/45
Co?* =371 100 £ 3.0 0.37 £ 0.04 0.10 £ 0.01 41+25 50/50
La®* -45+34 110+ 7.4 0.34 + 0.04 0.33 + 0.07 1000 + 64 60/40
TABLE 3

Concentration-response relationship for the modulation of [*H]DTG binding by selected cations

[®*H]DTG (10 nm) binding to o> receptors in guinea pig cerebellum was determined in the presence of 10 um dextrallorphan. Cations were added to the assay in 0.1 um to
1 M concentrations. /ma, Minimum inhibition of PH]DTG binding; /max, Maximum inhibition of [PH]DTG binding; ICss, ion concentration inhibiting 50% of [*H]DTG binding
(for sites A and B in the two-component model); n., Hill coefficient; Ba/Bs, ratio of the apparent density of sites A and B. /min, /max, ICsox.e. and Ny, were determined by
nonlinear regression analysis of competition data by fitting to a sigmoidal curve model. In those cases where the n,, was less than 1, the competition data was fitted to
a two-component model as well as a one-component model. When the two-component model fit the data significantly (p < 0.05) better than a one-component model,
the ICso,, ICs0q, and Ba/Be values are presented. None of the variables was constrained in the fit. Each value represents the mean of four or five observations.

One-site Two-site

Cation

Iin Imax ICso iy Csos ICs0q Ba/Bs

% of inhibition % of inhibition mm mm mm
Li* 16+ 44 100+ 3.2 1657 1.2+0.18
Na* 1137 96 +£5.2 19+29 091 +0.22
K* -17+6.8 8150 14+18 0.95+0.14
Cs* -6.8+69 110+ 10 28 £ 4.7 0.90 = 0.10
Mg+ 17+ 35 90+7.3 0.43 + 0.03 0.57 £ 0.15 120 + 43 78/24
Ca** 17 £ 42 93+ 6.4 0.52 + 0.09 0.016 + 0.008 30+13 47/53
Sr2+ -6.1+94 82+ 10 0.44 £0.19 0.78 £ 0.12
Ba%* -0.1+49 9157 0.28 £ 0.07 0.98 + 0.10
Mn?* —-12+43 140+ 4.4 0.52 + 0.08 0.17 £ 0.61 22+ 43 69/31
Cd** 13+12 73+6.2 0.63 + 0.04 0.83 +0.10
Gd** 54+13 86 +9.4 0.54 £ 0.12 0.26 £ 0.05 140 + 34 47/53
n?* -84 +89 110+ 4.2 0.06 = 0.01 153 +0.53
Ni2* -6.7+ 13 150+ 7.7 0.59 £ 0.15 0.14 £ 0.01 300 + 68 67/33
Co?* 16 £ 12 110+ 5.7 0.19 + 0.04 1.10 £ 0.41
La®* -11+£3.0 130+ 27 0.28 £ 0.01 0.12 £ 0.05 140 £ 16 48/52
Discussion reflect functional differences in cation selectivity or in cation

accessibility to sites on the o, receptor. The high potencies of

Divalent but not monovalent cations biphasically inhibited physiologically relevant cations (Na*, K*, Ca**, and Mg**) in
(+)-[*H]pentazocine and [*H]DTG binding to o, and ¢, recep- blocking [PH]DTG and (+)-[*H]pentazocine binding suggest
tors, respectively, in the guinea pig cerebellum. Competition that minimal ligand binding to ¢ receptors would occur in the
assays using (+)-[*H]pentazocine revealed the presence of high normal extracellular environment. This is supported by the
and low affinity binding sites for divalent but not monovalent significant decrease in ligand affinity for ¢ receptors observed
cations. In contrast, monovalent cations were more efficacious in physiological preparations (16, 17, 19) and in intact animals
and divalent cations were more potent in inhibiting ["H]DTG (35). However, the highest densities of o, and ¢, receptor
binding to ¢, sites. Furthermore, not all divalent cations bi- subtypes are found in intracellular structures such as the en-
phasically displaced [PH]DTG from o, receptors. This may doplasmic reticulum (36, 37), where cation concentrations may
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Fig. 2. Saturation binding studies of the effects of selected Ca®* concentrations on the binding of (+)-{*H]pentazocine to , sites in the guinea pig
cerebellum. A, Binding isotherms show the effects of 4, 30, and 660 mm concentrations of Ca®* on (+)-[*H]pentazocine binding. Each curve was
determined by nonlinear regression analysis using a single-component model [control (Ctr/), 30 and 660 mm Ca?*], or a two-component model (4
mm Ca?*; Fuoz = 20.7, p < 0.001). B, Scatchard plot of the control and 4 mm Ca?* curves in A. The control line was determined by linear regression.
The curve for the 4 mm Ca?* assay was determined by polynomial regression. Nonlinear regression analysis determined the lines associated with
the 4 mm Ca?* assay. C, Scatchard piot of the 30 mm Ca* curve in A. The curve was drawn using polynomial regression. The line was drawn using
linear regression. Despite the presence of a high affinity component, its density was too low to be detected by the fitting routine. Thus, the data did
not fit a two-component model significantly better than a one-component model. However, the K, (15 nm) for the Scatchard plot reflects the presence
of the high affinity site. D, Scatchard plot of the 660 mm Ca?* curve shown in A. Note the progressive diminution in the density of high affinity (+)-
[*H]pentazocine binding with increasing Ca®* concentrations.

TABLE 4

Effects of selected cations on the saturation binding characteristics of (+)-[*H]pentazocine

(+)-[*H]Pentazocine (0.5-75 nm) was incubated with the indicated concentrations of Na*, Ca*, Mg?*, Zn?*, and Ni** and with a combination of Na*, K*, Ca?*, and Mg®*
salts (Krebs-Ringer). K4, equilibrium dissociation constant; B, maximal density of (+)-{*H]pentazocine binding. The equilibrium binding constants were determined by
nonlinear regression analysis of saturation binding data by fitting to a rectangular hyperbola model. When the two-component mode! fit the data significantly (p < 0.05)
better than a one-component model, the K,, Kss, Bmaxa, @8N0 Brax Values are presented. Each value represents the mean of three to 12 observations.

One-site Two-site
Treatment
Kq Brrax Kan Brexa Kag Braxg
nM fmol/mg of protein nM fmol/mg of protein ] fmol/mg of protein
Control 3703 2400 £+ 210
Na;, 120 mm 8.6 + 0.4° 2600 + 600
Ca**
4 mm 21+06 650 + 160 39 +10 1700 + 170
30 mm 18 £3.3* 2200 + 100
6260 mm 48 + 3.1° 1300 + 200*
M +
g2 mMm 26+04 680 + 160 64 + 10 2100 + 460
40 mm 23+03 770 £ 79 43+10 1600 + 300
14m 23 +5.8° 1100 + 64°
Zn2+
50 um 22+07 640 + 180 33+10 1540 + 290
300 um 18+1.0 400 + 22 21 £5.2 1600 + 480
10 mm 15+ 0.6* 1200 + 54*
Ni?*, 400 um 24+02 860 + 170 72 £ 17 1100 + 45
Krebs-Ringer 19+04 590 + 140 30+5.1 1800 + 88

* Significantly different from control single-site constants, p < 0.05, by Scheffe's test after ANOVA.
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Fig. 3. Effects of selected cations on (+)-[*H]pentazocine association
with the ¢ receptor. Curves were fit to a single-component model using
nonlinear regression. Each curve is a single representative experiment,
with each point reproduced in triplicate. A, (+)-[*H]Pentazocine binding
in the presence of 120 mm Na* or Krebs-Ringer solution. B, Effects of
4-660 mm Ca?* concentrations on (+)-[*H]pentazocine binding. C, Ef-
fects of 0.05-2 mm concentrations of Zn?* on (+)-[*H]pentazocine bind-
ing. Ctrl, control.

be sufficiently low to allow a significant amount of ligand
binding to these receptors to occur in vivo. Finally, the differ-
ential sensitivity of (+)-[*H]pentazocine and ["H]DTG binding
to inhibition by cations and the biphasic inhibition of (+)-[*H]
pentazocine binding by di- and trivalent cations provide addi-
tional parameters for distinguishing o, from o, sites.
Saturation binding studies in the presence of physiologically
relevant concentrations of Zn?*, Ca®>*, and Mg** (38, 39) and in
Krebs-Ringer buffer indicate that multiple (+)-[*H]pentazo-
cine binding sites exist in vivo. Analysis using a single-site
model suggested that both mono- and divalent cations compet-
itively inhibit (+)-[*H]pentazocine binding. However, fitting
the data to a two-site model revealed that (+)-[*H]pentazocine
binding in the presence of low concentrations of divalent cat-
ions consists of high and low affinity components. The high
affinity (+)-[*H]pentazocine binding site is very cation sensi-
tive, because increasing concentrations of divalent cations se-
lectively decreased its density. Only the highest concentrations

Cation Modulation of (+)-[*H]Pentazocine Binding 887

TABLE 5

Effects of cations on the association and dissociation rates of (+)-
[*H]pentazocine

(+)-[*H]Pentazocine (1, 2, or 5 nm) was incubated with the indicated concentrations
of Na*, Ca?*, Mg?*, Zn?*, and Ni** and with a combination of Na*, K*, Ca?*, and
Mg?* salts (Krebs-Ringer). ks, Observed association rate constant; k.., association
rate constant; k_,, dissociation rate constant. The k. and k-, values were
determined by nonlinear regression analysis of data from association and dissocia-
tion rate assays, respectively. Multiple-component analysis was not performed.
The association rate constant (k.,) was determined using the equation k.1 = Kove
— k_4/[L]. Each value represents the mean of three or four observations at each
radioligand concentration.

Association

Treatment rate () ke (X109 ko1 (x1079)
min min~* min~!
Control 22+20 7.7 £1.59 1.8+0.19
;“lna‘;, 120 mm 86 + 12* 33+0.18° 14+0.28
g '+
2mm 61 + 15° 5.3 +0.78° 22+0.12
40 mm 100 + 37° 5.2 +0.15° 3420
c 12400 mMm 69 + 10° 45+ 1.4 0.75 £ 0.20
a '+
4 mm 44 + 8.4* 3.9 +£0.52* 2.6 £0.97
30 mm 87 + 34* 2.6 £ 0.33* 2.8 +£0.91
2 §60 mm 200 + 83* 2.9 + 0.36" 28+16
n +
50 um 48 +9.2* 23 +0.29° 27 +£0.73
500 um 53 + 14* 2.8 £0.71* 42+1.9
2mm 66 + 16° 1.3+0.38* 35+17
Ni2*, 400 um 130 + 25* 2.0 + 0.46* 3.2+ 0.88
Krebs-Ringer 106 + 24° 0.83 £ 0.26* 28+025
* Significantly different from control values, p < 0.05, by Scheffe's test after

ANOVA.
®p < 0.05, by Fisher's exact test after ANOVA.

150 o Ctrl
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125 ¢ oCa?2
o Zn 005
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Fig. 4. Dissociation of (+)-[*H]pentazocine binding from the o receptor is
unaffected by cations. The dissociation constants were determined from
the slope of the line, using nonlinear regression techniques. The disso-
ciation of (+)-[°*H]pentazocine was initiated, after 2 hr of incubation, by
the addition of unlabeled (+)-pentazocine (10 um) and the indicated
cation. Ctrl, control.

of Ca?*, Mg?*, and Zn** tested significantly reduced the Bpax
for the low affinity (+)-[*H]pentazocine binding site. Together,
these results are consistent with a noncompetitive inhibition
of (+)-[*H]pentazocine binding.

The allosteric regulation of (+)-[*H]pentazocine binding by
divalent cations is also reflected in a significant decrease in the
rate of association of (+)-[*H]pentazocine with the 4, receptor
in the presence of cations. However, the lack of effect of cations
on the dissociation rate of (+)-[*H]pentazocine is puzzling.
This effect may result from a conformational change in the o
receptor after (+)-[*H]pentazocine binding that decouples the
ligand binding site from the cation binding site. This would
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TABLE 6
Effects of guanine nucleotides on (+)-[*H]pentazocine binding
A. Radioligand Treatment ICso n*
[*H]3-PPP GTP 18+ 0.1mm 6
GTP + Mg** 740 + 32 um 12
GTPyS 160 + 17 um 3
GTPyS + Mg>* 160 = 31 um 9
(+H*H]Pentazocine  GTP 10+ 2.0mm 4
GTP + Mg** 14+£12mn M
GTPyS >600 um 4
GTPyS + Mg** >600 uM 7
Control +GTP
B. Cation
ICso Densty  n 1Cso Densty
mm % of total mm % of total
Na* 74 £ 10 7 72 +13 7
Mg2+
A 20+£05 47+59 6 29+08 54+49 11
B 730 £ 72 640 + 110
Ca2+
A 28+06 5950 14 22+06 65+4.1 14
B 480 + 110 500 + 82
Zn2+
A 0.044 £0.008 41 +6.1 7 0.035+0.008 34+9.0 11
B 1.5+0.16 1.8+ 0.25

* n, number of experiments.

TABLE 7
Inhibition of specific (+)-[*H]pentazocine binding to guinea pig
cerebellum by various cation channel blockers

Pharmacological designations of these compounds are based on Refs. 46-48.
Values are mean + standard error of the mean.

Compound ICso "
nM

L-type Ca?* channel blockers

Fluspirilene 840 + 65.0 3

MDL 12330A 861 +27.4 4

Verapamil 2,390 + 70.0 3

Diltiazem 6,220 + 810 3

Nifedipine >10,000 3
T-type Ca?* channel blocker

Amiloride >10,000 3
N-type Ca?* channel blocker

w-Conotoxin 26,500 + 4,870 3
Ca?* channel activator

Bay K-8644 1,160 + 423 3
Intracellular Ca?* channel blocker

TMB-8 98.7 + 25.6 5
Receptor-gated Ca®* channel

blockers

Econazole >10,000 4

SKF 96365 10,700 + 700 3
Nonselective Na*/Ca?* channel

blockers

Proadifen 12+1.2 3

Prenylamine 128 + 11.2 6

Amiodarone 146 + 26.5 4

Cinnarizine 162 + 28.8 6

Hydroxyzine 192 +17.7 4

Pimozide 1,000 + 60.0 7

Bepridil 1,810 + 620 4

Propranolol 4,360 + 186 3
Na* channel blockers

Tetracaine 61.7 £ 13.0 3

Diphenhydramine 1,700 + 300 3

Cocaine >10,000 3

Procainamide >10,000 3

Tetrodotoxin >30,000 3

* n, number of experiments.

reduce the influence of cations upon ligand binding until the
ligand dissociates from its binding site.

The development of multiple affinity sites for (+)-[*H]pen-
tazocine binding in the presence of divalent cations may rep-
resent different states of the g, receptor rather than the inter-
conversion of o, to ¢, subtypes. Such an interconversion is
unlikely for the following reasons. (+)-[*H]Pentazocine binds
with high affinity (K, = 4 nM) and selectivity to the ¢, subtype,
while showing low affinity (K; = 200-400 nM) for the o, receptor
(21, 25, 29). Thus, (+)-[*H]pentazocine binding to ¢, receptors
is not likely to be detected under the conditions of this binding
assay and is not close to the K, value for the low affinity
component of (+)-[*H]pentazocine binding reported here. Fur-
thermore, if (+)-[*H]pentazocine bound to a mixed population
of ¢, and o, receptors, low concentrations of divalent cations
would tend to increase By..., However, no decrease in the
combined B, , for (+)-[*H]pentazocine was observed at all
but the highest cation concentrations. Finally, o, receptor den-
sity would be increased by cations. This is not the case, inas-
much as divalent cations inhibited [P"H]DTG binding to o,
receptors by decreasing the B,,,.

The significance of the multiple affinity states is unclear.
The data may reflect the simultaneous binding of (+)-[*H]
pentazocine to two sites, one of which is highly cation sensitive,
that normally are located in different subcellular regions. How-
ever, (+)-[*H]pentazocine binding is located primarily in en-
doplasmic reticulum (36), and the two sites appear to share
pharmacological characteristics, such as their inhibition by
nonselective cation channel blockers and lack of coupling to G
proteins. Biphasic saturation isotherms are also indicative of
the formation of ternary complexes, such as G protein coupling
to the o, receptor. In contrast to previous reports of the inhi-
bition of (+)-[*H]3-PPP and (+)-[*’H]SKF 10047 binding by
GTP, Gpp(NH)p, or PTX (26, 28), (+)-[*H]pentazocine bind-
ing was not consistently altered by guanine nucleotides or
membrane treatment with CTX or PTX. Furthermore, the
effects of cations on (+)-[*H]pentazocine binding were not
consistently modified by guanine nucleotides. This lack of
effect of guanine nucleotides suggests that (+)-pentazocine acts
as an antagonist and is incapable of causing the changes in g,
receptor conformation required for G protein coupling. Alter-
natively, these observations may provide evidence for the pres-
ence of several o receptor subtypes, one of which is not coupled
to G proteins (21, 29).

The functional significance of cation modulation of ligand
binding to ¢ receptor subtypes is not known. The ability of
cations to modulate ligand binding to o receptors may have
only pharmacological relevance, as in the enhancement of
agonist or antagonist binding to opiate receptors by monovalent
or divalent cations (40, 41). However, the potent inhibition of
(+)-[*H]pentazocine binding by di- and trivalent cations may
reflect the association of the o, (and possibly the ;) receptor
with a cation channel. This hypothesis is further supported by
the ability of several nonselective cation channel blockers (e.g.,
cinnarizine, prenylamine, proadifen, and tetracaine) to inhibit
(+)-[*H]pentazocine binding. The association of ¢ receptors
with the regulation of cation biochemistry would be consistent
with observations of ¢ receptor ligands modulating such cal-
cium-dependent functions as the inhibition of catecholamine
release from adrenal chromaffin cells (19), suppression of epi-
leptogenesis (42), modulation of NMDA-induced neuronal ac-
tivation (43, 44), and protection against ischemic cytotoxicity
(45). Future investigations of ¢ receptor functions may center
on the role of these receptors in the modulation of calcium
currents or the regulation of intracellular calcium concentra-
tion.
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