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SUMMARY
Subclasses of receptors exist for most neurotransmitters. Fre-
quently, two subtypes of receptors coexist in the same tissue
and, in some cases, they mediate the same physiological re-
sponse. In tissues with two classes of binding sites for a given
hormone, an estimate of the proportion of each class of binding
sites is obtained by inhibiting the binding of a single concentration
of a radioligand with a selective unlabeled ligand. Accurate
estimates of the density of each class of receptors will only be
obtained, however, if the radioligand is entirely nonselective.
Selectivity of just 2- to 3-fold can markedly influence the resuits
of subtype analysis. The conclusion that a radioligand is nonse-
lective is usually based on the results of a saturation binding
curve. If Scatchard analysis of such data results in a linear plot,
then it is concluded that the radioligand is nonselective. However,
Scatchard analysis cannot distinguish between a radioligand that
is nonselective and one that is slightly selective. The use of a
sbghﬂyselecttveraduolugandeanleadtoerrorsofsm/oormore
on the concentration of the radioligand relative to the
K4 values of the two classes of sites. A new analytical method
has been developed that can be used to quantitate 2- to 3-fold

differences in the affinity of two distinct classes of binding sites
for a radioligand. This new approach requires that a series of
inhibition experiments with a selective uniabeled ligand be per-
formed in the presence of increasing concentrations of the
radioligand. Analysis of the resulting inhibition curves, utilizi
the mathematical modeling program MLAB on the PROPHET
system, yields accurate estimates of the density of each class
of receptor as well as the affinity of each receptor for the labeled
and uniabeled ligands. This approach was used to determine
whether 'Zl-iodopindotol shows selectivity for §,- or S-adrener-
gic receptors. A series of inhibition curves was generated with
the uniabeled ligands ICI 89,406 (8,-selective) and ICl 118,551
(B-selective), using membranes prepared from C, glioma cells.
These cells contain both 8- and B-adrenergic receptors. '*%-
lodopindolol was determined to be 3-fold selective for S-adre-
nergic receptors. Since the sensitivity of this approach is superior
to that of Scatchard analysis, it is likely that other radioligands,
previously thought to be nonselective, will be shown to be
selective when analyzed by this method.

The concept that most known and putative neurotransmit-
ters interact with multiple subtypes of receptors is now well
established. Radioligand binding techniques are used widely to
quantitate the properties and densities of receptor subtypes in
a variety of tissues. Measurement of the binding of radioligands
to receptors in disrupted cell preparations overcomes many of
the limitations inherent in studies that rely only on the meas-
urement of biological responses. Interpretation of the results
of such biological studies is often complicated by factors such
as diffusion barriers or neuronal and extraneuronal uptake
mechanisms (1). Moreover, multiple subtypes of receptors fre-
quently coexist in the same tissue and may even mediate the
same biochemical and physiological responses. For example, 8,-
and B.-adrenergic receptors have been shown to coexist in a
variety of mammalian tissues (2). Both subtypes appear to
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stimulate the enzyme adenylate cyclase (3), and both contribute
to the electrophysiological effects of catecholamines on the
heart (4, 5). Binding assays with radioligands have been used
to characterize multiple receptor subtypes in a single tissue,
and they represent the only means to estimate accurately the
relative proportions of these subtypes (1).

Two approaches have been developed to study receptors in
tissues that contain multiple subtypes of receptors. The first
approach utilizes direct binding assays with a radioligand that
is highly selective for one of the subtypes. If the radioligand is
sufficiently selective, the density of a single subtype of receptor
can be determined from a saturation experiment. The phar-
macological profile for this receptor subtype can be determined
from studies of the inhibition of the binding of this selective
radioligand. Because selective radioligands are not available for
every class of receptor, a second approach has been developed
to take advantage of the availability of numerous selective
ligands that either have not been prepared in a radiolabeled
form or are otherwise not useful as radioligands. This second

ABBREVIATIONS: '>1-IPIN, '%l-iodopindoloi; HEPES, 4-(2-hydroxyethyl)-1-piperazine-2-ethanesulfonic acid; EDTA, ethylenediaminetetraacetic acid.
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approach involves measuring the inhibition of the binding of a
single concentration of a nonselective radioligand by multiple
concentrations of a highly selective unlabeled ligand. The rel-
ative proportions of the subtypes and their affinities for the
competing ligand can be determined by nonlinear regression
analysis of the inhibition curves (6) or by iterative analysis of
curvilinear plots resulting from Hofstee transformation of the
inhibition data (7). De Lean et al. (8) determined the limits of
resolution of nonlinear regression analysis of inhibition curves
under conditions typically encountered in the B-adrenergic
system. Mixtures of receptor subtypes were created by combin-
ing in various proportions preparations of receptors from turkey
and frog erythrocyte membranes. These receptor subtypes have
markedly different affinities for norepinephrine and closely
resemble mammalian 8,- and B,-adrenergic receptors, respec-
tively. The limits of resolution of this analytical method were
also tested by using Monte Carlo simulation techniques. A 6-
fold selectivity for the unlabeled ligand could be quantitated
with a tissue containing a 50:50 mixture of subtypes and a 100-
fold selective ligand was necessary to quantitate a 90:10 mixture
of subtypes.

A nonselective radioligand is required for this analysis to
ensure that the fractional occupancies of all receptor subtypes
are identical. If the radioligand is selective, the fractional
occupancy of the subtype with high affinity for the radioligand
will be greater than the fractional occupancy of the subtype
with low affinity unless the concentration of radioligand is
sufficiently high to saturate both classes of receptors. Since
experiments cannot generally be carried out with saturating
concentrations of radioligand, erroneous estimates of the rela-
tive proportions of the subtypes and of the affinity of these
subtypes for the unlabeled ligand usually result. Errors of this
type will occur regardless of the selectivity of the competing
ligand. Typically, the selectivity or nonselectivity of a radioli-
gand is determined by analysis of saturation isotherms meas-
ured in a tissue containing both receptor subtypes. Iterative
analysis of curvilinear Scatchard plots or nonlinear regression
analysis of the untransformed saturation isotherm is used to
assess the selectivity of the radioligand. A linear Scatchard
plot, or a saturation isotherm for which the goodness of fit is
not significantly improved by assuming the presence of two
classes of binding sites, is interpreted as evidence that both
subtypes have the same affinity for the radioligand.

The ability of either of these analytical methods to determine
the selectivity of a radioligand is limited. Even under ideal
conditions, selectivity is unlikely to be detected reliably when
analyzing untransformed saturation data unless the two classes
of binding sites differ in their affinity for the radioligand by at
least 5- to 7-fold (9). Moreover, the ability to resolve two classes
of sites by this method is affected by properties of the tissue
that are not under the control of the investigator, such as the
proportion of high and low affinity sites and the percentage of
total binding that is specific. Iterative analysis of curvilinear
Scatchard plots is even less likely to result in reliable quanti-
tation of radioligand selectivity since linear regression analysis
of the transformed data in a Scatchard plot generally yields
less accurate estimates of the parameters than nonlinear regres-
sion analysis of untransformed data (9).

To characterize accurately subtypes of receptors in mixed
tissues, it is necessary to identify a radioligand that is nonse-
lective. One possible approach utilizes a diagnostic procedure

in which inhibition curves are generated at several different
concentrations of radioligand (10). Systematic variation in the
ratio of the ICy values of the unlabeled ligand or in the relative
proportions of binding sites is indicative of a difference in
affinity of the two classes of binding sites for the radioligand.
The sensitivity of this approach was not determined because
data were presented only for radioligands with 10-fold selectiv-
ity. Inasmuch as this approach does not provide an estimate of
the actual selectivity of a radioligand, it serves only to eliminate
radioligands that appear to be nonselective on the basis of
analysis of saturation data.

The use of radioligands and highly selective competing li-
gands has been particularly useful in the characterization of
subtypes of $-adrenergic receptors that coexist in a variety of
mammalian tissues (2). Several radioligands, presumed to be
nonselective on the basis of saturation data, have been used to
characterize subtypes of B-adrenergic receptors in mixed tis-
sues. These include '*’I-iodohydroxybenzylpindolol (7, 11), *H-
dihydroalprenolol (3, 12, 13), **I-IPIN (14, 15), and '*I-iodo-
cyanopindolol (16). As a class, these radioligands display prop-
erties considered desirable for the characterization of multiple
receptor subtypes including high affinity, low levels of nonspe-
cific binding, high specific activity, and rapid kinetics. Linear
Scatchard plots are observed with all of these ligands in a
variety of tissues. '*I-IPIN possesses the most favorable com-
bination of these properties and is widely used for characteri-
zation of subtypes of $-adrenergic receptors. It has been sug-
gested (17), however, that '*I-IPIN is slightly selective for S,-
adrenergic receptors. Lower K; values have been obtained from
saturation isotherms measured in the cerebellum, which con-
tains primarily B,-adrenergic receptors, as compared to the
cortex, which contains primarily 3,-adrenergic receptors. How-
ever, differences in K, values in different tissues may result
from differences in the amount of protein in the assay or the
lipid composition of the membranes (18, 19).

In the present study, theoretical data were used to demon-
strate that, under appropriate conditions, 3-fold selectivity of
a radioligand can be detected reliably by measuring the relative
proportions of sites defined by a highly selective unlabeled
ligand at several concentrations of radioligand. The error as-
sociated with the estimates of the proportions of sites when a
single concentration of a slightly selective radioligand is used
for the determination was also defined. A method to quantitate
slight differences in the affinity of two distinct classes of
binding sites for a radioligand is described. This approach
requires that a series of inhibition experiments with a highly
selective unlabeled ligand be performed in the presence of
increasing concentrations of radioligand in a tissue containing
both classes of binding sites. Simultaneous nonlinear regression
analysis of these multiple inhibition curves yields accurate
estimates of the density of each class of binding site as well as
the affinity of each class for both the labeled and unlabeled
ligands. The results of this type of analysis show that *I-IPIN
is 3-fold selective for 8,-adrenergic receptors in Cq glioma cells.

Materials and Methods

Cell culture and preparation of membranes. C¢ glioma cells of
the BU1 subclone between passages 53 and 70 (2 and 19 in this
laboratory) were grown in Dulbecco’s modification of Eagle’s medium
(Flow Laboratories, Inc., McLean, VA) supplemented with 5% fetal
bovine serum (Sterile Systems, Inc., Logan, UT) in a humidified
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atmosphere of 10% C0,/90% air at 37°. Cells were plated at 20,000
cells/cm? in 150-mm dishes (Lux; Miles Scientific, Naperville, IL), fed
or subcultured on day 3, and harvested on day 5. The cells were lysed
by replacing the growth medium with ice-cold hypotonic buffer (1 mm
Na*-HEPES, pH 7.4, 2 mM EDTA). After swelling for 10-15 min, the
cells were removed with a rubber policeman and centrifuged at 24,000
X g for 20 min. This crude membrane preparation was resuspended
with a Brinkmann Polytron homogenizer at setting 6 for 10 sec in Tris-
isosaline (20 mM Tris-HCl and 0.9% NaCl) and stored at —70°. Before
use, the membrane preparation was thawed, centrifuged at 24,000 X g
for 20 min, and resuspended in Tris-isosaline.

Preparation of radioligands. (—)-Pindolol (50 nmol, dissolved in
ethyl acetate to 5 mM) was added to 25 ul of 0.3 M KH,PO, (pH 7.4),
25 ul of chloramine T (0.17 mg/ml), and 4-5 mCi of Na'®*I for 3 min
at room temperature. The reaction was stopped by the addition of 300
ul of Na;S,0; (1 mg/ml) and 10 ul of 1 N NaOH. '*I-IPIN was extracted
into ethyl acetate containing 0.01% phenol and was separated from
pindolol by chromatography for 6-8 hr in 0.5 M ammonium formate
(pH 8.5) containing 10% methanol and 0.01% phenol. The radioligand
(specific activity 2.2 Ci/umol) was eluted into methanol containing
0.01% phenol and stored at —20°.

Receptor binding assay. Aliquots of a membrane preparation were
added to assay tubes containing 20 mM Tris-HCI (pH 7.4), 0.9% NaCl,
1.1 mM ascorbic acid, 0.0004% bovine serum albumin, 100 uM GTP,
radioligand, and appropriate drugs. (—)-Isoproterenol (100 uM) was
used to define specific binding. Incubations, carried out at 37° in a final
volume of 0.25 ml, were stopped by the addition of 10 ml of 0.9% NaCl
in 10 mM Tris-HCI (25°, pH 7.4) to each assay. The samples were
filtered through glass-fiber filters (Schleicher and Schuell no. 30) and
washed with an additional 10 ml of buffer. Radioactivity retained on
the filters was determined in an LKB 1274 or a Beckman 4000 gamma
counter. Protein was determined according to the method of Bradford
(20) using bovine serum albumin as a standard. In each experiment,
inhibition of the binding of the radioligand by 15-21 concentrations of
the 8;-selective ligand ICI 89,406 or the 8.-selective ligand ICI 118,551
was investigated at each of seven to nine concentrations of the radioli-
gand.

Data analysis. Theoretical saturation data were generated with the
following equation, which describes the interaction of a selective radi-
oligand with two classes of noninteracting binding sites:

B=B—'——“"'L Bue, - L (1)
L+Ky L+K,

In this equation, B is the amount of radioligand bound, Bu.,, and Bp.,,
are the densities of the two classes of binding sites, L is the free
concentration of radioligand, and K, and K, are the dissociation
constants of the binding sites for the radioligand.

The values for total and nonspecific binding of the radioligand were
transformed by Scatchard analysis to estimate the K, and B,,., values.
Each inhibition curve for ICI 89,406 or ICI 118,551 was analyzed by
nonlinear regression analysis using NEWSFITSITES2 on the National
Institutes of Health-supported PROPHET computer system to deter-
mine the proportion of the binding of radioligand to 8,- or 8,-adrenergic
receptors at each concentration of radioligand (21). The data were fit
to the following two-site equation that describes the inhibition of the
binding of a nonselective radioligand by a selective competing ligand:

B, B,

B=T+wicyt 1+ aicy

(2)

In this equation, B is the amount of radioligand bound, B, and B, are
the total number of sites of each subtype labeled by this concentration
of radioligand, I is the free concentration of the competing ligand, and
IC, and IC; are the concentrations of competing ligand that inhibit
50% of the binding to each subtype.

The affinities of each class of receptors for ICI 89,406 or ICI 118,551
and for the radioligand, as well as the actual proportions of 8- and g;-
adrenergic receptors, were determined by simultaneous nonlinear
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regression analysis of the inhibition curves measured at nine concen-
trations of radioligand. The curve fitting was performed by the math-
ematical modeling program MLAB (22) on the PROPHET system
using the method of Marquardt and Levenberg as described in Magar
(23). The data were fit to the following equation, which describes the
inhibition of the binding of a selective radioligand by a selective
competing ligand:

B Bows, - L Bous, - L

SL+K,0+1/K) L+K,(1+I/K)

@A)

In this equation, B is the amount of radioligand bound, By, and Bae,,
are the densities of the two classes of binding sites, L is the free
concentration of radioligand, I is the free concentration of competing
ligand, Ky, and K, are the dissociation constants of the binding sites
for the radioligand, and K;, and K, are the dissociation constants of
the binding sites for the competing ligand.

Simultaneous nonlinear regression analysis of the inhibition curves
using Eq. 3 was performed with the additional constraint that K,, equal
K, to test the hypothesis that the radioligand was selective. Improve-
ment of the fit was analyzed by comparing the sum of squares of the
residuals for fits with and without constraints on K,. The statistical
significance of the improvement of fit was determined by performing
an F test on the sum of squares of the residuals. The F value for this
test was:

SS] - SSz
df — df

F=——

5,
dfz

where S8, and SS; are the sums of the squares of the residuals for the
fits with and without constraints on Ky, respectively, and df, and df,
are the degrees of freedom for the fits with and without constraints.

For the analysis of experimental data, the free concentration of
radioligand in the absence of competing ligand was used. This value
was determined by subtracting the total amount of radioligand bound
to the tissue from the total amount of radioligand added to the sample.
The concentration of receptors was sufficiently low in every experiment
such that the total amount of radioligand bound to the tissue never
exceeded 5% of the total amount of radioligand added to the sample. A
similar correction for the free concentration of competing ligand was
not feasible; therefore, the added concentration was used in the anal-
ysis. However, since the K, values of the competing ligands were at
least five times greater than those of the radioligand, the change in
free concentration of competing ligand was less than 1%.

A runs test (24) was applied to the results of each Scatchard analysis
to determine whether the transformed data points were randomly
distributed about the regression line. Actual values exceeding the
predicted values on the regression line were assigned a positive sign
and actual values less than the predicted values were assigned a negative
sign. The linear order corresponded to the magnitude of the amount
bound. The runs test is designed to detect nonrandom clusters of signs,
such as those that would result from the systematic deviation of a
curvilinear set of points from a straight line. This test provides a more
appropriate indicator of the curvilinearity of a set of points than does
the correlation coefficient of the regression analysis.

The selectivity of the radioligand was determined by calculating the
ratio of the larger to the smaller dissociation constants. The confidence
limits of the selectivities were determined from the following equation:

X, — RX.
’(nx+nz-2)=s,’—R:§
_1.+R0_
n ns

where X, and X, are the means of the larger and smaller dissociation
constants, respectively, s, and s, are the respective standard deviations
of the dissociation constants, n, and n; are the number of determina-
tions of these dissociation constants, and R is the confidence limit (25).
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Solution of this quadratic equation for R produces confidence limits
that are not symmetric around the estimated ratio of the dissociation
constants X, and X,. Under these conditions, if the lower confidence
limit is >1, the ratio of the means is significantly different from 1. It
should be noted that the dissociation constants determined by simul-
taneous analysis are not independent measures. In general, however,
parametric tests are sufficiently robust to tolerate some deviation from
the assumption of independence, and this appears to be an appropriate
test for the analysis of ratios.

Materials. Cs cells were obtained from Dr. Mark Dibner (E. L
DuPont de Nemours and Co., Wilmington, DE). (—)-Pindolol (Sandoz,
Hanover, NJ), and ICI 89,406 and ICI 118,551 (ICI Americas, Inc.,
Wilmington, DE) were gifts. (—)-Isoproterenol bitartrate and GTP
were obtained from Sigma Chemical Co. (St. Louis, MO), and Na'*I
was purchased from New England Nuclear (Boston, MA).

Results

Theoretical saturation data were generated with Eq. 1 assum-
ing K, values of 1 and 3 for the receptors with high and low
affinities for the radioligand. It was further assumed that 40%
of the receptors had a high affinity for the radioligand. Scat-
chard transformation of the saturation data resulted in a linear
plot with a correlation coefficient of 0.998 despite occupancy
values that ranged from 5 to 95% (Fig. 1). Although there is
the suggestion of curvature, the introduction of biological noise
would be likely to obscure it, and a linear Scatchard plot would
be interpreted as indicating that the radioligand is nonselective.
A runs test applied to the results of the Scatchard analysis
revealed that the transformed data points were not randomly
distributed about the regression line (p < 0.05).

Theoretical inhibition data assuming a 3-fold selective radi-
oligand and a 200-fold selective competing ligand, with both
ligands having a high affinity for the same site, were generated
for three concentrations of radioligand using Eq. 3. When these
data were analyzed using a conventional two-site model, which
assumes that the radioligand is nonselective (Eq. 2), the pro-
portions of high and low affinity sites varied with the concen-
tration of the radioligand (Fig. 2). The two-site model consist-
ently overestimated the proportion of binding sites that had a
high affinity for the radioligand. This overestimate results from
greater fractional occupancy of the high affinity sites at less
than saturating concentrations of radioligand. As the concen-

.886 +—————t+—v———v—v—t+—v+—vr—vr—t+—v+—vv—+—+r
[ ]
K 7Ky = 3
.085 1 L™"H
B_ = 609 fmol
~ = 4
S el By = 400 fmol
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N
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Fig. 1. Scatchard transformation for a 3-fold selective radioligand. The-
oretical saturation data were generated using Eq. 1, which describes the
interaction of a selective ligand with two classes of binding sites. A 3-
fold selectivity for the radioligand (K./K.) and a 40% population of high
affinity sites (By) were assumed. The saturation data were transformed
by the method of Scatchard and the line of best fit was determined by
linear regression analysis.
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Fig. 2. Inhibition curves produced by varying the concentration of a 3-
fold selective radioligand. Theoretical inhibition data assuming a 3-fold
selectivity for the radiotigand (K«/Kas+) and a 200-fold for the
inhibitor were generated for three concentrations of radioligand (L) using
Eq. 3 which describes the interaction of a selective radioligand and a

selective inhibitor with two classes of binding sites. The proportion of
high affinity to low affinity sites (B,:B,) was 40:60 for this analysis. The
data were analyzed using Eq. 2, which describes the interaction of a
nonselective radioligand and a selective inhibitor with two binding sites.

70. +
60.
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z Se.
“ <
e 48. 0/
&
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é 25 L ‘/u
§ . [ R ‘/
-1 ./‘/ L = 100 K
) . * * $ :
a. 2 4. 6. 8. 10.
SELECTIVITY

Fig. 3. Effect of the selectivity of a radioligand on the estimate of the
proportions of binding sites. Theoretical inhibition data assuming 2- to
10-fold selectivity for the radioligand (abscissa) were generated using
Eq. 3 and the resulting curves were analyzed with Eq. 2, which assumes
that the radioligand is nonselective. A 200-fold selectivity for the inhibitor
and a 60% population of low affinity sites (B,) were assumed. The error
in the estimate of the proportion of low affinity sites that resuited from
the incomrect assumption that the radioligand was nonselective was
calculated from the following equation: % error = 100 X (60 — estimated
proportion)/60. L is the free concentration of radioli and Ky is the
dissociation constant of the radioligand at the high affinity sites.

tration of radioligand increased, the estimated proportion of
sites from the two-site model approached the correct proportion
of sites. The relative proportion of sites with a high affinity for
the radioligand decreased with increasing concentrations of the
radioligand.

The error in the estimated proportion of low affinity sites
that results from the incorrect assumption that a selective
radioligand is nonselective was determined for varying condi-
tions assuming that one class of sites had a 2-10 times higher
affinity for the radioligand than the other class. Theoretical
inhibition curves were generated using Eq. 3 and analyzed with
the two-site model (Eq. 2). The error in the estimate of the
proportions of subtypes increased as the selectivity of the
radioligand increased. This error decreased as the concentra-
tion of the radioligand increased (Fig. 3).
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Inhibition of the binding of ZI-IPIN by the B.-selective
ligand ICI 118,551 was measured in C¢ glioma cells. Each
experiment consisted of inhibition curves measured at 15-21
concentrations of ICI 118,551 and 7-9 concentrations of '*I-
IPIN (20-720 pM). Total and nonspecific binding were meas-
ured at each concentration of radioligand. Scatchard transfor-
mation of specific binding measured in the absence of ICI
118,551 resulted in a linear plot (Fig. 4) with a correlation
coefficient greater than 0.98. Moreover, no suggestion of cur-
vature was observed, and the transformed data points were
randomly distributed about the regression line as determined
by the runs test. These results are consistent with the hypoth-
esis that '*I-IPIN is nonselective for the subtypes of S-adre-
nergic receptors.

When the inhibition curves were analyzed using the conven-
tional two-site model, however, the estimated proportion of ;-
and B.-receptors changed in a systematic fashion. In a typical
experiment (Fig. 5A), the estimated proportion of 8,-receptors
ranged from 69% at the lowest concentration of '*I-IPIN to
50% at the highest concentration. This systematic change
indicated that, at low concentrations of **’I-IPIN, the propor-
tion of B.-adrenergic receptors was overestimated, suggesting
that '*I-IPIN is 8.-selective. To determine the affinity of each
receptor subtype for '*I-IPIN, the data used to generate the
eight inhibition curves were simultaneously fit to Eq. 3 by
nonlinear regression analysis. Results from the analysis of one
individual experiment are illustrated in Fig. 5B. In this exper-
iment, '*I-IPIN was estimated to be 4.4-fold selective for g,-
receptors, ICI 118,551 was estimated to be 170-fold selective
for B,-receptors, and 46% of the receptors had a high affinity
for ICI 118,551 and are presumed to be 8.-adrenergic receptors.
The K, value of 70 pM determined by Scatchard analysis of the
specific binding data in the absence of ICI 118,551 (Fig. 4) was
intermediate between the K, values of 40 pM at B.-receptors
and 220 pM at B,-receptors determined by simultaneous anal-
ysis. The inhibition data were also fit to Eq. 3 with the K,
values constrained to be equal to test the contribution of the
selectivity of the radioligand to the goodness of fit of the
simultaneous analysis. The improvement of fit that resulted
from permitting the K, values to differ was significant at p <
0.0001. The results of the simultaneous analysis for four exper-

BOUND/FREE

e. 20. 40. 60. 80. 100.
BOUND (fmol/mg protein)

Fig. 4. Scatchard piot for the binding of 'ZI-IPIN. Saturation isotherms
for 'Z1-IPIN were measured as described in Materials and Methods and
the data were transformed by the method of Scatchard. The dissociation
constant and correlation coefficient for this representative analysis are
shown. Each point is the mean of triplicate determinations. Results are
representative of seven similar experiments. Free radioligand is in units
of fm.
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iments in which the binding of '*I-IPIN was inhibited by ICI
118,551 are summarized in Table 1. **I-IPIN was found to be
3-fold selective for B,-receptors. This 3-fold selectivity was
statistically significant at the 95% confidence level. ICI 118,551
was 110-fold selective for B,-receptors, and Cs glioma cells
contain 59% B,-receptors and 41% (,-receptors.

Inhibition of the binding of '*I-IPIN by the B;-selective
ligand ICI 89,406 was also investigated using the same experi-
mental design as described for ICI 118,551. Analysis of the
inhibition curves using the conventional two-site model (Eq. 2)
revealed that the estimated proportions of 8,- and 8.-receptors
changed in a systematic fashion. Results from a typical exper-
iment are presented in Fig. 6. In this experiment, the estimated
proportion of B;-receptors ranged from 31% at the lowest
concentration of '*I-IPIN to 50% at the highest concentration.
Just as with ICI 118,551, a decrease in the estimated proportion
of B,-receptors was observed as the concentration of '*I-IPIN
increased, supporting the conclusion that '*I-IPIN is selective
for B.-receptors. The inhibition curves were simultaneously fit
to Eq. 3 by nonlinear regression as described in Materials and
Methods. The results of the simultaneous analysis are sum-
marized in Table 1 and are in good agreement with those
obtained with ICI 118,551. '*I-IPIN was found to be 3-fold
selective for B,-receptors. The percentage of 8,-receptors was
55%, and ICI 89,406 was found to be 120-fold selective for ;-
receptors. The average selectivity of '*I-IPIN was 3.1 with a
95% confidence interval of 1.9-5.2

Discussion

Accurate estimates of the relative proportions of binding
sites and the affinity of each site for a selective competing
ligand in a mixed tissue cannot be obtained when the inhibition
of the binding of a single concentration of a slightly selective
radioligand is analyzed with a conventional two-site model.
This occurs because the fractional occupancies of each site
differ at all but saturating concentrations of radioligand. In
practice, indirect binding experiments are rarely performed
with saturating concentrations of radioligand due to the higher
level of nonspecific binding observed and the expense of the
radioligand. Although some methods of analysis correct for the
selectivity of a radioligand (8), the selectivity must be prede-
termined in a separate experiment requiring tissues that have
only a single class of binding sites. Methods currently available
to measure the affinities of multiple classes of binding sites for
a radioligand lack the resolution to reliably detect slight (<6-
fold) selectivity. Analysis of untransformed saturation data
measured even under ideal conditions cannot detect selectivi-
ties of less than 5- to 7-fold (9). Alternatively, iterative analysis
of curvilinear Scatchard plots has serious theoretical and tech-
nical limitations. Both variables in a Scatchard plot (Bound
and Bound/Free) are dependent variables that are subject to
error, and these errors are interdependent. The ratio Bound/
Free also demonstrates nonuniformity of variance, thus violat-
ing a basic assumption of regression analysis (26). The present
results confirm that 3-fold selectivity of a radioligand cannot
be detected by Scatchard transformation of saturation data.
Using theoretically generated saturation data, a 3-fold selective
radioligand produced a Scatchard plot with a correlation coef-
ficient of 0.998. A runs test suggested that the transformed
theoretical data were not randomly distributed about the
regression line in accordance with curvilinearity, but in no case
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TABLE 1

Results of simultaneous analysis with '*-IPIN

The inhibition of the binding of 8-9 concentrations of *?*-IPIN by 15-21 concentra-
tions of ICl 118,551 (n = 3) or ICI 89,406 (n = 4) was measured as described in
Materials and Methods. The data from each experiment were analyzed using Eq.
3, which accounts for selectivity for both the radioligand and the inhibitor. The data
represent the mean + standard error of the parameter estimates from each
experiment.

ICl 89,406 ICl 118,551
K, (81) (M) 1101 155 +9
Ki (B2) (M) 130 %27 14+02
Ka (81) (P™) 211 +65 245 +28
Ka (B2) (pm) 67 +13 74 +13
Brmex (1) (%) 55 +2 59 +3
Bemax (B2) (%) 45 +2 41 +3
n 4 3

did the runs test on experimentally derived data suggest the
presence of curvature. Thus, 3-fold selectivity of a radioligand
could not be detected, much less quantitated, using Scatchard
analysis.

Another approach is to determine the selectivity of a radioli-
gand by comparing its binding characteristics in two tissues,
each containing only one class of binding site. This method has

been applied successfully to detect 3-fold selectivity (17); how-
ever, the tissues used did not contain a pure population of a
single class of receptors. In general, such tissues are only
infrequently available. Moreover, the small differences in the
affinities of receptors for the radioligand are difficult to detect
due to experimental variability, and it must be assumed that
the properties of the receptor are entirely conserved from tissue
to tissue. It is also possible that the affinity of receptors for a
radioligand will differ because of differences in lipid composi-
tion of the membranes or the amount of protein (18, 19).
Slight differences in the affinities of binding sites for a
radioligand cannot be measured with traditional methods of
analysis. Such differences can, however, drastically affect the
estimates of the relative proportions of sites and the estimate
of the affinity of each class of binding site for the competing
ligand when a single concentration of a slightly selective radi-
oligand is used. The error in the estimated proportion of low
affinity sites was determined to be 50% when theoretically
generated data assuming 6-fold selectivity and a radioligand
concentration equal to the dissociation constant at the high
affinity site were analyzed. In some cases, this error can be so
great that a tissue judged to contain predominantly one subtype
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of receptor could actually contain predominantly the other
subtype. From analysis of theoretical data it is clear that the
error associated with the estimate of the relative proportions
of sites can be minimized if a high concentration of radioligand
is used. The drawback of this approach is that the error in the
estimate of the K; values of the binding sites for the unlabeled
competing ligand is maximized under these conditions. When
a simple two-site model is applied to an inhibition curve meas-
ured at a single concentration of radioligand, the ICs values
are converted to K; values according to the method of Cheng
and Prusoff (27). This correction is more pronounced at con-
centrations of radioligand that exceed the K, value and it is
inaccurate if the K, value of the binding sites for the radioligand
are under- or overestimated. The K, value determined from
analysis of saturation data for a slightly selective radioligand
will be intermediate between the high and low affinity values,
thus overestimating the K, value at the high affinity site and
underestimating the K, value at the low affinity site.

To avoid erroneous estimates of the relative densities of sites
and of K; values, a radioligand should be tested for selectivity.
The selectivity of a radioligand can be detected with a single
diagnostic experiment. The inhibition of the binding of the
radioligand by a highly selective competing ligand at low,
intermediate, and high concentrations is measured in a tissue
that contains both of the putative classes of receptors. For this
experiment, the low concentration should be less than the K;
value resulting from analysis of saturation data and the high
concentration should exceed the K, value. Furthermore, the
range of concentrations should be as great as is technically
feasible. If the relative proportions of sites estimated with a
conventional two-site model change in a systematic fashion,
the radioligand must be assumed to be selective. Furthermore,
the radioligand is selective for the class of binding sites whose
proportion decreases with increasing concentrations of the
radioligand. In the case of '*I-IPIN, the proportion of 8,-
receptors in Cg cells estimated with either ICI 118,551 or ICI
89,406 decreased as the concentration of radioligand increased,
indicating that 'ZI-IPIN is selective for B;-receptors. This
diagnostic test serves to uncover slight selectivity but does not
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Fig. 6. Inhibition of the binding of '>I-IPIN by the
Bi-selective antagonist ICI 89,406. The inhibition
of the binding of nine concentrations of '>1-IPIN
by the g,-selective antagonist ICI 89,406 was
measured as described in Materials and Methods
and the resulting inhibition data were fit to Eq. 2.
The best fit curves are shown for a low, an inter-
mediate, and a high concentration of 'I-IPIN. The
proportion of g,-adrenergic receptors (By) esti-
mated with Eq. 2 increased as the radioligand
concentration increased. When all nine inhibition
curves were fit simultaneously using
shown), the selectivity of '2I-IPIN was
to be 3-fold. Each point represents the mean of
triplicate determinations. The results are repre-
sentative of three similar experiments.

1000. 10000.

provide quantitative estimates of the affinities of the binding
sites for the radioligand.

This diagnostic method for detecting selectivity was first
described by Richardson and Howlett (10). It has not been used
to detect selectivities of radioligands of less than 10-fold. When
this method was used to analyze the inhibition of the binding
of *H-dihydroalprenolol by the selective antagonist practolol in
rat brain tissue, it led to the erroneous conclusion that this
radioligand is nonselective. Previous reports (8) and application
of the approach described in this report (28) have established
that *H-dihydroalprenolol is selective for 8,-adrenergic recep-
tors.

In this report we have described a new method to quantitate
selectivities of radioligands that are less than 6-fold selective.
This method also provides accurate estimates of the density of
each class of binding site and the affinity of each binding site
for the unlabeled ligand. This approach requires that a series
of inhibition curves with a highly selective competing ligand be
generated in the presence of increasing concentrations of ra-
dioligand. Simultaneous nonlinear regression analysis of these
multiple inhibition curves using Eq. 3 provides estimates of the
parameters. The accuracy of these estimates will be affected by
several factors including the range of concentrations of the
radioligand, the number of concentrations of radioligand used,
the number of concentrations of inhibitor, the selectivity of the
inhibitor, and the relative densities of binding sites in the
tissue. Regression analysis of multiple curves is sensitive to the
variability in the raw data. A high degree of variability may
make it impossible for the program to fit the data. The range
of concentrations of the radioligand should be as wide as is
technically feasible and should include concentrations at which
the fractional occupancies of the two sites are significantly
different. The K, and K; values of the radioligand and compet-
ing ligand should be much greater than the concentration of
receptors. If this is not the case, significant changes in the free
concentration of a ligand may occur during the course of the
assay. The effect of a 5% change in radioligand concentration
was tested by comparing the results of simultaneous analysis
of the data in Fig. 5B using 100% and 95% of the total added
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concentration. None of the parameter estimates differed by
more than 5%, which was less than the standard error associ-
ated with each parameter listed in Table 1. On the basis of the
results obtained with '*I-IPIN, this method is sufficiently
sensitive to detect 3-fold selectivity in a tissue containing
approximately equal proportions of two classes of binding sites.
Moreover, when only four of the eight inhibition curves in Fig.
5B were used in the simultaneous analysis, each parameter
estimate was less than 15% different from the estimate obtained
using all of the inhibition curves. No significant difference in
the estimates of the parameters from the simultaneous analysis
was observed when the data points were weighted according to
the reciprocal of the square of their magnitude. The theoretical
superiority of simultaneous analysis of multiple inhibition
curves has been described by Rothman (29). The accuracy of
the method has been demonstrated for a 20-fold selective
radioligand by analysis of simulated binding data (30).

The validity of this approach was demonstrated by its appli-
cation to the interaction of '>I-IPIN with 8,- and 8.-adrenergic
receptors. The diagnostic experiment with both ICI 89,406 and
ICI 118,551 revealed that '*I-IPIN was selective, and the
decrease in the estimated proportion of S,-receptors with in-
creasing concentrations of '*I-IPIN indicated that the radioli-
gand was selective for 8,-receptors. Consistent with the diag-
nostic experiment, simultaneous analysis of the inhibition
curves revealed that '*I-IPIN is 3-fold selective for 8.-adrener-
gic receptors. The estimates of the selectivity of >I-IPIN and
the densities of 8,- and B:-receptors from the simultaneous
analysis were the same regardless of the competing drug used
for the determination.

Estimates of the relative proportions of sites and the K;
values for the competing ligand obtained from a conventional
two-site model can be corrected to account for radioligand
selectivity. The K, values for the interaction of a radioligand
with each class of receptors are determined by simultaneous
analysis of inhibition curves measured in the tissue of interest.
The correct K; values for the interaction of each class of sites
with the competing ligand are determined by converting the
measured ICy, values according to the method of Cheng and
Prusoff (27) using the K, values from the simultaneous analysis.
The relative proportions of high and low affinity sites measured
at a single concentration of radioligand can be corrected using
the following equations:

B, = Bh/fu or B, = Bi/fL

B}/fu + Bi/fe Bh/fu + Bi/fo

where By and B, are the correct proportions of high and low
affinity sites, respectively, B} and B} are the relative propor-
tions of high and low affinity binding sites, respectively, deter-
mined by conventional two-site analysis, and fy and f, are the
fractional occupancies of the high and low affinity sites, re-
spectively. The fractional occupancies of the high and low
affinity sites are:

#mdf=#
L+ Kuy L L+ Ky

where L is the free concentration of radioligand and K,y and
K, are the dissociation constants of the radioligand for the
high and low affinity sites, respectively. These corrections rely
heavily on the accuracy of the estimates of the two dissociation
constants. Therefore, the simultaneous analysis should be car-

fH=

ried out in the same tissue under the same conditions to attain
the most reliable results.

Because the sensitivity of this method is superior to that of
traditional methods of analysis, it is likely that other radioli-
gands, previously thought to be nonselective, will be shown to
be selective when analyzed by this method. Indeed, this method
has been used to demonstrate that '*I-iodocyanopindolol, '*’I-
iodohydroxybenzylpindolol, and *H-dihydroalprenolol are all
slightly selective for 8,-adrenergic receptors (28). Furthermore,
this method is not limited to characterization of the interaction
of a radioligand with the subtypes of a single receptor. It can
also be used to quantitate the interaction of a radioligand with
different receptors or binding sites. For example, this approach
has been used to determine the affinities of dopamine and
serotonin receptors that coexist in striatal tissue for *H-spiro-
peridol.! Given the widespread use of indirect binding assays
to quantitate multiple receptor subtypes in mixed tissues, this
method should be routinely used to quantitate the selectivity
of the radioligands used in these assays.
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