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Chapter 3

Radioligand Binding at Muscarinic Receptors

Esam E. El-Fakahany and Jan Jakubik

Abstract

Five subtypes of muscarinic acetylcholine receptors denoted M1 through M5 have been cloned. Muscarinic 
receptors mediate a wide array of physiological functions and impairment of muscarinic signaling is 
involved in numerous pathological conditions including Alzheimer’s disease and schizophrenia. Reliable 
radioligand binding techniques allow study of involvement of individual muscarinic receptor subtypes in 
the physiology and pathology of muscarinic signaling, and study of the structure of muscarinic receptors 
and structure-activation relationship of muscarinic ligands. Here we discuss the current state of knowledge 
of radioligand binding experiments at muscarinic receptors from the perspective of available radioligands 
and selective unlabeled muscarinic ligands. We relate binding properties of muscarinic ligands to experi-
mental design (e.g., nonspecific binding determination, incubation conditions, buffers, temperature). We 
also list tissue/cell sources of muscarinic receptors suitable for radioligand binding studies and describe 
procedures of cell and tissue preparation for radioligand binding experiments. We also describe several 
techniques of receptor-bound ligand separation applicable at muscarinic receptors and provide basic infor-
mation for binding data analysis.
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1  Historical Background

Radioligand binding methods are a cornerstone of receptor phar-
macology, taking muscarinic acetylcholine receptors as an example. 
The main principle of the method is to allow a radiolabeled com-
pound specific to a given receptor to incubate with a biological 
sample enriched with that receptor, and then separate the bound 
and free radioligand. Many radiolabeled muscarinic ligands with 
high affinity and specific activity are currently available. Development 
of reliable radioligand binding technique at muscarinic receptors 
cleared the way for identification, purification, and subsequent 
sequencing of the first muscarinic receptor [1] that enabled ensuing 
cloning of five subtypes of muscarinic receptors (M1 through M5) 
[2] that revolutionized the field of research of muscarinic receptor 
pharmacology. Furthermore, radioligand binding played a key role 
in identifying the orthosteric ligand-binding site that is located in a 
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pocket formed by transmembrane helices [3, 4], receptor subtype-
specific ligands, allosteric modulators, and structure-activation rela-
tionship. Radioligand binding may also be employed in sophisticated 
experiments to study kinetics of drug-receptor interactions or in a 
combination with site-directed mutagenesis to determine the role 
of specific residues and domains in ligand binding. Similar to other 
receptor targets, radioligand binding studies at muscarinic receptors 
are simple and if performed correctly are very sensitive and highly 
accurate.

2  Principles of Ligand Binding

Interaction of a small molecule (ligand) with a protein (receptor) is 
mediated by four chemical forces: electrostatic force, hydrogen 
bonding, van der Waals interactions, and hydrophobic bonds. 
Electrostatic force mediates attraction between opposed charged 
groups or repulsion between similarly charged groups that is pro-
portional to the net sum of charges and inversely proportional to 
the square of distance between charges (as described by Coulomb’s 
law). van der Waals interactions are attractive and repulsive forces 
between dipoles approximated by Lennard-Jones function that has 
its minimum (strongest attraction) at certain distance of the com-
ponents. A hydrogen bond is a special case of the electrostatic 
attractive interaction between polar molecules, in which hydrogen 
is bound to a highly electronegative atom like nitrogen or oxygen. 
A hydrogen bond is weaker than electrostatic force but stronger 
than a van der Waals interaction. Hydrophobic bonds are entropy-
driven interactions between nonpolar groups to avoid interaction 
with polar groups, mainly water. Hydrophobic bonds are stronger 
than van der Waals interaction. Because these forces vary in their 
strength and dependence on the distance between components, 
the combination of all these forces directs the positioning of a 
ligand on the receptor-binding site with minimal free energy. 
A measure of attraction of the ligand to the binding site is termed 
affinity. Thermodynamic movement does not allow ligands to sit 
still in the binding site and makes them associate and dissociate 
from the receptor, even at equilibrium. Thus, the probability with 
which a ligand is bound to (stays at) the binding site of a receptor 
is given by ligand concentration, temperature, and strengths of 
interactions. Dependence of the ligand binding on its concentra-
tion (Fig. 1 black curve) is defined by Langmuir isotherm:

	
binding

L
L D

=
[ ]

[ ] +K 	
(1)

where square brackets designate concentration and KD is the equi-
librium dissociation constant that is equal to concentration at which 

2.1  Ligand Binding 
Definition

Esam E. El-Fakahany and Jan Jakubik



39

the binding site is occupied with 50  % probability (for [L] = KD 
expression is equal to 1/2 while for [L] ≫ KD it limits to 1).

The aim of binding experiments is to quantify ligand binding to the 
receptor under given conditions. Labeling the ligand with a radioac-
tive isotope allows easy and sensitive quantification of binding and 
(unlike fluorescent labeling) does not interfere with ligand binding. 
High specific radioactivity is required, so ligand binding translates to 
high signal. Low nonspecific binding is required for high signal-to-
noise ratio. Finally, a good radioligand should have high affinity for 
the receptor to prevent ligand dissociation from the receptor during 
the separation of free and bound radioligand. High affinity also 
affords the use of low concentrations of expensive radioligands.

Ligand binding to a receptor is a dynamic process of attraction 
mediated by chemical forces and disruption of binding by thermal 
movement of molecules. As a result a ligand incessantly associates 
with and dissociates from the receptor with time. Ligand (L) bind-
ing to the receptor (R) and formation of ligand-receptor com-
plexes (LR) can be described as a reversible bimolecular reaction:

	
L R LR

On

Off

+ 

k

k

	
(Schema 1)

2.2  Radioligands

2.3  Ligand-Specific 
Binding

Fig. 1 Radioligand binding. Lines represent hypothetical radioligand binding (blue 
curve) that consists of saturable specific binding (black curve) defined by the 
binding isotherm and nonspecific binding (red line) that is linearly proportional to 
radioligand concentration and is non-saturable

Radioligand Binding at Muscarinic Receptors
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where kOn is the association rate constant and kOff is the dissociation 
rate constant. The observed rate of association is directly propor-
tional to the concentration of receptor, ligand, and kOn. While the 
rate of dissociation of a ligand from the receptor (kOff) is only a 
property of the affinity of binding, the amount of remaining ligand-
receptor complex at any moment is dependent on the starting 
amount of the complexes prior to the onset of dissociation. Thus, 
for any given moment the magnitude of change of the concentra-
tion of the ligand-receptor complex is given by the difference 
between formation and decay of ligand-receptor complexes:

	

d LR
d

L R LROn Off

[ ]
= ´[ ]´[ ] - ´[ ]

t
k k

	
(2)

Under binding equilibrium the change in LR is nil and formation 
of LR happens at the same rate as its decay:

	 k kOn OffL R LR´[ ]´[ ] = ´[ ] 	 (3)

The ratio of kOn and kOff defines ligand affinity. Affinity (also known 
as equilibrium association constant) is a measure of attraction 
between ligand and receptor and thus is directly proportional to 
kOn and inversely proportional to kOff. Equilibrium dissociation 
constant KD is the reciprocal value of equilibrium association con-
stant and defines the ligand concentration necessary to occupy 
50 % of receptors (see Eq. (1)). Restating Eq. (3) gives KD as
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(4)

At any time the total number of receptors [RT] is the sum of free 
receptors and receptors in complex with the ligand:

	 R R LRT[ ] = [ ] + [ ] 	 (5a)

or

	 R R LRT[ ] = [ ] - [ ] 	 (5b)

Substitution of R in Eq. (4) according Eq. (5b) gives Eq. (6a):
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or
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or
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and finally
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D
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(6e)

that is actually Eq. (1) of specific binding related to concentration 
(or number) of binding sites RT.

Apart from the specific binding site on the receptor a ligand may 
also bind to other sites on the biological sample by nonspecific 
interaction that is by orders of magnitude weaker than specific 
binding. Nonspecific binding is linearly proportional to ligand 
concentration and in principle has infinite binding capacity (non-
saturable) (Fig. 1, red curve). Nonspecific binding is not only given 
by chemical properties of the radioligand but also by arrangement 
of the experiment (e.g., sample washing, removal of tissue compo-
nents that do not express the receptor). The magnitude of nonspe-
cific binding is determined in the presence of excess of a highly 
specific non-labeled ligand sufficient to fully occupy the receptor. 
For example 1 μM atropine is commonly used for determination of 
nonspecific binding of muscarinic ligands. Higher concentrations 
should be avoided as it may slow down tracer dissociation [5] and 
so lead to overestimation of nonspecific binding. A ligand from the 
same pharmacological class but different from the radiolabeled 
ligand is preferred. A non-labeled ligand of the same chemical 
structure may bind to the same nonspecific sites and protect them 
from tracer binding so that these nonspecific binding sites are erro-
neously counted as specific binding sites. Ideally, several different 
unlabeled competitors should all yield statistically indistinguishable 
estimates of nonspecific binding. The ratio of nonspecific to spe-
cific binding should be as low as possible (less then 1 % of total 
added radioactivity to the sample and less than 10 % of total bind-
ing in case of muscarinic receptors). Washing is the least accurate 
step in the radioligand binding assay. Since nonspecific binding is 
affected by washing, variations in washing lead to variations in 
nonspecific binding. Thus, nonspecific binding should be deter-
mined in each filtration.

2.4  Ligand 
Nonspecific Binding
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3  Radioligand Binding Experiments at a Glance

A radioligand binding experiment consists of these steps: (1) prep-
aration of samples from tissues, cell cultures, or cell lines; (2) incu-
bation of samples with radioligand; (3) separation of free radioligand 
from the bound one; (4) scintillation counting to determine radio-
activity of individual samples; and (5) data analysis. Therefore, two 
pieces of specialized devices (besides common laboratory equip-
ment) are needed to conceive radioligand binding experiments: 
first, an apparatus for separation of free and bound radioligand for 
which purpose cell harvesters are most commonly used; second, a 
scintillation counter compatible with the format of apparatus used 
for separation of free and bound radioligand. For example, a scin-
tillation counter that can read filtration plates is needed when fil-
tration plates are used in the cell harvester.

4  Available Radioligands

Nowadays available muscarinic radioligands cover almost all exper-
imenter needs. Available radioligands include both reversible 
antagonists and agonists as well as covalent ligands, antagonists 
with fast as well as slow kinetics, and antagonists selective to M1, 
M2, and M3 subtypes. A list of common muscarinic radioligands is 
shown in Table 1. Their structures and chemical names are depicted 
in Fig. 2.

Muscarinic receptor antagonists are preferred over agonists as trac-
ers because of their higher affinity (Table 1). The most commonly 
used tracers are N-methylscopolamine (NMS) and quinuclidinyl 
benzilate (QNB). NMS exhibits slightly lower affinity at M2 and 
M5 receptor subtypes (Table  1). Tritiated NMS is commercially 
available at high specific radioactivity (80 Ci/mmol). The half-life 
of ligand-receptor complex is around 15 min at M1, M3, and M4 
receptors, 3 min at the M2 receptor, and 53 min at the M5 receptor 
[6]. Combined with a rather fast rate of association, NMS is suit-
able for most common radioligand binding studies. Half-life of the 
complexes is short enough to reach equilibrium and slow enough 
for ligand separation by simple filtration. The advantage of QNB 
over NMS is its higher affinity and lower nonspecific binding 
(mainly to glass-fiber filters thanks to the absence of the positive 
charge). However, commercially available tritiated QNB has lower 
specific radioactivity (50 Ci/mmol). Moreover, QNB has extremely 
slow kinetics. Half-life of QNB in complex with muscarinic recep-
tors is around 100 min, at M5 receptors even 180 min [6]. Slow 
kinetics of QNB may be problematic when attaining the equilibrium 
quickly is needed but may be of advantage when samples are 

4.1  Antagonist 
Radioligands
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washed from free radioligand (e.g., washing tissues for radioimag-
ing) or ligand separation is slow (e.g., gel filtration, see Protocol 
F). Finally, the lipophilic nature of QNB results in its uptake into 
cells, which causes significantly high levels of nonspecific binding 
in intact cell studies. Pirenzepine is M1-selective antagonist 
(Table 1) that is commonly used for selective labeling of M1 recep-
tors in samples with mixture of receptor subtypes. The use of other 
selective as well as nonselective radiolabeled antagonists has been 
reported; however, they have in general lower affinity than NMS 
(Table 1) and thus are less suitable for routine radioligand binding 
experiments.

There are two commercially available tritiated muscarinic agonists, 
the nonselective acetylcholine and the M2 preferring oxotremo-
rine. In general, muscarinic agonists are not good tracers because 

4.2  Agonist 
Radioligands

Table 1 
List of common muscarinic radioligands

Ligand Type

KD (nM)

M1 M2 M3 M4 M5

4-DAMPa Antagonist 0.58 3.8 0.52 1.2 1.0

Acetylcholineb Agonist 23–30 21–26 19–24 18–23 19–23

ACM Agonist Covalent binding

Atropinec Antagonist 1.35 1.48

NMPBd Antagonist 2.29

NMQNBe Antagonist 0.13 0.45 0.65

NMSa Antagonist 0.08–0.15 0.2–0.4 0.15–0.2 0.05–0.1 0.5–0.7

Oxotremorinef Agonist 900 70 390 220 510

PBCM Antagonist Covalent binding

Pirenzepinea Antagonist 0.003–0.015 400–10,000 200–2500 25–1200 125–630

QNBa Antagonist 0.015–0.060 0.02–0.05 0.03–0.09 0.02–0.08 0.02–0.06

4-DAMP 4-diphenylacetoxy-N-methylpiperidine, ACM acetylcholine mustard (N-2-chloroethyl-N-methyl-2-
acetoxyethylamine), NMPB N-methylpiperidyl benzilate, NMQNB N-methylquinuclidinebenzilate, NMS 
N-methylscopolamine, PBCM propylbenzilylcholine mustard (2-[2-chloroethyl(propyl)amino]ethyl 2-hydroxy-2,2-
diphenylacetate), QNB quinuclidinylbenzilate
Source:
aAlexander et al. [32]
bJakubik et al. [8]
cMelchiorre et al. [33]
dHejnová et al. [34]
eVisser et al. [35]
fDallanoce et al. [36]
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of their low affinity (Table 1). Moreover, only receptors in high-
affinity states (receptors in complexes with GDP-free G-protein) 
[7] can be detected by radiolabeled agonists. Thus agonists as trac-
ers are employed only when specific effects on agonist binding 
have to be determined [8]. The use of acetylcholine as a tracer at 
muscarinic receptors is limited by several factors. First, acetylcho-
line binds both to muscarinic and nicotinic types of acetylcholine 

Fig. 2 Structures of muscarinic radioligands. Structures of radiolabeled muscarinic agonists and antagonists
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receptors. Second, acetylcholine is readily cleaved by cholinester-
ases (acetylcholinesterase and butylcholinesterase) that are omni-
present in animal tissues either in a free form in body fluids or 
anchored to plasma membranes [9]. To use acetylcholine as a 
tracer samples has to be devoid of cholinesterases (e.g., membrane 
preparations of non-neural cell lines) or activity of cholinesterases 
has to be blocked by specific inhibitors. However, many of acetyl-
cholinesterase inhibitors are allosteric modulators of muscarinic 
receptors [10] and affect binding of muscarinic ligands. Moreover, 
the ester bond of acetylcholine is not chemically stable and acetyl-
choline decays spontaneously in aqueous solution to acetate and 
choline. Commercially available tritiated acetylcholine is radiola-
beled either at acetate or choline group. It is easier (and cheaper) 
to label acetylcholine to high specific radioactivity at the choline 
group. However, acetylcholine labeled in this manner has high 
nonspecific binding due to traces of labeled choline from acetyl-
choline chemical decay that is hard to wash from nonspecific sites 
due to its positive charge. In contrast, radiolabeling of acetylcho-
line at the acetate group gives low nonspecific binding. Carbachol 
may be considered as an alternative to acetylcholine. It is similar to 
acetylcholine in structure, has similar affinity, and is resistant to 
cholinesterases. Unfortunately, radiolabeled carbachol is not com-
mercially available. Unlike acetylcholine oxotremorine is chemi-
cally stable, is not a substrate for cholinesterases, and is specific for 
the muscarinic type of acetylcholine receptors. However, oxotrem-
orine has much lower affinity than acetylcholine (Table 1).

Two radiolabeled ligands, the agonist acetylcholine mustard 
(ACM) [4] and the antagonist propylbenzilyl choline mustard 
(PBCM) [3], form covalent bonds with muscarinic receptors. The 
advantage of covalently bound, practically irreversible tracers is 
that binding withstands long-lasting sample manipulation (like 
receptor isolation, electrophoresis, or immunoprecipitation) with-
out ligand dissociation. The disadvantage of these tracers is that 
their nonspecific reactivity (binding) cannot be prevented by 
reversible antagonists (irreversible ligand always wins over revers-
ible one in competition for binding) nor removed by washing 
(because tracer is bound irreversibly). Thus these tracers are suit-
able only for at least partly purified receptors.

5  Source of Muscarinic Receptors

Muscarinic receptors are expressed throughout the body at the 
central nervous system, peripheral neurons, as well as target tissues 
innervated by cholinergic neurons (primarily parasympathetic neu-
rons) [11] (Table 2). Almost all tissues express a mixture of sub-
types of muscarinic receptors; for example smooth muscles express 

4.3  Irreversible 
Radioligands

5.1  Tissues
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M2 and M3 receptors, and lungs express M2 and M4 receptors. 
Natural expression of M5 receptor is limited only to certain parts of 
brain like the ventral tegmental area and substantia nigra [12, 13]. 
Muscarinic receptors were also reported in non-neuronal non-
innervated cells like lymphocytes [14]. Tissues may serve as a 
source of membranes or purified receptors (Sections 5.3 and 5.4) 
or used in binding experiments in whole, as slices, dissipated cells, 
or tissue culture.

Besides expressing a mixture of muscarinic receptors another draw-
back of animal tissues as a source of muscarinic receptors is the 
relatively low density of receptor expression (less than 1 pmol of 
binding sites per mg of membrane proteins). Since cloning of all 
five subtypes of muscarinic receptors CHO cell lines stably express-
ing individual subtypes of muscarinic receptors in high density 
have become available and widely used [15]. Although muscarinic 
receptors were detected in naive CHO-K1 cells by highly sensitive 
second messenger assays [16] they cannot be detected in binding 
studies. Thus CHO cell lines are a widely used source of individual 
subtypes of muscarinic receptors in radioligand binding studies. 
Currently CHO cells stably expressing individual subtypes are 
available also from commercial sources (e.g., Perkin Elmer; 
Missouri S&T cDNA Resource Center). Muscarinic receptors are 
also routinely transiently expressed in COS-7 or HEK-293 cell 
lines [17, 18]. Since these cells have to be prepared anew for each 
binding experiment, stable transfection is usually used for studies 
of native receptors. Transiently transfected cells become quite 

5.2  Cell Lines

Table 2 
Mammalian tissues with significant expression of muscarinic receptors

Subtype Location Reference

M1 Cortex, hippocampus, striatum, salivary glands Levey [37]

Lymphocytes Kawashima and Fujii [14]

M2 Brainstem, cerebellum, thalamus, heart, ileum, lung Levey [37]

Smooth muscles Caulfield [38]

M3 Salivary glands Levey [37]

Smooth muscles Caulfield [38]

Hypothalamus Gautam et al. [39]

Hippocampus Poulin et al. [40]

M4 Striatum, lung Levey [37]

M5 Ventral tegmental area, substantia nigra Eglen and Nahorski [12]
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useful for studying the binding characteristics of a large number of 
engineered receptor constructs, e.g., in receptor mutagenesis 
studies.

The use of membranes instead of whole tissue or cells in binding 
experiments facilitates separation of bound and free radioligand 
and eliminates nonspecific binding to tissues and cellular compo-
nents that do not express the receptor. The use of membranes 
rather than intact cells removes GTP that uncouples the receptor 
from G proteins. This increases agonist affinity and enables the use 
of radiolabeled agonist. Protocols A and B yield a mixture of plasma 
membranes, light membrane vesicles, and mitochondria, and are a 
practical compromise between purity of sample and receptor yield. 
Membrane preparation according to Protocol A results in 10–30 % 
of high-affinity sites for agonists (receptors in complex with GDP-
free G-protein). Protocol B is modification of Protocol A that facil-
itates GDP dissociation [19] and subsequent formation of 
high-affinity complexes of receptor. This makes membranes suit-
able for experiments with radiolabeled agonists.

Isolation of purified muscarinic receptors may be desired for spe-
cific purposes (like determination of effects of membrane or mem-
brane composition on receptor binding properties). Preparation of 
purified muscarinic receptors is described in Protocol C. It should 
be noted that a source with high expression density of muscarinic 
receptors like transfected Sf9 cells [20] has to be used. Purified 
receptors can be reconstituted in artificial lipid vesicles [21]. 
Protocol D describes reconstitution of purified receptors into arti-
ficial vesicles with a simplified composition of common membranes 
(cholesteryl hemisuccinate:phosphatidyl choline:phosphatidyl ino-
sitol, 4:48:48) that can be varied as desired [22] and optionally 
purified G-proteins may be added [23].

Protocol A: Preparation of membranes for general use

	 1.	Put tissue or cells of your choice in ice-cold homogenization 
medium (e.g., 100 mM NaCl, 10 mM EDTA, 20 mM HEPES 
buffer pH = 7.4). Keep on ice during steps 1 and 2. Homogenization 
medium should contain EDTA to stop calcium-dependent prote-
ases. Protease inhibitors should be used with caution as they may 
modify muscarinic receptors and affect their binding properties 
[24, 25]. Homogenization medium should have more or less nor-
mal ionic strength for steps 3 and 4 to work. If for any reason low 
ionic strength medium has to be used centrifugal force and dura-
tion of centrifugation in steps 3 and 4 need to be increased and 
extended because low ionic strength improves membrane disper-
sion that results in increased membrane flotation and thus 
greater centrifugal forces and longer times are needed to sedi-
ment the membranes.

5.3  Membranes

5.4  Purified 
Receptors
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	 2.	Homogenize the sample by the method of your choice (e.g., in 
Ultra-Turrax homogenizer by two 30-s strokes with 30-s pause 
between strokes) while cooling them on ice.

	 3.	To remove unbroken cells, cell nuclei, cytoskeleton, and extracel-
lular matrix proteins spin down the samples at 1000 × g for 5 min 
and take the supernatant for the next step. During preparation 
of certain tissues rich in lipids (like brain cortex) the lipid foam 
that forms on top of the water phase needs to be discarded.

	 4.	To remove the cytosolic fraction spin down the supernatant from 
step 3 at 30,000 × g for 30 min. Remove the supernatant and dis-
solve pellet in incubation medium (e.g., 100 mM NaCl, 10 mM 
MgCl2, 20 mM HEPES buffer pH = 7.4).

	 5.	Leave samples for 30 min at 4 °C.
	 6.	Spin down samples at 30,000 × g for 30  min and discard 

supernatant.
	 7.	Pellets may be stored for limited time (couple of months) frozen at 

−20 °C or below.

Protocol B: Preparation of membranes for experiments with radiola-
beled agonists

Steps 1–3 are the same as in Protocol A.

	 4.	To remove the cytosolic fraction spin down supernatant from step 
3 at 30,000 × g for 30 min. Remove supernatant and dissolve pel-
let in 1 M ammonium sulfate.

	 5.	Allow samples to denature for 3 h at 4 °C.
	 6.	Spin down samples at 60,000 × g for 60 min, discard superna-

tant, and dissolve pellet in incubation medium containing 20 % 
glycerol.

	 7.	Leave samples for 1 h at 4 °C to renaturate.
	 8.	Spin down samples at 60,000 × g for 60 min, discard superna-

tant, and dissolve pellet in incubation medium.
Continue with steps 5–7 from Protocol A.

Protocol C: Preparation of purified muscarinic receptors

	 1.	Harvest Sf9 cells by centrifugation at 1500 × g for 10 min.
	 2.	Prepare crude membranes according to steps 1–4 of Protocol A.
	 3.	Dilute crude membranes in 20  mM HEPES buffer pH = 7.4, 

5 mM imidazole, 1 mM EDTA, 1 % digitonin, and 0.1 % sodium 
cholate to a protein concentration of 1 mg/ml.

	 4.	Incubate stirred for 1 h at 4 °C.
	 5.	Centrifuge at 100,000 × g for 90 min at 4 °C and take the super-

natant fraction.
	 6.	Apply 1  l of supernatant fraction from step 5 to ABT-agarose 

[26] column (300 ml) at 4 °C at a flow rate of 70 ml/h.
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	 7.	Wash the column with 15  l of washing medium (0.2 M NaCl, 
20 mM potassium phosphate buffer (pH 7.0), 0.1 % digitonin).

	 8.	Connect hydroxyapatite column (1 ml) to the outflow of ABT-
agarose column.

	 9.	Apply 700 ml of the washing medium supplemented with 0.1 mM 
carbachol (to dissociate receptors from affinity column) to the 
ABT-agarose column at the same rate as above (carbachol is pre-
ferred over atropine in this step for easier removal in step 11).

	10.	Disconnect hydroxyapatite column from ABT-agarose column 
and elute purified receptors with 0.5 M potassium phosphate buf-
fer (pH = 7.0) containing 0.1 % digitonin.

	11.	Prior to performing the radioligand binding experiment remove 
bound carbachol by 50-fold dilution in 0.5 M potassium phosphate 
buffer (pH = 7.0) containing 0.1 % digitonin. Allow carbachol dis-
sociate for 1 h at 4 °C and then concentrate receptors by centrifuga-
tion through Centricon-30 membranes (Amicon Co., Ltd.).

Protocol D: Reconstitution of receptors into artificial vesicles

Steps 10 and 11 are optional.

	 1.	Prepare 4 mg of lipids by combining 16 μl of cholesteryl hemisuc-
cinate (10  mg/ml in methanol), 48 μl of phosphatidyl choline 
(20  mg/ml in chloroform), and 48  μl of phosphatidyl inositol 
(20 mg/ml in chloroform) in glass tube.

	 2.	Form lipid film on the wall of tube by evaporation with N2.
	 3.	Add 1 ml of solution A (100 mM NaCl, 1 mM ETDA, 20 mM 

HEPES pH = 7.4) supplemented with 1 % sodium cholate.
	 4.	Sonicate on ice for 20 min.
	 5.	Combine 66 μl of receptors (300 pmol/ml), 32 μl of solution A, 

and 100 μl of lipid vesicles from step 4. Vortex vigorously and 
leave on ice for 30 min.

	 6.	Wash 2 ml Sephadex G-50 fine-grade columns with 5 ml of solu-
tion A.

	 7.	Apply mixture from step 5 to Sephadex G-50 column.
	 8.	Wash column three times with 0.2 ml of solution A.
	 9.	Add 0.4 ml of solution A and collect.
	10.	Mix 0.2 ml of receptor vesicles (~10 pmol of receptors) from step 9 

with 28  μl of G-proteins (~50  pmol), 1.25  μl of 2  M MgCl2, 
1.25 μl of 1 M dithiothreitol, and 19.5 μl of solution A and vortex 
vigorously.

	11.	Leave on ice for 60 min.
	12.	Dilute with 5 volumes of solution A and use 50 μl per sample in 

binding assay.

Radioligand Binding at Muscarinic Receptors
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6  Incubation Conditions

Many types of buffers may be used for radioligand binding experi-
ments. However, it should be noted that buffer composition influ-
ences ligand affinity. Low concentrations of sodium (low ionic 
strength in general) lead to higher affinity and slower dissociation 
of the tracer [27]. This is desired in experiments with tracers with 
low affinity and fast dissociation like agonists. Agonists bind to 
complexes of receptor and GDP-free G-protein. Formation of 
these complexes is conditioned by the presence of magnesium ions 
[23]. For routine measurements on membranes thus simple buffer 
consisting of 100 mM NaCl, 5 mM MgCl2, and 20 mM HEPES 
buffer pH = 7.4 is suitable for a wide range of tracers. For binding 
experiments on whole cells iso-osmotic buffer (like Krebs-HEPES 
buffer: 138 mM NaCl, 4 mM KCl, 1.3 mM CaCl2, 1 mM MgCl2, 
1.2  mM NaH2PO4, 10  mM glucose, 20  mM HEPES pH = 7.4; 
340 mOsm/l) has to be used. An advantage of Krebs-HEPES buf-
fer is that many functional assays like accumulation of inositol 
phosphates, inhibition of cAMP synthesis, or microfluorometric 
determination of intracellular calcium can be conducted in it. This 
allows the comparison of ligand affinity in binding and functional 
studies under similar conditions [28].

Another consideration is the addition of chelating agents for 
their beneficial effects. Chelating agents may inhibit possible con-
tamination with proteases. Chelating agents in combination with 
low ionic strength promote membrane dispersion and thus improve 
handling properties of membrane preparations. On the other hand 
chelating agents significantly perturb ligand interactions by remov-
ing multivalent ions. As stated above magnesium ions are essential 
for agonist high-affinity binding.

For radioactivity of the sample to be counted accurately it should 
be about 1000 cpm (about 2000 dpm for tritiated ligands on the 
assumption of 50 % efficiency of counting). Typical specific radio-
activity of tritiated commercial grade muscarinic radioligand is 
160 dpm/fmol that translates to 12.5 fmol radioligand occupied 
sites per sample to achieve 2000 dpm of specific binding. The best 
ratio of specific to nonspecific binding is observed around ligand 
KD. When radioligand in concentration equal to KD is used 50 % of 
binding sites are occupied by radioligand. Thus 25 fmol of recep-
tors per sample is needed to get 2000 dpm of specific binding. 
Membranes prepared according to Protocol A from CHO cells sta-
bly expressing muscarinic receptors usually have 1–10  fmol of 
receptors per microgram of proteins; thus 10–20 μg of protein per 
sample is generally used. However, agonists bind with high affinity 
only to receptors in complex with GDP-free G-protein that repre-
sent only a fraction of total receptors. Thus, up to five times more 

6.1  Buffers

6.2  Sample Size
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membranes are needed in comparison to antagonist binding. The 
capacity limit of filtration on 96-well plates (filter diameter 5 mm) 
is 100 μg of protein per sample. This means that only membranes 
from high-expression systems like cell lines or brain cortex 
(0.5  fmol/μg of protein) can be used in this compact and eco-
nomic assay. Tissue homogenates or preparations from low-
expressing systems (0.1  fmol/μg of protein or lower) like lung 
[29] have to be filtered through filters with higher capacity like 
24-tube cell harvester (filter diameter 15  mm) which maximum 
capacity is about 1 mg of proteins.

Incubation volume is determined by the method of separation of 
bound and free radioligand. In separation on gel filter the incuba-
tion volume is equal to the loading volume, which is dependent on 
the volume of the column (e.g., for 2 ml G-50 Sephadex column 
50  μl of loading volume is required). In scintillation proximity 
assay the incubation volume is only limited by the size of well or 
tube. In separation on filters the incubation volume is related to 
the size of the filter. Larger filters require larger washing volumes 
and thus larger incubation volumes. The larger the area of the fil-
ter, the higher the capacity and more membranes, cells, or tissue 
can be and should be used. Large filters (like in 24-tube Brandel 
cell harvester) are thus suitable for preparations with low receptor 
density, and therefore require a large amount of biological sample, 
e.g., non-neural tissues. For 24-tube filtration (filter diameter 
15 mm) the optimal incubation volume is about 3 ml; for 96-well 
filtration (filter diameter 5 mm) the optimal incubation volume is 
about 0.4 ml.

Another aspect that influences the size of incubation volume is 
the combination of tracer amount, tracer affinity, and number of 
binding sites in the sample. If the amount of the tracer in relation 
to the tracer affinity and the number of binding sites is low a sub-
stantial part (>10 %) of the tracer is bound to the receptors. Such 
conditions are termed tracer depletion and may happen usually in 
saturation binding experiments. Tracer depletion complicates data 
analysis because the free tracer concentration is significantly lower 
than that inferred from the amount of added tracer (radioactivity) 
and final incubation volume. The incubation volume should be 
increased if it is estimated that there is a risk of tracer depletion. 
For such cases 1.2 ml 96-well plates are available. When the incu-
bation volume of samples intended for gel filtration is increased the 
volume of the gel column has to be proportionally increased. On 
the other hand when tracers with low affinity (like agonists) are 
used the incubation volume can be reduced to save expensive 
radioligand. However, in a 96-well plate Brandel cell harvester 
samples with volume smaller than 0.2 ml are difficult to apply and 
wash reliably. In case of gel filtration a smaller incubation volume 

6.3  Incubation 
Volume
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can be diluted with ice-cold buffer to the desired volume and 
applied to the gel column of the standard size.

As explained above in Section 2 temperature affects ligand bind-
ing. An increase in temperature potentiates thermal movement of 
molecules including the receptor and the ligand but the strength 
of intermolecular forces remains the same. Temperature depen-
dence of the affinity constant KA and equilibrium dissociation con-
stant KD is described by the Van’t Hoff equation:
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where ΔG is free binding energy, ΔH is enthalpy of binding, ΔS is 
entropy of binding, and R and T are gas constant and absolute 
temperature, respectively. Enthalpy contribution to equilibrium 
ligand binding is small. The major contribution to the thermody-
namics of ligand binding is change in entropy (mainly ligand desol-
vation on association with receptor). Temperature dependence of 
equilibrium constants is thus relatively small; however it is still 
about twofold change over 10 °C (the difference between room 
temperature and body temperature). An increase in temperature 
usually leads to a decrease in affinity unless hydrophobic effects 
(which strengthen with temperature) contribute to ligand binding 
substantially [30]. Thanks to relatively low temperature depen-
dence of equilibrium binding incubation temperature can be often 
chosen to be the same as in other types of assays in the conducted 
study (e.g., 37 °C as in study of functional response). For study of 
agonist binding 30  °C appears to be optimal as the fraction of 
high-affinity sites for agonists is at its maximum [31].

Temperature dependence of the association rate constant kOn is 
described by the Arrhenius equation:
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where kB and ħ are Boltzmann’s and Planck’s constants, respectively. 
Usually there is large enthalpic contribution to kinetics of ligand 
association with receptor that gives it large temperature sensitivity. 
Thus thermodynamics of ligand binding may be inferred by assess-
ing temperature dependence of the rate of association. For musca-
rinic ligands a 10 °C increase in temperature may lead to a tenfold 
increase in the rate of association. Thus, time of incubation of a 
radioligand with the receptor source in equilibrium binding studies 
must be increased if a lower temperature is employed. For tracers 
with fast kinetics like muscarinic agonists the very short time steps 
required to accurately determine the rate of association may be unat-
tainable by available technique and lowering incubation temperature 
to slow down the rate of association may be considered.

6.4  Temperature
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7  Radioligand Separation

As stated above separation of free radioligand from the bound one 
is the most crucial step of the procedure. Separation, on the one 
hand, must not disturb the formed ligand-receptor complex (has 
to be quick). On the other hand it has to be complete (since any 
remains of free radioligand counts as nonspecific binding). Thus 
optimization of separation step is about finding a balance between 
the duration of separation and intensity of washing.

The simplest method to separate free radioligand from the bound 
one is filtration through glass-fiber filters (Protocol E) where due 
to difference in the size membranes with bound radioligand are 
retained on the filter and free radioligand passes through it. Tracer 
nonspecific binding is reduced in the filtration assay by washing the 
filters. Nonspecific binding should be determined for each filtra-
tion as it may vary among filtrations due to variations in the process 
of washing (that is the step with lowest precision and main source 
of variation). Solubilized receptors and purified receptors reconsti-
tuted in artificial lipid vesicles are small enough to pass through 
glass-fiber filters. For radioligand separation either gel filtration 
(Protocol F) or scintillation proximity assay (Protocol G) can be 
used. Filtration times on gel filter are long; thus radioligands with 
slow dissociation (e.g., QNB) have to be used. Although filtration 
on gel filters can be expedited by centrifugation of gel columns it 
is not suitable for radioligands with fast kinetics like agonists and 
certain antagonists. In gel filtration free radioligand is trapped in 
the gel pores and receptors while bound radioligand is eluted in 
void volume. In scintillation proximity assays receptors with bound 
radioligand are coprecipitated with scintillation beads by antibod-
ies, so only bound radioligand is close enough to scintillation beads 
and scintillates.

Protocol E: Filtration through glass-fiber filters in a 96-well plate 
setup

	 1.	If the used radioligand has positive charge (e.g., NMS, NMQNB, 
acetylcholine) soak filters in 0.5 % solution of polyethylenimine to 
lower radioligand adsorption to filters.

	 2.	Place GF/C filter or filtration plate into Brandel filtration appa-
ratus and wash it with ice-cold deionized water to remove bubbles 
from tubing.

	 3.	Place incubation 96-well plate on Brandel filtration apparatus, 
harvest the samples, and immediately wash the samples with the 
ice-cold deionized water (QNB and NMQNB for 9  s, other 
antagonists for 6 s, agonists for 3 s).

	 4.	Let harvest vent open for at least 30 s to remove excess moisture 
from filter.

7.1  Radioligand 
Binding in Cell 
Membranes
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	 5.	Take filter or filter plate out of Brandel filtration apparatus and 
dry it in microwave oven at maximum power for 2 min.

	 6.	For glass-fiber filters, melt on Metltilex A solid scintillator for 90 s 
on 105 °C hot plate. For filtration plates, seal the bottom of the 
plate with transparent tape, add 50 μl of liquid scintillator to 
each well, and seal top of the plate with transparent tape.

Protocol F: Gel filtration

	 1.	Prepare 2 ml Sephadex G-50 fine-grade columns and wash them 
with 5 ml of washing solution (100 mM NaCl, 1 mM EDTA, 
20 mM HEPES buffer pH = 7.4, 0.05 % Lubrol PX).

	 2.	Add 0.2 ml of washing solution to samples (incubation volume 
50 μl) and apply to column immediately.

	 3.	Add 0.1 ml of washing solution to columns.
	 4.	Place 6 ml scintillation vials under the columns. Elute with 1 ml 

of washing solution.
	 5.	Add 4 ml of water-compatible scintillation cocktail (e.g., EcoLite, 

Rotiszint, OptiPhase) to scintillation vials.

Protocol G: Scintillation proximity assay

	 1.	If membranes were incubated solubilize them by the addition of 
20 μl of 10 % Nonidet P-40 and shake the samples for 20 min.

	 2.	Add 10 μl of rabbit polyclonal IgG antibody against muscarinic 
receptor in a final dilution of 1:5000 and incubate for 1 h.

	 3.	Dilute one batch of anti-rabbit IgG-coated scintillation beads in 
40 ml of incubation medium. Add 50 μl of the scintillation bead 
suspension to each sample and incubate for 3 h.

	 4.	Centrifuge samples for 15  min at 1000 × g and count samples 
using the scintillation proximity assay protocol. If the background 
radioactivity due to scintillation of free ligand is too high filter 
samples through GF/C filter plate according to Protocol E.

For separation of free and bound radioligand in case of the cells in 
suspension (e.g., Sf9 cells, detached CHO cells, dissociated tissues, 
or tissue cultures) filtration through glass-fiber filters with large 
pores (Whatman GF/A) according to Protocol D is the most 
straightforward approach. Alternatively cells may be centrifuged 
for 3 min at 250 × g. This method does not allow complete removal 
of the free radioligand and is therefore associated with high non-
specific binding. It is preferred for radioligands with very fast dis-
sociation that does not allow washing that is necessary in case of 
filtration.

Protocol H: Processing of attached cells grown on 24-well plate

	 1.	Remove cell culture media and wash the cells with 0.5  ml of 
Krebs-HEPES buffer (KHB; final concentrations in mM: NaCl 

7.2  Radioligand 
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138; KCl 4; CaCl2 1.3; MgCl2 1; NaH2PO4 1.2; Hepes 20; 
glucose 10; pH adjusted to 7.4).

	 2.	Incubate cells with radioligand in 0.5 ml (final volume) of KHB 
for 20 min (NMS) or 12 h (QNB).

	 3.	Remove incubation medium and quickly wash cells twice with 
0.5 ml of KHB removing it immediately.

	 4.	Dissolve cells in 0.4 ml of 1 M NaOH and shake the plate for 
15 min at room temperature.

	 5.	Pipet 0.2 ml aliquot to 4 ml scintillation vials and add 3 ml of 
water-compatible scintillation cocktail (e.g., EcoLite, Rotiszint, 
OptiPhase).

8  Experimental Arrangement

Arrangement of the binding experiment must conform to the specific 
parameters intended to be determined. In so-called kinetic experi-
ments time of incubation varies while other parameters remain con-
stant and the association rate constant kOn or dissociation rate constant 
kOff is determined. In so-called equilibrium experiments time of incu-
bation is constant and long enough to achieve binding equilibrium 
and the concentration of ligand is varied to determine the equilib-
rium dissociation constant KD and number of receptors RT.

Usually association experiments are performed first to determine 
the time needed to achieve equilibrium that is a prerequisite for 
dissociation and equilibrium binding experiments. In association 
experiments samples are incubated with a constant concentration 
of tracer for different periods of time and dependence of ligand 
binding on time is evaluated. Association is usually started by the 
addition of tracer to free receptor and terminated by tracer removal. 
When tracer is added to free receptors the concentration of ligand-
receptor complexes rises according to Eq. (9) that is the integral of 
Eq. (2) over time:

	
LR LREq

LOn Off[ ] = éë ùû ´ -( )- ´[ ]+( )´1 e k k t

	
(9)

[LREq] is the concentration of LR under equilibrium according to 
Eq. (6e). In association experiments the tracer both associates with 
and dissociates from the receptors. Thus neither kOn nor kOff can be 
determined. Instead the observed rate association constant kObs is 
calculated according Eq. (10):

	
LR LREq

Obs[ ] = éë ùû ´ -( )- ´1 e k t

	
(10)

Theoretical association curves are shown in Fig. 3. The association 
rate constant kOn is calculated after subtraction of kOff determined 

8.1  Measurement 
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Fig. 3 Theoretical association curves. Abscissa, time. Ordinate, tracer binding 
expressed as a fraction of total receptor RT. Upper graph: Relationship between 
the association rate constants kOn (indicated in legend as the ratio to equilibrium 
dissociation constant KD) on the association of L in a concentration equal to KD. 
When L is equal to KD equilibrium binding represents 50 % of total receptors 
regardless of the association rate. Increasing kOn accelerates association and 
equilibrium is achieved earlier. Lower graph: Effects of changing the concentra-
tion of L (indicated in legend as ratio to equilibrium dissociation constant KD) for 
ligand with kOn equal to 0.25 × KD. Increasing concentration of L both accelerates 
association and increases equilibrium binding
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in dissociation experiments and division by ligand concentration. 
Association of muscarinic antagonists is easy to measure as NMS 
reaches equilibrium within minutes and QNB in hours [5]. 
However, the logarithmic shape of the association curve dictates 
that the initial time intervals of measurement should be in the frac-
tions of minute for NMS. Kinetics of muscarinic agonists are much 
faster than kinetics of antagonists. Acetylcholine reaches equilib-
rium from within 1 (M5 receptors) to 3 min (M3 receptors) [8]. 
Thus time steps should be as short as possible. With the aid of 
pipetting robots the initial steps can be as short as 2 s. The associa-
tion rate is strongly dependent on the temperature, so lowering 
incubation temperature to slow down association may be consid-
ered. Due to the rushed nature of association experiments samples 
of nonspecific binding should be preincubated with unlabeled 
ligand to allow association with all specific sites. When atropine is 
used for determination of nonspecific binding 30-min preincuba-
tion is sufficient. Formation of nonspecific binding is instant and is 
not time dependent. Thus determination of nonspecific binding at 
a single time point is sufficient. In determination of nonspecific 
binding a non-labeled, chemically distinct, highly specific ligand is 
used at a receptor saturating concentration (e.g., 1 μM atropine). 
Much higher concentrations should not be used to avoid blockade 
of nonspecific binding sites. The latter appears as a fraction of 
binding sites with extremely fast rate of association.

In dissociation experiments samples are first preincubated with 
tracer. Equilibrium binding should be reached prior to initiation of 
dissociation. To safely reach equilibrium preincubation should last 
at least 5 min for acetylcholine, 20 min for NMS or atropine, and 
3 h for QNB or NMQNB. Dissociation of tracer can be achieved 
by one of the two ways: (1) by removal of the tracer and (2) by 
addition of the excess of unlabeled ligand that prevents tracer asso-
ciation. The unlabeled ligand used for detection of nonspecific 
binding should be of a different chemical nature not to protect 
nonspecific binding sites that would appear as extremely fast dis-
sociating sites. Tracer can be removed either by replacement of 
incubation medium with tracer-free medium (that is easily achiev-
able by centrifugation or suction in case of whole tissues, cells in 
suspension, attached cell lines, and the like) or by dilution of incu-
bation medium to lower tracer concentration substantially (at least 
100 times). Medium for replacement or dilution should have the 
same temperature as preincubation medium to prevent tempera-
ture effects on dissociation. When dissociation is initiated binding 
starts to decline according to Eq. (11) that is a modification of Eq. 
(9) for zero concentration of L:

	 LR LR Off[ ] = [ ]´ - ´
0 e k t

	 (11)
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where [LR0] is tracer binding in the start of dissociation and is 
equal to [LREq] in Eq. (10) and [LR] in Eq. (6e) if equilibrium was 
reached. As is apparent from Eq. (11) the rate of dissociation is 
independent from used concentration of the tracer.

Equilibrium dissociation constant KD and the number of binding 
sites in sample RT can be determined in saturation binding experi-
ment where samples are incubated with various concentrations of 
the tracer. Under equilibrium tracer-specific binding depends on 
tracer concentration according to Eq. (6e). It should be stressed 
that Eqs. (6a), (6b), (6c), (6d), and (6e) were derived on the 
assumption that the concentration of tracer is much higher than 
the concentration of receptors and thus there is no ligand deple-
tion. Therefore the concentration of free tracer is constant during 
the experiment. In practice this is not always true and free tracer 
concentration has to be calculated by subtraction of ligand binding 
from initial ligand concentration that is calculated as total radioac-
tivity added to the sample divided by specific radioactivity of the 
tracer. It should be noted that this simple correction does not work 
for large tracer depletion that takes place at concentrations of the 
radioligand significantly below its KD. In such case the incubation 
volume has to be increased. Theoretical curves of saturation bind-
ing are shown in Fig. 4.

Because tracer nonspecific binding also depends on the concen-
tration of the tracer it must be determined for each tracer concentra-
tion used and subtracted from total binding (Fig. 1). For KD and RT 
to be defined and reliably used the concentrations of tracer should 
be evenly distributed around KD. Using only high concentrations of 
the tracer leads to erroneous estimates of KD (usually underestima-
tion) and using only low concentrations of the tracer leads to erro-
neous estimates of RT (usually overestimation). Extremely low and 
high concentrations of the tracer (far from KD) should be avoided as 
the ratio of specific to nonspecific binding is unfavorable (Fig. 1). If 
only RT is of interest a single saturating (several times KD) concentra-
tion of the tracer can be used (e.g., 1 nM NMS) as at concentrations 
saturating for tracer variation in KD has small effect on tracer bind-
ing. However, equilibrium time and KD should be determined in 
preliminary experiment. In typical saturation experiment eight con-
centrations of NMS ranging from 58 pM to 1 nM (starting with 
1 nM and diluting it 3:2 in each step) are used.

As shown in Table 1 the number of available radiolabeled musca-
rinic ligands is limited. However, there are means to determine the 
binding affinity of non-labeled ligands. For this purpose the ability 
of a non-labeled ligand to compete for specific binding of a radio-
ligand and decrease tracer binding is utilized. In practice binding 
of the tracer at a fixed concentration is measured in the presence of 
various concentrations of the non-labeled ligand. If the binding of 
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Fig. 4 Theoretical saturation binding curves. Abscissa, concentration of free tracer. Ordinate, concentration of 
ligand-receptor complexes. Upper graph: Effects of tracer equilibrium dissociation constant KD (indicated in 
legend) on tracer binding for RT equal to 1. Lower graph: Effects of total receptor number RT (indicated in leg-
end) on binding of tracer with equilibrium dissociation constant KD equal to 1
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the non-labeled ligand X and tracer L is mutually exclusive then 
the amount of tracer-receptor complexes is given by Eq. (12) that 
is a combination of two equations (Eq. 6e) (one for tracer L and 
one for competitor X):
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where KX is the equilibrium dissociation constant of non-labeled 
ligand X. For practical purposes the tracer binding can be expressed 
as its fraction in the absence of X:
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where [LR0] is the tracer binding in the absence of X. Equation 
(13) can be further simplified for practical purposes by the intro-
duction of IC50 value that represents the concentration of X that 
decreases the tracer binding to 50 %:
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Equation (13) then becomes Eq. (15):

	

LR
LR

X
X IC

[ ]
[ ]

= -
[ ]

[ ] +0 50

1
	

(15)

Theoretical curves of competitive binding are shown in Fig.  5, 
upper graph. As can be inferred from Eq. (14) IC50 is dependent 
on the ratio of L to KD. As the KD is constant IC50 depends on the 
concentration of L. The higher the concentration of L the higher 
the IC50; in other words the bigger is the ratio of the IC50 and KX. 
Equation (14) dictates that the ratio of IC50 to KX is equal to the 
ratio of L to KD plus 1 (Fig. 5, lower graph). Nonlinearity of the 
dependence of IC50 on KX on the ratio of L to KD implies that the 
interaction between the tracer and non-labeled ligand is not com-
petitive, for example allosteric (see Chap. 6) or irreversible.

The application of competition binding study to determine 
equilibrium dissociation constant of non-labeled compound is 
obvious. Measurement of competition binding of tracer and non-
labeled ligand with preferential affinity at individual receptor sub-
types may also be applied to determine receptor subtypes and their 
proportion in analyzed sample [29]. A list of selective muscarinic 
ligands is shown in Table  3. Antagonists with varied degrees of 
selectivity are available for all receptor subtypes. However, no true 
binding selectivity was found in the case of muscarinic agonists.
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Fig. 5 Competition binding. Upper graph: Competition binding of tracer L and competitor X. Abscissa, logarithm 
of ratio of competitor concentration [X] to its equilibrium constant [KX]. Ordinate, tracer binding [LR] expressed 
as fraction of total receptors [RT]. Ratio of the tracer concentration [L] to its equilibrium dissociation constant 
KD is indicated in the legend. Circles are IC50 at individual binding curves. Increasing tracer concentration leads 
to higher binding in the absence of competitor and to increase in IC50. Lower graph: Dependence of IC50 on 
tracer concentration. IC50 values (circles) from upper graph are plotted against tracer concentration. Abscissa, 
ratio of tracer concentration [L] to its equilibrium dissociation constant KD. Ordinate, ratio of IC50 concentration 
to competitor dissociation constant KX. Dependence is linear with slope equal to 1 and constant equal to 1
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The specific radioactivity is the amount of radiolabeled mass in a 
sample expressed as Ci/mol or Bq/mol. The specific radioactivity 
is required to compute mass amounts (e.g., total receptor number 
RT in saturation binding) from radioactivity measures of the sam-
ple. Specific radioactivity of commercial radioligands is provided by 
the manufacturer. For radioligands synthesized in-house the spe-
cific radioactivity can be estimated by comparing the KD value 
obtained by a tracer saturation binding with the value from a 
homologous competition experiment in which the same non-
labeled ligand is used to displace the binding of the tracer. In satu-
ration binding the concentration of radioactivity [dpm/l] at KD is 
assessed according to Eq. (6e). Then in a homologous competition 
experiment the concentration of radioligand [mol/l] at KD is 
assessed according to Eq. (13). Specific radioactivity [in dpm/

8.5  Determination 
of Radioligand-
Specific Radioactivity

Table 3 
Selective and partially selective muscarinic antagonists

Selectivity M1 M2 M3 M4 M5

4-DAMP M3/M2 9.2 8.3 9.3 8.9 9.0

AFDX-116 M2, M4 6.2 6.7–7.3 6.1 7.0–8.7 5.3–5.6

AFDX-384 M2, M4 7.3–7.5 8.0–9.0 7.2–7.8 8.0–8.7 6.3

Darifenacin M3 8.3 7.3–7.6 9.1 8.1 8.6

Guanylpirenzepine M1 7.7 5.6 6.5 6.5 6.8

Himbacine M2, M4 7.1 7.9–8.4 6.9–7.2 7.9–8.2 5.4–6.5

MTX3 M4 7.1 <6 <6 8.7 <6

MTX7 M1 10.9 <5 <5 <5 <5

Pirenzepine M1 8.3 4.9–6.4 5.6–6.7 5.9–7.6 6.2–6.9

Tripitramine M2 8.8 9.6 7.1–7.4 7.8–8.2 7.3–7.5

VU0255035 M1 7.8 6.2 6.1 5.9 5.6

VU0488130a M5 <5 <5 <5 <5 6.5

Data adapted from Alexander et al. [32] unless otherwise indicated
Inhibition constants KI of muscarinic antagonists are expressed as negative logarithms
4-DAMP, 4-diphenylacetoxy-N-methylpiperidine; AFDX116 (otenzepad), 1-[2-[2-(diethylaminomethyl)piperidin-
1-yl]acetyl]-5H-pyrido[2,3-b][1,4]benozodiazepin-6-one; AFDX384, (±)-5,11-dihydro-11-([(2-[2-[dipropylamino)
methyl]-1-piperidinyl)ethyl)amino)carbonyl)-6H-pyrido[2,3-b](1,4)benzodiazepine-6-one; darifenacin, 2-[(3S)-1-[2-
(2,3-dihydro-1-benzofuran-5-yl)ethyl]pyrrolidin-3-yl]-2,2-diphenylacetamide; guanylpirenzepine, 4-[2-oxo-2-(6-oxo-
5H-pyrido[2,3-b][1,4]benzodiazepin-11-yl)ethyl]piperazine-1-carboximidamide; himbacine, (3S,3aR,4R,4aS,8aR,9aS)- 
4-[(E)-2-[(2S,6R)-1,6-dimethylpiperidin-2-yl]ethenyl]-3-methyl-3a,4,4a,5,6,7,8,8a,9,9a-decahydro-3H-benzo[f][2]
benzofuran-1-one; MTX3 and MTX7, the Eastern green mamba (Dendroaspis angusticeps) venom toxins (Liang et al. 
[41]; Fruchart-Gaillard et al. [42]; VU0255035, N-(3-oxo-3-(4-(pyridine-4-yl)piperazin-1-yl)propyl)-benzo[c][1,2,5]
thiadiazole-4 sulfonamide; VU0488130, 5-(3-acetylphenoxymethyl)-N-methyl-N-[(1S)-1-(pyridin-2-yl)ethyl]-1,2-oxazole- 
3-carboxamide
aGentry et al. [43]
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mol] is then calculated by division of radioactive concentration 
[dpm/l] by radioligand concentration [mol/l]. Figure 6 shows a 
typical saturation experiment and homologous competition for the 
determination of specific radioactivity. It should be noted that the 
requirement of equal affinity necessitates that the non-labeled and 
labeled ligands are chemically identical. Thus, if the ligand is 
labeled with [125I], the non-labeled ligand must also be in the 
iodinated form.

9  Data Analysis

Parameters of ligand binding are determined by fitting the appro-
priate equation to the data by nonlinear regression. The most com-
mon assumption is that data points are randomly scattered on both 
sides of a curve. The goal of regression is to adjust parameters of 
the equation to find the curve that minimizes the sum of the 
squares of the differences in y-values of points and curve. Simple 
least square method weights each point equally. However there are 
methodological reasons to weight points differently. If the repli-
cates show that standard deviation is dependent on y-value (the 
most common situation) then data points should be weighted 
according to y-value. When the standard deviation is proportional 
to the y-value (relative error to y-value is constant) like in Fig. 6 
then it is appropriate to perform relative weighting (weighting by 
1/Y2). When the standard deviation follows Poisson distribution 
(e.g., error from radioactive counting) then Poisson weighting 
(weighting by 1/Y) should be performed. Error coming only from 
radioactive counting is rarely the case. In practice the source of 
variation is a mix of sources and general weighting (weighting by 
1/Yk), where k is the slope of regression between standard devia-
tion and y-value and ranges from 0 to 2. When k is zero or close to 
it then there is no correlation of standard deviation and y-value and 
no weighting is needed. It may be tempting at first glance to weight 
the data by standard deviation (weighting by 1/SD2) but a very 
large number of replicates (dozens of samples) are needed for 
weighting to be correct. However, the use of such large number of 
replicates is usually not the case in radioligand binding studies.

Distribution of binding parameter estimates from nonlinear 
regression follows data distribution along axes. Thus parameters 
determined from semilogarithmic plots (e.g., competition bind-
ing) are log normally distributed. This implies that the logarithms 
of these parameters (e.g., EC50) should be compared and statisti-
cally analyzed. Also in case of linear plots (e.g., saturation binding) 
uneven data distribution along the abscissa may skew distribution 
of binding parameter (e.g., KD) estimates. Thus it should be 
checked for normality.

9.1  Regression 
Analysis

Radioligand Binding at Muscarinic Receptors
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Fig. 6 Determination of specific radioactivity. Upper graph: Saturation binding of 
radiolabeled ligand L with unknown specific radioactivity. Abscissa, free radioac-
tivity of the sample expressed in dpm. Ordinate, specific binding of the tracer 
expressed in dpm. Fitting Eq. (6e) to data gives maximum binding capacity RT at 
about 3600 dpm and equilibrium dissociation constant KD of tracer at about 38 
million dpm. Lower graph: Homologous competition of the labeled ligand L with 
non-labeled chemically identical ligand X. Abscissa, logarithm of concentration 
of non-labeled ligand X. Ordinate, specific binding of labeled ligand L in dpm. 
Labeled ligand was used in a concentration close to its equilibrium dissociation 
constant KD as indicated by specific binding around 1900 dpm that is half of total 
receptor number RT in upper graph. Fitting Eq. (15) to data gives IC50 of 423 pM 
and equilibrium dissociation constant KD 212 pM. Dividing KD from upper graph 
by KD from lower graph gives specific radioactivity 178 dpm/fmol
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Data have to be preprocessed before fitting. Namely, replicates are 
averaged and standard deviations calculated. Specific binding is cal-
culated by subtraction of nonspecific binding from total binding. 
Specific binding is converted to amounts of substance [mol] by 
division of radioactivity of the sample by specific radioactivity of 
the ligand. Then specific binding may be related to protein content 
of the sample, mass of tissue, etc. Used concentration of radioli-
gand is determined by division of the amount of total radioactivity 
added to the sample by specific radioactivity of the radioligand and 
sample volume. The easiest way of data preprocessing is to use a 
spreadsheet software one is familiar with.

It is good practice to perform basic data analysis (like sample 
variation analysis or outlier identification) prior to nonlinear regres-
sion analysis. Nonlinear regression analysis to extract binding param-
eters and subsequent statistical analysis can be performed using 
various software ranging from software specialized to analysis of 
binding data, pharmacological or biochemical experiments, many 
plotting and curve fitting programs, as well as any general-purpose 
mathematical package. Table 4 lists several software packages suitable 

9.2  Software

Table 4 
List of software suitable for fitting binding equations to data

Name Type
Operating 
systems License Reference

COPASI Biochemical network 
simulator with fitting 
functionality

Linux
MacOS X
Windows

Free and 
Commercial

www.copasi.org

CurveExpert Plotting, curve fitting, 
and statistical analysis

Linux
MacOS X
Windows

Shareware www.curveexpert.net

DataFit Plotting and curve fitting Windows Commercial www.oakdaleengr.com

GraphPad 
Prism

Pharmacological 
experiments

MacOS X
Windows

Commercial www.graphpad.com

GTK/Grace Plotting and curve fitting Linux
Windows

GPL sourceforge.net/
projects/gracegtk

Lab Fit Plotting, curve fitting, 
and statistical analysis

Windows Shareware zeus.df.ufcg.edu.br/
labfit/

SciDAVis Plotting and curve fitting Linux
MacOS X
Windows

scidavis.sourceforge.net

Scilab General-purpose 
mathematical

Linux
MacOS X
Windows

Free CeCILL www.scilab.org

Disclaimer. Table lists currently available software known to authors. It is not intended to be full list neither recom-
mendation to use
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for analysis of binding experiments. A major advantage of specialized 
pharmacological programs is that they are easy to use and have built-
in data preprocessing routines, pre-regression checks, predefined 
equations for all types of binding experiments, and implement vari-
ous post-regression tests. The main disadvantage of these programs is 
their relatively high price and inability of scripting and incorporation 
into workflows with other software. On the other hand general-pur-
pose mathematical and plotting programs are more knowledge 
demanding to the user but allow scripting and creation of various 
workflows. Some of them are open source and free of charge. For 
example for teaching purposes or when one does not have any spe-
cialized program at hand a simple least-sum-of-squares regression can 
be done even using common spreadsheet software (Protocol I).

Protocol I: Nonlinear regression analysis in spreadsheet

	 1.	Input variable (x values) in column A, and dependent variable 
(y values) in column B.

	 2.	Enter initial values for binding function parameters in column E.
	 3.	In column C enter binding function calling binding parameters 

from column E.
	 4.	In column D calculate square of deviations between cells in col-

umns C and B in the current row.
	 5.	In the cell F1 calculate sum of values in column D.
	 6.	Open solver function of the spreadsheet and instruct it to mini-

mize value in the cell F1 by changing values in column E. Choose 
Levenberg-Marquardt method if available.

10  Conclusions

Overall, the current status of radioligand binding experiments 
allows very accurate and detailed study of equilibrium binding, 
binding kinetics, and structure-activation relationship at musca-
rinic receptors. Binding experiments may be performed in various 
forms ranging from tissue cultures via whole cells to purified recep-
tors when criteria discussed in this chapter are met. Their main 
limitation remains to be the lack of selective radiolabeled agonists 
and antagonists for some receptor subtypes.
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